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Abstract

The outbreak of COVIEL9 inWuhan, China in December 2019, resulted in
the evolution of a global pandemic which caused thousands of deaths worldwide. As
little was known about this new coronavirus, manxystingdrugs wererepurposed
with the goal to effectively treat the infectiomwo such candidatesvere
dexamethasone (DEX) andatetytL-cysteine (NAC). Relatively few articles have
been published relating to their electrochemical determinaimhjn thisproject the
use of metal nanopatrticles, microparticles and films along&deus carbon nano
onions (CNOs) were exploregs chemical modifierén order to maximize their
electrochemical responseBare copper microparticle (CuMPs) and copper film
(CuF) modified glassy carbon electrodes were exploited in ChaptezxX&ioine tie
DEX electroreduction respongesulting in sensitivities &.00 x 18 pA cm? mM?
and 1.13 x 1OpA cm? mM* for the CuF and CuMP modified GCEs respectivel
Pharmaceuticabamples in the form of a cream and a setate dose, were analysed
with recoveries7.467 87.91 %, with 1.931 4.97 % varianceVarious types of CNOs
were electrochemically characwsdl of which, oxiBN-dopedCNOs was selected
and combined with goldamoparticles (AuNPS), resulting in an AUNP/®-doped
CNO/GCE for NAC quantitatiorgsensitivity 46 pQ cm? mM? in acetate buffer)
Following designand optimisationa solid dosdorm of NAC was quantitatively

analysed, resulting i897 105 % + 6.75 %ecovery, thus validating the sensor
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Chapter 1: Introduction and Literature Review
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Figure 2. (A) Schematic of the primary structure of the SAB8V-2 spike protein,

where the single sequence (SStelminal domain (ND), the receptor binding

domain (RBD), subdomain 1 (SD1), subdomain 2 (SD2), the S1/S2 protease
cleavage site, S206 protease cleavage sit.
(HR1), central helix (CH), connector domain (CD), heptad repeat 2 (HR2), the
transmembrane domath and the cytoplasmic tail (CT) are indicated. (B) GEid

structures of the spike protein in the closed state (left) and open staté%igh) 1

Figure 3. Chemical structures of various types of carbon nanomatéfialg ¢ 3 3

Figure 4. p-CNO and BNdopedCNO synthesis through the thermal annealing of
detonation nanodiamonds, with acid treatment in 3 M nitric acid yieldingCRXs

and oxiBN-dopedCNOs . . ééééééééeéeéeééeééeéecéeéélsb
Figure 5. HR-TEM image of carbon naronions (left) withtheir structure (right)
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showl® ¢ ¢ ¢ ¢ ééé¢ecééééeceééééeeééééeeéé. . 35

Figure 6. Schematic of tweelectrode (left) and threelectrode (right) systems that
can be used in electrochemical sensors, indicating the positions of the working
electrode (WE), auxiliary (counter) electrode (CE) aridremce electrode (RE)é 4 0

Figure 7. Plots of(A) time vs potential for cycle 1 3 (red, purple, and blue arrows)
and(B) potential vs current density of the third cycle of the cyclic voltammogram of
5 mM [Fe(CN}]***in 0.1 M KCI at the bare GCE fror0.2i 0.6 V vs Ag/AgCl at
100mvsiéééeééeecééeééeéecééeéceééeeééeééeéeée. .. 44

Chapter 2: Electrochemical Determination of Dexamethsone at Unmodified

and Copper Modified Glassy Carbon Electrodes

Figure 1. Voltammetry of a deaerated solution of 1 mM DEX in 0.1 M LICI®
MeOH (black) vs the electrolyte background (red) at a bare GCE-ft@V to 1.5

V at 100 mV &. A clear oxidation peak can be seen at 1.3 V () with weak reduction
at-1.3V(l)vs.Ag/Agé e é ¢ 6 ééééeééeééecééecéecée. 74
Figure 2(A) Overlaid voltammograsiof 1 mM dexamethasone in 0.1 M LiGI(d
methanol at the bare GCE, from8 V to 1.8 V at scan rate -BD0 mV s'. (B) Graph
showing the square root of scan nadeurrent density for the oxidation peak of 1 mM
dexamethasone (). (C) Graph showindog J vs log n resulting in a linear plot with
slope 0.567, confirming the process was diffusion controflegl.é é é é . . 1765



Figure 3 (A) Voltammetry of DEX (0.453.07 mM) in 0.1 M LiClQ / MeOH with
the background electrolyte (black) (degassed by bubbling w)tat bare GCE from
-1.8 V to 1.5 V at 100 mV'5 (B) Calibration curve showing linear relationship
between dexamethasone concentration and anodic current density with $gBsitvi

""""""""

Figure 4 (A) Voltammetry of 1 mM dexamethasone (red) in 0.1 M sodium acetate
buffer pH 4.45black) at 100 mVs3. (B) Voltammetry of 1 mM DEX in 0.1 M NaOH

"""""""

Figure5(A)Over |l aid voltammogramsé6é for degasse
NaOH (pH 13.0) from0.05 V to 1.8 V over scan rates 1200 mV s'. (B) Graph

showing the scan rate vs current density for the reductidnnoM dexamethasone

with dependence up to 50 mV*.C) Graph showing the square root of scan rate vs

////////

Figure 6 (A) Calibration of DEX at GCE in 0.1 M NaOH pH 13 (deaerated), over the
range 0.0781 5.0 mM DEX with potential range 0.05-1.8 V at 100 mV 3. (B)
Corresponding calibration curve resulting in a sensitivity of 2.76 ¥ AOmM?
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Figure 7 (A) Voltammetry of 10 mM Cu(Ae)in 0.1 sodium acetate buffer (pH 4.5,
deaerated) at the bare GCE fral? V to 0.7 V at 20 mV'§ (B) Chronoamperometry
trace of 10 mM Cu(Ag from-0.06 V t0-0.47 V with currentime display © be used

for the selection of the nucleation and growth pulses for Cu particle deposition in
MethodslandB é e é e é e ééeééeééeééeéeéeéeéeée. 84
Figure 8 (A) Potentialtime input signal where the reduction potential was varied from
-0.08 V t0-0.55 V over theitescale 100 to 5 s with schematic showing the growth
of the CuNPs through radial diffusioB)Chronoamperometry of 10 mM Cu(Ac)
where the electrode was initially preated, followed by the application of the growth
pulse.(C) Voltammetry of the Cu mafied GCE in 0.1 M NaOH from0.97 0.05 V

//////////////////////////

Figure 9 (A) Voltammetry of the Cu film in 0.1 M NaOH frori.07 0.05 V from 10

i 200 mV ¢! (first (dashed) and last (red) curves shoWR).Graph of current density

vs scan rate for each peak IV (black, blue, red, green respectively), from which the
surfaceco er age was calcul ated tid4Rk® moli t hi n
cm2. (C) DEX (1 mM) response for £and E pulse conditions outlined ifiable

//////////////////////////////

26éeéeeeeceececeececeececeeceeeeeceeeeeeeeeee. 888

Figure 10 (A) Optimised three step electrodeposition of ceppanoparticles
(CuNPs) (E=0.7 Vfor 5s, £=-0.47 V for 5 ms and £= -0.265 for 50 4B)
Schematic illustrating CuMP electrodeposition onto a GCE surface via the trople pulse
potentiostatic method (Method IC) Overlaid Voltammetry of the QuPs brmed

from Method Il (black curve) vs those formed from Method | (red curve) in 0.1 M
NaOH from 0.05 V to1.8 V at 100 mV 3, where peak$ i IV are associated with
copper electrochemistr{D) Scan rate study vs n plots for the copper process$éds
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Figure 12. (A) Nyquist plotsof the bare (black)Cu particles realised using Method |
modified (red)and CuMPs formed using Method Il (purp8LEs in 0.1 M NaOH,
with Eapp=-0.177 V andrequency rang€.01i 100,000 Hz at an amplitude of 5 mV
(average of n=2)B) Voltammetry of [Fe(CNj** in 0.1 M NaOH at the bare (blue),

Cu particle (Method 1 dual pulse method) (red) modified and Cu particle (Method Il

i triple pulse method) (purple) modified GEEom-0.27 0.6 V at 100 mV set (C)

EIS of the bare GCE (black), Cu particle modified GCE (Method 1) (red) and the Cu
particle modified GCE (Method I1) (blue) in 5 mM [Fe(GNJ* in 0.1 M NaOH with

n from 0.0 100,000 Hz with an amplitude of 5 mK.= 0.202 V, 0.217 V and 0.228

V for the bare GCE, Cu particles Method | and Cu particles Method I, respectively,
with (D) a zoomed in view of the hemispherical regions of the CuF/GCE and
CuMP/GCE. Bode plots dE) the gain andF) the negative phase gle vs logo of
thefrequencg é é ¢ éeééeééeéecéeéeééeeéeéeée. 61 B
Figure 13. SEM image of th€A) Cu deposition at GCE (dual pulse potentiostatic
electrodeposition) with EDf) Cu nanoclusters at GCE (triple pulse potentiostatic
electrodeposition) with EDS providing confirmation of
coppee é éeeééeéeééeeééeecéeecééeecéeeée. DI
Figure 14.Particle size distribution of the CuMP modified GEE é é é ¢ . . 4 10

Figure 15.(A) Voltammetry of 1 mM dexamethasone at the bare (black) and Method
| Cu particle (red) GCEs frori.8 V to 0.05 V at 100 mV’s (B) Voltammetry of 1

mM DEX (red) in 0.1 M NaOH (black) at the Cu particle modified GCE frar81
0.05Vatlo0OmVse® ¢ éééééééééécéeéééééeéeéeééé. BO
Figure 16 (A) Voltammetry of 1 mM DEX at the CuF modified GCE frein7i 0.05

V at 20i 150 mV s' (20 and 150 mV-$shown as the black line and red dashed line
respectively. Plots of th@8) p e a k ¢ u r(Q) peak currerst vs¥? and(D) peak
potential vs 3, where the signal V cathoc
VI cathodic response was showninéefl é ¢ é ¢ é e é é € é e é . .71 008
Figure 17 (A)CV of increasing dexamethasone 0.0Y&LmM in 0.1 M NaOH at the
Method | modified GCE over the range 1.5 b8 V in the reverse direction
monitoring peak V.[B) Corresponding plot of peak potential -4t6 1 -1.4 V vs
concentration confirming the cattiic shift in the forward direction monitoring peak

V with DEX additions(C) CV of increasing dexamethasone 0.0Y&LmM in 0.1 M
NaOH at the copper modified GCE over the range 1.51t8 V with (D)
Corresponding dexamethasone calibration curve withtnegsensitivities o2.00 x

107 pA cm2 mMt peak V (red) and..13x 107 pA cm® mM for the CuF/GCE and
CuMP/GCE respectively (calibration at the bare GCE shown in orange with sensitivity
276 x10pAcm?mMY). (n=3¢p é éééééeééééééééé. 09110
Figure 18 (A) Voltammetry of dexamethasone extracted from 1.0 g of 3 cream
samples (0.0 % (black), 0.25 % (red), 0.35 % (purple) and 0.5 % (blue) w/w
dexamethasone) in 0.1 M LiCiGn MeOH zoomed in on the anodic respon&.
Voltammetry of DEX extracted &m the tablet samples containing 6 (orange), 10

""""""



Chapter 3: Electrochemical Characterisation of Carbon NaneOnions and their

Decoration with Gold Nanoparticles for theElectrochemical Determination of N

Acetyl-L -Cysteine

Figure 1. Schematic of the AuNP electrodeposition process with respect to pulse

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. Voltammetry of 1 mM NAC (red curve) in 0.1 M sodium acetate biffer
4.45) at the bare GCR) and bare AuEB) from 0.0i 1.5 V at 100 mV 3. Black
curve represents background electrolyte voltammetry in eacé éageé 13171 132

Figure 3.Voltammetry of 1 mM NAC in 0.1 M phosphate buffer (pH 7.15) at the bare

Figure 5 (A) Voltammetry of 1 mM NAC in 0.1 M sodium acetate buffer (pH 4.45)
at the bare GCE from 20200 mV s' over the range D 1.7 V vs Ag/AgCI (20 mV

////////////

stand 200 mV g shown in red and black, respectivelg ¢ ¢ ¢ ¢ ¢ é é ¢ € 1 8

Figure 6 (A) Voltammetry of 1 mM NAC ir0.1 M sodium acetate buffer (pH 4.45)
at the bare AUE from 10200 mV s! over Oi 1.7 V vs Ag/AgCl.(B) Corresponding
plot of the scan rate vs current density of the NAC oxidative response froraGm
mvVsiéééeéééeéééeéééeééeééeécéeeéeeééeéeé. 613
Figure 7. Voltammetry of 1 mM HAuClin 0.1 M HCI at the bare GCE frord.471

1.5 V at 100 mV 3, with the electndeposition pulse potentials indicated (red

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

AITOWR € e e ééececéeeececeeceeceeeeceeeeeceeeee. 381

Figure 8 (A) Chronoamperometry of 1 mM HAufC4t the bare GCE foriE 0.8 V,
Ec.=-0.13V, t=0.01 4B) Schematic of illustrating linear vs hemispherical diffusion

of Au®" ions towards an unmodified GCE surface, a microelectrode surface and
nanoparticle modified GCE surfad€) Schematic illustrating the hemispherical
diffusion of AU, ions to the GCE surface via hemispherical diffusion zones around

rrrrrrrrrrrrrrrrrrrrrrrr

Figure 9 (A) Chronoamperometry of 1 mM HAufAt the bare GCE for 3 consecutive
cycles where E=0.8 V, =092V, E=-0.13 V, t = ta = 0.01 s,(B) Magnified
image of the first cathodic transient of the first cy¢@) Chronoamperometry of 1
mM HAuCl, at the bare GCE for 3 consecutive cycles where@®8 V, E=0.92 V,
Ec.=0.55V, t=ta= 2 s.(D) Magnified image of the first cathodic trandienf the first
step ééééeééeéecéecééeéceéeéeéeéeéeéeée. DAL
Figure 10 (A) Bar chart monitoring the NAC oxidative response at the bare GCE,
AUE and each AuNP/GCE for conditions81as perTable 1 The optimum AuNP
electrodeposition parameters welig=R0.13 V for 60 ms, P= 0.92 V for 5 ms, R =
0.55Vfor1sandf=0.92V for 2.5 ms.(B) Voltammetry of 1 mM NAC (red) in
0.1 M H:SQ; (black) at the optimum AuNP/GCE from0.4.5V at 100 mV$é 1 4

Figure 11 (A) Voltammetry of the AUNP/GCE fro@.47 1.5V in 0.1 M HSQs from
107 200 mV st. (B) Plot of the scan rate vs current density of the AUNP/GEGEL 8



Figure 12 (A) Voltammetry of 5 mM [Fe(CNJ** in 0.1 M NaOH at the bare GCE
(black) and AuNP/GCE (red) fromd.27 0.6 V at 100 mV . (B) Nyquist plot of the

bare GCE (black) and the AUNP/GCE (red) in 5 mM [Fe@f)in 0.1 M NaOH

with n from 0.01i 100,000 Hz with an amplitude ofr&V. Simulated EIS data is
shown by the dashed line. E = 0.221 V and 0.207 V for the bare and AuNP/GCEs,
respectively(C) Zoomed in image of the Nyquist plot highlighting the arc from the
AuNP modified GCE with overlaid solid line representing simulatiom{fRss circuit

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 13. Corresponding experimental (solid lines) and simulated (dashed lines)
Bode plos of the AUNP/GCE (redind bare GCE (black) in 5 mM [Fe(CNj8]in

0.1 M NaOH with n from 0.01 100,000Hz with an amplitude of &nV, where(A)
shows the log of the frequency vs gain, @dpshows the log of the frequency versus
thephaseangleé € é 6 é 6 éecéééééeéeééeéecééeéeée. D5
Figure 14.HR-SEM images of the electrodeposited AuNPs at the GCE surfakg at (
5,000 x B) 10,000 x C) 25,000 x D) 50,000 x magnifications with the
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Figure 15. AuNP particle size distribution krere particles between 300319 nm
accounted for 33 % of all particles followed by 32839 nm (16.6 %) and 280299
nMmM7 %N éeéééeééeécécécéeéeeeéeéeéeéeéeé. 415
Figure 16.Voltammetry of 0.1 M KCI at the bare GCE (black) and atAhe-CNO,

B) BN-dopedCNO, C) oxi-CNO andD) oxi-BN-doped CNO modified GCE with a
0.1416 mg cr surface loading (all CNO modified GCEs are shown as the red line)
from-1.0Vtol.0VatloOmve é ¢ ééééé¢ééééééeéééééls
Figure 17.CV overlay of 0.1M KCI at théA) p-CNO, (B) BN-doped CNO(C) oxi-
CNO and(D) oxi-BN-doped CNO modified GCE frorl.0V to 1.0V, vs Ag/AgCI
overscan 10 100 mVsedé é é ¢ ééééééééééééééééé. TII5
Figure 18 (A) Current density vs scan rate plots for fR€NO (blue), BNdoped
CNO (orange), oxCNO (green) and ox8N-doped CNO (red) modified GCEs
(current measured at 0.5 V vs. Ag/AgCl), over a potential rang¢.0f 1.0 V vs.
Ag/AgCl from 10i 200 mV sl in 0.1 M KCI resulting in 5.28 x 10F cm?. Speific
capacitance measured as a function of scan rate with maximum at 106 foitise

(B) p-CNOs, (C) BN-dopedCNOs, (D) oxi-CNOs and (E) oxi-BN-doped

//////////////////////////////

Figure 19. Cyclic Voltammetry at th€A) bare GCE,(B) p-CNO, (C) BN-doped
CNO, (D) oxi-CNO and(E) oxi-BN-doped CNO modified GCEs relative to the
background in 1 mM [Fe(CN* (red curves) in 0.1 M KCI at 100 mV'gblack

//////////////////////////

Figure 20. Cyclic Voltammetry at th€A) bare GCE,(B) p-CNO, (C) BN-doped
CNO, (D) oxi-CNO and(E) oxi-BN-doped CNO modified GCEs (red curves) relative
to the background (black curve) in presence of 1 mM [Ruf§J# in 0.1 M KCI at

rrrrrrrrrrrrrrrrrrrrrrrrr

100mVsééééééééeééééééeéééeééeéééd. . 3@

Figure 21. Chronoamperometry and corresponding Cottrell plots ofAhé B) p-
CNO, (C i D) BN-doped CNO,(E i F) oxi-CNO and(G 1 H) oxi-BN-doped
CNO/GCEe ééeééeecééecééeeéeéecééeecéée. abiiley
Figure 22. Voltammetry of 1 mM NAC (red)and 10 mM NAC (purple) in 0.1 M
H>SQOy (black) at the baréA) GCE, (B) bare AUE and GCEs modified with 10 pL of

¢



(C) 1 mg mLY, (D) 0.1 mg mL?, (E) 0.05 mg mL! and(F) 0.02 mg mL?! oxi-BN-

doped CNOsfromD 1.4V at1l00mVseé é ¢ éé é ééééééé.diilTl

Figure 23.Bar charts showing the oxidative respons€A)f1 mM and(B) 10 mM

NAC at the bare GCE, bare PtE, bare AUE and GCEs modified with 10 pL of 1 mg
mL?, 0.1 mg mL%, 0.05 mg mtt and 0.02 mg mtt oxi-BN-doped CNOs. The NAC
response was recorded between 1.38!5 V at the bare and each-@®i-doped CNO
modified GCE while the NAC peak was measured at 1.12 and 1.11 V for the bare PtE

,,,,,,,,,,,,,,,,,,,,,

Figure 24. Voltammetry of 1 mM NAC (red)and 10 mM NAC (purple) in 0.1 M
H.SQu (black) GCEs modified with 10 pL fA) 1 mg mL?:, (B) 0.1 mg mL?, (C)
0.05 mg mL! and(D) 0.02 mg mL* oxi-BN-doped CNOs and the optimised AuNPs

,,,,,,,,,,,,,,,,,,,

Figure 25.Bar charts showing the oxidative respons¢A)f1 mM and(B) 10 mM
NAC at the bare GCE, bare AuE and AUNP@ 10 pL of 1 m¢,m0L1 mg mL?, 0.05
mg mL?* and 0.02 mg mt oxi-BN-doped CNO/GCEsé é é é é é é é é . B7

Figure 26 (A) Voltammetry of the AUNP@ox8N-doped CNO/GCE in 0.1 M $Qy
from 0.47 1.5 V from 107 200 mV s'. (B) Plot of scan rate vs current density
monitoring the anodic and cathodic faradaic Au responses of the AuNFE®exi
dopedCNO/GCE € é € é e écéécéecéecéeééeéeéeée. B
Figure 27 (A) Voltammetry of 5 mM [Fe(CNJ** in 0.1 M NaOH at the bare (black)
and AUNP@oxiBN-doped CNO/GCE (purple) fron0.27 0.6 V at 100 mV 3. (B)
Nyquist plot of the bare GCE (black) and the AUNP@®)rdoped CNO/GCE (red)
in 5 mM [Fe(CN}-®*in 0.1 M NaOH with n from 0.0% 100,000 Hz with an
amplitude of 5 mV. Simulated EIS data is shown by the dashed line. E = 0.221 V and
0.209 V for the bare and AuNP@eBN-doped CNO/GCEs, respectivel{C)
Zoomed in image of the Nyquist plot highlightittge arc from the AUNP@oBN-

,,,,,,,,,,,,,,,,,,,,,,

Figure 28. Corresponding experimental (solid lines) and simulated (dashed lines)
Bode plos of the AUNP@oxBN-doped CNO/GCE (purplend bare GCE (black) in

5 mM [Fe(CN)61*#in 0.1 M NaOH with n from 0.01 100,000 Hz with an amplitude

of 5 Mv, where(A) shows the log of the frequency vs gain §Bjishows the log of

the frequency vsthe phase arigie é ¢ é é € é é é ¢ éééeééééeé. .118

Figure 31 (A) Voltammetry of 1 mM NAC in 0.1 M bBQy at the AUNP@o0xBN-
doped CNO/GCE from 0.4 1.5 V at 100 mV 3. (B) Plot of the scan rate vs current

///////////

Figure 32 (A) Voltammetry of 1 mM NAC in 0.1 M kBQy at the AUNP@oxBN-
doped CNO/GCE from 0:41.5 V at 100 mV s for 15 cycles, cycles 1 and 15 shown
in black and red respectivelyB) Plot monitoring the NAC response over 15

//////////////////////////////



Figure 33 (A) Coulometry of 0.199 2.53 mM NAC in 0.1 M HSQ; at the
AuNP@oxiBN-doped CNO/ GCEB) Corresponding calibrations of 0.1992.53
mM NAC in 0.1 M bSOy at the oxiBN-doped CNO (black) AuUNP@oBN-doped
CNO (red) modified GCE and bare AuE (purple) withE=1.15Vfor5s. (8= 39

Figure 34 (A) Coulometry of 0.199 2.53 mM NAC in 0.1 M sodium acetate buffer
(pH 4.45) at the AUNP@0oBN-doped CNO/GCHEB) Corresponding calibrations of
0.1991 2.53 mM NAC in 0.1 M acetate buffer (pH 4.45) at the-BX-doped CNO
(black) and the AUNP@oBN-doped CNO (red) modified GCE with E = 1.15 V for
bs.(n=3¢éééééeéecécécécécéeéeeeéeeéeéeé. 019
Figure 35 (A) Coulomery of an NAC sample (blue) with 5 subsequent additios of a
0.1 M NAC standard in 0.1 M sodium acetate buffer (pH 4a4%)e AUNP @oxBN-
doped CNO/GCHB) Corresponding plot showing the NAC concentration series,

"""
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Table 3.Various CuNP electrodeposition parameters which were smiesith 1.0
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Table 7 (A) Theoretical dexamethasone concentration extracted from 1.0 g of
commercial hydrocortisone cream and reconstituted into 10 mL MeOH, the average
sample concentrations measured and % recovery (B¥®)isplaying the theoretical
concentration and signal, teerage Ep and Ip values, variance, standard deviation,
recovery, and percentage recovery for tablets containing52mg DEX € € . 41
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Table 4. Comparison of the &R, capacitances, Gain Mgins and Phase Margins
obtained from the EIS spectra for both simulated and experimental data obtained at
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thebareand AuUNP/G@Eé é é ¢ ¢ é ééeecéééeéeécééeeéée. .1 15

Table 5. Comparison of capacitances, electroactive surface areas and surface
coverages for each di¢ CNOs, with the oXCNOs having the highest capacitance,
greatest electroactive surface area and surface coverage calculated for the faradaic
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Table 6. Comparison of the oxidation and redoctipeak heights and potentials,

PEO s p20 E g matos df 1 mM [Fe(CNJ®* at the bare and each of the
CNO/GCEg é éeééecééecééecééecéeecéecéeééee. 641
Table7.Compari son of the oxidation ang reduc
Epi2and @ ratios of 1 mM [Ru(NH)e]?* the bare and each of the CNO/GCEs. The

bare GCE showed the largest peak oxidation value, whereas tiNeadoped

CNO/GCE gave the higheseduction signal. The o€NO and oxiBN-doped
CNO/GCEs showed the largest peak separétidré ¢ ¢ e e e e € ¢ éé . .41 6

Table 8.Comparison of the peak heights and potentials of 5 mM [Fe &Nt the
bare and AUNP@oxBN-doped CNO/GCEs ¢ ¢ € é é ééééeeeée. .2 18

Table 9. Comparison of the &Rt and capacitances obtained from the EIS spectra for
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Table 100.Compari son of the bO@&st b BNtdpals 0 xL OL
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Chemical Structures and Scheme Page No.

Chapter 1: Introduction and Literature Review

Structure 1. Chemical structure of dexamethasdb&EX)é ¢ ¢ ¢ é é ééé . . . 26
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Chapter 2: Electrochemical Determination ofDexamethasone at Unmodified
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1.0. Introduction

Electrochemistry refers to the study of chemical processes that cause electrons
to move, resulting in the oxidation (loss of electrons) or reduction (gain of electrons)
of an atom or molecule in question, resulting in the change afxigation staté
Electrochemistry is a broad and widely applicable branch of chemistry, with a wide
array of applications such as iattery and capacitor developmgrfuel cell$ and
sensor desidgh This project will focus on the latter with sensors designed to
guantitatively analyse two therapeutic agents, dexamethasone (DEX}aoetyil_ -
cysteine (NAC), which have shown to be effective in the treatofeROVID-19>".

Firstly, electrochemical sensors account for the largest group of sensors,
representing approximately 558ctotal Other types of sensors include optical (24%),
mass (12%) and thermal (6%) sensors. Electrochemical sensors can be applied in both
agueous and amaqueous systems, where they are catsgmribased on their
transducer type. Electrochemical sensors can thus be cadely@ccordingly:
potentiometric, amperometric and impedimetric electrochemical sénaish will

be discused in sectio®.1.

Electrochemical sensors have been used in a wide array of applica@tiens.
enzymatic glucose sensor a& example ofa wellknown biosensor used for the
determination of glucose levels in blood in diabetic patfefitsElectrochemical
sensors are also applicable to the emvinent, where various sensors have been
developed to detect chemicals and ions, such as pesticitase levels of leddand
uranium-?in contaminated water samples, while others have been used to evaluate and
analyse drugs in phaaneutical formulatiori$'®, With consideration for the
applications of the various electrochemical sensors mentioned, the overarching goal
of this project was to identify small molecule therapeutics relevant to the treatment of
COVID-19 and develop electrochemical sensors $ipefor each drug with high
sensitivities with the goal to accurately quantify each drug extracted from

pharmaceutical samples.

My



12.0. COVID-19

In December 2019, an outbreak of an unknown form of pneumonia was
reported in Wuhan, Hubei Provindghina. These cases were linked to the Huanan
Seafood Wholesale Market. This new disease was identified through inoculation of
respiratory samples into humaaspratory epithelial cells, where it was isolated and
shown to be a novel form of coronavirusated to SARSCoV, and thus this new
virus was namgsevere acute respiratory syndrome coronavirus 2 (SB&%2), a
form of betacoronavirus under the subgenus Sarbecovirus. The rapid global spread of
this coronavirus caused coronavirus disease (COGMPad led to thousands of
deaths worldwide, and thus on'l®arch 2020, the World Health Organization
(WHO) declared a global pandertfic

At the beginning of the COVIEL9 pandemic, very little was known about the
SARSCoV-2 however clear observations were made relating to how quickly the virus
spread from person to person and on the range of symptoms relating to the virus ranged
from mild tosevere. To combat this, various strategies were implemented to avoid the
spread of COVIBP19. Measures taken involved handwashing, physical distancing of
2 meters, the avoidance of mass gatherings and wearing facemasks. Lockdown and
stay at home strategiggere also implemented to help flatten the transmission curve,
which involved the c¢closure of sch-ool s,
essential o. Teaching and office work rec:c
lockdowns, where classes and wavkre carried out remotelyRetail involving the
wholesale sale of food, beverages and newspapers ispemmlised and specialised
stores, consumer products necessary to maintain the safety and sanitation, pharmacies
and chemists, fuel stations and hegtinel providers, the sale of essential items for
the health and welfare of animals, including animal feed and medicines, animal food,
pet food and animal supplies including bedding laundries and drycleaners, banks, post
offices and credit unions, and thetail of safety supply stores were all deemed

essential and could remain opéH.



1.2.1. Mechanism and Transmission

SARSCoV-2 is a single positivstrand RNA coronavirus that has been shown
to cause severe respiratory syndrome in humans. Coronaviruses have been shown to
cause potentially lifeghreatening respiratory, gastrointestinal and diseases of the
central nervous system in both humans and animals. Coronaviruses have the capacity
to mutateand adapt to new environments. Coronaviruses are also programmed to
modi fy the hostodés response to-termhand virus
constant®. It has been shown by Liu et al that SARBV-2 cell tropism (the type of
cell when infection is established) was identified in cells from multiplensigaus
showing that COVIB19 infections are not limited to the respiratory system, but also

appeain the kidneys, pancreas, small intestine and circulatory s§'stem
Spike (S)

Nucleocapsid (N)

Membrane (M)

Envelope (E)

RNA viral genome

Figure 1. Structure of the SARE0V-2 virus?

Coronaviruses are composed of four structural proteins known as the
nucleocapsid protein (N), spike protein (S), envelope protein (E), meminateep
(M) and small membrane (SM) glycoprotems shown irFigure 1292223 The N
protein forms the helical capsid structure, which houses the RNA genome which runs
i n tiBe Sd % Ehe nutlemeapsid is encapsulated iipid envelope, which
consists of the S, E and M proteins. The E, M and SM proteins are involved in virus
assembly. The S proteins functions in virus entry and host cell recoghitiofihe S
proteins form large protrusions on the surface of the virus and are comprised of three
sections: the large ectodomain, the transmembrane domain and the intracellular
region. It is a cloveshaped trimer with three S1 heads and a trimerist&R. The S1
protein binds to the host receptor human ACE2 (hACE2) through the receptor binding

domain and is activated proteolytically by proteases, which causes viral invasion of



the host cells. This is done when S2 fuses the viral and host membedeesing the

viral genome into the host c&4%®

During COVID-19 viral infections, the host proteases cleave the S protein into
the receptor binding subunit S1 and the membrane fusion unit S2. The S1 subunit
binds to sugar receptors ahACE2 on the surface of the host cell. The S2 subunit,
the membrane binding portion, then undergoes conformational changes which results
in a postfusion state where the three pairs of repeating heptad regions in the trimeric
S2 form a sixhelix bundle. Tle now exposed hydrophobic fusion regions then insert
into the host membrane and the viral and host membranes then become fused. The S
proteins are primed by transmembrane protease 2 (TMPRSS2)n which is essential for
entry of SARSCoV-2 coronavirus. Wang eil. described the clathrirand caveolae
independent endocytic pathways for SAR® V. vi r us es & whighhdsul ar
been shown to also be used for cellular entry of SARS-2 virused® 262°, Despite
various reports examining the mechanism of entry of S8RS-2 viruses into cells,
other than injecting its viral genome into such cells, at the timeibhgthis thesis

very little is known about how this virus undergoes replication and assembly.

A 52

closed state of SARS-CoV-2 spike protein open state of SARS-CoV-2 spike protein

Figure 2. (A) Schematic of the primary structure of the SAB8V-2 spike protein,

where the single sequence (SSttelminal domain (NTD), the receptor bing

domain (RBD), subdomain 1 (SD1), subdomain 2 (SD2), the S1/S2 protease
cleavage site, S26 protease cleavage sit
(HR1), central helix (CH), connector domain (CD), heptad repeat 2 (HR2), the
transmembrane domath and the cytoplasmic tail (CT) are indicated. (B) GBid

structures of the spike protein in the closed state (left) and open stateéqright)

Intrinsically disordeed proteins (IDPs) and intrinsically disordered regions

(IDRs) play a considerable role in a wide variety of biological functions, such as



DNO/RNA binding, protein binding and imadilitating access to binding sites. RNA
protein recognition requires RNAnd protein conformational changes which is
facilitated by the disordered residu&bese disordered regions aecessary foother
important viral processessuch as intranscription, translation and in cellular
signalling. Coronaviruses can be categgatiand is useful for identifying the life cycle
and pathogenicity of the pathodérThere are three segments of IDRs in SARS/-

2 nucleocapsid proteinsvhich connects the serene richté&tminal domain (NTD)

and Gterminal domain (CTD). The IDR that flanks the CTD plays a role in dimer
association in SARE0V-2. In SARSCoV-2, the spike protein is activated by host
cell enzymes, such as trypsin, cathepsifurin and TMPRSS2, where a unique amino
acid pattern (RARR) is present at the S1/S2 junction. This exposed disaretgiced
flanking theCTD is cleaved by furin and is responsible for effective transmission. A
number of missing residues in the monoimstructure have been observed, which
obtain a stable conformation upon binding with the hACE2 receptor, termed as a
disorderto-order transition (DOT). These allow for a better shape complementary to
the receptor and for spike protein and hACE?2 affirtityis is necessary to facilitating
the binding of the spike protein to the hACE2 receptét

SARSCoV-2 can be transmitted in two ways: by direct means through droplet
and humarto-human transmission, and indirect contact by contaminated objects and
airborne contamination. The misuse of pa protective equipment (PPE) has been
shown to be a source of airborne infections. The peisperson spread of SARS
CoV-2 occurs mainly through the dispersion of respiratory droplets, such as when a
patient coughs, sneezes, talks or even sings. ajypidroplets do not spread farther
than six feet and remain suspended in the air for a limited®irB&\RSCoV-2
remains active and contagious in droplets for up to three hours. Van Doraezhalen
has shown that SARGS0V-2 can survive for up to 2 days on stainless steel and up to
3 days on plastf °. COVID-19 transmission can be avoided by taking various
precautions. These involve the use of PPE, such as by wearing masks and gloves and
the disposal of contaminated or used PPE after use, the appropriate use of disinfectants
on surfaces and hands, and physical distancing of over 6 feet (2 meters) to remain out

of range of the spread of contaminated droptéts



1.2.2. Symptoms and Londerm Effects

Like other coronaviruses, SARSoV-2 affects the respiratory system, causing
disease and affecting respiratory health. There are various symptoms associated with
COVID-19 infections which include fever, cough and shortness of breath, which
typically appeadi 7 days, with a maximum incubation period 14 days after exposure
to the virus. The severity of infections can vary from mild to severe, with some people
being asymptomatic. Most people present with mildika symptoms, while ~20 %
of patients develp severe infections, which include pneumonia, respiratory failure
and in some cases, death. Various other symptoms have been reported, which include
tiredness, a runny nose, sore throat, headache, diarrhoea, vomiting and the loss of
sense taste and/or sindt has been identified by Salian et al that COVIB can be
spread through droplets ranging from D.&00 pm in diameter, and the number of
droplets has a proportional increase with respect to coughing. rétese droplets
can also be generated iatgnts who are prgymptomatic or asymptomatic through
normal breathing and speech. A severe innate immune response and a sustained rise
of systemic cytokine levels has been associated with C&lihfections, and as a
resul t, the bo dasbdeenusealtodrivecandpedicppatiers mortality
and severity of the disease. Interleukirb |, I n 42,eimtdrleukinR ireceptor,
interleuking, interleukinl0 interleukinl8, interferoro , -red&ttive protein,
granulocyte colomgtimulating factorCXCL10, monocyte chemoattractant protein 1,
macrophage inflammatory proteinUL, and tumoufU rheoreo sailsl fba
identified as mediators, when elevated, which can indicate the severity of CTOVID
infections. Patients can also displaxdll exraustion with lower lymphocyte counts.
Systemic inflammation can restit cognitive decline and neurogenerative diseases,
which raises concern that COWUI® survivors may experience the development of

neurodegenerative conditions in years to céfie

Longterm effects of COVIBL9 infections have been reported to include a
high risk for subsequent development of
disease. The increateytokine levels can be used to predict hippocarapalphy in
patients that suffer severe sepsis and considering this effect, acute respiratory distress
syndrome (ARDS) is the most frequent severe clinical presentation. ARDS along with
chronic ventilation can result in the cognitive decline and execdyisinction can

persist for weeks or months after discharge from hospital. Despite this, Helms et al did



not find the direct presence of SAR®V-2 in cerebrospinal fluid, however the long
term effects of a cytokine storm may still contribute to neurod=géime conditions

developng in the futuré® 4%

1.2.3. Therapeutic Agents Effective in COVID9 Treatment

In terms of treatment, several drugs have been identified to have a significant
impact on COVID19 treatment. Within the first year Remdesivir, an antiviral drug,
and monoclonal antibodies, such as bamwiamab, and the combined use of
casirivimab and imdevimab were approved for the treatment of the CQ¥ID
diseas®. However, although it has been shown to be a good antiviral agent, according
to Ansems et al, Remdesivir has been shown to have no overall effect in alleviating
symptoms during COND-19 treatmerff. The combination of the two monoclonal
antibodies banalinivimab and etesevimab, was shown by Dougan et al to be effective
in the early treatment of COVHD9 infections, overall, drastically decreasing the 28
day mortality rat&. Other monoclonal dibodies such as the combination of
casirivimab and imdevimab were also shown to be effective therapeutics used in the
treatment of COVIB19, but were shown b§anesh et ako be less effective than
treatment with either bamlanivimab alone or with a coration ofoamlanivimab and
etesevimaty. Pandolfi et al showed that paracetamol (acetaminophen) was effective
in reducing inflammation and fever in COWI® patients, however is not
recommended for elderly patients as it can either increase or reduce the consumption
of glutathione (GSH)whichcould potentially exacerbate symptoms, and thus increase
risk factors associated with the infecti&nlbuprofen was also investigated in the
treatment of COVIB19. A sty byRinott et al investigated this drug as a treatment
for COVID-19 among a wide variety of patients and when the statistics were
compared, it clearly was shown that ibuprofen was greatly beneficial in the treatment
of COVID-19". Age, gender, patientsitiv underlying conditions, whether patients
admitted to hospital, respiratory symptoms patients displayed and observed clinical
outcomes, such as whether supplemental oxygen, mechanical ventilation, admission
to the intensive care unit (ICU) and death, evesed to compare and analyse results.
Despite being very effective for the most part, the comparison of the clinical outcomes
showed that the percentage of patients in each case who received and did not receive
ibuprofen treatment were all within 1 % adah other, indicating that ibuprofen was

ineffective in severe cases and most beneficial in less sever&’cases



Dexamethasone (DEX) has been shown in multiple studies to be a very
effective treatment for COVIEL9 infections due to its effectiveness in higiade
inflammatory disorders and glioblastoma, which contributes to its activity in COVID
19 treatment. It is lso a good candidate for COVAD® treatment and the
nanoformulation of DEX may help to sustain the amfliammatory and antbedema
drug activity after patients have recovered from COMMinfectioné®*°. N-acetyt
L-cysteine (NAC) has been used in clinical practice in the treatments of critically ill
patients suffering from sepsis and in recent timebpth preventinfection andtreat
patients with COVIBR19Y’. It was selected as a treatment for this disease as it has
antioxidant, antinflammatory and aniimmunemodulating effects which is
beneficial in the treatment of SARS0V-2. It is also a glutathione (GSH) precurso
which is an important antioxidant produced in cells. In cells infected with SBRSE
2, glutathione is used up faster than it can be recycled, so NAC is an important drug
in the treatment of COVIEL9 as it helps to replenish GSH levels in delfs>?

With consideration of the effectiveness and importance of DEX and NAC in
the treatment of COVIEL9, these therapeutic agents were selected for electroanalysis
to further develop the very limited understanding of the electrochemical behaviour of
these moleculesand to develop novel sensors for these molecules with high

sensitivities.

1.3.0. Dexamethasone

Dexamethasone (DEX) (structure Btructure 1) is a useful synthetic
glucocorticosteroid that has many applications as a therapeutic agent, which includes
thetreatment of acute exacerbation of multiple sclerosis, allergies, cerebral oedema,
inflammation, and shock. It has also been shown to alleviate the symptoms of atopic
and contact dermatifié Paediatric asthma pents who were administered DEX also
benefitted from this drug, with no patients experiencing a relapse in symptoms or
nausea and vomitiify DEX is also a good candidate for the treatment of bacterial
meningitis according to de Gans et al, where 8 % oéptiwho received the drug
had an unfavourable outcome compared to those with a placebo (11 %). Despite this
articlebs aim being focussed d\eisserihe tr e
meningitidig, DEX treatment in other infections suchStseptococcus pneumoniae
were also examined, showing that DEX was also very, if not more effective as a

treatment for S. pneumoniae infections than bacterial menfigM®hammed et al

HP



also investigated DEX treatment fdaricella pneumoniawhich causes chickenpox

in children and pneumonia in adults. The
which was clearly observed in severe cases wherduration of time spent in hospital

because of the infection decreased with DEX and acyclovir treatment when compared

to a placebo group who were only administered acyclovir. The faster decline in the
concentrations of @eactive protein (CRP) and intedkin6 (IL-6) was also

observed, further demonstrating the potentefihmmatory and immunosuppressive
properties of DEXC,

_..u\OH
""|CH3

Structure 1. Chemical structure of dexamethas¢bB&X)

1.3.1. Dexamethason&reatment in COVID19 Patients

More recently, DEX has been shown to be beneficial in the treatment of
patients with COVIB19 infections due to its artiflammatory propertie$. DEX is
effective as this compound mimics the actions of-gufil@mmatory compounds
produced by the body. In terms of the treatment of COWDnfections, DEX is 25
times more potent than other glucocorticosteroids such as hydrocortisone and
prednison®, which is an important reason on why DEX has been shown to be
effective in the treatment of COVHD9 patients. DEX is also stronger than
nonsteroidal artinflammatory drugs (NSAIDs), such as aspirin and ibuprofen. DEX
is a drug with antinflammatory and immunosuppressigmperties while the latter

only block the vascular stage of inflammafi®r®

DEX has been shown to have a significant effect in patients hosgaitalith
severe COVIB19 infections, where the 28y mortality rate among patients
receiving invasive mechanicalentilation or oxygen alone decreased in patents
administered 6 mg DEX once daily, compared to those receiving usual tréatment
further highlighting DEXO6s -€dvi2efedtionsx ene s s



1.3.2. Dexamethasone Mechanism of Action

DEX works by inhibiting the pranflammatory gene which codes for
chemokines, cytokines, cell adhesion molecules (CA8syeral mechanisms of
action have been demonstrated for DEX. These include the direct alteshtion
membrane fusion, alterations of membrane fluidity, induction of protein inhibitors of
phospholipase Aactivity, alteration of membrane of polymorphonuclear (PMN),
alteration of membrane lipids and direct inhibition of chemotactic peptide receptor

numkber and functiopf: >°

In the body DEX acts in the body invegal ways. DEX supresses the
migration of neutrophils and decreases the proliferation of lymphocyte colonies. In
doing so, the capillary membranes become less permeable accompanied by higher
vitamin A concentrations in the serum. Prostaglandin and tlodiogs IL-1, IL-12,

IL-18, tumour necrosis factors (TNFs), interferon gammao(F and granul o
macrophage colongtimulating factors become inhibited, thus reducing
inflammatiorf®. Since COVID19 infections cause a hyperinflammatory state in the

body and the broad aritiflammatory activity of DEX indicates its effectiveness in

treating hyperinflammation caused by COVID®3,

Addition of pharmacologic DEX doses to C2C12 murine myoblast cells has
been shown to inhibit cell proliferation and protein synthase processes, which in turn,
reduce myoblast differentiation and myotube fusion. At similar concentrations, DEX
increases the productioof the calcium binding transmembrane protein, dysferlin,
which increases the production of myogenic differentiation, increasing myogenic
fusion. Sustained administration of DEX has shown that the improved myogenic
proliferation and differentiatignindicating that the forcd production in skeletal
muscle units (SMU)and blebbingwas slower, indicating cell death when in
comparison to without DEX administratin



1.3.3. Dexamethasone quantitation

DEX has been quantified usingirious methods. The first of which is high
performance liquid chromatography (IMS) in dried blood samplé Other
methods have described the use of UV spectrophotometric methods, proteomics based
on liquid chromatographitigh resolution tandem mmsspectromet®&?®’. These
studies explored DEX quantitation in a variety of systems, from blood samples to
pharmaceutical formulations, to tissue samples, for DEX alone and in combination
with other drugs such as Remdesivir, each with reasonable sensitivities and selectivit
for DEX. A niche array of DEX electrochemical sensors have been developed,
utilising various electrodes and modifiers, such as carbon nanomaterials (CNMs),
metal nanoparticles and amalgam films to name a few, to optimize DEX
electrochemical response. Amdepth insight into DEX electrochemical sensors will

be expanded upon in the introduction to Chapter 2.

14.0. N-acetytL-cysteine

N-acetytL-cysteine (NAC) @tructure 2.) is a safe and inexpensive
therapeutic agent that has been commercially avaifabla long timé&. NAC has
been used to treat various diseases including cancer, cardiovascular diseases, human
immunodeficiency virus (HIV) infections, acetaminopkirduced liver toxicity and
metal toxicity?®. It is not found in natural sources, however it is a precursor to cysteine
(Cys), which is found in many foods, such as chicken, turkey, garlic, yogurt and eggs.
It is a welltolerated mucolytic drug that moderates clinging mucous secretions and
enhances glutathione transferase activity. Deacetylation of NAC occurs in the liver
and small intestine during oral administration, resultmiipe production of Cyghus
the bioavailability of NAC is decreased to betweénl40  %. -protéceed ritrogen
contains an acetyl group. The acetyl group can be removed in most tissues by cleaving
the acetyl group thus producing@ys’™®. It is a useful therapeutic as it promotes
detoxification and acts directly as a scavenger for free radicals in cells and blood
serum, thus showing that it is a powerful antioxidafit

HaC NH
Y SH
o)
HO o

Structure 2. Chemical structure of fcetytL -cysteing(NAC)



The key to the antioxidant power of NAC is that it is a glutathione (GSH)
precursor, a naturally occurring antioddig agent> 4 Upon deacetylation, the
resulting LCys is used to promote glutathione biosynthesis, thus glutathione
replenishment mediates all intracellular effects of NAC. Fr&&yt readily oxidises
to the corresponding disulfide, cystine, thereby formingdyseine/cystine redox
coupl€®. Considering antioxidant defences, GSH is the principle intracellular non
protein thiol that plays an important role in preserving the intracellular redox state,
through its actions as a nemzymaic reducing ageit. GSHis a tripeptide consisting
of a glutamate, cysteine and glycine residugisu¢ture 3)®. In cells, two ATP
dependant processes ar e exploited for
gl ut amy | €g)sstpmducee thrgugh the dimgtion of L-glutamate and L
cysteine. Thisreat i on i s cgaltuatl aynsyeldc ybsyt €ECS).eThes y nt h a
second reaction i nvol AEE atthe @eeaminal dnd,iwhichon o f

is catalysed by glutathione synthase (GSJ '

SH
0 CH, 0
w N H\)L
HO . NH OH
NH, o}
Glutamate Cysteine Glycine

Structure 3. Chemical structure of glutathion&SH), showing the position of its
amino acidcomponents

14.1. N-acetytL-cysteine Treatment in COVHDL9 Patients

NAC has been shown to be beneficial in the treatment of patients suffering
from COVID-19 due being a precursor to GSH. As discussed, C&Ban cause
severe inflammation, resulting in a cytokine storm and oxidative stress imbalance. The
resultirg oxidative stress imbalance results in a significant elevation in glutathione
reductase (GR) in the blood serum, which leads to rapid depletion of GSH from cells.
This effect was more prominently observed in severe COMRases and in ICU
patients. Withconsideration to NAC being a GSH precursor, it was employed as a
therapeutic to help restore and reduce the depletion of GSH in blood serum and in
cell s. NAC6s relatively |l ow toxicity and

candidate to treat COVH29 infections, where all patients administered NAC showed

H



a significant decrease in the severity of symptoms, and on the whole, their conditions

improved- ’®

1.4.2. N-acetytL-cysteine Mechanism of Action

As discussed, NAC is uséalcells as a precursor to GSH in célls cells the
acetyl group is cleaved, resulting inQys’®. This L-Cys produced, in the case of
severe oxidative stress caused by COMH) is then used to restore GSH levia
cells. Although GSH is recycled in cells, upon infection with SARS/-2 this
process increases, however, in severe cases this cannot match the amount of GSH
required by cells to combat the infection. Therefore, GSH synthesis is required and
carried out through the polymerization of-glutamate, Ecysteine and glycine,
cat al y-E@SchndiG® asdescribed abGve: 8

The mechanism of action of GSH has been proposed that H transfer from GCH
to C radicals appears to be the mechanism of protection of GSH. It has also been
postulated hat the -OH radical and GSH reaction occurs in addition to the sulphur
centred radical formed by either electron transfer or H removal from GSH. Two
mechanisms have been shown to accurately depict GSH activity in cells for the
removal of free radicals anthus, the relief of oxidative stress. The first of these
involves a single electron transfer reaction (SET), and the second involves a H transfer
reaction (HT), as depicted beld#3!

SET:

GSH + LR*fR GSHL
HT:

GSH + -RY G S-H)(+HR

It has been shown that these processes are important in the scavenging and elimination
of free radicals in cells, thus helping to alleviate oxidative Str&s©xidative stress

in biological systems is caused by free radicals, sutheasuperoxide anion radical

(O2+), hydroxyl radical {OH) and reactive chlorine/bromine species, or nonradical
species, such as hydrogen peroxideQhi, hypochlorite (OC) and nitrites (NQ@),

which can cause DNA and RNA mutations, metal ioteractions, alterations to
protein processing, folding and trafficking and lipid oxidation to name & f&¥HS

helps to combat oxidative stress through scavenging for thes reactive oxygen species

on



(ROSY®. The effect of hyperbaric oxygen therapy on oxidative stress has been studied
previously, and despite GSH levels remaining reédyivinchanged, an improvement

in C-reactive protein levels was observed which led to an overall reduction in
inflammatiorf®. With consideration of the importance of GSH in the alleviation of
oxidative stress in cells, it further confirms the effectassof NAC as a useful and
effective therapeutic agent in the treatment of such diseases as €OVID
Furthermore, it has been shown that upon cleavage of the acetyl grGyp,uptake

by cells is much more efficient than that of GSH alone, for whidh tistno evidence

has been shown for its uptake into cells, thus validating NAC as a useful therapeutic

ageng’: 88

1.4.3. N-acetytL-cysteine Quantition

Few studies have been published regarding NAC quantitation, however, NAC
has been quantified previously with highrformance liquid chromatography
(HPLC)Y® °© However ephthaldialdehyde/Mcetyt-cysteine reagent has been used
to amplify the response of protamine in Wi§ quantitative studi@s Various
electrochemical studies quantifying NAC have been published, using gold electrodes
and gold modified electrodes, exploiting the gthiltbl interactiors for the
electrooxidation of NAC. These will be described in more detail in the introduction to
Chapter 3.

15.0. Nanomaterials of Interest

Nanomaterials refer to a material comprising of particles or constituents on the
nanoscale, i.e., X x T0units, for example 1 nanometre (nm) is equivalent to 1% 10
meters (m). Nanomaterials are usually considered if the material has at least one
external dimension within 1. 100 nn¥2. Nanomaterials have numesoapplications
ranging from the purification of water containing contaminants such as toxic metal
ions (e.g., Pb), greenhouse gases, organic and inorganic solutes, bacteria, viruses,
pollutant quantification and cleaner productfrio cancer imaging and therdfyto
energy storage and conversiorMore relevant to this project, carbon nanomaterials

and metal nanoparticles have been exploited for theinuectrochemicasensor®.

Nanomaterials can be categed in various ways. Firstly, they can be
categorsed by their dimensionality, referring to their overall shape and structure.

Secondlynanomaterials can be classified by their compositidtanomaterials can



vary greatly in shape and size, such as in carbon nanomaterials, where they can vary
greatly in shape and dimensionality, such as carbon nanotubes, fullerenes &dch

and graphene nanofibers to name a°fewlternatively, nanomaterials can also be
categorsed according to their composition, i.e., what they are made from, such as Pb,
Pt, Au, and Cu, to name a few examples. These can also be differentiated further by
dividing them into subcategories based off their morphdlogyhese will be

discussed in more detail throughout this section.

15.1. Carbon nanomaterials

Carlon nanomaterials (CNMs), as mentioned above, have a wide array of
functions from sensing to imaging, to energy stothge CNMs have a very broad
range of morphologies whiahcludes graphene sheets, carbon dots, nanodiamonds,
single walled carbon nanotubes (SWCNTs), mahiled carbon nanotubes
(MWCNTS), fullerenes (such ass€) and more recently carbon naanions (CNOsY*
101 as shown inFigure 3. In terms of electrochemistry, CNMs have interesting
properties, such as high capacitances which allows themused to effectively store
energy in electrochemical batteries and capa¢ftbitSNMs, such as fullerenes have
been sed effectively in various electrochemical sensors for the detection of cancer
relevant biomoleculé®®. Similarly, magnetic mulivalled carbon nanotubes
(MMWCNTSs) have been used in the development of a ciprofloxacin electrochemical
sensof®. Investigations into sensors incorporating the use of CNOs has shown
promising results due to the-fodihgbahdd exce
electrog stability compared taraphie nanofakes (GNF9 and glassy carbon
electrodes(GCE9!%. CNOs are the newest carbon analogue and are particularly
relevant to this research project arddiscussed in greater detail bel.
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Figure 3. Chemical structures of various types of carbon nanomatéfials

15.2. Carbon Naneobnions

Carbon nananions (CNOs) are a new emerging class of carbon
nanomaterials. They are concentric midirered fullerenes with typically a hollow
core. Each concentric graphitic shell is composed oktvork of localsed sp
hybridised C atoms, which gives rise to interesting properties, such as their high
capacitance§?. CNOs are typically composed of 4 concentric quasipherical and
polyhedral shaped graphitic shells approximately 0.335 nm apart, and measure

between 4 6 nm in diametéf’.

CNOs can be synthesid in numerousvays, such as through the combustion
of white and thin cotton, through a methane cracking method and through the thermal
annealing of nanodiamond powders, of which the latter was used for the CNOs used
in this project outlined inFigure 400 108110 CNQOs typically have high capacitance
values. This has been reported to be attribtadhe pore size of the carbon network,
where the capacitance has been reported to be greater in nanomaterials with a smaller
pore diameter. Due to the decreased suréaea accessible tons in solutionthe
capacitance of the CNM increa$&sFurthermore, during their synthesis, they can be
doped with heteroatoms such as boron (B), sulphdf%$Y*'4 Heteroatom doping
can have a significant impact on their propertiesloBedCNOs typically are less
conductive than undopedNOs, hence increasing their sugapacitive properties.
This can be attributed to defeatsthe graphitic shells caused by the S dopant, where
defects and edges containing §patoms reduces the overall electrical conductivity,
which, in the case of an electrochemical sensor, alters the device perfofdfhance

Similarly, N-dopedCNOs contain pseudocapacitive sites at pyrrolic and pyridinic
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sites in the structure, however, quaterAidrand nitrous oxide are responsible tfoe

higher electrical conductivity of idoped CNOY®*® The Nactive sites have been
shown to have the ability to facilitate surface redox reactions. The positive charge on
guaternary N and pyridinic f8xide groups act as electron donors, thus attracting
protons and/or compounds with positivelyarged functional groups, thus facilitating
redox reactions involving nitrogen or neighbouring functional groups. This then has a
beneficial impact on improving the electrochemical performance-dopedCNO
supercapacitot$®. Boron atoms contain three valence electrons which, along with
their similar size to carbon atoms, allows them to be easily incgzbinto a carbon
matrix. B-doped CNOs have been shown to have an increase ability to catalyse oxygen
reduction reactions (OREY. Little has been reported about the electrochemical
behaviour of BdopedCNOs, however, like with other CNOs, a high capacitance was
also observed upon B dopiiy An overall increase in the capagite has been
reported upon heteroatom doping. This has been attributed to the increased porosity
of the CNO surface and the surface defects in the carbon network induced upon boron

and/or nitrogen dopirig® 122

CNOs can also be modified through the covalent addition of functional groups,
such as carboxylic acid groups, onto the CNO surface resulting in theseakidrms
(oxi-CNOs)?3 These have been used previously as a linker for the attachment of
polymers and other molecules, such as drugs where CNOs are exploited as a
mechanism for drug delivery, onto the CNO surt&teérhe presence of carboxylic
acid groups on the CNO surface has a significant impact ocagp&citance. The
capacitance significantly increases with the presence of these carboxylic acid groups
due to the faradaic current that arises from these electroactive groups and enhanced
surface areas through the opening and breakage of the graphitedéishe CNOS“.

With consideaton of this effect, the capacitance of osedi heteroatordoped CNOs,

such as oxB5-doped, oxiN-doped, 0xB doped and oxBN-doped CNOs, is expected

to be greater than that of undoped-G@hNOs, due to the combined effects of the
heteroatom dopants ardrboxylic acid functional groups altering the structure of the
graphitic layers through the incorporated surface defects and through breakage and
opening of the graphitic layer8 HR-TEM imageof CNOsanda structual diagram

shownin Figure 5, shows tle sphericaind layered structure of CN&% 122124, 125
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Figure 4. p-CNO and BNdopedCNO synthesis through the thermal annealing of
detonation nanodiamonds, with acid treatment in 3 M nitric acid yieldingCRs
and oxtBN-dopedCNOs.

Figure 5. HR-TEM image of carbon naronions (left) with their structure (right)
showrt?,

15.3. Metal Nanostructures

Metal nanostructures are another category of nanomaterials which have a wide
range of applications throughout chemistry. They can be caseddurther based on
their composition and morpholoty Their morphological categisation includes the
nanostructureo6s s'3 Metgl nasobtragiuees canistin reany u c t
forms, such as nanoparticles (N§)microparticles (MPs$® nano star€®, nano
urching® and filmg3%, to name a few. Common metals used inalneanostructure
fabrication include copper (Cu), gold (Au), platinum (Pt), nickel (Ni), silver (AgQ),
palladium (Pd), titanium (Ti) and iron (Fe) because of theirtoait and catalytic

activity'®2 They can be composed of these metals in their pure form or their oxides,

op
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hydroxides, sulphides, phosphates, fluorides, and chléfideThese metal
nanostructures have various applications in chemistry, such as their use on electronic
devices, catalysis reactions, sensing, in eneogwersion and storage, near infrared
photothermal therapy and in surface enhanced Raman scaferimgetal
nanostructures have also been used as electrode modifiers in electrochemical sensors
for the detection and quantitation of pollutants, toxic chemicals and compounds, and
for the analysis of drugs in biological samples, water samples omphautical

formulationgl 12 134

15.4 Metal Nanoparticles, Microparticles and Films

In this project, microparticles (MPs), metal films and nanopatrticles (NPs) have
been exploited for the electrochemical determination of dexamethasone (DEX) and
N-acetytL-cysteine (NAC), with the aim to a@hve sensors with high sensitivities for
each drug, with electroanalysis of these drugs extracted from pharmaceutical samples.
Silver nanoparticles (AgNPs), for example, are some of the most well developed and
applicable nanoparticles, due to their reldtivi@eexpensive cost. They have unique
and useful chemical properties that make them useful candidates for catalytic, optical,
and synthetic applications. They have been used in combination with other metals for
the detection of Cd, Cr, Cu, Hg and'$b

Firstly, electrochemically synthesd copper microparticles (CuMPs) were
exploited for the electrochemical determination of DEX. MPs refer to particles
between I 1000 um in diameter, while nanopahes are typically within I 100 nm
in diamete¥? 128 Metal MPs and NPs have interesting electrochemical behaviour with
excellent electricatonductivity which can be exploited to increase the anodic and/or
cathodic electrochemical redox processes associated with the corresponding
analyte$®’. Typically, metal nanoparticles have low capacitances due to the high
conductivity of the metallic components, however, when combined with
semiconducting materials, such as with layers of sulphur atoms in a trigonal prismatic
(or antiprismatic) lattice, the capacitance increases stepwise with increasing
semiconductor layers. Immolsdtion of metal NPs or MPs on such heterostructures
has been shown to enhance the photoelectric properties for an improved optoelectronic
applicatiod®®. In terms of electroanalysis, metal NPs are attractive candidates as
electrode modifiers because of their high electroactive surface areas, which can thus

lead to a better electroanalytical performahc@ypically, when examined using
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cyclic voltammetry, metal NP and MP modified electrodes display anodic and
cathodic waves associated with the electrochemical oxidation and reduction reactions
of the metal(s) which thparticles are composed of. The magnitude of these signals
has the potential to be exploited as the analytical focus of the electrochemical sensor
when considering how an analyte of interest can depress the anodic or cathodic metal
faradaic response in m@snse to increasing analyte concentration. This has been
carried out by Pino et al for the dual detection of phenolic compounds and pe&ticides
These anodic and cathodic metal faradaic responses can be uaeditdagmation

on the electrochemical behaviour and surface coverages of the particles at the
electrode surfacé¥. An important consideration when using metal parizsed
electrochemical sensors iethstability. While they are stable upon potential cycling,

the use of an incompatible background electrolyte can be detrimental to metal particles
at the electrode surface, as upon potential cycling, the chloride ions in solution interact
with the positvely charged metals allowing them to dissolve into solution, thus
destroying the metal particfé& For examplethe use of chlorinated solvents will
degrade Cu and Au modified electrodes. Recently, the use of metal flms has been
explored for the detection of metals such as Cu, Ni, Co, Cr, and a wide array of heavy
metald3%14% Metal film modified electrodes can be characterised and used in similar
manners to how metal NPs and MPs can bel useslectroanalysis, however, few
studies have reported on the use of metal flm modified electrodes used for the
electroanalysis of organic compounds. This consideration will be applied to this
project, where an electrodeposited Cu film will be explai@dachieve a highly

sensitive sensor for the detection of DEX.

15.5. Metal Nanostructure Formation
Metal nanostructures can be made in numerous ways. These include the

reduction of Ad* with NaBH; which is stabilsed with thiols to ensure thgroduction

of highly stable particles with a wetbntrolled and narrow size distribution in the nm
range. Au particles have also been syn#egisthrough the spontaneous reduction of
Ag" ions in solution in the presence of hydroxyl groups in basic salufitie
reduction of Ag can also be carried out in basic andsaiturated conditions of-2
propanol, resulting in the formation of colloté%s Copper nanoparticles, for example
have been synthesid previouly using a variety of methods. Firstly, a reduction

method can be used using a variety of reducing agents, siwyhlragzine,ascorbic



acid, hypophosphite or sodium borohydride and polyol, which result in uniformly
sized and morphological CuNPs. Other noelth include a microemulsion method,
where two immiscible liquids are used as a thermodynamically stable emtdsion
produce CuNPs with a diameter betwednl3 nm. A photochemical method can also

be used to rapidly produce CuNPs with the aid of a reduagent. The thermal
decomposition of copper léa can also be used to produce CuNRswvever the
particle sizes can vary from 3i540 nm in diameter. Lastly, the electrochemical
reduction of Cu can be carried out to electrodeposit CuNPs directly onto an electrode
surfacé*® the processavhich was usedn this project. Electrochemical methods
involve the use of a copper salt, such as copper acetate or copper sulphate, in a
background electrolyte that allows the copper to remain in solution. The case of the
two copper salts mentioned, a sodium acetatéebor 0.1 M BSQ; would make
suitable candidates for CuNP electrodepostfibiThis is also a requirement for all
metal NP electrosynthesis. Various methods have been invedtigat the
electrosynthesis of metal NPs which all involve the electrochemical reductiofi of M

Y  Mat the electrode surface, where M is the metal undergoing electroreduction and
n denotes the oxidation state of the metal ions in solution. The most common
electrodeposition methods include electrodeposition via cyclic voltamifretind via
potentiostatic method¥. Various potentiostatic electrodeposition methods have been
explored, the first being a single pulse potentiostatic method for the electrodeposition
of CuNPs from 50 mM CuS0n 0.1 M NaClQ, where me pulse was applied .2

V vs Ag/AgCl for 20 minute¥®. A second method for the electrodeposition of metal
nanoparticles involves the use of a triple pulse potentiostatic method. In this method,
lead nanoparticles (PbNPs) were electrochemically sysdteddy employing a
perturbation pulse (tto remow adsorbed ions from the electrode surface, a seeding
pulse (k) to seed Pb nuclei at the electrode surface, and finally, a growth pulse was
applied to grow PbNPs from the seeded nuclei, as electroreduction of Pbroooeirs
readily at the more conductivEb nuclet*”. Finally, a third method of metal
nanoparticle synthesis involved a mudbtentiostatic pulse sequence, for the
electrosynthesis of gold nanoparticles (AuNPs). A perturbation pul3evdsalso
utilised here followed by a seeding pulse) @@ seed the Au nuclei. Alternating anodic
and cathodic pulses were used to systematically grow the AuNPs at the electrode
surface, resulting in a uniform distribution of uniformly sized AuNPA variation of

the single pulse method was used for the electrodeposition of a copper film at a glassy

oy



carbon electrode (GCE) surface in Chapter 2 of this project, where a petiuh#te

was added to ensure the GCE was free from residual copper before film
electrosynthesis. The triple pulse electrodeposition method for PbNPs was adapted for
the purpose of CuMP synthesis in Chapter 2. Finally, the 1podéntiostatic pulse
methodfor the electrosynthesis of AUNPs was applied in Chapter 3 for the AuNP
electrodeposition at an 6BN-doped CNO modified GCE. Each of these methods

will be discussed in more detail in their corresponding chapters.

1.6.0. Electrochemical sensors

Firstly, dectrochemical sensors exploit the use @f 2 electrode systemas
shown inFigure 6, with a working electrode and auxiliary electrode, and in the case
of a 3 electrode system, a reference electf8d&he auxiliary (counter) electrode
functions as an electron sink, where a pathway is provided for current to flow in the
electrochemicatell without a significant current being passed through the reference
electrodé®. The auxiliary electrode material should be selected with consideration
such that electrochemical products formed at the ianxielectrode do not interfere
with those formed at the working electrode. For this reason typically a Pt wire
electrode is used due to its electrochemical inertPfesghe role of the reference
electrode is to involve a benchmark for measuring and controlling the potential of the
working electrode by utding a constant potential at low current densities. The
reference electrode does not pass any current, thus does not interfere with
measurements obtained at the working electfrdd€ommon reference electrodes
employed in electrochemical devices include Ag/AgCl reference electPgdes
calomé reference electrod&3, hydrogen reference electrodfds double junction
reference electrod&8 and licuid junction reference electrode$ Finally, the
working electrode refers the electrode used in an electrochemical system where the
reaction of interest occurs. Typically, working electrodes are made from chemically
stable materials that can facilitate electron transfer reactions and havekaovet
morphology and surface areaCommon working electrodes employeih
electroanalytical devices include glassy carbon electrodes (GCEs), platinum
electrodes (PtE) and gold electrodes (AuE), which can be macroelectrodes,
microelectrodes or polished disc electrddé®ther electrodes can be in the form of
pastes (carbon paste electrd@®sinks in the form of screen printed electrdder

as an amalgatff, such as a silver paste amalgam electfdd&he potential of the

o o



working electrode is monitored with respect to the reference electrode, where the
current is passed between the working and auxiliary electrodes. Although, the current

response is only monitored at the working electdlde

<>
N N

N~ N~

Figure 6. Schematic of tweelectrode (left) and threelectrode (right) systems,
indicating the positions of the working electrode (WE), auxiliary (counter) electrode
(CE) and reference electrode (RE).

1.6.1. Categories of Electrochemical Sensors

Electrochemical gesors can be categsed based on the types of
measurements carried out, including potentiometric, conductometric and
amperometric/voltametric sensors. Electrochemical sensors produce digital signals
that, upon analysis, can give information about thetrelde used, analyte detected
and to gain information about electron transfer processes occurring at the electrode

surfacé®2

Potentiometric ion sensors or ion selective sensors can be csgddoyitheir
small size, portability, and their low cost, which makes them desiraht#idates for
commercial and practical use. These sensors are based on membranes containing
neutral or charged carriers and have been used for the determination of a wide variety
of organic and inorganic compounds. Outputs from these sensors are measured w
respect to changes of the membrane potential. The electric potegdiah (Eassical
models is represented as the sum of the boundary poterdiplatEhe sample/ion
sensitive membrane boundary and by the diffusion potential insidméhngbrane
(Ep), while a constant (C) is added to account for the potential at the internal contact.



In the classical modelling of these sensors, two approaches can be considered when
carrying out electrochemical measurements, the first approach accourttse for
internal diffusion potential (the phadeundarypotential model) while the other
approach disregards it (the tetaembranepotential approach.

Conductometric sensors oretbther hand are involved in the measurement of
conductivity at a series of applied frequencies. These sensors rely on the changes in
conductivity of a film or the bulk material. These sensors, however, are relatively non
selective, however, this platforhas become a more viable method of electroanalysis
through the modification of electrode surfaces and development of improved
instrumentation. These sensors do not require reference electrodes, so their low cost

and simplicity make them attractive electeathndidate$”.

Finally, amperometric sensors are named so due to the angiamom
measurements made through recording the flow of electrical current in
electrochemical cells at an applied potential. Vottatric sensors, on the other hand,
are made when the potential difference scanned across an electrochemical cell, from
one preset potential to another. The cell current is then recorded as a function of the
applied potential (&p. The instrumentation requires controHedtential equipment,
and the electrochemical cell consists of & 2 electrode system immersed in the
electolyte solution. A background electrolyte is required to decrease solution
resistance, eliminate electmigratory effects and maintaronstantionic strength.

The working electrode utded has a profound influence on the performance of the
sensor, wherenetals and various forms of carbon have been exploited to better suit

the application of the sensor. The development of sensors applied in meliden
measurements is an ew&rolving front, with developments incorporating the use of
microelectrodes and ioroelectrode arrays. Chemically modified sensors, such as
biosensors, carbon nanostructure modified and metal nanoparticle modified
electrodes, are constantly under development with the aim to improve the overall
sensor 6s per f or ma mauelinicabapplicatiorns are becomingdoti s t r |

particular interest in recent ye#fts

16.2. Electrochemical and Analytical Techniques Applied
Throughout this project various electrochemical and analytical techniques

were employed for the electrochemical synthesis of Cu nanostructure and AuNPs at a



GCE surface for the accurate androgjuctible quantitation of DEX and NAC. These
techniques involved the use of cyclic voltammetry for DEX quantitation at bare and
Cu modified electrodes, and for the electrochemical charsatien of pCNOs, BN
dopedCNOs, oxtCNOS and oxBN-doped CNOs,chronoamperometry for the
electrodeposition of CuMPs, CuFs and AuNPs at bare andN»doped CNO
modified GCEs, chronocoulometry for NAC quantitative studies and electrochemical
impedance spectroscopy for a further electrochemical characterizationGifitfes,

CuF, AuNPs and AuNP@oBN-doped CNO modified GCEs. Scanning electron
microscopy was utided to visuake and determine the size distributions and
morphologies of the CuMP/GCE, CuF/GCE, AuNP/GCE and the AuNP-@Mxi
doped CNO/GCE.

16.2.1. Cyclic Voltammetry

Firstly, cyclic voltammetry (CV) refers to the most versatile and applicable
electrochemical technique, which involves the cycling of the electrode potential back
and forth between two fixed points. The electrodes are immersed in ameans
solution, where the resulting current 1is
controlled by measurement against a reference electrode, such as a saturated calomel
electrode or a silver/silver chloride (Ag/AgCl) reference electrode. Theotiex
potential across the working and reference electrodes is considered an excitation
signal. This is a linear potential scan with a triangular waveform, as shdviguire
7 (A), where the potential is swept between two values at either extreme@¥the
known as the switching potentials. As pégure 7 (A) and(B), the voltammogram is
firstly scanned in the negative direction from 0.6 V@& V vs Ag/AgCl, where the
direction is reversed, causing the potential to scan back positively. Thisiésl cart
at a particular scan rafeolts per unit timg in this case the potential is scanned at a
scan rate of 100 mV 3§, or 0.1 V &. This can be determined from the slope of the
plot of time vs potential ifrigure 7 (A). It is noteworthy that CV cabe carried out
over multiple cycles, as indicated by the red, purple, and blue double headed arrows
in Figure 7 (A). A voltammogram is obtained when the current is measured during a
potential scan in either direction at the working electrode. This cusrérg response
signal to the potential excitation response. It displays current (I (A)) or current density
(J (A cm?)) (y-axis) against potential {axis). Figure 7 (B) shows the typical cyclic

voltammogram of a 5 mM [Fe(CH§* redox probe in 0.1 M Kl at an unmodified



GCE. As shown irFigure 7 (A), the potential is initially scanned in the negative
direction, and when the potential is sufficient to reduce [Fe{CN) [Fe(CN}]*, a
cathodic current signal is observed, in this case at 0.1ZRé&/same principle applies

in the forward direction, where an anodic signal is observed at 0.283 V, where
[Fe(CNX]* is oxidised to [Fe(CNy]*>. When the potential is sufficiently strong to
reduce a compound, the cathodic current rapidly rises until aheeatration of
[Fe(CN)]* is diminished substantially, which causes the current to peak. A decay in
the current is then observed as [Fe(gN)ions in the solution surrounding the
electrode become depleted due to its electroreduction to [F§(CNJhe scan
direction is then switched to the positive direct&r0.2 V for the reverse scan. Here

the potential is significantly negative for the reduction of [Fe@ENSo the cathodic
current continues despite being scanned in the positive directiona@mwvhen the
potential is scanned in the positive direction, the potential becomes strong enough to
cause the oxidation of [Fe(CHly to [Fe(CN}]*, resulting in the electrooxidation
process, which causes anodic current. Similar toethetroreduction process, the
concentration of [Fe(CN)* ions at the GCE surface become significantly diminished,
causing the current to peak, followed by a decay in the current values. CV is a
technique capable of the rapid generation of new oxidataiassin the forward scan
while proving its fate in the reverse direction, which is an important aspect when
studying the voltammetry of coupled reactithis
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Figure 7. Plots of(A) time vs potential for cycle 1 3 (red, purple, and blue arrows)
and(B) potential vs current density of the third cycle of the cyclic voltammogram of
5 mM [Fe(CN}]***in 0.1 M KCI at the bare GCE fror0.27 0.6 V vs Ag/AgCl at
100 mV st

16.2.2. Chronoamperometry and Chronocoulometry

Chronoamperometry (CA) refers to ahectrochemical technique where a
potential step is applied within a very short, ideally instantaneous, time to an electrode
immersed or in contact with an electrolytic system containing a dissolved redox
system, where measurements taken result in thedi@lectrical current. This can be
caused by a change in the composition of the electrolyte at the interface, which is
particularly relevant to the concentration of species which make up the redox system.
The current measured is initially very large dadeing limited by the resistance of



the electrolyte. Part of the current is also used in recharging of the electrochemical
double layer. The current then decreases rapidly as the mass transfer of ions from the
bulk solution becomes the current limitingctar, where none of the consumed

s p e cfloveas the electrode surface. The current is controlled by the concentration
profile of the consumed species, where the current profile extends deeper into the
electrolyte solution with time. As the profile extasndeeper, the slope decreases as a
function of timealong with thecurrent supported by diffusion flgwesulting in the
mathematical relationship definadthe Cottrell equationt®®

. Yy
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wherei is current, n is the number of electrons transfeffads Far adapds con
is the electrode surface ar€x,is concentrationD is the diffusion coefficientandt

is time.

Similarly, in chronocoulometric (CC) experiments, the potential of a working
electrode is fixed at a value where the electrochemical reaction is only limited by

diffusion, which can also be described using the Cottrell equation:

x W o o 4 4 4 4 4 4 2 4 2 2 4 2 4 2 2 2 2 2 2 2 2 2 2 2
L —=—¢€eéeeceéeéécceccceeéceececcee(2)

whereQ is charge, n is the number of electrons transfefkéds Far ada®xd6s con
is the electrode surface aréa,is concentrationD is the diffusion coefficientandt

is time. In addition to the charge, the charge. @ required to chage the
electrochemical double layer from the value which corresponds to the initial electrode
potential to the potential set by the step and charge required to convert species present
on the electrode during the ste., Qo, must beconsidered. Both § and @ are
independent of time and thus can easily be obtained from the Cottrell equation (2) by
considering t = 0 s. the resulting value is then subtracted. Considering equation 2, CC
has a number of applications, such as in detemgidiffusion coefficients (D), the
electrochemical surface area (A) of a particular elecfrani@analyteconcentrations

In this thesis, CC will be employed in chapter 3 tdetermine NAC sample
concentrations. This method seems equivalent to CA, howawgortant
considerations must be taken into account during CC applications. This involves the
consideration that charge increases during the experiment, so only charge values

significantly far from the application of the potential step can be evaluatiéeses
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values are unaffected by the behaviour of the transient setup, such as distortions.

Integration of CC has a smoothing effect, where noise on the response is averaged.

These considerations are advantageous over CA measurements as, in addition to the
ability to determine the @ and Q, these effects are not applicable to'€A

16.2.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) refers to an electrochemical
technique that can be used to gain access and information al®owingtic
characteristics of electrochemical systems, such as rate constants, diffusion
coefficients, capacitances and resistance in a single experiment. However, this
technique is restricted to the description of the behaviour of a system which lies in th
linear range of electrochemical excitation. These measurements can be contrasted with
other methods with nelinear properties, such as CV. EIS measurements require
linear behaviour with a potential excitation below 25 mV at room temperature, where
the ptential dependency of charfransfer reactions can be approximated as linear.
EIS involves a variabKpad experimental method and the linear transformation of
time-domain signals and responses to frequency domains, with the calculation of the
relevant mpedance values, described as a complex quotient divided by current, thus
the impedance calculation involves results of tooenain excitation at fixed
frequencies. Its behaviour over this fixed range of frequencies gives rise to the
impedance spectrum, vdh leads to EIS%’

The simplest relationship between vol
resistance is independeritlmth currentindvoltage This can be found by applying
constant current while measuring the voltage across a resistor, however energy
dissipative and storage elements are present in the system. Dependence on | and V
cannot directly be expr es s endeontsneandtheOh mé s
potentiatcurrent relationship requires a differential equation. Observing the system
under variable voltage and current conditions allow the parameter values for the
capacitance (C) and conductor length (L) to be determined, makirsgstean more
complex. An indirect method of-depgnganty i ng
systems dudo how all linear differential equations can be transformed into the
Laplacedomain, where they are transformed into ordinary equations in terms of
coopl ex frequency variabl-s, asd =¥ Ries +t hle

frequency®’.



The expression, &s) = R, 4(s) = sL, and £ = 1/sC) can be used to derive
the impedance of complex circuits, where the combination pédances in a circuit
follows the same set of rules that apply to combination resistors. Considering this, the
equations can be defined directly in the Laplace domain, instead of forming a complex
differential equation and then applying the Laplace transdtion, thus, impedances
add up, and in the case of parallel elements and admittances Y, which ard aefine
Y(s) = 1/Z(s), also add df.

16.2.4. Scanning Electron Microscopy

In general, microscopy can be categedi undetwo main headings: optical
microscopy (OM) and scanning electron microscopy (SEM). OM has been used for
the last two hundred years, where simple devices were employed with vary limited
capabilities. There are numerous differences between OM and SEM which
encompasses differences in their properties and features. Firstly, the main difference
between OM and SEM is that light is used in OM to view samples directly, while SEM
depends on electron emission to view samples. Simple OM uses one lens to view
sampleswhile compound OM utiBes two lenses. Typically, OM have the ability to
view samples anywhere from 4000000 x the original size of the sample. On the
other hand, SEM can reach much higher magnifications of up to 300,000 x the original
size, which greayl dwarfs the magnification of OM devices. Both living cells and
solid materials can be examined via OM, but few small organic compounds are visible
and must be in the solid state. Greyscale images are produced in far more detail via
SEM. Images produceddim OM however, show the true colours of the samples

analysed®.

SEM works at much higher magnifications up to 300,000 x the original size
and can be used as an effective method to analyse organic and inorganic compounds
on an nanometre (nm) to micrometre (um) scale. Some modern SEM can view
samples up to 1,000,000 >ethoriginal size. SEM works in accordance with Energy
Dispersive Xray-Spectroscopy (EDS) to provide gqualitative and squantitative
results regarding the compositiontlkésample in question. Both SEM and EDS, when
used in unison have the capability bbtain fundamental information on the

composition and morphologies of scanned matéffals



Analysis is carried out on using SEM equipmenticlitonsists of an electron
gun, which is the source used to generate high energy electrons, a column to transport
the electrons produced through two or more electromagnetic lenses, a deflection
system, an electron detector and a chamber for the sampbenputer system with a
screen is then used to display the scanned images. The electron beam is also controlled
from the computer system. The device that houses samples contains a pressure system,
which in turn allows wet or samples with minimal preparabenviewed. In some
instruments, these samples can have a diameter of up to 200 mm and be up to 80 mm
tall. As mentioned, SEM analysis is carried out through the application of a beam of
high-energy electrons in the range of 1i080,000 eV, usually gendral through a
thermal source. Since the spot size generated from the electron gun is too large for the
generation of a sharp image, the SEM is equipped with various lenses to compress the
spot and focus the electron beam on the sample. Typically, theizpas less than
10 nm in diameter, where the focused electrons passed through the final lens interact
with the specimen and have the ability to penetrate up to 1 um deep. These generate
signals, and thus, an image is produced. The image generatedesd farenpoiny-
point manner, which is dependent on the movement of the scan coils which causes
movement of the electron beam. The beam typically moves in straight lines to discrete
locations until a rectangular pattern of parallel lines is producedeatte peci men 0 ¢
surface. This is dependent on the magnification required, i.e. if a higher magnification
is required the beam is deflected over a smaller area on the sample. The distance of
the final lens from the sample has a direct impact on the magrific#n electron
detector is used to detect the high energy electrons emitted from the scanned sample,
thus generating the SEM image. Secondary electrons (SE) and backscattered electrons
(BSE) are also used in the production of such images, where bothillacted in the
case of when a positive voltage is applied to the collector screen. On the other hand,
only BSE are collected in the casbena negative voltage is applied to the screen. A
Scintillator detector is used to collect both SE and BSE

SEM is a technique widely used in both physical chemistrnyd
electrochemistry. In physical chemistry it has been used to investigate the morphology
of various nanomaterials, such as carbon nancttthesrbon nanwmniond!® and
silica nanoparticlé€® to name a few. Similarly, in electrochemistry SEM is used to

investigate the morphology of an electrode surface and/or modificatiohsdatapits

ny



surface such as electrochemical film electréfeametal nanoparticle modified
electode¥’?and graphene network modified electrodé® name some examples. In
this project high resolution scanning electron microscopy -§#R1) has been
exploitedto further characterisand analyse the surface morphologyhef CuMP and
CuF modified GCEs inChapter 2, and AuNP and AuNP@&aN-doped CNO
modified GCEs irChapter 3.

From considering the effectiveness of DEX and NAC in the treatment of
COVID-19 infections and the relatively few reports on their electrochemical
guantitation, thesdrugs were selected for electroanalysis with the overarching aim to
develop sensors that can be used to quantitatively analyse these drugs in
pharmaceutical formulations. The sensors that will be developed will incorporate the
use of various nanomategsaand will be investigated under a variety of conditions to
gain a detailed understanding about their electrochemical behaviour, and their effects

on their respective analytes.

n o



1.7.0. References

1. Bui, M.; Chou, W. C, Shorb, J.Yoon, Y. C, Electrochemistry Basics. In
Analytical ChemistryLibreTexts, Ed. LibreTexts: LibreTexts, 2021.

2. Abruiia, H. D; Kiya, Y.; Henderson, J. CBatteries and electrochemical
capacitorsPhysics Todag008,61(12), 4347.

3. Lucia, U, Overview on fuel cellRenewable and Sustainable Energy Reviews
2014,30, 164169.

4. Guth, U.; Vonau, W.; Zosel, J., Recent developments in electrochemical
sensor application and technoldgg review.Measurement Science and Technology
2009,20(4), 1-14.

5. Horby, P.; Lim, W. S.; Emberson, J. R.; Mafham, M.; Bell, J. L.; Linsell,
L.; Staplin, N.; Brightling, C.; Ustianowski, A.; Elmahi, E.; Prudon, B.; Green, C.;
Felton, T.; Chadwick, D.; Rege, K.; Fegan, C.; Chappell, L. C.; Faust, Salil.; J
T.; Jeffery, K.; Montgomery, A.; Rowan, K.; Juszczak, E.; Balillie, J. K.; Haynes,
R.; Landray, M. J., Dexamethasone in Hospitalized Patients with @8évid Engl J
Med2021,384(8), 693704.

6. Munch, M. W.; Granholm, A.; Myatra, S. N.; "ijjaraghavan, B.; Cronhjort,
M.; Wahlin, R. R.; Jakob, S. M.; Cioccari, L.; Kjaer, M. N.; Vesterlund, G. K.;
Meyhoff, T. S.; Helleberg, M.; Moller, M. H.; Benfield, T.; Venkatesh, B.;
Hammond, N.; Micallef, S.; Bassi, A.; John, O.; Jha,Kfistiansen, K. T.; Ulrik,

C. S.; Jorgensen, V. L.; Smitt, M.; Bestle, M. H.; Andreasen, A. S.; Poulsen, L. M.;
Rasmussen, B. S.; Brochner, A. C.; Strom, T.; Moller, A.; Khan, M. S,
Padmanaban, A.; Divatia, J. V.; Saseedharan, S.; BoraakKapadia, F.; Dixit,

S.; Chawla, R.; Shukla, U.; Amin, P.; Chew, M. S.; Gluud, C.; Lange, T.; Perner,
A., Higher vs lower doses of dexamethasone in patients with CQ9IBnd severe
hypoxia (COVID STEROID 2) trial: Protocol and statistical lgge plan. Acta
Anaesthesiol ScarzD21,65 (6), 834845.

7. De Flora, S.; Balansky, R.; La Maestra, S., Rationale for the use of N
acetylcysteine in both prevention and adjuvant therapy of CEMIIFASEB 2020,
34(10), 1318513193.

8. Matuszewski, W. a. T.M., Graphite Pastbased Enzymatic Glucose
Electrode 6r Flow Inject ion AnalysisAnalyst1988,113(5), 735738.



9. Zhao, C.; Shao, C.; Li, M.; Jiao, K., Flemjection analysis of glucose
without enzyme based on electrocatalytic oxidation of glucose at a nickel electrode.
Talanta2007,71 (4), 17691773.

10. Pino, F.; MayorgaMartinez, C. C.; Merkogi, A., Higiperformance sensor
based on copper oxide nanoparticles for dual detection of phenolic compounds and a
pesticide Electrochemistry Communicatio2916,71, 33-37.

11. Guin, S. K.; Pillai, J. S.; #bolikar, A. S.; Saha, A.; Aggarwal, S. K.,
Templatefree electrosynthesis of gold nanoparticles of controlled size dispersion for
the determination of lead at ultratrace levBSC Advance?013,3 (39).

12. Guin, S. K.; Parvathi, K.; Ambolikar, A. S.; Pillai, J. S.; Maity, D. K;
Kannan, S.; Aggarwal, S. K., An insight into the electrocatalysis of uranyl sulphate on
gold nanoparticles modified glassy carbon electr&tiectrochimica Act€2015,154,
413420.

13. Kilele, J. C.; Chokkareddy, R.; Rono, N.; Redhi, G. G., A novel
electrochemical sensor for selective determination of theophylline in pharmaceutical
formulations.Journal of the Taiwan Institute of Chemical Enginez020,111, 228

238.

14. Qian, L.; Durairaj, S.; Prins, S.; Chen, A., Nanomatebased
electrochemical sensors and biosensors for the detection of pharmaceutical
compoundsBiosens Bioelectro2021,175 112836.

15. Buledi, J. A.; Shah, Zi-H.; Mallah, A.; Solangi, A. R., Curn¢ Perspective

and Developments in Electrochemical Sensors Modified with Nanomaterials for
Environmental and Pharmaceutical Analysisirrent Analytical Chemistr2022,18

(1), 102115.

16.  Ciotti, M.; Ciccozzi, M; Terrinoni, A; Jiang, W. C.Wang, C; Bernardini, S.,

The COVID-19 pandemicCritical Reviews in Clinical Laboratory Scienc2820,57

(6), 365 388.

17.  Pokhrel, S. Chhetri, R, A Literature Review on Impact of COVHD9
Pandemic on Teaching and Learniktigher Education for the Futur2021,8 (1),

133 141.

18. Allen, D. W, Covid-19 Lockdown Cost/Benefits: A Critical Assessment of
the Literaturelnternational Journal of the Economics of Busing822,29 (1), 1-32.

19. Rawal, V.; Kumar, M.; Verma, A.; Pais, J., COVID Lockdown



Impact on Ayriculture and Rural Econom$ocial Scientis?2020,48 (3/6 (562565)),
67-82.

20. Yesudhas, D.; Srivastava, A.; Gromiha, M. M., COMID outbreak: history,
mechanism, transmission, structural studies and therapdufestion2021,49 (2),
199213.

21 Liu, J.; Li,Y.; Liu, Q.; Yao, Q.; Wang, X.; Zhang, H.; Chen, R.; Ren, L.;
Min, J.; Deng, F.; Yan, B.; Liu, L.; Hu, Z.; Wang, M.; Zhou, Y., SAB&V-2 cell
tropism and multiorgan infectioell Discov2021,7 (1), 17.

22. Hasoksuz, M.; Kit, S.; Sarac, F., Coronaviruses and SARSV-2. Turk J

Med Sci2020,50 (SI-1), 549556.

23. Velavan, T. P.; Meyer, C. G., The COW® epidemicTrop Med Int Health
2020,25(3), 278280.

24. Vasireddy, D.; Vanaparthy, R.; Mohan, G.; Malayala, S.Aflyri, P.,
Review of COVID19 Variants and COVIEL9 Vaccine Efficacy: What the Clinician
Should Know? Clin Med Re2021,13(6), 31%325.

25.  Li, F., Structure, Function, and Evolution of Coronavirus Spike Prot&msu

Rev Virol2016,3 (1), 237261.

26. Navabshan, I.; Sakthivel, B.; Pandiyan, R.; Antoniraj, M. G.; Dharmaraj, S.;
Ashokkumar, V.; Khoo, K. S.; Chew, K. W.; Sugumaran, A.; Show, P. L.,
Computational Lock and Key and Dynamic Trajectory Analysis of Natural Biophors
Against COVID19 Soike Protein to Identify Effective Lead Moleculediol
Biotechnol2021,63 (10), 898908.

27. Hofmann, H.; Pohlmann, S., Cellular entry of the SARS coronavimgnds
Microbiol 2004,12 (10), 46672.

28.  Gralinski, L. E.; Menachery, V. D., Return of the Coronavirus: 20C8V.
Viruses2020,12 (2).

29. Wang, H.; Yang, P.; Liu, K.; Guo, F.; Zhang, Y.; Zhang, G.; Jiang, C.,
SARS coronavirus entry into host cells through a novel clattamd caveolae
independent endocytic pathwayell Res2008,18 (2), 290301.

30. Wang, M. Y.; Zhao, R.; Gao, L. J.; Gao, X. F.; Wang, D. P.; Cao, J. M.,
SARSCoV-2: Structure, Biology, and StructuBased Therapeutics Development.
Front Cell Infect Microbiol2020,10, 587269.

31. Tenchov, R.; Zhou, Q. A., Intrinsically Disordered Proteins: Perspective on
COVID-19 Infection and Drug DiscovernACS Infect Di022,8 (3), 422432.

PH



32. Gir, R.; Bhardwaj, T.; Shegane, M.; Gehi, B. R.; Kumar, P.; Gadhave, K.;
Oldfield, C. J.; Uversky, V. N., Understanding COVID via comparative analysis
of dark proteomes of SARSoV-2, human SARS and bat SAR&e coronaviruses.
Cell Mol Life Sci2021,78 (4), 16551688.

33.  Lotfi, M.; Hamblin, M. R.; Rezaei, N., COVH29: Transmission, prevention,
and potential therapeutic opportuniti€in Chim Acta2020,508 254266.

34. van Doremalen, N.; Bushmaker, T.; Morris, D. H.; Holbrook, M. G,
Gamble, A.; Williamson, B. N.; Tamin, A.; Harcourt, J. L.; Thornburg, N. J.;
Gerber, S. I.; LloyeSmith, J. O.; de Wit, E.; Munster, V. J., Aerosol and Surface
Stability of SARSCoV-2 as Compared with SARSoV-1. New England Journal of
Medicine2020,382(16), 15641567.

35. Galbadage, T.; Peterson, B. M.; Gunasekera, R. S., Does CO)/&pread
Through Droplets AloneRront Public Health2020,8, 163.

36. Sheikhi, K; Shirzadfar, H. Sheikhi, M, A Review onNovel
Coronavirus(Covidl9): Symptoms, Transmissionand Diagnosis Td3esearch in
Infectious Diseases and Tropical Medic@20,2 (1), 1-8.

37. Salian, V. S.; Wright, J. A.; Vedell, P. T.; Nair, S.; Li, C.; Kandimalla, M.;
Tang, X.; Carmona Porquera, E. M.; Kalari, K. R.; Kandimalla, K. K., COM!®
Transmission, Current Treatment, and Future Therapeutic Stratépeharm
2021,18(3), 754771.

38.  Duguid, J. B.The Numbers and the Sites of Origin of the Droplets Expelled
During Expiritory Activities.Edinburgh Medical Journal945,52 (22), 385401.

39. Zayas, G.; Chiang, M. C.; Wong, E.; MacDonald, F.; Lange, C. F;
Senthilselvan, A.; King, M., Cough aerosol in healthy participants: fundamental
knowledge to optimize droptspread infectious respiratory disease management.
BMC Pulmonary Medicin2012,12 (1), 11.

40. Heneka, M. T.; Golenbock, D.; Latz, E.; Morgan, D.; Brown, R., Immediate
and longterm consequences of COWD® infections for the development of
neurologcal diseaseAlzheimers Res Th&020,12 (1), 69.

41. Helms, J.; Kremer, S.; Merdji, H.; Cledehl, R.; Schenck, M.; Kummerlen,
C.; Collange, O.; Boulay, C.; Fafiremer, S.; Ohana, M.; Anheim, M.; Meziani,
F., Neurologic Features in Severe S&RoV-2 Infection.New England Journal of
Medicine2020,382(23), 22682270.



42. Wang, C.; Wang, Z.; Wang, G.; Lau, J. Y. N.; Zhang, K.; Li, W., COVID
19 in early 2021: current status and looking forwasegnal Transduction and
Targeted Therap021,6 (114), 114,

43. Ansems, K. Grundeis, FE. Dahms, K; Mikolajewska, A; Thieme, V;
Piechotta, V. Metzendorf, M. I, Stegemann, M.Benstoem, C.Fichtner, F,
Remdesi vir for t he Cocheanet Dawmlmase ofoSyste@aiid/ | D 1
Reviews021,8, 1-94.

44, Dougan, M.; Nirula, A.; Azizad, M.; Mocherla, B.; Gottlieb, R. L.; Chen,
P.; Hebert, C.; Perry, R.; Boscia, J.; Heller, B.; Morris, J.; Crystal, C.; Igbinadolor,
A.; Huhn, G.; Cardonal.; Shawa, |.; Kumar, P.; Adams, A. C.; Van Naarden, J.;
Custer, K. L.; Durante, M.; Oakley, G.; Schade, A. E.; Holzer, T. R.; Ebert, P. J,;
Higgs, R. E.; Kallewaard, N. L.; Sabo, J.; Patel, D. R.; Dabora, M. C.; Klekotka,
P.; Shen, L.;Skovronsky, D. M.; Investigators, B Bamlanivimab plus Etesevimab

in Mild or Moderate Covidl9.N Engl J Med2021,385(15), 13821392.

45, Ganesh, R.; Philpot, L. M.; Bierle, D. M.; Anderson, R. J.; Arndt, L. L.;
Arndt, R. F.; Culbertson, T. L.Destro Borgen, M. J.; Hanson, S. N.; Kennedy, B.
D.; Kottke, B. B.; Larsen, J. J.; Ramar, P.; Rosedahl, J. K.; Seville, M. T.; Speicher,
L. L.; TulledgeScheitel, S. M.; Wilker, C. G.; Razonable, R. R., R&airld Clinical
Outcomes of Bamlaniviab and Casirivimatmdevimab Among HigiRisk Patients
With Mild to Moderate Coronavirus Disease 2019nfect Dis2021,224(8), 1278

1286.

46. Pandolfi, S.; Simonetti, V.; Ricevuti, G.; Chirumbolo, S., Paracetamol in the
home treatment of early COVIDO symptoms: A possible foe rather than a friend for
elderly patients3 Med Virol2021,93(10), 57045706.

47. Rinott, E.; Kozer, E.; Shapira, Y.; Bhlim, A.; Youngster, I., Ibuprofen
use and clinical outcomes in COWI® patientsClin Microbiol Infect2020,26 (9),

1259 e51259 e7.

48. Lammers, T.; Sofias, A. M.; van der Meel, R.; Schiffelers, R.; Storm, G.;
Tacke, F.; Koschmieder, S.; Brummendorf, T. H.; Kiessling, F.; Metselaar, J. M.,
Dexamethasone nanomedicines for COMI@ Nature Nanaéchnology2020,15 (8),
622-624.

49. Johnson, R. M.; Vinetz, J. M., Dexamethasone in the management of-covid
19.BMJ2020,370, m2648.



50. Ahmed, M. H.; Hassan, A., Dexamethasone for the Treatment of Coronavirus
Disease (COVIBL9): a ReviewSN Compr Clin Me@020,2 (12), 26372646.

51. Shi, Z,; Puyo, C. A., Mcetylcysteine to Combat COVHD9: An Evidence
Review.Ther Clin Risk Mana@020,16, 10471055.

52.  Assimakopoulos, S. F.; Aretha, D.; Komninos, D.; Dimitropoulou, D.;
Lagadinou, M.; Leonidou, L.; Oikonomou, I.; Mouzaki, A.; Marangos, Machityt
cysteine reduces the risk for mechanical ventilation and mortality in patieftits wit
COVID-19 pneumonia: a twoenter retrospective cohort studpfect Dis (Lond)
2021,53(11), 847854.

53. Johnson, D. B.; Lopez, M. J.; Kelley, B., DexamethasStetPearl2022

54, Keeney, G. E.; Gray, M. P.; Morrison, A. K.; Levas, M. N.; Kesdt. A;

Hill, G. D.; Gorelick, M. H.; Jackson, J. L., Dexamethasone for Acute Asthma
Exacerbations in Children: A MetmalysisPediatrics2014,133(3), 493499.

55. De Gans, J.; Van De BEEK, D., Dexamethasone in Adults with Bacterial
Meningitis. The New England Journal of Medici2€02,347(20), 15491556.

56. Saraya, M. A.,; Amal, A. EA. |., Dexamethasone as adjunctive therapy for
treatment of varicella pneumonig&gyptian Journal of Chest Diseases and
Tuberculosi012,61(3), 9-13.

57. Meikle,A. W.; Tyler, F. H., Potency and duration of action of glucocorticoids.
Effects of hydrocortisone, prednisone and dexamethasone on human paditmgl
function. The American Journal of Medicid®77,63(2), 206207.

58. Becker, D. E., Basic and Clcal Pharmacology of Glucocorticosteroids.
Anesthesia Progresx13,60(1), 2532.

59. Coates, T. D.; Wolach, B.; Tzeng, D. Y.; Higgins, C.; Baehner, R. L.; Boxer,
L. A., The mechanism of action of the antiinflammatory agents dexamethasone and
Auranofin in human polymorphonuclear leukocyt®®mod 1983,62 (5), 10761077.

60. Johnson, D. B.; Lopez, M. J.; Kelley, BQexamethasoneStatPearls
Publishing, Treasure Island (FL): 2021.

61. Larson, A. A.; Syverud, B. C.; Florida, S. E.; Rodriguez, B. L.; Pantelic, M.
N.; Larkin, L. M., Effects of Dexamethasone Dose and TimimJissueEngineered
Skeletal Muscle UnitCells Tissues Orgarz018,205(4), 197207.

62. Patel, P.; Tanna, S.; Mulla, H.; Kairamkonda, V.; Pandya, H.; Lawson, G.,

Dexamethasone quantification in dried blood spot samples usinyl$CThe

pp



potential fo application to neonatal pharmacokinetic studieShromatogr B Analyt
Technol Biomed Life S2010,878(31), 327782.

63. Friedrich, R. B.; Ravanello, A.; Cichota, L. C.; Rolim, C. M. B.; Beck, R. C.
R., Validation of a simple and rapid UV spectrogmetric method for
dexamethasonassay in tablet€QQuimica Nov&009,32 (4).

64. Stella, R.; Bovo, D.; Mastrorilli, E.; Pezzolato, M.; Bozzetta, E.; Biancotto,
G., Anabolic treatments in bovines: quantification of plasma protein markers of
dexamethsone administratioPROTEOMICS021,21(16), 2000238.

65. Van den hauwe, O.; Perez, J. C.; Claereboudt, J.; Peteghem, C. V.,
Simultaneous determination of betamethasone and dexamethasone residues in bovine
liver by liquid chromatography/tandem masscpemetry.Rapid Communications in
Mass Spectrometr3001,15(11), 857861.

66. Samtani, M. N.; Jusko, W. J., Quantification of dexamethasone and
corticosterone in rat biofluids and fetal tissue using highly sensitive analytical
methods: assay validaticand application to a pharmacokinetic stuByomedical
Chromatography007,21 (6), 585597.

67. Reckers, A.;; Wu, A. H. B.; Ong, C. M.; Gandhi, M.; Metcalfe, J.; Gerona,
R., A combined assay for quantifying remdesivir and its metabolite, along with
dexamethasone, in serud Antimicrob Chemothe2021,76 (7), 18651873.

68.  Youssef, G.; Ali, M. A.; Alaa, N.; Makin, B.; Waly, M.; AbouSetta, A-, N
acetylcysteine in anovulatory women: the impact of postcoital td&dle East
Fertility Society Journa006,11 (2), 109 112.

69. Zafarullaha, M.; Li, M. Q.; Sylvester, Ahmadb, M., Molecular mechanisms

of N-acetylcysteine actiorCellular and Molecular Life Scienc§03,60, 6-20.

70. Dilger, R. N.; Baker, D. H., Oral fdcetyl-cysteine is a safe and effective
precursor of cysteinellournal of Animal Scienc2007,85(7), 17121718.

71. Mokhtari, V. Afsharian, P.Shahhoseini, M.Kalantar, S. M. Moini, A., A
Review on Various Uses of-Ncetyl CysteineCell Journal2016,19 (1), 12-17.

72. De Vries, N.; De Flora, S., {dcetyt-cysteine. Journal of Cellular
Biochemisry 1993,53 (S17F), 27€R77.

73. Elgindy, E. A.; EfHuseiny, A. M.; Mostafa, M. |.; Gaballah, A. M.; Ahmed,

T. A., N-acetyl cysteine: could it be an effective adjuvant therapy in ICSI cycles? A
preliminary studyReprod Biomed Onlin2010,20 (6), 78996.

pc



74.  Gaucher, C.; Boudier, A.; Bonetti, J.; Clarot, I.; Leroy, P.; Parent, M.,
Glutathione: Antioxidant Properties Dedicated to NanotechnologirSoxidants
(Basel)2018,7 (5), 1-21.

75.  McBean, G. J., Cysteine, Glutathione, and Thiol Redox Balance in Astrocytes.
Antioxidants (Basel2017,6 (3), 1-13.

76. Arranz, L.; Fernandez, C.; Rodriguez, A.; Ribera, J. M.; De la Fuente, M.,
The glutathione precursor -Bcetylcysteine improves immen function in
postmenopausal womeltee Radic Biol Me@008,45 (9), 125262.

77. Noctor, G.; Arisi, G. G. M.; Jouanin, L.; Kunert, K. J.; Rennenberg, H.;
Foyer, C. H., Glutathione: biosynthesis, metabolism and relationship to stress
tolerance explor in transformed plantslournal of Experimental Botard998,49
(321), 623647.

78. Meister, A., Glutathione Biosynthesis and Its Inhibition. NMrethods in
EnzymologyAcademic Press, 1995; Vol. 252, pp &K

79. Borgohain, R.; Yang, J.; Selegue, J.i®m, D. Y., Controlled synthesis,
efficient purification, and electrochemical characterization ofd@éscharge carbon
nanconions.Carbon2014,66, 272284.

80. Dodd Mooz, E.; Meister, A., Tripeptide (Glutathione) Synthetase. Purification,
Properties, ad Mechanism of ActiorBiochemistryl967,6 (6), 17221734.

81. Galano, A.; Alvareddaboy, J. R., Glutathione: mechanism and kinetics of its
norrenzymatic defense action against free radié@®C Advance2011,1 (9).

82. Leopoldini, M.; Russo, N.; Tasno, M., The molecular basis of working
mechanism of natural polyphenolic antioxidafsod Chemistr011,125(2), 288

306.

83. Galano, A.; FranciseMarquez, M., PeroxyRadicatScavenging Activity of
Garlic: 2Propenesulfenic Acid versus Allicidournal of Physical Chemistry B009,
113(49), 1607716081.

84. Sies, H.; Berndt, C.; Jones, D. P., Oxidative Strtssu Rev Bioatm?2017,

86, 715748.

85. Thom, S. R., Oxidative stress is fundamental to hyperbaric oxygen thérapy.
Appl Physiol (19852009,106(3), 98895.

86. Rossignol, D. A.; Rossignol, L. W.; James, S. J.; Melnyk, S.; Mumper, E.,

The effects of hyperbaric oxygen therapy on oxidative stress, inflammation, and



symptoms in children with autism: an oplabel pilot studyBMC Pediatr2007,7,

36.

87. Issels, RD.; Nagele, A.; Eckert, KG.; Wllmanns, W., Promotion of cystine
uptake and its utilization for glutathione biosynthesis induced by cysteamine-and N
acetylcysteineBiochemical PharmacologiQ88,37 (5), 881888.

88.  Anderson, M. E.; Powrie, F.; RUR. N.; Meister, A., Glutathione monoethyl
ester: Preparation, uptake by tissues, and conversion to glutatooieves of
Biochemistry and Biophysid985,239(2), 538548.

89. Ploemen, J. H. T. M.; Van Schanke, A.; Van Ommen, B.; Van Bladeren, P.

J., Reversible Conjugation of Ethacrynic Acid with Glutathione and Human

Glutathione STransferase P1. Cancer Research994,54, 915919.

90. Wu, W.; Goldstein, G.; Adams, C.; Matthews, R. H.; Ercal, N., Separation
and quantification of Nacetyt-cyseine and Nacetylcysteineamide by HPLC with
fluorescence detectioBiomedical Chromatograph3006,20 (5), 415422.

91. Lochmann, D.; Stadlhofer, S.; Weyermann, J.; Zimmer, A., New protamine
guantification method in microtiter plates usingplthaldaldehyde/NacetytL-
cysteine reagenint J Pharm2004,283(1-2), 117.

92. PeraltaVidea, J. R.; Zhao, L.; Lopddoreno, M. L.; de la Rosa, G.; Hong,

J.; Gardedlorresdey, J. L., Nanomaterials and the environment: a review for the
biennium 2008010.J Hazard Mate2011,186(1), 1-15.

93. Khin, M. M.; Nair, A. S.; Babu, VJ.; Murugan, R.; Ramakrishna, S., A
review on nanomaterials for environmental remediatibmergy & Environmental
Science2012,5 (8).

94. Barreto, J. A.; O6Mall ey, W.; Kubei l
L., Nanomaterials: Applications f@ancer Imaging and Therapydvanced Materials
2011,23(12), H18HA40.

95. Feng, H. P.; Tang, L.; Zeng, G. M.; Zhou, Y.; Deng, Y. C.; Ren, X.; Song,
B.; Liang, C.; Wei, M. Y.; Yu, J. F., Coghell nanomaterials: Applications in energy
storage andonversionAdv Colloid Interface S&@019,267, 26-46.

96. Chen, A.; Chatterjee, S., Nanomaterials based electrochemical sensors for
biomedical applicationsChem Soc Re2013,42 (12), 542538.

py



97. Van de Voorde, M.; Tulinski, M.; Jurczyk, M., Enginedfdanomaterials: a
Discussion of the Major Categories of Nanomaterials. Nietrology and
Standardization of Nanotechnolo@017; pp 4974.

98. Dai, L.; Chang, D. W.; Baek,-8.; Lu, W., Carbon Nanomaterials for
Advanced Energy Conversion and Storggeall 2012,8 (8), 11301166.

99. Hong, G.; Diao, S.; Antaris, A. L.; Dai, H., Carbon Nanomaterials for
Biological Imaging and Nanomedicinal Thera@hem Rewv015,115(19), 10816

906.

100. Bartelmess, J.; Giordani, S., Carbon namwmns (multilayer fulerenes):
chemistry and applicationBeilstein J Nanotechn@014,5, 198398.

101. Yang, C.; Denno, M. E.; Pyakurel, P.; Venton, B. J., Recent trends in carbon
nanomateriabased electrochemical sensors for biomolecules: A reVAaal Chim
Acta2015,887, 17-37.

102. Abbas, Q.; Raza, R.; Shabbir, I.; Olabi, A. G., Heteroatom doped high
porosity carbon nanomaterials as electrodes for energy storage in electrochemical
capacitors: A reviewJournal of Science: Advanced Materials and Devi2z@$9,4

(3), 341352.

103. Yang, Y.; Yang, X.; Yang, Y.; Yuan, Q., Aptardenctionalized carbon
nanomaterials electrochemical sensors for detecting cancer relevant biomolecules.
Carbon2018,129, 380-395.

104. Bagheri, H.; Khoshsafar, H.; Amidi, S.; Hosseideh Ardakani, Y.,
Fabrication of an electrochemical sensor based on magneticwallkd carbon
nanotubes for the determination of ciprofloxadkmalytical Method2016, 8 (16),
33833390.

105. Yang, J.; Zhang, Y.; Kim, D. Y., Electrochemical sensiegfgrmance of
nanodiamonglerived carbon nanronions: Comparison with multiwalled carbon
nanotubes, graphite nanoflakes, and glassy ca@embon2016,98, 74-82.

106. Adorinni, S.; Rozhin, P.; Marchesan, S., Smart Hydrogels Meet Carbon
Nanomaterials foNew Frontiers in MedicineBiomedicine021,9 (5), 570.

107. Mykhaliliv, O.; Zubyk, H.; Plonsk#rzezinska, M. E., Carbon naiomions:
Unique carbon nanostructures with fascinating properties and their potential
applicationslnorganica Chimica Act2017, 468 49-66.

108. Yang, J.; Kim, S. H.; Kwak, S. K.; Song, H. K., Curvatirduced Metal

Support Interaction of an Islantty-Islands Composite of Platinum Catalyst and

p



Carbon Naneonion for Durable Oxygen ReductiohCS Appl Mater Interfacez017,
9(28), 2330223308.

109. Suryawanshi, S. R.; Kaware, V.; Chakravarty, D.; Walke, P. S.; More, M.
A.; Joshi, K.; Rout, C. S.; Late, D. J.;m&noparticle functionalized carbon nano
onions for ultrahigh energy supercapacitors and enhanced field emis&haviour.
RSC Advancez015,5 (99), 8099680997.

110. Lu, H.; Eggers, P. K.; Gibson, C. T.; Duan, X.; Lamb, R. N.; Raston, C.L,;
Chua, H. T., Facile synthesis of electrochemically active Pt nanoparticle decorated
carbon nano oniondlew Journabf Chemistry2015,39 (2), 915920.

111. Chmiola,J,; Yushin, G.; Gogotsi,Y.; Portet,C.; Simon P.; TabernaP. L.,
Anomalous Increase in Carbon Capacitance at Pore Sizes Less than 1 Nanometer.
American Association for the Advancement of Sci2f6é,313(5794), 176601763.

112. Thomas, M. P.; Wanninayake, N.; De Alwis Goonatilleke, M.; Kim, D. Y.;
Guiton, B. S., Diect imaging of heteroatom dopants in catalytic carbon-oanmms.
Nanoscal€2020,12 (10), 61446152.

113. Mykhailiv, O.; Brzezinski, K.; Sulikowski, B.; Olejniczak, Z.; Gras, M.;
Lota, G.; MolinaOntoria, A.; Jakubczyk, M.; Echegoyen, L.; Plose&kzezinska,

M. E., BoronDoped Polygonal Carbon Nai@nions: Synthesis and Applications in
Electrochemical Energy Storagehemistry2017,23(29), 71327141.

114. Camisasca, A.; Sacco, A.; Brescia, R.; Giordani, S., Boron/NitrGgeloped
Carbon NaneDnion Electrocatalysts for the Oxygen Reduction React®™@S
Applied Nano Material2018,1 (10), 57635773.

115. Mohapatra, D.; Dhakal, G.; Sayed, M. S.; Subramanya, B.; Shim, J. J.;
Parida, S., Sulfur Doping: Unique Strategy To Improve the Supercapacitive
Performance of Carbon Nammmions.ACS Appl Mater Interfacez019,11 (8), 8040

8050.

116. Paraknowitsch, JP.; Thomas, A., Doping carbons beyond nitrogen: an
overview of advanced heteroatom doped carbons with boron, sulphur and phosphorus
for energy applicationgEnergy & Environmental Scien@©13,6 (10).

117. Mohapatra, D.; Muhammad, O.; Sayed, M. S.ridaS.; Shim, 3J., In situ
nitrogendoped carbon naronions for ultrahigkrate asymmetric supercapacitor.
Electrochimica Act&2020,331

118. Pallavolu, M. R.; Gaddam, N.; Banerjee, A. N.; Nallapureddy, R. R.; Joo, S.

wW. Superior enenaqgy epoowe r N pdeorpfe d car bon

cn



asymmetric and symmetric supercapacitor devirgsrnational Journal of Energy
Researcl2021,46 (2), 12341249.

119. Han, L-N.; Wei, X.; Zhu, QC.; Xu, S:M.; Wang, K:X.; Chen, J}S.,
Nitrogendoped cdson nets with micro/mesoporous structures as electrodes for high
performance supercapacitodsurnal of Materials Chemistry 2016,4 (42), 16698
16705.

120. Goclon, J., Manipulation of structural and electronic properties-dbjied
carbon nanbonions baed on DFT modellingApplied Surface Scien@920,532

121. Mutuma, B. K.; Matsoso, B. J.; Momodu, D.; Oyedotun, K. O.; Coville, N.
J.; Manyala, N., Deciphering the Structural, Textural, and Electrochemical Properties
of Activated BNDoped SphericalarbonsNanomaterials (BaseB019,9 (3).

122. Takagi, K.; Natsui, K.; Watanabe, T.; Einaga, Y., Increasing the Electric
DoubleLayer Capacitance in Boreboped Diamond Electrode€hemElectroChem
2019,6 (6), 16831687.

123. Bartelmess, J.; Quinn, S.; Giordani, S., Carbon nanomaterials: multi
functional agents for biomedical fluorescence and Raman imaGimgm Soc Rev
2015,44 (14), 467298.

124. Liu, Y.; Kim, D. Y., Enhancement of Capacitance by Electrochemical
Oxidation of Nanodiamond Derived @®n NaneOnions.Electrochimica Act2014,

139 82-87.

125. Camisasca, A.; Giordani, S., Carbon namions in biomedical applications:
Promising theranostic agentsorganica Chimica Act2017,468 67-76.

126. Fan, Z.; Huang, X.; Tan, C.; Zhang, H., Thin metal nanostructures: synthesis,
properties and applidans.Chem Sck015,6 (1), 95111.

127. Rao, C. N. R.; Kulkarni, G. U.; Thomasa, P. J.; Edwards, P. P., Metal
nanoparticles and their assembli€aemical Society Revie@800,29, 27-35.

128. Veerapandian, S.; Jang, W.; Seol, J. B.; Wang, H.; KdagThiyagarajan,

K.; Kwak, J.; Park, G.; Lee, G.; Suh, W.; You, I.; Kilic, M. E.; Giri, A.; Beccali,
L.; Soon, A.; Jeong, U., Hydrogeloped viscoplastic liquid metal microparticles for
stretchable printed metal linésat Mater2021,20 (4), 533-540.

129. Chirumamilla, M.; Gopalakrishnan, A.; Toma, A.; Proietti Zaccaria, R.;
Krahne, R., Plasmon resonance tuning in metal nanostars for surface enhanced Raman
scatteringNanotechnology014,25 (23), 235303.



130. Xu, F.; Shang, W.; Ma, G.; ha, Y.; Wu, M., Metal organic framework
wrapped gold nanourchin assembled on filter membrane for fast and sensitive SERS
analysis.Sensors and Actuators B: Chemi2alR1,326.

131. Abeles, B.; Sheng, P.; Coutts, M. D.; Arie, Y., Structural and electrical
properties of granular metal film&dvances in Physicd€975,24 (3), 407461.

132. Lu,Y.; Liang, X.; Niyungeko, C.; Zhou, J.; Xu, J.; Tian, G., A review of the
identification and detection of heavy metal ions in the environment by voltammetry.
Talana 2018,178 324338.

133. PifibnSegundo, E.; MendozZdufioz, N.; QuintanaGuerrero, D.,
Nanoparticles as Dental Drielivery Systems. IMNanobiomaterials in Clinical
Dentistry, 2013; pp 475195.

134. Male, K. B.; Hrapovic, S.; Liu, Y.; Wang, D.; Log, J. H. T.,
Electrochemical detection of carbohydrates using copper nanoparticles and carbon
nanotubesAnalytica Chimica Act2004,516(1-2), 3541.

135. Sawan, S.; Maalouf, R.; Errachid, A.; JaffreRenault, N., Metal and metal
oxide nanopatrticles in the voltammetric detection of heavy metals: A reVidG
Trends in Analytical Chemist3020,131

136. Sreeprasad, T. S.; Nguyen, P.; Kim, N.; Bevty,Controlled, defeeguided,
metalnanoparticle incorporation onto MoS2 via chemical and microwave routes:
electrical, thermal, and structural propertidano Lett2013,13(9), 443441.

137. Prodromidis, M. I.; Florou, A. B.; Tzouwakéarayanni, SM.; Karayannis,

M. I., The Importance of Surface Coverage in the Electrochemical Study of
Chemically Modified Electrode&lectroanalysi2000,12 (18), 14981501.

138. Lee, K. J.; McCarthy, B. D.; Dempsey, J. L., On decomposition, degradation,
and voltanmetric deviation: the electrochemist's field guide to identifying precatalyst
transformationChem Soc Re2019,48 (11), 29272945.

139. Jovanovski, V.; Xhanari, K.; Finsgar, M., Editorial: Recent advances of-metal
film electrodes for trace electrochemical analysrent Chen2022,10, 973672.

140. Heitzmann, M.; Bucher, C.; Moutet;Q.; Pereira, E.; Rivas, B. L.; Royal,
G.; SaintAman, E., Complexation of poly(pyrreleDTA like) film modified
electrodes: Application to metal cations electroanali@extrochimica Act2007,52

(9), 30823087.



141. March, G.; Nguyen, T. D.; Piro, B., Modified electrodes used for
electrochemical dection of metal ions in environmental analy8igsensors (Basel)
2015,5 (2), 24175.

142. Si egel , J . ; Kvz2tek, 0. ; Ul bri ch, P.
Progressive approach for metal nanoparticle synthdsi®rials Letter2012,89, 47-

50.

143. Khodashenas, B.; Ghorbani, H. R., Synthesis of copper nanoparticles : An
overview of the various methodsorean Journal of Chemical Engineeri2§14,31

(7), 110511009.

144. Ni kol i |, N . D. ; Popov, K. fpholpgies Pav !l o
of copper deposits obtained by the electrodeposition at high overpoteatigisce

and Coatings Technolo@006,201(3-4), 560566.

145. Tarolla, N. E.; Voci, S.; Reyddorales, J.; Pendergast, A. D.; Dick, J. E.,
Electrodeposition of liganfree copper nanoparticles from agueous nanodroplets.
Journal of Materials Chemistry 2021,9 (35), 2004820057.

146. Zhou, X. J.; Harmer, A. J.Heinig, N. F.; Leung, K. T., Parametric Study on
Electrochemical Deposition of Copper Nanopatrticles on an Ultrathin Polypyrrole Film
Deposited on a Gold Film Electrodeangmuir2004,20(12), 51095113.

147. Guin, S. K.; Sharma, H. S.; Aggarwal, S. Kle&rosynthesis of lead
nanoparticles on template free gold surface by potentiostatic triple pulse technique.
Electrochimica Act2010,55(3), 12451257.

148. Beach, R. D.; Conlan, R. W.; Godwin, M. C.; Moussy, F., Towards a
Miniature Implantable In Vie Telemetry Monitoring System Dynamically
Configurable as a Potentiostat or Galvanostat for -Twwnd ThreeElectrode
BiosensorslEEE Transactions on Instrumentation and Measurer2éd6,54 (1),
61-72.

149. Cho, K. H.; Lee, SM.; Choi, K. C., Wall Voltge and Priming Effect Due to
Auxiliary Electrode in AC PDP With Auxiliary ElectrodéEEE Transactions on
Plasma Scienc2007,35 (5), 15671573.

150. Janata, JRrinciples of Chemical Sensoia ed.; Springer Science + Business
Media: Springer ScienceBusiness Media, 2009; p388.

151. Kissinger, P. T. Heineman, W. R., Laboratory Techniques in

Electroanalytical Chemistry2 ed.; Marcel Dekker, Inc.: 1996.



152. East, G. A, del Valle, M. A., Easyto-Make Ag/AgCl Reference Electrode.
Journal of ChemicaEducation2000,77 (1), 97.

153. \Vitello, J. D.; Pistone, D.; Cormier, A. D., A problem associated with the use
of a calomel reference electrode in an ISE analytical sySeandinavian Journal of
Clinical and Laboratory Investigatioh996,56 (sup224), 1658.71.

154. Kuver, A.; Vogell.; Vielstich, W., Distinct performance evaluation of a direct
methanol SPE fuel cell. A new method using a dynamic hydrogen reference electrode.
Journal of Power Sourcel994,52 (1), 77-80.

155. Coetzee, J. EF.Gardner, C. W. Jr Teflon DoubleJunction Reference
Electrode for Use in Organic Solvengsnalytical Chemistry1982,54 (14), 2625
2626.

156. Dohner, R. E.Wegmann, D.Morf, W. E; Simon, W., Reference Electrode
with FreeFlowing FreeDiffusion Liquid JunctionAnalytical Chemistry1986,58(6),
2586:2589.

157. Horwood, C., lonic liquids as electrolytes for electrochemistry.loimic
Liquids in Analytical Chemistry2022; pp 323842.

158. Gvancar a, . Wal carius, A.; Kal chel
in the new millenniumOpenChemistry2009,7 (4), 598656.

159. Wang, J. Tian, B; Nascimento, V. B.Agnes, L., Performance of screen
printed carbon electrodes fabricated from dfferent carbon Elkstrochemica Acta
1998,43(23), 34593465.

160. Mikkelsen, @.; Schragder, K. H., Amalgam Electrodes for Electroanalysis.
Electroanalysi2003,15 (8), 679687.

161. Yosypchuk, B.; Gest8kovsg, |., Working
Electrochemical MeasuremenEectroanalysi2008,20 (4), 426433.

162. Shetti, N. P.; Nayak, D. S.; Reddy, K. R.; Aminabhvi, T. M., Graph€lag-
Based Hybrid Nanostruates for Electrochemical Sensors and Biosensors. In
GrapheneBased Electrochemical Sensors for Biomolegu849; pp 232274.

163. Bobacka, J.; Ivaska, A.; Lewenstam, A., Potentiometric lon Sensors.
Chemical Review2008,108(2), 329351.

164. Stradiottqg N. R.; Yamanaka, H.; Zanoni, M. V. B., Electrochemical Sensors:
A Powerful Tool in Analytical Chemistrylournal of the Brazilian chemistry Society
2003,14(2), 159173.



165. Kissinger, P. T.; Heineman, W. R., Cyclic Voltammetiyurnal of Chemical
Education1983,60 (9), 702706.

166. Holze, R.,Experimental Electrochemistry A Laboratory Textho@ked.;
Wiley-VCH: Wiley-VCH, 2019; p 290.

167. Barsukov, Y.; Madonlad, J. R., Electrochemical Impedance Spectroscopy. In
Characterization of MaterialsE.N. Kaufmann (Ed.): 2012; Vol. 2, ppl¥.

168. Mohammed, A.; Abdullah, A. IrScanning Electron Microspy (SEM): A
Review International Conference oHydraulics, Pneumatics, Sealing Elements,
Tools, Precision Mechanics, Specific Electronic Equipment & Mechatronics,
Romania, Romania, 2019.

169. Bonard, J. M.; Dean, K. A.; Coll, B. F.; Klinke, C., Field emission of
individual carbon nanotubes in the snang electron microscopBhys Rev Le2002,
89(19), 197602.

170. Buhr, E.; Senftleben, N.; Klein, T.; Bergmann, D.; Gnieser, D.; Frase, C.
G.; Bosse, H., Characterization of nanoparticles by scanning electron microscopy in
transmission modéleasuement Science and Technol®§09,20 (8).

171. Mathebe, N. G.; Morrin, A.; lwuoha, E. I., Electrochemistry and scanning
electron microscopy of polyaniline/peroxidas&sed biosensofalanta2004,64 (1),
11520.

172. Guin, S. K.; Knittel, P.; DabosS,; Breusow, A.; Kranz, C., Templat&nd
Additive-free Electrosynthesis and Characterization of Spherical Gold Nanoparticles
on Hydrophobic Conducting Polydimethylsiloxar@hem Asian 2017,12 (13),
16151624.

173. Zhang, D.; Wang, G.; Yuan, Y.; LY.; Jiang, S.; Wang, Y.; Ye, K.; Cao,
D.; Yan, P.; Cheng, K., Thredimensional functionalized graphene networks
modified Ni foam based gold electrode for sodium borohydride electrooxidation.
International Journal of Hydrogen Ener@p16,41 (27), 1159311598.



Chapter 2: Electrochemical
Determination of Dexamethasone at
Unmodified and Copper Modified

Glassy Carbon Electrodes



Table of Contents

2.1.0. INrOAICHON ...oviiiiiiiiiiei e 68
2.2.0.  EXPErimental..........ccccueieiiiiiiiiiieeniiiieeeeeeeeeeee e d
2.2.1. Materials and reagentS........coiiiiiiiiiiiiicc e 71
2.2.2.  INSTrUMENTALION.......coiiiiit e ee e e e e e e e aeeeas 71
2.2.3. PIOCEUUIES.....oiiiiiiieee e bbb eeas 71
2.2.3.1. Dexamethasone standards preparation................ccccceeeeeeseeseinnnn d 1
2.2.3.2. Redox studies and electroanalysis of dexamethasane.................71
2.2.3.3. Copper particle electrodeposition............cccoevvvvivvieeereeeeeeeeeeeeeeiiiinns 12

2.2.3.4. Nonaqueous sample preparation from an-aritammatory cream....73
2.2.3.5. Agueous sample preparation from a solid dose form.....................Z3
2.3.0.  ReSUItS and DiSCUSSION.......uuiiiiiiiiiiiieiieiieetiee e esenne e 73

2.3.1. Dexamethasone electrochemical investigations at an unmodified glassy

(of= 11 o o] A =] [<Te1 1 (0 o =X UUR TR TP EORRRRUPRRRDY <

2.3.2. Electrosynthesis of copper particles via double and triple potentiostatic
PUISE MELNOM ... ..ttt nnee e 82

2.3.4. Electrochemical Impedance SpectroSCORY..........ccevvriviriiiiieneeeeeennnns 93

2.3.5. Surface characterisation of copper particles formed using both double and

triple poteriostatic pulse method..............oooiiiiiicc e 99

2.3.6. Dexamethasone electroanalysis at the copper dispsusiede formed

using the double potentiostatic pulse Method.lL............ooovvviiicriiiiiiiiiiiies 102

2.3.5. Electroanalysis of dexamethasone extracted from pharmaceutical samples.

111
2.4.0.  CONCIUSIONS. . et ettt e e e e e e e e e e enaaes 115
2.5.0.  REIBIBNCES. ... e e 116



2.1.0. Introdiction

Dexamethasone (DEX) is a synthetic glucocorticostemtioth is known for
its potent antinflammatory effects. It has been reported to be effective in the
reduction of cerebral oedema and for the treatment of acute exacerbation of multiple
sclerosis, allergies, inflammation, and shock. It has also beeraasegreoperative
drug in the prophylaxis of postoperative nausea and vorhitirRecently, amidst the
COVID-19 pandemic, it has been shown that DEX is an effective steroidal candidate
for the treatment of patients suffering from COVID infections due to its anti
inflammatory propgrties. The effectiveness of DEX in the treatment of COMI®
was demonstrated in a study by the Recovery Collaborative Group, wheredhg 28
mortality rate was lowered in patients hospsadi with severe infections and among
those receiving mechanical ventilation upon DEX administration

From thesestudies focusing o n DEXO6s effectiveness
COVID-19 infectionsthis drughas been looked at witireat interest, however, only
limited quantitative studies on this drug have been published. UV/Vis and high
performance chromatography, sues LGMS, have been reported as standard
methods for DEX quantitatiéf and fewer reports on the electroanalysis of DEX have
been published as a complementary approach. Previous work on the electrochemical
quantitation of DEX have employed graphene modified GCEs in PBS .gB},7
FesO4/PANI-CU' microsphere modified carbon ionic liquid electrodes inR&; (pH
2.0, paper based analytical devit®ed! and a hanging mercury drop electrode in
Britton-Robinson buffer (pH 2.6% 13

The need for drugs associated with more than one ambingonent in the
same formulation presents a challenge in developing robust methodologies with short
time to resuft?® and electrochemitaensors can rise to combat such challenges. The
medication can also be misused as a sports doping’amehis of concern in relation
to adulteration of medicin&sand as a suspected endocrine disruptor with associated

environmental conceris

Investigation of the redox properties of such drugs also enahiesight into
ther in vivometabolic fates and pharmacological actitftpliveira et al reported the
reduction of DEX using hanging mercury drop eledés (HMDE) using cyclic

voltammetry and square wave adsorptive voltammetry with two peaks associated with

cy



the reduction of ketone groups at C3 and C20, which result in the shitimiof two

DEX molecules at C3 forming pinacol, a vicinal alcohol, whieluction at C20
results in a compound with a hydroxyl group. The resulting reduction products formed
favour the adsorption on the HMDE awtendeployed irtheanalysis of raw natural
waters? 2 The electrochemical determination of DEX at different types of graphene
modified electrodes has also been exantiveth the structural defects and edges
resulting in the increase in catalytic activity and DEX response in high capacity buffer
(phosphate buffered saline). The potential shifted linearly with respect to electrolyte
pH over the range-8.5 with slope of 61 mV/pH suggesting equal numbers of protons
and electrons involved in the reduction
the DEX response decreased, confirming that protons are required for the
electroreduction process to occuk sensor based on #&/polyanilineCu(ll)
modified carbon ionic liquid electrode was applfedthe sensitive determination of

DEX in real sampléawhere the F€4/PANI-Cu(ll) microsphere accelerated electron
transfer for oxidation of dexamethasone. In another report, a graphene oxide/hematite
composite electrode enabled examination of a DEX oxidation response over the range
0.1-10 nM with LOD 0.046 mM*°. An electrochemical paper based analytical device

for dual steroid (dexamethasone and prednisolone) was deSifmreguantification

of adulterated steroids in herbagdicines, where the sensor relied on separation (due
to partition coefficient differences through the silica gel coated paper fluidic) and
detection using differential pulse voltammetry in a 3D printed device over the range
1071 500 g mit in Britton Robnson buffer pH 4 containing 1.0 M KCI with LOD
3.59ng mLL.

Most studies with the exception of Fatahi étedploited the DEX cathodic
signal in terms of quantitation in acidic electrolyte soluticftserefore to expand
upon the previous work carried out regarding the electrochemical quantitation of
DEX, a dual evaluation of DEX is presented here whichlogspanodic and cathodic
redox processes in both nagueous and aqueous media, respectively, with
consideration for the increasing interest in this therapeutic agent. In order to achieve
a highly sensitive sensor, the use of metal nanoparticles wereexmlue to their
effectiveness in detecting compounds and metal polldtdfit&lectrosynthesis is an
efficient method for the preparation of metal particles on an electrode surface realising

uniformity of shape and structdre®® Particle size dispersion of gold nanoparticles

c o



has been reported via template free electrosyntfiesith the hemisphera gold
nanoparticles demonstrating excellent electrocatalytic activity in the absence of
surface stabilising agent with a multiple potentiostatic pulse strategy leading to high
density of particles on glassy carbon electrodes. Control of particle syatalc
structure and shape of the metal nanopatrticle are important and can be achieved by
judicial choice of nucleation vs growth competition during formafichemplate free
electrochemically synthesised copper particles were proposed in this workws a n
potential electrode modifier for the electroanalysis of DEX and both aqueous and non
agueous electrochemical quantitation was realised in pharmaceutical formulations at
modified and unmodified electrodes respectively. The work represents, to ttoé best
our knowledge, the first such report of ragueous electrochemical investigation of
this corticosteroid being compatible with hydrophobic cream formulation extraction

and quantitation.

Copper and its oxides are attractive, due to their electrocatatgperties and
have the advantages of low production cost, high stability and good electrical
propertie$’. Low cost copper particles have been explasdvorking surfaces for
CO; reduction (electrochemical reduction of €@ ECQR) to value added
commodity chemicals (methanol, ethanol, formic acid) exploiting high specific
surface areas with access to substrates, while nanostructures can otk

selectivity® 22

The aim here wat® exploit copper nano/micro clusters formed by a template
free dual and triple pulse potentiostatic method to be used for DEX quantitation in an
alkaline electrolytic system, where varying the electrodeposited nuclei and pulse
parameters were employedaohieve the maximum DEX electrochemical response.
Various morphologies, such as spheres, flowers andilstamicrostructures were
realised depending on the electrodeposition approach and electrode used. Subsequent
DEX investigationsexaminedoossible mteractions between DEX functional groups
and the Cu nanostructure modified GCE, relating to the adsorption of DEX to the
nanostructures and reduction of the adsorbed reduction product, where the novel
secondary signal was the analytical focus of thesestiyations.



2.2.0. Experimental

2.2.1. Materials and reagents

Copper acetate monohydrate [Cu@Ei®O).H20] (98 %) (SigmaAldrich),
lithium perchlorate [LiCIQ] (98 %) (Merck), sodium acetate [(3EOONa] (99 %)
(SigmaAldrich), potassium chlorid¢KCI] (99 %) (SigmaAldrich), glacial acetic
acid [CHCOOH] (99 %) SigmaAldrich), sodium hydroxide [NaOH] (96 %pigma
Aldrich), dexamethasone peH29FOs] (98 %) (SigmaAldrich), ethanol absolute
[C2Hs0H] (99.8 %)(SigmaAldrich), methanol [CHOH] (99.9%) (SigmaAldrich),
Cortopin 1% w/w hydrocortisone cregfinewood Healthcajesucrose [&H11011]
(99.5 %)(SigmaAldrich), magnesium stearate [[GHCH2)16C0O2]2Mg] (Merck).

2.2.2. Instrumentation

Electrochemical investigations were carried out using a -lestrode cell,
using a glassy carbon electrode (GCE) as the working electrode, a platinum wire as
the auxiliary and Ag/AgCl (saturated KCI) was used as the reference electrode.
Measurements wermade using a Solartron S12187 Electrochemical Interface and a
CHI Instruments 600E Potentiostat/Galvanostat. Materials and reagents were weighed
out using a Sartorius LA230S analytical balance, and a VWR ultrasonic cleaner model
USC100T was used as repd. Screen printed electrodes used were Metrohm
DropSens (11L carbon e) (Aux.: C; Ref.. Ag/AgClfhe scanning electron
microscopy was performed on a FEI (Thejritelios G4 CX Dual Beam SEMIB
with Oxford Instruments EDS.

2.2.3. Procedures

22.3.1. Dexamethasone standards preparation

A dexamethasone standard solution was prepared in 0.1 M Li€tethanol
(solubility 16.625 mg mt}). Dexamethasone was alsopaieed in alkaline media 0.1
M NaOH (pH 13) with methanol added at a ratio of 3:7. Solutions were stored in the

refrigerator prior to use.

2.2.3.2. Redox studies and electroanalysis of dexamethasone
Electroanalysis was carried out via cyclic voltammetrgGmV s?, examining the
behaviour over the potential range 1.51@ V. Prior to each experiment, high purity

N2 gas was passed through the solution for 10 min to deaerate the supporting
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electrolyte. In the case of the nragueous electrochemistry, a@ho scans over the
range-1.8 to 1.5 V vs Ag|Agwere performed while agueous studies focused on the
cathodic region frora0.05 to-1.8 V vs. AJAgCl at both bare and modified electrodes.
All measurements were made in triplicate. Electrochemical Imped&peeroscopy
involved both faradaic and ndaradaic experiments with E = 0.2176 afdL77 V
respectively, amplitude 5 mV and frequency range -A@1,000 Hz in a 5 mM
Fe?*/Fe** redox probe.

2.2.33. Copper particle electrodeposition

Firstly, the GCE eletrode surface was polished in a figure of eight pattern on
a polishing pad with a-fim monocrystalline diamond suspension for 1 minute and
was rinsed with a jet of deionised water (DI). The electrode was then sonicated for 30
s in DI and dried undednigh purity Nb gas flow. The electrode was modified with
copper using two approaches. The precursor solution was 10 mM copper @cetate
0.1 M sodium acetate buffépH 4.5) which comprised of a mixture of 0.1 M sodium
acetéde and 0.1 M acetic acidand he pulse potentials were chosen from a

voltammogram of this quiescent solution.

() Potentiostatic dugbulse Method | from 10 mM copper acetate in 0.1 M
sodium acetate buffer (pH 4.5), where a perturbation pulse was applied
initially at 0.7 V for 5 s taemove any adsorbed copper ions from the GCE
surface followed by the growth pulse-at47 V for 60 s, which allowed
for copper nucleation and growth. Following electrodeposition, the Cu
surface was then examined in 0.1 M NaOH, resulting in two oxidation a
two reduction metal processes reflecting Cu@u and
CuwO/CuQ/Cu(OH).

() Potentiostatic triple pulse Method Il from 10 mM copper acetate in 0.1 M
sodium acetate buffer (pH 4.5), where optimised conditions included a
perturbation pulse applied initially @.7 V for 5 s (this leads to a depletion
region with removal of Cii (ag) adsorbed ions) , followed by a seeding
(nucleation) pulse aD.47 V for 5 ms and lastly a growth pulse@®65
V for 50 s (diffusion of C&" (aq) ions from bulk solution towardthe

seeded nuclei).



2.2.34. Non-agueous sample preparation from an-arftammatory cream

Four cream samples were prepared by spiking an-irdl@gmmatory
commercially available cream (Cortogdir? w/w hydrocortisone cream) with 0.0 %,
0.25 %, 0.35 % and 0.5 % w/w dexamethasone. Each sample was stirred vigorously
in 5 mL of methanol for 2 hours before refrigeration overnight. Samples were then
filtered via gravity filtration and the residue wasased with cold methanol. The
sample was then concentrated into 2 mL methanol and was refrigerated overnight. A
second gravity filtration was carried out where the samples were filtered into 10 mL
volumetric flasks containing 0.106 g LiCJ@nd made up tthe mark with methanol
resulting in 0.1 M LiCIQ.

2.2.35. Aqueous sample preparation from a solid dose form

Four 100 mg tablet samples containing 0.0, 2.0, 4.0, 6.0, 10.0 & 15.0 mg DEX
were formulated and prepared in house. Each tablet contained Sagmesium
stearate and powdered sucrose was added until each tablet weighed 100 mg in total.
The four mixtures were mixed thoroughly in a Mortar and Pestle such that all
components were distributed homogeneously. The samples were transferred to a disc
shapée mould (1.3 cm in diameter) and 10 tonnes of pressure was then applied to each
tablet sample for 15 minutes using a hydraulic press, where the tablet mixtures were
compressed into a solid disc. Following this process each tablet was ground to a
powder anglaced into a vial. Methanol was added and each mixture was stirred at a
high speed for 1 hr to extract the DEX. The samples were then filtered and washed 3
times with 1.0 mL methanol. The methanol was evaporated such that 1.0 mL of the
sample remained.@ mL methanol was added followed by 2.0 mL 0.1 M NaOH with
subsequent mixing. The sample was then filtered into a volumetric flask. The vial was
firstly rinsed with 2.0 mL of 1:1 methanol: 0.1 M NaOH and finally with 1.0 mL 0.1
M NaOH before the sampleas made up to the graduation mark with 0.1 M NaOH.

2.3.0. Results and Discussion

2.3.1. Dexamethasone electrochemical investigations at an unmodified glassy carbon
electrode

Firstly, the voltametric behaviour of 1.0 mM dexamethasone (DEX) was
examined in rathanol with 0.1 M LiClQ as supporting electrolyte. Electrochemical
studies were initially carried out at the bare glassy carbon electrode (GCE) over the
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potential rangel.87 1.5V vs Ag/Ag. Upon examining the voltammogramHRigure

1, a weak reductiorsignal was observed al.3 V vs Ag/Ag (ll) and a strong
oxidation wave was present at 1.3 V vs Ag/AD. The oxidation wave was the
analytical focus in subsequent electrochemical investigations in methahete
electrooxidation occurs &11, depicted irBcheme 1 The cathodic wave al.5 V

was attributed to the electrolyte/oxygen interferepiaesem in the backgroundThe

cyclic and acyclic ketone at C3 and C20 respectively are thought to be likely sites for
DEX reductiort? with potential for dimersation at the C3 position (see chemical

structure as inseRigure 1).
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0.00035
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-0.00015

-0.00065
-1.85 -0.85 0.15 1.15

Potential (V) vs Ag/Ag*

Figure 1. Voltammetry of a deaerated solution of 1 mM DEX in 0.1 M LiCI®
MeOH (black) vs the electrolyte background (red) at a bare GCE-ft@V to 1.5

V at 100 mV &. A clear oxidation peak can be seen at 1.3 V (I) with weak reduction
at-1.3 V (Il) vs. Ag/Ag.

HO

-2e, -2H" LmOH

Y

--|IICH3

Scheme 1Depicting the electrooxidation of DEX occurg at the C11 alcohol group,
resulting in the formation of a ketone group at this position.



A scan rate study of 1 mM DEX was then carried out at the bare GCE over a
wider potential range, fror1.81 1.8 V vs Ag/AgCl, to examine the influence of scan
rateon both current and peak potentfaigure 2 (A)). The anodic peak was monitored
(Ep = 1.3 V vs. Ag/Ag), and the peak current clearly increased as the scan rate was
increased from 10200 mV s', where a linear relationship was observed vapect
to the square root of the scan ré&gure 2 (B)), which demonstrated the diffusion
controlled nature of electrochemically irreversible oxidation process, with equation
lp@ = 3 x 10° n*?i1.24x10* (r>=0.990). The anodic peak showed a depecel@m
scan rate and a cathodic shift was observed with scan rate increasing fro20@.0
mV st. A plot of logJ (current densityys log n was linear with slope 0.56 confirming

the diffusiorcontrolled procesé~igure 2 (C)).

Q RWPT &€ ME 0 6 VMO MO (1)

0 © e )

wherea is the transfer cefficient, n is the number of elzons in the rate determining
step, D is the diffusion ceefficient,n is scan rate, fz2)is the potential where current

is half the peak value. TakingsBnd B2 as 1.3 and 1.2 V respectivelgna was
estimated at 0.47.
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Figure 2(A) Overlaid voltammograms of 1 mM dexamethasone in 0.1 M Li@O
methanol at the bare GCE, from8 V to 1.8 V at scan rate -BD0 mV sb. (B) Graph
showing the square root of scan nadeurrent density for the oxidation peak of 1 mM
dexamethasone (A\). (C) Graph showing log vs log n resulting in a linear plot with
slope 0.567, confirming the process was diffusion controlled.

A DEX calibration curve was then generatedclyglic voltanmetryresulting
in sensitivity of 5.42 x 19+ 2.88pA cm2 mM™* and over the range 0.833.07 mM
with r2 = 0.998 (n3) based on the oxidation process at 1.3 V vs A§/fyin
methanol/0.1 M LICIQ (Figure 3 (A) and (B)). The peak at 0.5 V represented an
unknown process evident in this solvent /electrolyte system and did not respond
linearly to DEX additions. This process was only observed when the potential was
swept to the lower cathodic limit, however the low cathédit was required in order
to observe a strong anodic DEX response observed at 1.3 V. From examining DEX at
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a higher cathodic limit, the signal at 1.3 V became far less defined, and thus was

unsuitable to be used in DEX quantitation.
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Figure 3 (A) Voltammetry of DEX (0.453.07 mM) in 0.1 M LiClQ / MeOH with

the background electrolyte (black) (degassed by bubbling wjthth bare GCE from
-1.8 V to 1.5 V at 100 mV's (B) Calibration curve showing linear relationship
between dexantieasone concentration and anodic current density with sensitivity 5.42
x 107 A cm2 mM* over the range examinggh=3)

Prior electroanalysis of DEX employed an acidic aqueous environment
demonstrating the proton dependant nature of the reduction process at @tion
13 (Scheme 2. Dexamethsone reduction was compared under acidic (0.1 M sodium
acetate buffer at pH 4.45) and basic (0.1 M NaOH at pH 13) conditidfigune 4
(A) and (B), although the DEX reduction signal was found to be shiftete negative

under basic conditions. Despitad cathodic shift, the peak observed in the alkaline
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solution was visibly sharper in appearance and-fol#larger than that observed in

the 0.1 M sodium acetate buffer. Resonance effects at C3 may stabilise this site relative
to C20, the latter of whitmay be responsible for this process, as verified by Oliviera

et al using quantum chemical studfeon reduction of the conjugated and
unconjugated ketone grougsgure 4 (A) shows the aqueous voltammetry of 1 mM
DEX in alkaline conditions relative to background supporting electrolyte (0.1 M
NaOH, pH 13) with peak current for the cathodic process at 1.3 A1 (E, = -

1.54 V) relative to 8.98 x 1T0A cm? (Ep = -1.23 V)for 0.1 M sodium acetate buffer
(30:70 methanol: buffer ratigs shown inFigure 4 (B). Considering the cathodic

DEX signals observed in both electrolyte solutions, electrochemical investigations
were carried out in the alkaline electrolyte environment as this medium also favoured
visualisation of the copper nanostructured oxide redox processes, thus presenting the

optimum conditions.
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Figure 4 (A) Voltammetry of 1 mM DEX in 0.1 MNaOH (red) supporting electrolyte
(black) at 100 mV $. (B) Voltammetry of 1 mM dexamethasone (red) in 0.1 M
sodium acetate buffer pH 4.48lack) at 100 mVs.
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Scheme 2Depicting the electroreduction of DEX at the C20 ketone group, resulting
in the formation of an alcohol group.



A scan rate study followedrigure 5) using 1 mM DEX in 0.1 M NaOH over
the range 1G 200 mV s!, which indicated that the electrochemicallyeirersible
reduction process demonstrated mixed diffusidsorption controlled behaviour over
this range while Ewas constant with respect to scan rate. A calibration was then
performed by CVFEigure 6) in 0.1 M NaOH resulting in a sensitivity of 2#60.14
HA cm2 mM over the range 0.07815.0 mM with £ = 0.90 (n=3), with LOD = 342
+0.0017uM and LOQ = 2,285 0.012puM.
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Figure 5 (A) Overlaid voltammograms for degassed 1 mM dexamethasone in 0.1 M
NaOH (pH 13.0) from0.05 V to 1.8 V over scan rates 1200 mV s'. (B) Graph
showing the scan rate vs current density for the reduction of 1 mM dexamethasone
with dependence up to 50 m.{C) Graph showing the square root of scan rate vs
current density for the reduction of 1 mM dexamethasone.
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Figure 6 (A) Calibration of DEX at GCE in 0.1 M NaOH pH 13 (deaerated), over the
range 0.0781 5.0 mM DEX with potential range 0.05-1.8 V at 100 mV $. (B)
Corresponding calibration curve resulting in a sensitivity of 2.76>ALGM* (n=3).

2.3.2. Electrosynthesis of copper particles via double and triple potentiostatic pulse
method

Copper was deposited using two approaches, each of which were examined
with respect to their influence on the DEX analytical signal. In the first (Method 1) a
dual pulse potentiostatic method as described in section 2.3.2. was employed where
potentials were selected based on the voltammetry of a 10 mM copper acetate in 0.1
M sodium acetate buffer solution (pH 4.5), which resulted in the formation of a copper
film formed at the GCE surface (CuF/GCHjidure 7 (A) and Figure 8 (b)).
Application of perturbation pulse potential Emoves adsorbed €uons resulting
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in a depletio region at the GCE surface. A subsequent nucleation palseisedo

seed the particles with subsequent growth of the copper nuclei via diffusion, with the
aim to achieve controllable homogeneous Cu particle growth. Optimisation of the
pulse duration was based on the constant potential amperometric trace of a sblution o
10 mM copper acetate as shownFigure 7 (B) where the system changed from a
potential where no reaction occurred to a stestdye reaction controlled by the rate

of mass transfer of cupric ions to the electrode surface. The potential was stepped from
the open circuit potential to set values frelr061 -0.47 V, with investigation of the

time passed until appearance of the current maxima as the selected pulse potential was
made more negati(Eigure 7 (B)). From the series of potentiostatic curremsiants

shown was observed that the features include the rapid decrease in current representing
charging of the double layer, followed by a rising current due to new phase growth of
nuclei on the surface which was followed by coalescing diffusion fieldsgrise to

a current maximum followed by planar diffusion decayFrom this series of
experiments, the hemispherical diffusion regions were detednaime selected for use

in the electrosynthesis of the Cu particles in Method Il as outlined below, while linear
diffusion of Ci#* to the GCE surface was exploited in Method |, which resulted in the

formation of a Cu film.
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Figure 7 (A) Voltammetry of 10 mM Cu(Ae)in 0.1 sodium acetate buffer (pH 4.5,
deaerated) at the bare GCE frah2 V to 0.7 V at 20 mV-§ with pulsepotentialsE;
=0.7V, B=-0.47 V and E=-0.265 Vlabelled.(B) Chronoamperometry trace of 10
mM Cu(Ac) from -0.06 V t0-0.47 V with currentime display to be used for the
selection of the nucleation and growth pulses for Cu particle deposition in Methods |
and 1.

Method | (dual pulse potentiostatic deposition @bger nanostructures)

The first perturbation pulse {E 0.7 V) removed adsorbed €uons, was
followed by a growth pulse ¢ -0.47 V) for 50 s Figure 8 (A)) allowing linear
diffusion to the copper particles to occur. In this case a nucleation paseot
employed (see Method Il below). The region during the growth pulse following the
red arrow to the green lin€&igure 8 (B)) indicates where hemispherical diffusion

occurs, resulting in the formation of copper nanopatrticles. After this current maxima
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the hemispherical diffusion regions overlap which allows linear diffusion to occur
(current decay with respect td'd resulting in the formation of branched copper
structures with the redox features eviderfigure 8 (C) and detailed belowhe &>

for the more anodic Cu¥Y Cu?* process was0.177 V, while the sharp reduction
process at0.664 V reflected reductioof Cu' to ClP which matches those processes

identified in the literature for similar deposition methodolotfiés
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Figure 8 (A) Potentialtime input signal where the reduction potential was varied from
-0.08 V t0-0.55 V over the timescale 100 to 5 s with schematic showing the growth
of the CuNPs through radial diffusioB) Chronoamperometry of 10 mM Cu(Ac)
where the electrode wanitially pretreated, followed by the application of the growth
pulse.(C) Voltammetry of the Cu modified GCE in 0.1 M NaOH freth971 0.05 V

at 100 mv g.

The Cu film realised using Method 1 electrosynthesis at a G&examined
in 0.1 M NaOH from-1.810.05 V at 100 mV '$, where two oxidation and two
reduction peaks were observed labellédlV. A scan rate study followed over the

range 10 200 mV st (Figure 9 (A)) which allowed the surface coverage value to be

calculated a8 . 4i22 06 5°mlo| 2@ nT hvea lIEUes wer e indepen
rate i nTaablldes gllages .t he redox processes and
as estimated fromvishe (Rpllgpyed)oF t he | i neal

Method | was evaluated with respect to influence on the DEX quantitative
signal withTable 2. summarising the conditions examined resulting in method B1
being optimum, justifying the conditions selected above (see corresponding data

shown inFigure 8 (C)).
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Table 1. Assignment of redox processes and surface coverage for copper

electrochemistry.

IS4k B moli t hi

PeaklAssigned redox pr|E(V) Sur face
no. (@)
(mol cm?)
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Table 2. Method | dual pulse optimisation of copper deposition conditions with

corresponding effect on DEX (1 mM) response for peak.84 V (sed-igure 8 (C)).

Step 1 (R) Step 2 (B)

Potential (V) | Time (s) Potential (V) | Time (s)
Al 0.7 5 -0.315 5
Bl 0.7 5 -0.47 50
C1 0.7 5 -0.47 60

Method Il (triple pulse potentiostatic deposition of copper nanostructures)

This method was adapted from Geiraf:® for Pb nanoparticle deposition onto
Au surfaces. The first step forms metal adatoms (nucleation) followed by growth via
subsequent phase formation. The energy of theatlion interaction is greater than
that of CuCu growth and the 2D copper nuclei lecatcompact layer which was more
positive than the bulk deposition potential, followed by 3D islands on the predeposited
monolayer (verified by CV deposition data with thevalue shifting from-0.63 V
(cycle 1) t0-0.42 V (subsequent cycle$)data not Bown. The potential of the
nucleation step (E=-0.47 V) was selected from the diffusion limiting region of the
copper acetate voltammografigure 7 (A)) in order to achieve a good rate of
nucleation. The third pulse step®E-0.265 V) maintained theomogeneous growth
of Cu nuclei while simultaneously preventing the progressive nucleation at the carbon
surface. The seeding pulse2Eused was for a duration of 5 ms for rapid
electrodeposition of Cu nuclei while the following growth pulse) (Bcilitated the
slow growth of the Cu particles from the seeded Cu nuclei over a sufficient time period
(50 s).Figure 10(A) and (B) shows the current profile during the thhgep process.

Electrosynthesis obptimised CuNPs resulted in two oxidation processes a
E@@=-0.1V and0.4 V vs. Ag/AgCl and two reduction processes@t=0.35 V and
-0.8 V vs. Ag/AgCI respectivelyFigure 10 (C) gives the comparison of the
voltammograms arising from Method | and Il with the former resulting in higher
current density due to the larger particles achiedescan rate study realised linear
current densityJ) vs.n plots, which resulting in surface coverage values in the range
1.697 6.323 x 10" mol cm? (Figure 10 (D)).
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Figure 10 (A) Optimised three step electrodeposition of copper nanoparticles
(CuNPs) (E=0.7 Vfor5s, £=-0.47 V for 5 ms and £ -0.265 for 50 gB)
Schematic illustrating CuMPElectrodeposition onto a GCE surface via tigdrpulse
potentiostatic method (Method IC) Overlaid Voltammetry of the QuPsformed

from Method Il (black curve) vs those formed from Method | (red curve) in 0.1 M
NaOH from 0.05 V to1.8 V at 100 mV 3, where peak$ i IV are associated with
copper electrochemistryD) Scan rate studyvs n plots for the copper processés

IV (black, blue, red, green respectively), using Method II.

Table 3.andFigure 11below show the optimisation of the triple pulse method
Il on the DEX response with the influence of the growth pulse duration being most
significant with optimum time of 50 s &.265 V vs. Ag/AgCI. Ewas kept constant
throughout the investigation. Bykying B and B, a wide variety of electrodeposition
parameters were tested monitoring the 1 mM DEX response3t V (sed-igure

11). The effect of the nucleation pulse was first investigated Widv V being found
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as the optimum potential followed khe effect of the growth pulse{)EThe Epulse

potential selected waf.265V, and the pulse duration was investigated whithbest

response when the electrodeposition was allowed to run until the peak maximum was

reached at 50 s (parameter§able 3below).

Table 3.Various CuNP electrodeposition parameters which were screened with 1.0
mM dexamethasone to identify the optimum method. The parameters that were

changed are highlighted in red.

Step 1 (R) Step 2 (B) Step 3 (B)

Deposition | Potential Time (s) | Potential Time Potential | Time
method V) V) (s) V) (s)
A 0.7 5 -0.47 0.005 -0.315 2
B 0.7 5 -0.5 0.005 |-0.315 2
C 0.7 5 -0.55 0.005 -0.315 2
D 0.7 5 -0.6 0.005 |-0.315 2
E 0.7 5 -0.65 0.005 |-0.315 2
F 0.7 5 -0.47 0.002 -0.315 2
G 0.7 5 -0.47 0.005 -0.265 30
H 0.7 5 -0.47 0.005 -0.265 5

I 0.7 5 -0.47 0.005 |-0.265 50
J 0.7 5 -0.47 0.005 -0.265 10
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Figure 11. Bar chart monitoring the DEX cathodic response at the bare and each
CuMP modified GCE.

2.3.4. Electrochemical Impedance Spectroscopy

Firstly, ananionic redox probe which comprised=hM [Fe(CN}]** redox
probe in 0.1 M NaOH was usedftother charaerise the CuF/GCE and CuMP/GCE.
The voltammogram of the redox probeHigure 12 (B) displayed similar effects at
each Cu modified GCEs, where the peak separation drastically decreased in the
presence of Cu when compared to the voltammetry of the bare GCE, thus
demonstrating that the electron transfer process was much easier at theifladmod
GCEs. The [Fe(CN)** anodic and cathodic peaks were also more prominent at the
CuF/GCE and CuMP/GCE, further indicating that the presence of Cu on the electrode
surface increased the accesibility of the surface.

Electrochemical impedance spectrmsg (EIS) followed using both nen
faradaic and faradaic impedanéagure 12). EIS was employed in order to examine
nanoparticle modified surfaces to achieve a better understanding of electron transfer
between electrolyte and the surf&ceNonfaradaic experiments with an applied
potential of-0.177 V resulted in a trend with respect to the higher frequency region
representing charge transfer resistance in the following sequeae GEE > CuF
() > CuMP (ll) (Figure 12 (A)) providing evidence that the smaller particles
deposited using Method Il increased charge transfer surface progegies. 12 (B)

shows the redox probe #&* process at bare and modified copper surfacel wit
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dramatic change in pedk-peak separation relative to the bare GCE. Nyquist and
Bode plots for faradaic EIS (in equimolar [Fe(@N*], 5 mM redox probe) are shown

in Figure 12 (C)with corresponding data ifable 4.The corresponding capacitances

of the GCE CuF/GCE and CuMP/GCE were calculated as 1.087 x11046 x 16

and 1.356 x 16, respectively, where the smaller capacitance of the CuMPs confirmed
the smaller quantity of Cu at the GCE surface which wasnm With the surface

coverage calculated from the scan rate studies.

In the case of the faradaic studies the Nyquist plotsigare 12(C) show
straight lines representing the diffusion limiting step in the low frequency region while
a semicircle appears in the high frequencies domain indicating electron transfer
limiting steps for the copper modified surface being lower than that at theaGE
in the case of materials prepared using Method | and Method IIT@ge 4 for
corresponding simulation data). From examining the Bode plots of the bare GCE and
CuMP/GCE Figure 12), the stability of each electrode was demonstrated. The Gain
Margin of the CuMP/GCE and CuF/GCE were calculated as 1.993 Db and1.811 Db
respectively (2.961 Db for the bare GCE), thus the positive values demonstrate the

electrochemical stability of both electrodes.

The Gain Margin was calculated by:

OO m OQ@®éééééeécéeéeéeeeeceecéeecéeéee. (1)
where GM is the Gain Margin and G is the gain.

The Bode plots also gave useful information on confirming the resistance of
each GCE analysed. From examining the Bode plbigare 12 (F), maximum phase
was determined as/2.7°, and-5.3° and-11.2° for the bare GCE, CuF/GCE and
CuMP/GCE, respectively. This give information on the behaviour of each electrode,
where-90° is equivalent to an ideal capacitor and 45° is equivalent to a pseudo
capacitor. Angles measured at #%icating a high ionic permeability, this showing
that it is a poor insulatéf. With consideration for the phase angle, the results confirm
that the presence of Cu at the GCE surface increases the ionic permeability of each
modified electrode and show that the Cu modifications improves the conductivity of
the GCE in comparison todtbare GCE. The curve for the bare GCE occurs at a larger
phase angle at lower frequencies, which suggests lower ionic permeability and

therefore greater insulating propertfes each of the Cu modified GCEs, where the
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curve occurs at a lower phase arghel at higher frequencies. The slope of the Bode
magnitude plot Figure 12 (E) can give an indication on the resistance and
capacitance of the electrode in question, where a slope clebedpresents an ideal
capacitor and a slope close to 0 at higinequencies indicates resistive behaviour,
which could occur at a capacitive material. The slope of the bare GCE was calculated
as-0.83, and at higher frequencies it was calculated as 0.0414, thus demonsteating th
capacitive behaviour of the bare GCEr Bte CuF/GCE, the slope was calculated to
be-0.147, and0.419 at higher frequencies, demonstrating the low capacitance of the
CuF/GCE. Similarly, the slope of the CuMP/GCE was calculate@.24 and-0.44

at higher frequenciealso demonstratg the low capacitance of the CuF/GCE. These
results support the highest capacitance of bare GCE followed by the CuF/GCE and
CuMP/GCE.

Table 4. Showing thegEy(V), Ev2(V) and JyayJ(c) of the bare GCE, CuF/GCE and
CuMP/GCE.

oEp(V) Ex2V) Jp@/Jp(e)
Bare GCE 0.659 0.2025 0.99
Method | 0.086 0.217 0.99
Method I 0.09 0.228 1.02

Pp
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Figure 12. (A) Nyquist plotsof the bare (black)Cu particles realised using Method |
modified (red)and CuMPs formed using Method Il (purp8LEs in 0.1 M NaOH,
with Eapp=-0.177 V andrequency rang®.01i 100,000 Hz at an amplitude of 5 mV
(average of n=2)B) Voltammetry of [Fe(CNj** in 0.1M NaOH at the bare (blue),
Cu patrticle (Method | dual pulse methodd) modified and Cu particle (Methodill
triple pulse methogdpurple) modified GCEs fron0.21 0.6 V at 100 mV set (C)

EIS of the bare GCE (black), Cu particle modified GCE (Methadd) and the Cu
particle modified GCE (Method,Iblue) in 5 mM [Fe(CNyj**in 0.1 M NaOH with

n from 0.011 100,000 Hz with an amplitude of 5 mV. E =0.202 V, 0.217 V and 0.228
V for the bare GCE, Cu particles Method | and Cu particles Method I, respectively,
with (D) a zoomed in view of the hemispherical regions of the CuF/@G&
CuMP/GCE. Bode plots dE) the gain andF) the negative phase angle vsi@gf

the frequency.
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Table 5. Impedance data showing thes,RRct, Cq and Gain Margins (where

applicable) for the bare, CuF/GCE and CuMP/GCE.

Non-faradaic impedance

Bare GCE CuF/GCE CuMP/GCE
Exp Exp Exp
Rs ( q]98.66 101 104
Rer ( q) |67369.2 3388.9 27773.9
Cal 1.087 x 16 1.746 x 10 1.356 x 16
Faradaic impedance
Bare GCE CuF/GCE CuMP/GCE
Exp Sim Exp Sim Exp Sim
Rs( q) 65.2+0.09 | 70.7+£0.13 | 65.6+0.17 | 66.2+ 0.09 | 66.3+0.62 | 67.5+0.15
Rt ( ) 13053 +|11240 +|6.0+0.406|7.4+£0.822|20.7 +|254 +
186 144 0.787 3.348
Ca (F) 7056 +|1. 07 25988 +|6.261 +|2455 +|3.024 =
0.075x 0.1441 0.23% x 0.357x 0.085x 0.346x
107 106 10° 10° 10° 10°
Gain 2961 +/2950 +£]1811 +|1.818 +|1993 +|1974 =
Margin 0.02 0.041 0.034 0.024 0.062 0.032
(Db)
Phase 559  +[59.1+0.32 [0.2+0011 [0.2+0.009|-1.8  +[-09
Margin (°) | 0.12 0.021 0.012
(n=3)

2.3.5. Surfacecharacterisation of copper particles formed using both double and

triple potentiostatic pulse method

HRSEM and EDS images shownHigure 13 below confirm the shape and

distribution of the particles and EDS confirms the dominant surface copper content.

The dual pulse depositipshown inFigure 13 (A)resulted as expected in a uniformly

heterogeneous copper surface where the conditions encouraged extensive particle

growth. Figure 12 (B) shows he triple pulse sequencehich involved the more

cathodic sed step allowed for nucleation with subsequenticlegrowthto 300 nm
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and600 nm(average n = 718) copper clustégyure 14) with some smaller particles,
all of which appeared extremely well dispersed on the surface of the glassy carbon

electrode.

A Method | dual pulse deposition
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Figure 13. SEM image of thA) Cu deposition at GCE (dual pulse potentiostatic
electrodeposition) with EDfB) Cu nanoclusters at GCE (triple pulse potentiostatic
electrodeposition) with EDS providing confirmation of copper.

20
18

Frequency (%)
o

[=)]

=t
1

o

oy O
oy =

|
=L
n Q
o
i

300 - 348
350- 39S
400 - 448
450 - 498
500 - 548
550 - 598
600 - 649
650 - 699
700 - 748
750 - 798
800 - 84S
849 - 895
900 - 948
949 - 1000

a O O
o T O
— N N

1 1 1
o Q O
n QO
— N N

Particle Dirameter (nm)

Figure 14.Particle size distribution of the CuMP modified GCE.

2.3.6. Dexamethasone electroanalysis at the copper dispersed surface tisinted
the double potentiostatic pulse Method |
In terms of electroanalysis, the electroactive surface area of the CuF/GCE and
CuMP/GCE must be accounted for. This was done by firstly considering the area
under the first Cu oxidation peak , i.e., peakiVing the charge. This was then divided
by the copper charge density factor for this peak, 352 H€ The area corresponding
to the CuF/GCE and CuMP/GCE were calculated as 0.113 2 6n9dand 0.0896 +
0.0@ cn.

Figure 15 shows the DEX voltammetry at the copper modified electrode vs
background electrolyte and results in two DEX cathodic pealds4t V and1.33 V.
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A marginal increase in the DEX reduction response was observed accompanied with
a 125 mV anodic shift in respse to the presence of copper on the GCE surface.
Interestingly, a second DEX reduction signal was observed on the return cjicBbat

V at the copper modified GCE. This can be attributed to metal complexation with the
first DEX reduction product. Thedaorbed reduction product can then be reduced for

a second time at C3, forming a DEX dimer in the form of a vicinal alcohol known as
pinacol?. A calibration was performefibr 0.0781i 5.0 mM DEX where peaks | and

Il were monitored simultaneously.

The DEX reduction signaM) underwent a 150 mV anodic shift relative to the
bare electrode-1.37 V vs Ag/AgCI) at the copper modified surfaggh a second
reduction signal\(l) observed at F=-1.33 V upon the return cyclepossibly due to
surface copper interactions with the DEX reduction product, which is thought to
involve the C3 ketone group as described previously by Oliveir€efavhere upon
undergoing electroreduction, results in the disaion of two DEX molecules at C3
(Scheme 3'2. This peak YI) (Figure 15 and 16 (A) was responsive to DEX
additions and not evident in the background scan nor in the absence of copper
nanostructures. To interpret this process, we look to copper as being centre stage for
the carbon dioxide reduction reaction as a mdarreduce waste C@y converting
to fuels and chemical feedstoék<® GCE is commonly employed as a supporting
electrode for nanoparticle catalysemd there may be overlapping Cu surface
interactions in this instance with respect to the DEX carbonyl group at C26hEme
4) being analogous to the reduction of surface adsorbed CO (formed from
electroreduction of Cg to G products according to thethylene pathwa.
According to Garzat alreduction of CO to CHO is followed by reaction with CO to
form COCHO which is tautomeric with the-€ bond formation being the rate
determining stefd. Such adsorbed species may hekplain this new reduction
process on the reverse sweep with a possible site of interaction and overlapping

tentative adsorbed products showrsicheme 4
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Scheme 3Depicting the two step DEX reduction process observed at the Cu modified
GCEs, where inthe first step, DEX undergoes electroreduction at the C20 ketone,
producing an alcohol group. In the second reduction step, the C3 keytone group is
reduced, resulting in a dimeation of two adjacent DEX molecules.
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Scheme 4.Depicting possible surface interactions between DEX and the Cu
nanostructure modified GCEs at C20.
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Figure 15.(A) Voltammetry of 1 mM dexamethasone at the bare (black) and Method
| Cu particle (red) GCEs frori.8 V to 0.05 V at 100 mV’s (B) Voltammetry of 1

mM DEX (red) in 0.1 M NaOH (black) at the Cu particle modified GCE frar81
0.05V at 100 mV's.

Fromexamining 1 mM DEX in 0.1 M NaOH at the CuF modified GCE at 20
i 200 mV st (Figure 16 (A)), a further insight into the electrochemical behaviour of
DEX was obtained. From examining the plot of scan rate vs peak curfégtine 16
(B), the electrochemat reduction process VI was linear with respect to increasing
scan rate, indicating that this reduction process was surface controlled, while the
reduction response associated with peak V was not linear in response to increasing
scan rate. The plots of tipeak current vs the square root of the scan rate for signals
V and VI were both lineaiHgure 16 (C)), thus determining the diffusiecontrolled
nature of the process V. These observations are in agreement with the proposed
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electrochemical reduction press shown itscheme 41t was also observed that both

electroreduction responses displayed a dependence on the scan rate, where a 0.059 V

and 0.154 V cathodic shift was observed for responses V and VI respectively.
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Figure 16 (A) Voltammetry of 1 mM DEX at the CuF modified GCE frein77 0.05

V at 207 150 mV st (20 and 150 mV-$shown as the black line and red dashed line
respectively. Plots of thgB)p e ak cur(@peak veu¥andD)peak s 3
potential vs 3, wher e showne black andthelsigndl Vic at h o
cathodic response shown in red.

Due to the significant cathodic shift in this forward peak (peakRigure 17
(A) (B)), the reverse signal (peak VI) was @8lilas quantitative response to DEX as
there was no overall shift in peak potential with respect to increasing concentration
(Figure 17 (C)). The calibration resulted in a sensitivity of 2.0 ¥ i& cm? mM?
(n = 3) for the CuF/GCE, with LOD = 280.45uM and LOQ = 95+ 1.5uM. The
signals for the CuMP/GCE and bare GCE were quite lower than that of the CuF/GCE
at1.13 x 16 pA cm?mMTand 2.78 x 1BuA cm2 mM respectivelyTable 6), thus
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indicating the optimum electrode conditions for DEX quantitation. The W3
calculated as 343 1.7 uM and LOQ was 2,28% 11.5uM for the bare GCE,
indicating that the DEX could be detected at concentrations 12 times lower and
guantified at concentratig 24 times lower at the CuF modified GCE than at the bare
GCE.
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Figure 17 (A)CV of increasing dexamethasone 0.0v&.mM in 0.1 M NaOH at the
Method | modified GCE over the range 1.5-h8 V in theforward direction
monitoring peak V.B) Corresponding plot of peak potential -4t6 7 -1.4 V vs
concentration confirming the cathodic shift in the forward direction monitoring peak
V with DEX additions(C) CV of increasing dexamethasone 0.0Y&.mM in 0.1 M
NaOH at the copper modified GCker the range 1.5 td..8 Vin the reverse direction
monitoring peak Viwith (D) Corresponding dexamethasone calibration curve with
resulting sensitivities &.00x 10* pA cm2 mM™ peak V (red) and.13x 10> pA cnv

2 mM* for the CuF/GCE and CuMP/GCE pesctively (calibration at the bare GCE
shown in orange with sensitivity 2.76 xX0A cm? mM?). (n = 3)



Table 6. Comparison of copper electrodeposited electrode response for Method | and
Il relative to the bare GCE response.

Electrodeposition Sensitivity @CuGCE Sensitivity @Bare GCE
method (Reverse reduction| (Ep =-1.55 V)

wave at B =-1.33 V)
CuMP/GCE (Triple Pulse] 3.96 x 1 A cm? mM? | 2.76 x 1 A mM™* cm??
(n=23) (1.4-fold increasejn = 3)

CuF/GCE (DuaPulse) 9.61 x 1 Acm?mM?t| 276 x 1 A mM™*cm?
(n=23) (3.5fold increasejn = 3)

2.3.5. Electroanalysis of dexamethasone extracted from pharmaceutical samples.

In order toput the noraqueous and aqueous DEX quantitation to the test the
steroid was recovered from (a) a commercial cream sample and (b) solid dose
formulation prepared in house. Sample quantitatfoom spiked commercial
hydrocortisone cream exploited the raqueous electroanalysis based on the anodic
DEX wave at 1.3 V (sefigure 18 (A)) with the sample prepared according to the
procedure in section 2.3.3. Corresponding recovery data is summarisedery (A)
for triplicate replicates. Figure 18 (B) showsthe DEX recovery from a tablet

formulation prepared according to section 2.3.4 with recovery data (nFapie 7

(B).
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Figure 18 (A) Voltammetry of dexamethasone extracted from 1.0 g of 3 cream
samples (0.0 % (black), 0.25 % (red), 0.35 % (purple) and 0.5 % (blue) w/w
dexamethasone) in 0.1 M LiCiGn MeOH zoomed in on the anodic respon&.
Voltammetry of DEX extracted from the tablsamples containing (back)6 (red),

10 (purple and 15 blue) mg DEX (return sweep only shown).

The average % recovery for the cream extraction (0@25% DEX) based on
the nonmaqueous calibration and anodic signal realised 101.77 + 2.54 % (n=3)
recovery. The agueous sensor was unsuitable for the spiked cream sample as some
paraffin dissolved intanethanol during the extraction process and formed a waxy
solid upon evaporation of the solvent prior to addition of the aqueous electrolyte. Some
of this solid was carried over to the aqueous solution despite being filtered into the
volumetric flask usedtprepare the analytical sample, thus having a significant impact

on the accuracy of the sample recovery. The-amureous extraction was the most
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suitable and 9361 107.9 % DEX was recovered with a 0.146.33 % variance

between each sample. The solatd form (prepared in house with excipients sucrose

and lubricant magnesium stearate) resulted ind@4.6 3. 50 % f or n=3 usi
adsorption peak a-€s8so0cCchnéateteldBwiVo hv siaThesA gD RAX C
agueous sensor was suitable for thblet extraction as there was no issue with
unwanted electroactive or insoluble compounds, in this case the magnesium stearate,
being carried over during both the methanol and 1:1 methanol: 0.1 M NaOH filtration

steps. Due to the higher sensitivity ansvér LOD and LOQ values, the CuF/GCE

was utilised as it was the optimum DEX electrochemical sensor. In totab 7 B84.91

% DEX was recovered with a 1.931.97 % variance between each sample.



Table 7 (A) Theoretical dexamethasone concentration extracted from 1.0 g of
commercial hydrocortisone cream and reconstituted into 10 mL MeOH, the average
sample concentrations measured and % recovery (B¥Bisplaying the theoretical
concentration and signal, tkeerage Ep and Ip values, variance, standard deviation,
recovery, and percentage recovery for tablets containing52mg DEX.

(A)Cream extraction dat a

Cream (%Theor ettDEX rec|% %

DEX) concent ( mM) RecovVari a
( mM)

0.25 % 0. 637 0.685+0.0434 |107.46 |6.321

0.35 % 0.892 0.926 £ 0.00131 | 103.86 | 0.142

0.5 % 1.217 1.197 £ 0.0141 | 93.99 1.178

(B) Tablet extraction data

Tabl et (mMmTheoretDEX rec|% %
concent ( mM) RecovVari a
( mM)

6 1.5209 1.25 N 0/84.3¢3. 34

10 2.548 1.97 N 0/79.5€5. 72

15 3.822 3.36 N 0/89.9¢1.44




24.0. Conclusions

In conclusion, this work has advanced understanding of the electrochemistry
of the therapeutic dexamethasoneiwide variety of conditions. Firstly, DEX was
guantified in a noraqueous system, which comprised of 0.1 M LiCi©OMeOH. A
DEX oxidation response was observed at 1.3 V at the bare GCE and with the aid of a
scan rate study, the diffusimontrolled nature of this oxidative process was
demonstrated. The DEX oxidation was carried out over the rangd BG&F mM,
with sensitivity of 5.42 x uA cm? mM* and R = 0.998. DEX was then studied at
bare and Cu nanostructure modified GCEs under alkaline conditions (0.1 M NaOH).
Dexamethasone quantitation was achieved over the range 0.00&LmM with
sensitivity of 6.9 10° A cm? mM™ at an unmodified electrode (reduction process
monitored). Electrosynthesis optimised CuF/GCE using a dual pulse potentiostatic
approach was employed, which resulted in two oxidation processes at&1 V
and-0.4 V vs Ag/AgCl ard two reduction processes atE= -0.35 V and-0.8 V vs
Ag/AgCI respectively, resulting in surface coverage values in the fangdi22 0 6 5
I 1ol -2 cEhctrosynthesis obptimised CUMPGCE using a triple pulse
potentiostatic approach was also employed, which resulted in two oxidation processes
resulting in surface coverage values in the rangeil692 x 10* mol cm?. The Cu
nanostructure modified GCEs resulted in an anodic shilftaiDEX cathodic process
accompanied by a second reduction process on the return cycle which was exploited
as the analytical signal. Quantitation was carried out by CV over the range 0.9781
mM with sensitivities 2.0& 10* pA cm2 mM™* and 1.13 x 19pA cm® mM for the
CuF and CuMP modified GCEs respectively (2.78 % i® cm2 mM* for the bare
GCE). Further work will extend the surface characterisation of the optimal
electrodeposited CuMP followed by DPV and constant pulse methodologies with the
view to examine canalysis potential with respect to related and interfering

molecules.
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3.1.0. Introduction & Literature review :

N-acetytL-cysteine (NAC) is a safe and inexpensive medication, not found in
nature. It is adrug that has various uses and functions in biological systems. It
promotes glutathione synthesis and promotes detoxification. NAC is a useful
treatment of diseases that generate oxygen free radicals as it acts as a scavenger for
free radicalk The key to the antioxidant power of NAC is that it is a glutathione
precursor, a naturally occurring antioxddig agent 3. NAC is also a cysteine (Cys)
precur s or-prdtecton df the nitrbgen g acetyl group. The acetyl group
can be removed in most tissues by cleaving the acetyl group thus produdinghiys
occurs when NAC penetrates cells. The resultif@yls can then be used to promote
glutathione synt he s iasellulartefieats arearhediated by NA C¢
glutathione replenishment. Although glutathione is recycled in cells, this process
increases but cannot match the amount of glutathione required during €0QVID
infections. Glutathione synthesis is then required, whicteases enormously during
infection. Oral administration of NAC is an effective way of increasing glutathione
levels as it has better oral and topical bioavailability than glutathione. Therefore, NAC

is a drug that is being examined in the treatment to IDA\® infections.

NAC has been characterised previguswith the use of various
electrochemical sensors. These studies determined NAC at a bare gold electrode
(AUE)®, with the use of catechol as an electrochemical indicator at a carbon paste
electrode (CPE) copper nitroprusside adsorbed orariinopyrosisica modified
carbon paste electrotjecopper oxide nanostructures on an ITO substrate
cyclodextrircarbon nanotube modified glassy carbon electfodmulti-walled
carbon nano tube and Nafiomodified GCE!, gold film modified carbon
microelectrod®¥’, and an acetaminophen ruthenium oxide nanoparticle modified
GCE. In each case electrochemical studies of NAC were carried out at a variety of
pHO6s 1 §),mMhet the highest NAC oxidative response was observed in acidic
media at pH ~ 4.45. The use of a gold modified electrode, or an unmodified gold
electrode was alsshown to have the clearest response due to the interactions between
the thiol group on NAC and the gold surface, where upon electrooxidation, the NAC
becomes adsorbed to the gold surface through the sulphur atom. These sulphur atoms
are in oxidation statt and t hen combi ne-dacetylcysiteineg t he
(Scheme ).
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Gold nanoparticles (AuNPs) have a wide variet applications in both the
biological and chemical fields. In biology AUNPs have a wide variety of applications,
such as in labelling, where they areery useful contrasting agent due to their ability
to absorb and scatter light. Similarly, they alsoaf importance in single particle
tracking, where molecules and structures on the cell surface are labelled with AUNPs
and their movement and the movement of receptors are monitored using photothermal
imaging. They have also been used as a platforrthéodelivery of molecules into
cells, such as genes, where the molecules are adsorbed to the AUNP surface and taken
into cells through the recognition of specific ligands on the AuNP surface by receptors
on the cell surfadé In synthetic chemistry, AuNPs can be used to make
hydrophobically stabited clusters, such as PESscapped suprspherical supra
particle hosts which uptake and release hydrophobic organic guest malscgle as
bisphenol A. These structures can be used in the synthesis of polycarbonate plastics.
The interstitial pores and voids between the hydrocarbon shells around the gold core
result in a network of cavities that allow for the effective diffusiogudst molecules
to the host domains used in polymer synthHesla electrochemistry, AUNPs have
been used in a variety of sensors. These sensors have been used for the detection of
uranyl sulphate, the determination of lead at ttitaae levels and within biosensor
incorporating enzymes such as glucose oxifa&eAuNPs can beysithessed using
several methods, the first being through the reduction of gold hydrochlorate by citrate,
the reduction of tetrachloroaurate using trisodium citrate and by the reduction of
tetrachloroaurate using sodium borohydifdé Various electrochemical methods
have also been emplaydo synthese AuNPs directly onto an electrode surface.
These methods involved galvanostatic modes, the electrolysis of AuCl in DMF using
O at the reducing agent and finally through the temgiate multiplepotentiostatic

pulse method of chloroauricid in 0.1 M HCH: 22 23 This multiplepotentiostatic
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pulse method resulted in the highly controlled electrosynthesis of uniformly sized
AuNPs, and therefore this meth was exploited in this sensor design for NAC
determination. To improve the NAC response further an underlying carbon
nanomaterial (functionalised carbon nano onions (CNOs)) was examined. There have
been various reports on tbembination ofCNOswith megllic nanomaterials such as
platinum nanoparticlest?%42% and here we propose the combination of AUNPs
electrodepositedn electrodes modified with oxidized B and N doped CNOs, which

has thus far not beerported to be the beof our knowledge

CNOs are concentric muliayered fullerenes which consist of several
graphitic layers with the fullerenes§or larger atitscentté CNOs have | oca
electrons in their spherical structucaused by the peripheral defects in the spherical
graphitic shells. They display interesting electrochemical behaviour, such as having a
very high capacitance. This feature makes them a good material to be used in
supercapacitof& The pseudsectangular shape of CNO cyclic voltamgnams
(CVs) is indicative of their double layer capacitive behaib@NOs have been used
in various electrochemical sensors such as in the electrochemical determination of
dopamine in the presence of uric and ascorbic acids, where CNOs were used in a

composite with poly(diethylammonium chlorid®)

CNOs can have altered compositions and structures. The first of these involves
heteroatom doping, such as with B and N. These dopants are incorporated into their
spherical graphitic layers upon CNO #yesis. These dopants have been reported to
enhance their oxygen reduction reaction (ORR) acfivity has been reported that
pyramidic Natoms can improve theverall capacitance of the nanomaterial and that
guaternary Natoms can help to improve their overall conductivity, thus improving
their super capacitive ability through the N active sites, facilitating redox reactions
with a preference for electrochemicatiuction process#s Boron can also influence
electrochemical redox reactions favouring electroreduction processes by acting as an
electron acceptor. B also has an influence on the improvement of the capacitance over
their undoped countparts through the introduction of defects in the graphitic layers
and through the decrease in pore$Zé The addition of carboxylic acid groups to
the CNO surface, resulting in their oxidized forms {6 Os) can also have an impact

on their redox reaction processes, favouring the reduction processes. The introduction
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of defects on the oXtNO surface is @ompanied by a larger electroactive surface
area, and these factors in turn have a profound impact on improving their

capacitances %

In these investigationghe electrochemistryfdtNAC was investigated at GCEs
and AuEs. Various CNOs (pristine CNOs-@plOs), BNdoped CNOs, oxidized
CNOs (oxtCNOs and oxBN doped CNOs) will be electrochemically charackti
at a GCE surfaceising various electrochemical techniques. In this chafter,
electrochemical synthesis of uniformly sized AuNPs at GCE anBNxidoped CNO
modified surfaces was investigated as a potential electrode modifier to maximise the

NAC electreoxidative response.

3.2.0. Experimental:

3.2.1. Materials andeagents

N-acetytL-cysteine [GHoNOsS] (99 %) (Flurochem) sodium acetate
[CH3COONa] (99 %) SigmaAldrich), glacial acetic acid [C4#COOH](Sigma
Aldrich), extra pure sulfuric acid solution in waterF04] (96 %) (Sigma
Aldrich), potassiunphosphate monobasic [kHQ4] (99.5 %)(SigmaAldrich),
potassium phosphate dibasic 2HPQy (99 %) (SigmaAldrich), sodium
carbonate [N£C O3] (99.5 %)(SigmaAldrich), 5 M hydrochloric acid solution
in water [HCI] (SigmaAldrich), gold chloride [HAuCJ] (99.4 %) (Sigma
Aldrich), pristine carbon naronions (pCNOs), BNdoped carbon naronions
(BN-doped CNOs), oxidized carbon naowions (oxtCNOs), oxidized BN
doped carbon naronions (oxiBN-doped CNOs), absolute ethanobi{zOH]
(99.8 %) (SigmaAldrich), potassium chloride [KCI] (100.5 %}Sigma
Aldrich), potassium ferricyanide BfFe(CNX]] (99 %) (SigmaAldrich),
potassium hexacyanoferrate trihydrate[fe(CN)].3H20] (99.5%) (Merck),
hexaammineruthenium(ll) chloride [[Ru(NJH]|Cl2] (99.9%)(SigmaAldrich),
N-acetyl L-cysteine commercial sample (0.6 g per capstie)land & Barratt)

3.2.2. Instrumentation

Electrochemical investigations were carried out using a -blestrode cell,

with a glassy carbon electrode (GCE) and a gold electrode (AuE) as the working
electrodes, a platinum wire as the auxiliary and an Ag/AgCl (saturated KCI) as

the reference electde. Measurements were made using a Solartron SI2187
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Electrochemical Interface and a CHI Instruments 600E
Potentiostat/Galvanostat. Materials and reagents were weighed out using a
Sartorius LA230S analytical balance, and a VWR ultrasonic cle@nedel
USCL00T) was used for nanoparticle suspension and electrolyte/analyte
dissolution. Screen printed electrodes used were Metrohm DropSens 11L screen
printed carbon electrodes (Aux.: C; Ref.: Ag/AgCl). The scanning electron
microscopy was performed by Dr. Vasllgbedev on a FEI (Thermo) Helios

G4 CX Dual Beam SEMFIB with Oxford Instruments EDS.

3.2.3.Procedures

323.1. N-acetytL-cysteine preparation

N-acetytL-cysteine (NAC) standards were prepared (solubility 100 mg mL

in water) in a sodium acetate buffer (pH 4.48)ich comprised of a mixture

of 0.1 M sodium acetate and 0.1 M acetic apidtassium phosphate buffer
(pH 7.25) and sodium carbonate buffer (pH 10.35). 1 mM NAC standards were
examined via cyclic voltammetryCV) to identify the most appropriate
working electrode and electrolyte for subsequent electroanalytical studies. 1
mM NAC was also investigated in 0.1 M$; (pH 0.7) via CV.

3.2.3.2. Preparation of the working electrodes
Firstly, the electrodesurface was polished in a figure of eight pattern on a
polishing pad with a 1 um monocrystalline diamond suspension for 1 minute
and rinsed with a jet of deionised water. The electrode was then sonicated in
deionised water for 30 seconds. This processre@sated with both the GCE
and AuE working electrodes.

3.2.3.3. Gold nanoparticle electrodeposition
A freshly polished glassy carbon electrode was modified with electrodeposited
gold nanopatrticles (AuNPs) of uniform size using a rulise potentiostatic
sequence. The AuNPs were deposited from a 1 mM Hawlltion in 0.1 M
HCI. As HauCl is hygroscopic, deionised water was added to the dry HauCl
crystals (1 g mt! solution of HauQ) to ensure that the quantity of HauCl
was accurately known. Four potes were selected from the cyclic
voltammogram of 1 mM Hauglin 0.1 M HCI and the conditions (pulse

duration and amplitude) were optimised resulting in the temfila¢te



electrosynthesis of AUNPs. The procedure involved a perturbation pulse at E
=0.92V for 10 s to remove gold ions adsorbed to the GCE surface. This was

then followed by a nucleation pulse, wherew&s selected a0.13 V for 60

ms. An anodic pulse was then applied at=E0.92 V for 2.5 ms to remove

excess gold at the GCE surface. Alting growth (R=0.55V for1s: m=

3, 5, 7, €,1499)= an.d9 2a n\w dfiocr pb5u lnsse:s n( E
followed in order to grow uniformly sized AuNPs from the seeded nuclei (see
potential waveform sequendégure 1). Each of the potent® and their
corresponding pulse lengths were optimised in order to achieve conditions

which resulted in the maximum NAC anodic signal.

3.2.3.4. Electrochemical characterisation of the gold nanoparticle modified

glassy carbon electrode
Following theelectrodeposition process, the AUNP modified GCE was gently
washed by dipping in deionised water. The electrodes were then examined
using CV in 0.1 M sodium acetate buffer (pH 4.45) supporting electrolyte,
which resulted in an anodic process at 1.2 V andthodic process at 0.9 V.
The surface coverage was estimated by monitoring these processes over scan
rates 10 200 mV st. A 5 mM [Fe(CN}]®* redox probe in 0.1 M NaOH was
used to gain further insight into the electron transfer processes.
Electrochental impedance spectroscopy (EIS) was also carried out in the
same system by application of an AC sinusoidal voltage of 0.005V over the
frequency rangd.017 100,000Hz with an amplitude of 0.005 V. High
resolution SEM images and EDS spectra were alsongataf the optimised
AuNPs surface and particle size distribution investigated
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Figure 1. Schematic of the AuNP electrodeposition process with respect to pulse
potential vs time.

3.2.3.5. Preparation of carbon natmmion modified electrodes
A 1 mg mL! suspension of each of the carbon ranmns (CNOs) (JCNOs,
oxi-CNOs, BNdoped CNOs and ®BN-doped CNOs) were prepared in
absolute ethanol with vigorous sonication for 45 minutes to ensure well
dispersed suspensions. The CNO suspensions were sonicated for a further 5
minutes immediately prior to use. A GCE was polished as described above,
rinsed in ethanol and allowed to dry. 10 pL of the CNO suspension was drop
cast onto the GCE surface and the layer was dried using a heat lamp. The CNO
modified GCE was examined by CV in 0.1 M KCI supporting electrolyte. Scan
rate studies were carried outegich CNO modified GCE to allow capacitance
and surface coverage estimations (faradaic responses were evident in the case
of the oxiCNOs and oxBN-doped CNOs). A 1 mM [Fe(CNF** anionic
redox probe in 0.1 M KCI and a 1 mM hexaammineruthenium (Il) chloride
cationic redox probe were used to gain further insight into the electrochemical

behaviour of each CNO modified surface.

3.2.3.6. Electrodeposition of the optimised gold nanojsées at the oxBN-

doped carbon naronions
The AuNPs@oxBN-CNOs were prepared using the optimised AuNP
electrodeposition process as described above for GC electrodes. In order to
optimise the dilutions of the oBN-doped CNOs, 1 mg mi, 0.1 mg mL?,

MH



0.05 mg mt* and 0.02 mg mt suspensions weemployed. Firstly, 10 pL of

the oxiBN-doped CNO suspension was drop cast onto a freshly polished and
dried GCE surface and dried under a heat lamp. The AuNPs were then
deposited electrochemically using the mpliilse potentiostatic sequence.
Following dectrodeposition, the electrode surface was washed gently in
deionised water and examined by running CVs of 1 and 10 mM NAC in 0.1 M
H>SQy. This process was repeated for each dilution of theBbkdoped
CNOs. The optimum AuNPs@cEBN-doped CNO/GCE was theanalysed

by varying the scan rate and by performing electrochemical impedance

spectroscopy together with SEM/EDS investigations.

3.2.3.7. N-acetytL-cysteine electrochemical testing at the optimum gold

nanoparticle modified carbon nano onion surface
NAC standards were prepared in 0.1 M sodium acetate buffer (pH 4.45) and
its electrochemical behaviour was examined at the AuNP®Nxioped
CNO/GCE with scan rate studies and calibration using constant potential
coulometry, where &p= 1.15 V vs. Ag/AgCl wih charge recorded for 5 s.
This measurement was recorded in triplicate in 5 mL of the background
electrolyte with 5 s quiet time between each measurement. Additions of 10 uL
of 0.1 M NAC was added to the 5 mL of the background electrolyte with
sequentialadditions over the range 0i22.53 mM NAC. The charge was
measured at 4.5 s from the third measurement of each experiment. These
calibrations studies were carried out in both 0.1 28®& and in 0.1 M sodium
acetate buffer (pH 4.45), ultimately opting tidige the sodium acetate buffer
(pH 4.45) in the electroanalysis of NAC from a commercial formulation.

3.2.3.8. N-acetytL-cysteine recovery from a commercial formulation
An NAC commercial solid dose tablet containing 80 % w/w NAC was
obtained and samples containing 1 mM and 2 mM NAC prepared by weighing
out the calculated amount of the sample powder. It was then dissolved in 5 mL
of the sodium acetate buffer (pH 4.45) ditigred into a 25 mL volumetric
flask to remove insoluble excipients. 5 mL of the prepared sample was then
measured, and standard addition performed via coulometry over the range
0.199 to 0.99 mM. The sample concentration and subsequent recovery was

thenestimated (n=3) by extrapolation using the linear data plots obtained.



3.3.0. Results and Discussion:

3.3.1. N-acetytL-cysteine electrochemical investigations at bare electrodes

Firstly, NAC was investigated via CV in an acidic medium due tgtb&on

dependant nature of the NAC electrooxidation prdgdssvever, basic, and neutral

pHOS

wer e

al so screened.

The

vol tammetry

buffer (pH 4.45) was initially studikat both bare glassy carbon electrodes (GCE) and

bare gold electrodes (AuE). The voltammetry of NAC at the bare GCE, shown in

Figure 2 (A), clearly showed a strong oxidative response at 1.4 V vs Ag/AgCI. This

signal was an #befined wave which took thghape of a shoulder with an unclear J

max. However, in the case of the bare AuHgure 2 (B)), a clear NAC oxidative

response was observed at 0.9Y9Ag/AgCl. This response was clearly defined but

overlapped with the Au response at 1.185\Ag/AgCl.
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Figure 2. Voltammetry of 1 mM NAC (red curve) in 0.1 M sodium acetate buffer (pH
4.45) at the bare GC@) and bare AuEB) from 0.07 1.5V at 100 mV . Black
curve represents background electrolyte voltammetry in each case.

The voltammetry of 1 mM NAC in a 0.1 M potassium phosphate buffer (pH
7.15) was then investigated at polished GCE and Augute 3 (A) & (B)). The
resulting voltammograms were slar in general shape to the voltammograms of 1
mM NAC in 0.1 M sodium acetate buffer (pH 4.45), however, the NAC peak intensity
in the potassium phosphate buffer obtained at the bare GCE and bare AuE was

significantly lower than that obtained in the sadiacetate buffer.
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Figure 3.Voltammetry of 1. mM NAC in 0.1 M phosphate buffer (pH 7.15) at the bare
GCE(A) and bare AuEB) from 0.0i 1.5V at 100 mV .

Finally, the voltammetry of 1 mM NAC in a 0.1 M sodium carbonate buffer
(pH 10.35) was then investigated at the bare GCE and Rugfdre 4 (A) & (B)). This

system resulted in the lowest NAC response at the bare AuE, where NAC was not

detected. However, at the bare GCE, a small anodic shoulder was observed at 0.66 V

vsAg/AgCI (seeinsert).
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Figure 4. Voltammetry of 1 mM NAC in 0.1 M carbonate buffer (pH 10.35) at the
bare GCHA) and bare AuEB) from 0.07 1.5V at 100 mV $.

In consideration of the three buffered electrolytes and pH range examined it
wasclearly observed that the acidic medium allowed the greatest NAC redox signal
to be obtained, further supporting the pretapendant nature of the electeidation
process, thus identifying the optimum conditions for NAC electroanélyise the
optimum pH was identified, 1 mM NAC was studied by varying the scan rate. Firstly,
this was carried out at the bare GGrg(re 5 (A)), where the scan rate was varied
from 207 200 mV st. The NAC electreoxidaion response was present only at the
voltammograms of 10 and 20 mV.sThis may have been due to the adsorptive nature
of the NAC oxidation proces
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Figure 5. Voltammetry of 1 mM NAC in 0.1 Msodium acetate buffer (pH 4.45) at
the bare GCE from 20200 mV st over the range D 1.7 V vs Ag/AgCl (20 mV 3
and 200 mV $ shown in red and black, respectively.

When the scan rate was varied fromi1200 mV st at the bare AuERigure
6 (A) & (B)), a distinct oxidative peak was observed at 0.9 V vs Ag/AgCI. This signal
was also scan rate dependant and increased linearly with respect to the scan rate,

indicating that the oxidation process was adsorption controlled.
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Figure 6 (A) Voltammetry of 1 mM NAC in 0.1 M sodium acetate buffer (pH 4.45)
at the bare AUE from 10200 mV st over Oi 1.7 V vs Ag/AgCl.(B) Corresponding
plot of the scan rate vs current density of the NAC oxidative response froraGm
mV st

3.3.2. Gold nanoparticle electrodeposition on glassy carbon electrodes using pulsed

electrodeposition.

Electrosynthesis of gold nanoparticles (AuNPs) on GCEs followed the
procedure outlined in section 3.3.3 with potentials selected based on the voltammetry
of 1mM HauClin 0.1 M HCI at the bare GCIEigure 7 (A) shows the third cycle of
the cyclic voltammogram of 1 mM HauGh 0.1 M HCI at the bare GCE at the scan
rate of 100 mV $. A single oxidation peak during the forward scan and reduction

MOC



peakduring the reverse scan were observed at 1.074 V and 0.335 V respectively,
which wereattributed to the oxidation of Auo Au** and the reduction of Afi to

Au®. From this CV, a set of potentials were selected to be used in thepuigi
potentiostatipulse sequence. The pulses used were a nucleation pi)lsan(Bnodic

pulse (R) and alternating growth and anodic pulses éBd E). The multipulse
potentiostatic sequence was used, as the process allows for the formation of uniformly
sized AuNPs. Tis was achieved through the sequential electrodeposition and
dissolution of gold from an electrode surface through the use of anodic and cathodic

pulses.

Prior to the AuNP electrodeposition, a perturbation pulse was applied at 0.92
V for 10 s to oxidize ad remove any residual gold on the GCE surface. The first
cathodic pulse applied was the nucleation pulse. This was selected at a negative
potential much lower than the Au reduction response to ensure and exploit the fast
diffusion of AU** to the GCE surfee. The applied pulse was short and fell within the
hemispherical diffusion region of the chronoamperogram (discussed further below) to
ensure the deposition of Au nuclei on the GCE surface act as nucleation points for
subsequent gold growth. A short arogulse was then applied to remove subcritical

nuclei and to allow the even distribution of AUNPs on the GCE surface.

Sequential growth (cathodic) and anodic pulses were applied to ensure the
uniform growth of the AuNPs. A potential was selected at theefuction peak to
facilitate the slow and controllable hemispherical diffusion of*Aons to the GCE
surface(Figure 8 (A)1 (C)). A short anodic pulse was then applied to remove excess

Au from the GCE surface and further nuclei seeded during these pulse
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Figure 8 (A) Chronoamperometry of 1 mM HAufCAt the bare GCE foriE 0.8 V,
Ec=-0.13V, t=0.01 4B) Schematic of illustrating linear vs hemispherical diffusion

of Au®* ions towards an unmodified GCE surface, a microelectrode surface and
nanoparticle modified GCE surfad€) Schematic illustrating the hemispherical
diffusion of AU, ions to the GCE surface via hemispherical diffusion zones around
seeded Au nuclei.
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Figure 9 (A) Chronoamperometry of 1 mM HAufAt the bare GCE for 3 consecutive
cycles where E=0.8 V, =092V, E=-0.13 V, t = ta = 0.01 s,(B) Magnified
image of the first cathodic transient of the first cy¢@) Chronoamperometry of 1
mM HAuCl, at the bare GCE for 3 consecutive cycles where@®8 V, E=0.92 V,
Ec.=0.55V, t = ta= 2 s.(D) Magnified image of the first cathodic trandien the first
step.

Firstly, in Figure 9 (B), chronoamperometry of 1 mM HAu{h 0.1 M HCI
was carried out at the bare GCE for six consecutive steps with alternating cathodic
pulses 0f0.13 V and anodic pulses of 0.92 V, with a pulse width of 0.01 sdcin.
The anodic transient observed in the first step reached a plateau after 9 ms with a
current transienat 50.33 us, however, thisurrent transientapidly decreased and
disappeared in the third and fifth steps. Following transient frér® @ns in the first

step until the plateau, the hemispherical diffusion region was identified which was



critical for the electrodeposition of uniformly sized AuNPsAfter this point the
hemispherical diffusion zones overlapped and linear diffusion of" Aacurred

resulting in the overlap of the electrodeposited Au particles on the GCE surface.

Figure 9 (C) shows the chronoarepometry of 1 mM HAuClin 0.1 M HCI
at the bare GCE using alternating cathodic and anodic pulses over six steps. The
cathodic pulses were applied at 0.55 V and the anodic pulses were applied at 0.92 V,
with a pulse width of 2 s for each. From an examamabf the first step, the first
anodic pulse did not show a wave as observéthapter 2, Figure 7 (B) due to the
slower diffusion of Ad* ions to the GCE surface. The chronoamperogram of this
experiment showed a rapid increase in current before reaching a plateau at 1.32 s at
the current maximum, thus identifying the hemispherical diffusion zone between O
and 1.32 s. The cathodic currenténacreased due to the presence of electrodeposited
gold at the electrode surface. After the anodic step was carried out, a tiny amount of
residual gold metal remained on the GCE surface. This trace amount of gold provided
nucleation points for gold deptisn in the subsequent cathodic step as*Au
electrodeposition occurs more easily onto Au than depositing directly onto ¥.GCE
Because of thignore gold is electrodeposited in each subsequent step, which in turn

cause the stepwise current increase in the anodic steps.

From carrying out these experiments, the potentials to be used in the
nucleation, growth and anodic pulses were selected as ageltheir initial

corresponding pulse widths.

3.3.3. Optimisation of the electrosynthesis conditions for gold nanoparticle
deposition

The electrodeposited AuNPs were optimised by sequentially changing the
pulse parameters. The resulting AUNPs wblen tested with 1 mM NAC with the
aim to maximise the NAC anodic responsg.Hz and E were kept constant whilexE
was changed. The perturbation pulse) (ias also kept constant at 0.92 V for 10 s.
The pulse widthitwas kept constant throughoutw ®as changed with the aim of
achieving greater AUNP particle size, by decreasiglte rate of electrodeposition

would increase, leading to larger nanoparticles. This however would lead to a less



controllable particle size and would be unfavourable. Bydtigating this, it was
clearly observed that this did not increase the NAC oxidative response. By increasing
the pulse widthqt, the resulting particles would be expected to be larger in size, and
conversely, decreasing tvould lead to smaller particles éess Ad* would diffuse

to the GCE surface. Bvas kept constant whilg was altered. By increasing the
particle size would be expected to decrease as more Au woulddxé&dized and
stripped from the electrode surface. Less Au wasxidized whert, was decreased
which would lead to a larger particle size. These parameters were examined as per
Table 1and were tested by CV using 1 mM NAC in 0.1 M8 and compared to

the bare GCE and AuE (macro electrodes). From comparing the NAC oxidative
responss at each electrode, it was clearly determined that the AuNPs that resulted
from method 2 gave the greatest NAC response, and thus these conditions were
selected as the optimum AuNRshighlighted inTable 2

Table 1. Electrodeposition parameters used for the optimisation of the gold
nanoparticle deposition for NAC quantitation.

Method | Pulse 1|t1 Pulse 2|t Pulse m|tm (m|Pulse n|ta(n=4,
number | (P1) (P2) (Pm) =3,5,| (Pn) , 6,
7 € 1500)
1499)

Potential | Time | Potential | Time | Potential | Time | Potential | Time (S)

(V) ) | V) ) (V) ) |V

1 -0.13 0.06 | 0.92 0.005| 0.55 1 0.92 0.005

2 -0.13 0.06 | 0.92 0.005| 0.55 1 0.92 0.0025
3 -0.13 0.06 | 0.92 0.005| 0.55 15 0.92 0.0025
4 -0.13 0.065| 0.92 0.005| 0.55 1 0.92 0.0025
5 -0.13 0.06 | 0.92 0.005| 0.39 1 0.92 0.005

6 -0.13 0.06 | 0.92 0.005| 0.39 1 0.92 0.0025
7 -0.13 0.06 | 0.92 0.005| 0.39 15 0.92 0.0025
8 -0.13 0.06 | 0.92 0.005| 0.39 0.5 0.92 0.0025
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Figure 10 (A) Bar chart monitoring the NAC oxidative response at the bare GCE,
AUE and each AuNP/GCE for conditions8las perTable 1 The optimum AuNP
electrodeposition parameters welie=R0.13 V for 60 ms, £=0.92 V for 5 ms, R =

0.55 V for 1 s andP, = 0.92 V for 2.5 ms.(B) Voltammetry of 1 mM NAC (red) in

0.1 M H:SQ; (black) at the optimum AuNP/GCE from Q.4L.5 V at 100 mV 3.

Figure 10 (A) shows the NAC oxidative response at each electrode used in

cycles 1 through 3. The best NAC response was observed at the bare AuE, but this

was followed by the AuUNPs Figure 10 (B)). The lowest response was observed at

the bare GCE.



Table 2. Summary of the optimised AUNP electrodeposition process.

Pulse Potential (V) Time (s) Pulse #

Seed (Nucleation) E1 =-0.13 V t1=0.06 1

pulse (P)

Anodic pulse (B) | E2=0.92V t2=0.005s 2

Growth pulse (Pm) | En=0.55V tn=1s 3,5,7¢é. 1¢4
Anodic pulse () | En=0.92V th=0.0025 s 4,6, 8¢é. 1"
Total number of 1500

pulses

3.3.4. Electrochemical characterisation of gold nanopatrticles following optimisation

based on MNacetytL-cysteine response

The optimum AuNPsnodified GCEs were then characterised using various
electrochemical techniques. Firstly, a scan rate study was carried out ovdr®M
from 107 200 mV st. Upon examination of the plot Fgure 11 (B), it was clearly
observed that both the oxidatiged reductive processes were adsorption controlled,
having a linear relationship with respect to scan rate. By monitoring the peak currents,
the surface coverage values were estithatea t 0 ="mol cai& @ thd anodi®
response an d?nicnmar e2cathodiic rdsfionse. An anionic redox
probe was then used to further characterise the AuNPs with the aid of 5 mM
[Fe(CN)]*# in 0.1 M NaOH. This type of investigation is usually carried owd.in
M KCI background electrolyte, however, the presence ofidDk in solution was
found to degrade the gold surface due to the high formation constant of JAu(Cl
which will in turn diffuse from the electrode surface and strip the Au from the
electrodé® 3" 38 This was not observed in the alkaline electrolyte and thus, was

suitable to further study the electrochemical behaviour of the AUNP/GCE.

Based on the voltammogram kingure 11 (A) it was clearly observed that the
CV at the AUNP/GCE was vastly different from that at the bare GCE. At the bare GCE
t hep=pBwas 0.666 V, whil ¢=@&l71 WTakde SAThRP/ GCE

substantial decrsa in peak separation clearly shows that the barrier to electron

mMnp



transfer has been significantly reduced and that the electron transfer process occurred
quicker at that AUNP/GCE in comparison to the bare &CE
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Figure 11 (A) Voltammetry of the AUNP/GCE from 0i41.5 V in 0.1 M HSQ; from
107 200 mV st. (B) Plot of the scan rate vs current density of the AUNP/GCE.

Electrochemical impedance spectroscopy (EIS) was also carried out in 5 mM
[Fe(CN)]*# in 0.1 M NaOH over 10 100,000 Hz (see section 3.3.5 for procedure).
From these data, information regarditige initial resistance (R and the charge
transfer resistance (R can be obtained. Thes®as similar when comparing both
electrodes, with the AUNP/GCE having the higher value, whereas the bare GCE had a

significantly larger R value as expectegdable 4).
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Figure 12 (A) Voltammetry of 5 mM [Fe(CN)®* in 0.1 M NaOH at the bare GCE
(black) and AuNP/GCE (red) fror®.27 0.6 V at 100 mV . (B) Nyquist plot of the

bare GCE (black) and the AUNP/GCE (red) in 5 mM [Fe@¥f)in 0.1 M NaOH

with n from 0.01i 100,000 Hz with an amplitude of V. Simulated EIS data is
shown by the dashed line. E = 0.221 V and 0.207 V for the bare and AuNP/GCEs,
respectively.(C) Zoomed in image of the Nyquist plot highlighting the arc from the
AuNP modified GCE with overlaid solid line representing simulation (Randles circuit
data).

From examining the Bode plots of the bare GCE and AUNP/G@fEre 13),
thestability of each electrode was demonstrated. The Gain Margin of the AUNP/GCE
was calculated as 2.65 Db (2.961 Db for the bare GCE), thus the positive values

demonstrate the stability of both electrodes. The Gain Margin was calculated by:
OO m OQ@®éééééeécéeeéeéeeeeceecéeecéeee. (1)
where GM is the Gain Margin and G is the gain.

The Bode plots also gave useful information on confirming the resistance of
each GCE analysed. From examining the Bode pleigare 12 (B), maximum phase
was determined a§'2.7°,and-38° for the bare GCE and AuNP/GCE, respectively.
This givesinformation on the behaviour of each electrode, wHabe is equivalent to
an ideal capacitor and 45° is equivalent to a pseagacitor(Table 4). Angles
measured at 45° indicates a highic permeability, ths showing that it is a poor
insulatof®. With consideration for the phase angle, the results confirm thiea
presence of Au at the GCE surface increases the ionic permeability of each modified

electrode and show that the Au modifications improves the conductivity of the GCE

Mny



in comparison to the bare GCE. The high phase angle indicates that the AUNP/GCE
dispays some capacitive properties, however conductive properties are more
prominent. The curve for the bare GCE occurs at a larger phase angle at lower
frequencies, which suggests lower ionic permeability and therefore greater insulating
propertiesfor the each of the Au modified GCEs, where the curve occurs at a lower

phase angle and at higher frequencies.

The slope of the Bode magnitude plBigure 12 (A)) can give an indication
on the resistance and capacitance of the electrode in question, whereciosiepe
1 represents an ideal capacitor and a slope close to 0 at higher frequencies indicates
resistive behaviour, which could occur at a capacitive material. The slope of the bare
GCE was calculated a8.83, and at higher frequencies it was calcdlas 0.0414,
thus demonstrating the capacitive behaviour of the bare GCE. For the AUNP/GCE, the
slope was calculated to B&5, and-0.33 at higher frequencies, demonstrating the low
capacitance of the CuF/@&JTable 4). These results support the highespacitance
of bare GCE followed by the AUNP/GCE
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Figure 13. Corresponding experimental (solid lines) and simulated (dashed lines)
Bode plos of the AUNP/GCE (redand bare GCE (black) in 5 mM [Fe(CNj5]in

0.1 M NaOH with n from 0.01 100,000 Hz with an amplitude ofrBV, where(A)
shows the log of the frequency vs gain, é@8dshows the log of the frequency versus
the phase angle.

Table 3.Comparison of the peak heights and potentials of 5 mM [Fe &Nt the
bare and AuNP/GCEs.

Jp@ Er@ |Jne Ero |®b Epv Jp@/Jp
(Acm?) | (V) (Acm?) | (V) V) V) ©
Bare GCE |8.61 x|0554 |7.89 x|-0.112 [0.666 |0.221 | 1.09
104 10
AuNP/GCE | 1.32 x|0.292 |1.17 x|0.121 |[0.171 |0.207 1.13
103 10°
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Table 4. Comparison of the &R, capacitances, Gain Margins and Phase Margins
obtained from the EIS spectra for both simulated and experimental data obtained at
the bare and AuNP/GCE.

Bare GCE AuNP modified GCE
Experimental | Simulation Experimental Simulation
Rs (Ohm) 69.30+£0.66 |67.30+0.77 76.35£ 0.2 79.71+ 0.39
Rct (Ohm) 13560.70 *|13662.64 + | 365.75+15.04 | 305.28+ 16.08
389.8 391.97
Capacitance |7.56+ 0.24 x | 6.33+ 0.25 x| 155+ 0.212 x | 2.21 + 0.212 x
(F) 107 107 10° 10°
Gain  Margin | 2.96+ 0.03 295+ 0.4 2.65+0.12 2.262+0.21
(Db)
Phase Margin| 55.9+1.1 59.1+15 26.6x 0.5 30.1+0.7
©)

3.3.5. Surface analysis of the electrodeposited gold nanoparticles on glassy carbon

electrodes

High resolutionscanning electron microscopy (F&EM) was used to further
characterise the AuNPs electrodeposited on the GCE surface. Images were taken
between 5,000 10,000 x magnificationHigure 14 (A) i (D)), where a high density
of AuNPs were observedomogeneously distributed on the GCE surface. Upon
examination of the AuNPs at higher magnification levels, the cHikeemparticle
shapes could be easily determined. The particlssigee then estimated (sample size
435 particles) by measuring the whieter horizontally, diagonally from left to right
and diagonally from right to left. The average of these three measurements was then
obtained and gave the estimated particle $tigpufe 15). Upon examination particles
with a diameter of 30D 319 nm acconted for 33 % of all particles followed by 320
T 339 nm (16.6 %) and 280299 nm (7 %) indicating that the particle sizes were
uniform across the GCE surface. Particles smaller than 279 nm were present and
accounted for 12 % of the particle distributiouhile particles larger than 339 nm

accounted for 30 % of the particle size distribution. Many of the larger particles
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appeared to be formed from the overlap and aggregation of adjacent particles resulting
in longer linear chaktike structures. The corrgending EDS spectrum and layered
image only confirmed the presence of carbon and gold as expected, confirming that

AuNPs were successfully electrodeposited onto a GCE surface.

> HY HRW ot det |mag Bt
mm 500KV 414um SA4pA ETD 5000x 0.0°

g HV HFW ot det | mag
% 45mm 5.00kV 8.29um 54pA ETD 25000x 0.0
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Figure 14.HR-SEM images of the electrodeposited AUNPs at the GCE surfaég at (

5,000 x B) 10,000 x C) 25,000 x D) 50,000 x magnifications with the
corresponding EDSH) spectrum andH) layered image.
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Figure 15. AuNP particle sizaistribution where particles between 30B19 nm
accounted for 33 % of all particles followed by 32839 nm (16.6 %) and 280299
nm (7 %).

3.3.6. Electrochemical characterisation of carbon ranmns on glassy carbon

electrodes

The CNOs wereapplied to the freshly polished GCE by the doasting
method as described in section 3, voltammetry of each CNO modified electrode was
carried out in degassed 0.1 M KCI. Initially the CNOs were investigated over the
potential range of1.0 V to 1.0 V vsAg/AgCl at 100 mV seé (Figure 16 (A) 1 (D)).

It was clearly observed that each CNO layer exhibited high double layer capacitance
as expecteld, and were stable after prolonged potential cycling (8)=Bhe currents
observed were in general much larger than that of the bare electrode reflecting the
larger surface to volume ratio and active surface groups and features. These surface
groups and features include the presence of carboxylic acid grougseocCNO
surface, reulting in oxidized forms of CNOs (@XNOs}® and the doping of the CNO
nanostructure with heteroatoms (in this case B arfdl e pCNO and BNdoped

CNOs exhibited the expected capacitive features, but an anodic and cathodic Faradaic

Mpn



response was presenttime case of both the 6xINOs and oxBN-doped CNOs,

reflecting some redox activity due to the surface carbonyl/acidic functional groups.
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Figure 16.Voltammetry of 0.1 M KCI at the bare GCE (black) and atAhe-CNO,

B) BN-doped CNOLC) oxi-CNO andD) oxi-BN-doped CNO modified GCE with a
0.1416 mg cni surface loading (all CNO modified GCEs are shown as the red line)
from-1.0 Vto 1.0 V at 100 mV's

The effect of scan rate was then investigated for each of the CNOs, and the
slope of the graphs of capacitive currents against the scan rate allowed specific
capacitances for each modified electrode to be estinvaddel. 2 (Figure 17 (A) 1
(F) andTable 5), where the oXICNOs had the highest andGNOs had the lowest
capacitances as expected. TRENOs was a benchmark for comparison as neither
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heteroatoms were doped into the nanostructure and the material was unfusetionali
The pCNOs stilldisplayed a high capacitance and the pore size in a carbon network
has a profound influence on the capacitance, where it has been reported that a smaller
pore size in the carbon network of a nanomaterial will increase the capacitance due to
the developmerof a surface area inaccessible to electrolytic ions in sofitibiwvas

clearly observed that the CNO capacitance increased when doped with B and N atoms.
This has been attributed to the increased porosity of the CNO surface and by surface
defects aused by the B and N centté$3 The two oxidized CNOs (0xXtNOs) on

the other hand, were covalently modified with the introduction of carboxylic acid
groups on their surface. These are interestingifeatas they can be used as a linker

to attach polymers or other molecules to the CNO suifathese groups also have a
significant efect in increasing the capacitance of the-GMOs which has been
attributed to the generation of faradaic current from these electroactive groups and
from the enhanced surface area through the opening and breakage of the graphitic
layers of the CN&. The capacitance of 6BN-doped CNOs, on the other hand, was
expected to be greatthan that of the oXtNOs due to the combined effect of the
heteroams doped into the graphitic surface and the presence of the carboxylic acid
groups, however the recorded value was lower than that of thR€ENRE. The
capacitance was greater than thfahe BN-doped CNOs indicating that the carboxylic

acid groups had an effect but the functicssion may have been carried out to a
lesser degree due to the B and N doping, as this would decrease the number of possible

functionalsation sites of the CN®urface.
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Figure 18 (A) Current density vs scan rate plots for th€ O (blue), BNdoped
CNO (orange), oxCNO (green) and ox8N-doped CNO (red) modified GCEs
(current measured at 0.5 V vs. Ag/AgCl), over a potential rang¢.0f 1.0 V vs.
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capacitance measured as a function of scan rate with maximum at 16 fomise
(B) p-CNOs,(C) BN-dopedCNOs,(D) oxi-CNOs andE) oxi-BN-doped CNOs.



Table 5. Comparison of capacitances, electroactive surface areas and surface
coverages for each of the CNOs, with the-GNOs having the highest capacitance,
greatest electroactiveurface area and surface coverage calculated for the faradaic
waves associated with exunctional groups.

Capacitance | Specific Electroactive | Surface
(F cm?) capacitance | surface area| coverage
(taken at 0.1| (cm?) (mol cnm?)
V) (Fg?)
p-CNO/GCE | 2.95 x 1¢* 2.08 0.195 N/A
BN-doped 4.59 x 1¢* 3.24 0.190 N/A
CNO/GCE
oXi- 7.97 x 10 5.63 0.406 1.2031 1.246
CNO/GCE x 1010
oxi-BN- 5.28 x 1¢# 3.73 0.174 3.885i 5.674
doped x 1010
CNO/GCE

Anionic and cationic redox probes were employed to examine the surface
characteristics of eaddNO modified electrode. Firstly, a 1 mM [Fe(C)F* anionic
redox probe was investigatdeigure 19 (A) 1 (D)). The oxtCNOs showed the largest
peakvalues for the oxidation process, while the-BN-doped CNOs showed the
largest value for the reduction process while thedéided CNOs showed the smallest
oxidation and reduction peak values. TREROs and BNdoped CNOs showed no
preference for eitherxidation or reduction but the oxXiNOs and oxBN-doped
CNOs favoured the cathodic process (involving [Fe@N)over that of the anodic
one due to the presence of the negatively charged carboxylic groups on-@e@xi

and oxiBN-doped CNO surfaces.
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Figure 19. Cyclic Voltammetry at th€A) bare GCE,(B) p-CNO, (C) BN-doped
CNO, (D) oxi-CNO and(E) oxi-BN-doped CNO modified GCEs relative to the
background in 1 mM [Fe(CN)* (red curves) in 0.1 M KCI at 100 mVgblack
curves).

Table6.Compari son of the oxidation ang reduc
valuesEp12 values and g ratios of 1 mM [Fe(CNJ®# at the bare and each of the

CNO/GCEs.

b @ AE @[ © AE ©| Pk Ep | Jp @Jp
cm?) V) cm?) V) V) V) ©
Bare GCE [2.365 x|0.325 |2.265 x|[0.94 |0.231 |0.209 |1.044
104 10
p- 1.938 x|0.275 [1.976 x|0.112 [0.163 |0.193 | 0.981
CNO/GCE | 10* 10
BN-doped |1.41x10'|0.318 |1.250 x|0.0411|0.287 [0.18 |1.128
CNO/GCE 10%
oxi- 2.177 x| 0.275 |3.175 x|0.129 [0.145 |0.202 | 0.686
CNO/GCE | 10* 10%
oxi-BN- 2.475x 10| 0.291 |2.403 x|0.122 |0.169 |0.207 |0.956
doped 4 104
CNO/GCE

Voltametric examination in a 1 mM [Ru(N}d]?* cationic probe followed

(Figure 20 (A) 1 (D)). Conversely to the anionic redox probe, the-BXi-doped

MC
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CNOs showed the largest peak values for the oxidation process, while {GblOsi
showed theargest value for the reduction process. As per the anionic probe, the BN
doped CNOs showed the smallest oxidation and reduction peak values. -TEe@xi
CNO modi fied

hindering electron transféor the RE*** process while favouring the cathodic process

and oxiBN-d op e d

in each case due to anionic functional groups facilitating electron transfer of the higher

oxidation state of Ri.
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Figure 20. Cyclic Voltammetry at th€A) bare GCE,(B) p-CNO, (C) BN-doped
CNO, (D) oxi-CNO and(E) oxi-BN-doped CNO modified GCEs (red curves) relative
to the background (black curve) in presence of 1 mM [Ruf§J# in 0.1 M KCI at
100 mV st

Table 7.Comparisoro f
Epi2and J ratios of 1 mM [Ru(NH)e]?* the bare and each of the CNO/GCEs. The
bare GCE showed the largest peak oxidation value, whereas tiNeadoped
CNO/GCE gave the highest reductisignal. The oxCNO and oxiBN-doped
CNO/GCEs showed the largest peak separation.

t he

oxidati on

and

redugtion

o a) B (o)) I (o) By (o) 9 Eoir2 | oo
(A/ZEmi(V) |[(AIEm (V) (V)
Bare GQ(1.706|-0.141.6661-0.210.06/-0.181. 028
p-CNO/ GQq1.22%]-0.131.7281/-0.210.07/-0.170. 711
0 % i
CNO/ GCH1.29%]-0. 141.8361/-0.2¢0.11/-0.2(00. 707
BNdoped
CNO/ GCH1.29%]-0. 141.87%1-0.210.06/-0. 1840. 687
oxB N
doped
CNO/ GCH1.26%]-0.141.97%1-0.240.09/-0.190. 638
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The electroactive surface area for the bare and each of the CNOs were obtained

using chronoamperometry and were calculated using the Cottrell equition (

. Yy
Q ——-+¢eeeecceecéécecececcceceééceececeecce(y

Wherei is current, n is the number of electrons transferred,s Far aday 6
constant,A is the electrode surface ardgy is concentrationD is the diffusion
coefficient and is time. This was carried out using 1 mM [Ru(ét Cl., where the
potential waseld ati 0.08 V vs. Ag/AgCI for 10 seconds. From these measurements,
the currents were plotted agdigures2l(A)al/ t r
T (H)). Using the slope from the Cottrell plots and the Cottrell equation, the
electroactive surfee area values were calculated to be 049501, 0.190+ 0.01,
0.406+ 0.02and 0.174: 0.01cn? for the pCNO, BN-doped CNO, oxICNO and oxi
BN-doped CNO modified GCEs, respectively (3able 5). The wide variation in the
electroactive surface area che accounted for through the surface defects and
modifications in the BNdoped and both oxidized forms of the CNOs. The p
CNO/GCE have the lowest surface area as expected as the pristine surface consists of
a network structure of pure carbon. Fewer sarfdefects are present due to the
absence of doped heteroatoms and carboxylic acid groups. Although the electroactive
surface area of the BNMoped CNOJ/GCE is lower than theGNO/GCE, the
electroactive surface area of the BlNped CNO/GCE was expected togoeater than
that of the pPCNO/GCE due to surface defects present in the network through B and
N doping. However, the capacitive effects of the B and N atoms present may have a
significant contribution to the decrease of the electroactive surface ameax¥h
CNO/GCE displayed the greatest electroactive surface area as expected due to the
opening and breakage of the outer graphitic layer of the CNO surface. The
electroactive carboxylic acid groups present on theGdO surface also contributes
to the inceased electroactive surface area. A combination of heteroatom doping and
presence of carboxylic acid groups on the-BXi-doped CNO surface attributed to
the increase in the electroactive surface area of th@&Nxiloped CNO/GCE. The
presence of the dopdteteroatoms in the Bidoped CNO structure decreased the
overall degree of CNO oxidation that they could undergo, resulting in fewer opening
and breakage points on the outer shell, and thus, decreasing the number of carboxylic
acid groups on the CNO surtaattributing to the lower surface area than the oxi

CNO/ GCE. The greater electroactive surface area of the two oxidized species may

MCp



also be influenced by the hydrophilicity of each oxidized CNO caused by the presence

of the carboxylic acid groups on tG&NO surface.
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Figure 21. Chronoamperometry and corresponding Cottrell plots of{Ahé B) p-
CNO, (C i D) BN-doped CNO,(E 7 F) oxi-CNO and(G 17 H) oxi-BN-doped
CNO/GCEs.

A practical issue aroseegarding the 1 mg mt suspensions employed
whereby upon standing, precipitation of the materials occurred over time, being
particularly evident with the-@€NOs and BNdoped CNOs. Both the 6xNOs and
oxi-BN-doped CNOs were more stable in EtOH due tontloee polar nature of the
surface functional groups which aided dispersion. In order to address this, various
dilutions of the CNO of choice were made o%£2, 1/5, 1/10and1/50 of the stock 1
mg mL?. Sonicating immediately prior to drop casting ortte electrode surface

helped to maintain more controllable surface loadings.



The polar functional groups which were introduced upon acid treatment (oxi
and oxiBN-doped CNOs) made these materials promising candidates for
electrodeposition of metal par@d. Prior work investigated the deposition of
nanoparticles onto -@NOs for durable oxygen reduction, ultigh energy
supercapacitors and enhanced field emission behdtidtrThe CNOs used in
previous studies were syntha=si through the thermal annealinf nanodiamond
powders, the combustion of whitedathin cotton and through a methane cracking
method*2% % The Pt nanoparticles (PtNPs) were applied to the resulting CNOs using
various methods. Firstly, the PtNPs were mixed well witherathan dispersed onto
the CNOs as both particles were of similar size. The PtNPs were then surrounded by
the CNOs, physically isolating them from other PtNPs, resulting in the Pt&NOs
Secondly, The CNOs were first activated with 2 I¥5iEs or 4 M HNQG; at 120 °C
followed by the treatment of the product with ethyleneglycol, deionized water and
HoPtCk at 140 °C, giving rise to ®EINOS®. The final PICNO composites were
prepared byinitially activating the pCNOs by refluxing overnight in HN The
resulting oxiCNOs were then washed with deisgd water and dried in an oven at
120 °C. The composite was preparedh®yaddition 00.57 15 pL of 0.1 M HPtCk
solution in HO into Q5 mL of a 0.2 mg mit CNO suspensigrultrasonicated for 5
min and then aged at room temperature for 24 Rbufsom considering the prior
work done using PtNPs on CNOs, a good foundation was laid down to apply the multi
potentiostatic pulse method to an -®-doped CNO/GCE, resulting in an
AUNP@oxiBN-CNO/GCE, to be used for the determination of NAC.

3.3.7. Gold nanoparticleelectrodeposition at the 6BN-doped carbon naronion

modified electrode

The oxiBN-doped CNOs were selected for AUNP deposition as firstly they
represent the most novel material and secondly, they exhibited favourable electron
transfer properties arising from the anionic/cationic probe studies. A dilution series
was performedio optimise loading with resulting 0.1, 0.05 and 0.02 mgmL
suspensions. 10 pL of each CNO suspension wasaksiponto a freshly polished
GCE and tested via cyclic voltammetry with 1 mM and 10 mM NAC. These NAC
samples were also tested using a bar& dfare AuE and a bare PtEdure 22 (A)
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T (F)). The NAC oxidation response was then compdreglte 23 (A) 1 (B)), where

the presence of the 6BN-doped CNOs did not increase the NAC oxidative response,
but instead the NAC oxidative response decreasktive to the unmodified GCE.
Interestingly, the signal decreased stepwise with decreasinBNogioped CNO
concentration due to less active sites on the GCE surface provided by the CNOs. In
order to investigate the influence of the AUNP on the mod@€&dE NAC signal, the

pulse electrosynthesis method optimised above was employed with the aim to
maximise the NAC response.
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Figure 22. Voltammetry of 1 mM NAC (redand 10 mM NAC (purple) in 0.1 M
H>SQOy (black) at the baréA) GCE, (B) bare AUE and GCEs modified with 10 pL of
(C) 1 mg mLY, (D) 0.1 mg mL?, (E) 0.05 mg mL! and(F) 0.02 mg mL?! oxi-BN-
doped CNOs from D 1.4 V at 100 mV s,
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Figure 23.Bar charts showing the oxidative respons€A)f1 mM and(B) 10 mM

NAC at the bare GCE, bare PtE, bare AUE and GCEs modified with 10 pL of 1 mg
mL?, 0.1 mg mL%, 0.05 mg mtt and 0.02 mg mtt oxi-BN-doped CNOs. The NAC
response was recorded between 1.38!5 V at the bare and each-®\-doped CNO
modified GCE while the NAC peak was measured at 1.12 and 1.11 V for the bare PtE
and bare AUE respectively.
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The combination of AuUNPs with cBN-CNOs were investigated at GCEs
modified with 10 pL of each oxBN-doped CNO samples (1 mg mL0.1 mg mL%,
0.05 mg mL! and 0.02 mg mt). This was carried out by firstly dregasting the
CNOs onto the fresh GCE surface. Once dried, the AuNPs were electrochemically
deposited using the optimised muptilse potentidatic method, as described in
sections 4.2 and 4.3. Once the AuNPs were deposited onto ea&iN-akiped
CNOJ/GCE, the resulting AUNP@o6BN-CNO/GCE were tested with 1 mM and 10
mM NAC samples in 0.1 M £8Qy by cyclic voltammetry from 0 1.5 V at 100 mV
s (Figure 24 (A) i (D)). Both NAC concentrations were comparEay(ire 25 (A) i
(B)) with the greatest response observed with the AuNPs electrodeposited at the GCE
modified with 10 pL of the 0.02 mg miof the oxiBN-doped CNO suspension, thus
identifying the optimum AuNP@ox8N-doped CNO. This may have been due to a
large amount of CNOs at the surface of the GCE. At lower concentrations, the oxi
BN-doped CNO solutions were more homogeneously suspewtiezh gave rise to
more uniform loadings each time onto the GCE. This thinner layer may have been
beneficial to the AUNP electrodeposition process as more active sites on the CNO
surface would have been accessible té*Aans in solution. At higher oxBN-doped
CNO concentrations, the CNOs clumped together which resulted an ununiform CNO

coating which would thus impact the electrodeposited AuNPs.
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Figure 24. Voltammetry of 1 mM NAC (redand 10 mM NAC (purple) in 0.1 M
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Figure 25.Bar charts showing the oxidative respons€A)f1 mM and(B) 10 mM
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Firstly, the AUNP@oxBN-doped CNO/GCEelectroactive surface area was
determined by estimating the charge passed during the Au reduction process and
comparing to the gold charge density factor (340 pC?ém The resulting
electroactive surface area of the AUNP@BN-doped CNO/GCE was calculated as
0.111 cm (relative to 0.0822 cffor the bare AuE). The AUNP@oRBN-doped
CNO/GCE was then characterised electroclattyi via scan rate studies, redox probe
and subsequently EIS analyses. Firstly, a scan rate study was performed at the
AUNP@oxiBN-doped CNO/GCE. This was carried out from 0.4.5 V over 10i
200 mV s In this study the anodic and cathodic faradagcesses were monitored
with respect to increasing scan rate. The anodic and cathodic responses increased
linearly with respect to increasing scan rd&g(re 26 (B)). Equatiord was used to
estimate the surf ace -BModomed GNOEGCE\Whichwas t he
found to lie withinl . 7i7L5 6 0 9'%io |1 120c m

//////////////////////////////

O —ouweeeeeceéeéééceceeceeeeéeééeeecece . 4

wherelp is the peak current (A)y is the number of eleans exchanged; is
Faradayo6s const anl,Ri¢tBecunivedd gascdristan? (8.8145mo |
K1 mol?), Tis temperature (K)Ais the electrode surface area @gnais the scan rate

(Vvsh) and G is the surf?ce coverage value

An anionic redox probe which comprised of 5 mM [Fe(g&) in 0.1 M
NaOH was used to further characterise the AuNP@dkidoped CNOs. The
voltammogram of the redox probe kigure 27 (A) displayed similar effects to that
at the AUNP/GCE irFigure 11 (A) where the peak separation drastically decreased
in the presence of the AUNP@eBN-doped CNOs, indicating that the electron
transfer process was much easier at the modified GCE. The [F#{¢Mhodic and
cathodic peaks were also more prominent at tbBIA@oxiBN-doped CNO/GCE
than at the bare GCE, further indicating that the presence of Au on the electrode
surface increased the accesibility of the surface.

EIS investigations followed using 5 mM [Fe(GNJ* in 0.1 M NaOH over 0.01
100,000 Hz with aramplitude of 5 mV. Information regarding the initial resistance
(Rs) and the charge transfer resistanceg) (6 the AUNP@oxBN-doped CNO GCE
were obtained, which were slightly lower than those obtained at the AUNP/GCE. The

capacitances were also obtalrat each electrode. In each case the capacitances of the



AuUNP and the AUNP@ox8N-doped CNO/GCEs were higher than that of the bare
GCE as expected @ble 5 possibly due to the capacitive nature of theBMi-doped
CNOs used in the AUNP@GEN-CNO/GCE.
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Figure 26 (A) Voltammetry of the AUNP@oxBN-doped CNO/GCE in 0.1 M5O
from 0.47 1.5 V from 10i 200 mV s'. (B) Plot of scan rate vs current density
monitoring the anodic and cathodic faradaic Au responses of the AuNFE®Rexi
doped CNO/GCE.
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Figure 27 (A) Voltammetry of 5 mM [Fe(CNJ** in 0.1 M NaOH at the bare (black)

and AuUNP@oxiBN-doped CNO/GCE (purple) fror®.27 0.6 V at 100 mV 3. (B)
Nyquist plot of the bare GCE (black) and the AuNP@B)-doped CNO/GCE
(purpl® in 5 mM [Fe(CN}** in 0.1 M NaOH with n from 0.01 100,000 Hzwith

an amplitude of 5 mV. Simulated EIS data is shown by the dashed line. E = 0.221 V
and 0.209 V for the bare and AUNP@®{il-doped CNO/GCEs, respectivekC)
Zoomed in image of the Nyquist plot highlighting the arc from the AuUNP @b
doped CNO/GCE.

From examining the Bode plots of the bare GCE and AuNP®Nxdoped
CNO/GCE Figure 28), the stability of each electrode was demonstrated. Firstly, the
Gain Margin of the AuUNP@oxiBNCNO-doped GCE was calculated as 2.19 Db
(2.961 Db for the bare GCE), thus the positive values demonstrate the stability of both

electrodes.

From examining th8ode plot inFigure 28 (B) maximum phase was
determined as72.7°, and-35.9° for the bare GCE and AuNP@®N-doped
CNOI/GCE, respectively. The high phase angle indicates that the AuNMB®Iexi
doped CNO/GCE displays some capacitive properties, howevenciralproperties
are more prominent. This was also observed for the AUNP/GCE. The curve for the
bare GCE occurs at a larger phase angle at lower frequencies, which suggests lower
ionic permeability and therefore greater insulating propeudfesach of te Au
modified GCEs, where the curve occurs at a lower phase angle and at higher

frequencies.
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The slope of the Bode magnitude plbigure 28 (A)) gives an indication on
the resistance and capacitance of the electrode in question. The slope of the bare GCE
was calculated a9.83, and at higher frequencies it was calculated as 0.0414 at higher
frequencies, thus demonstrating the capacitive behaviour of the bare GCE. For the
AUNP/GCE, the slope was calculated to-Bet7, and-0.41 at higher frequencies,
denonstrating the low capacitance of the CuF/GTese results support the highest
capacitance of bare GCE followed by the AUNP/GCE.
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Figure 28. Corresponding experimental (solid lines) and simulated (dashed lines)
Bode plos of the AUNP@oxBN-doped CNO/GCE (purplend bare GCE (black) in

5 mM [Fe(CN)6F# in 0.1 M NaOH with n from 0.01 100,000 Hz with an amplitude

of 5mV, where(A) shows tle log of the frequency vs gain af®l) shows the log of

the frequency vs the phase angle.
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Table 8.Comparison of the peak heights and potentials of 5 mM [Fe&NAat the
bare and AUNP@ox8BN-doped CNO/GCEs.

@A cm?) [ Ep@ (V) [ (apA B |Ep© (V) | @ pBY) | Ep12(V) | Ip@/Ip©
Bare GCE [8.61x10" |[0. 5547.89x10¢ |[-0.112 |0.666 |0.221 |1.092
AuNP@oxi- |1 . 1737028 1.07x16¢ [0. 1370143 [0.209 |1.094
BN-
doped/GCE

Table 9.Comparison of the &Rt and capacitances obtained from the EIS spectra for
both simulated and experimental data obtained at the bare and AuNB®&-oxiped

CNO/GCE.
Bare GCE AuNP@oxi-BN-doped
CNO/GCE
Experimental | Simulation Experimental | Simulation
Rs (Ohm) 69.30+ 0.66 67.30+£0.77 | 70.72+1.18 73.90+ 0.89
Rct (Ohm) 13560.70 + | 13662.64 + |305.28+17.22|304.10+18.02
389.86 391.97
Capacitance | 7.56 + 0.24 x | 6.33+ 0.25x | 1.31+ x 10° 1.74+ x 10°
(F) 107 107
Gain Margin | 2.96+ 0.03 2.95+0.04 2.191+0.03 2.226+ 0.02
(Db)
Phase Margin| 55.9+ 1.1 591+15 20+ 1.3 22.8+1.2
©)

3.3.8. Surface analysis of the electrodeposited gold nanoparticles @N\odoped

carbon nan@nion modified electrodes

From examining the HISEM images of théAuNP@oxiBN-CNO/GCEs,

clear Au structures were visible on the GCE surf@eggure 29 (A) i (D)). The

structures were dendritic, irregularly shaped cbkal gold structures with gold

protrusions radiating from a central point. Unlike the AuNP/GCE, the F@ixt

BN-CNOs appeared to be much larger in size and seemed to join up in chains and

clusters, forming a netwotlike structure at the GCE surface. The larger size of the

AuNP@oxiBN-CNOs may have been due to more nucleation sites for AUNP seeding
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to occur The abundance of nucleation sites has increased for two main reasons: 1) the
CNOs would allow for a larger electrode surface area, and so more Au could be
electrodeposited onto this larger graad 2) the oxBN-doped CNOs have negatively
charged carboptic acid functional groups otheir surface, which would have an
affinity for the positively charged At ions in solution, thus allowing for a larger
guantity of Au to be electrodeposited resulting in the larger particle size. This also
accounts for how the gold protrusions radiate from a central nucleation point, with an
oxi-BN-doped CNO at its centre. Tli-BN-CNOs that were initially drogasted

onto the GCE were not visible at the surface post AUNP electrodeposition due to the

carboxylic acid functional groups having an affinity for the*Aiens, ensuring that
all oxi-BN-dopedCNOs being covered in gl

Figure 29.HR-SEM images of the AUNP@GEBN-CNO/GCE at 5,000 %4), 10,000
x (B), 25,000 x C) and 50,000 x[¥) magnifications.

3.3.9. Electrochemical determination of&tetytL-cysteine at th&uNP @oxiBN-
doped CNO modified GCE

Firstly, 1 mM NAC was examined by CV at the optimum AuNP @B+
doped CNO/GCE. A very clear NAC oxidative response was observed at 1.05 V vs
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Ag/AgCl, as shown irFigure 30. It was also noteworthy that the Au reductieak

was suppressed in the presence of NAC. This was then studied dgv@o@imV st

and from plotting the scan rate against the peak height, it was clearly deduced that the
process was adsorption controlled. A clear dependence on scan rate was olsserved a
there was a 144 mV anodic shift of the NAC oxidative prodeigsife 31 (A) i1 (C)).

The AuNP@oxBN-doped CNO/GCE was then cycled in 1 mM NAEgure 32

(A)) and the response was monitoredrigure 32 (B), where the NAC oxidative
signaldecreased significantly during cycles %. After this point the signal continued

to decrease but to a much smaller degree. This may have been due to adsorption of
NAC to the Au on the GCE surface, diminishing the amount of NAC that could access
the eleatode surface, thus lowering the NAC response. NAC was than calibrated using
two supporting electrolytes, the first being in 0.1 MSKE4 and secondly in 0.1 M
sodium acetate buffer (pH 4.45). These calibration studies employed constant

potential coulometryhere Epp=1.15V for 5 s.
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Figure 30. Voltammetry of 1 mM NAC (red) in 0.1 M #$0Q; (black) at the
AuNP@oxiBN-doped CNO/GCE from D 1.5 V at 100 mV $.
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Figure 31 (A) Voltammetry of 1 mM NAC in 0.1 M EBQy at the AUNP@oxBN-
doped CNO/GCE from 0.4 1.5 V at 100 mV 3. (B) Plot of the scan rate vs current
density.(C) plot of the scan rate vs peak potential.
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Figure 32 (A) Voltammetry of 1 mM NAC in 0.1 M bBQy at the AUNP@o0xBN-
doped CNO/GCE from 0.41.5 V at 100 mV s for 15 cycles, cycles 1 and 15 shown
in black and red respectivelfB) Plot monitoring the NAC response over 15 cycles.

Firstly, NAC calibration studies were performed ipS@x at three electrodes
in triplicate: at the bare AuE, the eBN-doped GCE and at the AuNP@XIN-
doped CNO/GCHFigure 33 (A)1 (B)). The oxtBN-dopal CNO/GCE displayed the
lowest sensitivity at 1.380.43x 104 Q cm? mM (n = 3), followed by the bare AUE
(6.25+ 0.49% 10* Q cm? mM™) (n = 3) and the AUNP@oBN-doped CNO/GCE
(1.11+ 0.95% 103 Q cm? mM™) (n = 3). Secondly, NAalibration was performed
at the oxiBN-doped CNO and at the AUNP@€&N-doped CNO/GCEs in 0.1 M
sodium acetate buffer (pH 4.4@)igure 34 (A)T (B)). The oxiBN-doped CNO/GCE
yielded a sensitivity of 8.18 1.64 x 10° Q cm? mM* while the AUNP@oxBN-
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doped CNO/GCE resulted in sensitivity of 4¥®.126 x 10* Q cm? mM™. There
was an overall gold increase in sensitivity at the AUNP@dMN-doped CNO/GCE
relative to the oxBN-doped CNO/GCE.

In both cases the AuNP@eRiIN-doped CNO/GCE yielded thaighest
sensitivity. Although the sensitivity was higher in the 0.1 &6, the sensor in the
sodium acetate buffer solution was chosen as the background electrolyte in order to
avoid the more acidic conditions. The limit of detection (LOD) and (LOQ)esalere
then calculated as follows:

This resulted in LOD of 50.5% 0.13 uM for the AuNP@oxBN-doped
CNO/GCE while 774t 90.93uM was estimated in the case of the the BXi-doped
CNOI/GCE, indicating that the AUNP@eRN-doped CNO/GCE can detect NAC at
concentrations 15.33 times lower than theBXi-doped CNO/GCE. The LOQ value
was also significantly lower at the AUNP@@N-doped CNO/GCE at 16& 0.44
MM (LOQ = 2,581+ 303 uM for the the oxiBN-doped CNO/GCE), indicating that
NAC can be quantified 15.36 times lower than at theBididoped CNO/GCE using
this electroanalytical technigeomparison of sensitivitieOD and LOQ \aluesfor
the AUNP@oxiBN-doped CNO/GCE andxi-BN-doped CNO/GCEhown inTable
10).
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Figure 33 (A) Coulometry of 0.199 2.53 mM NAC in 0.1 M HSOy at the
AuNP@oxiBN-doped CNO/ GCEB) Corresponding calibrations of 0.1992.53
mM NAC in 0.1 M BSQO; at the oxiBN-doped CNO (black) AUNP@oBN-doped
CNO (red) modified GCE and bare AuE (purple) with E =1.15V for 5 s. (n = 3)



Figure 34 (A) Coulometry of 0.199 2.53 mM NAC in 0.1 M sodium acetate buffer
(pH 4.45) at the AUNP@oBN-doped CNO/GCHEB) Corresponding calibrations of
0.1991 2.53 mM NAC in 0.1 M acetate buffer (pH 4.45) at the-BX-doped CNO
(black) and the AUNP@oBN-doped QO (red) modified GCE with E = 1.15 V for
5s.(n=3)


















