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ABSTRACT

Recently, the insecticidal, antifungal, antibacterial, and antioxidant properties of pyrolysis liquid (bio-oil) obtained from

agricultural and industrial plants have been investigated in foods. As no previous studies had been conducted on the Capparis

sicula subsp. sicula (caper) species, this study was chosen. For the first time, a methanol-chloroform extract, pyrolysis liquid, and

green-synthesized silver nanoparticles (AgNPs) were obtained from caper fruit. GC-MS/MS analysis of the extract and pyrolysis

revealed linoleic and palmitic acid methyl esters. In contrast, LC-ESI-MS/MS analysis revealed high amounts of hesperidin

(7.534 mg/g extract) and caffeine (0.216 mg/g extract), respectively. It was observed that the pyrolysis liquid had higher activity than
the extract in terms of antioxidant activity (93.33% for DPPH and 8.01 umol Trolox/g extract), antibacterial activity (average of 8 mm
for all bacteria), and enzyme inhibition (4.72 ug/mL for a-glucosidase and 2.00 pg/mL for a-amylase). A molecular docking study

found that caffeine was effective against the enzyme catalase (—6.9 kcal/mol). Therefore, by enabling the release of compounds

not detected by conventional methods through pyrolysis, it will be possible to expand the use of these compounds as antioxidant

and antibacterial agents in the food industry, pharmacology, and other industries.

1 | Introduction

Fruit is essential for a healthy lifestyle. Berries are often referred
to as “superfruits” due to their high anthocyanin and phenol
content. Phenolic compounds are a class of compounds found
in all plant foods that can influence physiological processes and
provide protection against chronic disease [1]. Beyond phenolics,
other classes of plant bioactives, such as polysaccharides, have
also garnered significant interest due to their biological activities,
including anti-inflammatory effects, as demonstrated in studies
on other plant species [2, 3]. While it is known that fruits are rich

© 2026 Wiley-VHCA AG.

in bioactive compounds, there is insufficient information about
the beneficial compounds in their leaves. According to studies,
the phenolic compounds in the leaves are higher than those in
fruits [4]. For instance, a recent study on Kadsura coccinea leaves
revealed a rich profile of bioactive compounds with significant
antioxidant and anti-inflammatory activities, underscoring the
potential of leaf extracts as a source of phytochemicals [5]. Con-
sidering the known antioxidant effect of phenolic compounds, the
phenolic compounds in leaves are found in greater amounts than
in the fruits to exert a protective effect on the tissues in the leaves
and to protect them from stress caused by sun exposure [6].
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The pyrolysis process: unlike combustion, it takes place in an
oxygen-free environment, and partial combustion is allowed to
occur to provide the necessary heat for this process. In this
process, the biomass is quickly heated to temperatures above
300°C-400°C and is turned into gaseous, liquid, and solid prod-
ucts [6]. During pyrolysis, the large hydrocarbon molecules in the
biomass break down into smaller molecules. While fast pyrolysis
produces liquid fuel, mainly known as bio-oil, slow pyrolysis
produces a small number of gaseous products and solid coal.
The pyrolysis process enables the conversion of waste biomass
into useful liquid components [7]. The liquid fraction obtained
from the pyrolysis process is referred to by various names such
as bio-oil, pyrolysis oil, and pyrolysis liquid. This pyrolysis liquid
is a product consisting of many oxygenated compounds such as
hydroxy aldehydes, hydroxyketones, sugars, phenol derivatives,
and carboxylic acids, and is estimated to contain hundreds of
chemical compounds [8].

Capparis species, also known as caper plants: They grow in arid
and semiarid regions and in unfavorable environments. It is a
plant that can adapt to difficult climatic and soil conditions [9].
The caper plant has a very large distribution area throughout
the world and is native to countries of the Middle East and the
Mediterranean region. While it is found naturally distributed
in almost all countries, it is cultivated in the USA, Italy, and
France [10]. There are more than 250 species of capers worldwide,
which belong to the Capparaceae family [11]. It is also known
that Capparis fruit has medicinal properties such as headache,
toothache, kidney disease, diuretic, constipation relief and tonic
properties. It is reported in the literature that caper root, stem, and
fruit extracts have anti-atherosclerotic, antihypertensive, anti-
inflammatory, analgesic, antiasthmatic, antihyperlipidemic, hep-
atoprotective, antibacterial, antiatherosclerotic, and antifungal
properties [10]. Capparis species are rich in glycosides, flavonoids,
polyphenols, phenolic acids, terpenoids, saponins, sterols, and
tannins [12]. In this context, comparing and evaluating the
biological activity of a pyrolysis sample of C. sicula, a plant known
for its numerous beneficial properties, with a sample obtained
through traditional extraction methods, could facilitate its further
utilization in various applications

This study aimed to determine, for the first time, the methanol-
chloroform extract, pyrolysis liquid and AgNPs obtained from
Capparis sicula subsp. sicula (CSS). The phytochemical proper-
ties (GC-MS/MS, LC-ESI-MS/MS, NMR), biological activities
(antioxidant, enzyme inhibition and antibacterial) and character-
istic properties (UV-Vis, Fourier transform infrared [FT-IR], x-
ray diffraction [XRD], transmission electron microscopy [TEM],
and field-emission scanning electron microscopy [FE-SEM]) of
the samples were investigated. For this purpose, the antioxidant
and total phenolic contents of the extract and pyrolysis liquid
were determined using the biosensor method for the first time.
The chemical profiling results were directly linked to the observed
biological activities to provide clearer interpretation. The inter-
actions of the major components detected by LC-ESI-MS/MS
in both the extract and the pyrolysis liquid with antioxidant
and antibacterial enzymes were theoretically calculated using in
silico methods. This finding allows a more coherent flow from
compound identification to functional outcomes, emphasizing
the relationship between chemical composition and biological
performance. In this way, the phytochemical and biological

activities of CSS samples obtained by different methods were
compared. It is believed that this study may provide valuable
indications for potential applications in various fields.

2 | Results and Discussion

Establishing the physicochemical properties of the materials,
particularly the biosynthesized AgNPs, is essential for correctly
interpreting their subsequent antioxidant, enzyme inhibitory, and
antibacterial behaviors. Since nanoparticle size, morphology, and
surface chemistry directly influence bioactivity, the character-
ization data serve as the scientific foundation for the results
discussed in later subsections.

2.1 | Characterization of AgNPs

Nanotechnology is a branch of science that offers different per-
spectives on other scientific disciplines working at the nanoscale,
including bioengineering, food technology, dentistry, and phar-
macy [13]. Many techniques are used to create nanomaterials,
which have numerous applications. Green synthesis is one of
these techniques for nanoparticle production. Green synthesis
method is critical to the development of nanomaterials in the
future. It is commonly acknowledged in nanotechnology that this
area of nanoscience is important for creating safe and eco-friendly
nanoparticles [14]. In green synthesis, plant extract is used to
synthesize metal-based nanoparticles. Numerous recent studies
have demonstrated the potential role of plant extracts in the non-
hazardous production of nanomaterials. Greener nanoparticles,
including cobalt, copper, silver, gold, palladium, platinum, zinc
oxide, and magnetite, are successfully synthesized from plants
[15]. Over the last decade, a diverse range of biological systems
has been synthesized inorganic metal ions into reductively active
proteins and metabolites, including human cells, bacteria [16],
fungi [17], and plants and algae [18]. Its ability enables it to convert
metal into nanoparticles. The unique optical [19] and chemical
properties of metallic nanoparticles have drawn a lot of attention
to their fabrication using biological structures [20]. Extracts
from various plants and fruits are utilized in the synthesis of
nanoparticles through a nature-friendly green synthesis process.
In this study, we determined the characteristic properties of the
AgNP obtained from CSS fruit.

2.2 | UV-Vis Spectroscopy

UV-Vis absorbance spectroscopy (Figure 1a) was used for the
first step of characterization. UV-Vis spectroscopy is a widely
used analytical technique for verifying the formation of metal
nanoparticles and analyzing their optical properties. It is espe-
cially crucial for characterizing silver nanoparticles (AgNPs) due
to the detection of the surface plasmon resonance (SPR) band.
For UV-Vis analysis in this study, an Agilent Cary 60 UV-Vis
device was used [21]. The peak observed at around 228 nm is
associated with the 7—7* characteristic transitions of phenolic
compounds, flavonoids, and other organic molecules found in
plant extracts. Similarly, the peak around 276 nm reflects n—»7*
transitions of phenolic compounds, indicating the presence of
aromatic structures in the extract. Conversely, the broad band
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appearing around 406 nm is the typical SPR peak of AgNPs. The
SPR peak for AgNPs is generally reported to occur within the 380-
450 nm range. Therefore, the peak at 406 nm suggests that the
particles are likely to be spherical or semi-spherical [22, 23].

2.3 | FT-IR Spectroscopy

One of the simplest and most popular characterization methods
for identifying the functional groups on the surface of biosynthet-
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Characteristic properties of CSS AgNPs: (a) UV-Vis, (b) FT-IR, (c) TEM, (d) TEM histogram, (e) FE-SEM, and (f) XRD image.

ically produced AgNPs and revealing the chemical interactions
between the plant extract and the nanoparticles is FT-IR spec-
troscopy [24]. An Agilent Cary 630 FT-IR device was used in these
analyses. Significant peak shifts and intensity changes between
the FT-IR spectra of the plant extract and AgNPs show that
the extract compounds actively contribute to the reduction of
silver ions and the stabilization of the formed nanoparticles. The
—OH and —NH stretching in phenolic chemicals and protein-
like structures is represented by the wide bands seen in the
extract between 3316 and 3140 cm™'. These functional groups
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may be involved in the reduction process, as indicated by the
weakening of these bands in the AgNP spectra. In addition,
the adsorption of aliphatic and nitrile/alkyne compounds to
the nanoparticle surface is supported by the changes seen in
the aliphatic C—H stretching between 2914-2840 cm™ and the
C=C/C=N bands at 2080 cm™'. Carbonyl-containing phenolic or
organic acid derivatives interact with Ag* ions and experience
structural changes, as seen by the shift of the carbonyl (C=0)
band, which was prominent at 1728 cm™ in the extract, to about
1600 cm™ in AgNPs. In addition, polysaccharides and phenolic
compounds function as stabilizers on the nanoparticle surface,
as demonstrated by the C—N/C—H bands in the 1393-1387 cm™!
region and the variations in the C—0O and C—O—C stretches in the
1168-1040 cm™ range [25-27]. Overall, these findings confirm the
successful biosynthesis of AgNPs by the functional groups in the
plant extract, which act as both reducing agents and stabilizers.

24 | TEM

A ZEISS GeminiSEM type scanning electron microscope was
used for STEM studies. The physical and chemical properties of
nanoparticles vary depending on their size and shape. As a result,
consistent nanoparticle creation techniques are employed. A
good analytical tool for seeing the size and form of nanoparticles
is a TEM apparatus. TEM pictures show that a variety of forms,
including square, rectangular, semi-spherical, and spherical, are
present. On the other hand, TEM images showed that most 25-
AgNPs were between 4 and 22 nm in size, with an average size of
13.48 + 4.40 nm (min-max, 4.632-21.578) [28] (Figure 1c,d).

2.5 | FE-SEM and FE-SEM-EDX

The FE-SEM device was used to study the morphology of AgNPs
(Figure 1e). The ZEISS GeminiSEM model device was used. A
small number of oval AgNPs are also seen; however, the majority
of the particles are spherical. In addition, additional examination
of the silver particles using energy dispersive spectroscopy veri-
fied the existence of the elemental silver signal’s existence. The
EDAX images of the artificial AgNPs are displayed in Figure S1
and Table S1 [15].

26 | XRD

XRD is used to characterize the nanoparticles manufactured
using this process. This technique confirms the silver content
of the particles and provides structural information about them.
A Malvern Panalytical Empyrean model x-ray diffractometer
(Malvern Panalytical, Malvern, UK) was used to conduct XRD
investigations. The analyses were conducted at a tube voltage
of 45 kV using Cu Ka radiation (A = 1.5406 A). The step size
was set at 4°, and measurements were taken in the 26 range of
0°-100°. The XRD analysis pattern of the AgNPs is displayed in
Figure 1f. Diffraction peaks were seen in the pattern at points
19.95°, 27.56°, 32.84°, 37.88°, 46.02°, 54.64°, 58.02°, 63.35°, 76.51°,
and 85.44°, in that order. AgNPs may be linked to these diffraction
peaks (32.84° and 46.81°) [29]. Nonetheless, the presence of
bioorganic molecules clustered around silver can explain the
weak diffraction peaks at these locations. Also, the average

crystalline size of the AgNPs was estimated using (Equation 1),
the Debye-Scherrer’s equation [30]:

D% = %0.91/Bcos6 (€8]

According to the Debye-Scherrer equation, the average crystal
size was determined as 0.213 nm.

2.7 | GC-MS/MS, LC-ESI-MS/MS, and NMR
Results

Fatty acid and volatile oil contents of hexane, methanol-
chloroform extract, and pyrolysis liquid of CSS fruit were
analyzed by GC-MS/MS (Figure S2 and Table 1). Accordingly,
in the hexane extract; Linoleic acid methyl ester (56.46%), oleic
acid methyl ester (25.86%), palmitic acid methyl ester (12.95%), in
methanol-chloroform extract; linoleic acid methyl ester (40.46%),
palmitic acid methyl ester (29.29%), oleic acid methyl ester
(11.84%), and pyrolysis liquid; The compounds palmitic acid
methyl ester (37.64%), linoleic acid methyl ester (29.18%), oleic
acid methyl ester (12.29%), were detected in the highest amount.
Thus, the main components were determined to be palmitic acid
methyl ester, linoleic acid methyl ester, and oleic acid methyl
ester.

Phenolic content analysis of the methanol-chloroform extract
of caper fruit and pyrolysis liquid was performed by LC-
ESI-MS/MS (Figure S3 and Table 2). Accordingly, in the
methanol-chloroform extract; hesperidin (7.534 mg/g extract),
rutin (2.830 mg/g extract), vanillic acid (0.420 mg/g extract), and
pyrolysis liquid; caffeine (0.216 mg/g extract), rutin (0.039 mg/g
extract), o-coumaric acid (0.017 mg/g extract) were determined in
the highest amount. In a similar study, a content analysis of CSS
methanol extract by HPLC identified and isolated glucoraphanin
and rutin as the major components [31]. According to the results,
CSS was found to be rich in rutin.

The 'H NMR of the extract shows the presence of olefinic protons
at § 431 (dd, J = 11.8, 4.3 Hz, 1H), 4.22-4.12 (m, 1H) ppm,
respectively. The rest of the spectrum signals characteristic of a
long chain fatty acid or ester bearing a long chain of about 23
internal CH,, 1 CH, 8 terminal or branched CH,, and 3 terminal
CH; as shown on the summary of spectra data (Figure 2).

'H NMR (400 MHz, CDCL,) & 5.37 (dt, J = 7.4, 3.6 Hz, 7H), 4.31
(dd, J = 11.8, 4.3 Hz, 1H), 4.22-4.12 (m, 1H), 3.68 (s, 1H), 2.79 (t,
J = 6.5 Hz, 2H), 2.41-2.28 (m, 5H), 2.05 (dd, J = 14.9, 7.1 Hz, 8H),
1.64 (d, J = 7.3 Hz, 4H), 1.29 (d, J = 18.8 Hz, 47H), 0.89 (dd, J = 7.0,
3.9 Hz, 9H).

The 'H NMR of the pyrolyzed sample is very similar to that of
the extract; we noticed the disappearance of the signals at § 4.34
and 4.16 ppm, indicating the absence of olefinic protons. The rest
of the spectrum is identical, but we noticed a reduction in the
number of CH,, group indicating the molecule lost some CH,
during the pyrolysis (from 48 H to 30 H), which may have resulted
from some kind of rearrangement during pyrolysis (Figure 2).
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TABLE 1 | The extract and the pyrolysis liquid of CSS content analysis by GC-MS/MS.

No. RT (min) Compound name Extract (H), % Extract (MC), % Pyrolysis, %
1 42.12 Myristic acid, methyl ester 0.19 0.96 0.83
2 46.91 Palmitoleic acid, methyl ester 0.04 0.81 —
3 47.44 Palmitic acid, methyl ester 12.95 29.29 37.64
4 49.18 Hexadecanoic acid, 15-methyl-, methyl 0.04 — —
ester
5 49.85 Heptadecanoic acid, methyl ester 0.02 — —
6 50.73 cis-10-Heptadecenoic acid 0.04 — —
7 51.45 Linoleic acid, methyl ester 56.46 40.46 29.18
8 51.59 Oleic acid, methyl ester 25.86 11.84 12.29
9 51.71 Oleic acid, methyl ester-isomer 1.83 7.31 6.94
10 52.15 Stearic acid, methyl ester 0.46 6.8 9.20
1 53.22 Undetermined 0.07
12 53.62 8,11-Octadecadienoic acid, methyl ester — — 1.34
13 56.06 Undetermined 0.07
14 56.21 Undetermined 0.21
15 57.00 11-Eicosenoic acid, methyl ester 0.85 — —
16 57.00 cis-11-Eicosenoic acid 0.83 0.09 —
17 57.92 Arachidic acid methyl ester — 111 1.05
18 65.25 Methyl 11-docosenoate 0.55 — —
19 66.18 Behenic acid, methyl ester 0.18 1.23 1.18
20 71.99 Lignoceric acid methyl ester — 0.09 0.15
21 74.22 Squalene — — 0.20

Abbreviations: H, hexane; MC, methanol-chloroform; RT, retention time.

TABLE 2 | The extract and the pyrolysis of CSS content analysis by LC-ESI-MS/MS.

No. RT (min) Compound Extract (mg/g extract) Pyrolysis (mg/g extract)
1 8.946 Chlorogenic acid 0.004 —
2 9.695 Caffeine — 0.216
3 11.370 Vanillic acid 0.420 —
4 10.058 Caffeic acid 0.015 —
5 10.431 Hydroxybenzaldehyde 0.048 0.002
6 10.856 Vanillin 0.013 0.009
7 12.078 Rutin 2.830 0.039
8 12.618 trans-Ferulic acid 0.028 —
9 11.484 o-Coumaric acid 0.015 0.017
10 11.517 Taxifolin 0.009 0.007
1 12.367 Salicylic acid 0.030 —
12 12.116 Isoquercitrin 0.124 0.040
13 12.078 Hesperidin 7.534 0.073
14 13.721 trans-Cinnamic acid 0.014 —
15 14.811 Chrysin 0.006 —
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FIGURE 2 | 'HNMR spectrum of the extract and pyrolysis of CSS.

'H NMR (400 MHz, CDCL,) 6 5.49-5.18 (m, 3H), 3.69 (s, 1H), 2.86-
2.67 (m, 2H), 2.39-2.23 (m, 4H), 2.04 (d, J = 5.6 Hz, 7H), 1.63 (d,
J=17.4Hz, 4H),1.29 (d, J = 18.4 Hz, 31H), 0.89 (t, J = 5.3 Hz, 9H).

2.8 | Antioxidant Activity and Total Phenolic
Content

The antioxidant activity tests were performed using new methods
presented in the literature. These tests were performed as the
DPPH’ scavenging test, the Folin—Ciocalteu reagent (FCR) total
phenol test, and the ferric reducing power assay (FRAP) test. This
method is based on a different principle than the UV spectrometer
used in literature. This method measures the potential difference.
In this way, it can be applied to all samples whose color is not
cloudy or turbid. The name of this method is the potentiometric
test of antioxidant activity. In this method, three different elec-
trodes have been developed and used for three different tests.
DPPH-SPMB for the DPPH' test. The preparation of the electrode
was reported in our previous study [32]. More details about the
FCR total phenol biosensor FCR-SPMB and FRAP-TEA are given
in another publication [33].

If we analyze the results, we see that the best result for the DPPH’
scavenger was obtained for the pyrolysis sample (93.33%). We also
see that the pyrolysis sample is more active than the 12.5 ppm
(60.33%) and 25 ppm (85.23%) Trolox standards we used. When we

compare the methanol-chloroform extract of capers (71.67%) with
the standards, we see that it has moderate free radical scavenging
activity.

In the FRAP, we see that the pyrolysis sample (8.01 umol Trolox/g
extract) is four times more active than the methanol-chloroform
extract (2.22 pmol Trolox/g extract) and the 12.5 ppm (1.81 pmol
Trolox/g extract). At 25 ppm (2.82 umol Trolox/g extract) it was
more than twice as active as the Trolox standard.

When examining the total phenolic content of FCR, we observe
conflicting results in the FRAP and DPPH' tests. The methanol-
chloroform extract (222.368 g gallic acid (GA)/extract) was more
active than the pyrolysis sample (160.25 g GA/extract). The
higher total phenolic content in the extract than in the pyrolysis
test supports the LC-MS/MS results. A total of 14 different
compounds were identified in the LC-MS/MS analysis of the
extract, while only eight were identified in the pyrolysis test.
As can be understood from these results, it can be assumed
that phenolic compounds may have transformed into other
components during the pyrolysis process, and this was confirmed
by the NMR results. In the FCR method, results were determined
using GA, while in the other two antioxidant activity methods,
results were determined using Trolox. Therefore, considering the
structures of both compounds, it is thought that the components
affecting the results in the extract and pyrolysis are similar to
those of these two compounds or that the compounds converted
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TABLE 3 | The antioxidant activities from the extract and the pyrolysis of CSS.

FRAP (umol Trolox/g

Samples/standards DPPH, % extract) FCR (g GA/g extract)
Extract 71.67 + 0.035° 2.22 + 0.333% 222.36 + 0.015°
Pyrolysis 93.33 + 0.039* 8.01 + 0.435% 160.25 + 0.018°

100 ppm Trolox 99.44 + 0.020? — —

50 ppm Trolox 96.67 + 0.019* — —

25 ppm Trolox 85.25 + 0.023° 2.82 +0.483° 400.23 + 0.025°
12.5 ppm Trolox 60.67 + 0.025¢ 1.80 + 0.735¢ 222.23 + 0.045°

Note: n =3, p < 0.05. Expressions such as a, b, ¢ express statistical significance (one-way ANOVA Tukey HSD test).

TABLE 4 | The enzyme inhibition from the extract and the pyrolysis of CSS.

XO inhibition a-Glucosidase inhibition a-Amylase inhibition
Samples/standards (ICsy, pg/mL) (ICsy, pg/mL) (ICsy, pg/mL)
Extract 3.92 + 0.06 10.27 + 1.51° 4.50 +2.20
Pyrolysis — 4.72 +0.10° 2.00 + 0.25*
Allopurinol 19.95 + 1.41° — —
Acarbose — 75.98 + 1.69° 17.87 + 0.25°

Note: n =3, p < 0.05. Expressions such as a, b, ¢ express statistical significance (one-way ANOVA Tukey HSD test).

to these compounds influence activity. In other words, we see
that the pyrolysis process activates the compounds in the DPPH’
scavenging test and the FRAP reduction test, while reducing the
total phenolic content (Table 3).

Antioxidant studies indicate that the pyrolysis liquid exhibits
higher activity than the extract. We assume this is due to the
higher amounts of caffeine and palmitic acid in the pyrolysis
compared to other compounds in the pyrolysis and in the extract.
Therefore, the isolation and use of valuable compounds in the
pyrolysis technique can be widely used as antioxidants.

2.9 | Enzyme Inhibitions

Xanthine oxidase (XO) is an enzyme that plays a crucial role
in the conversion of hypoxanthine to xanthine during the urea
cycle. If excessive xanthine accumulation occurs in the body, it
can lead to various diseases, particularly gout. Therefore, this
enzyme must be inhibited to prevent xanthine accumulation.
For this reason, many drugs currently available on the market
are used to inhibit this enzyme. However, many side effects are
observed in these drugs. For this reason, research on the use
of drugs obtained from natural products is increasing day by
day. In our study, we investigated whether caper can be a XO
inhibitor [34]. As can be seen from the results in Table 4, while
no inhibitory effect of pyrolysis was observed, an inhibitory effect
was observed in the methanol:chloroform extract. In fact, this
effect (3.92 + 0.06 ug/mL for extract) was higher than the drug
(19.95 + 1.41 pg/mL for allopurinol).

A major global public health concern, diabetes mellitus (DM)
is a chronic metabolic disease that contributes significantly

to morbidity and death worldwide. DM and its related com-
plications have a significant impact on human quality of life
and have emerged as a significant public health issue. With-
out altering insulin resistance, current antidiabetic medications
either enhance insulin production or change the way glucose
is absorbed and excreted [35]. The primary pancreatic digestive
enzyme is amylase, which is reliant on calcium. Maltodextrins,
glycogen, amylose, and amylopectin are among the carbohy-
drates that have 1,4-glycosidic linkages that it cleaves. This
enzyme mostly breaks down starch in humans. The intestinal
epithelium secretes mammalian a-glucosidase, which is the
main catalyst for breaking down polysaccharides into absorbable
monosaccharides. These brush boundary a-glucosidase enzymes
include lactase, sucrase-isomaltase, and maltase-glucoamylase
[36]. Remarkably, blocking a-glucosidases has emerged as a key
tactic in the management of DM. By converting 1,4-alpha links
to glucose, the digestive enzyme a-glucosidase, also known as
maltase, catalyzes the breakdown of carbohydrates [37]. As can
be seen in Table 4, pyrolysis was shown to inhibit a-amylase
and a-glucosidase more than extract and acarbose. The high
antidiabetic effect of the pyrolysis liquid may be due to its caffeine
and palmitic acid content. Conversely, the extract contains no
caffeine, instead containing high amounts of hesperidin. It also
contains high amounts of linoleic acid instead of palmitic acid.

2.10 | Antibacterial Activity

As various medically and economically important organisms
develop resistance to existing pesticides and antimicrobials, new
products with biocidal potential have been sought to combat
these organisms. AgNPs have shown significant antibacterial
activity against a variety of Gram-positive and Gram-negative
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FIGURE 3 | Possible AgNP-hesperidin mechanism.

bacteria [38]. However, the exact process by which they exhibit
bactericidal or growth-inhibitory properties is still unclear
[39].

The literature currently describes three different ways in which
AgNPs achieve their antibacterial activity [40], which can be
influenced by their stability and aggregation state [41]. Beyond
their direct antibacterial effects, AgNPs are also widely employed
in biosensing platforms for bacterial detection due to their unique
optical properties and surface functionalization capabilities [42].
The first assumption is that AgNPs act at the membrane level
because they can pass through the outer membrane, accumulate
in the inner membrane, and adhere to cells, which can lead to
damage and instability, increase membrane permeability, cause
leakage of cell contents, and ultimately lead to cell death [43].
According to the second mechanism, AgNPs can enter the cell
and interact with phosphorus or sulfur groups located in intracel-
lular materials such as DNA and proteins to alter their structure
and function. They can also break through the cell membrane and
alter its permeability and structure. They can also interact with
the thiol groups in enzymes, generate free radicals and reactive
oxygen species (ROS), alter the respiratory chain of the inner
membrane, damage the intracellular machinery, and induce the
apoptotic process. The release of silver ions from nanoparticles,
which, due to their size and charge, can interact with cellular
components and alter metabolic pathways, membranes, and even
genetic material, is the third proposed mechanism, concurrent
with the other two [44]. In the LC-ESI-MS/MS analysis of the
extract from the nanoparticles, hesperidin was determined to be
the main component. Considering the complex mechanism that
various metals form with hesperidin, the mechanism which Ag
and hesperidin can form in this study is shown in Figure 3.

The antibacterial properties of the caper plant extract, pyrolysis
liquid, and AgNP samples were determined using the disk
diffusion method (Figure 4). According to the results, it was
found that the extract of the caper plant showed no antibacterial
activity against Escherichia coli, Pseudomonas aeruginosa, and
Klebsiella pneumoniae strains at all concentrations. However,
a 9 mm zone was detected against Staphylococcus aureus at
a concentration of 40 mg/mL. It was found that AgNPs with
green synthesis showed antibacterial activity against E. coli,
K. pneumoniae, P. aeruginosa, and S. aureus strains. While S.
aureus, E. coli, P. aeruginosa, and K. pneumoniae each showed
activity at the highest dose of 80 mg/mL, a decrease in zone
diameter was observed as the concentration decreased. At the
highest concentration (80 mg/mL), the zone diameter was 16 mm
against the largest S. aureus, while at the lowest concentration
(10 mg/mL), a zone diameter of 9 mm was observed against P.
aeruginosa. The antibacterial activity of the caper pyrolysis liquid
was also tested. Although the results varied, the highest zone
diameter was observed at a concentration of 80 mg/mL against
P. aeruginosa, while the lowest zone diameter was observed
at concentrations of 20 and 10 mg/mL against S. aureus. The
zone diameter of the antibiotic disks used, gentamicin (10 pg),
was 18 mm for E. coli, 18 mm for P. aeruginosa, 18 mm for K.
pneumoniae, and 23 mm for S. aureus; amoxicillin (25 pg) has a
zone diameter of 20 mm for E. coli, 26 mm for P. aeruginosa, and
24 mm for S. aureus. Tetracycline (30 pg) was found to have zone
diameters of 23 mm for E. coli, 27 mm for P. aeruginosa, 12 mm for
K. pneumoniae, and 17 mm for S. aureus. The dimensions (mm)
of the zones of inhibition of the disks with caper extract, pyrolysis
liquid, and AgNPs from green synthesis, as well as antibiotics,
against the test microorganisms at different concentrations, are
shown in Table 5.
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FIGURE 4 | The inhibition zones for antibacterial activity of the AgNPs, the pyrolysis, and the extract of CSS.

TABLE 5 | The antibacterial activity result of the extract, the AgNPs and the pyrolysis from CSS (mm).

Escherichia Klebsiella Pseudomonas Staphylococcus
Samples/antibiotic€oncentration coli pneumoniae aeruginosa aureus
Extract 10 mg/mL — — — —
20 mg/mL — — — —
40 mg/mL — — — 9
80 mg/mL — — — —
AgNPs 10 mg/mL 1 10 9 13
20 mg/mL 11 12 11 14
40 mg/mL 13 13 14 14
80 mg/mL 14 13 14 16
Pyrolysis 10 mg/mL 8 8 7 7
20 mg/mL 8 — 8 7
40 mg/mL 8 8 9
80 mg/mL 9 8 1 9
Antibiotic CN 18 18 18 23
AX 20 — 26 24
TE 23 12 27 17
Abbreviations: AX, amoxicillin (25 pg); TE, tetracycline (30 ug); CN, gentamicin (10 pg).
Chemistry & Biodiversity, 2026 90f18



In pyrolysis, the compounds found can be associated with active
compounds such as phenols, alcohols, acids, aldehydes, alkanes,
benzenes, furans, and naphthalene. For example, phenolic com-
pounds found in plants have been linked to the antibacterial
activity of plant extracts, which disrupts selective permeability
and enzyme inactivation through their interaction with cell
walls and membranes [45]. Quinones have been linked to cell
wall disruption, enzyme inactivation, and may also render sub-
strates unavailable to microorganisms [46]. This information
provides insight into how the composition of pyrolysis can exert
antibacterial activity.

Our study showed that the caper extract was only effective against
the S. aureus strain, but exhibited no activity against the E.
coli, P. aeruginosa, and K. pneumoniae strains. The antibacterial
activity of AgNP and pyrolysis liquid varied depending on the
microorganisms tested, such as S. aureus, E. coli, P. aeruginosa,
and K. pneumoniae, but proved to be effective against all of
them. AgNP, it was found that the zone diameters of all strains
used were close to each other, and the highest activity belonged
to the S. aureus strain. The highest activity in the pyrolysis
liquid was observed against P. aeruginosa bacteria. Benakashani
et al. tested the antibacterial activity using the disk diffusion
method using nanoparticles (AgNPs) with the aqueous extract
of C. spinosa leaves [47]. As a result of the study, it was found
that the extract of the caper plant showed no activity against the
strains E. coli, S. typhimurium, S. aureus, and B. cereus, while the
AgNPs from green synthesis showed activity against all strains.
Javadian et al. tested the plant extract of C. spinosa and AgNPs
with green synthesis against the microorganisms S. pyogenes, S.
pneumoniae, S. saprophyticus, H. alvei, Ac. baumannii, E. faecalis,
P. mirabilis, S. marcescens, and S. aureus, and showed activity [48].
Salmen et al. found that the AgNPs of the plant C. spinosa had
antibacterial activity against S. aureus, S. epidermidis, MRSA and
E. coli strains, with a zone diameter of 7-13 mm [49]. Therefore,
the results we obtained are consistent with studies in literature.

It is known that silver has an antibacterial effect even at low
concentrations [50]. However, the pyrolysis liquid contains phe-
nolic compounds, fatty acids, and acetic acid as well as organic
oils. Studies have shown that the antimicrobial properties of bio-
oils are due to these rich compounds [8]. Therefore, the high
antibacterial properties of the pyrolysis liquid in our study are due
to its high content.

2.11 | In Silico Studies

Appropriate experimental techniques or computational methods
are widely used in drug design. While some drug developers
prefer alternative experimental solutions, others use computer-
ized methods that are cost-effective and informative. Molecular
modeling methods can be used not only to support experimental
studies, but also to predict the results obtained in a simulation
environment. Docking is a method to study the binding of
two molecules in their stable conformations. Molecular docking
shows how molecules interact with enzymes. To create a lattice
box in molecular docking, the active site must be determined
[51]. Which pose of the molecule and the enzyme is used
most effectively is determined by the MolDock score. Molecular
dynamics (MD) simulations are a method for improving molecu-

lar docking procedures. The MD, from fast internal movements to
slow conformational changes, the dynamic behavior of proteins
at different time periods can be observed in protein folding
processes. In the biomolecular system, it can determine the effect
of molecules on protein structure and stability to determine var-
ious thermodynamic parameters, such as density, conductivity,
dipolar moment, interaction energies, and entropies [52].

2.12 | Molecular Docking Results

The molecular interaction profiles were interpreted in relation
to the observed biological activities by evaluating the docking
results in terms of hydrogen bonding, hydrophobic contacts,
and electrostatic interactions for each enzyme. These interaction
patterns, particularly the strong binding affinity of caffeine
toward catalase, provide mechanistic support for the experi-
mentally observed antioxidant and enzyme inhibitory effects,
as follows. It was observed that caffeine formed five hydro-
gen bonds and eight hydrophobic interactions with glutathione
reductase; eight hydrogen bonds and six hydrophobic interactions
with glutathione oxidase; four hydrogen bonds, two electrostatic
interactions, and eight hydrophobic interactions with catalase;
nine hydrogen bonds, other interaction, and eight hydrophobic
interactions with SOD; one hydrogen bond and four hydrophobic
interactions in its interaction with the DD-peptidase. The hydro-
gen bonds are the carbon-hydrogen bonds (TRP6, SER279, ASP96,
PRO92) for glutathione reductase; the conventional (SER321)
and carbon-hydrogen bonds (SER321, GLN307, ARG297, ASN320,
GLU294) for glutathione oxidase; the conventional (HIS175)
and carbon-hydrogen bonds (ASN403, ASN324, PRO172) for
catalase; the conventional (VAL148) and carbon-hydrogen bonds
(GLY147, VALI148, VAL7, CYS146) for SOD; the conventional
hydrogen bond (ASN161) for DD-peptidase. Pi-sigma (SER279),
alkyl (VAL278, ILE283, PRO92) and pi-alkyl (PHE95, PRO92,
VAL278) interactions are seen in hydrophobic interactions for
glutathione reductase; alkyl (ILE298, ARG296) and pi-alkyl
(ARG296, ILE298) interactions are seen in hydrophobic inter-
actions for glutathione oxidase; pi-sigma (HIS166), pi-pi T-
shaped (HIS166), alkyl (ARG170, ARG388, PRO172) and pi-alkyl
(HIS175, PRO172, ARG388) interactions are seen in hydrophobic
interactions and electrostatic interactions (ASP389) for catalase;
alkyl (VALI148, VAL7) and pi-alkyl (VAL148, VAL7) interactions
are seen in hydrophobic interactions and pi-sulfur interaction
(CYS56) for SOD; pi-pi T-shaped (TRP233) and pi-alkyl (PHEI20,
TRP233) interactions are seen in hydrophobic interactions for
DD-peptidase. While these interactions are visually shown in
Figure 5, bond distances, categories, and the amino acids with
which they interact are presented in Tables S2-S6. The binding
energy of caffeine with glutathione reductase, glutathione oxi-
dase, catalase, SOD, and DD-peptidase was determined to be —4.7,
—6.3, —6.9, —4.7, and —4.8, respectively. According to the docking
results, the caffeine compound was found to be an inhibitor of the
enzyme catalase.

Catalase is an enzyme that is needed to neutralize harmful
hydrogen peroxide. Catalase is involved in the second stage of
defense against ROS [53]. The catalase reaction takes place in two
steps. Under certain conditions, catalase can act as a peroxidase,
that is, it uses H,0, to oxidize secondary two-electron and one-
electron donors. In the latter case, the catalase is reduced to
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compound X, an oxyferryl derivative without a radical site. To
complete the catalytic cycle, this other structure must be reduced
to iron-containing catalase. However, most one-electron donor
molecules of catalase do not react with compound X, that is,
they do not restore the native enzyme. Compound x does not
participate in the catalytic cycle with hydrogen peroxide, and its
accumulation can therefore lead to inhibition of catalase activity
[54].

Caffeine, which is found in plants, is the most suitable psy-
chostimulant for enhancing motor activation, altering mood,
facilitating information processing, and improving cognitive and
motor performance. Studies have shown that caffeine and its
metabolites have an antioxidant effect [55]. Several studies sug-
gest that long-term caffeine intake may increase the activity of
antioxidant enzymes in the liver and heart, thereby reducing the
risk of developing neurodegenerative diseases [56]. In some cases,
chronic ingestion of caffeine can lead to increased activity of
antioxidant enzymes, which indicates a possible neuroprotective
role. As the biochemical mechanism underlying caffeine’s effects
is believed to involve the blockade of adenosine receptors, the
altered activities of antioxidant enzymes suggest that caffeine
affects receptor function [57]. In this study, in silico studies
confirm that caffeine can inhibit antioxidant enzymes. These
findings highlight how the formation of smaller and more reac-
tive molecules through pyrolysis such as caffeine and palmitic
acid derivatives, enhances the antioxidant and antibacterial
performance of the products, thereby reinforcing the mechanistic
link between molecular interactions and the observed biological
outcomes.

3 | Conclusions

In our study, we determined the chemical profile and charac-
teristic properties of the methanol-chloroform extract, pyrolysis
product, and AgNPs obtained from CSS fruit. The phytochemical
contents of the extract and pyrolysis product were analyzed
using spectrophotometric methods such as LC-ESI-MS/MS,
GC-MS/MS, and NMR. At the same time, the characteristic
properties of AgNPs were assessed using spectrophotometric
techniques like TEM, XRD, FE-SEM, FE-SEM-EDX, FT-IR,
and UV-Vis. The antioxidant (DPPH" and FRAP) and phenolic
contents (FCR) of the obtained extract and pyrolysis product
were investigated through the innovative use of a potentiometric
biosensor method. Interestingly, the pyrolysis product was found
to be more effective than the extract in terms of antioxidant
activity. It was also observed that pyrolysis exhibited a higher
inhibitory effect against diabetic enzymes (a-amylase and a-
glucosidase). In addition, the antibacterial activities of extracts,
pyrolysis, and AgNP samples against Gram-negative and Gram-
positive bacteria were examined, revealing that both AgNPs and
pyrolysis exhibited strong antibacterial activity. This suggests
that pyrolysis converts complex organic substances into simpler
molecules through thermal decomposition in an oxygen-free
environment, thereby enhancing their activity. NMR analysis
of the pyrolysis liquid indicates that the absence of a double
bond likely results from biological activities (antioxidant and
antibacterial), facilitating the molecule’s rapid penetration into
bacterial cell walls.

Furthermore, this lighter molecule may enhance activity by
aiding the entry of other molecules into the bacterial cell wall.
Molecular docking studies exploring the interactions between
caffeine, the main component of the pyrolysis product, and
antioxidant enzymes (glutathione reductase, glutathione oxidase,
catalase, SOD) and an antibacterial enzyme (DD- peptidase)
showed that caffeine exhibits high binding energies of —4.7, —6.3,
—6.9, —4.7, and —4.8 kcal/mol with SOD, catalase, glutathione
reductase, glutathione oxidase, and DD-peptidase, respectively.
Thus, the large amounts of waste generated daily in agricul-
ture, industry, and forestry present significant environmental
challenges and cannot be easily converted into value-added
products. By employing environmentally friendly pyrolysis, bio-
oils can be obtained from plant materials that are otherwise
not suitable for thermal processing, thereby increasing their use
as antioxidants, antibiotics, antifungals, and insecticides. This
potential will likely expand the application of pyrolysis products
in the food, cosmetics, and industrial sectors, with future studies
shedding further light on these prospects.

The chemical profile and characteristic properties of the
methanol-chloroform extract, the pyrolysis product, and the
AgNPs obtained from CSS fruit were determined. For a more
comprehensive understanding of the bioactive composition of
CSS, it is also recommended that a comparative analysis of the
volatile compounds that could be obtained through supercritical
CO, extraction be included. This advanced extraction technique
is well known for its ability to isolate thermolabile and low
molecular weight volatile constituents without degradation.
Comparing these supercritical CO,-derived volatiles with those
present in the solvent extract and pyrolysis product would
be expected to provide deeper insight into how extraction
conditions influence the chemical composition and potential
biological activity of the resulting fractions.

4 | Experimental Section

4.1 | Plant Materials

CSS fruit was collected on August 22, 2023 in Igdir University
Agricultural Research Center, Aralik district of Igdir Province in
Tiirkiye. The species identification was made by Prof. Dr. Ahmet
Zafer Tel and stored in the herbarium (INWMO00000248) of Igdir
University.

4.2 | Extraction Methods

Extraction for phytochemical analysis and biological activity: The
caper fruit samples were taken to the laboratory, where they were
crushed and dried. Having been thoroughly dried in a cool, airy
environment, the samples were ground into a powder using a
grinder. A 50 g sample was transferred to a 750 mL Erlenmeyer
flask. Extraction was first carried out with hexane over the
course of a week to obtain volatile oils and fatty acids, and this
process was repeated three times. Then, extraction was carried
out using a 1:1 methanol-chloroform solvent mixture under the
same conditions. The solvent mixture was evaporated using a
rotary evaporator. The samples were stored at +4°C for further
analysis.
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4.3 | Synthesis of AgNPs

The methanol-chloroform (1:1) extract from CSS fruits was used
to biosynthesize AgNPs. First, the fruits were thoroughly washed
in cold water, dried in an oven at 30°C, and then crushed using
a mechanical shredder. A 20 g extract of dry fruits was extracted
with 150 mL of water for 15 min [58]. The aqueous extract was
then filtered through Whatman No. 1 filter paper. About 80 mL
of the extract was transferred to an Erlenmeyer flask and stirred
at room temperature using a magnetic stirrer set at 600 rpm. A
10 mM AgNO; solution was added to the extract, and the mixture
was stirred to facilitate the formation of AgNPs. A color change
in the solution indicated the formation after approximately 12 h.
Subsequently, the AgNP-containing solution was centrifuged at
10 000 rpm for 20 min. The precipitates obtained after centrifu-
gation were washed twice with ethyl alcohol and deionized water
to remove impurities. They were then dried in a low-temperature
oven for further characterization and analysis.

4.4 | Pyrolysis Application

The pyrolysis process of the ground caper sample was carried out
with a fixed-bed pyrolysis device (reactor) in an inert nitrogen
atmosphere. In the pyrolysis study, a 100 g solid sample was
placed in the feed reactor pool. It was then exposed to the nitrogen
gas at 300°C for about 2 h in an inert environment at a heating rate
of 10°C/min. Then the liquid sample in the collection container
was filled into airtight bottles (Figure 1) [59].

4.5 | Characterization of AgNPs

Synthesized AgNPs were characterized by TEM, XRD, FE-SEM,
FE-SEM-EDX, and UV-Vis spectrophotometry (Agilent Cary
60). In green synthesis research, UV-Vis spectroscopy is gen-
erally the preferred analytical method for identifying organic
molecules, ions, or more complex structures, with wavelength
ranges spanning the ultraviolet and visible light spectrum. It
was used to examine the absorption spectrum of AgNPs in the
400-800 nm wavelength range. FT-IR spectroscopy (Agilent Cary
630) is the preferred characterization method for identifying
functional groups in molecular structures. This method was used
to reveal changes in the formation of AgNPs nanoparticles, such
as the disappearance of the strong vibrational bands at 1610
and 1390 cm™!, the broad vibrational band at 3384 cm™, and
the vibrational band at 1375 cm™ due to the closing effect of
the (C—0) group. FE-SEM (ZEISS GeminiSEM) was used to
analyze the morphological changes (oval or spherical) on the
surface, the energy distribution, and the presence of elemental
silver. TEM analysis was performed to determine the size and
shape of the nanoparticles (square, rectangular, hemispherical,
and spherical). XRD was used to characterize the produced
nanoparticles. This technique confirms the silver content of the
particles and provides information about their structure [60, 61].

4.6 | Phenolic Content Analysis by
LC-ESI-MS/MS

The content analysis of the extract and the pyrolysis sample
was performed with the Agilent 1260 Infinity II LC-ESI-MS/MS

instrument. An Agilent Poroshelll20 EC-C18 reversed-phase
analytical column (100 mm X 3.0 mm, 2.7 yum) was used for
chromatographic separation. Instrument conditions: the mobile
phase consisted of a mixture of formic acid (0.1%) and ammonium
formate (5.0 mM) in water (Phase A) and a mixture of formic
acid (0.1%) and ammonium formate (5.0 mM) in methanol (Phase
B). The gradient program was set as follows: 20% B for 1-5 min,
55% B for 6-15 min, 85% B for 16-25 min, and 5% B for 25-
30 min. The injection volume was 5.12 yL, with a flow rate of
0.40 mL/min. The capillary voltage was set to 4000 V, and the
column temperature was set to 40°C. For the analysis, the plant
extract and the pyrolysis sample (50 mg each) were dissolved in
methanol (1.0 mL) in an Eppendorf tube. Then hexane was added,
after which the mixture was centrifuged at 10 000 rpm for five
minutes. The methanol phase (100 uL) was diluted by the addition
of water (450 uL) and an equal volume of methanol (450 uL). After
filtration using a 0.22 pm filter, the solution was injected into the
device. Thirty-nine standard compounds (Figure S4) were used in
the analysis [62, 63].

4.7 | Fatty Acid Content Analysis by GC-MS/MS
The fatty acid content of caper extract and pyrolysis liquid was
analyzed by Agilent 7000 A GC/MS Triple Quad GC-MS/MS.
Analyses were performed using an Agilent HP-5 (5%-phenyl)-
methylpolysiloxane column (30 m X 0.25 mm X 0.25 um). The
initial temperature was set at 50°C and held for 2 min. It was then
increased to 140°C at a rate of 3°C/min, followed by an increase
to 220°C at a rate of 4°C/min for 10 min. The temperature was
then held at 4°C/min until reaching 270°C. The sample was then
held at 270°C for a further 30 min. The ion temperature of the
MS detector was set to 280°C. After filtering the sample using a
0.22 um disposable syringe filter, it was run with a flow rate of
1 mL/min of He gas and an injection volume of 1 pL at a ratio of
1:10. A 30 mg sample was dissolved in 2 mL of methanol, to which
2 mL of n-hexane was then added. One milliliter of 1 M KOH
solution was then added, after which the mixture was vortexed at
2500 rpm for 30 s. The upper phase (the n-hexane phase), which
contained the fatty acid methyl esters, was removed and filtered
through a 0.22 ym PVDF filter before being injected [64].

4.8 | NMR Spectroscopy
Caper extract and pyrolysis product were dissolved in CDCl,. Its
structure was determined by Bruker- 400 MHz 'H NMR.

4.9 | FCR (Total Phenolic) Test

The total amount of caper extract and pyrolysis product was
determined by FCR-SPMB. In this study, the antioxidant capacity
of the samples was evaluated by measuring the total amount
of phenolic compounds. This method is based on measuring
the amount of FCR, which remains unchanged despite the
presence of antioxidants. For spectrometer measurements, the
test results are given as GA equivalent (mg/g extract). In our
study, we evaluated our results as the equivalent amount of GA.
For this purpose, a GA-FCR calibration diagram was constructed
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to determine the GA equivalent, which is the amount of FCR
reduced by the antioxidant species in the environment [65].

4.10 | DPPH’ Scavenging Activity Test

In this study, DPPH' scavenging activity was evaluated by mea-
suring DPPH’ that was not quenched in the environment by the
interaction of antioxidant species. Ten milliliters of the plant
extract was taken, and 10 mL of a 100 ug/mL DPPH solution was
added. It was waited for 30 min until the interaction reaction
of the antioxidant species in the plant content with DPPH was
completed, and the potential values were measured by directly
immersing these samples in DPPH-SPMB. The following formula
was used. The results were expressed as percentages [65].

[(Ey — Eo) — (E; — Ey)]

%RSA = E, —E,

X 100

where E, is the potential value of the plant sample, E; is the
potential value of the DPPH" standard solution, and E, is the
potential value of the DPPH’ scavenging activity remaining in the
medium after 30 min of reaction.

4.11 | FRAP Iron(III) Reducing Activity Test

The activity of Fe(IIl) ions in a dissolved environment was
successfully measured using FRAP-selective PVC membrane
biosensors (FRAP-SPMB) (Figure 6). In our study, iron(IIT) reduc-
tion activity was evaluated by measuring the amount of Fe(III) ion
that remained unreduced in the environment as a result of the
reduction of Fe(III) to Fe(Il) by antioxidant species. The results
of Fe(IIT) reduction activity in spectrometer measurements are
expressed as trolox equivalent (mg/g extract). Therefore, in our
study, we reported our results as Trolox equivalent. For this
purpose, a calibration curve for Fe(III)-equivalent Trolox was

WORKING
ELECTRODES .

REFERENCE
ELECTRODES

ANTIOXIDANTS
OXIDANTS

DPPH Sclution
FCR Solution
FRAP Solution

("\LLIC < = _
ACIDEg;p o
GALLIC

ACIDEy

Schematic of the determination of antioxidant activity by potentiometric biosensor method.

created. Using this calibration curve, the Fe(IIT) reduction activity
of the plant extracts was determined potentiometrically [65].

4.12 | Enzyme Inhibitions

4.12.1 | XO Inhibition

Fifty microliters of sample or allopurinol solution, 100 uL of
0.041 mM xanthine, and 50 uL of freshly prepared 0.1 U/mL XO in
phosphate buffer (pH 7.5) were added to the 96-well microplate.
The mixture was incubated at 37°C for 5 min. The reaction was
then stopped by adding 100 uL of 1 M HCI. The absorbance was
measured using a 292 nm UV/VIS spectrophotometer [66]. ICs,
(ug/mL) values were calculated using the absorbance values.

4.12.2 | a-Amylase Inhibition

a-Amylase inhibition of samples was determined using the
iodine-potassium iodide (KI) method [67]. In a 96-well plate,
82 uL of samples or acarbose at different concentrations, 10 pL
of 1 U a-amylase (in 20 mM pH 6.9 potassium phosphate buffer)
were mixed homogeneously and kept at 37°C for 10 min. The
mixture was mixed homogeneously with 8 uL of 1% starch
solution and incubated at 37°C for 12 min. The mixture was
added to 50 puL of 10% HCI and 15 pL of iodine-KI (2.5 mM
iodine + 6.5 mM KI) and mixed homogeneously. The samples
were kept in boiling water for 10 min. The absorbance values of
each mixture were measured at 620 nm using a BIOTEK (Epoch2)
microplate reader, and the results were determined by calculating
the ICs, (ug/mL) values.

4123 | a-Glucosidase Inhibition

a-Glucosidase inhibition of samples was determined using the
PNPG (4-p-nitrophenyl a-D-glucopyranoside) method [68]. Ten
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microliters of different concentrations of samples or acarbose,
25 puL of 0.2 U a-glucosidase (in 20 mM pH 6.9 potassium
phosphate buffer) were mixed homogeneously in a 96-well plate.
The mixture was homogeneously mixed with 25 uL of 0.5 mM
PNPG and 20 pL of 20 mM pH 6.9 potassium phosphate buffer.
The samples were kept at 37°C for 12 min. The mixture was mixed
homogeneously in 100 uL of 0.2 M Na,CO;. The absorbance
values of each mixture were measured at 410 nm using a BIOTEK
(Epoch2) microplate reader and the results were determined by
calculating the ICs, (ug/mL) values.

4124 |
Method

Antimicrobial Assay by the Disc Diffusion

The disc diffusion method was used to determine the antibacterial
activities of caper, nanoparticle, pyrolysis, and extract samples
[69]. In the antimicrobial activity studies, the concentrations of
bacteria were adjusted to 108 CFU/mL 0.5 McFarland. Three
gram-negative (E. coli, K. pneumoniae, and P. aeruginosa) and one
gram-positive (S. aureus) bacterial strain were selected for the
study. The antibiotics used were gentamicin (10 pg), amoxicillin
(25 pg), and tetracycline (30 pg). For the test strains, 6 mm
blank discs (BIOANALYSE Blank Disc in Cartridge ASD10011)
were used. The strain concentrations were set at 80, 40, 20, and
10 mg/mL. After the bacteria were applied to the media using the
spreading technique, the discs impregnated with the extract were
placed in Petri dishes. They were incubated at 37°C for 16-24 h.
At the end of the incubation, the zones formed around the discs
were measured in mm.

4.13 | Molecular Docking Studies

In the molecular docking studies, the molecular structure of
caffeine was first drawn in ChemDraw, and the minimum energy
was calculated using Chem3D program. The molecular structure
was saved in mol2 format. The enzymes that used the 3D protein
crystal structure of our tests, such as glutathione reductase [PDB
ID: 1AXN], glutathione oxidase [PDB ID: 1GPI], catalase [PDB
ID: 1QQW], superoxide dismutase [PDB ID: 2C9V], and DD-
peptidase [PDB ID: 3PTE] were selected from the RSCB Protein
Data Bank (PDB). The program MVD (Molegro Virtual Docker)
was used to determine the interaction of the molecule with the
active site of the enzyme. All data were integrated to observe the
2D and 3D interaction of the molecules with the active site of the
enzyme using the Discovery Studio program [70, 71].

4.14 | Statistical Analysis

Triplicate in vitro antioxidant activities and standard deviation
values were calculated. The IBM SPSS 20.0 program was used.
One-way ANOVA, Tukey HSD, and multiple comparison tests
were applied to all data obtained. The statistical significance level
of the data was expressed as p < 0.05.
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