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Chapter 1

Analysis of the Algol Type
Eclipsing Binary Star V910 Mon
Using Tess Data

Ozlem EKINCI*?, Burcu OZKARDES?

1. Introduction

Systems consisting of at least two components connected by gravitational
forces and moving around a common center of mass according to Kepler's laws
are defined as Binary Stars. The most important parameter determining the
evolution process of a star is the stellar mass. For this reason, determining the
masses of stars allows us to obtain important information about their evolutionary
processes. In fact, a star's mass can only be determined if it is a member of a
binary system. Therefore, binary stars are one of the most important celestial
bodies in astrophysics because they allow the calculation of basic parameters
such as temperature, radius, luminocity, etc., in addition to the mass.

The first information about the change of 2 mag. in the brightness of the star
B Persei, which is the prototype of Algol-type systems, and the repetition of this
change with a period of approximately 3 days was given by Goodricke (1783).
According to the Roche model given by Kopal (1959), such systems belong to
the class of detached or semi-detached. The star 3 Persei (i.e. Algol) is a semi-
detached system, and these type stars are called as the classical Algol. The second
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components of classical Algols have filled their Roche lobes. There is a mass
transfer towards the primary component, and the secondary one is in a further
phase in the evolutionary state. This phenomena, which is contrary to the general
acceptance in terms of the evolutionary status of binary stars, is known as the
Algol Paradox (Crawford, 1955). Here, the massive component first evolves and
reaches its own maximum size, and the mass then decreases as a result of the
rapid mass transfer. Thus, the mass of the companion that gives the matter
increases. In the detached Algols, both components are inside their own Roche
lobes; therefore, the distance between their centers of mass is large. Hence, it is
thought that they do not affect each other in the evolutionary process.

A detailed study including Algol type systems was made by Ibanoglu et al.
(2006). In this study, 74 detached (DBs) and 61 semi-detached (SDBs) close
binary systems were considered and the average mass ratio values were found to
be 0.88 for DBs, 0.27 for SDBs, 0.30 for SDBs with periods less than 5 days and
0.22 for SDBs with periods greater than 5 days. In the same study, the
luminosities of DBs and SDBs were plotted according to the orbital period and
effective temperature (i.e., HR diagram), respectively. Accordingly, the
luminosities of DBs tend to increase as the orbital periods of DBs increase.
According to their positions in the HR diagram, the components of DBs are
unevolved stars and remain within the main sequence band. The luminosities of
both components of SDBs increase parallel to the orbital period. All primary
components of SDBs are located within the main sequence band, while all
secondary components evolved from the main sequence.

There are numerous studies for period analysis of Algol type systems in the
literature. Accordingly, not only mass transfer/loss mechanisms but also the other
mechanisms such as possible third body gravitationally connected to the system,
magnetic activity and apsidal motion are discussed (Degirmenci et al. (2003);
Erdem et al. (2007); Erdem et al. (2011); Yilmaz et al. (2017); Pop et al. (2017)).

In this study, we aimed to photometrically investigate the eclipsing binary star
V910 Mon classified as an Algol type system, which is in the field of the TESS
satellite. In the literature, V910 Mon, which is one of the less studied systems, is
one of the NSVS (Northern Sky Variability Survey) variable star sources, and is
classified as an EA-type star with the spectral type AOV (Otero et al. 2004). Qian
et al. (2018) determined the spectral type, effective temperature, log g and
metallicity ([Fe/H]) parameter of approximately 3196 EA-type binary stars with
LAMOST spectral data, and gave these parameters for V910 Mon to be GO, 6010
K, 4.12 and -0.12, respectively. There is no detailed study on the analysis of the
system. Basic parameters of V910 Mon from the SIMBAD database is given in
Table 1.



Table 1. Equatorial coordinates (, ), BV magnitudes and
GAIA parallax of V910 Mon.

a ) B \Y TGAIA Ref.
(mag.) (mag.) (mas)
06" 40m 13.75 | +04° 09 40.1" 11.56 11.06 2.8514 SIMBAD*

2. Tess Data
The photometric data of V910 Mon are provided by the observations by the

TESS® (Transiting Exoplanet Survey Satellite) satellite. The main objective of
this satellite, which is to search for exoplanets by transit method, is to observe
about 200,000 stars in the neighborhood of the Sun. The TESS detector makes
broadband observations in the wavelength range of 600 - 1000 nm, the central
wavelength of which corresponds to the classical Cousins | band (IC = 786.5 nm).
The spectral response curve of the detector is given in Figure 1.
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Figure 1. Spectral response function of the TESS detector (black line).

V910 Mon was observed by the TESS satellite at long cadance with exposure
times 1800 s and 600 s. These observations were recorded in sectors 6 and 33,

4 https://simbad.u-strasbg.fr/simbad/sim-fid
® https://exoplanets.nasa.gov/tess/



respectively. TESS data can be downloaded from the MAST® (the Mikulski
Archive for Space Telescopes) archive. Here, the “SAP (Simple Aperture
Photometry) Flux” values corresponding to “QUALITY = 0” were taken into
account. All instrumental brightnesses were converted to normalized flux (see
Figure 4).

3. Minimum Light Times

The period variation of an eclipsing binary star can be studied by O-C diagram
analysis, which is generated via minimum light times. In this study, published
data were taken from the O-C Gateway database’ . In addition, new minimum
light times were obtained from the TESS light curves of the system using Minima
(vers.27) software given by B. Nelson®. The eclipsing times are given in Table 2.

Table 2. Eclipsing times of V910 Mon. The values in parentheses are the error
values according to the last digit.

BJD Min. Type Reference BJD Min. Type Reference
(+2400000) (+2400000)
2714.5090 I 59203.9345(5) I
57074.2678 I O-C Gateway | 59306.8881(7) I
57799.4128 I 59209.8421(8) I
58542.2893 I 59212.7962(5) I

TESS sector 33

58471.4000(7)
58474.3536(5)
58480.2614(1)
58483.2150(9)

58486.1701(2)

TESS sector 6
(this study)

59215.7496(8)
59218.7039(7)
59221.6574(10)

59224.6108(9)

—

(this study)

58469.9235(5)
58472.8774(5)
58475.8310(6)
58481.7384(5)
58484.6922(7)

II

II

II

I
I

TESS sector 6
(this study)

59202.4583(10)
59205.4114(6)

59208.3654(8)
59211.3191(7)

59217.2265(8)

II

II

II

II

II

TESS sector 33
(this study)

© https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

" https://var.astro.cz/en/Stars/16623

8 https://www.variablestarssouth.org/resources/bob-nelsons-software-tools/software-by-bob-nelson



4. Analysis

4.1. New Light Elements

By combining all the minimum light times obtained from the TESS light
curves of V910 Mon with the published ones, the O-C values of the system were
calculated, and the O-C diagram was created according to the epoch number.
When the diagram is examined, a linear variation is seen (see Figure 2).
Therefore, a linear regression fit was applied to all O-C values. Hence, the
correction values of the light elements, TO and P, were found, and new light
elements were determined, which is given in the equation (1). The O-C diagram
of V910 Mon and the residuals are given in Figure 2.

Min I (BJD_TDB) = 2459224.6107(+0.0003) +
Ex2.95376721(£0.0053) (1)
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Figure 2. Top: O-C diagram for V910 Mon. Lower panel: Residuals from
the best linear fit.



4.2. Light Curve Modeling

The basis of the light curve analysis method is to calculate the light curve
parameters of a binary star that exhibits brightness variation by fitting a
theoretical curve generated by the parameter values entered by the user to the
observational data. The parameter remaining from the sum of the differences
between the observed and calculated light curves is R (R = (O — Ci)?). The
smaller value of the residual sum of squares R, the better the fit of the data.

In this study, the widely used Wilson-Devinney (WD) method (Wilson and
Devinney, 1971) was applied to TESS light curve from sector 33. Initial
parameters are needed to perform mathematical calculations in the light curve
solution. In other words, we need to take some parameters as constants in the
input file. These parameters are; primary component’s temperature (T1), albedo
coefficients (Ai2), gravitational darkening exponents (gi2), limb darkening
coefficients (Xi12,Y12) and mass ratio (q). Accordingly, the parameter values
taken as constants during the analysis are as follows: The temperature of the
primary component is fixed at 6811 K given by Qian et al. (2018). The values of
the limb darkening constants were determined from the tables given by Claret
and Bloemen (2011) and Claret et al. (2013) according to the square-root limb
darkening law. The bolometric gravitational darkening exponents of the
components were taken as 0.32 for the convective envelope (T<7200 K)
according to the study of Lucy (1967). The bolometric reflections of the
components were taken as constant at 0.5 for convective atmospheres, according
to the study of Rucinski (1969). It’s been accepted that the component stars are
co-rotating. It was assumed that the orbit of the system is circular. The unspot
model was applied to the light curve due to the lack of O’Connell effect.

If the mass ratio g, which is one of the program parameters, is not determined
by the spectroscopic data, mass ratio scanning (qg-search) is performed for
determinig the input value of g. There is no spectroscopic observations of V910
Mon in the literature. Therefore, g-scan was performed (see Figure 3). Here,
scanning was performed with 0.1 increments for the range of 0.1-1.5. The mass
ratio value that minimizes 2(O; - Ci)? was determined as 0.8.
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Figure 3: g-search for V910 Mon.

The free parameters in the WD analysis are orbital inclination, phase shift,
mass ratio, temperature of the second component, luminosity of the primary and
secondary components and third light. The solution results are given in Table 3.
The comparison of the observational and theoretical curves is given in Figure 4.

Table 3. Results of WD analysis for V910 Mon.

Parameter Value Parameter Value

i %) 88.9 (£0.7) Q 9.4669(+0.0286)
Phase shift 0.0003 (+0.0002) l1/(li+12+13) (TESS) 0.59 (£0.01)
T1(K) 6010 (fixed) I3 (%) 7 (1)
T2(K) 5875 (£26) r1 (mean) 0.14(£0.01)

q = Mi/M; 0.8695 (+£0.0212) r2 (mean) 0.10(x0.01)
o} 7.8468 (+0.0152) (0-C)? (TESS) 0.0359
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Figure 4. Comparison of TESS and theoretical light curves of V910 Mon
(top) and residuals (bottom).

5. Results And Discussion

According to the light curve analysis’ results of V910 Mon, the binay star is a
detached binary with the primary and secondary component filling the Roche
lobes by 47% and 40%, respectively. The Roche surface geometry of the system
in 2D (Bradstreet (2005)) is shown in Figure 5.



Figure 5. Surface geometry in 2D for V910 Mon.

Since there is no spectroscopic study of the eclipsing binary, the absolute
parameters of the component stars have been estimated. While the mass of each
component were defined using Kepler's third equation and the mass ratio from
the photometric solution, while their luminosities were calculated using the
Stefan-Boltzmann law. In the calculations, the Sun values (Tefr = 5771.8+0.7 K,
Mpol = 4™7554+0.0004 and g = 27423.2+7.9 cm/s?) given by Pecaut and
Mamajek (2013) were taken into account. The bolometric corrections (BC) of the
components of the system were determined from Flower (1996) according to their
surface temperatures. The absolute parameters and errors of the system are given
in Table 4. The distance of V910 Mon was determined using the distance module,
which takes into account the interstellar absorption. The distance of V910 Mon
is in agreement within the error limits when compared to the distance according
to the parallax of GAIA DR3 (Gaia Collaboration, 2022).

In order to examine the evolutionary status of the system, the positions of the
component stars are plotted on the Teff - L/Lsun diagram (i.e. Hertzprung-Russell
(HR) diagram) in a logarithmic scale, together with the detached binary stars
taken from Southworth (2015). According to the HR diagram (Figure 6), both
components are located within the zero-age main sequence (ZAMS) band. It is
also seen that the components of the system are compatible with the archival
detached binary components. The age of the system was tried to determine using
the isochrones given by Girardi et al. (2000) for solar abundance. Accordingly,
the best representative age of the components was found to be 5.624 Gyr.



Table 4. Estimated absolute parameters of V910 Mon.

Parameter Value

Primary comp. Secondary comp.
a (Re) 10.79 + 0.94
M (M) 1.04 £0.03 0.90 £ 0.05
R (Re) 1.55+0.14 1.12£0.10
L (Lo) 2.82 £ 1.07 1.35+0.52
Mv (mag.) 3.15+0.41
log g (cgs) 4.07+£0.12 4.29+£0.05
d (pc) 367 + 69
daaia (pC) 350.7+ 1.9

1.8

® Primary component
O Secondary component
15 TAMS ry . P
s DEBs_primaries
a  DEBs_secondaries
- -5.624 Gyr .

1.2

o
©

-------

ZAMS

log (L/Lsun)

3.85 381 3.77 3.73 3.69 3.65
Iog Teff (K)
Figure 6. Positions of the components of V910 Mon on the HR diagram.
ZAMS and TAMS are shown in the diagram with solid lines according to solar
abundance (Z = 0.019) from Girardi et al. (2000).
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Spectroscopic and multi-colour photometric observations are needed to
accurately determine the absolute parameters of V910 Mon. In this study, the
light curve analysis revealed a third light contribution of 7%. More eclipsing
times are required for detailed analysis of the existence of the third component.
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Chapter 2

Biological Activities of
Lichen Secondary Metabolites

Seyda Nur KALIN?

1. Introduction

Natural products of plant origin have been used as a traditional therapeutic
modality in many civilizations for more than five thousand years (1). Even
today, plant materials, as a valuable source of therapeutic agents, continue to
play an important role in the treatment of various diseases such as
cardiovascular diseases, infectious diseases, cancer chemotherapy, and
disorders of lipid metabolism (2-5). Today, the challenges associated with
natural products are drug discovery based on natural products with promising
activities, difficulties in isolation of active principles, technical barriers to
screening natural products in high-throughput assays against molecular targets
(4). Due to these difficulties, scientists have had to turn their attention to other
organisms.

Many studies have shown that lichens, a natural product of a mutualistic
relationship between fungi and cyanobacteria or fungi and algae, are productive
organisms for the synthesis of a wide variety of secondary metabolites (1).
Lichens have the ability to survive in harsh living conditions thanks to the
secondary metabolites they produce. Lichens have been used since ancient
times for perfumes, food, dyes, traditional medicine, and various ethnic
purposes (6). Lichens have the potential to produce unique secondary
metabolites with different physicochemical and biological activities (7). Lichen
secondary metabolites, of which there are more than a thousand varieties,
include many classes of compounds, including aliphatic acids, amino acid
derivatives, sugar alcohols, macrolytic lactones, monocyclic aromatic
compounds, chromones, quinines, depsides, xanthones, terpenoids, depsidones,
depsones, dibenzofurans, steroids, diphenyl ethers and carotenoids (8). The

!pr. Seyda Nur KALIN, Erzincan Binali Yildirim University, Faculty of Science and Arts, Department of
Chemistry, 24002, Erzincan, Turkey. seydanurcakir32@gmail.com, ORCID ID: 0000-0002-2594-2489
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production of specific secondary metabolites requires appropriate culture
conditions such as added sugars, nutrient media, polyols, light, temperature, pH,
and stres (9). Lichen secondary metabolites have unique biological properties
such as antimicrobial, immunomodulatory, antihepatotoxic, antidiabetic,
antioxidant, antiviral, and anticancer (10-12). Therefore, many studies on lichen
secondary metabolites have been the focus of many researchers (10,13,14).

Therefore, elucidation and understanding of the utilization of lichens and
their products may be important for the future use of lichens as a natural
medicine. This review focuses on the biological activities of various lichen
species and in particular their potential use in cancer therapies.

2. Lichens

Lichens are defined as compound organisms that contain algae (e.g.,
Trentepohlia or Trebouxia) or cyanobacteria (Nostoc) and live between
filaments of more than one fungal species in a mutualistic relationship (6,15).
The estimated number of lichen species ranges from 13.500 to 30.000, with the
expectation of an increase as research in this field continues to expand (16).
Lichens are mainly classified according to their growth form, habitat, internal
structure, and fungal partners (Figure 1).
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Figure 2. Images of several different lichen species (18).

3. Biological activities of lichens

Lichen secondary metabolites produced by lichens are chemical compounds
with industrial, nutraceutical, and therapeutic values (19). Lichens involve
several biosynthetic pathways to produce various compounds, mainly the acetyl
polymalony, shikimic acid, and mevalonic acid pathways (Figure 3) (20). Most
of the secondary metabolites of lichen are produced via the acetyl-polymalonyl
pathway and chemical compound classes such as chromone, xanthone, emodin,
depside, dibenzofuran, anthraquinone, depsidones, androcrocin are synthesized
via the acetyl-polymalonyl pathway. Examples of this group include atranorin,
barbatic acid, diffractic acid, squamatic acid, evernic acid, divaric acid,
norstictic acid, lobaric acid, salazinic acid, usnic acid, and emodin. Compounds
originating from the shikimic acid synthesis pathway include terpenylquinone
and pulvinic acid derivatives. The secondary metabolites of lichen are
synthesised via the mevalonic acid pathway, which also produces terpenes,
steroids, and carotenoids. Ergosterol, ursolic acid, and zeorin are notable
examples of such molecules (17).
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Figure 3. Biosynthetic pathways involved in the synthesis of lichen metabolites

The active compounds of lichens isolated by methods such as thin layer
chromatography (TLC) or high performance liquid chromatography (HPLC) have
many biological properties (21,22). Scientists have identified lichen metabolites as a
research topic due to their unique properties (Table 1).

Lichen secondary metabolites exhibit antifungal activity against some
pathogenic fungi, such as Candida albicans, Microsporum gypseum, Trichophyton
rubrum, and Trichophyton mentagrophytes. In the literature, Xanthoria parietina,
Caloplaca cerina, Protousnea poeppigii, Cladonia convoluta, and Usnea florida
lichens have been reported to have antifungal activity (23-25).

Some lichens show antiviral properties and can be used as potential sources of
pharmaceutically useful chemicals. For example, usnic acid extracted from
Ramalina celastri showed specific antiviral activity against Tacaribe and
Arenaviridae virus (26). It has also been reported that Ramalina farinacea can be
used as an antiviral agent against DNA and RNA viruses (7).

Lichens are known to have antibacterial activity, such as vulpinic acid, evernic
acid and usnic acid found in the genera Evernia, Cladonia, Ushea, Alectoria,
Cetraria, and Ramalina (17). Romangi and Dayan reported that usnic acid has an
antibiotic effect against Mycobacterium, Staphyllococcus, and Streptococcus (27).
Ingolfsdottir et al. reported that protolicesterinic acid isolated from Cetraria
islandica had antibacterial properties against Helicobacter pylori bacteria (28).

Lichens are among the natural sources with strong antioxidant effects. Lichens
provide protection against oxidative damage caused by the accumulation of free
radicals, which have important functions in many chemical processes in cells, with
the secondary compounds they produce. For example, extreme conditions such as
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high UV-B, sunlight, winter darkness, low temperature, and drought lead to
increased oxidative stress. It was reported that lecanoric acid from Umbilicaria
antarctica was found to be the most effective antioxidant in superoxide anion and
free radical scavenging (11). Lichens such as Lobaria pulmonaria and Usnea
longissima exhibit strong antioxidant properties thanks to the abundance of
phenolic compounds (29). Some of the lichen species such as Umbilicaria
cylindrica, Pseudoevernia furfuraceae, Flavoparmelia caperata, Parmelia pertusa,
Parmelia sulcata, Evernia prunastri, Hypogymnia physodes, Nephroma parile,
Anaptychya ciliaris, Parmelia centrifuga, Usnea florida, Usnea longissima, and
Lobaria pulmonaria were found to have antioxidant activities (30-33).

Table 1. Biological properties of lichen secondary metabolites.

Natural

Lichen species Activities Ref.
compound
Parmotrema grayana Erythrin Antioxidant (19)
Roccella montagnei
Pseudpeverma fu.rfuracea Evernic acid Anuox@ant, a_mtlblotlcs, (34-37)
Evernia prunastri cytotoxic, anticancer
E.divaricata
Cetraria islandica Protolichesterinic Anti-inflammatory,
Hypotrachyna cirrhata acid antimicrobial, antibacterial, (38,39)
Cornicularia aculeata proliferation, anticancer
Xanthoria parietina Parietin Cytotoxic,antimicrobial (40)
Toninia candida,
Usnea strigose
Stereocaulon Norstictic acid Antioxidant, antimicrobial,
h (41-43)
montagneanum cytotoxic
Ramalina farinacea
Parmotrema tinctorum Antioxidant, anticancer,
Umbilicaria antarctica Lecanoric acid antifungal (44-47)
Roccella montagnei
Stereocaulon alpinum
S.paschale Cytotoxic, antimicrobial,
Usnea I_ong|SS|ma Lobaric acid ant!-m_ﬂammatory, (48-52)
Cladonia sp. antioxidant, enzyme
Parmelia saxatilis inhibition
Cetrelia monachorum Perlatolic acid Anti-inflammatory (55)
Usnea spp./Ramalina Anticancer, antimicrobial,
son/U PP Usnic acid and enzyme inhibitor, analgesic,
PR/~ - antimutagenic activity,anti- (34,56-58)

longissima derivatives - - -

inflammatory, antiallergies,

antivirus

Anti-inflammatory,
Platiamatia glauca Caperatic acid cytotoxity, (47,59)

Central nervous system
therapeutics
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Letharia columbiana

L.vulpina
Pseudocyphellaria Vulpinic acid Antibiotics, anticancer (34,60)
flacicans
Vulpicida pinastri
Parmot_r ema Orsellinic acid Antimicrobial (61)
austrosinense
Usnea longissima Barbatic acid Anticancer (62)
Usnea longissimi Anti-inflammatory,

antioxidant,antiviral, (13,29,62—

Usnea subcavata Diffractaic acid

Protousnea magellanica ana_lgeS|c, gastroprotective, 66)
anticancer
Pseudevernia furfuracea Olivetoric acid Antimicrobial , antioxidant (67,68)
Parmotrema austrosinens . i . .
Cladonia rangiferina Atr_ano_rm and Anpmlcro_b_lal ! ar_1t|cancer, (34,47,61,69)
derivatives anti-hepatitis C virus

Stereocaulon evolutum

4. Anticancer effect of lichen secondary metabolites

Due to the dramatic increase in cancer incidence and mortality rates, new
treatment methods have become important. In particular, the potential of natural
ingredients with high effectiveness and fewer side effects in cancer treatments is
being investigated. Lichen secondary metabolites exhibit anti-proliferative,
cytotoxic, anti-migratory, anti-invasive, antioxidant, pro-apoptotic, anti-
proliferative, and anti-tumourigenic properties (70-73).

Cytotoxic and anti-proliferative effects of lichen metabolites have been
observed in different cancer types such as breast cancer, lung cancer,
glioblastoma multiforme, prostate cancer, liver cancer, cervical cancer,
pancreatic carcinoma, colon cancer (10,37,47,64,74-76). Lichen metabolites
may exert cytostatic effects on cancer cells by arresting the cell cycle in GO/G1,
G2/M, or S phases, and may also exert cytotoxic effects by triggering cell death
mechanisms such as apoptosis, autophagy or necrosis (77). In one study, usnic
acid suppressed proliferation by arresting the cell cycle (G0/G1 and G2/M) in
human gastric carcinoma BGC823 and SGC7901 cell lines (78). Usnic acid was
reported to suppress apoptosis in hepatocellular carcinoma SNU-449 and
HepG2 cell lines, arresting the cell cycle at GO/G1 and G2/M checkpoints (77).
Vulpinic acid exhibited a cytostatic effect by arresting the cell cycle in breast
cancer MDA-MB-453 and MCF-7 cell lines (79). In another study, salazanic
acid from Parmotrema cetratum has shown anti-proliferative effects in colon
cancer HT-29 cell line (80).

Lichen metabolites play a role as apoptosis inducers by regulating cell death
mechanisms in cancer cells (81). That is, these metabolites can modulate
MRNA levels of apoptosis-related products such as pro-/anti-apoptotic proteins
of the Bcl-2 family, caspases, p38, p53 (70,82). Furthermore, they can induce
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cell death through cleavage of poly (ADP-ribose) polymerase (PARP), a stress
response protein that regulates chromatin structure and repairs damaged DNA,
activation of c-Jun N-terminal kinase (JNK) signalling or inactivation of
mammalian target of rapamycin (mTOR) (77,83). Lichen metabolites can
modulate genes associated with cell cycle control (cyclin D1 and c-myc),
apoptosis (BIRC5), cell migration (MMP7) or other regulators such as Axin2 by
targeting the Wnt/p-catenin pathway (81,84). Moreover, these metabolites may
exhibit anticancer effects through modulation of pathways by regulating
STATSs, PI3K/Akt/mTOR, and Paxillin/Rac-1 signalling cascades (42,84,85).

Lichen metabolites have the ability to suppress metastasis, one of the leading
causes of cancer-related deaths. Thus, they can regulate the tumour
microenvironment, metabolic processes, metastasis-related genes and important
signalling pathways to prevent metastasis in cancer cells (47). Usnic acid
isolated from the lichens Usnea florida, Flavocetraria nivalis, Alectoria
samentosa, and Alectoria ochroleuca has shown significant inhibitory potential
against invasion and migration in human lung cancer (A549, H1975, H1650,
and H460 cell lines). Atranorin isolated from Stereocaulon caespitosum
suppressed the migration and invasiveness of human hepatocellular carcinoma
Huh-7 and SK-Hepl cell lines (86). Ramalin, a metabolite isolated from
Ramalina terebrata, suppressed wound healing, migration and invasion of
HCT116 cells (87). Physciosporin isolated from Pseudocyphellaria coriacea
inhibited the migration and invasion of human lung cancer H1650,A549, and
H1975 cell lines through down-regulation of KITENIN-mediated AP-1 activity,
Cdc42, N-cadherin, and Racl (88).

Phenolic compounds of lichens may show antioxidant effects by exhibiting
high free radical scavenging ability. The protective effects of lichens against
oxidative damage can be determined by observing oxidative stress markers. In
the literature, Dirinaria consimilis, a tropical lichen, has been reported to show
anticancer activity in human cervical carcinoma HelLa cells and human brain
glioblastoma U-87 MG cells by promoting the increase of reactive oxygen
species (ROS) and suppressing glutathione S-transferase (GST), catalase
(CAT), and superoxide dismutase (SOD), antioxidant enzyme activities and
glutathione (GSH) levels (89). Vulpinic acid, evernic acid, and diffractaic acid
inhibited thioredoxin reductase 1 (TrxR1) enzyme activities, a member of the
antioxidant enzyme system, in breast, cervical, lung, and liver cancer types
(13,37,64,76,79,90).

Table 2 shows an overview of the anticancer effects of some lichen
secondary metabolites.
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Table 2. Secondary metabolites of lichens: sources and mechanisms of action.

Active Compound/

Chemical structure Cancer types Activities Ref.
Evernic acid OH O Glioblastoma Decreased proliferation
oH o oH carcinoma, breast Suppressed migration (37,91
o cancer, lung cancer, Inhibition of antioxidant ~ 93)
\f@ik cervical cancer enzyme activity
Lobaric acid
i o Cervical cancer, Decreased proliferation (83.94.9
o. /é colon cancer Induced cell cycle arrest 5)
HOH@[ j— Induced apoptosis
HO [}
og X_\
Malignant
Vulpinic acid mesothelior_na,
' \; \I:Uqur carcinoma, Decreased proliferation
- eratinocyte cells L
- carcinoma Suppressed m|gr_at|on (64,79,9
o Oﬁ' % on habd ' Induced apoptosis 6—558 !
we A rhabdomyosarcoma - nipition of antioxidant )
- mouse tivity
7 fibrosarcoma, enzyme ac
S breast cancer,
cervical cancer
Lecanoric acid
on o Decreased proliferation
oH o /@il OH Larynx carcinoma Induced cell cycle arrest ~ (99)
@Lo Induced apoptosis
HO
Barbatic acid
o Cervical cancer,
) ﬁ;\/tou lung cancer, breast ~ Decreased proliferation (62)
o o cancer, prostate
\Oéj(:: cancer
Atranorin
OH O
H oM o o Prostate cancer, Decreased proliferation
o o melanoma cancer Suppressed invasion (100)
HO
Diffractaic acid o Decreased proliferation
o on (_Zerwcal cancer Suppressed migration (13.64,7
liver cancer, breast  Induced apoptosis 6.90)
0 OH cancer, lung cancer, Inhibition of antioxidant '
~o ° enzyme activity
Breast cancer, Decreased proliferation
colon cancer, lung Inhibition of (101—
Usnic acid cancer leukemia angiogenesis, 103)

cancer, prostate
cancer, ovarian

Inhibition of invasion
and migration
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cancer,melanoma Induced cell cycle arrest
cancer Increased ROS levels

HO D O OH Induced apoptosis

OH O

Physodic acid

Cytotoxic effect

Lung cancer, colon Inhibition of invasion (104,10
cancer - 5)
Induced apoptosis
Olivetoric acid
o Glioblastoma Cytotoxic effect (106)
o o on carcinoma
(e} OH
HO' OH
Gyrophoric acid
OH O
OH O J\'ﬂ‘(m .
/J\ . PN Melanoma cancer Cytotoxic effect (107)
AL
HO™ ™~
Protolichesterinic acid
oy T T Cervical cancer, Induced apoptosis (108,10
}r'J\Ir..aH prostate cancer Decreased proliferation ~ 9)

5. Conclusion

Lichen secondary metabolites, rich in bioactive compounds, are of great
interest due to their applicability as therapeutic agents in the treatment of many
diseases, including cancer. Despite the important effects of lichen metabolites,
so far there are no relevant clinical studies in the literature that provide insight
into their anticancer activity in humans. Facilitating the isolation and
characterization of lichen metabolites with the help of modern equipment and
methodologies and defining their complex biological cellular effects provide
favorable conditions for accelerating future clinical testing and research
involving the use of lichen-derived anticancer drugs in medical practice.
Therefore, further studies are needed to determine the potential clinical uses of
lichen metabolites and to clarify their beneficial effects in cancer patients or
people at risk.
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Chapter 3

Quantum Dot Integration in

Energy Storage Systems: Current Status,
Future Directions, Opportunities and
Challenges
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1. Introduction

Quantum dots (QDs), specifically carbon quantum dots (CQDs) and graphene
quantum dots (GQDs), have become vital materials in energy storage systems such
as supercapacitors and batteries. Their distinctive properties, such as a high surface
area, outstanding electrical conductivity, and adjustable electrochemical
characteristics, make them excellent candidates for improving the electrochemical
performance of energy storage devices.

GQDs, a subclass of QDs, exhibit remarkable properties that enhance their
effectiveness in energy storage applications. Their small size and high surface area
facilitate better interaction with electrolytes, essential for the rapid charge-discharge
cycles needed in supercapacitors (Ansari, 2022; Lee et al., 2016). Research indicates
that GQDs can be integrated into composite materials, improving the overall
electrochemical performance of devices. For instance, GQDs have been utilized to
create nanocomposite films that demonstrate superior supercapacitor properties
compared to traditional materials (Dinari et al., 2016).

QDs have garnered considerable attention due to their distinctive optical and
electronic properties, making them highly advantageous across various applications.
In energy storage, QDs enhance the performance of supercapacitors and lithium-ion
batteries by improving charge transfer efficiency and the stability of electrodes. In
the field of optoelectronics technologies, such as QLED TVs, due to their
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exceptional color purity and tunable emission wavelengths. Furthermore, QDs are
essential in solar cells, enhancing light absorption and conversion efficiency. Their
applications extend to biomedical imaging and biosensors, leveraging their
fluorescence properties to enable high-resolution imaging and precise disease
detection (Fig. 1) (Huang & Zhu, 2013; Reshma & Mohanan, 2019).

The application of QDs in energy storage systems primarily stems from their high
degree of surface development, facilitating adequate charge storage and high current
density during discharge processes. For example, CQDs have been shown to enhance
the electrochemical performance of various electrodes, resulting in improved charge
storage capabilities in supercapacitors and batteries (Breczko et al., 2024; Gao et al.,
2024, Prasath et al., 2018). The incorporation of CQDs into electrode materials can
significantly boost specific capacitance and energy density, as illustrated in studies
where CQDs were utilized to modify nickel sulfide and manganese oxide
composites, leading to supercapacitors with impressive performance metrics (Sahoo
etal., 2018; Xia et al., 2015).

Quantum dots (QDs) can be synthesized from various sustainable precursors,
including biomass. The synthesis methods affect their characteristics and properties.
Hydrothermal synthesis is notable; for example, Xu et al. created highly
photoluminescent carbon dots from nitrogen and sulfur co-doped precursors, and
carbon quantum dots derived from aloe demonstrated effective fluorescence through
a green process. This approach allows for precise particle size control and promotes
biocompatibility, which is crucial for medical applications(Xu et al., 2015; Jia et al.,
2022).

Another significant synthesis approach is microwave-assisted synthesis, which
offers rapid processing times and high efficiency. Gupta and Nandi reported the
synthesis of sulfur-doped carbon dots via microwave-assisted pyrolysis, achieving
high quantum yield, thus demonstrating the technique's effectiveness in enhancing
luminescent properties (Lin et al., 2019). This method reduces reaction times
significantly compared to conventional thermal processes, allowing for quicker and
potentially more cost-effective production of QDs.

Alternatively, the solvothermal synthesis method is widely recognized for its
versatility and is used for various quantum dot compositions, particularly those
involving metal chalcogenides such as CdSe and ZnS. The solvothermal approach
allows for controlling size and composition by adjusting the temperature and solvent
type. For example, CulnS; quantum dots were synthesized using a solvothermal
technique, demonstrating their viability in photovoltaic applications as sensitizers
for TiO, photoanodes (Peng et al., 2012). In addition, this method can enhance QDs'
crystallinity, which is critical for their optical properties (Hoang et al., 2020).
Successive lonic Layer Adsorption and Reaction (SILAR) is another well-
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documented method that has been effective for synthesizing core/shell quantum dots
like CdSe/ZnS. This technique allows for precise control over the shell thickness,
which can significantly affect the photoluminescent properties of the quantum dots.
SILAR has been utilized to create high-quality CdS, CdSe, and their composites with
polymers, facilitating their integration into electronic devices (Rahayu & Lee et al.,
2024). This method can achieve excellent surface passivation, enhancing the QDs'
stability and luminescence (Wang et al., 2024).

In contrast to traditional chemical methods, biological synthesis presents a novel
approach by utilizing natural precursors for quantum dot fabrication. Studies have
illustrated the feasibility of generating CQDs from biomass, such as rice husk or
guinoa straw, which showcases the potential for sustainable and eco-friendly
nanomaterial production (Wang et al., 2024; Ye et al., 2024). This approach reduces
reliance on hazardous chemicals typically involved in the quantum dot synthesis
process, contributing to the development of green nanotechnology.

Moreover, physical methods like laser ablation and electrochemical techniques
have also been explored for quantum dot generation. For instance, laser ablation
enables precise control over the quantum dot size through energy input and material
type (Ye et al., 2024). Electrochemical synthesis provides advantages in terms of
scalability and control of stoichiometry, though it may require sophisticated setups
(Penner, 2000).

Regarding the surface modification of quantum dots, various ligand exchange and
stabilization techniques have been developed to enhance their dispersibility and
functionalization potential. For example, modifying CdSe QDs with polyethylene
glycol (PEG) improves solubility in aqueous media and broadens their application
scope (Wenger et al., 2017). Proper surface functionalization is crucial for ensuring
the stability of QDs in biological environments and enhancing their interactions with
biological systems (Tani et al., 2010).

The impact of size on quantum dots' optical properties is profound, primarily due
to quantum confinement effects. Smaller quantum dots generally exhibit a blue shift
in their absorption and emission spectra, while larger ones demonstrate redshifts,
influencing their usability in applications requiring specific optical characteristics
(Shakouri et al., 2019). This relationship emphasizes the importance of precise
control over synthesis parameters to achieve desired properties.

To conclude, the synthesis methods for quantum dots are diverse, encompassing
various chemical and physical techniques, which impart distinct properties critical
for their application. Hydrothermal, microwave-assisted, and solvothermal methods
are prominent due to their control over particle characteristics, while SILAR offers
the specificity needed for core/shell structures. Biological and physical methods
provide sustainable and precise alternatives, respectively. Ultimately, understanding
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these synthesis methods paves the way for advancements in quantum dot
applications across multiple sectors, including healthcare, electronics, and
environmental science. Generating CQDs from waste materials promotes
environmental sustainability and provides a cost-effective solution for energy
storage applications (Wu et al., 2023; Singh & Gupta, 2024). This aspect is especially
relevant as the demand for efficient and eco-friendly energy storage solutions
continues to grow.

QDs, particularly CQDs and GQDs, are crucial in advancing energy storage
technologies. Their unique properties enable significant improvements in the
performance of supercapacitors and batteries, positioning them as a central focus of
ongoing research and development in energy storage systems.

EIEEIH.
| (R

Figure 1. Properties and applications of graphene quantum dots (Tian et al., 2018).
Reprinted with permission from Elsevier.

2. Fundamentals and Synthesis Methods of Quantum Dots

QDs offer broad absorption spectra, allowing a wide range of excitation
wavelengths. This enables the simultaneous excitation of multiple colored QDs with
a single wavelength. Additionally, their narrow light emission is advantageous for
imaging since it reduces overlap between different dyes, overcoming a limitation of
conventional broad-emission dyes. QDs can be easily tuned in terms of core size,
composition, and surface coatings to emit light at precise wavelengths from
ultraviolet (UV) to infrared (IR). Specifically, near-infrared (NIR) luminescent QDs

38



possess excellent optical properties, with NIR light (700-1000 nm) providing
minimal background interference and deep tissue penetration, making them ideal for
bio-imaging applications, electronics and photovoltaics (Kargozar et al., 2020).
Their diverse synthesis techniques cover various methodologies that affect their
physical and chemical properties. This chapter delves into several predominant
methods of synthesizing QDs, including top-down and bottom-up approaches,
colloidal and hydrothermal synthesis, and utilizing biological materials (Fig. 2).

Figure 2. Synthesis methods of quantum dots (Liu et al., 2021). Reproduced with
permission from Wiley, Copyright 2021.

The top-down approach mainly involves reducing more extensive materials into
QDs. Microfluidic systems have attracted significant attention due to their capability
to provide precise control over synthesis parameters, resulting in uniform particle
sizes. For instance, microfluidics enable the careful manipulation of the reaction
environment, fostering a more controlled nucleation and growth process. This
ultimately leads to QDs with enhanced properties compared to traditional methods
(Nightingale & Mello, 2010). Furthermore, the synthesis of semiconductor QDs
through laser ablation has been highlighted in the literature. In this technique,
particles are generated from vaporized material, which is rapidly cooled to facilitate
quick nucleation and growth (Kim et al., 2017).

The bottom-up approach encompasses methods in which atoms or molecules are
combined to form QDs. A key technique within this framework is colloidal
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synthesis, which allows researchers to tailor the optical properties of QDs by
controlling essential variables such as precursor concentration and reaction time.
Pospisilova et al.. (2016) demonstrated the scalability of zinc oxide (ZnO) QD
synthesis using colloidal methods, achieving high fluorescence quantum yields
through careful process optimization. Furthermore, colloidal synthesis is often
enhanced by applying organic or ligand coatings to prevent agglomeration, thereby
improving stability for biomedical applications (Wagner et al., 2019).
Hydrothermal synthesis has emerged as an effective and eco-friendly method for
producing carbon QDs (C-dots), utilizing naturally abundant materials and resulting
in minimal hazardous byproducts. For instance, Kumar et al. (2016) employed
Bovine Serum Albumin (BSA) in their hydrothermal process to create nitrogen-
doped C-dots, achieving high fluorescence quantum yields. Similarly, Zhou et al.
(2012) demonstrated that using agricultural waste, such as watermelon peels, for C-
dot fabrication led to an environmentally sustainable synthesis process with desirable
optical properties. One well-established method involves utilizing organic
precursors, such as citric acid and ethylenediamine, to produce high-quality
nitrogen-doped carbon quantum dots (N-CQDs) with photoluminescence quantum
yields (PLQY) reaching as high as 80.6% through straightforward hydrothermal
reactions (Wu et al., 2019). For example, Pei et al. emphasized that CQDs derived
from biomass via hydrothermal carbonization are effective fluorescent probes for
sensing applications due to their exceptional biocompatibility and sustainability (Pei
et al., 2021). Continuous hydrothermal flow synthesis represents another effective
method for producing QDs. This approach is energy-efficient and time-saving and
guarantees the reproducibility and uniformity of the resulting QDs (Baragau et al.,
2020). Kellici et al. successfully demonstrated the rapid synthesis of graphene QDs
using this continuous flow technique, showcasing its versatility in generating various
guantum nanoparticles from two-dimensional materials (Kellici et al., 2018).
Integrating various doping elements can notably enhance the optical properties of
QDs. For instance, in the study where hydrothermal methods were preferred, adding
nitrogen and boron to CQDs improved their electronic structure and increased
fluorescence stability (Jiang et al., 2019). The hydrothermal approach is particularly
appreciated for its capacity to control nanoscale properties by adjusting different
synthesis parameters, resulting in enhanced luminescence (Li et al., 2021). The
hydrothermal synthesis of QDs offers significant advantages for producing
environmentally friendly, highly luminescent nanomaterials. As featured in various
studies, these materials are suitable for bioimaging, environmental sensing, and
energy storage devices (Jia et al., 2022). Research conducted in recent years
increasingly emphasizes the diverse sources of precursor materials and the
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importance of optimizing synthetic routes to meet the specific requirements of
emerging technologies (Li et al., 2021; Sahoo et al., 2018).

Biomass-mediated synthesis is becoming a promising, eco-friendly alternative
for producing QDs. This technique utilizes plant extracts to facilitate the reduction
and stabilization of metal ions, ultimately forming QDs. It leverages the inherent
reducing and stabilizing properties found in various plant constituents. For instance,
Tak et al. (2020) highlighted the potential of employing flower extract from Clitoria
ternatea to synthesize GQDs, indicating a therapeutic application for Alzheimer's
disease. This method provides an environmentally sustainable pathway for
synthesizing QDs while integrating biological functionalities, making them well-
suited for diverse biomedical applications. CQDs have been derived from date palm
midrib and microcrystalline cellulose, demonstrating this approach's versatility and
ecological benefits (Hassan et al., 2024; Wu et al., 2017). Wang et al. illustrated that
biomass can be converted into carbon nanomaterials, emphasizing its sustainable
nature and potential for commercial applications in sensor technology, mainly due
to the low-cost characteristics of these materials (Wang et al., 2024). Moreover, a
notable advantage of biomass-derived CQDs is their outstanding photoluminescence
properties, rendering them ideal candidates for biosensing and bioimaging
applications (Baker & Baker, 2010; Baskaya & Cesme, 2021). The synthesis of
cadmium sulfide (CdS) QDs using biomass exemplifies the effectiveness of this
approach. Research has indicated that plant extracts and fungal mycelium can reduce
and stabilize agents in producing luminescent CdS QDs. For instance, Borovaya et
al. (2014) demonstrated the successful application of plant hairy root cultures for
generating CdS QDs, thereby establishing a foundational understanding of how
natural enzymes contribute to QD formation. Similarly, Shivaiji et al. (2019) found
that waste tea leaves act effectively as biosurfactants in synthesizing CdS QDs,
further noting the cytotoxic effects of these nanoparticles on cancer cells and
highlighting their potential applications in biomedicine.

Recent studies underscore the increasing significance of nitrogen doping in
enhancing the optical properties of biomass-derived QDs. N-CQDs exhibit
impressive photoluminescence that can be finely tuned for specific applications,
thereby boosting their utility across various fields, such as sensor technology and
bioimaging (Fig. 3) (Baskaya & Cesme, 2021; Wareing et al., 2021). Moreover,
integrating environmentally sustainable practices into the synthesis process
facilitates the development of QDs that meet performance criteria and help mitigate
the environmental impacts associated with traditional synthesis methods (Thangaraj
etal., 2019; Zhu et al., 2020).
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Figure 3. Differences between semiconductor QDs and biomass carbon dots (Wareing
et al., 2021). Reprinted with permission from the American Chemical Society.

Microwave-assisted synthesis is an advanced technique that considerably
shortens reaction times without compromising the quality of synthesized QDs. This
method facilitates rapid heating, effectively enhancing nucleation rates and forming
smaller and monodisperse QDs (Zhao et al., 2024). It has been successfully
employed to produce CQDs with specific optical properties essential for sensing
applications (Ilter et al., 2023). One notable advantage of microwave-assisted
synthesis is its capacity to generate high quantum yield (QY) carbon dots briefly.
Research has demonstrated that this technique can efficiently synthesize blue-green
emissive carbon dots with QY exceeding 25%. However, studies on synthesizing
yellow and red emissive variants using similar methods remain limited (Ergiider et
al., 2022).

Furthermore, Hagiwara and Horikoshi have shown that CQDs can be synthesized
to achieve impressive luminescence, with a QY of 61% at 580 nm, under low-
pressure microwave solvothermal conditions. This underscores the versatility of this
method in producing a diverse range of photonic outputs (Hagiwara & Horikoshi,
2019). The microwave approach not only applies to carbon dots but also to metal-
based QDs. For instance, Ren et al. (2021) demonstrated a one-step microwave
synthesis of water-soluble silver sulfide QDs, which exhibited strong fluorescence
and proved effective in bioimaging applications. Similarly, methods for cadmium-
based QDs have been explored by Xuan et al. (2013). They introduced a one-pot
microwave technique for the large-scale production of CdS nanocrystals, detailing
how the synthesis conditions could be easily adjusted to customize the optical
properties of the resulting QDs. In addition, employing microwave synthesis to
produce alloyed QDs offers significant advantages, particularly in generating high-
quality structures with tunable properties. Yang et al. (2012) highlighted
synthesizing quaternary alloyed CdSeTeS QDs using microwave techniques,
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demonstrating practical applications in biological imaging and advanced
optoelectronic devices.

Wang et al. (2007) noted that thiol-terminated cadmium telluride QDs can be
produced in agueous solutions with significantly lower toxicity than traditional
methods. This novel approach has paved the way for safer applications of QDs in
biological settings, primarily due to effective encapsulation that reduces the risk of
harmful substances leaching out.

The significance of chemical precursors in influencing the properties of QDs
cannot be overstated. Liu et al. indicated that varying carbon sources can have a
considerable effect on the photoluminescent properties of carbon dots, illustrating
that careful selection of precursor materials can optimize specific quantum
efficiencies and stability (Liu et al., 2016). Additionally, changes in the chemical
environment—affected by different ligands—can further alter QD properties,
thereby enhancing the tunability of their optical emissions (Lee et al., 2013).

Notably, the synthesis of QDs involves critical adjustment periods during the
process. Solution aging can result in significant changes to optical properties due to
restructuring at the nanoscale. This indicates the dynamic nature of QD synthesis,
where both the initial conditions and subsequent treatment phases can profoundly
influence the final result.

Moreover, innovative strategies are emerging, such as the encapsulation of QDs
within silica matrices to enhance their stability and functionality across various
applications (Nikdoost et al., 2017). These techniques effectively combine the
optical advantages of QDs with silica's mechanical and thermal robustness, paving
the way for advancements in photonic applications and beyond.

Another significant approach in QD synthesis is the creation of core-shell
structures, which improve photoluminescent properties while minimizing toxicity.
Shuklov et al. investigated the synthesis of telluride QDs, revealing that the core-
shell configuration enhances stability and functionality (Shuklov et al., 2020). This
dual-structured design allows for greater control over exciton behavior, thereby
boosting the overall efficiency of QDs in optoelectronic devices.

In summary, the synthesis of QDs encompasses various methodologies, each
offering distinct advantages and challenges. From traditional top-down and bottom-
up approaches to innovative microwave and biomass-mediated techniques, the
ability to carefully adjust synthesis parameters to align with photophysical properties
sets the stage for customized nanomaterials. Ongoing exploration and refinement of
these methodologies promise to unlock new applications within nanotechnology,
particularly in areas such as biomedicine, environmental monitoring, and
optoelectronics.
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3. Applications of Quantum Dots in Energy Storage Systems

With the growing demand for efficient and sustainable energy storage solutions,
researchers continually explore advanced materials to enhance performance. QDs
have emerged as pivotal in advancing energy storage systems, particularly
supercapacitors and batteries. Their exceptional properties—including high surface
area, tunable electrical characteristics, and quantum confinement effects—have
significantly improved electrochemical performance. Recent advancements in QD-
based nanocomposites and novel synthesis methodologies have expanded their
applicability in energy storage technologies (Fig. 4).
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Figure 4. Application fields of QDs (Guan et al., 2023). Reproduced with
permission from Wiley, Copyright 2023.

3.1. Quantum Dots in Batteries

Due to their unique electrochemical properties, QDs have emerged as promising
materials in battery technologies. Their application in various types of batteries, such
as lithium-ion, sodium-ion, and lithium-sulfur batteries, has garnered considerable
research attention. The advantages provided by QDs include enhanced electrical
conductivity, increased surface area, and efficacy in catalyzing electrochemical
reactions. These properties can improve battery performance metrics such as
capacity, cycling stability, and charge-discharge efficiency. The multifaceted
application of QDs in battery technologies illustrates their critical role in advancing
energy storage systems. Continuous research is warranted to optimize integration
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processes and investigate novel QD materials that can lead to next-generation
batteries with enhanced performance, longevity, and sustainability. As energy
demands heighten globally, insights from ongoing QD studies will shape the future
of portable and grid-scale energy storage innovations.

Recent studies have reported significant improvements in energy densities due to
incorporating QDs in battery electrodes. The work by Lakshmi-Narayana et al.
indicated that asymmetric supercapacitors using NiCo204/graphene QDs achieved
an energy density of 69.5 Whkg™" and a power density of 2.2 kWkg™, demonstrating
the potential of QDs to enhance performance metrics significantly (Lakshmi-
Narayana et al., 2024). Such values emphasize the important role of QDs in
advancing batteries capable of delivering high energy and power densities, which is
critical in applications requiring rapid charging and sustained energy output.

QDs also enable improvements in the rate performance of electrodes,
contributing to superior cycling stability and reversible capacities. Studies conducted
by Qin et al. pointed out the properties of nitrogen-doped carbon-coated NiS; g7 QDs,
demonstrating that these QDs can enhance electron transport and interfacial
utilization in magnesium-ion batteries. This highlights their critical role in achieving
high performance under operational stresses (Fig. 5) (Qin et al., 2023).
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Figure 5. Schematic diagram of the synthesis of NiS; ¢ QDs@NC (Qin et al.,
2023). Reprinted with permission from the American Chemical Society.

NiS, o; QDs@NC

Another important aspect relates to the structural advantages QDs provide to
electrodes. In the investigation by Deng et al., the integration of ZnMn20O4 QDs into
carbon frameworks led to substantial improvements in the performance of aqueous
zinc-ion batteries. This approach addressed issues like the Jahn—Teller effect, which
often compromises cycling stability. It demonstrated the capacity for sustained
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energy release, further highlighting the versatility of QDs across different battery
chemistries (Deng et al., 2022).

QDs extend their application beyond traditional lithium and sodium systems. For
instance, in lithium-sulfur (Li-S) batteries, functionalized QDs have shown
exceptional catalytic effects, enabling efficient sulfur utilization while mitigating the
shuttling effect of polysulfides. A study by Xu et al. (2018) indicated that
incorporating black phosphorus QDs in porous carbon/sulfur cathodes led to high
energy efficiencies with minimal capacity fade over prolonged cycles, achieving a
capacity fading rate of only 0.027% per cycle after 1000 cycles. This emphasizes the
essential function of QDs in promoting chemical reactions necessary for improved
battery performance.

As QD technologies evolve, practical aspects of incorporating these materials
into electrodes must be addressed. A research review by Xu et al. (2022) outlined
several achievements and potentials of QDs in energy storage, bridging
technological gaps such as material degradation and energy efficiency. Similarly,
studies incorporating CQDs into sodium-ion batteries have reported significant
advancements in capacity and cycling stability, illustrating the diverse applicability
and growing interest in QDs as key materials for next-generation energy storage
solutions (Shan-li et al., 2024).

The differences observed among various battery types demonstrate the significant
effectiveness of quantum dots, firmly establishing their vital role in optimizing
electrochemical reactions. For example, the study of Ma et al. with Mo-N QDs and
N-doped graphene nanosheets documented significant advances in interfacial
electron transfer rates, supporting the development of high-capacity anodes
structured for dendrite-free lithium-sulfur battery applications (Ma et al., 2022). This
innovation indicates the potential for QDs to transition from ancillary materials to
cornerstone components in battery architecture.

Comparative assessments of QD-infused batteries have revealed that sodium-ion
batteries (SIBs) enhanced with CQDs achieved notable improvements in electrical
conductivity and energy storage metrics (Thangaraj et al., 2023). The integration of
QDs assists in achieving a balance between energy efficiency and quick discharge
rates, which is critical for the dynamic consumption patterns of modern devices.

Applying QDs in batteries signifies a robust avenue for improving power and
energy densities, opening pathways to next-generation energy storage systems with
flexible applications, from consumer electronics to electric vehicles. Continuous
exploration of their unique properties, interface optimization, and functional
integration is crucial for leveraging their full potential within the rapidly evolving
landscape of energy technologies.
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3.1.1. Lithium-lon Batteries (L1Bs)

Incorporating QDs in lithium-ion batteries presents a significant advancement in
enhancing their electrochemical performance, particularly in capacity and cycle life.
QDs, with their unique nanoscale properties, facilitate improved charge transfer,
accommodate structural changes during cycling, and serve as effective hosts for
active materials, thereby contributing to superior battery performance.

A simple template-assisted method was employed to synthesize SnO; QDs
dispersed on conducting polypyrrole (PPy) sheets. The SnO, QDs@PPy anode
exhibited impressive lithium storage capabilities, achieving a capacity of 1252
mAhg™ at a discharge rate of 0.35 Ag™'. During long cycling at an elevated current
density of 2 Ag™', the anode showed an initial discharge capacity of 572 mAhg™'. It
maintained a capacity of 399 mAhg™ by the 1360th cycle, with a very low capacity
decay of 0.022% per cycle (Rao et al., 2024).

One notable example is CuFeS: QDs embedded in a carbon matrix. A study by
Guo et al. illustrated that these QDs when used as anode materials, achieved a high
reversible capacity of 760 mAhg™' while maintaining this capacity consistently for
700 cycles. This indicates high performance and superior cycling stability (Guo et
al., 2017). Similarly, Shen et al. reported that CosO4 QDs could enhance capacity
and cycle life in lithium-ion batteries, reinforcing the significance of QDs in
sustaining electrochemical reactions (Shen et al., 2022).

The study of GQDs described by Chao et al. also revealed that these QDs could
enhance electrode durability. The research reported that GQDs-coated VO:
electrodes displayed exceptional stability and 94% retention of the original capacity
after 1500 cycles at 18 Ag™, showcasing the ability of QDs to maintain performance
under demanding conditions (Chao et al., 2014). This long cycle life emphasizes the
importance of a robust interface created by QDs, preventing the degradation of active
materials.

Furthermore, Peng et al. designed CoO QD-graphene composites that achieved a
capacity of 1306 mAhg after 100 cycles, highlighting the dual role of QDs in
augmenting both the specific capacity and the structural integrity needed for long-
term cycling stability (Peng et al., 2012). This performance is significant when
considering the ongoing market demands for electric vehicles, where longevity and
efficiency are essential.

A recent study investigated the use of doped GQDs as anode material. Ruiyi et
al. developed an efficient synthesis method for lithium titanate/nitrogen and sulfur
co-doped GQDs (LTO/N.S-GQDs) to serve as an anode in lithium-ion batteries.
They emphasized the important contributions of sulfur and nitrogen co-doping to the
material's performance. This anode exhibited outstanding electrochemical
properties, achieving a specific discharge capacity of 254.2 mAhg™' at a rate of 0.1
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Cand 126.5 mAhg™ at a higher rate of 10 C. Notably, the retention test demonstrated
impressive capacity retention of 96.9% after 2000 cycles at a rate of 2 C (Ruiyi et
al., 2015).

In the study by Hu et al., a practical approach to suppressing lithium dendrite
formation was developed by incorporating GQDs into the electrolyte. These GQDs
serve as seeds on the electrode surface, promoting dense and uniform lithium
nucleation by regulating the electric field and ion flux at the electrode-electrolyte
interface. An in-situ Raman analysis confirmed the crucial role of GQDs in enabling
dendrite-free lithium deposition. This increased the critical current for internal short
circuits caused by lithium dendrites from 5.88 to 7.44 mAcm™. Additionally, the soft
short circuit in batteries with an areal capacity of 3 mAhcm™ was eliminated at a
current density of 3 mAcm?. High-loading lithium-sulfur batteries with high
Coulombic efficiency were successfully achieved using an anolyte with GQDs for
anode protection (Hu et al., 2020).

Lee et al. (2022) reported an innovative strategy for the design of ultra-small zinc
sulfide (ZnS) QDs featuring polymorphic structures anchored onto a nitrogen-doped
carbon matrix (ZnS-QD@NC as anode for LIBs). The pyro-synthesized electrode,
containing QD particles embedded within the nitrogen-doped carbon matrix,
demonstrated a remarkable reversible capacity of 620 mAhg™ over more than 500
cycles at a current density of 1 Ag™'. Additionally, the study's results underscore the
potential for creating electrode-active materials characterized by ultra-small
particles, novel phases, and unique structural and morphological compositions, all
of which contribute to distinctive electrochemical behavior suitable for applications
in rechargeable batteries (Lee et al., 2022).

3.1.2. Sodium-lon Batteries (SIBs)

Incorporating QDs into SIBs has garnered significant research interest due to
their potential to enhance electrochemical performance, particularly regarding
capacity and cycle life. Given the abundance and lower sodium cost, sodium-ion
batteries are regarded as a promising alternative to lithium-ion batteries. Due to their
unique properties, QDs are instrumental in improving electrode materials, helping to
mitigate the challenges associated with the larger size of sodium ions compared to
lithium ions.

Recent studies have shown that CQDs can significantly enhance the performance
of SIBs. For instance, a study conducted by Shan-L.i et al. revealed that incorporating
CQDs substantially improved the electrochemical properties of sodium-ion battery
anodes, achieving a reversible capacity of about 370 mAhg™ after 100 charge-
discharge cycles. This remarkable capacity retention over successive cycles
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illustrates how CQDs contribute to enhanced structural stability and improved ion
transport (Shan-Li et al., 2024).

Additionally, another investigation found that integrating MoS. QDs within
graphene frameworks increased electrical conductivity and a larger surface area.
These enhancements together led to a capacity of 200 mAhg™" after 200 cycles (Wei
et al., 2019). The synergy between the QDs and the supporting materials allows for
better accommodation of sodium ions and facilitates more efficient ion transfer
processes during charging cycles.

Huang et al. performed research that highlighted the potential of ferroelectric
Sn2P2Ss QDs to achieve a capacity performance of approximately 215 mAhg™" with
a robust cycle life, maintaining substantial capacity stabilization even after 150
cycles (Huang et al., 2018). The ferroelectric properties are suggested to contribute
to enhanced electrochemical kinetics, allowing for efficient sodium storage and
retrieval.

A study by Lee et al. (2025) introduced a carbonate-based electrolyte designed
for practical sodium metal batteries (SMBs) by incorporating NCQDs. The
negatively charged NCQDs interact with sodium ions, reducing the interaction
between solvent molecules and sodium ions. This electrolyte was thoroughly
investigated as a proof of concept. The findings indicate that adding NCQDs to the
carbonate-based electrolyte enhances coulombic efficiency, decreases sodium
nucleation overpotential, and extends plating and stripping performance for up to
700 hours. Moreover, the NCQDs are vital in improving sodium ion mobility within
the electrolyte and facilitating the formation of a robust and stable solid-electrolyte
interphase (SEI) layer enriched with inorganic constituents. The NCQD-enhanced
electrolyte, referred to as EDFNC, enables the sustainable operation of practical
SMBs with various cathode materials, confirming that the EDFNC electrolyte is
versatile and not confined to specific cathode types (Lee et al., 2025).

The investigation by Zhang et al. (2019) on bismuth nanodots revealed notable
advancements in performance metrics. Incorporating QD structures into electrode
designs achieved a capacity of 268 mAhg™" and a cycle retention rate exceeding 80%
after 300 cycles. These results indicate a promising strategy to address the capacity
degradation typically seen in standard sodium-ion batteries (Zhang et al., 2019). The
smaller particle sizes and greater surface area of the nanodots afford enhanced ion
accessibility and minimize diffusion paths for sodium ions, ultimately leading to
improved overall battery performance.
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3.2. Quantum Dots in Supercapacitors

QDs have been recognized for their significant role in enhancing the performance
characteristics of supercapacitors, mainly focusing on energy density, power density,
and cycle life. Their unique properties facilitate charge storage mechanisms that
contribute to the overall improvement in supercapacitor performance.

One notable study by Xia et al. (2014) explored the synthesis of hematite
guantum-dot/functionalized graphene-sheet composites utilized as advanced anode
materials for asymmetric supercapacitors. This study revealed that the asymmetric
configuration could achieve an impressive maximum energy density of 50.7 Whkg™,
paired with a power density of 100 Wkg™'. Such performance significantly surpasses
traditional symmetric supercapacitors, highlighting the enhanced capabilities of QDs
in energy storage applications (Xia et al., 2014).

In another study, Chen et al. developed a V20Os/biomass carbon nanocomposite
using graphene QDs. Their findings indicated an energy density of 43.7 Whkg™ at a
power density of 425 Wkg™', demonstrating the ability of QDs to optimize energy
storage and power delivery in supercapacitor systems. Notably, even at elevated
power densities, the energy density retained a commendable value of 31.025 Whkg™
at 2550 Wkg™!, underscoring the effectiveness of QDs in maintaining performance
across varying operational conditions (Chen et al., 2023).

The study carried out by Yang et al. has significantly advanced our understanding
of the balance between power and energy densities in energy storage systems. They
reported energy densities within the 1.36 to 25.68 mWh cm™, emphasizing that
supercapacitors incorporating QDs significantly improve over traditional systems
(Yang et al.,, 2017). These results illustrate the capacity of QDs to enhance
volumetric energy storage, which is vital for practical applications in energy storage
devices.

Additionally, further advancements by Lakshmi-Narayana et al. focused on the
use of NiC0204/GQDs (Fig. 6), leading to enhanced performance metrics with an
energy density of 69.5 Wh kg™ and a power density of 2.2 kWkg™'. The ability of
this asymmetric supercapacitor to sustain such high energy values highlights the
potential of QDs to promote superior electrochemical properties and efficient charge
transfer mechanisms (Lakshmi-Narayana et al., 2024).
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Figure 6. Formation of NiC0.0./GQDs (Lakshmi-Narayana et al., 2024).
Reproduced with permission from Wiley, Copyright 2024.

Gao et al. (2024) noted that GQDs-based supercapacitors exhibited operational
stabilities exceeding 100000 cycles, a crucial factor for applications requiring
durability and reliability in energy storage technologies. Moreover, Liu et al. (2013)
affirmed that micro-supercapacitors based on QDs could operate effectively while
maintaining rapid charge and discharge rates, contributing to lifespans that exceed
millions of cycles.

Zhang et al. (2019) illustrated the performance potential of silver-quantum-dot-
modified films, which achieved an energy density of 51.89 Whkg™' while
maintaining a power density threshold of approximately 22.6 Wkg™'. These films
demonstrated excellent cycling performance, retaining significant energy storage
efficiency over numerous cycles.

Additionally, the integration of QDs into flexible supercapacitors has been
explored. A study by Xu et al. (2020) demonstrated TizC2.Tx QDs within a network
structure, enabling exceptional energy storage capabilities (Fig. 7). This underscores
the importance of QD interlayers in enhancing cycle-life stability. Such innovations
enable high capacitive performance and longevity, ensuring that devices maintain
operational integrity over extended use.
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Figure 7. Schematic illustration of the preparation of all-solid-state asymmetric
fiber supercapacitors (Xu et al., 2020). Reprinted with permission from the
American Chemical Society.

51



3.3. Quantum Dots in Solar Cells

Integrating QDs into solar cells represents a notable advancement in photovoltaic
technology, leading to enhanced performance metrics such as increased efficiency,
improved light absorption, and excellent stability. The unique tunable band gaps and
high absorption coefficients of QDs facilitate innovative designs that effectively
address the limitations of traditional solar cells.

A key advantage of quantum dot-sensitized solar cells (QDSSCs) is their
exceptional ability to absorb light within the visible spectrum. Rahayu and Lee
(2024) demonstrated that by employing a straightforward successive ionic layer
adsorption and reaction method, they achieved significant photovoltaic performance
with CdSe QDSSCs. Their study emphasized the relationship between the number
of SILAR cycles and both optical properties and photovoltaic efficiency. This work
emphasizes the potential of QDs to provide highly tunable optical characteristics,
thereby enhancing light harvesting capabilities.

Furthermore, the hybridization of QDs with existing semiconductor structures has
proven to boost overall cell performance. Jung et al. noted that integrating ZnSe QDs
with silicon nanowire solar cells increased light absorption, leveraging refractive
index matching and optical confinement effects (Jung et al., 2012). This combination
enhances the ability to capture low-energy photons, improving conversion
efficiencies.

QDs facilitate the advancement of intermediate band solar cells (IBSC), which
are theoretically capable of achieving efficiencies that surpass traditional limits.
Ankhi et al. highlighted the potential for InGaAs/GaAs QD solar cells to reach
conversion efficiencies close to 45% by employing intermediate band concepts,
marking a significant enhancement over the established Shockley-Queisser limit
(Ankhi et al., 2020). Integrating these structures will capture a broader solar energy
spectrum, improving overall performance.

Du et al. conducted research that achieved a certified power conversion efficiency
(PCE) of 11.6% in Zn—Cu-In—Se QD solar cells. This efficiency is among the highest
reported for QD-based cells, underscoring the material's potential across various
photovoltaic applications (Du et al., 2016). This impressive efficiency is attributed
to the advantageous band structure and charge carrier dynamics facilitated by the
QDs.

The effect of QD size on solar cell performance has been investigated by Wang
et al. (2015), who discovered that smaller QDs can yield higher open-circuit voltages
and increased short-circuit currents. This finding suggests that optimizing QD size
is crucial for maximizing solar cell efficiency (Wang et al., 2015). Furthermore,
other studies emphasize the significance of bandgap engineering through QD design
to enhance light absorption and electron transport properties (Pan et al., 2018).
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Recent studies on the stability of QD-based solar cells also highlight their
robustness. Kim et al. (2012) observed that hybrid solar cells exhibit more excellent
resistance to corrosion and leakage currents, which are prevalent issues in
conventional liquid junction cells (Kim et al., 2012). The study confirmed the
durability of cell performance over extended periods, reinforcing the potential of QD
systems for long-term applications.

4. Advances in Quantum Dot Integration for Superior Energy Storage

Integrating QDs into energy storage systems signifies a significant advancement
in materials science, mainly due to their unique optical and electrical properties.
QDs, or semiconductor nanocrystals, range in size from 1 to 10 nanometers and
exhibit guantum confinement effects that grant them tailored electronic and photonic
properties. This size tunability and the associated properties facilitate their
application in high-efficiency energy storage technologies, such as supercapacitors
and batteries, enhancing overall performance through improved charge storage
capabilities and charge transfer efficiency (Xu et al., 2022).

Recent advancements in the synthesis and application of QDs for electrochemical
energy storage have received recognition. Specifically, the large specific surface
area, adjustable energy levels, and favorable photoluminescence properties of QDs
play crucial roles in optimizing charge storage performance. These characteristics
enable higher charge densities and contribute to faster charge-discharge rates,
desirable traits for energy storage applications. Both Chen et al. and Hu et al.
emphasize the dual role of QDs in energy conversion and storage, as they act not
only as active materials but also as mediators for electron transfer within composite
electrodes (Hu et al., 2021; Arora et al., 2024).

Further exploring their structural properties, various types of QDs, including
GQDs, CQDs, and hybrid materials, have demonstrated an ability to enhance the
performance of energy storage devices. GQDs, in particular, combine the
characteristics of both QDs and graphene, offering exceptional -electrical
conductivity, a high surface area, and excellent solubility in solvents, making them
attractive candidates for applications in energy storage technologies (Ansari, 2022;
Zahir et al., 2021). Incorporating these materials into electrode matrices has
improved supercapacitor performance by enhancing charge transfer kinetics and
surface reactivity, thus achieving higher capacitance values than traditional materials
(Gao et al., 2024).

Additionally, integrating QDs into polymer composites is promising for energy
storage applications. These composites utilize the distinct properties of QDs to
improve electrochemical performance while tackling issues related to scalability and
cost-effectiveness. Recent research has found that adding QDs to polymer matrices
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enhances the dispersion and stability of active materials, leading to electrodes with
enhanced mechanical and electrical characteristics (Das et al., 2022). The study
emphasizes the importance of optimizing the structure of these nanocomposites to
boost their performance by carefully adjusting the interactions between the various
components (Shen et al., 2020).

Moreover, using QDs in supercapacitors, especially within hybrid systems that
incorporate traditional materials like nickel sulfide or carbon-based elements, has led
to notable enhancements in energy density and cycling stability. For example, the
inclusion of carbon QDs in nickel sulfide matrices has been shown to boost
electrocatalytic activity and overall supercapacitive performance in these composites
(Sahoo et al., 2018). These improvements not only elevate energy storage efficiency
but also extend lifespan and enhance reliability—key factors for commercial
applications.

Research on charge storage mechanisms related to QDs reveals their
effectiveness across various conditions, such as different pH levels and
environmental contexts, demonstrating their adaptability and strength (Breczko et
al., 2024). The advancement of core-shell structures like indium phosphide/zinc
sulfide (InP/ZnS) QDs has opened up possibilities for innovative materials capable
of preserving and managing charge storage for nonvolatile memory applications.
Their capacity to confine charge carriers within the QD core further indicates their
significance in memory systems aimed at efficient data storage (Hu et al., 2021)

At the same time, investigating biodegradable or non-toxic QDs sourced from
biomass waste emphasizes a growing trend in environmentally sustainable energy
storage solutions. This innovative strategy increases the value of waste materials and
supports the circular economy while enhancing the efficiency of energy storage
devices (Wu et al., 2023). By integrating renewable resources and advanced
nanomaterial properties, the sector is underscored by the potential for significant
advancements in energy technology.

As QDs evolve rapidly and gain attention in electrochemical energy storage,
challenges remain regarding the scalability of their synthesis methods and the
stability of materials enhanced by QDs under operational conditions. Ongoing
research is essential to address these issues, enabling QD-enhanced energy storage
systems to transition from laboratory tests to commercial applications (Wu et al.,
2018).

These advancements in QD integration present opportunities for improved
overall performance in energy storage devices and establish a foundation for
innovations in energy conversion technologies. The path toward achieving efficient
and sustainable energy storage solutions becomes clearer by further exploring the
applications of QDs across various platforms, along with advancements in
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nanotechnology and materials science. (Yang & Valdiviezo, 2024).In summary, the
ongoing enhancement of QD technology, particularly in energy storage applications,
presents exciting opportunities for creating next-generation batteries and
supercapacitors. As this area progresses, significant investment in research and
development will be essential to realize the full potential of QDs, leading to
innovative approaches that improve energy efficiency and sustainability in our
increasingly clean, energy-dependent world (Xu et al., 2022; Mousavi et al., 2022).

5. Quantum Dots Challenges, Limitations, and Proposed Solutions

QDs have emerged as a pivotal technology in various fields, such as
optoelectronics, biomedical applications, and environmental sensing. However, their
development poses numerous challenges and limitations that must be addressed to
realize their full potential. Current research identifies key obstacles related to
stability, toxicity, production methods, and integration with other technologies while
proposing several innovative solutions.

One of the most significant challenges QDs face, mainly when utilized in light-
emitting diodes (LEDS), is their efficiency and stability. For instance, perovskite QD
LEDs have shown impressive external quantum efficiencies (EQE) exceeding 20%
for several colors, including green, red, and near-infrared. However, the quest for
efficient blue light-emitting perovskite QD LEDs continues to encounter hurdles,
primarily due to difficulties in achieving stable blue luminescence, which is
compounded by the need for efficient mixing of halides, such as chlorine and
bromine, to optimize the emission color without sacrificing stability (Xiaofeng,
2024). This instability prohibits widespread commercial application, emphasizing
the need for further research into more robust materials and configurations.

Furthermore, the issue of potential cytotoxicity is paramount regarding QDs
composed of traditional heavy metals, particularly among 11-VI compounds like
CdSe or CdTe, which pose considerable health risks in biomedical applications.
Documented evidence shows that the cytotoxicity of these semiconductor QDs has
significantly limited their use in biological systems (Zhao et al., 2017). As an
alternative, there is growing interest in developing silicon-based QDs, which have
demonstrated significantly lower toxicity profiles and biocompatibility, making
them suitable for biomedical applications (Erogbogbo et al., 2011). Despite these
advancements, the urgent need for re-evaluation and innovation is critical to creating
biocompatible materials that can reliably be used for long-term applications in living
organisms.

The synthesis methods for QDs also present challenges. Current techniques often
lead to particle size and shape variability, which directly influences their optical
properties and stability. While traditional top-down fabrication methods can yield
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higher purity QDs, they are generally more complex and time-consuming, thus
limiting scalability (Devi & Tharmaraj, 2021). Conversely, bottom-up synthesis
approaches, such as chemical vapor deposition, may produce QDs that are easier to
scale but often suffer from size and ligand capping inconsistencies, affecting stability
and functionality (Dai et al., 2017). Developing standardization in synthesis methods
could mitigate these disparities and enhance the reproducibility of QD-based
devices.

Another significant challenge is the integration of QDs with existing
technologies. In the context of QLEDs, there is a continuous need to improve hole
injection efficiency into the QD layers, as inadequate hole transport can severely
limit device performance (Cao et al., 2018). Integration strategies that tailor QD
energy structures to ensure compatibility with hole transport materials have been
suggested as essential steps toward improving these devices' operational longevity
and efficiency. Furthermore, developing novel materials alongside QDs may yield
more effective charge transport mechanisms, leading to better overall performance
in applications requiring high-efficiency devices (Dai et al., 2017).

In the biomedical realm, the delivery of QDs across cell membranes remains a
pressing issue. Studies in recent years indicate that while QDs can function brilliantly
as imaging markers or therapeutic agents, their application is hampered by
difficulties in efficiently delivering them to desired cellular locations (Jablonski et
al., 2010). Advancements in bioconjugation techniques and the development of more
sophisticated delivery systems, such as biodegradable carriers, are essential for
improving the cellular uptake of QDs (Rosenthal et al., 2011). Moreover, emerging
strategies that enhance biocompatibility through surface modifications could lead to
more effective cellular interactions, potentially overcoming current barriers to their
use in imaging and therapy.

As QDs are increasingly utilized in environmental sensing applications, their
stability and durability in varying conditions are critical for reliable field
deployment. The lack of robust stability, particularly in fluctuating environmental
conditions, can hinder their real-time sensing capabilities (Wang et al., 2022).
Researchers are advocating for incorporating auxiliary materials that can encapsulate
QDs, thus enhancing their resilience against environmental degradation while
maintaining the activity and functionality of the QDs (Deepika et al., 2019).

Despite these challenges, humerous pathways for innovation and improvement
exist. Developing carbon-based QDs represents one exciting avenue that
circumvents many toxicity concerns related to heavy metal-based QDs. Such
material advancements promise eco-friendly options while maintaining or enhancing
the desirable optical properties inherent in traditional QDs. The broad and highly
tunable photophysical properties of carbon dots could enable their application in
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diverse fields, including but not limited to photonics, biomedicine, and
environmental sensing (Wang et al., 2024).

While the challenges associated with QDs are multifaceted and complex, targeted
research efforts are directed toward understanding their limitations and formulating
effective solutions. The continuous evolution of materials science, synthesis
methodologies, and application-oriented research will provide a more
straightforward path for the eventual commercialization and integration of QD
technology across various sectors.

As QDs progress, interdisciplinary collaboration will be essential. Bridging gaps
between materials science, chemistry, biology, and engineering can vyield
comprehensive solutions that further harness the unique properties of QDs.
Nurturing this collaborative spirit may not only solve existing problems but also
uncover new possibilities in the realm of QD applications, paving the way for
innovations that can significantly impact industry and medicine alike.

6. Future Perspectives and Research Directions

QDs have emerged as promising nanomaterials for applications in
optoelectronics, energy harvesting, and biosensing. Despite their remarkable
properties, challenges related to large-scale production, stability, and efficiency
hinder their widespread commercialization. This chapter explores key future
research directions, including synthesis optimization, stability enhancement,
functionalization strategies, and advanced applications in energy storage and
biomedical fields. Addressing these challenges will facilitate the integration of QDs
into next-generation nanodevices and sustainable energy solutions.

One significant obstacle in QD research is the development of cost-effective and
scalable synthesis methods. Current approaches, including top-down and bottom-up
strategies, often produce particle size and composition inconsistencies. Future
research should focus on refining these methods to ensure uniformity in structural
and functional properties, enhancing their suitability for industrial applications
(Ghosh et al., 2021).

Environmental considerations also play a vital role in the future perspectives of
QDs in energy applications. The renewable synthesis of QDs from biomass offers a
sustainable alternative to traditional methods, as discussed by He, where eco-friendly
strategies can enhance QDs' properties and functionalities while reducing
environmental impact (He, 2023). This aligns with global movements towards
sustainable energy solutions, where materials with low toxicity and environmental
footprint, such as GQDs, are increasingly prioritized (Ansari, 2022).

Long-term stability remains a key concern for QD-based devices. Surface
passivation and encapsulation strategies must be explored to improve photostability,
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chemical resistance, and overall durability (Ghosh et al., 2021). Additionally,
research should focus on developing sustainable and eco-friendly synthesis
techniques to minimize environmental impact.

Doping, heterostructuring, and functionalization are promising approaches to
enhance the optical and electronic properties of QDs. For instance, nitrogen-doped
GQDs have demonstrated improved charge transport, making them highly suitable
for photodetectors and solar cells (Tang et al., 2014). Future studies should explore
the impact of various dopants and hybrid structures to maximize energy efficiency.

Moreover, exploring QD heterostructures is an exciting avenue in energy storage
research. The van der Waals heterojunctions formed between different quantum
materials enable unique electronic properties that can be harnessed for
photoelectrochemical energy conversion, as suggested by Yan et al. (Yan et al.,
2020). These heterojunctions and hybrid structures could significantly improve the
electrochemical performance of existing energy storage technologies by enhancing
charge extraction and transport mechanisms.

QDs exhibit potential in energy storage applications, including supercapacitors
and lithium-ion batteries. By incorporating these materials with advanced electrode
architectures, researchers can enhance charge storage capacity, cycling stability, and
overall energy density. Moreover, further exploration is needed into their role in
flexible and wearable energy storage technologies.

Hybrid materials incorporating QDs with other nanomaterials, such as metal-
organic frameworks (MOFs), perovskites, and conductive polymers, have the
potential to create highly efficient multifunctional devices. These hybrid materials
can enhance energy storage capacity, improve optoelectronic performance, and
enable novel applications in flexible and wearable electronics. Future research
should explore scalable fabrication techniques and investigate the stability and
efficiency of these hybrid systems under real-world conditions.

Beyond energy applications, QDs hold promise for biomedical imaging, drug
delivery, and environmental monitoring. Their biocompatibility and tunable
fluorescence properties enable targeted imaging and theranostics (Yang et al., 2023).
Research should focus on multifunctional QD-based platforms for real-time
biosensing and pollutant detection.

The future of QDs in energy storage systems is undeniably promising, with
abundant opportunities ripe for exploration. Significant advancements in synthesis
methods, the development of heterostructures, sustainable manufacturing practices,
and the integration of QDs into hybrid systems are all key components in optimizing
energy storage solutions. As researchers aggressively pursue the potential of QDs,
their critical role in enhancing efficiency, capacity, and sustainability in energy
storage technologies will be essential to meet the escalating global energy demands.
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Boliim 4

2-1zopropil-5- Metilfenoksi Ftalosiyanin
Grup Temelli Potansiyometrik Gumiis-

Secici Sensor ve Durgun Ortamdaki
Potansiyometrik Performans Ozellikleri

Giilsah S. KANBEROGLU?, M. Salih AGIRTAS?,
Fatih COLDUR?, Osman CUBUK?*, ibrahim ISILDAK®

Ozet

Insan dokularindaki giimiis miktar1 diisiiktiir. Ancak asir1 maruz kalma,
ciltte, karacigerde, bobreklerde, mukoza zarlarinda, kornealarda, dis etlerinde,
dalakta ve tirnaklarda giimiis birikmesine neden olabilir [1]. Giimiise maruz
kalma, yutma, solunum ve deri yoluyla maruz kalma gibi ¢esitli mekanizmalar
yoluyla meydana gelebilir [2-3]. Yaklasik 50 mg’lik intravendz bir giimiis dozu
6limciil kabul edilir ve kemik iligi, bobrek ve karaciger nekrozu, kanama ve
pulmoner 6demle sonuglanir. Giimiis kanserojen olarak kabul edilmese de
genotoksik etkiler bildirilmistir. Giimiis toksisitesinin tedavisi i¢in bilinen etkili
bir selator bulunmamaktadir [3]. Kandaki giimiis miktari, giimiise stirekli maruz
kalindiginda artar ve kalbin genislemesi ve anemi gibi yan etkilere neden olur.
Bu nedenle giimiis tayini 6nemlidir [4]. Glimiis tayini i¢in bir¢ok analitik
yontem gelistirilmistir. Fakat ¢ogu, pahali cihazlar gerektirmekte ve analizi
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zaman almaktadir. Glimiis iyonlarinin hizli, ucuz ve basit bir sekilde tayin
edilmesi klinik ve c¢evre analizlerinde olduk¢a Onemlidir. Potansiyometrik
yontem ucuz, basit ve hizli bir yontemdir. Giimiis iyonunun tayini i¢in bir¢ok
potansiyometrik yontem gelistirilmistir. Sensorlerde kullanilan iyonoforlarin
pahali olmasindan dolay1 yeni iyonoforlarin belirlenmesi 6nem kazanmaktadir.
Caligmamizda kullanilan Tetrakis 2-izopropil-5- metilfenoksi ftalosiyaninato
Cinko (II) bilesigi iyonofor olarak pahali ticari iyonoforlara alternatif olarak
diistiniilmektedir. Bu ¢alismada, Tetrakis 2-izopropil-5- metilfenoksi
ftalosiyaninato Cinko(II) bilesigi iyonofor olarak kullanilarak Ag*—segici PVC
membran  potansiyometrik  elektrot  gelistirildi ve durgun ortamda
potansiyometrik performans 6zellikleri arastirildi. Optimum membran bilesimi
olarak %3 Tetrakis 2-izopropil-5- metilfenoksi ftalosiyaninato Cinko(ll), %32
PVC, %64 DBF ve %1 KTPCIPB membran bilesimi belirlendi. Bu elektrodun
5x10° M — 10' M konsantrasyon araliginda on katlik konsantrasyon
degisiminde 63 mV’luk egimle (R* = 0,9995) dogrusal bir cevap sergiledi.
Elektrodun cevap zamani, 15 olarak belirlendi. Elektrodun pH ¢alisma araligi
pH=4,5-6,5 olarak belirlendi.

1. Giris

Fiziksel 6zellik agisindan yogunlugu 5 g/cm?®ten daha yiiksek olan metaller
icin agir metal terimi kullanilir. En 6nemli agir metallerden biri glimiistiir. Bu
metal, diger tim metallerle karsilastirildiginda en iyi elektriksel ve termal
iletkenlige ve yansitma Ozelligine sahiptir [2-4]. Bu ozellikler toplumda ¢ok
cesitli kullamm ve uygulamalar saglar. Insanlarin giimiise maruz kalmasi
ylizyillardir gergeklesmektedir ve antik medeniyetlere kadar uzanmaktadir.
Glimiise maruz kalma, endiistri, mesleki maruziyet, ilaglar ve besin takviyeleri
yoluyla gerceklesir. Glimiige tekrarlanan veya uzun siireli maruz kalma, giimiis
toksisitesine yol agabilir [5]. Hem degerli hem de endiistriyel bir metal olan
gecis metali giimis, 2012'de tahmini 24.000 ton iiretimle ¢ikarilmakta ve genis
bir uygulama yelpazesine sahiptir. Giimiis, polimer kimyasinda, dayaniklilig
artirmak amaciyla, ayna yapimi, elektronik cihazlarda, kaplamacilikta,
kuyumculuk ve fotografcilikta, para yapiminda, batarya ve pillerde,
antimikrobiyal tekstil {iretiminde, sularin dezenfeksiyonunda ve medikal
uygulamalarda, lehim ve kaynaklarda, katalizoér olarak kullanilabilir. Ayrica,
giimiisiin genis spektrumlu antimikrobiyal etkileri de rapor edilmistir. Antik
Yunanlilar bile giimiis preparatlarini iilserlerin tedavisi, yara iyilesmesini tesvik
etmek, yiyecek ve su igin koruyucu olarak kullanmiglardir [6]. Aslinda, giimiis
1940'larda antibiyotiklerin tanitilmasindan once en Onemli antimikrobiyal
madde olarak kullanilmistir. Antibakteriyel etkileri ve insan hiicreleri igin diisiik
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toksisitesi nedeniyle bugiin hala ¢ok c¢esitli tibbi uygulamalarda
kullanilmaktadir. Ornegin arasinda yanik yaralarmin tedavisinde topikal krem
olarak giimiis preparatlarinin kullanimi [7], dis amalgamlarinda, koruyucu goz
bakiminda, kateterler ve kalp kapakciklart gibi tibbi cihazlarda bakteri
(biyofilm) biiyiimesini 6nlemek i¢in glimiis emdirilmis polimerlerin kullanimi1
yer alir. Giimiis ayrica ylizme havuzu suyu, hastane sicak su sistemleri ve igme
suyu sistemleri gibi su sistemlerinin dezenfektani olarak yaygin olarak
kullanilir. Bu amaglar i¢in glimiisiin, suyun rengi, tadi ve kokusu iizerinde
olumsuz bir etkisinin olmamasi1 gibi avantajlar1 vardir [8]. Giimiis, camagir
deterjanlarina alternatif olarak bile kullanilmaktadir [9]. Antibiyotik direngli
suslarin goriilme sikligindaki ve sayisindaki artig, giimiisiin ve bilesiklerinin
antimikrobiyal etkilerine olan ilgiyi yeniden canlandirdi. Giimiis nanopartikiiller
antioksidan 6zellikleri nedeniyle kanser veya dejeneratif Alzheimer hastaliginin
tedavisinde bir potansiyele sahiptir [10-12]. Son zamanlarda yara bakim
iirlinleri, tibbi cihazlar, tekstil, kozmetik ve ev aletlerinde antibakteriyel ve
antifungal ajanlarda giimiisiin kullaniminda biiyiik bir artis olmustur ([13, 14].
Ancak, gilimiis bilesiklerinin asir1 klinik kullaniminin giimiise direngli
bakterilere yol a¢ip agmayacagi konusunda endiseler dile getirilmektedir [13-
15]. Giimiis bilesiklerine uzun siireli maruz kalmayla iligkili en yaygm
gozlemlenebilir degisiklikler, sirastyla ciltte ve gozlerde giimiis selenit ve
glimiis stlfit cokeltilerinin geri dondiiriilemez bir sekilde birikmesiyle
karakterize edilen argyria ve argyrosis'tir. Etkilenen bdlge mavimsi gri olur ve
giines 1s1¢min varliginda daha da kotilesir [1, 16, 17]. Giimiigiin tibbi
kullanimlar1 arasinda, koterizasyon igin giimiis nitrat ve yaniklar ile yaralarin
topikal tedavisi i¢in giimiis siilfadiazin bulunur. Giimiis katyonlarinin ¢ok diisiik
seviyeleri, yara ve yanik tedavisinde etkili olan mikrobisit 6zelliklere sahiptir.
Tibbi cihaz kateterleri de mikrobiyal biiyiimeyi Onlemek igin glimisle
kaplanmaktadir [13]. Giimiisiin antimikrobiyal 6zelliginin, glimiis iyonlarinin
bakteriyel zarlarla birleserek onlar1 kalici olarak tahrip etme yetenegiyle iliskili
oldugu hipotez edilmektedir [18]. Glimiis toksisitesinin komplikasyonlar
arasinda dermatolojik, kardiyovaskiiler, hematolojik, hepatik, gastrointestinal,
norolojik ve renal bulgular yer alir [19]. Diinya Saglik Orgiitii, yaklasik olarak
10 g giimiisiin Omiir boyu aliminin insanda gozlemlenebilir olumsuz etki
seviyesi olarak kabul edilebilecegine karar vermistir [20]. Fabrika atiklarindan
kaynaklanan giimiis kalintilarinin bulundugu asim kirli bolgelerde yasayan
kisilerde (6rn. San Francisco Korfezi) giimiisiin besin zincirine girmesiyle arjiri
hastalig1 gelistirme riski de artmaktadir [21]. Insan dokularindaki giimiis miktar
diisiiktiir. Ancak asir1 maruz kalma, ciltte, karacigerde, bobreklerde, mukoza
zarlarinda, kornealarda, dis etlerinde, dalakta ve tirnaklarda giimiis birikmesine

73



neden olabilir [1]. Giimiise maruz kalma, yutma, solunum ve deri yoluyla maruz
kalma gibi ¢esitli mekanizmalar yoluyla meydana gelebilir [2, 3]. Yaklasik 50
mg’lik intravendz bir giimils dozu 6liimciil kabul edilir ve kemik iligi, bobrek
ve karaciger nekrozu, kanama ve pulmoner 6demle sonuglanir. Giimiis
kanserojen olarak kabul edilmese de genotoksik etkiler bildirilmistir. Giimiis
toksisitesinin tedavisi igin bilinen etkili bir selatér bulunmamaktadir [3]. Giimiis
tayini icin voltametri [22-28] spektrofotometri ([29-35], yiiksek performansli
stvi  kromotografisi [36, 37] yontemleri gelistirilmistir. Bu yontemlerde
kullanilan ekipmanlar pahali, zaman alici, uzman ve 6n islem gerektirdiginden
daha basit, ucuz, uzman gerektirmeyen iyon secici elektrotlarin kullanildigi
potansiyometrik yontem bu ¢alismada kullanilmustir.

Bu ¢aligmada, tetrakis 2-izopropil-5- metilfenoksi ftalosiyaninato ¢inko (I1I)
bilesigi iyonofor olarak kullanilarak PVC membran Ag'—segici elektrot
gelistirilmesi ve durgun ortamda potansiyometrik performans o6zellikleri
aragtirildi.

2. Materyal ve Metod

2.1. Materyal

Tetrahidrofuran (THF), yiliksek molekiil agirlikli polivinilkloriir (PVC), o-
nitrofeniloktileter (NPOE), Dibiitilftalat (DBF) ve KTpCIPB Sigma-Aldrich
firmasindan temin edildi. ZnCl,, Calismada kullanilan biitiin diger tuzlar Sigma-
Aldrich firmasindan saglandi. Olgiimler siiresince referans elektrot olarak
Ag/AgCl elektrot (Gamry) kullanildi.

2.2. Cihazlar

Potansiyometrik Olgiimler, bilgisayar kontrollii 4 kanalli Potansiyometre
(ISEDO) kullanildi. Potansiyel dl¢iimlerinin tiimiinde referans elektrot olarak
GAMRY firmasindan temin edilen Ag/AgCl referans elektrodu kullanildi.
Tartim islemlerinde, RADWAG marka analitik hassas terazisi kullanildi.
Calisilan ¢ozeltilerin pH &lgiimii ISTEK marka pH 6lciim cihazi ile yapildi.
Cozeltilerin hazirlanmasinda kullanilan deiyonize su, Human Power | marka
deiyonize su cihazindan temin edildi.

2.3. 2,10,16,24-Tetrakis (2-izopropil-5-metilfenoksi ftalosiyaninato) Cinko
(1) Sentezi [38]

4-(2-izopropil-5-metilfenoksi) ftalonitril [38] (0,100 g, 0,36 mmol) ve ZnCl;
(0,020 g) karigimi bir kuvars pota iginde toz haline getirildi ve 200 °C'de
nitrojen atmosferinde 7 dakika boyunca kapali bir cam tiipte 1sitildi. Oda
sicakligina sogutulduktan sonra, iriin soguk, sicak etanol ve n-heksan ile
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yikand: ve siiziildii. Uriin, safsizliklar1 gidermek i¢in THF'de ¢oziildii.Spektral
veriler yapiy1 dogrulamaktadir [38].

H,C CH, CH
3 3
H,C
H,C
3 3 o
N
S X
\ N\ N= CH;
N 7 N
\ N 4
H,C N
/
N 7
(o}
CH,
CH,
H,C e CH,
3

Sekil 1. 2,10,16,24-Tetrakis(2-izopropil-5-metilfenoksi ftalosiyaninato)
Cinko(II)

2.4. Kat1 kontaktlarin hazirlanmasi
0,5g grafit, 0,35g epoxy ve 0,15g sertlestiricinin iizerine 1,5 mL THF
eklenip siirekli karistirilmasiyla hazirlandi.

2.5. Ftalosiyanin Temelli PVC membran Ag* Segici Elektrotlarin
Hazirlanmasi

Etrafi izole edilmis bakir telin acik ucu once kati kontakta daldirilarak 24
saat kurutuldu. Iyonofor olarak Tetrakis 2-izopropil-5- metilfenoksi
ftalosiyaninato Cinko (II) kullamilarak 4 farkli kompozisyonda hazirlanan
membran bilesimleri, 1 mL THF’de ¢oziilerek membran ¢ozeltileri hazirlandi.
Kati kontakt ile kaplanan kisim 5 kez membran ¢ozeltisine daldirilarak
membran ile kaplandi. Elektrotlar 24 saat oda kosullarinda kurutulduktan sonra
102 molL? AgNO; ¢ozeltisinde 12 saat kosullandirildi. Calisilan membran
bilesimleri ve potansiyometrik performans 6zellikleri Tablo 1’de detayli olarak
verilmistir.
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Ivon secici elektrot ~-ss=t=—

Potansivometre Bilgisayar

Sekil 2. Potansiyometrik 6lgtimlerde kullanilan potansiyometrik sistem

3. Bulgular ve Tartisma

3.1. Sensorlerin Membran Bilesimleri ve Dogrusal Calisma Arahklar:

Membran bilesimi, bir iyon-secici elektrodun potansiyometrik performans
ozelligini biiyiik oOlclide etkilemektedir. Degisik oranlarda ve tiirde iyonofor,
plastiklestirici, iyoniklestirici ve PVC oranlar ile 4 farkli elektrot elde edildi ve
en iyi performansi sergileyen elektrot belirlendi. Ag'-segici elektrodun
gelistirilmesi amaciyla hazirlanan membran bilesimleri Tablo 1’de ve ve
bunlara ait potansiyometrik performans 6zellikleri Tablo 2’de verilmistir.

Tablo 1. Calisilan membran bilesimleri ve
potansiyometrik performans ozellikleri

Kompozisyon Bilesimi (%)
Elektrot No Iyonofor PVC NPOE DBF KTpCIPB
Al 3 32 65 - -
A2 3 32 64 - 1
A3 3 32 - 65 -
Ad 3 32 - 64 1

Tablo 2. Potansiyometrik performans 6zellikleri

Elektrot No Egim Dogrusal Calisma R? Tayin Limiti
(mV) Arahgi(molL?) (molL™?)
Al 63 5.0x10° —1.0x10! 0,9972 5.0x10®
A2 71 5.0x10° —1.0x10! 0,9893 5.0x10®
A3 77 1.0x10* M-1.0x10! 0,9988 1.0x10*
Ad 63 5.0x10°¢ -1.0x10! 0,9995 5.0x10®
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Optimum membran bilesimi, %3 (w/w) iyonofor (Tetrakis 2-izopropil-5-
metilfenoksi ftalosiyaninato Cinko (IT), %64 (w/w) plastiklestirici (DBF), %32
(w/w) polimer (PVC) ve %1 KTpCIPB olarak bulundu. Bu bilesimle hazirlamig
oldugumuz elektrot Ag*-secici elektrot olarak belirlendi.

@)

3050
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2950

E,mV

2900

2850

2800

70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 230 230 240 250
Zaman, s

Sekil 2. A4 numarali elektrodun Ag*-segici elektrodun Ag"* iyonuna karsi
durgun ortamdaki potansiyometrik davranisi. (a) 1x10 molL™ (b) 5102 molL’
L (c) 1x102 molL™ (d) 510 molL™ (e) 1x10° molL™ (f) 5x10™* molL™ (g)
1x10™* molL™ (h) 5x10°° molL™ (1) 1x10”° molL™ (j) 5x10° molL™
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Sekil 3. Ag'- segici elektrotlar ile elde edilen kalibrasyon grafigi
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3.2. Ag*- Segici Sensoriin Tekrarlanabilirligi

Ag+ iyonu i¢in Ag+- segici sensor ile 102 molL?, 10 molL™ ve 10 molL™
AgNOs; ¢ozeltilerinde elde edilen tekrarlanabilirlik sonuglar1 Sekil 3 ve Tablo 3
‘te verilmistir.

(a)
2920 b
2900
2880 (b)
> R
= 2860
2840
2820
© i
b i
1420 1440 1460 1480 1500 1520 1540 1560 1580 1600 1620 1640 1660 1680 1700

Zaman, s

Sekil 4. Ag+-segici elektrodun 102 molL™, 102 molL™ ve 10 molL™* AgNO;
cozeltilerinde tekrarlanabilirligi

Tablo 3. Ag*-segici elektrodun 1.0x10 molL™, 1.0x10° molL™, 1.0x10* molL"
! Ag* iyonu icin tekrarlanabilirlik sonuglart

Konsantrasyon | 1.Olgiim | 2. Olgiim | 3. Olgiim | 4. Olgiim | 5. Olgiim XS
(molL)

1.0x102 molL- | 2920 2920 2919 2918 2918 2919.0£1.0
1

1.0x10- molL- | 2875 2876 2875 2875 2874 2875.0+0.7
1

1.0x10* molL- | 2812 2808 2808 2808 2809 2809.0+1.7
1

3.3. Ag*- Segici Sensoriin Segiciligi

Iyon secici elektrotlarin en dnemli karakterizasyon parametrelerinden biri
seciciliktir. Secicilik, onerilen bir iyon segici elektrotun, ortamdaki diger
tiirlerden etkilenmeden tek bir tiire 6zgli davranisidir. Bu c¢alismada, onerilen
elektrotun seciciligi IUPAC tarafindan Onerilen ayr ¢ozelti yontemine (SSM)
gore belirlendi ve secicilik katsayilar1 hesaplandi [39]. Bu amagla
potansiyometrik ol¢iimlerden elde edilen veriler kullanilarak Tablo 2’de verilen
iyonlarin 1,0x102 M konsantrasyonunda sergiledikleri potansiyel degerleri
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IUPAC tarafindan onerilen denklemde yazilarak hesaplanmistir. Glimiig(I)—
secici potansiyometrik elektrotun segicilik katsayilar1 Tablo 2'de verilmistir.

—m N2t

e Cu2+

e BQ2+

- Zn2+

s

> NHg2*

—— M92+

—o— No*
—oK*
—k— C02+

—o—Fe3*

F5ag"

N

log[C,, M]
Sekil 5. Ag*-segici elektrodun Ag* ve diger iyonlara kars1 1,0x10™ molL™-
1,0x10° molL™* konsantrasyondaki diger iyonlara kars1 durgun ortamdaki
potansiyometrik davranisi

Tablo 4. Ag*- segici elektrotlarin segicilik katsayilart

Iyonlar Kag+s -log Kag+s

Fe 3 1,42x10° 2,85

K* 4,86x10™ 3,31
Na* 4,69x10™ 3,33
NH.* 4,69x10° 3,33
cu?* 1,08x10* 3,97
Ba?* 1,01x10* 3,99
Pb?* 9,03x10% 4,04
Ca** 7,81x10° 411
Ni 2 6,51x105 4,19
Mg?* 5,62x105 4,25
Zn 2 4,52x10°5 4,34

3.4. Sensoriin pH Cahsma Arahg

Yapilan ¢alismada 1,0x10° molL™* AgNO; ¢ozeltisi ierisine 1,0 molL™ ve
0,1 molL™* HCl ile 1,0 molL™ ve 0,1 molL™ NaOH ¢ézeltileri eklenerek pH’lar
ayarlanarak olgiimler alind1. Ag*-segici elektrotun pH 4,5-6,5 araliginda ortamin
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pH’sindan etkilenmedigi gozlendi. Ag" segici elektrotlarin pH ¢alisma araligini
gosteren grafik Sekil 6.” da verilmistir.

2900
2880 -
2860 9°

2840 4

E, mV

2820

2800

2780

pH

Sekil 6. Ag*- segici elektrodun pH ¢aligma araligi

3.5. Ag*- Secici Sensor fle Numune Analizi

Gumiis- secici elektrotlar ile yapilan, sentetik olarak hazirlanmis ve

icerisinde her bir iyonun derisimi 1,0x102 molL™ olacak sekilde sabit tutulmus
farkli bilesimlerdeki sentetik numunelerin analizleri yapildi. Elde edilen

sonuglarin memnun edici seviyede oldugu gozlendi. Tablo 5." te sentetik

numune analizi islemlerinde kullanilan numunelerin bilesimleri ve belirlenen
Ag* miktarlar1 (molL™) ortalama ve standart sapmalar1 verilmistir. Ortalama ve

standart sapma degerleri n=>5 i¢in verilmistir.

Tablo 5. Ag*- secici sensér ile yapilan sentetik numune analiz sonuglari

Sentetik Numune

Numune Bilesimi
(1,0x10°2 molL™?)

Ag* miktarlar1 (molL1)

S1 Ag, K*, Na*, Niz* 1,09(£0,35)x 1072
S-2 Ag*, Na*, Mg?, Co** 1,18(£0,20)x10?
S-3 Ag*, Ca?* , NH4*, Mg?* 1,13(£0,20)x 1072
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4. Tartisma ve Sonug

Gimiis tayini i¢in tetrakis 2-izopropil-5- metilfenoksi ftalosiyaninato ¢inko
(IT) yapisina sahip ftalosiyanin bilesigi PVC membran iyon segici sensdrlerin
yapisinda aktif madde (iyonofor) olarak kullanildi. %3 Tetrakis 2-izopropil-5-
metilfenoksi ftalosiyaninato ¢inko (1), %32 PVC, %64 DBF ve %1 KTPCIPB
bilesimine sahip membran ile hazirlanan sensoriin diger katyonlar yaninda Ag*
iyonuna karst oldukga secici oldugu belirlendi. PVC-membran potansiyometrik
Ag-secici sensorlerin durgun ortamda sergiledigi potansiyometrik performans
ozellikleri belirlendi. Belirlenen PVC-membran potansiyometrik Ag*-segici
sensoriin durgun ortamda oldukca tekrarlanabilir sonuglar verdigi gozlendi.
Geligtirilen giimiis se¢ici sensoriin analitik uygulamasi, sentetik numune
analizlerinde basariyla gergeklestirildi. Bu ¢alismada hazirlanan giimiis- secici
PVC membran potansiyometrik sensor, minyatiirize edilebilmesi, ekonomik
olmast, kolay hazirlanmasi ve basit kullanim gibi avantajlara da sahiptir. Diger
taraftan gelistirilen sensér Ag® iyonlarina kars1 yiiksek segicilik gosterdigi i¢in
cevresel ve biyolojik numunelerde Ag® iyonlarinin rutin analizlerinde de
kullanilabilir.
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Boliim 5

Kuraklik Stresinin Bitkiler Uzerindeki
Etkileri ve Tepki Mekanizmalar:

Miige TEKER YILDIZ'

Giris

Diinyada tarimsal iiretim iklim krizinden ciddi sekilde etkilenir. Iklim
degisikligi bitki verimini ve gelisimini dogrudan veya dolayli etkiler olarak
sinirlar (E1 Haddad vd., 2022). Mevcut su, bitkiler de dahil olmak {izere tiim canl1
organizmalarin yasamimnin siirdiiriilebilirligi i¢in yasamsal ihtiyactir. Ozellikle
bitkiler fotosentez ve metabolik aktiviteler i¢in suya her daim ihtiya¢ duyar.
Ancak iklim degisikliginin negatif sonucu olan kuraklik, bitkinin kullanabilecegi
toprak suyunu kullanamasi ve metabolizmasini olumsuz etkiledigi fizyolojik bir
su eksikligi olarak tanimlanir (Kumar vd., 2018). Bitkiler kurakligin neden
oldugu negatif etkilere karsi, kendilerini savuma mekanizmalar1 ile yonetir
(Kumar vd., 2018). Kurakliga verilen tepki mekanizmalarin etkilesimi sonucu
olusan fizyolojik ve metabolik degisiklikler, stresin olumsuz etkilerine
dayanmaya yardimci olur.

Bitki stres tepki mekanizmalari, gevresel ve genetik faktdrler tarafindan
belirlenen karmasik aglar tarafindan kontrol edilir. Farkli savunma
mekanizmalar1 bitkilerin kuraklik stresiyle basa ¢ikmasina yardimei olur. Bitki
kuraklik stresine biyokimyasal (antioksidan igerigi, klorofil igerigi, prolin
birikimi, hormonal, sekonder metabolit vb.), fizyolojik (stoma aktivitesi,
fotosentez, ozmotik denge, terleme, yaprak su igerigi) ve morfolojik
degisikliklerle (yaprak alaninda azalma, yaprak sayisi, kok uzunlugunda artis,
yaprak yaslanmasi, erken olgunlasma, biiyliime evrelerinde degisiklik vb.) yanit
verir (Nezhadahmadi vd., 2013). Ek olarak, bitkinin stres tepkisi ve basa ¢ikma
mekanizmalari, kuraklik stresi yasadigi biiyiime agamalarinada baglidir. Biiylime
asamalarina bagli olarak, bitkiler kuraklik stresine daha fazla veya daha az duyarl
olabilir. Vejetatif gelisme dongiisii sirasinda kuraklik stresi yasandiginda turgor

1 Dr.; Canakkale Onsekiz Mart Universitesi, Fen Fakiiltesi Biyoloji Boliimii, Canakkale, Tiirkiye,
mugetekeryildiz@comu.edu.tr, ORCID: 0000-0001-7657-9811
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basincinda, yaprak su iceriginde, stoma hareketlerinde, yaprak renklenmesinde,
fotosentez ve solunumda, yaprak canliliginda ve nihayetinde biiylime
aktivitelerinde istenmeyen durumlar meydana gelir. Bu tepkiler bitkinin vejetatif
donemini kisa tutmasini ve generatif asamadan hizla gegmesini tesvik edebilir
(Pamungkas ve Farid, 2022). Generatif gelisme doneminde kuraklik stresine
maruz kalma g¢igeklenme oraninda, déllenmede, tohum tutumunda ve firiin
kalitesinde azalmalara neden olur (Akram vd., 2019). Bir¢ok arastirmaci kuraklik
stresinin sorgum (Sanjari vd., 2021), misir (Goodarzian vd., 2015) bugday
(Mahla vd., 2017), piring (Akram vd., 2019), mas fasulyesi (Jincy vd., 2019),
soya fasulyesi (Dong vd., 2019) ve mercimekte (El Haddad vd., 2021) etkilerini
aragtirmistir. Bununla birlikte, kuraklik stresinin siddetine ve siiresine bagli
olarak bitkinin biiylime donemi, strese verdigi tepkiyi yonetmede onemli bir
faktordiir (Cakir vd., 2004).

Bu arastirmada, kuraklik stresinin bitkiler iizerindeki etkileri ve tepki
mekanizmalar1 arasindaki etkilesim hakkinda bilgi agiklamay1 amacglamaktadir.

1. Bitkilerde Kuraklik Stresinin Nedenleri

Hava sicakliginin ve atmosferik CO; seviyelerinin siirekli yiikselmesi ve
bunun da nihayetinde yagis desenlerini ve dagilimimi degistirmesi nedeniyle
kiiresel iklim degisikliginin gelecekte hizlanmasi bekleniyor (Yin vd., 2018).
Yagistan kaynaklanan yetersiz su girisi genellikle kuraklik stresinin ana itici giicli
olsa da, yliksek sicaklik olaylari, yiiksek 151k yogunlugu ve kuru riizgar tarafindan
yonlendirilen buharlagma yoluyla topraklardan su kaybi, mevcut kuraklik stresi
olaymi daha da kotiilestirebilir (Cohen vd., 2021). Kiiresel iklim degisikligi
genellikle kiiresel dlgekte genis alanlarda yaygin kuraklik stresi kosullaria neden
olur. Kurakligin yani sira, tuzluluk stresi de bitkilerde su agiginin birincil nedeni
olarak kabul edilir (Adnan vd., 2020).

Iklim degisikliginden kaynaklanan hava sicakliklarindaki artislar buzullarin
erimesine ve diisiik veya sifir egimli tarim arazilerinin potansiyel su baskinlarina
neden olabilir (Cook vd., 2014). Ek olarak, buzullarin kayb1 su rezervuarlarinin
kii¢iilmesine neden olarak mahsullerin su teminini sinirlamaktadir ve bu durum
zamanla artan bir egilimdir. Kiiresel 1sinmaya bagli su kayb1 yalnizca toprakta
degil, ayn1 zamanda bitki diizeyinde de meydana gelmektedir. Bitkilerdeki i¢ su,
kiiresel 1snmadan kaynaklanan artan sicakliklar nedeniyle atmosfere biiyiik
Olciide kaybolmaktadir; bu olgu, diinyanin g¢esitli tarimsal sistemlerinde
halihazirda var olan su acig1 sorunlarini daha da kétiilestirmektedir. Bu yiizyilin
sonuna kadar hava sicakligindaki beklenen artiglarin mevcut seviyelerden
yaklasik 2 °C daha fazla olmasi durumunda, diinya niifusunun yaklasik beste biri
ciddi su agigindan etkilenecektir (Ray vd., 2019).
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Yaz mevsimi boyunca, muson sistemi diinyanin g¢esitli bolgelerinde yagis
kaynagi olarak kabul edilir Tahminlere gore, atmosferdeki CO;
konsantrasyonundaki dogrusal artis nedeniyle yiiksek yagis beklenmektedir
ve bu durum {iriin iiretimini olumsuz etkileyecek ve yogun niifuslu iilkelerin
tarim sektoriinde biiyiik sellere ve biiylik ekonomik kayiplara yol agacaktir (Guo
vd., 2015). Bu kosullar altinda, muson yagis degiskenligi rizosferin nem
seviyesini etkilemektedir ve etkilemeye devam edecektir ve dolayisiyla yagis
yogunlugu, olusumu ve siiresindeki dinamikler yoluyla diinyanin belirli
bolgelerinde bitki verimliligini etkileyecektir.

2. Kuraklik Stresinin Bitkiler Uzerindeki Etkisi

Cevresel kosullardaki dinamiklere bagli olarak, bitkiler biiylimelerini ve
gelismelerini ciddi sekilde etkileyebilecek c¢esitli streslerle karsi karsiya
kalabilirler. Ozellikle tahil iiretimi ve verimi, tarimdaki en sinirlayici stres olarak
bilinen kuraklik stresinden biiyiik 6l¢lide etkilenebilir. Bu nedenle, bitkilerin su
kisitlamasiyla basa ¢ikma yeteneklerinin arastirilmasi biiyiik bir degere sahiptir
ve Ozellikle kurak ve yar1 kurak ortamlarda yakin gelecekte de ilgi gérmeye
devam etmelidir (Sobhanian vd., 2020). Su anda, maksimum tahil verimi ve
kalitesini hasat etmek i¢in kurakliga duyarli mekanizmalari belirlemek amaciyla
baslica temel tirtinler yogun bir sekilde incelenmektedir, ancak gelecekteki
calismalar ana tahil iiriinlerinin {ireme asamalarinda hem 1s1 hem de kuraklik
stresi etkilerinin birlesik etkisine odaklanmalidir.

Bitkilerin biiylimesi ve gelisimi i¢in optimum seviyede su bulunabilirligi
gereklidir, optimumun &tesinde toprak nemindeki dalgalanma iiriin verimini ve
kalitesini etkileyebilir. Ote yandan, rizosferdeki optimumdan daha az su
bulunabilirligi bitki biiylimesini engeller ve boylece bitki besin alimini engeller
(Elemike vd., 2019). Ikincisi yakin zamanda iiriin iiretiminde biiyiik azalmalardan
sorumlu olmustur ve kiiresel 1sinma ve iklimdeki degiskenlik nedeniyle daha da
siddetli hale gelmesi beklenmektedir (Hafez vd., 2017).

Bitkiler de kuraklik stresi ayn1 zamanda su kitligi, daha az yagis olmasi veya
hic yagis olmamasi nedeniyle olusur ve bitki savunma mekanizmalartyla kuraklik
stresine tepki verir (Sekil 1). ilk olarak, kékler suyu bulamadiginda toprak nem
icerigi ve bitkinin yaprak ve gévde gibi hava kisimlarinda diisiik su potansiyeli
olusur. Bu durum meydana geldiginde, yapraklardan terleme yoluyla su kaybi1
orani, kuru ortamlarda kokler aracilifiyla su alim oranini geger (Goche vd.,
2020). Kokler, geniglemeleriyle daha fazla su almaya galisir ve bu durum
nihayetinde bitkileri su acig1 oldugunda stoma kaybini en aza indirmeye adapte
eder (Martinez-Vilalta ve Garcia, 2017).
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Fizyolojik Tepkiler

Stoma aktivitesi
Gaz degisimi
Ozmotik ayar

Su ve besin almi

Klorofil igerigi

Fotosentetik aktivite

—Eeye

Yaprak ve doku su potansiyeli

Molekiiler Tep
T ———
Sinyal algilama ve iletimi (ABA, ROS,

JA)

Transkripsiyon faktorlerinin dizenlenmesi

(MYB, bZIP, NAC, WRKY)

Gen ifadesi ve protein sentezi (6rn.
DREB,LEA, Aquaporin)

Biyokimyasal Tepkiler

RIS RN TNz

Ozmolit ve ozmoprotektan
biyosentezi

(6rn. glisin betain, prolin)

Antioksidan enzim
(SOD,POD,CAT)

Hormonal diizenleme (oksin,
sitokinin, ABA)

ikincil metabolitler (6rnegin
flavonoidler, alkaloidler, terpenler)

Sekil 1. Bitkilerde kuraklik stresi tepkileri.

Bitkilerdeki kuraklik stresi tepkileri arasinda yaprak kivrilmasi, yapraklarin
sararmasi, yapraklarin kavrulmasi, kalici solma yer alir (Corso vd., 2020). Su
eksikliginin bitki performans: iizerindeki olumsuz etkilerine ragmen, bitkiler
cesitli derecelerde su eksikligine yanit verme yetenegine sahiptir (Sekil 1). Bu
kuraklik  tepkileri  fizyolojik, molekiiler  olarak
siniflandirilmaktadir (Sekil 1).

biyokimyasal  ve

3. Bitkilerin Kuraklik Stresine Karsi1 Fizyolojik Tepkileri

Kuraklik stresine dayanmak i¢in hayati onem tasiyan fizyolojik reaksiyonlar
terleme yoluyla su kaybini azaltmak i¢in stomalarin kismen kapatilmasi, uyumlu
¢Oziinen maddelerin (ozmoprotektanlar) birikimi yoluyla hiicresel turgoru
korumak i¢in ozmotik ayarlama, proteinlerin sentezi ve oksidatif stresi
dengelemek i¢in antioksidan sistemlerin tetiklenmesi olarak kategorize edilebilir.
Asagida yukarida belirtilen diger tepki smiflandirmasi ayrmtili olarak
aciklanmaktadir.

3.1. Stoma Tepkileri ve Gaz Degisimi

Stoma kapanmasi, bitkilerin terlemeyi azaltmak ve kuraklik stresiyle basa
¢ikmak i¢in kullandiklart 6nemli bir mekanizmadir. Stomalar, fotosentez i¢in CO,
alimi ve oksijen salinimi dahil olmak iizere gaz degisimini diizenler . Stoma
kapanmasi, bitkilerde su eksikligi kosullarmin baslangicina kars1 yaygin bir
adaptif tepkidir. Bitkiler, su eksikligine epidermal iletkenligin azalmas1 ve stoma
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kapanmasi yoluyla su kaybini sinirlayarak yanit verirler (Harb vd., 2010). Stoma
kapanmastyla 6érneklenen susuz kalma onleme stratejisi, yapraklardan su kaybini
azaltir. Ancak, bu eylem ayn1 zamanda CO; alimini kisitlar | reaktif oksijen tiirleri
(ROT) iiretir, fotosistem II’ye (PSII) zarar verir ve fotosentezi engeller, sonug
olarak 1irlin verimini azaltir. Stoma kapanmasimi indiikleyen ABA
fitohormonunun sentezlenmesi ve harekete gecirilmesiyle desteklenir. Stoma
kapanmasi hem pasif hem de aktif (ABA aracili)) mekanizmalar tarafindan
yonlendirilir. Bu kapanma, terleme yoluyla su kaybin1 azaltarak bitkinin kuraklik
stresi sirasinda suyu korumasina yardimer olur (Agurla vd., 20218). Kuraklik
toleransini artiran bir siire¢ olan kuraklik 6n hazirligi, stoma davranigini kuraklik
stresine yanit olarak iyilestirmistir. Kuraklik 6n hazirhigimin hem stoma
kapanmasini hem de yeniden agilma oranlarini iyilestirerek kuraklik toleransim
artirdig1 bulunmustur. Stoma kapanma siirecinin bu 6nemli noktasi, bitki tiiriine
ve kuraklik stresinin meydana geldigi kosullara baglidir (Yang vd., 2023). Bu
nedenle, stoma kapanmasinin diizenlenmesi, bitki stres dayanikliliginin ve
uygunlugunun hayati bir bilesenidir ve bitkilerin su kaybini en aza indirmesini ve
kuraklik kosullariyla basa ¢ikmasini saglar. Su stresi sirasinda, bitki stomalar1
suyu korumak i¢in kapanir, bu da yaprak yiizeyinden su buhari kaybin1 azaltir ve
terleme oranlarimi diigiiriir. Bu adaptif yanit, fotosentezde bir azalmaya, yaprak
diizeyinde daha biiyiik bir i¢sel su kullanim verimliligine ve CO; aliminda bir
azalmaya yol agar. Stoma kapanmasi, terleme bitkinin sogumasina yardimei
oldugu i¢in yaprak sicaklik diizenleme mekanizmasimi etkileyebilir. Azalmis
terleme, bitki metabolizmasin etkileyen yliksek yaprak sicakliklarina yol agar.
Aragtirmalar, kuraklik stresi sirasinda stoma iletkenliginin azalmasinin
fotosentezi azalttigini ve daha kuru kosullara maruz kalan bitkilerin su
kullanimin1 optimize etmek icin stoma 6zelliklerini degistirdigini ve bunun da su
kullanim verimliliginin artmasina yol agtigin1 gostermistir (Driesen vd., 2023).

Stoma kapanmasi CO, girisini sinirlar ve bu da fotosentez oraninda diisiise yol
acar; bu da genel bitki biiyiimesini ve iiretkenligini etkileyebilir. Su stresi
altindaki bu stoma kapanmasi iletkenligi de azaltir ve bu da fotosentez oraninda
diisiise ve yaprak diizeyinde daha yiiksek bir igsel su kullanim etkinligine yol
acar. Bu adaptif yanit bitkilerin suyu korumasina yardimci olsa da, fotosentez ve
genel iiretkenlik acisindan dezavantajlar1 vardir. Sonug olarak, kuraklik stresi
sirasinda stomalarin kapanmasi bitki fizyolojisini etkiler ve fotosentez aktivitesi
ile su tasarrufu arasindaki karmasik dengeyi vurgular (Joshi vd., 2022).

Stoma kapanmasi, ABA gibi hormonal sinyaller de dahil olmak {izere
karmasik sinyal yollar1 tarafindan diizenlenir ve bitkinin su durumu ve atmosferik
nem gibi cevresel faktorlerden etkilenir. Su eksikliginde stoma durumunun
diizenlenmesi, esas olarak, yaprakta birikmesi stoma kapanmasini aktive eden
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ABA tarafindan aracilik edilir (Tombesi vd., 2015). Sitosolik pH, ROT, NO ve
serbest Ca **, stoma kapanmasinda rol oynayan diger sinyal molekiiliidiir (Agurla
vd., 2018). ROT tepkilerindeki ve stoma kapanmasindaki farkliliklar kurakliga
adaptasyonlarii etkilemistir. Dahasi, stoma aktivitesinin kuraklik toleransi ile
giiclii bir sekilde iliskili oldugu iyi belgelenmistir. Ancak, stoma morfolojisi ve
yogunlugundaki degisikliklerin mahsuliin kurakliga toleransini nasil etkiledigine
dair sinirli arastirma vardir. Stoma yogunlugunun degistirilmesinin, besin alimini
olumsuz etkilemeden kuraklik toleransini artirdigi gosterilmistir (Bertolino vd.,
2019). Ayrica, Lonbani ve Arzani (2011), kurakliga dayanikl tritikale ¢esitlerinin
diger tritikale ve bugday cesitleriyle karsilastirildiginda daha az stoma sayisina
sahip oldugunu gostermistir. Stoma sayisi ve hareketi de dahil olmak tiim gaz
degisimi bitkilerin fizyolojik tepkilerinde 6nem arz etmektedir.

3.2. Ozmotik Ayarlama

Ozmotik ayarlama, su kaybini onleyerek ve hiicre dinamikligini koruyarak
bitkilerin kuraklik gibi zorlu ¢evre kosullarinda hayatta kalmasini ve gelismesini
saglayan kritik bir tepki mekanizmasidir. Kurakliga dayanikli genotipler, hiicre
turgorunu korumaya yardime1 olan ozmotik ayarlama yoluyla su kitligina karst
direng gosterir (Khan vd., 2018). Su eksikliklerine yanit olarak temel adaptif
mekanizmalardan biri, hiicrelerde ¢Oziinen maddelerin birikmesidir. Kanitlar,
ozmotik ayarlamanin kurakliga egilimli ortamlarda yetistirilen tarimsal bitkilerin
verimi artirdigimi  gostermektedir (Turner, 20218). Vakuollerde ¢oziinen
maddelerin  birikmesi, sitozolik ¢o6ziinen maddeleri tamponlamaya ve
metabolizmay1 desteklemeye yardimci olan geri doniisimli bir fizyolojik
stirectir. Bitkiler turgoru oncelikle ¢oziinen maddeleri biriktirerek ve potansiyel
olarak hiicre zarlarinin elastik ayarlamasi yoluyla diizenleyebilir. Diger yandan,
Prolin, ¢esitli sekerler ve glisin betain gibi uyumlu ¢oziinenleri sentezlemek i¢in
genlerin ifadesi ile hiicrede birikmi artarak, ozmotik ayarlamayi diizenler. Bir cok
caligma, ozmotik ayarlamanin ve hiicrelerde susuzluga toleransta uyumlu
¢ozlinen maddelerin birikiminin roliinii inceleyerek, bitkilerde su stresi altinda
iiretimi desteklemede ozmotik ayarlamanin 6nemini vurgulad: (Blum, 2017).

3.3. Ozmolitlerin Birikimi

Bitkiler su eksikligi kosullar1 ve susuzluk riski yasadiklarinda, hiicresel turgor
basinci azalir ve bu da fizyolojik siirecleri olumsuz etkiler. Bitkiler, ozmotik
ayarlama stratejileri kullanarak hiicre turgorunu korumayr ve kuraklik
kosullarinda solmay1 6nlemeyi amaglar (Oguz vd., 2022). Hafif kuraklik altinda,
kurakliga dayanikli genotipler, uyumlu ¢6ziinen maddeleri biriktirerek ve dnemli
fizyolojik aktiviteleri siirdiirerek ozmotik basinci ayarlayarak buharlagsmali su
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kaybim azaltir (Harb vd., 2010). Vakuollerde ¢6ziinen maddelerin birikimi de
kuraklik toleransini 6nemli Olgiide etkiler. Bu nedenle, sitozolik vezikiiller ve
vakuoller dahil olmak iizere, uyumlu ¢o6ziinen maddeler hiicrelerin iginde
biriktiginde, bitkilerin siddetli susuzluga dayanmasina ve su eksikligi
kosullarinda hiicresel turgoru korumasina yardimei olmak i¢in ¢ok onemli olan
ozmotik ayarlamayi kolaylagtirirlar.

Prolin, bitki hiicrelerinin ve proteinlerinin yapilarini stabilize etmeye yardimci
olur ve ayrica ROT temizlemede gorev alir. Dehidratasyon kosullar1 altinda
prolin, biyosentezinin yukari diizenlenmesi ve bozunmasinin inhibisyonu
nedeniyle birikir. Prolin, glutamik asitten tiiretilen bir amino asittir. Prolin
birikimi genellikle stres toleransi ile iligkilidir; burada strese dayanikli bitki
genotiplerinde, strese duyarli bitki genotiplerine goére daha yiiksek birikimler
meydana gelir (El Moukhtari vd., 2020). Prolinin ekzojen uygulamasi, kuraklik
stresinin mahsul bitkilerinin biiylimesi ve verimliligi iizerindeki olumsuz
etkilerini hafifletir (E1 Moukhtari vd., 2020). Prolin, kuraklik ve tuzluluk gibi
abiyotik stresi hafifletmeye yardimci olurken, Ozellikle kuraklik stresi
kosullarinda rolii daha da 6nem kazanir.

Glisin betain (GB) ve B-alanin betain (AB), hiicresel ¢6zlinen maddeler olarak
gorev yapan diger dordiinciil amino asit tiirevleridir (Chun vd., 2018). Benzer
sekilde, bu ozmoprotektanlar hiicresel yapilar1 ve proteinleri stabilize etmede ve
hiicreleri ROT temizleme yoluyla oksidatif hasardan korumada rol oynar. Glisin
betain genellikle kuraklik stresi kosullar1 altinda bitkilerde birikir.

Sekerler Seker birikimi kuraklik tarafindan siirekli olarak tetiklenir ve
bitkilerdeki kaynak-havuz iliskisini degistirir (Kaur vd., 2021). Bitkiler, hiicresel
ozmotik ayarlamaya katkida bulunan ve stres donemlerinde enerji kaynag: gorevi
goren sakaroz, glikoz, galaktoz, maltoz, laktoz, rafinoz ve fruktoz gibi sekerleri
biriktirir (Ghosh vd., 2021). Sekerler, ozmotik potansiyeli ayarlamak i¢in ozmolit
gorevi goriir ve bitkilerde ozmoprotektan gorevi goriir Sekerler, poliaminler ve
diger uyumlu ¢dziinen maddeler gibi ozmolitlerin birikimi, su eksikligi stres
kosullar1 altinda hiicresel yapilar1 korumada rol oynar. Sekerlerin disaridan
uygulanmasi, bitkilerin biiyiimesi ve gelisimi iizerindeki su stresinin olumsuz
etkilerini hafifleterek kurakliga dayanikliligi da artirir (Ahmad vd., 2020).

Polioller Mannitol, inositol, galaktinol, eritritol, gliserol, pinitol ve sorbitol
dahil olmak iizere polioller veya seker alkolleri, kuraklik stresine yanit olarak
daha yiiksek bitki hiicrelerinde birikebilir. Polioller, kuraklik stresi kosullar
altinda bitki hiicrelerinin ozmotik ayarlanmasinda uyumlu ¢dziinen maddeler
olarak onemli bir rol oynar (Gugliuzza vd., 2020). Bu ¢oziinen maddelerin
birikimi hiicresel ozmotik potansiyeli hafifletir, turgor basincini korur ve sinirh
su bulunabilirligi kosullarinda temel hiicresel islevleri siirdiiriir.
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3.4. Antioksidan Savunma Sistemleri

Antioksidan sisteminin aktive edilmesi, yiiksek bitkilerin kurakligin ikincil
etkilerinden kaynaklanan oksidatif strese karsi koymak igin kullandiklari 6nemli
bir mekanizmadir (Kouighat vd., 2024). Oksijen toksisitesinin bitki hiicreleri
iizerindeki genis kapsamli etkileri nedeniyle, oksidatif stres pro-oksidanlar ve
antioksidanlar arasindaki dengede bir kayma ile karakterize edilir, pro-
oksidanlar1 destekler ve potansiyel hasara yol acar. ROS terimi hem serbest
radikalleri hem de bunlarin radikal olmayan ara maddelerini ifade eder. Bir veya
daha fazla eslesmemis elektron iceren tiirlere serbest radikaller denir ve bu eksik
elektron kabugu onlara yiiksek reaktivite kazandirir. Biyolojik sistemlerde,
serbest radikaller azot ve oksijenden iiretilebilir. Su eksikligi sirasinda, pro-
oksidanlar ve antioksidanlar arasindaki denge bozulur ve bitki hiicrelerinde
reaktif azot tlirleri (RNS) ve ROT birikir. Siiperoksit radikalleri, hidroksil
radikalleri ve hidrojen peroksit gibi ROT’lar, peroksinitrit ve nitrik oksit gibi
RNS’lerle birlikte proteinler, lipitler ve niikleik asitler gibi biyomolekiilleri
oksitleyerek hiicresel zarara neden olma potansiyeline sahiptir (Huang vd., 2019).
Bitkiler, oksidatif stresin zararl etkilerini azaltmak ic¢in karmagik antioksidan
savunma sistemleri gelistirmistir. Antioksidan savunma sistemi, ROS
detoksifikasyonu, zarlardaki lipid peroksidasyonunun azalmasi ve oksidasyonu
geciktirerek ve niikleik asit (DNA) hasarin1 onararak proteinlere verilen hasari
engelleme yoluyla oksidatif strese karsi yeterli koruma saglar (Fujita vd., 2022).
Antioksidan sistem iki boliime ayrilabilir: enzimatik olmayan ve enzimatik. RNS
ve ROT’u temizlemedeki rolleriyle bilinen enzimatik antioksidanlar katalaz
(CAT), siiperoksit dismutaz (SOD), glutatyon peroksidaz (GPX), peroksidaz
(POX), glutatyon rediiktaz (GR) ve glutatyon-S-transferaz (GST) ve askorbat
peroksidaz (APX) olarak adlandirilabilir (Rajput vd., 2021). AsA-GSH
dongiisii, glutatyon (GSH) ve askorbik asit (AsA) gibi enzimatik olmayan
antioksidanlar1 da kullanarak hidrojen peroksidi (H»0,) detoksifiye etmek igin
kullanilan bitki hiicrelerinde 6nemli bir antioksidan savunma yoludur
(Hasanuzzaman vd., 2020).

Aragtirmalar  kurakliga dayanikli genotiplerin antioksidan savunma
sistemlerinde farkli aktivite gosterdigini, kurakliga duyarli olanlarla
karsilastirildiginda daha diisiik ROT birikimine ve siiperoksit dismutaz (SOD),
peroksidaz (POD), katalaz (CAT) gibi antioksidan enzimlerin daha yiiksek
miktaria yol actigini gostermistir (Wang vd., 2019). Ek olarak, geriye dogru
sinyalleme yoluyla antioksidan aktivitenin yukar1 diizenlenmesi, bitkilerin
oksidatif strese alismasinda 6nemli bir siirectir ve belirli bitki tiirlerinin artan
kuraklik toleransmma katkida bulunur. Dahasi, kuraklik stresini hafifletmede
ekzojen diisiikk doz hidrojen peroksitin rolii ve canlanma bitkilerinde koruyucu
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makinenin aktivasyonu da bitkilerdeki antioksidan aktivite ve kurakliga tolerans
baglaminda incelenmistir.

4. Bitkilerin Kuraklik Stresine Kars1 Molekiiler Tepkiler

Bitkisel {irtinlerde kuraklik toleransini artirmak, altta yatan molekiiler
mekanizmalarin iyice anlagilmasini gerektirir (Ebrahimi vd., 2021). Bir ¢ok
sinyal iletim molekiilleri gen aktiviteleri ifadesinde genetik ve epigenetik
degisiklikleri tetikleyerek nihayetinde toleransin gelismesine yol agabilir. Bu
islevsel ve molekiiler mekanizmalar1 daha ayrintili olarak kesfetmek, bitki
kuraklik toleransini giliglendirmeye yonelik etkili lireme stratejileri gelistirmek
icin 6nemlidir. Kuraklik stresine dayaniklikta molekiiler tepkiler; sinyalleme
genlerinin indiiksiyonu, transkripsiyon faktdrlerinin indiiksiyonu ve strese yanit
veren genlerin indiiksiyonu sayabiliriz (Sekil 1).

Bu diizenleme seviyeleri paraleldir ve birbirleriyle etkilesime girerek, biiyiik
olasilikla entegre bir gen ag1 araciligtyla bitkinin zorlu ¢evre kosullarina uyum
saglamasina ve hayatta kalmasina yol agar.

5. Bitkilerin Tarmmsal Siirdiiriilebilirligi I¢cin Gelecekteki Arastirma
Kapsami

Diinya niifusunun artan gida talebini karsilamak igin tarimsal iiretimde
abiyotik streslerden kaynaklanan verim kayiplarmin Onlenmesi hayati 6nem
tagimaktadir. Bitki stres toleransini artirmanin o6n kosulu, bitkinin strese verdigi
tepki mekanizmalarmin anlagilmasidir. Abiyotik strese toleransi artirmada
yenilik¢i ve biyoteknolojik yontemler biiylik 6nem tasimaktadir (Hossain vd.,
2021). Bu baglamda, arastirmacilar bitki stres toleransini gelistirmek icin farkli
omik yaklagimlar kullanmaktadir. Kiiresel olarak ve 6zellikle kurak ve yar1 kurak
ortamlarda, bitkiler kagcimilmaz olarak su kitligiyla kars1 karsiya kalir ve bu da
biiyiimeleri ve genel iiretkenlikleri i¢in énemli bir tehdit olusturur. Ozellikle yar1
kurak ve kurak ortamlarda bitkilerin su kithigma adaptasyonuyla ilgili zorluklar
ve gelecekteki yonler hakkinda i¢gdriiler saglar.

Yerel popiilasyonlar, genis genetik cesitliligi nedeniyle kuraklik stresine
dayanikli bitki 1slah1 ve seleksiyon ¢aligmalarinda kullanilmasi gereken énemli
kaynaklardir (Karavidas vd., 2022). Ozellikle kurakliga dayanikli gesit 1slahinda
kullanilan yerel bitki popiilasyonlarinin agronomik bitki 6zellikleri ve stres
kosullar altindaki performanslar1 dikkate alinmalidir. Ciinkii tarla bitkilerinde
verim, bitki boyu, basak sayisi, tane agirligi, hasat indeksi, bin tane agirligi ve
tane verimi gibi bazi agronomik bitki 6zelliklerine baghdir (Sabella vd., 2020).

Son yillarda arastirmacilar, ¢cevre dostu yenilik¢i yaklagimlarla bitkilerdeki
verim kayiplarimi onlemeye odaklanmislardir. Degisen iklim kosullarinda ve
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abiyotik stres faktorleri altinda, biyo-giibrelerin, biyo-uyaricilarin ve tarimsal-
endiistriyel atiklarin kompost olarak kullanilmasi siirdiiriilebilir tarim igin
onemlidir (Boutasknit vd., 2020). Bu yaklasimlarin tarimsal siirdiiriilebilik i¢in
hayati 6nem tasimasi nedeniyle saha denemeleriyle desteklenmesi gerekir. Ayrica
farkli iklim kosullarinda saha denemeleri yapilmasi literatiirii desteklemeye
onemli katki saglayacaktir.

6. Sonuclar

Kiiresel iklim degisikligi nedeniyle bugiin oldugu gibi gelecekte de kurakligin
bitkisel iiretimi kisitlayan birincil faktor olacagi aciktir. Kuraklik stresi bitki
biliylimesini ve verimi etkiler. Stresin zamanlamasi, siiresi, siddeti ve hizi
stiphesiz bir bitkinin su eksikligine verdigi tepkiyi belirlemede 6nemli bir rol
oynar. Ancak kuraklik dogal kosullar altinda kontrol edilmesi zor bir durumdur.
Bitkilerin farkl biiylime evrelerinde strese verdigi tepki, yiiksek stres toleransina
sahip cesitlerin gelistirilmesi i¢cin onemli bir Olgiittiir. Bitkilerin strese verdigi
tepki, molekiiler, biyokimyasal, fizyolojik ve morfolojik mekanizmalarin igbirligi
sonucu ortaya ¢ikar. Bu mekanizmalarm her biri ayr1 ayr ele alinamayacak kadar
karmagiktir. Bitkinin 6nemli gelisme evrelerinde bu mekanizmalarin aktivasyonu
ve diizenlenmesindeki farkliliklara odaklanmak yeni yaklagimlara yol agabilir.
Bu derlemede kritik vejetatif ve generatif donemlerde kuraklik stresine verilen
tepkiyi acgiklamaya calistik. Sonug¢ olarak kurakligin kritik biliylime evreleri
tizerindeki etkisinin belirlenmesi, verim kayiplarimin 6nlenmesi i¢in yapilacak
calismalara rehberlik edecektir.
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