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ABSTRACT 

Objective: The present investigation focuses on the formulation and optimization of lenalidomide (LD)-loaded bovine serum albumin (BSA) 
nanoparticles (NPs) using the desolvation method. Box-Behnken design (BBD) was implemented to optimize the formulation.  

Methods: The desolvation technique was employed to synthesize BSA-NPs encapsulating LD and characterized by particle size analysis, zeta 
potential, and transmission electron microscopy (TEM) analysis.  

Results: The findings confirmed that the uniform spherical NPs were formed below 200 nm. Particle size found in the range of 110.9±13.02 nm to 
182.8±10.33 nm, entrapment efficiency (EE) found between 60.1±9.01% and 94.80±9.14% and zeta potential-15.3±0.21mV to-29.7 ±0.12mV. A 
sudden burst release of approximately 55.68% was observed within 4 h from optimized LD BSA NPs (Opt-LD-BSA-NPs), followed by a slower 
release over 24 h. In vitro, cytotoxicity assays demonstrated selective toxicity against U266 cancer cells. The Opt-LD-BSA-NPs exhibited a 
significantly lower half-maximal inhibitory concentration (IC50) of 29.70%, indicating enhanced cytotoxic efficacy. Fourier transform infrared 
spectroscopy (FTIR) and differential scanning calorimetry (DSC) analyses indicated successful drug entrapment and a transition of LD from a 
crystalline to an amorphous form. The area under curve (AUC) for Opt-LD-BSA-NPs was found to be 22.47 µg/ml/hr, which is 3 times more than the 
pure LD suspension (6.3025 µg/ml/h). It revealed enhanced bioavailability.  

Conclusion: These findings underscore the potential of BSA-based nanocarriers to enhance the solubility, stability, and therapeutic efficacy of 
hydrophobic anticancer agents, such as LD. 
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INTRODUCTION 

Cancer is a serious and often fatal disease caused by the abnormal 
growth and spread of cells in the body [1]. Normally, cells grow and 
die in a controlled way, but in cancer, this process is disrupted, leading 
to tumour formation and potential spread to other organs [2]. There 
are over 100 types of cancer, named after the affected organ or cell 
type, such as breast cancer and leukaemia. While the exact cause is 
unclear, common risk factors include smoking, alcohol, poor diet, 
inactivity, radiation, infections, and genetics [3]. Early detection and 
proper treatment-such as surgery, chemotherapy, and radiation-can 
greatly improve survival. Raising awareness about prevention and 
early diagnosis is essential in fighting cancer globally [4]. 

In cancer, the cell cycle of normal cells, which regulates how cells 
grow, divide, and die, is disrupted. Under normal circumstances, the 
cell cycle has checkpoints that make cells divide only when 
necessary and that destroy or repair damaged cells [5]. In cancer, 
these checkpoints are lost because of genetic mutations, which 
permit damaged or abnormal cells to continue dividing 
uncontrollably [6]. This results in tumor formation and, in certain 
instances, the dissemination of cancer to distant sites in the body. 
Central regulatory proteins such as cyclins and tumor suppressor 
genes (e.g., p53) tend to become defective in cancer cells and are 
responsible for this loss of regulation [7]. 

Bovine serum albumin nanoparticles (BSA-NPs) are biocompatible 
and biodegradable carriers found across drug delivery, diagnostics, 
and biomedical studies [8]. BSA is a protein sourced from the blood 
of a cow and is popular due to its stability, lack of toxicity, and 
capacity for the binding of many drugs and bioactive compounds [9]. 
The nanoparticles (NPs) can be formulated employing techniques 
such as desolvation, emulsification, or thermal gelation, giving very 
good control of particle size and drug loading [10]. BSA-NPs may 
enhance the solubility, stability, and controlled release of drugs, 

allowing them to be used for targeted therapy in cancer and other 
diseases [11]. Compared to synthetic polymers such as poly{lactic-
co-glycolic acid} (PLGA), BSA offers other advantages, such as 
avoidance of acidic degradation products, ease of scale-up, and the 
presence of functional groups that allow for site-specific 
modifications and targeted delivery. 

Lenalidomide (LD) is an orally administered drug primarily used to 
treat various forms of blood cancers, including multiple myeloma 
and myelodysplastic syndromes [12]. It is commercially available in 
capsule form [13], with common side effects such as diarrhoea, 
nausea, and loss of appetite [14]. 

Several nanoformulations of LD have been explored in the literature, 
including LD cocrystals [15], mesoporous silica NPs for LD [16], and 
PLGA-based LD nanocarriers [17]. However, BSA-loaded LD 
formulations have not been reported. Taking into account BSA's 
superior biological properties and drug-binding ability, its 
application in LD delivery presents a novel strategy for enhancing 
therapeutic efficacy, solubility, and controlled release. 

BSA-loaded nanocarriers have shown promising applications in 
cancer therapy, particularly in targeted drug delivery and tumor 
microenvironment modulation. Notable examples include Paclitaxel-
loaded BSA-NPs [18], Doxorubicin-loaded BSA nanocarriers [19], 
and BSA@IR780-loaded mesoporous polydopamine NPs [20], all of 
which demonstrate enhanced therapeutic efficacy through improved 
bioavailability and selective tumor targeting. 

In this study, LD was successfully incorporated into BSA-NPs, which 
were characterized based on particle size, zeta potential, and EE. 
BBD was used to optimize the LD-loaded BSA-NPs (LD-BSA-NPs). 
The optimized formulation was then evaluated for its cytotoxic 
potential against U266 cells, ensuring effective drug delivery and 
therapeutic performance. 
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MATERIALS AND METHODS 

Materials 

LD was purchased from MSN Labs. BSA, Ethanol, Glutaraldehyde, 
Methanol, dimethyl sulfoxide (DMSO), distilled water, phosphate 
buffer saline (PBS), sodium hydroxide, and potassium dihydrogen 
phosphate were purchased from SD Fine Chemicals. 

Preparation of LD-BSA-NPs 

LD-BSA-NPs were prepared using the desolvation method [21], 
where BSA was first dissolved in distilled water at a controlled pH 
(pH-9) and stirred until fully solubilized. LD, typically pre-dissolved 
in a small amount of organic solvents like DMSO (10%-20%), was 
added to the BSA solution (10 ml) under continuous stirring. A 
desolvating agent such as ethanol (100 µl** per min) was then 
slowly introduced to induce the formation of NPs through protein 

precipitation. To stabilize these particles, a crosslinking agent like 
glutaraldehyde (58µl* of 8%) was added [22]. The resulting NPs 
were purified by centrifugation and washing to remove free drugs 
and residual chemicals, followed by lyophilization for storage. The 
final formulation was characterized by size, drug loading efficiency, 
surface charge, and drug release behavior, making it a promising 
delivery system for targeted cancer therapy. 

Design of experiments (DoE) 

A DoE approach was employed using the BBD to investigate the 
relationship between three independent variables-amount of BSA 
(X₁), quantity of DMSO (X₂), and stirring speed (X₃)-and their effects 
on particle size (Y₁), EE% (Y₂), and zeta potential (Y₃). Based on 
preliminary trials and literature evidence, X₁ was varied between 50 
mg and 150 mg, X₂ between 10% v/v and 20% v/v, and X₃ was set 
within the range of 500 to 1000 rpm [23-25]. 

 

Table 1: Levels obtained from response surface model (RSM) design for independent variables 

Independent variable (X) Unit Coded level 
Low(-1) Mid(0) High(+1) 

X1 mg 50 100 150 
X2 % v/v 10 15 20 
X3 rpm 500 750 1000 
Dependent variable (Y) Requirement 
Y1 nm  minimize 
Y2 %  maximize 
Y3 mV -25mV to-30mV 

Mili volt (mV), nano meter (nm) 

 

Characterization of LD-BSA-NPs 

Particle size and zeta potential 

The prepared NPs were washed with double-distilled water, which 
was filtered through 0.22μm, several times before particle size 
analysis. The average particle size and zeta potential of the LD-BSA-
NPs were determined by a particle size analyzer (Malvern 
Instruments Ltd, UK), which allows sample measurement in the 
range of 0.020-2000μm [26]. 

EE estimation 

The previously described indirect method was used to calculate the 
EE% [27]. Using this procedure, the amount of free or unentrapped 
LD in the supernatant of each formulation following centrifugation 
at 12,000 rpm and 4 °C for 20 min using a cooling centrifuge (Remi, 
India) was assessed [28]. The amount of free LD was measured at 
255 nm using a spectrophotometric technique (Spectro UV-VIS 
double beam, Lab India 3200). The EE% was calculated using the 
following equations:  

EE%= Mass of drug in Nanoparticles
Mass of the drug in Formulation

×100 

FTIR and DSC study 

FTIR spectrophotometer (Perkin Elmer, USA) was employed to record 
the spectrum of each of the LD-BSA-NPs, and free LD. At 25 °C, the 
spectra were recorded in the 500–4000 cm−1 region (Berthomieu and 
Hienerwadel 2009). Furthermore, the thermograms of LD-BSA-NPs, 
pure LD, were estimated using a DSC analyser (PerkinElmer, USA). 
Each sample’s dry powder (about 3 mg) was heated in a sealed 
aluminium pan at 10 °C per minute under nitrogen. A plain aluminum 
pan, as a reference, was used in all runs [29]. 

Morphological study by TEM 

Using TEM (JEOL 100CX; JEOL Inc., Peabody, MA, USA) at an 
accelerating voltage of 80 kV, the morphology of the Opt-LD-BSA-
NPs was examined. The Opt-LD-BSA-NPs formulation was diluted 
from 1 to 0.01% w/w and treated in an ultrasonic bath (Model 3510, 
Branson MS) in order to reduce particle aggregation on the copper 
grid. For TEM analysis, a single drop of the modified mixture was 
dried and put on a copper grid coated with carbon [30]. 

In vitro drug release study 

The study used the dialysis bag technique to track drug-release 
patterns from LD-BSA-NPs. The release patterns were examined at a 
pH of 5.5 to mimic the acidic tumor microenvironment. The dialysis 
ag (12–14kDa MWCO, Spectra/ProR4 Dialysis Membrane; Spectrum 
Laboratories, Inc., Rancho Dominguez, CA) was filled with 1 mg of 
the drug in its free form or a formulation volume equivalent to 1 mg 
of the drug. Dialysis bags were then submerged in 200 ml of acetate 
buffer, pH 5, containing TritonX-100 (1%), and kept in a shaking 
water bath (AZZOTA corporation, USA). Drug samples were 
withdrawn and analysed at 255 nm using a spectrophotometric 
technique (Spectro UV-VIS double beam, Lab India 3200) [31]. 

Cell line study 

Human multiple myeloma U266 cells were acquired from the National 
Centre for Cellular Sciences (NCCS), Pune, India. The cells were 
9ultured in minimal essential medium, supplemented with 10% fetal 
bovine serum (FBS), 3% L-glutamine, 100 U/ml penicillin-G, and 100 
µg/ml streptomycin (Himedia), within a humidified atmosphere of 5% 
CO₂ and 95% air, maintained at 37±2 °C [32]. For cytotoxicity assays, 1 
lakh cells per millilitre of the U266 cell suspension were seeded into a 
96-well microtiter plate. After 24 h of incubation, a fresh medium 
containing varying concentrations of Opt-LD-BSA-NPs suspension was 
introduced. A working concentration of 10 mg/ml was prepared by 
dissolving 100.5 mg of NPs in 10.05 ml of PBS and subsequently 
filtering through a 0.22 µm filter before each assay. Blank control cells, 
which did not receive test samples, were incubated with PBS. The 
negligible presence of PBS in the wells was confirmed not to interfere 
with experimental outcomes. 

Pharmacokinetic study 

All the animal investigations were performed as per the requisite 
protocol approved by the institutional animal ethics committee 
(IAEC) of Chaitanya Deemed to be University, Hanamkonda, 
Telangana, with certificate no (005/2024/1963/PO/RC/S/17). In 
vivo studies were carried out in healthy male Wistar rats of 150-
200g. The animals were housed in individual cages in the animal 
house for 10 days before the initiation of the study to facilitate 
environmental acclimatization and had access to feed and water ad 
libitum. 12-hour circadian rhythms were maintained, and the 
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temperature was kept constant throughout the study period. The 
animals were divided into two groups, each containing six animals. 
The animal dose (2.59 mg/kg) was chosen based on the surface area 
ratio from human to rat. Group 1 was treated with pure LD, and 
Group 2 was treated with Opt-LD-BSA-NPs. Blood samples, each not 
more than 500 µl**, were withdrawn from the tail vein at 0, 0.5, 1, 2, 
3, 4, 6, 8, 10, 12, and 24 h intervals using a sterilized syringe. Fasting 
blood samples (0th h) were withdrawn early in the morning. The 
blood samples were collected in radioimmunoassay (RIA)-vials 
containing anticoagulant (100 µl** of 11% sodium citrate) and 
centrifuged at 4000 rpm for 15 min to separate the plasma and 
stored at-20 °C. The plasma samples were deproteinized by mixing 
the samples with equal volumes of 10% perchloric acid and 
vortexing for 2 min, followed by centrifugation at 4000 rpm for 15 
min [33]. The supernatant liquid was separated and analyzed. The 
amount of LD in plasma samples was estimated using high-
performance liquid chromatography (HPLC) at optimized 
chromatographic conditions. 

RESULTS AND DISCUSSION 

Preparation and characterization of LD-BSA-NPs 

Seventeen different batches of LD-BSA-NPs were prepared by the 
desolvation method. The Particle size was found in the range 110.9 
nm to 182.8 nm. The EE% was in the range of 60.1-94.8%. 

Optimization 

The polynomial equation obtained indicates the effect of the 
interaction of dependent variables on independent variables. A 

positive value in the equation represents a promising effect, and a 
negative value represents a disapproving effect. 

Particle size 

The particle size of all 17 batches of LD-BSA-NP is given in table 2. 
As observed from table 2, particle size ranged from 110.9±13.02 nm 
to 182.8±10.33 nm. Further polynomial equations showed that the 
relation between particle size and the independent variables and 
their interactions significantly affected the particle size, as 
represented in table 3. 

Particle size (Y1) = 145.28+29.90X1+0.6500X2-
3.30X3+2.70X1X2+1.05X1X3-6.85X2X3-8.74X12+11.91X22+9.46X32 

The Quadratic model table (table 3) showed an F value of 36.31 and 
a P value of<0.0001, indicating a significant response. An increase in 
particle size with higher X1 was observed from the quadratic 
equation. This is due to elevated BSA levels increasing the viscosity 
of the medium, which can slow down diffusion and promote the 
formation of larger particles due to reduced nucleation rates and 
enhanced growth phases. Similar results were reported by Tanjung YP 
et al. in 2024 [34]. The X2 affects the particle size. This is because a 
higher DMSO content may lead to slower desolvation, promoting the 
formation of larger particles due to extended growth phases [35]. At 
lower rotation speeds, an increased particle size was observed, and as 
the speed increased, the particle size was found to reduce. This is 
because increased shear force promotes better dispersion of the 
desolvated protein droplets, preventing coalescence and leading to 
more uniform and smaller NPs [36] (fig. 1). 

 

 

Fig. 1: Effect of the independent variable on particle size 

 

 

Fig. 2: Effect of independent variable on EE 

 

EE analysis 

The EE% for 17 formulations was found to be from 60.1±9.01% to 
94.80±9.14% (table 2). A major goal of the current study is to 
maximize the entrapment of the drug into the NPs to increase the 

drug concentration at the site of action. The quadratic equation for 
EE% is  

EE(Y2)=83.04+12.40X1+0.5375X2-
3.94X3+0.5500X1X2+0.7000X1X3+4.32X2X3+3.42X12-6.01X22-6.51X32 
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The Quadratic model table for EE% (table 3) showed an F value of 
17.81 and a P value of<0.005, indicating a significant response. The 
EE was found to increase by increasing X1, as observed in the 
quadratic equation. The increase in the EE% at a higher albumin 
amount is due to the higher availability of the albumin surrounding 
the drug [37]. As the albumin concentration increases, more NPs 

would be formed, which in turn increases the chance for better drug 
encapsulation. The DMSO concentration effect on EE. DMSO 
improves the solubility of hydrophobic drugs like LD, allowing 
better dispersion in the aqueous BSA solution. This facilitates 
stronger drug-protein interactions during NP formation, potentially 
increasing EE% [38] (fig. 2). 

 

Table 2: BBD for LD-BSA-NP with responses 

Formulation X1 X2 X3 Particle size EE% Zeta potential 
LD-BSA-NP1 100 15 750 143.4±12.30 78.8±7.23 -27.9±0.07 
LD-BSA-NP2 100 15 750 140.2±10.01 80.2±8.04 -25.4±0.13 
LD-BSA-NP3 100 15 750 147.3±11.26 83.1±9.11 -29.7±0.11 
LD-BSA-NP4 100 20 500 179.8±11.44 72.3±7.03 -20 ±0.18 
LD-BSA-NP5 50 20 750 110.9±13.02 67.3±8.55 -17.1±0.14 
LD-BSA-NP6 100 15 750 150.1±12.11 87.1±9.24 -29.7±0.12 
LD-BSA-NP7 50 10 750 119.5±10.46 67.2±6.25 -26.4±0.16 
LD-BSA-NP8 150 15 1000 170.4±10.31 90 ±9.11 -24.4±0.15 
LD-BSA-NP9 100 10 500 160.3±12.44 80 ±7.35 -30 ±0.08 
LD-BSA-NP10 150 10 750 180.6±13.11 92.5±8.07 -20.6±0.44 
LD-BSA-NP11 150 20 750 182.8±10.33 94.8±9.14 -15.3±0.21 
LD-BSA-NP12 50 15 1000 115.2±11.21 65.4±7.47 -32.8±0.19 
LD-BSA-NP13 100 20 1000 159.3±12.26 69.7±7.32 -22.3±0.08 
LD-BSA-NP14 150 15 500 174.7±13.26 93.1±8.36 -25.2±0.13 
LD-BSA-NP15 50 15 500 123.7±10.06 71.3±7.11 -31.6±0.14 
LD-BSA-NP16 100 10 1000 167.2±12.31 60.1±9.01 -28.1±0.12 
LD-BSA-NP17 100 15 750 145.4±10.31 86±8.59 -28.2±0.18 

(n=3, mean ±SD) 
 

Zeta potential 

Zeta potential plays a critical role in determining the stability of NPs. The 
zeta potential was obtained in a range from-15.3±0.21mV to-29.7 
±0.12mV (table 2). The quadratic equation for zeta potential is as follows  

Zeta potential (Y3)=26.86+2.80X1+3.80X2-0.1000X3-
1.0000X1X2+0.5000X1X3-1.05X2X3+1.80X12+5.21X22-3.44X32 

The Quadratic model table for zeta potential (table 3) showed an F 
value of 8.26 and a P value of<0.0055, indicating a significant 
response. An increase in the concentration of BSA increases the zeta 
potential, which is because higher BSA concentration tends to 
increase the availability of surface amino and carboxyl groups, 
which can lead to more negative or positive zeta potential, 
depending on the pH of the medium [39] (fig. 3). 

 

 

Fig. 3: Effect of the independent variable on zeta potential 

 

Table 3: BBD regression coefficients with p-values and quadratic equation 

Parameter 
 

Responses 
Particle size EE% Zeta potential 
F-value p-value F-value p-value F-value p-value 

Model 36.31 <0.0001 17.81 0.0005 8.26 0.0055 
Lack of fit 3.07 0.1536 0.7261 0.5873 0.3263 0.8077 
R2  0.9790 0.9582 0.9139  
Adjusted R2  0.9521 0.9044 0.8032  
Predicted R2  0.7562 0.7217 0.6211  
Suggested model quadratic 
Y1=+145.28+29.90X1+0.6500X2-3.30X3+2.70X1X2+1.05X1X3-6.85X2X3-8.74X12+11.91X22+9.46X32 

Y2=+83.04+12.40X1+0.5375X2-3.94X3+0.5500X1X2+0.7000X1X3+4.32X2X3+3.42X12-6.01X22-6.51X32 
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Data optimization and model validation for opt-LD-BSA-NPs 

The optimized Opt-LD-BSA-NPs formulation was selected by 
applying constraints on the dependent factors, as shown in table 4. 
Point prediction of the DoE software 12 was used to determine the 
optimized NPs based on closeness of desirability factor close to 1, 
which predicted the optimized process parameters to be 1 as 100 

mg, 2 as 15 ml, 3 as 750 rpm with predicted values of responses 1 
as 145.28 nm, Y2 as 86.04% and 2 as 26.86mV. The Opt-LD-BSA-
NPs was developed and characterized for particle size, EE% and zeta 
potential. The experimental value for responses 1 as 147 nm, Y2 as 
85%, and 3 as 28.01mV of optimized formulation was found in 
good agreement with the predicted values generated by the RSM and 
the result assures the validity of RSM. 

 

Table 4: Predicted and observed responses for optimized formulation 

Responses Predicted  Observed % of Error  
Particle size(nm) 145.28 147 1.18 
EE % 83.04 85 2.30 
Zeta potential(mV) -26.86 -28.01 4.1 

 

Characterization study on the optimized formulation 

TEM analysis 

The morphological analysis of albumin NPs in fig. 4a shows spherical 
particles of about, with a uniform particle size distribution, which 
coincides with the diffractive light scattering (DLS) measurements. 
The observed polydispersity index (PDI) of 0.145 and particle size 
range of 110–183 nm in the BSA-NP formulation suggest moderate 
monodispersity, which likely results from controlled desolvation 
kinetics, stabilizing intermolecular interactions among albumin 
molecules, and effective crosslinking-ensuring a narrowly 
distributed particle population with minimal aggregation [40]. 

Zeta potential and PDI 

Zeta potential indicates the stability of the NPs in the dispersion 
through electrostatic repulsion between the particles. As the value 
increases, it gives an indication of more repulsion between the NPs, 
reducing the tendency of aggregation that could occur between the 
NPs. The zeta potential for the Opt-LD-BSA-NPs was found to be–
28.01 mV. The negative charge might be due to the preparation of 
the albumin at a pH higher than the isoelectric point of the protein, 

leading to the ionization of the carboxyl-terminal of the protein, and 
hence imparting a negative charge. The PDI was found to be 0.145, 
which indicates the homogeneity of the distribution within the 
formed NPs. 

 

 

Fig. 4a: TEM Image
  

 

Fig. 4b: Particle size distribution 

 

 

Fig. 4c: Zeta potential 
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In vitro drug release 

The release of LD from both the pure LD suspension and the Opt-LD-
BSA-NPs is shown in fig. 5. The release of LD from BSA-NPs showed 
a biphasic release, with an initial burst effect, which is followed by a 
sustained release over 24 h. A sudden burst release of about 55.68% 
was observed within 4 h from Opt-LD-BSA-NPs, followed by a slower 
release over 24 h, whereas the pure LD suspension was completely 

released (99.32%) within 4 h. The initial burst effect might be due to 
the free unencapsulated drug and the drug on the surface of the NPs. 
The sustained release pattern may be attributed to the drug 
incorporated in the core of the NPs’ matrix. It should be mentioned 
that the sustained release effect is in great favor for cancer targeting, 
as it is required for the anticancer drugs to have a slow release in the 
blood to reduce their side effects on the normal cells, whereas when 
it reaches the cancer cells, it should be high. 

 

 

Fig. 5: Drug release study 
 

DSC and FTIR studies of Opt-LD-BSA-NPs  

The DSC thermograms of pure LD and Opt-LD-BSA-NPs are shown in 
fig. 6. The DSC curve of LD exhibits an exothermic peak at a peak 
temperature of 270 °C, corresponding to its melting point. As per the 
DSC graph of Opt-LD-BSA-NPs, the characteristic exothermic peak of 
LD was observed with minimal intensity and shifted to a lower 

temperature range. This indicates the conversion of the crystalline 
nature of LD to an amorphous form, which ensures better stability. 
Furthermore, it also confirms that LD was entrapped in BSA-NPs. 
Reported findings have suggested that with an increase in the 
amorphous nature of the therapeutic system, a corresponding 
increase in the efficiency of delivery is observed by Abdelwahed et 
al. in 2006. 

 

 

Fig. 6: DSC study 
 

The FTIR of pure LD and Opt-LD-BSA-NPs are described in fig. 7. The 
Pure LD FTIR spectrum reveals key functional groups, with amide 
absorption around 1600–1700 cm⁻¹, aromatic ring peaks near 1500 
cm⁻¹ and 3000 cm⁻¹, and broad-NH/-OH bands in the 3200–3500 
cm⁻¹ range the FTIR spectrum of the Opt-LD-BSA-NPs revealed 
distinct shifts in the amide bands, confirming successful drug 
encapsulation and stable protein interactions. 

Cytotoxicity studies 

The effects of pure LD and Opt-LD-BSA-NPs on the extent of cell 
viability of U266 cells for 72 h were examined by 3-(4,5-di methyl 
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Seven 

concentrations (1-100 µg/ml) of pure LD and Opt-LD-BSA-NPs were 
prepared and tested, yielding proof that the NPs exhibited significant 
toxicity against U266 cells as compared to pure LD (fig. 8). The 
cytotoxic concentration at which 50% of the cells die (CTC50) value 
for NPs was calculated from the concentration and subsequent 
response. It was found that at a 100µg/ml concentration, Opt-LD-BSA-
NPs are highly cytotoxic compared to pure LD. The IC50 value for pure 
LD was found to be 49.42%, whereas the Opt-LD-BSA-NPs exhibited a 
significantly lower IC50 of 29.70%, indicating enhanced cytotoxic 
efficacy. This reduction suggests that NP encapsulation improves drug 
delivery, likely due to better cellular uptake, sustained release, and 
increased bioavailability of LD at the target site. 
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Fig. 7: FTIR study 

 

 

Fig. 8: Cytotoxic study 

 

In vivo pharmacokinetic studies 

The formulations (LD aqueous suspension, dispersion of the Opt-LD-
BSA-NPs) were administered by oral gavage with a single dose of 30 
mg/kg. The NPs were dispersed in ultra-pure water. Table 5 and fig. 9 
show the pharmacokinetic data of the drug suspension and NPs. Fig. 9 
depicts a remarkable difference in bioavailability between Opt-LD-BSA-
NPs and pure LD suspension. After oral administration of pure LD 

suspension, the drug was rapidly absorbed, and a Cmax of 0.98 µg/ml was 
reached in 1.5 h. Consequently, the plasma concentration decreased 
abruptly, as the drug was rapidly distributed and metabolized and was 
detected up to 24 h after administration, resulting in low AUC (6.3025 h. 
µg/ml), area under 1st movement curve (AUMC) (31.775h2. µg/ml), and 
low t½ (4 h). The mean residence time (MRT) for Pure LD was found to 
be 5.041. Fig. 9 shows the peak plasma concentration (Cmax) for Opt-LD-
BSA-NPs of approximately 2.5 µg/ml. 

 

Table 5: Pharmacokinetic parameters of LD after oral administration of pure LD suspension and Opt-LD-BSA-NPs dispersion at the dose 
of 30 mg/kg 

Parameter Pure LD Suspension Opt-LD-BSA-NPs 
Cmax (µg/ml) 0.98± 2.5 
AUC (µg. h/ml) 6.3025 22.47 
AUMC(µg/ml. h2) 31.775 182.13 
Ke(h-1) 0.173 0.05775 
 t1/2(h) 4 12 
MRT 5.041 8.105 

 

Similarly, table 5 depicts the pharmacokinetic parameters Cmax, AUC, 
AUMC, and MRT of Opt-LD-BSA-NPs. From table 5, it can be perceived 
that the Cmax value for Opt-LD-BSA-NPs (2.5 µg/ml) was significantly 
higher than that of the LD suspension (0.98 µg/ml). In the same way, 
the t½ was rapid for Opt-LD-BSA-NPs (12 h), when compared to pure 

LD suspension (4 h). The AUC for Opt-LD-BSA-NPs is 22.47 µg/ml. h, 
which is 3 times more than the pure LD suspension (6.3025µg/ml. h). 

This may be due to the primarily related prolonged absorption 
phase and sustained release of LD from BSA-NPs. Likewise, the MRT 
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for Opt-LD-BSA-NPs is 8.105s, which is almost 1.6 times more than 
the pure LD-suspension. Overall, our results suggest that Opt-LD-

BSA-NPs are most likely to have great potential as a therapeutic, 
with enhanced pharmacokinetic profiles [41]. 

 

 

Fig. 9: Plasma concentration time profiles of LD in Wistar rats: (a) Pure LD suspension, (b) Opt-LD-BSA-NPs 

 

CONCLUSION 

NPs of a poorly soluble drug, LD, were successfully formulated by 
the nano-precipitation method using BSA as a polymer. The particle 
size, zeta potential, and TEM reports confirmed that the size of Opt-
LD-BSA-NPs was below 200 nm with a spherical shape and uniform 
size distribution. DSC and FTIR analysis of NPs confirmed the 
conversion of the crystalline nature of LD to an amorphous form and 
drug entrapment within the NPs. Cytotoxic studies suggested that 
Opt-LD-BSA-NPs were toxic to U266 cancer cells. In vitro and in vivo 
studies confirmed that LD-BSA-NPs exhibit increased bioavailability 
with sustained release up to 24 h. Due to their hydrophobic nature, 
conventional chemotherapeutics of LD suffer from poor solubility 
and an inability to penetrate the tumors (poor bioavailability). This 
results in grave side effects that include immune system depletion 
and metastasis to neighbouring organs. Hence, the present BSA-NPs 
can effectively solve the solubility problem and enhance the 
bioavailability of LD. 
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