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Abstract

Background: The use of nanocartiers in combination with other treatments shows sig-
nificant promise in addressing drug-resistant diseases, particularly malaria. Given the
high prevalence of drug-resistant malaria, research into innovative therapies is crucial.
This study focuses on a nanoform of chitosan, a biodegradable polymer, combined with
Crocus sativus (saffron) and chloroquine to enhance their antimalarial effects.

Methods: Saffron extract and chloroquine were separately conjugated with chitosan,
followed by confirmation tests to determine conjugation efficiency. Both chloroquine-
resistant and sensitive strains of Plasmodium falciparnm were cultured to calculate the IC50
values of various treatments in vitro. This study was conducted at the School of Public
Health, Tehran University of Medical Sciences, Tehran, Iran in 2024.

Results: Confirmation tests (FTIR, DLS, Zeta potential, TEM) verified proper drug
conjugation to nanocomposites, with observed nanosize, the percentage of conjugation
was 64.4% for chloroquine and 42.9% for saffron. Toxicity and hemolysis tests con-
firmed safe doses. The IC50s values for Chloroquine, Nanoparticle-Chloroquine, Saf-
fron, and Nanoparticle-Saffron were 0.3, 0.8, 42.5, and 6.24 ug/ml, respectively, for the
sensitive strain, and 5, 1, 12.5, and 3.12 nug/ml, respectively, for the resistant strain.
Combination therapy with the fixed ratio method showed synergistic effects. Statistical
analysis revealed synthesized nanocomposites' superior inhibition of P. fakiparum growth
compared to non-nano. Significant differences were observed in some cases (P< 0.05).
Conclusion: Utllizing nanocarriers and combination therapy is an appropriate strategy
for addressing drug tresistance. Saffron's anti-malarial effects on P. falciparnm wete notably
increased when linked to chitosan nanocomposites. Furthermore, employing a fixed
ratio technique enhanced the therapeutic effectiveness of saffron when combined with
chloroquine and chloroquine-nanocomposites across all concentrations.

Copyright © 2025 Khezri et al. Published by Tehran University of Medical Sciences.
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International license.
(https://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of the work are permitted, provided the original work is properly cited
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Introduction

alaria is a life-threatening disease
caused by the Plasmodium parasite
and transmitted to humans through

the bite of infected female Anopheles mosqui-
toes. Malaria is a major global health concern,
especially in tropical and subtropical regions
(1). Despite being profusely combated during
past years, continues to have a devastating im-
pact on public health and economies world-
wide. Numerous efforts are underway to de-
velop effective treatments and vaccines against
malaria infection. According to a report pub-
lished by the WHO in 2024, there will be 263
million cases and 597,000 deaths from malaria
in 2023 (2).

P. falciparum poses a major global health
threat through malaria transmission and mor-
tality, causing severe issues like cerebral malar-
ia and organ failure. It mainly impacts vulner-
able groups, especially children and pregnant
women in sub-Saharan Affrica. The economic
costs are significant, with malaria resulting in
productivity losses and increased healthcare
costs, potentially reducing GDP by up to
1.3% annually in affected regions (2—4).

Malaria drug resistance is a major global is-
sue. This complex problem arises mainly from
the genetic diversity of the Plasmodium parasite,
allowing it to evolve against treatments (5).
Other contributing factors include inadequate
drug dosing, poor-quality medications, patient
non-compliance, and limited treatment op-
tions, which worsen the situation (6).

A review of studies in Iran indicates that
chloroquine resistance in P. falciparum is signif-
icantly associated with the K76T mutation in
the chloroquine resistance gene. Additionally,
resistance to sulfadoxine-pyrimethamine (SP)
in P. falciparum is linked to mutations in the
dihydrofolate reductase and dihydropteroate
synthase genes (7).

Herbal medicines have treated malaria since
ancient times, with many effective anti-
malarial drugs derived from plants. Traditional
plants can serve as anti-Plasmodium agents (8—
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10). Saffron, a spice from Crocus sativus stigmas,
is valued for its color, aroma, and flavor. Used
for centuries, it offers antioxidants, boosts
mood, enhances cognition, may fight cancer,
supports eye health, and has ant-
inflammatory properties (11-13).

Chitosan is detived from chitin, which is the
second most abundant natural biopolymer
after cellulose, commonly found in marine
animals like shrimp and crabs (14). This natu-
rally positively charged polysaccharide has
gained attention in drug delivery due to its
high bioavailability, biodegradability, biocom-
patibility, and non-toxicity (15). Chitosan's -
OH and -NH2 groups enable hydrogen and
covalent bonding, while protonation at low
pH gives it a positive charge, enhancing mu-
cosal adhesion (16). These properties make
chitosan an excellent choice for pharmaceuti-
cal applications, particularly in drug encapsula-
tion and delivery (17,18).

Since increasing drug resistance phenome-
non among some malaria parasites, adminis-
trating combination therapy can postpone
such problems (19,20). This widely endorsed
method, recommended by WHO, is frequent-
ly employed to achieve a more comprehensive
and efficacious response to malaria (21).

This study explored the effects of a new chi-
tosan-based nanocomposite with saffron and
chloroquine on P. faleiparum. It evaluated its
impact on chloroquine-sensitive (3D7) and
resistant (K1) strains through in vitro analysis.

Material and Methods

This study was conducted at the School of
Public Health, Tehran University of Medical
Sciences, Tehran, Iran in 2024.

Chemicals and reagents

Ethylene diamine tetra acetate (EDTA), Tris
buffer, sodium chloride (Nacl), Triton-X 100,
KH2PO4, K2HPO4, NaOH, chloroform,
potassium hydroxide (KOH), DPA were pro-
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cured from Merck Ltd,. Chloroquine diphos-
phate, Chitosan, DCFDA were purchased
from Sigma—Aldrich (St. Louis, MO, USA).
Commercially available histopaque 1077,
HEPES, were purchased from Sigma Chemi-
cal Co., USA. All other chemicals were ob-
tained from Merck Ltd.,

Extraction of whole saffion extract

Saffron, sourced from Saharkhiz Company
in Mashhad, Iran, is made from dried stigmas
of Crocus sativus. Two grams were pounded,
then kept cool until extraction. An ultrasonic
method enhanced extraction, and the extracts
were filtered using Whatman No. 1 paper and
freeze-dried with lyophilizer.

Preparation of Nano-chitosan

Chitosan nanocomposites were synthesized
via ionotropic gelation using chitosan and so-
dium tripolyphosphate (TPP). First, 1 g of chi-
tosan was dissolved in 100 ml of 1% hydro-
chloric acid, and a 0.1% TPP (1.2 mg/ml) so-
lution was prepared in deionized water. The
TPP solution was added dropwise to the chi-
tosan solution while stirring at room tempera-
ture, resulting in particles of varying sizes
based on the chitosan to TPP ratio. The parti-
cles were then collected by centrifugation at
12,000 rpm for 10 min, washed with deionized
water, and lyophilized (22).

Drug loading on nanocomposits

During nanocomposite synthesis, 1 mg/ml
of saffron and chloroquine were prepared in
sterile distilled water and mixed with mon-
omerized chitosan for 15 min. TPP was then
added to encapsulate the drug in particles.

Determination of encapsulation efficiency
(EE) and loading capacity (LC)

A calibration curve for chloroquine and saf-
fron was created by preparing various concen-
trations and measuring their OD at 343 nm
and 440 nm, respectively, using a nanodrop.
Drug-loaded polymer nanocomposites were
separated from the supernatant by centrifuga-
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tion at 12,000 rpm for 20 min. The superna-
tant's absorbance was measured with a UV
spectrophotometer to calculate encapsulation
efficiency (EE) and drug loading capacity
(LC). Calibration curves were generated using
blank polymer nanocomposites. EE was de-
termined to be 64.4% for chloroquine and
42.9% for saffron, with LC values of 1.4% for
chloroquine and 1.04% for saffron, reported
as mean values from triplicate measurements.

EE = (W. - Wy)/W. x 100% [1]

LC = (W: - Wy/Wa x 100% [2]

W, is the total amount of NPs, W is the free
number of NPs in the supernatant after cen-
trifugation, and W, is the weight of polymer
nanocomposites after freeze-drying.

Release behavior of Nanocomposits

Release of medicinal compounds from 15 ml
(1 mg/ml) nanocomposites in 500 ml PBS
(pH 7.4, 37 °C) was examined over 24 h. The
UV-Vis assay measured drug release at 440
nm (saffron) and 343 nm (chloroquine).

Determzination of Physicochemical Properties
of Nanocomposits

The morphology, Zeta potential, morpholo-
gy, distribution, size and distribution of the
prepared nanocomposits were determined us-
ing Transmission Electron Microscopy (TEM)
and Dynamic Light Scattering (DLS). Fourier
transform infrared (FTIR) analysis was con-
ducted to verify the synthesis of nanocompos-
its.

Cell Viability Assay

MTT assay was conducted to evaluate cell
viability. PC12 cells were sourced from Iran
University of Medical Sciences and seeded
into 96-well plates at 100 pL/well, allowing 24
h for adherence. Different concentrations of
nanodrugs (100 uL/well) were added and in-
cubated for 48 h at 37 °C in a 5% CO2 hu-
midified environment, with triplicate wells for
each sample. After incubation, 10 pL of 5
mg/mL MTT was added and incubated for 3
h, followed by 10 additional minutes at 37 °C.
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The optical density was read at a wavelength
of 570-630 nm (22,23). The growth inhibition
rate was calculated by using the following
formula:

OD Treated

——x 100
0D Control

Cell survival rate (%) =

Hemolytic Test

To conduct the hemolytic test on synthe-
sized medicinal compounds, 5 ml of fresh
whole blood was collected from a healthy vol-
unteer and anticoagulated with heparin. The
red blood cells were isolated by centrifugation
at 2500 rpm for 10 min and washed three
times with PBS to prepare a 1% suspension,
added to each well (100 ul). Different concen-
trations of the medicinal compounds (100 pl)
were then added. The first well served as the
negative control (PBS), and the last well was
the positive control (Triton X-100). After in-
cubating for an hour at 37 °C, samples were
centrifuged at 1500 rpm for 10 min, and the
supernatant's absorbance was measured at 540
nm. The percentage of drug hemolysis was
calculated using the following formula (24):

0D test - OD Negative Control )
0D Positive Control - 0D Negative Control

Percent hemolysis% =

Cultivation of the Parasite

Cultivation of P. falciparum using the modi-
fied Jensen and Trager method took place at
the National Malaria Laboratory, Tehran Uni-
versity of Medical Sciences. Chloroquine-
sensitive 3D7 and resistant K1 strains were
thawed, centrifuged at 1500 rpm, and washed
with RPMI 1640 medium to remove freezing
media. They were then placed in 25 mm plates
with 2250 pl. CCM (RPMI 1640, 10% human
sertum AB+, 50 mg/L hypoxanthine, 50 mg/L
gentamycin) and 250 pl. washed human O+
red blood cells. Plates were incubated at 37 °C
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in a candle jar, with medium changes every 48
h and subsequently every 24 h.
In Vitro Assay

P. falciparum was cultivated to 1% parasitem-
ia in the ring stage, and the anti-Plasmodinm
effect of synthesized compounds was assessed
using microscopy in 96-well plates. Medicinal
compounds were diluted in culture medium
(1, 5, 10, 50, 100, 200 pg/ml for Cq and
NPCq; 1.6, 3.12, 6.24, 12.5, 25, 50 pg/ml for
SAF and NSAF), and added in triplicates to
wells, followed by 15 pL of infected RBCs.
After incubating for 24 h at 37 °C, blood
smears were prepared, and stained with Giem-
sa, and parasitemia was determined by count-
ing 10,000 red blood cells.

Combination tests

To begin the combination tests, IC50 values
of the selected antiplasmodial agents against
the cultured parasites were calculated from the
fitted curve (dose-response curve). IC50s were
mixed at 10, 30, 50, 70, and 90 percent using
fixed ratios. A stronger reduction in parasite
growth indicates synergism, while adverse or
no effects suggest antagonism or additivity,
respectively.

Statistical Analyses

Experiments were conducted in triplicate.
ANOVA with Post Hoc evaluation using
SPSS 27.0 assessed group differences, while
independent sample t-tests compared the two
strains. A P-value < 0.05 indicated statistical
significance.

Results

Physicochemical properties analysis of nano-
compostts results

The size and charge of the synthesized
nanocomposits were analyzed using a trans-
mission electron microscope (TEM) and zeta
sizer. The nanocomposits were below 100 nm
in size (Fig. 1).
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Fig. 1: Transmission Electron Microscopy (TEM) image of chitosan-tripolyphosphate conjugated nanocom-
posits, scale bar 50 nm

Generally, when zeta potential is higher than +25 mV or less than -25 mV, the system stability in-
creases (25). As shown in Fig. 2, the NPCq and NPSAF nanocomposits exhibited a positive charge
within the range of 80-90 mV. Therefore, all of these systems are very stable.

Calculation Results
Peak No. | S.P.Area Ratio Mean S. D. Mode
1 1.00 3935 nm 65.9 nm 379.0 nm
2 = —nm — nm —nm
3 — —nm — nm —nm
Total 1.00 3935 nm 65.9 nm 379.0 nm
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Fig. 2: Particle size, polydispersity index (PDI), and zeta potential of nanocomposits (NPs)

Saffron-loaded nanocomposites exhibit a
notable decrease in zeta potential, from +90
to +80. This reduction is due to negatively
charged functional groups in saffron, which
ionize in the environment. The incorporation
of saffron into the chitosan structure confirms
the successful loading by lowering the overall
charge.

DLS results support the hypothesis that
drug loading increases nanocomposite size
due to drug filling pores and causing swelling.
The rise in zeta potential suggests chloro-
quine's positive charge transfers to chitosan
nanocomposites, likely due to chloroquine's
nitrogen elements ionizing by taking hydrogen
from water.
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Analyging the results of a Fourier Transform
Infrarved Spectrometer (FTIR)

Chitosan is a polymer formed by sugar mol-
ecules linked with ether bonds, resulting in
peaks in the 1200-1150 CM" range. The hy-
droxyl group (OH) shows a broad peak at
3400-3300 CM™". A peak at 1600 CM™" indi-
cates NH amide presence, confirming success-
ful nanocomposite synthesis. Peaks around
2900 CM" relate to aliphatic hydrogens like
NH3, NH2, NH, and methyl.

For saffron, the high crocin content results
in increased double bonds in nanocomposites,
enhancing aliphatic CHs and OHs. This leads
to sharper, stronger peaks at 2900 CM-1 and
3400 CM-1, as well as a peak at 1600 CM
indicating chitosan presence.
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The FTIR spectrum of chloroquine features
a peak at 800-600 CM" from chlorine (Cl) and
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a carbonyl amide peak at 1600 CM™ associated
with chitosan (Fig. 3).
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Fig. 3: FTIR spectra: (A) Chloroquine-nanocomposit (NPCq), (B) Saffron-nanocomposit (NPSAF) & (C)
nanocomposit (NPs)

Encapsulation Efficiency (EE %) and Load-
ing efficiency (LC %)

In this study, we calculated EE% and LC%
for chloroquine loaded in CS nanocomposits
(64.4% and 1.4%, respectively) and saffron
(42.9% and 1.04%), respectively.

MTT assay

Available at: http://ijpa.tums.ac.ir

MTT assay evaluated the toxicity of the syn-
thesized nanocomposite (NPC - NPCq -
NPSAF) in cell cultures. Results indicated that
500 pg of NPCq killed over 50% of cells.
Therefore, the concentrations of 1, 5, and 10
ug/mg showed no toxicity in the PC12 cell
line (Fig. 4). Furthermore, 50 pg/ml NPSAF
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was non-toxic to PC12 cells, with higher con-

100

50—

Cell viability %

3.0 7.0 15.0

31.0

centrations also displaying low toxicity.

NPC
mmm NPCq
mmm NPSAF

62.0 125.0 250.0 500.0

Concentration (ng/mL)

Fig. 4: Bar chart Cell viability% based on MTT assay of nanocomposites (NPC), Chloroquine - nanocomposit
(NPCq) and Saffron-nanocomposit (NPSAF)

Hemolytic Activity

In addition to the MTT assay, we
performed a hemolysis assay with human red
blood  cells  with  the  synthesized

nanocomposites (Fig. 5). Hemolysis increased

NPs hemolysis
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h
-]

< ~ - s - S 2N

. ~ > > o
e

Drug Consentration

NPSAF hemolysis

100

% Hemolysis
h
El

Drug Consentration

with nanocomposite concentration but was
not statistically significant compared to the
negative control, though it differed significant-
ly from the positive control.

NPCq hemolysis

50

% Hemolysis

Drug Consentration

SAF hemolysis

50

% Hemolysis

S
B

Drug Consentration

Fig. 5: Bar chart presentation represents the hemolytic activity of nanocomposites (NPs), Chloroquine-
nanocomposit (NPCq), Saffron-nanocomposit (NPSAF) and Saffron (SAF). It is represented as a percentage
of the amount of released hemoglobin.

Release behavior of Nanocomposit
The release of chloroquine and saffron from

chitosan nanocomposites was assessed over
24 h in PBS at pH 7.4. Figure 6 shows that
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78% of chloroquine and 81% of saffron were
released, while over 90% of each were dis-
charged within 4 h when tested individually.
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1004
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Fig. 6: The release behavior of chloroquine (Cq) and saffron (SAF) alone and in the state of cross-link to chi-
tosan nanocomposites (NPCq & NPSAF), in PBS (pH: 7)

Anti-Plasmodium effect of the synthesiged

nanocompostte

The synthesized nanocomposites showed an
anti-Plasmodinm effect on both chloroquine-

sensitive (3D7) and resistant (K1) strains.
Loading chloroquine and saffron enhanced
their growth inhibition (Table 1).

Table 1: The mean inhibition effect of synthesized nanocomposite on P. faliparum in culture medium. Cq
(Chloroquine), NPCq (Chloroquine- nanocomposite), SAF (Saffron), NPSAF (Saffron- nanocomposites),

Chit (Chitosan), NPC (Nanocomposites)

Drugs N  Mean (%)
Cq 36 80.10
NPCq 36 82.62
SAF 36 16.97
NPSAF 36 50.26
Chit 36 21.90
NPC 36 54.70
Total 216 51.10

Std. Deviation  Std. Error
18.08 3.01
15.10 2.51
31.80 5.30
23.55 3.92
24.36 4.06
12.48 2.08
33.38 2.27

The effectiveness of the nanocomposites
against the P. falciparum strain 3D7 was evalu-
ated using microscopy (Table 2). The chitosan
nanocomposites with chloroquine and saffron
demonstrated a  concentration-dependent

Available at: http://ijpa.tums.ac.ir

growth inhibition. At 200 pg/ml, NPCq
achieved 97.88% inhibition, while NPSAF at
50 pg/ml showed 81.89% inhibition. For the
chloroquine-resistant strain (K1), increased
concentration also enhanced anti-plasmodium
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activity, with NPCq at 200 pg/ml inhibiting
92.56% and NPSAF at 50 pg/ml inhibiting
69.46% (Table 2). In the 3D7 strain, the saf-

fron-only group showed a higher level of par-
asite growth at lower concentrations com-
pared to the control group (P<0.05).

Table 2: The effect of newly synthesized nanocomposits on P. faliparum 3D7 & K1 strain in culture medium.
Cq (Chloroquine), NPCq (Chloroquine- nanocomposite), SAF (Saffron), NPSAF (Saffron- nanocomposites),
Chit (Chitosan), NPC (Nanocomposites)

Drugs Conc Para
(ng/m) (%)
(3D7)
Cq 1 20.16
5 15.58
10 6.44
50 5.20
100 4.74
200 4.28
NPCq 1 43.12
5 10.88
10 9.43
50 391
100 2.57
200 2.11
SAF 1.6 118.31
3.12 125.74
6.24 122.38
12.5 114.38
25 89.37
50 33.37
NPSAF 1.6 94.42
3.12 84.89
6.24 54.97
12.5 34.34
25 20.93
50 18.10
Control + 100
Control - 0

The results of combination therapy

IC50 tesults ate shown in Table 3. The
combination of chloroquine, NPSAF, NPCq,
and NPSAF demonstrated strong effects, as
seen in graphs 6 and 7 with the fixed-ratio
method. For strain 3D7, the 50/50 Cg-
NPSAF ratio had the best outcome, while the
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Inhi Para Inhi

@) D
(€10))) (K1) (K1)
79.83 59.32 40.67
84.41 50.53 49.46
93.55 33.62 66.37
94.79 18.84 81.15
94.79 11.59 88.4

95.71 8.21 91.78
56.87 41.73 58.26
89.11 36.81 63.18
90.56 13.42 86.57
96.08 19.51 80.48
97.42 9.08 90.91
97.88 7.43 92.56
-18.31 68.88 31.11
-25.74 55.16 44.83
-22.38 56.03 43.96
-14.38 55.07 44.92
10.61 77.39 22.60
66.62 79.80 20.19

5.57 57.68 42.31

15.1 48.69 51.3
45.02 53.71 46.28
65.65 48.88 51.11
79.06 41.64 58.35
81.89 30.53 69.46

100
0

10/90 NPCq-NPSAF ratio achieved the high-
est growth inhibition. For strain K1, the
50/50 Cg-NPSAF combination also resulted
in the greatest growth inhibition, whereas the
70/30 NPCq-NPSAF ratio was the most ef-
fective (Fig. 7).
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Table 3: IC50s of different treatments used in the study. Cq (Chloroquine), NPCq (Chloroquine- nanocom-
posite), SAF (Saffron), NPSAF (Saffron- nanocomposites)

(%) uomquyujp

‘ Drugs 1C50 (3D7) 1C50 (K1)
(ug/ml) (ug/ml)
Cq 0.30 5
NPCq 0.80 1
NPSAF 6.24 3.12
SAF 42.50 12.50
Fixed ratios Cq & NPSAF (3D7) Fixed ratios NPCq & NPSAF (3D7)
100 — 100 100= - 100
° °
80 L] L e ° - 80 80— [ ] [ ] [ ] L 50
< - L A < 60 - 6
B 60 e tE LT ° 60 E § @ ®
- E 2 40 - 40
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F X £
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s e o o o QS Q\Q N éQ @
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Fixed ratios Cq & NPSAF (K1) Fixced ratios NPCq & NPSAF (K1)
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Combined concentration(%) Combined concentration(%)

Fig. 7: Interaction between Chloroquine (Cq), Saffron-nanocomposit (NPSAF), Chloroquine-nanocomposit
(NPCq), Saffron-nanocomposit (NPSAF) against the chloroquine - sensitive (3D7) and chloroquine- resistant
(K1) strains of P. falciparum
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Discussion

Malaria, a fatal infection, despite extensive
combating against the illness still afflicts many
people in the world including some death out
of them. The resistance of P. faliparum to
most antimalarial drugs and the absence of a
highly effective vaccine give priority to focus-
ing on pharmaceutical research in the field of
malaria (26,27).

This study evaluates anti-malarial agents tar-
geting P. falciparum. Using therapeutic combi-
nations and nanocarriers may improve treat-
ment for chloroquine-resistant strains. Com-
bining nanocomposite drugs with herbal ex-
tracts shows promise for better control of P.
Saleiparnm. NPCq and NPSAF nanocomposites
inhibit P. faleiparum more effectively than chlo-
roquine and Saffron alone (Table 4).

Table 4: Bonferroni Post Hoc Test for Pairwise Comparisons of the Groups. Cq (Chloroquine), NPCq
(Chloroquine- nanocomposite), SAF (Saffron), NSAF (Saffron- nanocomposites), Chit (Chitosan), NPC

(Nanocomposites)

@) Group  (J) Group Mean Difference (I-]) Std. Error  P-value
Cq SAF 63.13 5.15 <0.001
NPSAF 29.84 5.15 <0.001

Chit 58.20 5.15 <0.001

NPC 25.40 5.15 <0.001

NPCq SAF 65.65 5.15 <0.001
NPSAF 32.35 5.15 <0.001

Chit 60.72 5.15 <0.001

NPC 27.91 5.15 <0.001

SAF NPSAF -33.29 5.15 <0.001
NPC -37.73 5.15 <0.001

NPSAF Chit 28.36 5.15 <0.001
Chit NPC -32.80 5.15 <0.001

In Nigeria, 100 P. faliparum isolates were
tested for drug sensitivity alongside herbal
remedies like Momordica charantia, Diospyros
Monbuttensis, and Morinda Incida (10). Our re-
search utilized confirmed strains (K1 and
3D7) and achieved better results through
nanocomposite synthesis and plant extract
conjugation.

Carboxymethyl chitosan composites im-
proved treatment efficacy for P. bergher-
infected mice by 1.65 times over andro-
grapholide alone (28). Chloroquine and saf-
fron combined with chitosan nanocomposite
were more effective against P. faliiparum in
vitro than when used separately.
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In a study entitled: Interaction between Chi-
tosan and Chloroquine against P. berghei and P.
faleiparum using In-vivo and in-vitro Tests, re-
sulted in IC50s of 1.4 and 5 pg/ml for chloro-
quine and chitosan, respectively (29). In our
investigation, the IC50 of chloroquine against
P. falciparum 3D7 strain was determined to be
0.3 pg/mL. In our research, based on the
fixed ratio method, a synergistic effect was
observed across all proportions.

The present research, similar to Zein et al.'s
study, observed that in low doses of saffron
extract, such as Sambiloto, the parasite
showed more growth compared to the control
group (30). However, this effect was only seen
in the sensitive strain to chloroquine. Saffron
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has antioxidant properties similar to Sambail-
oto, it is possible to suggest that in low doses,
saffron functions as an antioxidant medication
that eliminates various harmful free radicals
for parasites (31,32).

Tonotropic gelation has been used since the
1990s to create chitosan-based polymer micro
and nanoparticles for biomedical applications.
This method effectively encapsulates various
molecules in stable, biocompatible, and biode-
gradable particles of different sizes (33). We
achieved a chloroquine encapsulation efficien-
cy of 64.4% and particle size of about 390 nm.
Baharat et al. reported sizes of 410.4, 436.2,
and 461.3 nm with entrapment efficiencies of
64%, 69%, and 72%, aligning with our find-
ings (34).

The limitations of this study include the lack
of in vivo antiplasmodial evaluation and the
lack of investigation of the in vivo toxicity of
the synthesized nanocomposites and their ef-
fects on different tissues.

Conclusion

This research utilized saffron and chloro-
quine in nano form within chitosan nanocom-
posite, alongside their non-nano forms, to test
against both chloroquine-sensitive and re-
sistant strains of Plasmodium falciparum in vitro.
The nano forms showed significantly greater
efficacy. The fixed ratio method in combina-
tions demonstrated strong synergistic effects.
Release rates of the novel agents were slower
than their non-nano counterparts, and toxicity
testing confirmed non-toxic doses.
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