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INTRODUCTION

Biomolecules are building blocks of living matter; therefore the development of
detection methods for biomolecules is important, especially for clinical applications. Among
the methods used for analytical purposes, the electrochemical detection methods are widely
used due to their selectivity, sensitivity, simplicity, rapidity and relatively low cost.

On the other hand, recently much attention is paid to the preparation of functionalized
nanoparticles having specific physical and chemical properties which can be used for the
preparation of analytical systems, capable to detect chemical species of biomedical interest.

In this context, was investigated the detection of three biomolecules: uric acid,
ascorbic acid and dopamine using electrochemical methods. Also, the conversion of
ammonium ion involved in the reductive amination of a-ketoisocaproic acid to L-leucine was
performed. Thus, modified gold electrodes with organic molecules (thiocytosine/ guanine)
and gold nanoparticles, and a modified biosensor based on gold nanoparticles and leucine
dehydrogenase were prepared. Modified electrodes with gold nanoparticles and thiocytosine/
guanine were tested as sensors for uric acid detection in the presence of ascorbic acid
interference, respectively for dopamine detection in the presence of its interferences uric acid
and ascorbic acid. The modified biosensor was used as a substrate for chemically bonded
enzyme needed for the electrochemical amination reaction for L-leucine synthesis.

The novelty aspects introduced by this thesis are:

v The use of guanine and thiocytosine molecules for gold nanoparticles self assembling
on the electrodes surface; thiocytosine molecules were used before only for
monolayers preparation;

v The use of multilayer modified electrodes for uric acid and ascorbic acid detection;

v' The use, in premiere, of leucine dehydrogenase for modified electrodes based on
thiocytosine and gold nanoparticles preparation;

v Tracking the conversion of ammonium ion involved in the reductive amination of -
ketoisocaproic acid to L-leucine using a modified electrode;

v" NADH electrochemical regeneration using the modified biosensor.



Modified electrodes based on noble metal nanoparticles capped with organic molecules

The PhD thesis is structured on 4 chapters.

The first chapter presents a brief review of the scientific literature on chemically
modified electrodes based on gold nanoparticles. A brief description of gold nanoparticles
synthesis methods and their applications in modified electrodes preparation is presented. Also,
in this chapter are presented some aspects about amino acid dehydrogenases and their use for
modified biosensors preparation.

In chapter 2 are described the experimental methods for the synthesis (using 3
methods) and characterization (UV-Vis and TEM) of gold nanoparticles used for surface
modification of gold electrodes. Also, is presented the preparation, morphological
characterization using atomic force microscopy and electrochemically chracaterization by
cyclic voltammetry and electrochemical impedance spectroscopy of modified electrodes.

Chapter 3 presents the results of a research focused on two directions: (1) detection
of uric acid in the presence of ascorbic acid interference; (2) detection of dopamine in the
presence of ascorbic acid and uric acid interferences. Modified gold electrodes were prepared
with thiocytosine/ guanine and gold nanoparticles. Modified electrodes exhibit
electrochemical activity toward the oxidation of uric acid in the presence of ascorbic acid
interference, respectively for the oxidation of dopamine in the presence of uric acid and
ascorbic interference.

In chapter 4 was prepared a modified biosensor with gold nanoparticles and leucine
dehydrogenase by self-assembly of gold nanoparticles with thiocytosine, followed by enzyme
immobilization. Biosensor was used both as an indirect ammonium sensor and as a substrate
for chemically bonded enzyme needed for the electrochemical amination reaction for L-
leucine synthesis. Also, the biosensor was used for NADH electrochemical regeneration (in

situ).

In the Summary, numbering of chapters/subchapters, figures and tables is that from
the thesis.

Key words: modified electrodes, gold nanoparticles, thiocytosine, guanine, leucine

dehydrogenase, uric acid, ascorbic acid, dopamine.
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ORIGINAL CONTRIBUTIONS

THESIS OBJECTIVES

The main objective of this thesis is preparation, characterization and testing of new modified
electrodes with gold nanoparticles and organic molecules in order to use them as sensors for

different organic and inorganic molecules detection.

To achieve this general objective were established several specific objectives:

v" Gold nanoparticles synthesis by Turkevich method, Turkevich-Frens method and a
method based on metallic salt reduction using a mixture of sodium citrate and sodium
borohydride;

v Gold nanoparticles characterization by transmission electron microscopy (TEM) and
UV-Vis spectroscopy;

v' The preparation of modified electrodes with thiocytosine/ guanine and gold
nanoparticles, respectively of a modified electrode (biosensor) with thiocytosine, gold
nanoparticles and leucine dehydrogenase;

v Modified electrodes characterization by atomic force microscopy (AFM) and specular
reflectance infrared Fourier transform spectroscopy (FTIR-RAS);

v' Testing of modified electrodes with organic molecules (thiocytosine/ guanine) and
gold nanoparticles as sensors for uric acid detection in the presence of its interference
ascorbic acid, respectively for dopamine detection in the presence of its interferences
uric acid and ascorbic acid,;

v' Testing of modified biosensor with thiocytosine, gold nanoparticles and leucine
dehydrogenase as indirect sensor for detection of ammonium ion involved in the

reductive amination of a-ketoisocaproic acid to L-leucine.
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CHAPTER 2
GENERAL EXPERIMENTAL METHODS

2.2. Gold nanoparticles synthesis

Gold nanoparticles (AuNPs) were synthesized using three methods: Turkevich method
(AuNPs-T), Turkevich-Frens method, a modification of Turkevich method (AuNPs-F) and a
method based on metallic salt reduction using a mixture of sodium citrate and sodium
borohydride (AuNPs-B). In this way, where obtained AuNPs with diameters between 30-40
nm using Turkevich method, respectively 40-45 nm using Turkevich-Frens method and 35-40
nm using the method with sodium citrate and sodium borohydride.

The prepared gold nanoparticles were characterized by transmission electron
microscopy (TEM) and UV-Vis spectroscopy.

2.3. Gold nanoparticles characterization

2.3.1. Transmission electron microscopy (TEM)

The gold nanoparticles (AuNPs-T, AuNPs-F) size and shape were examined by TEM. In
figure 2.1. are presented TEM images of AuNPs-T (figure 2.1.a) and AuNPs-F (figure
2.1.b). TEM images reveal the formation of spherical (AuNPs-T) or ovoid (AuNPs-F)
structures with size between 30 — 40 nm (AuNPs-T) and 40 — 45 nm (AuNPs-F). All samples
were diluted in double distilled water (1:4 volume ratio AuNPs:H20).

a

Figure 2.1 TEM images of gold nanoparticles: a ~AuNPs-T; b —~AuNPs-F
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2.3.2. UV-Vis spectroscopy

Gold nanoparticles prepared by reduction of gold salt with sodium citrate are
negatively charged. Figure 2.2 presents the ligand influence on the color of gold

nanoparticles.

Figure 2.2 Ligand influence on the color of gold nanoparticles

Figure 2.3 presents UV-Vis spectra of gold nanoparticles prepared by tetrachloroauric
acid reduction with sodium citrate. For AUNPs-T the maximum absorbtion is at 525 nm, while
for AuNPs-F is at 535 nm.

0.304 AuNPs-F
(A =535 nm)
0.25
AUNPs-T
0.20 (A =525 nm)

0.15 +

0.10

Absorbanta/a.u.

0.05

0.00

-0.05 T T T
400 500 600 700

Lungime de unda/nm

Figure 2.3 UV-Vis spectra of AUNPs-T and AuNPs-F (1:4 volume ratio AuNPs:H>0)

Figure 2.6 presents the UV-Vis spectra of gold nanoparticles obtained by citrate and
borohidryde reduction method (AuNPs-B) and AuNPs-B functionalized with thiocytosine.
The absorbtion peak for functionalized gold nanoparticles is shifted to higher wavelengths,
from 530 nm to 595 nm.
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AuNPs - B_TC
(A =595 nm)

0.5

0.4

0.3

AuNPs -B
0.2 (A =530 nm)

Absorbanta / a.u.

0.1

0.0 T T T
400 500 600 700

Lungime de unda/ nm

Figure 2.6 UV-Vis spectra of AUNPs-B and AuNPs-B functionalized with thiocytosine
(AuNPs-B_T), 1:0.3 AuNPs-B:TC

2.4. Preparation of modified electrodes with organic molecules and gold
nanoparticles

The modified electrodes with various layers were prepared in a closed Teflon cell. The
gold disk electrode was fixed in the cell and every layer was obtained, in the presence,
respectively, of: 2 mL alcoholic solution 10 M of thiocytosine or guanine for the first layer,
2 mL colloidal AuNPs for the second layer. Every solution was maintained 24 h on the disk

electrodes.

2.5. Modified electrodes characterization

2.1. Cyclic voltammetry (CV)
The electrochemical behavior of Au disk, Au/TC, Au/GU, Au/TC/AuNPs-T and

AU/GU/AUNPs-T electrodes was investigated by means of cyclic voltammetry. In figure 2.10
are shown the typical voltammograms for Au disk, Au/TC, Au/GU, Au/TC/AuNPs-T and
AU/GU/AUNPs-T electrodes recorded in Zobell solution (0.003M KsFe(CN)s si 0.003M
K4Fe(CN)s in 0.1M KCI).
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Figure 2.10 Cyclic voltammograms for (a) Au disk, Au/TC, Au/TC/AuNPs-T electrodes and
(b) Au disk, Au/GU, Au/GU/AUNPs-T in Zobell solution, scan rate 50 mV/s

These results suggest that all layers deposited onto the surface of disk electrodes do
not completely block it having a slight influence in decreasing the contact between the

solution and the gold surface.

2.5.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a powerful tool used for studying
electrochemical systems as well as the properties of modified electrodes surfaces. Modified
electrodes with thiocytosine/ guanine (Au/TC, Au/GU) and modified electrodes based on gold
nanoparticles (Au/TC/AuNPs, Au/GU/AuUNPSs) were investigated by means of electrochemical
impedance spectroscopy. Data fitting to equivalent circuit was performed using Nova 1.8
software (EcoChemie Netherlands).

In figure 2.15 (a and b) are shown the Nyquist plots of Au disk, Au/TC,
AU/TC/AuNPs, Au/GU and Au/GU/AuNPs electrodes. One can see that after each
modification step the Nyquist plot has changed, indicating that the immobilization of

thiocytosine/ guanine and of gold nanoparticles took place on the electrode surface.

10
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Figure 2.15 (a, b). Nyquist plots for: Au disk, Au/TC, Au/TC/AuNPs, Au/GU,
AuU/GU/AUNPs electrodes. The experiments were recorded in Zobell solution (0.003 M
K3Fe(CN)s and 0.003 M KsFe(CN)e in 0.1 M KCI), at an applied potential of +0.3 V vs

Ag/AgCI; the continuous lines represent the fit based on the equivalent circuit

2.5.3. Atomic force microscopy (AFM)

Modified electrodes with thiocytosine/ guanine and gold nanoparticles were
morphological characterized using atomic force microscopy.

In figure 2.17 (a) are shown 2D images of gold electrode modified with thiocytosine
and gold nanoparticles synthesized using Turkevich-Frens method (Au/TC/AuNPs-F). Ovoid

structures with about 60-70 nm average thickness are observed (3D image - b).

Au/TC/AuUNPs - F

[} 02 04 06 08 10 12 um

Figure 2.17 AFM images of Au/TC/AuNPs-F electrode: (a) — 2D height image; (b) — 3D
image

11
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In the case of modified electrode with guanine and gold nanoparticles (figure 2.18),

pyramid structures (a) with an average layer thickness of 60-80 nm are observed (b).

Au/GU/AuUNPs - F

Figure 2.18 AFM images of Au/GU/AuNPs-F electrode: (a) — 2D height image; (b) — 3D
image

AFM images recorded for modified electrodes with thiocytosine and gold
nanoparticles synthesized by reduction of metallic salt with citrate and borohydride
(AUu/TC/AuNPs-B) are presented in figure 2.19. Surface analysis reveals that the layer
thickness average is about 114 nm.

AU/TC/AuNPs - B

01 2 3 4 5 6 7 8 9 um

Figure 2.19 AFM images for Au/TC/AuNPs-B electrode: (a) — 2D height image; (b) — 3D
image

12
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CHAPTER 3

MODIFIED ELECTRODES WITH THIOCYTOSINE/ GUANINE AND
GOLD NANOPARTICLES FOR URIC ACID AND DOPAMINE
DETECTION IN THE PRESENCE OF ASCORBIC ACID
INTEREFERENT

3.2. Modified electrodes with thiocytosine/ guanine and gold nanoparticles

for uric acid detection in the presence of its intereferent ascorbic acid

Modified electrodes with different layers (Au/TC, Au/GU, Au/TC/AuNPs-T,
AU/GU/AUNPs-T, Au/TC/AuNPs-T/TC, Au/GU/AuUNPs-T/GU) were prepared and
characterized. A schematic illustration for modified electrodes preparation is presented in

figure 3.1.
1 117“ fff; LRI NH, v:i%‘@gy g
T 0 R e 2 e & GRS
S S S \;\r S SN 2
© CS ) ST TR G gai
Tlocltozma . H .
AuNPS Tiocitozina
clectrod de Au electrod Aw/TC clectrod AWTC/AUNPs ) electrod Aw/TC/AuNPs/TC
§ s Loi
2 < o N
: oo BB I
RN S O R Sl e

HN ' N &
S REERE
N N N N (\5‘5\5

. 2 e

Guanina (GU) AuNPs Guanina (GU)

electrod de Au electrod Aw/GU electrod Au/GU/AuNPs electrod Aw/GU/AuNPs/GU

Figure 3.1 Schematic illustration of modified electrodes preparation
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3.2.3. Electrochemical studies

The electrochemical behavior of modified electrodes with different layers was
investigated by means of cyclic voltammetry and electrochemical impedance spectroscopy.

The modified electrodes were tested as sensors for uric acid (UA) and ascorbic acid
(AA) detection in solutions containing either only one of the molecules, either both molecules
in mixture.

The measurements were performed in pH 7.2 PBS solutions containing various
concentrations of uric and ascorbic acid. Since the normal concentration for a healthy person
of UA in serum is 2-5 mg/100 ml and 1.4-4.4 mM in urine, our measurements are in the

range of 107> —1072 M, which include these values existing in human fluids.

3.2.3.1. Cyclic voltammetry

The voltammetric response of bare (Au disk) and modified electrodes with different
layers  (Au/TC, Au/GU, Au/TC/AuNPs,  Au/GU/AuNPs,  Au/TC/AuNPs/TC,
AU/GU/AuUNPs/GU) was tested in solutions containing various uric and ascorbic
concentrations.

Among all modified electrodes, the best to determine AA and UA are: Au/TC and
Au/GU. AuNPs brings a separation of peaks, but not as good as in the cases of first layer. It
follows that the AuNPs layer also may be well used to detect the two analytes. The second
layer of TC/GU deposited on AuNPs does not bring any improvements comparatively with
the AuNPs layer.

In figure 3.5 are presented the cyclic voltammograms recorded for Au/TC electrode in
solutions containing ascorbic acid (figure 3.5.a) or uric acid (figure 3.5b). One can see that
the peak separation is good (0.2 V vs. Ag/AgCl) due to the fact that the potential
corresponding to AA oxidation is negatively shifted (from 0.5 V to 0.35 V).

A similar behavior is observed in case of guanine modified gold electrodes (Au/GU).
Figure 3.6 presents the cyclic voltammograms recorded for Au/GU electrode in solutions
containing ascorbic acid (figure 3.6a) or uric acid (figure 3.6b). The peak separation is good
(0.2 V vs. Ag/AgCl), but compared with Au/TC electrode, in this case, the current density is
corresponding to the anodic voltammetric peaks is higher.

14
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From the calibration plots (figure 3.5 and 3.6) it can be seen that gold electrodes
modified with monolayer (Au/TC and Au/GU) respond linearly in the concentration range
10° — 102 M both in solutions containing ascorbic acid or uric acid.

Further was tested the electrochemical behavior of Au disk, Au/TC and Au/GU
electrodes in solutions containing mixture of ascorbic and uric acid.

In figure 3.11 is presented the electrochemical response of gold disk electrodes (Au
disk) in solutions containing mixture of ascorbic and uric acid.

Au disk in mixture of AA + AU

3.6
32 0.16
2.8
24 0.12
-2 o
§ 201 10°M £
<] 0.08 | 4
E16 p: 6x10, M
— 1.2 =
058 0.04 |
' 5
0.4 10 M
| -5
0.0 ] 0.00 10°M
T T T T T T T T T T T T T T T
00 02 04 06 08 00 02 04 06 08 1.0

E /V vs Ag(AgCl) E/V vs Ag(AgCl)

Figure 3.11 Cyclic voltammograms recorded for Au disk electrodes in mixture of ascorbic
and uric acid; scan rate 50 mV/s

Using bare gold electrodes only one oxidation peak is obtained at ~0.65 V vs.
Ag/AgCI, which includes both oxidation peak of AA and AU.

Figure 3.12 presents the electrochemical response of Au/TC (figure 3.12a) and
Au/GU (figure 3.12b) electrodes in solutions containing AA and AU in mixture. For both
modified electrodes is observed a very good peak separation: 0.270 V for Au/TC and 0.240 V
for Au/GU.

16



Modified electrodes based on noble metal nanoparticles capped with organic molecules

Au/TC in mixture of AA + AU (a)
3.3 3.6
20 0.16 3.3]Y,, = -0.004 + 158.49 x
0] tea
2.71 0.14 gg R?, =0.999
2.4] 0.12] 5 41Y,, = 0.001 + 304,67
4 . o 2 _
% i; % 0.0] x10°" = i; R, =0.999
8 g 18]
< 151 10°M ¢ 0.08 < 15
E 12 E o006/ = é-gf
S'Z’ 0.04+ 10°M 0.6
o3 2
0.0+ 0.00 -0.31 . . .
: : : : : : : : : : 0.000 0.003 0.006 0.009
00 02 04 06 08 00 02 04 06 08
/M
E/V vs Ag(AgCl) E/V vs Ag(AgCl) ¢
AU/GU in mixture of AA + AU (b)
3.6 -
33 0.18- 3.64y,, =-9.87 + 145.98 x
3.0] 0.16 g:g: R?, =0.999
2.7 0.14] . 2.71y,,=0.012 +322.45
2.4 x10 24] 2
¥ 0121 v 2R =099
g 2! « 010l g 214
S 18 , e S 18
£ 1.5] 10°M 2 0.08 - z 151
= 12 < 006 = 12]
0.9 = 0.04] 10°M g'gj
g'g, 10°M 0.024 0.31 m AA
0.0] el 0.004 g-g* m AU
00 02 04 06 08 00 02 04 06 08 0.000 0.003 0.006 0.009
E/Vvs Ag(AgCl) E/Vvs Ag(AgCl) c/M

Figure 3.12 Cyclic voltammograms recorded for Au/TC (a) and Au/GU (b) electrodes in
solutions containing ascorbic and uric acid in mixture; the corresponding calibration plots;
scan rate 50 mV/s

3.2.3.2. Electrochemical impedance spectroscopy (EIS)

The impedimetric behavior of bare gold electrodes (Au disk) and modified gold
electrodes with thiocytosine/ guanine (Au/TC, Au/GU), in solutions containing ascorbic acid
and uric acid, was investigated. The measurements were performed at +0.55 V vs. Ag/AgCl in
ascorbic acid solutions and at +0.55 V vs. Ag/AgCI in uric acid solutions. Data fitting to
equivalent circuit was performed using Nova 1.8 software (EcoChemie Netherlands).

In figure 3.13 are shown the Nyquist plots of Au disk electrode. EIS spectra were
recorded in PBS solution containing various concentrations of ascorbic acid/ uric acid (10 -
10°M). One can see that Au disk has same behavior in solutions containing ascorbic acid or
uric acid, without significant differences in terms of solution resistance and charge transfer

resistance.
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Figure 3.13 (a) Nyquist plots for Au disk electrode in PBS solution containing various
ascorbic acid/ uric acid concentrations; the continuous lines represent the fit based on the

equivalent circuit (b)

Next, modified electrodes with thiocytosine/ guanine (Au/TC, Au/GU) were

investigated by means of EIS. Nyquist plots (figure 3.14 a and b) show a variation of R¢t with

concetration inc
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Figure 3.14 Nyquist plots for: a — Au/TC electrode and b — Au/GU electrode in PBS solution
containing various ascorbic acid/ uric acid concentrations; the continuous lines represent the

fit based on the equivalent circuit (b)
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With increasing concentration there is a decrease of Rc; the Rct decrease can be
attributed to the fact that at high concentrations of uric acid or ascorbic acid the number of

molecules which are oxidized at electrode surface is higher.

3.3. Modified electrodes with thiocytosine and gold nanoparticles for

dopamine detection in the presence of its interferents uric acid and ascorbic

acid

3.3.1. Electrochemical studies — differential pulse voltammetry

Modified electrodes with thiocytosine (Au/TC) and thiocytosine — gold nanoparticles
(Au/TC/AuNPs-B) were tested as sensors for dopamine (DA) detection in the presence of its
interferences ascorbic acid (AA) and uric acid (AU).

It is well known that one of the major problems in the determination of DA is its
interference with AA, due to the fact that DA and AA oxidation occur at same potential.
Moreover, AA concentration in biological fluids is found to be much higher (normal values:
AA — serum 60-80 puM, urine 95-270 uM, DA — serum <0.0001 puM, urine 0.34-3.139
uM/24h).

In figure 3.15 are presented differential pulse voltammograms recorded for bare gold
electrode (Au disk). One can see that gold electrode response to dopamine oxidation is good
(figure 3.15a) and responds linear in the concentration range 2.5x10° — 2.6x10° M (inset).
But, using this bare gold electrode is not possible to detect dopamine in a mixure (DA and
AA) (figure 3.15b).
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Figure 3.15 (a) DPVs recorded for Au disk electrode in pH 7.2 PBS containing DA: 2.5x10®
M — 2x10° M, inset: linear response in concentration range 2.5x10% M — 2x10°M; (b) DPVs
recorde for Au disk electrode recorde in solutions containing DA (successive addition of 2.5
uM) and AA (successive addition of 6.5 M)
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Figure 3.16 presents the electrochemical response of thiocytosine modified electrodes

(AU/TC) in solutions containing DA and AA. Using these modified electrodes did not bring

significant improvements regarding selective detection of dopamine in a mixture DA — AA,

however one can see a split of voltammetric peak.
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E/V vs Ag(AgCl)

Figure 3.16 DPVs recorded for Au/TC electrode in pH 7.2 PBS containing DA (5 uM) and
AA —successive addition: a) 0, b) 5, ¢) 5, d-h) 10 uM

Modified gold electrodes with thiocytosine and gold nanoparticles (synthesized by

metallic salt reduction using a mixture of sodium citrate and sodium borohydride) —

Au/TC/AuNPs-B were used to modify the oxidation potential of these biomolecules, in order

to detect DA and AA simultaneous. The electrochemical response of Au/TC/AuNPs-B

electrode in pH 7.2 PBS containing various dopamine concentrations is presented in figure

3.18.
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Figure 3.18 (a) DPVs recorded for Au/TC/AuNPs-B electrode in pH 7.2 PBS containing DA:
2x1077 — 1.44x10° M; (b) linear response of the modified electrode in the concentration range:
2x107 — 1.44x10° M
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The gold nanoparticles modified electrode (Au/TC/AuNPs-B) was next tested for
dopamine detection in the presence of AA (figure 3.19a). One can see a positive shift of the
peak potential corresponding to AA oxidation. In solutions containing DA, AA and AU only
two peaks are obtained: one corresponding to dopamine oxidation (+0.15 V vs. Ag/AgCl) and
the other corresponding to ascorbate and uric acid oxidation (+0.35 V vs. Ag/AgCl). One can
see that dopamine oxidation peak is not influenced by the presence of interferences, even if
they are found in high concentration. A limitation of Au/TC/AuNPs-B electrode use is that it
cannot discern between AA and AU oxidation potential (figure 3.19b).
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Figure 3.19 (a) DPVs recorded for Au/TC/AuNPs-B electrode in solutions containing DA
(successive addition of 2.5 uM) and AA (successive addition of 6.5 uM); (b) DPVs recorded
for Au/TC/AuNPs-B electrode in solutions containing DA: a-c) 20 uM, d) 50 uM; AA: a-d)

52 uM and AU: a) 0, b) 50, c-d) 100 uM
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CHAPTER 4

MODIFIED BIOSENSOR WITH LEUCINE DEHYDROGENASE FOR
DETERMINATION OF AMMONIUM ION INVOLVED IN THE
REDUCTIVE AMINATION OF a-KETOISOCAPROIC ACID

4.2 Preparation of modified biosensor with leucine dehydrogenase

A new modified biosensor based on gold nanoparticles and leucine dehydrogenase
was developed. The illustration of modified biosensor preparation is presented in figure 4.1.

¢899

Au Au Au Au Au Au Au Au
& kegs 5988 5888
—_— e
Au disk electrode Au/TC electrode Au/TC/AuNPs electrode Au/TC/AuNPs/LeuDH electrode
S Tc Au _ AuNPs LeuDH
2

Figure 4.1 Illustrative representation of leucine dehydrogenase biosensor

4.4. Electrochemical studies

The modified biosensor response was investigated by chronoamperometry for indirect
quantification of ammonium ion (NH4*) involved in the reductive amination of a-
ketoisocaproic acid to L-leucine. This reaction takes place in the presence of ammonium
chloride, as nitrogen source, and nicotinamide adenine dinucleotide (NADH), as cofactor. The
developed leucine dehydrogemase biosensor acted both as a substrate for chemically bonded
enzyme needed for the electrochemical amination reaction for L-leucine synthesis and as
indirect sensor to monitor the ammonia conversion. In the same time the modified electrode

was used and for the electrochemical NADH regeneration.

22



Modified electrodes based on noble metal nanoparticles capped with organic molecules

4.4.1. Cyclic voltammetry

In the presence of ammonium ion, LeuDH catalyzes the conversion of a-
ketoisocaproic acid to L-leucine. During the enzymatic reaction, NADH is oxidized to NAD*
and generates two electrons which lead to the increase of the current proportional with the
concentration of ammonium ion. Thus, the electrocatalytic oxidation of NADH could be used
for the indirect quantification of ammonium ion concentration.

To establish the optimum working potential two experiments were performed with the
AU/TC/AuNPs/LeuDH modified biosensor (figure 4.7a and b).

In the first experiment, the modified electrode was immersed in pH 8 PBS that
contained 60 mM a-ketoisocaproic acid and 7.2 mM NADH and CVs were recorded before
(Fig. 4.7a-black line) and after the addition of 60 mM ammonium ion (Fig. 4.7a-red line).
The oxidation peak at around +0.5 V may be attributed to the oxidation of NADH, which
slightly increased after the addition of the ammonium ion.

In the second experiment, the modified electrode was immersed in pH 8 PBS that
contained 60 mM a-ketoisocaproic acid and 60 mM ammonium ion and CVs were recorded
before (Fig. 4.7b-black line) and after the addition of 7.2 mM NADH (Fig. 4.7b-red line). In
this case, one can see a considerably increase of NADH oxidation peak (around +0.8 V).
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Figure 4.7 Cyclic voltammograms of Au/TC/AuNPs/LeuDH modified electrode, in the
absence and presence of 60mM NH4" ion (a) and in the absence and presence of 7.2 mM

From the above results it was concluded that the optimum working potential for

AU/TC/AuNPs-F/LeuDH biosensor is +0.8 V vs. Ag/AgCI.
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4.4.2. Chronoamperometry

Further measurements were performed using chronoamperometry at an applied
potential of +0.8 V vs. Ag/AgCI.

In figure 4.8 is presented the chronoamperogram recorded at Au/TC/AuNPs-F/LeuDH
biosensor for successive additions of 7.2 mM NADH to the reaction mixture containing 60
mM a-ketoisocaproic acid and 60 mM ammonium ion (Fig. 4.8a). Calibration plots are
presented for both NADH successive additions (Fig. 4.8b) and indirect ammonium ion
concentration (Fig. 4.8c).
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Figure 4.8. (a) Chronoamperogram obtained at Au/ TC/ AuNPs-F/ LeuDH modified

concentration range; lo — is background current

electrode for successive addition of 1.2 mM NADH,; (b) linear response in the 2.4 — 7.2 mM
NADH concentration range; (c) indirect calibration plot of ammonium ion in the 20 — 60 mM

The sensitivity of the leucine dehydrogenase modified electrode was calculated using

calibration plot (Fig. 4.8¢) and it was found to be 0.91x10° A/ M.
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4.43. In situ regeneration of NADH using Au/TC/AuNPs-F/ modified
biosensor

NADH in situ regeneration was performed using chronoamperometry without
changing the electrodes configuration and the electrolyte. The immobilized leucine
dehydrogenase facilitates the electrons transfer and the addition of one atome of hydrogen to
NAD". The experiments were carried out at -0.6 V vs. Ag/AgCl for 1200 seconds.

In figure 4.12 are presented the chronoamperograms obtained for
Au/TC/AuNPs/LeuDH modified electrode in the presence of 7.2 mM NADH (black line) and
after NADH regeneration (red line).
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Figure 4.12 Chronoamperograms obtained at Au/TC/AuNPs-F/LeuDH modified electrode in
the presence of 7.2 mM NADH (black line) and after NADH regeneration (red line)

After the NADH regeneration a new chronoamperogram was recorded and the
conversion of ammonium ion was improved with 20 %. As a result, after two cycle of
recorded chronoamperometry the total conversion of ammonium ion is 80 percent. This
experiment can be repeated several times in order to obtain a better ammonium ion

conversion.

4.4.5. Method validation using Berthelot reaction

The Berthelot spectrophotometric method was used to confirm the ammonium ion
determination, with the enzyme modified electrode. This method is based on the indophenol
blue formation which takes place in two steps: first, mono-chloroamines are formed by the
addition of hypobromide to the ammonium samples followed by the indophenol blue
preparation from the reaction of mono-chloramines with phenol. In the absorption spectrum
this product has a maximum absorption peak at 625 nm.
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Table 2 Comparative results for ammonium ion determination using chronoamperometric and
Berthelot methods

Ammonium ion concentration

Experiment [mM] Error
Chrononamperometric Berthelot method [%0]
method
1 24.50 24.00 +2.08
2 28.90 28.00 +3.21
3 29.00 30.00 -3.33

In Table 2 are presented comparatively the data obtained with the modified electrode
and Berthelot method. One can see that there are not significant differences between the
results obtained with these two methods.

CONCLUSIONS AND PERSPECTIVES

GENERAL CONCLUSIONS

This thesis was focused on two directions: (1) development of new modified
electrodes with organic molecules and gold nanoparticles for biomolecules detection and (2)
development of a new biosensor based on gold nanoparticles and leucine dehydrogenase for
indirect detection ammonium ion involved in the reductive amination reaction of the a-
cetoizocaproic acid to L-leucine.

The main results achieved during the thesis are:

v Gold nanoparticles (AuNPs) were synthesized using three methods: Turkevich method

(AuNPs-T), Turkevich-Frens method, a modification of Turkevich method (AuNPs-

F) and method based on metallic salt reduction using a mixture of sodium citrate and

sodium borohydride (AuNPs-B);

v The prepared gold nanoparticles were characterized by UV-Vis spectroscopy and

TEM;

v" Were prepared modified gold electrodes with:
o organic molecules: Au/TC, Au/GU,;
o organic molecules and gold nanoparticles: Au/TC/AuNPs-T, Au/GU/AuNPs-
T, Au/TC/AuNPs-F, Au/TC/AuNPs-B;
o multilayers: Au/TC/AuNPs-T/TC; Au/GU/AuNPs-T/GU.
v' The prepared electrodes were characterized by atomic force microscopy (AFM) and

specular reflectance infrared with Fourier transform spectroscopy (FTIR-RAS);
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v

The modified electrodes (Au/TC, Au/GU, Au/TC/AuNPs-T, Au/GU/AuUNPs-T,
Au/TC/AuNPs-T/TC; Au/GU/AuUNPs-T/GU) were tested as sensors for uric
detection in the presence of its interference ascorbic acid;

Among all modified electrodes, the best to determine uric acid are: Au/TC, Au/GU
and satisfactory results were obtained with Au/TC/AuNPs-T, Au/GU/AuUNPs-T;
Au/TC/AuNPs-B modified electrodes exhibit electrochemical activity towards the
oxidation of dopamine, not only in the absence of interferences but also in their
presence. However this electrode cannot discern between AA and AU oxidation
potential,

The modified electrodes have good reproducibility, stability and sensitivity;

A new amperometric biosensor based on gold nanoparticles and leucine
dehydrogenase was developed: Au/TC/AuNPs-F/LeuDH;

The biosensor acted both as an indirect ammonia sensor and as a substrate for
chemically bonded enzyme needed for the electrochemical amination reaction for L-
leucine synthesis;

Using Au/TC/AuNPs-F/LeuDH biosensor the reductive amination was performed
with only one enzyme (leucine dehydrogenase) and in the same time NADH was in
situ regenerated;

As compared to the Berthelot spectrophotometrically method, the developed biosensor
demonstrated its suitability for rapid analysis of ammonium ion.

The biosensor exhibits good analytical performance, reproducibility and stability for

ammonium ion analysis.

PERSPECTIVES

The future work will be focused on the following topics:

o

The improvement of the experimental conditions for simultaneous detection of
dopamine, uric acid and ascorbic acid using Au/TC/AuNPs-B modified electrode.
Optimization of experimental conditions could lead to a shift of oxidation potential of

the analyzed species, and as a result, a voltammetric peak separation.

The developed biosensor will be improved and used for the biosynthesis of °N
labelled L-leucine. N labelled L-leucine will be synthesized by the reductive
amination of a-ketoisocaproic in the presence of LeuDH, immobilized on the electrode
surface, NADH as cofactor and >NH4CI, as source of isotope °N.
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