ISSN:9697-6698

Turklsh Journal of

Analytic:
1C€CII11S

N /

YVolume 6
Issue 1

June 2024

https://dergipark.org.tr/tr/pub/turkjac


https://dergipark.org.tr/tr/pub/turkjac

e-ISSN: 2687-6698 https://dergipark.org.tr/tr/pub/turkjac

Turkish Journal of

Analytical
Chemistry

TurkJAC

Volume 6
Issue 1
June 2024

Publication Type: Peer-reviewed scientific journal
Publication Date: June 30, 2024
Publication Language: English

Published two times in a year (June, December)



Owner

Prof. Mirag Ocak

Executive Editor

Prof. Ummiihan Ocak

Co-Editor

Ender Cekirge

Lavout Editor

Ender Cekirge

Editorial Secretary

Ender Cekirge

Language Editors

Nurhayat Ozbek
Prof. Mira¢ Ocak

Copyeditor

Nurhayat Ozbek
AslihanYilmaz Camoglu
Prof. Mirag Ocak

Proofreader

Nurhayat Ozbek
Editors
Prof. Ummiihan Ocak

Prof. Mira¢ Ocak

Prof. Selehattin Yilmaz

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Institute of Forensic Sciences

Karadeniz Technical University, Institute of Forensic Sciences

Karadeniz Technical University, Institute of Forensic Sciences

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry
Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Canakkale Onsekiz Mart University, Faculty of Science and Literature,
Department of Chemistry



Prof. Ali Glindogdu

Editor Board

Prof. Selehattin Yilmaz
Prof. Ali Glindogdu

Prof. Hakan Alp

Prof. Volkan Numan Bulut

Prof. Celal Duran

Asst. Prof. Aysel Basoglu
Prof. Aysegiil Iyidogan

Prof. Sevgi Kolayl

Prof. Hiiseyin Serencam
Assoc. Prof. Fatma Agin
Prof. Duygu Ozdes

Dr. Mustafa Z. Ozel

Prof. Matgorzata Wisniewska

Prof. Dilek Kul

Prof. Stawomira Skrzypek

Prof. Fatih Islamoglu

Asst. Prof. Zekeriyya Bahadir

Asst. Prof. Yasemin Caglar

Karadeniz Technical University, Magka Vocational School, Department of
Pharmacy Services

Canakkale Onsekiz Mart University, Faculty of Science and Literature,
Department of Chemistry

Karadeniz Technical University, Magka Vocational School, Department of
Pharmacy Services

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Magka Vocational School, Department of
Chemistry and Chemical Processing Technologies

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Giimiishane University, Faculty of Health Sciences, Department of
Occupational Health and Safety

Gaziantep University, Faculty of Science and Literature, Department of
Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Trabzon University, College of Applied Sciences, Department of Gastronomy
and culinary arts

Karadeniz Technical University, Faculty of Pharmacy, Department of Basic
Pharmaceutical Sciences

Guimiishane University, Glimiishane Vocational School, Department of
Chemistry and Chemical Processing Technologies

University of York, Department of Chemistry

University of Maria Curie- Sklodowska, Faculty of Chemistry, Institute of
Chemical Sciences, Department of Radiochemistry and Environmental
Chemistry

Karadeniz Technical University, Faculty of Pharmacy, Department of Basic
Pharmaceutical Sciences

University of Lodz, Faculty of Chemistry, Department of Inorganic and
Analytical Chemistry

Recep Tayyip Erdogan University, Faculty of Science and Literature,
Department of Chemistry

Giresun University, Faculty of Science and Literature, Department of
Chemistry

Giresun University, Faculty of Engineering, Department of Genetic and
Bioengineering



Prof. Agnieszka Nosal-Wierciriska

Assoc. Prof. Dr. Halit Arslan

Assoc. Prof. Cemalettin Baltac

Asst. Prof. Zafer Ocak

Prof. Mustafa Imamoglu
Assoc. Prof. Esra Bagda
Assoc. Prof. Hiiseyin Altundag

Asst. Prof. Mehmet Basoglu

Publishing Board

Prof. Latif Elgi

Prof. Miunevver Sokmen

Prof. Atalay S6kmen

Prof. Kamil Kaygusuz

Prof. Yasar Gok

Prof. Aysegiil Golcii

Prof. Mustafa Tiizen

Prof. Mustafa Soylak
Prof. Fikret Karadeniz
Prof. Mehmet Yaman
Prof. Halit Kantekin
Prof. Esin Canel

Prof. Dilek Ak

University of Maria Curie- Sklodowska, Faculty of Chemistry, Institute of
Chemical Sciences, Department of Analytical Chemistry

Gazi University, Faculty of Science, Department of Chemistry

Giimiishane University, Faculty of Engineering and Natural Sciences,
Department of Food Engineering

Kafkas University, Education Faculty, Mathematics and Science Education

Sakarya Univer.sity, Faculty of Science and Literature, Department of
Chemistry

Sivas Cumhuriyet University, Faculty of Pharmacy, Department of Basic
Pharmaceutical Sciences, Analytical Chemistry Division

Sakarya University, Faculty of Science and Literature, Department of
Chemistry

Giimiishane University, Faculty of Engineering and Natural Sciences,
Department of Energy Systems Engineering

Pamukkale University, Faculty of Science and Literature, Department of
Chemistry

Konya Food and Agriculture University, Faculty of Engineering and
Architecture, Department of Bioengineering

Konya Food and Agriculture University, Faculty of Engineering and
Architecture, Department of Bioengineering

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Pamukkale University, Faculty of Science and Literature, Department of
Chemistry

Istanbul Technical University, Faculty of Science and Literature, Department
of Chemistry

Gaziosmanpasa University, Faculty of Science and Literature, Department of
Chemistry

Erciyes University, Faculty of Sciences, Department of Chemistry

Kafkas University, Faculty of Science and Literature, Department of Chemistry

Firat University, Faculty of Sciences, Department of Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry

Ankara University, Faculty of Sciences, Department of Chemistry

Anadolu University, Faculty of Pharmacy, Department of Basic
Pharmaceutical Sciences



Prof. Mustafa Kiigtikislamoglu

Prof. Salih Zeki Yildiz

Prof. Recai Inam

Prof. Dr. Durisehvar Unal

Prof. Mehmet Tiifekgi

Prof. Hiiseyin Kara

Prof. Sezgin Bakirdere

Prof. Hasan Basri Sentiirk
Prof. Yusuf Atalay

Prof. Salih Zeki Yildiz

Sakarya University, Faculty of Science and Literature, Department of
Chemistry

Sakarya University, Faculty of Science and Literature, Department of
Chemistry

Gazi University, Faculty of Sciences, Department of Chemistry

Istanbul University, Faculty of Pharmacy, Department of Basic Pharmaceutical
Sciences

Avrasya University, Faculty of Science and Literature, Department of
Biochemistry

Selcuk University, Faculty of Sciences, Department of Chemistry

Yildiz Technical University, Faculty of Science and Literature, Department of
Chemistry

Karadeniz Technical University, Faculty of Sciences, Department of Chemistry
Sakarya University, Faculty of Science and Literature, Department of Physics

Sakarya University, Faculty of Science and Literature, Department of
Chemistry



Authorship, Originality, and Plagiarism: The authors accept that the work is completely original and
that the works of others have been appropriately cited or quoted in the text with the necessary
permissions. The authors should avoid plagiarism. It is recommended that they check the article using
appropriate software such as Ithenticate and CrossCheck. The responsibility for this matter rests entirely
with the authors. All authors will be notified when the manuscript is submitted. If a change of author
is needed, the reason for the change should be indicated. Once the manuscript is accepted, no author
changes can be made.

Aims and Scope

“Turkish Journal of Analytical Chemistry” publishes original full-text research articles and reviews
covering a variety of topics in analytical chemistry. Original research articles may be improved versions
of known analytical methods. However, studies involving new and innovative methods are preferred.
Topics covered include:

* Analytical materials

* Atomic methods

® Biochemical methods

¢ Chromatographic methods
e Electrochemical methods

* Environmental analysis

® Food analysis

e Forensic analysis

® Optical methods

® Pharmaceutical analysis

¢ Plant analysis

* Theoretical calculations

* Nanostructures for analytical purposes
® Chemometric methods

* Energy

ETHICAL GUIDELINES

Turk]JAC follows ethical tasks and responsibilities are defined by the Committee on Publication Ethics
(COPE) in publication procedure. Based on this guide, the rules regarding publication ethics are
presented in the following sections.

Ethical Approval

Ethics committee approval must be obtained for studies on clinical and experimental regarding human
and animals that require an ethical committee decision, this approval must be stated in the article and
documented in the submission. In such articles, the statement that research and publication ethics are
complied with should include. Information about the approval such as committee name, date, and
number should be included in the method section and also on the first/last page of the article.

Editors

1. In the preliminary evaluation of a submission, the editor of the journal evaluates the article's
suitability for the purpose and scope of the journal, whether it is similar to other articles in the
literature, and whether it meets the expectations regarding the language of writing. When it meets
the mentioned criteria, the scientific evaluation process is started by assigning a section editor if
necessary.

2. A peer-reviewed publication policy is employed in all original studies, taking into full account of
possible problems due to related or conflicting interests.



3. Section editors work on the articles with a specific subject and their suggestion is effective in the
journal editor’s decision about acceptance or rejection of the article.

4. No section editor contacts anyone except the authors, reviewers, and the journal editor about articles
in the continued evaluation process.

5. In the journal editor's decision to accept or reject an article, in the addition of section editor’s
suggestion in consequence of scientific reviewing, the importance of the article, clarity and
originality are decisive. The final decision, in this case, belongs to the journal editor.

Authors

1. The authors should actively contribute to the design and execution of the work. Authorship should
not be given to a person who does not have at least one specific task in the study.

2. Normally all authors are responsible for the content of the article. However, in interdisciplinary
studies with many authors, the part that each author is responsible for should be explained in the
cover letter.

3. Before the start of the study, it would be better to determine the authors, contributors, and who will
be acknowledged in order to avoid conflict in academic credits.

4. The corresponding author is one of the authors of the article submitted to the journal for publication.
All communications will be conducted with this person until the publication of the article. The
copyright form will be signed by the corresponding author on all the authors' behalf.

5. It is unacceptable to submit an article that has already been published entirely or partly in other
publication media. In such situation, the responsibility lies with all authors. It is also unacceptable
that the same article has been sent to TurkJAC and another journal simultaneously for publication.
Authors should pay attention to this situation in terms of publication ethics.

6. Plagiarism from others' publications or their own publications and slicing of the same study is not
acceptable.

7. All authors agree that the data presented in the article are real and original. In case of an error in the
data presented, the authors have to be involved in the withdraw and correction process.

8. All authors must contribute to the peer-reviewed procedure.

Reviewers
1. Peer reviewers worked voluntarily are external experts assigned by editors to improve the submitted
article.

2. It is extremely important that the referee performs the review on time so that the process does not
prolong. Therefore, when the invitation is agreed upon, the reviewer is expected to do this on time.
Also, the reviewer agrees that there are no conflicts of interest regarding the research, the authors,
and/or the research funders.

3. Reviewers are expected not to share the articles reviewed with other people. The review process
should be done securely.

4. Reviewers are scored according to criteria such as responding to the invitations, whether their
evaluations are comprehensive and acting in accordance with deadlines, and the article submissions
that they can make to TurkJAC are handled with priority.



Contents
Research Articles

Validation of high-performance liquid chromatography method for the determination of

doxorubicin in proliposomal drug delivery system formulation
Mine Diril*, Mehmet Ali Ege, H. Yesim Karasulu

A comparative study of solvent effect on propolis extraction by ultrasound-assisted

extraction
Sevgi Kolayli, Ceren Birinci*

Usability of calcite mineral, which develops in the crack fillings of carbonate rocks, as

ornamental stone
Murat Camuzcuoglu

Investigation of antibiofilm and biological activities of Vaccinium arctostaphylos L.
Ugur Kardil*, Zeynep Akar, Azer Ozad Diizgiin

Validation study on spectrophotometric measurement of ethanol from beer and non-

alcoholic beer samples distilled by micro steam distillation method
Arda Akdogan, Cemalettin Baltact*

Reviews

Voltammetric methods for determination of Allura Red AC in foods and beverages
Elif Sisman, Fatma Agin*

A comprehensive review on carbon quantum dots
Mussarat JABEEN*, Iqra Mutaza

*Author of correspondence:

1-10

11-17

18-24

25-31

32-39

40-49

50-60



e-ISSN: 2687-6698

Research Article

Turkish Journal of
Analytical Chemistry

www.turkjac.org
2019

Validation of high-performance liquid chromatography method for the
determination of doxorubicin in proliposomal drug delivery system formulation

Mine Diril*(2), Mehmet Ali Ege

Ege University, Faculty of Pharmacy, Department of Pharmaceutical Technology, 35100, {zmir, Tiirkiye

, H. Yesim Karasulu

Abstract

The objective of this study to develop a novel proliposome formulation containing Doxorubicin (Dox) and was to validate a sensitive and selective
reversed-phase high-performance liquid chromatographic (HPLC) method for the evaluation of Dox concentrations of proliposome formulation.
The samples were chromatographed on C18 column (Zorbax Eclipse Plus 5um 4.6 x 250 mm) using a mobile phase with Sodium Lauryl Sulphate
solution: Acetonitrile (50%:50%) at 254 nm. Linearity was confirmed in the concentration range of 10.0-75.0 ug/mL. Specificity, linearity, working
range, LOD, LOQ, accuracy, precision, robustness, and system suitability studies were done from HPLC validation parameters. Liposome
formulation containing Dox was developed by pH gradient method then proliposome formulation was developed with lyophilisation technique.
In the developed HPLC method, the encapsulation capacity (EE%) was found to be 90% + 0.5 and the drug loading capacity (DL%) was found to
be 100.0% + 0.3. In vitro release studies and stability study results were evaluated with, validated HPLC method. It was observed that developed
Dox-proliposome formulation increased Dox release at pH 5.5, pH 6.5, and pH 7.5 by 23.9%, 30.2%, and 14.8%, respectively, compared to
commercial products. The result of F2 test performed in pH 7.5 media was 51.4%. According to the results of the physicochemical tests performed
within the stability studies, it was observed that there was no significant change at the end of 12 months. These results show that the HPLC
method developed, and validation study performed are important and applicable in the development, characterization, in vitro release, and
stability studies of the novel proliposome formulation.

Keywords: Doxorubicin; proliposomal drug delivery systems; high-performance liquid chromatography; validation; in vitro release tests

1. Introduction

Doxorubicin (Dox) (Fig. 1) is a chemotherapeutic agent
belonging to the anthracycline group [1,2]. Its primary
mechanism of action is that Dox intervenes in DNA base
pairs, causing DNA breakage, inhibiting both DNA and
RNA synthesis. Dox inhibits topoisomerase II enzyme,
causing DNA damage and induction of apoptosis and it
is usually administered intravenously at 21-day intervals
[3]. Side effects such as fatigue, hair loss, nausea and
vomiting, and mouth sores are common after Dox
administration,
cardiac toxicity so this limiting the long-term use of the
drug [4,5]. Therefore, it is very important to develop
formulations that will reduce the toxicity of Dox.

also associated with noteworthily

Lipids and fatty acids considered as the primary
component of liposomes; They are structures that are
considered biocompatible and biodegradable because
they are found in the natural structure of cell
membranes. Liposomes have become very interesting in
recent years as they are versatile drug delivery systems

suitable for the encapsulation of both hydrophilic and
hydrophobic substances. Moreover, these vesicular
structures allow the encapsulation of both small ion-
sized molecules and large molecules of several hundred
thousand Daltons [6]. Liposomal encapsulation of drug
molecules; it reduces systemic toxicity and improves
tolerable dosing regimens for anticancer drugs.
However, liposomes exhibit poor chemical and physical
stability due to oxidation and hydrolysis of the lipids in
their structure, which limits their shelf life.

Physical instability of the aqueous dispersion occurs
due to vesicle aggregation and fusion of liposomes,
leading to a change in vesicle size and leakage of the
active substance. Chemical instability is associated with
the tendency for hydrolysis and oxidation of
phospholipids in liposomal drug delivery systems.
Oxidation and hydrolysis of lipids can lead to the
formation of short-chain lipids and subsequently less
hydrophobic derivatives in the bilayers, resulting in the
formation of liposomes with altered physicochemical
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properties or disruption of the liposome structure and
and alteration of the drug release profile [7-9].
Therefore, removal of water in their structure can reduce
or completely eliminate both hydrolysis and oxidation
reactions [7]. Proliposome drug delivery system
formulations have been developed to overcome the
stability problems associated with the liposome [8].
Proliposomes are dry, free-flowing granular products
that form liposomal dispersion on hydration or contact
with biological fluids in the body and were discovered
in 1986. They consist of water-soluble porous powder
and phospholipids [9-11]. Proliposomes can be obtained
by various methods such as fluidized bed method,
supercritical anti-solvent method, lyophilization method
[12].

The development and validation of analytical
methods play important roles in the discovery,
development, production, and stability monitoring of
pharmaceuticals. The main purpose of the analytical
method development and validation is to prove that
proposed analytical method is accurate, specific, precise,
and robust in the pharmaceutical industry for drugs.
Therefore, analytical methodology development and
validation has become essential activity for the
development of new drug delivery systems [13,14].
Studies involving methods developed in recent years for
the determination of Dox from drug delivery systems are
listed in Table 1.

Figure 1. Doxorubicin-HCI chemical structure [15]

In this study, HPLC method was developed and
validated to determine drug loading
encapsulation capacity, evaluated in vitro release studies
for different pH (pH 5.5, pH 6.5, and pH 7.5) and
determined stability studies of Dox in the developed
novel proliposome formulation. While HPLC methods
recommended for the
Doxorubicin in the developed liposome formulation
containing Dox, no study was found in which Dox
validation parameters were applied to the proliposome
formulation and the results were shared in detail. Our

capacity,

determination of

were

study will contribute to the literature in this respect.
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Table 1. List of quantification methods for Dox in pharmaceutical drug
delivery systems last years

Method  Purpose Year Ref.
Rusetal. UV-Vis Dox Evaluation From Drug 2021 [16]
Delivery Systems
Laxmi et al. HPLC Dox Determination Co-crystal 2019 [17]
Scheeren et HPLC De.termme Dox in pH-sensitive 2018 [18]
al. chitosan nanoparticles
Duetal HPLC Dox Evah.latlon From Gold 2018 [19]
Nanoparticles
Gowda et RP-HPLC Determmatl.on of Dox in Pure and 2017 [20]
al. Pharmaceutical Dosage Forms

2. Experimental

2.1. Chemical and reagents

Doxorubicin hydrochloride (Dox) (99.8% purity) was
selected as the active pharmaceutical ingredient donated
from by DEVA Holding (Istanbul, Tiirkiye).
Hydrogenated Soy L-a-phosphatidylcholine (HSPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPG),
Cholesterol 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)
(DSPE-PEG(2000) Carboxylic Acid) were obtained from
Avanti Polar Lipids (Birmingham, United States).
Mannitol was obtained from Roquette (Lestrem, France).

and

Sodium Lauryl Sulphate and ortho-phosphoric acid
were purchased from Sigma (Burlington, United States).
HPLC-grade acetonitrile was obtained from Carlo Erba
(Val-de-Reuil, France). All chemicals used throughout
the study were pharmaceutical grade or special
analytical grade. Ultrapure water for all analyses was
purified using the Millipore Direct-Q® 3 Water
Purification System.

2.2. Instrumentation and analytical conditions

The HPLC-PDA system consisted of Shimadzu model of
LC-20AT and PDA detector in series connected to a
computer loaded with, LC Solution post-run programme
(Duisburg, F.R. Germany). The chromatographic
separation was performed on an Agilent Zorbax Eclipse
Plus -C18 analytical column (150 mm x 4.6 mm, 5 um
particle size, and 100 A pore size). In addition, PDA
detector was set at 254 nm. For the mobile phase, 2.88
grams of Sodium Lauryl Sulphate was weighed
accurately and dissolved by adding approximately 990
mL of ultrapure water. The pH was adjusted to 2.5 by
adding ortho-phosphoric acid and completed with water
to a volume of 1000 mL. Acetonitrile was mixed with
50%-50% (v/v) of this solution and degassed in an
ultrasonic bath for 10 minutes. The solution was filtered
through a 0.2 pum membrane filter. For the analysis,
isocratic solvent elution was performed at a flow-rate of
1 mL/min. The column temperature was maintained at
25 °C and the injection volume was 5 puL. On each day of
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analysis, mobile phase flow was allowed from the
column to equilibrate for 30 minutes.

2.3.Preparation and characterization of proliposome
formulation

Liposome formulation was developed by a lipid
hydration method and proliposome formulation was
developed by lyophilisation technique. Because of Dox
showed weak basic properties, pH gradient method was
used to highly encapsulate the Dox in the liposome
formulation [21,22]. Citric acid-sodium citrate buffer and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
buffer systems (HEPES) were used to create the pH
gradient method. Details of the liposome formulation
developed by the lipid hydration method by creating a
pH gradient are stated in the publication of the study by
Mine et al [23]. Mannitol as lyoprotectant was added to
the liposome dispersion and dissolved. Proliposome
formulation obtained by applying the
lyophilisation. The liposome formulation samples were

was

frozen at -65 °C. They were then subjected to gradual
heating to 20 °C at 0.01 mbar pressure for 18 hours for
primary drying in a lyophilization device. Secondary
drying was carried out for 3 hours at 25 degrees Celsius
under 0.01 mbar pressure. Characterization studies such
as pH, viscosity, particle size (PS), polydispersity index
(PDI), zeta potential (ZP), water content % and
reconstitution time of proliposome formulation were
performed. All analyses were carried out by dispersing,
except developed proliposome
formulation in 5% dextrose solution (Cpox=2 mg/mL).
The pH of Dox-proliposome formulation was measured
using pH meter (Mettler Toledo, Switzerland) and
viscosity was measured at 37 + 1 °C by using Ula spindle
in a viscometer (Brookfield DVII + Pro, USA). The PS,
PDI, and ZP values of the Dox-proliposome formulation
were determined by using zetasizer (Malvern Nano ZS,
England) device at room temperature (25 + 2 °C). The

water content,

water content of formulation was evaluated by Karl
Fischer 7500,
Germany). For reconstitution time analysis, the time
taken for the developed Dox-proliposome formulation
to be dispersed in 5% dextrose solution was observed
with a stopwatch.

titration instrument (SI Analytics

2.4. Preparation of Standard solutions and samples
2.4.1. Stock standard solution

20 mg of Dox working standard was weighed accurately
and transferred to a 100 mL flask, made up to volume
with mobile phase, and mixed by shaking (main stock
solution). 2.5 mL of this solution was taken and
transferred to a 10.0 mL flask. For encapsulation
efficiency and drug loading capacity, it was made up to
volume with the same solvent and mixed by shaking. To

Turk J Anal Chem, 6(1), 2024, 1-10

evaluate in vitro release studies, it was made up to
volume with pH 5.5, pH 6.5, and pH 7.5 phosphate
buffer, separately. They were filtered through a 0.20 um
PTFE membrane filter (Sartorius Minisart SRD,
Germany) then injected into the HPLC (C pox standard = 50
pg/mL).

2.4.2. Sample Proliposome solution preparation

To extract the drug from the proliposomal matrix,
formulations were first mixed with 5 mL mobile phase
then sonicated for 10 min. Then the solution was made
up to 10 mL with mobile phase to a concentration of 50
pg/mL. The sample was filtered through a 0.20 um PTFE
membrane filter and injected HPLC. For the specificity
parameter, placebo samples were prepared. Dox-free
proliposome formulations were transferred to a 10 mL
flask. Dox-free proliposome formulations were first
mixed with 5 mL mobile phase and then sonicated for 10
min. The final solution was made up to volume with the
mobile phase to a concentration of 50 pg/mL. They were
filtered through a 0.20 pm PTEFE filter and injected into
the HPLC.

2.5. Validation of the HPLC method

The method has validated the requirements of the
International Council for Harmonisation Q2(R2)
guidelines. For this purpose, specificity, linearity,
working range, accuracy, precision, robustness, and
system suitability parameters were studied [24]. For the
specificity parameter; Dox standard solution, unloaded
proliposome formulation (placebo) solution,
doxorubicin-loaded proliposome (Dox-proliposome)
formulation solution were injected. All peaks purity was
analysed by PDA detector.

and

The linearity analysis was established through
preparation of six concentration levels of standard
linearity curve in the concentration range of 10.0-75.0
pg/mL (n=3).
the average of area versus known concentration. In order
to evaluate in vitro release studies and to observe the
effect of buffer solutions (pH 5.5, pH 6.5, and pH 7.5) to
be used in the release medium, these buffer solutions
were used as dilution solutions, and linearity, LOD,
LOQ, and working range parameters were validated.

The calibration curve was plotted using

Linearity assessment was done by the analysis of relative
standard deviation of the slope (Sb%), y-residuals and
correlation coefficient (r2) at a confidence level of 95%.
The LOD and LOQ were evaluated from the signal-to
noise ratio of chromatograms for blank samples (5/N=3
for LOD and S/N=10 for LOQ). Then it was expressed in
concentration of via the relation with the signal-to-noise
ratio of a 10.0 pg/mL spiked blank [25]. For the working
range analysis, six injections were studied with lowest
concentration 10.0 pg/mL and as highest concentration
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of 75.0 ug/mL (for mobile phase, pH 5.5, pH 6.5, pH 7.5,
separately). In addition, RSD% was evaluated for
solvents.

Accuracy is the nearness of a measured value to the
true or accepted value. Accuracy was evaluated by the
standard addition method with placebo solutions. For
the accuracy analysis; Dox-proliposome formulation
solution samples were prepared at 80%, 100%, and 120%
levels of assay test concentration and calculated
recovery. A total of 9 samples were prepared, 3 for each
level. The recovery% calculation is given in Equation 1.

Concentration of
analysis results
Theoretical
concentration

x 100 (1)

Recovery,% =

The precision of the method was determined by intra-
day and interday studies. After the system suitability
check with six standard solution injections, repeatability
was performed by analyzing six samples of Dox-
proliposomal formulation at the same concentration (50
ug/mL). The intermediate precision was evaluated by
performing the analysis on two different days (interday)
and also by different operators performing the analysis
(interanalyst). For precision analysis, the standard
deviation must be less than 2.0%.

The robustness of an analytical method indicates its
ability to remain unaffected by small changes made in
the parameters of the analytical method. For robustness
study, one standard and two sample solutions were
prepared. For each changed condition, six injections of
the standard solution and two injections of the sample
solutions were analyzed. These minor changes for
method were mobile phase buffer pH ( + 0.2), flow rate
(£ 0.1 mL/ min), and column temperature ( = 5 °C).
Theoretical plate number, retention time, and tailing
factor were observed for each condition. RSD% of Dox
assay between normal and modified working conditions
were evaluated.

System suitability was determined from six replicate
injections of standard solution containing 50 pg/mL of
Dox. For the acceptance criteria;
deviation (RSD%) was found less than 2% for peak area
and retention time, greater than 2000 theoretical plates
number, and tailing factor of less than 2.0 [26].

relative standard

2.6. Studies with validated analytical method

2.6.1. Drug loading capacity.

Extraction of Dox encapsulated in proliposomal vesicles
is important for the determination of drug loading
capacity. For this purpose, an aliquot of the Dox-
proliposom formulation was diluted in 5 mL mobile

Turk J Anal Chem, 6(1), 2024, 1-10

phase and sonicated for 10 min to extract the drug. The
final solution was made up to 10 mL with the mobile
phase at a concentration of 50 pg/mL. It was calculated
relative to a reference solution of the same concentration

and represents the total drug content in the
formulations.

2.6.2. Encapsulation efficiency

Encapsulation efficiency (EE%) of proliposome
formulations was found by ultracentrifugation

technique with Amicon Ultra 100 kDa EMD-Millipore
(Billerica, MA). The unencapsulated drug was separated
by ultrafiltration technique (Sigma 2-16P Centrifuge,
Sigma, Germany) at 5000 rpm for 40 min. EE% was
evaluated as the ratio of the analyzed drug amount to the
initial drug amount using the HPLC method [27].

2.6.3. In vitro release study

The release conditions recommended by FDA in
liposomal formulations containing Dox are pH 5.5 as
endosomes and lysosomes of cancer cells, pH 6.5 as
cancer tissues and pH 7.5 as normal tissues [28]. In vitro
release studies were performed at different pH
phosphate buffers (pH 5.5, pH 6.5, and pH 7.5)
conditions using the dialysis membrane method.
Proliposomal formulation was dispersed 5% dextrose
solution (Cpox= 2 mg/mL) put in dialysis bag (Sigma-
Aldrich, 14,000 Da molecular weight cut-off) and the
dialysis bags were put into 100 mL of pH 5.5, pH 6.5 and
pH 7.5 phosphate buffer solution, respectively. The
systems were maintained at 47 °C in a stirred water bath
at 100 rpm. 2 mL of samples were taken at
predetermined time intervals (0, 0.5, 1, 2, 3, 6, 8, 12, 20,
and 24 h) and then added with 2 mL of fresh buffer to
maintain constant volume and sink conditions. Studies
also performed for commercial products.
Calculation of the cumulative quantification of Dox was
performed by HPLC method. To evaluate the effect and
release results of the different release media used, the
method was co-validated for linearity and working
range using release media (PBS pH 5.5, 6.5, and 7.5) as
diluent [18,29]. In addition, F2 similarity analysis was
performed between the commercial product and the
Dox-proliposome formulation.

were

2.6.4. Stability study

The stability of Dox-proliposomal formulation was
investigated at 5 + 3 °C, 25 + 2 C, 60% + 5 relative
humidity, 30 2 C, 65% + 5 relative humidity, and 40 + 2
°C, 75% + 5 °C relative humidity. The sample was
evaluated for physicochemical properties (pH, viscosity,
PS, PDI, ZP, EE%, DL%, water content % and
reconstitution time) under these stability conditions.
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2.7. Statistical analysis

Student-t test or ANOVA variance analysis for
parametric tests and Krusger Wallis analysis for
nonparametric tests were preferred. *p < 0.05 and ***p <
0.001 were considered significant and highly significant,
respectively.

3. Results and Discussion

3.1.Preparation and characterization of proliposome
formulation

The ratios of lipids, cholesterol, and pegylating agent
were determined according to the pegylated liposomal
commercial formulation containing of the active
ingredient Dox ratios
phospholipid %:cholesterol %:pegylating agent%;
56:38:5) [30]. The physicochemical properties of Dox-
proliposome formulation were done dispersed 5%

(mol

dextrose solution, except the water content, and the
results of physicochemical properties are shown Table 2.

PDI is a measure of the heterogeneity of a sample based
on size and distribution [31]. In addition, less than 0.5
PDI value indicates homogenous and stable particles
[32]. The freeze thaw cycle enables the conversion of
liposomal vesicles from MLVs to SUVs (Small
unilamellar Vesicles) and Large Unilamellar Vesicles
(LUVs), thus affecting PS and PDI results, while the
extrusion process affects PS results [33]. As seen from the
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prevented by removing aqueous structures from
formulations [34].

that
formulations from stress conditions during freezing and

In lyophilization,  substances protect
drying are known as lyoprotectants. During the
lyophilization phase of liposomal drug delivery systems,
lyoprotectants maintain the stability of liposomes by
protecting the lateral spaces of the head groups of
phospholipids [35]. Mannitol, a lyoprotectant, is one of
the excipients frequently used in liposomal drug carrier
systems, which reduces redistribution time by providing
cake formation after drying [36]. For this purpose,
effective drying studies were carried out using Mannitol

as a lyoprotectant in the study.

Effective drying accelerates the dispersion of
particles and reduces the reconstitution time. Also, since
the water contained in liposomes causes hydrolysis and
oxidation, effective drying is very important to ensure
stability [37]. In addition, water content analysis is very
important to predict whether efficient drying is achieved
by lyophilisation. The results of low water content and
fast reconstitution time indicate that efficient drying was
achieved by

lyophilization in Dox-proliposome

formulation.

Table 2. Physicochemical properties of Dox-proliposome formulation
Physicochemical properties Results + SD

. . pH 6.50 +0.95
physicochemical results, low PS and acceptable PDI . osity (cP) 1263 +1.25
results were obtained, indicating that the extrusion and  PS (nm) 120.6 + 2.50
freeze thaw cycle processes applied to the Dox- PDI 0.35+0.21

li f lati ful ZP (mV) -8.45+1.25
proliposome formulation were successful. By
1 hilizi i 1§ lati . hvdrolvsi Water Content (%) 0.053 +0.03
yophilizing Iposoma ormulations; ydrolysis, Reconstitution time (sec) 11.5+1.1
oxidation, drug leakage, and aggregation can be

uv
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Figure 2. HPLC chromatograms from specificity parameter injection on HPLC where trace (1) represents unloaded proliposome formulation
solution, (2) represents mobile phase, (3) represents Dox standard solution (10 pg/mL), (4) Dox-proliposome formulation solution
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Figure 3. Peak purity of (A) Dox in standard solution, (B) Dox-proliposome formulation solution

3.2. Validation of the method

The specificity of the method for the quantitation of Dox
was successfully achieved by demonstrating that there
was no interference from the matrix components. The
chromatograms (Fig. 2) showed that no signal was
detected for the mobile phase and wunloaded
proliposome formulation solution. In order to show no
interference in the HPLC method, peak purity testing
was performed using PDA detector.

The peak purity index of chromatograms was evaluated
for Dox standard and Dox-proliposome solutions and
was higher than 0.9999. This indicates that there is no
interference to the Dox peak from excipients or
impurities. All these findings indicate that the method is
specific (Fig. 3).

The data for the analytical curves constructed (n=3)
suggest acceptable linearity parameter of concentration
range of 10 — 75 pg/mL for mobile phase, pH 5.5, pH 6.5,
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and pH 7.5, respectively. The linear regression equation
was determined by the least squares method and thus
the correlation coefficients were calculated, these results
are shown in Table 3. LOD and LOQ were calculated
using mobile phase, pH 5.5, pH 6.5 and pH 7.5 as solvent
and the results are given in Table 3.

For the operating range analysis, the RSD% results of
six injections at 10 pg/mL and 75 ug/mL in each solvent
medium were calculated and the results are given in
Table 4. Acceptance criterion of RSD% <2% was
achieved.

Values between 98% and 102% are acceptable for
accuracy analysis [38]. The recovery results for the
accuracy parameter were between 98% and 102% for
each concentration, with an RSD% of <2%, achieving the
acceptance criterion (80%, 100%, and 120%) (Table 5).

For the precision parameter six different Dox-
proliposome formulations batches, containing 50 pg/mL
Dox, were extracted as part of the repeatability study
and analysed. In the intermediate precision study
performed as part of the precision parameter, six
separate proliposome formulation samples were studied
on two separate days and by two separate analysts. The
results are shown in Table 5 and the RSD values obtained
are lower than the 2.0% acceptance criterion.

The robustness test demonstrates the reliability of the
analytical method against certain changes in parameters
[39]. The method was considered robust because RSD%
values for Dox assay were below 2% as seen in Table 6.
System suitability tests represent an integral part used to

ensure adequate performance of the analytical
procedure and the chromatographic system for
resolution and reproducibility [40]. For system

suitability analyses, RSD% values calculated for the peak
area, retention time and tailing factor were found 1.28,
0.11, 0.43, and 0.02%, respectively. The number of
theoretical plates was found 16601.68 and RSD% 0.43%.

The data of all parameters performed in method
validation studies were found within the acceptance
criteria. This shows that the method can be applied
successfully and is suitable for the analyses to be carried
out. The advantages of these developed methods
compared to the method in this study are evaluated in
Table 7.

3.3. Studies with validated analytical method
As with all drug delivery systems, it is very important to
achieve high drug loading capacity and encapsulation
capacity in liposomal drug delivery systems during
formulation development. To achieve optimum efficacy
in a drug delivery system, it is necessary to encapsulate
of toxic

the maximum possible amount active

substances, especially as Dox.
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Table 3. Linearity, LOD, and LOQ results (Concentration range: 10—
75 pg/mL)

. . LOD LOQ
Solutions Equations (ug/ml) (ug/mL)
Mobile  _ 12180037.460x + 7767114 996 13 46
phase
pH55  y=12240914.436x - 3262.502  0.9999 0.7 22
pH6.5  y=12016875.912x + 629.902 09994 19 5.6
pH75  y=9785246.7153x — 10345.3163 0.9996 0.8 2.3
Table 4. Working range analysis RSD% results for solvents
Concentration RSD%

(ug/mL) Mobile phase pH5.5 pH 6.5 pH75
10 0.7 0.7 0.2 0.8
75 0.1 0.2 0.1 0.5

Table 5. Repeatability, accuracy, and intermediate precision data of
Dox-proliposome formulation solution

Validation parameters Recovery = RSD (%)

Accuracy (n=3)

40 pg/mL 100.33 £ 0.85
50 pg/mL 100.73 £ 0.76
60 pg/mL 99.57 +0.35
Precision
Intraday (n=6) 101.00+1.2
Interday
Day 1 (n=6) 99.60 + 0.56
Day 2 (n=6) 99.30 +1.21
Mean (n=12) 99.45 +0.21
Between-analysts
Analyst 1 (n=6) 100.23 + 0.74
Analyst 2 (n=6) 99.56 + 0.96
Mean (n=12) 99.90 + 0.47

Table 6. Results of robustness parameter for Dox-proliposome
formulation solution

Chromatographic Theoretical Retention Tailing Assay
parameter plates  time (min) Factor %)
Normal working condition 16459 8.2 0.94 99.7
pH23 14599 79 0.96 98.3
pH27 15340 8.2 0.93 99.4
Flow rate 0.9 mL/min 16229 8.4 0.94 99.1
Flow rate 1.1 mL/min 15322 8.1 0.96 99.2
Column temperature 20° C 16521 8.3 0.95 98.8
Column temperature 30° C 16673 8.1 0.96 98.6
Mean 99.0
RSD(%) 0.49

Table 7. Advantages of the method developed in this study
compared to the literature

Advantages

Scheeren et al. [18] They showed similar retention times and peak
shapes, but were studied with a higher injection
volume (20 ul) than our method.Long use may
cause peak shape distortion and low theoretical
plate count.

Gowda et al. [20] Retention time is 3 minutes. This is very close to
the dead time and may increase the possibility of
overlapping with possible peaks over time in

stability studies.
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Figure 4. In vitro release of Dox from commercial product and Dox-
proliposome formulation at pH:5.5
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Figure 5. In vitro release of Dox from commercial product and Dox-
proliposome formulation at pH:6.5
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Figure 6. In vitro release of Dox from commercial product and Dox-
proliposome formulation at pH:7.5
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Dox encapsulated in liposome vesicles with high
encapsulation efficiency provides high antitumor
efficacy by
pharmacokinetics while reducing toxicity [41]. The drug
loading capacity and encapsulation capacity of the
proliposome formulation were determined during the

altering  tissue  distribution and

development of the proliposome formulation with the
validated HPLC method. The drug loading and
encapsulation capacity of the developed optimal
proliposome formulation were 90% + 0.5 and 100.0% *
0.3, respectively (n=6). RSD% were lower than 2.0% of
each sample. In the study presented by Aghdam et al.,
which achieved high encapsulation into liposomal drug
carrier systems with the pH gradient method, it was
shown that clearance from the body could be reduced by
2.5 times with Dox [42]. This shows that liposomal Dox
formulations, which can provide high encapsulation for
in vitro studies, may be promising drug delivery systems
in the in vivo environment. In addition, linearity and
working range analyses were carried out to observe the
effect of pH change in the in vitro release studies to be
performed with the HPLC method developed. Dox
assays of in vitro release studies performed in pH 5.5, pH
6.5 and pH 7.5 media were evaluated with linearity
equations performed with these media for commercial
product and Dox-proliposome formulation (Table 3).
The release graphs of pH 5.5, pH 6.5, and pH 7.5 are
given in Fig. 4, Fig. 5, and Fig. 6, respectively. It was
observed that drug release increased because low pH
values increase the hydrophilicity of Dox and its
solubility in the liposome [43]. Similar to our study, in
the study conducted by Mohammadi et al, higher
release was observed at pH 5.5 compared to pH 7.4 for
the developed liposomal formulations [44]. Therefore,
Dox showed the highest release at pH 5.5 at the end of
the 24th hour in the commercial product and the
developed Dox-proliposome formulation. With the
developed Dox-proliposome formulation, the release at
the end of 24 hours was increased by 23.9%, 30.2%, and
14.8% at pH 5.5, pH 6.5, and pH 7.5, respectively,
compared to the commercial product. The difference in
vitro release values of the developed Dox-proliposome
formulation compared to the commercial product may
be due to the different lipids used in the developed
proliposome formulation [45]. The lipid differentiation
used can result in a change in the glass transition
temperature, resulting in different release rates and
kinetics [46]. In addition, due to the membrane-induced
barrier effect of the vesicles in liposomal drug delivery
systems, the release of the active substance occurs more
slowly and in a controlled than the release of the active
substance [47]. Obtained in vitro release results; the
commercial product and the developed proliposomal
drug delivery system formulation have shown that
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controlled drug release is similar to the literature data
[48,49].

In addition, according to the F2 similarity test
between the commercial product and the developed
Dox-proliposome formulation, the results in pH 5.5, pH
6.5, and pH 7.5 environments were found to be 37.5, 42.0,
and 51.4, respectively. The fact that the F2 value between
the two release profiles is between 50-100 indicates
similarity by the FDA. [50]. F2 similarity ratio of Dox-
proliposome formulation and commercial product in pH
7.5 medium was found to be 51.4% and it was found to
comply with FDA similarity requirement. At 5.5 and 6.5,
in vitro release profiles were not found to be similar to
the commercial formulation, however, it was shown in
Fig. 4 and Fig. 5 that the developed proliposome
formulation was released more rapidly and in a
controlled release than the commercial product in
environments mimicking endosome and lysosomes of
cancer cells (pH 5.5), cancer tissues (pH 6.5).

Moreover, there was no significant change in the
results of the physicochemical analyses performed at all
stability conditions to evaluate the stability for 12
months. This shows that the stability problem observed
in liposomal drug delivery systems can be avoided with
the developed proliposome formulations.

4. Conclusion

The results of the study show that the proliposome
formulation containing Dox was successfully developed
and validation of Dox by HPLC was performed by the
acceptance criteria. Altogether, the results showed that
the validated HPLC method for the developed novel
Dox-proliposome formulation is a suitable tool for the
determination of drug loading capacity, determination
of encapsulation capacity, measurement of release
properties in different pH media, and evaluation of
stability studies. In conclusion, the developed assay
method and its validation have shown that promising
results can be achieved at every stage of the
development of the novel proliposome formulation and
have greatly contributed to the study.
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Abstract

Propolis is a natural bee product obtained from beehives as raw propolis. Propolis extracts obtained from raw propolis with different polarities
solvents are used as food supplement agent. The composition of propolis extracts depends on the raw propolis species, extraction methods and
extraction solvent. In this study, it is expressed how the phenolic composition of propolis extracts varies depending on the solvent polarity used.
The ultrasonic-assisted maceration technique was used to extract an Anatolian raw propolis sample with five different polarity solvents, namely
water, methanol, ethanol, isopropanol, and n-butanol using sequential and gradual extractions. The extraction capacity was evaluated by total
phenolic substance content (TPC), total flavonoid substance content (TFC), individual phenolic compounds, and antioxidant capacity. The
phenolic compositions were analyzed by High Performance Liquid Chromatography (HPLC-PDA) according to the twenty-five phenolic
standards. As a result, propolis directly extracted with water, methanol (98%), ethanol (98%), isopropanol (98%), n-butanol (98%) and 70% ethanol,
TPC value of 147.98 mg GAE/g, TFC value of 47.18 mg QUE/g, FRAP value of 1144.33 uM FeS04.7H20/g and DPPH analysis results of 0.03 SC50
(mg/mL). It was determined that 70% ethanolic extract contained the highest phenolic compounds and had the highest antioxidant capacity

compared to propolis extracted with solvents gradually.

Keywords: Propolis, extraction, solvent, polyphenols, antioxidant

1. Introduction

Propolis is a natural substance produced by honeybees
(Apis mellifera) from resin-like materials from plant
sources collected in the hive or in special propolis traps.
Honeybees use propolis as an isolation, antifungal and
antimicrobial agent [1,2]. After being removed from the
hives, raw propolis is extracted in different solvents and
using various extraction techniques. It is consumed in
liquid or capsule form in complementary medicine. Raw
propolis is a mixture of wax (5-30%), balsam (20-50%),
and volatile compounds (1%), the majority of its
bioactive components being in the balsamic portion [3,4].
The balsamic fraction obtained by extraction with
ethanol is rich in polyphenols. The types and amounts of
polyphenols in propolis samples vary according to the
flora of the region where it is produced and the needs of
the bee population. However, caffeic acid and its esters
and flavonoids such as chrysin and pinocembrin are
abundant in all propolis specimens [4-6].
extracts exhibit a wide range of antioxidant, [5-8]
antimicrobial, [6-8], antiviral, [9-11] antidiabetic [12]and

Propolis

antitumoral [13] activities and is used in traditional and
complementary medicine as supplementary food [6,14].

One crucial factor in preparing propolis extracts from
raw propolis involves the selection of the extraction
technique, solvent type, and raw propolis ratio. These
elements significantly affect the resulting extract's
composition Various extraction
techniques, such as maceration, ultrasonic extraction,

and properties.

Soxhlet extraction, and microwave and supercritical
extraction, are used for the preparation of commercial
propolis extracts [6,14-16]. Different polarity solvents
such as water, ethanol, polypropylene glycol (PPG), and
green solvents are used in the extraction [3,17].
However, ethanol is regarded as the optimal solvent for
extraction [18,19]. Most propolis extracts consumed as a
food supplement are produced using dietary ethanol,
such as alcohols made from wheat, sugar beet, or sugar
cane [6,15,19]. A number of studies have shown that
ultrasound-assisted maceration is the most practical and
economical technique in the extraction of raw
propolis[14,18-20].
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Figure 1. Schematic of the extraction procedure of propolis sample

However, due to the known disadvantages of ethanol,
the search for ecological and green solvents for propolis
continues. In addition to organic solvents, a variety of
deep eutectic solvents, green solvents and alkaline or
acidic extractions are also available [21-24].

which
appropriate for the polyphenols found in raw propolis is
still a matter of debate. The aim of this study is to
investigate which solvent or solvents would be more
useful for elucidating the composition of propolis. This
research therefore evaluated the effects of solvent
polarities on the ultrasonically-assisted propolis
extractions.

In addition, solvent would be more

2. Materials and methods

2.1. Chemicals

Methanol (Merck, 106009), ethanol (Symras, 3050500),
isopropanol (Merck,1.00272), and n-butanol (Sigma
Aldrich,34867), diethyl ether (Sigma Aldrich, 24004),
ethyl acetate (Sigma Aldrich,27227), acetic acid (Sigma
Aldrich, 27225), acetic acid (Sigma Aldrich, 27225),
acetonitrile (Sigma Aldrich, 34851) were used as
analytical purity. The phenolic standards of quercetin
(Sigma Aldrich, Q4951), gallic acid (Sigma Aldrich,
G7384), caffeic acid (Sigma Aldrich, C0625),
protocatechuic acid (Sigma Aldrich, 03930590), p-OH
benzoic acid (Sigma Aldrich, 240141), syringic acid
(Sigma Aldrich, S6881), epicatechin (Sigma Aldrich,
E1753), p-coumaric acid (Sigma Aldrich, C9008), ferulic
acid (Sigma Aldrich, 128708), rutin (Sigma Aldrich,
R5143), myricetin (Sigma Aldrich, M6760), resveratrol

(Sigma Aldrich, R5010), daidzein (Sigma Aldrich,
D7802), luteolin (Sigma Aldrich, L9283), trans-cinnamic
acid (Sigma Aldrich, C80857), hesperetin (Sigma
Aldrich, W431300), chrysin (Sigma Aldrich, C80105),
pinocembrin (Sigma Aldrich, P5239), caffeic acid
phenethyl ester (CAPE) (Sigma Aldrich, C8221),
chlorogenic acid (Sigma Aldrich, C3878), m-OH-benzoic
acid (Sigma Aldrich, 36333), ellagic acid (Sigma Aldrich,
E2250), apigenin (Sigma Aldrich, 10798), rhamnetin
(Sigma Aldrich, 17799), and curcumin (Alfa Aesar,
B21573) were used.

2.2. Extraction procedure

Raw propolis samples obtained from 10 different regions
of Anatolia of Turkiye, were mixed and turned into a
single propolis sample. The raw propolis mixture was
frozen in a deep freeze, pulverized with the help of an
electric grinder, and returned to the deep freeze. The
extraction process was carried out in two parts. In the
first part, propolis was extracted separately in different
solvents (pure water, methanol ethanol, isopropanol,
and n-butanol), while in the second part, the sample was
extracted gradually with these solvents. For each
extraction, 30 mL of solvent was added to 3 g of
powdered propolis. The mixture was placed in a falcon
tube and then extracted in an ultrasonic bath (Everest
Ultrasonic CleanEX N-1011, Turkiye) for 2 hours with 99
amplitudes. The mixture was next extracted by
maceration in a shaker (Heidolph MR 3001, Germany)
for 24 hours at room temperature. Following the
extraction, the mixtures were filtered through filter
paper (Sartorius Stedim Grade 391) and used for analysis

(Fig. 1).
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2.3. Total phenolic content (TPC)

The TPC of propolis extract was measured for each
solvent using the classic Folin-Ciocalteu’s method [25].
For this purpose, 20 uL of extract and 400 uL of 0.2 N
Folin-Ciocalteu’s reagent were mixed in a test tube, to
which was added 680 uL of distilled water. After 3 min
of incubation, 400 mL of 10% sodium carbonate was
added, and the mixture was incubated for 2 h at room
temperature. Following incubation, the absorbance was
read on a spectrophotometer (Thermo Scientific
Evolution TM 201, UV-VIS Spectrophotometer, USA) at
760 nm. Different concentrations of gallic acid (0.5, 0.25,
0.125, 0.125, 0.0625, 0.03125, and 0.015625 mg/mL) were
used in the preparation of the standard graph. This was
produced with the absorbance values corresponding to
the concentration, and the amount of phenolic substance
as gallic acid equivalent was determined using the
drawn graph.

2.4. Total flavonoid content (TEC)
The TFC of each propolis extract was measured
following spectrophotometric assay [26]. Briefly, to 250
uL of each extract were added 2.15 mL absolute
methanol (Merck, 106009), 50 uL 10% aluminum nitrate
(Sigma Aldrich, 237973), and 50 uL 1 M ammonium
acetate. The mixture was then incubated for 40 min at
room temperature. After incubation, absorbance was
measured at 415 nm. Different concentrations of
quercetin (0.5; 0.25; 0.125; 0.125; 0.0625; 0.03125, and
0.015625 mg/mL) were used to prepare the standard
graph. This was drawn with the absorbance values at 415
nm against the concentration, and the amount of
quercetin flavonoid  substance

equivalent was

determined according to the graph.

2.5.Determination of Iron (III) reducing antioxidant
power-(FRAP)

The ferric reducing antioxidant power assay (FRAP) was
used to measure total antioxidant capacity [27]. Freshly
prepared FRAP reagent was prepared by mixing 300
mM pH 3.6 sodium acetate buffer, 10 mM TPTZ, and 20
mM FeCls (Carlo Erba, 451695) solutions (10:1:1). Briefly,
1.5 mL of FRAP reagent and 0.05 mL of sample were
placed in a test tube. After incubation at 372 C for 4 min,
the absorbance was read at 595 nm. Different
concentrations (31.25, 62.5, 125, 125, 250, 500, and 1000
uM) of FeSO+7H20 (Merck, 103965) were used to
prepare the standard graph. The results were expressed
as FeSO4.7H20 equivalent antioxidant power.

2.6. DPPH" Radical scavenging activity

It was detected by the decrease in the maximum
absorbance of the purple-violet colored commercial
DPPHe (2,2-diphenyl-1-picrylhydrazyl) radical at 517

Turk J Anal Chem, 6(1), 2024, 11-17

nm in the presence of antioxidant substance. Equal
amounts of DPPH solution and sample solutions were
mixed and left at room temperature for 50 minutes and
absorbances were measured. SC50 values were
calculated by plotting the concentrations corresponding

to the absorbances found[28]

2.7.Phenolic component analysis by HPLC-PDA

Before measuring the phenolic component in the
propolis extracts in different solvents using HPLC-PDA
analysis, phenolic component enrichment was
performed by liquid-liquid extraction. The solvents of
propolis extracts in different solvents were removed in a
rotary evaporator (IKA®-Werke RV 05 Basic) at 40°C.
Then, 10 ml of pH:2 distilled water was added and
extracted, first with diethyl ether and then with ethyl
acetate and combined. After all the solvents had been
removed, the residue remaining in the flasks was
dissolved with 2 ml of absolute methanol, passed
through a 0.45 pum filter (Isolab 094.01.003), and then

transferred to an instrument for phenolic analysis.

In the phenolic composition analysis method, all

validations were completed against 25 phenolic
standards using an RP-HPLC system (Shimadzu
Corporation LC 20AT, Japan)

photodiode-array (PDA) detector. The sample was

coupled with a

injected into the HPLC system with a reverse phase C18
column (250 mm x 4.6 mm, 5 mm; Fortis). Acetonitrile,
water, and acetic acid were used for the mobile phase by
applying a programmed gradient. The mobile phase
consisted of (A) 2% acetic acid in water and (B)
water (70:30).
injection volume was set to 20 puL, column temperature
to 30 °C and flow rate to 1.0 mL/min[19]. Standard
calibration

acetonitrile: Samples and standard

curves of phenolic compounds were
constructed with chromatograms recorded at 250, 280,
320, or 360 nm as their maximum absorbance, and the

results were expressed in pg/g.

2.8. Statistics

The Kruskal Wallis non-parametric test was applied to
investigate the solvent differences in propolis samples.
Since a non-parametric test was used, the results are
expressed as mean + standard deviation, mean rank,
and median values. The Kruskal-Wallis test comparing
these
difference between the median values (p<0.05). Dunn's

groups revealed a statistically significant
post-hoc test was applied to determine which group or
groups caused the difference between the solvent
groups. IBM SPSS version 25 software was used for all

statistical analyses.
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Table 1. Total phenolics and antioxidant capacities of direct propolis extractions

TPC TFC FRAP DPPH
mg GAE/g mg QUE/g uM FeSO4.7H:0/g SCso(mg/mL)
Mean = Std. Mean . MeanStd. Mean . Mean + Std. Mean .. Mean£Std. Mean .
Dev. Rank Median Dev. Rank Median Dev. Rank Median Dev. Rank Median

Water 343024 200 3200 018+002 200 0.8  3558+0.10 200 3555 103002 1700  1.02°
Methanol
P Seot/ 0 147505507 1433 148504 3307090 1400 33 80153867 800 79958% 004001 583 0.04x

o
Ethanol (98%) 14633 +153 1267 146 30.14+149 11.00 30.68 1020.67+3.06 1400 1020 004+001 583  0.04x
I 1
gy 0 13069305 800 13008+ 2521:160 717 2460 98167551 1100 982  008x001 1383 0.08%

o

-Butanol

p 80;‘;”“’ 96.33+200 500 9780« 2401+098 583 24  46567+603 500  465*  006+001 1083  0.06%

o
Ethanol (70%) 14798 +2.42 1500 148600 47.18+148 1700 47.43> 114433:7.09 1700 1143> 003:001 367  0.03
p-value <.01 <.01 <.01 <.01

The different letters of a, b, c and d indicated a significant difference between the solvent groups (p < 0.05)

3. Result and discussion

Ultrasonic extraction of the raw propolis sample was
carried out using five species’ polarity solvents. The
same extraction method was applied in two different
as direct and consecutive extractions. The
capacity was evaluated
according to the total phenolic contents and antioxidant
capacities. The results of the first extraction values are

ways,

extraction efficiency or

shown in Table 1. Comparison of the total phenolic
contents (TPC) of the five different solvents from polar
to apolar solvent, revealed that ethanol and methanol
were the phenolic substances with the highest contents,
followed by isopropanol, n-butanol, and water. Among
the five solvents, water is the most polar solvent,
followed by methanol, ethanol, isopropanol, and n-
butanol. The results showed that ethanol and methanol
exhibited similar extraction capacities to the sample.
Although propolis is an overly complex natural product,
polyphenols represent the majority of biomolecules that
can be extracted with different solvents [3,24]. Although
the polyphenols in propolis have different polarities,
water is not a good solvent for propolis in general, as
confirmed by the results of the present study. While the
amount of TPC in water was 3.43 mg GAE/g, the
equivalent value in ethanol (70%) was 147.98 mg GAE/g.

The TPC values of the methanolic and ethanolic solvents
were remarkably close to one another. Methanol exhibits

higher polarity than ethanol and was identified as a good
solvent for raw propolis as ethanol. However, since
methanol is a toxic solvent, it is not used for
supplemental propolis extraction. A comparison of the
TPC values of the two solvents with lower polarity,
isopropanol and n-butanol, revealed that isopropanol
had a higher TPC. However, both solvents contained
smaller amounts of TPC than ethanol and methanol [29].
No significant difference was observed between the two
ethanolic solvents” TPC values (Table 1). Indeed, in a
previous propolis extraction study using varying
percentages (from 10% to 90%) of ethanolic solutions,
ethanolic solvent between 65% and 70% was identified

as most effective [18].

Total flavonoid contents (TFC) were also measured in
addition to TPC in this study. The amounts of TFC in the
five different solvents ranged from 0.18 to 47.18 mg
QUE/g. The lowest amount was found in water, and the
highest in the ethanolic (70%) extract. No significant
difference was determined between the 98% methanolic
and ethanolic extracts.
significant differences in TPC values between these
ethanolic solvents, significant differences were observed
in TFC values. Analysis revealed that 70% ethanolic
solvent was more successful

Although there were no

in the extraction of
flavonoids. In this study, the antioxidant capacity of the
propolis extracts was determined by means of two
different tests, FRAP and DPPH radical scavenging

Table 2. Total phenolics and antioxidant capacities of consecutive propolis extractions

TPC TFC FRAP DPPH
mg GAE/g mg QUE/g UM FeS04.7H20/g SCso(mg/mL)
Mean + Std. Mean . Mean + Std. Mean . Mean * Std. Mean . Mean * Std. Mean .
Dev. Rank Median Dev. Rank Median Dev. Rank Median Dev. Rank Median
Water lstep 3.38+0.16 800 335 0.19+0.02 200 018>« 36.68+0.22 8.00 36.50@ 1.10+0.09 8.00 1.06°
Methanol (98%) 2.step 130.30+1.63 14.00 13024 41.30+1.18 14.00 41.62d 1016.67 +5.74 1016 799.58>d 0.04 +0.001 2.00 0.04bc
:5;::/“;01 3.step 15.00+0.82 11.00 152 340+0.03 11.00 3.422 120.00+1.63 11.00 120>« 0.41+0.02 5.00 0.42*
g;’gr;’pa“"l 4step 200+016 500 2% 163006 800 1.62% 1977+111 500 20% 520+010 11.00 52%
n-Butanol (98%) 5.step 0.40+0.02 2.00 04be 087+0.06 500 0.84bd 270+022 200 2.6bd 51.23+270 14.00 50.202

p-value <01 <01 <.01 <01
The different letters of a.b.c and d are indicated a significant difference between the solvent groups (p < 0.05)
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activity. The ferric reducing antioxidant power (FRAP)
ranged from 35.58 to 1144.33 pM FeSO4.7H:0/g. The
highest FRAP value was found in 70% ethanolic extracts
and the lowest in water. When similar concentrations of
methanol and ethanolic propolis
compared, 98% ethanol exhibited a greater antioxidant
capacity. The greater antioxidant capacity of the
ethanolic extracts may be attributable to their higher
flavonoid content. The lowest DPPH radical scavenging
activity (SCso) value was in the ethanolic extracts,

extracts were

similarly to the FRAP values, and the highest was
observed in water and isopropanol.

Since one of the aims of the study was to classify the
polyphenols in propolis according to their polarity,
propolis extraction was
extraction. The data obtained by sequential extraction

performed by gradual

are given in Table 2. The powdered raw propolis sample
was first extracted with distilled water, followed
sequentially by methanol, ethanol, isopropanol, and
butanol. This low TPC value indicates that a very small
part of the total phenolic substance in the raw propolis

Table 3. Phenolic composition of direct and sequential propolis extracts

Turk J Anal Chem, 6(1), 2024, 11-17

was dissolved in water. After aqueous extraction, the
remaining propolis pulp was extracted with 98%
methanol using a similar extraction technique. The TPC
value obtained in the methanolic extract was 130.30 mg
GAE/g, most of the phenolic substances being extracted
from the raw propolis. The TPC values of the ethanolic
extraction was found very lower (15 mg GAE/g) since
the extraction was second, first methanolic extraction
mostly phenolic were extracted. The TPC values in
isopropanol and butanol were very low, since most of
the phenolic components in propolis (approximately
95%) were extracted with methanol and ethanol. In the
sequential extraction, the majority of flavonoid
substances were obtained from metabolic extraction,
although a small amount was extracted in ethanol. The
highest antioxidant values were observed in methanolic
extract, similarly to the TPC and TFC values in
sequential extraction.

The phenolic components of the extracts obtained in
both extractions were analyzed using HPLC-PDA. The
measurement results based on twenty-five phenolic

., % .z .: .% ¢ s T s % G
Phenolic Standards (ug/g) % & ..g & E 55 % ‘3 5 3 .;:'f a E o §* S $ B
Z S5 = Eu_, =N a =N 2 o § 0 = E £
= 8 & s = & &
Hydroxybenzoic acids
p-OH Benzoic acid 47 48 — 36 — 74 45 46 6 2 1
m-OH Benzoic acid — — — — — — — — — — —
Protocatechuic acid 63 — — — — — 48 — — — —
» Gallicacid 13 31 — — — — 12 — — — —
1‘5 Chlorogenic acid — — 35 — — 99 — — — . —
_§ Syringic acid — — — — — 27 — — — — —
'S Ellagic acid 153 — — — — — 230 — — 36 —
§ Hydroxycinnamic acids
t-cinnamic acid 7 373 289 205 195 331 40 384 47 7 2
Ferulic acid 251 1544 1344 1214 756 2121 344 1255 152 18 4
p-Coumaric acid 170 1192 1054 856 574 1561 335 893 114 13 3
Caffeic acid 753 1335 1121 1023 636 1719 912 1025 131 17 3
CAPE — 2150 1785 1530 1112 2237 — 2207 255 — —
Flavonol
Rhamnetin — 390 — — — — — 360 — — —
Quercetin — 301 256 144 164 451 — 272 72 3 —
Rutin — — — — — — — — — — —
Myricetin — — — — — — — — — — —
Flavan-3-ols
Epicatechin — — — — — — — — — — —
= Flavones
§ Chrysin 15 5534 5046 4878 3106 7851 21 5928 744 74 16
§ Daidzein — — — — — — — — — — —
& Apigenin — 609 509 555 298 741 — 443 59 7 2
Luteolin — — — — — 19 — — — — —
Flavanones
Pinocembrin 16 5466 5072 5162 3116 8013 25 5645 705 76 15
Hesperetin 87 2496 2240 2095 1318 441 101 2655 322 27 5
Other polyphenols
Curcumin — — — — — — — — — — —
Resveratrol — — — — — — — — — — —

(—): not detected
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compounds are given in Table 3. In the first extraction
acids
(hydroxybenzoic and hydroxycinnamic acids) were
detected in water extract, although a small number of
flavonoids were also detected. The most abundant

technique, the majority of the phenolic

phenolic acid in the aqueous extract was caffeic acid. A
previous study using honey as a green solvent also
reported that aqueous propolis extract is rich in caffeic
[24]. This is
hydroxycinnamic acids, and the hydroxyl groups it
contains bestow a polar character on it. However, since

acid one of the derivatives of

this polarity is lower than in water, it is more prone to

dissolve in ethanolic and methanolic solvents.
Derivatives of hydroxycinnamic acids from polyphenol
subclasses emerged as leachable with all the solvents
used. In addition, the derivatives of hydroxycinnamic
acids, one of the subclasses of polyphenols, emerged as
the molecules with the highest extractable quality in the
five solvents. Chrysin, one of the flavone derivatives,
was soluble in all organic solvents except for water, but
was extracted at the highest level with 70% ethanol.
Chrysin, one of the major components of propolis, is an
important component of complementary medicine due
to its high biological activity [30].

The methanolic and ethanolic propolis extracts in this
study exhibited phenolic  compositions.
However, ethanol should be used in consumable

propolis extracts due to the toxic effect of methanol,

similar

although methanol can be used as a suitable solvent for
analytical studies. In the present study, two different
concentrations of ethanol were used, and it may be
concluded that 70% ethanol is more suitable for propolis
extraction. Phenolic compounds derived from
hydroxybenzoic acids were detected at low levels in the
propolis sample, while water and 70% ethanolic were the
most suitable for these compounds. The isopropanol and

n-butanoic extracts were found to be rich in flavonoids.

CAPE, the most important compound in propolis,
was detected at the highest level in methanol and 70%
ethanol. CAPE is a polyphenol compound that has
attracted considerable attention in recent years due to its
high antioxidant properties, as well as significant anti-
inflammatory, antitumoral
activities [30-33]. The first aqueous extraction was
performed using the sequential extraction technique.
The profiles of phenolic compounds obtained in both
aqueous extractions were very similar, although there
were small differences between the amounts of phenolic

neuroprotective, and

compounds. Similarly to the first extraction, the
methanol and ethanolic extracts were found to be rich in
both phenolic acid and flavonoids in the second
extraction. A large amount of CAPE was extracted with
methanol. The profiles  of
isopropanol and butanoic extracts were similar to one

phenolic  component

Turk J Anal Chem, 6(1), 2024, 11-17

another but contained very small amounts of phenolic
compounds.

4. Conclusion

Ethanolic propolis extracts exhibited high phenolic acid
and flavonoid contents and were also the most
antioxidant-rich extracts. Solvents with higher polarities
also contained larger amounts of phenolic acids, while
lower polarity solvents exhibited larger quantities of
flavonoids. The solvent with the highest phenolic
components and antioxidant capacity was 70% ethanol.
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Abstract

Tiirkiye has a geologically significant amount of mineral content and offers essential resources, especially in the mining field (ornamental stone
production). This study develops methods for extracting, processing, and usability calcite minerals, which develop as vein-filling (secondary
formations) among fragmented limestones along the Bayburt-Erzurum highway for ornamental stone purposes. The chemical and
crystallographic properties of the mineral were determined by XRD and FT-IR analyses. In the XRD analysis performed on the powder sample
obtained from the mineral, a value of 80000 (cps) corresponding to 30 theta was found, which was determined to be a pure calcite mineral. In the
FT-IR analysis performed to support the XRD analysis, peak values of 2513-1795 cm and 1406-873-712 cm™ were detected, and the value was
observed to belong to the pure calcite mineral. Calcite mineral was used in jewelry production and was evaluated in terms of durability, aesthetics,
and rarity in producing ornamental stones. Epoxy (durable, clean, and transparent) was used as a binding material in ornamental stone
production. In general, calcite minerals are widely used in various industrial areas, but their use as ornamental stones is limited due to their low
hardness. This study offers a new perspective on evaluating calcite minerals as ornamental stones, revealing that it is possible to process a low-

hardness mineral as an ornamental stone using a binding material.

Keywords: Geology, calcite, ornamental stone, XRD analysis, FTIR analysis

1. Introduction

Ornamental stone refers to wvarious colored rocks,
minerals, and organic materials processed after being
extracted from the earth's crust and used as ornaments
and jewelry [1,2]. Ornamental stones are generally
formed by abundant elements, such as carbon,
aluminum, oxygen, silicon, magnesium, and calcium [2].

Hardness is essential when considering using
minerals or stones as ornamental stones [3]. This is due
to the necessity of processing, polishing, and preserving
the stone's structure. For a material to be suitable for this
purpose, it must be of a similar hardness to that of
quartz, which has a Mohs hardness scale value of 7.

In particular, ornamental stones have been cut into
various shapes, processed, and polished using multiple
techniques, enhancing their visual appeal and appealing
to people. They have also been used as a status marker
throughout human history [4].

The study area is at the exit of Kop Mountain on the
Bayburt-Erzurum Road and generally consists of thin,
medium-layered, beige, yellowish, and brown-colored
sandy limestones, thin-layered sandstones in green
tones and gray-colored marl alternating clastic

limestones. Limestones include the sandy levels in the
north and south of the ultramafic massif and have a
darker color than these units. Pure calcite mineral
developed as veins in the crack fillings between clastic
limestones.

The hardness of the calcite mineral is 3 according to
the Mohs hardness scale, and its density is
approximately 2.6 [5]. This mineral mainly forms the
main mineral of carbonate rocks such as marble and
limestone. Calcite mineral is mixed with different
minerals (aragonite, etc.) with the same chemical content
(CaCOs), and such minerals with similar chemical
content can be distinguished from each other by
determining their chemical and crystallographic
contents through XRD and FT-IR analyses. Today, calcite
mineral is used in many sectors, such as paper, paint,
construction, ceramics, food, and feed [5]. In addition to
its uses in such sectors, it uses an ornamental stone. Pure
crystalline calcite mineral generally occurs in the crack
fillings of rocks existing in limestone formations, but it
has yet to be produced commercially due to its small
amount.
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Figure 1. Modified study area location map

This study investigated the usability of pure
crystalline calcite minerals occurring in crack fillings of
limestone formation as ornamental stone (jewelry). The
hardness of calcite is three, and the hardness of jewelry
made by coating it with epoxy is determined to be 5.5-6.
This hardness value is sufficient to harden the mineral
that may be soft in jewelry production. Calcite minerals
can be used as jewelry by being coated with epoxy when
evaluated in terms of rarity and hardness. Studies in the
literature generally examine composite materials, and in
jewelry works, there are applications where powder
paints are mixed with epoxy. This study has determined
in the literature that new products can be obtained by
bonding minerals with epoxy in jewelry making.

2. Material and methods

2.1. Material

It consists of pure crystalline calcite mineral, which
develops as veins in the crack fillings between clastic
limestones at the exit of Kop Mountain on the Bayburt-
Erzurum Road and consists of CaCOs as its main
element. The sampling location of the calcite mineral

taken from the crack fillings of carbonate clastic rocks
(Pelagic limestone) in the study area was recorded on the
1/25000 map taken from the Mineral Research and
Exploration (MTA) earth sciences portal [6] (Fig. 1).
2.2.Preparation of calcite mineral for various
applications

Since the pure calcite minerals taken in the study area
developed in rock fillings, they were first removed (with
the help of a hammer and tweezers) and made ready for
analysis and gemstone applications. Since the calcite
crystals will be used for ornamental stone application,
they were carefully sorted to avoid damaging the crystal
structure. During the sorting phase, the broken calcite
crystals were pulverized in an agate mortar for XRD and
FT-IR analyses, along with the ornamental stones

produced from the powder sample.

2.3.Determination of XRD and FT-IR analyses

Calcite minerals from the field were ground in an agate
mortar and turned into powder for XRD and FT-IR
analyses. XRD and FT-IR analyses were conducted at
Bayburt University Central Research Laboratory
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Application and Research Center (BUMER). XRD
Analysis was performed on a Bruker D8 Discover
computer-controlled X-ray Diffractometer XRD to
determine the mineralogical composition of the rock. For
XRD analyses, diffraction Pattern Capture for Powder
Samples took 1-30 minutes. The rock's chemical
composition was determined using a PerkinElmer brand
FT-IR spectrometer. In FT-IR analysis, vibrations occur
between the bonds when infrared light interacts with
matter. The energies from the vibrations are converted
into spectra according to their wavelengths.

2.4.Production of ornamental stone

Epoxy resin was applied to the jewelry tool and allowed
to dry slightly to make it easier to work. The crystals of
the calcite mineral were arranged and prepared on a
jewelry apparatus with the help of tweezers. No epoxy
was applied to the calcite crystals on the surface to
prevent them from losing their shine and naturalness.
On the other hand, the calcite powder samples, which
had been crushed and sieved, were poured into the
prepared molds and filled. On the other hand, the epoxy
resin prepared in a 2:1 ratio (epoxy and hardener) was
poured into these molds. The epoxy was waited at 24 °C
(at room temperature) for 24 hours and was allowed to
dry, and after this period, the ready-made final products
were removed from the molds.

2.5. Properties of the epoxy used

Epoxy resins are known for their high adhesion strength,
chemicals, and water resistance. The epoxy used in the
study is resistant to alkalis (concentrated and dilute),
acids (dilute), solvent-containing substances (diesel,
gasoline, alcohol, etc.), cleaning groups (disinfectant,
detergent, etc.), oils (animal, vegetable, mineral) and
seawater can show durability. For wet environments,
epoxy can withstand temperatures up to 50 °C, while in
dry epoxy
temperatures up to 130 °C. In the study, the application
was made by mixing epoxy and hardener in a ratio of
2:1.

environments, resin can withstand

3. Geology

The study area covers Kop Mountain on the Bayburt-
Erzurum highway. When the geology of the region is
examined, there are unsorted basic-ultrabasic rock units
belonging to the ophiolitic units represented by the
Paleozoic-aged Schist rock unit at the base and the
Mesozoic-aged units unconformably overlying it. These
units are Cretaceous-aged Pelagic limestones overlie the
sampling was done. The pelagic limestones from which
the sampling was made were overlain by Upper
Cretaceous-aged unsorted andesite and pyroclastic rock

Turk J Anal Chem, 6(1), 2024, 18-24

units and by Upper Paleocene - Eocene-aged clastic and
carbonate units. Upper Paleocene-Eocene aged units
were unconformably overlain by Lower Miocene aged
evaporite sedimentary units, and all these rock units
were unconformably covered by Quaternary-aged
alluvial material. Since there was no detailed geological
map or study in the study area, the map of the region
was modified and drawn from the Earth Sciences Portal
of Mineral Research and Exploration (MTA) [6] (Fig. 1).
Sample collection in the study was carried out at the exit
of Kop Mountain on the Bayburt - Erzurum Road
towards Erzurum.

4. Results and Discussion

4.1. Ornamental stones

Ornamental stones (precious and semi-precious) have
been popular for centuries due to their association with
wealth and beauty. Some essential criteria are accepted
worldwide for precious and semi-precious stones to be
considered ornamental [7]. These criteria;

e The term ‘durability’ is defined as resistance to
(external factors). This is represented by resistance to
brittleness, impacts, and hardness.

e Beauty is

inherently subjective, yet

characteristics of the stone are universally regarded as

specific

aesthetically pleasing. These include its capacity for
rapid processing, transparency, cleanliness, and a
diverse array of attractive colors.

e Rarity is a critical factor in determining the value of a
stone or an object.

In addition to the aforementioned essential criteria,
several desired features are commonly sought in
ornamental stones. These include the ability to reflect
light (light refraction) and the ease with which they can
be cut and polished. While no universally accepted
definition differentiates precious stones from semi-
precious stones, it is widely understood that stones such
as sapphires, rubies, diamonds, and emeralds represent
precious stones. Conversely, other stones are typically
described as semiprecious stones. Sapphire, diamond,
ruby, and emerald (precious stones) are considered
noble when subjected to specific processes [8].

Ornamental stones result from various geological
processes, including metamorphism, igneous activity,
and hydrothermal activity. In magmatic and pegmatites,
metamorphic rocks, and hydrothermal deposit areas,
ornamental stones can be found on or near the surface
[9]. Tectonic movements, such as faulting and volcanism,
result in the stones being exposed at the Earth's surface.

While stones of natural origin are often the first
thing that comes to mind when one thinks of ornamental
stones, the term also encompasses materials of organic
origin (pearl, amber, coral, etc.) and materials produced
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Figure 2. Calcite minerals terrain view

synthetically (imitation) in a laboratory environment.
Ornamental  stones  produced in  laboratory
environments have become a highly sought-after
product worldwide in recent years. Natural stone is a
material that is used extensively in the global market. It
is frequently used to decorate interiors and exteriors,
produce medical and dental products, and facade
coatings. Moreover, natural stone's utilization in jewelry
materials and ornaments is also rising. Consequently,
further research is required to expand the use of natural
(ornamental) stones, including semi-precious and
precious stones.

Although a sub-discipline of mineralogy, Gemology
is a branch of science that deals with ornamental stones
and helps identify, examine, and classify materials. It is
generally closely associated with stone cutting and
jewelry making.

4.2. Macroscopic examinations

Coarse crystalline calcite minerals, which develop as
veins in the crack fillings between the clastic limestones
cropping out on the Bayburt-Erzurum Road, are
observed in transparent white tones in the study area
(Fig. 2).

Calcite minerals used as ornamental stones were
carefully removed from the vein part of the rock to
prevent their crystals from breaking. To ensure the
homogeneity of the calcite crystals, small pieces were
separated to prevent the crystals from being crushed too
much. At the same time, any unwanted parts that could
cause color were removed with tweezers. Then, the

Turk J Anal Chem, 6(1), 2024, 18-24

calcite minerals to be used as ornamental stones were set
aside, and the remaining and very crushed calcite
minerals were ground in an agate mortar for analysis
and for producing ornamental stones from the powder
sample (Fig. 3).

4.3. XRD analyses

X-rays are sent to the sample, which must have a smooth
surface so that the X-rays are refracted and scattered at
the right angle. The X-ray hitting the sample is reflected
at different angles (a, 3, v) and intensities [10]. Thus, X-
rays detect the mineralogical and elemental composition
of the analyzed substance. From the peak values from
quantitative calculations of the correct selection of
different mineral parameters and the intensity ratio

Figure 3. Preparing the calcite mineral for ornamental stone production
and chemical analysis
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Figure 4. X-ray diffraction patterns of calcite

according to degree, the crystal system of the powder
sample used and ground in the study was identified and
determined to be a calcite mineral (Fig. 4).

Calcite and aragonite minerals are often confused
due to their similar properties (structure and colors).
Because these minerals are polymorphs of each other
and have the same chemical composition (CaCOs). The
only distinguishing method is their crystal systems:
calcite mineral crystallizes in the trigonal system, and
aragonite mineral crystallizes in the hexagonal system.
XRD analyses generally determine the elements and
minerals in building materials, ores, and manufactured
goods. As a result of XRD analyses, mineral names are
determined using different crystal systems of minerals
with the same chemical structure. In XRD imaging, the
density of the coarse crystalline calcite mineral reaches
up to 80000 (cps). The 80000 (cps) value reached is used
to determine the purity of the calcite mineral and the
calcite mineral. In the XRD analysis, the 80000 (cps) peak
corresponds to the pure calcite peak compared to the 30-
theta peak [11]. This high-density value increases
depending on the prepared powder sample's surface
orientation and the mineral's degree of crystallization.
Although the same minerals are captured in some XRD
images, the intensity varies depending on the purity of
the mineral. The calcite mineral used in the study offers
a density value close to pure.

4.4. FT-IR examinations

FT-IR spectroscopy allows for obtaining information
about individual minerals and non-crystalline inclusions
and detecting organic matter's presence. The absorption
of IR by solids generally depends on the atom's strength,
mass, and length of the interatomic bonds in the
structure of the minerals. Additionally, it is subject to the
constraints of the global symmetry of the local and the
unit cell site symmetry (site symmetry) of each other

atom within the unit cell [12]. Furthermore, the
absorption of IR is significantly influenced by the size
and shape of the mineral particles [13] and, to a certain
extent, by the crystalline arrangement [14]. In the FT-IR
analysis, the sample examined was not a rock but a
mineral, so no peak value of any foreign material was
obtained. In FT-IR spectroscopy, which can provide
some helpful information about the structure of the
molecules, it appears to have absorption bands at 2513-
1795 cm'. Moreover, Asymmetric peak values of 1406-
873-712 cm! were reached. IR spectra are consistent with
the characteristic vibrations of calcite [15,16]. The peak
values by the FT-IR analysis showed that the examined
sample had pure CaCO:s content and supported the XRD
measurements (Fig. 5).

4.5. Gemstone applications

The study proposed that by binding natural stones or
minerals with different binding materials, their usability
as ornamental stones would be enhanced in terms of
visual appeal by imparting various properties such as
shine and durability. For this purpose, epoxy has been
selected due to its high resistance to multiple chemicals
and temperatures and ease of workability and
cleanability (transparency). In addition to its strength
and durability, which have been widely utilized
recently, epoxy exhibits these properties. Epoxy is
employed in a multitude of applications, including
exterior coatings, the production of adhesives for forest
products (furniture, wood, etc.), high-performance
(waterproof floors, mosaic floors,
aggregate flooring, chip flooring etc.), the construction
industry (paint, lining, coating, etc.), aviation, industry,

floors colored

and the space industry. Furthermore, epoxy is employed
in numerous artistic and decorative areas. In the creative
field, various products, including earrings, coasters,
necklaces, and rings are produced by combining
different colors into epoxy resins. Nevertheless, further
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Figure 5. Fourier transform infrared spectroscopy (FT-IR) spectra: CaCOs (Calcite)

studies are required to expand the knowledge base on
jewelry products with epoxy binders made using natural
minerals. In this study, the excellent adhesion properties
and durability of the epoxy used as a binder were
employed to enhance the durability of the low-strength
calcite mineral. Furthermore, minerals with low
hardness can be utilized as ornamental stones by
imparting them with distinctive properties due to epoxy

binder material.

The color content of the coarse crystalline calcite
observed in the study area, its pure, clean, bright, and
transparent appearance, its ability to be quickly
processed, and its less (in secondary rock vein fillings)
make it rare. These properties of the calcite mineral
increase its usability as an ornamental and jewelry
material and show that it has an economic value.
Although there is a cost of using epoxy in jewelry
production, the cost of epoxy can be neglected because
the product obtained using calcite mineral is valuable.

The study obtained two products (calcite crystal and
powder) using calcite as an ornamental stone (Fig. 6a). In
accessory products made from calcite powder samples
(ring stone, pendant, etc.), calcite powder reacted with
epoxy and caused a color change (white-yellow)
(Fig. 6b). No color change was observed in the accessory

product made of calcite crystals (Fig. 6c). Ornamental
stone production involves combining natural minerals
with various binding materials, and more research and
development are needed for these processes.

5. Conclusions

A classification of the usability of the product obtained
from the study as jewelry (bracelet, earring, and ring
stone) according to the existing categories in the
classification of ornamental stones is presented below.

eIn terms of durability, the hardness of calcite is 3.
Although it has low strength, it has been found that
calcite is suitable for use in jewelry making as the epoxy
used as a binding material has sufficient chemical and
physical resistance.

e Although visuality is a relative concept, the calcite
mineral's crystalline structure increases the product's
visuality and potential as a gemstone.

e In terms of rarity, although calcite mineral is not rare
compared to other precious and semi-precious minerals,
it can be considered valuable due to its secondary
formation and formation in crack fillings of detrital
limestones (occurrence in small amounts).

Figure 6. a) Jewelry produced in calcite mineral, b and c) Close-up photographs of the jewelry made
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As a result, this study shows that the low-hardness
calcite mineral (coarse crystalline and developing
secondary in rock crack fillings) with different usage
areas can be used as a gemstone by bonding with a
binding material (epoxy). Furthermore, it has been
established that the epoxy employed as a binder can be
utilized for diverse applications in the fabrication of
ornamental stones, encompassing both cleanliness
(transparency) and durability (chemical and physical
resistance).
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Abstract

This study investigated the total phenolic and flavonoid contents and the antioxidant, antimicrobial, antibiofilm and a-glucosidase inhibitory
activities of the methanol extract from Vaccinium arctostaphylos L. leaf and fruit parts. The highest antioxidant activity determined in leaf part with
53 uM TEAC and 8.4 pg/mL SCso using the ferric reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPHe) radical
scavenging assays, respectively. The data indicated that the leaf of the plant had the higher total phenolic content (49 pug/mL GAE) and total
flavonoid content (0.071 ug/mL QAE) compared to fruit. The a-glucosidase enzyme activity of the leaves (ICso; 0.179 mg/mL) was observed to be
higher than that of the fruits (ICso; 0.386 mg/mL). The MIC values of the leaf and fruit parts of V. arctostaphylos were 6.25 mg/mL and 3.125 mg/mL,
respectively. The results of this study indicate that the leaf extract was found to significantly reduce the biofilm-forming capacity of the
Acinetobacter baumannii isolate by approximately 3-fold, whereas the fruit extract was observed to have only a marginal effect, reducing the
biofilm-forming capacity by approximately 1.4-fold. The effects of plant extracts on microbial biofilms may be examined with a view to combating
antibiotic resistance. Also, results suggesting that it might be an effective medical plant to prevent or treat diseases associated with oxidative

damage and bacterial infections.

Keywords: Antibiofilm, antioxidant activity, Vaccinium arctostaphylos L., a-glucosidase

1. Introduction

Medicinal plants contain bioactive compounds that are
used instead of drugs in traditional treatment methods.
The use of plants containing secondary metabolites,
including phenolics and flavonoids, in alternative
therapies is a growing area of research. These
metabolites have been shown to have therapeutic effects
in the treatment or suppression of a number of diseases
[1]. Secondary metabolites which have antioxidant
activity considered able to scavenging and prevent free
radicals that cause oxidative damage in biomolecules [2].
In addition, natural alternatives with much fewer side
effects are preferred instead of synthetic antioxidants in
the treatment of diseases [3]. Therefore, there is a
growing interest in the identification of natural
compounds that can prevent oxidative damage and the
harmful effects of free radicals.

The genus Vaccinium L., which belongs to the family
Ericaceae, includes nearly 450 species worldwide [4].

Tiirkiye, which has an important flora in terms of
medicinal plants, is home to several of the Vaccinium
species. The literature contains numerous reports of the
biological activities of Vaccinium [5,6]. Previous studies
have indicated that Vaccinium species exhibit bioactivity
properties, including antioxidant, antimicrobial and
antidiabetic effects [7-9].

Vaccinium arctostaphylos L. is a compact shrub with a
height of approximately 1.5-2.5 m, found between 1600-
1800 m above sea level. Fruits of the V. arctostaphylos
contain approximately levels of 30% sugar, 15% protein,
and 2% fat. Phenolics with antioxidant properties are the
highly important metabolites in the leaves and fruits of
V. arctostaphylos [10]. The plant is widely have been used
as an antidiabetic agent for a long time in traditional
medicine [11].

It has been reported that the fruit and leaves of this
plant have serum glucose and lipid level lowering
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activities and are also used in the treatment of
hypertension [4]. Moreover, previous studies have
reported that caffeic acid is the main phenolic compound
of V. arctostaphylos, which contains various phenolic
compounds [12].

One of the most important public health problems in
the world is the high resistance of gram-negative
bacteria to antibiotics. Infections caused by these bacteria
are associated with high morbidity and mortality due to
limited treatment options [13]. It is essential to research
and develop more effective natural antibacterial agents
to combat bacterial infections caused by pathogens.

To date, there have been few studies investigating the
antimicrobial activity of V. arctostaphylos fruit and leaf
extracts. Furthermore, to the best of our knowledge, no
study has been conducted on the antibiofilm activity of
these extracts. Thus, the present study aimed to evaluate
the antioxidant, antidiabetic, antimicrobial and
antibiofilm activities of the fruit and leaf methanolic

extracts of V. arctostaphylos.

2. Materials and methods

2.1. Chemicals and reagents

Methanol, ethanol, NaOH, NaCl, HCI], Na2COs, Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), DPPHe (2,2-diphenyl-1-picrylhydrazyl),
FeCl:.6H20, acid,
ammonium acetate, ammonium nitrate, a-Glucosidase
(Saccharomyces cerevisiae, lyophilized powder, = 10
units/mg protein), 4-nitrophenyl-a-D-glucopyranoside,
Folin-Ciocalteu's phenol reagent and yeast extract were
purchased from Sigma Aldrich (St. Louis, MO, USA).
TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), tryptone and
crystal violet were purchased from Merck (Darmstadt,
Germany).

acetic gallic acid, quercetin,

2.2.Plant material and sample preparation

V. arctostaphylos leaves and fruits were collected from
Siirmene, Trabzon, Tiirkiye, in September 2023. The
leaves and fruits were subjected to a drying process at
room temperature over a period of four months.
Subsequently, the dried samples were pulverized using
a grinder, after which the pulverized samples were
extracted with methanol solvent in a shaker for a period
of two hours. Following the shaking process, the extracts
were filtered through 0.45 pm syringe filters (Whatman)
to produce clear solutions. Methanol, used as solvent
was evaporated with a rotary evaporator under low
pressure. Both the fruit and leaf extracts were dissolved
in methanol to the desired concentration. The extracts
were stored at a temperature of 4 °C until further use in
subsequent experiments.

Turk J Anal Chem, 6(1), 2024, 25-31

2.3. Determination of antioxidant activities

2.3.1. DPPH radical scavenging activity

The DPPHe radical scavenging activities of methanol
extracts of the leaf and fruit parts were investigated
using the method described by Brand-Williams et al.
[14]. The method was applied by mixing the extracts
with DPPHe solution and keeping them at ambient
temperature and in the dark for 50 minutes. The changes
in the absorbance of the DPPHe treated with extracts
and standard antioxidant were measured at a
wavelength of 517 nm. A graph was drawn according to
that these

absorbance values. In this graph, the amount of sample

the concentrations corresponded  to
required to halve the concentration of DPPHe was
determined in pg/mL and expressed as the SCso value.
The SCso values were compared with the standard
antioxidant Trolox.

2.3.2. Ferric reducing antioxidant power (FRAP)

The FRAP values of extracts were evaluated using the
method described by Benzie and Strain [15], whereby the
total reduction capacity determined indirectly. Each
extract and standard solution were mixed newly
prepared FRAP reagent. Then solutions were vortexed
and kept for 20 min incubation period at ambient
temperature and the absorbance values were read at 595
nm. The FRAP activities of the extracts were expressed
as pM TEAC (Trolox Equivalent Antioxidant Capacity),
which was obtained by using the calibration graph of
Trolox.

2.4. Determination of total phenolic and flavonoid
contents

2.4.1. Total phenolic content (TPC)

The total phenolic content of the extracts was evaluated
in vitro using the Folin-Ciocalteu reagent method, as
described by Slinkard and Singleton [16]. Each extract
and standard solution were mixed Folin reagent. Then,
the Na2COs (7.5%) was added to the solution and it was
vortexed. The reaction solutions were incubated for a
period of two hours at a temperature of ambient. The
total phenolic content was calculated based on
absorbance measurement at 765 nm, with the values
expressed as pg of gallic acid equivalent per mL of
extract (ug/mL GAE) using calibration graph.

2.4.2. Total flavonoid content (TFC)

The total flavonoid content of the extracts was
determined in accordance with the method of Fukumoto
and Mazza [17]. The calibration curve was obtained with
quercetin (QAE) and the results expressed as quercetin
equivalent (ug/mL QAE).
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2.5. Determination of antimicrobial activity

2.5.1. Determination of minimum inhibitory concentrations
of extracts

Both the leaf and fruit parts of the V. arctostaphylos were
extracted. The final concentrations were determined as
50 mg/mL, and these concentrations were used as the
starting concentration (50-0.097 mg/mL) in the liquid
microdilution method to determine minimum inhibitory
concentrations (MIC). MIC values of the extracts were
investigated against the previously determined clinical
antibiotic-resistant Acinetobacter baumannii isolate with
biofilm-forming
performed in 96 well plates and in triplicate [18].

capacity. All experiments were

2.5.2. Investigation of antibiofilm properties of extracts

After determining the MIC values of V. arctostaphylos
leaves and fruit parts against the antibiotic-resistant
A.baumannii isolate, 1/2 MIC values were used as
reference values for the antibiofilm experiment. The
experiment was carried out in 96 well plates and in
triplicate. A. baumannii was incubated in 3 mL of LB
medium at 37 °C overnight. After incubation, 1/100
diluted A. bumannii isolate along with 1/2 MIC leaf and
fruit extracts were added to 96 well plates and incubated
again overnight. Then, the suspension in the plate was
poured and the plate was washed three times with
distilled water. 200 puL of 1% crystal violet dye was
added to each well and left at room temperature for 20
minutes. Crystal violet was removed from the plate and
the washing process was repeated with distilled water.
After washing the plate, it was left to dry for 15 minutes
at room temperature. Then, 200 uL of 95% ethanol was
added to the wells. Escherichia coli Dh5@ was used as a
negative control (Ac). Optical absorbance (A) value was
measured at 620 nm in the spectrometer. The evaluation
was made according to four different criteria: 1. A<Ac
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2.6. Determination of enzyme inhibition

2.6.1. a-Glucosidase inhibition assay

The a-glucosidase enzyme activity of fruit and leaf
extracts of V. arctostaphylos was investigated in a
modified method of Yu et al. [19]. Initially, 650 uL of
buffer solution (pH 6.8, concentration 0.1 M), 20 uL
sample and 30 pL enzyme (Saccharomyces cerevisiae,
lyophilized powder, = 10 units/mg protein) were mixed.
The mixture was maintained at a temperature of 37 °C
for a period of 10 minutes, after which 75 uL of the
substrate  (4-nitrophenyl-a-D-glucopyranoside) was
added. Following a 20-minute incubation period at
37 °C, 650 uL of 1 M Na2COs was added to halt the
reaction. The absorbance values were determined by
measuring them at a wavelength of 405 nm using a

UV/VIS spectrophotometer.

Acarbose was employed as the positive control, with
different concentrations employed as the standard
inhibitor. The study was conducted in triplicate and in
reagent-sample blinds. ICso values (the concentration of
the sample that halves the enzyme activity) were
calculated for both acarbose and the samples.

3. Results and discussion

3.1. Evaluation of antioxidant activity

In this study, antioxidant activities of methanolic
extracts of V. arctostaphylos leaf and fruit were
determined using DPPH and FRAP methods (Table 1).
DPPHe, a stable free radical, is a widely used method to
evaluate the antioxidant activity of extracts. The FRAP
test, which measures the reducing capacity of an extract,
is an indirect method for determining its antioxidant

Negative, 2. Ac<A<2Ac Weak positive, 3. 2Ac<A<4Ac  activity.
Moderately positive, 4. A>4Ac Strong positive [18].
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Figure 1. A: The graph depicts the changes in absorbance of the DPPH radical in the presence of varying concentrations of Trolox, B: SCso values

of V. arctostaphylos leaf and fruit extracts and Trolox
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Figure 2. A: Graph of calibration corresponding to changes in absorbance of iron (III) reduction potential of the with different concentrations of
Trolox, B: TEAC (uM) values of the leaf and fruit parts of the V. arctostaphylos extracts

In a previous study, Mahboubi et al. [20] reported
that the SCso values of DPPH radical scavenging in leaf
and fruit samples were 60 and 35 pg/mL, respectively. In
another study Musavi et al. [21] reported that the SCso
values of DPPH radical scavenging activity in the
methanolic extract of the leaf and fruit parts of V.
arctostaphylos were 3.20 and 2.98 ug/mL, respectively. In
contrast to these studies, the SCso values of the DPPH
radical scavenging of the extracts were 8.4 and 39.4
ug/mL in leaf and fruit, respectively in our study (Fig. 1).
Trolox, which was evaluated as standard, showed 4.5
times higher the radical scavenging activity from the leaf
extract with an SCso value of 1.8 pg/mL (Fig. 1). Leaf
extracts of V. arctostaphylos L. showed higher than fruit
extract DPPHe scavenging activity. Moreover, the in
vitro outcomes exhibited a positive correlation of the
total phenolic and flavonoid content of the extracts
(Table 1).

In a study conducted by Hasanloo et al. [22] it was
found that the leaf and fruit of V. arctostaphylos exhibited
remarkable reducing activities across a range of

genotypes. In another study, Giider et al. [23] reported
that ethanolic extract of V. arctostaphylos fruit exhibited
notable FRAP activities at varying concentrations. In the
present study, when the iron (III) reduction potential of
the extracts was examined by the FRAP method, it was
found that the antioxidant power of the leaf extract was
4 times higher than the fruit extract, with 53 + 2.72 uM
TEAC (Fig. 2).

Table 1. Antioxidant activity, TPC, and TFC values of the leaf and fruit
parts of the V. arctostaphylos extracts

DPPH FRAP TEAC TPC GAE TFC QAE
SCso (ug/mL) (uM) (ug/mL) (ug/mL)
Leaf 84+05 53+2.72 49+3.47  0.071 £ 0.0030
Fruit 39.4+6.1 13 +1.08 12+1.92  0.008 +0.0006

3.2. Evaluation of total phenolic and flavonoid contents
Phenolic and flavonoid which are
secondary metabolites, are responsible for a multitude of
biological activities, including antioxidant, antidiabetic,
and antimicrobial effects. [22,24,25]. In this study,
evaluation of total phenolic and flavonoid contents was

compounds,
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Figure 3. A: The standard curve of gallic acid, B: The TPC of leaf and fruit parts of the V. arctostaphylos expressed as ug/mL GAE
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Figure 4. The standard curve of quercetin, B: The TFC of leaf and fruit parts of the V. arctostaphylos expressed as pg/mL QAE

determined of the both the leaf and fruit parts of the V.
arctostaphylos (Table 1). A standard curve of gallic acid
was used to determine total phenolic content (Fig. 3),
with the results expressed in terms of ug/mL GAE. A
standard curve of quercetin was used in order to
determine the total flavonoid content (Fig. 4), and the
results were expressed as pg/mL QAE. Leaf extract of V.
arctostaphylos had the highest total phenolic and

flavonoid content, with 49 + 3.47 pg/mL GAE and 0.071
+0.0030 pg/mL QAE, respectively (Fig. 3 and Fig. 4). In
the literature, Saral et al. [26] reported that the total
phenolic and flavonoid contents of methanolic extracts
of V. arctostaphylos fruits from different regions ranged
from 20.74 to 11.54 mg GAE/g and 1.93 to 2.16 mg QAE/g
dry weight of sample, respectively. Mahboubi et al. [20]
found that the leaf parts of V. arctostaphylos methanolic
extracts contained higher amounts of flavonoids
compared to the fruit parts. In their study, Shamilov and
colleagues identified 10 phenolic compounds in the
leaves of V. arctostaphylos [6]. Also, the previous studies
reported that caffeic acid is the major phenolic
compound of V. arctostaphylos [12].

A scatter graph of the antioxidant activity, TPC and
TFC values for the leaf and fruit extracts of V.
arctostaphylos was created (Fig. 5). The
demonstrated that there was a positive correlation
between DPPH, FRAP, TPC and TFC antioxidant
activity results of the plant extracts leaf and fruit parts
(R2:0.9999).

results

3.3. Evaluation of antimicrobial activity

Antimicrobial and antibiofilm activities of methanol
extracts of leaves and fruit parts of V. arctostaphylos were
investigated against the antibiotic-resistant clinical
isolate A. baumanii. The MIC value of the leaf part of V.
arctostaphylos was determined as 6.25 mg/mL, and the

MIC value of the fruit part was determined as 3.125
mg/mL (Table 2).

After the MIC values were determined, the
antibiofilm activities of the extracts were evaluated
using 1/2 MIC values. E. coli Dh5@ isolate was used as a
control. All evaluations were made based on the OD
value (Ac: 0.1915) of the biofilm-forming capacity of the
control isolate. The biofilm formation capacity of the
control strain was taken as a reference point, and it was
determined that the A. baumannii clinical isolate
exhibited a moderate capacity for biofilm formation. In
the experiment where the antibiofilm activity was
investigated, it was determined that the biofilm-forming
property of A. baumannii treated with the leaf extract
decreased to negative, and in the experiments conducted
with the fruit part, the biofilm-forming property of the
isolate decreased from moderate to weak (Table 2). The
that the leaf part of V.
arctostaphylos exhibits a higher antibiofilm activity than
the fruit part.

findings demonstrate
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Figure 5. Correlations of total phenolics, FRAP, total flovanoids and
DPPH antioxidant activity results of the leaf and fruit parts the V.
arctostaphylos extracts
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Table 2. MIC and antibiofilm results of the leaf and fruit parts of the

Turk J Anal Chem, 6(1), 2024, 25-31

Table 3. a-Glucosidase enzyme inhibition activity of V. arctostaphylos

V. arctostaphylos extracts Sample IC50 (mg/mL) R2
MIC Value (mg/mL) Biofilm Value / OD Acarbose 0.029 + 0.02 0.9971

Leaf 6.250 0.1372

Fruit 3.125 0.2930 Leaf 0.179 £ 0.03 0.9912

A73 (A.baumannii) — 0.4132

E.coli Dh5@ (control) — 0.1915 Fruit 0.386 £ 0.05 0.9957

Despite the continuing global public health threat
posed by antimicrobial resistance, there are also
constraints on the discovery and development of new
antimicrobial agents. Biofilm formation represents a
significant mechanism of resistance employed by a
multitude of pathogens, rendering them increasingly
challenging to treat [27,28]. Microorganisms can form
biofilms that protect them from the effects of natural host
defenses and antimicrobial agents [27,29]. This is one of
the mechanisms by which bacteria become resistant to
antibiotics. Plants are a rich source of compounds with
biological activity, making them an excellent resource
for the discovery of useful and novel antimicrobial
products [27,30,31]. Plant extracts may demonstrate
antimicrobial activity when used in their own or may
serve as a source of effective antimicrobial compounds
that can act against biofilms of pathogens. Consequently,
the investigation of the antibiofilm activities of plants
against pathogenic bacteria may represent an important
contribution towards the development of treatments for
diseases [27]. Additionally, further research is needed to
isolate compounds from plants with antibiofilm effects
and determine the mechanism of activity.

3.4.Evaluation of a-glucosidase inhibitory effects of
extracts

The a-glucosidase enzyme activity of fruit and leaf
extracts of V. arctostaphylos was measured as 1Cso; 0.386
and 0.179 mg/mL, respectively (Table 3). The a-
glucosidase enzyme inhibition value of the leaf part of
the plant is higher than that of the fruit part. The a-
glucosidase enzyme plays a pivotal role in non-insulin-
based treatments for diabetes, as it catalyzes the final
step in the digestion of carbohydrates, which is a crucial
aspect of the metabolic process [32]. In the literature,
there are few studies on the a-glucosidase enzyme
activity of the fruit parts of this plant. In a study, the fruit
part of the plant was extracted with different solvents
(Ethanol, Methanol and distilled water) and «a-
glucosidase enzyme inhibition values were determined.
Inhibition was observed in all three solvents in the
results obtained. The ICs0 value of the methanol extract
in this study was 0.477 mg/mL [33]. The results of this
test demonstrated that the leaves of this plant, which are
typically consumed as fruit, also possess significant
enzyme activity.

4. Conclusions

This study presented the total phenolic and flavonoid
contents and the antioxidant, antimicrobial, antibiofilm,
and a-glucosidase inhibitory activities of methanol
extract from V. arctostaphylos leaf and fruit parts. The
study data demonstrated that leaf extract of this plant
had the higher biological activities compared to the fruit
In addition,
antioxidant activity and total phenolic and flavonoid
contents resulted in a very good correlation (R 0.9999).

extracts. the similar results between

The findings show that V. arctostaphylos has antibiofilm
activity, and the leaf part exhibits a higher antibiofilm
activity than the fruit part. The results of our study
indicate that V. arctostaphylos may be a promising
candidate for the prevention and treatment of diseases
associated with oxidative damage and bacterial
infections. Consequently, further research on these
biological activities V. arctostaphylos may lead to the
development of treatment options. Also, to be suggest
for the treatment of human diseases, it must undergo
thorough evaluation in various clinical trials.
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Abstract

In this study, a new spectrophotometric method based on the oxidation of sodium dichromate was proposed for the determination of ethanol
percentage (v/v) in beer and non-alcoholic beer after distillation with the micro water vapor method, and the method was validated with various
parameters. The Harmonized Guidelines for Single-Laboratory Validation of Methods of Analysis were used to validate the analytical method
we provided. The following aspects of the method were assessed: precision, recovery, linearity, measuring range, limit of detection (LOD), limit
of quantification (LOQ), method detection limit (MDL), and measurement uncertainty. The LOD, LOQ, and MDL values obtained for ethanol
were 0.04%, 0.05%, and 0.15%, respectively. The relative standard deviation (RSD) values were less than 2.36% and 4.12% for both repeatability
and within-laboratory reproducibility, respectively. Recovery percentages of analytes added to the sample at certain levels were determined to
be quantitative between 97% and 102%. These findings fulfill the minimal performance standards outlined in AOAC Official Methods of Analysis
Appendix F: Guidelines for Standard Method Performance Requirements. In conclusion, the method validated with various parameters in this
study has proven to be effectively usable for the routine analysis of ethanol in beer and non-alcoholic beer. This developed analysis method stands
out as an innovative approach in terms of collecting ethanol from beers with the help of micro-distillation water vapor and measuring the color

resulting from oxidation.

Keywords: Beer, ethanol, method validation, micro water vapor distillation, non-alcoholic beer

1. Introduction

One of the first known alcoholic beverages, beer, is made
from cereals fermented by yeast [1]. Low- or non-
alcoholic beer is produced by reducing the alcohol
content or eliminating the ethanol in alcoholic beer using
a variety of techniques involving physical and biological
procedures. Thermal and membrane techniques are
examples of physical procedures. The
volatilities of ethanol and water serve as the basis for the
thermal processes of distillation, falling film evaporator,
and spinning cone columns. The four types of
membrane-based processes include pervaporation,
osmotic distillation, dialysis, and reverse osmosis. The
idea behind the biological method is to use particular
yeasts or limit the amount of ethanol produced by partial

varying

fermentation [2].

Due to regulatory restrictions on drivers' alcohol
consumption, sports, diet (calorie intake), and health
concerns, there has been a surge in interest in non-
alcoholic and low-alcoholic beer in recent years [3]. As a

result, the brewing industry's market for producing non-
alcoholic beer is growing [4]. Beer is a widely consumed
alcoholic beverage that has different legal definitions in
different nations. The legal restrictions on the alcohol by
volume (ABV) of non-alcoholic and low-alcoholic beer
vary across nations. Beers with low alcohol content are
divided into two categories in the majority of EU
countries: non-alcoholic beer with an ABV of less than or
equal to 0.5% and low-alcoholic beer with an ABV of no
more than 1.2% [5]. According to Turkish law, the ABV
of low-alcoholic beer and non-alcoholic beer is less than
0.5%, and 0.5-3.0%, respectively.

Numerous beers with varying alcohol percentages
are available on the market. In the brewing sector, it's
critical to precisely and properly determine the alcohol
concentration for several reasons, including compliance
with laws, label verification, quality control, and
production consistency [6]. techniques,
including physical and biological procedures, have been

Various
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Figure 1. Micro water vapor distillation apparatus (A) diagram and (B) picture

proposed in the literature to reduce or eliminate the
alcohol content in alcoholic beer to produce low-alcohol
or non-alcoholic beer. [7-10].

There are different methods for determining the
alcohol content of beer. Beer's ethanol concentration can
be found by enzymatic analysis [11], distillation,
refractometry [12], gas chromatography [13], catalytic
combustion and near-infrared spectroscopy [14].
Volumetric and gravimetric measurements of the
distillate's specific gravity serve as the foundation for the
distillation process. The distillate is measured both
gravimetrically and volumetrically using the labor-
intensive conventional distillation method. The
spectrophotometric approach uses color to quantify
absorbance in the materials. Measuring mistakes can
therefore be decreased, in contrast to volumetric and
gravimetric approaches.

As a result, the innovative approach of the research is
that it can determine the ethanol concentration in a very
small sample fraction with an effective model design.
Therefore, the study aims to determine the ethanol
content in traditional fermented alcoholic beverages
spectrophotometrically based on sodium dichromate
oxidation after extraction from beer by micro water
vapor distillation and to validate the method.

2. Materials and methods

The alcohol in beer was rapidly distilled with the micro
water vapor distillation method in this study. Instead of
volumetric and gravimetric measurements of distillate,
it aimed to determine the alcohol content of beer samples
with the standard curve by measuring absorbance with
a spectrophotometer. The method was based on a
reaction between ethanol and sodium dichromate

forming green-colored chromate ions in the presence of
sulfuric acid and acetate buffer.

2.1.Sample

Yeast (Saccharomyces cerevisiae) and malt extract (Pilsner,
Muntons Plc, Cedar Maltings Stowmarket, Suffolk, UK)
were used in this study. After adjusting the malt
extract/water ratio recommended by the manufacturer,
the yeast was fermented at 20°C A custom-made, airtight
fermentation tank (SAIER Verpackungstechnik GmbH
& Co. KG, Alpirsbach, Germany) equipped with
temperature monitoring capabilities was used for this
purpose. Once fermentation was complete, the samples
were bottled and kept at +4 °C until needed. Beer and
non-alcoholic beer samples were collected from markets
in Trabzon and Giimiigshane. All samples were stored at
+4 °C until analysis

2.2. Chemicals and devices

HPLC-grade solvents and analytical chemicals were
supplied by Merck company (Darmstadt, Germany). The
standard ethanol (99.99%) was provided by Sigma-
Aldrich (St. Louis, Missouri, United States). A UV-Vis
1800 spectrophotometer device was used (Shimadzu,
Kyoto, Japan) for the quantitative analysis.

2.3. Determination of ethanol

A spectrophotometric approach based on the oxidation
of sodium dichromate was used to analyze ethanol.
After adding a 5 mL aliquot of beer to the sample cell,
micro water vapor distillation was carried out until 25
mL of distillate was collected (Fig. 1).

Following a 2-hour incubation period at room
temperature, 500 pL of sodium dichromate (40 mg/L),
500 pL of sodium acetate buffer (pH 4.60) solution, and
2.5 mL of 1 N H2SO: were added to 500 uL of the
distillate sample. The samples' absorbance was then
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measured in the UV-Vis spectrophotometer at 578 nm.
The standard curve was created using ethyl alcohol
standards at various concentrations (0.10, 0.25, 0.50, 1.00,
and 2.00% (v/v)) [15].

2.4. Method validation
Validating methods for ethanol detection in beer
samples is crucial for accurate and reliable results.

A method's selectivity defines its capacity for
detection. Sensitivity means the smallest analyte
concentration that the method could reliably measure
and also indicates the method's ability to detect low
levels of ethanol in the samples. Linearity evaluates the
relationship between the concentration of ethanol in the
sample and the response of the detection method. It
confirms that the method produces results directly
proportional to the current ethanol concentration.
Linearity evaluates the relationship between the
concentration of ethanol in the sample and the response
of the detection method. It confirms that the method
produces results that are directly proportional to the
current ethanol concentration. Ethanol was used in the
study at concentrations of 0.10%, 0.25%, 0.50%, 1.00%,
and 2.00%.

The limit of detection, or LOD for short, is the lowest
analyte concentration that any technique can detect, and
also LOD aids in figuring out the method's realistic
detection limit. LOD can be calculated by taking 3 times
the standard deviation (SD) [16]. Experiments were
conducted using a sample that contained 0.15% ethanol
to validate the methodology suggested in this study. Ten
times the SD can be used to derive the limit of
quantification, or LOQ for short, which is the lowest
concentration that can be quantitatively measured at a
certain confidence level [16]. A sample containing 0.1%
ethanol was prepared and examined to determine the
LOQ value. The SD value of the results was multiplied
10 times and the LOQ was calculated. Additionally, the
SD value was multiplied by the t-value to calculate the
method detection limit (MDL) at a certain confidence
level.

Precision measures the variability of data acquired
under (e.g.
instruments, or days) to assess the repeatability and
intermediate precision of the procedure. The term SDR,
or Standard Deviation of Reproducibility, describes the
standard deviation that is linked to a measurement
method's reproducibility. It also measures the variation
in results that arises when various operators, tools, or
labs carry out the same measurement in identical

various situations different analysts,

circumstances.

Relative standard deviation of reproducibility
(RSDR%), a concept related to reproducibility, is
calculated by dividing the SDR (standard deviation of

repeatability) measurements by the mean value and

Turk J Anal Chem, 6(1), 2024, 32-39

multiplying the result by 100. %RSDR is useful for SDr,
a standard deviation related to the repeatability of a
measurement method. SDr quantifies the variability in
results that occurs when the same operator, using the
same instrument, performs repeated measurements
under the same conditions. Relative standard deviation
of repeatability (RSDr%), like RSDR%, is the relative
standard deviation associated with repeatability. It's
calculated by dividing the SDr by the mean value of the
measurements and multiplying by 100 to express it as a
percentage [16].

The method was applied to ethanol solutions at
different concentrations by different analysts on
different days, both intraday and interday, and %RSDR
intraday and %RSDr interday values were calculated
from the results obtained. By calculating the proportion
of ethanol that can be recovered from spiked samples in
comparison to the expected concentration, recovery
assesses the method's accuracy [17,18]. The Horwitz
equation estimates the relative standard deviation (RSD)
expected when replicating measurements within a
laboratory or among different laboratories. This is
particularly useful for assessing the precision of
analytical methods [18]. Predicted relative standard
deviation (PRSDR and PRSDr) is a statistical measure
used to estimate the precision or variability of a future
set of measurements based on existing data. It is
calculated using regression analysis or other statistical
methods to future
measurements under similar conditions [18].

RSDR% and RSDr% values can be calculated from the
equations given in Formula 1 and Formula 2 below.

predict the variability of

PRSDr% = 21705x10gC % .66 (1)
PRSDR% = 21—0.5 Xlog C (2)

Where C is the concentration of the measured
analyte.

Both formulas should provide an estimate of the
repeatability, and reproducibility relative standard
deviation as a percentage relative to the concentration of
the analyte being measured. For this, three distinct
concentrations of recovery, repeatability, and
reproducibility tests were carried out by two analysts.
Measurement uncertainty accounts for all possible
influences on the measurement process, including
instrument limits and interference from other substances

in samples.

The expanded measurement uncertainty (U) was
determined by multiplying the combined uncertainty,
which encompasses RSDr%, RSDR%,
recovery%, by a coverage factor (k) of 2 [19].

and mean
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Table 1. Analytical parameters applied in the linearity studies

Calibration concentration, %

1 2 3 4 5
0.10 0.25 0.50 1.00 2.00
Calibration range, %  0.10 —2.00
a 0.0629
b 0.0012
R? 0.9997

y=ax+b y =0.0629x — 0.0012
Measurement Range, %0.10 — 10.00

2.5. Statistical analysis

XLSTAT software (Addinsoft (2024), XLSTAT statistical
and data solution, New York, USA,
https://www.xlstat.com), in conjunction with the

analysis

Microsoft Excel application. Using the results of the
Cochran and Grubbs tests, outliers were examined and
eliminated. The least-squares method was used to
complete the linear regression model.

3. Results and discussion

A single laboratory validation was completed by the

Harmonized  Guidelines for  Single-Laboratory
Validation of Methods of Analysis. Selectivity, linearity,
LOD, LOQ, recovery, precision, and measurement
uncertainty metrics were employed as the method's

performance characteristics [20].

3.1. Selectivity

Selectivity is a crucial aspect of any analytical method,
including spectrophotometry. Selectivity refers to the
method's ability to distinguish between the analyte of
interest and other substances present in the sample
matrix. In other words, it determines how specifically
the method can detect the target analyte amidst
potentially interfering compounds. Ethanol undergoes
oxidation by sodium dichromate (NaxCr207) in an acidic
medium to form acetic acid and chromium ions. The
excess dichromate ions present after the reaction were
determined by their absorption at 578 wavelengths using
the UV-Vis spectrophotometer. Before initiating the
validation phase, the selectivity of the method was
evaluated against compounds that occur naturally. The
analysis involved comparing the absorbance of
representative blank samples (n = 10) with that of spiked
samples (n = 10). The results indicated that at 578 nm, the

blank samples exhibited no interference [20].

3.2.Linearity and measurement range

Plotting the peak areas of the standard solutions, which
were the three series of five distinct concentrations,
produced a calibration curve. The formula for the
calibration curve is y = ax + b, where x is the standard

Turk J Anal Chem, 6(1), 2024, 32-39
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Figure 2. Calibration curve for ethanol analysis

solution's concentration in percentage and y is the
standard solution's peak area measured in absorbance.
In the studied range, good linearity was found, with an
R? value greater than 0.999 (Table 1 and Fig. 2) [21,22].

Utilizing mass or volume concentration and other
analytical parameters is fundamental in establishing a
reliable spectrophotometric analysis method. The mass
or volume concentration provides crucial information
about the amount of the substance present in the
solution, allowing for accurate quantification.

Table 1 displays the standard calibration plot for the
suggested procedure. The method yielded a standard
calibration plot demonstrating robust linearity within
the 0.10-2.00% ethanol range. The standard calibration
plot for the recommended method is depicted in Fig. 2.

According to Eq. (1), the colorimetric approach is
based on the reaction of ethanol and potassium
dichromate in acidic solutions, which produces Cr? and
acetic acid [23].

16H* + 2Cr207* + 3CH3CH:0H =4Cr3* + 3CHsCOOH
(3)
+11H20

The compound's absorbance was measured to make
this approximation. Higher ethanol percentages result in
a greater blue color (Cr¥); for example, if a molecule
appears blue in solution, it presumably absorbs red light,
according to Eq. (1) (Fig. 3).

It was discovered that the measurement range
operating chart's regression coefficient was higher than
0.995. The F test was used to examine regression at a 95%
confidence level. In beer samples, it was discovered to be
linear at ethanol concentrations of 0.10-10.00%.

3.3.Limit of detection and limit of quantification

The exact LOD and LOQ values are determined by
several variables, such as the analyte's unique
properties, sample matrix, instrument sensitivity, and

analytical technique employed.
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Table 2. Analytical parameters LOD, LOQ and MDL

Turk J Anal Chem, 6(1), 2024, 32-39

Spike Concentration = 0.15%

Analyst 1 Analyst 2 Ethanol (%) Recovery (%)
Sample 1 0.15 0.17 0.16 107.67
Sample 2 0.13 0.20 0.17 111.03
Sample 3 0.10 0.18 0.14 93.33
Sample 4 0.18 0.10 0.14 92.33
Sample 5 0.19 0.14 0.16 109.83
Sample 6 0.12 0.15 0.13 88.50
Sample 7 0.14 0.16 0.15 100.47
Sample 8 0.14 0.17 0.15 102.50
Sample 9 0.10 0.15 0.13 84.70
Sample 10 0.15 0.19 0.17 113.33
Mean 0.15
Std Dev. 0.02
MDL % 0.04
LOD % 0.05
LOQ % 0.15
Spike Level (10xMDL>Spike): 0.43>0.15 OK, Meets Criteria
Spike Level (MDL<Spike) 0.04 <0.15 OK, Meets Criteria
S/N Estimate (ave./sd): 9.88 <10 OK, Meets Criteria
Ave. % Recovery (98-102%) 100.37 Acceptable

Higher sensitivity is indicated by lower LOD and LOQ
values, which is advantageous in many analytical
applications, especially in environmental sectors. The
lowest concentration of an analyte that can be accurately
identified but not always measured is known as the limit
of detection, or LOD. The smallest concentration of
analytes yields a signal that stands out from the noise.
The concentration corresponding to a signal-to-noise
ratio (S/N) 3:1 is typically used to calculate LOD.

As stated above, the lowest concentration of an
analyte at which a measurement can be made with
sufficient accuracy and precision is known as the limit of
quantification, or LOQ. Typically, the concentration that
corresponds to a 10:1 or 3:1 signal-to-noise ratio is used
to calculate it. The LOD and LOQ values of the technique
were determined by analyzing ten blank samples that
had been fortified with 0.15% ethanol. In compliance
with the Analytical Detection Limit Guidance [24], the
LOD and LOQ values were established.

The SD of the response (s) values was computed by
three points three times the response SD to estimate the
LOD. Additionally, the projected LOD values were

confirmed in compliance with the guidelines [24]. Ten
times the response SD was used to calculate the LOQ
values. The LOD values for ethanol were identified at
0.05%. The MDL values were established at 0.04%, and
the LOQ values were determined to be 0.15% (Table 2).
The LOD and LOQ values in a study on the analysis of
ethanol in beers were determined to be 0.09% and 0.27%,
respectively [23].

3.4. Precision

In the precision study,
determined according to the maximum and minimum
alcohol contents of beers listed in TGK 2006/33 (Low-
alcohol beer, non-alcoholic beer, lager, and high-alcohol
beer) [20]. Six blank samples treated with ethanol at
0.5%, 3.0%, and 6.0% levels were examined to measure
precision. For the repeatability test, samples were
prepared in six repetitions, and the same operators
finished the analyses in a single day. To determine the
within-laboratory repeatability, ten replicate samples
were assessed over three days by two different operators
over a month.

the concentrations were

Figure 3. Color pictures with an alcohol percentage of 0.10-10.00%
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Table 3. Analytical parameters RSDr% and RSDr%

Turk J Anal Chem, 6(1), 2024, 32-39

Intra-day (n=6)

Inter-day (n=6)

0.66xHorwitz Horwitz
Fortification = Determination Precision value Determination Precision value
Analyte level (%) level %) 0 %) Rgp, o) level %) SP"% Ropg (o)
PRSD: (%) PRSDr (%)
0.52 0.49 0.01 2.36 2.94 0.50 0.020 412 4.45
Ethanol 3.00 2.94 0.05 1.85 2.24 2.95 0.032 3.19 3.40
6.0 5.96 0.10 1.65 2.02 6.03 0.026 2.65 3.05

a: % Alcohol by volume (20 °C): Low alcohol beer > 0.50,<3.0 and Non-alcoholic beer < 0.50 %, b: % Alcohol by volume (20 °C): Beer > 3.00,
<6.0% c: % Alcohol by volume (20 °C): High alcohol beer > 6.00, <10.0% (TGK 2006/33, 2006)

Table 3 displays the results for the within-laboratory
reproducibility represented with SDr (reproducibility
SD), RSDr% (relative SD), the repeatability stated with
the SDr (Repeatability SD), and the relative SD (RSDr%).
PRSD:% and PRSDr% values predicted by the Horwitz
equation cannot be exceeded by reproducibility (RSD:%)
and repeatability (RSDr%) values acquired from
experimental tests.

RSD:% and RSDr% values of experimental studies
were found to be lower than the reference values
(Table 3) obtained by applying the Horwitz equation at
each of the three concentration levels. These results
demonstrated that the proposed method meets the
defined minimal performance threshold for Horwitz
values PRSD:% and PRSDr%. Therefore, the precision of
the approach is sufficient.

Reproducibility limit = 2.8 X SDg 4)

The repeatability limit of the was
determined using the calculation in Formula 3, and it
was discovered to be appropriate for the investigated

0.5%, 3.0%, and 6.0% concentrations. Furthermore, it was

analysts

discovered that the general repeatability control was
appropriate for the identical concentrations under
investigation.

The RSDr% value was determined to be less than 5%
in the interday repeatability investigation on ethanol
analysis in beers [23]. Repeatability results in another
study ranged from 0.47 to 0.62% [26].

3.5.Recovery
Table 4 provides analytical parameters for recovery
percentages. To conduct the recovery investigation,

were generated. The suggested procedure for
determining the amount of ethanol in beer was applied
to the six replicates of the spiked samples. The recovery
values obtained (Table 4) fell between 97% and 103% of
the values advised by the Association of Analytical
Societies (AOAC) in 2016. Thus, it can be concluded that
the suggested method for determining the amount of
ethanol in beer and nonalcoholic beer samples produced
satisfactory findings [18].

In the recovery investigation, samples were treated
with varying quantities of ethanol. The amount of
ethanol in the beers was then measured through
analysis, and a percentage of recovery was computed.
Between 97% and 103% of the values advised by the
AOAC (2016) were found to be recovery values from this
procedure [18]. This demonstrates that the approach
yields acceptable outcomes. A recovery number of 97%
to 103% shows that the procedure is accurate because the
spiked samples recover almost the expected amount of
ethanol. This is a good result since it demonstrates that
the method can accurately detect the quantity of ethanol
in beers that fall within the designated concentration
levels. Achieving recovery percentage values near 100%
is typically preferred in analytical chemistry since it
shows that the technique analyzes the target analyte
precisely and without experiencing appreciable loss or
interference.

Consequently, outcomes falling within this range
show that the method is reliable and appropriate for
figuring out how much ethanol is in beer.

3.6. Measurement uncertainty

According to ISO 17025/2017 [27], laboratories that are
accredited must evaluate the uncertainty of their
analytical results. Various methods have been offered for

samples that had been spiked with ethanol at three calculating  this  uncertainty, including the
distinct concentrations (0.5%, 3.0%, and 6.0% low alcohol  Eurachem/Citac Guide CG 4 [28], and NMKL 4 [29].
beer, non-alcoholic beer, beer, and high alcohol beer)
Table 4. Analytical parameters of recovery %
Recovery, % ( n=6)
e . o Low-alcohol beer Non-alcoholic beer Beer High Alcohol Beer

Analyte Fortification level, % Recovery, % Recovery, % Recovery, % Recovery, %

0.5 102.00 £1.91 98.40 +1.48 99.40+1.43 97.65 +1.67
Ethanol 30 98.85+1.21 98.84 +1.33 98.76 + 1.54 98.41 + 1.54

6.0 99.53 +1.11 98.53 +1.13 98.12 + 1.66 98.54 +1.53
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Table 5. Analytical parameters of measurement uncertainty

Measurement Uncertainty

Turk J Anal Chem, 6(1), 2024, 32-39

Table 6. Alcohol analysis results of commercially purchased non-
alcoholic beer and beer samples (1 = 3)

Parameter Value (X) u(X) u(X)/X
Trueness (bias) 100.00 0.34 0.003
Repeatability 100.00 2.36 0.024
Reproducibility 100.00 4.12 0.041
Relative combined uncertainty = 0.048
* Expanded measurement uncertainty) = 0.095

*95% confidence level, k=2

We employed the analytical validation parameters that
were derived at each stage of the procedure in this
investigation. Table 5 provides analytical parameters for
measurement uncertainty. Measurement uncertainty
estimation was performed using data from method
performance and validation.

As a result, the likelihood of incorporating every
uncertainty component has peaked. Six sources of
uncertainty have been considered in order to determine
the relative uncertainty (u): (a) volume; (b) mass; (c)
calibration curve; (d) technique reproducibility and
repeatability; (e) preparation of standards, and (f)
precision. Using a coverage factor of 2, which roughly
corresponds to a 95% confidence level (Eurachem/Citac
Guide CG 4 2000), a relative expanded measurement
uncertainty was computed, yielding values of 9.5%
(0.095) in beers [28].

3.7. Analysis results of beers purchased from the
market

Table 6 provides information on the ABV of samples of
non-alcoholic beer and beer that is
commercially. The ABV values of the non-alcoholic beer
samples are significantly lower, ranging from roughly
0.47% to 0.50%, compared to the beer samples, which
have ABV values between 4.96% and 5.05%.

The alcohol content is the main distinction between
market-bought beer and non-alcoholic beer. The ABV of
regular beers usually ranges from 0.5% to 6.0% [25,30].
By contrast, non-alcoholic beers have an ABV of less than
0.5%, about the same as orange juice's alcohol
concentration. According to research on the alcohol
content of Turkish beers, the ethanol percentage was
found to be between 4.2% and 5.2% [31].

purchased

4. Conclusions

A spectrophotometric technique based on the distillation
of ethanol by micro water vapor distillation followed by
sodium dichromate oxidation was developed to quantify
the quantity of ethanol present in beer matrices. It was
discovered  that the  method's  performance
characteristics met the minimal requirements set forth by
the Harmonized Guidelines for Single-Laboratory
Validation of Methods of Analysis. The verified
approach offers quick and affordable procedures along
with precise and accurate results.

Sample Alcohol ABV (%)
Sample 1 beer 5.04 +0.03
Sample 2 beer 5.02 +0.06
Sample 3 beer 4.99+0.03
Sample 4 beer 5.05+0.02
Sample 5 beer 496 +0.01
Sample 6 beer 4.98 +0.03
Sample 7 non-alcoholic beer 0.48 +0.03
Sample 8 non-alcoholic beer 0.50 £ 0.02
Sample 9 non-alcoholic beer 0.47 +0.02
Sample 10 non-alcoholic beer 0.50 + 0.02

With sample preparation and detection processes, the
suggested method is ideally suited to meet the needs for
sensitive and accurate ethanol beer detection. The
method demonstrates high sensitivity, allowing for the
detection of ethanol in beer matrices even at low
concentrations. This sensitivity is important for meeting
regulatory requirements ensuring product
compliance. Overall, the described spectrophotometric
technique offers a robust and efficient approach for

and

quantifying ethanol in beer matrices, meeting the
requirements for method validation and providing
reliable results for quality control purposes.
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Abstract

Allura Red AGC, is one of the azo group dyes, finds extensive application in foods and beverages such as fruit juices, baked goods, meat products,
and confections. The substantial consumption of Allura Red AC has been associated with potential adverse effects on human health, like food
intolerance, allergies, cancer, attention deficit hyperactivity disorder, multiple sclerosis, brain damage, cardiac diseases, nausea, and asthma,
largely attributed to the reaction involving aromatic azo compounds. Therefore, controlling amount of the Allura Red AC in food and beverage
is very crucial. The voltammetric analysis of Allura Red AC offers numerous benefits, including high sensitivity, selectivity, and rapidity.
Furthermore, these methods are characterized by their robustness, reproducibility, and user-friendliness. This review is gathered to the

comparison of voltammetric methods being in the literature for determination of Allura Red AC in foods and beverages.

Keywords: Allura Red AC, cyclic voltammetry, differential pulse voltammetry, square wave voltammetry, stripping voltammetry

1. Introduction

The rapid development of the food industry leads a
rising number of specific products with certain shape,
taste, smell, color, etc. For this reason, to improve the
organoleptic properties of foods, various food additives
are used such as coloring agents, sweeteners, thickeners
and preservatives. Dyes have a special role in this
regard, as the taste and quality of food are often
associated with its color [1].

The persistent application of such colorants raises
significant safety concerns, impacting both human well-
being and environmental health. Recognizing the
potential for enduring harm stemming from these food
colorants, both the European Food Safety Authority and
the US Food and Drug Administration have established
stringent regulations governing their usage [2]. These
regulatory bodies aim to ensure that consumers can
enjoy food products being free from harm, defining
precise threshold values that indicate safe levels of
exposure to these additives [3].

Dyes utilized in food can be classified into two broad
categories: natural dyes and synthetic dyes. Natural
dyes are derived from plant, animal, or mineral sources.
They have been used for centuries to impart color to
various foods and beverages [1].
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Figure 1. Molecular structure of Allura Red AC

Plant-based dyes are obtained from different parts of
plants such as roots, berries, leaves, or flowers and they
include turmeric (yellow), beetroot (red), spirulina (blue-
green), and annatto (yellow-orange). Animal-based
dyes; certain dyes are obtained from animal sources,
particularly insects. One well-known example is carmine
or cochineal, achieved from the bodies of female
cochineal insects and provides a red color. Mineral-
based dyes: these dyes are obtained from minerals and
are often used in the form of pigments. For instance,
titanium dioxide is used as a white pigment, and iron
oxide provides shades of red, brown, and yellow.
Natural dyes are generally considered safe, but they may
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have limitations in terms of stability, availability, and
color range. Additionally, some individuals may have
allergies or sensitivities to specific natural dyes [4].
Synthetic food dyes are chemically synthesized
compounds that are specifically designed for use as food
colorants. They offer a wide range of colors and are
typically more stable compared to natural dyes. These
dyes are classified into azo dyes, indigotine dyes,
triphenylmethane dyes, xanthene dyes and quinoline
dyes. Azo dyes have azo group in the molecular
structure as the chromophore, which is largest group of
color accounting more than half of global dyes
production. They are commonly used in various
industries, including the food industry, to enhance the
appearance of products. Allura Red AC is one of the
mostly used synthetic dyes in food industry that could
be found in a variety of food and beverage products,
including candies, beverages, and bakery products [5].

Allura Red AC designated as E-129 is a water-soluble
monoazo dye, disodium 6-hydroxy-5-(6-methoxy-4-
sulfo-m-tolylazo)naphthalene-2-sulfonate (Fig. 1). This
synthetic dye has exhibited signs of both behavioral and
physiological toxicity in laboratory rats when
administered at extremely high doses, exceeding 10% of
their diet [6,7]. In the past, numerous studies have
investigated the toxicity and carcinogenic effects of
Allura Red AC [8,9]. Allura Red AC has the potential to
induce behavioral effects in both humans and animals,
notably causing increased hyperactivity in children.
Furthermore, certain studies have demonstrated the
existence of aromatic amide or amine functional groups
in the chemical compositions of Allura Red AC's
degradation products. Allura Red AC is absorbed
through the gastrointestinal tract and then entered the
bloodstream, where it binds to proteins during its
transportation and metabolism. It is essential to regulate
the excessive use of Allura Red AC in food and beverage
products. In numerous nations, the utilization of various
food dyes, including Allura Red AC, has controlled, or
prohibited due to its toxic properties. In the process of
safety assessment, Joint FAO/WHO Expert Committee
on Food Additives

Committee for Food, are the international scientific

and the European Scientific

expert committees, established an acceptable daily
intake for Allura Red AC ranging from 0 to 7 mg/kg
of body weight per day. To address human health
concerns, numerous analytical methods have been
developed for the determination of Allura Red AC [5].

Allura Red AC has been determined by
high-performance  liquid chromatography  [10],
spectrophotometry [8], electrophoresis [11] and

voltammetry [12].
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2. Electroanalytical Methods

Electroanalytical methods typically involve in
voltammetry, polarography, potentiometry,
amperometry, and coulometry. Electroanalytical
methods offer several advantages over other

instrumental methods in analytical chemistry such as
sensitivity, selectivity, speed, cost-effectiveness, and
versatility, making them valuable tools for chemical
analysis in numerous fields. Among these, voltammetry
and polarography stand out as the most frequently
employed electroanalytical methods. These techniques
enable the identification and evaluating of organic
compounds, with a detection limit as low as 107 M [13].

The voltammetric method effectiveness is influenced
via the material of the working electrode, as the reply
obtained relies on the electrochemical reactions taking
place at the interface between the electrode and the
solution. Moreover, it's crucial to take into account both
the composition and the structure of the working
electrode material, because they can impact on the
voltammetric method performance. The physical form of
the working electrode may also influence the diffusion
and electron transfer processes associated with analyte
detection [14-18]. The voltammetric techniques contain
cyclic voltammetry (CV), linear sweep voltammetry
(LSV), differential pulse voltammetry (DPV), square
wave voltammetry (SWV), and stripping voltammetry
[19].

CV serves as an initial and frequently employed
voltammetric method due to its ability to offer valuable
insights into both the thermodynamic and kinetic
aspects of various chemical systems. This method excels
at swiftly revealing the redox behavior across a broad
spectrum of potentials. It stands out as the primary
electroanalytical technique for gaining qualitative
insights into the electrochemical reactions of
electroactive samples [20-21].

LSV represents the most straight forward approach
involving the systematic application of a varying
potential to the working electrode to monitor changes in
current over both potential and time. Also, the applied
potential boundaries depend on factors such as the
and the supporting
electrolyte composition. This method entails a linear

working electrode material,

progression of the working electrode's potential over
time, starting from an initial potential and concluding at
a final potential. The direction of the scan rate can be
denoted to demonstrate the potential scan direction,
with positive for an anodic sweep and negative for a
cathodic sweep. LSV is an exceptionally valuable
electroanalytical ~ technique,  particularly =~ when
employing solid electrodes, as it offers swift analysis
with a detection limit of approximately 10-¢ M [22-25].
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Pulse methods involve the application of varying
potential pulses, with the corresponding current
response measured at specific time intervals defined by
the pulse duration. The DPV method proves highly
effective in the detection of minute quantities of
electroactive compounds. The waveform utilized in
differential pulse voltammetry typically resembles a
staircase. This method involves measuring of current at
two key points: initially before the pulse is applied, and
then at the end of the pulse. Thus, the differential pulse
voltammogram is generated based on as a function of the
potential, derived from the disparity between these two
current measurements and then the dual current
measurement approach enables the detection of analytes
in solutions even at low concentrations. Because
differential pulse voltammograms exhibit peak shapes,
they are particularly well-suited for analytical purposes
[26,27].

SWV employs a substantial amplitude differential
approach characterized by symmetrical square
waveforms. ~ Within  this  technique, current
measurements are taken twice during each cycle of the
square wave, specifically at the end of both the forward
and reverse pulses. The difference between these current
values is graphed against the staircase potential. Peak
currents yielded through SWYV are nearly quadruple
those observed in comparison to differential pulse
voltammetry. The priority advantage of square wave
voltammetry lies in its rapidity, as it can be completed
within a matter of seconds, in contrast to the 2-3 minutes
required for a full voltammogram using DPV. This
rapidity and sensitivity make SWV particularly valuable
for quantitative analyzes [20,28].

Stripping voltammetric techniques have gained
significant popularity owing to their low quantification
limit (typically around 10 or 10° M), as well as their
precision, accuracy, and cost-effectiveness when
compared to alternative analytical methods. These
stripping methods are typically divided into two
separate stages. First, there is the electrochemical
deposition or accumulation step, during which the
electroactive compound accumulates on the working
electrode. Following the accumulation step, the
subsequent phase is the stripping measurement, which
entails the dissolution of the deposited analyte.
Stripping voltammetry methods encompass various
versions depending on how the preconcentration and
stripping steps are applied. When the potential is
initially maintained at a negative level before initiating
a positive-direction scan, the technique is referred
to as anodic stripping voltammetry. Following a
predetermined deposition period, the potential is
then systematically scanned in an anodic direction

using a voltammetric approach. Cathodic stripping
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voltammetry involves the anodic deposition of the
analyte followed by its stripping during a negative
potential scan. In terms of application, cathodic stripping
voltammetry can be seen as the inverse of anodic
stripping voltammetry [29].

Adsorptive stripping voltammetry offers notable
advantages, including heightened sensitivity and
superior selectivity when compared to alternative
voltammetric techniques. When the concentration step
involves adsorption, the method is categorized as
adsorptive stripping voltammetry. In the realm of
electrochemistry, the process of ions or molecules
adhering to the electrode surface is referred to as
adsorption. The quantity of adsorbate present on the
electrode surface holds significant importance, as it
directly response.
Adsorptive stripping voltammetry stands out for its
excellent selectivity and making it
particularly well-suited for the precise determination of

influences the voltammetric

sensitivity,

trace and ultra-trace concentrations of analyte in samples
[30,31].

This paper includes studies of the voltammetric
analysis of Allura Red AC in foods and beverages, and
we have reviewed general voltammetric methods for
selective detection of Allura Red AC to ensure the safety
of food and beverage products. Voltammetric sensors
were developed to detect the presence of Allura Red AC
in a wide range of food and beverage products to
provide a new perspective. For this purpose, the
voltammetric determination studies of Allura Red AC in
the literature are assembled, also these studies are
chronologically listed in Table 1.

3. Voltammetric determination studies for
Allura Red AC

A carbon paste electrode (CPE) modified by silica gel
impregnated with cetylpyridinium chloride (SG/CPCl)
was developed by Pliuta et al. This innovative electrode
has proven highly effective for the precise determination
of Allura Red AC in Britton-Robinson buffer (BRB)
solution at pH 2.0. CV was used to examine the redox
characteristics of Allura Red AC on the developed
sensor, and it showed an oxidation peak at +0.95V. The
electro-oxidation of Allura Red AC was defined
irreversible and adsorption-controlled process. After the
optimal conditions for SWV were determined, the
calibration curve exhibited excellent linearity within two
concentration ranges: 0.04 —0.2 uM and 0.2 - 1.0 pM with
a low limit of detection of 0.005 uM and a limit of
quantification of 0.015 uM. The newly developed sensor
has showed satisfactory results in analyzing both model
solutions and jelly candies [12].
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Table 1. The voltammetric studies for determination of Allura Red AC
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Electrode Type Method Medium Linear Range (uM) hfl)VID) Recovery (%0) Ref.
PAMI/GCE SWv 0.5 M HCI 10.0 —300.0 14 — [49]
MWCNT/GCE DPV PBS, pH 7.0 0.1-1.2(r=0.991) 0.05 98.1 — 100.6 (soft drink) [48]
. _ 100.8 — 101.6 (soft drink)
Gr/TiO,/CPE SWv 0.1 M H,SO, 0.00067 —0.21 (r = 0.997) 0.00034 97.12 - 102.1 (sausage) [40]
IL/EGPE SWSV BRB, pH 6.0 0.1-10.0 (r =0.999) 0.00179 96.0 — 99.2 (soft drink) [39]
SbF/SPCE DPV AcB, pH 4.0 1.0-5.0 0.3 — [50]
MWCNT/IL/GO/GCE SWSV BRB, pH 7.0 0.0008 - 0.5 0.0005 100.0 — 106.8 (alcoholic beverages)  [51]
PC/GCE DPV PBS, pH 7.0 0.005-0.8 0.0034 - [52]
PDDA/Gr/Ni/GCE DPV PBS, pH 3.0 0.05 —10.0 (r = 0.9993) 0.008 95.0 — 97.6 (strawberry juice) [38]
IRGO/Au/GCE SWv BRB, pH 5.0 0.0006 — 0.2 (r =0.998) 0.00043 — [53]
95.5 (cherry gelatin)
CPB/GCE SWAdSV PBS, pH 3.3 0.06 — 11.5 (r = 0.999) 0.032 104.2 (chili sauce) [37]
97.85 (strawberry juice)
_ 95.0 — 118.0 (red isotonic drink)
MWCNT/GCE DPV PBS, pH 6.0 0.1-9.0 (r =0.996) 0.014 94.0 - 130.0 (lilac isotonic drink) [35]
91.5 (chili sauce)
Co0;0,/CPE SWv PBS, pH 3.1 0.1-1.0 (r =0.995) 0.05 89.7 (isotonic drink) [36]
96.3 (soft drink)
M-AJSAE DPAdSV 0.01-0.4 (r=0.996) 0.0012
g DCAdSV AcB, pH 3.6 0.008 — 0.6 (r = 0.9926) 0.0034 — [54]
p-AgSAE DCAdSV 0.08 — 0.6 (r = 0.9943) 0.03
IL/CB/CTS/ECH/GCE SWAJASY  PBS, pH4.0 0.0398 - 0.909 (r = 0.9998) 0.00091 87.5-108.3 (soft drink powder) [33]
. 0.3-5.0 (r=0.991) . .
TiO,/ErGO/GCE DPV PBS, pH 7.0 0.01 5.0 800 (r = 0.992) 0.05 98.42 — 106.0 (milk drink) [34]
Er-BTC/CPE DPV PBS, pH 6.0 0.001-0.1(r=0.99) 0.0003 — [47]
0.04 -0.2 (r=0.992)
SG/CPCI/CPE SWV BRB, pH 2.0 0.2-1.0 (r = 0.998) 0.005 — [12]
_ 98.4 —99.6 (energy drink)
Ptre/PGE DPV PBS, pH 7.0 0.25 -100.0 (r =0.992) 0.075 99.4 —100.8 (cherry juice) [32]
96.0 (gelatin)
MoO4/CPE SWV PBS, pH 6.5 0.36 - 6.0 0.38 95.0 (syrup) [41]
In®*/NiO RLHNSs/GCE DPV PBS, pH 4.0 —700.0 (r =0.9999) 0.0041 99.0 — 101.2 (soft drinks) [45]
96.3 — 101.0 (soft drink)
F-nanodiamond@SiO, 0.001 - 0.12 (r = 0.985) 95.0 — 106.0 (powder)
@TiOJ/SPE DPV BRB, pH 3.0 0.12 - 8.65 (r = 0.991) 0.00122 45" 102.8 (orange juice) [43]
99.4 - 102.7 (candy)
_ 0.1-168.4 (r = 0.92441) .
Mn;0,@C/SPM DPV 168.4— 1748.4 (r = 0.97599) 0.033 98.6 — 100.68 (sports drink) [44]
_ 98.0 — 101.0 (beverages)
SHU/PCFE DPV PBS, pH 4.0 Og(l){*zodl(r(r_‘ooéigg? 0.00036 1000 105.0 (pharmaceuticals)  [42]
: cETE 100.0 (lollipop)
ErGO/GCE DPAJASV  BRB,pH 25 0.1-0.8 (r=0.997) 0.028 96.2 — 102.3 (soft drink) [46]

In their study focused on the electrochemical analysis
of Allura Red AC, Uruc et al. prepared an anodically
pretreated pencil graphite electrode (Ptre/PGE) which
has oxygen-containing groups. The anodic pretreatment
procedure involved the application of a constant
potential of +1.8 V for a duration of 250 seconds in pH
9.0 phosphate buffer solution (PBS) accomplished by
chronoamperometry method. When the studies were
carried out with CV and DPV methods on Allura Red
AC in pH 7.0 PBS, a significant and notable increase in
the anodic peak current was observed for Ptre/PGE
compared to the unmodified PGE. Under optimized
conditions for DPV, the calibration curve, reflecting the
response of Ptre/PGE to varying concentrations of Allura
Red AC, showed a linear relationship within the
concentration range from 0.25 to 100 uM, with a limit of
detection and limit of quantification values of 0.075 uM
and 0.251 uM, respectively. The developed sensor was
effectively applied for assessing the presence of Allura
Red AC in cherry juice and energy drink samples. It
exhibited impressive performance, delivering relative
standard deviation values within the range of 1.14% to

2.21% and recovery rates ranging from 98.4 to 100.8%
[32].

In another study, a novel sensor for sensitive
voltammetric determination of Allura Red AC and
Brilliant Blue FCF was developed by incorporating
carbon black (CB) nanoparticles and the ionic liquid (IL)
(1-butyl-3-methylimidazolium tetrafluoroborate) within
a crosslinked film made from chitosan (CTS) and
epichlorohydrin (ECH). This film was applied over the
surface of a glassy carbon electrode (GCE), allowing for
efficient detection of Allura Red AC in soft drink
powders. The electrochemical behavior of the Allura Red
AC colorant was examined using CV in PBS at pH 4.0.
The analysis revealed an irreversible oxidation peak
occurring at approximately +0.9 V. Moreover, the redox
process of Allura Red AC on the IL/CB/CTS/ECH/GCE
was found to be controlled by a combination of diffusion
The
experimental parameters effecting the sensor response
was carried out systematically using square-wave
adsorptive anodic stripping voltammetry (SWAdASV).
Under the ideal experimental conditions, the SWAdASV
method demonstrated a linear analytical curve within

and adsorption processes. optimization of
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the concentration range of 0.0398 to 0909 uM,
accompanied by a notably low limit of detection of
0.00091uM. The precision of the suggested sensor was
assessed through intra and inter-day repeatability
experiments and relative standard deviations was
calculated as 3.5-6.7% and 7.6-11.1%, respectively.
Furthermore, interference and recovery experiments
were conducted, demonstrating the proposed sensor has
good accuracy and selectivity, with recovery values
ranging from 87.5 to 108.3% [33].

Li and co-workers prepared an electrochemical
sensor by modifying a GCE with titania/electro-reduced
graphene oxide nanohybrids (TiO2/ErGO) for the
detection of Allura Red AC. Notably, when compared to
pure ErGO and TiO2 nanoparticles, the TiO2/ErGO
nanohybrids exhibited a significant enhancement in
electrocatalytic activity and voltammetric response for
Allura Red AC. In 0.1 M PBS at pH 7.0, which serves as
the optimal supporting electrolyte, Allura Red AC
showed an oxidation peak at +0.62 V in DPV.
Additionally, cyclic voltammetric studies revealed that
the electrochemical oxidation process of Allura Red AC
was diffusion-limited quasi-reversible. Using the DPV
method, it was observed that within the concentration
range of 0.3-5.0 uM, the anodic peak currents of Allura
Red AC exhibited a linear correlation with its
concentrations. However, this linear relationship shifted
to a semi-logarithmic relationship in a higher
concentration region (5.0-800 uM). The detection limit
was calculated as 005 pM. The suggested
TiO2/ErGO/GCE exhibited good reproducibility and
stability in both determination and storage. It reliably
and accurately detected the concentration of Allura Red
AC in milk drinks, with recovery results between 98.42—
106.0% and relative standard deviation values within the
range of 0.85 to 4.86 % [34].

Sierra-Rosales and colleagues have introduced a
rapid and simple electrochemical sensor for the
determination of Allura Red AC in isotonic sports
drinks. This sensor was prepared from GCE modified
with multi-walled carbon nanotubes (MWCNT). The
electrochemical behavior of the colorant was
investigated by CV on the MWCNT/GCE, revealing an
anodic peak at +0.72 V, along with a small cathodic peak
at +0.72 V on the reverse scan. This process was found to
be mixed adsorptive-diffusion controlled. In differential
pulse voltammograms, the sensor demonstrated a linear
response to Allura Red AC within the concentration
range of 0.1-9.0 uM, with a detection limit of 0.014 uM
in isotonic sports drinks. The method also showed good
recovery results in both red and lilac isotonic sport
drinks, with relative standard values below 3 % and 5 %,
respectively [35].
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A novel CPE composed of cobalt (II, IIT) oxide was
prepared by Penagos-Llanos et al. for the detection of
Allura Red AC. The presence of Co304 resulted in a
remarkable enhancement of the cathodic peak current
for Allura Red AC, with an increase of over 50% in CV
and a 65% boost in SWV, as compared to an unmodified
CPE. In PBS at pH of 3.1 serving as the supporting
electrolyte, Allura Red AC exhibited a linear response in
the concentration range of 0.1 to 1.0 uM, with a
remarkable detection limit of 0.05 puM. This technique
was successfully applied to chili sauce, soft drink and
isotonic drink beverages containing Allura Red AC,
displaying the good accuracy of the developed method.
Furthermore, studies have proven that the sensor is
sensitive, stable, and selective [36].

Nagles and Garcia-Beltran have offered a new and
simple approach for the detection of Allura Red AC in
cherry gelatin, chili sauce, and strawberry juice. This
method is based on utilizing square-wave adsorptive
stripping voltammetry (SWAdSV) on GCE, with the
presence of cetylpyridinium bromide (CPB). In PBS at
pH 3.3, the oxidation peak of Allura Red AC occurred at
0.81 V. However, with the addition of small quantities of
CPB, an aggregate of Allura Red AC and CPB formed,
causing a notable shift in oxidation to nearly 0.14 V and
a concurrent increase in current by approximately 50%.
This method was effectively applied for the analysis of
Allura Red AC, demonstrating linearity within the
concentration range of 0.06 to 11.5 uM, and achieving a
low limit of detection as low as 0.032 uM. Furthermore,
this method has proven effective when applied to real
samples, yielding satisfactory recovery results within the
range of 955 to 104.2%. The authors also have
highlighted that when utilizing CPB/GCE, it is possible
to perform at least 60 measurements with little loss of
reliability, and each measurement can be completed in
just 60 seconds [37].

In another study, Yu et al. have introduced a novel
and highly sensitive electrochemical sensor that based
on a composite material consisting of
poly(diallyldimethylammonium chloride) (PDDA)
functionalized graphene (Gr) and nickel nanoparticles,
which is utilized to modify a GCE for the detection of
Allura Red AC. The sensor demonstrated a significantly
enhanced electrochemical activity towards Allura Red
AC. The observed improvement could be attributed to
the synergistic effect arising from the enlarged active
surface area and enhanced electron transfer efficiency
achieved through the combined utilization of Gr and Ni
nanoparticles. The electro-oxidation process of Allura
Red AC on PDDA/Gr/Ni/GCE was detected irreversible
adsorption-controlled. The differential pulse
stripping voltammetry (DPSV) responses to various
concentrations of Allura Red AC in PBS at pH 3.0

and
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exhibited a linear correlation within the range of 0.05—
10.0 uM, with a detection limit as low as 0.008 uM. The
method was successfully applied to strawberry juice
samples and proved its accuracy with 96-97.6% recovery
values and relative standard deviation lower than 5%
[38].

Zhang et al. devised a practical and highly responsive
technique for quantifying Allura Red AC and Ponceau-
4R simultaneously. This approach
utilization of an expanded graphite paste electrode
(EGPE) that was modified with an IL (1-butyl-3-
methylimidazolium hexafluorophosphate), in
combination with square-wave stripping voltammetry
(SWSV). The high conductivity of IL resulted in a
significant improvement in the electrocatalytic oxidation
signal of Allura Red AC at +0.72 V when comparing it to
EGPE. In BRB solution at pH of 6.0, the linear range for
the concentration of Allura Red AC spanned from 1.0 to
10.0 uM, with an impressive detection limit of 0.0179
UM. To assess its practical applicability, the developed
method was applied for the quantification of Allura Red
AC in both orange and grapefruit juices under optimized
experimental parameters. The recoveries achieved using
this method for Allura Red ranged from 96.0 to 99.2%,
which strongly indicate the good accuracy of the
proposed method. The electrode design also
demonstrated excellent characteristics in terms of
reproducibility, stability, and reusability [39].

involved the

A CPE was effectively modified using mesoporous
TiO2 combined with graphene (Gr/TiO2). This
modification resulted in a notable enhancement effect,
significantly increasing the oxidation signal of Allura
Red AC at +0.89 V when analyzed using SWV. The
electro-oxidation of Allura Red AC was found
irreversible and adsorption-controlled electrode process.
0.1 M H2504 solution was used as the supporting
electrolyte for detecting Allura Red AC. Under the
optimal conditions, it was observed that the oxidation
current of Allura Red AC exhibited proportionality to its
concentration within the range of 0.00067 to 0.21 uM,
and the limit of detection was obtained as 0.00034 uM.
To assess its practical utility, this developed method was
put to the test in detecting Allura Red AC within soft
drink The
emphasized the excellent reproducibility in fabricating
the method and its precision in detection [40].

and sausage samples. authors also

In a study presented by Nagles et al, a novel
application involving MoO3 combined with CPE was
introduced to create a micro-composite electrode. This
electrode was designed for the purpose of quantifying
Allura Red AC and Paracetamol simultaneously, using
SWV. The anodic peak current for Allura Red AC was
80% higher when compared to an unmodified CPE. The
relationship between concentration of Allura Red AC
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and oxidation peak current was linear in the range of
0.36-6.0 uM with the detection limit of 0.38 pM in PBS at
pH 6.5. The accuracy of the proposed method was
evaluated by testing its ability to detect Allura Red AC
in real samples of syrup and strawberry-flavored gelatin,
indicating recovery values of 95% and 96%, respectively.
Stability and potential interferences were thoroughly
assessed, and the results obtained were very acceptable
[41].

In another study, shungite (SHU), a natural mineral
as a modifier on a planar carbon fiber electrode (PCFE),
has proven to be advantageous for creating a favorable
electrode interface for the electrochemical oxidation of
Allura Red AC. This modification has led to several
positive effects,
electroactive surface area, a reduction in electron
transfer resistance, and the enhancement of
electrocatalytic effects. In analytical applications
employing DPV, PBS with a pH of 4.0 was used as

including an expansion of the

supporting electrolyte. The developed sensor exhibited
the capability to quantify Allura Red AC within the
concentration ranges of 0.001 to 0.1 uM and 0.1 to 2.0 uM,
with impressively low detection limit of 0.00036 uM. The
practical utility of the SHU/PCFE was demonstrated by
with  drink lollipops,
pharmaceuticals. The results demonstrated its accuracy,
as evidenced by excellent recovery values with relative
than 5%.
Additionally, this convenient and cost-effective sensor
exhibited good repeatability, stability,
interference capacity [42].

testing it samples, and

standard deviations consistently lower

and anti-

Mehmandoust et al. developed a sensitive and
innovative electrochemical sensor designed for the
detection of Allura Red AC in the presence of Tartrazine.
This sensor was prepared by modifying a screen-printed
electrode with functionalized nanodiamonds coated
with silicon dioxide and titanium dioxide nanoparticles
(F-nanodiamond@SiO2@TiO2/SPE). The electrochemical
response of F-nanodiamond@SiO2@TiO2/SPE in the
electro-oxidation of Allura Red AC was investigated by
using CV and the results revealed that the oxidation
reaction occurring on the electrode surface was a
diffusion-controlled process. In BRB at pH 3.0 using
DPV, the fabricated electrode exhibited two extensive
dynamic ranges for Allura Red AC quantification: 0.01-
0.12 uM and 0.12-8.65 uM and it achieved a detection
limit as low as 0.00122 uM. The successful detection of
Allura Red AC in various food samples such as soft
drinks, powders, orange juice, and candy demonstrated
the sensor's practical applicability for determining
Allura Red AC with satisfactory recovery rates.
Furthermore, the modified -electrode
outstanding attributes in terms of repeatability,
reproducibility, selectivity, and stability [43].

indicates
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A core-shell architecture was ingeniously crafted,
featuring Mns:Os@C nanocubes, to construct an
exceptionally sensitive screen-printed microchip (SPM)
for the precise detection of Allura Red AC. This
nanocomposite capitalizes on the strengths of MnsOs@C,
characterized by its high electrocatalytic activity and
chemical stability. The electrochemical behavior of the
prepared Mn30s4@C nanocubes was compared with that
of both the unmodified electrode and MnCO3 nanocubes
by CV. Notably, the MnsOs@C nanocubes exhibited the
highest redox currents, proving the robust redox
capabilities of coexisting Mn?* and Mn*. The newly
Allura Red AC sensor exhibited excellent selectivity,
featured with impressively large linear detection ranges
from 0.1 to 168.4 uM and from 168.4 to 1748.4 uM, with
a low detection limit of 0.033 uM. The accuracy of the
prepared Allura Red AC sensor was assessed in real
samples of various sports drinks using a standard
addition method. The obtained recovery results ranged
from 98.60% to 100.67%, indicating the sensor's excellent
performance in accurately quantifying Allura Red AC in
these samples [44].

In their recent research, Moarefdoust and colleagues
aimed to identify Allura Red AC through the creation of
a novel electrochemical sensor by developing a
raspberry-like In*/NiO hierarchical nanostructure
(In3*/NiO RLHNSs) modified GCE. The electrochemical
behavior of Allura Red AC was investigated with three
different electrodes (In*/NiO RLHNSs/GCE, NiO
RLHNSs/GCE, and bare GCE) in 0.1 M PBS at pH 4.0 by
CV. Notably, the anodic peak current obtained using the
In®*/NiO RLHNSs/GCE exhibited a significant increase,
approximately 3.4 and 1.5 times higher than that of the
bare GCE and NiO RLHNSs/GCE, respectively. These
results indicated the successful grafting of In%/NiO
RLHNSs onto the electrode surface, leading to a
substantial enhancement in electrode sensitivity for
Allura Red AC. Also, it was determined that Allura Red
AC responses on the developed electrode surface
continued with a diffusion-controlled process. Using
DPV, a linear relationship was evident between the
concentration of Allura Red AC and the corresponding
peak current (0.01 — 700.0 pM). The calculated values for
the limit of detection and the limit of quantification were
0.0041 and 0.0136 pM, respectively. The proposed
sensor's applicability was evaluated using strawberry
and fruit juice samples, and the mean recovery rate for
Allura Red AC was found in the range of 99.0% to
101.2%, which confirms the good accuracy of the
developed method [45].

The electrochemical characteristics of Allura Red AC
on a GCE that had been modified with ErGO were
studied using CV and differential pulse adsorptive
(DPAdASV). The

anodic stripping voltammetry
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electrochemical behavior of Allura Red AC on the
ErGO/GCE indicated semi-reversible oxidation, and it
was observed that Allura Red AC adsorbed onto the
surface of the ErGO/GCE. In the supporting electrolyte
consisting of a BRB solution with a pH of 2.5, the anodic
peak current exhibited a linear increase with the
concentration of Allura Red AC, ranging from 0.1 to 0.8
puM. The method's calculated limit of detection and limit
of quantification were 0.028 and 0.093 uM, respectively.
The ErGO/GCE was successfully employed for
determining Allura Red AC in soft drinks, offering both
high
characterized by its simplicity and cost-effectiveness
[46].

Cai et al. developed a modified CPE using erbium
nitrate and 1,3,5-benzenetricarboxylic acid (Er-BTC) for
the sensitive electroanalytical analysis of azo dyes and
flavonoids in drink and tea samples. PBS with a pH of
6.0 served as the supporting electrolyte for the
simultaneous detection of Allura Red AC and
Rhodamine B using DPV. It was observed that as the
concentration of Allura Red AC ranged from 0.001 to 0.1
puM, there was a linear increase in the oxidation peak

sensitivity and accuracy. This method is

currents. The detection limit was obtained as low as
0.0003 uM. When the practical applicability of the
method was tested on various drink and tea samples, it
was found that the relative standard deviation remained
below 5%. This indicates the method's reliability and
consistency in different sample types [47].

An electrochemical sensor was developed for the
rapid and simple detection of Allura Red AC and
Ponceau 4R. This sensor was created by modifying a
GCE with a film of MWCNT. The MWCNT film sensor,
owing to its substantial surface area and efficient
accumulation capability, significantly enhances the
oxidation signal of Allura Red AC. The electro-oxidation
process of Allura Red AC on the MWCNT/GCE was
determined to be irreversible and diffusion-controlled.
The detection parameters, including pH value, the
amount of MWCNT, accumulation potential and time
were optimized for the best results. By DPV, it was
observed that the obtained peak currents showed a
linear relationship with concentrations of Allura Red AC
in the range of 0.1 to 1.2 uM and the limit of detection for
this analysis was determined to be 0.05 uM. To evaluate
its performance in real sample analysis, the new method
was applied to detect Allura Red AC in several soft
drinks. The recovery values that obtained ranged
between 98.1% and 100.6% suggest that the detection of
Allura Red AC using MWCNT/GCE is accurate and
feasible [48].

In their research, Silva et al. described the fabrication
process of a polyallylamine (PAMI) modified GCE. They
subsequently employed this modified electrode for the
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electro-reduction of Allura Red AC within complex food
samples using SWV. Given the complex nature of the
sample matrices to be analyzed, a multi-commutated
flow system was devised. This system facilitated the
seamless execution of the standard additions method, all
while operating automatically and maintaining a
continuous flow of samples. After optimizing the
parameters of SWV, it was observed that the linear range
for the quantification of Allura Red AC in a 0.5 M HCl
solution extended from 10.0 to 300.0 uM, achieving a
detection limit of 1.4 uM. The method was successfully
applied to determine the concentration of Allura Red AC
in gelatin powder and alcoholic beverages [49].

Rodriguez et al. demonstrated the effectiveness of
combining sequential injection analysis with DPV
detection, using Antimony film modified screen-printed
carbon electrodes (SbF/SPCE), for the analysis of Allura
Red AC in food samples. Acetate buffer (AcB) solution
of pH 4.0 was selected as the supporting electrolyte for
this analysis. The study revealed a linear relationship
between the peak height and the concentration of the dye
within the range of 1.0 to 5.0 pM, with a detection limit
calculated as 0.3 uM. The method was put into practical
use for the determination of Allura Red AC in real
samples, including flavored cornflour, tomato bouillon
cubes, candy, gelatin powder, and isotonic drinks [50].

A modified GCE was fabricated by dispersing
MWCNTs into an IL and graphene oxide (GO) mixture.
The MWCNTs were effectively dispersed within the IL-
GO mixture, leading to excellent dispersion properties
and a significantly increased surface area for the
composite. This enhanced the electrode's capability to
absorb Allura Red AC, making it a promising platform
for analytical applications. In BRB with a pH of 7.0, the
oxidation peak current of Allura Red AC exhibited a
linear increase as its concentration was raised (0.0008-0.5
uM), and the limit of detection was found 0.0005 uM. To
assess its potential application, MWCNT/IL/GO/GCE
was employed for the concurrent detection of Allura Red
AC, Ponceau 4R, and Tartrazine in alcoholic beverages
using SWSV technique, and the obtained recovery
values were between 100.0-106.8% for Allura Red AC
[51].

A series of porous carbon (PC) was synthesized by
utilizing calcium carbonate nanoparticles as a hard
template and starch as the carbon source. Through the
surface modification of PC on a GCE, Cheng et al
successfully  established a  highly
electrochemical sensing platform for the detection of
Allura Red AC. As a result of the calibration study
performed with DPV, the linearity range and limit of
detection values for Allura Red AC in PBS at pH 7.0 were
found to be 0.005-0.8 uM and 0.0034 uM, respectively.
Reproducibility and interference studies were carried

sensitive
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out with PC/GCE, demonstrating satisfactory results. To
evaluate its practical applicability, the developed
method was utilized in various drink samples [52].

In another study, to synthesize high dispersible
nanocomposites, 1-allyl-3-methylimidazolium chloride
functionalized reduced graphene oxide (IRGO) was
used to load Au nanoparticles (Au). The prepared
IRGO/Au nanocomposites were employed to modify a
GCE. SWV was performed to investigate the
electrochemical behavior of Allura Red AC on the
surface of the IRGO/Au/GCE in BRB at pH 5.0, and the
results indicated that the developed sensor could greatly
facilitate the electro-oxidation of Allura Red AC. The
SWV peak current for Allura Red AC exhibited an
increase with rising concentrations within the range of
0.0006 to 0.2 uM, demonstrating a low detection limit of
0.00043 pM. To validate the practical applicability of the
proposed sensor, the IRGO/Au/GCE was utilized for the
quantification of Allura Red AC in chocolate, jelly, tea,
and juice samples [53].

Lastly, a novel method was successfully developed to
determine Allura Red AC in commercial beverages by
Tvorynska et al. This method utilized two types of silver
solid amalgam electrodes: the mercury meniscus
modified amalgam electrode (m-AgSAE) and the liquid
mercury-free polished amalgam electrode (p-AgSAE).
The analysis was conducted using both differential pulse
adsorptive stripping voltammetry (DPAdSV) and direct
current adsorptive stripping voltammetry (DCAdSV)
techniques. Due to the substantial increase in the
reduction peak current of Allura Red AC observed on
both m-AgSAE and p-AgSAE, which is a result of its
adsorption at the electrode surface, the amalgam
electrodes demonstrate wide linear ranges and high
sensitivity for the quantification of Allura Red AC. In
AcB with a pH of 3.6, the peak current of Allura Red AC
exhibited a linear relationship with its concentration in
the range of 0.01 to 0.4 pM when using DPAdSV and
0.008 to 0.6 uM when employing DCAdSV on the m-
AgSAE electrode. The calculated detection limits for this
analysis were determined to be 0.0012 and 0.0034,
respectively. When utilizing the p-AgSAE, the linearity
for the analysis of Allura Red AC was from 0.08 to 0.6
UM and detection limit was obtained 0.03 uM, by the
DCAdSV technique [54].

4. Conclusion

Allura Red AC, which is a group of azo dyes in the food
and beverage coloring, plays a key role in the food
processing sector. Because the excessive consumption of
this synthetic toxic dye can cause adverse effects on the
human health, voltammetric methods were developed
for detecting the presence of Allura Red AC in food and
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beverage samples. No study compiling the voltammetric
determination of Allura Red AC in foods and beverages
has been found in the literature. The voltammetric
studies carried out for determination of Allura Red AC
from food and beverage samples in the literature have
been reviewed and evaluated on account of used
method, obtained linear range and limit of detection
values. Considering the methods used in these studies,
DPV method was used the most, followed by stripping
methods and SWV. When compared in terms of the
linear range values have been obtained in these studies,
it has been seen that the widest range was acquired with
DPV method and the In3*/NiO RLHNSs/GCE. Then limit
of detection values have been evaluated for these
studies, the lowest limit of detection value was obtained
SWV and Gr/TiOz2/CPE. The concentration of Allura Red
AC in foods and beverages can be determined at very
low limits via voltammetric methods. Also, these
methods provided good recovery, accurate and precise
results. In conclusion, the determination of Allura Red
AC can be carried out accurately and reliably by
voltammetric methods in food and beverage samples.
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Abstract

Over the past few decades, carbon quantum dots (CQDs) gained remarkable attention due to their distinctive properties and wide-ranging
applications. Usually, CQDs are nano-sized materials, showcase of outstanding optical, electronic, and chemical characteristics. Their synthesis
involves the controlled carbonization of diverse carbon-rich precursors, such as organic molecules or waste materials. Their optical properties,
including adjustable fluorescence, make them ideal for implementation in bioimaging, sensors, and optoelectronic devices. Their diminutive size,
biocompatibility, and minimal toxicity enhance their suitability for applications in biology and medicine. Furthermore, researchers have delved
into exploring the potential of CQDs in energy-related domains, such as photo-catalysis, solar cells, and super-capacitors, leveraging their unique
electronic structure and catalytic capabilities. Ongoing research continue to uncover their synthesis and fascinating applications due to low

toxicity. This review provides comprehensive information on CQDs, including their synthesis, characteristics, and attractive applications.

Keywords: Carbon quantum dots, bio-imaging, photo-catalyst, nano-medicine, chemical sensor

1. Introduction

From the past few decades, researches on carbon
quantum dots have significantly increased due to their
dramatic and fascinating applications [1]. Carbon
quantum dots are a novel class of fluorescent materials
from the nano-carbon family with a dimension of less
than 10nm that include carbon as one of their constituent
parts [2]. Due to their unique properties, such as
biocompatibility, ease of surface modification, good
photoluminescence, exceptional water+ solubility, and
low toxicity, carbon quantum dots have recently
emerged as a possible rival for inorganic quantum dots.
For example, applications like photo-catalysis in vitro
and in vivo bio-imaging, light emitting diodes (LEDs),
organic solar cells (OSCs), DSSCs (dye-sensitized solar
cells), drug carriers in biomedicine, chemical and
biological sensors, as well as photodynamic and
photothermal therapies, all utilize CQDs [3]. However,
the search for low-cost synthesis/fabrication materials
that are also non-toxic, eco-friendly, and biocompatible
has been ongoing for some time. C-dots can be made
using two different approaches: top-down and bottom-
up. For example, laser ablation, electrochemical
syntheses, and electric discharges are all top-down
techniques [4]. Meanwhile, bottom-up methods include

carbonization of sugars like glucose and sucrose,
ascorbic acid, and citric acid [5]. To improve water
solubility and luminescent properties, additional
synthetic ~ procedures, techniques, stages/levels,
hazardous agents, and equipment are required [6]. An
urgently needed one-step, facile approach with
economic chemistry is required to produce self-
passivated photo luminescent C-dots. In particular, it is
possible to control the size, shape, and physical
properties of the carbon nanoparticles by careful
selection of the carbon source and surface modifier [7].
However substantial production of C-dots with tailored
composition, structure, morphology and size by a simple
and cheap method remains still challenging.

2. Semiconductor Quantum Dots

Semiconductor nanocrystals are the latest developed
nanomaterial, also known as QDSs, that has piqued
many people's curiosity [8]. A broad range of studies
have been conducted on semi—-conductor quantum dots,
which have found them durable, tunable-fluorescence-
emission, high productivity, and with new visual
characteristics [9]. The most often utilized fluorescent
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compounds are organic dyes, CdSe, and ZnS quantum
dots (QDs). These are some of the most frequently
utilized fluorescent compounds [8], which use heavy
toxic metals (either with low concentrations). Therefore,
these QDs are not considered useful in biomedical
applications [10]. The disadvantages arise due to photo-
bleaching, quenching of dye molecules, and the toxicity
of QDs [11].

Photo-luminescent materials have gained popularity
due to their auspicious, diversified, and broad range of
uses [12]. Because excitons are restricted in spatial
dimensions, QDs exhibit the characteristics that fall
between bulk semiconductors and discrete molecules
[13]. When stimulated by photons and/or an electric field
with greater energy than the band gap, quantum dots
produce photons to release the absorbed energy [14].
Furthermore, because of the quantum confinement
phenomenon, the emission energy can be adjusted by
varying the composition and particle size of quantum
dots.

3. Carbon Quantum Dots

Researchers have conducted a broad range of studies for
investigating nanotechnology creating
nanomaterials. These nanomaterials are the particles that
have been reduced to the nanoscale size and display

and

significantly different characteristics than what they do
on a large scale. For example, when the system size
decreases, the "quantum size effect" becomes more
apparent, causing the electrical characteristics of solids
to change [15]. Meanwhile, increasing the exterior part
to capacity proportion
mechanical, thermal, and catalytic characteristics of
constituents [16]. Nanomaterials' specific characteristics
allow for novel uses [7]. Carbon nanotubes, along with

dramatically alters the

fullerenes, as well as nanoparticles composed of
different materials such as silver, gold, silica, zinc, and
titanium, are usually employed in a variety of goods in
the market [17].

The systematic studies and the combination of both
nanotechnology and biotechnology are quite appealing
for the provision of analytical tools and techniques, and
provide an efficient platform for the studies and/or
research in biological sciences [18]. Quantum dots have
been utilized as strong fluorescent probes for imaging
biological targets [19], illness diagnosis and prognosis,
tracking cell/protein interactions, and cell viability [20].
Traditional organic dyes have a restricted excitation
range, poor fluorescence intensity, and a short lifespan
[16]. QDs, on the other hand, have broad emission
spectra but a limited, powerful, and modified emission
range [21]. With their brilliant emission and exceptional
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photostability,
particles [17].

they allow a real-time monitoring of

Because of their simplicity of functionalization and
low cost of synthesis, carbon nanomaterials have shown

significant ~promise in applications such as
optoelectronics, bioimaging, and catalysis [22].
However, chemical changes frequently result in

unwanted consequences such as low water solubility,
limiting their potential in a variety of applications [23].

Carbon QDS, or CQDs, are not very old, and a type
of carbon-nanomaterial which has intrinsically high-
water solubility, photoluminescent quantum yield, and
size-dependent fluorescence, has demonstrated even
more potential in these applications [24]. Chemical
treatment retains or even improves these characteristics,
elevating CQDs above many carbon nanomaterials [24].

3.1. Discovery of CQDs

Xu et al. (2004) [25] unintentionally discovered CQDs
during the process of the disintegration and filtration of
the SWCNTs (carbon nanotube) [26]. This prompted
further research to harness CQD fluorescence
characteristics and produce a new class of very small
sized practical fluorescent nanomaterials [27].

C-dots particles are found to be very interesting
among researchers due to their uniqueness in integration
of bright-light photoluminescence, high water solubility,
easy functional activity, lower toxicity values, and
photostability with higher values [12]. The simple
synthesis processes achievable by several methods from
[28, 29]. Unlike
nanodiamonds, which emit light owing to point defects
found in the sp® hybridized carbon structures due to
differences in carbon atom arrangement,
emission from C-dots exhibits

a range of initiating materials

energy
several characteristics
along with fully recharged electrons and carbon
materials [30].

3.2. Optical Properties of CQDs

The most fascinating element of CQDs is their variable
photoluminescence (PL) properties, which are produced
by the quantum confinement phenomena. The excited
electron transfers from the conduction band towards the
valence band of the absorbed photon’s wavelength [31].
Light emitted by QDs can have wavelengths ranging
from ultraviolet to infrared [32].

The major distinguishing feature of fluorescent CQDs
or FCQDs is that the hue of fluorescence varies with size
[31]. Quantum dots of various sizes produce high-
energy light (Blue). Furthermore, large quantum dots
produce light with a low energy (Red) [33].

3.3. Quantum Confinement Effect
Bulk semiconductor materials contain a fully occupied

valence band and also a conduction band, which is
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separated by relatively small band gap distance (less
than 4 eV), acting like insulators at ambient temperature
and displaying electrical conductivity when triggered
externally [34]. The valence band receives energy
through the conduction band when the energy is higher
than the band gap, and it also allows electric current to
flow. The valence and conduction bands in nanoparticles
are divided into different energy levels, with the energy
difference between the closest feasible valence and
conduction levels increasing with particle size [35,36].

A dot is formed when a bulk substance is reduced to
Inm-10nm in all three dimensions [14]. The band gap
between the conduction band and the valence band
grows as the number of atoms decreases from bulk
material to quantum dots. The number of electrons that
jump from the conduction band to the valence band is
determined by the energy gap between the conduction
and valence bands, which is directly proportional to the
number of atoms present in the material [37].

Because QDs have broad absorption spectra, they
may be excited by a wide variety of wavelengths. This
feature may be used to concurrently stimulate several
colored QDs with a single wavelength. The emission
spectra of QDs are narrow. This can be easily adjusted
by making changes to the size, composition, and surface
coating [36]. When quantum dots are produced, the
number of atoms in each cluster of material may vary,
resulting in fluorescent carbon quantum dots of varying
sizes displaying distinct colors [17]. Color of QDs
depends on size, decreasing size from 6nm to 2nm,
energy bandgap
red>yellow>green>blue (decreasing size order) [38]. This

increases and color changed

is caused by the quantum confinement effect.

i) As the nanoparticle's size shrinks, the exciton
(electron-hole pair) becomes more restricted.

ii) As the exciton is restricted further, the recombination
energy increases. This is caused by the quantum
confinement effect.

During the synthesis process, the size of quantum
dots may be adjusted [33].

3.4.Review on Various Synthetic Methods

Carbon dots can be synthesized from different materials
including lemon juice [5], wheat straws [39], milk [40],
apple juice [41], aspirin [42], coffee grounds [43], egg
yolk [44], and chocolate [45]. There are two basic
approaches to the synthesis of carbon dots [15]; top-
down methods, and bottom-up methods.

In the top-down method, the carbon particles (bulk
material) are usually broken down, which results in
different products, such as carbon soot, graphite,
graphite oxide, nanodiamonds, and/or nanotubes. These
materials are produced by using different processes such
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as the laser ablation, electrochemical oxidation, and/or
electrochemical oxidation [46]. Unlike the top-down
method, the bottom-up method involves the
carbonization of tiny organic molecules to produce CDs,
which are frequently manufactured utilizing
combustion/thermal/hydrothermal, supported
synthesis, microwave/ultrasonic-aided processes in
which CQDs usually generated from molecular
precursors [47].

3.4.1. The Top-down Approaches

3.4.1.1. The Arc-discharge Methods

C-dots were discovered by Xu et al. while purifying arc-
discharge single-walled
(SWCNTs). Carbonaceous materials were divided into a
number of components with varying degrees of

dust-derived nanotubes

fluorescence based on their size. The researchers used 3.3
M HNO:s to add carboxyl-functional groups to the arc
soot, which improves the substance's hydrophilicity.
They then extracted the dust/soot using a NaOH solution
(pH 8.4) to create a stable black suspension. Gel
electrophoresis was used to separate the suspension into
SWCNTs, short tubular carbons, and fluorescent Carbon
dots. Lack of poly aromatic hydrocarbon (PAH)
characteristic C-H bond out of plane bending modes in
the FTIR spectrum showed that the PL was not derived
from PAH sources [25].

3.4.1.2. The Electrochemical Oxidation

For the first time, electrochemical synthesis of C-dots in
a solution was shown by Zhou et al. (2007). They grew
multiwall carbon nanotubes (MWCNTs) on carbon
paper made from scrolled grapheme layers using
chemical vapor deposition. A degassed acetonitrile
solution with 0.1 M tetrabutylammonium perchlorate
(TBA+CIOxs) served as the electrolyte, and the nanotubes
were used as the working electrode in an electrochemical
cell along with a Pt wire counter electrode and an
Ag/AgClOs reference electrode, as well as a Pt wire
counter electrode and a reference electrode. When
developed,
photoluminescence. When no MWCNTs were used in
the carbon paper, no C-dots were generated. Chi and
colleagues also created C-dots in phosphate buffer
solution (pH 7.0) using a Pt mesh counter electrode and
an Ag/AgCl reference electrode assembly by
electrochemically oxidizing graphite rods [48].

they were spherical and emitted

3.4.1.3. Laser-Ablation Methods

Argon was used to heat-press a mixture of graphite
powder and cement, which was then baked, cured, and
annealed at 900°C and 75 kg/cm? To enhance C-Dot
fluorescence, different non-toxic polymeric agents [47]
such as poly(ethylene glycol) diamine (PEDG), poly
(propionyl ethylene-imine-ethyleneimine) (PEIE) [49],
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terminated polyethylene glycol diamine [50], and
poly(propionyl-ethylenimine-coethylenimine) (PEIE-EI)
[49]. After dialysis
centrifugation, a highly fluorescent product was
obtained from the fluorescently pure C-dots [51]. It was

necessary to design and execute a slightly modified

against water, followed by

technique utilizing 13C powder and more rigorous
control in order to produce C-dots with a high quantum
yield of 20% [52]. For 2 hours, the authors of the study
used a pulsed Nd:YAG laser to irradiate graphite or
carbon black mixed in diamine hydrate, diethanolamine,
or PEG200N, which acted as a surface passivating agent.

3.4.2. Bottom-up Approaches

3.4.2.1. Combustion/Thermal/Hydrothermal Methods
Unscented candle soot and natural gas burner soot are
also excellent sources of C-dots. To make multicolor
luminous C-dots from candle combustion soot, Mao et
al. used an oxidative acid treatment to the C-dot
adding -OH and -COOH groups [53].
Polyacrylamide gel (PAGE)
fractionation was employed to clean up the particles
after they had been separated.

surfaces,
electrophoresis

Thermally degrading
molecular precursors were used to produce surface
passivated C-dots in a single procedure [54]. Careful
selection of the carbon source and surface modification

low-temperature melting

increased control over the C-dots' form and physical
properties. The EDTA salts were converted using a one-
step pyrolytic process into extremely blue luminous C-
dots with a PL QY of 31.6—40.6%. Chemical oxidation of
carbohydrates was a significant technique for generating
C-dots [55]. To increase water solubility and other PL
properties, most synthesis methods call for a number of
steps, a strong acid, and further treatment with other
compounds. Wu et al. created hydrophilic C-dots with a
high yield via controlled carbonization of sucrose, as
reported in Science [55]. Green luminescent C-dots were
differentiated from non-luminous C-dots that emitted
blue fluorescence after being functionalized with PEG,
and this accomplished effectively. The
hydrothermal technique was also utilized by other

was

researchers for the production of C-dots with a high
quantum yield from chemical precursors including
glucose, fructose, saccharide, and ascorbic acid as
compared to others [56]. We recently synthesized huge
quantities of highly photoluminescent C-dots on a
massive scale using hydrothermal treatment of cheap
orange juice that is readily available. Because of their
high photo-stability and low toxicity, these C-dots have
shown to be excellent probes for cellular imaging. Using
hydrothermal treatment of soya milk, Zhu et al. created
bi-functional florescent C-dots with strong electro-
catalytic activity for oxygen reduction [57].
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3.4.2.2. Microwave/ Ultrasonic Synthesis
To make C-dots with
properties, Yang says he used a microwave pyrolysis
approach by mixing PEG200 with a saccharide (such as
glucose or fructose) in water to make a transparent
solution, which was then heated for 2-10 min in a 500 W

electro-chemiluminescence

microwave oven to produce electro-chemiluminescence
[58]. The length of the microwave heating influences the
size and PL properties of these C-dots (5 minutes in this
case). Kang et al. created C-dots that showed vividly
colored PL from glucose or active carbon in the visible to
near-infrared spectral region using an ultrasonic
treatment method [59]. Also, using hydrogen peroxide
as a catalyst, the same group devised a one-step
ultrasonic treatment to generate water-soluble bright C-
dots from active carbon [56]. It was found that these C-
dots generated bright and colorful photoluminescence
throughout the whole visible to near-infrared spectral
despite  their fluorescent
properties. One-pot ultrasonic synthesis was utilized in

range, up-conversion
a recent research to produce photocatalytically active
fluorescent N-doped C-dots (NCDs), which were then
used in the visible light photo degradation of methyl
orange [60]. Figure 2.5 depicts the photodegradation of
methyl orange utilizing fluorescent N-doped C-dots
(NCDs) with photocatalytic activity [60].

3.4.2.3. Supported Synthetic Methods

With this method, the C dots may be made to have a
monodisperse structure while still being synthesized
using a supported synthetic approach. The support
helps to keep the C-dots separate during high-
temperature treatment, which prevents nanoparticle
aggregation. For C-dot formation, Li and colleagues
used surfactant-modified silica spheres as supports; the
silica spheres were then removed using a 2 M NaOH
solution etched with a diamond pen [61]. Using 3M
HNO:s, the surface was passivated and oxidized to
produce hydrophilic photoluminescent C-dots. When
developing C-dots, Giannelis and colleagues used an
ion-exchanged version of NaY zeolite [54]. To make
hydrophilic C-dots, Zhu et al. utilized mesoporous silica
(MS) spheres as nanoreactors. After calcination and
support removal, MS spheres were impregnated with a
complex salts and citric acid solution, resulting in
monodisperse, hydrophilic C-dots [62].

3.5. Applications of CQDs

3.5.1. The Chemical sensing

CQDs have proven useful in chemical sensing, e.g.,
mercury (Hg?) must be identified as soon as possible
since it poses a major hazard to both the environment
and human health. CQDs have been used in chemical
sensing applications because of their low toxicity, water
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solubility, high photostability, and remarkable chemical
stability. The selective detection of Hg? in aqueous
solutions and live cells was one of the first successful
attempts to utilize CQDs in chemical sensing [6].
Fluorescence emissions from both CQD solution and
CQDs immobilized in sol-gel were found to be
Hg?dependent, as shown by Goncalves and colleagues
in their study. Fluorescent probes included laser-ablated
CQDs, NH2-PEG200, and N-acetyl-L cysteine-passivated
CQDs. The team of Goncalves and associates used
micromolar quantities of Hg? with a Stern—Volmer
constant of 1.3105 M. Barman and Sadhukhan (2012)
found that fluorescence intensity in CQDs could be
successfully reduced. This means that the quenching
induced by Hg?'is most likely due to static quenching as
a consequence of the formation of a stable non-
fluorescent complex between CQD and Hg?, given the
high value of the Stern—Volmer constant. Substituting N-
CQDs for the laser-ablated CQDs led to a substantial
improvement in sensitivity down to nanomolar levels, as
later found. Again, it is speculated that static quenching
is responsible for the loss of fluorescence; but this time,
the value of the Stern-Volmer constant is two orders of
magnitude higher: 14107 M. The
improved Hg? sensing ability of N-CQDs has been

significantly

attributed to the presence of nitrogen element, most
likely in the form of -CN groups on the N-CQD surface
[63]. The Hg»*-CQD system, developed more recently by
Yan and colleagues, enables the selective detection of
Hg?> in aqueous solution and in live cells. When
compared to conventional synthesis methods, the
authors were able to achieve quantum yields of 65.5 and
55.4 percent using citric acid and 1,2-ethyldiamine
(CQD-1 and CQ-2, respectively). These quantum yields
were much higher than those of the usual technique.
They looked into the influence of Hg? on CQD-1 and
CQD-2's fluorescence emission quenching effectiveness
and selectivity. Both CQDs served as selective and
sensitive fluorescence probes, respectively, for the
detection of mercury levels in aqueous solutions and live
cells. After injecting 20 mM of Hg?, the fluorescence
became more intense.

The intensity of CQD-1 was reduced by 80% in the
first hour, whereas the intensity of CQD-2 was reduced
by 55% in the first hour and stayed constant afterwards.
This shows that CQD-1 and CQD-2 may be used as Hg?
chemical sensing probes in a wide range of applications
[64]. The Hg? selectivity of CQD-1 and CQD-2 was then
determined by measuring the quantity of fluorescence
quenching produced by different metal ions added to the
cells at 20 mM concentrations. Using Hg?", the most
potent metal ion tested, scientists were able to
significantly reduce the fluorescence of the CQD-1 and
CQD-2 fluorescent materials. Reversible quenching of
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fluorescence was shown in these CQDs, making them
useful as reversible fluorescent probes. This was
demonstrated in the studies. The detection of Hg? in
growing cells was also made with efficient and
successful efforts [64].

Some of the additional elements identified by CQDs
in chemical sensing include Cu?* [65], Fe* [66], Pb? [20],
Cr#+ [67], and Ag* [68]. The bulk of the methods proposed
are based, as previously mentioned, on the fluorescence
quenching produced by metal ions, similar to the Hg?*
sensing approach. Cu? was discovered to be selectively
detected utilizing CQDs modified with lysine and
bovine serum albumin in aqueous samples such as tap
water described by Liu et al (CQDs-BSA-Lys). Sensitive
detection of Cu? in solution was achieved using the
coordination reaction of Cu?* with the -COOH and -NH:
groups of the CQDs-BSA-Lys [69]. CQD-based
fluorescent probes with higher sensitivity were
developed by covering them with more sensitive metal—-
organic (ZIF-8 -
frameworks) and silica nanoparticles rather than
polymeric materials [70]. A new class of ultrasensitive
nanocomposite fluorescence probes has been developed

frameworks zinc imidazolate

by Lin and colleagues by using CQDs coated with b-PEI
and encapsulated in ZIF-8. It was discovered that by
using the synergistic effects of the strong fluorescence of
the CQDs and the selective accumulation action of ZIF-8
hosts, CQD-ZIF-8 nano composite probes could detect
Cu? concentrations down to 80 parts per million (pM)
[52]. To make more CQD-metal-organic framework
probes, the same method may be employed, which
would enable very sensitive and selective detection for
many analytes like concentration of metal ions, detect
pH, citrate ion concentration in a single experiment.

A few examples of reactive oxygen species are CN-
[71], §* [72], CIO- [73], and I [74]. Instead of using the
fluorescence quenching method to measure metal ions,
many anion assays use the fluorescence rise (also known
as fluorescence recovery) of previously quenched CQD-
metal complexes. CQD fluorescence was recovered by
creating more stable complexes between I- and metal
ions in the I-assay, which displaced the CQDs from the
CQD-metal complexes. The authors, Z. Yang et al.
(2013), state that Ascorbic acid, 4-nitrophenol, quercetin,
2,4-dinitrophenol, and APTS-GO were also tested for
chromium [67], as were other minor inorganic
substances [75]. Variations in the synthesis of CQDs have
serious consequences because studies suggest that the
fluorescence characteristics of CQDs are strongly
dependent on the composition of CQDs and residue
chemical groups on their surface; different starting
materials and procedures invariably result in CQDs with
properties
overall, and optical properties specifically. CQDs must

significantly ~ different physicochemical
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be standardized, and their performance must be
evaluated, as soon as possible [13].

3.5.2. Biosensing

CQDs were used in immunoassays and biomarker
studies in addition to biosensing using antibodies and
their =~ gene-recombinant [76]. In
immunoassays, CQDs are mainly employed as
fluorescent labels. Posthuma-Trumpie and colleagues
studied the utilization of CQDs in lateral flow and
microarray immunoassays[77]. Because they are less

fragments

costly, more stable, and more sensitive, CQDs were
chosen for this study over other commonly used
fluorescent markers. CQDs have been found to be more
sensitive as labels in lateral flow tests than gold or latex
nanoparticles (LFA). As recently as 2019, researchers
discovered that the pico-molar range was capable of
accurately detecting CQDs.

NALFA serves as a good generic example of nucleic
acid LFA. The amplicons' distinguishing tags are
recognized by the appropriate antibodies, and the CQDs
attached to the amplicons generate fluorescence signals
[78]. For the rapid and specific detection of 4,4'-
dibrominated biphenyl (PBB15), a persistent organic
pollutant that has been shown to disrupt the endocrine
system, Bu and colleagues developed an immune-sensor
based on the principles of Forrester resonance energy
transfer (FRET) and homogenous immunoassay. Gold
nanoparticles (AuNPs) functionalized with anti-PBB15
antibody have been used as fluorescence acceptors,
whereas PBB15 antigens have been CQD-labeled have
been used as donors. Because of the FRET phenomena,
the AuNPs were able to reduce the CQDs' fluorescence.
Fluorescence recovery happened when the CQD-labeled
antigens were competitively immune-reacted off of
AuNP's surface with PBB15 added to the solution. Using
antibodies and antigens specific to the analyte, this
immunosensor may be used as a model for the future
creation of immunoassays for the detection of other
analytes [79]. The fluorescence dye was successfully
quenched by the addition of single-stranded DNA to the
CQDs, and this technique was used to identify nucleic
acids with such great selectivity that even a single base
mismatch could be detected first. The newly generated
cs-DNA desorbed from the CQD surface when single-
stranded DNA (ss-DNA) hybridized with its matching
target to make a double-stranded DNA (ds-DNA). This
allowed the fluorescence to return [80]. Single-
nucleotide polymorphisms may be detected using this
technology's ability to detect changes in fluorescence
intensity. The use of nucleic acid binders called
aptamers, selected from a large nucleic acid library, has
also been shown in another CQD application [13]. Most
of the time, aptamers are linked to a conformational
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change in the target that can be detected in the
radiometric response. When used in conjunction with
thrombin-functionalized CQDs, this technique creates a
sandwich-structure with aptamer-functionalized silica
nanoparticles by creating a specific interaction between
thrombin and a particular aptamer [80]. With a detection
limit of 1.0 nM, this thrombin assay was shown to be one
of the most sensitive fluorescence assays available for
thrombin. Stable fluorescent CQDs made using a one-
step microwave pyrolysis method previously reported
were used to identify the proteins after they were
separated using gel electrophoresis. Protein staining was
a breeze with these CQDs since they worked so well.
Conventional staining agents like Coomassie Brilliant
Blue and Ag*work extremely well or even better in terms
of sensitivity than [80]. According to the researchers,
water-soluble CQDs made from rice straws thermally
burned in a furnace with insufficient air flow were used
to rapidly identify and count bacteria cells in sewage
water. These CQDs engaged with the receptors only
when they came into touch with the bacterial cell
membrane.[81]. In addition to macro-biomolecules,
CQDs have shown promise as fluorescent probes for the
detection of small bio-analytes such as anti-bacterial
drugs. This was clearly shown by Niu and Gao's
N-CQDs were
synthesized from glutamic acid using a one-step

experiments. Luminescent initially
pyrolysis method. These N-CQDs were utilized in a
number of applications for the detection of amoxicillin, a
popular antibiotic used to treat bacterial infections. The
researchers found that amoxicillin molecules effectively
separate N-CQDs from one another, decreasing the
frequency of non-radiative transitions, which ultimately
led to an increase in fluorescence intensity [82]. CQDs
were also utilized to detect previously undetectable
small bio-analyte including dopamine, ascorbic acid,
and glucose. Some of these CQD-based methods utilize
dopamine as a carbon source and generate highly
fluorescent CQDs, which may be used to detect
dopamine without the need of labelling chemicals. Using
dopamine, researchers were able to restore the
fluorescence of a previously quenched Fe* CQD
complex in a manner similar to the anion sensing
described earlier. In the range of 0.1-10 mM, the increase
in fluorescence was shown to be proportional to an
increase in dopamine concentration, with a detection
limit of just over 68 nM. [71]. Dopamine, on the other
hand, was shown to be an efficient quencher in another
study. The differences in the techniques and carbon
sources used to make CQDs likely account for this
discrepancy. Consistency in CQD synthesis is crucial to

prevent data misunderstanding of data [70].
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3.5.3. Bio-imaging
CQDs
semiconductor quantum dots due to their comparable
optical properties and outstanding chemical and
photochemical durability [12]. First and foremost,
carbon does not pollute the environment in any way.

provide  numerous advantages  over

These features make CQDs an appealing technology as
an alternative to semiconductor quantum dots for
studying biological systems both in vitro and in vivo
[72]. Cytotoxicity is caused by surface passivating
chemicals on the CQD surface, not by the carbon core of
the CQDs [83]. Surface passivating compounds with low
cytotoxicity have been proven to be safe at high dosages
for in vivo imaging. Mice were given 8-40 mg/kg
(CQD/weight) of PEGylated CQDs intravenously, and
no adverse effects could be detected up to 28 days later
for the evaluation of toxicity [84]. To test whether CQDs
are detrimental at exposure levels and durations beyond
what is typically used in in-vivo imaging studies,
researchers gave mice various dosages of CQDs or NaCl
as a control. Physiological indicators were all similar.
Despite liver and spleen CQD levels being higher than
those reported in the other organs, no abnormalities
were seen in the tissues. Additionally, the health of cells
exposed to various doses of CQDs was evaluated. Cell
viability was reported to be more than 95% at CQD
dosages up to 1.8 mg/ml. As a result of these results,
CQDs have been shown to be much more biocompatible
than semiconductor quantum dots as a result of these
results [85]. Even at low concentrations and/or short
incubation times, it is feasible to use CQDs modified
with high cytotoxicity agents for in vivo applications. It
has been shown that organic dye-conjugated CQDs are
effective fluorescent H2S probes. When organic dye-
conjugated CQDs were exposed to residues of H:S, a
FRET reaction took place, changing the blue emission
into a green emission [12]. H:2S has already been shown
to cross cell membranes through simple diffusion [84]. A
fluorescence microscope was used to investigate the
ability of organic dye-conjugated CQDs to detect
changes in physiologically relevant H:S levels in live
cells. Additionally, CQDs synthesized using N—(b-
aminoethyl)-g—aminopropyl methyl-dimethoxysilane
as a carbon source interacted preferentially with Cu?
owing to the presence of ethylenediamine residues on
their surface [85]. RhB-doped silica nanoparticles were
coated with these CQDs to produce dual-emission Cu?*
probes. Cu? significantly reduced the fluorescence of
CQDs but had no effect on RhB. These probes worked
well for imaging Cu?* in live cells [85]. The images taken
by Hsu et al. showed that the cytoplasm and membrane
were the primary locations of CQDs. Passivated PPEI-EI
water-soluble CQDs have been shown to label MCFE-7
cells' cell membrane and cytoplasm, but not their
nucleus [86]. COS-7 cells' membranes and cytoplasm
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were labelled with CQDs produced from activated
carbon alone [84]. Only cells treated with silica-
encapsulated CQDs exhibited the highest light in the
cytoplasm [81]. Fowley and colleagues created CQDs
that passed the membrane of Chinese hamster ovary
cells and landed in the cytoplasm using a biocompatible
amphiphilic polymer [86]. Researchers led by Hu have
created CQDs with a 54.3% quantum yield b-PEI coating
that are uniformly dispersed throughout the cytoplasm
[63].
Surface  passivating chemicals and surface
passivation mode influence CQDs localization, as shown
by these examples. It is common practice to apply CQDs
to cells before imaging to enable uptake by the cells and
utilization within them. When CQD internalization was
tested at 481°C, no CQDs were found within the cells. As
reported, CQDs enter cells through endocytosis [87, 88].
One possible way to enhance CQD absorption is by
coupling them with membrane translocation peptides to
facilitate this process [89]. CQDs are unique labelling
agents due to their variety of emission colors.
Consequently, researchers can now select and control
the excitation and emission wavelengths more easily
[65]. The multicolor emissions they produce when
stimulated at different wavelengths were also observed
when folic acid passivated CQDs were used in HepG2
cells [84]. Bacteria and yeast cells utilized

excitation modes to stimulate green CQDs produced

several

from sugar cane juice [90]. The strong fluorescence
intensity required for cell imaging [89]. Even without
any surface passivating compounds, thermally
combusted soot CQDs treated with acid efficiently
translocated into Ehrlich ascites carcinoma cells. If the
excitation wavelength is sufficiently red-shifted, CQDs
may emit in the near infrared (NIR). Despite their low
NIR emission, CQDs have great potential for in vivo
fluorescence tracking studies [91]. This is due to the fact
that the animal's body is almost transparent in the near-
infrared spectrum. Yang's team was the first to use CQDs
in live mice as a contrast agent [91]. PEG1500N-
passivated CQDs were administered subcutaneously
into mice, and the animals continued to emit bright
fluorescence for 24 hours after the injection. This study
found that intravenously administered CQDs mostly
exit the body through urine extraction. The same group
observed lymph vessel movement using ZnS-doped
CQDs [92].

3.5.4. Nano-medicine

CQDs are an ideal alternative to other fluorescent
nanomaterials since they are tiny fluorescent
nanoparticles that can be synthesized rapidly and
inexpensively using various synthetic methods [93]. As

CQDs show no apparent signs of toxicity in animals,
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they hold great promise for application in nano-
medicine [94]. CQDs were administered intravenously
to mice in vivo and used in photodynamic treatment to
treat transdermal tumors with no effect on thrombin
activity or blood coagulation [95]. The production of
singlet oxygen species, which leads to cell death, and the
localization and concentration of photosensitizers in
cancer tissue are induced using a specific wavelength of
The
fluorescence contrast and the low fluorescence levels in

irradiation. strong  tumor-to-background
other tissues and organs indicate that CQDs might be
used as photosensitizers due to their ability to selectively

concentrate within tumors [96].

PPEI-EI functionalized small CQDs (PPEI-CQDs)
showed a significant photodynamic impact on Dul45
and PC3 cells when exposed to UV light. The observed
photodynamic impact was caused by the photo-induced
production of singlet oxygen (Type Il process) and other
reactive oxygen species and radicals (Type I mechanism)
[97]. Due to the size of its bandgap, TiO:z is a typical
semiconductor photo-catalyst that can only be activated
by UV light [98]. CQDs also used to treat deep-seated
tumors like colon and bladder cancer [99]. CQDs
combined with conventional photosensitizer
(protoporphyrin IX). The up-conversions activated the
photosensitizer without causing any negative side
effects thanks to FRET. Fluorescence emission is
produced by excitation of the CQDs at 800 nm. In
comparison to clinical photodynamic treatment, the
excitation light at 800 nm from the phototherapeutic
window may penetrate four times deeper into human
tissue than clinical photodynamic therapy [100].

CQDs significantly used for radiotherapy as well as
phototherapy. Silver-coated PEG-CQDs (C-Ag-PEG
CQDs) were employed as radiosensitizers in Du145 cells.
To enhance their therapeutic selectivity, low-energy X-
ray exposure generated electrons that damaged cancer
cells around the CQDs but did not affect healthy cells
[101]. bPEI-coated CQDs efficiently used as nanocarriers
for gene delivery to the retinal cells due to high number
of amino groups on their surfaces. The bPEI was
successfully delivered into cells without any issues.
Because of its high positive charge density and proton-
sponge activity, biotin gathers and condenses genetic
material to form toroidal complexes that cells can easily
uptake through endocytosis [102].

Zheng & coworkers used chemical coupling to attach
an anticancer Pt*-based pro-drug — oxidized oxaliplatin
(Oxa(VI)-COOH) to CQD surfaces [103]. When exposed
to light, the quinoline molecules on the CQDs' surfaces
serve as release triggers, allowing researchers to monitor
the dispersion of drug-CQDs conjugates. In addition to
pH-triggered drug release, several mechanisms for the
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release of medicines have been investigated [104]. Folic
acid was used as a navigation molecule on the CQDs
surface because of its association with almost all types of
cancer cells. CQDs were used to evaluate the loading
capacity of DOX, and the release kinetics were found to
follow first order kinetics at a physiological pH,
providing for a good release profile.

Interestingly, the DOX-loaded CQDs killed cancer
cells more quickly and were less harmful to normal cells
than free DOX because of the better targeting ability of
the folic acid molecule [105].

4. Conclusion

In conclusion, CQDs represent a fascinating class of
nano-sized carbon-based materials that have garnered
significant scientific interest in recent decades. Their
distinct qualities, including optical, electrical, and
chemical characteristics, make them ideal candidates for
a variety of applications. The controllable fluorescence
and biocompatibility of CQDs have led to their
utilization in domains such as bioimaging and sensors,
highlighting their promise for medical and technological
advancements. Furthermore, the study of CQDs in
energy-related applications, such as photocatalysis and
solar cells, demonstrates their potential importance in
sustainable technology. As new synthesis methods are
discovered, the multifarious nature of CQDs presents
them as exciting and valuable materials with far-
ramifications in a various scientific
field. This

highlights the synthesis, properties, and applications of

reaching

technological comprehensive review

CQDs, which will serve as an informative foundation for
future research.
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