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Introduction

Ovarian cancer remains a major global health challenge, 
ranking as the eighth most common malignancy among 
women and accounting for approximately 4.7% of cancer-
related deaths worldwide [1]. Despite advances in treat-
ment, chemotherapy continues to be the primary therapeutic 
approach, yet severe systemic side effects often compromise 
its effectiveness. Traditional cytotoxic agents, such as pacli-
taxel (PAC), indiscriminately target rapidly dividing cells, 
leading to collateral damage in healthy tissues and result-
ing in complications like myelosuppression, mucositis, and 
alopecia. These adverse effects not only diminish patients’ 

	
 Nihal Mohamed Elmahdy Elsayyad
nmahdy@msa.edu.eg

Mervat Shafik Ibrahim
mshafik@msa.edu.eg

Shereen H. Noshi
shamdi@msa.edu.eg

1	 Department of Pharmaceutics and Industrial Pharmacy, 
Faculty of Pharmacy, October University for Modern 
Sciences and Arts (MSA), Giza, Egypt

Abstract
Purpose  Ovarian cancer accounts for 4.7% of cancer-related deaths in women, with paclitaxel (PAC) being an effective 
treatment option. However, poor water solubility and inefficient release within the tumor microenvironment limit its clinical 
use. This study aims to optimize a novel PAC pH-sensitive nanocarrier system based on layered double hydroxide (LDH) 
functionalized with bovine serum albumin (BSA) to enhance its delivery and release.
Methods  A response surface D-optimal design was utilized to optimize the formulation of BSA-d-LDH-PAC nanoparticles, 
considering particle size (PS), drug entrapment efficiency (EE%), and zeta potential (ZP). The optimized formulation (F3) 
was characterized using structural and physicochemical analyses, and in vitro drug release studies were conducted at dif-
ferent pH levels. Additionally, cytotoxicity studies were performed to evaluate the therapeutic potential of the developed 
system.
Results  The optimized formulation (F3) incorporated 16 mg/mL BSA, 0.5 mg PAC, and delaminated layered double hydrox-
ide (d-LDH), yielding nanoparticles with a brucite-like structure, a diameter of 95 nm, a ZP of -27 mV, and an EE% of 51%. 
Molecular modeling and FTIR analysis confirmed the layered LDH structure and successful integration of BSA and PAC 
via hydrogen bonding, contributing to high drug loading and entrapment efficiency. The less ordered particle arrangement 
enhanced PAC aqueous solubility and facilitated rapid release, with 90% of the drug released at pH 5.5 within 5 h. Cytotoxic-
ity studies demonstrated the superior anticancer activity of BSA-d-LDH-PAC compared to free PAC suspension.
Conclusion  BSA-functionalized LDH nanoparticles provide an efficient, pH-responsive delivery system for PAC, improving 
solubility, controlled release, and cytotoxic efficacy. These findings emphasize the future promise of this nanocarrier system 
for enhanced ovarian cancer treatment and broader applications in targeted drug delivery.
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quality of life but also hinder treatment adherence and out-
comes [2].

Paclitaxel (PAC) is a potent chemotherapeutic agent with 
proven efficacy against a range of cancers, including ovarian, 
breast, and lung malignancies [3–5]. Its mechanism of action 
involves stabilizing microtubules and inducing apoptosis dur-
ing the G2/M phase of the cell cycle. However, PAC’s clinical 
utility is significantly limited by its poor aqueous solubility 
(0.1  µg/mL) and low bioavailability, which necessitate the 
use of solubilizing agents such as Cremophor EL (CrEL) in 
commercial formulations like Taxol. Unfortunately, CrEL has 
been associated with hypersensitivity reactions, altered lipid 
metabolism, and neurotoxicity, prompting the search for safer 
and more effective delivery systems [6–8]. 

Nanomedicine has emerged as a promising solution to the 
limitations of conventional chemotherapy, offering enhanced 
drug solubility, improved pharmacokinetics, and targeted 
delivery to tumor tissues while minimizing systemic toxic-
ity [9, 10]. Over the past decade, a wide array of nanocarrier 
platforms has been developed to address the challenges asso-
ciated with hydrophobic drugs like paclitaxel (PAC). These 
include albumin-bound nanoparticles (e.g., Abraxane®), 
polymeric micelles (e.g., Cynviloq®, Nanoxel®, Paclical®), 
liposomes (e.g., Lipusu®), and polymeric lipidic nanopar-
ticles, many of which have progressed to clinical trials or 
received regulatory approval [9, 10]. These systems have 
demonstrated improved drug loading, prolonged circulation 
time, and enhanced accumulation in tumor tissues via the 
enhanced permeability and retention (EPR) effect. How-
ever, despite these advancements, several limitations persist, 
including premature drug leakage, complex manufacturing 
processes, and limited control over drug release kinetics.

To overcome these challenges, researchers have increas-
ingly turned to inorganic nanocarriers, which offer unique 
physicochemical properties that can be tailored for more 
effective drug delivery. Among these, layered double 
hydroxides (LDHs) have gained significant attention due 
to their high surface area, tunable composition, and anion 
exchange capacity, which facilitate efficient drug encapsu-
lation and controlled release [11, 12]. Furthermore, LDHs 
exhibit superior chemical stability in various solvents com-
pared to many polymeric carriers, making them attractive 
candidates for long-term drug storage and formulation 
development [13]LDHs are composed of positively charged 
metal hydroxide layers intercalated with exchangeable 
anions, allowing for the incorporation of negatively charged 
drug molecules such as PAC through electrostatic interac-
tions [14–21]. One of the most compelling features of LDHs 
is their pH-responsive behavior: under physiological condi-
tions (pH 7.4), LDHs exhibit sustained drug release, while 
in the acidic tumor microenvironment (pH 6.5–7.2), partial 
dissolution of the LDH matrix triggers a burst release of 

the drug which enhances therapeutic efficacy at the tumor 
site while minimizing exposure to healthy tissues, thereby 
reducing systemic toxicity [22].

Their biocompatibility and ability to be functionalized 
with targeting ligands or stabilizing agents further expand 
their versatility in cancer therapy. Recent studies have dem-
onstrated the successful incorporation of PAC into LDH-
based composites, such as ZnAl-LDH combined with cobalt 
ferrite and N-graphene quantum dots (N-GQDs), which 
showed high drug loading capacity and pH-sensitive release 
profiles [23]. These findings underscore the potential of 
LDHs as next-generation nanocarriers capable of deliver-
ing therapeutic doses of PAC directly to tumor cells while 
minimizing off-target effects.

In order to improve the efficacy of LDH-based carriers, the 
incorporation of biomolecules, including bovine serum albu-
min (BSA), has proven to be an effective approach. Bovine 
serum albumin (BSA) is a natural protein and is known for 
its biocompatibility, remarkable stability, and strong binding 
capacity for various molecules. These characteristics position 
it as an excellent choice for the modification of nanoparticle 
surfaces. The capacity to engage with Gp60 receptors pres-
ent on endothelial cells enhances the process of transcytosis, 
thereby promoting the accumulation of drugs within tumor 
tissues [8]. Furthermore, BSA can stabilize nanoparticles by 
means of electrostatic and steric interactions, which effec-
tively inhibit aggregation and extend their circulation time. 
The functionalization of layered double hydroxides (LDHs) 
with bovine serum albumin (BSA) significantly enhances 
their ability to target specific sites. It improves their physico-
chemical stability, thereby rendering them more appropriate 
for clinical applications [8].

In this study, a novel pH-responsive, BSA-functionalized 
LDH nanocarrier was developed for the targeted delivery 
of PAC. The LDH was synthesized using magnesium and 
aluminum nitrates and functionalized with native BSA to 
enhance particle stability and tumor targeting. A D-optimal 
design approach is used to optimize the formulation due to 
its flexibility and efficiency [24]. The optimized formula 
was selected based on a desirability index that incorporated 
particle size, drug entrapment efficiency, and zeta poten-
tial. Molecular modeling was conducted to elucidate the 
interaction mechanisms between PAC, BSA, and the LDH 
matrix, providing insight into the structural basis of drug 
loading. The optimized formulation was then subjected to 
comprehensive characterization, including pH-dependent 
drug release studies, physicochemical analysis, and in vitro 
cytotoxicity assays using the KF-28 ovarian cancer cell 
line. This work aims to demonstrate the potential of BSA-
functionalized LDHs as a next-generation nanocarrier sys-
tem for improving PAC delivery and therapeutic efficacy in 
ovarian cancer treatment.
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Experimental

Materials

Paclitaxel (PAC) was obtained as a free sample from 
Fresenius Kabi (Egypt). Magnesium nitrate hexahy-
drate (MgNO3·6H2O), aluminium nitrate nonahydrate 
(AlNO3·9H2O), and bovine serum albumin (BSA) were 
purchased from Sigma-Aldrich (USA). Disodium hydrogen 
phosphate and potassium dihydrogen phosphate were obtained 
from El-Nasr Pharmaceutical Chemicals Co. (Egypt). Sodium 
hydroxide was purchased from PioChem (Egypt). Methanol 
was obtained from Biochem Chemicals (Egypt). All other sol-
vents were of analytical grade and used as received.

Preparation of Layered Double Hydroxides (LDHs)

The coprecipitation process was used to synthesize double-
layered hydroxide nanoparticles. An amount of 2.25  g of 
AlNO3 and 4.16 g of MgNO3 were weighed precisely and 
dissolved in 400 mL of deionized water. The nitrates solu-
tion was kept under vigorous stirring and titrated with 1% 
NaOH solution until the pH reached 9.5 and a white precipi-
tate developed. The yield was subjected to a post-precipita-
tion hydrothermal treatment at 150 C° for 16 h to improve 
the particle size and crystallinity. The produced particles 
labeled as bulk-LDH were then filtered, oven dried, trans-
ferred, and divided into two portions. Following synthesis, 
the surface area of the LDH nanocarriers was increased 
using two post-synthesis treatments: delamination and cal-
cination. In delamination, the particles were dispersed in 
methanol and sonicated to promote exfoliation of the LDH 
layers, resulting in delaminated LDH (d-LDH). The nano-
carriers were subjected to a furnace treatment at 450 °C for 
9 h for calcination. These calcined nanocarriers were desig-
nated as c-LDH. The resulting nanocarriers were stored in a 
sealed container for future use [25–28].

Paclitaxel Loading on LDH (LDH-PAC)

Three different concentrations of PAC (0.5, 1, and 8  mg) 
were loaded on LDH to determine the particle entrapment 
efficiency (EE%). The drug was first dissolved in an appro-
priate volume of methanol, and 16 mg of d-LDH or c-LDH 
and 18 mL of distilled water were added. The mixture was 
left in an incubator (J.P Selecta ZHWY-2102 C, Spain) for 
48 h. at 40 ◦C to evaporate the methanol. The samples were 
then centrifuged using a Laborzentrifugen, 2k15, Sigma, 
Germany centrifuge set at a speed of 15,000 rpm for 30 min. 
The precipitate was washed twice with distilled water and 
freeze-dried using a Christ freeze-drier (Alpha 2.4 LD plus, 
Germany) at − 20 °C and pressure 0.02 mbar for 24 h [25].

Functionalization of PAC-LDH with Bovine Serum Albumin 
(BSA)

A range of BSA solutions was prepared in distilled water. The 
freeze-dried PAC-LDH samples were redispersed in distilled 
water, and the BSA solutions were added dropwise to the LDH 
dispersed particles under vigorous stirring. The BSA concentra-
tion in the mixture was adjusted to be 1, 2, 4, 8, and 16 mg/ml. 
The mixture was left for 30 min on a magnetic stirrer (MMS-
3000, Biosan LTD, UK) to form BSA functionalized PAC-LDH 
(BSA-LDH-PAC) and then centrifuged and sent to freeze dry-
ing to be stored in powder form in a cool, dry place [29].

Design of Experiments for Sample Preparation and 
Characterization

To investigate the influence of formulation variables on 
BSA-LDH-PAC properties and their optimization through 
D-optimal design using Design-Expert® 12.0.3.0 software 
(Stat-Ease Inc., USA). In this design, three independent fac-
tors were evaluated, namely (A) the PAC concentration, (B) 
the BSA concentration, and (C) the post-synthesis treatment. 
The dependent variables were particle size (PS) (R1), (ZP) 
(R2), and EE% (R3). Paclitaxel concentration varied across 
three levels (0.5, 1, and 8  mg), while BSA concentration 
was tested at five levels (0, 4, 8, 10, and 16 mg). The type 
of LDH was investigated at two levels (d-LDH and c-LDH). 
As outlined in Table 1, a total of fifteen experimental combi-
nations were evaluated. Detailed information about the com-
ponents and their corresponding levels can be found in the 
supplementary section (Table S1). Moreover, the best-fitted 
models for both R1, R2, and R3 were selected based on the 
lowest model p-value (significant), highest R2 value, highest 
lack of fit p-value (non-significant), and where the difference 
between the predicted R2 and the adjusted R² is in reasonable 
agreement (less than 0.2). Based on the desirability approach, 
numerical optimization was carried out by keeping the PS 
between 0 and 100 nm, maximizing EE%, and the magnitude 
of ZP. All factor weights were considered equally important 
and thus were set to 1/3. The optimized formula achieved the 
highest desirability index and was chosen for future studies.

The optimized formulation was replicated and evaluated 
by comparing experimental and predicted values for PS and 
EE%. A low percentage bias confirmed the model’s valid-
ity. Further characterization of the optimized formulation 
included drug release studies, physicochemical properties, 
and in vitro cytotoxicity assessment.

Characterization of BSA-LDH-PAC

Measurement of Particle Size (PS) and zeta-potential 
(ZP)  Particle size (PS) and zeta potential (ZP) were 
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computationally investigated using Maestro software (Mae-
stro version 13.5.128, Schrodinger, USA). An LDH struc-
ture, obtained from the Materials Project, was processed 
into a 5 × 5 × 5 repeated crystal structure using Avogadro 
software (an open-source molecular builder and visualiza-
tion tool), Version 1. XX. http://avogadro.cc/) [36, 37] BSA 
and PAC structures were sourced from the RCSB Protein 
Data Bank (​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​c​s​b​​.​o​r​g​​/​s​t​​r​u​c​​t​u​r​e​/​4​f​5​s, accessed 
15/6/2024) and PubChem (accessed 15/6/2024), respec-
tively. After importing these structures into Maestro and 
performing energy minimization, intramolecular interac-
tions between LDH layers, LDH and PAC, and LDH and 
BSA were determined [38].

Transmission Electron Microscopy (TEM)  The morphology 
of the optimized BSA-LDH-PAC formulation was exam-
ined using a JEM-2100 TEM microscope (Jeol, Japan). An 
aqueous dispersion of the formulation was applied to a car-
bon-coated copper grid and allowed to dry before imaging 
[39, 40].

Differential Scanning Calorimetry (DSC)  Differential scan-
ning calorimetry (DSC) was performed on freeze-dried LDH 
and the optimized formulation, as well as on the powder 
form of PAC and BSA. Samples were accurately weighed 
and sealed in standard aluminium pans. Thermograms were 
recorded from 30 to 300 °C under Liquid nitrogen at a heat-
ing rate of 5 °C/min [24].

X-ray Diffraction (XRD)  X-ray diffraction (XRD) patterns 
were obtained for freeze-dried LDH and the optimized 
formulation, as well as for PAC and BSA powders using 
a Bruker D8 diffractometer. Diffractograms were collected 

determined using a Malvern Zetasizer Nano-ZS (Nano-ZS, 
UK). Samples were diluted appropriately with distilled water 
before analysis. Measurements were conducted at ambient 
temperature in disposable zeta potential cuvettes [30, 31].

PAC Entrapment Efficiency in BSA-LDH-PAC (EE%)  Drug 
entrapment efficiency (EE%) was determined using high-
performance liquid chromatography (HPLC-UV) with an 
Agilent 1100 series system (Agilent Technologies, Diegem, 
BE). A reverse-phase CC 125/4 Nucleod UR 100-5 C18 col-
umn was employed under the following conditions: column 
temperature 25 °C, flow rate 1.0 mL/min, injection volume 
50 µL, and detection wavelength 227 nm. A known amount 
of BSA-LDH-PAC was dissolved in acetonitrile, shaken for 
30 min, and filtered. The paclitaxel content was determined 
using HPLC, and EE% was calculated as:

EE (%) = Di

Dt
× 100� (1)

Where Di is the amount of drug entrapped in the particles, 
and Dt is the total amount of drug added [32, 33].

Fourier Transform Infrared Spectroscopy (FTIR)  FTIR spec-
troscopy was employed to corroborate the molecular mod-
elling findings. Powder samples of plain LDH, PAC, BSA, 
and the optimized BSA-LDH-PAC formulation were mixed 
with KBr and pressed into thin films. Spectra were col-
lected using a Shimadzu IR Affinity spectrometer within the 
0–4000 cm⁻¹ range at a resolution of 4 cm⁻¹ [34, 35].

Molecular Modelling  The paclitaxel (PAC) loading mecha-
nism onto the LDH surface and BSA functionalization were 

Table 1  The independent variables, namely PAC, PSA concentration, synthesis method, and measured responses of LDH particles (particle size, 
zeta potential, and entrapment efficiency) according to D-optimal design (n = 3)

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3
Run A: [PAC (mg)] B: [BSA (mg)] C: Synthesis PS (nm) ZP (mV) EE%
1 0.5 0 c-LDH 101.3 ± 1.2 26.7 ± 0.5 2.4 ± 0.3
2 8 16 c-LDH 121.1 ± 1.5 −27.1 ± 0.7 1.8 ± 0.2
3 0.5 16 d-LDH 95.2 ± 1.0 −27.0 ± 0.6 51.2 ± 0.5
4 8 8 d-LDH 331.2 ± 2.0 −17.2 ± 0.8 9.7 ± 0.4
5 0.5 8 c-LDH 349.4 ± 1.8 −19.1 ± 0.6 3.2 ± 0.3
6 1 16 c-LDH 120.6 ± 1.1 −27.2 ± 0.7 2.7 ± 0.2
7 1 4 d-LDH 339.5 ± 1.9 −15.3 ± 0.5 30.0 ± 0.3
8 8 8 c-LDH 343.8 ± 1.7 −17.1 ± 0.6 3.1 ± 0.2
9 8 0 c-LDH 102.9 ± 1.3 26.8 ± 0.4 2.6 ± 0.3
10 8 16 d-LDH 93.7 ± 1.2 −27.2 ± 0.5 1.9 ± 0.2
11 8 0 d-LDH 90.5 ± 1.0 27.1 ± 0.6 3.3 ± 0.3
12 1 16 c-LDH 121.8 ± 1.4 −27.2 ± 0.7 1.5 ± 0.2
13 1 10 d-LDH 299.4 ± 1.6 −20.2 ± 0.5 21.0 ± 0.4
14 0.5 16 d-LDH 96.7 ± 1.3 −27.1 ± 0.6 3.9 ± 0.3
15 8 16 c-LDH 119.2 ± 1.5 −26.8 ± 0.5 2.8 ± 0.3
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regression. The percentage of cell viability was plotted 
against the logarithm of drug concentration. The IC₅₀ was 
extracted from the fitted curve as the concentration corre-
sponding to 50% cell viability [38]. Curve fitting was per-
formed using Excel’s Solver Add-in to minimize residual 
errors and estimate model parameters.

FORMAL PARA 10 Stability Studies  Plain LDH and BSA-
LDH were subjected to stability studies. Samples were pre-
pared by reconstituting LDH and BSA-LDH in phosphate 
buffer (pH 7.4) at a concentration of 1 mg/mL LDH. Particle 
size, drug entrapment efficiency, and zeta potential were 
determined for freshly prepared samples and after storage 
for 6 months in the refrigerator at 4℃ [24].

Results and Discussion

Studying the Effect of Independent Variables on 
Formulation

The successful application of nanocarriers as drug deliv-
ery systems necessitates a comprehensive understanding 
of their interactions with Biological systems. Key factors 
influencing nanocarrier uptake and distribution include 
particle size, surface charge, and surface functionalization. 
Optimal nanocarrier dimensions facilitate cellular inter-
nalization, typically ranging from 50 to 100  nm. Concur-
rently, a balanced surface charge minimizes non-specific 
interactions and promotes cellular uptake. Nanocarriers can 
be further engineered to enhance targeting specificity and 
drug delivery efficiency by incorporating specific ligands 
onto their surface. By conjugating proteins, antibodies, or 
other biomolecules, nanoparticles can be directed at spe-
cific cell membrane receptors, increasing intracellular drug 
concentrations and reducing therapeutic dosages. This study 
investigates the impact of these parameters on the physi-
cochemical properties and drug delivery potential of LDH-
based nanoparticles [7]. Developing efficient drug delivery 
systems hinges on a comprehensive understanding of nano-
carrier characteristics and their interactions with biological 
environments. This study investigated the impact of key 
parameters, including particle size, surface charge, and drug 
loading, on the physicochemical properties and drug deliv-
ery potential of LDH-based nanocarriers.

Particle Size

Table 1 summarizes the particle size (PS) values obtained 
from the fifteen experimental runs (F1-F15). As depicted in 
Fig. 1A, PAC concentration had negligible effects on LDH 
particle size.

from 4° to 90° in 2θ using a Ni-filtered Cu Kα X-ray source 
operated at 40 kV and 40 mA [41].

In Vitro Drug Studies  Drug release kinetics were evaluated 
using a Franz diffusion cell system. Freeze-dried BSA-
LDH-PAC, drug powder reconstituted in phosphate buffers 
at pH 7.4 (simulating extracellular fluids and blood) and pH 
5.5 (simulating cancer tissue) to achieve a PAC concentra-
tion of 5 mg/mL. Samples were enclosed in dialysis bags 
(Dialysis tubing cellulose membrane, Sigma Co., USA; 
Molecular weight cutoff 12,000–14,000) within the diffu-
sion cells, separated from a receptor chamber containing 
release medium maintained at 37 ± 0.5  °C and stirred at 
200 rpm. At predetermined time intervals (1, 2, 3, 4, 5, 6, 
and 24 h), aliquots were withdrawn from the receptor cham-
ber, replaced with fresh medium, and analyzed for PAC con-
centration via HPLC-UV at 227 nm [31, 42]. In vitro drug 
release was calculated using the following equation:

% PAC Released = Amount of PAC released at time t

Total amount of PAC in the formula
x100� (2)

Cytotoxicity MTT Assay  The KF-28 cell Line was cultured 
in RPMI 1640 medium supplemented with 10% FBS and 
100 µg/mL penicillin/streptomycin, incubated at 37 °C with 
5% CO2 to confluence. Cells were seeded at a density of 
5000 cells/well in 96-well plates and incubated for 24  h. 
Subsequently, the medium was replaced with serial dilutions 
of PAC and BSA-LDH-PAC (10–250 µg/mL) and incubated 
for 24 h. Following incubation, MTT solution (5 mg/mL) 
was added for 4 h. Formazan crystals were dissolved with 
dimethylsulfoxide (DMSO), and absorbance was measured 
at 570 nm. Cell viability was calculated using the following 
formula:

Cell vialbility (%) = OD − T

OD − C
× 100� (3)

Where OD-C is the optical density control representing KF-28 
cells incubated in medium alone, and OD-T is the optical den-
sity of the test specimen representing KF-28 cells treated with 
the corresponding sample [43]. Statistical analyses were con-
ducted entirely within Microsoft Excel using the Data Analy-
sis Add-in, utilizing Two-way ANOVA to evaluate the effects 
of treatment group, concentration, and their interaction on cell 
viability, and Student t-test (for unequal variances) was manu-
ally calculated for pairwise comparisons between PAC and 
BSA-LDH-PAC at each concentration using standard. Results 
were considered significant at p < 0.05 [38].

The half-maximal inhibitory concentration (IC₅₀) was 
determined by fitting the cell viability data to a four-
parameter sigmoidal dose-response curve using nonlinear 
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produced at high BSA concentrations (16 mg/mL) exhib-
ited an average size of 100  nm, slightly larger than that 
of d-LDH (89 nm). This suggests effective de-aggregation 
of BSA-LDH hybrids, enhancing particle stability. The 
observed size increase is primarily attributed to the forma-
tion of a BSA hydrophilic corona around the LDH par-
ticles, rather than random aggregation [29]. These findings 
align with those reported by Gu et al., who demonstrated 

In contrast, BSA functionalization, Fig.  1B, signifi-
cantly influenced particle size (p < 0.0001). Increasing 
BSA concentration led to a gradual increase in particle 
size, reaching a maximum of 8  mg/mL BSA, followed 
by a subsequent decrease. BSA functionalization of the 
optimized formula significantly influenced particle size, 
leading to an increase at high BSA concentrations and sub-
sequent stabilization at higher levels. BSA-LDH particles 

Fig. 1  The effect of (A) PAC concentration, (B) BSA concentration, 
and (C) post-synthesis treatment on the hydrodynamic diameter of 
LDH nanoparticles. The solid Lines represent the predicted responses 
from a D-optimal experimental design, with dashed LInes indicating 

the 95% confidence intervals. Particle size was measured by dynamic 
light scattering (DLS). All data points represent the mean ± standard 
deviation (SD) of three independent experiments (n = 3)
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Zeta Potential

Figure  3A and C demonstrate negligible changes in particle 
zeta potential with variations in drug concentration or post-syn-
thesis treatment. In contrast, BSA concentration significantly 
influenced zeta potential (p < 0.0001) as depicted in Fig. 3B.

LDH nanocarriers, characterized by a positive zeta 
potential of + 27 mV, exhibited an initial propensity for 
cellular uptake due to electrostatic interactions with can-
cer cell membranes. However, their aggregation in physi-
ological conditions necessitated surface modification. BSA 
functionalization was the primary determinant of LDH zeta 
potential, significantly shifting the charge from positive to 
negative. In contrast, drug concentration and post-synthesis 
treatment had minimal effects on the zeta potential. Nota-
bly, increasing BSA concentration resulted in a more nega-
tive zeta potential, which can be associated with improved 
tumour accumulation for particles of approximately 150 nm 
[47, 48]. BSA coating enhanced stability, facilitated target-
ing via Gp60 receptors, and induced a negative zeta poten-
tial shift, aligning with BSA’s intrinsic charge [47, 48]. 

Design Validity and Optimization

Formulation variables influencing BSA-LDH-PAC nano-
carrier characteristics were optimized using a D-optimal 
design by minimizing PS and maximizing EE% and ZP. 
The optimal formulation (F3) was determined using desir-
ability function analysis, yielding a desirability value of 
0.993. F3 comprises 16  mg/mL BSA, 0.5  mg/mL PAC, 
and d-LDH. The freshly formed aqueous dispersion of F3 
was subjected to measurements of its particle size, %EE, 
and zeta potential, resulting in values of 95 ± 0.14  nm, 
51 ± 0.54%, and − 27 ± 0.1 mV, respectively. The outcomes 
of the freshly produced sample were contrasted with those 
ascertained using the D-optimal design. The observed lower 
magnitude of error (9.8%, 2.7%, and 1.8%) for mean par-
ticle size, %EE, and zeta potential, respectively, suggests 
that there are no significant changes and/or there is a good 
agreement between the prior and present experimental data. 
These results demonstrate the robustness of the optimiza-
tion model in accurately predicting real-world outcomes, as 
further supported by supplementary data (Table S2) [24].

Physicochemical Characterization of the Optimized 
Formula F3 (BSA-d-LDH-PAC)

Molecular Modelling and FTIR

As shown in molecular modelling diagram of LDH (Fig. 4A 
and B), LDH crystals assemble in layers of Mg and Al 

that BSA functionalization of LDH particles significantly 
enhanced their stability in pH 7.4 buffer and water when 
using a high BSA: LDH ratio (25:2) [29].

The post-synthesis process (Fig. 1C) significantly influ-
enced LDH particle morphology and, consequently, drug 
loading capacity. Delamination produced nanosheets with 
increased surface area and accessible interlayer spaces, as 
evidenced by the TEM micrographs showing smaller, less 
porous d-LDH-PAC particles than c-LDH-PAC. This struc-
tural modification enabled improved drug entrapment. In 
addition, calcination resulted in larger, porous c-LDH-PAC 
particles, as observed in TEM images, which, despite poten-
tial benefits for drug diffusion, hindered overall drug load-
ing due to partial pore obstruction during reconstruction, as 
reported by Kim et al. These findings point to the impor-
tance of LDH structural integrity in optimizing drug deliv-
ery systems, which points to the possibility of delamination 
as a promising approach for enhancing the performance of 
LDH-based drug delivery platforms.

Drug Entrapment Efficiency

As shown in Fig.  2A, %EE was highly affected by the 
formulation variables, with a wide range of %EE from 
1.5 ± 0.2% to 51.2 ± 0.5%. In contrast, Fig. 2B illustrates 
that BSA functionalization minimally influenced PAC 
entrapment efficiency (%EE). Conversely, drug concen-
tration (Fig.  2A) and post-synthesis treatment (Fig.  2C) 
significantly impacted (p < 0.0001 for both variables) the 
percentage of entrapped drug. An inverse relationship was 
observed between drug concentration and EE%, primarily 
attributed to the saturation of available adsorption sites 
on LDH particles at higher drug loadings [44]. Addition-
ally, hydrophobic interactions between drug molecules, 
leading to aggregation, competed with drug-LDH inter-
actions, hindering entrapment within the LDH interlayer 
spaces [44].

Regarding the post-synthesis treatment described in 
Sect.  2.2.1, the particles were delaminated using alcohol 
(d-LDH) and sonication or calcinated via oven treatment 
(c-LDH). The delamination/calcination process increases 
the surface area of the particles to increase drug adsorp-
tion; hence, the percentage of drug entrapment efficiency 
is expected to increase. Figure 2C illustrates a significantly 
higher drug entrapment efficiency for delaminated LDH 
(d-LDH) than calcined LDH (c-LDH).

The observed high drug loading capacity aligns with 
the results reported by Mei et al. for monolayered LDH 
nanosheets (3.6 mg doxorubicin per mg LDH), further sup-
porting the potential of delaminated LDH as a drug delivery 
platform [45, 46].
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confirmed in the IR spectrum of BSA-LDH-PAC, show-
ing characteristic peaks of BSA present in the pure BSA IR 
spectrum. Moreover, PAC also interacted with both BSA and 
LDH through hydrogen bonding, resulting in the successful 
loading of PAC on the surface of LDH [53]. These inter-
actions are evident in BSA-LDH-PAC IR spectrum which 
retained the characteristic peaks of LDH, BSA and PAC at 
2965 cm−1 (C–H), 1707 cm − 1 (CO group), 1641 cm−1 (C–C 
stretch), 1370  cm−1 (CH3), 1248  cm−1 (C–N), 1072  cm−1 
(C–O) and 709  cm − 1 (C–H off the plane) [53] reflecting 
the successful strong incorporation of the drug within the 
particles and accounting for the high percentage of drug 
entrapped.

hydroxides bonded together via hydrogen bonding which 
is confirmed via FTIR (Fig. 5A) of d-LDH showing a very 
broad band at around 3450 cm − 1 belongs to OH stretching 
of the hydroxide layer and water with the broadness evident 
of hydrogen bond formation [49]. The characteristic peaks 
at 1307 cm − 1 are characteristic of the NO3 − group [50], in 
addition to strong bands at 290 cm−1and 400 cm − 1, whichre 
attributed to the vibrations of Mg–O and Al–O [51]. The 
band at about 1009 cm − 1 can be attributed to the deforma-
tion vibration of water molecules in the interlayer domain 
[52]. BSA successfully functionalized LDH functionaliza-
tion is due to the formation of hydrogen bonds between the 
OH group in LDH and BSA at multiple sites, which was also 

Fig. 2  The effect of (A) PAC concentration, (B) BSA concentration, 
and (C) post-synthesis treatment on the drug entrapment efficiency 
(EE) of LDH nanoparticles. The solid Lines represent the predicted 
responses from a D-optimal experimental design, with dashed LInes 

indicating the 95% confidence intervals. All data points represent the 
mean ± standard deviation (SD) of three independent experiments 
(n = 3)
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Differential Scanning Calorimetry (DSC)

Figure 7 presents the DSC thermograms of pure PAC and 
the optimized F3 formulation. PAC exhibited a sharp endo-
thermic peak at 218 °C, consistent with the literature [53]. 
The endothermic peak shifted to 200  °C. The crystalline 
nature of pure paclitaxel was confirmed by the presence 
of a sharp endothermic peak at 218  °C in the DSC ther-
mogram, consistent with the literature [53]. In contrast, the 
broader and less intense endothermic peak observed for the 

Transmission Electron Microscopy (TEM)

TEM micrographs (Fig.  6A-B) reveal a brucite-like (hex-
agonal) morphology for both d-LDH-PAC and c-LDH-PAC 
particles, consistent with previous reports [29]. However, 
c-LDH-PAC particles exhibit a larger size compared to 
d-LDH-PAC, aligning with dynamic light scattering data 
(Sect.  3.1). Furthermore, c-LDH-PAC displays a porous 
structure.

Fig. 3  The effect of (A) PAC concentration, (B) BSA concentration, 
and (C) post-synthesis treatment on the drug entrapment efficiency 
(EE) of LDH nanoparticles. The solid Lines represent the predicted 
responses from a D-optimal experimental design, with the dashed 

LInes indicating the 95% confidence intervals. All data points repre-
sent the mean ± standard deviation (SD) of three independent experi-
ments (n = 3)
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Fig. 5  Fourier-transform infrared (FTIR) spectra of individual com-
ponents and the final nanocomposite. The graph shows the vibrational 
spectra of plain d-LDH (dotted black line), PAC (dashed red line), 

BSA (solid purple line), and the final BSA-d-LDH-PAC nanocompos-
ite (dashed-dotted green line)

 

Fig. 4  Molecular modelling data illustrating interactions between 
different components for (A) LDH crystals as acquired from Materi-
als Project and processed using Avogadro Software, (B-D) Molecu-
lar modelling data via Maestro software comprising (B) LDH layers 
attached via hydrogen bonds (yellow dotted line), (C) Pac molecule 
(red) and LDH(green) interactions via hydrogen bonds (yellow) and 

aromatic via hydrogen bonds (cyan blue), (D) LDH (green) and albu-
min (white) interactions via hydrogen bonds (yellow), aromatic hydro-
gen bonds (cyan blue) and Pi interactions (pink) and (E) PAC molecule 
(red) and albumin (white) interactions via hydrogen bonding (yellow), 
aromatic hydrogen bonding (cyan blue)
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Fig. 7  DSC thermogram of PAC and BSA-d-LDH-PAC

 

Fig. 6  Transmission electron microscope (TEM) images of (A) de-intercalated LDH-PAC (d-LDH-PAC) and (B) co-precipitated LDH-PAC 
(c-LDH-PAC) captured at 80 kV with a 200 nm scale bar
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pH, while a pronounced burst release was observed at pH 
5.5, with 90% drug release within 5 h [56].

To elucidate the release mechanism of the BSA-LDH-
PAC complex, drug release kinetics were fitted to zero-
order, first-order, Higuchi, and Korsmeyer-Peppas models. 
The Korsmeyer-Peppas model exhibited the best fit (R² = 
0.961 for pH 5.5 and 0.942 for pH 7.4), with a release expo-
nent (n) of 0.4. The pH-responsive behaviour of LDH-based 
nanocarriers is a key attribute for targeted drug delivery. The 
observed pH-dependent release profile, with a pronounced 
burst release at pH 5.5, suggests the potential for effective 
drug delivery in the acidic tumour microenvironment. This 
pH-responsive behaviour is attributed to the protonation of 
LDH surfaces at acidic pH, disrupting drug-LDH interac-
tions and facilitating drug release. Conversely, at higher pH, 
electrostatic interactions between the drug and LDH inhibit 
rapid release, leading to a sustained profile. These find-
ings align with previous reports on the pH-dependent drug 
release behaviour of LDHs [56]. The Korsmeyer-Peppas 
model suggests a quasi-Fickian diffusion mechanism where 
the drug diffuses from the LDH interlayer via ion exchange. 
Notably, the formulation’s pH-responsive release behaviour, 

paclitaxel-loaded LDH formulation at 200  °C in the DSC 
thermogram indicated a reduction in drug crystallinity.

X-ray Diffraction (XRD)

This decrease in crystallinity was further corroborated by 
the XRD diffractogram (Fig. 8), which compares the XRD 
diffractograms of pure PAC and PAC incorporated into 
LDH particles. The diffraction pattern of BSA-d-LDH-
PAC exhibits broader and less intense peaks compared to 
pure PAC, confirming decreased drug crystallinity within 
LDH particles [39]. The reduced crystallinity of the drug 
within the LDH particles likely contributed to the enhanced 
drug solubility and subsequent release profile observed in 
Sect. 3.3.5 [54, 55].

In Vitro Drug Release

Figure 9 illustrates the pH-dependent release profile of PAC 
from drug powder and BSA-LDH-PAC formulations. PAC’s 
poor water solubility resulted in negligible release at pH 7.4. 
LDH exhibited a sustained release pattern at physiological 

Fig. 8  XRD diffractograms of (blue) PAC and (red) BSA-d-LDH-PAC
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suspension, which is evident in both higher cytotoxic effects 
and lower IC50, can be attributed to the nanocarriers’ ability 
to be internalized by cells via endocytosis due to their 95 nm 
size, in addition to their better release profile compared to 
free PAC [2]. The superior efficacy of BSA-functionalized 
LDH-entrapped PAC compared to the free drug highlights 
the potential of this system for overcoming PAC’s bioavail-
ability limitations, improving therapeutic outcomes, and 
reducing systemic side effects. Moreover, BSA-LDH has 
proven to be a biocompatible, non-toxic carrier due to its 
low cytotoxicity, which paves the way for its use as a bio-
compatible drug delivery system. Further studies are war-
ranted to evaluate the in vivo efficacy of this formulation 
and to explore its applicability to other therapeutic agents.

Stability Studies

Stability studies conducted over six months demonstrated no 
significant changes (p > 0.05) in particle size, drug entrapment 
efficiency, and zeta potential compared to freshly prepared 
samples (Table 2), indicating satisfactory sample stability.

with enhanced drug release in acidic environments, is par-
ticularly advantageous for cancer therapy.

Cytotoxicity MTT Assay

Figure 10 depicts the cytotoxic effects of plain LDH, PAC 
suspension, and BSA-LDH-PAC on KF-28 cells. Plain LDH 
exhibited negligible cytotoxicity, confirmed by microscopic 
images as shown in Fig. 11, confirming its suitability as a safe 
drug carrier, as confirmed by microscopic images in Fig. 11. 
Free PAC displayed a cytotoxic effect over the range of con-
centrations from 10 to 250 µg/mL with a calculated IC50 of 
60.2 µg/mL. Notably, BSA-LDH-PAC displayed a sharper 
decrease in cytotoxicity compared to PAC, with a consider-
ably lower IC50 of 52.7 µg/mL, indicating higher efficacy. 
Statistical analysis revealed that at lower concentrations 
(0 and 10 µg/mL), no significant difference was observed 
between PAC and BSA-LDH-PAC (p > 0.05). However, 
starting from 25  µg/mL, BSA-LDH-PAC exhibited sig-
nificantly lower viability compared to PAC (p < 0.05). The 
superior efficacy of BSA-LDH-PAC compared to pure PAC 

Fig. 10  %Cell viability percent-
ages of KF-28 treated with differ-
ent concentrations of free PAC, 
BSA-d-LDH-PAC, and plain 
BSA-LDH (n = 3)

 

Fig. 9  In vitro drug release 
profiles of PAC from BSA-LDH-
PAC and free PAC at either pH 
5.5 or pH 7.4 (n = 6)
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Conclusion

This study presents a promising strategy to improve the 
delivery and effectiveness of paclitaxel (PAC), a widely 
used but highly toxic chemotherapeutic agent. By combin-
ing delaminated layered double hydroxide (d-LDH) with 
bovine serum albumin (BSA), we created a smart, tar-
geted nanocarrier that not only stabilizes the drug but also 
enhances its accumulation in ovarian cancer tissues. The 
formulation showed excellent long-term stability, selective 
drug release in acidic environments typical of tumor sites, 
and significantly improved cytotoxicity against ovarian can-
cer cells compared to the free drug. These findings highlight 
the novelty and potential of BSA-d-LDH-PAC as a more 
efficient and safer alternative to conventional PAC therapy. 
With further validation in animal models and clinical set-
tings, this approach could pave the way for more targeted 
and patient-friendly cancer treatments.
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Chemotherapy, exemplified by paclitaxel (PAC), often 
induces severe systemic side effects due to indiscriminate 
drug distribution. To address this, a targeted drug delivery 
system utilizing layered double hydroxide (LDH) nanocar-
riers was developed. The developed BSA-functionalized 
LDH nanocarriers offer a promising platform for paclitaxel 
delivery. PAC was successfully loaded onto delaminated 
LDH (d-LDH) and subsequently stabilized with bovine 
serum albumin (BSA) to enhance stability, facilitate cellular 
uptake, and improve drug targeting via the GP60 pathway. 
Optimization of formulation parameters using D-optimal 
design led to the identification of an optimal formulation 
(F3) characterized by desirable properties including particle 
size (95  nm), drug entrapment efficiency (51%), and zeta 
potential (−27 mV). These results validate the stability of 
the formulation after six months, which would be benefi-
cial in its translation from the lab to industrial applications. 
However, further studies under accelerated and long-term 
conditions, including hot temperature, humidity, and light 
exposure, are warranted to fully establish the long-term 
robustness and translational potential of the formulation.

Table 2  Stability of the optimized formulation (F3) after 6 months of 
storage. On the particle size (PS), entrapment efficiency (%EE), and 
zeta potential (ZP). Data are presented as the mean ± standard devia-
tion from three independent experiments (n = 3)
Parameter Freshly prepared sample Stored 

sample after 
six months

PS (nm) 95.2 ± 0.14 97.1 ± 1.05
EE% 51.2 ± 0.54 51.5 ± 1.83
Zp (mv) −27.1 ± 0.1 −26.7 ± 0.1

Fig. 11  The microscopic images 
of KF-28 cells after treatment 
with the BSA-d-LDH-PAC, PAC, 
and BSA-d-LDH
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