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Abstract
Antimalarial drug-resistance has become a critical global issue, thereby making the search for novel 
and effective antimalarials imperative. This study aimed at designing, synthesising, and evaluating the 
antiplasmodial properties of quercetin and some of its derivatives. Forty quercetin derivatives were 
designed with ChemDraw and docked on six antimalarial targets using AutoDock Vina. Two ligands 
with the best binding affinity were synthesised using standard methods and characterised using UV-Vis 
and FT-IR spectroscopy. The suppressive and curative models evaluated the antiplasmodial activity of 
dihydroartemisinin (DHA), quercetin, and its two synthesized derivatives. A similar administration design 
was adopted to determine the effects of quercetin and the two derivatives on the pharmacokinetics (PK) 
of DHA in albino rats. Blood was obtained from the hearts of the animals at 0.25, 0.5, 1, 2, 3, and 5 hours 
post-dose (n = 5 per time point). UV Spectrophotometer was used to analyse the concentration of DHA 
in the serum. The molecular docking studies of the synthesised compounds with 2ghu showed binding 
energy from -8.0 to -9.0 kcal/mol, with 3,5,7,3’,4' -penta-acetoxyflav-3-ene (quercetin pentaacetate) 
and 3,3',4',5,7-pentahydroxyflavylium (cyanidin) having the best binding activity amongst other 
derivatives. Quercetin and the synthesized compounds exhibited a significant (p <0.05) suppressive 
and curative potential, with quercetin giving the highest parasitaemia clearance of 73.55 ± 3.06. There 
was a significant alteration of PK parameters of DHA by quercetin and the synthesized derivatives. 
The results confirm the antiplasmodial activity of quercetin and the synthesized quercetin derivatives.
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INTRODUCTION

	 Plasmodium parasites cause malaria, one 
of the most common diseases, which leads to an 
annual mortality of over one million people in 
tropical and subtropical zones.1 The World Health 
Organization (WHO) recommends Artesunate for 
malaria treatment, which has been used worldwide 
for many years. Artesunate is a derivative of 
the “guinghaosu” or sweet wormwood plant 
(Artemisia annua).2,3 Dihydroartemisinin, a 
derivative of artesunate, has been shown to reduce 
fever in patients suffering from severe falciparum 
malaria within 16 to 28 hours following parenteral 
administration.2 However, resistance to all types 
of anti-malaria medications, including artemisinin, 
has developed and is contributing to the recent 
rise in malaria-related deaths, especially in Africa. 
The emergence of this resistance can be mitigated 
through the use of combinations of anti-malaria 
drugs, hence the need to design and develop 
new combination therapies with less resistance 
and better pharmacokinetics profile.4 Quercetin 
(Que) is widely recognised as one of the most 
prominent flavonoid antioxidants. Structurally, 
the compound consists of a polyhydroxylated 
chromen-4-one core, characteristic of flavonols, 
with a catechol group (ring B) attached at the 
2-position. This compound is prevalent in diverse 
dietary vegetables, making it nearly omnipresent 
in raw foods. The typical American is believed 
to consume about 25 mg of it each day.5,6 Given 
that its oral bioavailability can reach up to 50% 
(including its phenolic metabolites), quercetin 
can significantly enhance the body’s antioxidant 
defences, particularly in vegetable-rich diets. 
Research has also linked quercetin to several 
health benefits, such as reducing inflammation, 
protecting blood vessels, stopping platelets from 
clumping together, fighting viruses, cataracts, and 
malaria, improving brain function, and fighting 
cancer.7-10

	 Structurally, quercetin consists of a 
polyhydroxylated chromen-4-one core, which 
facilitates its interaction with biological targets. 
Its widespread presence in dietary sources, such 
as fruits and vegetables, and its relatively high 
bioavailability make it a promising candidate 
for drug development. Recent studies have 

demonstrated quercetin’s potential to inhibit 
Plasmodium falciparum growth through multiple 
mechanisms, including interference with parasite 
enzymes and modulation of host immune 
responses.11 Molecular docking has emerged 
as a critical tool in drug discovery, enabling the 
prediction of ligand-protein interactions and the 
identification of potential drug candidates. This 
computational approach provides insights into 
the binding affinities and molecular interactions 
of compounds with target proteins, facilitating 
the rational design of derivatives with enhanced 
efficacy. In the context of quercetin, molecular 
docking studies have revealed its ability to bind 
to key Plasmodium proteins, such as falcipain-2 
and histo-aspartic protease, with high affinity.12,13 
These findings highlight the importance of 
molecular docking in optimizing quercetin 
derivatives for antimalarial activity.
	 The synthesis of quercetin derivatives 
has been explored using various methods, 
including reductive acetylation, hydroxylation, 
and glycosylation.14 For instance, Robertson and 
Robinson pioneered the synthesis of flavonoid 
derivatives through reductive acetylation, a 
method that has been widely adopted for 
modifying quercetin’s structure.15,16 More recently, 
advanced techniques such as microwave-assisted 
synthesis and enzymatic modifications have been 
employed to improve the yield and purity of 
quercetin derivatives. These synthetic approaches 
have enabled the development of derivatives with 
enhanced pharmacological properties, including 
improved solubility, stability, and target specificity.
	 This study aims to design and synthesize 
quercetin derivatives with improved antimalarial 
activity, evaluate their binding affinities 
with Plasmodium proteins using molecular 
docking, and assess their in vivo efficacy against 
Plasmodium berghei. Additionally, the effects 
of these derivatives on the pharmacokinetics of 
dihydroartemisinin (DHA) will be investigated 
to explore potential synergistic interactions for 
malaria treatment. By integrating computational 
and experimental approaches, this research 
seeks to contribute to the development of novel 
antimalarial agents that can address the growing 
challenge of drug-resistance.
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MATERIALS AND METHODS

	 This study utilized analytical-grade 
chemicals and reagents, all of which were acquired 
from Sigma-Aldrich in Germany. The refractive 
index and solubility of the synthesised compounds 
were assessed using standard techniques while the 
open capillary method was employed to determine 
the melting points and reported as uncorrected 
values. The purity of the synthesised compounds 
was evaluated with the use of pre-coated RP-18 
TLC plates (F254, JDH) using a mobile phase of 
MeOH/dichloromethane in a 9:1 ratio. UV and 
FTIR spectra were also recorded with a UV-visible 
spectrophotometer (UH4100) and a Digilab FTIR 
spectrometer (Model FTS-14).

Design/Molecular Docking
	 Forty quercetin derivatives were created 
using ChemDraw Pro 12.0 (CambridgeSoft 
Corporation, USA) and saved in SDF format. The 
target proteins: histo-aspartic protease (HAP) 
from Plasmodium falciparum (3QVI), Plasmodium 
falciparum dihydroorotate dehydrogenase (6GJG), 
plasmepsin II from Plasmodium falciparum (4YA8), 
and falcipain-2 from Plasmodium falciparum 
(2GHU) were all obtained from the protein data 
bank (https://www.rcsb.org). Molecular docking 
of the ligands with each of the target proteins 
was done using AutoDock Vina to obtain their 
respective binding affinity. Discovery Studio was 
utilised to examine the interactions between 
ligands and proteins. The ligands with the best 
activity were selected and synthesised. The 
molecular and pharmacokinetics properties 
were obtained using molinspiration (https://
molinspiration.com/). The synthesized compounds 
were evaluated for their drug-like potential using 
the pkCSM web server (https://biosig.lab.uq.edu.
au/pkcsm/), utilising Lipinski’s Rule of Five as a 
guideline. 

Synthesis of derivatives
	 The synthesis of quercetin derivatives was 
performed using a modified version of the method 
reported by Robertson and Robinson.15,16

Synthesis and isolation of 3,3',4',5,7,-Penta-
acetoxyflav-3-ene (also known as pentaacetoxy 
quercetin)
	 A solution was prepared by dissolving 2.0 
g of quercetin in 75 mL of acetic anhydride. 1.0 g of 
anhydrous sodium acetate and 2.0 g of technical-
grade zinc dust (90% purity) were added to the 
solution and refluxed for one hour, after which an 
additional 2.0 g of zinc dust was incorporated, and 
refluxing continued for another hour. The solution 
was filtered and the filtrate was transferred into 
500 mL water. The residue was washed with 50 
mL of warm glacial acetic acid, and the resulting 
filtrates were combined with the aqueous solution. 
The mixture was cooled in a refrigerator at 5 °C 
for about three hours, and filtered again, yielding 
a solid (dark orange-red) which was washed 
multiple times with water. After about 48 hours 
of drying under vacuum with sodium hydroxide 
as a desiccant, the solid yielded 2.54 grams of 
crude product. Separation of the product was 
done using chromatographic techniques over a 
column created by pouring a slurry of silicic acid 
(Bio-Rad A, 200-325 mesh) mixed with a solvent 
of benzene and acetone in a ratio of 85:15 into a 
tubular Pyrex column measuring 19 cm by 122 cm. 
After allowing the stationary phase to settle for 12 
hours, a solution of the reaction mixture (1.0 g in 
5-10 mL of solvent) was applied to the top of the 
column using a pipette. To track the separation, 
small eluent samples (three to four drops) were 
periodically treated with 10% methanolic sodium 
hydroxide. Evaporation of the solvent under 
vacuum using a rotary evaporator then yielded 
2.33 g of crude material. This crude product 
was recrystallised twice from methanol, forming 
colourless needle-like crystals of 3,5,7,3',4'-penta-
acetoxyflav-3-ene, which melted at 139 °C. The 
isolated crystalline product weighed 0.22 grams, 
corresponding to 38.3 percent. 

Synthesis of 3,3',4',5,7-pentahydroxyflavylium 
(otherwise known as cyanidin)
	 A small sample (10 mg) of 3,3',4',5,7-penta-
acetoxyflav-3-ene was dissolved in 10-15 mL of a 
10% (w/w) hydrogen chloride solution in anhydrous 
methanol. After refluxing the mixture for 20-25 
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minutes, the red solutions that formed were 
evaporated to dryness with a rotary evaporator. 
The remaining residue was then dissolved in small 
volumes of 0.1% hydrochloric acid in 95% ethanol. 
This solution was then spotted on a thin layer 
chromatography (TLC) plate alongside standards of 
3,3',4',5,7-penta-acetoxyflav-3-ene and quercetin 
for comparison. For UV analysis, the product was 
initially redissolved in 0.1% hydrochloric acid in 
95% ethanol before being diluted with 50 mL 
of water. The resulting aqueous solution was 
extracted with ethyl acetate (2 x 25 mL), and these 
extracts were discarded. The n-butanol fractions 
from each extraction process were then combined 
and concentrated by rotary evaporation to remove 
all solvents, yielding a crude product weighing 70 
mg (5 mL). This product was then dissolved again in 
0.1% hydrochloric acid in 95% ethanol for further 
ultraviolet analysis.

Physico-chemical analyses of the synthesised 
derivatives
Melting point determinations of the synthesised 
compounds
	 A small amount of the synthesised 
derivatives was placed at the bottom of a melting 
point capillary tube. The tube was then inserted 
into the melting point apparatus. The melting point 
range was recorded using the thermometer, noting 
the temperature at which the test compound 
began to melt and form a liquid droplet and the 
temperature at which all of the compounds had 
completely melted in the tube.

Refractometric analysis of the synthesised 
compounds
	 A refractometer was employed to 
measure the refractive index of the synthesised 
compounds. The obtained results were carefully 
recorded.

Ultraviolet Spectrophotometric Analysis (UV)
	 Dichloromethane (2 mL) was used to 
dissolve roughly 0.1 mL of each test sample. The 
absorbance was measured using a UV-visible 
spectrophotometer (UH4100) in the range of 200-
400 nm. 

Fourier transform infrared spectrophotometric 
analysis (FTIR)
	 The FT-IR analysis of the synthesised 
compounds was conducted using a Digilab 
spectrometer (Model FTS-14).

Antimalarial studies
Ethical approval
	 Approval for scientific and ethical 
aspects of this research was granted by the ethics 
committee of the Faculty of Pharmacy at the 
University of Uyo, following established protocols 
for the appropriate care and use of laboratory 
animals.

Experimental animals
	 Sixty mice weighing 15 and 21 grams 
were utilised for the antiplasmodial study, 
while healthy Wistar rats weighing 120 and 165 
grams were employed for pharmacokinetics 
studies. The antiplasmodial study utilized Swiss 
albino mice of both sexes, sourced from the 
Department of Pharmacology and Toxicology at 
the University of Uyo. These mice were housed 
under controlled laboratory conditions, with 
temperature maintained at 25 ± 2 °C, a 12-hour 
light/dark photoperiod, and humidity ranging from 
55% to 69%. They received, ad libitum, pelleted 
grower mash and water.

Rodent malaria parasite
	 The Artesunate-resistant Plasmodium 
berghei NK-65 utilized in this research was obtained 
from the Nigeria Institute of Medical Research 
(NIMR) located in Lagos State, Nigeria. Throughout 
the experimental duration, the parasite was 
sustained via continuous intraperitoneal passage 
in mice. This method ensures the viability and 
pathogenicity of the parasite for subsequent 
research applications.17 

Inoculum preparation and parasitaemia 
determination
	 A  m o u s e  p r e v i o u s l y  i n f e c t e d 
intraperitoneally with chloroquine-sensitive Nk-65 
strain Plasmodium berghei parasitised erythrocytes 
was used as the donor after confirming the 
desired level of parasitemia through microscopic 
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examination. Infected blood was harvested from a 
chloroform-anesthetized donor mouse via cardiac 
puncture. A standard inoculum was prepared 
from this blood, adjusted to a concentration 
of 106 parasitized erythrocytes per millilitre 
in normal saline. The inoculum concentration 
was determined based on the parasitemia and 
erythrocyte count of the donor mouse’s blood, and 
each mouse received an intraperitoneal injection 
of this solution.17

Administration of synthesised products and drugs
	 Groups I, II, and III of animals were treated 
with 2.0 mg/kg body weight of quercetin and each 
of the two synthetic compounds via gavage. For 
positive controls, Groups IV and V received oral 
doses of chloroquine (35 mg/kg body weight) 
and dihydroartemisinin (DHA) (2.2 mg/kg body 
weight). Group VI served as the negative control 
and was given sterilized distilled water at a rate 
of 10 mL/kg body weight. All groups, including 
both control and test groups, were provided 
with standard animal feed that contained equal 
amounts of daily calories and nutrients to ensure 
consistency in dietary intake.17

Suppressive test (4 days test)
	 The Peters’ 4-day suppressive test was 
utilised to evaluate the efficacy of treatments 
against chloroquine-sensitive P. berghei NK-
65 infection in mice. Swiss Albino mice were 
inoculated intraperitoneally with a standard 
inoculum containing 106 parasitised erythrocytes 
on day 1 (D0). The mice were grouped as previously 
described and treated for four consecutive days 
(D0-D3), with all treatments administered orally 
at a single daily dose. After the four-day treatment 
period, blood samples were collected from the 
tail vein of each mouse, and thin films were 
prepared on slides for microscopic examination to 
determine the level of parasitemia. This method 
allows assessing the antiplasmodial activity of the 
compounds tested by quantifying the parasitised 
erythrocytes in the blood.17-19

Curative treatment (Rane Test)
	 The mice were grouped as previously 
described and inoculated with the parasite on 

the first day (D0), allowing for maturation over 
three days (72 hours). Dihydroartemisinin (DHA) 
and chloroquine (CQ) were positive controls for 
the chloroquine-sensitive P. berghei. A blood film 
was taken on the fourth day (D3) to establish 
baseline parasitemia levels. Both drugs and the 
synthesised products were administered on 
the same day, with treatment continuing for 
five days (D3-D7) at a single dose per day. Daily 
blood smears were collected throughout the 
treatment period to monitor parasitemia levels. 
All treatments were administered orally to the 
mice at a single daily dose, consistent with earlier 
protocols. This experimental design follows Peters’ 
4-day suppressive test methodology, which is 
widely used to assess the efficacy of antimalarial 
compounds against established infections in 
rodents.17,19

Microscopic examination and determination of 
parasitaemia
	 In all cases, thin blood smears were fixed 
with 70% methanol and stained with 3% Giemsa 
at pH 7.2 for 45 to 60 minutes. Examination of the 
slides was performed using an x100 oil immersion 
objective. The P. berghei parasites were counted 
per 200 leukocytes, which were then used to 
estimate the parasite density per microliter of 
blood. The parasite density was calculated using 
a specific formula that relates the number of 
parasites observed to the total leukocyte count. 
This method is consistent with established 
protocols for malaria diagnosis, as the Giemsa 
stain is widely recognised for its effectiveness in 
visualising malaria parasites in blood smears. The 
staining process enhances the parasites’ contrast 
against the blood cells’ background, allowing 
for accurate identification and quantification of 
parasitemia.20

	 Parasites per microliter = Number 
of parasites counted x 8000 leucocytes per  
microliter/Number of leucocytes counted	
	 The percentage of parasitemia was 
calculated by comparing the levels of parasitemia 
in the control group with those in the treated 
groups, and the results were expressed as a 
percentage.17 
	 % parasitaemia = Number of parasitized 
RBC x 100/Total number of RBC 
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Pharmacokinetics studies 
Animal grouping and administration of 
synthesized products and drugs
	 Rats, separated by sex, were housed in 
standard laboratory conditions (25 ± 2 °C, 12-hour 
light/dark cycle, 55%-69% humidity) with free 
access to water and pelleted feed. The animals 
were divided into six groups of five. These groups 
received dihydroartemisinin (DHA) or one of the 
synthesized products. Blood samples were then 
collected from each rat at 0, 15, and 30 minutes, 
and 1, 2, 3, and 5 hours after treatment.14

Sample collection and serum extraction
	 In this study, a terminal blood collection 
method was uti l ized. The animals were 
anaesthetized in a closed chamber using 2% 
chloroform, after which blood was drawn from 
the heart via cardiac puncture with a 5 mL syringe. 
The collected blood was promptly placed into a 
labelled serum separator tube, which was then 
sealed securely. To promote clot formation, the 
tubes were left standing vertically for 30 minutes 
at room temperature. Following this period, 
the tubes were centrifuged at 2,000 RPM for 
15 minutes. The serum that formed on top was 
carefully drawn into a plain sample bottle for 
subsequent analysis.21

Extraction of drug from serum
	 Dihydroartemisinin (DHA) was isolated 
from serum samples using a liquid-liquid extraction 
technique. The process began by transferring 2 mL 
of serum into a plain container, followed by the 
addition of an equivalent volume of acetonitrile 
to induce protein precipitation. The tubes were 
securely sealed and subjected to centrifugation 
at 4,000 RPM for 20 minutes. After centrifugation, 
the clear supernatant was carefully collected and 
transferred into a newly labelled container.
	 For the DHA-containing samples, a 
hexane and ethyl acetate mixture (60:40 v/v)22 
was introduced, while pure diethyl ether was 
used for samples containing chloroquine.23 Each 
mixture was thoroughly vortexed for 10 minutes to 
ensure proper extraction. The organic layers were 
then separated and collected into distinct labelled 
containers. To maximize recovery, the aqueous 

phases underwent a second extraction with 2 mL 
of the respective solvents. Finally, the combined 
organic extracts were dried using a stream of air.

UV-VIS spectrophotometric analysis of DHA
	 D i hy d ro a r t e m i s i n i n  ( D H A )  w a s 
reconstituted using simulated intestinal fluid (SIF). 
To each container holding the dried drug samples, 
precisely 4 mL of simulated intestinal fluid (SIF) 
was introduced. The mixture was then vigorously 
shaken for 10 minutes to achieve complete 
homogenization. The inclusion of SIF played a 
crucial role in both reconstituting the samples and 
supporting the derivatization of dihydroartemisinin 
(DHA). This process allowed DHA to exhibit 
enhanced absorption at a wavelength of 290 nm 
during subsequent UV-Vis spectroscopic analysis.24

Estimation of drug concentration
	 The concentration of dihydroartemisinin 
(DHA) recovered from serum samples was 
determined by directly extrapolating from the 
calibration graphs established for DHA. This 
process involved measuring the absorbance of the 
serum samples at the specific wavelength where 
DHA exhibits maximum absorbance, typically 
around 290 nm following derivatisation.24

Statistical analysis
	 The experimental results were expressed 
as the mean ± standard error of the mean (SEM), 
calculated from triplicate measurements. Statistical 
evaluations were carried out using GraphPad Prism 
software (version 7.03 for Windows). Variations 
in antiplasmodial activity across the treatment 
groups were analyzed using one-way ANOVA. 
For further comparison of group means, Tukey’s 
multiple comparison test was applied, with 
statistical significance defined at a p-value of less 
than 0.05. Additionally, the drug concentration-
time graphs and semilogarithmic graphs used 
to extrapolate the initial dose (C0) of the drugs 
in serum were plotted using the same software, 
facilitating a comprehensive pharmacokinetic data 
analysis. This approach ensures robust statistical 
validation of the findings and aids in drawing 
meaningful conclusions regarding the efficacy of 
the treatments tested.
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RESULTS

Molecular docking
	 The results of docking (Table S1) of 
the previously designed quercetin derivatives 
revealed that all the ligands showed a good 
binding affinity (ranging from -6.5 to -9.1) across 

the four target proteins. Among all the proteins, 
Plasmodium  falcipain-2 (2GHU) had the best 
binding affinity (-8.0 to -9.0) with all the docked 
ligands compared with the other proteins, thus 
making it the desired protein for further studies. 
It was observed that the presence of an acetyl 
(OAc) group reduced the binding energy (Figure 

Figure 1. Suppressive Activity of Quercetin, Dihydroartemisinin, Chloroquine and Synthesised Compounds In Mice.
*p <0.05 compared to distilled water group

Figure 2. Curative activity of Quercetin and Synthesised Derivatives In Mice. 
*p <0.05 compared to distilled water
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S1), thereby enhancing the binding interaction 
between the ligands and proteins. This reduction 
in binding energy typically indicates a more 
favourable interaction, which can lead to increased 
affinity of the ligands for their target proteins.
	 The different binding interactions of the 
selected ligands and Plasmodium falcipain (2GHU) 
Figures S2-S6 revealed the presence of some amino 
acid residue (Table S2) such as pi-pi interactions, 
van der waals forces and conventional hydrogen 
bonds, which is common among quercetin (Que), 
3, 5,7,3’,4' - penta-acetoxyflav-3-ene (Flav-3) and 
3,3’,4',5,7-pentahydroxyflavylium (Flav). At the 
same time, the pi-alkyl and pi-cations are peculiar 
to quercetin alone.
	 The amino acid residue and bonding 
involved in 2GHU and the selected ligands (Table 

S2) revealed the following interactions: Asn, 
Ala: C, 110, Gln: A208, Gly: A:40, Gln: A23, Ala: 
A:157, among others. The molecular properties 
of the selected ligands (Table S3) show that 
dihydroartemisinin (DHA) has the highest number 
of non-acceptors of 8 acceptors, followed by 
quercetin and flav-3-ene of 7 while Chloroquine 
(CQ) and flav had the lowest non-acceptors. All 
the ligands evaluated in this study adhered to 
Lipinski’s Rule of Five, as none of the molecules 
violated more than one of these rules. This 
compliance suggests that the ligands are likely to be 
“druggable”, meaning they possess favourable oral 
bioavailability and pharmacokinetics properties.
	 The pharmacokinetics study profile (Table 
S4) confirmed that the intestinal absorption, 
Fraction unbound (human) (Fu), AMES toxicity, L50 

Table. Results of Co-Administration of Quercetin and Its Synthesized Derivatives on the Pharmacokinetic Profile 
of DHA

Parameter	 DHA Only	 DHA + Que	 DHA + Flv-3	 DHA + Flv

AUC (µg/h/mL)	 1.52 ± 0.136	 1.71 ± 0.153	 1.98 ± 0.177*	 2.03 ± 0.182*
Cmax (µg/mL)	 0.44 ± 0.039	 0.51 ± 0.046*	 0.23 ± 0.021*	 0.33 ± 0.030*
Tmax (h)	 1.00 ± 0.089	 1.00 ± 0.089	 1.00 ± 0.089	 1.00 ± 0.089
t½ (h)	 5.63 ± 0.503	 7.06 ± 0.631*	 6.14 ± 0.549	 6.57 ± 0.587
Ka (h)	 0.57 ± 0.051	 0.64 ± 0.057	 0.03 ± 0.003*	 0.04 ± 0.004*
Kel (h)	 0.18 ± 0.016	 0.10 ± 0.009*	 0.16 ± 0.014	 0.12 ± 0.011*
CL (mL/h/kg)	 0.22 ± 0.020	 0.29 ± 0.026*	 0.34 ± 0.030*	 0.32 ± 0.029*
Vd (L/h)	 1.22 ± 0.109	 1.94 ± 0.173*	 2.06 ± 0.184*	 2.75 ± 0.246*
F (%)	 55.44 ± 4.957	 58.63 ± 5.243	 49.54 ± 4.430	 53.20 ± 4.757

*p <0.05 compared with DHA only

Figure 3. Standard Curve Of Derivatized Dihydroartemisinin
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(mol/kg), Hepatotoxicity, Total Clearance (log ml/
min/kg), and most especially water solubility (log 
mol/L) are satisfactory.

Spectral characteristics
Quercetin (Que) 
	 The UV and FTIR spectra are shown in 
Figures S7 and S8, respectively.
	 Refractive index (R.I) 1.4163, melting 
point 306.5 °C, λmax (chloroform): 350.00 nm; IR 
absorption: 1664.57 (C=C stretch (Aromatic)), 
1319.31 (C-H stretch (vinyl bend)), 3402.43 
(broadband), 1319.31 (C-H (vinyl bend)), 2713.84 
(C-H methyl asym/sym. stretch), 723.31 (cis C-H 
out of plane)

3,3',4',5,7,-penta-acetoxyflav-3-ene (Flav-3)
	 The UV and FTIR spectra are shown 
in Figures S9 and S10, respectively. Percentage 
yield 45%, refractive index (R.I) 1.4163, melting 
point 318.5 °C, λmax (chloroform): 450.00 nm; IR 
absorption: 1664.57 (C=C stretch (Aromatic)), 
1319.31 (C-H stretch (vinyl bend)), 3402.43 
(broadband), 1319.31 (C-H (vinyl plan bend)).

3,3',4',5,7-pentahydroxyflavylium (Flav)
	 The UV and FTIR spectra are shown in 
Figures S11 and S12, respectively.
	 Percentage yield 27%, refractive 
index (R.I) 1.4600, melting point 316.5 °C, λmax 
(chloroform): 430.00 nm; IR absorption: 1010.70 
(C-H methylene bend), 16.10.56 (C=C alkyl ring 
stretch (Aromatic)), 1319.31 (C-H stretch (vinyl 
bend)), 3313.71 (broadband), 1166.93 (C-H (vinyl 
bend)).

In vivo evaluation of antimalarial activities	
	 Figures 1 and 2 show the results 
of the suppressive and curative activities of 
quercetin, 3,5,7,3’,4'-penta-acetoxyflav-3-ene, 
3,3’,4',5,7-pentahydroxyflavylium, chloroquine 
(CQ) and dihydroartemisinin (DHA), respectively. 
The results of drug exposure and parasitaemia 
clearance are shown in Table S5.

Pharmacokinetics studies
	 The calibration curve for derivatised 
d ihydroartemis in in  (DHA)  in  s imulated 
intestinal fluid (SIF) is depicted in Figure 3. 

Figure 4. Concentration-Time Profile of DHA Alone and DHA in Combination with Quercetin and Its Derivatives
*p <0.05 compared to DHA only
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The pharmacokinetic effects of concomitant 
administration of quercetin and its synthesised 
derivatives on DHA were analysed and are detailed 
in Table. Figure 4 illustrates the concentration-
time profiles of dihydroartemisinin (DHA) when 
administered alone and in combination with 
quercetin and its derivatives. 

DISCUSSION

	 T h e  m o l e c u l a r  d o c k i n g  st u d i e s 
demonstrated significant interactions between 
quercetin derivatives and Plasmodium falciparum 
falcipain-2 (2GHU), with binding affinities ranging 
from -8.0 to -9.0 kcal/mol. These results were 
superior to the positive control, dihydroartemisinin 
(DHA), indicating strong in silico antiplasmodial 
potential. The amino acid residues involved in 
hydrophobic and hydrogen bonding interactions, 
as shown in Table S2, highlight the role of specific 
residues such as Asn, Ala, and Gln in stabilising 
the ligand-protein complexes. The introduction of 
acetyl groups enhanced the binding interactions. 
This agrees with the findings that acetylation 
improves ligand-target affinity, likely because of 
increased hydrophobic and hydrogen bonding with 
key amino acid residues.25,26 
	 The FTIR spectra obtained for quercetin 
and in this study are identical to those of Quercetin 
and quercetin pentaacetate (i.e. 3,5,7,3’,4’-penta-
acetoxyflav-3-ene) earlier reported.14 While that 
of 3,3',4',5,7-pentahydroxyflavylium (cyanidin) 
is confirmed by the FTIR earlier reported, with 
variations likely arising from synthesis conditions 
or measurement parameters.27 
	 D r u g - l i k e n e s s  a n a l y s i s  b a s e d 
on  L ip insk i ’s  ru le  (Tab le  S3)  revea led 
that the synthesised derivatives, which are 
3,5,7,3’,4’-penta-acetoxyflav-3-ene (Flav-3) and 
3,3',4',5,7-pentahydroxyflavylium (Flav), complied 
with oral drug criteria, confirming their potential 
as antimalarial candidates. According to Lipinski’s 
rule, orally active drugs typically adhere to 
specific criteria, with no more than one violation 
allowed. These guidelines include a molecular 
weight under 500 daltons, up to 5 hydrogen bond 
donors (nHBD), a maximum of 10 hydrogen bond 
acceptors (nHBA), a LogP value not exceeding 5, 
and a polar surface area (PSA) below 140 Å. 
	 The two quercetin derivatives were 

successfully synthesised by reductive acetylation 
and acid hydrolysis using a similar method that 
Robertson and Robinson15,16 described (Figures 
S13 and S14). Low yields were recorded, probably 
due to the starting material used in the synthesis 
or an incomplete reaction during the synthesis. 
Therefore, using quercetin as the lead compound 
to chemically modify its structure and search for 
high bioavailability and stronger activity precursor 
drugs has become a research hotspot in the field 
of medicine. 3-OH is a unique hydroxyl group of 
quercetin, and introducing functional groups at 
this position often yields more active compounds.28

	 The suppressive study showed that 
quercetin had the highest suppressive activity 
(Figure 1) with a percentage reduction in 
parasitaemia of 66.67 ± 0.84, followed by DHA 
(61.59 ± 5.67) compared to other treatment groups. 
In contrast, chloroquine had the lowest with a 
percentage reduction in parasitaemia of 49.85 ± 
3.44. This implies that quercetin may act through 
multiple mechanisms, including antioxidant, anti-
inflammatory, and direct antiplasmodial effects.25 
Statistically, there is no significant association 
between the potentiality of quercetin and its 
derivatives and DHA.
	 The treatment group that received both 
quercetin and dihydroartemisinin (DHA) exhibited 
the highest percentage of parasitemia clearance, 
recording values of 73.55 ± 3.06 and 71.55 ± 1.30, 
respectively, compared to the untreated infected 
groups in the curative study. In all treatment 
groups, the median survival time (MST) ranged 
from 18 to 30 days, while the group administered 
only distilled water had the lowest average MST of 
11 days. No significant association (p >0.05) was 
observed between the efficacy of quercetin and 
its derivatives and DHA. 
	 The  AUC (Area Under the Curve) of 
DHA increased significantly when co-administered 
with  Flav-3 (1.98 µg·h/mL)  and  Flav (2.03 µg·h/
mL), indicating enhanced drug exposure, 
suggesting that these derivatives may improve 
the bioavailability of DHA. Quercetin and its 
derivatives may enhance DHA absorption by 
modulating intestinal transporters or improving 
solubility.29 Quercetin  increased the  Cmax 
(Maximum Concentration) of DHA (0.51 µg/
mL), while Flav-3 and Flav reduced it (0.23 
µg/mL and 0.33 µg/mL, respectively). This 
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could be due to differences in absorption and 
metabolism pathways. These compounds may 
inhibit cytochrome P450 enzymes, thereby 
reducing the metabolism of DHA and increasing its 
bioavailability.30 The half-life (t½) of DHA increased 
when co-administered with quercetin (7.06 h) and 
its derivatives (6.14-6.57 h), probably as a result of 
prolonged drug retention in the body. Clearance 
(CL) and Volume of Distribution (Vd) increased 
with Flav-3 and Flav, indicating faster elimination 
and broader distribution of DHA in the presence 
of these derivatives. This suggests that these 
derivatives may alter renal or hepatic clearance 
pathways. 
	 The synergistic antiplasmodial effect 
of quercetin + DHA is likely due to improved 
pharmacokinetics, including increased AUC and 
prolonged half-life. This ensures sustained drug 
levels in the bloodstream, enhancing parasite 
clearance. By modulating DHA pharmacokinetics, 
quercetin and its derivatives may reduce the risk 
of parasite resistance, a significant challenge 
in malaria treatment.31 The drug-likeness of 
quercetin and its derivatives ensures good 
oral bioavailability, which is critical for their 
antiplasmodial activity in vivo. This is consistent 
with studies showing that flavonoids enhance the 
efficacy of artemisinin derivatives by modulating 
drug metabolism and parasite resistance.32,33

	 The synthesised derivatives’ spectral 
characterisation and physicochemical analysis 
confirmed their purity and structural integrity. 
The UV and FTIR spectra revealed characteristic 
peaks of successful acetylation and hydroxylation, 
correlating with the expected molecular structures.

CONCLUSION

	 This study successful ly designed 
and synthesised two quercetin derivatives-
3,5,7,3',4'-penta-acetoxyflav-3-ene (Flav-3) 
and 3,3',4',5,7-pentahydroxyflavylium (Flav)-
and evaluated their antiplasmodial potential. 
Molecular docking studies revealed strong binding 
affinities with Plasmodium falciparum falcipain-2 
(2GHU), indicating their potential as antimalarial 
agents. In vivo, studies demonstrated significant 
suppressive and curative activities against 
Plasmodium berghei, with quercetin achieving the 
highest parasitaemia clearance (73.55 ± 3.06%). 

Pharmacokinetic analysis showed that quercetin 
and its derivatives enhanced the bioavailability and 
elimination half-life of DHA, suggesting synergistic 
effects. These findings highlight the potential 
of quercetin derivatives as adjuncts to DHA in 
malaria treatment, offering a strategy to combat 
artemisinin resistance. Future research should 
focus on clinical trials to evaluate the long-term 
efficacy and safety of these compounds, as well 
as their interactions with other antimalarial drugs. 
This study provides a foundation for developing 
novel antiplasmodial agents to address the global 
burden of malaria.

SUPPLEMENTARY INFORMATION
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