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Research article 

 

Fluorescence-based thermal stability screening is concentration-dependent and 

varies with protein size  
 
Elif Yavsan1     , Sibel Kalyoncu*1  

 
1 Dokuz Eylul University, Izmir Biomedicine and Genome Center, 35340, Izmir Türkiye 

 
 

Abstract 

 

Proteins are used in many areas including diagnostic and therapeutical applications. Screening protein stability is an essential 

step for production, pharmacokinetic/pharmacodynamic studies, and determination of storage conditions. Instability of proteins can 

cause serious problems such as activity loss and unexpected adverse effects, so determination of sensitive and reliable methods for 

protein stability measurement is crucial. There are several “gold-standard” protein stability tests such as differential scanning 

calorimetry (DSC), but they are usually not suitable for high-throughput settings and consume large amounts of proteins. Instead, 

more high-throughput methods such as fluorescent-based assays can be used and validated to make stability screening process more 

straight-forward, easier, and lower-cost. Here, two methods were systemically compared to see whether their measurements 

depended on protein sizes. DSC and Sypro Orange dye-based fluorescent assay were compared for various proteins with different 

sizes and quaternary structures. This is the first systemic comparison of these two methods for thermal stability testing for different 

ranges of proteins in the literature. It was shown that protein melting temperature (Tm) measured by fluorescent assay highly depends 

on protein concentration and protein size. Larger proteins with multi-domain structures such as monoclonal antibodies gave more 

deviated and lower than expected Tms compared to small proteins. It has been concluded that fluorescent-based thermal stability 

assays are more suitable for smaller proteins, but protein concentrations used are still needed to be optimized in their settings for 

more reliable results. 

 

Keywords: Differential scanning calorimetry; fluorescent dye; thermal melt; thermal stability; protein stability 

 

 
1. Introduction 

 

Chemical and physical instabilities are challenging for 

development of protein therapeutics. Chemical instability 

involves processes that change chemical properties by 

modifying covalent bonds. Physical instability includes 

processes such as precipitation, adsorption, denaturation, and 

aggregation (Manning et al., 1989; Akbarian and Chen, 2022). 

In the production and development of protein therapeutics, it is 

essential to screen protein stability during various processes 

such as expression, purification, formulation, biophysical 

characterization, in vivo testing, and storage. It is important to 

determine protein stability in the easiest and cheapest way, 

especially in areas where various biotechnological products such 

as protein-based therapeutics, reagents, antibodies, and 

industrial enzymes are developed (Stourac et al., 2021). 

Various techniques are being used to determine protein 

stability, mainly classifying as label-required and label-free 

methods (Gromiha, 2010; Rufer and Hennig, 2020). There are 

also various computational approaches to estimate the thermal 

stability with improved accuracies (Miotto et al., 2019; Jana et 

al., 2020; Jung et al., 2023). The most common approaches 

include differential scanning calorimetry (DSC) (Gill et al., 

2010), circular dichroism (CD) (Fiedler et al., 2013), 

fluorescence-based thermal-shift assays (Lavinder et al., 2009), 

nuclear magnetic resonance (NMR) (Puglisi et al., 2020), pulse-
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chase methods (Elgendy, 2017), light scattering and gel filtration 

(Al-Ghobashy et al., 2017). Most widely used label-free method 

is DSC, which is referred as “gold standard” for protein thermal 

stability analysis (Vuorinen et al., 2020; Kopra et al., 2022). 

DSC is a thermal analyzer that examines how the physical 

properties of a sample are altered with temperature depending 

on time. It is known that conformational states and 

physicochemical stability of proteins are thermodynamically-

driven (Araya et al., 2012). Thus, direct measurements of 

thermodynamic parameters and heat effects by DSC is 

convenient to determine protein thermal stability. However, 

DSC and some of other label-free techniques requires high 

amount of protein and they do not adapt to high-throughput 

experimental settings.  

Fluorescence-based assays are very convenient methods to 

observe and examine protein stability through protein thermal 

shift technique (Engrola et al., 2023). Various extrinsic 

fluorescent dyes are being used for high-throughput protein 

characterization (Hawe et al., 2008; Kirley and Norman, 2022). 

Because these dyes form only non-covalent interactions with the 

protein and its solvent environment, they are great tools for 

accurate predictions of protein states. Besides stability testing, 

these dyes can be used to analyze various properties of proteins 

such as hydrophobicity (Cardamone and Puri, 1992), 

unfolding/refolding (Acharya and Rao, 2003), 

aggregation/fibrillation (Vetri et al., 2007), crystallization 

(Groves et al., 2007) and chemical degradation (Anraku et al., 

2001). The protein thermal shift assay basically involves 

incubation of a naturally folded protein with a fluorescent dye 

and analyzing the fluorescence signal by either a fluorometer or 

more high-throughput settings like real-time PCR instrument 

(Layton and Hellinga, 2011). Various dyes such as Sypro 

Orange, 1.8-ANS (1-anilinophthalene-8-sulfonate) and 2.6-TNS 

(naphthalene-6-sulfonic acid) are among the common dyes used 

for protein stability testing (Huynh and Partch, 2015). Most of 

these dyes provide sensitive detection by fluorescence 

spectroscopy but have excitable wavelengths outside the range 

of real-time PCR instruments. Sypro Orange is a dye which 

binds to hydrophobic parts of proteins to exhibit a fluorescent 

effect. One of the advantages of using Sypro Orange dye in 

protein thermal shift analysis is that its fluorescent properties are 

compatible with filter sets found in high-throughput real-time 

PCR instruments (Tresnak and Hackel; 2023; Warrender et al., 

2023). 

In this study, the aim was to compare two most used 

methods, DSC and fluorescence-based assay for protein thermal 

stability analysis. While DSC is an excellent label-free method, 

it has disadvantages such as excessive sample consumption, 

costly equipment, and time-intensive. More high-throughput and 

less costly methods are desirable, but their sensitivity and 

reliability should be comparable to a “gold-standard” method 

such as DSC. Fluorescent thermal shift assay method based on 

Sypro Orange dye is very advantageous in both academia and 

industry due to its low sample consumption, high-throughput 

potential, use of widely common real-time PCR equipment, and 

time/cost efficiency (Redhead et al., 2017; Kazlauskas et al., 

2021). While DSC is a concentration-independent method 

(Nemergut et al., 2017), fluorescent-based methods can be 

concentration-dependent which should be analyzed thoroughly 

for each protein system. Here, the protein- and dye-

concentration dependencies and protein size effects on 

fluorescent-based thermal assays were documented. According 

to the results of this study, certain ranges of fluorescent dye and 

protein concentrations affect the obtained melting point results. 

While 5X Sypro Orange dye concentration are optimum for all 

proteins, lower protein concentrations (2-8 M) give the closest 

Tm results to those of DSC. It can be concluded that dye/protein 

concentrations in fluorescence-based thermal shift set-ups 

should be selected based on the size and domain structure of 

used proteins to obtain reliable thermal stability results.  
 

2. Materials and methods  

 

2.1. Proteins 

 

Receptor-binding domain (RBD) of the SARS-CoV-2 

spike protein (amino acids 332-550) was produced in house in 

Pichia pastoris system (Kalyoncu et al., 2023). This RBD was a 

kind gift of Mehmet Inan at Izmir Biomedicine and Genome 

Center. Commercial bovine serum albumin (BSA, Diagnovum-

D661), bevacizumab (Roche), and adalimumab (Abbvie) were 

used. Concentrations of proteins were measured by their 

absorbance at 280 nm via NanoDrop (Thermo Fisher). 

 

2.2. Differential Scanning Calorimetry (DSC)  

 

Protein thermal stability and the thermodynamic 

parameters of protein denaturation were estimated by using a 

nano-DSC (TA Instruments) equipment. Before DSC 

measurements, protein solutions (1.2 mg/ml receptor-binding 

domain (RBD) of the SARS-CoV-2 spike protein, 1 mg/ml 

bovine serum albumin (BSA), 1 mg/ml bevacizumab, 1 mg/ml 

adalimumab) were prepared in 1X phosphate-buffered-solution 

(PBS, pH 7.4) at room temperature. Each sample was placed in 

a degassing device (TA instruments) at 15 Hg for 15 minutes 

before measurement. For blank measurement, 1 mL of 1X PBS 

was loaded into the instrument. The measurements were done in 

the temperature range of 25-98°C, with a scanning rate of 

1°C/min. At least two measurements were done for each protein. 

The partial heat capacity contribution from 1X PBS and proteins 

in 1X PBS were measured independently and subtracted. The 

calorimetric data were corrected for the calorimetric baseline 

between the initial and the final state by using a sigmoidal 

baseline from NanoAnalyze software. DSC traces were 

deconvolved using OriginPro 8.5 software and melting 

temperatures (T m) were represented. 

 

2.3. Fluorescence-based thermal stability analysis  

 

Thermal melt profiles of each protein were determined 

with SYPRO Orange dye (Sigma-S5692) via ABI 7500 Fast RT-

PCR instrument. Each protein was diluted in 1X PBS (2, 4, 8, 

16, 24, 32 M), and mixed with SYPRO Orange dye (2X, 5X, 

10X) in opaque 96-well PCR plates and sealed with foil. 

Fluorescence readings were obtained between 25-99°C with 

0.05% ramp rate. Three replicates in the plate were done for each 

protein and each experiment was repeated at least two times at 

different days. Obtained melt curves were background 

subtracted using background signals obtained with 1X PBS 

control. Transition mid-points (Tm values) from the thermogram 

data were calculated using the Hill1 equation fit using the 

OriginPro 8.5 software. 
 

3. Results and discussion 

 

The thermal stability of proteins is only partially 
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Fig. 1. Structures of proteins used in this study. Cartoon representation of RBD (left, PDB ID: 7E7Y), BSA (middle, PDB ID: 4F5S), IgG1 

representing bevacizumab and adalimumab (right, PDB ID: 1HZH). Their domain structures and molecular weights (MWs) are represented 

on top of each structure. 

 

Fig. 2. DSC thermograms of proteins used in this study. Normalized DSC thermograms and calculated thermal melting point (Tm) of (A) RBD 

(B) BSA, (C) Bevacizumab, (D) Adalimumab. 

 

understood despite its great importance in both scientific and 

industrial fields. Adopting suitable methods for thermal stability 

measurement will undoubtedly contribute greatly to 

understanding of physicochemical determinants of protein 

stability. While “gold standard” methods such as DSC are great 

tools for stability determination, more high-throughput methods 

are needed to screen more proteins and conditions at a time. 

Therefore, reliability of these high-throughput methods should 

be tested for different proteins because protein size and 

quaternary structure could be important for their sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this study, four different proteins ranging from small, 

single-domain proteins to large, multi-domain proteins were 

tested (Fig. 1). Receptor-binding domain (RBD) of SARS-CoV-

2 virus which is 218 amino acids long (332-550 of the Spike 

protein for SARS-CoV-2) were used (Kalyoncu et al., 2023). 

RBD is single domain protein with a molecular weight of 25 

kDa. Bovine serum albumin (BSA) has three domains with a 

molecular weight of 66 kDa. As multi-domain proteins, two 

therapeutic monoclonal antibodies were used: bevacizumab and 

adalimumab.  They  are  traditional  Immunoglobulin  G  type  1  
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Fig. 3. Fluorescence-based Sypro Orange thermal melt results. Calculated thermal melting point (Tm) of (A) RBD (B) BSA, (C) Bevacizumab, 

(D) Adalimumab from Sypro Orange based thermal melt. Tms were calculated from transition mid-points of Hill equation fittings. Dotted lines 

in each plot represent “gold-standard” Tm of each respective protein measured by DSC. (E) Comparison of average Tm values from DSC and 

Sypro Orange based thermal melt. Averages were calculated based on each varying dye and protein concentrations, the values closest to the 

“gold-standard” Tm obtained from DSC were highlighted. 

 

(IgG1) antibodies with a multi-domain structure and a molecular 

weight of 150 kDa (Fig. 1). 

As a gold standard method (Kopra et al., 2022), DSC was 

first performed to determine their thermal stability (Fig. 2). 

While RBD and BSA gave single peak, IgGs gave multiple 

peaks as expected. The first dominant peak of IgGs which 

represent Fab region was only potted for comparison (Nemergut 

et al., 2017), because fluorescent-based methods are usually not 

that sensitive to resolve multiple transitions. While RBD and 

BSA gave Tms of 54.2C and 64.8C, respectively (Fig. 2A, 2B), 

IgGs gave high Tm values around 71-73C as expected (Fig. 2C, 

2D). A large range coverage in Tm values were also targeted 

from around 50 to 70C for this study to see whether fluorescent-

based methods depend on increasing/decreasing thermal 

stability. 

A high-throughput fluorescent based thermal denaturation 

experiment was performed in a 96-well setting screening both 

protein concentration and Sypro Orange dye concentration at the 

same time in triplicates (Fig. 3). Recommended protein and dye 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

concentrations for this set-up were 2-20 M  and 0.5-10X, 

respectively (Huynh & Partch, 2015). Proteins were  screened in 

2-32 M range and Sypro Orange in 2-10X range. While small 

proteins gave closer values to DSC Tm values (Fig. 3A, 3B, 3E), 

large proteins gave more deviated and lower Tm values 

compared to that of DSC (Fig. 3C, 3D, 3E). In some cases, 2X 

dye concentration did not gave any reliable data, so they were 

not included for some of proteins. Also, for RBD and BSA, the 

lowest protein concentration (2 M) did not give any reliable 

signal. This shows that lower Sypro Orange concentrations for 

all proteins and lower protein concentrations for small proteins 

are not suitable for this type of assay. Dye concentration of 5X 

gave the closest Tm to the DSC data for all proteins used (Fig. 

3E). Overall, Tm values obtained from fluorescent-based assay 

were consistently lower than those of “gold standard”s. While 

smaller proteins (RBD and BSA) gave more accurate Tm values, 

larger proteins had much lower Tms. High deviation in multi-

domain proteins were expected due to their allosteric effects of 

each  domain  on  the  stability (Oh et al., 2023). Independent of  
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dye concentrations, lower protein concentrations (2-8 M) gave 

Tms closer to that of their actual Tm (Fig. 3E).  

Thermal stability of a protein directly affects its 

performance. Stability has become a very important issue by 

researchers and manufacturers, especially with the increasing 

use of proteins/antibodies in therapeutics, and diagnostics. 

Instability of proteins has been reported as a major problem in 

all aspects of research and development (Schuster et al., 2020). 

Instability in therapeutic proteins can change its 

pharmacokinetic and pharmacodynamic properties and it can 

cause adverse effects such as undesired immune response (Boll 

et al., 2017).  

Since protein stability directly affects its production, 

efficacy, and storage conditions, accurate measurement and 

screening of their stability is of great importance. High-

throughput assays are needed to screen protein stability 

parameters in various settings, but their sensitivity and reliability 

should be tested for any protein format. Although it was known 

that some additives, buffers and concentrations can affect the 

results of stability analysis (Kopra et al., 2022; Engrola et al., 

2023), roles of protein characteristics on the stability 

measurement are not widely discussed in the literature. Here, a 

fluorescent-dye based high-throughput assay was compared 

with a gold standard method.  

According to dye-based assays, it was shown that 

calculated Tms highly depend on protein concentration and 

protein size. Larger proteins with multi-domain structures such 

as monoclonal antibodies gave more deviated and lower Tms 

compared to those of small proteins. This means that these 

fluorescent-based high-throughput assays are more suitable for 

smaller proteins, but protein concentrations are still needed to be 

optimized in these settings for more reliable results.  
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Abstract 

 

Free oxygen radicals are effective in the development and progression of viral infections. The aim of this study was to evaluate 

the levels of oxidative stress in individuals who have been diagnosed with COVID-19, a viral disease nowadays. The study was 

carried out between March 2021 and June 2021. Blood samples of 50 patients who applied to Medipol University Faculty of 

Medicine with suspected COVID-19 infection, whose clinical and molecular diagnoses were corrected and were taken for routine 

evaluations, were included in this study. In the healthy group, 50 serum samples taken before the COVID-19 pandemic were used. 

Total antioxidant status (TAS) and total oxidant status (TOS) levels were measured, and the data collected were then statistically 

compared. The TAS level in the COVID-19 group (1.470±0.269) was lower than the healthy group TAS level (1.491±0.286), but it 

was not statistically significant (p>0.05). The TOS level in COVID-19 group was 13.962 (3.02±36.35) while it was low as 7.925 

(1.19±15.03) in the healthy group. The high TOS value in the COVID-19 group was found to be statistically significant compared 

to the healthy group (p<0.05). Oxidative stress index (OSI) levels, calculated from TOS/TAS, in the COVID-19 group were 9.356 

(1.80±26.54) while they were 5.388 (0.98±10.93) in the healthy group. The levels of OSI were found to be significantly higher in 

the COVID-19 group when compared to the healthy group (p<0.05). The presence of oxidative stress markers in the COVID-19 

patients plays an important role in the pathological examination of cell damage. This approach may also pave the way for new 

therapeutic approaches. 

 

Keywords: Antioxidant; cell damage; COVID-19; oxidative stress 

 

 
1. Introduction 

 

Coronaviruses (CoVs) are enveloped single-stranded RNA 

viruses. CoVs can lead to health problems ranging from the 

ordinary cold to fatal acute respiratory illnesses. After the 

COVID-19 disease was first discovered in China, there have 

been reports of it spreading all over the world with an increasing 

number of patients. The World Health Organization (WHO) 

proclaimed a COVID-19 infection pandemic because of this 

outbreak, which resulted in thousands of fatalities (Genc, 2020; 

Kocyigit, 2020; Sharma et al., 2021). 

The clinical spectrum of COVID-19 infection ranges from 

moderate respiratory tract illness to severe viral pneumonia and 

even death (Kocyigit, 2020). The pathogenesis of COVID-19 

infection can be impacted by various factors, such as heightened 

levels of inflammation, increased oxidative stress, and 

disruption of immune response regulation. The presence of these 

factors can potentially induce the excessive release of pro-

inflammatory cytokines, which can result in severe 

complications like acute respiratory distress syndrome (ARDS), 

shock, and even mortality. This phenomenon, commonly 

referred to as a “cytokine storm”, can have significant 
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consequences. The excessive and uncontrolled release of 

cytokines, which can happen in response to a variety of 

conditions such as infections, autoimmune diseases, and cancer, 

results in the deadly state known as the cytokine storm. 

Uncontrolled immune system activation can result in the 

production of proinflammatory cytokines, which can cause 

damage to tissues and organs throughout the body. This can 

result in a range of symptoms, from fever and fatigue to 

respiratory failure and multiple organ dysfunction syndrome 

(MODS). The severity of the cytokine storm depends on many 

factors, including the type and duration of the stimulus, as well 

as individual differences in immune function. Supportive care 

and immunomodulatory medicines targeted at reducing 

inflammation and restoring immunological balance are 

frequently used in the treatment of cytokine storms. Even though 

there are still many unanswered questions regarding this 

complicated condition, ongoing research is shedding light on its 

underlying processes and prospective therapy targets (Delgado-

Roche et al., 2020; Qin et al., 2020). 

COVID-19 predominantly impacts the lungs as the primary 

target organ. The virus enters host cells by binding to 

Angiotensin-converting enzyme 2 (ACE-2) receptors located on 

the surface of lung alveolar cells. Subsequently, it propagates 

along the respiratory system, reaching the lungs. Reproducing in 

host cells, the virus causes severe inflammation and cellular 

damage (Uras, 2021). 

Several studies have shown that some viruses adopt a 

strategy to modify the redox balance of a cell. In addition, the 

initiation of oxidative stress triggered by viral infection has been 

found to play a crucial role in the activation of innate immune 

responses aimed at eliminating pathogenic microbes (Kim et al., 

2013; Narayanan et al., 2014; Cecchini and Cecchini, 2020). 

Neutrophil infiltration and severe hypoxemia are seen in 

the lungs as a result of the cytokine storm caused by the illness. 

Organ failure and mortality, as well as oxidative stress and cell 

damage, are brought on by the respiratory burst mechanism, 

which generates a fast release of free oxygen species (ROS) in 

response to inflammation (Celik and Kose, 2020). Oxidative 

stress occurs when there is an imbalance between the processes 

of oxidation and antioxidation within the organism. Therefore, 

oxidative stress and the inflammatory response are strongly 

connected. Aging, some chronic diseases including diabetes 

mellitus, cancer, hypertension, and some diseases brought on by 

RNA viruses like CoV are all affected by oxidative stress (Feng 

et al., 2017). 

Individual measurements of oxidant and antioxidant 

molecules are used to assess oxidative stress and antioxidant 

capability. However, complete measuring approaches have 

lately gained popularity (Erel, 2005). Total oxidant levels (TOS) 

and total antioxidant levels (TAS) are two metrics used to assess 

the overall state of oxidative stress in the body. These parameters 

help gauge the balance between oxidants and antioxidants, 

providing insights into the oxidative stress levels within the 

organism (Rampelotto et al., 2023). 

The overall antioxidant status of the body is ascertained by 

TAS testing, whereas the general oxidation state is ascertained 

by TOS measurement. The ratio of TOS to TAS is used to 

compute the oxidative stress index (OSI), which measures how 

well the body is balancing its levels of oxidants and antioxidants 

(Wu et al., 2017). 

Scientific studies suggested a link between oxidative stress, 

and mortality risk of patients infected severe acute respiratory 

syndrome coronavirus (SARS‐CoV). However, more research is 

needed to explore the potential of oxidant and antioxidant stress 

parameters in patients with COVID-19 (Derouiche, 2020; 

Zeliger and Kahaner, 2020). 

In order to do this, TAS and TOS parameters and 

contrasted the levels of TAS and TOS in COVID-19 patients 

with healthy people were assessed. 

 

2. Materials and methods 

 

2.1. Patients 

 

The current study was conducted from March 2021 to June 

2021. In this study, 50 blood samples from patients who applied 

to Istanbul Medipol University’s Faculty of Medicine with the 

suspicion of COVID-19 infection and whose diagnoses were 

done by Polymerase Chain Reaction (PCR) tests were used. The 

patients ranged in age from 10 to 88 years old. Patients who were 

taking antioxidant medication, were pregnant, or had 

autoimmune, metabolic, or systemic illnesses were excluded 

from the study. In addition, the healthy group consisted of 50 

serum samples collected prior to the COVID-19 pandemic. 

Healthy Group (n=50): Comprised of healthy individuals 

with negative COVID-19 results. 

Patients with positive COVID-19 results consisted of the 

COVID-19 Group (n=50). 

 

2.2. Procedures 

 

The blood samples were obtained from the patients and 

subsequently subjected to centrifugation at a speed of 3800 rpm 

for a duration of 10 minutes. Afterward, samples were stored in 

500 µL aliquots at -80°C until the testing time. Then all 

dissolved at once and studied according to the Erel method (Erel, 

2005). 

The TOS and TAS levels with RelAssay® Diagnostics kits 

(Mega Medicine, Gaziantep, Türkiye) were measured based on 

the colorimetric method. The TOS results were quantified and 

expressed in terms of µmol H2O2 equivalent per liter (H2O2 

eq/L). The TAS results were presented as mmol/L Trolox 

equivalent. The percent ratio of TOS to TAS level was accepted 

as OSI values. 

 

2.3. Statistical analysis 

 

Statistical analyses were performed with IBM SPSS 

Statistics for Windows, Version 22 package program. For data 

that followed a normal distribution, Student’s t-test was 

employed, while the Mann-Whitney U test was used for data that 

deviated from normality. Descriptive statistics were computed, 

including the mean ± standard deviation and the median values. 

The values were accepted as statistically significant when 

p<0.05. 

 

2.4. Ethics statement 

 

The Ethics Committee of the School of Medicine at 

Istanbul Medipol University approved the current study (Date: 

27.01.2021, Decision no: 2667). All participants received 

information about the study, and they all voluntarily signed and 

date the informed consent form. All participants in the trial, 

including patients and healthy volunteers, verbally consented 

after being fully informed. The trial was open to patients who 

hadn’t taken any medication before to blood collection. 
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3. Results 

 

The COVID-19 group consisted of 22 females and 28 

males. There were 19 female and 31 male patients in healthy 

group. Table 1 presents the demographic data of the groups. In 

the COVID-19 group, the levels of TAS (1.470±0.269) were 

observed to be slightly lower compared to the healthy group 

(1.491±0.286). However, this difference was not found to be 

statistically significant (p>0.05), as depicted in Fig. 1. 

 
Table 1 

Demographic data of the groups. 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. TAS results. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. TOS results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. OSI results. 

 

TOS levels in the COVID-19 group 13.962 (3.02±36.35) 

were higher than the healthy group 7.925 (1.19±15.03) and 

statistically significant (p<0.05) (Fig. 2). OSI levels in the 

COVID-19 group were measured as 9.356 (1.80±26.54) while 

they were measured as 5.388 (0.98±10.93) in the healthy group 

and this was statistically significant (p<0.05) (Fig. 3). 

 

4. Discussion 

 

This study revealed that COVID-19 patients exhibited 

significantly higher levels of total oxidative stress and oxidative 

stress index compared to healthy individuals. The total 

antioxidant capacity levels in the COVID-19 group were slightly 

lower than those in the healthy group, but the difference was not 

statistically significant. These findings indicate that COVID-19 

induces oxidative stress within the body, potentially contributing 

to cellular damage and the progression of the disease. 

Additionally, the oxidative stress induced by COVID-19 

can result in systemic tissue damage, which is likely to hinder 

the proper functioning of adaptive immunity (Bakadia et al., 

2021). In the prior study conducted by Lin et al., it was reported 

that a viral protease called SARS-CoV 3CLpro was found to 

boost ROS generation (Lin et al., 2006). According to the 

authors, the pathophysiology of SARS-COV is significantly 

influenced by the rise in ROS generation (Delgado-Roche et al., 

2020). One of the significant risk variables linked to COVID-19 

severity and mortality includes older age, ethnicity, male sex, 

low socioeconomic position, hyperglycemia, and obesity. 

Additionally, connected to elevated oxidative stress are all these 

risk factors. Due to all these factors is related to a number of 

characteristics observed in oxidative stress and COVID-19 

infection (Chernyak et al., 2020). 

In the study conducted by Aykac et al. (2021) the 

researchers measured the TOS levels in children and adult 

healthy individuals, as well as individuals with COVID-19. 

They found that the TOS levels were higher in the children and 

adults with COVID-19 compared to the healthy groups. This 

suggests that individuals with COVID-19 may experience 

higher levels of oxidative stress compared to healthy 

individuals. 

Recently, researchers have shown that COVID-19 disrupts 

mitochondrial homeostasis. This process also causes oxidative 

damage in COVID-19 patients. Dagli et al. (2022) reported that 

the OS parameters, TAS, TOS, MDA and PC levels increased in 

COVID-19 patients. The elevated levels of TOS and OSI 

detected in patients with COVID-19 underscore the significance 

of antioxidant therapy as a prospective therapeutic strategy for 

addressing COVID-19. Antioxidants play a crucial role in 

neutralizing free radicals and reducing oxidative stress within 

the body. By counteracting the harmful effects of free radicals, 

antioxidants help maintain a balance between oxidation and 

antioxidation, thus mitigating the detrimental impact of 

oxidative stress. Therefore, the use of antioxidants may help to 

prevent or alleviate the cell damage caused by the virus. In 

healthy people, a boost in antioxidant defense balances off the 

excess ROS generation. Red blood cells peroxide when ROS 

generation is improperly managed in individuals with defective 

redox equilibrium (RBC). According to the study by Laforge et 

al., increased generation of oxidative stress may contribute to 

alveolar damage, thrombosis, and dysregulation of red blood 

cells in individuals with COVID-19. Their research suggests that 

the elevated oxidative stress levels observed in COVID-19 

patients could play a role in these pathological processes 

(Laforge et al., 2020). According to Muhammad et al., COVID-

19 patients had low plasma levels of the antioxidant vitamins A, 

Parameters Healthy Group COVID-19 Group p Value 

Age (Median) 35 (8-66) 36.5 (10-88) 0.535 

Female / Male, n 19/31 22/28 0.544 
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C, and E, but COVID-19 patients had high amounts of 

malondialdehyde, one of the indicators of oxidative stress. To 

counteract the damaging effects of free radicals, antioxidant 

levels are likely to decline in COVID-19 patients (Muhammad 

et al., 2021).  

It is important to remember that ROS generation brought 

on by viral infection cannot be seen as a single damaging agent. 

Additionally, ROS is necessary for the phagocytosis of viruses 

by immune cells and for signal transmission between different 

immune cells.  

Redox homeostasis for viral infection response should thus 

be offered. Oxidative stress and cell and tissue damage emerge 

when this equilibrium shifts in favor of excessive ROS 

generation or a deficit in the antioxidant defense system 

(Chernyak et al., 2020).  

In general, oxidative stress impacts the development of 

illness in nearly all patients with viral infections, and these 

individuals can respond to the viral infection by maintaining 

their redox balance (Baloch et al., 2020). 

5. Conclusion 

In conclusion, this study provides insights into the potential 

role of oxidative stress in the pathogenesis of COVID-19. The 

assessment of oxidative stress biomarkers in COVID-19 patients 

may have clinical implications in identifying high-risk 

individuals and facilitating early intervention strategies. These 

findings have the potential to make valuable contributions 

towards the advancement of novel therapeutic approaches and 

create new opportunities for effectively managing patients with 

COVID-19. 
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Abstract 

 

Lifestyle patterns and exposure to toxic chemicals or environmental pollutants are the strongest risk factors for the chances of 

developing breast cancer, the leading and most lethal form of cancer in women. Bisphenol A (BPA), found in various consumer 

products, is known to deregulate multiple cellular signaling pathways, but its effect on cancer initiation and development in breast 

tissue has not yet been fully elucidated. Therefore, the identification of hub drivers is necessary to understand the molecular 

mechanisms underlying BPA-related malignancy and may help determine novel diagnosis and treatment strategies. This work aims 

at elucidating the molecular actors and mechanisms of action involved in BPA-induced breast cancer development using a 

bioinformatics analysis approach. A microarray dataset suitable for the study purposes was obtained from the publicly available 

Gene Expression Omnibus (GEO) repository, followed by DEG (differentially expressed genes) extraction, enrichment, and protein-

protein interaction analyses to identify the hub genes. Expressional patterns, prognostic potentials, and immune infiltration levels 

of identified targets were tested and validated in silico using GEPIA2 and KM-plotter tools. According to PPI network results, 

CCNA2 and CCNB1 were identified as critical hub genes. Validation analyses clearly indicated that the identified genes are 

extremely critical in BPA-associated breast cancer processes. Findings from this study revealed that CCNA2 and CCNB1, two cell 

cycle signaling-related hub genes that are overexpressed as a consequence of BPA exposure, are strongly associated with breast 

cancer. 

 

Keywords: Biomarker; BPA; breast cancer; cell cycle signaling; DEGs 

 
 
1. Introduction 

 

Breast cancer is a lethal and common type of cancer in 

women and affects daily life in different ways. The disease 

emerges in the epithelium of the lobules or ducts (85%) in the 

glandular parts of the breast (Nardin et al., 2020). Initially, 

cancer has minimal potential for spread and generally causes no 

symptoms. However, cancer may progress over time and invade 

the surrounding breast tissue. Firstly, it spreads to the lymph 

nodes and then to other organs in the body (Zhou et al., 2021). 

World Health Organization (WHO) reports and GLOBOCAN 

cancer incidence and mortality estimates revealed that this 

cancer accounts for 11.7% of all cancer cases, with 

approximately 2.5 million cases in 2020 (Sung et al., 2021; 

WHO, 2023). Since it is a polygenic and multifactorial cancer, 

it includes complex mechanisms, signaling pathways, and 

cellular activities. The most critical issue in the treatment of the 

disease is diagnosing it at advanced stages due to the lack of 

sensitive biomarkers and effective treatment (Pei et al., 2020). 

Therefore, identifying the critical factors for this complicated 

type of cancer is very important, both to determine valuable 

diagnostics actors that can also be used in the treatment and to 

fully understand the molecular mechanism underlying the 

malignancy. 

Bisphenol A (BPA) is an intermediate compound with a 

massive production volume worldwide, especially in 
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Fig. 1. The overall workflow of the study. 

 

polycarbonate and epoxy manufacture (Fauconnier et al., 2023). 

It is widely preferred in daily used storage containers, bottles, 

and other packaging items that are frequently used in daily life 

(Dehdashti et al., 2023). BPA can be released into the 

environment during the entire production and disposal processes 

of these products. The United States Environmental Protection 

Agency (EPA) statistics show annual environmental BPA leaks 

are almost 400,000 tons (EPA, 2023). 

Preclinical studies have found that bisphenol exposure 

elevates breast cancer risk (Stillwater et al., 2020; Kwon, 2022). 

Novel research has shown that endocrine-disrupting chemicals 

(EDCs), including bisphenols, trigger breast cancer-associated 

genes and cell proliferation via binding to estrogen receptors 

(ERs) (Castillo-Sanchez et al., 2020). Impairments in the 

endocrine system in complex diseases such as birth defects and 

obesity caused by BPA have been partially clarified 

(Priyadarshini et al., 2023). However, it is unclear how BPA 

affects the onset and progression of cancer in the breast. 

Therefore, understanding the exact biological effects of 

endocrine disruptors is essential. This study aims to identify hub 

factors and pathways involved in BPA-associated breast cancer 

formation and progression via a bioinformatics approach. 

 

2. Materials and methods  

 

2.1. Collection and pre-processing of transcriptomic data 

 

The mRNA expression dataset (GSE32158), which 

includes MCF-10F cells exposed to 10 µM BPA for two weeks 

and non-treated cells, was obtained from the GEO repository 

(Barrett et al., 2013) of NCBI. Next, DEGs between BPA-

treated and control group cells were identified using the GEO2R 

web tool (GEO2R, 2023). Next, DEGs between BPA-treated 

and control cells were identified according to |logFC|>2.0 and p-

value <0.05 criteria using the GEO2R web tool (Fig. 1).  

 

2.2. Enrichment analyses of the DEGs 

 

To identify the biological and molecular functional processes 

and significantly enriched pathways of the DEGs, the DAVID 

tool was used (Huang et al., 2009; DAVID, 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Protein-protein interaction (PPI) network analysis 

 

Co-expression relationship between DEGs was determined 

through the PPI network created using STRING (Jensen et al., 

2009; STRING, 2023). The confidence score cutoff value was 

set at 0.7. Then, the cytoHubba plug-in of Cytoscape (Shannon 

et al., 2003) was used to extract the hub genes using five widely 

preferred algorithms: Maximal Clique Centrality (MCC), 

Maximum Neighborhood Component (MNC), Degree, 

EcCentricity, and Closeness. The first fifteen genes of each 

algorithm result were ranked, and aligned genes were chosen as 

hub genes. 

 

2.4. Data validation  

 

The mRNA profiles of the core genes between tumor and 

healthy tissues in breast invasive carcinoma (BRCA) were 

verified using different sources and tools. Cumulative mRNA 

expressions of the hub genes in breast cancer patients and 

healthy individuals were analyzed using the GEPIA2 platform 

(Tang et al., 2019; GEPIA2, 2023) was used.  

The association between the expression of hub genes and 

the clinical stage of the disease was analyzed using the 

UALCAN web portal (Chandrashekar et al., 2017; UALCAN, 

2023) and the prognostic outputs of these genes on the overall 

survival of breast cancer patients were evaluated using the KM-

plotter platform (Gyorffy, 2021; KM-plotter, 2023). The 

expression correlations of hub genes in breast cancer and the 

tumor infiltration level of immune cells were visualized by the 

TIMER2.0 database (Li et al., 2020; TIMER2.0, 2023). Finally, 

to determine whether the identified hub genes were among the 

genes interacting with BPA, the CTD database was used (Davis 

et al., 2021; CTD, 2023). 

 

3. Results 

 

3.1. DEGs 

 

Based on the findings, a total of 1814 DEGs (976 up- and 

838 down-regulated) were identified (|logFC| >2 and p< 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M. Akkus & H. Ceylan  Front Life Sci RT 4(2) 2023 72-78 

    74 
 

Fig. 2. PPI network of DEGs constructed by STRING database. 

 

3.2. Functional characterization of DEGs 

 

To further investigate the biological themes and pathways 

including the DEGs, GO and KEGG pathway enrichment 

analyses were performed. The first fifty down and upregulated 

DEGs were used for this analysis. Based on the DEGs 

annotation, it was found that the upregulated genes were 

significantly enriched in several GO terms, such as regulation of 

cell proliferation, cell surface, and DNA helicase activity. 

Downregulated genes were significantly enriched in transport, 

oxidation-reduction processes, and cytokine receptor activity. 

According to pathway enrichment results, while upregulated 

DEGs are importantly enriched in ECM-receptor interaction, 

downregulated DEGs are enriched in the complement and 

coagulation cascades (Supplementary Table 1 and 2). 

 

3.3. Protein interaction network and hub gene detection 

 

The PPI network constructed using the STRING (Fig. 2) 

was further analyzed with Cytoscape software. Next, network 

properties were analyzed by MCC, MNC, Degree, EcCentricity, 

and Closeness algorithms of the Cytohubba plug-in of 

Cytoscape. The genes that are the intersection of the first-ranked 

15 genes with the highest score in these five algorithms were 

identified through the Venn diagram. Finally, CCNA2 and 

CCNB1 were identified as hub genes (Table 1 and Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Validation and analysis of hub genes 

 

Firstly, GEPIA2 was used to confirm the mRNA 

expression patterns of two genes. It was determined that the 

mRNA levels of the two identified genes were notably elevated 

in tumor tissues compared to healthy tissues (Fig. 4a and Fig. 

4d). Then, subgroup analysis was performed using UALCAN to 

uncover the expression changes of CCNA2 and CCNB1 genes in 

tumor stages. The results revealed that the relative expression of 

CCNA2 and CCNB1 increased significantly in advanced tumor 

stages (Fig. 4b and Fig. 4e). To further investigate the clinical 

importance and prognostic impacts of these hub genes in breast 

cancer, overall survival (OS) analysis was performed using the 

KM-plotter. The results showed that an increased CCNA2 

expression (HR 1.48 [1.34–1.64], P=1.9e-14) and CCNB1 (HR 

1.89 [1.71–2.1], P<1e-16) was significantly related to a poor OS 

in patients diagnosed with cancer (Fig. 4c and Fig. 4f). 

The hub gene expression with immune infiltration level in 

breast cancer correlation was detected using the TIMER gene 

module. Results showed that there was a positive correlation 

between the expression of CCNA2 and the infiltration of purity, 

B cells, CD4+ T cells, CD8+ T cells, dendritic cells, and 

neutrophils (Fig. 5a). In addition, there was a correlation 

between the CCNB1 expression and the infiltration of purity, B 

cells, and neutrophils (Fig. 5b). 

These  findings  clearly  propose  that  CCNA2  and  CCNB1  
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Table 1 

Top 15 genes ranked by five different cytoHubba computational algorithms. The intersection genes are highlighted in bold.  

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 

 
 

 

 

 

 

 

 
Fig. 3. Venn diagram of the intersecting genes derived using five 

algorithms. 

 

may play an essential role in immune cell infiltration in patients 

with breast cancer. It is well that known genes with co-

expression patterns are co-regulated or functionally related 

(Kustatscher et al., 2017). Therefore, to determine the mRNA 

expression correlation of hub genes in breast cancer the 

correlation module of TIMER was used. Consequently, it was 

found that CCNA2 and CCNB1 expressions were highly 

correlated with each other in BRCA (Fig. 6a). Finally, the CTD 

analysis tool MyGeneVenn was used to determine whether hub 

genes are among the genes regulated in response to BPA. 

Intersection analysis of a set of genes curated by CTD and hub 

genes from this study showed that CCNA2 and CCNB1 were 

predicted to be targeted by BPA (Fig. 6b). 

 

4. Discussion 

 

The causes of polygenic diseases are blurry due to their 

complex nature, which complicates the detection of the 

contributing factors (Ceylan et al., 2019; Ritchie et al., 2021). 

Therefore, changes in the whole genome should be considered 

to elucidate the pathophysiology of multifactorial diseases such 

as breast  cancer  and  thus  determine effective therapy strategies  

 

 

 

(Ceylan, 2022). Identification of central genes through the 

bioinformatics-based transcriptome analysis approach is widely 

recognized in the scientific community and provides a molecular 

basis for related biological questions (Ceylan, 2021). The 

present study aimed to determine the carcinogenic properties of 

BPA in breast cancer and accurate targets for future therapy 

through the analysis of transcriptome data from BPA-treated 

human breast epithelial cells MCF-10F. Based on the integrated 

bioinformatics analysis, two hub genes (CCNA2 and CCNB1) 

have been identified in this study. The mRNA expression of 

these two genes was dysregulated (over 12 and 32-fold changes, 

respectively) in the BPA-treated MCF-10F cells compared to 

non-treated cells. 

The cell cycle is regulated tightly because perturbations in 

this operation can lead to crucial complications such as tumor 

development mediated by uncontrolled cell division and 

inappropriate cell proliferation (Pekarek et al., 2023). 

Dysregulation of the expression of related drivers that control 

the transitional stages of the cell cycle is well-documented in 

multiple cancers (García-Gutiérrez et al., 2019; Yesilkent and 

Ceylan, 2022). CDKs (cyclin-dependent kinases) are regulate 

cell cycle checkpoints in response to intracellular and 

extracellular signals (Niu et al., 2019). As a result, it is not 

surprising that abnormalities or impairment of CDKs and CDK-

mediated pathways are characteristic of cancers and initiate a 

chain of events that prime cancer (Ding et al., 2020). Recent 

research has shown that these cyclins are raised in breast cancer 

and are related with worse clinical outcomes (Cai et al., 2023). 

CCNA2 (also known as cyclinA2) is a type of cyclin protein and 

is expressed in nearly all tissues (Zhang et al., 2023). Numerous 

reports have reported that CCNA2 is overexpressed in different 

cancer types and is markedly related with bad prognosis (Dong 

et al., 2019). Similarly, unscheduled expression of CCNB1 

(cyclin B1) has also been shown to be associated with 

uncontrolled cell-cycle progression in several cancers (Zuryn et 

al., 2019). Therefore, targeting these factors, especially in breast 

cancer, can be an ideal strategy to prevent tumor development 

and increase the effectiveness of chemotherapy. 

Although the relationship of BPA with global health 

challenges such as diabetes and heart disorders has been largely 

proven, the mechanisms and key drivers of BPA-induced breast 

cancer  are  still   not   fully  elucidated.  Most  EDCs  stimulate  

Genes MCC Score Genes MNC Score Genes 
Degree 

Score 
Genes 

EcCentricity 

Score 
Genes 

Closeness 

Score 

CCNB1 9,22E+28 CDK1 181.0 CDK1 181.0 EGFR 0.15373 CDK1 516.93 

CCNA2 9,22E+28 CCNB1 155.0 CCNB1 156.0 CCNB1 0.13177 CCNB1 491.55 

AURKB 9,22E+28 CCNA2 154.0 CCNA2 154.0 CCNA2 0.13177 CCNA2 489.26 

BUB1 9,22E+28 BUB1 149.0 BUB1 149.0 BIRC5 0.13177 AURKB 476.64 

PLK1 9,22E+28 BUB1B 143.0 NCAPG 144.0 CHEK1 0.13177 HSP90AA1 473.56 

BUB1B 9,22E+28 AURKB 142.0 BUB1B 143.0 TYMS 0.13177 BUB1 473.41 

CHEK1 9,22E+28 NCAPG 142.0 AURKB 143.0 BRCA1 0.13177 EGFR 471.33 

AURKA 9,22E+28 TOP2A 140.0 KIF11 142.0 CDC25C 0.13177 ACTB 470.02 

TOP2A 9,22E+28 KIF11 140.0 TOP2A 140.0 ACTB 0.13177 PLK1 469.49 

BRCA1 9,22E+28 CCNB2 136.0 CCNB2 136.0 HSP90AA1 0.13177 BUB1B 468.55 

CCNB2 9,22E+28 MAD2L1 131.0 MAD2L1 131.0 CCND1 0.13177 CHEK1 467.38 

NCAPG 9,22E+28 CDC20 129.0 CDC20 129.0 PIK3R1 0.13177 AURKA 467.30 

RRM2 9,22E+28 NDC80 126.0 NDC80 126.0 H2AFX 0.13177 TOP2A 464.78 

KIF11 9,22E+28 TTK 124.0 PLK1 125.0 FN1 0.13177 BRCA1 463.13 

MAD2L1 9,22E+28 ASPM 123.0 AURKA 125.0 H2AFV 0.13177 CCNB2 462.39 
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Fig. 4. The expression validation and analysis of hub genes. The expression profiles of CCNA2 (a) and CCNB1 (d) genes in breast cancer 

within GEPIA database. Red asterisk on top of the boxplot denotes the statistically significant difference. mRNA expression patterns of the 

hub genes in breast cancer patients with cancer stages (b-e). p-values < *0.05, **0.01, ***0.001, ****0.0001. Overall survival (OS) analysis 

of hub genes in BRCA patients (c-f). 

 

Fig. 5. CCNA2 (a) and CCNB1 (b) expressional correlation and abundance of tumor-infiltrating immune cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 6. Correlation of mRNA expression of CCNA2 and CCNB1 in 

patients with breast invasive carcinoma (a). Comparative 

toxicogenomic analysis and target verification in response to BPA (b). 

 

estrogen-related   responses   by  binding   to   estrogen   receptors  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ERs), resulting in gene expression remodeling in the target 

tissue (Bondar et al., 2009). Among EDCs, BPA, as an 

estrogenic compound that has shared structural characteristics 

with ERs, can stimulate cellular responses and cell function 

through its strong estrogenic activity and can cause very critical 

undesirable effects on the health (Almeida et al., 2018).  

Several reports have revealed that due to its endocrine 

disrupting nature, BPA is associated with numerous principal 

non-communicable diseases (NCDs) such as obesity (Hong et 

al., 2023), infertility (Yadav et al., 2023), diabetes (Hwang et al., 

2018), and cancer (Li et al., 2023a).  

BPA’s potential influence on cancer initiation and 

progression, especially in estrogen-related cases, is intriguing, 

stemming from research connecting BPA exposure to intricate 

molecular pathways in cancer development and spread (Ogawa 

et al., 2023). It has been demonstrated that normal ER signaling 

supports benign functions such as differentiation and 
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development in healthy breast tissue. However, numerous 

studies have proven that the abnormal activity of ER signaling 

triggers tumor formation in breast tissue (Xue et al., 2019). ER-

alpha (α) and ER-beta (β) are two estrogen receptor subgroups 

that are thought to be the primary targets of BPA (Li et al., 

2023b). A study reported that ERα moderates cell proliferation 

in breast cancer by modulating the cell cycle checkpoints 

(JavanMoghadam et al., 2016). Another report has indicated that 

the ERα agonistic activity of BPA triggers the development of 

ER-dependent cancer by activating the estrogen response 

element (ERE) promoter (Tillett, 2009). Taken together, tuning 

both ER signaling, and cell cycle control appear to be 

synchronized mechanisms underlying the biological effect 

exerted by BPA in breast cancer formation.  

 

5. Conclusion 

 

In conclusion, the results of this study suggest that BPA, 

even at very low concentrations, causes breast cancer 

development and progression by stimulating ER signaling 

pathways and cell cycle-related factors that promote cancer cell 

proliferation. 
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Supplementary  

Suppl. Table 1. GO and KEGG pathways enrihment analysis for upregulated DEGs. 

Category Term PValue Genes 

BP 
GO:0008284~positive regulation of cell 

proliferation 
1,10E-03 

FGFBP1, TNC, LAMC2, SOX9, THBS1, 

PTHLH, CXCL5 

BP GO:0008544~epidermis development 1,30E-03 KRT14, LAMC2, CST6, PTHLH 

BP GO:0000281~mitotic cytokinesis 2,50E-03 KIF23, CEP55, ZNF365 

BP 
GO:0030198~extracellular matrix 

organization 
1,40E-02 TNC, LAMC2, SOX9, THBS1 

BP 
GO:0008608~attachment of spindle 

microtubules to kinetochore 
2,30E-02 KNL1, NDC80 

BP GO:0007267~cell-cell signaling 2,70E-02 FGFBP1, INHBA, PTHLH, CXCL5 

BP 
GO:0000082~G1/S transition of mitotic cell 

cycle 
2,80E-02 RRM2, MCM10, INHBA 

BP GO:0007062~sister chromatid cohesion 2,90E-02 KNL1, NDC80, ZWINT 

BP GO:0071397~cellular response to cholesterol 3,00E-02 INHBA, LRP8 

BP 
GO:0006271~DNA strand elongation 

involved in DNA replication 
3,80E-02 GINS1, GINS2 

BP 
GO:0032270~positive regulation of cellular 

protein metabolic process 
3,80E-02 UHRF1, INHBA 

BP GO:0042493~response to drug 4,30E-02 INHBA, THBS1, LRP8, DUSP6 

CC GO:0005615~extracellular space 4,30E-03 
FGFBP1, TCN1, LIPG, TNC, LAMC2, 

THBS1, CST6, F3, PTHLH, CXCL5 

CC GO:0000811~GINS complex 7,20E-03 GINS1, GINS2 

CC GO:0005576~extracellular region 1,30E-02 
FGFBP1, TCN1, LIPG, TNC, LAMC2, 

INHBA, THBS1, LRP8, PTHLH, CXCL5 

CC 
GO:0031298~replication fork protection 

complex 
1,70E-02 GINS2, MCM10 

CC 
GO:0000777~condensed chromosome 

kinetochore 
1,90E-02 KNL1, NDC80, ZWINT 

CC GO:0031012~extracellular matrix 3,40E-02 TNC, THBS1, EDIL3, F3 

CC GO:0009986~cell surface 4,10E-02 FGFBP1, LIPG, THBS1, F3, PROM2 

MF GO:0008201~heparin binding 7,30E-03 FGFBP1, LIPG, LAMC2, THBS1 

MF GO:0043138~3'-5' DNA helicase activity 1,70E-02 GINS1, GINS2 

MF 
GO:0005200~structural constituent of 

cytoskeleton 
3,10E-02 KRT14, NDC80, KRT6B 

KEGG_PATHWAY hsa04512:ECM-receptor interaction 8,1E-03 TNC, LAMC2, THBS1 

KEGG_PATHWAY hsa04510:Focal adhesion 4,1E-03 TNC, LAMC2, THBS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Suppl. Table 2. GO and KEGG pathways enrihment analysis for downregulated DEGs. 

Category Term PValue Genes 

BP GO:0006956~complement activation 1,70E-02 C1S, C1R, CFB 

BP 
GO:0043030~regulation of macrophage 

activation 
2,00E-02 RORA, SLC7A2 

BP GO:0006809~nitric oxide biosynthetic process 2,90E-02 RORA, SLC7A2 

BP GO:0016601~Rac protein signal transduction 4,20E-02 CDH13, RHOU 

BP GO:0006810~transport 4,40E-02 CLCA2, LAPTM5, ABCG1, SLC7A2 

BP GO:0055114~oxidation-reduction process 4,40E-02 
SDR16C5, DHRS9, MAOA, HSD17B2, 

CYP4B1 

BP 
GO:0010906~regulation of glucose metabolic 

process 
4,90E-02 PDK4, RORA 

CC GO:0005886~plasma membrane 7,70E-03 

KLRC2, PLCL1, FHL1, CXCR4, 

SLC7A2, GHR, IL1RL1, CLEC2B, 

GPNMB, BASP1, CLCA2, CDH13, 

RHOU, IL6R, GPM6B, ABCG1, CFB 

CC 
GO:0005887~integral component of plasma 

membrane 
9,10E-03 

GHR, CLEC2B, GPNMB, KLRC2, 

CLCA2, LAPTM5, GPR137B, ABCG1, 

SLC7A2 

CC 
GO:0005789~endoplasmic reticulum 

membrane 
3,60E-02 

SDR16C5, RTN1, DHRS9, HSD17B2, 

CYP4B1, ABCG1 

CC GO:0072562~blood microparticle 4,20E-02 C1S, C1R, CFB 

MF GO:0004896~cytokine receptor activity 2,70E-03 GHR, IL1RL1, IL6R 

MF GO:0030246~carbohydrate binding 8,30E-03 CLEC2B, KLRC2, GALNT15, CHI3L1 

MF 
GO:0047035~testosterone dehydrogenase 

(NAD+) activity 
1,50E-02 DHRS9, HSD17B2 

MF GO:0004745~retinol dehydrogenase activity 3,80E-02 SDR16C5, DHRS9 

KEGG_PATHWAY hsa00830:Retinol metabolism 1,30E-02 SDR16C5, DHRS9, ADH1B 

KEGG_PATHWAY 
hsa04610:Complement and coagulation 

cascades 
1,50E-02 C1S, C1R, CFB 
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Abstract 

 

The effect of the Ti element on the incommensurately layered thermoelectric oxide material Ca3Co4O9 is investigated. This 

study compares the structural, morphological, thermoelectric, and magnetic properties of Ca3(Co3.7Ti0.3)O9 composition to the 

pristine Ca3Co4O9. No significant enhancement of the Seebeck coefficient compared to Ca3Co4O9 is observed in the Ti-doped 

sample. The magnetic properties of the pristine and Ti-doped Ca3Co4O9 are detailed, and the possible correlations between pristine 

and Ti-doped Ca3Co4O9 are established.  In M-H measurements, the effect of Ti in low temperatures revealed a magnetic phase 

transition due to two sublattices exhibiting wavy behavior. For each sample, magnetic inhomogeneity in the long-range 

ferromagnetic ordering, which is clear almost before 19 K, is observed through FC and ZFC curves. The findings on the physical 

properties of both samples are discussed, considering the previously published results. 

 

Keywords: Structural and magnetic properties; thermoelectricity; Ti-doped Ca3Co4O9  

 
 
1. Introduction 

 

More The reduction of natural energy sources and the high 

demand for these resources make it crucial to develop new and 

alternative energy sources. For example, converting waste heat 

directly into electricity is an economical, environmentally 

friendly, efficient alternative. Moreover, materials with 

thermoelectric properties, like double-stranded DNA, are used 

in life sciences and various biotechnological applications (Yueqi 

et al., 2016; Heussman et al., 2022; Mogheiseh et al., 2023). The 

molecular resistance has a linear relationship with length due to 

the thermoelectric effect in both the tunneling and hopping 

regimes, in which electrons or holes move sequentially along 

molecules from one end to the other through many steps in 

biology (Yuegi et al., 2016; Kun et al., 2019; Li et al., 2019; 

Chen et al., 2021; Seif et al., 2021).  

Studying the thermoelectric effect in single molecules can 

be used for various purposes, including evaluating the alignment 

of the molecular orbitals, comprehending the energy conversion 

mechanism connected to charge transport, and figuring out 

whether electrons or holes are responsible for charge transport. 

Thermoelectric (TE) devices which are low-cost, pollution and 

maintenance-free, allow for the harvest of waste energy. Various 

sources such as gasoline-fueled internal combustion engines, 

power generators (the Seebeck effect), and coolers (the Peltier 

effect) (Ohtaki et al., 1996; Zang et al., 2020; Ruan et al., 2021; 

Amaveda et al., 2022) are presently available. But to be efficient, 

TE devices need to exhibit stable high thermal and chemical 

properties at elevated temperatures in the air. For practical 

industrial purposes, thermoelectric materials' performance and 

relative utility can be evaluated by the figure of merit ZT which 

is required to be>1. So far, some oxide systems have been 

investigated, such as (Zn, Al) O (Ohtaki et al., 1996), La2CuO4 

(Liu et al., 2022), and In2O3 (Klich et al., 2021).  

Recently studies at ambient temperature for nano-

structured Bi2Te3-Bi2Se3 superlattices have yielded a promising 

high TE figure of merit ZT>2 (Ozkendir et al., 2022). However, 

the effectiveness of these systems is incomparable, even with 
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alloys and semiconductors. Even if the popularity of the ongoing 

research on TE devices has tended to quantum dots or 

nanowires, such systems are both toxic and unstable at high 

temperatures. Oxide materials such as NaCo2O4 (Perac et al., 

2022) and Ca3Co4O9 (Klie et al., 2012) have been revealed to 

possess high thermoelectric properties, which are still not well 

understood and probably related to the correlation between the 

behavior of the electrons and phonons in anisotropic phase 

environments and the low dimensionality of the crystal 

structure. However, due to the distribution of grains’ random 

orientation in the ceramics, polycrystalline Ca3Co4O9 shows a 

relatively low figure of merit (grain boundary scattering leading 

to enhanced electrical resistivity). Therefore, the homogeneity 

of composition during the ceramic sintering process controlling 

grain growth and different dopants’ effects are essential to 

improve this figure of merit.  

Among the layered oxides, increasing attention has been 

given to Ca3Co4O9 as one of the most promising thermoelectric 

materials (Shi et al., 2021). The crystal structure of Ca3Co4O9 

can be viewed as rocksalt-type Ca2CoO3 layers with a CdI2-like 

CoO2 layer stacked (Amaveda et al., 2022). Many dopants have 

been utilized by choosing different kinds of ions at various ratios 

to improve and optimize thermoelectric performance (Li et al., 

2022). Other atomic substitutions for the Ca-site in the rock-salt 

type Ca2CoO3 layers of Ca3Co4O9 revealed a practical 

enhancement in the Seebeck coefficient and texture (Shi et al., 

2021). This improvement should be the reason for an increase in 

carrier mobility due to the effect of the different sizes of atoms 

in the Ca3Co4O9 system. Pristine and elemental substituted Ca-

Co-O systems are expected to exhibit a high Seebeck coefficient 

by optimizing texture, the control of carrier density, and 

mobility.  

In this study, Ti substituted Ca3Co4O9 sample, synthesized 

by solid-state reaction method to figure out the structural and 

magnetic effects of Ti atom in the Ca3Co4O9 system, was 

investigated. The enhancement of TE performance, which is 

related to the induced Co spin-entropy via the Ti doping effect 

in [Ca2CoO3] and [CoO2] sublayers, was exhibited by revealing 

the Seebeck coefficients of both Ca3Co4O9 and 

Ca3(Co3.7Ti0.3)O9. The magnetic effect of Ti ions on the 

Ca3Co4O9 system was demonstrated, and the results were 

compared by Ca3Co4O9 composition. 

 

2. Materials and methods  

 

In this study, the powders were synthesized using a solid-

state reaction technique with sub-micrometer particle size and 

the same (99.9% Stream Chemicals) purity. All samples were 

prepared from CaCO3, Co3O4, and TiO2 from reagent-grade 

powders. These powders in specific proportions were weighed 

to obtain the nominal composition of Ca3(Co3.7Ti0.3)O9 and 

Ca3Co4O9 separately. In an agate mortar, the stoichiometric 

mixtures of oxides were homogenized and mixed by a stirrer in 

an isopropyl alcohol medium (C3H8O) for five h at 230 rpm. The 

compound was calcinated at (950ºC) for 12-24 h in the air to 

activate phase transition and form.  

The samples were cooled to room temperature and ground 

to obtain high-quality homogenized mixtures and recalcinated at 

(950ºC) for 24 h in air. The weight difference in all cases was 

negligible. 1000 Mpa uniaxial pressure was applied to the 

pellets, and after that, the pellets were sintered at 950ºC for 24h 

in an air furnace. The crystalline phase and the oxides were 

analyzed by θ-2θ two-circle XRD setup (Bruker AXS D8 

Advance) using a Cu Kα source. The size of the grains and the 

elemental compositions of the obtained samples were 

determined by SEM and an in-situ attachment of EDX with the 

model of JOEL 7000 FE and INCA (Oxford Instrument) 

software. As a function of magnetic field and temperature, the 

static magnetization measurements were conducted by a 

vibrating Sample Magnetometer. Quantum Design PPMS was 

equipped with a thermal transport option for the in-plane 

Seebeck coefficient measurements.  

 

3. Results 

 

3.1. Structural and morphological analysis 

 

Crystal properties were investigated by XRD. Fig. 1 shows 

the XRD patterns of pure Ca3Co4O9 and Co-site Ti-doped 

Ca3Co4O9 powder samples produced under the same conditions. 

A wide range of sintering temperatures (800-950 °C) was used 

to test the convenient sintering temperature of Ca3Co4O9. The 

decomposition phase of Ca3Co4O9 is Ca3Co2O6, of which peaks 

were marked with the # symbol in Fig. 1. At 950°C sintering 

temperature, the decomposition reaction rarely occurs. It is 

known in the literature that at over 1200°C, the decomposition 

reaction of Ca3Co4O9 more extensively yields Ca3Co2O6 and 

CoO peaks (Woermann et al., 1970). When lowering the 

calcinating and sintering temperatures below 750°C, the 

intensity deteriorates due to the insufficient crystallization phase 

(Tongfang et al., 2010).  

The effects of Ti doping into the Ca3Co4O9 depict no clear 

evidence about the positional shifts of the peaks. However, as 

shown in Fig. 1, some extra ignorable peaks reveal due to Ti 

doping. Cohen's method was used to determine the lattice 

parameters of both Ca3Co4O9 and its Ti-doped form (Sari et al., 

2023). One such promising material, Ca3Co4O9, is 

incommensurately composed of rocksalt-type Ca2CoO3 layers 

sandwiched between two hexagonal CdI2-like CoO2 layers. The 

lattice parameters shared by both substems are a = 4.8339 Å, c 

= 10.8436 Å, and b1/b2 = 1.618 with β = 98.14◦. The 

Ca3(Co3.7Ti0.3)O9 composition has the same structural system 

with the lattice parameters of a = 4.8332 Å, c = 10.8438 Å, and 

b1/b2 = 1.617.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. XRD pattern of Ca3Co4O9 at varying annealing temperatures and 

Ti-doped Ca3Co4O9 sample annealed at 950°C are summarized. 
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a 

c d 

b 

e 

Fig. 2. The SEM images of Ca3Co4O9 in (a), (c), and Ti-doped Ca3Co4O9 in (b) and (d) both annealed at 950°C are summarized. In (e) and (f), 

the EDX measurement results are depicted for Ca3Co4O9 and Ti-doped Ca3Co4O9 samples, respectively. 

 

The SEM photos of Ca3Co4O9 [in (a) and (c)] 

and Ca3(Co3.7Ti0.3)O9 [in (b) and (d)] sintered at 950°C for 2 and 

5 μm magnifications are shown in Fig. 2. Due to the optimum 

950°C (24 h) sintering temperature, porous pellets were 

minimally formed. This reveals that sintering temperatures 

below 950°C are insufficient to produce dense Ca3Co4O9 

and Ca3(Co3.7Ti0.3)O9 ceramics. A scanning electron microscope 

study indicated that at high sintering temperature regimes (970-

1000°C), also many pores were present, and a larger grain size 

of about 2 mm forms. Over 1000°C sintering temperature, the 

surface of the grains became even smoother, and grains 

coarsened (Dos Santos et al., 2020). The observed physical view 

of the grains should be an indicator of partially melted surface 

grains (Koshibae et al., 2000; Yang et al., 2009; Dos Santos et 

al., 2020). The EDX measurement was performed to quantify 

the elemental composition of the pellet samples. Quantitative 

texture analysis of the bulk ceramic materials showed only the 

composition material peaks of Ca3Co4O9 and Ca3(Ti0.3Co3.7)O9. 

As seen in Table 1 and Table 2, a convenient compositional 

quantify with the stochiometry in the EDX analysis was 

exhibited for Ca3Co4O9 and Ca3(Co3.7Ti0.3)O9 samples. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table 1 

The EDX measurement results of the Ca3Co4O9 sample in K shell 

energies are depicted. 

Element Weight % Atomic % Net Int. 
Net Int. 

Error 

O K 30.63 54.44 1081.11 0.01 

Ca K 23.22 18.57 4376.83 0.01 

Co K 46.15 26.99 1690.21 0.01 

 

Table 2 

The EDX measurement results of the Ti-doped Ca3Co4O9 sample in K 

shell energy levels are summarized. 

Element Weight % Atomic % Net Int. 
Net Int. 

Error 

O K 24.78 50.08 566.3 0.01 

Ca K 26.47 21.35 1808.31 0.01 

Ti K 10.48 5.77 730.04 0.01 

Co K 38.27 22.8 630.9 0.01 

 

The Heikes formula (Eq. 1) is useful for determining the 

Seebeck coefficient in strongly correlated oxide materials (Shi 

et al., 2021). 
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Fig. 3. The magnetic field-dependent magnetization of CTCO in (a), (b), and (c) and CCO in (d) at the given temperatures were exhibited. 

 

3.2. Thermoelectric analysis 

 

𝑆 = −
𝑘𝐵

𝑒
𝑙𝑛 (

𝑔3

𝑔4

1−𝑥

𝑥
)           Eq. 1 

        

In Eq. 1, Co4+ concentration is shown by x, 𝑘𝐵   is the 

Boltzmann constant, e is the electronic charge, and the orbital 

degeneracies of Co3+ and Co4+ in the CoO2 layer are given by g3 

and g4, respectively. In the literature, x=0.5 has been found as a 

critical concentration value of Co4+ in the CoO2 layers, which 

results in a Co-valence state of + 3.5 (Li et al., 2022). A 

possibility of this mixed-valence state in the CoO2 layer is 

assumed for the large S. At room temperature, the Seebeck 

coefficients of pristine bulk Ca3Co4O9 and Ti-doped Ca3Co4O9 

were measured to be S = 130 𝜇𝑉 𝐾⁄  and S = 136 𝜇𝑉 𝐾⁄ , 

respectively. Thus, a slight increment in the Seebeck coefficient 

of Ti-doped Ca3Co4O9 was observed within the experimental 

uncertainty of the transport measurement setup (Hu et al., 2016). 

Similar results for the thin-film form of the Ti-doped 

Ca3Co4O9 were found in the literature (Hu et al., 2016). Some 

nanoparticle systems also exhibit similar thermoelectric 

behavior, and those are used in life science (Aksu et al., 2022; 

Boyraz et al., 2022; Chein et al., 2022;  Hinterdinget al.,  2022;  

Boyraz et al., 2023). 

 

3.3. Magnetic analysis 

 

Magnetic field-dependent magnetization measurements  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

conducted for CCO and CTCO samples in a wide temperature 

were range of (T=5, 10, 20, 25, 30, and 300 K) and (T=10, 15, 

20, 25, 30, and 300 K) in Fig. 3 respectively. As seen in (a) and 

(b), the Ca3(Co3.7Ti0.3)O9 sample exhibits ferromagnetic 

behavior at 10 and 15 K.  

It is known that the crystal structure of Ca3Co4O9 can be 

viewed as rocksalt-type Ca2CoO3 layers with CdI2-like stacked 

CoO2 layer. The wavy behavior in (b) should be the reason for 

the magnetic phase transition due to two sublattices (Klie et al., 

2012). Hence, these two layers provide two sub-lattices with 

different Curie temperatures (Tc). Similar wavy behavior was 

observed for CCO at 20 K in Fig. 3 (d). The wavy behavior in 

low temperatures should not be attributed to the change in the 

domain structure. Fig. 3 (c) illustrates that Ca3(Co3.7Ti0.3)O9 and 

Ca3Co4O9 structures show an apparent paramagnetic behavior 

above 15 K and 20 K, respectively.  

Temperature evaluation of magnetization (M) in a field of 

50 Oe (FC) and after cooling the sample in ZFC conditions was 

depicted in Fig. 4 (a) and (b) for the samples Ca3Co4O9 and 

Ca3(Co3.7Ti0.3)O9 respectively. As seen in Fig. 4 (a) and (b), there 

is a magnetic phase transition in both Ca3Co4O9 (at 20 K) and 

Ca3(Co3.7Ti0.3)O9 (at 18.9 K). These magnetic phase transitions 

have been attributed to the ferr-to-ferromagnetic transitions 

below Neel temperature. In pristine and Ti-doped CCO, the 

existence of magnetic inhomogeneity in the long-range 

ferromagnetic ordering is clear almost before 19 K for each 

sample due to the separation of each ZFC and FC curve (Hira et 

al., 2019). 
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Fig. 4. The temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetizations for Ca3Co4O9 and Ca3(Co3.7Ti0.3)O9 in (a) and 

(b) respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

 

The pristine and Ti-doped CCO samples were fabricated 

by the solid-state reaction method. The structural and magnetic 

characteristics of pure and Ti-doped CCO were compared. The 

structural effect of Ti in pristine CCO was revealed by 

calculating lattice parameters indicating a very small variation 

in the Ti-doped sample. In the literature, the Seebeck coefficient 

of Ca3Co3.8Ti0.2O9 was measured as S = 135 𝜇𝑉 𝐾⁄  which is 

very close to our measurement result S = 136 𝜇𝑉 𝐾⁄  for 

Ca3(Co3.7Ti0.3)O9 (Hu et al., 2016).  

In M-H measurements, theeffect of Ti in low temperatures 

revealed itself as a magnetic phase transition due to two 

sublattices exhibiting wavy behavior.  

The separation of each ZFC and FC curve indicates magnetic 

inhomogeneity in the long-range ferromagnetic ordering, which 

is clear almost before 19 K for each sample. An increment in the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seebeck coefficient was observed due to Ti substitution, which 

also brought inhomogeneity to the pristine CCO. Especially in 

powder form, the thermoelectric effect provides a new field of 

study in transport properties in DNA studies. Thus, CCO may 

be a suitable candidate for molecular studies in life science.  
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Abstract 

 

Phenolic compounds, which are a prevalent type of secondary metabolite, are responsible for the antioxidant and antimicrobial 

properties found in the extracts. To contribute new knowledge to scientific literature, it is essential to study the phenolic content and 

bioactivity of plant parts that have not been previously studied or are unknown. Lonicera caucasica PALLAS subsp. orientalis is 

an endemic species that grows in a few cities in Türkiye. The study involved extracting L. caucasica leaves using methanol. The 

resulting fraction was then analyzed using Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) to determine 

the phenolic content of the extract. The quantities of 22 out of the 67 phenolic compounds that were identified were determined. 

Among these, the top three in terms of quantity are chlorogenic acid, with a concentration of 2.223 ± 0.065 mg g -1, followed by 

quinic acid at 2.163 ± 0.057 mg g-1, and syringic acid at 1.192 ± 0.036 mg g-1. The antioxidant activities of the extracts were 

determined using the ABTS•+, DPPH (SC50, mg/mL) and FRAP (μM, TEAC) methods. The values were calculated to be 0.0135 

± 0.0001, 0.0136 ± 0.0001, and 2368.88 ± 2.94, respectively. Furthermore, the extracted substance was subjected to tests against 

three gram-negative bacteria (Pseudomonas aeruginosa, Klebsiella aerogenes, and Escherichia coli) and three gram-positive 

bacteria (Enterococcus faecalis, Bacillus megaterium, and Streptococcus pyogenes). The outcomes of the tests were documented. 

The highest level of antibacterial activity was found to be against P. aeruginosa. Based on the findings, it has been determined that 

the leaves of L. caucasica contain a considerable amount of phenolic content, exhibit exceptional antioxidant activity, and display 

a strong antibacterial effect. 

 

Keywords: Antimicrobial activity; antioxidant activity; phenolic content; total phenolic content 

 

 
1. Introduction 

 

Polyphenols, one of the largest classes of secondary 

metabolites, include a variety of molecules in the plant kingdom 

that have at least one aromatic ring replaced by one or more 

hydroxyl groups (Ferrazzano et al., 2009). Polyphenols have 

recently attracted the interest of scientists from a variety of 

disciplines due to the discovery of their extremely advantageous 

health benefits. Its health benefits are particularly significant in 

terms of its protective effects against serious diseases such as 

cardiovascular diseases, diabetes, neurodegenerative diseases, 

and cancer. Many of these benefits have been partially attributed 

to polyphenols’ antioxidant properties (Petti and Scully, 2009). 

Lonicera caucasica PALLAS subsp. orientalis (Lam.) 

Oda. et Long (Caprifoliaceae, MARE 13533) is a member of the 

Caprifoliaceae family (Dogan and Tuzlaci, 2015). Additionally, 

Lonicera is a genus of the Caprifoliaceae family and includes 

several endemic species that are classified as being at risk 

(Iskender et al., 2006). Lonicera typically grows in elevated 

locations over 500-2790 meters, and it is a 15-19 cm tall plant 

with a 25-35 cm diameter (Palabas et al., 2005; Dogan, 2014; 

Tunckol et al., 2020). During May and July, it undergoes 

blooming and is commonly found in both coniferous and 

deciduous forests, as well as shrub habitats. 
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The genus comprises approximately 180 species native to 

North Africa, Asia, Europe, and North America (Iskender et al., 

2006; Tomaszewski et al., 2019). Registered provinces in 

Türkiye: Trabzon, Giresun, Sivas, Rize, Kayseri, Hatay, 

Kastamonu, Ankara, Bolu, Amasya, and Tunceli (endemic). Its 

local name is Ivy (Sarmaşık). It has two locally known uses 

(Dogan, 2014). 

a) The decoction prepared from its leaves is used internally 

as an expectorant. 

b) The decoction prepared from its fruits is used externally 

against acne. 

The information in the literature is very limited and entirely 

related to the definition of the genre. Other studies on Lonicera 

in the literature are associated with Lonicera japonica. This 

species’ various parts were extracted, analysed, and their 

bioactivities investigated. L. japonica’s flowers, leaves, and 

branches (Caprifoliaceae) Thumb are widely used as traditional 

teas and medicines in numerous Far Eastern nations. These plant 

parts have been used to treat various diseases in these regions 

for centuries. However, studies on the antioxidant activities of 

even L. japonica are still insufficient (Byun et al., 2004a,b). 

There is no study in the literature regarding the chemical 

analysis and bioactivity of L. caucasica. Giresun Şebinkarahisar 

region is of great importance in terms of some endemic species. 

The aim of this study is to obtain more information about the 

phenolic content, antioxidant activity, total phenolic content, 

and antimicrobial properties of L. caucasica, an endemic species 

collected from Şebinkarahisar. This is the first study on the 

chemical composition and biological activity of L. caucasica 

leaves, as no previous research has been conducted on this 

plant’s leaves. 

 

2. Materials and methods 

 

2.1. Chemicals and reagents 

 

Both sodium sulfate and sodium chloride were obtained 

from Merck in Darmstadt, which is located in Germany. 

Trolox® and 2,4,6-Tripyridyl-s-Triazine (TPTZ) were provided 

by Sigma Aldrich in Munich, Germany. HPLC syringe filters 

made of 0.45 µm polyvinylidene difluoride (PVDF) were 

provided by ISOLAB (Germany). The standards used in the 

analysis were all purchased from Sigma Aldrich in Steinheim, 

Germany. Merck (Darmstadt, Germany) supplied the extraction 

with HPLC grade methanol. 
 

2.2. Sampling area 
 

Samples of L. caucasica PALLAS subsp. orientalis plant 

leaves were collected from the Şebinkarahisar neighborhood in 

Giresun. Dr. Rena Huseyinoglu was responsible for identifying 

these species. These plants’ leaves were dried in an oven at 40C 

for 48 hours. 

 

2.3. Extraction of phenolic compounds 
 

The leaves of L. caucasica were extracted using Soxhlet 

extraction. To do this, each sample was ground into a powder 

and then put into a Soxhlet cartridge at a mass of 5 grams. The 

powdered leaves were extracted with 150 mL of methanol. After 

being filtered, the solvent was evaporated in a rotary evaporator 

at a temperature of 40C and a pressure of 175 millibars. 

Following dissolution in methanol, the samples were kept at a 

temperature of -20 degrees Celsius for Liquid Chromatography-

High Resolution Mass Spectrometry (LC-HRMS) analysis. 

 

2.4. Analysis of phenolic compounds with liquid 

chromatography-high resolution mass spectrometry  

 

 

LC-HRMS analyses were performed at Bingöl University 

(BUMLAM), using a high-resolution MS composite of the 

DIONEX UltiMate 3000 RS pump, the DIONEX UltiMate 3000 

RS autosampler, and the LC system with the DIONEX UltiMate 

3000 RS column furnace and Exactive Plus Orbitrap (Thermo 

Fisher Scientific) with a heated electrospray ionization interface.  

The analyses were performed on a Phenomenex® 

Gemini® 3 µm NX-C18 110 Å (100 mm × 2mm) column. The 

temperature of the column furnace was maintained at 30°C. For 

the elution gradient, the mobile A phase was prepared by adding 

2% (v/v) glacial acetic acid to ultrapure water obtained through 

an ultrapure water system (GFL 2004/Human Power 1). For the 

mobile B phase, LC-MS grade methanol was used that is 99.9% 

pure from Sigma-Aldrich, Germany. The separation was carried 

out according to the conditions indicated in Table 1, with the 

sample injection volume of 20.0 µL and the gradient elution 

conditions at a flow rate of 0.3 mL/min. The analysis time was 

set to a total of 20 minutes.  

Apigenin standard concentration for phytochemical 

compounds of the LC-Orbitrap HRMS analysis method 10 - 20 

- 40 - 60 - 80 - 100 - 200 - 300 - 400 - 500 µg L-1 was prepared 

and injected three times each. 

 
Table 1  

Gradient conditions following elution. 

 

2.5. Methodologies for measuring antioxidant activity 

 

The iron (III) reduction/antioxidant strength (FRAP), 

ABTS, and DPPH radical scavenging methods, which are 

widely used in the literature, were used to determine the 

antioxidant activity in plant extracts. In addition, the total 

phenolic substance determination in the extracts was determined 

by the Folin-Ciocalteu method. The analyses were carried out in 

three replications. 

 

2.5.1. Iron (III) reduction / antioxidant power (FRAP) method 

 

Later-developed absorbance measurement of the TPTZ-

Fe(II) complex forms the basis of this study’s methodology 

(Benzie and Strain, 1999). A calibration chart with Trolox 

concentrations from 31.25 to 1000 μM measured all sample 

activities as micromolar TEAC (Trolox Equivalent Antioxidant 

Capacity). The FRAP values for all samples were determined to 

be 5 mg mL-1. An absorbance reading of 595 nm was obtained 

following a 20-minute incubation at room temperature with 50 

µL of plant extract and 1.5 mL of FRAP reagent (acetate buffer, 

 
Retention 

Time (min.) 

Flow Rate 

(ml/min.) 

Mobile Phase 

A% 

Mobile Phase 

B% 

1 0 0.3 100 0 

2 0 0.3 100 0 

3 2 0.3 100 0 

4 13 0.3 2 98 

5 15.9 0.3 2 98 

6 16 0.3 100 0 

7 19 0.3 100 0 
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TPTZ, and FeCl3.6H20 solutions) (Karacelik et al., 2021a). Each 

tube’s absorbance was evaluated in comparison to distilled 

water. 

 

2.5.2. ABTS radical scavenging method 

 

The ABTS•+ radical scavenging technique is based on the 

method modified by Re et al. (1999). In brief, ABTS was 

dissolved in a mixture of ethanol and water (5:1) to make a 7 

mM stock solution of ABTS. To create ABTS radical cation 

(ABTS+), the stock solution of ABTS was mixed with 2.45 mM 

potassium persulfate in a 1:3 ethanol/water mixture. The mixture 

was then left at room temperature and in dark for 16-20 hours. 

With 0.70 (±0.02) absorption at 734 nm, a 1:40 dilution of 60-

40% ethanol-water was used to dilute a ready-to-use blue-green 

ABTS•+ radical solution. Each sample’s and standard’s 

concentration were run three times in parallel. For each 

concentration of the sample/standard, a blank was also read. At 

a wavelength of 734 nm, after 20 minutes incubation at room 

temperature. Plots of concentrations corresponding to the 

discovered absorbance were made, and SC50 values in mg mL-1 

were computed (Karacelik et al., 2015). 

 

2.5.3. DPPH radical scavenging activity 

 

DPPH was used to test radical scavenging (Cuendet et al., 

1997). All samples were pre-tested to determine the working 

range, and standards (BHT, Troloks) were prepared at various 

concentrations. Once samples were pipetted into the necessary 

tubes, a 750 µL solution of 100 µM methanolic DPPH was 

added and vortexed. The mixture was then incubated for 50 

minutes at room temperature. The absorbances were measured 

at the end of the period at 517 nm, which is where DPPH• had 

the highest absorbance. The calculations involved averaging the 

parallels and then subtracting the blind values. SC50 values were 

calculated in mg mL-1 by plotting concentrations against the 

corresponding absorbances. Lower SC50 values indicate greater 

radical scavenging capacity (Turkucar et al., 2021). 

 

2.5.4. Determination of total phenolic content (TPC) 

 

The total phenolic content of L. caucasica extracts was 

quantified using a modified Slinkard and Singleton (1977) 

method with Folin-Ciocalteu reagent, gallic acid, and catechin 

as standards. The analytical concentration for each sample was 

5 mg mL-1. To a final volume of 50μL, deionized water (2.5 mL) 

was added to the sample solution, followed by 250 μL of 0.2 N 

Folin-Ciocalteu reagent. The mixture was vortexed once more 

and 750 μL of Na2CO3 (7.5%) was added after 3 minutes of 

incubation and vortexing. In addition to this, each sample as well 

as the standard concentration had blank samples and reagents 

analyzed. The absorbance at 765 nm was measured following an 

incubation period of two hours at room temperature. The total 

phenolic content is given in gram gallic acid equivalents per mL 

of sample. This is done by drawing separate calibration graphs 

for gallic acid and catechin standards in the range of 15.63-1000 

g mL-1 (Karacelik et al., 2021b). 

 

2.6. Determination of antibacterial activity of the extracts  

 

L. caucasica subsp. orientalis was tested for three Gram-

negative bacteria: Pseudomonas aeruginosa (ATCC27853), 

Enterobacter aerogenes (ATCC 3048), and Escherichia coli 

(ATCC 25922). Also, L. caucasica was tested on three Gram-

positive bacteria: Enterococcus faecalis (ATCC 29212), 

Bacillus megaterium (ATCC 6633), and Streptococcus 

pyogenes (ATCC 19615). The bacteria were supplied by the 

Molecular Biology and Genetics Laboratory at Erzurum 

Technical University. The bacteria were aerobically grown on 

Mueller Hinton Agar (MHA, Merck 1.05437) at 37°C. Disc 

diffusion and minimum dilution techniques were used to 

measure antimicrobial activity and minimum inhibitory 

concentrations (MIC) utilizing the technique described by Seker 

et al. (2021). The extract was diluted to a concentration of 39- 

4.8 mg mL-1 with 20% DMSO. Ofloxacin (10 g disc-1), 

netilmicin (30 g disc-1), and sulbactam (SCF) were positive and 

were used as positive controls for disc diffusion test and 

Maxipim (Bristol-Myers Squibb, New York, NY, USA) at 

concentration of 7.81 to 500 g µL-1 were used as positive 

controls for minimum dilution method. 10 μL of 20% DMSO 

was the negative control for both tests. MIC values were checked 

by the minimum dilution test. All of the experiments were 

conducted for three times.  

 

3. Results and discussion 

 

The leaves of L. caucasica were screened for eighty-two 

phenolic compounds, and the presence of fifty-six of them was 

determined. All substances sought and identified are listed in 

Table 2. Table 3 lists the determined concentrations of seventeen 

of these compounds. 

 
Table 2  

Phenolic compounds, retention times and mass load ratios used in the 

determination of phenolic compounds. 

Phenolic Compounds RT (min.) Quan Peak 

Benzoic acid 6.86 121.02950 mz 

4-Hydroxybenzoic acid 6.21 137.02442 mz 

Salicylic acid 9.95 137.02442 mz 

3-hydroxybenzoic acid (3-HBA) 7.17 137.02442 mz 

3-hydroxyphenylacetic acid (3-HPA) <LOD 107.05053 mz 

Syringic acid 7.78 197.04555 mz 

Gallic acid 0.78 169.01425 mz 

Protocatechuic acid 4.30 153.01933 mz 

Protocatechuic acid ethyl ester 9.19 181.05063 mz 

Protocatechuic aldehyde 5.66 137.02442 mz 

2,4-dihydroxybenzoic acid (beta-
Resorcylic acid) 

7.33 153.01933 mz 

Vanillic acid 7.30 167.03498 mz 

Homovanillic acid 7.11 181.05063 mz 

Vanillin 7.66 151.04007 mz 

Gentisic acid 6.43 153.01933 mz 

3,4-Dihydroxyphenylacetic acid 

(DOPAC, Homoprotocatechuic acid) 
7.3 167.03498 mz 

trans Cinnamic acid 10.33 147.04515 mz 

Coumaric acid (trans-3-

Hydroxycinnamic acid) 
8.29 163.04007 mz 

Caffeic acid 7.24 179.03498 mz 

Caffeic acid phenhyl ester (CAPE) 12.08 283.09758 mz 

Ferulic acid 8.54 193.05063 mz 

Sinapic acid 8.69 223.06120 mz 

Chlorogenic acid 7.07 353.08781 mz 

Quinic acid 1.14 191.05611 mz 

3-(4-Hydroxyphenyl) propionic acid <LOD 165.05572 mz 
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α-Cyano-4-hydroxycinnamic acid 9.23 188.03532 mz 

Catechin (Cianidanol)-p <LOD 289.07176 mz 

Epigallocatechin <LOD 305.06668 mz 

Epigallocatechin gallate <LOD 457.07763 mz 

Chrysin 12.25 253.05063 mz 

Apigenin 11.39 269.04555 mz 

Acacetin 12.48 283.06120 mz 

Rhoifolin (Apigenin 7-O- 

neohesperidoside) 
9.49 577.15692 mz 

Vicenin 2 <LOD 593.15119 mz 

Apigenin 7-glucuronide 10.42 445.07763 mz 

Apigenin 7-glucoside 9.64 431.09837 mz 

Genkwanin (4’,5-Dihydroxy-7-

metthoxyflavone, Apigenin 7-O-

methyl ether) 

12.48 283.06120 mz 

Apiin (Apigenin-7-(2-O-

apiosylglucoside) 
9.38 563.14075 mz 

Vitexin (Apigenin 8-C-glucoside) <LOD 431.09837 mz 

Schaftoside 8.40 563.14063 mz 

Rutin trihydrate M-3H2O 9.24 609.14611 mz 

Rutin hydrate M-OH2 9.24 609.14611 mz 

Luteolin 10.85 285.04046 mz 

Luteolin-7-O-glucuronide 9.80 461.07255 mz 

Diosmetin (Luteolin 4′-methyl ether) 11.4 299.05611 mz 

Orientin <LOD 447.09328 mz 

Isoorientin <LOD 447.09328 mz 

Luteoloside (Luteolin 7-glucoside) 9.03 449.10784 mz 

Luteolin 7-rutinoside 9.03 595.16364 mz 

Galangin 12.41 269.04555 mz 

Quercetin 10.54 301.03538 mz 

Isoquercitrin (Quercetin 3-glucoside) 9.30 463.08820 mz 

Narcissin (Narcissoside, 

Isorhamnetin 3-rutinoside) 
9.85 623.16176mz 

Quercetin 3-rutinoside 7-glucoside <LOD 771.20374 mz 

Isorhamnetin (Quercetin 3′-methyl 

ether) 
11.33 315.05103 mz 

Hyperoside (Quercetin 3-D-
galactoside) 

9.30 463.08820 mz 

Kaempferol 10.32 287.05350 mz 

Afzelin (Kaempferol 3-rhamnoside) 10.40 431.09837 mz 

Kaempferide <LOD 299.05611 mz 

Kaempferitrin 9.50 579.17083 mz 

Nicotiflorin (Kaempferol 3-

rutinoside, Kaempferol 3-O-β –
rutinoside) 

9.78 593.15106mz 

Astragalin (Kaempferol 3-glucoside) 9.81 447.09328 mz 

Tiliroside 10.67 595.14264 mz 

Leucoside (Kaempferol 3-

sambubioside) 
9.84 289.06924 mz 

Myricetin <LOD 319.04291 mz 

Fisetin hydrate 9.80 285.04046 mz 

Naringin <LOD 609.18390mz 

Naringenin 10.13 271.06120 mz 

Sakuranetin (Naringenin 7-O-methyl 
ether) 

11.91 285.07685 mz 

Narirutin (Narirutinsa, Naringenin 

rutinoside) 
<LOD 579.17193 mz 

Taxifolin <LOD 305.06558 mz 

Taxifolin M+3H <LOD 308.09012 mz 

Hesperidin <LOD 609.18249 mz 

Neohesperidin <LOD 609.18249 mz 

Eriodictyol (3,4,5,7-
Tetrahydroxyflavanone) 

<LOD 287.05501 mz 

Eriocitrin 8.33 595.16684 mz 

Liquiritigenin 9.88 255.06628 mz 

Liquiritin (4′,7-Dihydroxyflavanone 

4′-glucoside) 
<LOD 417.11911 mz 

Genistein 10.95 269.04555 mz 

Daidzin 8.24 255.06433 mz 

Formononetin (Neochanin) 11.47 267.06628 mz 

Kuromanine (Cyanidin 3-glucoside 

chloride) 
9.16 447.09328 mz 

Ellagic acid 9.49 300.99899 mz 

Esculin hydrate 6.24 339.07216 mz 

Phloridzin 9.40 435.12967 mz 

Rosmarinic acid <LOD 359.07724 mz 

Glabridin <LOD 323.12888 mz 

Arbutin <LOD 271.08233 mz 

Emodin 13.48 269.04555 mz 

Etoposide <LOD 383.11053 mz 

Procyanidin B2 <LOD 577.13515 mz 

Doxorubicin Hydrchloride <LOD 544.18134 mz 

Ethylgallate 7.78 197.04555 mz 

RT: Retention Time, mz: mass divided by charge number, LOD: Limit 

of Dedection 

 
Table 3  

The amount of some phenolic compounds in the leaves of L. caucasica 

and the detection limits of the instrument. 

Phenolic Compound 

Detected 

amount of dry 

extract (mg g -1) 

LOD 

(µg kg-1) 

LOQ 

(µg kg-1) 

Gallic Acid 0.011 ± 0.0003 0.04 0.13 

Benzoic acid 0.468 ± 0.014 0.7 2.7 

Syringic Acid 1.192 ± 0.036 0.6 1.8 

Protocatechuic Acid 0.072 ± 0.0020 0.3 0.9 

Protocatechuic Aldehyde 0.029 ± 0.0012 1.5 5.1 

Sesamol 0.009 ± 0.0003 0.5 1.6 

Vannilin 0.003 ± 0.0001 1.0 3.3 

p_coumaric acid 0.013 ± 0.0003 0.3 0.9 

Caffeic Acid 0.044 ± 0.0013 0.2 0.6 

Luteolin 0.088 ± 0.0024 1.3 4.4 

Chlorogenic acid 2.223 ± 0.065 1.2 3.9 

Quinic acid 2.163 ± 0.057 0.3 0.9 

Rutin 0.041 ± 0.001 0.5 1.7 

Luteoloside 0.440 ± 0.011 4.4 14.7 

Luteolin 7-rutinoside 0.315 ± 0.010 0.5 1.6 

Kaempferitrin 0.160 ± 0.005 0.7 2.2 

Apigenin 0.019±0.0004 0.9 2.9 

Rhoifolin 0.026±0.0005 3.8 12.7 

Apigenin 7-glucoside 0.074±0.0013 0.5 1.5 

Tiliroside 0.037±0.0008 0.5 1.6 

Hyperoside (Quercetin 3-D-

galactoside) 
0.060±0.0012 0.2 0.8 

Kuromanine (Cyanidin 3-

glucoside chloride) 
0.874 ± 0.019 0.5 1.6 

LOQ: Limit of Quantitation 

 

When the results are examined, benzoic acid (0,468 ± 

0,014), syringic acid (1.192 ± 0,036), chlorogenic acid (2,223 ± 

0,065), quinic acid (2,163 ± 0,057), luteoloside (0,440 ± 0,011), 
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Table 4 

The antioxidant activity and total phenolic content of a phenolic mixture isolated from L. caucasica leaves. 

N.D.: not detected.  

Triple measurements are represented as means ±SD (standard deviation). 

 

Table 5 

The inhibition effects of methanol extract of L. caucasica subsp. orientalis on various bacteria. 

 

Duncan’s multiple range test shows that, at the p 0.05 significance level, the means of each line that ends with the same letter are not significantly 

different from each other. 

DD, Diameter of the inhibition zone (mm/sensitive strains), **Con: Concentration 

 

luteolin 7-rutinoside (0,315 ± 0,010) and kuromanine (0,874 ± 

0,019) amounts are higher than the other phenolic compounds 

found in the leaves. Since the results are presented in milligrams 

per gram, they are usually considered high. The extract contains 

significant amounts of chlorogenic acid and quinic acid. 

Studies in the literature are generally related to different 

species such as L. japonica Thunb., Lonicera maackii and 

Lonicera nummularifolia. In the study conducted with L. 

nummularifolia in Iran, the total phenolic, antioxidant and 

antibacterial activities of this species were examined, but 

detailed chemical analyses were not performed. (Farboodniay 

Jahromi et al., 2020). In a study performed in Ohio, United 

States, the chemical content of L. maackii leaves was 

investigated, and the presence of quinic acid, coumaric acid 

hexoside, chlorogenic acid, eriodictyol hexoside, luteolin 

diglycoside, luteolin-7-glucoside, apigenin-7-glucoside, 

luteolin, and apigenin was detected. Among them, the amount of 

chlorogenic acid was determined as 0.737 mg g-1, Apigenin as 

0.109 mg g-1, Apigenin-7-Glucoside as 0.652 mg g-1, Luteolin as 

1.044 mg g-1 and Luteolin-7-Glucoside as 7.036 mg g-1. In this 

study, it was found that Luteoloside (also known as Luteolin 7-

glucoside) has a value of 0.440 ± 0.01, and Luteolin has a value 

of 0.088 ± 0.0024 mg g-1. These values are lower compared to 

those obtained from L. maackii. The amount of Luteolin 

discovered is considerably lower when compared to L. maackii. 

Interestingly, the leaves of L. caucasica contain a significantly 

higher amount of chlorogenic acid (2,223 ± 0.065 mg g-1) 

compared to the leaves of L. maackii. Research conducted in the 

United States detected the presence of quinic acid, but the 

concentration was not determined (Cipollini et al., 2008). 

However, further research indicates that the value is 2,163 ± 

0.057 mg g-1. 

In a research project that was carried out in Korea using the 

leaves of L. japonica, the presence of 25 different types of 

phenolic compounds was discovered (Seo et al., 2012). The 

derivatives of caffeoylquinic acid appear to be more prevalent 

than the other phenolics. No common phenolic compounds were 

analyzed for comparison between the two studies. Recently, 

research has been conducted on the potential benefits of using L. 

japonica Thunb, a plant from the Caprifoliaceae family, as a 

supplement to enhance the antioxidant power of cookies. This is  

 

 

 

 

 

 

 

 

 

due to the plant’s high polyphenolic content, as reported by Cao 

et al. (2022). Phenolic content was investigated in the berries of 

some L. caerulea cultivars collected from Canada (Yemis et al., 

2022). Based on the findings, the concentration of chlorogenic 

acid ranged from 2.77-3.07 mg per gram, while routine was 

detected between 1.51-1.96 mg per gram. Quinic acid was also 

present at a concentration of 9.7-13 mg per gram. From these 

results, the levels of routine and quinic acid are higher than our 

previous findings, but the amount of chlorogenic acid is almost 

identical to what was discovered before. However, it should be 

noted that this study was conducted on a different species and 

fruit of Lonicera. A recent study by Orsavová et al. (2022) 

examined the presence of phenolic compounds in the culture 

fruits of L. caerulea L. var. kamtschatica collected from various 

regions. Based on the findings, the levels of gallic acid fall 

within the range of 0.011-0.038 mg g-1, rutin falls within 0.02-

0.150 mg g-1, syringic acid falls within 0.001-0.009 mg g-1, 

protocatechuic acid falls within 0.022-0.196 mg g-1, caffeic acid 

falls within 0.022-0.226 mg g-1, and chlorogenic acid falls within 

2.12-4.77 mg g-1.Since there is no study to compare the content 

of L. caucasica leaves, a comparison can be made with the leaf 

of a different species with high phenolic content collected from 

the Şebinkarahisar region. Comparing the phenolic compounds 

found in the leaves of L. caucasica with those found in the leaves 

of Geranium ibericum subsp. jubatum, another endemic species 

collected around Şebinkarahisar, it is notable that Geranium has 

higher levels of gallic, protocatechuic, and ellagic acid (Seker et 

al., 2021). On the contrary, Lonicera leaves have higher amounts 

of chlorogenic acid, coumaric acid, and rutin.  

Aside from analyzing the chemicals found in L. caucasica 

leaf extracts, its TPC and AA content was also evaluated. The 

results are presented in Table 4. The results show that L. 

caucasica leaf extracts have strong antioxidant activity. Based 

on the results, the ABTS•+ analysis of the leaf extract displayed 

lower antioxidant effects when compared to Trolox and BHT. 

However, DPPH• results showed different results. Particularly, 

DPPH• tests demonstrated that leaf extracts possess greater 

antioxidant activity than BHT. ABTS•+ analysis results also 

indicate that leaf extracts have good antioxidant activity, albeit 

less than the antioxidant standards BHT and Trooloks. These 

outcomes  were  roughly  4.3  times stronger than the antioxidant  

 

 

 

 

 

 

 

 

 

Sample 
ABTS•+ 

(SC 50, mg/mL) 

DPPH• 

(SC 50, mg/mL) 

FRAP 

(μM, TEAC) 

Total phenolic content 

(TPC) (GAE, μg/mL) 

L. caucasica leaves 0.0135±0.0001 0.0136±0.0001 2368.88±2.94 808.34±4.40 

BHT 0.0005±0.0001 0.0146±0.0004 ND ND 

Troloks 0.0032± 0.0002 0.0029±0.0001 ND ND 

Bacterium 39.0 mg mL-1 19.5 mg mL-1 9.75 mg mL-1 4.8 mg mL-1 
NET 30 μg  

disc-1 

MIC 

**Con/*DD 
DMSO (%10) 

P. aeruginosa 19.33±0.33a 10±1.52b 8.33±0.33b - 17.3±0.5b 9.75 - 

E.  aerogenes 8.33±0.33a 7.33±0.33a 9.66±0.33b 8.33±0.33a 20.6±0.5b 4.8 - 
E. coli 8.66±0.33a 18.66±0.33d 17±0.57c 11.66±0.33b 18.2±b1 4.8 - 

E. faecalis 13±0.57b 16±0.57c 13±0.57b 11±0.57a 19.3±0.5b 4.8 - 

B. megaterium 6.33±0.33a 8.66±0.33b 6.66±0.33a - 15.4±0.5b 9.75 - 
S. pyogenes - 8.66±0.33a 8.66±0.33b - 18 ±0.5b 9.75 - 
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activity of L. japonica leaves (Dung et al., 2011). 

According to the results, the methanol extract of L. 

caucasica has shown antibacterial effects against both Gram-

positive and Gram-negative bacteria. The most antibacterial 

activity was observed against P. aeruginosa and the least 

antibacterial activity was observed against B. megaterium and S. 

pyogenes. Although there was a decrease in the zones due to the 

decreasing dose for P. aeruginosa, this effect was not observed 

in the other bacteria that were tested. In contrast, dose-

independent zones were observed for all other bacteria. It was 

determined that the extracts caused significant statistical 

differences compared to the positive control of the netilmicin 

antibiotic. Netilmicin was chosen because of its inhibitory 

activity against both Gram-positive and Gram-negative bacteria. 

Only significant differences were detected between all doses 

against E. coli. According to the obtained results, it can be 

concluded that the Gram-negative bacteria were more sensitive 

than the Gram-negative bacteria against the methanol extract of 

L. caucasica subsp. orientalis. The results are given in Table 5. 

There are just a few studies about the various parts of 

honeysuckle. According to the literature, the plant is 

traditionally used for colds, stomach problems (Sakinoglu-Oruc 

and Oruc, 2017), kidney pains (Mehrnia et al., 2021), and as a 

disinfectant or wound-washing solution (Asaadi, 2021). 

Examining the literature, it was discovered that the number of 

studies on this species was limited, and the majority of the 

existing studies were the plant’s taxonomic, systematic, and 

ethnobotanical studies. This is the first antibacterial record of L. 

caucasica subsp. orientalis. Compared to the ethanol extract of 

L. nummularifolia leaves, the antibacterial effects of the 

methanol extract of L. caucasica leaves appear to be nearly 

identical (Farboodniay Jahromi et al., 2020). The antibacterial 

activity of the plant could be associated with its chemical 

compounds with have various biological activities. 

 

4. Conclusion 

 

In this investigation, chemical analyses of L. caucasica 

leaves were performed for the first time. Phenolic content, total 

phenolic content amounts, antioxidant and antibacterial effects 

were measured. Consequently, 67 phenolic compounds were 

identified in the leaf extracts obtained via methanolic extraction, 

and the amounts of 22 of these compounds were determined. It 

has been determined that the extract has strong antibacterial and 

antioxidant properties. Considering that this plant is used to treat 

a number of human diseases, it is possible that these treatments 

result from the leaves’ phenolic compounds, antioxidant 

properties, and bacteria-killing ability. Further exploration of 

this plant, which can be found in multiple cities across Türkiye, 

can enhance the general comprehension of the plant and provide 

scientists with insights into the regional diversity of its chemical 

composition. 
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Abstract 

 

The comet assay, also known as single-cell gel electrophoresis, is a widely used and reliable method for assessing DNA damage 

and repair in individual cells. It plays a crucial role in the assessment of genetic damage potential and human biomonitoring studies 

in the medical and biological fields. Ensemble of comet assay individual cells and establishing accurate information on the 

occurrence of cellular injury followed by the process of cellular restoration is a challenging task. This paper introduces an algorithm 

for the detection of a distinct head, composed of undamaged DNA, and a tail, comprising damaged or fragmented DNA, in 

genotoxicity testing images, and provides information on the region properties of such images. The proposed approach combines a 

dot enhancement filter to distinguish and help in the detection of the head in each cell combined with a multilevel segmentation 

approach consisting of a watershed-geodesic active contour model that is capable to refine the tail estimation. The effectiveness of 

the suggested algorithm is quantitatively evaluated with annotation data provided by biologists, and its results are compared with 

those obtained from previous works. The proposed system exhibits comparable or superior performance to the existing systems 

while avoiding excessive computational costs.  

 

Keywords: Comet assay; dot enhancement filters; extended-maxima transform; image processing; segmentation; single cell gel; 

watershed 

 

 
1. Introduction 

 

DNA, the fundamental blueprint of life, contains all the 

necessary information for the construction and maintenance of 

our bodies. However, DNA is constantly subjected to various 

harmful factors that can lead to its degradation and result in 

genetic alterations (Chatterjee and Walker, 2017). To effectively 

study and understand these alterations, reliable techniques are 

needed to detect and quantify DNA damage at the level of 

individual cells. A notable method in biological research for 

evaluating DNA damage is the single-cell gel electrophoresis 

(SCGE) assay, commonly referred to as the comet assay (Singh 

et al., 1988; Uthirapathy, 2023). This technique provides a 

visual, sensitive, fast, and reliable approach to analyzing DNA 

damage, as introduced by Ostling and Johanson (1984). In this 

method, individual cells are embedded in a thin agarose gel on a 

microscope slide as explained by Fairbairn et al. (1995). The 

resulting image resembles a comet, with a distinct head 

composed of intact DNA and a tail consisting of damaged or 

broken DNA fragments (Fig. 1). The extent of DNA released 

from the comet’s head during electrophoresis correlates with the 

level of damage inflicted. 

Early computational systems developed to segment comet 

assay cells were predominantly semi-automatic and relied 

heavily on thresholding-based methods, which made them 

highly dependent on maximum brightness pixel values (Helmma 

and Uhl, 2000; Ruz-Suarez et al., 2022). Subsequently, Gyori et 

al. (2014), introduced OpenComet, an automatic and freely 

available software system that employs adaptive thresholding to 

segment comets and identifies their heads based on intensity 
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profile analysis. However, this tool struggles to recognize 

overlapping and heavily damaged comets. In a similar vein, Lee 

et al. (2018), presented HiComet, a system that employs 

histogram thresholding for automatic comet cell segmentation, 

albeit without directly obtaining the segmentation of the comet’s 

head (only head center and radius). Furthermore, this approach 

encounters difficulties in partitioning overlapping comets. 

Although these existing comet analysis systems have facilitated 

detection and segmentation to some extent, they rely on 

handcrafted image features, making them less effective in noisy 

backgrounds or when distinguishing individual cells within 

overlapped regions (Ruz-Suarez et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Different imaging of comet assay cell with low level of DNA 

damage on the left and high level of DNA damage on the right. 

 

The rapid advancement of machine learning and deep 

learning techniques has led to a shift in solving the seg-

mentation of the comet assay, prioritizing these methods over 

fully exploring traditional image processing techniques. One of 

the first such methods was CometQ, proposed by Ganapathy et 

al. (2016), utilizes classical machine learning algorithms for the 

detection and quantification of DNA damage in comet assay 

images. Nevertheless, its segmentation results require a high 

amount of trained data, and unfortunately, the program is 

currently unavailable for download. This method was further 

followed by other works such as Afiahayati et al. (2022) 

proposed a CNN model for five-level classification of comet 

cells, adapting pre-processing image processing techniques and 

machine learning one. Similarly, Hafiyan et al. (2021), improved 

upon their previous work by incorporating a hybrid CNN and 

Extreme Learning Machine (ELM) method for comet 

classification on buccal mucosa cells, but manual interaction 

was still required. Lastly, Ruz-Suarez et al. (2022), proposed a 

system called U-NetComet, which is a fully convolutional neural 

network-based approach. The purpose of U-NetComet is to 

automate the segmentation of comets, reducing the need for user 

intervention and ensuring consistent and reproducible 

measurements. While the system can be regarded as state-of-the-

art, comparable to other machine learning and deep learning 

algorithms mentioned earlier, its performance is dependent on a 

few factors. Firstly, it relies on a large and high-quality 

collection of trained data, which can be resource-intensive to 

gather. Additionally, tuning the hyperparameters of the system 

is crucial for optimal results, requiring careful optimization. 

Lastly, the system demands on machines with large memory 

capacity, which can limit its application in scenarios with limited 

resources (Taye, 2023). 

In light of the limitations already known for machine 

learning and deep learning techniques, the author of this study 

believe that there is an unfilled gap that should be further 

investigated with the help of image processing techniques. This 

paper proposes a novel approach for comet segmentation by 

utilizing dot enhancement-like structures, and adaptive 

histogram, which will improve image saturation, in combination 

with extended-maxima transform watershed segmentation to 

accurately identify the head and tail of comets, as well as extract 

essential cell properties for further analysis. The proposed 

system is a fully automated tool that can effectively segment 

individual cells in single-cell gel electrophoresis assay images. 

The experiments are based on free available data taken 

from the website https://www.clir-lab.org/u-netcomet and some 

more data provided by Dr. Elda Pacheco-Pantoja from Mexico 

Medicine School, Health Sciences Division, Universidad 

Anahuac Mayab. 
 

2. Materials and methods  

 

2.1. Proposed method overall  

 

The proposed method used two separate image processing 

algorithms to distinguish between comet heads and tails. The 

reason for such split is due to the fact that the head is a bright 

circular object whereas the tail is a fuzzy intensity spread in the 

surrounding of the head that easily can be mixed as a noise. The 

segmentation module determines whether each pixel belongs to 

the head or the tail of a comet. To easily follow the way the 

algorithm has been constructed readers can refer to the diagram 

of the model shown in Fig. 2. 

The proposed identification and extraction of cells head 

comet assays combine a dot enhancement filter to distinguish 

and help in the detection of the head in each cell combined with 

simple threshold technique and refinement, which will avoid the 

low contrast circle-like structures of the background. Through 

experiments, it can be seen that the proposed algorithm it is 

robust compared to the other methods proposed in the literature 

and can detect hard cases where overlapping comets and heads, 

which are closed by, are observed and cannot be distinguished 

easily. The proposed method will mostly define accurately the 

head contours of such cases.  

On the other hand, segmenting the tail of the comets is a 

real challenge and the existing method such as simple threshold, 

watershed, and region based would fail. In this work, a 

watershed segmentation technique based on an extended-

maxima transform of the image is proposed, capable to capture 

corn-like structures, similar to how the tail of comets looks in 

general. The watershed segmentation based on the above idea 

might produce structures, which are part of the background. To 

refine it, segmented object that has a head as the center of the 

structure are considered. 

The most challenging part of such work refers to nearby 

comets. In cases where nearby comets lack distinct boundaries, 

a distance function can be utilized to separate the tails. However, 

it is important to note that this approach may not provide high 

accuracy. Furthermore, obtaining opinions or expert input from 

specialists may be challenging due to the limited information 

available for such specific cases. The proposed system in this 

research provides a mathematical solution that depends on the 

circle-like property of the head of the comets. 

The proposed algorithm provides two outputs: the original 

input image with additional contours, indicating the comet 

region and its head; and a file containing all the mathematical 

properties, such as head center, head and tail area, head and tail 

length, extracted from each segmented image. 
 

2.2. Database 
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Fig. 2. The diagram of the proposed image processing system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial data set comprises 140 grayscale images of 

comet assays, with a resolution of 1388 × 1038 pixels and 288 × 

288 cropped from the original image size1388 × 1038. 1388 × 

1038 pixels are original images taken from experiments whereas 

the 288 × 288 images are used for the training and validation of 

the UNetComets (2022) machine learning system application.  

The small-size images have been provided as crop images 

by the specialist together with a boundary annotation. These 

images contain cells exhibiting varying degrees of damage, as 

well as different shapes and sizes due to the magnifying lens 

used (Fig. 3-9). The images in this research were processed as 

provided  without  any  resizing  or  cropping  as already used in 

 

 

 

 

 

 

 

 
 

Fig. 3. Original image on left and dot enhanced image on the right. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Test of the proposed algorithm in cases where the comets are 

separated from each-other. The first row shows the original image, the 

second row the annotation of the head and the tail by experts and the 

last row the segmentation with the proposed algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

machine learning techniques. The proposed algorithm can be 

further improved in the future to archive better accuracy but at 

this stage, it can be proved that there is no need for costly 

machine-learning techniques for such problems. Image 

processing can be a great alternative to solve them.  

 

2.3. Comets head segmentation through dot enhancement filter 

 

Dot enhancement filters are highly effective for circular-

like structure detection; as is the segmentation of the assay 

images head; due to their ability to sensitively respond to dots 

while maintaining specificity by avoiding the generation of non-

dot shapes. In difference with a simple threshold method based 

on the image intensity, the nearby comets, which are hard to be 

processed, can be split and as for the knowledge of the author, 

there is no such work that can properly segment such cases. The 

approach in this paper combines dot enhancement filters with a 

watershed-region-based segmentation technique segmentation 

for the tail of the comets. In this subsection, a concise overview 

of dot and line enhancement filters in the 2D domain is provided.  

Dot and line enhancement filters operate by analyzing the 

eigenvalues of the 2D Hessian matrix at each location in the 

image space. Adopting the parameter-free techniques introduced 

acts as filter enhancement method. These techniques have shown 

improved sensitivity in nodule detection compared to previous 

methods. The output, denoted as z(λ1, λ2), from the dot 

enhancement filters (or line enhancement filters) described in (Li 

et al., 2003), is obtained as the product of a magnitude function, 

gdot (or gline for line enhancement), and a likelihood function, kdot 

(or kline for line enhancement). In the following a brief 

explanation of these functions has been provided. Consider an 

image represented as I(x, y), in a 2D domain, its second 

derivatives can be expressed as Ixx, Iyy, and Ixy. Now, let’s assume 

that a line, denoted as l(x, y), and a dot, denoted as d(x,y), are 

fuzzy continuous shapes and second-order differentiable 

functions. The line l(x,y) is oriented along the y-axis, allowing 
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any line parallel to the x-axis to be represented by a one-

dimensional Gaussian function. On the other hand, the dot d(x,y)  

is characterized by a fuzzy dot shape and can be represented by 

a 2D Gaussian function. Accordingly, a line and a dot can be 

described as follows: 

 

 

 

 

 

 

where σ the Gaussian parameter it determines the spread or 

width of the Gaussian function, indicating the size of the dot or 

the thickness of the line. For the center of a dot, the mixed second 

derivative Ixy is equal to zero. As a result, the dot enhancement 

filter relies solely on the two eigenvalues of the Hessian matrix 

namely λ1 and λ2;  

 

 

 

 

where K = (Ixx + Iyy)/2, and Q = Ixx Iyy − Ixy Iyx. To maintain 

generality and without sacrificing its essence, making the 

assumption that λ1 is the largest eigenvalue, satisfying the 

condition |λ1|≥ |λ2|. If this condition is not met, the values of λ1 

and λ2 has been changed, making λ1 the larger eigenvalue and λ2 

the smaller eigenvalue.   

 

2.3.1. Construction of the likelihood functions, kdot and kline 

 

The likelihood functions are directly associated with the 

sensitivity of indicating the probability that a pixel belongs to 

either a dot or a line. In order to enhance bright objects against a 

dark background, the sign of the second derivatives should be 

considered negative. Specifically, for a dot or a nodule-like 

object, one can anticipate that: 

 

 

 

The output z(λ1, λ2) of the dot enhancement filters, as 

discussed in Li et al. (2003), is determined by the product of the 

magnitude function and the likelihood function. The likelihood 

of a dot can be defined as e2 = |λ2|/|λ1|. Thus, the previously 

mentioned conditions (4) can be expressed in the following 

manner: 

dot: kdot(λ1, λ2) = e2 = |λ2|/|λ1|, 

line: kline(λ1, λ2) = 1 − e2 = (|λ1|−|λ2|)/|λ1|.  

 

Each of the two likelihood functions produces an output 

value of 1 for a particular shape and an output value of 0 for the 

other shape. 

 

2.3.2. Construction of the magnitude functions, gdot and gline 

 

For the dot enhancement filter, a suitable choice for the 

magnitude function is to utilize the value of λ2.  This is because 

λ2 yields a value greater than 0 for a dot and a value of 0 for a 

line. Therefore, one can define the magnitude function for the 

dot enhancement filter as gdot = |λ2|. Similarly, for the line 

enhancement filter, the magnitude function can be defined as 

gline = |λ1|. This choice allows us to obtain a value greater than 0 

for a line and a value of 0 for a dot. By incorporating the two 

fundamental criteria of sensitivity and specificity, one can 

achieve a high-quality output for the enhanced filter.   

 

 

 

 

 

 

 

To fully utilize the filter described in equations (5) and (6), 

it is beneficial to consider the influence of noise and the scale of 

objects, which necessitates a multiscale enhancement approach. 

In order to enhance objects across a range of scales [d0, d1], a 

two-step process can be followed. First, a Gaussian smoothing 

filter is applied within the scale range of [d0/4, d1/4]. 

Subsequently, the dot enhancement filter, as described earlier, is 

applied, following the methodology outlined in Li et al. (2003) 

and Lindeberg (1998). This combination of Gaussian smoothing 

and dot enhancement filters enables the effective enhancement 

of objects at various scales, taking into account both noise 

reduction and object scale considerations. The enhancement 

filters involve two steps that need to be repeated N times, with 

each repetition increasing the smoothing scale. This repetition 

helps generate N-enhanced images with progressively smoother 

scales. The selection of N discrete smoothing scales can be 

determined using the following approach: σ1 = d0/4, σ2 = rσ1, . . 

. , σN = rN σ1 = d1/4, where r = (d1/d0)1/N−1. To obtain the final 

output and enhance or extract features at multiple scales in an 

image the maximum value from the N individual filters has been 

selected. This approach allows us to achieve a dot-enhanced 

structure and suppress lines-looking structure, see Fig. 3. The 

dot enhancement image provides boundaries of all the heads as 

a threshold operator is applied. On the other side, as the dot 

enhancement operator does not depend on the image intensity to 

about circle-like structures which are not part of the foreground, 

the image intensity inside the boundaries of the obtained objects 

was considered and then refine the head output by avoiding low-

intensity circle-like structures. After the refinement, all the 

properties of the segmented heads, such as perimeters, center, 

area, etc., has been found. On the other hand, the segmented 

image of the heads can be used as an initial level set for the next 

step where a variational model optionally is applied to refine the 

watershed segmentation output of the comet’s tail. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 5.  Comet assay dataset samples from the original size image 

without cropping as commonly would be used for machine learning 

techniques. (a) Original image, (b) Dot enhanced image, (c) Threshold 

of the dot enhanced image, (d) Head center detection, (e) Segmentation 

of the tail, (f) Final output after refinement. 

 

In order to proceed and get the second level of 

segmentation; involving the information of the tail; a standard 

a b c 
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threshold for the obtained image followed by an opening 

operator with a disc structuring element of radius 3 has been 

used. In this way, in the case of nearby comets, one will be able 

to have some information on each of them separately. 

 

2.4. Comets tail segmentation through an extended-maxima 

transform watershed segmentation 

 

To perform the segmentation of the tail detection for each 

head, a multi-level segmentation algorithm, inspired by the work 

of Qin et al. (2013) and Rada et al. (2014), has been employed. 

The work of Rada et al. (2014), accurately delineates and 

separate the detected spines, circular-like structures from the 

background and other structures present in the image, whereas 

the work of Qin et al. (2013), separates the touching corn kernels 

used in the watershed segmentation into individual segments by 

enabling better analysis and measurement of each kernel. In 

difference with this work, the minima between the extended-

maxima transform of the image and the background has been 

imposed. To achieve this, the extended-maxima transform of the 

image and the background is computed.  

It is important to note that in general, the watershed 

algorithm tends to produce larger boundaries than the actual 

boundaries in case of the presence of noise. Therefore, to achieve 

accurate segmentation of the tail regions, a variational-based 

algorithm can be employed to refine the edges. This can be easily 

decided by the user as he evaluated the noise range of the given 

data. 

 

2.4.1. Extended-maxima transform  

 

The extended-maxima transform as a variation of the H-

maxima transform in mathematical morphology is shortly 

summarized in the following: The H-maxima transform is used 

to suppress pixels above a certain intensity and extract local 

maxima related to target objects from a grayscale image. The 

Extended-Maxima Transform can calculate the regional 

maximum and create a binary image. In the H-maxima 

transformation, all maxima whose depth (intensity) is below or 

equal to a given threshold h are suppressed. This is achieved by 

performing the reconstruction of the grayscale image f from f - 

h using dilation. Mathematically, the HMAXh(f) is defined as: 

 

 

 

where f represents the grayscale of the original image and h is 

the threshold value. 

The Extended-Maxima Transform, denoted as EMAXh(f), 

is minima of the corresponding H-maxima transformation, 

which is obtained by applying regional maximum:  

 

 

 

In order to label the segments obtained from the watershed 

algorithm as either part of the comet assay or not, the 

information of the center of each comet head obtained from the 

previous step over the binary image has been used. Moreover, to 

get better information on the range of the intensity of the comet's 

tail, for each watershed segment image intensity of the region 

without the intensity of the head already segmented in the 

previous step has been considered. This will allow the evolution 

of the refinement of the variational model to find the largest 

region where the tail takes place. 

2.4.2. Optional refinement with geodesic active contour model  

 

In this approach, the variational function combines an edge 

detection function inspired by the Le Guyader and Gout (2008) 

approach with a region-based function similar to the Chan-Vese 

(CV) model proposed by Chan and Vese (2001). The level-set 

formulation of this variational function can be expressed as: 

 

 

 

 

 

with μ and λ constants, g(x) an edge detection image, c1 and c2 

are the mean intensity of the image foreground and background, 

respectively, computed as follows: 

 

                     

 

 

where Hϵ and δϵ represent the regularized Heaviside and the 

corresponding Delta function, respectively, that guarantee the 

derivation continuity at perpendicular jumps. In this paper, the 

approximation for the Heaviside and delta function is given as: 

 

 

     and              

 

while as the first initial level set ϕ0 it is a distance function 

obtained from the binary image of the head segmentation. 

 

 3. Results and discussion 

 

In this section, the results of the output experiments that 

showcase the performance of the proposed comet segmentation 

and property extraction algorithm has been shown. 

Demonstrating the effectiveness of the proposed algorithm and 

its segmentation accuracy has been first shown. The experiments 

were run over the dataset provided by free available from the 

website https://www.clir-lab.org/u-netcomet and some new data 

by Dr. Elda Pacheco-Pantoja from Mexico Medicine School, 

Health Sciences Division, Universidad Anahuac Mayab. To 

evaluate the proposed approach, the obtained results were 

compared with those obtained from existing noncommercial 

software OpenComet (Gyori et al., 2014), and UNetComet (Ruz-

Suarez et al., 2022). 

The primary objective of this study is to detect heads of 

comets with an already-known diameter ranging from 4(d0) to 

32(d1). To achieve this, dot filters with varying smoothing 

scales, ranging from 1 to 8, were applied across all of the 

experiments. The dilation and opening operator uses a standard 

disk structuring element size 3. The threshold used while 

applying the imposed minima between the extended-maxima 

transform of the image and the background has a value of 40. In 

case the variational model will be activated for the refinement, 

the parameters used are set to specific values: µ = 500, λ = 1, and 

ϵ = 1. The optimization of these parameters is a subject for future 

work and remains to be explored. Fig. 4 depicts a successful 

segmentation of a head and the tail of different images taken 

from the set of 288 × 288 images, achieved through the dot-

enhancement-based comets-dissemble technique. The accuracy 

of the proposed segmentation algorithm was assessed by 

comparing its results with manual delineations provided by a 

domain expert. To measure the similarity between the 
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algorithm's output and the manual delineations, the Dice 

coefficient, as introduced by Dice et al. in 1945, has been 

employed. Dice coefficient ranges from 0 to 1, with 1 indicating 

a perfect match. After evaluating 40 different comets, their 

respective Dice coefficients were calculated. On average, the 

algorithm achieved a Dice coefficient of 0.843, with a minimum 

value of 0.671 and a maximum value of 0.986. The results show 

a high segmentation accuracy, with the algorithm closely 

matching the expert manual delineations. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.  Second example of comet assay dataset samples from the 

original size image without cropping as commonly would be used for 

machine learning techniques. (a) Original image, (b) Dot enhanced 

image, (c) Threshold of the dot-enhanced image, (d) Head center 

detection, (e) Segmentation of the tail, (f) Final output after refinement. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.  Third example of comet assay dataset samples from the original 

size image without cropping as commonly would be used for machine 

learning techniques. (a) Original image, (b) Dot enhanced image, (c) 

Threshold of the dot-enhanced image, (d) Head center detection, (e) 

Segmentation of the tail, (f) Final output after refinement. 

 

Fig. 5 - 7 are showcases of the qualitative segmentation 

outputs obtained by the proposed model during the validation 

phase. The samples are the originally taken images without 

cropping as commonly would be used for machine learning 

techniques. It can be observed that pixels for the head and the 

tail of the comets are classified accurately. All those figures 

provide examples demonstrating the successful partitioning of 

two overlapping comets which other methods will fail as shown 

in the following. In all the figures the original image (a), dot 

enhancement output (b) followed by the head segmentation, and 

head center detection (d), which will play a role in the refinement 

of the tails as part of a comet or not, tail segmentation using 

extended-maxima transform watershed segmentation (e), and 

the last figure showing the accurate segmentation of the tail and 

head of comets has been shown.  

It can be easily seen from those figures that the proposed 

model does not have difficulty running with a high accuracy in 

each of the images. The time to process each image is at most 20 

seconds per image. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 8.  Comet assay dataset samples from the original size image. (a) 

Original image, (b) Annotated image by experts, (c) UnetComet 
segmentation, (d) OpenComet segmentation, (e) Head segmentation 

with the proposed model, (f) Final output of the proposed model. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9.  Successful segmentation of comet heads and tails for 

superimposed comets. 

 

To evaluate the performance of the proposed algorithm, 

comparison experiments were conducted against a state-of-the-

art system called OpenComet (Gyori et al., 2014), and 

UNetComet (Ruz-Suarez et al., 2022). 

In order to compare the segmentation results of both 

systems in comparison with the proposed algorithm, hard cases, 

with images that safer from low quality as well as merged 

comets, were considered. The objective of this process is to 

identify the estimated boundaries of superimposed comets and 

separate them into individual comets.  
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As it can be observed from Fig. 8 segmentation results 

obtained from both systems fail in a high-accuracy 

segmentation. The OpenComet system shows low performance 

whereas though the UnetComet performs relatively well one can 

see that UnetComet will over-segment objects such as comets 

number 45, 47, and 50 in Fig. 8 (c). Similar to this example 

UnetComet will over-segment or miss to segment comets in 

cases as shown in Fig. 9. 

As part of this study, extremely hard cases, where not only 

superimposed comets appear as part of the images but at the 

same time the image is of low quality due to distortion, were 

considered.  

As shown in Fig. 10 the proposed algorithm is not 

successful. This is going to be a motivation for the future work 

where dehazing and deblurring techniques can be hired for such 

cases as an image preprocessing technique. 

 

 

 

 

 

 
 

 

 
Fig. 10.  Fail of the proposed system top be considered as future work. 

4. Conclusion 

 

This research introduces a simple image process system 

designed for the segmentation of head and tail comet assay cells. 

It utilizes a dot enhancement filter as the main success for the 

head segmentation and an extended-maxima transform 

watershed segmentation for the segmentation of the tail. The 

proposed system serves as an efficient computer-assisted 

biomedical tool, offering a promising solution for the 

segmentation task in comet assay experiments. Moreover, its 

success opens up possibilities for easy implementation. 
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Abstract 

 

The use of traditional herbal medicine products has recently been revived, with special emphasis on the use of herbal oils in 

non-invasive wound treatment. Extraction conditions are very important in seed oils and especially suitable temperatures at which 

the extraction process is carried out. is vital for the preservation of primary and secondary metabolites. In this study, wheat germ 

(WG) was collected from the Central Anatolia Region and tomato seed (TS) was collected from the Aegean Region. Oils were 

obtained from these two seeds by cold pressing and their infused forms (WGO-TSO) were prepared. To investigate the in vitro 

activities of these study groups, cytotoxicity, wound healing, and antioxidant capacity tests were performed on HaCaT (Human 

keratinocyte) and Vero (Monkey kidney fibroblast-like) cell lines. According to the results of the intracellular cytotoxicity analysis, 

a common dose of 25 µg/mL was determined to be non-toxic for all groups, and this dose was then used as the working dose. 

Antioxidant capacity studies, in cells under oxidative stress with hydrogen peroxide, yielded positive results for all working groups 

and the WGO/TSO group showed statistically superior outcomes. In addition, similar results were obtained in wound healing 

experiments. As a result, using oils in the form of infusion may be more effective in combating oxidative stress and promoting 

wound healing than using oil alone. 

 

Keywords: Antioxidant capacity; cell culture; infuse oils; wound healing 

 

 
1. Introduction 

 

Mankind has used plant-derived ingredients in the 

treatment of diseases since ancient times. Due to their natural 

antibacterial, antifungal, and wound-healing properties, they 

played an important role in the survival of people in these times 

(Shankar and Liao, 2004; Allaw et al., 2021). After the discovery 

of modern antibiotics and the subsequent side effects and 

resistance problem, there is a return to herbal ingredients 

(Munuswamy et al., 2013). In addition, the fact that herbal 

materials are cheap, have fewer side effects, and have a high 

variety of active substances attracts the attention of researchers 

(Budala et al., 2023). 

Traditional medicine relies on experience and natural 

ingredients, especially herbal ingredients. Seed oils and their 

derivatives, such as creams, soaps, and liposomes, have been 

extensively used in the treatment of wound healing and 

dermatological diseases to prevent infection and promote rapid 

tissue repair without scarring (Ahmad et al., 2013; Ehterami et 

al., 2019). While plant extracts or oils have demonstrated 

therapeutic activity on their own, combining them with other 

biologically active substances can produce even more effective 

products through a synergistic or additive effect (Khan et al., 

2022; Razzaq et al., 2022). As a result, the flavonoid and 

phenolic compound content of herbal sources can be enhanced 

and diversified by mixing different sources together. 

The tomato (Solanum lycopersicum) is an edible berry and 

one of the most widely cultivated crops that are used for human 

nutrition around the world. The tomato, a species with origins in 

western South America, Mexico, and Central America, was first 

encountered by the Spanish following their contact with the 

Aztecs. During the 16th century, the plant was brought to Europe 
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by the Spanish, marking its introduction to the continent. They 

contain important compounds like lycopene (LYC) 

(Machmudah et al., 2012; Osma et al., 2012). Lycopene belongs 

to the family of carotenoids, which have been shown to have 

health benefits such as anti-inflammatory, antioxidant, anti-

microbial, neuroprotective, and cardiovascular disease 

prevention (Hung et al., 2008; Shakir et al., 2018; Przybylska, 

2020; Binsuwaidan et al., 2022; Przybylska and Tokarczyk, 

2022). Also, there are so many studies about lycopene and 

tomato processing industries produce a large amount of waste, 

including tomato pomace, which is typically used as animal feed 

or disposed of as solid waste and the seeds of tomatoes also 

contain oil that is high in lycopene and beta-carotene, which are 

important nutrients (Gumus et al., 2020). 

Triticum aestivum L., commonly known as wheat, has been 

a significant part of human evolution and continues to serve as a 

staple food source for humanity. The utilization of wheat 

extends beyond human consumption and encompasses the 

production of oil and feed. Wheat germ oil (WGO), a specialty 

product derived from wheat, is rich in vitamin E and 

tocopherols, particularly Alpha-tocopherol (α-TOH). The α-

TOH, which is one of the most common tocols in WGO, has 

been the subject of many studies today. Numerous medical 

properties have been discovered in the light of these studies, 

including anti-diabetic, anti-inflammatory, anti-microbial and 

anti-nephrotoxic activities (Lee et al., 2004; Ajith et al., 2007; 

Harrabi et al., 2021; Liu et al., 2021; Guven et al., 2022). 

Removal of wheat germ during flour production from wheat is a 

common process, while WGO to be produced from it has high 

medicinal properties. This product is known for its high 

concentration of vitamin E and tocopherol, making it a valuable 

ingredient in a variety of applications (Catzeddu et al., 2023).  

In this research text, cold-pressed oils were obtained from 

wheat germ and tomato seeds, and infused versions of these oils 

were prepared. Then, cytotoxicity, antioxidant capacity, and 

wound healing experiments were performed with these 

formulations, and the results were compared with the control 

groups. The objective of this study was to identify the most 

biologically active formulation. 

 

2. Materials and methods  

 

2.1. Material  

 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazo-

lium Bromide), H2O2 (Hydrogen Peroxide Solution 30 % (w/w) 

in H2O), DMSO (Dimethyl sulfoxide, cell culture grade), 

DMEM (Dulbecco’s Modified Eagle Medium), PBS (Phosphate 

Buffered Saline, pH:7,4), FBS (Fetal Bovine Serum), P/S 

(Penicillin/Streptomycin) purchased from Sigma Aldrich. Ultra-

pure water (Millipore), Microplate Readers (Thermo Fisher 

Scientific), inverted microscope (Leica). 

 

2.2. Sampling 

  

Wheat germ oil (WGO), tomato seed oil (TSO) and their 

mix oils obtained by cold-press extraction (CPE) were produced 

in different regions in Türkiye and were kindly donated from 

EGE-LS (Türkiye). Tomato seeds (TS) were obtained from 

İzmir (Aegean Region), and wheat germ (WG) was purchased 

from Konya city (Central Anatolia Region). Three different 

working groups were formed, WGO, TSO and WGO/TSO (v/v). 

 

2.3. Cell culture studies 

 

To investigate the biological activities of the samples, two 

cell lines were utilized: HaCaT (Human keratinocyte from 

ATCC) and Vero (Monkey kidney fibroblast cell from ATCC). 

These cell lines were maintained in a humidified incubator set at 

37°C with 5.0% CO2, using DMEM as the growth medium. The 

DMEM was supplemented with 10% FBS, 100 UI/mL 

Penicillin/Streptomycin, and 2.0 mM L-Glutamine to ensure 

optimal cell growth. The cells were sub-cultured twice a week 

by trypsinization when they reached 70% confluence. 

 

2.3.1. Cell viability 

 

In this study, by following the method used by Barlas et al. 

(2019), 8000 HaCaT and Vero cells were grown in a 96-well 

plate (37°C, 5% CO2, and 95% humidity) in a controlled 

environment for 48 hours. At the end of this period, the normal 

medium was removed from the cells and added to the medium 

containing the working groups. Subsequently, a solution of MTT 

was added to each well and incubated for 4 hours. The living 

cells convert MTT into formazan crystals, which are insoluble 

in the MTT solution. The number of living cells was quantified 

by measuring the absorbance of the solution at 570 nm and 630 

nm reference wavelengths. The control group in the assay 

consisted of cells treated only with DMEM, which were 

considered to be 100% viable. The relative cell viability of the 

sample-treated cells was then calculated as a percentage of the 

absorbance of the control group. The results were reported as the 

mean of four replicates. 

 

2.3.2. Scratch assay for wound healing 

 

The in vitro wound healing assay was used to assess the 

cell migration ability, or the capacity of cells to move towards 

and fill in a damaged area. Two monolayer cell line, HaCaT and 

Vero cells were cultivated in 24-well plates and waited to grow 

into a confluent. Then, a wound was created by gently scratching 

the cells using a pipette tip. The cells at the edge of the wound 

were expected to move towards the opening and close it until 

new cell-cell contacts were established. After the wound was 

formed, various samples were added to the wells, and the scratch 

area was documented at different time intervals (1st, 4th, and 8th 

hours) using an inverted microscope equipped with a CCD 

camera. Migration in the cavity of the cell monolayer was 

photographed and then using a computer program (ImageJ) the 

results were calculated as percent migration compared to the 

control group. The results were reported as the mean of three 

replicates (Liang et al., 2007; Roy et al., 2023). 

 

2.3.3. Antioxidant activity  

 

Here is a description of the cell-based hydrogen peroxide 

(H2O2) assay without numbered steps or individual items 

described by Guler et al., (2014). H2O2 stimulated antioxidant 

capacity test is a frequently used method. According to this 

experiment, the cells are first left to pre-incubate with the 

samples for two hours, then certain doses of H2O2 are added to 

see how much this stress is prevented by viability tests. For this 

purpose, 8000 HaCaT and Vero cells were seeded in 96-well 

plates and incubated for 48 hours under normal cell culture 

conditions. Then, the media were drawn from them and incubi- 
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Fig. 1. In vitro cytotoxicity effect of seed oils and infuse form on HaCaT and Vero cell lines. 

 

ted for two hours with the study media containing the samples. 

After this pre-treatment, 1.25 mM H2O2 was added to the cells 

and incubated for 24 hours. At the end of the period, cell 

viability was measured with the MTT method. The results are 

calculated and compared with the control groups to determine 

the antioxidant activity of the sample. 

 

2.4. Statistical analysis  

 

All statistical analyses were performed using one-way 

analysis of variance (ANOVA) and Tukey multiple comparison 

test with the help of GraphPad 5 Prism software. The results 

were presented as the mean and standard deviation. The 

significance of the comparison between groups was determined 

by a p value of less than 0.05. 

 

3. Results and discussion 

 

The cell viability analyse was performed with MTT 

method on HaCaT and Vero cell lines to evaluate cytotoxicity 

and dose dependent effect of samples. Cells were treated with 

samples at different doses and then allowed to incubate for 24 

hours. Subsequently, cell viability was measured by the MTT 

method and non-cytotoxic doses were determined and used in 

subsequent studies. The MTT assay was performed to evaluate 

the cell viability of the samples in two different cell lines 

(HaCaT and Vero). The results, depicted in Fig. 1, showed that 

the cell viability for WGO, WGO-TSO, and TSO at a dose of 25 

µg/mL was 100.025 ± 1.214, 100.025 ± 1.671, and 101.921 ± 

2.671, respectively, in the HaCaT cell line compared to the 

control group. In the Vero cell line, the cell viability was 105.32 

± 5.029, 105.32 ± 4.083, and 114.364 ± 1.957, respectively. 

Based on these results, the dose of 25 µg/mL was selected as the 

study dose as it did not demonstrate high proliferative effects 

and was not toxic for all groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell-based antioxidant activity was assayed on the cells 

those are exposed to hydrogen peroxide destruction. The cells 

were pre-treated with seed oils 2 h before and then, treated with 

100 mM hydrogen peroxide and allowed to incubate for 24 h. 

Afterwards, viability was measured, and comparisons were 

made between the groups (Fig. 2). The results showed that the 

viability of the HaCaT cell line decreased to 48.314 ± 3.00 when 

exposed to hydrogen peroxide (H2O2) alone. However, the 

viability of WGO, WGO-TSO, and TSO remained at the levels 

of 61.240 ± 4.565, 71.832 ± 3.691, and 60.279 ± 2.914, 

respectively. In the Vero cell line, the viability decreased to 

50.738 ± 4.096 with H2O2 alone, whereas the viability of WGO, 

WGO-TSO, and TSO remained at the levels of 61.384 ± 3.227, 

69.201 ± 3.217, and 60.940 ± 4.258, respectively. Antioxidant 

activity assays have shown that the mixture of seed and oils is 

more effective against to the oxidative stress compared to their 

use alone (Fig. 2). α-TOH present in wheat germ oils constitute 

the most important part of the antioxidant capacities. Also, the 

antioxidant properties of the tomato seed oil are well known 

because of LYC (Barnes, 1982; Eller et al., 2010; Kumar et al. 

2023). Furthermore, cold pressed oils may contain higher level 

of lipophilic phytochemicals including important natural 

components and biologically active compounds. Also, these oils 

are free from chemical contamination (Yuenyong et al., 2021; 

Sumara et al., 2023). 

The scratch assay is a commonly used method in the field 

of tissue regeneration for evaluating the migration of cells across 

a wounded area. This assay is particularly important for studying 

the roles of keratinocytes and fibroblast cells in the process of 

tissue repair. In this study, a gap was opened with a 100 µM 

pipette and photographs were taken at three different time points 

(0, 4, and 8 hours). As can be seen in Fig. 3, the migrations of 

the cells were found by comparison with the control groups with 

the help of the image j program. Considering the measurements 

made  after  8  hours,  the  cell  migration rate for the HaCaT cell 
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Fig. 2. Effect of seed oils and their infuse form on hydrogen peroxide-induced oxidative stress. 

 

Fig 3. The wound healing effect of seed oils and infuse form on HaCaT and Vero cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

line was 18.3741 ± 4.371 in the control group. On the other hand, 

it is 32.4700 ± 5.914, 48.9915 ± 2.902 and 36.2790 ± 3.574 for 

WGO, WGO-TSO and TSO, respectively. for the Vero cell line 

at the same time, the control group had a migration rate of 

23,4850 ± 3,278, while it was 40.2280 ± 8.996, 54.3470 ± 5.614 

and 32.6180 ± 5.672 for WGO, WGO-TSO and TSO, 

respectively. In light of the scratch assay results, it is observed 

that the use of seed oils in an infused form gives more successful 

results than using them alone. This is evidenced by the increased 

migration rates observed in the WGO, WGO-TSO, and TSO 

treatment groups compared to the control group. These findings 

show that seed oils and their combination have a beneficial 

effect on wound healing and have great potential to be a potential 

therapeutic option in the field of tissue regeneration. In previous 

studies, wheat germ oil and tomato germ oil have been 

extensively studied for potential health benefits such as lowering 

blood cholesterol levels, improving physical strength, promoting 

healing, exhibiting antioxidant wound activity, and anti-aging 

therapeutic effects have been reported (Małecka, 2002; Ghafoor 

et al., 2017; Zahid et al., 2019). Some studies have reported that 

combining oils is more effective than using them individually, 

similar to our results (El-Marasy et al., 2012). Additionally, for 

these oils used, a combination of intracellular activities of key 

components such as Alpha-tocopherol (α-TOH) and lycopene 

(LYC) may be more effective. Furthermore, the synergistic 

effects of minor compounds in oils from both plants may 

contribute to improved wound healing and antioxidant 

properties of the combined use of seed oils (Zaid and Al Ramahi, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2019; Bengi et al., 2022). 

 

4. Conclusion 

 

In this study, infused oils (WGO-TSO) (v/v) were prepared 

from a mixture of cold-pressed wheat germ oil (WGO) and 

tomato seed oil (TSO) in equal volumes. Then, in vitro 

cytotoxicity analyses of these samples were examined in two 

different cell lines (HaCaT and Vero). As a result of this study, 

25μg/mL was chosen as the working dose. After that, in vitro 

antioxidant capacity test was evaluated with hydrogen peroxide 

stimulation, and wound healing studies were evaluated with 

scratch assay. In light of the results, it was determined that 

infused oils showed better therapeutic effects than the use of oils 

alone. As a result, they exhibit a synergistic effect in 

combinations of active and minor compounds found in WGO 

and TSO. This suggests that the use of infused forms of seed oils 

is more promising for medical and cosmetic applications. 
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Abstract 

 

Humankind has been curious about the sky and beyond since its existence. Since the most primitive times, researchers have 

been trying to find answers to this curiosity. In recent years, a relatively new discipline, astrobiology, has emerged to answers to 

frequently asked questions. Astrobiology is an interdisciplinary field that tries to explain beyond the sky, and extraterrestrial life, 

where life origin came from, evolution, and the big bang. Extremophiles draw attention as the only creatures that will enlighten us 

in understanding extraterrestrial conditions and the mechanisms of creatures living in these conditions. This review examines the 

recent discoveries and the principal advances concerning both bacteria (Chroococcidiopsis sp., Colwellia psychrerythraea, 

Planococcus halocryophilus) and archaea (Halorubrum lacusprofundi and Halobacterium salinarum NRC-1) species which have 

potentials to examine in astrobiology as model organisms. Obtaining findings from different studies open new perspectives and 

strategies for several unresolved questions in astrobiology. 
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1. Introduction 

 

Russian astronomer Gavriil Adrianovich Tikhov 

mentioned “astrobiology” for the first time in 1953 (Tikhov, 

1953; Thombre et al., 2020). Later, the space age began and 

astrobiology studies have been accelerated with the first 

artificial satellite, Sputnik, in 1957. In 1960, Joshua Lederberg 

studied Exo-biology and explored any clue about life in the 

universe (Lederberg, 1960). Lederberg together with Carl Sagan 

instituted exobiology as a scientific study field in NASA. The 

discovery of a meteorite coming from Mars increased the 

interest in the exobiology area in 1996. This meteorite was 

named AH 84001 (Allan Hills 84001) and it was observed that 

it had microfossil-like organic compounds (Blumberg, 2003).  

Researchers wanted to promote their studies related to 

astrobiology, hence the NASA Astrobiology Institute (NAI) 

established (Morrison, 2001). Moreover, ESA (European Space 

Agency) was also established in 1996 (Brack et al., 1999). Later, 

the European Astrobiology Network Association (EAA) was 

founded by the European astrobiology community in 2001. The 

aim is to collect information about astrobiology studies in 

European countries and provide collaborations among countries 

(Horneck et al., 2016). Thus, the term exobiology was replaced 

by astrobiology. Artemis program is generated by the world’s 

space agencies (NASA, CSA, ESA, JAXA, etc.). This program 

declared two main goals: going to the Moon and establishing a 

sustainable entity there by 2028 (Fernandez et al., 2023; Smith 

et al., 2020; Tarasashvili et al., 2023). 

Model organisms can be easily produced, and observed, 

providing valuable information about their life cycle and other 

extinct and extant organisms. Therefore, the utilization of these 

species is very important to figure out what the life is. Among 

model organisms, extremophiles are also a fairly new field of 

study. Extremophiles have species in all domains. Due to their 

adaptations, species can live in harsh environments such as 

deserts, acidic mine drainage, volcanoes, glaciers, etc. 

Extremophiles are divided into categories according to the 

environments in which adapted. These divisions include 
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thermophiles (develop above 55°C) (Atalah et al., 2019), 

psychrophiles (develop below 20°C) (Kirkinci et al., 2021), 

oligophiles (survive at low nutrient concentration) (Stan-Lotter, 

2019), alkaliphiles (develop pH above 9.0) (Merino et al., 2019), 

acidophiles (grow at pH below 3-4) (Tripathi et al., 2021), 

halophiles (grow above 15% NaCl) (Stan-Lotter, 2019), 

barophiles or piesophiles (develop more than 0.1 MPa) (Sharma 

et al., 2022), etc.  

The enzymes, metabolites, and biomolecules produced by 

extremophiles are important to survive in extreme environments 

and provide the usage of these organisms in biotechnological 

and industrial applications. In addition, these organisms are also 

used as model organisms for astrobiology. The aim of this study 

is to give detailed information and application areas of 

Chroococcidiopsis sp., Colwellia psychrerythraea, Planococcus 

halocryophilus, Halorubrum lacusprofundi, and Halobacterium 

salinarum NRC-1 which are important organisms for 

astrobiology.  

 

2. Model microorganisms in astrobiology 

 

2.1. Chroococcidiopsis sp. 

 

Chroococcidiopsis sp. is a cyanobacterium and is 

considered an eoanhydrobiotes, which can survive in cases of 

extreme desiccation (Billi and Potts, 2002; Li et al., 2022). The 

member of this genus lives in the dry valleys of Antarctica (Billi, 

2020), the Mojave Desert in California (Billi et al., 2013), the 

hyper-aridity core of the Atacama Desert in Chile (Wierzchos et 

al., 2006; Stivaletta et al., 2012; Billi et al., 2013) and the Ross 

Desert in Antarctica. These areas are analogous to Martian 

conditions, so can be examined to understand the Martian 

environment and how to live in these conditions. The 

extraordinary abilities of these microorganisms are to tolerate 

desiccation, UV radiations, and ionization, making them suitable 

model organisms (Billi et al., 2013). Chroococcidiopsis sp. can 

be unicellular or can form few-celled packets with a non-motile 

state.  

This extreme genus has several features to combat harsh 

conditions. Chroococcidiopsis sp. has only one nitrogenase for 

fixation. It protects itself against high UV rays by forming and 

embedding slime (Baqué et al., 2013; Billi et al., 2019). The 

pigment formation such as carotenoids and scytonemin provides 

extra support against UV damage (Vítek et al., 2014; Bothe, 

2019). In addition, Chroococcidiopsis sp. has an effective 

antioxidant mechanism that prevents proteins from oxidative 

damage. This mechanism also protects it from desiccation 

(Fagliarone et al., 2017). Furthermore, Chroococcidiopsis sp. 

carry out photosynthesis at 51°C (Tracy et al., 2010) and also 

withstands higher atmospheric pressure (Thomas et al., 2008). 

At high temperatures, the chances of survival in a desiccated 

state are higher than in a hydrated state (Cockell et al., 2017). 

Tolerance against acidic conditions (between pH 3 and 7) are 

also observed (Del Arco et al., 2018; Bothe, 2019).  

Chroococcidiopsis sp. has been used in various 

experiments in Low Earth Orbit (LEO), simulations based on the 

ground of space, and Martian conditions to search for clues of 

life (Rabbow et al., 2009; 2017). Colonization in the interior of 

evaporites (3-7 mm below the halite crust) is an important 

research topic in different Martian areas (Stivaletta et al., 2012; 

Billi et al., 2013). In addition, a terrestrial analog of Martian 

carbonates has been found in the Mojave Desert (Bishop et al., 

2011; Billi et al., 2013). In this desert, Chroococcidiopsis sp. 

found mainly when compared to other microorganisms in red-

coated carbonate rocks. It can also be tested for the panspermia 

theory, as the amount of observable oxygen in the planet’s 

atmosphere increased as cyanobacteria, suggesting that oxygen 

may act as an indicator for the presence of life (Billi et al., 2013).  

In a study, Chroococcidiopsis sp. CCMEE 029 was 

collected from the Negev Desert, and it survived 4 years in 

polycarbonate filters and Petri dishes, (Billi, 2009; Fagliarone et 

al., 2017) and 13 years in desiccated agar (Cockell et al., 2017). 

Moreover, it was showed that dried Chroococcidiopsis sp. 

CCMEE 029 can resist up to 24 kGy of γ-radiation (Verseux et 

al., 2017; Mosca et al., 2019). The dried monolayers can 

withstand a UV flux similar to Mars of 15 kJ/m2. (Cockell et al., 

2005). These results are valuable because understanding the 

mechanisms of desiccation tolerance will also help explain 

resistance under various stresses including high vacuum and 

radiation from space. 

In a different study, Chroococcidiopsis sp. was isolated 

from solar panels and was transformable using SEVA vectors. 

(Baldanta et al., 2023). These vectors contain the Cpf1 nuclease, 

a typical CRISPR enzyme. It is suggested that this 

cyanobacterium with its genetically modified and strengthened 

features as well as its own characteristics will become a useful 

tool in many fields. In addition, Chroococcidiopsis sp. can grow 

in the presence of sugars such as sucrose, maltose, glucose, and 

fructose but cannot grow in sugary environments such as lactose, 

mannose, galactose, arabinose, and glycerol. The fact that 

Chroococcidiopsis sp. can also use urea as a nitrogen source in 

an environment such as Mars. A similar study was performed by 

Fernandez et al. (2023). According to their findings, 

Chroococcidiopsis sp. CCMEE 029 can serve as both a 

PowerCell and a nitrogen source for human synthetic urine. 

Chroococcidiopsis sp. is also important due to the use of 

wastewater for recycling (Baldanta et al., 2023).  

Li et al. (2022) studied the change in physiological and 

transcriptional properties of Chroococcidiopsis sp. ASB-02 

when it was exposed to near space in the HH-21-5 mission. It 

was shown a decrease in photosystem II (PSII) activity and an 

increase in ROS (reactive oxygen species) levels but the number 

of living cells remained high. Expression of extracellular 

polysaccharides and regulation of carotenoid and scytonemin 

biosynthesis genes reduced the amount of radiation reaching the 

cells after exposure to UV radiation. Genes involved in protein 

synthesis were also activated in response to cold conditions in 

addition to radiation. It was also noted that genes in several DNA 

and PSII repair pathways were elevated after rehydration. This 

proved that cells' DNA and PSII proteins had been damaged, 

highlighting the necessity of repair mechanisms for the 

cyanobacterium's recovery. 

 

2.2. Colwellia psychrerythraea 

 

Colwellia psychrerythraea belonging to the Colwelliaceae 

family is a marine heterotrophic bacterium (Liu et al., 2020). 

This bacterium has become important for studying adaptive 

strategies against cold and salinity habitats and may be for 

extraterrestrial conditions (Mudge et al., 2021; Casillo et al., 

2022). This species can grow at -12°C to 22°C, and 15 to 70 ppt 

in salinity (Wells and Deming, 2006). Due to its genome and 

many eccentric biochemical characteristics, it has become a 

model microorganism for carbon cycling in cold sea sediments. 

It can also be utilized for observing growth and survival under 

simulated Martian conditions (Hallsworth et al., 2021). 
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It is a polyextremophilic bacterium species isolated from 

sub-zero marine sediments. C. psychrerythraea strain 34H 

(Cp34H) is a Gram-negative psychrophile isolated from Arctic 

marine sediments at -1°C (Huston, 2003; Methé et al., 2005). To 

endure fluctuations in salinity in sea ice brines, this strain can 

transport suitable solutes (small molecular weight organic 

molecules (Firth et al., 2016). Cp34H can live in the cold dark 

ocean without proteorhodopsins which are photoactive proteins 

utilized by many bacteria in the ocean to produce additional 

energy (Béja, 2001).  

Enzymes involved in adaptation to cold stress show great 

economic and ecological benefits in terms of their structures and 

functions (Kavitha, 2016). It has been shown that Cp34H can 

produce functional extracellular enzymes even in the harshest 

conditions (-8°C, 35 ppt). Compared to warmer temperatures, 

enzyme activity rates increased at less extreme temperatures (-

1°C) (Huston et al., 2000). On the other hand, Cp34H can still 

survive for a short time when exposed to a warmer and stressful 

room temperature (Showalter and Deming, 2018). It was also 

reported that catabolic pathways and flagella-related genes were 

significantly downregulated as a result of transcriptomic 

analyses (Czajka et al., 2018; Showalter and Deming, 2018). 

Cp34H has a proteome with 4910 predicted proteins 

(Methé et al., 2005) and 2362 of them were identified (Mudge et 

al., 2021). Proteins play roles in diverse cellular motility 

consisting of flagellar, pilus, and chemotaxis. This situation 

supports the results of previous investigations of Cp34H in 

response to sub-zero temperatures, offering biomarkers for 

motility for life as requested by NASA’s Ladder of Life 

Detection (Nunn et al., 2015; Showalter and Deming, 2018; 

Neveu et al., 2018). Future astrobiology missions must be able 

to find biomarkers because the majority of the solar system's 

planets have high salinities, little water activity, and 

temperatures below the freezing point of water (Carr et al., 1998; 

Khurana et al., 1998; Hand et al., 2009; Parro et al., 2018; 

Hendrix et al., 2019). Findings of small (3–4 amino acid) 

peptides on ice worlds that are analogous to those found on Earth 

are crucial for the discovery of observable biomarkers for life in 

the future (Mudge et al., 2021). Four physiological states were 

observed in Cp34H after 1 month of incubation period: growing 

and culturable cells (high activity and culturability at -5°C, 

artificial seawater), active cells (low activity and acceptable 

culturability at -5°C in brine), viable but not culturable 

(acceptable activity and very low or no culturability at -10°C, 

artificial seawater without nutrient) and surviving cells (very 

low to no activity and not culturable at -10°C in brine) (Mudge 

et al., 2021).  

 

2.3. Planococcus halocryophilus  

 

Planococcus consists of Gram-positive and aerobic cocci. 

Like other species mentioned above, Planococcus can grow at 

moderate/low temperatures and in salt environments (Arctic, 

Antarctic, marine) (Mykytczuk et al., 2012). Moreover, some 

Planococcus species are resistant to heavy metals, and some can 

detoxify pollutants (Li et al., 2006; Hupert-Kocurek et al., 2014; 

Jung et al., 2018). It is very important to examine this bacterium 

in non-NaCl salty and sub-zero temperature habitats, and this 

topic has gained interest in astrobiology (Heinz et al., 2018). In 

this sense, P. halocryophilus is an ideal model organism for 

Martian environments (Heinz et al., 2018). 

P. halocryophilus lives in an active permafrost soil layer in 

the Canadian High Arctic. It is a psychrotolerant bacterium 

adapted to cold stress due to the expression of several osmolyte 

transporters, cold-adapted proteins, and carbohydrate storage as 

energy (Mykytczuk et al., 2013, 2016). While it can grow at a 

concentration of 19% NaCl (w/v) and -15°C, some studies 

reported that it has metabolic activity at -25°C (Mykytczuk et 

al., 2013; Raymond-Bouchard et al., 2017). 

According to laboratory investigations, the survival of 

cryotolerant and halotolerant bacterial species in concentrated 

brine depends on the salt concentration, anion parameters, and 

water activity. The potential habitability of Martian cryobrines 

was therefore discovered to depend on factors such as anion 

brine composition, salt content, and water activity (Waajen et 

al., 2020). It is known that several chlorides (Cl-) and perchlorate 

(ClO4
-) salts are found in Martian soils (Hecht et al., 2009; 

Kounaves et al., 2010). How well and how long P. 

halocryophilus can survive multiple freeze/thaw cycles, subzero 

Cl- and ClO4
- brines have been explored since these extreme 

conditions on Mars may exist momentarily and/or continue 

cyclically (Martínez and Renno, 2013). Heinz et al. (2018) 

reported that the survival rate of this bacterium in samples 

containing Cl- was higher than in ClO4
- samples at all 

temperatures. Furthermore, it was also revealed that lifespan 

enhanced systematically with decreasing temperatures in Cl- and 

ClO4
- samples. 

 

2.4. Halorubrum lacusprofundi 

 

In addition to bacteria, the archaea species have been 

widely examined in extreme conditions and astrobiology. 

Halorubrum lacusprofundi is one of them. It is a halophilic 

species with vivid pigmentation that forms biofilms in the 

hypersaline Deep Lake in Antarctica (Anderson et al., 2016). H. 

lacusprofundi can live anaerobically by using perchlorate as a 

terminal electron acceptor, providing a metabolism for the 

probability of survival on the Red Planet (DasSarma et al., 

2020).  

H. lacusprofundi grows optimally at 31-37°C (Franzmann 

et al., 1988) but can also live in Antarctica (-18°C to 11,5°C and 

21-28%, w/v salt content). Moreover, it develops approximately 

3.5 M NaCl concentration (DasSarma et al., 2013; DasSarma 

and DasSarma, 2018; Laye and Dassarma, 2018). It is crucial to 

determine the limits of adaptation to hypersaline and low-

temperature conditions to predict the presence of life in the icy 

shells (Trumbo et al., 2019) and oceans of Europa and Enceladus 

(Lobo et al., 2021), the permafrost on Mars (Morozova et al., 

2007), subterranean lakes (Lauro et al., 2021) by using H. 

lacusprofundi. It can also grow anaerobically at low ClO4
- 

concentrations. Moreover, reports have shown that magnesium 

perchlorate (MgClO4
-) is inhibited the growth with greater 

sensitivity than sodium perchlorate (NaClO4
-) at significantly 

higher concentrations (50% inhibition at 0.3 M for sodium 

perchlorate, 0.1 M for magnesium perchlorate) (Laye and 

Dassarma, 2018). As a result of spectroscopic analysis, Martian 

soil was found to contain poisonous NaClO4
- and MgClO4

- 

(Mattie et al., 2006; Wadsworth and Cockell, 2017). The levels 

of growth inhibition and enzyme activity demonstrated that 

extreme halophiles like H. lacusprofundi will not be adversely 

affected by the anticipated levels of ClO4
- salts on Mars (Laye 

and Dassarma, 2018). 

 

2.5. Halobacterium salinarum NRC-1 

 

Halobacterium is a halophilic archaea that can develop in 
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hypersaline aquatic environments (DasSarma et al., 2018). 

Halobacterium can be visible as red, pink, or purple due to 

carotenoids found in their membranes. Halobacterium can live 

in multiple extreme conditions and therefore, are also called 

polyextremophiles. Similar to other organisms mentioned in this 

review, these organisms can use as model organisms for 

astrobiology, thus also given the name “exophiles” (DasSarma, 

2006; DasSarma and DasSarma, 2017; DasSarma and 

DasSarma, 2018). Halophilic archaea show different ways of 

production of energy and even anaerobic development 

(Sundarasami et al., 2019). These organisms use trimethylamine 

N-oxide [(CH₃)₃NO], dimethyl sulfoxide (DMSO), fumarate 

(C4H4O4), ClO4
-, and chlorate (ClO₃-) instead of oxygen as 

electron acceptors, making them good alternatives for 

investigations (Müller and DasSarma, 2005; Oren, 2014).  

H. salinarum is a rod-shaped, motile, and highly halophilic 

archaea. The most extensively researched haloarchaeal genome 

is the 2.57 Mbp genome of H. salinarum NRC-1 which was the 

first genome to be fully sequenced. It has high genetic diversity 

due to the high GC content of the parent chromosome (~68%) 

compared to its plasmid (57-60% G+C) (Ng et al., 2000; Pfeiffer 

et al., 2008). This extremophile model of archaea has been taken 

into consideration and thoroughly explored, leading to various 

discoveries and knowledge about the biology of archaea and the 

adaptations needed to survive in saturated salt concentrations 

(Soppa, 2006; Beer et al., 2014).  

Furthermore, the processes of resistance to high and low 

osmolarity, high and low temperatures, UV and ionizing 

radiation have been studied in investigations on H. salinarum 

NRC-1 (DasSarma, 2006). It is believed that because of its 

effective light and dark healing mechanisms, it can withstand 

UVC rays up to 100 J/m2. In one study, Halococcus 

dombrowskii, H. salinarum NRC-1 and Haloarcula japonica 

were grown halite after that exposed to UV radiation (200-400 

nm) to simulate flux similar to the Martian surface. As a result 

of the study, it was reported that the cells did not show any loss 

of viability after exposure to 21 kJ/m2 radiation. Then the cells 

continued to grow after 12 days in the liquid medium following 

the exposure to total radiation of 148 kJ/m2 (Fendrihan et al., 

2009).   

 

3. Conclusion 

 

Organisms living in extreme conditions provide detailed 

information about not only life on Earth but also space which is 

the area of astrobiology. This topic has gained interest in the last 

decades; therefore, studies in multidisciplinary areas are carried 

out by simulating environmental conditions that are comparable 

to the conditions in space. In this respect, extremophiles draw 

attention due to their characteristics including living in low/high 

temperatures, radiation, salt environments, etc. On the other 

hand, it is worth pointing out that it is the beginning stage to 

examine microorganisms to have the potential for usage of 

astrobiology. As a result, significant advancements in 

astrobiology could result from fascinating discoveries in the 

microbial world during the next years, providing a profound 

effect on how is seen the nature of life. 
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