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Lénda: Pélgimi nga mentori pér dorzimin e doréshkrirnit té temés sé doktoratés me titull:
“Biosensori elektrokimik bazuar né tirozinazé pér pércaktimin e komponimeve fenolike”

dhe né gjuhén angleze : )
“Tyrosinase based electrochemical biosensor for determination of phenolic compunds”

Mendimi:

Doréshkrimi i temés sé doktoratés pérmban rezultatet né fushén e kimisé analitike konkretisht né
fushén e elektroanalitikés, qé kané té béjné me zhvillimin e sensoréve dhe biosensoréve
elektrokimik pér pércaktimin e komponimeve fenolike. Fokusi éshté i vendosur né komponimet
fenolike me veti antioksiduese pér destinime farmaceutike.

Metodat elektrokimike, si voltametria ciklike dhe amperometria hidrodinamike jané pérdorur pér
zhvillimin e sensoréve né fjalé, konkretisht pér té hulumtuar sipérfaget e elektrodave,
mekanizmin e reaksioneve redokse, efektet e modifikueseve dhe performacat pér sistemet
analitike t& trajtuara.

Si elektroda punuese jang pérdorur kryesisht materiale nga karboni si: karbon qelqor, pasté e
grafitit, diamant i dopur me bor dhe elektroda t& printuara té karbonit. Ndérsa si modifikues jané&
pérdorur grafeni, nanotuba t& karbonit dhe enzima (tirozinazg).

Rezultatet e fituara kang treguar q& biosensori elektrokimik i bazuar né pérdorimin e elektrodave
té printuara t€ karbonit t& llojit DS-150, t¢ modifikuara me grafen dhe tirozinazé &sht& shumé
efektiv né pércaktimin e paracetamolit né tabletat farmaceutike dhe gjithashtu né mostrat
fiziologjike t€ cilat kan€ njé matriks mjaft komplekse si¢ &shté urina ku pércaktimet jané shpesh
heré té véshtira pér shkak t& interferimeve nga pérbérésit e matriksit. Késhtu biosensori ne fjalé
ka arritur lé_operojé né potencial(E) 0.00 V, rend linear deri né 130 pmol L', limit & pércaktimit
1.1 umol L !, Gjithashtu edhe biosensorét tjeré jang treguar té afté pér t& pércaktuar polifenolet
dhe kapacitetin total antioksidues.

Sensorét e zhvilluar jané krahasuar me metoda tjera standarde dhe kang treguar korrelacion té
miré sa i pérket rezultateve gjaté matjeve né mostra reale ose standarde.

Si argument i asaj q¢€ u tha mé larté, nga kéto hulumti i e
shkencoré né revista me faktor t& impaktit dhe té gjitha tén;:disl::fara::::ﬂif:::;en :[:r::-‘k.uj
té kohes, por gjithashtu rezultatet e arritura jané prezantuar edhe & konf m ibile
ndérkombétare. NE Konferenca t&€ ndryshme
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dhe jané realizuar pjesémarrje né kéto konferenca shkencore:

1. Arbér Frangu, Tahir Arbneshi, Kurt Kalcher, Milan Sys:
antioxidant capacity using boron doped diamond electrode in flow injection
mode”, 34 Webinar on Nanotechnology & Nanomaterials, March 22-23,2021

9. Arbér Frangu, Tahir Arbneshi, Milan Sys: "Electrochemical characterization of
screen-printed carbon electrode modified with graphene and tyrosinase for
direct determination of paracetamol", Ist INTERNATIONAL CONGRESS ON
NATURAL SCIENCES, (10-12 SEPTEMBER 2021 Atatiirk  University,
ERZURUM, TURKEY)

3. Arbér Frangu, Tahir Arbneshi, Milan Sys "Electrochemical characterization of
screen-printed carbon electrode modified with graphene and tyrosinase for
direct determination of paracetamol", TNT2021 International Conference (Tirana-
Albania, October 04-08, 2021).

2. A. Frangu, AM. Ashrafi,

«Determination of total

Bazuar né até qé u tha mé larté, né cilési t& mentorit mendoj se hulumtimi i pgrmbush kriteret e
punimit t& doktoratés, paraget kontribut domethénés né elektroanalitiké sidomos né fushén e
biosensoréve elektrokimik dhe si tillé i pérmbush kriteret pér procedim sipas rregullores s€
studimeve té doktoratés né Universitetin e Prishtinés.
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‘Biosensori elektrokimik bazuar né tirozinazé pér pércaktimin e komponimeve fenolike"

» “Tyrosinase based electrochemical biosensor for determination of phenolic compunds”

Mendimi:

Teza e dokloratés pérmban pérmban rezultatet né fushén e kimisé analitike konkretisht né fushén e elektroanalitikés, qé kané té |

béjné me zhvillimin e sensoréve dhe biosensoréve elektrokimik pér pércaktimin e komponimeve fenolike. Fokusi &shté i vendosur né
komponimet fenolike me veti antioksiduese pér destinime farmaceutike.

Metodat elektrokimike, si voltametria ciklike dhe amperometria hidrodinamike jané pérdorur pér zhvillimin e sensoréve

konkretisht pér té hulumtuar sipérfaget e elektrodave, mekanizmin e reaksioneve redokse, modifikueseve dhe
pér sistemet analitike té trajtuara, s -

Si eleklroda punuese jané pérdorur kryesisht materiale nga karboni si: karbon qelqor, e dopur me b
elekroda ( printuara 1 karbonit. Ndérsa s modifues Jand pérdorur rafen, nanotin (6 e bl (ﬂm‘ me.mm ;

Rezulatt  fuara kané treguar Q8 biosensorelekrokimik | bazuar né pérdorimin 6 elekirodave (8 orntiare
150, 16 modifikuara me grafen dhe tirozinazé éshté shumé efektiy né umn% o o
gjithashtu né mostrat fiziologjike té cilat kané njé matriks mjaft komplekse sig éshté urina ku drcaktimet
o G 18 13 ol L i 6 e 1 cenior e el ka arur 8 perf né poencial)
near pmol L1, limit mit 1.1 pmol L. Gjithashtu edhe biosensorat tiers ian SRS
pofenltchekapaoetn ol anoksidues : Plosatacrs Yrd jand roguar 8 o p
sorét e zhvilluar jané krahasuar me metoda ljera standarde dhe kané Ireguar korrelacion t& miré <a |
matjeve né mostra reale ose standarde. Woguar Korrlacion 6 mirs.

Si argument | asaj é u tha mé larté, nga kéto hulumtime éshté arritur ‘botohen
ndikimi dhe té gjitha té indeksuara né platformat mé kredibile (& kohés. Gjith
konferenca t& ndryshme shkencore me karakter ndérkombeétaré, Gl
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dhe jané realizuar pjesémarrje né kéto konferenca shkencore:

1. Arbér Frangu, Tahir Arbneshi, Kurt Kalcher, Milan Sys: “Determination of total antioxidant capacity using boron
doped diamond electrode in flow injection mode”, 3rd Webinar on Nanotechnology & Nanomaterials, March 22-23,
2021.

2. Arbér Frangu, Tahir Arbneshi, Milan Sys: "Electrochemical characterization of screen-printed carbon electrode
modified with graphene and tyrosinase for direct determination of paracetamol", 1st INTERNATIONAL CONGRESS
ON NATURAL SCIENCES, (10-12 SEPTEMBER 2021 Atatiirk University, ERZURUM, TURKEY).

3. Arbér Frangu, Tahir Arbneshi, Milan Sys “Electrochemical characterization of screen-printed carbon electrode
modified with graphene and tyrosinase for direct determination of paracetamol”, TNT2021 International Conference
(Tirana-Albania, October 04-08, 2021).

Bazuar né até gé u tha mé larté, né cilési té mentorit mendoj se hulumtimi i pérmbush kriteret e punimit t& doktoratés, paraget
kontribut domethénés né fushé e elektroanalitikés sidomos né fushén e biosensoréve elektrokimik dhe si tillé i peérmbush kriteret pér
procedim sipas rregullores sé studimeve té doktoratés né Universitetin e Prishtinés.
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DETERMINATION OF TOTAL ANTIOXIDANT CAPACITY USING
BORON DOPED DIAMOND ELECTRODE IN FLOW INJECTION MODE

Arbér Frangu', Tahir Arbneshi’, Kurt Kalcher?, Milan Sys?

"University of Prishtina, Republic of Kosovo
‘Karl-Franzens University, Austria
"University of Pardubice, Czech Republic

Abstract

Bor(m-doped diamond electrode (BDDE) shows good response on quantification of antioxidants as
total antioxidant capacity (TAC), using flow injection analysis (FIA) system. As reference substances,
hydroquinone (HQ) and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) were
studied in more details. The sensor could be operated under neutral pH (0.1 mol L' phosphate buffer),
injection volume 100 pL, with an operating potential +0.6 V (vs. Ag/AgCl). However, BDDE shows higher
responses at more positive potentials. The limits of detection (LOD) were 0.045 mg L' and 0.95 mg L
for HQ and Trolox, respectively. The repeatability was 1.64 % RSD (20 injection) and 2.59 % RSD (21
injection) for HQ and Trolox. Flow rate of 1 mL min" for both HQ and Trolox was chosen as optimum.
A relatively low background current makes to be BDDE useful for FIA analysis with amperometric

detection at high positive potentials.
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ELECTRODE MODIFIED WITH GRAPHENE AND TYROSINASE FOR DIRECT
DETERMINATION OF PARACETAMOL.

Mse. Arbér Frangu, Drsc. Tahir Arbneshi
Department of Chemistry, Foculty of Mathematics and Natural Sciences, University of Prishtin, Str
Mother Teresa, 10 000 Prishtina, Republic of Kosovo
Dir.se. Milan Sys
Department of Analviical Chemistry, Fi
Studeniskd 573

ity of Chermical lechnobogy, Limversaty of Pardubice,
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Corresponding anthor: milan.sysfupee.ce
(ORCTIN: (M00-02-39%2-3659)

ABSTRACT

The gim of this study was to develop an amperometric biosensor utilizing mushroom
{Agaricus bisporus) tyrosinase (EC 11418, 1) suitable for the selective determination of
acetaminophen in human wrine, The presented biological device was hased on a
commercial screen-printed  carbon electrode covered with o thin graphene  layver
(transducerh with an enzyme (bicreceptor) immobilized with glutaraldelvde and Nafion.
Owing to the use of tyrosinase and presence of NFG, the developed analytical
instrurnent 5 able o measure even at potentials of 0V, Linear ranges differ according 1o
chonse of detection potential, namely up to 130 pmel L1 at 00V, up to 90 pmel L7 at
0.1 %, and up to 70 pmol L Ut —0.1% V. The first mentioned linear range 15 descnbed
by the equation Tp [uA] = 0,236 — 0.1984e [pmol L7'] and correlation coefficient ¢ =
0.9987. The limit of detection of APAP was estimated to be 1.1 pmol L0 A recovery of
B0 8% (¢ = 25 pmol L', n = 5 measurements) was caleulated. Best flow rate in flow
injection analysis was 0.6 mLomin™, Tt can be stated that this biosensor can be used o
detect parpcetamol i very complex samples such as urine, for the possibility of
operation at potential 0V,

Keywards:
Tyrosinase

Acetaminophen, Amperomeiry, Biosensor, Flow injection analysis,
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ELECTROCHEMICAL CHARACTERIZATION OF
SCREEN-PRINTED CARBON ELECTRODE
MODIFIED WITH GRAPHENE AND TYROSINASE

FOR DIRECT DETERMINATION OF PARACETAMOL
Arbér Frangu®
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Abstract

The aim of this study was to develop an amperomaetric biosensor utilizing mushreom (Agaricus bisporus)
tyrosinase (EC 1.14,18.1) suitable for the selactive determination of acetaminophen in human urine, The
presented biological device was based on a commercial screen-printed carbon electrode covered with a thin
graphene layer [transducer) with an enzyme (bioreceptor) immaobilized with glutaraldehyde and Mafion,
Owing to the use of tyrosinase and presence of NFG, the developed amalytical instrument is able to measure
even at potentials of O V. Linear ranges differ according to choose of detection potential, mamely up to 130
pmol Ut at 0, up to 20 pmol L at -0.1 Y, and up to 70 pmol L7 at -0.15 ¥, The first mentioned linear range
it deseribed by the equation Ip [ua] = 0.236 - 0,1884¢ [pmal L] and correlation coefficient r = 09387, The
limit of detection of APAP was estimated to ke 1.1 ymal L A recovery of 968% (c= 25 pmal L, n=5
measurements) was calculated, Best flow rate in flow injection analysis was 0.6 mL-min™, It can be stated that
this bicsensor can be used to detect paracetamal in very complex samples such as uring, for the possibility of
operation at potential OV,
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Abstract

An amperometric biosensor compatible with a flow injection analysis (FIA) for highly selective determination of acetaminophen
(APAP) in a sample of human urine was developed. This biosensor is also suitable for use in the routine pharmaceutical practice.
To prove this statement, two different commercially available pharmaceutical formulations were analyzed. This
nano-(bio)electroanalytical device was made from a commercially available screen-printed carbon electrode covered by a thin
layer of non-functionalized graphene (NFG) as amperometric transducer. A biorecognition layer was prepared from mushroom
(Agaricus bisporus) tyrosinase (EC 1.14.18.1) cross-linked using glutaraldehyde, where resulting aggregates were covered by
Nafion®, a known ion exchange membrane. Owing to the use of tyrosinase and presence of NFG, the developed analytical
instrument is able to measure even at potentials of 0 V. Linear ranges differ according to choice of detection potential, namely up
to 130 pmol L™" at 0 V, up to 90 pumol L™" at —0.1 V, and up to 70 pmol L™ at —0.15 V. The first mentioned linear range is
described by the equation £, [uA]=0.236 — 0.1984c [umol L' and correlation coefficient = 0.9987; this equation was used to
quantify the content of APAP in each sample. The limit of detection of APAP was estimated to be 1.1 umol L™!. A recovery of
96.8% (c =25 umol L', n = 5 measurements) was calculated. The obtained results show that FIA is a very selective method for
APAP determination, being comparable to the chosen reference method of reversed-phase high-performance liquid
chromatography.

Keywords Acetaminophen - Amperometry - Biosensor - Flow injection analysis - Tyrosinase - Human urine

Introduction

Acetaminophen (APAP), known also as paracetamol, is a p-
aminophenol derivative (N-acetyl-p-aminophenol) with anal-
gesic and antipyretic activities. APAP has widely replaced
acetylsalicylic acid use in medicine [1]. In many countries,
APAP is usually used as an alternative to aspirin and phenac-
etin [2]. The usual dose for adults is one or two 500 mg tablets

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/500216-019-01687-4) contains supplementary
material, which is available to authorized users.

< Milan Sys
milan.sys@upce.cz

Department of Chemistry, Faculty of Mathematics and Natural
Sciences, University of Prishtina, Str. Mother Teresa, 10
000 Prishtina, Republic of Kosovo

Department of Analytical Chemistry, Faculty of Chemical
Technology, University of Pardubice, Studentska 573, 532
10 Pardubice, Czech Republic

up to four times in 24 hours. The maximum recommended
single dose for children is 500 mg usually over 8 hours, but
this interval can be shortened [3]. Despite the recommended
dosage, there is a serious risk of poisoning which causes up to
42% of acute liver failure and requires up to 300,000 hospi-
talizations per year [4]. The direct cost of APAP overdose has
been estimated at $87 million annually in the USA [5].
APAP is metabolized in the liver by conjugation to glucu-
ronide, sulfate, and 4-15% is oxidized by cytochrome P450
(CYP2E1, CYP1A2, CYP3A4) to the reactive N-acetyl-p-
benzoquinone (NAPQI) metabolite which is conjugated with
glutathione as a donor of SH groups. Most of the active sub-
stance is excreted from the body in the form of non-toxic
metabolites in urine (40-60% as glucuronate, 30% as sul-
fates), and 2% in unchanged form [3]. In overdose, the pro-
duction of the reactive metabolite NAPQI increases and un-
fortunately it can irreversibly bind to an SH group of at least
23 proteins (of which at least six are mitochondrial).
Histological sections clearly indicate necrotic cell death by
centrilobular hepatic necrosis [4, 6]. Thus, it is clear that
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selective determination of APAP in urine is of great impor-
tance in clinical analysis.

Flow injection analysis (FIA) utilizing screen-printed car-
bon electrodes (SPCE) or their modifications as amperometric
detection systems is often used in analytical instruments in the
pharmaceutical [7] and clinical analysis [8, 9]. APAP is usu-
ally directly detected at a constant positive voltage (oxidized)
to form NAPQI with participation of 2¢” and 2H* [10] or
indirectly using catalytic biosensors [11-16]. Fundamentally,
APAP is enzymatically oxidized to electroactive products
which can be subsequently amperometrically detected. The
former type is suitable for analysis of pharmaceuticals because
interference from the accompanying substances is not expect-
ed. In contrast, different enzymes have been used in the con-
struction of biosensors for the quantitative analysis of APAP.
Tyrosinase biosensors represent an attractive alternative for
APAP determination, given their better selectivity.

An aryl-acylamidase (EC 3.5.1.13) amperometric biosen-
sor can be considered as the first type of these
bioelectroanalytical devices. However, this biosensor is not
suitable for use in the urine analysis because it is based on
electrochemical oxidation of produced p-aminophenol whose
determination is significantly interfered with in the presence
of gentisic, ascorbic, and uric acids [11, 12]. Other biosensors
utilized the polyphenol oxidase enzymes (EC 1.10.3.1) natu-
rally occurring in avocado (Persea americana) [13] and egg-
plant (Solanum melongena) [14] tissues. As a result of the low
catalytic activity of these enzymes, appropriate biosensors do
not exhibit high enough sensitivity to be applied in clinical
analysis.

The last type is represented by horseradish peroxidase (EC
1.11.1.7) amperometric biosensors. These biosensors are
based on electrochemical reduction of produced NAPQI at
—0.2 V [15-17]. Although these biosensors are very sensitive
analytical tools, they are not suitable for urine analysis be-
cause the matrix of urine provides a false positive signal. For
that reason, they are preferred for pharmaceutical analysis. If
the working potential is set to more negative values, the risk of
interference by accompanying substances (products of oxida-
tive metabolism) will increase because they will be reduced as
well.

In 2003, a kinetic study of APAP oxidation by tyrosinase
enzyme (EC 1.14.18.1) was performed [18]. In the first step, the
APAP is hydroxylated to 4-acetamido-1,2-catechol (hydroxy-
lase). Then, this intermediate product is oxidized to 4-
acetamido-o-benzoquinone (4-AOBQ) in the second step
(catecholase activity) [19, 20]. The resulting 4-AOBQ can be
electrochemically reduced at a constant voltage with participa-
tion of 2¢” and 2H™ [21]. For application of tyrosinase biosen-
sors in urine analysis it is very important that the reduction of 4-
AOBQ begins at a potential closer to 0 V, unlike in cases of
previously mentioned enzymatic sensors based on electro-
chemical reduction of NAPQI. At this detection potential, any
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interference of substances contained in the sample matrix is not
expected. The most common interfering substances (ascorbic
acid and uric acid) are not subject to electrochemical reactions.

It should be noted that a tyrosinase biosensor for FIA has
been already developed for real-time monitoring of the pho-
tocatalytic degradation of APAP [21]. An optimal potential of
—0.05 V vs Ag/AgCl was found. Setting of this potential
allowed the sensor to achieve good sensitivity while potential
interferences were minimalized. However, this biosensor was
not tested in the analysis of biological samples [21].

A completely new amperometric tyrosinase biosensor
based on commercial screen-printed carbon electrode covered
by a thin layer of graphene and Nafion® [22, 23] film embed-
ded with tyrosinase enzyme cross-linked by glutaraldehyde
[24] is presented. In this contribution, it is possible to under-
stand why graphene [25] was preferred over popular carbon
nanotubes [26], how the tyrosinase enzyme was anchored in
the order to not be eluted during measurements, how amounts
of cross-linker and polymer used for the tyrosinase encapsu-
lation were chosen, and how other steps of time-consuming
optimization were solved. Finally, the developed biosensor
was tested in analysis of commercial drugs and spiked human
urine from a healthy volunteer. The results obtained showed
that flow injection analysis combined with the biosensor is a
very selective analytical method for APAP determination, be-
ing comparable to reversed-phase high-performance liquid
chromatography (RP-HPLC) with spectrophotometric detec-
tion, which was used as the reference method [27, 28]. It has to
be also noted that a short lifetime was observed. This phenom-
enon is a typical disadvantage of tyrosinase-based biosensors
[21, 29]. However, a solution to this problem was proposed.

Materials and methods
Materials and reagents

Acetaminophen, N, N-dimethylformamide (DMF), >99.9%
HPLC grade methanol, 25% glutaraldehyde (GTA), 5%
Nafion® in 55% ethanol, hyaluronic acid sodium salt (30—
50 kDa) from Streptococcus equi, chitosan (~50 kDa), and
lyophilized powder of mushroom (Agaricus bisporus) tyrosi-
nase (EC 1.14.18.1) (119.5 kDa using electrophoresis) were
purchased from Sigma-Aldrich (Prague, Czech Republic). A
single layer of non-functionalized graphene (NFG) (resistivity
<0.30 © cm; specific surface area 4001000 m? g™ ') was
obtained from ACS Material, LLC (Medford, USA). Multi-
walled carbon nanotubes (MWCNTSs) of diameter 10-30 nm,
length 5-15 um, specific surface area 40-300 m* g ', and
single-walled carbon nanotubes (SWCNTs) of diameter <
2 nm, length 515 pm, specific surface area > 400 m” g’ both
from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China)
were also tested as suitable surface modifiers. Highly purified



Flow injection tyrosinase biosensor for direct determination of acetaminophen in human urine 2417

water (resistivity > 18 MS2 cm) was prepared using purifica-
tion system Milli-Q from Merck Millipore (Burlington, USA).
Chemicals needed for preparation of 0.1 mol L™" phosphate
buffer solution (PB) were from Lach-Ner s.r.o. (Neratovice,
Czech Republic).

Preparation of biosensor

A simple preparation of the SPCE/NFG amperometric trans-
ducer consisted of pipetting 20 pL single layer graphene dis-
persion in DMF (2 mg mL ") onto a commercial screen-printed
carbon electrode (DRP-150 from DropSens, Llanera, Spain)
surface. The graphene dispersion in a small vial was carried
out in an ultrasonic bath for 20 min. The resultant dispersed
drop was left to dry under laboratory conditions for 24 h.
Immobilization of tyrosinase enzyme on the transducer surface
involved three separate steps. First, 5 uL of enzyme solution
(2.0 mg mL ") in PB was applied and allowed to dry under
laboratory conditions for 30 min. After direct enzyme adsorp-
tion onto the thin graphene layer, individual enzyme molecules
were cross-linked by addition of 1% glutaraldehyde (3 uL) for
20 min to avoid excessive elution of the enzyme from the poly-
mer used. Finally, 10 uL fluoropolymer-copolymer solution
(1% Nafion® neutralized with 8% ammonia solution [30])
was applied directly and allowed to dry under laboratory con-
ditions for 30 min. When not in use, the biosensor was stored in
a refrigerator at 5 °C.

Apparatus

Electrochemical experiments were performed using cyclic volt-
ammetry in a conventional three-electrode arrangement
consisting always of one of following electrodes: bare SPCE,
SPCE/NFG, or SPCE/NFG/tyrosinase-GTA/Nafion® (proposed
biosensor). All amperometric experiments were carried out
using an FIA setup consisting of a multichannel peristaltic pump
MINIPULS 3 from Gilson, Inc. (Middleton, USA), Rheodyne
automatic six-stage dosing valve from IDEX Health & Science
GmbH (Wertheim, Germany), the developed tyrosinase biosen-
sor inserted into the wall-jet flow cell from DropSens (Llanera,
Spain), and a computer. The different types of SPCEs were
connected to a potentiostat/galvanostat AUTOLAB model
PGSTATI101 operated via NOVA 1.11 software from
Metrohm (Prague, Czech Republic).

Procedure

As supporting electrolyte, non-deaerated 0.1 mol L™ phos-
phate buffer of pH 7.0 was chosen for each electrochemical
measurement owing to optimum tyrosinase biocatalytic activ-
ity in the neutral pH range. Characterization of the developed
biosensor was accomplished using cyclic voltammetry of
500 pmol L' APAP at a potential window from —0.2 V to

+0.8 'V, initial potential 0 V, potential step S mV, and san rate
10 mV s~ '. Amperometric detection in the wall-jet configura-
tion was usually performed at 0 V vs pseudo-reference silver
electrode at a flow rate of 0.6 mL min '. Otherwise, any
change in the working conditions is described in the legends
of the corresponding figures.

Reference analysis by liquid chromatography

Chromatographic analysis was performed using a HPLC sys-
tem equipped with a LC-20ADXR binary gradient pump, a
DGU-20 degassing unit, a SPD-M30A DAD, a SIL-20 AC
XR autosampler (all Shimadzu, Kyoto, Japan), and a LCO
102 column thermostat (Ecom, Prague). The optimum sepa-
ration was achieved with an Ascentis Express C18 column
(150 mm x 3.0 mm, 2.7 pm). The detection wavelength was
set to 243 nm. The separation was performed with mobile
phase consisting of 0.3% formic acid in water (A) and meth-
anol (B) using a gradient program from 20% to 40% B for
10 min at constant temperature 30 °C. The flow rate was
0.5 mL min ' and injection volume 5 L.

Sample preparation

Pills of Paralen® 500 and Tylex® 750 obtained from a Czech
pharmacy were dissolved in a 250-mL volumetric flask using
PB (amperometry) or 80% methanol (HPLC). The resulting
solutions were filtrated through a polytetrafluoroethylene sy-
ringe filter with pore size 0.45 um and diluted 20-fold using
deionized water.

Commercially available pooled normal human urine
(50 mL) was purchased from Innovative Research, Inc.
(Novi, USA) distributed by Divbio Science Europe
(Ulvenhout, the Netherlands). Additionally, a sample of urine
was obtained from a healthy volunteer who signed informa-
tion consent. The obtained sample of human urine was
anonymized before the study. Both urine samples were only
artificially enriched with a defined amount of analyte and
served only as a complex matrix. Thus, all experiments with
urine samples were done in accordance with the WMA
Declaration of Helsinki, June 1964.

Avolume (250 L) of stock solution (0.01 mol L' APAP in
water) was pipetted into a 50-mL volumetric flask and then was
filled to the mark with the human urine. Depending on the
person’s acid—base status, the pH of urine may range from 4.5
to 8. As a result of the very broad normal pH range and high
salinity, the spiked urine sample had to be diluted a minimum of
fivefold using PB and then was filtered through the 0.45-um
polytetrafluoroethylene syringe filter before bioanalysis.

For HPLC analysis, the spiked urine sample was prepared
according to the reported procedure [27, 28] with only minor
modifications, because during optimization, it was found that
acetonitrile can be fully replaced with methanol. The sample
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of human urine (0.5 mL) with 4 mL of pure methanol was
placed into a 10-mL volumetric flask. Several drops of
1.0 mol L™ NaOH were added to the obtained solution to
achieve the desired pH ~8 and the solution was completed to
the mark by adding ultrapure water. The resulting mixture was
centrifuged at 5000 rpm for 3 min, filtered through the
0.45-pum polytetrafluoroethylene syringe filter, and then
injected into the liquid chromatograph.

All analyses of selected samples were always repeated five
times and the final results are presented as confidence inter-
vals X * st;_,, Where X is the arithmetic mean, s the standard
deviation, and #,_, the critical value of Student’s ¢ distribution
(2.015) for a given number of determinations at a significance
level « of 0.05 (95% probability).

Results and discussion
Biosensor design

The main objective of this study was to develop a highly
sensitive and selective biosensor that could be used universal-
ly in the analysis of various pharmaceutical and clinical sam-
ples. In general, several necessary conditions must be met.
Biosensors should be able to detect very low content of target
analyte and provide a stable response for a long time duration
(1). Substances other than analyte must not significantly affect
the measurable signal (ii). If possible, they should be made
from cost-effective materials (iii).

For amperometric sensors, it is necessary to have the
biorecognition element (tyrosinase enzyme) as close as possi-
ble to the electrochemical transducer (electrode) which is of-
ten modified by conductive materials with high active surface
area and catalytic effect. As mentioned above, the electrode
surface should be as large as possible [31, 32]. Surfaces of
SPCEs were modified by different types of non-functionalized
carbon nanomaterials (CNs) to obtain the optimum ampero-
metric transducer. Cyclic voltammetry (CV) showed that
APAP provides significantly better electrochemical behavior
at SPCE/NFG (see Electronic Supplementary Material (ESM)
Table S1) than in the case of carbon nanotubes (CNTs). An
explanation for this difference can be found by comparing the
homogeneity of each surface structure which depends on the
arrangement of CNs used. Immobilized CNTs create irregular
skeins of various sizes and are mutually interconnected.
Consequently, the active surface area of CNTs cannot be fully
utilized unlike in the case of NFG which creates a structure of
coarse cloth probably due to mutual interaction of graphene
nanosheets having a typical planar configuration [33, 34].
Overall, the surface is characterized by higher homogeneity
than in the previous case of CNTs. Thus, it is not surprising
that more satisfactory repeatability of current response during
amperometric detection can be predicted.
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For effective immobilization of tyrosinase enzyme, three
commonly used polymeric materials were tested, namely chi-
tosan, hyaluronic acid sodium salt, and Nafion®. The presence
of chitosan or hyaluronic acid caused many times higher in-
crease in background current than in the case of Nafion®. For
that reason, Nafion® was chosen as the optimum polymeric
material for tyrosinase incorporation. As for glutaraldehyde
used for preparation of cross-linked enzyme aggregates
(CLEAs) [35], it was observed that addition of more than
3 uL of 1% solution causes a dramatically increased back-
ground current (baseline signal) and decreases the current re-
sponse to APAP.

In order to investigate the suitable working electrode (see
ESM Fig. Sla), APAP electrochemical behavior at different
transducers was studied using cyclic voltammetry. No evident
difference between using MWCNTs and SWCNTs was ob-
served (see ESM Table S1). Figure 1 shows typical cyclic
voltammograms obtained at bare SPCE, SPCE/NFG, and the
biosensor itself. It was confirmed that APAP is reversibly
oxidized to N-acetyl-p-benzoquinone-imine (NAPBQI) with
participation of two electrons and two protons, as shown in
ESM Fig. S1b. However, APAP undergoes hydroxylation re-
action at the free ortho position and subsequent oxidation to
form 4-acetamido-o-benzoquinone (4-AOBQ) in basic aque-
ous solutions [10]. This is a typical electrochemical oxidation
pathway for para-substituted phenols at commonly used
carbon-based electrodes [36]. The aforementioned hydroxyl-
ation reaction and subsequent oxidation of resulting 4-
acetamido-1,2-catechol (3-OH-APAP) is dominant in the
presence of tyrosinase enzyme (EC 1.14.18.1) from mush-
room Agaricus bisporus which catalyzes these oxidation pro-
cesses by dissolved oxygen due to cresolase and catecholase
activity (see ESM Fig. S2), when the final products are 4-
AOBQ and water.

Current / uA

2.

4-A0BQ

-30 T T T T T T T
-0.2 0 0.2 0.4 0.6 0.8

Potential / V vs Ag/AgCI

Fig. 1 Cyclic voltammetry of 0.5 mmol L™ APAP at bare SPCE (solid
line), SPCE/NFG (dashed), and tyrosinase biosensor (dotted line) per-
formed in 0.1 mol L' PBpH 7 at 10 mV s~
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Because of biosensor selectivity, it was important that ca-
thodic reduction of 4-AOBQ starts at relatively high voltage
(+0.146 V) with maximum current signal at +0.04 V vs
pseudo-reference Ag/AgCl electrode (see Fig. 1).
Consequently, amperometric detection at a constant voltage
of 0 V can be selected for the detection of 4-AOBQ.

Effect of pH

The influence pH on the current response was studied in the pH
range from 6 to 8. This interval was assumed to afford the
highest catalytic activity of the enzyme used. The results showed
that the highest sensitivity was obtained at pH 7.0, which is in
agreement with the data reported previously [37-39].

Effect of flow rate

Flow rate represents one of the most important parameters in
the FIA system because it defines the duration over which
APAP is in the column where enzymatic reactions occur. At
the set potential of —0.1 V, flow rate was investigated from 0.2
t02.0mL minfl; for demonstration, the resultant flow-injection
amperograms obtained for 50 pmol L™" APAP at 0.2 (red), 0.6
(blue), 1.0 (green), and 1.8 mL min (orange line) are shown in
ESM Fig. S3. It was found that peak height significantly in-
creased up to 0.6 mL min . Above this flow rate, a slight
decrease in peak current was observed. Therefore, a flow rate
of 0.6 mL min ' was chosen as optimum.

Effect of applied detection potential

Since the detection potential must be kept constant during the
analysis, it plays the most important role in the application of
amperometric biosensors [40]. This crucial parameter affects
the sensitivity and the selectivity of the developed method
[41]. The effect of applying different potentials from 0 to
—0.3 Von peak current height was studied. Figure 2 shows that
values lower than —0.15 V did not cause any statistically sig-
nificant increase in peak current. Moreover, it was found that
background current increased at potentials lower than —0.2 V.
Hence, it can be assumed that the value of —0.15 V is the
optimum detection potential. This value may be used in
APAP determination in pharmaceuticals because they only con-
tain non-interfering accompanying substances such as pre-
swollen corn starch, Povidone K-30 (polyvinylpyrrolidone,
PVP), croscarmellose sodium, and stearic acid. However, this
statement does not apply if human urine is analyzed, because
the urine is considered to be a very complex matrix.

A sample of human urine spiked with 50 umol L™" APAP
was used to find the optimum detection potential (dashed line).
This concentration has not been selected randomly because the
APAP is marketed as Paralen in 500 mg pills. Assuming that 2%
APAP is excreted unchanged, a minimum detected

6
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Fig. 2 Effect of detection potential of tyrosinase biosensor current
response. Hydrodynamic amperograms obtained for five additions of
50 umol L™' APAP. Supporting electrolyte, non-deaerated
0.1 mol L' PB of pH 7.0; injection volume, 100 uL; flow rate,
0.6 mL min ' and room temperature

concentration of ~50 pumol per liter of urine might be expected
[3]. The urine itself provided a false positive current response
corresponding to the electrochemical reduction of naturally oc-
curring electroactive metabolites (solid line). The intensity of
this parasitic signal increased with decrease in detection poten-
tials to more negative values as is shown in Fig. 3. Only at
potential of 0 V was the current response of pure urine not
higher than the standard deviation of five repeated injections
of spiked urine (see ESM Fig. S4). Therefore, a detection po-
tential of 0 V was chosen as the optimum.

Performance of proposed system

The performance of the proposed system for FIA was studied at
the optimum working conditions. Limit of detection (LOD) and
quantification (LOQ) were calculated according to the equations
LOD =3 s/k and LOQ = 10s/k, respectively, where s is the stan-
dard deviation of five repetitions (7 = 5) of chosen concentrations
(5 uM) of APAP and £ represents the slope of the calibration
curve (linear range). Typical recorded peaks obtained during FIA
of APAP at —0.15 V are shown in ESM Fig. S5. Linear ranges
vary depending on the selected detection potential, namely 4.0—
130 umol L' with LOD=1.1 pumol L™ at 0 V, 3.0—
90 pmol L™! with LOD=0.8 umol L™ at —0.1 V, and 1.5
70 umol L™ with LOD=0.5 umol L™" at —0.15 V. The first
mentioned linear range described by the equation I, =
—0.0083¢ +0.0101 with a correlation coefficient r=0.9987
was used for APAP determination in a model sample, two types
of pills and spiked human urine (Fig. 4).
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Fig.3 Typical FIA amperograms obtained after five injections of fivefold
diluted human urine (solid) and that containing 50 pmol L' APAP
(dashed line) at different detection potentials. Supporting electrolyte,

In comparison with previously developed enzymatic sen-
sors (see Table 1), it should be emphasized that substantial
progress in the sensitivity has been obtained at detection
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Fig. 4 Typical amperograms of calibration measurement obtained at
detection potential 0 V. Supporting electrolyte, non deaerated
0.1 mol L' PB of pH 7.0; injection volume, 100 pL; flow rate,
0.6 mL min ' and room temperature
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non-deaerated 0.1 mol L™' PB of pH 7.0; injection volume, 100 pL; flow
rate, 0.6 mL min~' and room temperature

potential —0.15 V. Existing biosensors based on different en-
zymes do not provide such selectivity to be used in human
urine analysis. The previously reported enzymatic biosensors
have been used in the determination of APAP in pharmaceu-
tical formulations only [11-16].

Freshly prepared biosensor provided unstable behavior due
to elution of incompletely entrenched enzyme from the
Nafion® membrane. A constant peak current with relative
standard deviation (RSD) less than 2% was obtained after a
half hour of washing with phosphate buffer (ESM Fig. S6).
After this time, no significant decrease in the current response
due to enzyme elution was observed, as shown in Fig. 5.
Satisfactory repeatability, defined as a statistical measure of
the consistency of repeated measurements, was achieved,
namely about 1.9% RSD.

Another important criterion is response time which is usu-
ally shorter for amperometry in a batch configuration than in
the case of FIA. It depends on the distance of the dosing six-
way valve from the flow cell where the biosensor is located.
From this distance and flow rate, it is possible to calculate the
response time after contact of the analyte with the biosensor
which was shorter than 5 s.

The relatively short lifetime is a typical drawback of tyros-
inase biosensors [21, 29]. Hence, a basic study of lifetime was
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Table 1 An overview of recently

reported amperometric biosensors Material/enzyme LOD Linear range r Reference

for acetaminophen determination (umol L™ (umol L™
SPCE/aryl-acylamidase - 0-2800 0.9990 [11]
CA-SPCE/aryl-acylamidase - 0-2000 0.9990 [12]
CPE/avocado tissue 88 120-5800 0.9927 [13]
CPE/eggplant tissue 5.0 20-200 0.9985 [14]
GCE/HRP/PAM microgels 3.1 10-500 0.9997 [15]
GCE/HRP/Romanian clay-PEI 0.6 5.3-50 0.9980 [16]
GCE/PE/SWCNT-HRP 1.36 10-79 0.9633 [17]
SPE-CoPCltyrosinase 0.5 1.640 - [21]
*SPCE/NFG/tyrosinase-GTA/Nafion® 0.5 1.4-70 0.9989 This work
"SPCE/NFG/tyrosinase-GTA/Nafion® 1.1 3.8-130 0.9987 This work

CA cellulose acetate membrane, CO cobalt phthalocyanine, HRP horseradish peroxidase, GTA glutaraldehyde,
NFG non-functionalized graphene, PE! polyethyleneimine, PAM polyacrylamide

Data obtained at —0.15 V* and 0 V°

carried out to find out whether the developed biosensor could
be utilized in routine pharmaceutical and clinical analysis.
Generally, it can be stated that a freshly prepared biosensor
may be used for analysis during a whole day. The main prob-
lem remains the storage of the biosensor. It leads to a signif-
icant decrease in sensitivity.

The stability of the system was evaluated by daily injection
of 50 umol L' APAP (n=5). During the first 6 days, the
amperometric signal of the enzymatic product dramatically
decreased. After that, it decreased slightly and finally on the
12th day it became stable (ESM Fig. S7). It has to be clear that
the sensitivity substantially decreases with the aging of the
biosensor. From a practical point of view, there is not any
problem to use an already prepared transducer, and before
each analysis, freshly immobilize the tyrosinase enzyme.
Moreover, the existence of commercially available SPCEs
modified with NFG should be mentioned. They could

-6
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Fig. 5 FIA record obtained after injections of supporting electrolyte
solutions containing different APAP concentrations at detection
potential —0.15 V. Supporting electrolyte, non-deaerated 0.1 mol L™
phosphate buffer of pH 7.0; injection volume, 100 puL; flow rate,
0.6 mL min ' and room temperature

probably be used to guarantee the desired reproducibility be-
tween different biosensors. However, the reproducibility be-
tween different home-made biosensors is lower and depends
on individual steps in the production process. A value less than
10% RSD was calculated for five simultaneously prepared
tyrosinase biosensors. Therefore, it is recommended to always
perform a calibration before the analysis.

Interferences

In the patient information leaflets, it was found that the ana-
lyzed pharmaceutical formulations usually contain corn
starch, PVP, croscarmellose sodium, and stearic acid. These
compounds cannot be classified as potential interferences be-
cause they are not subjected to any electrochemical reactions
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Fig. 6 HPLC analyses of sample of pure human urine (solid) and that
containing 50 pmol L' APAP (dashed line). Ascentis Express C18 col-
umn (150 x 3 mm, 2.7 pwm); mobile phase, 0.3% formic acid in water (A)
and methanol (B); gradient program from 20% to 40% B for 10 min; flow
rate, 0.5 mL min '; sample volume, 5 pL; temperature, 30 °C; detection
at 243 nm
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Table 2 Comparison of FIA with

HPLC in analysis of Sample FIA HPLC Declared
pharmaceuticals and spiked
human urine Model 242+19 umol L™ 244+ 15 umol L™ 250 umol L™

Paralen® 500
Tylex® 750

Human urine (spiked)

490 +28 mg per pill
725+ 52 mg per pill
52+4 pmol L™

491 £9 mg per pill
745+ 16 mg per pill
51+3 pmol L™

500 mg per pill
750 mg per pill
50 umol L™

Values given as confidence intervals X + s;_, where X is the arithmetic mean, s the standard deviation, and #,_, the
critical value (2.015) of Student’s ¢ distribution for 5 repetitions of each analysis at o =0.05

at the applied working potentials. Thus, numerous direct
voltammetric methods for APAP determination in the phar-
maceutical formulations have been developed [42—44].

In the case of urine analysis, measurements shown in Fig. 3
and ESM Fig. S4 should be considered as sufficient interfer-
ence studies because the matrix of urine did not have any
statistically significant interference effect at 0 V. Current re-
sponses of pure urine were lower than standard deviation (n =
5) of 50 pmol L' APAP (2% unmetabolized form of 500 mg
dose in 2 L of urine) [3].

Analysis of pharmaceutical preparations and human
urine

Before the analysis of real samples, it was necessary to deter-
mine the accuracy of the proposed system. The accuracy rep-
resents the accordance between the real concentration of ana-
lyte and that found by an analytical method used. This analyt-
ical parameter is often verified using analysis of a model sam-
ple (recovery), declared amount, or by comparison with a
reference method based on another physicochemical princi-
ple. Both mentioned approaches were used in the accuracy
validation. A recovery of 3.8% RSD was calculated from five
repetitions for FIA of a model sample containing
250 pumol L' APAP. Before the analysis, the model sample
had to be tenfold diluted using PB.

Although this work is dedicated to the analysis of human
urine, it was expedient to first test the biosensor in the analysis
of pharmaceutical preparations, especially pills. A previously
described protocol for urine analysis using HPLC was slightly
modified by changing the gradient elution parameters to pre-
vent elution of accompanying substances existing in the sam-
ple matrix at the same retention time as analyte (Fig. 6).

The calibration solutions (3.0-50 mg L") were prepared
by diluting of APAP in methanol. The calibration curve of the
analytical method was characterized by the following equa-
tion: A [mAU]=17,610.82 + 35,118.84c [mg L '] with a cor-
relation coefficient »=0.9993. As shown in Table 2, the pro-
posed tyrosinase biosensor provides results comparable to the
chosen reference HPLC method characterized by recovery of
97.4% (n=5).

@ Springer

Conclusion

A sensitive and selective amperometric tyrosinase biosensor
for acetaminophen determination in the pharmaceutical for-
mulas and human urine was successfully developed. It is
based on the commercial screen-printed carbon electrode cov-
ered by a thin layer of graphene and Nafion® film embedded
with tyrosinase enzyme cross-linked by glutaraldehyde. This
type of immobilization permits the construction of a relatively
simple biosensor (without elution of biorecognition element
after certain time) which exhibits excellent selectivity owing
to amperometric detection at a potential of 0 V. Nevertheless,
it should be reminded that the sensitivity significantly de-
creased with the aging of the biosensor. It can be assumed that
the storage conditions will have a significant effect on the
biosensor lifetime. Optimization of storage conditions will
be an important stage in tyrosinase-based biosensor develop-
ment. From a practical point of view, simple immobilization
of tyrosinase onto the surface of the designed transducer or on
commercially available single-layer graphene-modified SPCE
(type DRP-110GPH) allows one to always use the freshly
prepared biosensor because the whole process does not take
more than half an hour.
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Abstract: In this contribution, Trolox equivalent antioxidant capacity (TEAC) was determined
in various berries using carbon paste tyrosinase biosensor with multi-walled carbon nanotubes
(MWCNTs), coated with Nafion® layer. Electrochemical behaviour of the biosensor and influence of
MWCNTs on carbon paste surface were studied with respect to the sensitive amperometric detection
of total content of phenolic compounds in berries, expressed as concentration equivalent of Trolox.
After optimization of key instrumental and electroanalytical parameters, the biosensor was used
for determination of TEAC in blackberries, blueberries, cranberries, raspberries and strawberries
by method of multiple standard additions. Electrochemical TEAC assays corresponded well with
results obtained by spectrophotometric 1,1-diphenyl-2-picrylhydrazyl radical method, known as
DPPH assay. Obtained values were compared with those listed in the National Nutrient Database for
additional antioxidant capacity assays as well.

Keywords: amperometry; ascorbic acid; berries; biosensor; multi-wall carbon nanotubes; carbon
paste electrode; tyrosinase; Trolox; antioxidant capacity

1. Introduction

The antioxidant properties of the phenolic compounds in berries (such as cranberry or blueberry)
play a major role in their ability to decrease damages related to cardiovascular diseases and aging,
as well as some of their reported antitumor activities [1-3]. Trolox is a synthetic water-soluble
analogue of «-tocopherol, known as the most active form of vitamin E, which is used as standard
chemical substance for comparison of antiradical activity of food expressed as Trolox equivalent
antioxidant capacity (TEAC) [4]. The solubility of Trolox at neutral values of the pH is around
3 mg-mL~!, which is high enough for common antioxidant assays. For the determination of TEAC,
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several spectrophotometric methods based on reductive properties of present antioxidants were
developed. One of the most frequently performed method, 1,1-diphenyl-2-picrylhydrazyl (DPPH)
assay, is based on 1,1-diphenyl-2-picrylhydrazyl radical [5]. Some methods, including an oxygen
radical absorbance capacity (ORAC) [6], ferric reducing antioxidant power (FRAP) [7], and total radical
trapping antioxidant potential (TRAP) [8], were also employed in the analysis of berries. L-ascorbic
acid (AA), known as vitamin C, is a non-phenolic chemical compound, contained also in berries with
high antioxidant activity [9]. It occurs commonly together with polyphenols in foodstuffs. AA has
an interfering effect during electrochemical analysis of polyphenols due to its reduction properties
(reduction of resulting quinones back to polyphenols). The interfering effect of AA on the determination
of hydroquinone (HQ), which has a similar chemical structure to x-tocohydroquinone [10], is known
from previous studies [11]. The mechanism of HQ reduction by AA, which was proposed by Isaacs
and Eldik, is shown in Scheme S1 [11]. However, it was found earlier that the presence of AA is not
interfering up to the molar ratio of AA to HQ 1:1, in the case of the amperometric biosensor based on
a carbon paste electrode modified with tyrosinase (TYR) [12].

Mushroom TYR enzyme from Agaricus bisporus (E.C. 1.14.18.1) is an oxidase enzyme which
contains copper. It possesses a catalytic activity toward the oxidation of both catechols and cresols [13].
In the presence of TYR enzyme, the conversion of phenolic compounds to their quinone derivatives is
catalyzed. Resultant products can then be detected by amperometric methods at constant reductive
potential in phosphate buffer media of pH~7, where the enzyme exhibits optimum activity [14,15].
TYR is capable of catalyzing an oxidation reaction of Trolox by oxygen, resulting in the formation of
Trolox quinone [12], which can be electrochemically reduced by 2 e/2 H* to Trolox hydroquinone [16].
These reactions simply describe the principle of amperometric tyrosinase biosensor behavior (Scheme 1).

L oxy-tyrosinase HOOG 0
502 vy Ox +2e 42H"

=0

Trolox Quinone

HOOC
H.0O deoxy-tyrosinase HO OH
HO
OH
O Trolox Hydroquinone
Trolox COOH _ yered

Scheme 1. Principle of amperometric tyrosinase biosensor for evaluation of TEAC.

As reported, the biosensor, prepared by covering the bare carbon paste electrode (CPE) with
a thin layer of Nafion® and the TYR enzyme (CPE/Tyrosinase/Nafion®), provides a low sensitivity
against Trolox in comparison to o-substituted polyphenols [12]. Hence, carbon nanotubes (CNTs)
were used to improve this parameter, due to their high catalytic effect and large surface area. When
considering the type of CNTs, multi-walled carbon nanotubes (MWCNTs) exhibited similar behavior
to single-walled carbon nanotubes (SWCNTs), as shown in previously reported electrochemical study
with Trolox [17]. Later, the CPE/MWCNTS/Tyrosinase/Nafi0n® biosensor was tested in analysis of
polyphenols in various Moravian wines [18]. In this contribution, the previously introduced biosensor
is employed in the determination of TEAC, in comparable matrices such as berries.
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2. Materials and Methods

2.1. Reagents and Chemicals

Spectroscopic graphite (with an average particle size of 2 pm) from Graphite Tyns. r. 0.,
Tyn nad Vltavou, Czech Republic and paraffin oil for spectrometry from Merck, Darmstadt,
Germany were used for the preparation of CPE. Multi-walled carbon nanotubes (diameter 10-30 nm,
length 5-15 um and special surface area 40-300 m?-g~!) from Shenzhen Nanotech Port Co., Ltd.,
Shenzhen, China were used for CPE surface coverage. N,N-dimethylformamide (DMF), mushroom
(ex. Agaricus bisporus) tyrosinase (E.C. 1.14.18.1; 3130 U-mg ! solid), Nafion® (5% in ethanolic solution),
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and 1,1-diphenyl-2-picrylhydrazyl
radical were obtained from Sigma Aldrich, Prague, Czech Republic. The other chemicals used in this
work were of analytical grade purity. The solutions were also prepared using the ultrapure water
(p = 18.3 MQO)-cm; Milli-Q system, Millipore, Burlington, MA, USA).

2.2. Preparation of Electric Transducer

To obtain a homogenous paste, an amount of 0.500 g of carbon powder and 0.125 g of paraffin
oil were finely blended in a ceramic mortar for 30 min. Then, the freshly prepared homogeneous
carbon paste was firmly packed into the cavity of piston-driven Teflon® holder (3 mm in diameter) [19].
Measured ohmic resistance of prepared carbon paste electrodes was 20 () maximum, which corresponds
with already published values [20]. Laboratory conditions were used to store the bare CPEs.
A suspension of MWCNTs (~2.0 mg- mL~!) in DMF was homogenized in an ultrasonic bath for
30 min. Afterwards, 20 uL of resultant dispersion was applied on the surface of bare CPE and left to
dry for one day under laboratory conditions.

2.3. Preparation of Tyrosinase Biosensor

For the immobilization of the TYR enzyme on surface of amperometric transducer, a sulfonated
tetrafluoroethylene-based fluoropolymer-copolymer (Nafion®) was used. The solution for casting
the enzyme-entrapping membrane was prepared by mixing of 40 uL Nafion® (neutralized by 8%
ammonia), 60 pL of redistilled water and 150 pL enzyme solution (500 pg-mL_1 dissolved in 0.01
mol-L~! phosphate buffer of pH 7.0). In the next step, 10 pL of the mixture was drop-casted onto
the surface of CPE/CNTs and left for drying under laboratory conditions for one hour. If not in use,
the prepared biosensors were stored in solution of phosphate buffer (PB) in a fridge at 5 °C, as reported
previously [21].

2.4. Apparatus and Methods

All amperometric measurements were performed in a three-electrodes system, consisting of
CPE/MWCNTS/Tyrosinase/Nafion® as a working electrode, Ag/AgCl/3.0 mol-L~! KCl (Metrohm,
Czech Republic) as a reference electrode and platinum wire as a counter electrode connected to
potentiostat EmStat (Ivium Technologies B.V., Eindhoven, The Netherlands). Then, 0.01 mol-L~! PB
(pH7.0) was chosen as supporting electrolyte and every measurement was repeated minimally five times.
Batch injection analysis (BIA) with amperometric detection was carried out in a voltammetric glass
cell under constant stirring speed 400 rpm and at constant working potential of —0.25 V. For analysis,
usually 1.0 mL of berries extract was injected into the 9.0 mL of the above-mentioned electrolyte. After
that, three additions of standard Trolox solution (0.5 mL 0.01 mol-L™!) were successively added.

Drier (Memmert, Schwabach, Germany) and Helios Delta UV-VIS spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) have been used for other experiments. Images of electrode surface
structure were obtained by scanning electron microscope (SEM) JEOL JSM7500F (Tokyo, Japan).
The DPPH assay was selected as a reference method. The procedure consisted of several steps:
(i) 100 uL of ethanolic extract of individual berries was added into 5.0 mL of 25 ug-mL_1 DPPH
methanolic solution and kept for reaction in darkness for 10 min; (ii) the colour of DPPH radical
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solution changed from violet to yellow, causing a decrease in absorbance, which was measured at A =
517 nm.

2.5. Preparation of Berries for Analysis

Five different kinds of berries, such as blackberries Rubus fruticosus (Spain), blueberries Vaccinium
corymbosum (Chile), cranberries Vaccinium erythrocarpum (USA), raspberries Rubus idaeus (Morocco)
and strawberries Flagaria magna (Spain) purchased from local stores were selected for analysis of
TEAC. Approx. 40 g of berries were firstly dried to constant weight and then pulverized in a mortar
for 20 min. Optimum temperature for drying these kinds of fruits ranges from 40 to 60 °C for 3 to
5 days [22]. Each berry powder (2.0 g) was transferred into the 50.0 mL volumetric flask and filled
with 50% water ethanolic solution up to mark and kept in ultrasonic bath at laboratory temperature
for 60 min. Afterwards, the sample suspension was filtered using regular filter paper. Filtration of
strawberry suspension had to be performed using vacuum pump due to the high content of insoluble
fiber, which caused clogging of filter paper pores.

3. Results and Discussion

Prior to the analysis of berries using previously introduced tyrosinase amperometric biosensor [17,
18], it was necessary to optimize several conditions such as influence of stirring speed, working
potential and pH value of supporting electrolyte, as described in the following chapters. Moreover,
some additional characterisation information related to transducer structure were added. From previous
study [18] resulted that the transducer consisting of CPE/MWCNTs exhibits higher sensitivity rather
than bare CPE due to higher electrode surface area, fast electron transfer and also due to high enzyme
affinity towards hydrophobic CNTs, leading to enhanced enzyme loading at the electrode surface.
Furthermore, enzyme/Nafion® mixture shows higher mechanical stability on CNTs layer of transducer
due to the fibrous structure of polymers fitting into bundles of CNTs. The characterisation of transducer
structures was performed using SEM (Figure 1) and differences between both types of CPEs can be
clearly observed.

Figure 1. SEM images of bare CPE (A) and CPE/MWCNTs (B) surfaces.

3.1. Construction of Tyrosinase Biosensor

Expected catalytic activity of TYR enzyme towards Trolox in comparison with
1,2-dihydroxybenzenes was not sufficient to construct a simple bioelectroanalytical device [12].
This means that the amount of Trolox oxidation product formed during enzymatic conversion is low
and, therefore, a more sensitive amperometric transducer is required for the detection in the given
time frame. Generally, current response increases with larger electrode surface area. For that reason,
MWCNTs were used to enlarge the surface of amperometric transducer. Furthermore, MWCNTs
provide fast electron transfer, which positively affects the sensitivity of the detection.
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Six different amounts (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mg~mL_1) of MWCNTs in DMF were prepared
and a volume of 20 puL was applied for immobilization of MWCNTs on CPE surface. Obtained
CPE/MWCNTs electrodes were compared using cyclic voltammetry of 500 pmol L~! Trolox. As shown
in Figure S1 (Supplementary Materials), a significant shift of the cathodic peak potential (E,€) to lower
values (“easier reduction”) was observed for the amount of 2.0 rng-mL_1 MWCNTs, therefore, this
amount was considered as optimum.

After that, a volume of 5, 10, 15, 20, 25, and 30 uL, with a constant concentration of 2.0 mg-mL_1
MWCNTs of fresh homogenized dispersion was applied on polished surfaces of CPE to immobilize
MWCNTs. For volumes from 15 to 25 pL, a significant increase of current response for cathodic
peak (I,“) was observed. From Figure S2, it is evident that the measured peak currents decreased for
volumes higher than 20 pL, probably due to the aggregation of MWCNTs and unfavorable morphology
at electrode surface. As the optimum volume for immobilization, the value of 20 uL. MWCNTs
(2.0 mg-mL~!) dispersion was selected.

An amount of TYR enzyme in the biorecognition layer was optimised to achieve the highest
current response. With increasing content of the TYR in the Nafion® membrane, the height of the
anodic peak of Trolox decreased, while the corresponding cathodic peak increased. Higher amounts
than 3.0 ug enzyme did not cause any significant improvement, and therefore it was further used to
obtain sufficiently high current responses.

3.2. Characterisation of Tyrosinase Biosensor

Electrochemical behaviour of Trolox was investigated at bare CPE, CPE/MWCNTs,
and CPE/MWCNTs/TYR/Nafion® (TYR biosensor), to find out an effect of each component. Trolox
provided a distinct oxidation signal with cathodic counterpart (AEp = 65 mV) in 0.1 mol-L™! phosphate
buffer pH 7.0 at bare CPE, attributed to one-electron oxidation to radical cation with subsequent proton
transfer to form phenoxy radical and then immediate oxidation by one electron to phenoxonium cation
(ECE mechanism), similarly to o-tocopherol [16]. After repetitive cycles, another redox couple was
observed (AE = 280 mV). It is assumed that after the formation of phenoxonium cation, a nucleophilic
addition of water starts in aqueous solution with concomitant formation of Trolox quinone via hemiketal
intermediate. Trolox quinone is then reduced to corresponding hydroquinone, which can be oxidized
to quinone in subsequent scan to positive potentials [10,16]. Increasing current responses of the second
redox couple with each cycle is caused by gradual buildup of Trolox quinone by oxidation of the
original compound (Figure 2A).

The ratio of the peak currents (I,%/I,“) was equal to 1.544 at bare CPE, unlike ratio values of 0.615
and 0.320 obtained for CPE/MWCNTs and CPE/MWCNTs/TYR/Nafion®, respectively. Several times,
a higher reduction peak of Trolox was observed at the TYR biosensor at peak potential (E,) of +0.049 V
(compare with values of +0.079 and +0.099 V for CPE/MWCNTs and bare CPE, respectively), whereas its
oxidation signal markedly decreased owing to catalytical activity of the TYR (Figure 2B) towards Trolox.
According to these findings, working potential with values lower than +0.050 V should be investigated
for amperometric detection in batch configuration. Based on these experimental data, a principle of
amperometric tyrosinase biosensor for evaluation of TEAC (Scheme 1) was established, which will
enable electrochemical detection of Trolox at low potentials with markedly improved sensitivity.
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Figure 2. Repetitive (n = 10) cyclic voltammograms of 500 umol L~! Trolox, obtained at
bare CPE (A) and cyclic voltammograms of 500 pumol-L~1 Trolox obtained at bare CPE (black),
CPE/MWCNTs (blue), and CPE/MWCNTs/TYR/Nafion® (red curve) (B) in 0.1 mol-L~! PB of pH
7.0, Estart =0V, Eyertex1 = =05V, Evertexz = +1.3V, Estep =5 mV, v=10mV-s~1. Dotted black lines
represent voltammograms obtained at CPE in 0.1 mol L' PB (pH 7.0).

3.3. Tyrosinase Activity towards Trolox

Previous voltammetry experiments may suggest that mushroom TYR enzyme is able to catalyze
the oxidation of Trolox to corresponding Trolox quinone (p-quinone with side chain). This claim had to
be confirmed by further experiments. Trolox provides a wide band in the UV spectrum with a maximum
at wavelength 291 nm (red line in Figure 3). If TYR enzyme is present, another overlapping band with
maximum at wavelength 278 nm will be established. The width of this new band increases with the
time of enzyme presence, as shown in Figure 4. This phenomenon can be considered as additional
confirmation that Trolox probably does not inhibit catalytic activity of TYR enzyme but represents
a substrate. A polymeric reaction of Trolox catalyzed by TYR enzyme cannot be excluded though.

1.0
i Trolox Quinone
OH o
0.8 A //
© i
206 -
(4]
_e 4
204 -
<C i
0.2 4
0.0 \\ —_—
200 240 280 320 360
Wavelength (nm)

Figure 3. Ultraviolet spectra of 50 pg mL~! TYR (black) and 100 umol L~! Trolox obtained in 0.1 mol
L~! PB (pH 7.0) for 0 (red), 10 (blue), 20 (green), and 30 min (yellow line).
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Figure 4. The dependency of the amperometric response on the magnitude of the working potential
applied at the CPE/MWCNTs (curve a) compared to CPE/MWCNTs/TYR/Nafion® (curve b); analyte
500 pmol-L™1 Trolox; supporting electrolyte 0.01 mol-L~! PB of pH 7.0; stirring speed of 400 rpm.

3.4. Effect of Stirring Speed

In BIA with amperometric detection, the rate of convective analyte transport (phenolic compounds
and Trolox) to the biorecognition layer is affected dramatically by the stirring speed, therefore it has
an effect on sensitivity of the TYR biosensor. The stirring speed was varied from 100 to 500 rpm. Finally,
the stirring rate of 400 rpm was selected as the optimum value, because no significant increase was
observed by further increasing the stirring rate.

3.5. Selection of Optimal pH Value of Working Medium

A pH range of the supporting electrolytes is limited in case of TYR enzyme use due to its lower
activity in acidic or alkaline media. For that reason, it was found that neutral PB is the most convenient
for following experiments. It was experimentally confirmed that the highest current response of Trolox
at the developed CPE/CNTs/TYR/N afion® biosensor was obtained at pH 7.0, which coincides with the
previously obtained results [15,23].

3.6. Effect of Working Potential

If the electrochemical detection of the products of enzymatic reaction takes place at a constant
value of the applied potential, the magnitude of the working potential will play the most important
role in every amperometric biosensor application. The dependence of height of reduction current on
working potential is shown in Figure 4. The resulting curve has the highest reduction response at
—0.25 V. Therefore, it was selected as the optimum, which corresponds to the previously reported value
(—0.24 V) for amperometric detection (reduction) of p-quinone [17]. Moreover, the negative working
potentials more than —0.30 V have a negative influence on stability of baseline and background noise
of amperometric signal due to oxygen reduction.
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3.7. Water Content in Berries

The content of water in berries was determined during the drying of berries to a constant weight
at 60 °C. The highest content of water was observed for strawberries (93%), whereas the lowest content
of water was found in raspberries (82%). For other examined berries the content of water was 85%.
TEAC values were determined in 100 g of dry berries, so it was very important to know the water
content in individual berries in order to calculate the TEAC in the pulp.

3.8. Analysis of Berries

In order to eliminate the matrix effect, the multiple standard addition method was used in
analysis with the developed TYR biosensor at optimal conditions, where a volume of 1.0 mL of berries
extract was added to 9.0 mL of supporting electrolyte and subsequently 3 or 4 standard additions
of 0.01 mol-L™! Trolox (each of 0.5 mL) were applied. A representative amperogram of raspberries
analysis with standard addition curve I (HA) = —-2.0082 ¢ (mmol-L™1) — 1.5137 (1A) and R? = 0.9978
is shown in inset of Figure 5. As reference method, DPPH assay was used with these parameters of
calibration curve for standard compound Trolox A = —0.0103 ¢ (mmol L) + 0.3516 and R? = 0.9943.

-22

-18 7 r —t r r .
J/-10_-05 00 05 10 15
Concentration (mmol L)

3 additions of 500 pmol L' Trolox

-14 - sample
-12 A o
'10 T T T T T T
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Figure 5. Representative TEAC analysis of raspberries using multiple standard additions method with
CPE/MWCNTs/TYR/Nafion® biosensor at constant working potential -0.25 V and stirring speed of
400 rpm.

The biosensor provided constant current response with stable base line after 120 s. In amperometric
techniques, response time is one of the most important parameters describing the performance and
quality of biosensors, because it reflects kinetics of electrode reaction. The response time differed with
each kind of berries. It is interesting to note that a shorter response time was observed for raspberries
and cranberries (<10 s) than for standard addition of Trolox (>25 s). It can be attributed to polyphenolic
compounds present in berries, which are more suitable for TYR active site (simpler substrate) in
comparison to Trolox.

In the case of lifetime, the long-term stability of the biosensor (stored dry in a fridge at 5 °C) was
tested for up to two weeks by monitoring of 150 umol L~! Trolox solution (see Figure S3) every 2 days
(results not shown). TYR biosensor usually provides a constant current response for one week (signal
drop by 19%). The fabrication method based on Nafion® is relatively simple, but potential leaching of
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the enzyme should be taken in account. Moreover, a probable polymerisation of Trolox could shorten
the lifetime of TYR biosensor.

Final TEAC values of individual dried berries obtained at the TYR biosensor and DPPH assay
are shown in Table 1. It is obvious that TEAC values are different for the both used analytical
methods. Generally, measurements with DPPH radical offer satisfactory repeatability of more than
95%. The repeatability of obtained results at TYR biosensor was comparable with DPPH assay for
all studied berries except strawberries (90%). It can be caused by the high content of nonphenolic
antioxidant e.g., AA, carotenoids, minerals with reduction properties, etc. and by presence of insoluble
fiber. For example, the AA content in strawberries pulp is up to 90 mg-100 g~ depending on variety,
which is at a similar level as in citrus fruits. A presence of AA in pulp of berries is known and its
content taken from the National Nutrient Database (USDA) (U.S. Department of Agriculture, 2010); for
standard reference, the release available can be found in Table 1. Presented data are also comparable
with information from the literature [24,25].

Moreover, the studied amperometric CPE/MWCNTs/TYR/N afion® biosensor can be useful for
determination of total phenolic content (TPC) [26] and also total antioxidant capacity (TAC) [27],
as Trolox equivalent for samples with low concentration levels of other nonphenolic antioxidants.
For dried berries (blueberries, cranberries and raspberries), the values of TEAC for the presented
biosensor are in good correlation with reference method of DPPH assay as shown in Table 1. One of
the discrepancies can be observed in the case of blueberries where, especially in pulp, the value of
TEAC for the biosensor is lower than the value from the reference method. This is probably due to the
presence of a higher amount of anthocyanins which exhibit anti-TYR activity [28].

Table 1. TEAC and AA content in various berries.

TEAC in Dry Matter (in Pulp) (mg-100 g~1)

Berries AA in Pulp ® [mg-100 g~1]
Tyrosinase Biosensor ? DPPH ? Assay
Strawberries 1569 (133) 6735 (570) 59
Blackberries 2593 (337) 3868 (503) 30
Raspberries 5317 (793) 5968 (890) 32
Blueberries 1917 (270) 4878 (687) 14
Cranberries 6738 (935) 8027 (1114) 13

2 Values given as arithmetic mean for five repetitions. ® Data of AA content in berries are taken from U.S. Department
of Agriculture [29] and Ref. [24,25].

Another difference can be observed in the analysis of strawberries which contain the highest
concentration level of AA (according to literature). The enzyme TYR catalyzes the oxidation of
polyphenolic compounds in berries only, therefore the lower TEAC values of strawberries at biosensor
in comparison to reference method was found. This phenomenon corresponds to higher TEAC values
obtained by DPPH assay compared to that of biosensor, because AA discolors the methanolic solution
of DPPH radical, which tends to show a positive error. However, the developed biosensor could be
applied in the direct determination of TPC as TEAC, in samples where phenolic compounds are major
antioxidants. The comparison with other spectrophotometric assays such as ORAC, FRAP and TRAP
intended for the determination of total antioxidant capacity in pulps of berries is shown in Table 2.
Corresponding TEAC values in berries obtained at individual assays were found or calculated from
data presented in literature [8,30-33].

The TYR biosensor provides a similar sensitivity to DPPH and TRAP assays. In comparison
to ORAC assay, the sensitivity of biosensor is twice as low. From all of the analytical methods,
the lowest ability to eliminate the negative influence of free radicals was observed for strawberries
and oppositely the highest for cranberries. If we want to compare antioxidant capacities of individual
berries, TYR biosensor provides similar information as DPPH, ORAC and TRAP assays in this
sequence: cranberries > raspberries > blackberries > blueberries > strawberries. A correlation
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coefficient R? = 0.8409 was found during the comparison of the TYR biosensor with the DPPH assay in
the analysis of TEAC in each berry’s pulp. The better value of the correlation coefficient (R? = 0.9374)
was obtained, when the TEAC of blackberries was excluded as an outlier. The same situation can be
found for the comparison of TYR biosensor with TRAP assay (R? = 0.9622). Corresponding correlation
graphs are shown in Figure 6.

Table 2. Survey of TEAC values in pulp of berries determined by other assays.

TEAC (mg-100 g~1)

Berries
ORAC? FRAP? TRAP ¢
Strawberries 1077 543 214
Blackberries 1478 1269 526
Raspberries 1268 994 262
Blueberries 1169 911 233
Cranberries 2275 1259 678

Data of TEAC content in berries are taken from Ref. 2 [6,8], ? [30,31] and € [32].
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Figure 6. Comparison of TYR biosensor with other analytical assays (A) DPPH, (B) ORAC, (C) FRAP
and (D) TRAP for analysis of TEAC in pulps of strawberries (Stra), blackberries (Blac), raspberries
(Rasp), blueberries (Blue) and cranberries (Cran).
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Moreover, it seems that ORAC and TRAP assays provide lower TEAC values than the TYR
biosensor and two other spectrophotometric assays. An explanation could be found in different
representations of phenolic substances in raspberries and cranberries, which probably contain a higher
amount of phenolic substance, having catechol group in their chemical structures. It is also necessary
to mention that spectrophotometric methods do not provide identical TEAC values for certain samples
and their mutual correlations can have values from 0.6 to 0.9 [34].

4. Conclusions

In this contribution, the amperometric CPE/MWCNTs/T YR/Nafion® biosensor behavior is
demonstrated in the analysis of various kinds of berries. After several steps of optimization,
the determination of TEAC in strawberries, blackberries, raspberries, blueberries, and cranberries was
performed. The highest content of polyphenolic compounds expressed as TEAC values was found for
cranberries (6378 mg/100 g) and raspberries (5317 mg/100 g) in dry matter and furthermore their pulp;
cranberries (935 mg/100 g) and raspberries (793 mg/100 g). Contrary to this, the lowest TEAC value was
found for strawberries in dry matter (1569 mg/100 g) and in pulp (133 mg/100 g). The obtained results
were compared to the reference method of DPPH assay, as well as to the data of other methods (ORAC,
TRAP, FRAP), based on the spectrophotometry taken from literature. It can be stated that our results
from the presented TYR biosensor are in satisfactory correlation with above mentioned DPPH assay.
For ORAC and TRAP assays, values of correlation coefficient higher than 0.9 can be achieved, excluding
raspberries. It has to be mentioned that the results obtained by the biosensor exhibit a negative error,
due to the presence of nonphenolic compounds, mainly AA. Therefore, TYR biosensor is suitable for
determination of “total phenolic content” and “total antioxidant capacity” for samples with low content
of non-polyphenolic antioxidants. It has also one disadvantage, namely its stability, which results
from lifetime of present TYR enzyme; hence, the current response starts to decrease approximately
after one week. The developed biosensor offers a portable device for rapid quality control of the
foodstuff in terms of their freshness and nutritional value. It could bring some favorable features,
like low costs, simple instrumentation, measuring of turbid samples, working with less hazardous
chemicals, etc. It is by no means a replacement of spectrophotometric assays, but an alternative to them.
The electrochemical approach could also serve as a complementary method to already established ones,
which could bring additional information about analyzed samples, reflecting their electrochemical
properties directly.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/7/2497/s1,
Figure S1: Effect of carbon nanotubes content in DMF dispersion on the anodic and cathodic peak potentials,
Figure S2: Dependency of peak current on different volumes of MWCNTs, Figure S3: Typical amperometric

responses of the CPE/MWCNTs/T YR/Nafion® biosensor, Scheme SI: Proposed mechanism of p-quinone reduction
by ascorbic acid.
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SUMMARY

Research background. The objective of this paper is to introduce an instrumentally sim-
ple analytical tool for determination of cocoa solid content in chocolates. This electroan-
alytical method is based on amperometric oxidation of all present antioxidants in choco-
lates at boron-doped diamond electrode (BDDE) that is integrated in a flow injection
analysis (FIA) wall-jet electrode system.

Experimental approach. As part of optimisation, thirteen commonly occurring antiox-
idants were investigated using cyclic voltammetry at the BDDE in 0.1 mol/L phosphate
buffer with different methanol (MeOH) content. Working parameters, such as MeOH vol-
ume fraction, flow rate and detection potential, were optimised. Principally, the height of
the oxidation peak (current response) representing the oxidation of the sum of antioxi-
dants (total antioxidant content; TAC) was expressed as Trolox equivalents.

Results and conclusions. For analytical purpose, a linear range from 5 to 100 mg/L de-
scribed by regression equation and characterised by high correlation coefficient R*=0.9994
was achieved. Obtained high positive correlation between the determined values of Trolox
equivalent antioxidant capacity (TEAC) and cocoa mass fractions characterised by corre-
lation coefficient of 0.9187 for eight randomly selected samples (one white, two milk, and
five dark chocolates) confirmed that cocoa solids represent the main source of antioxidants
(reducing agents).

Novelty and scientific contribution. The research demonstrates that TEAC values could
be considered as an additional marker of cocoa content in the chocolate analysis to the
commonly used theobromine (authenticity of food products). The developed FIA could
therefore serve as simple analytical tool in the food quality control.

Key words: Trolox equivalent antioxidant capacity, amperometry, boron-doped diamond
electrode, flow injection analysis, cocoa mass fraction in chocolate

INTRODUCTION

Chocolate is a favourite food product made from cocoa beans that is consumed as
sweets or beverage and to flavour or coat various confectionery and bakery products (7).
Generally, the chocolate is divided into three main categories, namely dark, milk and white
chocolate (7,2). Dark chocolate usually contains 50-90 % cocoa solids, cocoa butter and
sugar, whereas milk chocolate contains 10-50 % cocoa solids, cocoa butter, milk in some
form and sugar. White chocolate does not contain any cocoa solids and is made simply of
cocoa butter, sugar and milk powder (3). Lower quality chocolates may also contain but-
ter fat, vegetable oil or artificial colours or flavours. According to EU legislation (2000/36/
ES), the last-mentioned type must not be labelled as chocolate (4). U.S. Food and Drug
Administration (FDA) issued an order that semisweet chocolate must contain a minimum
of 35 % chocolate liquor (5).

In the recent past, Czech Agriculture and Food Inspection Authority revealed the sad
fact that most commercially available chocolates do not have the declared content of co-
coa solids in order to be classified as a regular chocolate. Moreover, the statutory minimum
content of cocoa solids was missing in some chocolate drinks (6). These unsatisfactory
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reports demonstrate the urgency to develop a simple ana-
lytical method applicable in the chocolate analysis.

Theobromine (TBR) is the primary alkaloid contained in
cocoa powder and chocolate. Since TBR ranges from 26 g/kg
in cocoa to 140 mg/kg in cocoa butter, this alkaloid can be
considered as a marker of cocoa content (7). Determination
of fat-free cocoa solids is performed using a protocol CSN 56
0578, based on the HPLC analysis (8).

In addition to TBR, dark chocolate is rich in minerals, such
as potassium, iron, magnesium, copper, manganese and zinc.
The cocoa in dark chocolate also contains antioxidants called
flavonoids, which may provide several health benefits (3,9).
Assuming that cocoa powder and cocoa butter are the only
sources of antioxidants, it is possible to use the total antioxi-
dant content (TAC) as another potential marker of cocoa con-
tent (70). Phenolic compounds, flavours (vanillin and ethyl-
vanillin) and alkaloids (TBR and caffeine) present in chocolate
represent reducing agents that can be electrochemically ox-
idised at carbon-based working electrodes (17-14).

Due to an insignificant passivation of the electrode sur-
face, a boron-doped diamond electrode (BDDE) was integrat-
ed into wall-jet flow cell to find out whether a simple flow
injection analysis (FIA) with amperometric detection could
be used for evaluation of dark chocolates (75). A correlation
(Ror R?), known as a statistical measure describing a relation-
ship between two variables (16), represented ideal tool to
clarify the dependence between the declared cocoa content
and TAC values in numerous dark chocolate samples.

MATERIALS AND METHODS

Chemicals and reagents

Analytical standards of >99.0 % L-ascorbic acid, >98.0 %
caffeicacid, 99.0 % caffeine, 299 % trans-cinnamic acid, >98 %
(-)-epicatechin, 97 % (+)-6-hydroxy-2,5,7,8-tetramethylchro-
mane-2-carboxylic acid (Trolox), 295 % chlorogenic acid,
97.5-102.5 % gallic acid, 297.0 % kaempferol, 298 % (+)-cat-
echin hydrate, =95 % naringin, =98 % sinapic acid, 298.0 %
theobromine and =97 % vanillin were purchased from Sigma-
-Aldrich, Merck (Prague, Czech Republic). All voltammetric
measurements were performed in their 1.0 mmol/L aqueous
solutions of 0.1 mol/L phosphate buffer, pH=7.0, prepared
from sodium dihydrogen phosphate dihydrate and disodium
hydrogen phosphate, both obtained from Lach-Ner, Ltd.
(Neratovice, Czech Republic). Due to low solubility, naringin,
(+)-catechin, (-)-epicatechin and kaempferol had to be dis-
solved in phosphate buffer containing volume fraction of
10 and 50 % methanol (MeOH). Deionized water (p=18.3 MQ:
c¢m) obtained with a Milli-Q® water purification system from
Merck (Darmstadt, Germany) was used for the preparation of
phosphate buffer.

Pretreatment of boron-doped diamond electrode

A commercially purchased boron-doped diamond elec-
trode (BDDE) with boron to carbon ratio of 1:1000 and a

surface diameter of 3 mm (Windsor Scientific Ltd, Slough, UK)
was used for all experiments. The BDDE surface was mechan-
ically pretreated by carefully polishing it with a wet filter pa-
per to eliminate the passivation layers on the electrode
caused by oxidation products of polyphenols.

Instrumentation

The electrochemical behaviour of the dominant thirteen
substances with antioxidant effect present in chocolate and
Trolox was studied using cycling voltammetry at BDDE which
was simultaneously connected with a silver/silver chloride
electrode, 3.0 mol/L KCl as salt bridge (reference electrode)
from Metrohm Ceska republika s.r.0. (Prague, Czech Republic)
and platinum sheet (auxiliary electrode) from Elektrochem-
ické detektory, s. r. 0. (Turnov, Czech Republic) to the poten-
tiostat/galvanostat Autolab PGSTAT101 operated via the
Nova 1.11 software from the above-mentioned Metrohm
company (17).

Flow injection analysis (FIA) configuration consisted of a
multi-channel peristaltic pump MINIPULS 3 from Gilson (Mid-
dleton, WI, USA), Rheodyne automatic six-position dosing
valve from IDEX Health & Science (Wertheim, Germany), and
BDDE inserted into the cross-flow cell from Inventek Sp. z 0.0.
(Warsaw, Poland), as shown in Fig. 1.

1
=,

5'2:-;5

Fig. 1. Schematic diagram of the electrochemical flow cell used in
the amperometric measurements in flow injection system: 1=poly-
urethane resin block, 2=silver chloride reference electrode, 3=auxi-
liary platinum electrode, 4=boron-doped diamond electrode, and
5=polyethylene tubing

Methods

Repetitive cyclic voltammetry (five cycles) was used to
determine oxidation peak potentials of the investigated an-
tioxidant substances. Potential range was set from -0.4 to
+1.6 V, initial potential of 0V, scan rate (v) 50 mV/s, and poten-
tial step (E,) 2.5 mV. Flow injection analysis with ampero-
metric detection in the wall-jet configuration was usually per-
formed at +1.3 V vs a miniature silver/silver chloride reference
electrode at flow rate of 1 mL/min. The 0.1 mol/L phosphate
buffer (pH=7.0) containing 30 % methanol was used as
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flowing carrier solution. Otherwise, all necessary changes in
the working conditions are listed in the legends of the corre-
sponding figures.

Sample preparation

Several purposefully selected chocolates of imported or-
igin, differing in the cocoa solid content from 0 to 80 %, were
purchased from common stores in Prishtina, Kosovo. The ex-
traction of potential antioxidants from the chocolate samples
of 5 g containing different amounts of cacao were carried out
in a total mixture of 50 mL of water (70 %), acetone (29.8 %)
and glacial acetate acid (0.2 %) using the ultrasonic bath at
30 °C for 30 min. The acetone was evaporated in ultrasonic
bath at 40 °C for 20 min. After this, the solution with choco-
late was adjusted with 0.1 mol/L NaOH to pH=5 and diluted
in 100-mL volumetric flask using 0.1 mol/L phosphate buffer
(pH=7.0) and MeOH (p=30 %). The sample was then centri-
fuged five times at stirring speed of 1000 rpm for 4 min and
filtered through afilter paper of pore size less than 1 um. The
filtrate obtained from the chocolate extracts was diluted five-
fold to reduce the high content of extract-reducing agents.
Sample volume of 100 uL was used for FIA analysis.

Statistical evaluation

Analysis of chocolate extracts was always repeated five
times (N=5) and final results were calculated and presented
as error bars (confidence intervals) x+st;_,, where X is the arith-
metic mean, s the standard deviation, and t,_,the critical val-
ue of Student’s t-distribution for five (4 degrees of freedom)
determinations (2.7764) at a significance level a=0.05 (95 %
probability).

RESULTS AND DISCUSSION

Electrochemical behaviour of substances
present in chocolate
In this work we investigated only the reducing power of

the chocolate samples, i.e. the potential of a substance to re-
duce another substance either by removal of hydrogen atom

or release of electrons. We did not use conventional spectro-
photometric assays, which are based on monitoring the reac-
tions between the present antioxidants and 2,2’-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS™*) or
di(phenyl)-(2,4,6-trinitrophenyl) iminoazanium (DPPH") radi-
cals.

Since we can anodically oxidise most of the chocolate
components with antioxidant activity at carbon-based work-
ing electrodes (18-20), we investigated the electrochemical
behaviour of thirteen selected antioxidants using repetitive
cyclic voltammetry (five cycles) at BDDE in 0.1 mol/L phos-
phate buffer (pH=7.0) from 0 to +1.6 V and back to 0.4 V. Due
to low water solubility, phosphate buffer with MeOH (=10 %)
was used for electrochemical study of (+)-catechin, (-)-epi-
catechin and naringin, while addition of 50 % MeOH was nec-
essary for kaempferol due to its low solubility in water.

To set a constant working potential for the subsequent
amperometric detection, it was important to determine the
values of the peak potentials of individual antioxidants. All
investigated antioxidants provided minimally one oxidation
peak, where for the analytical purpose (determination of co-
coa powder content in chocolate), peak potential values of
the first peaks are shown in ascending order as follows: caf-
feicacid at +0.398 V, kaempferol at +0.483 V, chlorogenic acid
at +0.505 V, sinapic acid at +0.620 V, gallic acid at +0.635 V,
(+)-catechin at +0.640 V, -ascorbic acid at +0.649 V, vanillin
at +0.688 V, (-)-epicatechin at +0.744 V, naringin at +1.011 V,
cinnamic acid at +1.133 V, caffeine at +1.384 V, and theobro-
mine (TBR) at +1.404 V.

For demonstration, repetitive cyclic voltammograms (5
cycles) of Trolox, vanillin, and TBR are shown in Fig. 2. In all
cases, a decrease in the oxidation signal was observed with
each subsequent cycle, indicating a slow transport of oxida-
tion products from the BDDE surface. This phenomenon was
solved when these products were flushed from the electrode
surface by amperometric detection in a flow mode. From the
above-mentioned peak potential values, it is clear that if a
constant potential is set for amperometric detection of
+0.623 V (Trolox), antioxidants having higher oxidation peak
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Fig. 2. Repetitive cyclic voltammograms (5 cycles) of: a) 1 mmol/L Trolox, b) vanillin, and c) theobromine recorded on boron-doped diamond
electrode in 0.1 mol/L phosphate buffer (pH=7.0) at a scan rate of 50 mV/s. Black curves (blank) indicate the cyclic voltammograms obtained for

phosphate buffer only
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potentials will not be included in chocolate analysis. Hence,
an effect of amperometric detection on total antioxidant con-
tent (TAC) values was essential for optimisation. These TAC
values are usually expressed as Trolox equivalent antioxidant
capacity (TEAC) (27). The presence of short-chain alcohols in
phosphate buffer (aqueous-alcoholic mixtures) generally has
no effect on peak shift. However, this assumption had to be
verified for a MeOH volume fraction of 10 to 50 %.

Optimisation of flow injection analysis

The optimisation procedure included selection of opti-
mal working parameters, such as composition of carrier solu-
tion, potential of amperometric detection, and flow rate. Due
to the presence of slightly water-soluble phenolic acids, fla-
vonoids and tannins, it was necessary to select the MeOH
volume fraction in the carrier solution of 0.1 mol/L phosphate
buffer (pH=7.0). The whole optimisation was carried out in
the dark chocolate extract with w(cocoa)=80 %.

In general, polyphenolic compounds can be defined as
weak organic acids for which it is known that their peak po-
tentials are shifted to more positive potentials with decreas-
ing pH values (22,23). The main reason for not performing FIA
with acidic carrier solution is the necessity of amperometric
detection at high positive potentials. The effect of pH in a
range of pH=6-9 on current response of 1 mmol/L Trolox was
investigated using cyclic voltammetry in 0.1 mol/L phosphate
buffer. The obtained results indicate that the Trolox provides
the maximum current response at pH=7, which was consis-
tent with other studies that report the determination of poly-
phenols using FIA (24,25).

The optimum volume fraction of methanol in the carrier
phosphate buffer solution was determined by varying
¢(MeOH)=0-50 %. For constant detection potential of +1.3V
and flow rate of 1 mL/min, the extract of dark chocolate pro-
vided an oxidation peak whose height increased with higher
volume fractions of MeOH (up to 30 %) in the phosphate buf-
fer (Fig. 3) and this was taken as an optimum for further mea-
surements.

Retaining the detection potential constant throughout
the analysis is of critical significance for the application of am-
perometric sensing. After injection of the chocolate extract
into the flowing carrier solution, an evident increase in the
current response became clear for potentials greater than
+0.7 V, whereas setting at higher potential values triggered
only a small increase in the current response. However, a sig-
nificant increase in the baseline current response was ob-
served at detection potentials greater than +1.4 V and thus
the optimal value of +1.4 V was chosen for preventive pur-
poses.

The carrier solution flow rate was also the important FIA
working parameter to be optimised as it specifies the dura-
tion of reducing agents (polyphenols) in the column where
their electrochemical oxidation takes place. The flow rate of

0.8 -
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0.4 A

IIuA

0.3 A

0.2

0.0 A
10 20 30 40 50
©(MeOH)/%

Fig. 3. Effect of MeOH volume fraction in phosphate buffer on the
current response of the extract of dark chocolate with w(cocoa)=80
%. Results were recorded on boron-doped diamond electrode in FIA
mode at a flow rate of 1 mL/min and detection potential of +1.3 V. The
light blue bars indicate the baseline current responses

0.2 to 1.6 mL/min for 50 mg/L Trolox was investigated at the
fixed potential of +1.3 V. A sharp rise in peak height was seen
up to 1T mL/min, while a constant current response was ob-
served above that flow rate. Therefore, a flow rate of 1 mL/
min was chosen as optimum.

Analytical method validation

First, it is necessary to note that the presented contribu-
tion is not an introduction of a newly developed analytical
method for TEAC determination of chocolate extracts, butan
initial study to find out whether TEAC values can be used as
a marker for cocoa content in chocolate samples. However, a
simple validation of FIA with amperometric detection at
BDDE had to take place.

Precision, defined as the level of agreement of repeated
measurements, was determined as relative standard devia-
tion (RSD) of five analyses (injections). For example, RSD val-
ues of 3.3 and 3.8 % for milk chocolate (30 % cocoa) and dark
chocolate (50 % cocoa) extracts, respectively, were calculat-
ed. If significance level of 5 % (a=0.05) is taken into account,
satisfactory precision can be obtained.

As shown in Fig. 4, the dependence of height of oxidation
current on Trolox concentration was studied for calibration
range from 5 to 160 mg/L. A calibration range from 5 to 100
mg/L Trolox was described by the following equation:

1=0.04859+0.0233¢ R*=0.9994 v

where 0.04859 is a slope characterising the sensitivity, 0.0233
is y-intercept, and c is the concentration of the standard
(Trolox). This linear behaviour between Trolox concentration
and peak current response can be applicable for analytical
purpose. If concentrations higher than 100 to 160 mg/L Trolox
areincluded into calculations of linear regression, the follow-
ing equation will be obtained:

1=0.05736+0.0211c  R?>=0.9954 12/

where 0.05736 is the slope, and 0.0211 is y-intercept. Due to
the high value of the intercept, it was not possible to use the
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method of standard addition, and therefore method of cali-
bration curve was preferred. Limit of detection (LOD) and lim-
it of quantification (LOQ) of 1.4 and 4.6 mg/L Trolox, respec-
tively, were calculated according to the formulae:

LOD=3s/k /3/
and
LOQ=10s/k 14/

where 3 and 10 are statistically recommended multiples of
the baseline noise, s represents the standard deviation of five
repetitive measurements of 5 mg/L Trolox and k is the slope
of linear regression (0.0233).

45 160 mg/L Trolox
401 140 mg/L

351 120 mglL

30 100 mg/L

<25

5 60 mg/L

2.0

15 1

1.0 {

WL

0.0 A AR AUV UV UV ULV
0 300 600 900 1200 1500 1800 2100 2400 2700

tls

Fig. 4. Typical amperograms of flow injection analysis recorded on
boron-doped diamond electrode within calibration measurements
at optimum working conditions (phosphate buffer with ¢(MeOH)=30
%, flow rate of 1 mL/min and detection potential of +1.3 V)

Analysis of chocolate samples

Extracts of white chocolate (0 % cocoa), two samples of
milk chocolate (30 % cocoa), and three dark chocolates (50,
64 and 80 % cocoa) were analysed using FIA at BDDE. Two
milk chocolates from different manufacturers with the same
cocoa mass fraction were chosen to verify the accuracy of the
analysis. Fig. 5 shows that both extracts of milk chocolates
provided comparable current response. In addition, a current
response at the limit of detection was obtained for the ex-
tract of white chocolate which confirms that this type of choc-
olate cannot be considered as a rich source of antioxidants.

241
50 mg/L Trolox
20
40 mg/L e
161 50 % cocoa

MC (2)
30 % cocoa

0.0

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000
t/s

Fig. 5. Typical record obtained during flow injection analysis of white

(WC), milk (MC) and dark chocolate (DC) at the boron-doped dia-

mond electrode

Unlike this, the dark chocolate extract samples were diluted
twice so that their current responses would not exceed the
linear range.

Except for one sample of chocolate with 80 % cocoa (ex-
cluded from statistical evaluation), TEAC values (mg Trolox
per 100 g sample) increased with higher cocoa mass fraction.
The reason why the dark chocolate extract provided the cur-
rent response like chocolate samples with half the cocoa con-
tent has not been further investigated. However, it can be as-
sumed that the manufacturer probably declared false
nutritional information.

Fig. 6 shows that TAC presented as TEAC could be consid-
ered as additional marker of cocoa content in the chocolate
analysis to the commonly used TBR and caffeine (7). More-
over, a high positive correlation between the determined
TEAC values and cocoa mass fractions characterised by
R=0.9187 for eight randomly selected chocolate samples is
proof of that. The calculated TEAC values from FIA are in close
agreement with those previously reported routine spectro-
photometric assays that are usually based on the reaction of
antioxidants with a colour radical (26,27).

1000 1

800

600 -

400 1

W(TEAC)/(mg/100 g)

200 -

0O 30 30 50 50 64 72 80
w(cocoa)/%

Fig. 6. Trolox equivalent antioxidant capacity (TEAC) of white (0 %),
milk (30 %), and dark (50-80 % cocoa mass fraction) chocolates ob-
tained using the flow injection analysis with integrated boron-doped
diamond electrode

CONCLUSIONS

The boron-doped diamond electrode integrated in the
flow injection analysis (FIA) system could represent a simple
analytical tool for evaluation of chocolate quality by deter-
mining its cocoa content. This basic study represents the first
step in the development of a simple analytical method for
determination of cocoa content as a source of polyphenols
and other potential antioxidants (reducing agents). It is ex-
pected that the analyses of more chocolate samples contain-
ing different cocoa powder mass fractions and comparisons
with measured total phenolic content as Trolox equivalents
will be the subjects of the upcoming investigations. The de-
veloped FIA will find application in the food quality control if
the presented assumption is confirmed.
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SPCE(vija ploté), SPCE/MWCNT (vija e ndérpreré), dhe SPCE/NFG( vija me pika) realizuar né
puferin fosfat 0.1 mol -L* pH 7.0, shpejtési té skanimit 10 mV-s!

Figura 4.2. Voltamogrami ciklik i APAP me pérgendrim 0.5mmol-Lté elektroda e modifikuar me
grafen (vija e ndérpreré), dhe elektroda e modifikuar me grafen dhe tirozinazé( vija me pika) realizuar
né puferin fosfat 0.1 mol -L! pH 7.0, shpejtési té skanimit 10 mV-s

Figura 4.3 Efekti katalitik dhe oksidimi i paracetamolit nga tirozinaza.
Figura 4.4. Efekti i shpejtésisé sé rrjedhjes

Figura 4.5 Efekti i potencialit operues. Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0, véllimi i
injektimit 100 pL, shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura: 25°C.

Figura 4.6 Amperogramet e fituara né systemin FIA gjaté pesé injektimeve té tretésirés sé holluar té
urines(zi) dhe tretésirés cila pérmban 50 x mol L™t APAP (kug), né potencilale té ndryshme té punés.
Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0, véllimi i injektimit 100 uL, shpejtésia e rrjedhjes:
0.6 mL min~! dhe temperatura: 25°C.

Figura 4.7 Sinjali amperometrik pér urinén e pastér (kaltér) dhe urinén me 50 umol- L ! paracetamol (
verdhé). Elektroliti mbéshtetés puferi fosfat 0.1M, pH = 7.0, véllimi i injektimit 100 uL, shpejtésia e
rrjedhjes: 0.6 mL min~* dhe temperatura: 25°C.

Figura 4.8 Sinjali amperometrik gjaté shtimit té paracetamolit né pérgendrime té ndryshme, né
potencial operues 0 V. Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0, véllimi i injektimit 100 pL,
shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura: 25°C.

Figura 4.9 Sinjali amperometrik gjaté shtimit té paracetamolit né pérgendrime té ndryshme, né
potencial operues -0.15 V. Elektroliti mbéshtetés puferi fosfat 0.1 mol -L, pH = 7.0, véllimi i
injektimit 100 uL, shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura: 25°C.

Figura 4.10. Procesi i stabilizimit té elektrodés gjaté largimit t€ enzimés sé pa inkorporuar.

Figura 4.11 Amperogram i fituar né sistemin FIA si rezultat i injektimit té tretésirés sé paracetamolit
me pérgendrime té ndryshme né potencial -0.15 V. Elektroliti mbéshtetés puferi fosfat 0.1 mol -L*, pH
= 7.0, véllimi i injektimit 100 pL, shpejtésia e rrjedhjes: 0.6 mL min~* dhe temperatura: 25°C

Figura 4.12 Jetégjatésia e biosensorit

Figura 4.13. Kromatrogrami i fituar gjaté analizés sé mostrés sé urinés sé pastér me HPLC(vija e
ploté&) dhe urinés qé pérmban 50 pmol L paracetamol ( vija e ndérpresé). Eshté pérdorur kolona
Ascentis Express C18 (150 mm x 3.0 mm, 2.7 um). Gjatésia valore e detektimit ka gené 243 nm.
Ndarja éshté realizuar duke pérdorur fazén mobile e pérbéré nga 0.3% acid formik né ujé (A) dhe
metanol (B) me program té gradientit nga 20% deri né 40% B pér 10 min né temperaturé konstante 30
C. Shpejtésia e rrjedhjes ka gené 0.5 mL min -, véllimi i injektimit 5 pL.

Figura 4.14 Fotografité e fituara nga SEM pér elektrodén e pastér (A) dhe elektrodén e modifikuar me
nanotuba té karbonit (B)

Figura 4.15 Efekti i sasisé sé natotubave té karbonit té disperguara né DMF né piket e rrymave
anodike (E,?) dhe atyre katodike (E,°) né pérgendrimin e Troloksit 5 x 10* mol L tek elektroda pasté
karboni, elektroliti mbéshtetés puferi fosfat 0.1 mol L™ (pH 7.0), shpejtésia e skanimit 0.05 V s,

Figura 4.16 Voltamogramet ciklike (n = 10) té pérsérituara né pérgendrimet e Troloksit 500 pmol-L*
té fituaa né elektrodén e pastér (A) dhe voltamogramet ciklike pér Troloksin me pérgendrim 500
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umol-L! né elektrodén e pa modifikuar CPE ( vija e zezé), CPE/MWCNTSs (vija e kaltért) dhe
CPE/MWCNTSs/TYR/Nafion® (vija e kuge) (B), né puferin fosfat 0.1 mol -L, pH = 7.0, Eiltestare = 0
V, Evertexl =-0.5 V, E\/ertex2 =+1.3 V, Estep =5 mV, V= IOmV'S'l.

Figura 4.17 Spektri ultraviolet i tirozinazés me pérgendrim 50 pg-mL™ (lakorja e zez€) dhe 100
umol-L* duke pérdorur puferin fosfat 0.1 mol-L%, pH = 7.0 pér 0 (lakorja e kuge), 10 (lakorja kaltér),
20 ( lakorja e gjelbér), dhe 30 min (lakorja e verdh).

Figura 4.18 Efekti i potencialit operues kur éshté pérdorur CPE/MWCNTS (a), dhe
CPE/MWCNTSs/TYR/Nafion® (b). Analiti 500 umol-L* Troloks; elektroliti mbéshtetés puferi fosfat
0.01 mol-L, pH 7.0; shpejtési e pérzierjes 400 rpm.

Figura 4.19 Analiza e TEAC duke pérdorur metodén e shtimit té standardit me ané té
biosensorit CPE/MWCNTSs/TYR/Nafion® né potencialin operues -0.25V, shpejtési e
pérzierjes 400 rpm.

Figura 4.20 Amperogram tipik i fituar duke pérdorur biosensorin elektrokimik
CPE/MWCNTSs/TYR/Nafion® gjaté shtimit individual té Troloksit me pérgendrim 150 pmol L.
Elektroliti mbéshtetés puferi fosfat 0.01 mol-L™%, pH 7.0; shpejtési e pérzierjes 400 rpm.

Figura 4.21. Krahasimi i biosensorit elektrokimik me metodat tjera analitike (A) DPPH, (B) ORAC,
(C) FRAP, (D) TRAP pér analizén e TEAC né pulp té dredhézés (Dre), manaferrave ( Man), mjedrés
(Mjed), boronicés (Bor) dhe boronicés sé kuge (Bkuge).

Figura 4.22. Voltamogramet ciklike té pérséritura (5 cikle) 1 mmol L té: Troloks (A), vaniliné (B),
dhe theobroming (C) regjistruar tek BDDE né 0.1 mol L PB (pH 7.0), shpejtési té skanimit prej
50 mV s, Lakoret e zeza (blank) tregojné gé matja éshté béré né pufer té pastér.

Figura 4.23. Ndjeshméria né raport me shpejtésiné e rrjedhjes (A) dhe ndryshmi né intensitetin e
rrymés kur éshté pérdorur shpejtésia e rrjedhjes 0.2 mL/min(B1) dhe 1 mL/min (B2), potenciali
operues +1.3V, gjaté shtimit té troloksit me pérgendrim 50 ppm, bartés puferi fosfat pH = 7.0.

Figura 4.24. Varésia e intensitetit té rrymés ndaj ndryshimit té potencialit operues, BDDE si elektrodé
e punés, pufer fosfat (pH 7.0), shpejtési e rrjedhjes ImL/min, duke pérdorur troloksin me pérgendrim
50ppm(A) dhe mostrén e cokollatés(B), lakorja me ngjyré té kuge paraget rrymén bazike.

Figura 4.25. Efekti i metanolit né tretésirat e punés duke pérdorur ekstrakt té cokollatés me 80% (&/&)
kakao. Matjet jané realizuar duke pérdorur BDDE né sistemin me analizé né rrjedhje, shpejtési té
rrjedhjes 1 mL/min dhe potencial operues + 1.3V. Ngjyra e kaltér e zbehté tregon rrymén bazé.

Figura 4.26. Amperogram tipik i analizés me injektim né rrjedhje realizuar né BDDE, potenciali
operues +1.3V, shpejtésia e rrjedhjes 1 mL/min, pufer fosfat me 30% MeOH (v/v).

Figura 4.27. Amperogrami hidrodinamik né FIA, gjaté matjeve té standardeve té Troloksit dhe
mostrave té cokollatave me sasi té ndryshme té kakaos.

Figura 4.28 TEAC i ¢cokollatés sé bardhé (0%), me qumésht (30%), dhe asaj té zezé (50-80% kakao;
wi/w), regjistruar né FIA duke pérdoruar BDDE.
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REZYME

Komponimet fenolike né pérgjithési jané klasé e gjeré e komponimeve organike me réndési
mjafté té madhe. Ato jané molekula organike té cilat né unazén apo unazat aromatike pérmbajné
njé ose mé shumé grupe hidroksile.

Komponimet me pérbérje fenolike jané té pérhapura shumé né botén e gjallé po ashtu edhe disa
prej tyre sintetizohen nga industrité e ndryshme pér nevoja té caktuara. Njé pjesé e madhe e
komponimeve mé pérmbajtje fenolike marrin pjesé né shumé procese metabolike né trupin
toné. Ato mund té metabolizohen ose té merren né formé té tabletave farmaceutike.

Acetaminofeni, i njohur si paracetomol, éshté njé aminofenoli derivat(N-acetil-p-aminofenoli)
me efekte analgjetike dhe antipiretike. Paracetamoli pérdoret gjerésisht si zévendésues i acidit
acetilsalicilik dhe fenacetinés.

Pérdorimi né doza té médha éshté treguar té jeté shumé i démshém pér shéndetin. Pjesa mé e
madhe e substancés aktive ekstraktohet nga trupi né formé té metaboliteve jo toksike né uriné
(40-60% si glukoronat, 30% si sulfate), dhe 2% né formé té pandryshuar. Kéto paragesin fakte
té réndésishme pér pércaktimin e paracetomolit né analiza klinike.

Polifenolet jané klasé e madhe e komponimeve kimike té cilat gjenden né shumé bimé, kéto
komponime kané térhequr vémendjen pér shkak té mirave shéndetésore gé i posedojné. Jané té
njohura mé shumé se 8000 komponime té cilat jané izoluar dhe pérshkruar. Polifenolet mund
té ndahen né tri grupe kryesore, flavonoidet acidet fenolike dhe sibenoidet. Polifenolet jané
antioksidant potent, ata jané né gjendje té neutralizojné radikalet e lira. Radikalet e lira jané
specie kimike té cilat kané sé paku nga njé elektron té pa ciftézuar dhe né kété gjendje jané
shumé reaktive duke shkaktuar reaksione dytésore né organizém reaksione té cilat béjné
¢rregullimin e shumé proceseve metabolike. Démtimet mund té jené edhe né geliza, proteina,
etj.

Komponimet fenolike t¢ ngjashme me paracetomolin mund té oksidohen duke pérdorur
metodat elektrokimike. Forma e zhvillimit té reaksionit kimik te kéto komponime varet shumé
nga natyra e sipérfages sé elektrodés. Né pérgjithési shpejtésia e transferimit té elektroneve
éshté e ngadalshme dhe sinjali elektrokimik né pérgendrime té vogla éshté véshtiré ose i
pamundur té matet, gé ¢con né zhvillimin e disa metodave té reja rreth modifikimit té sipérfageve
té ndryshme té elektrodave.

Synimi i hulumtimit toné ka gené zhvillimi i senzoréve dhe biosenzoréve elektrokimik pér
pércaktimin e komponimeve me pérbérje fenolike duke véné theks té vecanté ato pér destinim
farmaceutik.

Metodat elektrokimike, si voltametria ciklike dhe amperometria hidrodinamike jané pérdorur
pér zhvillimin e sensoréve né fjalé, konkretisht pér té hulumtuar sipérfaget e elektrodave,
mekanizmin e reaksioneve redokse, efektet e modifikueseve, performacén e sistemeve analitike
té zhvilluar etj.

Né kété temé té doktoratés jané arritur t& zhvillohen sensor dhe biosensor amperometrik pér
pércaktimin e komponimeve me pérmbajtje fenolike duke véné theks te vecante ato pér
destinim farmaceutik. Zhvillimi i sensoréve dhe biosensoréve éshté arritur duke pérdor
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materialet nga elektrodat e pastra té karbonit ose duke i modifikuar ato. Modifikimet jané
realizuar duke pérdorur teknika shumé komplekse dhe interesante me ¢ka éshté arritur té rritet
sinjali analitik dhe mundésia e operimit né potenciale ku interferencat jané minimale. Kjo mé
pas ka mundésuar té analizohen edhe mostra fiziologjike té cilat pérmbajné matriks mjaft
kompleks. Sa i pérket elektrodave té punés jané pérdorur kryesisht materiale nga karboni si:
karbon gelqor, pasté e grafitit, diamant i dopur me bor dhe elektroda té printuara té karbonit.
Ndérsa si modifikues éshté pérdorur grafeni, nanotuba té karbonit si dhe enzimé (tirozinazé).

Rezultatet e fituara kané treguara gé biosensori elektrokimik gé bazohet né pérdorimin e
elektrodave té printuara té karbonit té llojit DS-150, modifikuar me grafen dhe tirozinazé éshté
shumeé efektiv né pércaktimin e paracetamolit né tabletat farmaceutike dhe gjithashtu né mostrat
fiziologjike té cilat jané mjafté komplekse si¢ éshté urina, ku pércaktimet jané shpesh heré té
véshtira. Késhtu biosensori né fjalé ka arritur té operojé né potencial 0.00 V, rend linear deri
né 130 pmol L2, limit & pércaktimit 1.1 umol L2,

Me kété kontribut gjithashtu éshté demonstruar sjellja biosensorit amperometrik né analizén e
frutave té ndryshme té malit, i pérbéré nga pasta e karbonit dhe modifikuar me nanotuba té
karbonit dhe tirozinazé. Pas disa hapave té optimizmit éshté realizuar pércaktimi i sasive totale
antioksiduese ekuivalent me Troloksin (TEAC) né dredhéza, manaferra, mjedér, boronicé dhe
boronicé e kuge.

Elektroda e diamantit e dopuar me bor e integruar né sistemin FIA ka treguar té jeté efikase né
pércaktimin e sasive totale antioksiduese ekuivalent me Troloksin gjaté analizés sé mostrave té
cokolatés duke paraqitur njé pajisje té thjeshté analitike pér pércaktimin e kualitetit té
cokollatés, vecanérisht né pércaktimin e pérmbajtjes sé kakaos( w/w).

Metodat e zhvilluara jané krahasuar me metoda tjera standarde dhe kané treguar korrelacion té
miré sa i pérket rezultateve gjaté matjeve né mostra reale ose standarde.
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SUMMARY

Phenolic compounds in general are a broad class of organic compounds of great importance.
They are organic molecules that contain one or more hydroxyl groups in the aromatic ring or
rings.

Compounds with phenolic composition are widespread in the living world, and some of them
are also synthesized by various industries for specific needs. A large part of phenolic
compounds participates in many metabolic processes in our body. They can be metabolized or
taken in the form of pharmaceutical tablets.

Acetaminophen, known as paracetamol, is an aminophenol derivative (N-acetyl-p-
aminophenol) with analgesic and antipyretic effects. Paracetamol is widely used as a substitute
for acetylsalicylic acid and phenacetin.

The use in large doses has been shown to be very harmful to health. Most of the active substance
is extracted from the body in the form of non-toxic metabolites in the urine (40-60% as
glucuronate, 30% as sulfate), and 2% in unchanged form. These present essential facts for the
determination of paracetamol in clinical analyses.

Polyphenols are a large class of chemical compounds found in many plants; these compounds
have attracted attention due to the health benefits they possess. More than 8000 compounds are
known which have been isolated and described. Polyphenols can be divided into three main
groups, flavonoids, phenolic acids, and sibenoids. Polyphenols are potent antioxidants; they are
able to neutralize free radicals. Free radicals are chemical species that have at least one unpaired
electron and in this state are very reactive, causing secondary reactions in the body, reactions
that disrupt many metabolic processes. Damage can also be in cells, proteins, etc.

Phenolic compounds similar to paracetamol can be oxidized using electrochemical methods.
The form of development of the chemical reaction in these compounds depends greatly on the
nature of the electrode surface. In general, the rate of electron transfer is slow and the
electrochemical signal at low concentrations is difficult or impossible to measure, which leads
to the development of several new methods around the modification of various electrode
surfaces.

The goal of our research has been the development of electrochemical sensors and biosensors
for the determination of compounds with phenolic composition, with particular emphasis on
those for pharmaceutical use.

Electrochemical methods, such as cyclic voltammetry and hydrodynamic amperometry, have
been used to develop the mentioned sensors, specifically to investigate electrode surfaces, the
mechanism of redox reactions, the effects of modifiers, the performance of developed analytical
systems, etc.

In this Ph.D. topic, amperometric sensors and biosensors have been developed for the
determination of compounds with phenolic content, with particular emphasis on those for
pharmaceutical use. The development of sensors and biosensors has been achieved using
materials from pure carbon electrodes or by modifying them. The modifications were carried
out using very complex and interesting techniques, with which it was possible to increase the
analytical signal and the possibility of operating at potentials where the interferences are
minimal. This has made it possible to analyze even physiological samples which contain a quite
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complex matrix. As for working electrodes, mainly carbon materials were used, such as glassy
carbon, graphite paste, boron-doped diamond, and printed carbon electrodes. While graphene,
carbon nanotubes, and enzyme (tyrosinase) were used as modifiers.

The obtained results have shown that the electrochemical biosensor based on the use of DS-150
printed carbon electrodes modified with graphene and tyrosinase is very effective in the
determination of paracetamol in pharmaceutical tablets and also in physiological samples which
are quite complex such as it is urine, where determinations are often difficult. Thus, the
biosensor in question has managed to operate at a potential of 0.00 V, linear order up to 130
pmol L7, the limit of determination 1.1 pmol L2,

With this contribution, the behavior of the amperometric biosensor in the analysis of different
mountain fruits, made up of carbon paste and modified with carbon nanotubes and tyrosinase,
has been demonstrated. After several steps of optimization, the determination of total
antioxidant amounts equivalent to Trolox (TEAC) in strawberry, blackberry, raspberry,
blueberry, and cranberry was carried out.

The boron-doped diamond electrode integrated into the FIA system has been shown to be
efficient in the determination of total antioxidant amounts equivalent to Trolox during the
analysis of chocolate samples presenting a simple analytical device for the determination of
chocolate quality, especially in the determination of cocoa content (w/w).

The developed methods have been compared with other standard methods and have shown a
good correlation in terms of results during measurements on real or standard samples.
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PJESA TEORIKE

15



Punim i Diplome Arbér FRANGU

1. KOMPONIMET FENOLIKE

Komponimet fenolike jané klasé e gjeré e komponimeve organike té cilat pérmbajné njé ose
mé shumé grupe hidroksilike (-OH) té lidhura direkt né unazén aromatike. Anétari mé i thjeshté
pérfagésues i komponimeve fenolike éshté fenoli me formulé kimike CsHsOH. Emri sistematik
pér CeHsOH éshté benzenol, mirépo emértimi fenol pér kété komponim éshté pranuar sipas
nomenklaturés IUPAC, ndérsa komponimet gé rrjedhin nga zévendésimi i métejshém né
unazén benzenike njihen si derivate té fenolit [1].

Té gjitha atomet e karbonit té cilat formojné unazén aromatike kané hibridizim sp?. Prandaj,
fenoli ka strukturé heksagonale planare, ku té gjitha lidhjet kané kéndé prej 120° me elektrome
m té shpérndara té téré unazén aromatike. Lidhja C-O formohen nga orbitalet Csp? — Osp?
ndérsa lidhja O-H formohet nga orbitalet Osp® — Hsp®. Dy orbitalet tjera té atomit t& oksigjenit
jané té okupuara nga dy qiftet elektronike jo lidhése. Pér kété arsyeje, grupi funksional
hidroksil C-O-H ka formé té pérkulur me kénd té lidhjes 109.5 ° si¢ éshté paragitur né Figurén
1.1. Oksigjeni éshté mé elektronegativ se sa atomet e karbonit dhe hidrogjenit, me cka béné qé
dy lidhjet C-O dhe O-H té jané polare [2].

O o
\

10050 H

Figura 1.1. Struktura e fenolit [4]

Pér mé tepér qiftet elektronike té atomit té oksigjenit jané té konjuguara me sistemin e unazés
aromatike duke shkaktuar transferimin e ngarkesés parciale negative nga atomi i oksigjenit
brenda né unazé, dhe delokalizmin e ngarkesés. Ky efekt ndikon qé té grupi O-H té keté
polaritet mé té madh, e qé si pasojé kemi rritjen e karakterit acidik té fenolit duke mundésuar
mé pas formimin e joneve fenokside (fenolateve) [2, 3]. Kéto karakteristika té pérmendura i
japin fenolit veti specifike kimike dhe fizike. Né& Figurén 1.2 jané paraqitur disa shembuj té
komponimeve fenolike.
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Figura 1.2. Shembuj té komponimeve fenolike [4]

Emértimi i derivateve té fenolit béhet né até ményré gé numérimi né unazén aromatike fillon nga karboni
qé lidh grupin hidroksil né drejtim té karbonit té zévendésuar mé té afért me karbonin gé lidh grupin

hidroksil [1].
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Pérve¢ emrave sipas nomenklaturés IUPAC, pér emértimin e njé numri té konsiderueshém té
komponimeve fenolike pérdoren edhe emrat trivialé té tyre si¢ éshté rasti me 1,2-benzendiol, 1,3-
benzendiol dhe 1,4-benzendiol, té cilét njihen me emrat si pyrokatekol ose katekol, rezorcinol dhe
hidrokinon.

OH OH
OH
1.2-B EI:ILEI.:ldiDI 1,3-Benzendiol 1.4-Benzendiol
(Katekolli) (Resorcinoli) (Hidrokinoni)

Po ashtu pér té treguar pozicionin e zévendésuar né unazén benzenike shpesh pérdoren edhe parashtesat
orto-, meta- dhe para- (0-,m-, p-) pér pozicionet 2, 3 dhe 4 ndaj karbonit, i cili lidh grupin hidroksil [1,
5].

OH OH
NO, OH

o-Nitrofenoli m-Nitrofenoli p-Nitrofenoh

Né varési té numrit té grupeve hidroksilike, fenolet mund té klasifikohen si monohidroksilike,
dihidroksilike, trihidroksilike dhe polihidroksilike [6].
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1.1 Paracetamoli
Qé nga kohét e lashta komponimet fenolike natyrale jané pérdorur si ngjyrues dhe né mjekésiné
tradicionale. Shumé komponime té tilla, natyrale ose jo natyrale, jané evidentuar si ilage pér
trajtimin e kancerit, infeksioneve virusale, astmés, dhe sémundjeve gé jané té lidhura me
sistemin nervor [7].

H
N

H

Figura 1.3. Struktura kimike e molekulés sé paracetamolit [8].

Acetaminofeni (APAP), i njohur si paracetamol, éshté njé derivat aminofenoli (N-acetil-p-
aminofenoli) me efekte analgjetike dhe antipiretike. Paracetamoli pérdoret gjerésisht si
zévendeésues i acidit acetilsalicilik dhe fenacetinés. Pér shkak té ¢cmimit shumé té ulét ky
medikament gjen pérdorim té gjeré, shpeshheré edhe né ményré té pakontrolluar [9-10].

Zakonisht doza pér té rritur éshté njé ose dy tableta nga 500 mg deri né pesé heré né 24 oré. Pér
fémijé doza maksimale pér 8 oré éshté 500 mg. Edhe pérkundér dozés sé rekomanduar, ekziston
rrezik serioz i helmimit qé shkakton démtim akut t& mélgisé deri né 42% , mé shumé se 300,000
té hospitalizuar pér vit. Pérdorimi né doza té médha éshté treguar té jeté shumé i démshém pér
shéndetin. Pjesa mé e madhe e substancés aktive ekstraktohet nga trupi né formé té metaboliteve
jo toksike né uriné (40-60% si glukoronat, 30% si sulfate), dhe 2% né formé té pandryshuar.
Kéto paragesin fakte té réndésishme pér pércaktimin e paracetomolit né analiza klinike [10-12].

Eshté konfirmuar se APAP né ményré reversibile oksidohet né N-acetil-p-benzokinon-iming

(NAPBQI) me participimin e dy elektroneve dhe dy protoneve, si¢ shihet né figurén 1.3[13-
15].
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Figura. 1.4. Mekanizmi i propozuar i oksidimit te paracetamolit né formé elektrokimike [13].

Komponimet e ngjashme me paracetamolin mund té oksidohen duke pérdorur metodat
elektrokimike. Forma e zhvillimit té reaksionit kimik te kéto komponime varet shumé nga
natyra e sipérfages sé elektrodés. Né pérgjithési shpejtésia e transferimit té elektroneve éshté e
ngadalshme dhe sinjali elektrokimik né pérgendrime té vogla éshté véshtiré ose i pamundur té
matet, gé con né zhvillimin e disa metodave té reja rreth modifikimit té sipérfageve té
elektrodave té ndryshme [15].

1.1.1 Shembuj té biosensoréve elektrokimik pér pércaktimin e paracetamolit

Pércaktimet e sasive antioksiduese totale jané pjesé me e shpeshté e analizés kimike, dhe
pérderisa béhet analizimi i njé grupi t¢ madh molekulash, né fruta té ndryshme kryesisht, béné
mé té lehté zhvillimin dhe konstruktimin e biosensoréve pér kété géllim edhe pse ka sfida né
kété drejtim. Problemi mé i madh géndron né rastet kur kemi té béjmé me analizimin e mostrave
fiziologjike dhe kemi pér ta pércaktuar njé analit té vetém né mesin e shumé té tjeréve( mostra
shumé komplekse). Njé situaté e tillé éshté mé pércaktimin e paracetomolit né uriné gé paraget
sfidén kryesoré té kétij hulumtimi. Pér kété géllim éshté béré njé hulumtim mé né detaje rreth
biosensoréve elektrokimik pér pércaktimin e paracetomolit né mostra té ndryshme, pér té paré
sfidat dhe mundésité e zhvillimit t& njé biosensorit té kohés i cili do té keté pérformancé mé té
larté se biosensorét paraprak, por edhe pér té mésuar rreth teknikave t€ modifikimit dhe
hulumtimit né pérgjithési. Né kété pjesé do té prezantohen disa hulumtime gé jané realizuar
rreth zhvillimeve té biosensoréve té tillé elektrokimik, duke i Klasifikuar né bazé té entiteteve
biologjike té pérdorura(fruta, enzima, bakterie etj.)

Pérdorimi i indet e frutave dhe perimeve

Né vitin 2001 éshté prezantuar njé hulumtim i cili ka té béjé zhvillimin e njé biosensori

elektrokimik bazuar né pérdorimin e pastés sé karbonit me inde te avokados (Persea americana)

si burim i polifenol oksidazés (PPO) [16]. Sensori i tillé éshté ndértuar duke pérdorur pasten e

karbonit si material bazé e mé pas duke e modifikuar me inde te avokados ne raport 75% me

15% (w/w) dhe 10% material lidhés(vazeling). Sensori elektrokimik ka gené i afté te operojé
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ne pH neutral duke pérdorur pufer fosfat. Hulumtimi éshté zhvilluar duke pérdor tretésiré
standarde té paracetamolit me pastérti analitike ose edhe té produkteve farmaceutike té
paracetamolit pér té dhéné informacione rreth perfomancés sé sensorit dhe krahasuar rezultatet.

Teknika me té cilén éshté jané zhvilluar matjet kané gené kronoamperometria hidrodinamike
duke pérdorur ményrén e akumulimit té analitit prané sipérfages sé elektrodés me pérzierje té
vazhdueshme dhe pas ndérprerjes sé pérzierjes, elektroda éshté polarizuar né potencial operues
-0.12V vs Ag/AgCI. Senzori i konstruktuar né ményré té tillé ka treguar rezultate té mira né
testet pér “recovery” né produkte té€ ndryshme qé pérmbajné paracetamolit.

Pérvec avokados, bananet, patatet, mollét, arrat e kokosit, kérpudhat, patéllgjani i zi etj.,
pérmbajné tirozinazé ose enzimé polifenol oksidazé (PPO). PPO katalizojné dy lloj procese, o-
hidroksilimin e monofenoleve né o-difenole dhe oksidimin e tyre ne kinone pérkatése. Mé tutje
do té shtjellohet pérdorimi i patéllgjanit té zi dhe i banave si burim i PPO né kuadér té zhvillimit
té biosensoréve elektrokimik pér pércaktimin e paracetamolit.

Njé biosensor elektrokimik pér pércaktimin e paracetamolit duke pérdor patéllgjanin e zi si
burim i PPO [17] éshté ndértuar duke béré pérzierjen e pastés sé karbonit mé ekstrakt té
patéllgjanit té zi.

Pasta e tillé &shté vendosur né piston dhe teknika mé té cilén éshté béré matja elektrokimike ka
gené voltametria me puls diferencial (DPV) duke e pérdorur biosensorin elektrokimik si
elektrodé e punés dhe si elektrodé referente Ag/AgCl 3M, ndérsa teli i platinés ka shérbyer si
elektrodé ndihmése. Biosensori ka operuar né pH 6.0 (aktivitet maksimal enzimatik) dhe pH
7.0 (stabilitet maksimal). Rendi linear pér sensorin ka gené 20-200 uM me limit té detektimit 5
uM. Aplikimi i sensorit pér pércaktimin e paracetamolit né tableta dhe tretésirat orale ka treguar
rezultate té kénagshme, me vlera té RDS 1.26-1.72 %, ndérsa pér “recovery” pér paracetamolin
ka variruar nga 97.% deri 99.8% pér pércaktimet voltametrike.

Kur jemi tek pérparésité e njé biosensori elektrokimik faktoré i réndésishém éshté edhe sasia e
mostrés qé duhet marr pér analizé, éshté shumé me interes gé sasia té jeté sa mé e vogél. Njé
biosensor i tillé elektrokimik éshté paragitur [18] i cili mund té operojé né nivel t€ mikrolitrave
saktésisht me njé mikrolitér. Biosensori i tillé éshté zhvilluar duke e pérdorur si bazé pastén e
karbonit e cila éshté modifikuar me hidrogjel (polimer) dhe inde té bananes. Hidrogjeli éshté
pérgatitur duke kombinuar akril amidén dhe acidin akrilik si dhe si lidhés i tyre éshté shtuar
N,N-metilen bisakrilamida, ky lloje hidrogjeli ka pasur rolin e absorbuesit ndérsa indet e
bananés kan shérbyer si burim i PPO. Elektroda e tillé e modifikuar ofron limit té detektimit té
ulét (1.6 uM) me rend linear 10-250 uM, riprodhueshméri té miré dhe stabilitet né dy mjediset,
até acidik dhe bazik, si dhe jetégjatési té madhe té enzimés (20 dité).

Frutat Jurubeba (Solanum paniculatum L.) raportohen gé pérmbajné gjithashtu PPO dhe té tillat
jané pérdorur gjithashtu si burim i komponentés biologjike pér té zhvilluar biosensor
elektrokimik [19]. Ky sensor éshté testuar duke pérdorur paracetamolin, acidin acetil salicilik,
metil dopan dhe acidin askoribik. Pérformancé mé e miré éshté arritur né testimet me
paracetomol me rend linear 5 deri 245 uM (R = 0.9994), limit té detektimit 3 uM dhe rend té
pérséritshmérisé né mes 1.52 % dhe 1.74 % (RSD). Gjithashtu edhe kungulleshat iu
bashkéngjiten grupit i cili pérmban burim té PPO [20].

Pérdorimi i enzimave pér zhvillimin e biosensoréve elektrokimik pér pércaktimin e

paracetamolit

Njé mekanizém tjetér pérmes té cilit éshté arritur té béhet pércaktimi i paracetomolit éshté duke
e pérdor enzimén aril acilamidazén e cila konverton paracetamolin né 4-aminofenol [21].
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Produkti i fituar mé pas éshté oksiduar duke aplikuar potencial +0.25 V né elektrodén e punés
vs Ag/AQCI elektrodés referente. Biosenzori i tillé elektrokimik éshté pérdorur pér té pércaktuar
paracetamolin né plazmén e gjakut. Si problem né pércaktim sipas autoréve éshté prezenca e
tioleve té cilat mund té lidhen me produktet e oksiduara duke i reduktuar prapé ato, e gé té tillat
mé pas ato arrijé té oksidohen prapé né elektrodé duke gjeneruar sinjal elektrokimik shteseé.
Amidaza si enzimé éshté pérdorur edhe si bashké modifikues me ceriumin dhe dioksidin e
grafenit né sipérfage gé printuara nga nanotubat e karbonit[22].

Lakaza éshté pérdorur pér té modifikuar sipérfaget e elektrodave té paktén dy heré né funksion
té zhvillimi té biosensoréve pér ta pércaktuar paracetamolin [23-24]. Né rastin e paré pasta e
karbonit éshté modifikuar me lakazé dhe dioksid té titanit. Rezultatet kané treguar se ky
biosensor elektrokimik éshté shumé i ndjeshém dhe gjithashtu selektiv pér té pércaktuar
paracetamolin. Matjet jané zhvilluar duke pérdorur voltametriné me puls diferencial, rend linear
8 deri 120 uM dhe kufi shumé té ulét té detektimit 1uM[23].

Né rastin tjetér si material bazé éshté pérdorur elektroda e karbonit gelqor e cila fillimisht éshté
modifikuar me nanotuba té karbonit e né fund me lakazé e cila éshté lidhur me sipérfagen e
elektrodés duke shtuar glutaraldehid i cili ka rol lidhés. Sipérfagja e modifikuar éshté dhe ajo e
pa modifikuar éshté fotografuar me mikroskop elektronik pér té paragitur dhe argumentuar
ndryshimet. Eshté pérdorur Voltametria ciklike, voltametria me puls diferencial dhe ajo me valé
kuadratike pér té zhvilluar matjet analitike. Pér dallim nga biosenzori paraprak i fundit ka kufi
té detektimit mé té larté 7uM[24].

Biosensorét tjeré pér pércaktimin e paracetamolit

Biosensorét elektrokimik pérdorin entitete t€ ndryshme biologjike duke pérfshi edhe bakteriet.
Bacillus spp éshté njé bakterie e cila pérmban polifenol oksidazé, metalproteina té cilat
katalizojné procesin e oksidimit té fenoleve dhe polifenoleve. Pérdorimi i njé entiteti té tillé né
konstruktimin e biosenzorit elektrokimik éshté paragitur [25]. Teknika e zhvillimit té kétij
biosenzori duket interesante e cila konsiston né pérdorimin e elektrodés sé arit e cila mé pas
modifikohet me nanotuba té karbonit shumé shtresor té karboksiluara sé bashku me anilinén.
Modifikimi éshté kryer duke bashkuar né njé tretésiré té vetme té kéto dy substancave dhe duke
I depozituar ato né ményré elektrokimike né sipérfagen e elektrodés. Né fund elektroda éshté
modifikuar me bakterie dhe sipérfagja pérfundimisht éshté mbuluar me glutaraldehid. Né
mekanizmin e propozuar paracetomolit oksidohet né o-kinone korresponduese nga polifenol
oksidaza e ndihmar nga shtresa e cila pérmban nanotuba shumé shtresor dhe polianilinén
(Au/PANI-cMWCNT/Bacillus sp./GA) dhe mé pas duke u reduktuar elektrikimisht té o-kinoneve,
né kéte ményré duke formuar cikél amplifikues biokatalitik dhe duke gjeneruar elektrone.
Elektronet mé pas pranohen nga MWCNT/PANI pér ta formuar formén e tyre té reduktuar, mé
voné MWCNT/PANI oksidohet duke liruar elektrone e gé migrojné drejt sipérfages sé arit ku
dhe formojné rrymén apo sinjalin analitik. Rryma e matur ka gené proporcionale me sasiné e
paracetamolit.Biosensori éshté testuar né analizat e mostrave reale duke pérdorur disa produkte
té paracetamolit dhe gjithashtu pérgjigjja e senzorit ndaj analitéve tjeré.

Ari éshté material i réndésishém pér ndértimin e biosensoréve elektrokimik. Né sipérfagen e
arit mund té lidhjen molekula té ndryshme (kryesisht tiole ose aminoacide) me lidhje kovalente
né ményré spontane ose elektrokimike. Me lidhjen e molekulave si¢ jan€ aminoacidet formohen
kushte te favorshme qé té lidhjen edhe makromolekula tjera me theks te vecanté acidet nukleike
dhe enzimet. Teknikeé e tillé éshté pérdorur pér ta paré sjelljen elektrokimike té paracetomolit
dhe pét ta pércaktuar até [26]. Biosensori elektrokimik éshté zhvilluar né até menyré ku
fillimisht elektroda e arit éshté modifikuar me cistiné dhe né fund éshté shtuar acidi
desoksiribonukleik (ADN). Ky biosensor elektrokimik operon ne pufer fosfat, me kufi té
detektimit 7.8 uM, rend linear 65-730 puM. Eshté testuar gjithashtu edhe pér interferencat e
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mundshme. Né mostrat fiziologjike zakonisht té pranishme i kemi acidin askorbik dhe acidin
urik, por gé nuk kané treguar té jené ndonjé problem né pércaktim.

1.2 Polifenolet

Polifenolet jané klasé e madhe e komponimeve kimike té cilat gjenden né shumé bimé, kéto
komponime kané térhequr vémendjen pér shkak té mirave shéndetésore qé i posedojné [27].
Jané té njohura mé shumé se 8000 komponime té cilat jané izoluar dhe pérshkruar [28].
Polifenolet mund té ndahen né tri grupe kryesore, flavonoidet acidet fenolike dhe sibenoidet.
Falavonoidet jané prej polifenoleve té cilat jané izoluar mé sé shumti, ato posedojné dy ose mé
shumé unaza aromatike ku secila barté nga njé ose mé shumé grupe hidrokasilike dhe né mes
vete jané té lidhura pérmes njé uré oksigjeni. Flavonoidet varésisht nga pozita e unazave
aromatike ndahen né disa nén klasa té cilat jané quajtur flavone, izoflavone, antoksinidinne,
kalkone dhe dihidrokalkone [29, 30].

Kuesedin
OH OH
X
HOOC OH 0 HO
o HO y - OMe
Acidi Gallikc » Acidi Rosmarinilc Acidi Ferrui

Figura 1.5. Struktura e disa polifenoleve té cilat gjinden né bimén té ndryshme

Acidet fenolike zakonisht ndahen né dy klasa kryesore, nga acidi benzoik qé pérmban 7 atome
té karbonit ose nga acidi cianimik me 9 atome té karbonit [31]. Té gjitha kéto komponime jané
té hidroksiluara. Té gjitha kéto komponime gjenden né bimé té cilat mund té jené té esterifikuar
me glukozé ose karbohidrate tjera. Polifenolet dietike jané té izoluara nga frutat (manaferrat,
mollét, agrume, gershi); perime (gepé, selino fasule), baréra, rrénjét, eréza (xhinko, shafran i
Indisé); ¢aj té gjelbér dhe té zi[32]. Dihet se konsumi i ushgimeve té pasura me flavonoide,
vecganérisht tek frutat dhe perimet, pérkthehet né pérfitime pér shéndetin e njeriut: Studimet
epidemiologjike kané gjetur se pranie e kétyre komponimeve éshté e lidhur ngushté me
zvogélimin e sémundjeve té zemrés, kancerit, sémundjeve gastrointestinale dhe neurologjike,
alergjité etj. [28, 31, 33-35].
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Polifenolet jané antioksidant potent, ata jané né gjendje té neutralizojné radikalet e lira.
Radikalet e lira jané specie kimike té cilat kané sé paku nga njé elektron té pa ciftézuar dhe né
kété gjendje jané shumé reaktive duke shkaktuar reaksione dytésore né organizém reaksione té
cilat b&jné ¢rregullimin e shumé proceseve metabolike. Démtimet mund té jené edhe né geliza,
proteina, etj [29, 36].

Komponimet fenolike kané demonstruar té jené antibakteriale, antitoksina, antivirusale si dhe
gjithashtu té tregojné aktivitet antifungal. Si pérfundim mund té citojmé Halliwell i cili thoté:
“Flavonoidet dhe komponimet tjera polifenolike kané efekt té fugishém antioksidativ in vitro,
por mund té veprojmé si pri-oksidant né disa sisteme tjera. Komponimet fenolike ndihmojné
mbrojtjen e trakti gastrointestinal ndajé démtimeve té mundshme nga speciet reaktive gé jané
prezent né ushgim ose gé mund té formohen mé voné né stomak ose zorré. Pérfitimi i
pérgjithshém shéndetésor i flavonoids éshté e pasigurt, dhe konsumimi i sasive té médha té tyre
né ushgime té pasuruara nuk duhet ende té inkurajohen™ [37-41].

Cokolata éshté njé produkt ushgimor nga kakao e cila né pérgjithési klasifikohet né tri grupe:
cokolata e zezé, cokolata nga quméshti dhe gokolata e bardhé. [42-44]. Cokolata e zezé
pérmban zakonisht 50-90% kakao, gjalpé té kakaos she sheqer, ndérsa ¢okolata nga quméshti
pérmbajné 10-50 % kakao, gjalpé té kakaos, qumésht né forma té ndryshme dhe sheqger.
Cokolata e bardhé nuk pérmban sasi té kakaos [44]. Autoritet Ceke té Bujgésisé dhe Ushgimit
kané raportuar se njé pjesé e prodhuesve nuk béjné deklarimin e sakté té sasisé sa kakaos né
produktet e cokolatave[45]. Kakao pérmban sasi té larta té polifenoleve dhe éshté & mundur té
béhet pércaktimi i tyre me metoda elektrokimike né kontekstin e analizés sé kualitetit té
cokolatés dhe kapacitet antioksidues total (TAC)[46-50].

Metodat analitike pér pércaktimin e polifenoleve (kapacitetit antioksidues)

Troloksi éshté njé analog sintetik i a-tokoferolit, i njohur si forma mé aktive e vitaminés E , i
cili pérdoret si substancé standarde pér krahasimin e aktivitetit antiradikal né ushgim i shprehur
si kapaciteti antioksidues ekuivalent me Troloksin ( TEAC) [51]. Tretshméria e Troloksit né
pH neutrale &shté 3 mg-mL™, gé éshté e mjaftueshme pér analizat e zakonshme. Pér
pércaktimin e TEAC disa metoda spektrometrike jané zhvilluar duke u bazuar né vetité
reduktuese nga prezenca e antioksidantéve. Njé nga metodat mé té shpeshta, 1,1-difenil-2-
pikrilhidrazil(DPPH) &shté e bazuar né radikalin 1,1-difenil-2-pikrilhidrazil (DPPH) [52]. Disa
metoda tjera jané pérdorur né analizén e frutave, duke pérfshiré njé radikal oksigjenik me
kapacitet absorbues (ORAC) [53], aftésia antioksiduese e reduktimit ferrik (FRAP) [54], dhe
bllokimi total radikal i potencialit antioksidues (TRAP) [55]. L-acidi askorbik(AA), i njohur si
vitamina C, &shté i njohur si njé komponim kimik jofenolik, i cili gjendet gjithashtu né fruta me
kapacitet té larté antioksidues [56], ku zakonisht gjendét sé bashku me polifenolet né gjéra
ushgimore. AA ka efekt pengues gjaté matjeve né analizat elektrokimike té polifenoleve pér
shkak té vetive reduktuese (kinonet reduktohen sérish né polifenole ). Efekti interferues i AA
né pércaktimin e hidrokinonit (HQ) g€ ka strukturé té ngjashme me a-tokohidrokinonet [57], i
njohur edhe nga studimet paraprake [58].
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Figura 1.6. Mekanizmi i propozuar i reduktimit té hidrokinonit nga acidi askorbik [49].

Mekanizmi i reduktimit té hidrokinonit nga AA, i propozuar nga ISAACS dhe ELDIC éshté
paragitur né figurén 1.6 [58], Sidoqofté mé herét éshté gjetur se prezenca e AA nuk interferon
né raportin molar t¢ AA me HQ 1:1, né rastet e biosensoréve amperometrik bazuar né elektrodat
pasté karboni modifikuar me tirozinazé ( TYR) [59].
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1.3 Tirozinaza

Tirozinaza éshté njé glikoprotein cila pérmban bakér me masé 75 kD, e njohur si molekula T4.
| pérket familjes sé proteinave gé kané gendér katalitike té formuar nga dy bérthama bakér lloji-
3. Kjo enzimé katalizon hidroksilimin e monofenoleve né pozitat orto dhe rrjedhimisht
oksidimin e difenoleve né kinone pérkatése[60]. Kéto reaksione ndodhiné né prani té oksigjenit
i cili reduktohet né ujé. Kinonet si produkte jané prekursor reaktiv pér sintezén e melaninés.

Figura 1.7. Forma strukturore e tirozinazés (majté) dhe pjesa aktive e saj (djathté) [62].

Tirozinaza e cila gjendet né perime, fruta dhe kérpudha, éshté njé enzimé e cila ndikon né
nxirjen e tyre kur ato ruhen pér njé kohé té gjaté. Tek gjitarét tirozinaza éshté pérgjegjése pér
anomalité né pigmentimin e I&kurés[61]. Késhtu tirozinaza éshté mjafté e réndésishme né
fushén e bujgésisé dhe industrisé. Né industriné kozmetike zhvillimi i inhibitoréve potent té
tirozinazés éshté njé interes atraktiv.

Aftésia e tirozinazés pér té reaguar me fenole béné até té pérdorshme né bioteknologji, pér
zhvillimin e biosensoréve dhe aplikimet né biokatalizé [63-65].

Né vitin 2003 éshté realizuar njé studim kinetik i oksidimit t¢ APAP nga tirozinaza (EC
1.14.18.1) [66].

Né hapin e paré APAP hidroksilohet duke kaluar né 4-acetamido-1,2-katekoll. Mé& pasé ky
produkt inermediar né hapin e dyté oksidohet né 4-acetamido-0-benzokinon(4-AOBQ) [67, 68].
Produkti i fituar (4-AOBQ) mund té reduktohet né ményré elektrokimike me participimin e dy
protoneve dhe dy elektroneve [69].
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Figura 1.8. Mekanizmi i oksidimit té hidrokinonit nga tirozinaza [59].

Tirozinaza éshté e afté té katalizojé edhe oksidimin e troloksit me cka formohet Troloks kinoni
[59], i cili ka mundési té reduktohet elektrokimikishté mé pjesémarrjen e dy elektroneve dhe
dy protoneve né Troloks hidrokinone[69]. Kéto procese pérshkruajné né ményré té thjeshté
principin e sjelljes sé biosensorit amperometrik nga tirozinaza.
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2. SENSORET

Termi sensor filloj té pérdoret nga vitet 70-ta. Ky zhvillim ishte i shkaktuar nga zbulimet
teknologjike qé ishin pjesé e revolucionit industrial gé vazhdon edhe né ditét e sotme [70].
Sensorét jané pajisje gé mundésojné konvertimin e parametrave té ndryshém si¢ jané ata kimik
ose fizik ne sinjale té matshme dhe té pérshtatshme. Rrjedhimisht, sensorét kimik mund ti
konsiderojmé si gjuhé dhe hundé artificiale. Parimi i sensoréve éshté i ngjashém me organet
sensitive té organizmave té gjallé [71] Sensorét sot jané pjesé e pothuajse té gjitha makinerive
dhe aparaturave té ndryshme, ata jané syté dhe veshét e tyre. Ata kané ndihmuar gé aparaturat
dhe makinerité t€¢ béhen mé “inteligjente” dhe mé té pavarura. Me zhvillimin gjithnj€ né rritje
té teknologjisé dhe automatizimit, njéherésh edhe sensoréve, mund themi se sot sensorét
paragesin organet teknike té ndijimit si: syté, veshét dhe gjymtyrét e makinerive té
automatizuara[70]. Figura 2.1 ilustron ngjashmérité mes sistemeve biologjike dhe teknike.

Truri <ompjuteri

1]

e e Oarku analo LC]

T ; T Shnendrrimi i
Shendrruesi sinjalit

Receptori
|

Ambienti

Figure 2.1. Procedimi i sinjalit nga organizmat e gjallé dhe procedimi nga njé makiné inteligjente
[70].

Karakteristika mé e réndésishme e njé sensori ideal éshté gé ai té béjé té mundur matjen né
ményré té vazhdueshme pa mostrim dhe pa modifikuar matjen apo analitin. Ky éshté dallimi
kryesor ndérmjet sensoréve kimiké dhe pajisjeve analitike gé pérdoren né kiming analitike. [72].

2.1. Sensorét kimiké

Njé sensoré kimik éshté njé pajisje e vogél dhe e kompletuar gqé né njé kohé reale e kthen
informacionin kimik né njé sinjal té pérdorshém analitik. Sipas Bashkimit Ndérkombétar té
Kimisé té Pastér dhe té Aplikuar (IUPAC) sensorét kimiké pérkufizohen si pajisje qé
transformojné informatat kimike, duke filluar nga pérgendrimi i njé komponente specifike deri
né analizén totale té pérbérjes, né sinjal analitik té shfrytézueshém. Funksionimi i sensorit kKimik
bazohet né pjesét pérbérése té tij, si: receptori dhe shndérruesit [73].Nga informacioni kimik ne
kuptojmé pérgendrimin e njé analiti specifik i cili éshté pjesé e njé mostre té caktuar.[74].
Fillimisht kimistét hezituan qé té merren me sensoré, por mé voné interesimi i tyre pér ta u rrit.
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Sensorét nuk pérshtaten lehté me konceptet tradicionale dhe rezulton gé tu pérkasin njé fushe
té re. Megjithaté nuk ka dyshim se sensorét kimiké pérfshijné njé degé té kimisé analitike.
Sensorét kimiké jané pajisje té vogla gé pérmbajné njé element njohés, njé element shéndérrues
dhe njé procesor té sinjalit té afté gé né ményré té vazhdueshme dhe té kthyeshme té raportojé
pér njé pérgendrim Kimik. Sensorét kimiké duhet té jené té afté té:

e Transformojné sasité kimike né sinjale elektrike

e Té& pérgjigjen shpejt

e TE& ruajné aktivitetin e tyre pér njé periudhé té gjaté kohore

o TE jené té vegjél

o TEéjenétéliré

e TE& jené specifiké p.sh. ata duhet t'u pérgjigjen vetém njé analiti, ose té paktén té
jeté selektiv ndaj njé grupi té analitéve [71].

Funksionimi i sensorit kimik bazohet né pjesét pérbérése té tij, si: receptori dhe shéndérruesit.
Receptori i sensorit transformon informatat kimike né formé té energjisé e cila mund té matet
nga shndérruesi[73]. Né shumicén e sensoréve kimiké, receptori reagon me molekulat e analitit.
Si rezultat, vetité fizike té tij ndryshojné né até ményré qé shéndérruesi qé éshté i lidhur mund
té fitojé njé sinjal elektrik. Né disa raste, objekti i njéjté sillet si receptor dhe si shéndérrues[70].
Pjesa e receptorit té sensorit kimik mund té bazohet né parime té ndryshme si: fizik, ku nuk
zhvillohet reaksion kimik, kimik, né té cilin reaksioni kimik i analitit jep sinjal analitik dhe
biokimik, né té cilin procesi biokimik éshté burim i sinjalit analitik.

Shéndérruesi éshté pajisje qé bén té mundur transformimin e energjisé bartése té informacionit
kimik rreth pérmbajtjes sé mostrés né sinjal analitik t& dobishém. Shéndérruesi nuk paraget
selektivitet [76].

Klasifikimi i sensoréve realizohet né ményra té ndryshme. Mé i pérhapur éshté klasifikimi gé
ndjek principet e shéndérruesit té sinjalit.

Grupet e sensoréve rezultojné:

e Sensorét optiké, gé matin absorbancén, reflektimin, luminoshencén, fluoroshencén,
indeksin e thyerjes, efektin optotermik dhe shpérhapjen e drités.

e Sensorét elektrokimiké, né mesin e tyre pajisjet voltametrike dhe potenciometrike,
CHEMFET, dhe sensorét potenciometrik pér gaze me elektrolité té ngurté.

e Sensorét elektriké duke pérfshiré kétu ato okside té metaleve dhe gjysmépércuesit
organike si dhe sensorét elektrolitiké t& pérgueshmérisé.

e Sensorét e ndjeshém ndaj masés p.sh. pajisjet piezoelektrike dhe ato té bazuara né valét
akustike té sipérfages

e Sensorét magnetiké(shumica pér oksigjen)

e Sensorét termometriké gé bazohen né né matjen e efektit té nxehtésisé té njé reaksioni
specifik kimik ose adsorbimit qé pérfshin analitin

e Sensorét e tjeré,sidomos ata gé bazohen né emisionin ose absorbimin e rrezatimit [70].
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Figura 2.2 Paragitja skematike e njé sensori tipik kimik.

Prej parametrave kryesoré gé mund té pérdoren pér té karakterizuar performancén e sensorit
kimik jané: ndjeshméria (sensitiviteti), kufiri i detektimit, rendi dinamik, selektiviteti,
lineariteti, rezolucioni, kohé-reagimi, histereza, géndrueshméria (stabiliteti) dhe jetégjatésia
[72].

2.2. Sensorét elektrokimik

Sensorét e bazuar né vetité e tyre elektrokimike jané njé grup i vecanté i pajisjeve analitike té
cilét kané térhequr njé vémendije té konsiderueshme né kohét e sotme dhe e gjithé kjo nuk éshté
e cuditshme duke u bazuar né faktin gé kéto lloj pajisjesh luajné njé rol ky¢ né analizat
mjekésore dhe klinike, né kontrollin e ushgimit dhe né monitorimin industrial [77]. Sensorét
elektrokimiké paragesin njé nénklasé té réndésishme té sensoréve kimikeé né té cilét si element
shndérrues pérdoret elektroda. Sensori elektrokimik éshté celulé elektrokimike, e ndértuar nga
dy apo tri elektroda. Varésisht nga parametri elektrik i matur, sensorét elektrokimiké mund té
klasifikohen né tipa (lloje) té ndryshém [78].

Sensorét elektrokimiké né ményré té menjéhershme prodhojné sinjale elektrike. Kjo éshté njéra
prej pérparésive kryesore té tyre dhe éshté njéra prej arsyeve pér lidhjen e ngushté midis fushés
sé sensoréve kimiké né njérén ané dhe elektrokimisé duke pérfshiré teknikat e eksperimenteve
elektrokimike né anén tjetér. Elektrokimistat tradicionalisht jané veté-ndértues té instrumenteve
elektronike. Pér shkak té natyrés sé punés sé tyre, ata duhet té kuptojné se si instrumentet
elektronike punojné. [70].
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Sensorét potenciometrik bazohen né matjen e potencialit, si sinjal relativ, i matur ndaj
potencialit té elektrodés referente, gé éshté proporcional me aktivitetin e joneve té analitit né
tretésiré. Potenciali i1 elektrodés referente éshté vleré fikse dhe aktiviteti i tretésirés sé
brendshme té elektrodés referente éshté konstant. Sensorét amperometrik e gjenerojné sinjalin
analitik nga matja e rrymés gé prodhohet nga reaksioni elektrokimik i zhvilluar né sipérfage té
elektrodés. Potenciali konstant i ushtruar shérben si forcé shtytése pér reaksionin e transferimit
té elektroneve té llojeve (specieve) elektroaktive. Kjo mund t€ pérshkruhet edhe si “shtypje e
elektroneve” qé i shtyné llojet (speciet) t€ marrin apo té japin elektrone. Rryma rezultuese éshté
matje direkte e rendit té reaksionit té transferimit té elektroneve. Sensorét konduktometriké
bazohen né matjen e pércjellshmérisé (konduktivitetit) té tretésirés, i cili éshté proporcional me
pérgendrimin e analitit. Sensorét amperometriké krahasuar me sensorét tjeré elektrokimiké
kané disa pérparési si: ndjeshméri té larté, selektivitet ndaj specieve elektroaktive, rend linear
té gjeré, instrumentim né miniaturé dhe ¢cmim té liré, aftési pér specie té ndryshme, dhe shumé
lloje té elektrodave gé mundésojné analizén né mjedise t€ ndryshme. Né tabelén 2.1 éshté
paragitur tabela me llojet senzorit elektrokimik dhe principi i punés gé kan ata [79].

Tabela 2.1: Principet e shndérrimit dhe teknikat e matjes té sensoréve elektrokimike [70].

Potenciometrik Shndérrimi i energjisé Potenciali(impedanca e larté)

Amperometriké Rryma kufizuese Rryma (impedanca e ulét)
dhe Kulometriké

Konduktometriké Resistive Rezistenca(vlera reciproke e
pérgueshmérisé)
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2.3 Biosensorét elektrokimiké

Biosensorét jané sensor kimik né té cilét sistemi njohés i tyre bazohet né njé reaksion biokimik
ose biologjik ku géllimi kryesor i kétij sistemi njohés éshté gé ti garantoj sensorit njé nivel té
larté té pérzgjedhshmérisé gjaté matjes sé analitit. [80, 81].

Biosensorét jané pajisje té cilat komponentén biologjike té imobilizuar e kané té lidhur direkt
me e sinjalit dhe shndérruesin amplifikatorin elektronik. Funksioni kryesor i shndérruesit éshté
qé t’i konvertojé ndryshimet fiziko-kimike té materialit biologjik gjaté bashkéveprimit me
analitin népérmijet sinjalit dalés [82].
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Figura 2.3. Parimi i punés sé njé biosensori elektrokimik [83].

Njohja Biologjike bazohet né parimin ¢elés né shumicén e rasteve. Kjo nénkupton se molekulat
arrihen té detektohen né bazé té madhésisé sé tyre. Selektiviteti i njé biosensori éshté shumé i
madh. Substanca bioaktive nganjéheré mund té detektojé analitin né mesin e milionave té tjeré.
[70]. Biosensorét sipas Bashkimit Ndérkombétar té Kimisé té Pastér dhe té Aplikuar (IUPAC)
jané sensoré kimiké te té cilét si pjesé njohése pérdoret njé entitet biologjik si p.sh. enzimé,
proteing, gelizé, ind apo organele[84]. Selektiviteti i larté i biosensoréve arrihet duke pérdorur
ndérmjetés selektiv ndaj analitit i cili pérmban substancé bioaktive si¢ jané enzimet, antitrupat
apo mikroorganizmat, etj,. Shfrytézimi i substancave bioaktive té cilat kané specificitet té larté
pér analitin, praktikisht béjné gé sensori té jeté i liré nga interferencat. Né varési té llojit té
shéndérruesit té pérdorur, biosensorét ndahen né: biosensoré optiké, kalorimetriké,
piezoelektriké dhe elektrokimiké. [75]. Biosensorét punojné si sensor biokatalitik ose si sensor
me bioafinitet, Ne sensorét biokatalitik né shumicén e rasteve enzimat pérdoren si komponenté
biologjike né sipérfagen e elektrodés. Tek ata me bioafinitet si grup i dyté zakonisht komplekse
shumé stabile me molekulat e mostrés formohen dhe mbahen fugishém pér sipérfage té
elektrodés. Né sensorét bioafinitiv né shumicén e rasteve antitrupat ose antigjet vendosen si
realizues té reaksionit biokimik. Acidet nukleike gjithashtu mund té klasifikohen si njé grup
tjetér i biosensoréve [70]. Biosensorét mund té aplikohen né shumé lloje té mostrave duke
pérfshiré 1éngjet trupore, mostrat e ushgimit, mostrat ambientale etj.

Pér té konstruktuar njé biosensor té suksesshém duhet plotésuar disa kushte:
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1. Substanca biologjike duhet té jeté shume specifike dhe té jeté e géndrueshme né kushte
normale té ruajtjes si dhe né kushtet ku zhvillohet eksperimenti.

2. Reaksioni duhet té zhvillohet sa mé i pavarur dhe té mos varet nga kushtet fizike siq
éshté pérzierja, vlera e pH dhe temperatura. Kjo do t¢ mundéson gé mostra gé analizohet
té mos i nénshtrohet para trajtimeve.

3. Pérgjigjja duhet té jeté e sakté, precize, e riprodhueshme dhe té kemi lineariteti tek
koncentriket gé neve na interesojné pa pasur nevojé pér hollim ose koncentrik té
Mostreés.

4. Nése biosensori pérdoret monitorime bioklinike elektroda e punés duhet té jeté efikase
dhe e pérshtatshme, t& mos keté mundési té shkaktojé ndonjé pasojé si helmimi ose
digka tjetér.

5. Pér mostrat qé duhet analizohen shpejté sensori duhet té jap pérgjigje né kohé reale.

6. Si pérfundim ndértimi i sensorit duhet té kushtoj sa mé pak té jeté e mundur dhe té€ mund
té pérdoret edhe nga personat gé nuk jané specialisté té késaj fushe [85].
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2.4. Voltametria dhe amperometria

Metodat elektroanalitike te té cilat matet rryma né varshméri té potencialit té aplikuar quhen
metoda voltametrike. Né aspektin historik voltametria éshté zhvilluar nga polarografia, té cilén
e ka zbuluar kimisti cek Heyrovski né vitet e shekullit t& XX (1922). Polarografia dallohet nga
llojet tjera voltametrike me faktin se elektroda e punés éshté njé elektrodé pikuese e merkurit
[86, 87].

Metodat elektroanalitike kané gjetur aplikim té gjeré pérdorim té gjeré pér géllime analitike
duke pérfshi monitorimin e mjedisit, kontrollin e cilésisé né industri, analiza biomjekésore, etj.,
si pasojé e thjeshtésisé dhe kostos sé ulét, ndjeshmérisé sé larté, mundésin gé té automatizohen
lehté dhe ofrojné njé pérzgjedhshméri té kénagshme. [88].

Termi i pérgjithshém ‘voltametri’ pérfshin né vetvete t€ gjitha metodat g€ bazohen né
vlerésimin e lakoreve rrymé-potencial. VVoltametria éshté tekniké me kontrollim té potencialit,
ku potenciali éshté i ndryshueshém krahasuar me amperometriné te e cila potenciali i ushtruar
éshté konstant. Potenciali i ushtruar kontrollon pérgendrimin e specieve redokse né sipérfage té
elektrodés (Co° dhe Cr%) dhe rendin e reaksionit (k°), té pérshkruara sipas ekuacionit té¢ Nernstit
ose Butler—VVolmerit. Né rastet kur procesi i difuzionit luan rolin kontrollues, rryma rezultuese
nga procesi redoks (e njohur si rryma faradeike) éshté e lidhur me fluksin e materialit drejt
ndérfages elektrodétretésiré dhe éshté shpjeguar me ligjin e Fikut (Fick).

Pér reaksionin elektrokimik reversibél, i cili mund té pérshkruhet si O + ne S-R, aplikimi i
potencialit E imponon pérgendrimet pérkatése t& O dhe R né sipérfage té elektrodés (co® dhe
cr®) né pérputhje me ekuacionin e Nernstit:

RT , C
E= E°-—In%
nF Co
(2.1)
ku:
R - éshté konstantja universale e gazeve (8.3144 J mol=K+), T éshté temperatura absolute (K),
n - éshté numri i elektroneve té kémbyera,
F - konstantja e Faradeit (Faradey) (96,485 C/mol), dhe

E° - éshté potenciali redoks standard pér ¢iftin redoks.

Nése ndryshon potenciali i ushtruar né elektrodé, raporti c./c,° né sipérfage gjithashtu do té
ndryshojé gé té kénagé ekuacionin (2.1).

Pér disa teknika éshté e mjaftueshme té pérdoret raporti gé lidh variablat pér rrymén,

potencialin dhe pérgendrimin e njohur si ekuacioni i Butler—\Volmerit:
i

—— =K ={c§ exp[-00] - c} exp[1-0] 6} (2.2)

ku
0 = nF(E — E°)/RT,
k° rendi i konstantés heterogjene,

a éshté koeficienti i transferimit dhe
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A éshté sipérfagja e elektrodés.

Ky raport bén té mundur gé té fitohen vlerat pér dy parametra analitiké mjaft té réndésishém si
i dhe k°. Pérfundimisht, né shumé raste rrjedha e rrymés varet drejtpérdrejté nga fluksi i
materialit né sipérfage té elektrodés. Kur O ose R krijohet né sipérfage, rritja e pérgendrimit
siguron shtytje pér difuzionin drejt thellésisé sé tretésirés. Gjithashtu, kur O ose R zbérthehen,
zvogélimi i pérgendrimit ndihmon difuzionin e materialit té ri nga brendia e tretésirés. Gradienti
rezultues i pérgendrimit dhe transporti i masés jané pérshkruar pérmes ligjit té Fikut, i cili pohon
se fluksi i materies (@) éshté né pérpjestim té drejté me gradientin e pérgendrimit:
®=-AD, = (%2 (2.3)

dx
ku:
Do éshté koeficienti i difuzionit
O dhe x jané distancat nga sipérfaqgja e elektrodés.

Ekuacioni analog mund té shkruhet edhe pér R. Fluksi pér O ose R né sipérfage té elektrodés
kontrollon rendin e reaksionit, késhtu qé rryma faradeike rrjedh népér celulé [89].

Njé set tipik i pajisjeve pér analiza voltametrike pérbéhet nga njé sistem prej tri elektrodash, té
njohura si elektroda e punés, elektroda referente dhe elektroda ndihmése si dhe njé burim i
rrymés dhe pajisja pér matjen e rrymés dhe tensionit. Né metodat voltametrike si elektrodé pune
pérdorén elektrodat e ngurta. Pér regjistrimin e lakoreve rrymé-potencial, elektroda duhet té
jeté e polarizuar, gjé gé arrinet me ushtrimin e vlerés sé pérshtatshme té potencialit mbi
sipérfagen e saj. Kjo béhet népérmjet garkut elektronik té quajtur potenciostat, duke pérdorur
celulén elektrokimike me tri elektroda (Fig. 2.4). Elektroda ndihmése, pas elektrodés sé punés,
éshté elektroda e dyté né pajisjet me dy elektroda. Elektroda referuese éshté elektroda potenciali
i té cilés éshté konstant, si dhe potenciali i sé cilés éshté piké referimi né pajisjet me tri
elektroda. Elektroda e punés éshté elektrodé, rryma e sé cilés éshté funksion i potencialit té
aplikuar dhe pérgendrimit té analitit.

Elektroda referente

Elektroda e punés

{ Elektroda e kundért ::

Kunder elektroda
Elektroda & punes
Elektroda refrente

Shkop magnetic L / Potenciostati Gjeneratori i funksionit
Figura 2.4. Celula elektrokimike me sistemin tri elektroda.

Zgjedhja e materialit té elektrodés varet nga gjerésia e shtrirjes né rendin e potencialit té
ushtruar, né vetité e tretésit, né kualitetin dhe pastértiné e materialit. Rendi i potencialit gé mund
té ushtrohet né elektrodé éshté i kufizuar nga njé apo mé shumé faktoré, si dekompozimi i
tretésit, dekompozimi i elektrolitit bazé, oksidimi ose tretja e elektrodés apo formimi i shtresés
inerte [70].
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2.4.1 Voltametria ciklike

Voltametria ciklike éshté teknika mé efektive dhe mé e gjithanshme elektroanalitke gé aplikohet
pér té studiuar mekanizmin e sistemeve redokse. Népérmjet pérdorimit té késaj teknike merret
informacion i shpejté pér termodinamikén e proceseve redoks, kinetikén e reaksioneve
heterogjene gé shogérohen me lévizje elektronesh, reksionet kimike me mekanizém si dhe pér
proceset e adsorbimit. Pér kété arsye ¢cdo studim analitik gé bazohet né procese elektronike,
fillon zakonisht me eksperimentet e voltametrisé ciklike [90, 91].
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o6 VvV« 1 &N B S
[ o] 5 10 15 20

Koha, s

Figura 2.5. Sinjali i ekscitimit potencial-kohé gjaté eksperimentit né voltametri ciklike [92].

Kjo tekniké bazohet né ndryshimin (varirimin) e potencialit té aplikuar né elektrodén e punés
né dy drejtime para dhe pas duke monitoruar rrymén (Fig.2.5). Analiza e rrymave gjegjése ofron
informacione té ndryshme pér termodinamikén dhe kinetikén e transferit té elektroneve né
shtresén elektrodé-elektrolit, pér intermedierét e reaksioneve dhe stabilitetin e produkteve té
reaksionit. [72].

Diagrami i paraqgitur né figurén 2.5. mund té interpretohet né kéto ményra:
a. Potenciali negativ paraget skanimin nga +0.60 deri -0.40 V.
b. Drejtimi i skanimit kthehet né potencialin -0.40 V.
c. Potenciali pozitiv paraget skanimin nga -0.40 deri +0.60 V.

Né té shumtén e rasteve skanimi i potencialit pérfundon né fund té ciklit té paré (pika d), por
mund té vazhdohet me skanimin e njé numri mé té madh té cikleve, prandaj edhe e quajmé té
tillé. Vija me pika (vija e ndérpre) né figurén 2.5. paraget ciklin e dyté. Njé skanim né té cilén
potenciali éshté gjithnjé pozitiv (p.sh. shkon né njé drejtim pozitiv) éshté quajtur njé skanim
pozitiv. Skanimi né té cilén potenciali shkon duke u béré gjithnjé e mé negativ paraget njé
skanim negative edhe pse potenciali aktualisht mund té jeté pozitiv ose gjaté gjithé kohés sé
skanimit, (si¢ &shté rasti né kété shembull). Nése koha e nevojshme pér ciklin e paré éshté 10
s, shpejtésia e skanimit éshté 2\//10s ose 0.2 V/s. Nga voltamogramet ciklik mund té fitohen
parametra té réndésishém, prej té ciléve, piket e rrymave (ipc, ipa*) dhe piket e potencialeve
(Epc, Epa) jané shumé té réndésishém. Njé voltamogram ciklik tipik pér njé cift redoks
reversibél gjaté njé cikli té potencialit &shté ilustruar ne figurén 2.6. Njé qift redoks né té cilét
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me shpejtési béhet kémbimi i elektroneve me elektrodén e punés éshté quajtur qift
elektrokimikisht i kthyeshém. Qiftet e tilla mund té identifikohen me ané té regjistrimit té
voltamogramit ciklik duke matur ndryshimin e dy pikéve té potencialeve. Ekuacioni 2.4 vlen
pér njé sistem qé éshté elektrokimikishté i kthyeshém:

AE, — B B« 0:08
RF (2.4)

Ku n éshté numri i elektroneve té shkémbyera dhe Epa dhe Epc jané potencialet kulmeve anodike
dhe kadodike, pérkatésisht né volt. Vlera 0.058/n i ndan kulmet e potencialeve dhe éshté e
pavarur nga shpejtésia e skanimit pér njé gift redoks, por lehtésisht varet numri i cikleve dhe

kércimeve té potencialeve [92].

Potenciali né mes dy kulmeve te potencialeve éshté potenciali formal i reduktimit per qiftin
pérkatés:

2 (2.5)
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Figura 2.6. Karakteristikat e njé voltamogrami ciklik[92]

Né rastin kur reaksioni éshté plotésisht i kthyeshém atéheré kemi:

Epa + Epc
2 (2.6)

Né fund , piku i rrymés jepet me ané té :
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i 5372 V2~ 112
1,=2.69X10°n" "AD "C»H @.7)
ku n éshté numri i elektroneve , A sipérfagja e elektrodés, D éshté koeficienti i difuzionit, C
éshté pérgendrimi dhe v shpejtésia e skanimit(e.g V/s) [90].

2.4.2 Amperometria hidrodinamike

Amperometria paraget njé degé té caktuar té metodave voltametrike né té cilén potenciali i
ushtruar né elektrodén e punés mbahet konstant, potenciali i tillé mundéson transformimin e
ploté elektrokimik té specieve oksido reduktuese. Né parim amperometria mund té aplikohet
né tretésira statike (né kushte getésie té tretésirés - pa pérzierje, pa rrjedhje té tretésirés) dhe né
tretésira dinamike (tretésira nén pérzierje dhe sistemet nén rrjedhje [93].

Qé matjet amperometrike té jené té shfrytézueshme né ményré efektive éshté me réndési té
potencohet se detektimi elektrokimik éshté tekniké sipérfagésore, d.m.th. se analiti patjetér
duhet bartur né sipérfage té elektrodés jo vettm me ané té difuzionit por edhe me ané té
konfeksionit. Metodat gqé bazohen né transportin e masés me pérzierje té reaktantéve dhe
produkteve quhen metoda hidrodinamike, p.sh. teknikat qé pérfshijné matjen e rrymave kufitare
apo lakoreve rrymé-potencial njihen si voltametri hidrodinamike, ose amperometri

E A=—B+4e¢"

E C—=—=D+e"
(2.8)

Né voltametri hidrodinamike parametri kohé éshté i bashkangjitur me rendin e pérzierjes dhe
éshté parametér kritik né ekzaminimin e kinetikés heterogjene dhe homogjene té lidhur (té
asocuar) me mekanizmin e reaksionit né elektrodé. Kjo marrédhénie luan rol analog me até té
rendit t& skanimit né eksperiment té voltametrisé ciklike. Duke marré sekuencat e mekanizmit
ECE (ekuacioni 2.8), réndésia e parametrit kohé mund té shihet duke ekzaminuar numrin
efektiv té elektroneve té transferuara [72].

2.4.3. Amperometria te sistemet né rrjedhje FIA (Flow Injection Analysis)
Sistemi me analizé né rrjedhje kryesisht bazohet né injektimin e mostrés né njé rrjedh té
vazhdueshme né té cilén ndodhet bartési i caktuar dhe i cili barté mostrén deri tek detektori.
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Figura 2.7. Skema e pérgjithshme dhe pajisjet e sistemit té analizés me injektim nén rrjedhje pér
detektim amperometrik.

Bartési arrin té léviz me ané té njé pompe te caktuar, ndérsa detektori mund té jeté i natyrés sé
ndryshme (optike, elektrokimike etj.) né varési se cila tekniké analitike pérdoret. Sistemin me
analizé né rrjedhje pér heré té paré e kané propozuar Ruzicka dhe Hansen né vitin 1947 dhe né
formén mé té thjeshté té saj pérbéhet nga njé pompé, injektori dhe detektori. Né kété lloj sistemi
sinjali éshté paraqgitet ne formé té pikéve té mprehta me rritje té shpejté dhe rénie té sinjalit té
rrymés, duke reflektuar kalimin e shpejté té analitit népér sipérfagen e elektrodés sé punés, Fig.
2.8 93, 94].

20
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Figura 2.8. Njé shembull i njé amperogrami hidrodinamike i fituar gjaté analizat mé injektim né rrjedhje

FIA éshté njé metodé e duhur pér pércaktime té shpejta dhe pér numér té madh mostrash pér
kohé té shpejté; éshté njé metodé ideale pér testimin dhe optimizimin e kushteve analitike,
automatizim i trajtimit t€ mostrave, kosto e ulét e analizés, dhe shumé shpesh po pérdorét pér
hulumtime né biosensor [95].
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2.2.4. Elektrodat

Elektrodat e ngurta né formé disku jané mé té zakonshmet né voltametri, por gjithashtu mund
té jené edhe té formave té tjera (mund té jeté edhe njé tel i thjeshté) Figura 2.9, si materiale gé
pérdoren pér té ndértuar elektrodat jané platini, ari, argjendi dhe lloje té ndryshme té karbonit
si dhe amalgamé té ndryshme.

it -

Figura 2.9 Disk elektroda e punés [92].

Elektrodat e karbonit jané shumé té gjithanshém ngase me modifikimin e tyre mund té
zgjerohen fushat e detektimit, elektrodat e merkurit zakonisht pérdoren né potenciale shumé
negative duke theksuar mbi potencialin shumé té larté ndaj hidrogjenit, qé elektrodat tjera nuk
e kané, né keté ményré né elektrodé reduktohet specia gé analizohet e jo hidrogjeni duke quar
analizén né déshtim. Megjithaté né tretésirat jo ujore dhe né potenciale pozitive preferohen
elektrodat e ngurta né formé disku. Elektroda e punés duhet gé né ményré sa mé té lehté té béjé
shkémbimin e elektroneve me speciet elekroaktive. Elektroda duhet punuar né ményré sa mé té
miré gé té kemi rezultate té déshiruara , késhtu sipérfagja té jeté sa mé e lémuar, té mos
démtohet gjaté punés, késhtu arrihet té kemi pérformancé mé té miré.

Elektroda shumé lehté ndodh gé té ndotét dhe shpeshheré duhet béré lustrimi i sipérfages sé saj.
Efekteve té démshme té tilla si rénie IR (omike) dhe koha e ngarkesés né masé té madhe mund
té reduktohen duke e zvogéluar sipérfagen (radiusin) e elektrodés. Rezultate shumé té mira
mund té arrihen duke pérdorur ultra-mikroelektroda (radiusi < 100um). Radiusi qé pérdoret mé
se shumti éshté rreth 0.2 cm [92].

Elektrodat nga karboni dhe modifikimi i tyre

Struktura sp? e karbonit éshté treguar té jeté shumé mé e komplikuar se e metaleve fisnike si
Pt, né kété ményré nga kjo strukturé pritét té kemi sjellje mé té ndryshme. Si pasoj e hibridizimit
sp? karboni dallon shumé nga elementét tjeré si né pércueshméri gé e ka shumé té larté,
stabilitet, porozitet, dhe né géndrueshméri mekanike (éshté material i buté né formé pluhuri),
etj. Duhet pasur kujdes llojin e materialit nga karboni dhe pérgatitjen e tij pér aplikime
elektrokimike [92].
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Figura 2.10. Procesi i pérgatitjes sé pastés sé karbonit dhe vendosja e saj né piston

Pérderisa kemi forma dhe modifikime alotropike té ndryshme té karbonit, kemi edhe elektroda
té llojeve té caktuara nga ky material gé dallojné né dizajné, sjellje elektrokimike, pérformancé
analitike etj. Prej elektrodave mé té pérdorshme nga karboni i kemi elektrodat pasté
karboni(CPE), elektrodat e printuara té karbonit né shtresé té hollé(SCPE), elektrodat nga
karboni gelqor(GC) dhe elektrodat e diamantit e dopuar me bor(BDDE). Kéto elektroda jané
pérdorur si sensoré elektrokimik dhe biosensoré pér shkak t& mundésisé sé pérdorimit té tyre
né forma té ndryshme, pér shkak té ¢mimit té ulét, intervalit mjaft té gjeré té vlerave té
potencialit né té cilin mund té funksionojné kéto elektroda duke ofruar mundési studimi mé té
gjeré, pér shkak té rrymés bazé té ulét gjé gé i bén mé té pérshtatshém pér matje. Gjithashtu ato
jané kimikisht inerte dhe lehtésisht mund té€ modifikohen kimikisht. [92-93, 96]
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Figura 2.11. Elektrodat t& ndryshme nga karboni: A) Elektroda e printuar né shtresé té hollé, B)
Elektroda nga karboni gelgor, C) Elektroda e diamantit e dopuar me bor

Ideja fillestare pér pérgatitjen e elektrodave té pastés sé karbonit éshté dhéné nga Adams né
vitin 1958 i cili provonte pér ta zévendésuar elektrodén pikuese té merkurit me elektrodén
pikuese té karbonit duke pérdorur njé raport té larté té pjesés sé léngshme ndaj pjesés sé ngurté
né ményré gé materiali i karbonit ti pérngjaj merkurit pikues gjé e cila doli e papérshtatshme
pér njé elektrodé hidrodinamike [97]. Né rendin e vlerave pozitive te potencialit elektrodat
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mund té polarizohen deri né +1.4 V (vs. SCE), mirépo me rritjen e pH te elektrolitit mbéshtetés,
kjo do té ndikojé né kufirin e polarizimit. Gjithashtu edhe kufiri negativ varet nga pH e mjedisit
té elektrolitit mbéshtetés, duke u radhitur nga -1.0 VV né mjedis neutral deri né -1.5 né tretésira
alkaline. Ky polarizim shkaktohet nga disa efekte, si¢ éshté adsorbimi dhe tretja e oksigjenit né
pastén e karbonit, ose pérmbajtja e grupeve té oksigjenit né sipérfagen e elektrodés nga grimcat
e karbonit.

Elektrodat pasté karboni(CPE) jané té pérbéra nga pluhuri i grafitit dhe njé lidhés i caktuar i cili
mund té jeté vaj silikoni ose parafine. Grafiti sé bashku me materialin lidhés formojné pastén e
karbonit e cila lehté mund té vendoset né njé piston té caktuar (pipeté, piston nga lapsi kimik,
ose piston i vecanté komercial i dedikuar enkas pér kété géllim, etj.), né kété ményré formohen
elektrodat pasté karboni. Jané shumé praktike ngase ndértohen lehté, ekziston mundésia gé ato
té modifohen né brendi dhe sipérfage, jané pérdorshme né metodat voltametrike,
potenciometrike e kulonometrike.

Elektrodat e printuar té karbonit né shtresé té hollé (SCPE) mund té zhvillohet duke aplikuar
materialin nga karboni né njé pllaké té hollé me gjatési disa cm e pérbéré nga materiali inerté (
geramiké, PVC, et].). Zakonisht tash elektrodat e printuar té karbonit gjenden té gatshme né
treg gé lehtéson dhe shpejton punén hulumtuese né kété drejtim. Kjo tekniké ka pérparésité e
veta si: fleksibiliteti né dizajnim, automatizim té procesit, riprodhueshméri té miré, zgjedhje té
materialeve té ndryshme dhe reduktim té shpenzimeve. E njéjta edhe parashihet si njé metodé
alternative pér prodhim té sensoréve me kosto té ulét dhe sasi t€ madhe.

Elektrodat nga karboni gelqor mu d té pérgatiten vete ose té blihen té gatshme. Kéto elektroda
karakterizon me fortési té larté, duke ndikuar gé absorbimi né sipérfage té elektrodés té jeté
minimal e sidomos kur e krahasojmé me elektrodat pasté karboni. Me fortési té larté
karakterizohet edhe elektroda e diamantit e dopuar me bor, por shumé heré mé té larté se
elektroda paraprake. Kjo elektrodé mund té pérdoret né potenciale shumé pozitive dhe
gjithashtu edhe tek ato negative, absorbimi né sipérfagen saj éshté jashtézakonisht i vogél, ofron
stabilitet té larté (riprodhueshméri té larté) etj.

Né shumé raste elektrodat e pastra té karbonit nuk jané té afté té prodhojné sinjale specifike dhe
selektive, sidomos pér mostrat fiziologjike ke kemi prezencé té shumé substancave kimike té
cilat interferojné né matjet kimike. Pér kété arsye éshté e nevojshme gé elektrodat né pérgjithési
té modifikohen. Elektrodat e karbonit mund té modifikohen né brendi ose né sipérfage ndérsa
natyra e modifikueseve mund té jeté inorganike ose organike, mund té pérdorén edhe
komponente biologjike né modifikimin e elektrodave duke prodhuar né kété rast biosensoré. Si
komponente t€ mundshme biologjike mund té jené proteinat ose enzimat, polisaharidet ose
acidet nukleike, organelet gelizore ose mund té jeté edhe e gjithé geliza (mikroorganizmat) dhe
indet e frutave etj. Procesi i modifikimit mund té jeté fizik ose kimik. Procesi fizik mund té
realizohet diku e pérzier né ményré té thjeshté materialin nga karboni ( pastén) me modifikues
dhe mé pas duke e homogjenizuar masén, procesi fizik mund té realizohet edhe né sipérfage té
elektrodés me ané té absorbimit. Procesi elektrokimik realizohet né até ményré gé né elektrodén
e punés ushtrohet potencial i caktuar i cili ndikon gé sipérfagja e elektrodés té méveshét me
shtresa té caktuara t& modifikuesit ose té formohen grupe tjera té caktuara kimike.

Modifikuesit duhet té jené té patretshém né tretésirén té cilés i ekspozohen, apo té pakté ata
duhet té jené fugishém té absorbueshém né thérrmijat e karbonit, pérndryshe mund té keté
rrjedhje nga struktura e pastés apo ngjyrés, duke dhéné rezultate té dobéta té riprodhueshmérisé.
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Modifikimi do té jeté mé i suksesshém né pérmirésimin e sinjalit sa mé lipofilike gé té jené
molekulat e modifikuesit. Modifikuesi nuk duhet té jeté elektroaktiv né zonén e potencialit té
punés, pérvecse nése kérkohet té shfrytézohen efektet e tij elektrokatalitike, ngase rrymat e larta
té sfondit e pérkegésojné apo dhe e démtojné pérgjigjen elektrokimike té sensorit. Modifikuesi
mund té keté efekt elektrokatalitik, ku pérve¢ efektit t¢ para pérgendrimit, ai luan rol
ndérmjetésues né procesin e shkémbimit té elektroneve né mes té molekulave apo joneve me
substratin [93].

2.2.5. Nanomaterialet nga karboni

Procedurat né elektroanalizé varen fugishém nga aspektet e materialit si¢ jané vetité kimike dhe
fizike té sipérfages sé elektrodés, efekti i potencialit operues, adsorbimi dhe aplikimi i veshjeve
né sipérfagen e elektrodés pér té rritur sinjalin analitik. Materialet nga karboni jané té
pérdoruara gjerésisht né fushén e elektroanalitikés, pér shkak té inertésisé kimike, puna né njé
potencial té gjeré operues, rrymé bazike té ulét dhe stabilitet té larté pér né analiza té ndryshme
[98].

Grafeni éshté nga nanomaterialet té karbonit mé té pérdorshme né ditét e sotme i cili u zbulua
né vitin 2004 nga K. S. Novoselov dhe A. K. Geim pér ¢ka né vitin 2010 morén ¢gmimin Nobel.
Zbulimi i grafenit ka pasur njé ndikim t madh né fushén e shkencés dhe teknologjisé pér shkak
té vetive té tij interesante fizike dhe kimike. Grafeni posedon sipérfage té madhe specifike,
fortési té larté, pércueshméri té shkélgyeshme elektrike dhe termike, veti té jashtézakonshme
elektronike dhe aftési té bartjes sé elektronit, jo pérshkueshméri dhe pérkulshméri té
pashembullt [99]. Né aspektin e strukturés grafeni pérbéhet nga njé shtresé e vetme planare -
dy dimensionale me trashésiné e njé atomi, e cila pérfshin njé strukturé té karbonit me
hibridizim sp? me kénd té lidhjeve 120°, té pérbéré nga njé numér i madh i strukturave
policiklike, me cilési jashtézakonisht té larta elektronike dhe kristalore [100 101].
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Figura 2.12. Disa materiale dhe nanomateriale nga karboni [102]
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Interesi né nanotuba té karbonit (CNTS) vjen pér shkak té stabilitetit kimik, dallimit né vetité
mekanike dhe elektronike. Kéto pérparési jané produkt i strukturés kimike té tyre né krahasim
me fibrat nga karboni tradicional dhe grafiti. CNTs posedojné njé strukturé cilindrike, e
derivuar nga zbrazétirat heksagonale.

CNTs konsistojné né dy forma strukturore, nanotubat e karbonit njé shtresor (SWCNTSs) dhe
nanotubat e karbonit shumé shtresor (MWCNTS)[103], [104]. SWCNTSs jané té ndértuara nga
“gypa” té grafitit me diametér 1-2 nm nga njé shtresé individuale e grafitit né formé cilindrike,
ndérsa MWNTSs pérbéhen nga shumé shtresa individuale té grafitit me diameter nga 2-100 nm,
ku hapésira éshté né mes “gypave” sillet rreth 25 nm [105].

Pér mé tepér, kur CNTs pérdoren si material pér elektroda gjaté matjeve elektrokimike, ofrojné
aftési té transferojné elektronet shpejté [106], posedojné potencial té larté si biosensor pér shkak
té mundésisé pér ti mobilizuar lehté proteinat e caktuar [107], [108].
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PJESA EKSPERIMENTALE
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3. MATERIALI DHE METODAT

3.1 Reagjentét kimik

Acetaminofen, N,N-dimetil formamidé(DMF), metanol >99.9% gradé t€ HPLC, 25%
glutaraldehid (GTA), 5% Nafion ® né 55% etanol, acid hilaronik kripé e natriumit (30-50 kDa
nga Streptococcus equi, gitosan, (~50 kDa) dhe pluhur té kérpudhave ( Agricus bisporus)
tirozinazé (EC 1.14.18.1) (119.5 kDa duke pérdorur elektroforezén bleré nga Sigma-Aldrich
(Pragé. Republika Ceke). Grafen i pafunksionalizuar njé shtresoré (NFG) (me rezistencé <0.30
Q cm; sipérfage specifike 400-1000 m? g ) marr nga CS Material, LLC (Medford, USA).
Nanotuba shumé shtresor té karbonit (MWCNTS) me diametér 10-30 nm, gjatési 5-15 um,
sipérfage specifike 10-300 m? g, dhe nanotuba njé shtresor (SWCNTSs) me diametér < nm,
gjatési 5-15 pm, sipérfage specifike >400m? g, marr nga Shenzen Nanotech Port Co,. Ltd.
(Shenzen Kiné). Grafit spektroskopik (diametér mesatar té€ gramcave prej 2 um) nga Graphite
Tyn s. O,. Tyn nad Vltavou, Rep. Ceke, vaj parafine pér spektroskopi nga Merck, Darmstadt,
Gjermani. Standarde né garadé analitike té L-acid askorbik, acid kafeik, kofeing, trans-acid
cinamik, (-)-epikateking, (x)-6-hidroksi-2,5,7,8-tetrametilkroman-2-karboksilik acid (Troloks),
1,1 difenil-2-pikrilhidrazil radikal, acid klorogjenik, acid gallik, kamferol, hidrat i katekinés,
naringing, sinapik acid, theobrominé dhe vaniling, té gjitha nga Sigma Aldrih(Pragé, Republika
Ceke). Ujé i distiluar (rezistenca >18MQ cm) pérgatitur nga sistemi i pastrimit Milli-Q nga
Merck Millipore (Burlington, SHBA). Kemikatet pér pérgatitjen e puferit fosfat (PB) jané marr
nga Lach-Ner s.r.o. (Neratovice, Republika Ceke).

3.2 Llojet e elektrodave té pérdoruara

Kryesisht jané pérdorur elektroda me bazé karboni, si grafit, grafen, diamant, dhe karbon
gelqor. Elektrodat me pasté karboni (grafiti) jané pérgatitur veté, ku fillimisht jané marr 0.500g
grafit pluhur dhe 0.125 g vaj parafine. Mé pas kjo masé éshté homogjenizuar né njé havan
porcelani pér 30 min. Pas homogjenizimit pasta ka géndruar pér 24h dhe mé pas éshté béré e
gatshme pér pérdorim. Né fund pasta vendoset né piston té caktuar dhe né fund béhet rrafshimi
i sipérfages ku zakonisht realizohet duke ushtruar presion né formé rrethore mbi njé letér
filtruese me diametér 3 mm [19]. Matja e rezistencés omike té elektrodés sé pérgatitur ka qené
20 Q maksimum, qé korrespondon edhe vlerat tjera té publikuara [20].
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Figura 3.1 A) Pasta e karbonit e pérgatitur dhe B) Procesi i vendosjes sé pastés né piston

Elektrodat e printuara me té cilat éshté zhvilluar pjese kryesore e hulumtimit jané pérdorur
zakonisht té freskéta dhe nuk ka pasur nevojé pér ndonjé trajtim paraprak. Kéto elektroda kané
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gené té llojit DropSens (DS 150) nga prodhuesi Metrohom e gé né vetvete pérmbajné té
inkuadruara tri llojet e elektrodave, até té punés(grafit), referente(argjend) dhe elektrodén
ndihmése (platin), ku gjithashtu nevojitet lidhése vecanté me potenciostatin.

b

> Elektroda e punés: Karbon (4 mm
diameter)

Figura 3.2 Elektroda e komerciale e printuar e llojit DS-150

Jané pérdorur edhe elektrodat e gatshme té cilat kané sipérfage té forta si¢ éshté elektroda e
diamantit dhe ajo e karbonit gelgor. Kéto elektroda para pérdorimit i nénshtrohen polirimit mbi
suspenzionin e grimcave té oksidés sé aluminit dhe mé pas shpérlahen me ujé té distiluar dhe
aceton.

Figura 3.3 Elektroda nga karboni gelgor (A), dhe elektroda e diamantit e dopuar me bor (B)
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Si elektrodé referente né rastin e pérdorimit té biosensorit elektrokimik nga elektroda pasté
karboni ka gené elektroda Ag/AgCl/ 3.0 M KCI ndérsa teli i platinés ka shérbyer si elektrodé
ndihmése. Mini elektroda referente Ag/AgCI/ 3.0M NaCl éshté pérdor né rastin e analizés sé
ekstrakteve té cokollatés sé dhe gjithashtu elektrodé ndihmése ka gené teli i platinit. Matjet
kinetike qé kané konsistuar pérdorimin e komplekseve té bakrit pér paré mundésin nése mund
té béhet zévendésimi i enzimés, jané realizuar duke e pérdorur elektrodén referente té kalomelit
Hg/Hg-Cl>/ KCI i ngopur, duke pérdoru urén elektrolitike té LiCIO4 0.1M né metanol absolut.
Edhe elektroda nga platini ka shérbyer si elektrodé ndihmése.
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3.3 Pérgatitja e biosensoréve elektrokimik

Pér pérgatitjen e biosensoréve elektrokimik jané pérdorur dy lloje té elektrodave, ato té
printuara té tipi DS-150 dhe elektrodat pasté karboni. Modifikimi i kétyre elektrodave éshté
shumé i ngjashém ngase dallimi i vetém pothuajse éshté pérdorimi i nanomaterialeve té
ndryshme nga karboni.

Elektrodat e llojit DS-150 jané modifikuar duke pérdorur disa faza. Né fazén e paré elektrodat
jané modifikuar me nanomateriale té karbonit si grafen duke aplikuar 20uL grafen ose nanotuba
té karbonit né sipérfagen e elektrodés té disperguara né N,N-dimetil formamidé (DMF) me
pérgendrim 2 mg mL™? ku paraprakisht jané vendosur né banjo ultrasonike pér 20min. Pas
aplikimit té grafenit ose nanotubave té karbonit elektroda ka géndruar 24h né ményré qé té
béhet tharja e ploté né kusht laboratorike. Aplikimi i enzimés né sipérfage té elektrodés éshté
realizuar né tri faza. Fillimisht jané shtuar SpL enzimé né formé té tretésirés me pérgendrim 2
mg mL™ né pufer fosfat dhe mé pas ka géndruar pér 30 min pér tu thar né kushte laboratorike.
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Figura 3.4 Procesi i modifikimit té elektrodés sé punés té tipit DS-150

Pasi qé éshté béré adsorbimi i enzimés né shtresén e hollé té grafenit, &shté béré lidhja e
molekulave té enzimés mes vete duke pérdorur glutaraldehid 1% né sasi prej 3 pL, koha pér
tharje té késaj faze ka gené 20 min. Né fund fare jané shtuar 10 uL Nafion i cili &shté njé polimer
duke luajtur rolin e njé rrjete né ményré gé mos té largohen molekulat e enzimés nga elektroda
[30].
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Figura 3.5. Pamja e elektrodave té punés gjaté procesit té modifikimit. A) elektroda e printuar, B)
elektroda pasté karboni

Né rastin e elektrodave pasté karboni procedura e modifikimit pak ka dalluar. Edhe kétu
fillimisht éshté béré modifikimi i elektrodés me nanomateriale té karboni(nanotuba té karbonit
shumé shtresor) duke aplikuar né sipérfage té elektrodés 20 puL me pérgendrim 2 mg mL™.
Dallimi kryesor géndron né formén se i éshté vendosur enzima tek kjo elektrodé. Fillimisht
éshté pérgatitur njé pérzierje gé ka pérmbajtur 40 pL Nafion, 60 pL ujé i ridistiluar dhe 150
UL tretésiré té enzimés me pérgendrim 500 pg-mL™. Sasi prej 10 pL nga tretésira e pérgatitur
éshté vendosur né sipérfagen e elektrodés pasté karboni né té cilén paraprakisht éshté vendosur
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shtresa e nanotubave té karbonit. Né fund sipérfagja e elektrodés éshté tharé ne kushte
laboratorike. Nése nuk éshté pérdor éshté vendosur né frigorifer né temperaturé prej 5°C [21].

3.4 Aparatuara e pérdorur

Matjet elektrokimike jané realizuar duke pérdorur potenciostatin/galvanostatin AUTOLAB i
llojit PGSTAT 101 operuar me softuer NOVA 1.11 nga Metrohom (Pragé, Rep. Ceke), (Fig.
3.6) dhe potenciostatin EmStat (PalmSens, Holandé) i kontrolluar pérmes softuerit PSTrace 5.8.
Sistemi me analizé né rrjedhje ka pérmbajtur pompén perisaltike shumé kanalésh MINIPLUS
3 nga Gilson(Middleton, SHBA), sistem automatik i injektimit me valvula gjashté pozicionale
nga INDEX Health & Science (Wertheim; Gjermani).

Figura 3.6 . Potenciostati/galvanostatin AUTOLAB medel PGSTAT 101

Matjet né sistemin me analizé né rrjedhje jané pérdorur dy loje té celulave elektrokimike, e para
e nga DropSens (Llanera, Spanjé), figura 3.7 A, tipike pér pérdorimin e elektrodave DS-150,
dhe celula e cila béné té mundur inkuadrimin e elektrodave mé té€ médha si¢ éshté ajo e
diamantit nga Inventek Sp. z o.0. (Varshavé, Poloni) figura 3.7 B. Tharés (Memmert,
Schwabach, Gjermani) Helios Delta UV-VIS spektrofotometér (Thermo Ficher Scientific,
Waltham, MA, SHBA). Fotografité e sipérfageve té elektrodave jané fituar duke pérdorura
mikroskopin me skanim elektronik (SEM) JEOL JSM7500F (Tokio, Japoni). Aparaturé
kromatografike me presion té larté me sistem LC-20ADXR, sistem i degazimit DGU-20, SPD-
M30A DAD, SIL-20 AC XR auto injektues ( té gjitha Shimadzu, Kyoto, Japoni) dhe kolon
kromatografike 102 LCO (Ecom, Pragg).
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N

Figura 3.7 . (A) Celula elektrokimike nga DropSens, dhe (B) celula elektrokimike Inventek Sp. z 0.0

Gjaté punés laboratorike jané pérdorur edhe pajisje té rregullta si kompjuteri, peshore analitike,
pH metér, centrifugé, banjo ultrasonike, mikropipeta automatike, pérzierés, etj.

Figura 3.8 Mikroskopin me skanim elektronik (SEM) JEOL JSM7500F
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3.5 Pérgatitja e mostrave pér analizé

Sensorét dhe biosensorét elektrokimik jané testuar duke pérdorur 3 mostra, secila pér sensorin
e caktuar. Biosensori elektrokimik i cili &shté zhvilluar duke pérdorur elektrodat e printuara
DS-150 éshté testuar duke pérdorur uriné dhe tableta té ndryshme farmaceutike. Biosensori
elektrokimik nga pasta e karbonit éshté testuar duke pérdor fruta mali té ndryshme dhe sensori
elektrokimik nga elektroda e diamantit e dopuar me bor éshté testuar pér té analizuar sasiné
totale té polifenoleve né cokolata té ndryshme.

Tabletat Paralen® 500 dhe Telex® 750 té marra nga barnatoret ne Rep. Ceke jané tretur né ené
normale prej 250mL duke pérdorur puferin fosfat né rastin kur éshté béré analiza
amperometrike ose 80% metanol kur éshté béré analiza referente me kromatografi té 1éngét me
presion té larté (HPLC). Mé pas tretésirat jané filtruar pérdorur shiringé filter nga
politetrafluoretileni me madhési té poreve prej 0.45 um, né fund éshté holluar pér 20 heré duke
pérdorur ujin e ridistiluar.

Uriné normale e njeriut komerciale (50 mL) éshté bleré nga Inovative Research , Inc. (Novi,
USA) shpérndaré nga Dvbio Science Europe(Ulvenhout, Holandg). Gjithashtu mostér e urinés
éshté marr nga njé vullnetar i shéndetshém i cili ka nénshkruar marréveshjen e pélgimit. Te dyja
mostrat e urinés jané pasuruar né ményré artificiale me sasi té njohur té analitit(paracetamol)
dhe kané shérbyer si matriks kompleks. Té gjitha analizat e mostrave té urinés jané béré sipas
WMA Deklaratés sé Helsinkit, Qershor 1964.

VEllim prej 250 pL nga tretésira standarde e paracetamolit me pérgendrim 0.01M éshté pipetuar
né enén normale prej 50 mL dhe me Pas éshté mbushur me uriné deri né shenjé. Né varési té
personit sa i pérketé statusit acido-bazik, vlera e pH e urinés sillet nga 4.5 — 8. Si rezultat vlerave
té ndryshme té pH dhe sasia e larté e kripshmérisé, mostra e urinés e pérgatitur né kété ményré
éshté dashur té hollohet 5 heré duke pérdorur pufer fosfat dhe mé pas duke e filtruar pérmes
filtrit me diametér 0.45 pum i cili éshté pérshkruar mé larté.

Pér analizé me HPLC mostra e urinés sé cilés iu &shté shtuar sasi e njohur e paracetamolit &shté
pérgatitu sipas procedurave té raportuara [27, 28] me njé ndryshim shumé té vogél, ngase gjaté
optimizmit éshté gjetur gé acetonirila mundet plotésisht té zévendésohet me metanol. Mostra
me uriné té njeriut ( 0.5 mL) me 4 mL metanol té pastért éshté vendosur né enén normale prej
10 mL. Pér tu arritur vlera pH 8 jané shtuar disa pika NaOH 1M dhe mé pas ena éshté nivelizuar
deri né 10 mL duke pérdorur ujin ultra té pastérté. Kjo pérzierje éshté centrifuguar né 5000 rpm
pér 3 min, filtruar dhe mé pas éshté injektuar né kolonén kromatografike.

Biosensori elektrokimik bazuar né elektrodat pasté karboni modifikuar me tirozinazé éshté
testuar né pércaktimin e kapacitetit antioksidues né fruta mali t€ ndryshme duke pérfshiré 5
lloje té tyre: manaferra Rubus fruticous, boronicé Vaccinium corymbosum, boronicé e kuge
Vaccinium erythrocarpum, mjedér Rubus idaeus dhe dredhéza Flagaria magna marr né
marketet lokale. Péraférsisht 40 g té secilés fruté jané marr dhe jané tharé fillimisht deri né
peshé konstante, ku mé pas jané imtésuar né havan porcelani pér 20 min. Temperatura optimale
e tharjes éshté sjellé nga40 C deriné 60° C nga 3 deri né 5 dité [22]. Nga 2 g fruta t&
imtésuara jané transferuar né njé ené normale prej 50 mL dhe &shté mbushur deri né shenjé me
tretésiré té etanolit 50% ku mé pas éshté vendosur né banjo ultrasonike prej 60 min. Né fund
mostrat jané filtruar me letra té thjeshta filtri, duhet theksuar faktin se tek dredhézat éshté dashur
té pérdorét filtrimi me vakum pér shkak té pérmbajtjes sé sasive té larta té patretshme gé ka
shkaktuar mbylljen e poreve té filtrit.
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Figura 3.9. Ekstrakte e frutave pas procesit té filtrimit

Elektroda e diamantit e dopuar me bor éshté e fundit gé éshté testuar né analizimin e mostrave
reale dhe até té cokolatés pér té pércaktuar sasité totale antioksiduese ekuivalent me troloksin.
Si burim potencial i antioksidantéve jané marr disa ¢okollata me sasisé nga O deri né 80% (é/&)
té kakaos té blera né marketet lokale né Prishtiné, Kosové. 5 gram té kétij produkti jané
ekstraktuar me 50 mL tretésiré e cila pérmban ujé té distiluar aceton dhe acid acetik
(70+29.8+0.2, v/v/v). Ekstraktimi éshté zhvilluar né banjo ultrasonike pér 30 min. né
temperaturé 30 °C . Acetoni éshté avulluar gjithashtu duke e pérdorur banjon ultrasonike pér 20
min. né temperaturé 40 °C. Pas ekstraktimin pérbérja éshté neutralizuar me NaOH 0.1M deri
né pH = 5.0 dhe mé pas éshté bartur né ené normale prej 100mL duke e nivelizuar me pufer
fosfat né 30 % (v/v) metanol. Né fund éshté béré procesi i centrifugimit né 1000 rpm pér 4 min
dhe filtrati éshté centrifuguar dhe mé pas supernatanti éshté filtruar ku diametri i vrimave té
filtri ka gené 1 um. Filtrati nga ekstrakti i gokollatave éshté holluar pér 5 heré pér té reduktuar
agjentét reduktues. Sasi e injektimit né€ sistemin me analiz€ né€ rrjedhje ka qené 100 pL.
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J

Figura 3.10. Procesi i filtrimit pér tretésirén e cokollatés

Té gjitha analizat e pérzgjedhura jané pérséritura 5 heré dhe rezultatet finale jané prezantuar né
intervale té besueshmérisé x + st1,, ku X éshté mesatarja aritmetike, s devijimi standard dhe t1-
« Vlerat kritike té shpérndarjes sé Studentit t (2.015) pér numrin e dhéné té pércaktimeve né
shkallé t& besueshméris€ a prej 0.05 (95% té probabilitetit).

3.6 Procedura e punés dhe metodat e studimit

Tek té gjitha matjet eksperimentale metoda fillestare e studimit ka gené voltametria ciklike me
ané té sé cilés jané analizuar efektet e modifikimit té sipérfageve té elektrodave, sjellja
elektrokimike e analitéve etj. Amperometria hidrodinamike ka mundésuar té& pércaktohen
parametrat té cilat e diktojné pérformancén e senzorit si potenciali operues, sasia e modifikuesit,
shpejtésia e pérzierjes, shpejtésia e rrjedhjes né rastin kur pérdorim analizén me injektim né
rrjedhje, rendin linear, kufirin e detektimit, informacione kinetike etj.

Gjaté matjeve eksperimentale me paracetomol éshté pérdorur puferi fosfat 0.1M me pH prej
7.0 pér shkak té efektit optimal katalitik pér tirozinazén. Karakterizimi i biosensorit té zhvilluar
mé pas éshté béré duke pérdorur voltametriné ciklike me pérgendrim té paracetomolit 500 uM,
shpejtési t& skanimit 10 mV-s™, potencial té skanimit nga -0.2 V deri +0.8 V, potencial fillestar
0 V, kércimi i potencialit 5 mV-s™. Matjet amperometrike né sistemin me analizé né rrjedhje
jané zhvilluar ne potencial 0 V, shpejtési té skanimit 0.6 mL min™?. Puferi fosfat 0.01 M, pH
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7.0 éshté pérdorur edhe gjaté analizimit té sasive totale antioksiduese me elektrodat e llojit pasté
karboni si biosensor elektrokimik. Studimet me voltametri ciklike jané zhvilluar duke pérdorur
potencial té skanimit fillestar 0 V nga -0.5 V deri né +1.3-V, kércimi i potencialit 5 mV-s?,
shpejtési t& skanimit 10 mV-s. Amperometria hidrodinamike éshté aplikuar duke pérdorur
potencial -0.25 V, shpejtési té pérzierjes 400 rpm. Testimet eksperimentale me elektrodén e
diamantit jané zhvilluar né véllim prej 10 mL né pufer fosfat 0.1 mol-L* pH = 7.00,
voltamogrami ciklik éshté skanuar duke filluar nga potenciali -0.4 V deri né potencialin +1.6
V, potenciali fillestar 0 V, kércimi i potencialit 2.5 mV/ s, degazimi i tretésirés éshté béré duke
gurgulluar azot né tretésiré. Shpejtésia e skanimit ka gené 50 mV/ s. Né amperometriné
hidrodinamike studimi éshté béré duke imponuar potencial konstant tek elektroda e punés ndaj
elektrodés referente. Potencialet ne té cilat éshté béré studimi kané gené nga +0.6 -+1.5 V. Pas
matjeve jané ndértuar lakoret e kalibrimit dhe éshté pérzgjedhur rendi dinamik i pérgendrimit
ndaj sinjalit analitik. Gjithashtu me metodén e amperometrisé hidrodinamike éshté béré edhe
analiza e mostrave reale. Amperometria hidrodinamike éshté aplikuar duke sistemin me
injektim né rrjedhje(FIA). Pérndryshe pér ¢do ndryshim rreth kushteve té punés éshté pérshkuar
né secilén figuré te legjenda pérkatése.

3.6.1 Metodat referente pér analizimin e mostrave reale

Pér analizimin e mostrave reale jané pérdorur edhe metoda analitike tjera referente né ményré
qgé té sigurohet se pérformanceé e sensoréve dhe biosensoréve éshté né rregull. Kromatografia e
Iéngét me presion té larté éshté pérzgjedhur si metodé referente pér analizimin e paracetomolit.
Pérformancé maksimale duke pérdorur kété metodé éshté arritur me ané té pérdorimit té
kolonés Ascentis Express C18 (150 mm x 3.0 mm, 2.7 um). Gjatésia valore e detektimit ka
gené 243 nm. Ndarja éshté realizuar duke pérdorur fazén mobile e pérbéré nga 0.3% acid formik
né ujé (A) dhe metanol (B) me program té gradientit nga 20% deri né 40% B pér 10 min né
temperaturé konstante 30 C. Shpejtésia e rrjedhjes ka gené 0.5 mL min -, véllimi i injektimit 5
pL. Pér analizimin e polifenoleve né fruta éshté pérdorur metoda shumé e popullarizuar e njohur
si 1,1 difenil-2-pikrilhidrazil radikal (DPPH). Analizé e mostrave té frutave me kété metodé
éshté realizuar duke transferuar 100 pL té ekstrakteve alkoolike té frutave né 5.0 mL DPPH me
pérgendrim 25 pg/mL, dhe mé pas éshté matur absorbancé né 515 nm. Kuptohet qé paraprakisht
jané pérgatitur standardet duke pérdorur troloksin. Tek analiza ¢cokollatave nuk kemi pérdorur
metodé referente ngase jemi shérbyer me vlerat e deklaruara té kakaos ne ¢okollata ku mé pas
éshté béré krahasimi nése vlerat i korrespondojné sasive té deklaruara.
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4. REZULTATET DHE DISKUTIMET

4.1. Karakterizimi elektrokimik dhe performanca analitike e biosensorit
elektrokimik bazuar né elektrodat e printuar pér pércaktimin e
paracetamolit

Objektivi kryesor i kétij studimi ka gené zhvillimi i njé sensori me selektivitet dhe sensitivitet
té larté i cili mund té pérdoret né ményré universale né analiza té ndryshme farmaceutike dhe
klinike. Né pérgjithési , disa kushte duhet té plotésohen. Biosensori duhet té jeté i afté té
pércaktojé pérmbajtje shumé té ulét té analitit dhe té ofrojé pérgjigje stabile pér njé kohé shumé
té gjaté(i). Substancat tjera jashté analitit nuk duhet té pengojné sa mé pak tek sinjali analitik
(ii). Nése éshté e mundur, ata duhet té prodhohen me kosto sa mé té ulét(iii). Pér sensorét
amperometrik, éshté e nevojshme qgé elementi bionjohés (tirozinaza) té jeté mé aftér
shéndérruesit elektrokimik(elektrodés) gé zakonisht éshté i modifikuar me substanca me
sipérfage té madhe specifike dhe me pérmbajtje katalitike. Si¢ u pérmend mé larté, sipérfagja e
elektrodés duhet té jeté sa mé e madhe [109, 110].
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Figura 4.1 Voltamogrami ciklik i APAP me pérgendrim 0.5mmol-L? té elektroda e pamodifikuar
SPCE(vija ploté), SPCE/MWCNT (vija e ndérpreré), dhe SPCE/NFG( vija me pika) realizuar né
puferin fosfat 0.1 mol -L* pH 7.0, shpejtési té skanimit 10 mV-s™
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Tabela 4.1. Sjellja elektrokimike e paracetamolit né shéndérrues té& ndryshém amperometrik

Sensori Epd(MV) Epc(MV) 1p3UA)  1p5(HA) AEp(Ep?- Ex®)  |1p3/15¢]
'SPCE 0.384 0.021 8447 1760 0363 4.801
SCOE/NFG 0.378 0.323  24.742  6.380 0.055 3.878
SPCE/SWCNTs  0.338 0.152 13584 5642 0.186 2.408
SPCE/MWCNTs  0.339 0.151 13571 5613 0.187 2.418

Rezultatet me ané té voltametrisé ciklike pér APAP me pérgendrim 0.5 mmol L™ né puferin fosfat 0.1
mol -L™* pH 7.0, shpejtési t& skanimit 10 mV-s™.

Sipérfagja e SPCEs éshté modifikuar me lloje té ndryshme té nanomaterialve té pa
funksionalizuara té karbonit (CNs) pér té fituar shéndérruesin amperometrik mé idealin.
Voltametria ciklike ka treguar qé¢ APAP ofron sjellje shumé mé té miré tek elektroda e llojit
SPCE/NFG se sa né rastin e pérdorimit t& nanotubave té karbonit (CNTSs), Figura 4.1.

Njé sqarim pér kété ndryshim mund gjendét duke i krahasuar homogjenitetin e secilés sipérfage
té kétyre nanomaterialeve gé varet nga rregullimi i CNs té pérdorura. Vendosja e CNTs formon
forma té parregullta me madhési té ndryshme dhe jané ndérlidhura sé bashku ku né njé far
ményre e bllokojné sipérfaget aktive. Pér kété arsye sipérfagja komplete aktive nuk mundet
komplet té shfrytézohet si né rastin e NFG gé formojné njé strukturé pélhure té trashe, sigurisht
pér shkak té bashkéveprimit té shtresave planare té grafenit [111, 112]. Né pérgjithési sipérfagja
éshté e karakterizuar me homogjenitet mé té larté se né rastin e CNTs. Pér vendosje mé efektive
té enzimés (tirozinazés), jané testuar tre materiale polimerike té zakonshme: kitosani, acidi
hialuronik né formé té kripés sé natriumit dhe Nafioni®. Prezenca e kitosanit dhe acidit
Hialuronik ka shkaktuar qé té rritet pér shumé heré rryma bazike se né rastin e pérdorimit té
nafionit. Pér kété arsye Nafioni® éshté pérzgjedhur si materiali mé i miré polimerik pér ta
inkorporuar enzimén né sipérfage té elektrodés. Glutaraldehidi éshté pérdorur pér lidhur mes
vete enzimés [113], dhe éshté paré qé me shtimin e mé shumé se 3 pL té tretésirés 1% shkakton
rritje té shpejté té rrymés bazike dhe zbret sinjali analitik né formé té rrymés elektrike.

Né ményré pér ta paré elektrodén mé té pérshtatshme té punés, sjelljen elektrokimike té
paracetamolit, studimi éshté béré duke e pérdorur voltametriné ciklike. Nuk éshté vértetuar
ndonjé ndryshim i madh né mes t¢ MCNTs dhe SWCNTs, Tabela 6.1. Figura 4.2 paraget
voltamogramet ciklike té fituara né rastet kur éshté pérdorur SPCE, SPCE/NFG, dhe biosensori.
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Figura 4.2. Voltamogrami ciklik i APAP me pérgendrim 0.5mmol-L™té elektroda e modifikuar me
grafen (vija e ndérprerg), dhe elektroda e modifikuar me grafen dhe tirozinazé( vija me pika) realizuar
né puferin fosfat 0.1 mol -L* pH 7.0, shpejtési té skanimit 10 mV-s

Paracetamoli i nénshtrohet reaksioneve te hidroksilimit né pozitén e liré orto ku formohet
produkti oksidues i mévonshém 4-acetamido-o-benzokinon (4-AOBQ) [13]. Kjo éshté rruga
tipike e oksidimit elektrokimik té zévendésueseve para té fenoléve kur pérdoren elektrodat pasté
karboni [14]. Reaksioni i sipérpérmendur i hidroksilimit dhe oksidimi i mévonshém i 4-
acetamido-1,2-katekolit (3-OH-APAP) éshté dominues né prani té enzimés tirozinazé (EC
1.14.18.1) nga kérpudha Agaricus bisporus e cila katalizon kéto procese oksidimi nga oksigjeni
i tretur pér shkak té aktivitetit té kresolazés dhe katekolazés (Fig. 4.3), ku produktet
pérfundimtare jané 4- AOBQ dhe uji. Pér shkak té selektivitetit té biosensorit, ka gené e
réndésishme gé rryma katodike e reduktimit té 4-AOBQ té fillojé né potencial té larté (+0.146
V) me sinjal maksimal té rrymés elektrike né potencialin (+0.04 V) ndaj pseudo-elektrodés
referente Ag/AgCI (figura 4.1). Rrjedhimisht, pércaktimi amperometrik né potencialin konstant
operues 0 V mund té pérzgjidhet pér pércaktimin e 4-AOBQ.
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Figura 4.3 Efekti katalitik dhe oksidimi i paracetamolit nga tirozinaza.
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4.1.1 Efekti i shpejtésisé sé rrjedhjes né sistemin me analizé né rrjedhje

Shpejtésia e rrjedhjes parqet njé prej faktoréve té réndésishém né sistemin me analizé né
rrjedhje (FIA), ngase definon kohén pér té cilen APAP géndron né celulé né té cilén ndodh
reaksioni kimik. Matjet jané realizuar né potencial -0.1V, shpejtésia e rrjedhjes éshté studiuar
nga 0.2 deri 2.0 mL -min* me pérgendrim t& APAP 50 umol ‘L. Gjetjet kané treguar gé
shpejtésia e rrjedhjes deri né 0.6 mL -min* sinjali ka shkuar duke u rritur dhe mé pas ka réné
gradualisht. Rrjedhimisht shpejtésia e rrjedhjes 0.6 mL -min* éshté zgjedhur si optimale (Figura
4.4)
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Figura 4.4. Efekti i shpejtésisé sé rrjedhjes
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4.1.2 Efekti i potencialit operues

Megenése potenciali operues duhet té mbahet konstant gjaté analizés, paraget rolin kryesor né
aplikimin aperometrik tek bosensorét [114]. Ky parametér thembésor ndikon né selektivitetin
dhe sensitivitetin e métodés [115]. Efekti i aplikimit té potencileve né vlera nga O deri né -0.3
V éshté studiuar né rast.

Rryma (pA)

Rould @
Q -~
onais @Q Q

Figura 4.5 Efekti i potencialit operues. Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0, véllimi i
injektimit 100 uL, shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura: 25°C.

Figura 4.5 tregon se né potencialet mé té uléta se -0.15 V nuk kemi ndonjé ngritje statistikisht
té réndésishme té sinjalit analitik. Pér mé tepér, éshté gjetur se rryma bazike rritet dukshém né
vlerat e potencialeve mé té uléta se -0.2 V. Prandaj mund té pérfundohet se vlera -0.15 V éshté
potenciali operues optimal. Kjo vleré e potencialit mund té pérdoret pér pércaktimin e APAP
né formulime farmaceutike, ngase kéto formulim nuk pérmbajné substanca gé interferojné
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Figura 4.6 Amperogramet e fituara né systemin FIA gjaté pesé injektimeve té
tretésirés sé holluar té urines(zi) dhe tretésirés cila permban 50 . mol L™t APAP (kug),
né potencilale t&€ ndryshme té punés. Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0,
véllimi i injektimit 100 L, shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura: 25°C.

dukshém né matjet analitike si¢ jan€ amidoni, acidi stearik, Povidone K-30 (polivinilpirrolidon,
PVP), kroskarmelozé e natriumit.. Megjithaté ky potencial operues nuk mund té aplikohet pér
mostrat e urinés ngase né kéto mostra kemi matriks shumé kompleks.

Pér ta pércaktuar potencialin operues optimal pér analizimin e mostrave té urinés éshté marruar
mostér e tillé dhe éshté shtuar paracetamol me pérgendrim 50 pmol L (vija e kuge).

Ky pérgendrim nuk éshté pérzgjedhur rastésisht ngase marrim APAP nga tabletat 500 mg, duke
llogaritur se 2% e késaj mase nuk ndryshon né gjaté géndrimit né organizém mund té pritet gé
kjo masé né uriné t€ keté pérqendrim ~50 umol pér litér [116]. Veté urina ofron sinjal té rrem
pér shkak té reduktimit elektrokimik té metabolitéve elektroaktiv ne uriné ( vija e zezé). Ky lloj
sinjali rritet duke e me rritjen e potencialit operues né vlera negative si¢ paraqitur né Fig. 4.7.
Vetén né potencial 0 V pérgjigjja e rrymés né urinén e pastér nuk ka gené me e larté se sa
devijimi standard i pesé matjeve té pérséritura té urinés me shtesé té paracetamolit (Fig. 4.7).
Pér Kkété arsye potenciali operues 0 V éshté pérzgjedhur si optimali pér ta pércaktuar
paracetamolin né mostér té urinés.
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Figura 4.7 Sinjali amperometrik pér urinén e pastér (kaltér) dhe urinén me 50
umol- L * paracetamol ( verdhé). Elektroliti mbéshtetés puferi fosfat 0.1M, pH = 7.0,
véllimi i injektimit 100 pL, shpejtésia e rrjedhjes: 0.6 mL min~* dhe temperatura: 25°C.

6.1.3 Efekti i vlerés pH

Ndikimi i pH éshté studiuar né vlera nga 6 deri ne 8. Ky interval éshté pérdorur ngase kétu
kemi efektin mé té madh katalitik té enzimés. Rezultatet kané treguar gé efekti mé i larté
katalitik &shté arritur né pH 7.0, gé éshté né korrelacion me studimet paraprake [117, 118].
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6.1.4 Pérformanca e sistemit

Pérformanca e sistemit té propozuar éshté studiuar né potencialin operues optimal. Limiti i
detektimit (LOD) dhe ai i kuantifikimit (LOQ) jané llogaritur sipas ekuacionit LOD = 3 s/k dhe
LOQ = 10s/k, respektivisht, s paraget devijimin standard pér pesé pérséritje(n = 5) né
pérgendrime té paracetamolit 5 uM dhe k paraget pjerrtésiné e drejtézés kalibruese. Njé
amperogram tipin i fituar né sistemin (FIA) éshté paraqgitur né Fig. 4.8, ku éshté aplikuar
potenciali operues -0.15 V. Rendi linear né pérgendrimet nga 4.0 — 130 pmol L™ éshté paragitur
si mé i miri né kéto kushte, kufi te detektimit LOD = 1.1 umol L%, tek potenciali operues 0 V,
3.0—- 90 pmol L™* me LOD = 0.8 umol L™ né potencial operues — 0.1 V, dhe 1.5 — 70 pmol L™
me LOD= 0.5 umol L™ ne potencial operues — 0.15 V.
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Figura 4.8 Sinjali amperometrik gjaté shtimit té paracetamolit né pérgendrime té
ndryshme, né potencial operues 0 V. Elektroliti mbéshtetés puferi fosfat 0.1, pH = 7.0,
véllimi i injektimit 100 uL, shpejtésia e rrjedhjes: 0.6 mL min* dhe temperatura:
25°C.

65



Punim i Diplome Arbér FRANGU

Ekuacioni i paré i pérshkruar ka vlerat Ip = —0.0083c + 0.0101 me koeficient té korrelacionit r
= 0.9987 éshté pérdorur pér ta pércaktuar APAP né mostrat model, dy llojet e tabletave dhe né
urinén e njeriut (Fig. 4.9).
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Figura 4.9 Sinjali amperometrik gjaté shtimit té paracetamolit né pérgendrime té
ndryshme, né potencial operues -0.15 V. Elektroliti mbéshtetés puferi fosfat 0.1 mol
‘L%, pH = 7.0, véllimi i injektimit 100 pL, shpejtésia e rrjedhjes: 0.6 mL min* dhe
temperatura: 25°C.

0 1000

Né krahasim me biosensorét tjeré té zhvilluar (Tabela 4.2), duhet theksuar se progres thelbésor
né€ ndjeshméri &shté arritur né potencialin operues — 0.15 V.
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Tabela 4.2. Prezantimi dhe krahasimi i disa biosensoréve elektrokimik pér pércaktimin e
paracetamolit.

Material Limiti i Rendi
Lloji i sensorit i detektimit linear R? Referenca

biologjik (LOD) (uM) (uM)

CPE/avokado-PPO - 120-5800 0.9927 [17]
CPE/patéllgjanin e zi-PPO 5 20-200 [18]
Fruta
CPE/banané-PPO/hidrogjel dhe 1.6 10-250 0.995 [19]
perime
CPE/juruba-PPO 3 5-245 0.9994 [20]
CPE/kungulleshé-PPO 69 120-2500  0.9965 [21]
SPCE/aril-acilamidazé -- 0-2800 0.999 [22]
ACeO0O2@GNR/IJPCNT 0.18 1-100 0.9987 [23]
Enzima
CPE/TiOz/LAC 1 8-120 0.997 [24]
GC/MWCNT/LAC 7 10-320 0.994 [25]
AU/PANI-cMWCNT/Bacillus Bakterie 29 5-630 0.995 [26]
sp./GA
SPE-CoPC/tyrosinase Enzimé 0.5 1.6-40 [27]
Elektroda e diamantit e
dopuar me bor(BDDE) 1 7.1 20-400 0.999 [28]
o Acid
Au/cistiné/ADN nukleik 7.8 65-730 0.997 [29]

CPE — Elektroda pasté karboni, PPO-Polifenol oksidazé, MWCNT — Nanotuba té karbonit shumé
shtresor, SPCE- electrode e prontuar nga e karbonit, PANI — Polianilina, CoPC — Kobalt ftalocianing,
SPE — electrode e printuar, ACe-amidazé cerium, O2@GNR — dioksid grafeni, IJPCNT- nanotuba té
printuar, LAC-lakaza, GC-karboni gelgor.

67



Punim i Diplome Arbér FRANGU

Biosensorét ekzistues té bazuar né enzima té ndryshme nuk sigurojné njé pérzgjedhje té tillé
pér t'u pérdorur né analizén e urinés njerézore. Biosensorét enzimatiké té raportuar mé paré jané
pérdorur né pércaktimin e APAP vetém né formulimet farmaceutike [119-120].

Tabela 4.3. Stabilizimi i sinjalit tek biosensori i ri.

Sensitiviteti relativ
Sensori Koha [min] [%] RSD [%)]

Biosensori i sapo pérgatitur ka treguar sjellje té pagéndrueshme pér shkak sé enzimés, e cila
nuk éshté inkorporuar plotésisht né sipérfagen e elektrodés. Pas gjysmé ore jané fituar pike
konstante té rrymé elektrike me devijim standard relativ (RSD) mé pak se 2% pasi qé éshté béré
shpélarja e enzimés sé pa inkorporuar (Tabela 4.3). Pas késaj kohe nuk éshté vérejtur zbritje e
ndjeshme e sinjalit amperometrik.
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Figura 4.10. Procesi i stabilizimit té elektrodés gjaté largimit té€ enzimés sé pa
inkorporuar.
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Né Figurén 4.10 mund té vérehet garté stabiliteti e sinjalit, ndérsa riprodhueshméria ka gené e
mjafté e miré me vlera té RSD = 1.9%.

S T0RM
45

50uM
50uM

-3.5 '

30uM

30uM
-2.5

Rryma / pA

10uM 10puM
-15

-0.5

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Koha/s

Figura 4.11 Amperogram i fituar né sistemin FIA si rezultat i injektimit té tretésirés sé paracetamolit
me pérgendrime té ndryshme né potencial -0.15 V. Elektroliti mbéshtetés puferi fosfat 0.1 mol -L*?, pH
= 7.0, véllimi i injektimit 100 pL, shpejtésia e rrjedhjes: 0.6 mL min~* dhe temperatura: 25°C

Njé parametér tjetér i réndésishém éshté koha e pérgjigjes gé zakonisht né celulén thjeshté
elektrokimike éshté me shpejté se sa né sistemin FIA. Koha e pérgjigjes varet nga distanca e
injektorit nga celula elektrokimike dhe shpejtésia e rrjedhjes. Duke i ditur kéta dy faktor mund
té llogaritet edhe ky parametér gé né kété rast ka gené mé pak se 5 s.

Karakteristike pér biosensorét nga tirozinaza éshté jetégjatésia e shkurt e tyre [69, 121]. Prandaj,
njé studim bazé pér jetégjatésiné e biosensorit éshté realizuar pér té gjetur nése biosensori i
zhvilluar mund té pérdoret né analizat rutiné farmaceutike dhe klinike. Né pérgjithési, mund té
thuhet se njé biosensor i sapo pérgatitur mund té pérdoret pér analiza gjaté njé dite té téré.
Problemi kryesor mbetet ruajtja e biosensorit. Kjo ¢on né njé rénie té ndjeshme té ndjeshmérisé.
Stabiliteti i sistemit éshté vlerésuar duke injektuar ¢do dité 50 pmol L " APAP (n = 5). Gjaté 6
ditéve té para, sinjali amperometrik i produktit enzimatik éshté ulur ndjeshém, duke vazhduar
edhe me tej té ulet dhe mé né fund né ditén e 12 -té éshté bé i géndrueshém (Fig. 4.12). Duhet
té jeté e qarté se ndjeshméria zvogélohet ndjeshém me “plakjen” e biosensorit. Nga piképamja
praktike, nuk ka asnjé problem pér té pérdorur njé elektrodé tashmé té pérgatitur, dhe para ¢do
analize té vendoset enzimé e freskét e tirozinazés. Pér mé tepér, duhet té pérmendet se
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komercialisht jané té disponueshme elektrodat e printuara me grafen gé e béné me té leté
pérgatitjen e biosensorit dhe pér mé tepér e zbeh problemin e jetégjatésisé sé tij.
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Figura 4.12 Jetégjatésia e biosensorit

Né pérmbajtjet e tabletave farmaceutike zakonisht kemi niseshte misri, PVP, natriumi
kroskarmelozé dhe acid stearik. Kéto komponime nuk mund té klasifikohen si pengesa gjaté
matjeve sepse nuk i nénshtrohen asnjé reaksioni elektrokimik né potencialet e aplikuara té
punés. Késhtu, jané zhvilluar metoda té shumta té drejtpérdrejta voltametrike pér pércaktimin
e APAP né formulimet farmaceutike [122-124]. Né rastin e urinés situata éshté pak mé e
komplikuar, por pér faktin se biosensori éshté o afté té punojé né potencialin 0 V ku mundési e
reduktimit ose oksidimit té& njé substance tjetér éshté shumé e vogél ka béré qé dhe kétu
interferencat mos té paragesin pengesé. Kjo edhe mund té argumentohet ngase vlera e sinjalit
amperometrik ne rastin e testimit t& urinés sé pastér ka gené mé e ulét se devijimi standard (n =
5) i APAP me pérgendrim 50 pmol L™t si shtesé né mostrén e urings.

6.1.5 Analiza e tabletave farmaceutike dhe urinés

Para analizés sé mostrave reale, ka gené e nevojshme té pércaktohej saktésia e sistemit té
propozuar. Saktésia paraget pérputhjen midis pérgendrimit real té analitit dhe atij té gjetur nga
njé metodé analitike e pérdorur. Ky parametér analitik shpesh verifikohet duke pérdorur
analizén e njé mostre modeli (“recovery”), sasiné e deklaruar, ose duke e krahasuar me njé
metodé referimi té bazuar né njé parim tjetér fiziko - kimik. Té dyja gasjet e pérmendura jané
pérdorur pér vértetimin e saktésisé. Njé rikuperim me vlera prej 3.8% té RSD éshté arritur té
fitohet nga pesé pérséritje pér FIA té njé mostre model, q& pérmbante 250 pmol L "t APAP.
Para analizés, mostra e model duhej té hollohej dhjetéfish duke pérdorur PB. Edhe pse kjo puné
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i kushtohet analizés sé urinés njerézore, ishte e udhés gé sé pari té testohej biosensori né
analizén e preparateve farmaceutike, veganérisht té tabletave.
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Figura 4.13. Kromatrogrami i fituar gjaté analizés sé mostrés sé urinés sé pastér me HPLC(vija e
ploté&) dhe urinés qé pérmban 50 pmol Lt paracetamol ( vija e ndérpresé). Eshté pérdorur kolona
Ascentis Express C18 (150 mm x 3.0 mm, 2.7 um). Gjatésia valore e detektimit ka gené 243 nm.
Ndarja éshté realizuar duke pérdorur fazén mobile e pérbéré nga 0.3% acid formik né ujé (A) dhe
metanol (B) me program té gradientit nga 20% deri né 40% B pér 10 min né temperaturé konstante 30
'C. Shpejtésia e rrjedhjes ka gené 0.5 mL min 2, véllimi i injektimit 5 pL.

Njé protokoll i pérshkruar mé paré pér analizén e urinés duke pérdorur HPLC éshté modifikuar
pak duke ndryshuar parametrat e eluimit me gradient pér té parandaluar shpélarjen e
substancave shogéruese gé ekzistojné né matricén e mostrés né té njéjtén kohé me analitin (Fig.
4.14). Tretésirat standarde (3.0-50 mg L) pér kalibrim jané pérgatitur duke e holluar APAP
né metanol. Drejtéza kalibruese éshté pérshkruar me kété ekuacion: A [mAU] = 17,610.82 +
35,118.84c [mg L!] me korrelacion r = 0.9993. Sig shihet né tabelén 6.4 biosensori i zhvilluar
ka rezultate t& krahasueshme me metodat referente té zgjedhura me vlera té “recovery” 97.4%
(n=5).
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Tabela 4.4 Krahasimi i rezultateve té FIA-s me ato té HPLC pér mostrat farmaceutike dhe até té urinés
Mostra FIA HPLC Deklaruar

242+ 19pumolL? 244+9pmolLt 250 pmol L2
Paralen® 500 490 + mg pér 491 + 16 mg pér 500 mg pér tableté
tableté tableté
Tylex® 750 725 + mg pér 745+mgpértableté 750 mg pér tableté
tableté
L TR B B8 52+ 4 pmol L' 5143 pmol L™ 50 umol L!
APAP

Té gjitha analizat e pérzgjedhura jané pérséritura 5 heré dhe rezultatet finale jané prezantuar né intervale té
besueshmérisé x £ stl-a, ku x 8shté mesatarja aritmetike, s devijimi standard dhe t1-a vlerat kritike t& shpérndarjes
sé Studentit t (2.015) pér numrin e dhéné té pércaktimeve né shkallé t& besueshmérisé « prej 0.05 (95% té
probabilitetit).
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4.2. Karakterizimi elektrokimik dhe performanca analitike e biosensorit
elektrokimik bazuar né elektrodat e pasté karboni pér pércaktimin e
polifenoleve

Né ményré gé té béhet analiza e frutave pér pérmbajtjen e polifenoleve dhe duke u mbéshtetur
edhe né artikujt paraprak [125, 126], éshté dashur té béhen dhe disa optimizime té kushteve té
punés si¢ éshté shpejtésia e pérzierjes, potenciali operues, vlera pH e elektrolitit mbéshtetés né
etj. Pér mé tepér disa karakteristika tjera lidhur me elektrodat jané shtuar. Nga studimi paraprak
[126] éshté vértetuar se elektroda pasté karboni e modifikuar me nanotuba shumé shtresor
tregon té keté sensitivitet mé té larté se elektroda e pastér pér shkak se elektroda e modifikuar
ka sipérfage specifike mé té larté, elektronet transferohen mé shpejté. Gjithashtu pérzierja e
enzimés me nafion ka treguar stabilitet t& larté né sipérfagen CNTs pér shkak té strukturés
fibroze té polimerit duke depértuar né tufén e nanotubave té karbonit. Karakteristika e
sipérfages sé elektrodés sé modifikuar me nanotuba té karbonit dhe até té pa modifikuar éshté
analizuar duke pérdorur SEM (Fig. 4.14).

Figura 4.14 Fotografité e fituara nga SEM pér elektrodén e pastér (A) dhe elektrodén e modifikuar me
nanotuba té karbonit (B)

4.2.1 Konstruktimi i biosensorit

Efekti katalitik i tirozinazés kundrejt Troloksit né krahasim me 1,2-dihidroksibenzenet éshté
shumé mé i ulét dhe pér kété arsye nuk mund té ndértohet biosensor i thjeshté [59]. Kjo tregon
gé sasia e produktit té oksiduar té Troloksit né sipérfagen e elektrodés pér éshté i vogeél, dhe pér
ta konstruktuar njé biosensor té tillé duhet njé sipérfage specifike mé e madhe né ményré qé té
rritet sinjali analitik. Kjo mund t€ mund arrihet duke pérdorur nanomatriale té karbonit sic jané
nanotubat e karbonit shume shtresor té cilat jo vetém qé e rritin sipérfagen aktive por edhe
transferimi i elektroneve éshté mé i shpejté.

Gjashté pérgendrime t& ndryshme (0.5, 1.0, 1.5, 2.0, 2.5, dhe 3.0 mg mL™*) t¢ MWCNT né DMF

jané pérgatitur dhe véllimi prej 20 uL éshté aplikuar pér imobilizimin e MWCNT né sipérfagen

e CPEs. Elektrodat CPE/MWCNT jané krahasuan mé pas duke pérdorur voltametri ciklike ku

pérgendrimi Troloksit ka gené 500 mol L. Sig tregohet né Figurén 6.15, né pérgendrimin 2 mg

mL* kemi sinjalin maksimal dhe ky pérgendrim éshté pérzgjedhur i optimali pér matjet e tjera.
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Figura 4.15 Efekti i sasisé sé natotubave té karbonit té disperguara né DMF né piket e rrymave anodike
(Ep?) dhe atyre katodike (E,°) né pérgendrimin e Troloksit 5 x 10 mol L tek elektroda pasté karboni,
elektroliti mbéshtetés puferi fosfat 0.1 mol L (pH 7.0), shpejtésia e skanimit 0.05 V s.

Mé pas véllime prej 5, 10, 15, 20, 25, dhe 30 pL me pérgendrim konstant 2.0 mg mL? té
MWCNTSs jané aplikuar né sipérfagen e elektrodés pasté karboni pér ta gjetur sasiné optimale
té nanotubave té karbonit né aspektin véllimor. Rezultatet kané treguar né véllimet nga 15-25
pL ka pasur rritje t€ dukshme né rrymat katodike. VEéllimet mé té médha se 25 pL me gjasé e
kané bllokuar sipérfagen e elektrodés duke mos dhéné sinjale mé té miré. VVéllimi prej 20 pL
éshté pérzgjedhur si optimali. Edhe sasia e enzimés né kété rast &shté optimizuar. Duke e rritur
sasiné e saj éshté vérejtur rritje te rrymat katodike dhe ngritje tek rrymat anodike kundrejt
Troloksit. Sasi mé e lart e enzimés se 3.0 pg nuk ka treguar ndonjé ngritje té dukshme té sinjalit
analitik dhe si e tillé &shté pérzgjedhur si optimale.

4.2.3 Karakterisatikat e biosensorit

Sjellja elektrokimike e Troloksit éshté hulumtuar né tri llojet e elektrodave; até CPE,
CPE/MWCNTSs, dhe CPE/MWCNTS/TYR/Nafion® pér ta gjetur efektin e secilés komponent.
Troloksi ka prodhuar reaksion tipik reversibil (AEp = 65 mV) né elektrodén e pastér, duke iu
atribuar oksidimit njé elektronik né njé kation radikal e duke transferuar njé proton mé voné
pér té formuar njé fenoksi radikal dne menjéheré duke u oksiduar né feniksi kation, njéjté
sikurse tek a-tokoferolet [70]. Pas pérséritjeve té cikleve né voltametri, éshté vérejtur edhe njé
qift redoks (AEp = 280 mV). Mund té thuhet se pas formimit t€ kationit fenoksonium, njé
adicionim nukleofilik i ujit fillon duke shogéruar formimin e Troloks kinoneve pérmes
hemiketalve intermediate. Troloks kinonet me pas reduktohen né hidrokinoni pérkatése, e gé
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mund té oksidohen ne kinone né skanimin pas ne potenciale pozitive [57, 70]. Rritja e sinjalit
pér qgiftin redoks sekondar pér secilin cikél éshté shkaktuar nga grumbullimi gradual i Troloks
kinoneve nga oksidimi i substancés origjinale (Fig. 4.16A).
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Figura 4.16 Voltamogramet ciklike (n = 10) té pérsérituar né pérgendrimet e Troloksit 500 pmol-L? té
fituaa né elektrodén e pastér (A) dhe voltamogramet ciklike pér Troloksin me pérgendrim 500 umol-L"
! né elektrodén e pa modifikuar CPE ( vija e zezé), CPE/MWCNTs (vija e kaltért) dhe
CPE/MWCNTSs/TYR/Nafion® (vija e kuge) (B), né puferin fosfat 0.1 mol -L%, pH = 7.0, Efillestare = 0 V,
Evertext = -0.5 V, Evertexe = +1.3 V, Esep =5 mV, v=10mV-s™%,

Raporti i intensitetit t& rrymave elektrike (Ipa/lpc) ka gené i barabarté me 1.544 tek elektroda e
pamodifikuar, ndérsa 0.615 dhe 0.320 tek CPE/MWCNTs respektivisht
CPE/MWCNTSs/TYR/Nafion®. Shumé heré mé i larté éshté shfaqur piku reduktues né rastin e
pérdorimit t&¢ CPE/MWCNTSs/TYR/Nafion®, né potencialin (Epc) +0.049 V (krahasuar me
vlerat + 0.079 dhe + 0.099 V pér CPE/MWCNTSs dhe CPE respektivisht), ku piku i oksidimit
éshté zbritur pér shkak té efektit katalitik t& enzimés(Fig. 4.16B) kundrejt Troloksit. Duke ju
referuar kétyre gjetjeve, potenciali operues me vlera mé té uléta se + 0.050 V duket té
hulumtohet pér pércaktimet amperometrike. Gjithashtu bazuar né té dhénat eksperimentale té
fituara, principi i kétij biosensori amperometrik pér pércaktimin e sasive totale antioksiduese
éshté realizuar, & mundéson pércaktimin elektrokimik té Troloksit né potenciale té uléta me
sensitivitet té shtuar.

6.2.4 Aktiviteti i tirozinazés kundrejt Troloksit

Mé herét me ané té voltametrisé ciklike é&shté paré gé tirozinaza mund té katalizojé oksidimin
e Troloksit ne kinone pérkatése. Por kjo duhej té konfirmohej me eksperimente shtesé. Troloksi
ka absorbancé maksimale né 291 nm ( vija e kuge né Fig. 4.17). Né prani té tirozinazés njé
tjetér mbi mbulim me absorbancé maksimale né gjatési valore 278 nm paragitet. Gjerésia e
shiritit absorbues té ri rritet me kohén e pranisé sé enzimés, si¢ tregohet né Fig. 4.18. Ky
fenomen mund té konsiderohet si informacion shtesé gé Troloksi nuk e inhibon efektin katalitik
té enzimés por paraget njé substrat. Sidoqofté, njé reaksion polimerik i Troloksit i katalizuar
nga enzima nuk mund té pérjashtohet.
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Figura 4.17 Spektri ultraviolet i tirozinazés me pérgendrim 50 ug-mL™ (lakorja e zez€) dhe 100
umol-L* duke pérdorur puferin fosfat 0.1 mol-L%, pH = 7.0 pér 0 (lakorja e kuge), 10 (lakorja kaltér),
20 ( lakorja e gjelbér), dhe 30 min (lakorja e verdh).

4.2.4 Efekti i shpejtésisé sé pérzierjes dhe vlerés pH

Né pércaktimet amperometrike shpejtésia e pérzierjes paraget njé faktor té réndésishém gé
mundéson rrugétimin e analitéve deri tek sipérfagja e elektrodés né ményré sa mé efikase duke
mundésuar gé gjaté gjithé kohés sé analizés sipérfagja e elektrodés té furnizohet me molekula
té analitit ose analitéve. Pér té hulumtuar kété parametér jané pérzgjedhur shpejtésité e
pérzierjes nga 100 deri né 500 rpm. Deri né shpejtésiné 400 rpm sinjali éshté ngritur dukshém,
shpejtési mé té larta se 400 rpm nuk kané pasur ndonjé efekt té theksuar dhe pér kété arsye
shpejtésia e pérzierjes 400 rpm éshté zgjedhur si mé e mira.

Tirozinaza ka efekte katalitike té dobéta né mjedise acidike dhe bazike ndérsa efekte maksimale
né vlera neutrale efekte maksimale[127,128]. Matjet eksperimentale edhe kané déshmuar kété
duke dhéné sinjal analitik maksimal né pH =7.0.

4.2.5 Efekti i potencialit operues

Nése detektimi elektrokimik i produktit nga reaksioni enzimatik ndodhé né vlera konstante té
potencialit , atéheré madhésia e potencialit luan rolin kryesor né pércaktimin amperometrik.
Varésia e lartésisé sé rrymés reduktuese ndaj potencialit operues mund té shihet ne Fig. 4.18.
Potenciali operues -0.25 V ka gjeneruar sinjal mé té larté dhe pér kété arsye éshté pérzgjedhur
e gé korrespondon me té dhénat paraprake né pércaktimin e (reduktimin ) p-kinoneve [125].
Pér mé tepér potencialet mé té uléta se -0.3 V kané ndikuar gé te kemi rrymé bazike jo stabile
pér shkak té ndikimit té oksigjenit.
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Figura 4.18 Efekti i potencialit operues kur éshté pérdorur CPE/MWCNTSs (a), dhe
CPE/MWCNTSs/TYR/Nafion® (b). Analiti 500 umol-L™* Troloks; elektroliti mbéshtetés puferi fosfat
0.01 mol-L™1, pH 7.0; shpejtési e pérzierjes 400 rpm.

4.2.6 Analiza e frutave

Pérmbajtja e lagéshtisé éshté pércaktuar fillimisht, duke i thaté frutat né peshé konstante né
temp. 60 C. Sasi mé e larte e ujit &shté vérejtur tek dredhézat (93 %), kurse sasi mé e ulét tek
mjedrat (82%). Pér frutat tjera té analizuara pérmbajtja e ujit ka gené 85%. Sasi totale
antioksiduese éshté pércaktuar né 100 g té frutave té thara, dhe pér kété arsye ka gené e
réndésishme té dihet sasia e ujit pér ta pércaktuar mé pas sasiné totale antioksiduese né indet e
njoma (frutat e pa thara).

Pér ta eliminuar matriksin e mostrés, éshté pérdorur metoda me shtesa té standardit me ané té
biosensorit té zhvilluar né kushte optimale té cilat jané pércaktuar paraprakisht. Véllim prej 1.0
mL té ekstraktit té frutave éshté vendosur né 9 mL pufer fosfat dhe mé pas jané shtuar 3 ose 4
shtesa té standardit nga 0.5 mL secila (Troloks 0.01 mol-L1). Pas llogaritjes sé rezultateve éshté
fituar ekuacioni I(uA) = -2.0082 ¢ (mmol ‘L) — 1.5137 (uA) dhe R? = 0.9978 sig tregohet né
Fig. 4.19.
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Figura 4.19 Analiza e TEAC duke pérdorur metodén e shtimit té standardit me ané té
biosensorit CPE/MWCNTSs/TYR/Nafion® né potencialin operues -0.25V, shpejtési e
pérzierjes 400 rpm.

Metoda referente (DPPH) éshté pérdorur me kéto parametra té kalibrimit pér substancén
standarde Troloksin A = -0.0103 ¢ (mmol -L!) + 0.3516 dhe R? =0.9943.

Koha e reagimit ka gené e ndryshme pér frutat e pérzgjedhura . Eshté interesant té theksohet se
kohé mé e shkurt e reagimit éshté paré tej mjedrat (< 10 s) se sa tek Troloksi (> 25 s). Kjo pér
arsye se mjedrat pérmbajné komponime fenolike té cilat jané mé té pérshtatshme pér tirozinazén
(substrat mé té pérshtatshém).

Né aspektin e jetégjatésisé, biosensori éshté testuar pér dy javé duke pérdorur tretésirén e
Troloksit me pérgendrim 150 pmol L pér ¢do dy dité (Fig. 4.20). Sinjali i biosensorit géndron
stabile pér njé javeé.
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Figura 420 Amperogram tipik i fituar duke pérdorur biosensorin  elektrokimik
CPE/MWCNTSs/TYR/Nafion® gjaté shtimit individual t&¢ Troloksit me pérgendrim 150 pmol L™,
Elektroliti mbéshtetés puferi fosfat 0.01 mol-L™, pH 7.0; shpejtési e pérzierjes 400 rpm.

Vlerat finale pér analizén e TEAC pér secilén fruté me ané té biosensorit elektrokimik dhe
asaj referente (DPPH) jané paragitur né Tabelén 4.5.
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Tabela 4.5 Pérmbajtja e TEAC dhe AA né fruta té ndryshme
AA né Pulp® [mg pér 100 g ]

Frutat Biosensori? Metoda DPPH? Acidi aﬁﬁg{f&g g]é LRI
Dredhéza 1569 (133) 6735 (570) 59
Manaferra 2593 (337) 3868 (503) 30
Mjedra 5317 (793) 5968 (890) 32
Boronicé 1917 (270) 4878 (687) 14
Boronicé e kuge 6738 (935) 8027 (1114) 13

aVlerat jané dhéné si mesatare aritmetike e pesé pérséritjeve. B Vlerat pér pérmbajtjen e AA jané
marr nga U. S Departmant of Agriculture [129, 130-131].

Nga tabela mund té vérejmé lehté se vlerat nuk jané té njéjta nése i krahasojmé dy metodat e
pérdorura.. Né pérgjithési, matjet me metodén DPPH ofrojné riprodhueshméri té miré me

95 %. Riprodhueshméria tek biosensori elektrokimik ka gené e krahasueshme me metodén
referente DPPH, pér ve¢ se né rastin e dredhézave (90%). Kjo mund té€ shkaktohet nga
pérmbajtja e larté e antioksidantéve jofenolike: AA, karrotenidet, mineralet me veti reduktuese,
etj. dhe nga prezenca e fibrave té patretshém. Pér shembull, prania e AA né pulpé té dredhézés
éshté 90 mg 100 g*. Prezenca e AA né fruta éshté e njohur dhe vlerat mund té mirren nga
National Nutrient Database (USDA) (U.S. Department of Agriculture, 2010); si referencé, e qé
jané paraqitur gjithashtu né Tabelén 6.5. Rezultatet e paragitua jané kompaktibile edhe me
referencat [130, 131].

Pér mé tepér, biosensori amperometrik CPE/MWCNTs/TYR/Nafion® mund té pérdoret pér
pércaktimin e sasive totale fenolike (TPC) [132] dhe gjithashtu sasive totale antioksiduese
(TAC) [133] ekuivalent me Troloksin pér mostrat gé kané vlera té uléta té antioksidantéve
jofenolik. Pér frutat e thara(boronicé, boronica e kuge, mjedér), vlerat pér TEAC té fituara nga
biosensori elektrokimik jané né korrelacion té€ miré me metodén referente DPPH si vérehet né
Tabelén 6.5. Njé diskrepancé e madhe mund té vérehet boronica, sidomos verat e fituar me
rastin e analizimit té pulpés, vlera e TEAC jané shumé mé té uléta se matjet gé jané realizuar
me metodén referente. Kjo me gjasé prezencés sé sasive té larta té anthoksianinés e cila e nxit
aktivitetin anti-Tirozinazé [134].

Njé tjetér karakteristik e cila duhet té pérmendet éshté sasia e larté e AA né dredhéza (sipas
literaturés). Tirozinaza katalizon vetém oksidimin e komponimeve fenolike dhe pér kété arsye
sasi e vogél e TEAC éshté gjetur né kété fruté me pérdorimin e biosensorit amperometrik. AA
ndikon gé té zbritet intensiteti i ngjyrés sé tretésirés alkoolike t¢ DDPH, dhe qé pér pasojé ka
rritjen e vlerave té sasive totale antioksiduese. Biosensori amperometrik i zhvilluar mund té
aplikohet me sukses pér pércaktimin e TPC dhe TEAC né mostrat né té cilat pérmbajtja e
polifenoleve jané dominant si komponenté antioksiduese. Krahasimi me metoda referente tjera
si¢ jan€ ORAC, FRAP DHE TRAP jané paraqitur né Tabelén 4.6.
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Tabela 4.6. Shqyrtimi i vlerave té TEAC né pulp té frutave pércaktuar nga analizat tjera TEAC (mg

pér 100 g)
TEAC (mg pér 100 g)

Frutat ORAC? FRAPP TRAP®
Dredhéza 1077 543 214
Manaferra 1478 1269 526

Mjedra 1268 994 262
Boronicé 1169 911 233
Boronicé e 2275 1259 678

kuge

Té dhénat pér TEAC jané marr nga referencat #[53,55] dhe °[137].

Vlerat korresponduese té TEAC né fruta marr nga analizat individuale jané gjetur ose llogaritur
duke u mbéshtetur né literaturén pérkatése [8,135-138].

Biosensori elektrokimik ka ofruar sensitivitet té ngjashém ndaj metodave DPPH dhe TRAP. Né
Krahasim me metodén ORAC, sensitivitet i biosensorit éshté dy heré mé i ulét. Nga té gjitha
metodat analitike té pérdorura mundésia mé e ulét pér ta larguar ndikimin negativ té radikaleve
té lira éshté vérejtur tek dredhézat dhe e kundérta tek boronica e kuge. Nése déshirojmé té
krahasojmé kapacitetin antioksidues pér secilén frut, biosensori elektrokimik ofron
informacione té ngjashém si DPPH, ORAC dhe TRAP analizat né kété sekuencé: boronicé e
kuge > mjedér > manaferra > boronicé > dredhéz. Koeficient i korrelacionit R? = 0.8409 éshté
gjetur gjaté krahasimit té biosensorit elektrokimik me metodén DPPH né analizén e TEAC né
secilén pulp té frutave, Figura 4.21.

Pér mé tepér duket g¢ ORAC dhe TRAP metodat japin sasi mé té uléta té TEAC vlerave se sa
biosensori elektrokimik i zhvilluar dhe dy metodat tjera spektrometrike. Njé sgarim pér kété
mund té gjendet né format e ndryshme té polifenoleve gé gjenden né mjedér dhe boronicé té
kuge, gé me siguri pérmbajné sasi mé t larta té polifenoleve té pasura me grupe ketolike né
strukturén e vet kimike.
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Figura 4.21. Krahasimi i biosensorit elektrokimik me metodat tjera analitike (A) DPPH, (B)
ORAC, (C) FRAP, (D) TRAP pér analizén e TEAC né pulp té dredhézés (Dre), manaferrave (
Man), mjedrés (Mjed), boronicés (Bor) dhe boronicés sé kuge (Bkuge).
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4.3 Pércaktimi i kapacitetit total antioksidues ekuivalent me troloksin né
mostrat e ¢okollatés duke pérdorur elektrodén e diamantit dopuar me bor
né sistemin ma analizé ne rrjedhje

4.3.1. Voltametria ciklike

Duke pérdorur voltametriné ciklike éshté béré e mundur té studiohet sjellja elektrokimike e 13
substancave té ndryshme té cilat jané potencialisht té pranishme né kakao si antioksidanté.
Matjet jané realizuar duke pérdorur pufer fosfat 0.1 M, pH =7.0 dhe gjithashtu pufer i njéjté
fosfat por me pérqgindje té metanolit né rastet kur substancat nuk kané pasur tretshméri né pufer
té pastér.

Me ané té voltametrisé ciklike lehté mund té vérehen piket e oksidimit pér secilén substancé té
analizuar dhe kjo éshté njé ndihmés e madhe pér ta pércaktuar potencialin operues né
amperometriné hidrodinamike. Piket e obzervuara té oksidimit té kétyre subéstancae jané: acidi
kafeik né +0.398 V, kamferoli né +0.483 V, acidi klorogjenik né +0.505 V, acidi sinapik +0.620
V, acidi gallik né +0.635 V, (+)-katehina né +0.640 V, L-acidi arkorbik né +0.649 V, vanilina
(VA) né +0.688 V, (-)-epikatehina né +0.744 V, naringina né né +1.011 V, acidi kanellik né
+1.133 V, kafeina né +1.384 V, dhe theobromina né +1.404 V.

Né figurén 4.22 jané paraqitur voltamogramet ciklike té troloksit, vanilinés dhe theobriminés.
Tek troloksi mund té vérehet se oksidohet né potencialin +0.623 V. Fukusi vendoset tek
Troloksi ngase kjo substancé pérdoret si standard pér pércaktimin e sasive totale té
antioksidantéve dhe gjitha kalibrimet jané béré duke pérdorur troloksin si standard. Por
sidogofté ky potencial operues nuk éshté i favorshém pér njé pjesé té madhe substancash té cilat
oksidohen né potenciale mé pozitive (deri né +1.4V), késhtu gé potenciali operues duhet té béjé
té mundur oksidimin e té gjitha substancave, né ményré gé té béhet pércaktimi total I
antioksidantéve né mostrén e analizuar.

Voltametria ciklike jep té kuptojmé gjithashtu gé molekulat e oksiduara té cilat mbesin aftér
elektrodés e bllokojné né njé formé sinjalin ngase nuk lejojné gqé molekulat tjera té pa oksiduara
té arrijné né sipérfagen e elektrodés. Kjo pasi gé pas njé numri té shkurté té cikleve intensiteti
I rrymés bie pér arsyet e pérmendura mé larté. Ky problem do té eliminohet duket pérdorur
sistemin me injektim né rrjedhje.

4.3.2 Optimizimi i kushteve né analizén me injektim né rrjedhje

Shpejtésia e rrjedhjes

Njé prej parametrave té réndésishme né analizén mé injektim né rrjedhje éshté optimizimi i
shpejtésisé sé rrjedhjes, figura 6.23.

Shpejtésia e rrjedhjes e definon kohén e mbérritje sé analitit nga momenti i injektimit deri né
momentin e mbérritjes né elektrodén e punés(sensori). Shpejtésia optimale duhet té prodhojé
intensitet té larté por edhe té kalkulohet gé mos té béhet shpenzimi i tepért i substancave nése
operohet ne shpejtési té larté.
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Figura 4.22. Voltamogramet ciklike té pérséritura (5 cikle) 1 mmol L té: Troloks (A), vaniling (B),
dhe theobroming (C) regjistruar tek BDDE né 0.1 mol L PB (pH 7.0), shpejtési té skanimit prej
50 mV s, Lakoret e zeza (blank) tregojné gé matja éshté béré né pufer té pastér.
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Figura 4.23. Ndjeshméria né raport me shpejtésiné e rrjedhjes (A) dhe ndryshmi né intensitetin e
rrymés kur éshté pérdorur shpejtésia e rrjedhjes 0.2 mL/min(B1) dhe 1 mL/min (B2), potenciali
operues +1.3V, gjaté shtimit té troloksit me pérgendrim 50 ppm, bartés puferi fosfat pH = 7.0.

Studimi né kété aspekt éshté béré duke filluar me shpejtési té rrjedhjes nga 0.2ml/mi nderu né
1.4ml/min. Nga Figura 4.23 (A) mund té vérehet se shpejtésia optimale arrihet tek 1 ml/min
dhe Kkjo shpejtési éshté pérdorur pér gjitha matjet.

Potenciali operues

Gjaté matjeve amperometrike potenciali mbahet konstant dhe luané rol thelbésor né analizén
kimike. Potenciali operues pércaktohet nga lloji i substancave gé do té analizohen, pércakton
ndjeshmériné dhe selektivitetin e metodés.

Potenciali i punés éshté pércaktuar né dy ményra né ményré qé té saktésohet vlera optimale e
tij.

Ményra e paré éshté studiuar duke pérdorur troloksin si analit standard dhe ményra e dyté duke
pérdorur mostrén e ¢okollatés e cila pérmban 80% kakao, (Fig. 4.24).
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Figure 4.24. Varésia e intensitetit té rrymés ndaj ndryshimit té potencialit operues, BDDE si elektrodé
e punés, pufer fosfat (pH 7.0), shpejtési e rrjedhjes ImL/min, duke pérdorur troloksin me pérgendrim
50ppm(A) dhe mostrén e ¢okollatés(B), lakorja me ngjyré té kuge paraget rrymén bazike.

Troloksi tregon ndjeshméri té larté né potencialet +1.3V e mé larté, mostra e cokollatés jep
rezultate shumé té ngjashme me troloksin ku potenciali +1.4V éshté zgjedhur si i miri ngase
kemi ndjeshméri té larté dhe kemi substanca té cilat e kérkojné kété potencial pér té oksiduar.
Potencialét mé té larta se +1.4V nuk preferohen ngase rryma bazé éshté e larté e cila ndikon
gé interferencat té médha e stabiliteti i matjeve té jeté i vogél.
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Sasia e metanolit né tretésirat e punés

Pérderisa ka gené e nevojshme té pérdoret metanoli pér disa substanca si rezultat i
tretshmérisé sé ulét té tyre &shté béré edhe optimizmi i sasisé sé metanolit né tretésirat e
punés, (Fig. 4.25).
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Figura 4.25. Efekti i metanolit né tretésirat e punés duke pérdorur ekstrakt té cokollatés me 80% (&/&)
kakao. Matjet jané realizuar duke pérdorur BDDE né sistemin me analizé né rrjedhje, shpejtési té
rrjedhjes 1 mL/min dhe potencial operues + 1.3V. Ngjyra e kaltér e zbehté tregon rrymén bazé.

Duke marr té dhénat nga grafiku mund té konstatohet 30% (v/v) éshté si vleré optimale e
punés ngase kemi sinjal té larté dhe rrymé bazike té ulét.

4.3.3 Validimi i metodés

Eshté me réndési té theksohet se ky studim nuk paraget ndonjé metodé komplet té re por njé
hulumtim fillestar qé ka pér géllim pércaktimin e sasive totale té antioksidantéve né ekstrakte
té cokollatés , por sidogofté duhet béhen disa validime bazé.

Preciziteti éshté pércaktuar duke pérdorur verat e devijimit standard nga mesatarja(RSD) pér
pesé analiza(injektime). Vlerat e RSD 3.3% dhe 3.8% i kemi pér ¢okollatén me qumésht (30%
kakao, &/&) dhe gokollatén e zezé (50% kakao, w/w).

Né Figurén 4.26 jané paragitur shtesat e standardit t& Troloksit duke filluar nga 5 deri 160ppm.
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Figura 4.26. Amperogram tipik i analizés me injektim ne rrjednje realizuar né BDDE, potenciali
operues +1.3V, shpejtésia e rrjedhjes 1 mL/min, pufer fosfat me 30% MeOH (v/v).

Rendi linear nga 5 deri 100ppm Troloks mund té pérshkruhet me ekuacionin
| = 0.0233c + 0.04859 dhe karakterizohet me koeficient té korrelacionit R? = 0.9994, pér pérgendrime
mé té larta deri né 160 ppm Troloks mund té pérdoret ekuacioni tjetér | =0.0211c + 0.05736,
R? = 0.9954.

Pér shkak té vlerave té larta té interceptit nuk ka gené e mundur té pérdoret metoda me shtesa té
standardit por éshté zgjedhur metoda me lakore té kalibrimit pér té zhvilluar analizén e mostrave reale.

Limiti i detektimi (LD) dhe limiti i kuantifikimit (LK) té¢ 1.4 dhe 4.6 ppm Troloks éshté
kalkuluar né bazé té formulés LD = 3s/k, LOQ = 10s/k respektivisht, ku s paraget devijimin
standard té pesé pérséritjeve té€ Sppm Troloks dhe k éshté pjerrtésia e drejtézés (0.0233).
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4.3.4 Analiza e mostrave té cokollatés

Ekstrakti i cokollatés sé bardhé (0% kakao; w/w), dy mostra té ¢okollatés me qumésht (30%
kakao; w/w), dhe tri ¢cokollata té zeza (50, 64, 80% kakao; w/w) jané analizuar duke pérdorur
FIA me BDDE. Dy c¢okollata me qumésht nga prodhues té ndryshém me pérmbajtje té njéjté té
kakaos jané zgjedhur géllimisht pér ta verifikuar saktésiné e analizés. Fig. 4.27 tregon se dy
ekstraktet e cokollatés me qumésht japin sinjal té krahasueshém. Sinjali pér ekstraktin e
cokollatés sé bardhé éshté né vlerat e limitit té detektimit gé konfirmon faktin se kjo llojé e

cokollatés nuk mund té konsiderohet e pasur me antioksdanté.
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40 mg L DC
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<
= 20 mg L
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E’ MC (1)
2 30% cocoa _ MC(2)
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Figura 4.27. Amperogrami hidrodinamik né FIA, gjaté matjeve té standardeve té Troloksit dhe

mostrave té ¢okollatave me sasi té ndryshme té kakaos.

Ndryshe nga kjo, ekstraktet e gokollatés sé zezé éshté dashur té hollohen dy heré mé shumé né
ményré qé sinjali té mos e kalojé rendin linear. Pérjashtuar njé mostér té cokollatés me 80% (w/w)
kakao(pérjashtuar nga llogaritjet statistikore), vlerat e kapacitetit total antioksidues ekuivalent me

troloksin (TEAC) (mg Troloks pér 100 g mostér) rriten sa mé e larté té jeté pérmbajtja e kakaos.
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Fig. 4.28 TEAC i gokollatés sé bardhé (0%), me qumésht (30%), dhe asaj té zezé (50-80% kakao;
wi/w), regjistruar né FIA duke pérdoruar BDDE.

Figura 6.28 tregon faktin se kapaciteti total antioksidues (TAC) prezantuar si TEAC mund té
konsiderohet si njé shénjim shtesé pér pérmbajtjen e sasisé sé kakaos. Pér mé shumé, korrelacion shumé
pozitiv né mes pércaktimit té vlerave t& TEAC dhe pérmbajtjes sé kakaos karakterizuar me r = 0.9187

pér teté cokollata té pérzgjedhura si mostra reale.
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5. PERFUNDIMET

Né kété temé té doktoratés jané arritur té zhvillohen sensor dhe biosensor amperometrik pér
pércaktimin e komponimeve me pérmbajtje fenolike duke véné theks te vecante ato pér
destinim farmaceutik. Zhvillimi i sensoréve dhe biosensoréve éshté arritur duke pérdor
materialet nga elektrodat e pastra té karbonit ose duke i modifikuar ato. Modifikimet jané
realizuar duke pérdorur teknika shumé komplekse dhe interesante me ¢ka éshté arritur té rritet
sinjali analitik dhe mundésia e operimit né potenciale ku interferencat jané minimale. Kjo mé
pas ka mundésuar té analizohen edhe mostra fiziologjike té cilat pérmbajné matriks mjaft
kompleks.

Biosensori amperometrik bazuar né elektrodat e printuara komerciale té karbonit (DS-150)
veshur nga njé shtresé e hollé e grafenit dhe film nga Nafioni me tirozinazé e cila éshté e lidhur
nga glutaraldehidi ka treguar pérformancé té larté né pércaktimin e paracetamolit né formulimet
farmaceutike dhe né urinén e njeriut. Kjo formé e modifikimit ka lejuar konstruktim relativisht
té thjeshté té biosensorit (duke mos u shpérlaré elementi bionjohés me kalimin e kohés ) gé
prodhon selektivitet té shkélqyeshém né matjet amperometrike tek potenciali OV. Biosensor i
zhvilluar ka treguar té keté rend linear né pérgendrimet nga 4.0 — 130 pmol L%, kufi té
detektimit LOD = 1.1 pmol L%, tek potenciali operues 0 V, 3.0 — 90 pmol L™t me LOD = 0.8
umol L™t né potencial operues —0.1 V, dhe 1.5 — 70 umol L™* me LOD = 0.5 pmol L™ né
potencial operues —0.15 V.

Duhet té theksohet se sensitiviteti i biosensorit bie né ményré té ndjeshme me vjetérsiné e tij.
Optimizimi i kushteve té ruajtjes do té jeté njé hap i réndésishém né té ardhmen. Nga ana
praktike zhvillimi i elektrodave té freskéta nuk éshté i véshtiré ngase ka elektroda té gatshme
komerciale té cilat jané t¢ modifikuara me grafen (lloji DRP-110GPH) me cka procesi i
pérgatitjes sé elektrodave nuk merr mé shumé se 30 minuta kohé.

Me kété kontribut gjithashtu éshté demonstruar sjellja biosensorit amperometrik né analizén e
frutave té ndryshme té malit, i pérbéré nga pasta e karbonit dhe modifikuar me nanotuba té
karbonit dhe tirozinazé. Pas disa hapave té optimizmit éshté realizuar pércaktimi i sasive totale
antioksiduese ekuivalent me Troloksin (TEAC) né dredhéza, manaferra, mjedér, boronicé dhe
boronicé e kuge. Sasia mé e larté e polifenoleve shprehur né formé t€ TEAC éshté gjetur tek
boronica e kuge ( 6378 mg /100g ) dhe tek mjedrat (5317 mg/100 g) né materien e thaté,
gjithashtu edhe né pulp; boronicé e kuge (935 mg/100 g) dhe mjedér (793 mg / 100 g). Sasia
mé e ulét e TEAC éshté gjetur tek dredhézat né materien e thaté ( 1569 mg/100 g ) dhe né pulp
(133mg/100 g). Rezultatet e fituara jané krahasuar me metodén referente DPPH, por gjithashtu
edhe me metodat tjera ( ORAC, TRAP, FRAP ), bazuar né spektrometri marré nga literatura.
Mund té thuhet se rezultatet tona té fituara me pérdorimin e biosensorit amperometrik, jané né
korrelacion té miré me metodén DPPH. Pér metodat ORAC dhe TRAP mund té arrihen vlerat
e korrelacionit mé té larta se 0.9, pérjashtimisht tek mjedrat. Duhet té pérmendet gé rezultatet e
fituara nga biosensori shtyjné njé gabim negativ, pér shkak té prezencés sé komponimeve
jofenolike, né masé té madhe té pranisé sé AA. Pér mé tepér biosensori elektrokimik éshté i
pérshtatshém pér pércaktimin e pérmbajtjes totale fenolike dhe kapacitetit total antioksidues
pér mostrat té cilat kané sasi té ulét té antioksidantéve jofenolik. Si disavantazh edhe kétu, duhet
té pérmendet jetégjatésia e biosensorit ku me kalimin e kohés fillon té zbritet intensiteti i sinjalit
péraférsisht pas njé jave. Biosensori i zhvilluar ofron njé pajisje mobile pér kontrollin e shpejté
té kualitetit té ushgimeve né aspektin e freskisé sé tyre dhe vlerave nutritive. Ky biosensor si
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pérparési ka kosto té ulét, pérdorimin e instrumenteve té thjeshta, matjen e mostrave me
turbulliré, punimi me kemikate mé pak té rrezikshme etj. Biosensor i zhvilluar nuk e
zBvendéson analizén spektrometrike por paraget njé alternativé. Si metodé e zhvilluar mund té
shérbej si komplementare me ato té zhvilluara deri mé tani duke sjellé informata shtesé rreth
analizés sé mostrave, reflektimin direkt né vetité elektrokimike.

Elektroda e diamantit e dopuar me bor e integruar né sistemin FIA ka treguar té jeté efikase né
pércaktimin e sasive totale antioksiduese ekuivalent me Troloksin gjaté analizés sé mostrave té
cokolatés duke paraqgitur njé pajisje té thjeshté analitike pér pércaktimin e kualitetit té
cokollatés, vecanérisht né pércaktimin e pérmbajtjes sé kakaos( w/w). Rendi linear pér kété
metodé e analitike té¢ zhvilluar ka gené 5 — 100 mg L' karakterizuar me koeficient té
korrelacionit R? = 0.9994. Rezultatet e analizave té cokolatés kané treguar se kemi korrelacion
té miré né mes sasive totale antioksiduese ekuivalent me Troloksin dhe pérmbajtjes sé kakaos
e cila éshté deklaruar né paketim té cokolatés. Ky studim bazik paraget njé hap té paré drejt
zhvillimit té njé metode té thjeshté analitike pér pércaktimin e kakaos si burim i polifenoleve
dhe antioksidantéve tjeré potencial. Sistemi i tillé i zhvilluar do té mund té gjejé aplikim né
kontrollin e kualitetit té ushgimit kryesisht.
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