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Summary: Cancer, characterized by uncontrolled cell proliferation, remains a leading cause of 

mortality worldwide. Conventional therapies often face limitations, including severe side effects, drug 

resistance, and non-specificity. Nanotechnology offers a promising alternative, and Bryophyllum 

pinnatum, known for its antioxidant, antimicrobial, and anticancer properties, provides a sustainable 

source of bioactive compounds for nanoparticle-based therapeutics. Bryophyllum pinnatum-loaded 
chitosan nanoparticles (BPCNPnp) were synthesized using the ionic gelation method and 

characterized for their physicochemical and biological properties. Gas chromatography-mass 

spectrometry (GC-MS) analysis identified eight bioactive compounds in the extract, including alpha-
linolenic acid, oleic acid, and ethyl palmitate. The nanoparticles exhibited a particle size of 116.7 nm, 

a zeta potential of +28.84 mV, and a polydispersity index (PDI) of 0.25, indicating enhanced stability 

and uniformity. Compared to conventional chitosan nanoparticles (CNPnp), BPCNPnp demonstrated 

superior DPPH radical scavenging capacity, with an IC₅₀ value of 4.26 mg/mL, closely matching 

ascorbic acid (IC₅₀ = 4.00 mg/mL), while CNPnp showed an IC₅₀ of 5.32 mg/mL. The nanoparticles 
exhibited significant antimicrobial activity against Gram-negative bacteria, with inhibition zones up 
to 17.33 ± 1.52 mm for Klebsiella pneumoniae and 15.66 ± 1.15 mm for Escherichia coli at 8000 

µg/mL. Antifungal activity was observed against Aspergillus niger, with an inhibition zone of 15.70 

± 0.57 mm. Cytotoxicity and MTT assays revealed dose- and time-dependent antiproliferative effects 
on MDA-MB-231 breast cancer cells, reducing cell viability by 66% at 24 h and 42% at 48 h at 300 

µg/mL, compared to 76% and 66% reductions for CNPnp.These findings demonstrate the superior 

stability, antioxidant capacity, antimicrobial efficacy, and anticancer potential of BPCNPnp, making 

it a promising nanoplatform for addressing challenges in oxidative stress, antimicrobial resistance, and 

cancer treatment. 
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Introduction 

 

Cancer, characterized by the uncontrolled 

proliferation of cells that can metastasize to other 

parts of the body, remains a leading cause of 

mortality worldwide. Most cancer-related deaths are 

attributed to metastasis. Breast cancer, the second 

leading cause of death among females globally, 

accounts for approximately 24% of cancer-related 

fatalities [1]. Conventional cancer treatments, 

including chemotherapy, surgery, and targeted 

therapies, often face limitations such as side effects, 

toxicity, non-selective action, and resistance, 

ultimately reducing patients' life expectancy [2]. 

These challenges necessitate the exploration of 

innovative technologies to overcome the limitations 

of conventional therapies, improve patient outcomes, 

and extend life expectancy [3]. Furthermore, recent 

studies have highlighted the significance of the tumor 

microenvironment and immune evasion mechanisms 

in cancer progression, paving the way for novel 

therapeutic strategies [4]. 

 

Nanotechnology has emerged as a 

groundbreaking approach in cancer research and 

therapy. This technology spans multiple domains, 

including medicine, imaging, drug delivery, and 

nanostructure design, typically within a size range of 

1–100 nm [5]. Nanotechnology has gained rapid 

traction in various scientific and industrial fields, 

including food, cosmetics, healthcare, mechanical, 

and chemical industries, showcasing its vast potential 
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[6]. Nanoparticles have demonstrated great promise 

in overcoming limitations associated with 

conventional drug delivery, including poor 

bioavailability, rapid degradation, and non-specific 

toxicity [7]. Specifically, nanoparticles can enhance 

drug solubility, improve therapeutic efficacy, and 

facilitate targeted delivery to cancer cells, thereby 

minimizing systemic side effects [8]. Additionally, 

recent advancements in the development of stimuli-

responsive nanoparticles, such as pH-sensitive and 

temperature-sensitive systems, have further 

enhanced the precision and efficacy of 

nanotechnology-based cancer therapies [9]. 

 

Recent developments have also seen the 

emergence of personalized mRNA-based cancer 

vaccines. Companies like BioNTech and Moderna, 

known for their COVID-19 vaccines, are now 

focusing on cancer vaccines that train the immune 

system to recognize and attack tumor-specific 

proteins [10]. These vaccines are currently 

undergoing clinical trials and show promise in 

reducing cancer recurrence. For instance, Moderna's 

mRNA-4359 vaccine has demonstrated the potential 

to stop tumor growth and prevent new diseases in 

early trials [11]. Additionally, innovative treatments 

such as AngioDynamics' Canonize have received 

FDA approval for prostate cancer treatment. This 

technology uses irreversible electroporating to target 

and destroy cancer cells while preserving 

surrounding healthy tissue, offering a less invasive 

option with potentially fewer side effects [12]. These 

developments underscore the dynamic and evolving 

landscape of cancer research and treatment, with 

nanotechnology playing a pivotal role in advancing 

therapeutic strategies [13]. 

 

Bryophyllum pinnatum, also known as the 

"Miracle Leaf," "Love Plant," and "Life Plant," is a 

succulent herb belonging to the family Crassulaceae. 

It is primarily cultivated in regions such as Africa, 

Madagascar, China, India, and Australia [14]. 

Traditionally, this plant has been used to treat urinary 

tract problems and kidney stones. Its leaves are 

known for their therapeutic properties and have been 

used to treat microbial infections, asthma, and ulcers 

[15]. Studies have demonstrated its antimicrobial, 

anti-ulcer, anti-diabetic, and anti-mutagenic activities 

[16]. Key phytochemicals isolated from Bryophyllum 

pinnatum include flavonoid glycosides, quercetin, 

bufadienolides, and lipids, as well as bioactive 

compounds such as bufotoxin A, B, and C, caffeine, 

and protocatechuic acid, which contribute to its 

antioxidant and cytotoxic properties [17]. Recent 

investigations have focused on its potential role in 

modulating oxidative stress and inflammatory 

pathways, which are critical in cancer progression 

[18]. 

 

Chitosan, a cationic polysaccharide derived 

from chitin (a major component of arthropod 

exoskeletons and fungal cell walls), has gained 

recognition for its non-toxic, biocompatible, 

biodegradable, and low-allergenic properties [19]. 

These qualities make chitosan an excellent candidate 

for synthesizing nanoparticles to address the 

challenges of conventional cancer treatments [20]. 

Chitosan nanoparticles exhibit notable antibacterial 

activity due to their ability to bind to negatively 

charged residues on bacterial cell walls, leading to 

membrane disruption and bacterial death [21]. 

Additionally, chitosan possesses antifungal 

properties that are effective against yeast and spore-

forming microorganisms [22]. Chitosan 

nanoparticles also display significant potential in 

cancer therapy due to their ability to facilitate the 

controlled and sustained release of therapeutic 

agents, enhance cellular uptake, and induce apoptosis 

in cancer cells [23]. Moreover, functionalizing 

chitosan nanoparticles with targeting ligands or 

encapsulating hydrophobic drugs has further 

improved their therapeutic index and specificity [24]. 

 

Recent advancements have demonstrated 

the synergistic potential of combining natural 

bioactive compounds with nanotechnology to create 

more effective therapeutic agents. For instance, 

plant-derived nanoparticles, including those 

synthesized using Bryophyllum pinnatum, have 

shown enhanced stability, bioavailability, and 

therapeutic efficacy compared to traditional 

formulations [25]. These nanoparticles are 

particularly valuable in targeting oxidative stress and 

inflammation, which are crucial in cancer 

progression [26]. Moreover, the incorporation of 

Bryophyllum pinnatum extracts into chitosan 

nanoparticles not only leverages the plant's intrinsic 

therapeutic properties but also addresses limitations 

such as poor water solubility and rapid degradation 

of phytochemicals [27]. 

 

The ionic relation method has emerged as a 

preferred technique for synthesizing chitosan 

nanoparticles due to its simplicity, cost-effectiveness, 

and ability to preserve the bioactivity of loaded 

compounds [28]. This method involves the 

electrostatic interaction between the positively 

charged chitosan and a polyanion, leading to 

nanoparticle formation. The resulting nanoparticles 

exhibit high encapsulation efficiency, controlled drug 

release, and enhanced cellular uptake, making them 

ideal for biomedical applications [29]. The 
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nanoparticles were characterized through various 

spectroscopic imaging and scanning techniques. The 

antibacterial activity of CNPNP, conventional 

chitosan nanoparticles (CNPNP), and Bryophyllum 

pinnatumethanolic extract was evaluated against 

seven pathogenic microorganisms, including three 

Gram-negative bacteria (Escherichia coli , Klebsiella 

pneumoniae, and Salmonella typhi), two Gram-

positive bacteria (Staphylococcus aureus and 

Streptococcus pneumoniae), and two fungi 

(Aspergillus Flavius and Aspergillus niger) A 

hydrogen peroxide scavenging assay was employed 

to assess the in vitro free radical scavenging activity 

of the nanoparticles and the extract [30]. MTT and 

cytotoxicity assays were performed to evaluate cell 

viability and proliferation of breast cancer cells, 

highlighting the potential of the synthesized 

nanoparticles as a novel therapeutic agent for cancer. 

 

This study focuses on synthesizing 

Bryophyllum pinnatum-loaded chitosan 

nanoparticles (CNPNP) using the ionic relation 

method treatment. 

 

Objectives of the Study 

 

i. Collection and authentication of Bryophyllum 

pinnatum. 

ii. Synthesis of Bryophyllum pinnatum-loaded 

chitosan nanoparticles (BPCNPnp). 

iii. Characterization of Bryophyllum pinnatum-

loaded chitosan nanoparticles (BPCNPnp). 

iv. Assessment of the antioxidant activity of 

Bryophyllum pinnatum, BPCNPnp, and 

CNPnp. 

v. Evaluation of the antimicrobial activity of 

Bryophyllum pinnatum, BPCNPnp, and 

CNPnp against pathogenic microorganisms. 

vi. Evaluation of the anticancer activities of 

BPCNPnp and CNPnp against breast cancer 

cell lines (MDA-MB-231), including: 

a. Cytotoxicity Study using Trypan Blue 

Exclusion Assay 

b. Methyl-Thiazolyl Tetrazolium (MTT) 

Assay 

 

Experimental 

 

Material 

 

Chitosan (medium molecular weight = 

150,000; degree of deacetylation 90%) obtained from 

Sigma-Aldrich (USA) 1-diphenyl-2-picrylhydrazyl 

(DPPH) purchased from Sigma-Aldrich (USA) 

butylated hydroxytoluene (BHT) sourced from 

Sigma-Aldrich (USA) dried leaves of Bryophyllum 

pinnatumcollected locally from wudil local 

Government kano state,ethanol analytical grade 

obtained from Merck (Germany) sodium 

tripolyphosphate (TPP) reagent grade purchased 

from Merck (Germany) hydrochloric acid (HCl) 

analytical grade sourced from Merck (Germany) 

sodium hydroxide (NaOH) analytical grade obtained 

from Merck (Germany) glacial acetic acid reagent 

grade purchased from Merck (Germany) nutrient 

broth microbiological grade obtained from HiMedia 

(India) sodium chloride (NaCl) reagent grade 

purchased from Merck (Germany) hexane analytical 

grade sourced from Merck (Germany) barium 

chloride (BaCl₂) analytical grade purchased from 

Merck (Germany) sulfuric acid (H₂SO₄) analytical 

grade sourced from Merck (Germany) and sodium 

sulfate (Na₂SO₄) analytical grade purchased from 

Merck (Germany). Distilled water was obtained from 

Cyprus International University (CIU) and used 

throughout the entire study. 

 

Methods 

 

Plant collection and identification 

 

Fresh leaves of Bryophyllum pinnatum were 

collected from the Wudil Local Government Area of 

Kano State, Nigeria (latitude: 11.794242, longitude: 

8.839032). The specimen was authenticated by a 

botanist from the Plant Biology Department, Bayero 

University, Kano, and assigned voucher number 

BUKHAN 0014, which was deposited in the 

university herbarium. The leaves were washed with 

deionized water, shade-dried, and ground into a 

coarse powder using a mortar and pestle. 

 

Preparation of Extract 

 

The extract of Bryophyllum pinnatum was 

prepared using a modified method from Alqatani et 

al. [31]. Fifty-five grams of the powdered leaves 

were dissolved in 330 mL of aqueous ethanol (1:6 

ratio) and left to stand for 3 hours with occasional 

stirring. The mixture was then filtered through 

Whatman filter paper, and the filtrate was 

concentrated using a rotary evaporator at 45°C to 

yield a greenish-dark viscous extract. This extract 

was stored at 5°C for further use. 

 

Synthesis of Bryophyllum pinnatumChitosan 

Nanoparticles 

 

The ionic gelation method was used to 

synthesize Bryophyllum pinnatumchitosan 

nanoparticles (BPCNPnp) and free chitosan 

nanoparticles (CNPnp), as described by Isbilen & 
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Vural with modifications [32]. Chitosan (0.05 g) was 

dissolved in 50 mL of 1% (v/v) acetic acid and stirred 

continuously at 800 rpm for 8 hours to form a 

homogeneous solution. A 10 mg/mL solution of 

Bryophyllum pinnatum extract was prepared 

separately. Sodium tripolyphosphate (TPP) solution 

(0.05%) was also prepared in distilled water and 

stirred at 700–800 rpm for 3 hours. The pH of the 

chitosan solution was adjusted to 4.6 using NaOH. 

 

To synthesize nanoparticles, the TPP 

solution was added dropwise to the chitosan solution 

under continuous stirring to facilitate cross-linking. 

Afterwards, the Bryophyllum pinnatum extract 

solution was added dropwise and stirred for 30 

minutes to ensure proper incorporation. The resulting 

suspension was filtered using a 0.45-μm syringe 

filter, centrifuged at 11,000 rpm for 25 minutes, and 

freeze-dried to obtain BPCNPnp. CNPnp was 

synthesized similarly, but without adding the 

Bryophyllum pinnatum extract. 

 

Gas Chromatography-Mass Spectrometry (GC-MS) 

 

The ethanol extract of Bryophyllum 

pinnatum was subjected to GC-MS analysis using a 

GC-MS QP 2010 Plus system equipped with a TRB-

5MS column. A 1 μL sample was injected in split-less 

mode, with helium as the carrier gas at a flow rate of 

1 mL/min. The initial column temperature was set at 

50°C, which was increased at a rate of 7°C/min until 

reaching 70°C. The electron impact ionization mode 

was operated at 70 eV, and spectra were scanned over 

a mass-to-charge ratio (m/z) range of 25–1000. 

 

Characterization 

 

UV-Vis Spectroscopy: The absorbance 

spectra of the nanoparticles were measured between 

200 and 800 nm using a Shimadzu UV-2450 

spectrophotometer. 

 

FTIR Spectroscopy: Functional groups were 

identified using a Fourier Transform Infrared 

Spectrometer (Shimadzu model) within the range of 

4000–500 cm⁻¹. 

 

 Zeta potential analysis: A zeta potential 

analyzer (Microtrac Instruments, model: Nanotrac 

Wave) was used to assess the zeta potential of both 

the unloaded and loaded hydrogel membranes at 25 

◦C 

 

Scanning electron microscopy (SEM) The 

synthesized hydrogel morphology was examined 

using a scanning electron microscope. It also 

provides structural details, especially if  

Energy Dispersive X-ray Spectroscopy 

(EDS): The elemental composition of the 

nanoparticles was analyzed using a Phenom ProX 

EDS. Samples were prepared on carbon tape and 

analyzed without further coating to maintain their 

elemental integrity. 

 

Antioxidant Assays 

 

DPPH radical scavenging activity was 

assessed to evaluate the antioxidant capacity of 

BPCNPnp, CNPnp, Bryophyllum pinnatumextract, 

and ascorbic acid (positive control). Serial dilutions 

(5–160 μg/mL) of the samples were prepared, and the 

absorbance was measured at 513 nm using a 64-well 

microplate reader after 30 minutes of incubation [34]. 

The percentage inhibition was calculated using the 

following equation: 

 

The percentage inhibition was calculated 

using the following equation: 

 

Inhibition (%) =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

where A_control is the absorbance of the control and 

A_sample is the absorbance of the sample. 

 

Antimicrobial Activity 

 

The antimicrobial activity of Bryophyllum 

pinnatumextract, BPCNPnp, and CNPnp was tested 

against five bacterial strains—three gram-negative 

(Salmonella typhi, Escherichia coli, Klebsiella 

pneumoniae) and two gram-positive (Staphylococcus 

aureus, Streptococcus pneumoniae)—as well as two 

fungal strains (Aspergillus flavus, Aspergillus niger). 

The disc diffusion method, as described by Ogbonna 

et al. [34], was employed to assess antimicrobial 

efficacy. 

 

Preparation of Bacterial Suspension 

 

Each bacterial strain was serially diluted 

with nutrient broth to prepare a bacterial suspension. 

The suspensions were incubated at 37°C for 24 hours, 

following the standard method outlined by 

McFarland for bacterial suspension preparation. 

 

Preparation of Agar Plates 
 

Mueller-Hinton agar plates were prepared 

by dissolving a specific quantity of powdered media 

in distilled water and autoclaving at 121°C for 15 

minutes at 15 psi. The sterile media was aseptically 

poured into 60mm Petri dishes and allowed to 
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solidify. 
 

Application of Bryophyllum pinnatumnanoparticle 

and extract. 
 

After the agar plates had dried, 200 µl of the 

bacterial suspension was evenly spread onto the 

surface of the agar. Sterile 6 mm discs were loaded 

with 30 µl of the prepared BPCNPnp, CNPnp, or 

Bryophyllum pinnatumextract. For control, 30 µl of 

ciprofloxacin (500 µg/disc) and ketoconazole (200 

µg/disc) were used as positive controls, while 

dimethyl sulfoxide (DMSO) served as a negative 

control [35]. 

 

Incubation and Measurement 

 

The agar plates were incubated at 37°C for 

24 hours. The zones of inhibition were observed and 

measured in millimetres (mm) to assess the 

antimicrobial activity of each extract and 

nanoparticle formulation. Each experiment was 

performed in triplicates to ensure reproducibility. 

Statistical analysis of the zone diameters was 

performed using SPSS software, with the Duncan test 

used to evaluate significant differences between the 

treatment groups. 

 

Cytotoxicity Study using Trypan Blue Exclusion 

Assay  

 

This study assessed the antiproliferative and 

cytotoxic effects of chitosan nanoparticles (CNPnp) 

and Bryophyllum pinnatum-loaded chitosan 

nanoparticles (BPCNPnp) on MDA-MB-231 breast 

cancer cell lines over various time points and 

concentrations.MDA-MB-231 breast cancer cells 

were cultured in DMEM supplemented with 10% 

fetal bovine serum, 100 U/mL penicillin, and 100 

µg/mL streptomycin. Cells were incubated with 

BPCNPnp and CNPnp at concentrations ranging 

from 10–300 µg/mL for 24, 48, and 72 hours [36]. 

 

Trypan Blue Exclusion: The total number of 

cells (viable + non-viable) was counted, and the 

viable cells were recorded [37]. 

 

The normalized cell number in percentage 

was calculated using the following formulae 

  

Normalized cell Number (%) 

=  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100 

 

Methyl-Thiazolyl Tetrazolium (MTT) Assay 

 

The proliferation of MDA-MB-231 cells was 

evaluated using the colourimetric 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay as previously outlined by Mani 

&  Swargiary [38]. Cells were seeded at a density of 

3×104/mL and left to adhere overnight before being 

treated with BPCNPnp and CNPnp extracts. 

Absorbance measurements were taken at 490 nm 

using a multi-well plate reader (ELx800, Biotek 

Instruments). All experiments were conducted in 

triplicate [38, 39]. 

 

The percentage viability was calculated 

using the following equation: 

 

 (%) viability =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

Statistical Analysis 

 

Statistical analysis was performed using 

SPSS (Statistical Package for the Social Sciences). 

One-way analysis of variance (ANOVA) was 

conducted, followed by Duncan’s test to determine 

significant differences between the observed values. 

All results were considered statistically significant at 

p < 0.05. 

 

Results and Discussion 

 

Synthesis and Characterization of BPCNPnp and 

CNPnp 

 

BPCNPnp and CNPnp were synthesized 

using the ionic gelation method with modifications. 

The bioactive components of the Bryophyllum 

pinnatum(Bp) aqueous ethanolic extract were 

analyzed using Gas Chromatography-Mass 

Spectrometry (GC-MS), and the results are shown in 

Fig. 1. The intensity of peaks against retention times 

. A total of eight compounds were identified, each 

characterized by distinct peaks, intensities, and 

retention times. Among these, five compounds—

Alpha-linolenic acid, oleic acid [40], 1,2-

Benzenedicarboxylic acid [41], Hexadecanoic acid 

ethyl ester (CAS), Ethyl palmitate [42], Cholest-5-

en-3-ol 3.beta [43], and 3-[2-(1,3-Diolan-2-

yl)ethyl]but-2-enolide [44]—are known for their 

biological activities. However, compounds like 

Silane, trimethyl[(3. beta.)-stigmast-5-en-3-yl]oxy- 

and Thunbergol 2,7,11-Cyclotetradecatrien-l-ol lack 

documented biological activities in the literature. 

Additionally, 6-Perfluorohexyl-1-trimethylsiloxy-1-

cyclohexene, a newly identified compound, has yet to 

be investigated for its biological properties. Analysis 

of bioactive compunds using  Gas Chromatography-

Mass Spectrometry (GC-MS) from  Bryophyllum 
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pinnatum(Bp) were identified and analyzed. Eight 

compounds were identified, among which Alpha-

linolenic acid, oleic acid, 1,2-Benzenedicarboxylic 

acid, Hexadecanoic acid ethyl ester (CAS), Ethyl 

palmitate, Cholest-5-en-3-ol 3.beta, and 3-[2-(1,3-

Diolan-2-yl)ethyl]but-2-enolide are known for their 

biological activities. These compounds contribute to 

the therapeutic potential of Bp. Interestingly, the 

newly identified compound 6-Perfluorohexyl-1-

trimethylsiloxy-1-cyclohexene presents an 

opportunity for further investigation to determine its 

biological properties. Zeta sizer measurements 

indicated that BPCNPnp had a size of 116.7 nm and 

a Zeta potential of 28.84 mV (Fig. 2A&B). In 

contrast, CNPnp exhibited a size of 95.6 nm and a 

Zeta potential of 24.86 mV (Figs 2C&D). These 

parameters are key indicators of nanoparticle size and 

stability, with a lower Zeta potential value often 

indicating instability, which may lead to cluster 

formation and precipitation [45]. BPCNPnp 

demonstrated a unimodal size distribution with slight 

distortion, likely due to particle aggregation. Its size 

distribution of 116.7 nm is consistent with similar 

chitosan-based nanoparticles, which typically range 

from 32.7 to 1100 ± 20 nm [46]. The recorded 

polydispersity index (PDI) for BPCNPnp was 0.25, 

suggesting a relatively uniform nanoparticle solution, 

as corroborated by Fig. 2. CNPnp exhibited a 

unimodal distribution with a size of 95.6 nm (Fig. 

2C), suitable for drug delivery and biomedical 

applications. However, its PDI value of 0.38 suggests 

a broader size distribution, indicating potential 

heterogeneity. Optimization of the synthesis process 

may be required to improve uniformity. Comparative 

analysis revealed that BPCNPnp had a higher Zeta 

potential (28.84 mV) than CNPnp (24.86 mV), 

indicating enhanced stability and reduced 

aggregation [47]. This difference may be attributed to 

the encapsulation of Bp into CNPnp [48].The Zeta 

sizer measurements revealed that BPCNPnp had a 

size of 116.7 nm and a Zeta potential of 28.84 mV, 

whereas CNPnp had a size of 95.6 nm and a Zeta 

potential of 24.86 mV. The higher Zeta potential of 

BPCNPnp indicates enhanced stability and reduced 

aggregation compared to CNPnp. The size 

distribution of BPCNPnp is consistent with similar 

chitosan-based nanoparticles, and its polydispersity 

index (PDI) of 0.25 suggests a relatively uniform 

nanoparticle solution. In contrast, the PDI value of 

0.38 for CNPnp indicates potential heterogeneity and 

may require optimization of the synthesis process to 

improve uniformity. UV-visible spectroscopy was 

employed to identify distinct absorption patterns 

across various wavelengths. Both CNPnp and 

BPCNPnp exhibited consistent absorption within the 

200–250 nm range (Fig. 3), consistent with previous 

studies [49]. Both CNPnp and BPCNPnp exhibited 

consistent absorption within the 200–250 nm range, 

aligning with previous studies. This consistent 

absorption indicates that the nanoparticles maintain 

their structural integrity and can be effectively 

utilized in drug delivery and biomedical applications. 

Fourier-transform infrared spectroscopy (FTIR) 

provided insights into the functional groups present 

in the nanoparticles. For CNPnp, peaks were 

observed at 1047, 1408, 1563, 1719, 1995, and 3777 

cm⁻¹, corresponding to functional groups such as 

CO-O-CO stretching and NH stretching. In 

BPCNPnp, broader peaks at 853, 1578, 1418, 1991, 

2985, and 3788 cm⁻¹ suggested the presence of C=C 

aromatic and P-C organophosphate groups (Fig. 8). 

FTIR analysis provided insights into the functional 

groups present in the nanoparticles. CNPnp exhibited 

peaks corresponding to CO-O-CO stretching and NH 

stretching, while BPCNPnp showed broader peaks 

indicating the presence of C=C aromatic and P-C 

organophosphate groups. These functional groups 

play a crucial role in the biological activities and 

stability of the nanoparticles. Scanning Electron 

Microscopy (SEM) revealed that CNPnp particles 

formed polyhydric and aggregated clusters (Fig. 5B), 

while BPCNPnp exhibited rod-like structures and 

organized clusters, likely influenced by 

encapsulation (Fig. 5A). SEM analysis revealed that 

CNPnp particles formed polyhydric and aggregated 

clusters, whereas BPCNPnp exhibited rod-like 

structures and organized clusters. The encapsulation 

of Bp into CNPnp likely influenced the structural 

organization of BPCNPnp, contributing to its 

enhanced stability and reduced aggregation. 

Elemental composition analysis via Energy 

Dispersive X-ray Spectroscopy (EDS) revealed 

similarities in elements like sodium, phosphorus, and 

magnesium for both nanoparticles, with carbon 

uniquely present in BPCNPnp, contributing to its 

higher molecular weight Fig.6 Energy Dispersive X-

ray Spectroscopy (EDS) revealed similarities in 

elements like sodium, phosphorus, and magnesium 

for both nanoparticles. However, the presence of 

carbon uniquely in BPCNPnp contributed to its 

higher molecular weight. This difference in elemental 

composition may influence the biological activities 

and therapeutic potential of the nanoparticles.The 

synthesis and characterization of BPCNPnp and 

CNPnp demonstrated their potential for biomedical 

applications. BPCNPnp, with its enhanced stability, 

uniform size distribution, and presence of bioactive 

compounds, presents a promising candidate for drug 

delivery and therapeutic. 
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Fig. 1: Peaks identified in the GC-MS analysis of the aqueous-ethanolic extract of Bryophyllum pinnatum. 

 

 
 

Fig. 2: Zeta size and potential distribution of BPCNPnp and CNPnp. 
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Fig. 3: UV–visible spectra of Bryophyllum pinnatum (BP), BPCNPnp, and CNPnp. 

 

 
 

Fig. 4: FTIR spectra of BPCNPnp and CNPnp. 

 
Fig. 5: SEM micrographs of (A) BPCNPnp and (B) CNPnp, highlighting the surface morphology and structural 

characteristics of the nanoparticles. 
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Fig. 6: EDX spectra of BPCNPnp and CNPnp showing the elemental composition of the nanoparticles. 

 

Antioxidant Activity  

 

Bryophyllum pinnatum-loaded chitosan 

nanoparticles (BPCNPnp) were synthesized and 

evaluated for their antioxidant activity. The 

encapsulation of Bp within chitosan nanoparticles is 

expected to improve its therapeutic efficacy by 

protecting the bioactive compounds from 

degradation and ensuring sustained release. The 

antioxidant potential of BPCNPnp was assessed 

using the DPPH radical scavenging assay, a widely 

used method for determining the ability of a 

compound to donate hydrogen and neutralize free 

radicals. The findings provide insights into the 

enhanced antioxidant activity of BPCNPnp 

compared to unencapsulated Bp extract and non-

loaded chitosan nanoparticles (CNPnp), 

demonstrating the potential of nanocarriers in 

improving the functionality of natural 

antioxidants.This section explores the antioxidant 

activity of BPCNPnp, comparing its efficacy to 

ascorbic acid, Bp extract, and CNPnp. The impact of 

encapsulation on antioxidant performance is also 

discussed, highlighting the potential advantages of 

nanoparticle-based delivery systems in biomedical 

application.BPCNPnp demonstrated remarkable 

antioxidant activity, ranking second only to ascorbic 

acid. The encapsulation process likely enhanced the 

stability and controlled release of antioxidants from 

the chitosan nanoparticles, contributing to improved 

scavenging activity. Previous research has 

highlighted the potential of chitosan-based 

nanocarriers in increasing the bioavailability and 

efficacy of antioxidant compounds [50]. 

 

The DPPH proton scavenging assay was 

performed on CNPnp, BPCNPnp, and Bryophyllum 

pinnatum(Bp) aqueous-ethanolic extract across a 

concentration range of 5–160 μg/mL, as shown in 

Fig. 7. A reduction in the DPPH deep purple color to 

yellow phenylhydrazine was visually observed for 

ascorbic acid, BPCNPnp, Bp extract, and CNPnp, 

with varying intensities. Comparative analysis 

revealed that ascorbic acid exhibited the highest 

DPPH scavenging activity, followed by BPCNPnp, 

the Bp ethanolic extract, and CNPnp in descending 

order. This result highlights the enhanced antioxidant 

potential of BPCNPnp compared to the Bp extract. 

 

The antioxidant activities of ascorbic acid, 

BPCNPnp, CNPnp, and the crude ethanolic extract of 

Bp indicate differences in their abilities to scavenge 

free radicals. Ascorbic acid, a well-known 

antioxidant, showed the highest DPPH radical 

scavenging activity, consistent with previous studies 

emphasizing its exceptional antioxidant capabilities 

due to efficient electron donation and free radical 

neutralization [51].BPCNPnp displayed significant 

antioxidant activity, ranking just below ascorbic acid. 

The enhanced performance of BPCNPnp is likely due 

to encapsulation, which stabilizes and controls the 

release of antioxidants. This result aligns with earlier 
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findings suggesting that chitosan-based nanocarriers 

can improve the bioavailability and effectiveness of 

antioxidant compounds [52]. CNPnp, lacking 

encapsulation, exhibited antioxidant activity, though 

it was less pronounced compared to BPCNPnp. The 

difference may stem from the protective effect of 

encapsulation, which shields antioxidants from 

environmental degradation and ensures a controlled 

release. Previous studies have attributed the 

antioxidant activity of chitosan and its derivatives to 

their ability to scavenge free radicals [53]. 

 

The crude ethanolic extract of Bp 

demonstrated antioxidant activity but ranked lower 

than both the chitosan-encapsulated and non-

encapsulated nanoparticles. The extract’s efficacy 

can be attributed to its diverse phytochemical 

composition, although factors such as extraction 

methods and solvent selection influence its overall 

antioxidant potential [54]. 

 

The observed variations in DPPH 

antioxidant activity among ascorbic acid, BPCNPnp, 

CNPnp, and the Bp extract underscore the critical 

role of formulation and encapsulation techniques in 

optimizing the antioxidant capacity of bioactive 

compounds. The results support the hypothesis that 

encapsulating Bp within BPCNPnp enhances its 

antioxidant capacity, potentially inhibiting lipid 

peroxidation within cells. In contrast, CNPnp showed 

the lowest percentage of inhibition, possibly due to 

the absence of encapsulation. The scavenging activity 

was directly proportional to the concentration of the 

nanoparticles and the extract. 

 

The IC50 values for ascorbic acid, 

BPCNPnp, Bp extract, and CNPnp were determined 

to be 4.00 µg/mL, 4.26 µg/mL, 4.63 µg/mL, and 5.32 

µg/mL, respectively (Fig. 7). A general trend was 

observed: as percentage inhibition increased, IC50 

decreased, indicating a stronger inhibitory effect. 

Ascorbic acid, with the highest percentage inhibition, 

also exhibited the lowest IC50, reaffirming its robust 

antioxidant efficacy [55]. 

 

 

 
 

Fig. 7: The plot illustrates the % inhibition of DPPH radicals at varying concentrations for Ascorbic Acid, BP 

(Bryophyllum Pinnatum), CNPnp (conventional unloaded chitosan nanoparticles), and BPCNPnp 

(Bryophyllum Pinnatum Chitosan Loaded Nanoparticles). Each line represents a treatment, with 

markers distinguishing them: circles for Ascorbic Acid, squares for BP, triangles for CNPnp, and 

diamonds for BPCNPnp. Dashed vertical lines highlight the IC50 values, indicating the concentration 

required to achieve 50% inhibition—4.00 mg/ml for Ascorbic Acid, 4.63 mg/ml for BP, 5.32 mg/ml for 

CNPnp, and 4.26 mg/ml for BPCNPnp. The x-axis displays the sample concentrations, ranging from 0 

g/ml to 160 mg/ml, while the y-axis represents the percentage inhibition, from 0% to 100%. 
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Table-1: Antimicrobial Activity of Bryophyllum pinnatum Chitosan loaded Nanoparticles (BPCNPnp). 

Results are presented as mean ± SEM of the inhibition zone (mm) of at least triplicates (n≥3). **P,0>0.05 vs control (standard group). (–) indicates no 

significant antibacterial activity. Abbreviations: DMSO, dimethylsulfoxide; SEM, standard error of the mean; Bpcnp, Bryophyllum pinnatum loaded chitosan 

nanoparticles. 

 

The slightly higher activity of Bp extract 

compared to the nanoparticles may result from the 

higher antioxidant content in the crude extract, 

attributed to its rich phytochemical diversity, 

synergistic effects, or the presence of various 

bioactive compounds. This study highlights the 

potential of encapsulation to improve the antioxidant 

properties of bioactive compound 

 

Antimicrobial Activity 

 

The antibacterial analysis assessed the 

efficacy of nanoparticles in inhibiting or eradicating 

bacterial growth, providing valuable insights into 

antimicrobial resistance. The increasing prevalence 

of drug-resistant pathogens necessitates the 

exploration of novel antimicrobial agents with 

enhanced efficacy. Nanoparticles, particularly 

chitosan-based formulations, have emerged as 

promising candidates due to their unique 

physicochemical properties that enhance 

antimicrobial activity. This study investigated the 

antimicrobial potential of Bryophyllum 

pinnatum(Bp) extract, BPCNPnp, CNPnp, and 

dimethyl sulfoxide (DMSO) as a control against 

seven microorganisms, including five bacterial 

strains and two fungal strains. The ability of these 

formulations to effectively target and inhibit 

microbial growth underscores their potential as 

alternatives to conventional antibiotics, particularly 

in addressing the challenges posed by antibiotic-

resistant strains. 

 

BPCNPnp demonstrated significant 

antimicrobial activity against a range of 

microorganisms, including both Gram-positive and 

Gram-negative bacteria, as well as fungi, as detailed 

in Table 1. Notably, BPCNPnp exhibited strong 

inhibitory effects against Escherichia coli , Klebsiella 

pneumoniae, and Aspergillus niger, with inhibition 

zones of 16.70 ± 1.54 mm, 17.33 ± 1.52 mm, and 

15.70 ± 0.57 mm, respectively, at the highest tested 

concentration (8000 μg/ml). The observed activity 

against E. coli and Klebsiella pneumoniae is 

particularly remarkable, given that these Gram-

negative bacteria are typically more resistant to 

antimicrobial agents due to their protective outer 

membrane. This aligns with recent studies 

highlighting chitosan's ability to disrupt the bacterial 

outer membrane and interact with negatively charged 

components of the cell wall [56, 57]. This disruption 

not only enhances the penetration of antimicrobial 

agents but also facilitates the entry of other bioactive 

compounds, thereby amplifying their antimicrobial 

potency. 

 

Similarly, Staphylococcus aureus and 

Streptococcus pneumoniae, both Gram-positive 

bacteria, exhibited significant inhibition, with zones 

of 15.66 ± 1.15 mm and 21.33 ± 2.08 mm, 

respectively, at 8000 μg/ml. The antibacterial 

mechanism of chitosan in Gram-positive bacteria 

involves interaction with the thick peptidoglycan 

layers, resulting in the disruption of cellular 

processes [58]. Interestingly, even at a lower 

concentration of 1000 μg/ml, Staphylococcus aureus 

showed measurable inhibition (9.70 ± 1.54 mm), 

indicating that BPCNPnp retains some efficacy at 

reduced dosages. This suggests that even at 

suboptimal concentrations, BPCNPnp can exert 

inhibitory effects, potentially reducing the likelihood 

of resistance development. Salmonella typhi, a Gram-

negative bacterium, exhibited limited inhibition, with 

a zone of only 8.66 ± 2.10 mm at 8000 μg/ml, 

compared to the control ciprofloxacin (15.33 ± 1.52 

mm). This strain-specific variability may be due to 

S/NO 

 

Conc. Of 

nanoparticles in 

µg/ml 

 

Strains   

Staphylococcus 

aureus ± SEM 

E. coli ± 

SEM 

Klebsiella 

pneumonia 

±SEM 

Streptococcus 

pneumonia± 

SEM 

Salmonella 

typhi± 

SEM 

Aspergillus 

flavus 

Aspergillus 

Niger 

Control ciproflaxacin 30 

µg/ml/ 

Ketoconazole 

200 µg/ml 

24.66±2.51 19.33±2.01 26.40±2.30 27.70±2.50 15.33±1.52 18.66±3.05 12.33±2.10 

1 BPCNPnp 8000 

µg/ml 

15.66±1.15 16.70±1.54 17.33±1.52** 21.33±2.08** 8.66±2.10** - 15.70±0.57 

2 BPCNPnp 4000 

µg/ml 

13.33±0.57** 14.66±0.60 14.38±0.57** 16.0±1.52** 8.00±2.00** 18.66±1.52 12.35±1.00 

3 BPCNPnp 2000 

µg/ml 

11.67±0.60** 13.00±1.00 16.66±0.60 15.01±0.57** - 10.00±1.03 11.33±0.58 

4 BPCNPnp 1000 

µg/ml 

9.70±1054** 10.77±0.75 9.03±30 13.0±1.00 - - 11.70±0.57 

5 DMSO - - - - - - - 
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differences in bacterial membrane composition, 

which can influence susceptibility to chitosan-based 

formulations [59]. Such differences highlight the 

importance of understanding bacterial physiology to 

optimize the efficacy of nanoparticle-based 

antimicrobial agents. 

 

In terms of antifungal activity, Aspergillus 

flavus and Aspergillus niger were also affected, with 

inhibition zones of 18.66 ± 1.52 mm and 15.70 ± 0.57 

mm, respectively, at 4000 μg/ml and 8000 μg/ml. The 

inhibition of fungal strains suggests that BPCNPnp’s 

antifungal efficacy is mediated by the interaction of 

chitosan with fungal cell walls, leading to membrane 

destabilization and disruption of cellular functions. 

The interaction of chitosan with ergosterol and other 

fungal membrane components plays a critical role in 

compromising fungal viability, making BPCNPnp a 

promising antifungal agent. 

 

The data from Table-1 suggest that 

BPCNPnp’s antimicrobial effects are concentration-

dependent, with higher concentrations (4000 μg/ml 

and 8000 μg/ml) producing stronger inhibition zones 

across all tested microorganisms. These results are 

consistent with the hypothesis that the positively 

charged amine groups in chitosan facilitate 

electrostatic interactions with negatively charged 

microbial cell walls, destabilizing their structure and 

enhancing permeability [60, 61]. Once inside the 

cells, chitosan is thought to bind to bacterial DNA, 

halting replication and inducing cell death [62]. 

These findings underscore the potential of BPCNPnp 

as an effective antimicrobial agent, particularly in 

combating drug-resistant pathogens. Given the global 

threat of antimicrobial resistance, such nanoparticles 

could serve as vital components in future 

antimicrobial strategies, either alone or in 

combination with existing antibiotics. 

CNPnp exhibited notable antimicrobial 

activity against various Gram-positive and Gram-

negative bacteria, as well as fungal strains, as detailed 

in Table 2. Significant inhibition was observed for E. 

coli (20.00 ± 1.50 mm), Klebsiella pneumoniae 

(23.32 ± 5.08 mm), and Staphylococcus aureus 

(10.01 ± 1.52 mm) at the highest tested concentration 

(8000 μg/ml). The effectiveness of CNPnp against E. 

coli and Klebsiella pneumoniae, both Gram-negative 

bacteria, is consistent with chitosan’s ability to 

interact with and disrupt the outer membrane, which 

is typically a major barrier to antimicrobial agents 

[63,64]. The strong antimicrobial effect against these 

bacteria supports the potential application of CNPnp 

in treating infections caused by multidrug-resistant 

strains. 

 

For Gram-positive bacteria, such as 

Staphylococcus aureus, the inhibition zone of 10.01 

± 1.52 mm at 8000 μg/ml suggests that CNPnp 

effectively disrupts the thick peptidoglycan layer, 

impairing cell wall integrity and cellular processes. 

Streptococcus pneumoniae also showed inhibition 

(13.00 ± 2.10 mm at 8000 μg/ml), highlighting the 

broad-spectrum antimicrobial potential of CNPnp 

(Table 2). Salmonella typhi, another Gram-negative 

bacterium, displayed moderate inhibition (16.70 ± 

2.10 mm at 8000 μg/ml), though its susceptibility was 

lower than that of the control ciprofloxacin. The 

variability in inhibition among Gram-negative 

bacteria may stem from differences in membrane 

composition and permeability, affecting the 

interaction with chitosan nanoparticles. Such 

variability emphasizes the need for targeted 

formulation adjustments to maximize efficacy 

against different bacterial species. 

 

 

Table-2: Antimicrobial Activity of Chitosan Nanoparticles (CNPnp). 
S/NO 

 

Conc. Of 

nanoparticles in 

µg/ml 

 

Strains    

Staphylococcus 

aureus ± SEM 

E. coli ± 

SEM 

Klebsiella 

pneumonia 

±SEM 

Streptococcus 

pneumonia± SEM 

Salmonella 

typhi± SEM 

Aspergillus 

flavus 

Aspergillus 

Niger 

Control ciproflaxacin 30 

µg/ml/ Ketoconazole 

200 µg/ml 

18.06±2.00 22.08±2.08 26.61±1.52 17.70±1.58 17.67±0.58 18.66±3.05  12.33±2.10 

1 CNPnp 8000 µg/ml 10.01±1.52 20.00±1.50** 23.32±5.08 13.00±2.10 16.70±2.10 -  15.70±0.57 

2 CNPnp 4000 µg/ml 9.30±0.70 16.48±0.57** 21.66±1.52 9.66. ±2.00 12.80±3.05 18.66±1.52  12.35±1.00 

3 CNPnp 2000 µg/ml 7.33±0.57 16.33±0.52 12.90±0.58** 7.33±0.60 6.67.00±1.15** 10.00±1.03  11.33±0.58 

4 CNPnp 1000 µg/ml - 13.33.1.54** 7.16±0.33** - 7.70±0.05** -  11.70±0.58 

5 DMSO - - - - - - - 

Results are presented as mean ± SEM of the inhibition zone (mm) of at least triplicates (n≥3). **P,0>0.05 vs control (standard group). (–) indicates no significant 

antibacterial activity. Abbreviations: DMSO, dimethylsulfoxide; SEM, standard error of the mean; CNPnp, chitosan nanoparticle 
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Table-3: Antimicrobial activity of Bryophyllum pinnatum extract. 

Results are presented as mean ± SEM of the inhibition zone (mm) of at least triplicates (n≥3). **P,0>0.05 vs control (standard group). (–) 

indicates no significant antibacterial activity. Abbreviations: DMSO, dimethylsulfoxide; SEM, standard error of mean; Bp, 
Bryophyllum pinnatum extract. 
 

Aspergillus niger demonstrated significant 

inhibition (15.70 ± 0.57 mm at 8000 μg/ml), while 

Aspergillus flavus showed comparable inhibition to 

the standard ketoconazole at 4000 μg/ml (18.66 ± 

1.52 mm) (Table-2). These findings suggest that 

CNPnp may interact with fungal cell walls by 

disrupting ergosterol synthesis, which is critical for 

maintaining membrane integrity. The dose-

dependent nature of the antimicrobial activity is 

evident, with higher concentrations yielding more 

pronounced inhibitory effects. Lower concentrations 

(e.g., 2000 μg/ml) resulted in reduced inhibition 

zones, emphasizing the importance of adequate 

dosage to achieve significant antimicrobial effects 

[65, 66]. 
 

The dose-dependent nature of the 

antimicrobial activity is evident, with lower 

concentrations (e.g., 2000 µg/ml) yielding reduced 

inhibition zones, such as 16.33 ± 0.52 mm for E. coli 

and 12.90 ± 0.58 mm for Klebsiella pneumoniae. At 

the lowest tested concentration (1000 µg/ml), 

inhibition was observed only for specific strains, such 

as E. coli (13.33 ± 1.54 mm) and Klebsiella 

pneumoniae (7.16 ± 0.33 mm), emphasizing the 

importance of adequate dosage to achieve significant 

antimicrobial effects. 
 

The positive charge of chitosan 

nanoparticles binds to the negatively charged 

components of bacterial membranes, destabilizing 

their structure.  This interaction increases membrane 

permeability, leading to leakage of intracellular 

contents and eventual lysis. Chitosan nanoparticles 

penetrate the cell, bind to DNA, and inhibit 

replication and protein synthesis, culminating in cell 

death [67, 68]. The antifungal activity observed, 

particularly against Aspergillus niger, supports a 

mechanism involving disruption of fungal cell wall 

integrity and potential interference with ergosterol 

synthesis, crucial for maintaining membrane stability 

[69]. 
 

The dose-dependent efficacy of CNPnp 

aligns with prior findings that increasing 

concentrations enhance chitosan's interaction with 

microbial targets, resulting in more pronounced 

inhibitory effects [70]. These results reinforce the 

potential of CNPnp as a versatile antimicrobial and 

antifungal agent, particularly in addressing resistant 

microbial strains. 
 

The antimicrobial activity of Bryophyllum 

pinnatum(Bp) extract was assessed against various 

bacterial and fungal strains, showing significant 

inhibition at higher concentrations (8000 µg/ml and 

4000 µg/ml) (Table 3). For instance, Bp extract at 

8000 µg/ml exhibited a notable inhibition zone of 

21.33 ± 0.68 mm against Klebsiella pneumoniae. 

However, its activity was limited against Salmonella 

typhi, with an inhibition zone of only 7.70 ± 0.57 mm. 

Similarly, Bp extract demonstrated antifungal 

efficacy against Aspergillus niger, with an inhibition 

zone of 7.40 ± 0.47 mm at 8000 µg/ml, but showed 

no activity at lower concentrations. This trend 

suggests a concentration-dependent antimicrobial 

effect, likely due to the enhanced bioavailability of 

active compounds at higher doses. 
 

The observed antimicrobial activity of Bp 

extract can be attributed to the presence of bioactive 

phytochemicals such as flavonoids, alkaloids, 

saponins, and polyphenols. These compounds are 

known to exert their effects through multiple 

mechanisms. Flavonoids and alkaloids disrupt 

microbial membrane integrity by altering lipid 

bilayers, causing leakage of intracellular contents and 

eventual cell death [71, 72]. Additionally, 

polyphenols generate reactive oxygen species (ROS), 

leading to oxidative stress and damage to essential 

cellular components such as DNA, proteins, and 

lipids [73]. The saponins enhance the permeability of 

microbial membranes by interacting with sterols, 

further compromising membrane stability and 

functionality [74]. 
 

S/NO Conc. of 

nanoparticles 

in µg/ml 

 

Strains   

 Staphylococcus 

aureus ± SEM 

E. coli ± 

SEM 

Klebsiella 

pneumonia 

±SEM 

Streptococcus 

pneumonia± 

SEM 

Salmonella 

typhi± 

SEM 

Aspergillus 

Flavus 

Aspergillus Niger 

Control ciproflaxacin 

30 µg/ml 

21.75 ±2.00 25.70.0.63** 27.7±3.07 15.70±1.16 14.6±1.20 14.79±.84 14.79±.84 

1 Bp 8000 µg/ml 12.00±2.00 11.00±1.00 21.33±0.68 6.67±1.55 7.70±057 7.40±0.47** 7.40±0.47** 

2 Bp 4000 µg/ml - 8.66±0.07** 10.33±1.60 7.33±0.12 - - 14.79±.84 

3 Bp 2000 µg/ml - 7.70±0.58 8.800±2.51** - - -  

4 Bp 1000 µg/ml - 14.37±0.02 - - - - - 

5 DMSO - - - - - - - 
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Moreover, the antifungal activity against 

Aspergillus niger can be specifically linked to the 

ability of Bp-derived compounds to inhibit ergosterol 

biosynthesis, a critical component of fungal cell 

membranes. This disruption not only weakens the 

membrane structure but also impairs fungal growth 

and replication. The relatively weaker activity against 

Salmonella typhi could be due to its robust outer 

membrane, which provides a barrier against the entry 

of hydrophobic compounds, thereby reducing their 

efficacy. 

 

Comparing BPCNPnp and CNPnp, 

BPCNPnp consistently demonstrated higher 

antimicrobial activity, which can be attributed to the 

synergistic effects of chitosan nanoparticles and the 

bioactive compounds in Bryophyllum pinnatum. For 

example, BPCNPnp at 8000 µg/ml exhibited 

significant inhibition zones against Staphylococcus 

aureus (15.66 ± 1.15 mm) and Klebsiella 

pneumoniae (17.33 ± 1.52 mm). In contrast, CNPnp 

showed lower inhibition zones for these strains at the 

same concentration (10.01 ± 1.52 mm and 12.50 ± 

1.02 mm, respectively). These findings underscore 

the enhanced antibacterial potency of BPCNPnp, 

particularly against Gram-positive bacteria like 

Staphylococcus aureus, which possess thicker 

peptidoglycan layers. 

 

The antifungal activity of BPCNPnp was 

also superior, with an inhibition zone of 15.70 ± 0.57 

mm against Aspergillus niger at 8000 µg/ml. This 

improved efficacy can be attributed to the presence 

of antifungal secondary metabolites in Bryophyllum 

pinnatum, such as flavonoids and alkaloids, which act 

by disrupting fungal cell walls and inhibiting 

ergosterol synthesis. In contrast, CNPnp exhibited 

limited antifungal activity, highlighting the 

contribution of the plant-derived bioactive 

compounds in BPCNPnp formulations. 

 

The enhanced antimicrobial activity of 

BPCNPnp arises from the synergistic interaction 

between chitosan’s intrinsic properties and the 

bioactive compounds of Bryophyllum pinnatum. 

Chitosan’s positively charged amine groups interact 

electrostatically with negatively charged microbial 

membranes, leading to disruption of membrane 

integrity and leakage of cellular contents. 

Concurrently, the bioactive compounds in 

Bryophyllum pinnatum, including flavonoids, 

alkaloids, saponins, and polyphenols, exert their 

antimicrobial effects by generating reactive oxygen 

species (ROS), disrupting metabolic pathways, and 

inhibiting nucleic acid synthesis [75, 76]. 

Furthermore, encapsulating Bryophyllum 

pinnatumextract within chitosan nanoparticles 

enhances the solubility, stability, and bioavailability 

of its active compounds. This controlled release 

mechanism ensures prolonged antimicrobial effects, 

as evidenced by the sustained inhibition zones 

observed for BPCNPnp formulations. The dual 

mechanism of chitosan-mediated membrane 

disruption and Bryophyllum pinnatum-mediated 

interference with metabolic pathways provides a 

comprehensive antimicrobial strategy, making 

BPCNPnp particularly effective against both Gram-

positive and Gram-negative bacteria, as well as 

fungal pathogens [77, 70]. BPCNPnp’s enhanced 

antimicrobial efficacy also highlights its potential as 

a promising alternative in addressing drug-resistant 

pathogens. By combining the electrostatic 

interactions of chitosan with the biochemical actions 

of Bryophyllum pinnatum-derived compounds, 

BPCNPnp exhibits a broader spectrum of activity and 

a higher degree of efficacy compared to CNPnp alone 

[71, 72]. 

 

Antiproliferative and Cytotoxic Effects of CNPnp and 

BPCNPnp on MDA-MB-231 Breast Cancer Cells 
 

The MTT assay was conducted to assess the 

antiproliferative effects of CNPnp and BPCNPnp on 

MDA-MB-231 cells. The results demonstrated a 

concentration- and time-dependent decrease in cell 

viability. Treatment with 300 µg/mL of CNPnp 

resulted in significant reductions of 76% at 24 hours, 

66% at 48 hours, and 41% at 72 hours (p < 0.01, n = 

6). These reductions align with the well-established 

properties of chitosan nanoparticles, which possess a 

positive surface charge due to their amine groups. 

This charge facilitates interactions with the 

negatively charged cell membranes of cancer cells, 

enhancing cellular uptake and allowing bioactive 

compounds to efficiently enter cells [73]. 

 

In comparison, treatment with 300 µg/mL of 

BPCNPnp led to even greater antiproliferative 

effects, with reductions of 66% at 24 hours, 42% at 

48 hours, and 37% at 72 hours (p < 0.01, n = 6). The 

incorporation of Bryophyllum pinnatumin BPCNPnp 

enhances its efficacy, as this bioactive plant is known 

for its antiproliferative, anti-inflammatory, and pro-

apoptotic properties [74]. The sustained release 

properties of the nanoparticles ensure prolonged 

exposure of cancer cells to these bioactive 

compounds, thereby enhancing cytotoxic effects over 

time [75]. 
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Fig. 8: a, b, and c depict the %viability of CNPnp and BPCNPnp on MDA-MB-231 cells over 24 hours, 48 

hours, and 72 hours, respectively. The x-axis represents concentrations (0 µg/mL, 10 µg/mL, 25 µg/mL, 

75 µg/mL, 150 µg/mL, and 300 µg/mL), while the y-axis shows cell viability percentages. Red stars 

indicate statistically significant differences compared to the control (p < 0.01). BPCNPnp consistently 

demonstrates greater antiproliferative effects than CNPnp, particularly at higher concentrations. 

Notable reductions are observed at 300 µg/mL, where BPCNPnp viability decreases to 66% at 24 hours, 

42% at 48 hours, and 37% at 72 hours, compared to CNPnp’s 76%, 66%, and 41%, respectively. 

 

Figs. 8 a, b, and c illustrate the time-

dependent decrease in proliferation for both 

treatments, with statistically significant differences 

(p < 0.01) at concentrations of 75 µg/mL, 150 µg/mL, 

and 300 µg/mL. Notably, BPCNPnp exhibits 

consistently stronger antiproliferative effects than 

CNPnp, particularly at higher concentrations. At 300 

µg/mL, BPCNPnp-treated cells showed viability 

reductions of 66%, 42%, and 37% at 24, 48, and 72 

hours, respectively, compared to reductions of 76%, 

66%, and 41% observed with CNPnp. 

 

The enhanced cytotoxic efficacy of 

BPCNPnp can be attributed to the presence of 

flavonoids and phenolic compounds in Bryophyllum 

pinnatum, which are known to induce oxidative stress 

and apoptosis in cancer cells [76]. Encapsulation 

within chitosan nanoparticles significantly improves 

the solubility, stability, and targeted delivery of these 

bioactive compounds, ensuring their efficient uptake 

and sustained activity within cancer cells. 

Additionally, the controlled release of Bryophyllum 

pinnatumcompounds enables prolonged therapeutic 

exposure, maximizing cytotoxic effects while 

minimizing potential side effects [77]. 
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Fig. 9: Light microscope images (20×) shows control on the left and on the right treated (BPCNPnp and 

CNPnp) MDA-MB-231 cells stained and observed after 24-hour, 48-hour, and 72-hour treatments with 

BPCNPnp and CNPnp. 
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Fig. 10: a, b, and c illustrate the anti-proliferative effects of CNPnp and BPCNPnp on MDA-MB-231 cells over 

24 hours, 48 hours, and 72 hours, respectively. The x-axis represents concentrations (0 µg/mL, 10 

µg/mL, 25 µg/mL, 75 µg/mL, 150 µg/mL, and 300 µg/mL), while the y-axis displays cell viability 

percentages. Red stars indicate statistically significant differences compared to the control (p < 0.01). 

BPCNPnp consistently exhibits stronger anti-proliferative effects than CNPnp, particularly at higher 

concentrations. Significant reductions in viability are observed at 300 µg/mL, where BPCNPnp viability 

decreases to 76% at 24 hours, 64% at 48 hours, and 45% at 72 hours, compared to CNPnp’s reductions 

of 78%, 72%, and 62%, respectively. These findings highlight the enhanced efficacy of BPCNPnp over 

time and at higher dosages. 

 

Interestingly, at lower concentrations (10 

µg/mL), a transient recovery in cell viability was 

observed, particularly in CNPnp-treated cells, 

suggesting an initial cellular adaptation to therapeutic 

stress. However, at higher concentrations (150 

µg/mL and 300 µg/mL), both treatments 

demonstrated a robust decrease in viability, with 

BPCNPnp consistently outperforming CNPnp. This 

suggests a possible synergistic effect between 

chitosan nanoparticles and Bryophyllum pinnatum 

compounds, enhancing therapeutic targeting and 

improving cytotoxic efficacy [78]. Overall, 

BPCNPnp demonstrated a stronger and more 

sustained antiproliferative effect compared to 

CNPnp, indicating its potential as a superior 

therapeutic agent for breast cancer treatment. 
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Trypan Blue Exclusion Assay 

 

The trypan blue exclusion assay was 

performed to assess the survival of MDA-MB-231 

cells treated with CNPnp and BPCNPnp over 24, 48, 

and 72-hour time points. The results revealed a 

significant time- and concentration-dependent 

reduction in cell viability for both treatments. At 300 

µg/mL, CNPnp reduced cell viability by 78% at 24 

hours, 72% at 48 hours, and 62% at 72 hours (p < 

0.01, n = 6) (Fig. 9 a, b, and c). This reduction is 

attributed to the ability of chitosan nanoparticles to 

disrupt cellular function through reactive oxygen 

species (ROS) generation and mitochondrial damage, 

ultimately leading to apoptosis [79, 80]. 

 

However, BPCNPnp demonstrated even 

greater cytotoxicity at the same concentration, with 

reductions of 76% at 24 hours, 64% at 48 hours, and 

45% at 72 hours (p < 0.01, n = 6; Fig. 9). The 

enhanced efficacy of BPCNPnp over time is evident, 

particularly at higher concentrations. The presence of 

Bryophyllum pinnatumfurther enhances its 

therapeutic potential by inducing oxidative stress, 

cell cycle arrest, and apoptosis, which contribute to 

its superior anticancer effects [81]. 

 

Figs. 9 a, b, c and Fig. 10 illustrate the 

antiproliferative effects of CNPnp and BPCNPnp on 

MDA-MB-231 cells over 24, 48, and 72 hours, 

respectively. Red stars indicate statistically 

significant differences compared to the control (p < 

0.01). Notably, BPCNPnp consistently exhibited 

stronger antiproliferative effects than CNPnp, 

particularly at higher concentrations. At 300 µg/mL, 

BPCNPnp-treated cells displayed viability reductions 

of 76%, 64%, and 45% at 24, 48, and 72 hours, 

respectively, compared to 78%, 72%, and 62% 

reductions observed with CNPnp treatment. These 

findings highlight the enhanced efficacy of 

BPCNPnp over time and at higher dosages, 

reinforcing its potential as an effective therapeutic 

agent against breast cancer. 

 

The superior efficacy of BPCNPnp can be 

linked to the bioactive properties of Bryophyllum 

pinnatum, particularly its flavonoids and phenolic 

acids, which work synergistically with chitosan 

nanoparticles to amplify their therapeutic effects. The 

controlled and sustained release properties of 

BPCNPnp ensure prolonged exposure of cancer cells 

to these bioactive agents, effectively reducing cell 

viability over time [82]. 

 

At lower concentrations (10 µg/mL), a 

transient recovery in viability was observed, 

particularly for CNPnp-treated cells (Fig. 10a). This 

recovery may reflect an adaptive cellular response to 

therapeutic stress. However, at higher concentrations 

(150 µg/mL and 300 µg/mL) (Fig. 9 b and c), 

BPCNPnp consistently outperformed CNPnp, as 

demonstrated by its lower cell viability percentages 

across all time points. This underscores the superior 

therapeutic potential of BPCNPnp in overcoming 

adaptive resistance and inducing sustained cytotoxic 

effects, making it a promising candidate for further 

exploration in breast cancer treatment. 

 

Conclusion 

 

This study highlights the synthesis, 

characterization, and evaluation of Bryophyllum 

pinnatum-loaded chitosan nanoparticles (BPCNPnp) 

and chitosan nanoparticles (CNPnp), emphasizing 

their biomedical significance. The ionic gelation 

approach successfully produced stable nanoparticles 

with optimized physicochemical properties, as 

evidenced by BPCNPnp’s higher Zeta potential 

(28.84 mV) and narrower size distribution (PDI = 

0.25), both critical for consistent drug delivery 

performance. The incorporation of Bryophyllum 

pinnatum into CNPnp further enhanced its functional 

attributes, particularly in antioxidant, antimicrobial, 

and anticancer applications. FTIR and SEM analyses 

confirmed the structural integrity and bioactive 

potential of both nanoparticles, while EDS 

highlighted BPCNPnp’s higher molecular weight due 

to its carbon content, contributing to its enhanced 

therapeutic properties. 

 

Biological evaluations demonstrated 

BPCNPnp’s superior antioxidant and antimicrobial 

activities, attributed to the synergistic effects of 

chitosan and Bryophyllum pinnatum bioactive 

compounds. Its enhanced radical scavenging capacity 

(IC50 = 4.26 µg/mL) and broad-spectrum 

antimicrobial action suggest promising applications 

in oxidative stress-related conditions and microbial 

resistance management. Furthermore, the findings 

from the MTT and trypan blue exclusion assays 

confirm the potent antiproliferative and cytotoxic 

effects of both nanoparticles on MDA-MB-231 

breast cancer cells. Both treatments exhibited a 

concentration- and time-dependent reduction in cell 

viability, with BPCNPnp demonstrating consistently 

stronger effects. This enhanced efficacy is attributed 

to the bioactive properties of Bryophyllum pinnatum, 

which, in combination with chitosan nanoparticles, 

promotes oxidative stress, apoptosis, and sustaine. 

The controlled release mechanism of BPCNPnp 

ensures prolonged exposure of cancer cells to 

cytotoxic agents, enhancing its therapeutic potential 



Ahmad Muazu Shehu et al.,     doi.org/10.52568/001639/JCSP/47.02.2025   189 

 

while minimizing transient recovery effects. 

Additionally, the presence of flavonoids and phenolic 

compounds further amplifies its anticancer 

properties, making it a superior candidate for breast 

cancer treatment. 

 

Overall, BPCNPnp emerges as a highly 

promising nanocarrier, integrating structural stability, 

targeted drug delivery potential, and enhanced 

bioactivity. Its multifunctional capabilities position it 

as a strong candidate for biomedical applications, 

including cancer therapy, antimicrobial resistance 

management, and oxidative stress mitigation.  
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