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Abstract 
Malaria remains a major global health challenge, and there is growing interest in plant-derived 
antimalarial agents as alternative or adjunct therapies. Carica papaya has shown notable antiplasmodial 
activity; however, its therapeutic potential is limited by poor stability, variable bioavailability, and rapid 
release when used in crude form. Microencapsulation using biopolymer-based systems offers a 
promising strategy to improve the stability and controlled delivery of phytochemicals. This study aimed 
to develop and evaluate sodium alginate-based microencapsulated formulations of Carica papaya leaf 
extract to improve encapsulation efficiency, enable controlled release, and enhance in vivo 
antiplasmodial activity. Microcapsules were prepared via ionotropic gelation using different sodium 
alginate concentrations to create various formulations (IM1, IM2, and IM3). The formulations were 
evaluated for encapsulation efficiency, morphology, swelling behavior, and in vitro drug release kinetics. 

The best-performing formulation (IM₃) was further tested for in vivo antiplasmodial activity using a 
Plasmodium berghei-infected Swiss albino mouse model. Parasitemia reduction was measured and 
compared with the crude extract, the negative control, and a standard antimalarial drug, and statistical 
analysis was conducted using appropriate significance tests (p < 0.001). The findings showed that 
polymer concentration significantly affected microcapsule properties, with IM3 demonstrating the 
highest encapsulation efficiency, structural stability, and a sustained drug-release profile, while IM2 
exhibited a more balanced release pattern. In vivo studies indicated that the methanolic extract of Carica 
papaya significantly reduced parasitemia, with microencapsulated formulations showing markedly 
improved effectiveness. The IM3 formulation produced the strongest antiplasmodial effect among the test 
groups and showed enhanced performance compared to the crude extract, with statistically significant 
differences (p < 0.001). Sodium alginate-based microencapsulation greatly improves the stability, 
controlled release, and antimalarial effectiveness of Carica papaya leaf extract. The IM3 formulation 

demonstrates strong potential as a sustained-release phytopharmaceutical for malaria treatment, 
underscoring the importance of advanced formulation strategies in enhancing plant-derived therapeutic 
agents. 
Keywords: Carica papaya, Microencapsulation, Sodium alginate, Anti-plasmodial activity. 

 

Introduction 
Malaria remains a major global health challenge, causing significant illness and death, especially in sub-
Saharan Africa. The disease is caused by Plasmodium parasites transmitted by infected female Anopheles 
mosquitoes. The emergence of drug-resistant malaria strains has driven the search for alternative 
treatments [1-3]. Despite years of control efforts, malaria continues to be a serious public health issue due 
to socioeconomic factors, limited healthcare access, and climate conditions that promote mosquito breeding. 
Even more critically, the widespread appearance and increasing prevalence of Plasmodium strains resistant 
to common antimalarial drugs have greatly reduced the effectiveness of current treatments. This growing 
problem has heightened the urgency to develop new, safe, and effective therapies to supplement or replace 
existing antimalarial options. 
Medicinal plants have long played a key role in treating malaria, especially in endemic areas where 
traditional medicine remains a vital part of primary healthcare. Carica papaya is a widely grown medicinal 
plant used for medicinal, cosmetic, and culinary purposes. The leaves are traditionally used as an 
antimalarial agent. Phytochemical screening has shown that the leaves contain various bioactive 
compounds, including alkaloids, flavonoids, phenolics, and terpenoids, which are believed to contribute to 
their antimalarial properties [4,5]. However, clinical use of C. papaya extract is limited by environmental 
degradation, rapid metabolism, and poor solubility. These issues reduce the effectiveness of the extract, 
calling for an advanced drug delivery system [6,7]. 
To overcome these limitations, advanced drug-delivery systems have gained increasing attention as 
promising strategies to improve the stability and effectiveness of plant-derived bioactive compounds. Among 
these methods, microencapsulation has become a successful technique for enhancing the delivery of 
phytochemicals. Microencapsulation involves trapping bioactive compounds within polymeric carriers, 
creating protective matrices that shield the encapsulated agents from environmental degradation and early 
metabolism. Furthermore, microencapsulation can enable controlled and sustained release of bioactive 
compounds, potentially increasing bioavailability, extending therapeutic effects, and reducing the frequency 
of dosing. As a result, microencapsulation technology offers a promising approach to enhance the 
antimalarial potential of Carica papaya extracts and support their development into effective 
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phytopharmaceutical formulations [8-11]. This study aimed to develop and evaluate the antiplasmodial 
activity of the microencapsulated Carica. papaya extract. 

 

Materials and Methods 
Materials 
Leaves of Carica papaya were collected in Zuru town, within the Zuru Local Government Area of Kebbi State. 
The leaves were identified, assigned voucher number PCG/UDUS/Cari/0005, and then stored in the 
herbarium of the Department of Pharmacognosy and Ethnomedicine at Usmanu Danfodiyo University, 
Sokoto. All other reagents were of analytical grade  
 
Extraction of Carica papaya leaf 
The fresh leaves were air-dried, size-reduced, and sieved through a 600 μm mesh to obtain uniform particle 
sizes. Five hundred grams (500 g) of the powder was macerated with two liters (2 L) of 96% methanol for 5 
days with constant agitation. The supernatant was decanted, filtered, concentrated using a rotary 
evaporator, and then dried to constant weight in a water bath maintained at 50°C [12] 
 
Determination of absorption maxima and calibration equation for Carica papaya leaf extract 
To determine the maximum absorption wavelength of the extract, a 1% W/V dispersion of the extract was 
prepared in 100 mL of phosphate buffer (pH 6.8). The dispersion was filtered through Whatman filter paper 
(0.5 µ), and the absorbance was measured using a UV-Visible spectrophotometer (Model Cintra 6, Type GBC 
UV–Visible, GBC, Scientific Equipment Ltd, Victoria, Australia) at different wavelengths. To obtain the 
calibration curve, the wavelength of maximum absorbance was used to scan five freshly prepared 
concentrations of the extract, and the resulting absorbance values were used to construct a Beer-Lambert 
plot [13] 
 
Phytochemical screening of the Carica papaya leaf extract 
Tests were conducted on the extract to detect alkaloids, flavonoids (alkaline test), saponins (foam test), 
tannins (ferric chloride test), cardiac glycosides (Keller-Killiani test), anthraquinones (Borntrager’s test), 
carbohydrates (Molisch test and Fehling’s test), and phenols (ferric chloride test) [14,15,16] 
 
Fourier-transform infrared spectroscopy of Carica papaya leaf extract 
The purpose of this investigation is to identify the functional groups present in the extract and to understand 
the possible secondary plant metabolites constituents of the plant extract [17.18]. In this study, a 
compressed disc of the extract was prepared with potassium bromide (KBr) and scanned using Fourier-
transform infrared (FTIR) spectroscopy (spectrum BX 273, PerkinElmer, USA) in the range of 350 cm-1 to 
4400 cm-1. The FTIR spectra were recorded, and the table-driven infrared application software (IRPal 2.0) 
was used to determine the class, structure, and functional group assignments based on the observed peak 
wavelengths. [19]. 
 
Microencapsulation of Carica papaya leaf Extract 
Microcapsules were produced using the ionotropic gelation method. Ten grams (10 g) were uniformly 
dispersed in 5%, 7.5%, and 10% w/v sodium alginate solutions to create three formulations. Using a 10 mL 
syringe, the mixture was added dropwise to 500 mL of a 2% w/v calcium chloride solution while stirring 
continuously at 600 rpm. The gelled beads were cured for 30 minutes, then recovered by filtration, air-dried 
to a constant weight, and stored in a desiccator until needed [20,21,22,23]. The percentage yield was 
calculated using equation 1.  

%Yield =
Weight of microcapsules

Weight of extract + calcium chloride + sodium alginate
     × 100  …………………………… .EQ1 

 
 
Microcapsules Characterization  

i. Morphology 
Dried microcapsules were carefully mounted onto aluminum SEM stubs using double-sided conductive 
carbon tape to reduce aggregation and create a uniform monolayer. Loose particles were gently removed by 
taping. The mounted samples were sputter-coated with a thin layer of gold or a gold–palladium alloy in a 
vacuum to improve electrical conductivity and prevent charging. SEM imaging was carried out at 5–15 kV, 
with the working distance and magnification chosen to clearly visualize surface features. Micrographs were 
taken to evaluate particle shape, surface texture (smoothness, roughness, porosity), the presence of cracks 
or collapse, and the overall structural integrity of the microcapsules [24,25,26,27] 

ii. Mean particle size determination: 
The mean microcapsule size was determined from SEM micrographs using image analysis software (ImageJ). 
One hundred (100) randomly selected microcapsules were measured to ensure statistical reliability. For 
each particle, the diameter was measured (for non-spherical particles, the Feret diameter or the average of 
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two perpendicular diameters was used), and the mean particle size ± standard deviation was calculated 
[28,29,30]. 

 
iii. Swelling Index: 

The swelling index was determined as the weight gain after soaking 1 g in 100 mL of phosphate buffer (pH 
6.8) for 12 hours [31,32]. The swelling index, expressed as a percentage, was calculated using equation 1:  

Swelling index (%) = 
𝐹𝑊−𝐼𝑊

𝐼𝑊
 × 100                                                                                             Eq 1  

where IW is the initial dry weight, and FW is the weight  

 
iv. Entrapment Efficiency  

One hundred milligrams (100 mg) of the microcapsules were precisely weighed and gently crushed to break 
the polymeric matrix. The crushed samples were transferred to a volumetric flask containing 200 mL of PBS 
(pH 6.8) and sonicated for 5 minutes to ensure complete extraction of the encapsulated herbal constituents. 
The resulting dispersion was centrifuged to remove insoluble polymeric material, and the clear supernatant 
was filtered. The concentration of the extracted herbal constituents was measured using spectrophotometry. 
Entrapment efficiency was determined by comparing the actual amount of extract recovered with the 
theoretical initial amount used in the formulation (equation 2) [33,34]. 

Entrapment Efficiency (%) =  
Actual Drug Content

Theoretical Drug Content
×100 

 
v. Drug release study:  

The dissolution profile of the microcapsules was investigated using the USP XXI Paddle apparatus operating 
at 100 rpm. The dissolution medium was phosphate buffer at pH 6.8, maintained at 37±0.5°C. 
Microcapsules equivalent to 250 mg of the extract were placed in the dissolution vessel. At regular intervals, 
10 mL of the medium was withdrawn and replaced with an equal volume of fresh medium. The samples 
were filtered, diluted 1:9 with PBS at pH 6.8, and the amount of extract released was determined by UV 
spectroscopy at 220 nm [35,36]. 

vi. Biological activity: 
Healthy Swiss albino mice (Mus musculus) were obtained from the Faculty of Veterinary Medicine, Usmanu 
Danfodiyo University, Sokoto, Nigeria. They were housed in standard mouse cages in the animal house of 
the Department of Pharmacology and Toxicology, Faculty of Pharmaceutical Sciences, Usmanu Danfodiyo 
University, Sokoto, and were allowed two weeks to acclimatize before the start of the experiments. All 
animals were handled according to the international guiding principles for Biomedical Research involving 
Animals [14], as permitted by the Usmanu Danfodiyo University, Sokoto, ethical committee concerning the 
use of laboratory animals. 

The in vivo anti-parasitemia activity of IM₃ (the optimized microencapsulated formulation) was evaluated 
using a murine malaria model. Healthy Swiss albino mice (18–25 g) were intraperitoneally infected with 

about 1 × 10⁷ Plasmodium berghei-infected erythrocytes obtained from a donor mouse at the Center for 
Advanced Medical Research and Training, Usmanu Danfodiyo University, Sokoto. Following infection, 
animals were randomly divided into experimental groups receiving: vehicle (negative control), standard 
antimalarial therapy (artesunate, 5 mg/kg/day), crude methanolic extract of Carica papaya (CRD), or graded 

doses of the microencapsulated formulation (IM₃: 100, 200, and 400 mg/kg). Treatments were given orally 
once daily for three consecutive days (Day 0–Day 3), following standard 4-day suppressive test protocols. 
Parasitemia levels were assessed by microscopic examination of Giemsa-stained thin blood smears prepared 
from tail-vein samples. The percentage parasitemia was determined by counting infected erythrocytes 
relative to the total erythrocyte count, while the percentage chemosuppression was calculated relative to the 
negative control. 
All data were expressed as mean ± standard error of the mean (SEM). Statistical analysis was conducted 
using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc multiple comparison test. 
Statistical significance was set at p < 0.05. [37,38]. 
 

Results and discussion 
The Yield  
The percentage yield of an extract is a fundamental quantitative parameter in phytochemical and 
pharmaceutical research because it reflects the efficiency of the extraction process and the potential 
availability of bioactive constituents for further analysis or formulation [39]. In this study, 49.09 g of extract 
was obtained from 500 g of the crude drug, corresponding to a percentage yield of 9.82%. Compared with 
similar studies, this yield falls within the typical range for aqueous or hydroalcoholic extractions of plant 
materials, which often produce yields between 5% and 15%, depending on the plant species and solvent 
system [40]. 
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The Absorption Maxima of Carica papaya Leaf Extract 
The spectrophotometric analysis revealed that Carica papaya leaf extract exhibits a main absorption 
maximum at 280 nm, with an absorbance of 0.68, as shown in Figure 1. A clear absorption maximum is 
important for studying the entrapment efficiency and dissolution profile of Carica papaya microcapsules.  
 

 
Figure 1: UV-Visible absorption spectrum of Carica papaya extract 

 
Phytochemical Screening  
The results of phytochemical screening indicate that the Carica papaya methanolic extract is rich in 
secondary metabolites, including tannins, alkaloids, saponins, carbohydrates, cardiac glycosides, 
triterpenoids (steroids), phenols, and flavonoids. These were further confirmed by the FTIR spectroscopy 
results, as shown in Figure 2 and Table 1.  
 

 
Figure 2: FT-IR of Carica papaya Leaves Extract 

 
Table 1. Identify peaks and Corresponding Functional Group 

FTIR Peak 

(cm⁻¹) 
Functional 

Group 
Possible 

Phytochemical Source 
Interpretation 

3280–3400 O–H stretching 
Phenols, alcohols, 

flavonoids 
Indicates hydrogen-bonded hydroxyl groups 

present in polyphenolic compounds 

2932, 2850 C–H stretching 
Alkanes, lipids, 

terpenoids 
Suggests the presence of long hydrocarbon 

chains 

1630–1650 
C=C or C=O 
stretching 

Amides, flavonoids, 
proteins 

Associated with conjugated double bonds or 
amide groups 
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1550–1560 N–H bending 
Alkaloids or amide II 

band 
Indicates nitrogen-containing compounds 

1450–1380 
CH₂/CH₃ 
bending 

Phenolic compounds, 
lignin 

Suggests aromatic ring vibrations 

1240–1260 C–O stretching Phenols, esters Indicates phenolic esters or ether groups 

1030–1150 
C–O–C 

stretching 
Glycosides, 

carbohydrates 
Suggests the presence of sugar moieties 

 
Microcapsule Yield 
Three Carica papaya microcapsule formulations were prepared with sodium alginate concentrations of 5% 
(IM1), 7.5% (IM2), and 10% (IM3). The yield percentages of these formulations, ranging from 42.88% to 
68.88%, were measured to assess microcapsule formation efficiency. The microcapsule yield ranking is IM3 
≥ IM2 ≥ IM1. These results indicate that higher concentrations of the wall-forming polymer enhance the 
structural strength of the microcapsules, likely due to a stronger gel network formed during cross-linking 
[41,42]. 
 
Table 2: Percentage Yield of Carica papaya Microcapsule Formulations Prepared by Ion Gelation 

Technique 

Formulation Sodium alginate (% w/v) Yield (%) 

IM₁ 5.0 42.88 

IM₂ 7.5 52.87 

IM₃ 10.0 68.88 

 
These findings suggest that optimizing the wall material concentration is critical to improving microcapsule  
production efficiency. Increasing sodium alginate concentration increases the polymer solution's viscosity, 
promoting the formation of a stable gel matrix during ionotropic gelation with calcium chloride, thereby 
improving encapsulation efficiency and overall yield [43,44]. 
 
Microcapsule Morphology 

The microcapsule formulations (IM₁, IM₂, and IM₃) exhibited predominantly spherical morphology, as shown 
in Figure 3, which is a critical quality attribute in microencapsulation systems due to its influence on 
flowability, packing efficiency, and drug release kinetics. Spherical particles are generally associated with 
improved uniformity and predictable performance in drug delivery systems [45].  
 

 
Figure 3: Macroscopic Appearance of Microcapsule Formulations 

 
The morphology of microcapsules was significantly influenced by sodium alginate concentration, with higher 
concentration leading to improved structural properties. At the lowest concentration, IM1 formulations were 
relatively small and exhibited lower rigidity, with occasional surface irregularities, likely due to an 
insufficient polymer network that failed to maintain structural integrity. However, in formulation IM2, the 
particles showed enhanced sphericity and smoother surfaces, indicating more efficient polymer 
entanglement and cross-linking. The most optimal morphology was observed in IM3, where the 
microcapsules exhibited a uniform spherical shape with compact, smooth surfaces; this is attributed to the 
increased solution viscosity, which facilitates better droplet formation and creates a robust, low-porosity gel 
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matrix. These findings are consistent with established research, which notes that higher alginate 
concentrations enhance the mechanical strength and stability of encapsulation systems [46,47].  
 
Particle Size, Swelling Index, and Entrapment Efficiency 
The values for the particle size, swelling index after 24 hours, and the entrapment efficiency of microcapsules 
are shown in Table 3. PS and EE values show a direct proportionality with sodium alginate concentration, 
whereas SI shows an inverse relationship. This can be attributed to the increase in solution viscosity at 
higher alginate concentrations, which leads to the formation of larger droplets during ionotropic gelation. 
Increased viscosity limits droplet breakup and promotes the formation of larger, more spherical 
microcapsules. Similar observations have been reported in alginate-based encapsulation systems, where 
polymer concentration significantly influences microcapsule size and structural properties [48,49] 
 
 

Table 3: The particle size (PS), Swelling Index (SI), and Entrapment Efficiency (EE) of C. Papaya 
Microcapsules 

Parameters IM1 IM2 IM3 

PS (mm) ±SD 1.33 1.48 1.62 

SI (%) 89.49 74.89 68.79 

EE (%) 65.09 72.68 74.88 

 
In contrast, the swelling index decreased from 89.49% (IM1) to 68.79% (IM3), indicating that higher sodium 
alginate concentrations reduce water uptake. This behavior is likely due to the formation of a denser, more 
highly crosslinked polymer network, which restricts water diffusion into the microcapsules. The reduced 
swelling at higher concentrations suggests enhanced structural integrity and lower porosity of the gel matrix. 

Conversely, entrapment efficiency increased significantly from 65.09% (IM₁) to 74.88% (IM₃), indicating that 
higher polymer concentrations enhance the system's encapsulation capacity. The increased viscosity and 
matrix density reduce the diffusion of the extract into the external phase during gelation, thereby minimizing 
loss and enhancing retention within the microcapsules. These findings are consistent with previous studies, 
which report a direct relationship between polymer concentration and encapsulation efficiency due to 
improved matrix formation and reduced drug leakage [50,51]. 
 
Dissolution and Release Kinetics of Carica papaya Microcapsules 
The dissolution profiles for the three formulations are presented in Figure 4. It was observed that there is a 
clear concentration-dependent drug release behavior typical of polymeric microcapsule systems, particularly 
those formulated with sodium alginate [52,53]. IM1 exhibited the fastest release, reaching approximately 
99.6% of the drug release within 120 min, indicating a relatively weak polymeric matrix that allows rapid 
penetration of the dissolution medium and faster diffusion of the encapsulated drug. In contrast, IM2 
exhibited a more gradual, sustained release pattern, achieving complete release at 300 min, suggesting an 
optimal polymer concentration that balances structural integrity with controlled diffusion. IM3 exhibited the 
prolonged release profile, reaching 89.8% at 300 min, which can be attributed to a denser, more cross-
linked polymer network that restricts solvent ingress and drug diffusion. This trend is consistent with the 
known behavior of alginate-based systems, where increasing polymer concentration enhances gel strength 
and reduces drug mobility within the matrix [54,55]. IM2 and IM3 will be useful in formulating a prolonged 
and sustained release oral formulation, solving the problem of adherence to medication, a key factor in drug 
therapy failure (DTF), while IM1 will be more clinically relevant in cases where a faster onset of drug therapy 
is desired [56] 
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Figure 4: Percentage Cumulative Drug Released 

 
The release curves further indicate a biphasic release mechanism: an initial moderate release phase (0–60 
min), followed by a sustained diffusion-controlled phase. The absence of a pronounced burst effect suggests 
efficient encapsulation and uniform drug distribution within the microcapsules. The sustained release 
observed, especially in IM2 and IM3, is characteristic of diffusion-controlled systems described by the Higuchi 
and Korsmeyer–Peppas models (Table 4), in which drug release is governed primarily by matrix swelling and 

diffusion through the hydrated polymer network. IM₃ exhibited a prolonged-release profile, reaching 89.8% 
cumulative drug release at 300 min, indicating sustained liberation of the drug over time. Meanwhile, the 
high Korsmeyer–Peppas correlation coefficient (R² = 0.998) suggests that the release kinetics closely fit the 
Korsmeyer–Peppas model, implying that diffusion was the dominant mechanism controlling drug release. 

Therefore, the prolonged release observed for IM₃ is not contradictory to the kinetic modeling results; rather, 
it indicates that the sustained-release behavior was primarily governed by diffusion through the polymer 
matrix. This behavior aligns with reports that alginate microcapsules exhibit delayed and controlled release 
due to swelling-induced diffusion mechanisms, with release rates decreasing as polymer density increases. 
[57, 58]. 
 

Table 4. Release kinetics of Carica papaya Microcapsules 

Formulations 
Zero Order 

R2 
First Order 

R2 
Higuchi 

R2 
Korsmeyer-Peppas 

R2 

IM1 0.835 0.901 0.919 0.9346 

IM2 0.811 0.882 0.948 0.995 

IM3 0.789 0.899 0.979 0.998 

 
Biological Activity 
The anti-plasmodial activity of the methanolic extract of Carica papaya was evaluated in Plasmodium 
berghei-infected mice and expressed as the percentage of parasite suppression relative to the untreated 
infected control group. The results demonstrated a clear time and dose-dependent antimalarial effect across 
all treated groups [61,62]. 
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Figure 5: Percentage Suppression of Parasitaemia 

 

As shown in Table 5, all treatment groups exhibited progressive suppression of parasites over the 72-hour 

observation period. The IM₃ formulations showed a clear dose-dependent response, with suppression 

increasing as the dose rose from 100 mg/kg to 400 mg/kg. At 72 hours, IM₃ [400 mg/kg] achieved 69.37 ± 

2.28% parasite suppression, compared with 50.43 ± 3.22% for IM₃ [200 mg/kg] and 27.48 ± 2.32% for IM₃ 
[100 mg/kg]. This represents a strong dose–response relationship (R² = 0.941), indicating high predictive 
consistency of the formulation’s pharmacological effect [63]. The antiplasmodial activity is linked to bioactive 
secondary metabolites such as flavonoids and alkaloids (notably carpaine), which disrupt hemoglobin 
digestion and parasite fatty acid biosynthesis pathways [64,61]. 
 

TABLE 5: Percent Parasite Suppression of C. papaya Extract Against P. berghei 

Time 
(Hrs) 

IM₃ 
[100 mg] 

IM₃ 
[200 mg] 

IM₃ 
[400 mg] 

PSC 
CRD 

[400 mg] 
NGC 

0 0 0 0 0 0 0 

24 8.43 ± 2.21 22.96 ± 3.28 26.71 ± 2.42 
31.30 ± 

2.18 
11.74 ± 2.38 0 

48 12.92 ± 2.28 39.58 ± 2.44 43.90 ± 1.23 
54.40 ± 

2.58 
29.21 ± 2.42 0 

72 27.48 ± 2.32 50.43 ± 3.22 69.37 ± 2.28 
88.80 ± 

2.22 
31.05 ± 2.48 0 

Key: CRD = Crude extract, NGC = Negative control, PSC = Positive Control 

 
A notable finding from this study is the marked superiority of the microencapsulated IM₃ formulation over 

the crude extract at equivalent doses. At 400 mg/kg, IM₃ achieved 69.37% parasite suppression, whereas 
the crude extract (CRD) produced only 31.05% suppression. This represents more than a two-fold increase 
in efficacy and was statistically significant (p < 0.001), indicating enhanced pharmacological performance of 
the formulated product. The improved activity of IM₃ may be attributed to enhanced bioavailability, 
protection of phytoconstituents from degradation, and improved release characteristics enabled by 
microencapsulation. These factors likely increase systemic exposure to active metabolites, thereby 
enhancing antiplasmodial efficacy. [63,65]. 
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Figure 5: Comparative Anti-plasmodial activity of crude extract and IM_3 (encapsulated) at the 

same dose 
 
The increased effectiveness of IM3 is closely linked to the dual roles of microencapsulation: protecting 
phytochemicals and enabling controlled-release delivery. Encapsulation likely shields sensitive compounds 
from acidic breakdown and enzymatic processes, thereby enhancing systemic bioavailability [65]. This 
process is especially important for Carica papaya phytoconstituents, which are vulnerable to rapid first-
pass metabolism [62]. Additionally, encapsulation promotes sustained drug release, providing extended 
therapeutic exposure that is crucial for disrupting the 24-hour erythrocytic cycle of Plasmodium berghei. As 
shown in Figure 6, formulation IM3 maintained a stable inhibitory effect over the 72-hour period, while the 
crude extract experienced a quick decline in activity. This persistent pharmacodynamic response supports 
previous findings that encapsulated plant-based formulations improve therapeutic consistency and 
effectiveness [65]. Furthermore, enhanced lipophilicity and cellular permeability may help bioactive 
compounds enter infected erythrocytes more easily, allowing for better interaction with intracellular parasite 
targets. 

 
Figure 6: Comparative Anti-plasmodial activity of crude extract, IM_3 (encapsulated), artesunate 

(PSC) 
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Table 6: Percentage of Total Reduction of Parasitaemia 

Treatment Group Dose (mg/kg) % Parasite Suppression at 72 h 
Total Reduction of 
Parasitaemia (%) 

IM₃ 100 27.48 ± 2.32 27.48 ± 2.32 

IM₃ 200 50.43 ± 3.22 50.43 ± 3.22 

IM₃ 400 69.37 ± 2.28 69.37 ± 2.28 

PSC 5mg/kg  88.80 ± 2.22 88.80 ± 2.22 

CRD 400 31.05 ± 2.48 31.05 ± 2.48 

NGC — 0 0 

 
Values represent percentage parasite suppression at 72 hours relative to the untreated infected control 
group (NGC). Total reduction of parasitaemia was calculated using the standard in vivo antimalarial 
endpoint method, where higher values indicate greater chemotherapeutic efficacy. Although artesunate 

(PSC) remained the most potent treatment, achieving 88.80% parasitemia clearance, the IM₃ fraction showed 
a similar inhibitory trend, indicating partial convergence toward standard antimalarial pharmacodynamics. 
This aligns with evidence that combination or improved delivery systems involving Carica papaya may 
enhance therapeutic outcomes and potentially act synergistically with conventional drugs [66]. However, 
artesunate consistently outperformed all plant-derived treatments, confirming its superior pharmacological 
potency. In contrast, the negative control group showed a steady increase in parasitemia, reaching 
approximately 140% of baseline by Day 3 (p < 0.001 vs treated groups), confirming active infection 
progression and supporting the pharmacological effects seen in the treatment groups [62,65,68]. 
 
Conclusion 
This study established sodium alginate-based microencapsulation as an effective and tunable delivery 
system for Carica papaya leaf extract, with polymer concentration playing a critical role in determining 

encapsulation efficiency, particle morphology, swelling behavior, and drug release kinetics. Among the 
formulations developed, IM3 demonstrated the highest encapsulation efficiency, superior structural 
integrity, and sustained-release characteristics, making it particularly suitable for extended-release 
applications, while IM2 exhibited a more balanced release profile, appropriate for controlled therapeutic 
delivery with a moderate onset and prolonged action. In vivo evaluation confirmed that the methanolic 
extract of Carica papaya possesses significant antiplasmodial activity, which is markedly enhanced by 

microencapsulation, particularly in the IM₃ formulation. The results showed strong dose-dependent efficacy 
with highly significant differences between treatment groups (p < 0.001), and the encapsulated formulations 
consistently outperformed the crude extract, with IM3 approaching the inhibitory profile of artesunate. 
Overall, the findings demonstrate that ionotropic gelation using sodium alginate is a robust pharmaceutical 
strategy for improving the stability, bioavailability, and therapeutic performance of plant-derived bioactives. 
Microencapsulation not only optimized drug release behavior but also significantly enhanced antimalarial 
efficacy, underscoring the importance of formulation engineering in phytomedicine development. These 
results position the IM3 formulation as a promising extended-release antimalarial candidate, while also 
highlighting the broader potential of encapsulated Carica papaya extracts as supportive or adjunct therapies 
in malaria management. 
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