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HPLC-BASED PROFILING OF ANTIOXIDANT
PHYTOCHEMICALS IN PLANT EXTRACTS:
ACTIVITY- COMPOSITION RELATIONSHIPS

Fatma Sena ALTAY!
Duygu TASKIN?

1. INTRODUCTION

Plants produce various secondary metabolites that play a
role in protection against environmental and biological stresses.
Among these compounds, phenolic compounds constitute an
important group, and some exhibit antioxidant properties. With
the increasing interest in natural antioxidant sources in recent
years, the antioxidant activities of plant extracts are evaluated
using various spectrophotometric methods. Despite their
usefulness in assessing the antioxidant potential of an extract as a
whole, these approaches cannot independently determine which
constituents are responsible for the observed activity or establish
their individual concentrations (Gulgin, 2025; Asnin, 2016).

Therefore, Reverse Phase High-Performance Liquid
Chromatography  (RP-HPLC), frequently used in the
phytochemical analysis of plant extracts, allows for the
separation, identification, and quantification of phytochemical
compounds present in extracts under appropriate conditions.
Correlating the compositional data obtained by HPLC with the
antioxidant activity results determined by spectrophotometric
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methods allows for the evaluation of the relationship between the
chemical composition of extracts and antioxidant activity, and the
identification of compounds that may contribute to the activity
(Asnin, 2016). However, it should be noted that such
relationships are correlation-based and do not demonstrate
causality on their own.

Furthermore, chromatographic fingerprints obtained by
RP-HPLC contribute to standardization and quality control
studies by enabling the evaluation of characteristic chemical
profiles of plant extracts and comparison of different samples or
production batches (Lisjak, Spoljarevi¢, Ravli¢, Lonéarié, &
Gali¢, 2026; Munteanu, & Apetrei, 2021; Njoya, 2021).

2. PLANT ANTIOXIDANTS AND CHEMICAL
BASIS

2.1. Phenolic and Flavonoid Compounds

Natural antioxidant compounds encompass a broad group
including phenolic compounds such as phenolic acids,
flavonoids, tannins, coumarins, stilbenes, and lignans, as well as
carotenoids and some vitamins. A significant portion of phenolic
compounds are synthesized in plants as secondary metabolites.
Flavonoids, phenolic acids, and carotenoids are among the main
groups of plant-derived natural antioxidant compounds. Since
many plants phenolic compounds cannot be synthesized by the
human organism, they are obtained through the diet and are
therefore considered exogenous antioxidants (Gulgin, 2025).
Synthetic antioxidants, on the other hand, have been used in the
past as preservatives, especially in food and pharmaceutical
products, due to their strong antioxidant properties; however,
their use has been limited to a certain extent due to concerns about
the safety of some compounds, and interest in natural antioxidant
sources has increased (Gulgin, 2025; Ordofiez, Gomez, Vattuone,



Eczacilikta Analitik Kimya Alanminda Giincel Konular ve Akademik Degerlendirmeler

& lIsla, (2006)). Flavonoids, one of the important groups of
phenolic antioxidants, are polyphenolic compounds commonly
found in plants (Gulgin, 2025; Shen et al. 2022). The antioxidant
effects of flavonoids are associated with various mechanisms
such as scavenging free radicals, chelation of metal ions,
modulation of antioxidant defense systems, and regulation of the
activities of some enzymes involved in oxidative processes
(Gulgin, 2025; Shen et al.,, 2022). Due to these properties,
flavonoids are among the important dietary components. Because
of their widespread presence in plant-based foods, daily flavonoid
intake is reported to reach several hundred milligrams; however,
the absorption of flavonoids from the gastrointestinal system is
generally limited depending on the structure of the compound
(Gulgin, 2025).

2.2. Biochemical Basis of Antioxidant Activity

While reactive oxygen and nitrogen species can occur
physiologically during normal metabolic processes in the
organism, they can also increase as a result of various
environmental and lifestyle-related factors. Ultraviolet rays,
ionizing radiation, cigarette smoke, pesticides and air pollutants
are among the main external factors that can increase the
formation of these species. The disruption of the balance between
the formation of reactive species and antioxidant defense
mechanisms in favor of oxidants is defined as oxidative stress.

Increased oxidative stress can lead to oxidative damage to
cellular components such as proteins, lipids, and nucleic acids.
This damage can contribute to the disruption of cellular functions,
cell death, and the formation of mutations through damage to
DNA. The fact that oxidative stress may play a role in the
pathogenesis of various diseases has increased scientific interest
in antioxidant compounds (Gulgin, 2025). Although the use of
synthetic antioxidants was initially emphasized, safety concerns
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regarding some synthetic compounds have contributed to
increased research on natural antioxidant sources (Ordofiez et al.,
2006). Studies reveal that various natural antioxidant compounds
can show potential protective effects on biological processes
related to oxidative stress (Gulgin, 2025; Shen et al., 2022).

3. HPLC-BASED PHYTOCHEMICAL PROFILING
3.1. RP-HPLC Principle and General Approach

HPLC is a high-resolution chromatographic technique
that enables the separation of components in complex samples by
taking advantage of the different interactions between the
stationary and mobile phases. Due to the chemically complex
structure of plant extracts, HPLC is widely used in the separation,
identification, and quantitative determination of phenolic acids,
flavonoids, and other phytochemical compounds (Zeng et al.,
2008; Ordoriez et al., 2006).

In RP-HPLC, the stationary phase usually consists of
silica-based columns modified with hydrophobic alkyl chains,
while the mobile phase consists of mixtures of water and organic
solvents (Kumar, Jawla, & Yadav, 2013). Because plant extracts
contain numerous compounds with different polarities and
columns like C18 allow for the separation of a wide range of
analytes, RP-HPLC is one of the most commonly used HPLC
approaches in phytochemical profiling. In RP-HPLC, the
retention of analytes in the column is primarily dependent on the
interactions between the hydrophobic character of the analytes
and the stationary phase. In general, more hydrophobic
compounds exhibit longer retention, while more polar
compounds may elute earlier under suitable conditions. However,
retention behavior is not solely dependent on the polarity of the
analyte but is also influenced by the composition of the mobile
phase, pH, ionization status, column chemistry, and other
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chromatographic parameters (Ganesh, Poorna Basuri, Sahini, &
Nalini, 2022).

Elution can be performed under isocratic or gradient
conditions. Gradient elution is frequently preferred, especially for
obtaining multi-component phytochemical profiles, due to the
wide range of polarity of plant extracts.

3.2. Analytical Conditions (Mobile Phase, Column,
and Detection)

In RP-HPLC methods, solvents such as water, methanol,
ethanol, acetonitrile (ACN), isopropanol, and tetrahydrofuran can
be used as the mobile phase. Among these, methanol and
acetonitrile are the most commonly used organic solvents in the
analysis of plant extracts. Ethanol is considered a more
environmentally friendly alternative due to its similar
chromatographic properties (Garcia-Alvarez-Coque, Baeza-
Baeza & Ramis-Ramos, 2016; Ganesh et al., 2022).

If the analytes contain ionizable groups, the pH of the
mobile phase is an important parameter because it affects the
ionization status of the analytes and thus their retention behavior
in the column. Therefore, controlling the mobile phase pH using
a suitable buffer system is important for ensuring reproducible
chromatographic conditions throughout the analysis. Since
changes in the mobile phase composition and the ratio of organic
solvents can affect the chromatographic behavior, especially of
ionizable analytes, it is necessary to maintain pH control
throughout the analysis. In RP-HPLC, buffer systems such as
acetate and phosphate, as well as basic additives such as
diethylamine or triethylamine, can be used depending on the
method (Ganesh et al., 2022).

The column is one of the key components determining the
separation performance in RP-HPLC (Kumar, Jawla, & Yadav,
2013; Bhalerao, Shelke, & Borkar, 2023). The capacity factor,
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efficiency, and selectivity of the column are affected by the
physicochemical characteristics of the stationary phase, as well as
the column dimensions, particle properties, and chromatographic
operating conditions (Kumar et al., 2013). The most common
support material in RP-HPLC columns is silica. The silica surface
can be chemically modified with different alkyl or aromatic
groups to impart hydrophobic character. C8 and especially C18
bound phases are commonly used in the phytochemical analysis
of plant extracts (Kumar et al., 2013; Garcia-Alvarez-Coque et
al., 2016).

The column inner diameter is an important parameter
affecting the sample loading capacity and optimum volumetric
flow rate of the column. Columns with a larger inner diameter
generally allow for higher sample loading capacities and higher
volumetric flow rates while maintaining the same linear velocity.
Column length, on the other hand, affects separation efficiency
and analysis time. Generally, longer columns can provide higher
separation capacity but may lead to longer analysis times.
Therefore, column size is determined by considering the
complexity of the sample to be analyzed and the required
separation performance (Kumar et al., 2013).

The detector enables the detection of analytes separated
from the column and the determination of their quantities under
appropriate calibration conditions (Kumar et al., 2013; Eser &
Serpici Dingel, 2018)

The graph obtained by recording the detector signal
against time is called a chromatogram; the x-axis shows the
retention time, and the y-axis shows the detector response.
Commonly used detectors in HPLC analysis of plant extracts
include ultraviolet/visible (UV/Vis), photodiode array (DAD),
and fluorescence (FLD) detectors (Eser & Serpici Dincel, 2018).
DAD offers an advantage, especially in the analysis of multi-
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component plant extracts, due to its ability to perform
simultaneous absorbance measurements at different wavelengths
and provide information about the UV-Vis spectra of analytes.

3.3. Quantification and Reference Standards

In addition to the separation and identification of
compounds, HPLC is also used in the quantification of
compounds when appropriate analytical conditions are provided.
Quantification by HPLC is based on evaluating the relationship
between the chromatographic signal of the analyte and the analyte
concentration. Although the peak area or peak height of the
analyte can be used in quantitative analysis, the peak area is often
preferred in practice (Asnin, 2016).

In quantification, a calibration curve is created using
standard solutions prepared from appropriate reference standards.
Standard solutions at different concentrations are injected into the
chromatographic system and the resulting peak areas are
recorded. The calibration data obtained by taking the peak area
on the y-axis and the analyte concentration on the x-axis is
evaluated by linear regression analysis. The calibration line is
generally expressed as y = ax + b. Here y is the analytical
response, X is the analyte concentration, a is the slope of the line,
and b is the point where the line intersects the y-axis. The
suitability of the calibration line is determined by evaluating
whether the relationship between analyte concentration and
analytical response is linear within the operating range (Asnin,
2016).

The suitability and purity of the reference standards used
in quantification are important for the reliability of the results. In
the quantification of certain phenolic acids and flavonoids in
herbal extracts, appropriate reference standards corresponding to
the compound to be determined are used. In appropriate cases, a
known amount of an internal standard can be added to standard
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solutions and test solutions to help control variations that may
occur during analysis (Visconti, Boccard, Feinberg, & Rudaz,
2023).

4. ANTIOXIDANT ACTIVITY TESTS AND
CORRELATION WITH HPLC DATA

3.2. Common Antioxidant Tests: DPPH, ABTS, FRAP
and CUPRAC

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging method, one of the commonly used methods in
antioxidant activity measurements, uses a DPPH radical that is
insoluble in water; soluble in organic solvents, ethanol, methanol
and their aqueous solutions; and is a purple substance that gives
its maximum absorbance at 515 nm. When reduced by antioxidant
substances, it takes on a colorless-light yellow color, and this
change can be easily measured with a spectrophotometer. It is
based on both electron transfer (ET) and hydrogen atom transfer
(HAT) (Njoya, 2021). It is a method used in the determination of
antioxidant activity due to the stable structure of the DPPH radical
and the similarity of its reaction mechanism to peroxides
(Munteanu, & Apetrei, 2021).

The Iron (I11) ion reducing antioxidant capacity method
(FRAP) is an ET (electron transfer) based method that relies on
the reduction of Iron (I11) ions to Iron (I1) ions by antioxidant
agents, requiring an acidic environment for the dissolution of iron
ions. As a result of the reaction, the conversion of light yellow to
Prussian blue is measured at 593 nm by spectrophotometer
(Njoya, 2021).

The ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) test, like the DPPH radical scavenging method, has
an ET/HAT-based mechanism. It is used for the determination of
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antioxidant capacity. This method is based on the
spectrophotometric monitoring of the conversion of the blue-
green ABTS radical cation, which gives maximum absorbance at
736 nm, to its colorless neutral form by antioxidants. This method
is preferred in the determination of antioxidant capacity because
it can be applied in both hydrophilic and hydrophobic
environments (Njoya, 2021).

The CUPRAC (Cupric lon Reducing Antioxidant
Capacity) method is a spectrophotometric method based on
determining the capacity of antioxidants to reduce Cu(ll) ions to
Cu(l) ions. The resulting Cu(l) forms a colored complex with
neocuproine and is measured spectrophotometrically. The
method can be used especially in evaluating the reducing capacity
of hydrophilic and lipophilic antioxidants and can provide
complementary information to other spectrophotometric methods
in determining the total antioxidant capacity of plant extracts
(Apak et al., 2008).

Although tests such as FRAP, DPPH, and ABTS are fast,
simple, low-cost, and reproducible, they do not provide sufficient
information on their own due to their different limitations.
Therefore, results should be compared using more than one
method and evaluated taking into account the phytochemical
profile obtained with analytical methods such as HPLC (Pisoschi,
Pop, Cimpeanu, & Predoi, 2016).

3.3. Correlation of Compounds Determined by HPLC
with Antioxidant Activity

4.2.1. Simple correlation approaches

In the same plant extract, antioxidant activity can be
determined by spectrophotometric methods and phytochemical
compounds can be determined by HPLC. The relationship
between the antioxidant activity and the amounts of compounds
determined by HPLC results can be evaluated using statistical
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methods. Based on the obtained correlations, an evaluation can be
made about compounds that may contribute to antioxidant
activity (Pisoschi et al., 2016).

4.2.2. Limitations of Correlation Approaches

While a consistent relationship may be found between the
amounts of phenolic compounds determined by HPLC and the
antioxidant activity results, situations may also arise where the
phenolic compound content and antioxidant activity do not
always coincide. This situation may be related to synergistic or
antagonistic interactions between the compounds present in the
extract (Pisoschi et al., 2016). Furthermore, the extraction
method, the properties of the solvents used, and the hydrophilic
or hydrophobic character of the compounds can affect the
chemical composition of the extract and the obtained antioxidant
activity results. Therefore, when evaluating the correlations
between the amounts of compounds determined by HPLC and
antioxidant activity, these factors should be taken into account,
and the results should not be interpreted solely based on
correlation coefficients (Lisjak et al., 2026).

5. HPLC CHROMATOGRAPHIC
FINGERPRINTING APPROACH AND
QUALITY CONTROL

5.1. Concept of Chromatographic Fingerprinting

A chromatographic fingerprint is a chromatographic
pattern that reflects the characteristic phytochemical profile of a
plant material or extract (Li et al., 2008). Since the biological
effects of herbal medicines may not always be explained by a
single component, it is reported that the combined effect of
multiple components may be involved, and synergistic or
antagonistic interactions may exist between these components.

10
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Therefore, in the standardization of herbal products, evaluating
only the quantity of a single compound may not adequately reflect
the overall chemical profile of the product. The chromatographic
fingerprinting approach allows for the evaluation of activity-
composition relationships and the consideration of the overall
phytochemical profile of the extract in standardization studies (L.i
et al., (2008); Noviana, Indrayanto, & Rohman, 2022).

Herbal medicines are expected to be consistent in terms of
quality and composition among batches within the determined
specifications and acceptance criteria (Noviana at al., 2022). In
this context, chromatographic fingerprints can be used in the
characterization of herbal materials and preparations, evaluation
of batch consistency, and quality control studies (Zeng et al.,
2008).

5.2. Standardization and Quality Control of Herbal
Extracts

Quality control studies are important to ensure that herbal
medicines are consistent in terms of quality, safety, and
composition within the specified specifications and acceptance
criteria (Li et al., 2008; Noviana at al., 2022). Chromatographic
fingerprinting reveals the characteristic phytochemical profile of
the herbal material or extract, allowing for comparison of the
chemical profiles of different samples and production batches.
Since factors such as plant growing conditions, geographical
origin, harvest time, plant part used, and extraction conditions can
affect the phytochemical composition, chromatographic profile
differences that may arise due to these factors can be evaluated
using the fingerprinting approach (Noviana at al., 2022). This
approach contributes to determining the chemical properties of
herbal extracts, evaluating batch consistency, standardization,
and quality control studies.

11
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6. CONCLUSION

Plant-derived phenolic compounds, especially flavonoids,
are among the important phytochemical compounds in terms of
antioxidant activity due to their chemical properties.
Spectrophotometric assays are commonly employed to assess the
antioxidant activity of plant-derived compounds. Nevertheless,
such assays cannot independently establish the chemical identity
or accurately determine the concentration of the individual
constituents present in the extract. Therefore, it is important to
consider activity tests together with phytochemical composition
data in the evaluation of antioxidant activity. The complex
phytochemical composition of plant extracts can be investigated
using HPLC, which facilitates the chromatographic separation
and quantitative assessment of phenolic acids, flavonoids, and a
variety of other phytoconstituents. Correlating the composition
data obtained by HPLC with antioxidant activity results allows
for the evaluation of compounds that may contribute to the
activity. However, correlation results should not be considered as
causality, and possible interactions between extraction conditions
and compounds should be taken into account. Standardization and
quality control studies are important in determining the quality
characteristics of plant extracts and ensuring consistency between
production batches. In this context, chromatographic
fingerprinting obtained via HPLC allows for the evaluation of the
characteristic phytochemical profile of the extract and the
comparison of different samples or batches, thus contributing to
standardization and quality control studies. In this respect, HPLC-
based phytochemical profiling can be considered an important
analytical approach in characterizing the composition of plant
extracts, evaluating the relationships between antioxidant activity
and composition, and monitoring quality characteristics.

12
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BIiTKIiSEL URUNLERDE PiROLIZIiDIN
ALKALOIDLERI

Aslhihan SUMER!

1. GIRIS

Pirolizidin alkaloidleri (PA'lar), basta Boraginaceae,
Asteraceae ve Fabaceae familyalarma ait tiirler olmak tizere
cesitli bitki tiirleri tarafindan dogal olarak {iretilen toksik
bilesiklerdir. Bu alkaloidlerin, gicekli bitkilerin yaklasik %3'inde
bulundugu tahmin edilmektedir (Cheeke, 1988). Tibbi ve
aromatik bitkiler, PA Ureten yabani otlarla birlikte hasat
edildiklerinde bu bilesiklerle kontamine olabilmektedirler.
Yanlighkla tiiketilen PA'lar hepatotoksik o6zellik gostererek
karaciger hasarina neden olabilirler; ayrica bazi PA'larin
genotoksik ve kanserojen potansiyeli de bulunmaktadir (Smith &
Culvenor, 1981). Literatirde, PA maruziyetiyle iliskili
olabilecegi diisiiniilen karaciger hastaliklar1 ile ilgili ¢ok sayida
calisma yer almaktadir (Fu, 2017; Wiedenfeld, 2011).

Avrupa Gida Giivenligi Otoritesinin (EFSA) Gida
Zincirindeki Bulasanlar Bilimsel Paneli (CONTAM Paneli),
Kasim 2011'de gida ve yemlerde PA kontaminasyonunun halk
saghig1 acisindan olusturabilecegi riskler ile ilgili bilimsel
gorlisiinii yayimlamistir (EFSA Panel on Contaminants in the
Food Chain, 2011). Panel, PA'larin kanserojen risk limiti olarak
viicut agirligi basina giinliilk 237 pg/kg diizeyinde bir referans
noktas1 belirlemis ve PA maruziyetinin insan sagligi acisindan

! Dog. Dr., Saglik Bilimleri Universitesi, Avrupa Saglik Arastirmalar Uygulama ve

Arastirma Merkezi & Hamidiye Eczacilik Fakiiltesi, ORCID: 0000-0003-3948-
528X.

16



Eczacilikta Analitik Kimya Alaninda Giincel Konular ve Akademik Degerlendirmeler

potansiyel bir endise olusturabilecegi sonucuna varmistir. Bu
endisenin Ozellikle ¢ay ve bitki inflizyonlarin1 sik  tliketen
kisilerde ve gen¢ yas gruplarinda 6nem tasidigi belirtilmistir.
Dolayisiyla tibbi bitkilerde, bitki ¢aylarinda ve baharatlarda PA
bulunmasi, Avrupa Birligi mevzuatina gore gida ve farmasotik
iriinlerin giivenligi agisindan 6énemli bir sorun olusturmaktadir.
Bu kapsamda Avrupa Farmakopesi tarafindan belirlenen kontrol
ve analiz yontemleri ile Avrupa pazarinda satilan bitkisel
urtinlerde PA kontaminasyonunun tespiti ve miktar tayini trin
glivenliginin ve mevzuata uygunlugun saglanmasi acgisindan
o6nemli hale getirmektedir.

Avrupa, 0zellikle Akdeniz kokenli otlar olmak Gzere ¢ok
sayida tibbi ve aromatik bitkiyi kendi smirlar i¢inde tliretmekle
birlikte, talebi karsilamak i¢in uluslararasi ticarete ve Ozellikle
gelismekte olan iilkelerden yapilan ithalata ihtiya¢ duymaktadir.
Gelismekte Olan Ulkelerden ithalati Tesvik Merkezi (CBI)
tarafindan Birlesmis Milletler Comtrade verileri temel alinarak
yayimlanan bilgilere gére, Avrupa'nin baharat ve ot ithalat1 2024
yilinda toplam 676.000 tona ulasmis; bunun 399.000 tonu
gelismekte olan tlkelerden gergeklestirilmistir (CBI, 2026).
Avrupanin gelismekte olan {ilkelerden ithal ettigi baslica
baharat ve otlar arasinda aci biber ve paprika, karabiber,
zerdegal ve targinin yani sira kekik, ¢emen otu tohumu, defne
yapragi, mercankosk, biberiye, adacayr ve kori yapragi gibi
cesitlibaharat ve aromatik bitkiler bulunmaktadir.

Tiirkiye, 2024 yilinda Avrupa pazarma basta kekik,
adagay1 ve kimyon olmak (izere, yaklasik 6.665 ton gesitli baharat

ve ot tedarik etmistir. Bu miktar, ilgili Uriin kategorisinde
Avrupa'nin gelismekte olan tilkelerden yaptig1 ithalatin yaklagik

%?22'sine karsilik gelmekte ve Tiirkiye'yi bu kategorideki
en blylk tedarik¢i konumuna getirmektedir. Bununla beraber,
Avrupa Birligi pazarina erisimdeki siki {riin giivenligi ve
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mevzuat uygunlugu gereklilikleri ihracatin  gelistirilmesi
acisindan 6nemli bir sorun olusturmaktadir (CBI, 2025). Son
yillarda Tiirkiye'den Avrupa’ya ihra¢ edilen bitkisel ve tarim
tirtinlerinde; kimyasal gilivenlik standartlarina uyumsuzluk, izin
verilen smirlart agan pestisit kalintilar1 ve PA'lar gibi toksinlerin
varhigr iriin iadelerini giindeme getirmektedir. Avrupa
Komisyonu (EC) tarafindan isletilen Gida ve Yem i¢in Hizh
Alarm Sistemi (RASFF), gida ve yem giivenligiyle ilgili riskler
hakkinda yetkili makamlar arasinda hizli bilgi aligverisini
saglamak amaciyla olusturulmustur. Tabuas ve arkadaslarinin
(2024) aktardigi RASFF Portali verilerine gore, 2020 yilindan
itibaren gidalarda PA kontaminasyonuna iligkin 77 bildirim
yapilmis ve bunlarin  67'st  ciddi risk  kapsaminda
degerlendirilmistir. Bildirimlerde ©ne ¢ikan iiriin gruplar
kurutulmus kekik ve kimyon olmus; bildirimlere konu olan
iiriinlerin menge tlkeleri arasinda Tiirkiye ilk sirada yer almistir
(Tébuas et al., 2024). Dolayisiyla, Tiirkiye'de PA'larin giivenilir
ve dogrulanmig analitik yontemlerle miktar tayininin yapilmasi,
Tirk bitkisel Gran Greticilerinin PA kontaminasyonunu kontrol
etmeleri, ve Avrupa Birligi mevzuatina uyum saglanmasi
Turkiye’nin ihracat pazarlarmdaki konumunu korumast agisindan
Kritik 6neme sahiptir.

2. PIROLIZIDIN ALKALOIDLERININ TAYINi

Alkaloidler, en az bir azot atomu iceren, genellikle amin
tipi veya heterosiklik halka yapisinda bulunan ve bazik kimyasal
ozellikler gosteren, dogal kaynakli organik bilesiklerden olusan
genis ve ¢esitli bir gruptur. Cogu alkaloid aci1 tada sahiptir veya
agiz yoluyla alindiginda toksik etki gosterebilir. Pirolizidin,
heterosiklik yapida bir organik bilesiktir ve pirolizidin
alkaloidleri (PA'lar) olarak adlandirilan alkaloid grubunun temel
iskeletini olusturur. Bu grupta yer alan retronesinin yapisal
formal Sekil 1'te gosterilmektedir.
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Sekil 1. Bir pirolizidin alkaloidinin yapisal formiilii.

Gidalarda, bitkisel ve takviye edici lirtinlerde PA'larin ve
bunlarin N-oksitlerinin  (PANO'lar) guvenilir bigimde tayin
edilebilmesi i¢in numune hazirlama ve ekstraksiyon islemleri
krittk  Ooneme  sahiptir. Numune hazirlama  genellikle
homojenizasyonla baglar. Ardindan metanol veya asetonitril gibi
polar c¢oziiciilerle, gerektiginde su ya da asit c¢ozeltileri
kullanilarak ekstraksiyon gergeklestirilir (Tabuas et al., 2024).
Inflizyon ve kati-sivi ekstraksiyonu yaygm olarak kullanilan
tekniklerdir. Karistirma, santriflijleme ve ultrasonikasyon gibi
islemler ekstraksiyon verimini artirmak amaciyla uygulanirlar.
Ekstraksiyon sonrasinda numuneler genellikle santrifiijlenmekte
ve filtrelenmekte; matriksten kaynaklanan girisimleri azaltmak
amaciyla kati faz ekstraksiyonu (SPE), QUEChERS veya tuz
destekli s1vi-sivi ekstraksiyonu (SALLE) gibi yontemlerle ilave
temizleme islemleri gergeklestirilmektedir. Hem PA'larin hemde
PANO'larin yeterli geri kazanimini ve analizlerin giivenilirligini
saglamak i¢in ekstraksiyon kosullarmin ve temizleme
islemlerinin numune matriksine ve hedef bilesiklere gore
optimize edilmesi gerekmektedir.

Yiiksek performansli sivi  kromatografisi ile kiitle
spektrometrisi (HPLC-MS), PA analizinde en yaygin kullanilan
yaklagimlar arasinda yer almaktadir. Bu yontemin Onemli bir
avantaji, serbest PA’nin yan1 sira bunlarin PANO'lar da tayin
edilebilmesidir (Cramer et al., 2013; Dzuman et al., 2020; Fuente-
Ballesteros et al., 2024; Han et al., 2022; Ledn et al., 2022).
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Avrupa Farmakopesi Komisyonu, Kasim 2020'deki 168.
oturumunda, 2.8.26 Contaminant Pyrrolizidine Alkaloids baslikli
genel boliimii kabul etmistir. Bu boliim, ¢esitli matrikslerde 28
PA'nin tayinine uygun bir analitik prosediirii 6rnek olarak
aciklamaktadir. S6z konusu prosediir sadece belirli matriksler
icin valide edilmis oldugundan, boliimde belirtilen validasyon
gerekliliklerini  karsilayan ve kromatografiyi tandem kiitle
spektrometrisi  (MS/MS) veya yiksek c¢ozinlrlukli Kdtle
spektrometrisiyle (HRMS) birlestiren diger yontemlerin de
kullanilmasina da izin verilmektedir. Validasyon amaciyla,
tanimlanmis matriks gruplarina ait en az bir temsilci matriks
(kurutulmus nane yapragi gibi) kullanilir. Temsilci matriks i¢in
validasyon gereklilikleri karsilandiginda, yontemin ayni matriks
grubundaki diger 0rnekler (baska yaprak drnekleri) i¢in de gegerli
oldugu kabul edilmektedir.

Gaz kromatografisi—kutle spektrometrisi (GC-MS) de PA
analizinde kullanilan tekniklerden biridir. Baz1 ¢alismalarda bu
yontemin tespit sinirlarinin sivi kromatografisi yontemleriyle
karsilastirilabilir diizeyde oldugu bildirilmistir (Bah et al., 1994;
Kempf et al., 2010; Sixto et al., 2019; Witte et al., 1992). Bununla
birlikte, GC-MS analizinden 6nce PANO'larin karsilik gelen
serbest bazlara indirgenmesi gerekmektedir.

Enzim baglantili immiinosorbent analiz (ELISA)
yontemi de, yiiksek duyarliligi ve nispeten az numune
temizleme islemi gerektirmesi nedeniyle PA analizinde
kullanilabilmektedir (Kodikara et al., 2026; Oplatowska et al.,
2014; Roeder & Pflueger, 1995). Yontemin uygulanabilirligi,
kullanilan antikorlarin belirli PA yapilariyla smirli  olan
ozgiilliigiine baghdir.

Genel olarak tiim bu yontemlerle glivenilir nitel ve nicel
analiz  yapilabilmesi i¢in uygun referans standartlarin

20



Eczacilikta Analitik Kimya Alaninda Giincel Konular ve Akademik Degerlendirmeler

kullanilmas1 6nemlidir; ¢iinkii farkli PA'lar, kullanilan analiz
teknigine ve dedektore bagl olarak farkli yanitlar verebilirler.

3. TURK BITKIiSEL URUNLERININ ANALIZI

Gida ve bitkisel triinlerdeki kontaminasyon; biyolojik,
kimyasal ve fiziksel kaynaklardan meydana gelebilmekte ve
Uretimden depolamaya kadar tedarik  zincirinin farkli
asamalarinda ortaya ¢ikabilmektedir (European Commission,
2008). PA kontaminasyonu Ozellikle GOretim ve hasat
asamalarinda, PA {ireten yabani otlarin kiiltiir bitkileriyle birlikte
toplanmas1  sonucunda olusabilmektedir. Tarla topraginda
bulunan yabani ot tohumlar: ve komsu alanlardaki yabani bitkiler
de kontaminasyon riski olusturabilmektedir. Riskin diizeyi, bitki
tlrline ve kullanilan hasat teknolojisine baghdir (Steinhoff, 2022)

Tirkiye'de yapilan calismalar, PA kontaminasyonunun
bitkisel ¢aylar, takviye edici gidalar ve baharatlarda izlenmesi
gerektigini gostermektedir. Giirbliz'lin (2021) ¢aligmasinda,
internetten ve aktarlardan temin edilen 34 bitkisel cay LC-Q-
ToF/MS yontemiyle incelenmis; 28 PA'nin analizi i¢in valide
edilen yontemle 11 farkli PA tespit edilmistir. PA igerdigi bilinen
bitkilerden hazirlanan iirlinler disindaki 31 Ornegin 14'linde
(%44) en az bir PA saptanmis, 17 6rnekte Ol¢iilen diizeyler 2,70
ng/g ile 9,37 pg/g arasinda degismistir. En yiiksek
konsantrasyonlar Symphytum  officinale (karakafes otu)
orneklerinde belirlenmistir.

Gumus (2023), Tiirkiye'de ticari olarak satilan cay, bitki
inflizyonu ve otlarda PA'lari, PANO'lar ve tropan alkaloidlerini
LC-Q-ToF/MS ile incelemistir. Her 6rnekte en az bir PA veya
PANO tespit edilmis; ortalama konsantrasyonlar siyah g¢ayda
142,4 ng/g, yesil ¢ayda 434,5 ng/g, papatya ¢aymda 421,1 ng/g
ve nane ¢aymda 308,4 ng/g olarak bildirilmistir. En yiiksek PA
konsantrasyonu, bir papatya ¢ay1 6rneginde 1.054,5 ng/g olarak
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Olciilmiistiir. ~ Bu  bulgular, ticari  bitkisel {irlinlerde
kontaminasyonun iiriin tiirline ve Ornege gore degisebildigini
ortaya koymaktadir.

Kekik 6zelinde, Korkmaz ve Kuplili (2022), Denizli'de
yetistirilen Origanum onites o6rneklerinden {i¢ islenmis ve
paketlenmis, sekiz islenmemis olmak Uzere toplam 11 6rnegi LC-
Q-ToF/MS yéntemiyle analiz etmistir. Islenmis 6rneklerde 1-5
png/kg araliginda kantifikasyon belirlenirken islenmemis
orneklerde PA veya PANO saptanmamasi, kontaminasyonun
hasat ya da isleme sirasinda yabani ot ve tohum pargalarinin Uriine
karigmasiyla iligkili olabilecegini diisiindiirmektedir.

Uluslararasi 0lcekte yapilan bir aragtirmada ise Kaltner ve
arkadaslar1 (2020), 36 iilkeden 15 baharat ve ot kategorisinde
toplam 305 Ornegi incelemis ve Tirkiye menseli kekik ile
kimyonda yiiksek PA ve PANO konsantrasyonlar1 bildirmistir.
Tiirkiye menseli kekik Orneklerinde Olgiilen en yiiksek
konsantrasyon 24.600 pg/kg olmus; diger orneklerde 18.100,

8.300 ve 6.800 pg/kg diizeyleri kaydedilmistir. Tirkiye
mengeli kimyon 6rneklerinde de 4.310 ve 536 pug/kg gibi yiiksek
degerler bildirilmistir. Orneklerde bashica kontaminantlar,
Ozellikle europin ve N-oksidi olmak (zere, heliotrin tipi
alkaloidlerdir. Arastirmacilar kontaminasyonun PA {ireten
yabani otlarn hasat swrasinda kiiltiir bitkileriyle birlikte
toplanmasindan kaynaklanabilecegini  belirtmis; yabani ot
kontroliiniin ve iiretim asamalarinda ¢aliganlarin egitiminin
onemini vurgulamistir.

Genel olarak bu g¢aligmalar, Tiirkiye'de bitkisel c¢aylar,
takviye edici gidalar, kekik ve kimyon gibi iriinlerde PA
kontaminasyonunun bulundugunu, bunlarin 6nlenmesi igin valide
edilmis analitik yontemlere daha fazla analize gerek oldugunu
gostermektedir.

22



Eczacilikta Analitik Kimya Alaninda Giincel Konular ve Akademik Degerlendirmeler

4. AB VE TURKIYE'DE YASAL MEVZUAT

Avrupa Birligi'nde gidalardaki bulasanlarla
(kontaminasyon) ilgili temel ilkeler, 315/93/AET sayili Konsey
Tiiziigi ile belirlenmistir. Bu diizenleme, {iretim, isleme, tagima,
depolama veya c¢evresel bulasma sonucunda gidalarda bulunan
istenmeyen maddeleri bulagan olarak tanimlamaktadir.

Komisyon Tiziigi (AB) 2023/915, gidalardaki cesitli
bulaganlar icin maksimum diizeyleri belirlemektedir. Bunlar
arasinda mikotoksinler, metaller, kalici organik kirleticiler,
isleme kaynakli bulaganlar ve PA'lar gibi bitkisel toksinler
bulunmaktadir. Tiiziigiin Ek I, Bolim 2.4'tinde PA'lar i¢in belirli
gida gruplarma yonelik maksimum diizeyler diizenlenmistir.
Genel olarak kurutulmus otlar i¢in smir 400 pg/kg olup
kurutulmus hodan, yaban kerevizi, mercankdsk ve kekik icin
1.000 pg/kg'dir. Kurutulmus bitki caylarinda genel smir 200
Mg/kg, kekik, nane, papatya ve melisa gibi belirtilen bitkilerde
ise 400 pg/kg'dir. Kurutulmus Camellia sinensis ¢ay1 i¢in sinir
150 pg/kg, bitkisel preparat igeren takviye edici gidalar ig¢in
genel sinir ise 400 pg/kg'dir.

AB'nin 2017/625 sayili Tiiziigli, resmi kontroller
kapsaminda elde edilen analiz sonuclarmin giivenilirligini ve
karsilastirilabilirligini  desteklemek amaciyla Avrupa Birligi
Referans Laboratuvarlart (EURL) ve Ulusal Referans
Laboratuvarlar1 (NRL) sistemini  diizenlemektedir. Bu
laboratuvarlar, analittk  yontemlerin ~ uyumlastiriimas,
laboratuvarlar aras1 kargilastirmalar ve teknik destek yoluyla PA
analizlerinin tutarliligmma katkida bulunur. Boylece bitkisel
urinlerde PA dizeylerinin guvenilir bicimde belirlenmesi ve
mevzuata uygunlugun degerlendirilmesi desteklenir.

Tirkiye'de PA'lara iliskin diizenlemeler esas olarak Tiirk
Gida Kodeksi Bulasanlar Yonetmeligi kapsaminda ele
alinmaktadir. YOnetmelik, kurutulmus otlar, c¢aylar, bitki
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inflizyonlar1 ve bitkisel preparat iceren takviye edici gidalar gibi
belirli iiriin gruplarinda PA'lar igin maksimum diizeyler
belirlemektedir. Gidalardaki bitki toksinlerinin resmi kontroliine
yonelik numune alma ve analiz metodu kriterleri ise Tiirk Gida
Kodeksi'nin 2025/8 sayili Tebligi ile diizenlenmektedir. Bu
duzenlemeler birlikte, PA kontaminasyonunun izlenmesi ve
urtinlerin gegerli yasal sinirlarla uyumunun degerlendirilmesi i¢in
bir cerceve olusturmaktadir.

5. SONUC

PA iceren baharat, cay, ve bitkisel tibbi triinlerin tiketimi,
hem akut hem de kronik saglik sorunlarma sebep olabilirler.
Bunlarin varligi Avrupa Birligi'ne yonelik ihracatta 6nemli
sorunlara yol acabilir ve Tirkiye’nin ihracat pazarlarindaki
konumunu etkileyebilirler. Mevcut mevzuat ve kontrol
mekanizmalarinin etkin bigimde uygulanmasi i¢in valide edilmis
analitik yontemlerle denetimlerin guclendirilmesi gerekmektedir.
Kalite  analizlerinde  Avrupa  Farmakopesi'nin  2.8.26
“Contaminant Pyrrolizidine Alkaloids” genel bolimi, PA
analizleri i¢in 6nemli bir referans sunmaktadir. Avrupa Birligi'ne
ihrag edilecek drunlerin ilgili AB maksimum dizeylerine ve
resmi kontrol gerekliliklerine uygunlugu degerlendirilmelidir.

Bilimsel calismalar, Tirkiye'de bitkisel ¢aylar, takviye
edici gidalar, kekik ve kimyon gibi irlinlerde PA
kontaminasyonunun bulundugunu gostermektedir.
Kontaminasyonun hasat ya da isleme sirasinda yabani ot ve
tohum pargalarmin Triine karismasiyla iligkili olabilecegi
distiniilmektedir Hammadde kabulii sirasinda, oOzellikle risk
temelli bir yaklagimla, 6nceki parti analiz sonuglar1 ve iiretim
stirecine iliskin bilgiler dikkate alinarak ham bitkisel materyaller
PA analizi agisindan dnceliklendirilmelidir Uretim asamalarinda
PA kontaminasyonu riski, uygun onleyici uygulamalarla
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azaltilabilir. Yetistirme planlamasi sirasinda toprakta bulunan
yabani ot tohumlar1 ve komsu tarlalardaki PA iireten bitkiler
dikkate alinmali; uygun tarla se¢imi, tarla kenarlarinin bigilmesi
ve gerekli durumlarda herbisitlerin  kontrollii kullanimi1
saglanmalidir. Hasat sirasinda PA igeren yabani otlarin kiiltiir
bitkileriyle  birlikte toplanmasi  kontaminasyona neden
olabileceginden, hasat zamani, kullanilan ekipman ve kesim
yuksekligi gibi uygulamalar optimize edilmelidir.
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