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Abstract

This study explores the antioxidant potential of deep eutectic solvent (DES) extracts from Catharanthus roseus, also known as Madagascar
periwinkle. DESs, noted for their biodegradability, low toxicity, and cost-effectiveness, offer a promising green alternative for bioactive compound
extraction. Evaluating the antioxidant activity of C. roseus leaves using DESs advances natural product chemistry by highlighting their efficiency.
Antioxidant activity was measured with DPPH and hydroxyl radical scavenging assays, showing that DES extracts exhibited significant antioxidant
effects. Among the solvents tested, methanol showed the highest antioxidant activity, with ChCl Acid DES closely following. These results
underscore the effectiveness of DESs in extracting potent natural antioxidants from C. roseus, presenting a sustainable method for developing
therapeutic agents against oxidative stress-related diseases. This study highlights DESs' potential in improving extraction efficiency and promoting
green chemistry practices in natural product extraction.

1. Introduction

In recent years, the principles of green and sustainable chemistry have emphasized the need to replace hazardous solvents with environmentally
friendly alternatives across all scientific fields. One such alternative is deep eutectic solvents (DESs), a class of sustainable solvents that have
garnered significant attention for their versatility and eco-friendliness. DESs are defined as binary or ternary systems comprising a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD), which interact to form a eutectic mixture with a melting point significantly lower than that of
their individual components. Common HBAs include quaternary ammonium and phosphonium halide salts, while typical HBDs encompass amides,
alcohols, carbohydrates, and organic acids.’® DESs are biodegradable, cost-effective, and simple to synthesize, making them a promising
alternative to conventional organic solvents. Their minimal toxicity and sustainability have led to their widespread adoption in various fields,
particularly in natural product extraction."? Traditional extraction methods for plant-based compounds often use hazardous organic solvents,
which pose environmental risks and yield low efficiency. In contrast, DESs offer a greener alternative, efficiently extracting compounds like
flavonoids and phenolic acids with less environmental impact. The potential of DESs in enhancing the extraction efficiency of bioactive compounds
is a reason for optimism in the field of natural product chemistry and green chemistry.>~10

Catharanthus roseus (Vinca rosea), known for its anticancer properties, contains alkaloids such as vincristine, vinblastine, and vindoline. This
dicotyledonous angiosperm is particularly valued for its anticancer properties. Beyond its role in cancer treatment, C. roseus exhibits a diverse
range of pharmacological activities, including antifungal, antibacterial, antimicrobial, antioxidant, anthelmintic, antidiarrheal, and antidiabetic
effects.’ 20 These therapeutic properties stem from the plant's rich composition of bioactive compounds, including alkaloids, flavonoids,
terpenes, phenols, amino acids, and volatile compounds.?’~23

Among these, alkaloids are the most abundant and pharmacologically active constituents of C. roseus, with over 400 identified alkaloids
contributing to applications in pharmaceuticals, food additives, pesticides, fragrances, and flavoring agents. Notably, the two terpene indole
alkaloids, vinblastine and vincristine, have been commercialized as potent anticancer drugs.24~30

However, traditional extraction of these alkaloids relies on toxic solvents. DESs provide a sustainable option for this extraction, though research on
their use for C. roseus is still limited.® Following the discovery of DES, extracting various natural compounds, including flavonoids and phenols
from different plant species and herbal medicines, has been reported.*>31733 A few studies have focused on extracting anthocyanins from C.
roseus using DES, with flower petals used to extract anthocyanins (cyanidins) using a lactic acid-glucose DES.® Antioxidants are crucial for
neutralizing free radicals, which are unstable molecules that can cause oxidative stress and contribute to various diseases, including cancer,
cardiovascular diseases, and neurodegenerative disorders. This study aims to evaluate the antioxidant properties of C. roseus extracts using DESs,
exploring their potential health benefits as natural therapeutic agents. Plant antioxidants are increasingly in demand for their ability to neutralize
free radicals and mitigate diseases like cancer and cardiovascular disorders without the side effects of synthetic compounds.

2. Experimental

Plant material

Catharanthus roseus leaves were harvested in the spring from the botanical gardens of Punjab Agricultural University (PAU) in Ludhiana, Punjab.
The precise location of the collection is at coordinates 30.900965°N latitude 75.857277°E longitude. (Ref No. V1265780) The plant species was
formally identified and authenticated by the Principal Scientist and Head of the Department of Floriculture and Landscaping at PAU, with an
authentication certificate provided for reference (refer to Sl). The authors confirm that all methods were carried out according to relevant
guidelines and regulations of Punjab Agricultural University, Ludhiana. The collection of the plants used in the study complies with local or national
guidelines, with no need for further affirmation

Materials, Reagents, and Equipment
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Catharanthus roseus plants were collected from Punjab Agricultural University, Ludhiana, Punjab, India. The leaves were separated from the twigs,
shade-dried, and then powdered using a pestle and mortar. The powdered samples were stored in the dark at room temperature until further use.
The chemicals used for the preparation of DES included choline chloride (Loba Chemie Pvt. Ltd.), citric acid (Loba Chemie Pvt. Ltd.), oxalic acid
(Loba Chemie Pvt. Ltd.), urea (Loba Chemie Pvt. Ltd.), 1-naphthylamine (Central Drug House Pvt. Ltd.), glycerol (Sarabhai R Chemicals), ethylene
glycol (Sarabhai R Chemicals), glucose (Loba Chemie Pvt. Ltd.), and sucrose (Loba Chemie Pvt. Ltd.), all obtained from Ludhiana, Punjab. The
standards vinblastine sulfate and vincristine sulfate were obtained from United Biotech Pvt. Ltd. (UBPL), India. The equipment used during the
experiment included a magnetic stirrer (Sonar), an oven (The Bharat Instruments & Chemicals), a sonicator (SB-5200 DTDN), and a UV-visible
spectrophotometer (Shimadzu UV-1800).

DES Preparation

Eight deep eutectic solvents were prepared using choline chloride (ChCI) as the hydrogen bond acceptor (HBA). In specific molar ratios, ChCl was
mixed with various hydrogen bond donors (HBDs) such as acids, alcohols, amines, and carbohydrates. The components were placed in a round
bottom flask and heated to 80°C while constantly stirring with a magnetic stirrer until a homogeneous liquid formed. The resulting clear liquid
indicated the formation of a particular DES from its parent compounds.”” The components, molar ratios, and preparation times for all DES are
presented in Table 1. (Refer to Supporting Information for complete detail). The rest of the parameters for the analysis of the DES solvent, like
physical parameters, standard curve, and qualitative data, have been mentioned in Sl for reference. (Table S1-S11; Figure S1-S5 from Supporting
Information).

Composition and molar rati;)ra:)li’lsgrious deep eutectic solvents
Category  Deep Eutectic Solvents  Molar Ratio  Preparation Time (min)
HBA: HBD
Acids ChClI: Citric Acid 1:1 360
ChCl: Oxalic Acid 1:1 20
Amines ChCl: Urea 1:2 60
ChCI: 1-Naphthylamine  1:2 60
Alcohols  ChCl: Glycerol 1:1 70
ChClI: Ethylene Glycol 1:2 70
Sugars ChCl: Glucose 1:1 240
ChCl: Sucrose 1:1 290

ChClI: Choline Chloride

Ultrasonic-Assisted Extraction

The extracts of C. roseus leaves were prepared using an ultrasound-assisted extraction technique with all the DES solvents. First, 50 mg of the
dried, powdered leaves were weighed and transferred separately to 25 ml flasks. Then, 10 ml of DES was added to each flask and thoroughly
mixed. The flasks were placed in an ultrasonic water bath at room temperature for approximately 40 minutes at a frequency of 50 kHz. The

contents were then filtered to obtain the DES extracts of C. roseus leaves."”%1011:35-37(Refer to Supporting Information for complete detail)
Phytochemical Screening and Quantitative analysis

The different DES extracts of C. roseus leaves were analyzed for the presence of various bioactive compounds known to be present in the plant.

Qualitative screening of these extracts was conducted following established procedures, as referenced in the literature. 3122328) The study
focused on detecting a wide range of bioactive constituents, including alkaloids, amino acids, flavonoids, glycosides, phenols, saponins, tannins,
terpenoids, and cardiac glycosides. The methanol extract was also subjected to the same qualitative analysis for comparison. Detailed
methodologies for these analyses are provided in Supporting Information.

Additionally, quantitative assessments of flavonoids and tannins were performed to determine their concentrations in the DES extracts. This
analysis aimed to provide a comparative evaluation of the abundance of these bioactive compounds, further supporting their presence and
potential contribution to the plant’s medicinal properties.

Quantification of Flavonoid and

Antioxidant Activity Assay
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The antioxidant activity was assessed using DPPH and hydroxyl radical scavenging assays.
DPPH Radical Scavenging Activity

An aliquot of 3 ml of 0.004% DPPH solution in ethanol and 0.1 ml of plant extract at various concentrations were mixed and incubated at 37°C for
30 minutes. The absorbance of the test mixture was read at 517 nm. The percentage of inhibition of DPPH radical was calculated by comparing

the results of the test with those of the control (not treated with extract) using the formula:'3~16
Percentage inhibition = Ao - A1/ Ao X 100 Where Ao = Absorbance of the control; AT = Absorbance of the plant extract/ standard.

By implementing these green chemistry approaches, we aim to provide an eco-friendly and efficient method for extracting valuable compounds
from C. roseus, thereby contributing to sustainable practices in natural product chemistry.

Hydroxyl Radical Scavenging Activity

This assay was based on the benzoic acid hydroxylation method. Hydroxyl radicals were generated in reaction mixtures containing phosphate
buffer. In a screw-capped tube, 0.2 ml of sodium benzoate (10 mM), 0.2 ml of FeS04-7 H20 (10 mM), and 0.2 ml of EDTA (10 mM) were added.
Then the sample solution and a phosphate buffer (pH 7.4, 0.1 M) were added to give a total volume of 1.8 ml. Finally, 0.2 ml of H202 solution (10
mM) was added. The reaction mixture was then incubated at 37°C for 2 hours. Thereafter, the fluorescence was measured at 407 nm emission
(Em) and excitation (Ex) at 305 nm. The spectrofluorometric changes were used to detect the damage by the hydroxyl radical.’’ =214

GC-MS

The chemical composition of Catharanthus roseus Chl: Citric acid extract was examined using a Shimadzu QP2010 Plus GC-MS system. The
analysis entailed injecting the sample in single-injection mode while keeping the split valve closed for the first minute to ensure optimal sample
introduction, with the injector temperature set to 280°C. Helium gas was utilized as the carrier, maintaining a steady pressure of 69 kPa. The
components of the extracts were separated using an Rtx-5 MS capillary column, which measured 30 meters in length, had an internal diameter of
20 mm, and a film thickness of 0.25 pm. The oven's temperature program started at 50°C for two minutes, then gradually increased to 180°C at a
rate of 3°C per minute, and finally rose to 200°C at 10°C per minute. During mass spectrometry, electron ionization was performed at 70 eV, with an
interface temperature of 200°C, and scanning was done over a mass range from 40 to 600 amu. The samples were injected in split mode (120:1
ratio) and diluted in methanol (1/100 v/v). The chemical constituents were quantified by normalizing the peak areas observed in the
chromatogram.3122328

The GC-MS analysis of extract revealed several bioactive alkaloids and flavonoids (Table 4). Key alkaloids identified include isoindolinine,
coronaridine, Desmethoxyvindoline, and vindoline. These compounds are noteworthy because vindoline is a commercially significant anti-cancer
drug precursor synthesizing various pharmaceutical agents. Also showed the presence of phenols and flavonoids in large concentrations.

3. Results and Discussion

Phytochemical Screening

Phytochemical analysis of Catharanthus roseus extracts revealed diverse bioactive compounds, including flavonoids, tannins, saponins,
terpenoids, carbohydrates, and phenolic compounds. The ChCl: citric acid and methanol extracts contained the highest number of these
phytochemicals (Table 2), with a significantly higher concentration of bioactive constituents compared to other extracts. This abundance
underscores the medicinal potential of these extracts and aids in identifying the key components that may contribute to their antioxidant activity,
thereby supporting their traditional use. Based on these findings, four deep eutectic solvents (DES) and methanol were selected for further study to

evaluate their antioxidant properties and overall effectiveness.?273040-43
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Table 2
Phytochemical analysis of plant extracts

Extracts Chemical Constituents
Alkaloids Flavonoids Terpenoids Phenols Tannins Saponins Glycosides Amino Carbohydrates Cardiac
acids Glycosides
ChCl: + + - - + - - + - -
Urea
ChCI: CA + + + + + + + + + +
ChCl: OA  + + + + - - + + - +
ChCl: Gly  + + + + + - + - - -
ChCLEG  + + + + - - + - - -
ChCl: Glu  + + - - - - + + + -
ChCl: + - + - - - + - + -
Suc
ChCI: 1- + - - + - - - - - -
Napht
Methanol  + + + + + + + + + +

+: present; -: Absent

Antioxidant Activity

The antioxidant activity of C. roseus extracts was assessed using two standard assays: the DPPH radical scavenging assay and the hydroxyl
radical scavenging assay. These assays measure the extracts' ability to neutralize free radicals, thereby providing an indication of their antioxidant

potential. 514154 34
DPPH Radical Scavenging Activity

The DPPH assay is a widely used method for evaluating plant extracts' free radical scavenging ability. In this study, the DPPH assay revealed that
C. roseus extracts possess strong antioxidant activity. Among the extracts tested, the methanol extract exhibited the highest DPPH scavenging
activity, with an IC5q value of 0.03 mg/ml, closely followed by the ChCI: Citric acid extract, which had an ICs, value of 0.04 mg/ml. These results are
comparable to the standard antioxidant ascorbic acid, which had an ICg value of 0.02 mg/ml (Table 3). The potent antioxidant activity observed in
the methanol and ChCI: CA extracts can be attributed to their high phenolic compounds and flavonoid content. These compounds are effective
hydrogen donors and can stabilize free radicals by forming resonance-stabilized phenoxyl radicals. These extracts' strong DPPH scavenging
activity suggests their potential as natural antioxidants that could be used in therapeutic applications to mitigate oxidative stress-related

conditions.13:31:38,39
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Table 3
DPPH free radical percentage inhibition (%) of DES leaves extract of C. roseus at various concentrations

Leaves Extract Concentrations (mg mi~ ) TUKEY TEST MEAN  ICs5
0.02 0.04 0.06 0.08 0.1
ChCl:Citric Acid 417%15 524104 61604 652105 703%0.5 5go7b 0.04
ChCl:Urea 121403 14.4%04 172+04 186+03 20704 qg64e -
ChCl:Glycerol 255+0.6 292+05 348+19 412+05 497204 34q7¢ 0.1
ChCl:Glucose 17.1+0.7 203%0.5 250+08 29.7+1.2 344+0.7 9596ed -
Methanol 456+0.3 56.8+12 63.5+0.7 682+14 734+08 gq50b 0.03
Ascorbic acid (Standard) 49.5+0.3 66.0+0.4 70.7+1.5 737+05 79.1+04 g7goa 0.02
ICs, signifies concentrations (mg mi~") for a 50% inhibition.

‘ Experiments were replicated three times and represented as mean + standard deviation. ‘

‘ The mean values having the same superscript are non-significant (p > 0.05) as per the Tukey multiple range test. ‘

Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging assay further corroborated the antioxidant potential of C. roseus extracts. The results showed a similar trend to
the DPPH assay, with the methanol and ChCl: CA extracts again displaying the highest scavenging activities, both with an IC5y value of 0.05 mg/ml.
The ability of these extracts to effectively neutralize hydroxyl radicals, which are among the most reactive and damaging free radicals, suggests
their potential to prevent oxidative damage at the cellular level (Table 4).

Hydroxyl radical percentage inhibition (%) of DE-IS-aIteﬂ:vis extract of C. roseus at various concentrations

Leaves Extract Concentrations (mg ml~ ) TUKEY TEST MEAN  ICs5
0.02 0.04 0.06 0.08 0.1

ChCl:Citric Acid 358408 481%05 56.1+06 61.5£07 66.9£0.6 5371b 0.05
ChCl:Urea 8.83+0.4 11.9+04 138%03 16604 19.2t1.7 140gd -
ChCl:Glycerol 21205 257+06 29803 36104 46.2:08 37ggc 0.12
ChCl:Glucose 15.4+0.7 187104 228+03 283+0.5 329+0.5 93¢5c -
Methanol 37.3+1.3 498+0.6 569t03 627+0.7 682+1.1 ©540gb 0.05
Ascorbic acid (Standard) 46.3+0.9 61.1+0.4 68.0+0.7 721+03 759%0.9 g5q3a 0.03
ICsy signifies concentrations (mg mi™") for a 50% inhibition.
Experiments were replicated three times and represented as mean * standard deviation.
The mean values having the same superscript are non-significant (p > 0.05) as per the Tukey multiple range test.

Comparative Analysis of Different Solvent Extracts

The choice of solvent plays a critical role in determining the extraction efficiency and antioxidant properties of Catharanthus roseus extracts. In
this study, methanol and a deep eutectic solvent (ChCI: citric acid) emerged as the most effective, producing extracts with the highest antioxidant
activities. This high efficiency is largely due to the polarity of these solvents, which enhances the extraction of a wide range of bioactive
compounds, especially phenolics and flavonoids, known for their potent antioxidant properties.

In contrast, extracts obtained using citric acid alone exhibited moderate antioxidant activities, highlighting the importance of selecting an optimal
solvent to maximize the extraction of target phytochemicals. Among the solvents tested, deep eutectic solvents (DES), particularly ChClI: citric acid,
proved to be a promising alternative to traditional solvents, offering high extraction efficiency and environmental benefits. Further confirmation of
the presence of key bioactive compounds, such as phenols, flavonoids, and alkaloids, was achieved through GC-MS analysis (Table 5). The study
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also explored the electrochemical behavior of these compounds, particularly their ability to reduce DPPH, which is influenced by their redox
potential.’ The lower redox potential of the DPPH°/DPPH couple compared to Fe(lll)/Fe(ll) suggests that flavonoids should theoretically be
capable of reducing DPPH. However, steric hindrance might affect this process, as the DPPH molecule’s odd electron is located on a nitrogen atom
shielded by phenyl and picrazyl groups.® Literature reports indicate that normal green shoots of C. roseus exhibit stronger antioxidant activities,
with ICsq values of 1.57 mg/mL for DPPH and 1.44 mg/mL for ABTS assays, aligning with the current findings. Conversely, the weakest scavenging
abilities were observed in callus tissues, with ICs values exceeding 3 mg/mL for DPPH and 1.85 mg/mL for ABTS. Previous studies, including
those by Bhutkar and Bhise,” highlighted the antioxidant activity of C. albaand C. roseus root extracts. Furthermore, Tiong identified Vindolicine, a
compound in C. roseus, as possessing the highest antioxidant potential in the DPPH assay, underscoring the importance of specific bioactive

compounds in the plant’s antioxidant activity.'6% 41,4243
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Table 5

The results of GC-MS of Methanol extract of leaves of Vinca rosea.

Peaks

10

11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30

Compound Name

Glycerol

4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-
Sandalore

Dihydroactinidiolide

1,2-Dimethyl-3,5-bis(1-methylethenyl) cyclohexane
Megastigmatrienone A

Caryophyllene acetate

Myristic acid

17-Oxo-4-propyl-3,4-seco-4-androsten-3-oic acid methyl ester
2,6,10-Trimethylundecan-(5E)-2,5,9-Trien-4-one

5-(2-Butenyl)-17-oxo-4-nor-3,5-seco-5.alpha.-androstan-3-oic acid,
methyl ester

3H-3,10a-Methano-1,2-benzodioxocin-3-ol, octahydro-7,7-dimethyl-,
(3.alpha.,6a.beta.,10a.beta.)-

alpha-Cedrene epoxide

Phytol

hexahydrofarnesyl acetone
Neophytadiene

Inositol

Methyl palmitate

Butyl octyl phthalate

Palmitic acid

Methyl linoleate

Methyl oleate

Phytol

Methyl stearate

(2)-Tetradec-7-enal

Stearic acid
4,8,12,16-Tetramethylheptadecan-4-olide
7a-Methyl-1,2,3,6,7,7a-hexahydro-5H-inden-5-one

2-cyclohexen-1-one, 3-methyl-5-(1-methylethyl)-4-(2-methyl-1-
propenyl)-

Hexanoic acid 2-ethyl-hexadecyl ester

Compounds are categorized according to different classes

Molecular Formula
C3Hg03
CeHgO4
C14H260
C11H1602
CigHoa
Cq3H480
C17H280,
C14H250,
C23H3603
Cq4H220

CZBHSGOS

Cq3H2,03

Cy5H240
C20Ha00
C1gH360
CooHag
CeH1206
Cq7H340,
Ca0H3004
C16H3202
C19H340,
C19H3607
CogHge0
C19H350,
C14H260
C1gH3602
C21H400,
CyoH140

C14H5,0

C24H1g0,

Retention Time

16.006

16.556

31.457

32.574

33.151

36.278

38.869

41.843

42.027

42.239

42.542

43.537

43.763

43.876

44.082

45.308

46.743

46.907

47.804

48.745

52.089

52.319

52.704

53.181

54.093

54.707

59.582

60.03

60.649

61.94

Area %
17.58

1.68

0.59

0.43

0.09

0.17

0.28

0.13

0.23

0.14

0.31

0.08

0.69

0.15

0.13

0.22

1.95

0.31

16.38

1.18

3.88

3.42

0.4

19.61

1.44

0.27

0.45

0.68

0.84

m/z

92

144
210
180
192
190
264
228
360
206

346

226

220
296
268
278
180
270
334
256
294
296
296
298
210
284
324
150

206

368

Alcohol and derivatives (1,14,17,23,27,54); Aldehydes and ketones (2,4,10,11,25,28,29,53); Alkanes and hydrocarbons (5,16,31,34,39); Aromatic
compounds and derivatives (3,12,13,32,33,36,42); Carboxylic acids and derivatives (8,9,20,26,30,35,18,21,22,24); Esters and lactones (7,27,55);
Steroids and Terpenes (6,13,46,47,48,50,51,52,56); Miscellaneous (19,37,38,40,41,43,44,45,49)
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Peaks

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Compound Name

2-Methylhexacosane
Isoindolinine
Isovindolinone
Dotriacontane

Hexanoic acid 2-ethyl-hexadecyl ester
Coronaridine
cis-Cyclo(Leucyl-Tyrosyl)
cis-Cyclo(Leucyl-Tyrosyl)
Squalene
alpha-Tocospiro A
alpha-Tocospiro-B
Desmethoxyvindoline
Stigmast-5-en-3-ol, oleate
Vitamin E

Vindoline-d3
Campesterol
Stigmasterol
beta.-Sitosterol

5H-3,5a-Epoxynaphth[2,1-cloxepin,dodecahydro-3,8,8,11a
tetramethyl-

24-Norursa-3,12-diene
24-Norursa-3,12-diene
Olean-12-en-3-ol, acetate, (3beta)-
y-Sitostenone

alpha-Fernenol

Methyl Commate A

beta-Simiarenol

Compounds are categorized according to different classes

Molecular Formula
Co7Hse
C21H24N20;
C21H24N,0,
C32Hes
C24H450,
C21H26N,0,
C15H20N,03
C15H0N203
CaoHso
CaoH5004
C2oHs5004
C24H30N,05
C47Hg20,
CaH5002
C25H32N,06
CogHsg0
CogHyg0
CagH500

C‘IBHSOOZ

CagHae
CagHae
C32Hs520,
C29Hgg0
C30H500
C32H5204

C3gHs500

Retention Time

62.409

63.262

63.524

63.807

64.689

65.019

65.55

65.832

66.219

66.56

66.804

68.134

69.851

70.541

71.842

72.477

73.034

74.443

75.356

75.667

76.604

77.641

77.852

78.139

79.121

79.631

Area %
0.17

0.59

0.79

0.12

0.35

0.57

0.16

0.36

1.03

0.3

0.41

1.24

0.67

1.64

5.5

0.89

0.6

1.91

0.49

1.03

1.01

0.69

0.27

0.51

3.57

1.25

100

m/z

380
336
336
450
368
338
276
276
410
462
462
426
679
430
459
400
412
414

278

394
394
468
412
426
470

426

Alcohol and derivatives (1,14,17,23,27,54); Aldehydes and ketones (2,4,10,11,25,28,29,53); Alkanes and hydrocarbons (5,16,31,34,39); Aromatic
compounds and derivatives (3,12,13,32,33,36,42); Carboxylic acids and derivatives (8,9,20,26,30,35,18,21,22,24); Esters and lactones (7,27,55);
Steroids and Terpenes (6,13,46,47,48,50,51,52,56); Miscellaneous (19,37,38,40,41,43,44,45,49)

Mechanistic Insights and Therapeutic Potential

The strong antioxidant activities observed in methanol and ChCl: citric acid extracts of C. roseus can be attributed to their high phenolic and
flavonoid content. These compounds act through multiple mechanisms to exert their antioxidant effects. They can directly scavenge free radicals,

chelate metal ions, and upregulate endogenous antioxidant defenses.2>3" The results of this study suggest that C. roseus extracts, particularly
those obtained with methanol and ChCI: citric acid, hold significant potential as natural antioxidants. They could be developed into therapeutic

agents for preventing and managing oxidative stress-related conditions, such as cardiovascular diseases, cancer, and neurodegenerative

Page 9/12




disorders.’ The use of DES for extraction enhances the yield of bioactive compounds and aligns with the principles of green chemistry, promoting
sustainable and environmentally friendly extraction processes.

3. Conclusion

The study reveals a compelling presence of bioactive phytochemicals in Catharanthus roseus, showcasing robust antioxidant properties. Notably,
methanol and ChClI: citric acid extracts stand out for their superior antioxidant activities, highlighting their promise for formulating natural
antioxidant therapies. This research is groundbreaking as it identifies potent sources of natural antioxidants and evaluates the efficacy of various
deep eutectic solvents (DES) compared to traditional organic solvents. This study's novelty lies in its comprehensive analysis of Catharanthus
roseus using a range of DES solvents, which have not been extensively explored for this purpose before. This approach addresses a significant gap
in the field by offering a novel method for maximizing the extraction of valuable phytochemicals. The need for this research is underscored by the
growing demand for natural, plant-based antioxidants as alternatives to synthetic compounds, which are often associated with adverse effects. By
highlighting the superior antioxidant potential of specific extracts, this study provides a promising avenue for developing safer and more effective
natural therapies.
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