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ABSTRACT

Bortezomib (BTZ) is a selective proteasome inhibitor whose anticancer activity 
results from disrupting regulated protein turnover, leading to apoptosis. It 
is highly potent but lacks specificity and shows limited activity against solid 
tumors. This project aims to formulate BTZ as Human Serum Albumin 
Nanoparticles (HSA NPs) to improve its sensitivity and selectivity towards solid 
tumors. These albumin nanoparticles enable both passive and active targeting. 
Passive targeting occurs through the enhanced permeation and retention 
(EPR) effect of nanoparticles, while the overexpression of albumin receptors on 
tumor cells facilitates active targeting. BTZ HSA NPs have been prepared using 
the desolvation method. In vitro characterisation involved particle size (PS), 
polydispersity index (PDI), entrapment efficiency (EE%), particle morphology, 
and an in vitro release study. The optimised formula was then evaluated for 
its anti-tumor activity in vivo using BALB/c mice, where the tumor volume 
was measured, and a histopathological analysis of the tumor tissue was 
performed. The optimised formula has PS, PDI, and EE% of (28) nm, 0.045, 
and 36%, respectively. The particles exhibit an almost spherical morphology 
and a controlled-release profile, with approximately 85% of BTZ released 
within 24 hours. On the other hand, in vivo, the NPs showed a significant 
decrease in tumor volume compared with the group that received only pure 
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BTZ or phosphate-buffered saline (PBS). The histopathological study showed 
better tumor aggressiveness (lower mitotic count and nuclear pleomorphism), 
increased apoptosis, and improved immune cell infiltration. Formulation of 
BTZ as HSA NPs is a successful approach to enhance its activity and selectivity 
against cancer cells. The desolvation method is a reliable, reproducible method 
for obtaining these NPs.

Keywords: Bortezomib, human serum albumin nanoparticles, anticancer 
targeting, proteosome inhibitors, tumor targeting

INTRODUCTION

Bortezomib (BTZ) is the first-in-class selective proteasome inhibitor. Firstly, 
it was approved for the treatment of multiple myeloma and mantle cell 
lymphoma. It acts by disrupting regulated protein turnover, leading to the 
accumulation of misfolded proteins and the induction of apoptosis in tumor 
cells1,2. Several studies have investigated the use of BTZ for the treatment of 
solid tumors. BTZ has some biological and pharmaceutical constraints such as 
limited aqueous solubility, high incidence of toxicity and adverse effects such 
as thrombocytopenia and peripheral neuropathy, suboptimal tumor selectivity, 
and the emergence of resistance by malignant cells3. Reported resistance 
mechanisms include alterations in the β5 proteasome subunit, adaptive 
upregulation of proteasome activity, enhanced stress-response pathways, and 
drug efflux, all of which can diminish the therapeutic response in solid tumor 
settings4,5.

Many researchers have been developing formulations to enhance BTZ activity 
and improve selectivity. Nanoparticles have been widely used to improve the 
pharmacokinetic and pharmacodynamic profile of BTZ in solid tumors. These 
include liposomes, polymeric micelles, dendrimers, nanogels, and inorganic 
NPs, to enhance solubility, prolong circulation time, and improve targeting 
and drug concentration at tumor sites. Nanocarriers provide passive targeting 
through the enhanced permeation and retention effect (EPR), which is 
attributed to the leaky nature of tumor cells and limited lymphatic drainage. 
However, EPR is present in most tumor types, which motivates researchers to 
develop formulations that combine passive targeting with nanomaterials and 
active targeting, which usually utilises receptor-mediated targeting to improve 
intratumoral accumulation and cellular uptake6-9.

Human serum albumin (HSA) is a promising system for BTZ delivery. As 
albumin is biocompatible and biodegradable, non-immunogenic, possesses 
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a long circulatory half-life, and interacts with endothelia and tumor 
microenvironments, it represents an ideal candidate for drug delivery. In 
addition to passive EPR-mediated accumulation, albumin could also target 
active transport and/or retention machinery associated with cancer. Endothelial 
cell gp60 (albondin) initiates caveolae-mediated albumin transcytosis across the 
vascular wall, and the matricellular protein SPARC (secreted protein acidic and 
rich in cysteine), which is frequently overexpressed by tumors and in stromal 
tissue, binds albumin from within the interstitium and can promote local 
retention. Taken together, these features provide a biologically based pathway 
to preferentially enrich albumin-based nanomedicines in tumors compared 
with normal tissues, beyond passive accumulation, potentially enhancing the 
therapeutic index. Albumin interaction and possible elongation of the systemic 
half-life by the neonatal Fc receptor (FcRn; salvage/recycling) may also aid 
drug delivery to target tissues10-13.

The desolvation technique is a widely used, scalable process for preparing 
albumin nanoparticles, followed by particle stabilisation through covalent 
crosslinking. Two of the most common crosslinking agents include (i) 
glutaraldehyde (Glut), which leads to Schiff-base linkages with lysine, reducing 
mechanical stability, and (ii) carbodiimide chemistry (EDC/NHS), facilitating 
amide bond formation between carboxyl and amine without adding an external 
linker. The choice and optimisation of the crosslinker determine the particle size 
distribution, drug entrapment, and release kinetics, which, in turn, influence in 
vivo behavior14,15.

In the present study, we aimed to generate BTZ HSA nanoparticles by the 
desolvation method, crosslinked with Glut or EDC, with the intention of ‘dual 
targeting’: passive tumor accumulation (EPR) and active enrichment through 
albumin–gp60 transcytosis / SPARC-associated retention as reported in the 
literature. The prepared nanoparticles were fully characterised regarding their 
physicochemical features (size, polydispersity index, and morphology), drug 
encapsulation, in vitro drug release, and in vitro cytotoxicity study using the 
4T1 cell line. In addition, a physical stability assessment has been conducted for 
the prepared NPs for 60 days. 

Finally, we conducted an in vivo biological investigation regarding antitumor 
efficacy by measuring tumor volume and histopathological evaluation of tumor 
tissues after treatment. This study aims to verify the speculation that albumin-
based nanoformulation can facilitate BTZ transport into solid tumors and 
reduce systemic toxicity.
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METHODOLOGY

Materials

HSA, BTZ, and Glut were obtained from Xian International Company, China. 
HPLC-grade water and methanol, phosphate buffer salts, and acetone were 
purchased from Himedia Company, India. EDC was purchased from Macklin 
Company in China.

Method of HPLC

Optimisation of the HPLC method was performed on the Knuar HPLC device in 
Germany. In which the method was optimised and validated for the detection 
and quantification of BTZ in the prepared formulation. Using Nova Atom C18 
column, 4.6mm × 250 mm, 5μm, 120°A, and Nova Z-Guard C18core 4.6 mm 
× 10mm, 5μm, 120°A. The mobile phase was a mixture of methanol and water 
(70:30%), with a flow rate of 1 mL/min. Detection was performed with a UV 
detector at 270 nm.

Formulation of BTZ HSA NPs

BTZ HSA NPs were prepared by the desolvation (precipitation) method in which 
200 mg of HSA were dissolved in 5 ml DW and 15 mg of BTZ were dissolved 
in different volumes of different antisolvents as represented by Table 1. The 
organic solvent (antisolvent for the albumin solution) is added dropwise to the 
albumin solution using a syringe pump at a rate of 1 ml/min until turbidity 
appears, indicating the formation of ANP. The formulated NPs were then 
stabilised by the addition of an equimolar amount of different crosslinkers to 
the amount of BSA used in each formula. Each formula was left on a magnetic 
stirrer for 24 hours, after which the formed NPs were separated from free BTZ 
and excess crosslinker by centrifugation at 15,000 rpm for 25 minutes. The 
precipitated HSA NPs were then redispersed in DW to return to the original 
volume of 5 ml for further analysis16,17.

Characterization of the BTZ HSA NPs

Measuring PS and PDI

The redispersed NPs were analysed by ABT9000 nanoparticle size analyser to 
measure PS and PDI. The measurement was done at a constant temperature of 
25°C and a scattering angle of 90°. This device also measures PDI, which indicates 
the particle size distribution of the prepared nanoparticles within the formulation. 
Low-level PDI indicates a monodispersed formulation (PDI 0-0.05), while 
higher PDI values indicate a polydisperse formulation (PDI > 0.7)18,19.
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Determination of entrapment efficiency 

EE% of the prepared NP was determined by the indirect method. The 
supernatant collected after centrifugation of the prepared NP was analyzed 
by HPLC to determine the BTZ concentration. Then, the amount of BTZ 
encapsulated within the NP was calculated using the equation below20,21.

total amount of BT Z – amount of BTZ encapsulated within the NP 

total amount of BT Z
* 100%EE [Eq 1]

In vitro release of BTZ HSA NPs

The release study of BTZ from the prepared nanoparticles was carried out using 
a digital magnetic stirrer (Jonalab Company, China) set at 37°C and 100 rpm.  
A 100 mL volume of release medium was placed in a 200 mL beaker, which was 
positioned inside a water bath. The release medium consisted of acetate buffer 
(pH 5.5 and pH 7.4), simulating the tumor microenvironment and systemic 
circulation, to which either BTZ nanoparticles or pure BTZ was added. Two 
milliliters of the dissolution medium were withdrawn at different time intervals 
(1, 2, 4, 6, 8, 12, and 24 hours). Each sample was centrifuged for 15 min at 6000 
rpm. The supernatant is filtered using a syringe filter 0.22 µm and allowed to 
run by the HPLC to determine the concentration of the dissolved BTZ in each 
sample. 2 ml of the fresh media is added to the precipitated NP, mixed well, and 
then returned to the dissolution media to maintain the volume (100 ml of the 
dissolution media). The concentration of BTZ was determined by converting 
the HPLC absorbance to the validated calibration curve22.

Morphology of BTZ HSA NPs

A few drops of the suspension containing BTZ HSA NPs were placed on 300 
mesh copper grids, negatively stained with 2% uranyl acetate, air-dried, 
and imaged at 100 kV. The samples were then analysed by TEM to obtain 
morphological characterization23,24.

Hemolysis test

Eight samples of BTZ HSA NPs with varying concentrations, as shown in 
Table 2, were allowed to be incubated with human erythrocytes in PBS for 30 
min at 37°C25,26. The samples were then centrifuged, and the supernatant was 
examined at 540 nm to measure absorbance. Subsequently, the hemolysis was 
measured according to the following equation: 
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Asample–Anegative control

Apositive control–Anegative control
* 100%H% [Eq 2]

Where, Asample is the absorbance of the sample (BTZ HSA NPs) in PBS, 
Apositive control is the absorbance of Erythrocyte with distilled water and 
Anegative control is the absorbance of Erythrocyte in phosphate buffer.

In vitro cytotoxicity study

This study is performed using the MTT (3-[4,5-dimethyl- thiazol-2-yl]-2,5-
diphenyltetrazoliumbromide) cell viability assay. 4T1 cells were seeded in 96-
well plates for up to 48 h under standard incubation conditions of a humidified 
atmosphere at 37°C, 5% CO2, and Dulbecco’s Modified Eagle Medium (DMEM) 
in a laminar flow hood under aseptic conditions. The cells were treated with 
three different preparations: blank ANP, BTZ solution, and BTZ HSA NPs at 
various concentrations (0.5, 1, 2.5, 5, 10, 25, 50 ng/ml) for the drug and drug-
incorporated NPs, and (10, 20, 50, 250, 500, 1000 ng/ml) for the blank NPs. 
After 48 h, the DMEM was replaced with fresh medium containing 10% MTT (0.5 
mg/mL), and the plates were incubated for an additional 48 h for the cytotoxicity 
study. Then 100 µL DMSO was added to each well to replace the culture medium 
and dissolve the insoluble formazan crystals27. The absorbance of each well was 
measured using an Asys High-tech Eliza reader spectrophotometer at 570 nm, 
and cell viability was calculated using the equation below:

A of treated cells

A of controll cells
* 100%Cell vitability % [Eq 3]

Antitumor activity

Eighteen female Balb/c mice were chosen to have the 4T1 cells injected into 
them. After two weeks, the tumors have developed. The mice were divided into 
three groups (n=6 for each group). The first group received BTZ HSA NPs, 
the second group received a pure BTZ solution, and the third group received 
only PBS. The treatment was administered three times weekly for 2 weeks, and 
tumor size was measured using a vernier caliper to assess antitumor activity28,29. 
Tumor volume is measured based on the following equation:

lenght*(width)2

2
Tumor volume [Eq 4]
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Histopathology

After completing the 14-day treatment, mice were sacrificed, and 
histopathological assessment was performed on the tumor tissues of the three 
groups: Control, which received PBS; BTZ, which received pure BTZ solution; 
and BTZ HSA NPs, which received the prepared NPs. First, the tissues were 
fixed in 10% neutral buffered formalin; then, the tissue slices were embedded 
in paraffin, and the sections were deparaffinized. Samples were stained with 
hematoxylin and eosin. Images of the slides were captured under a microscope 
(Nikon ECLIPSE, 40× and 100× magnification) for histopathological 
examination30.

Stability study

The stability study was performed on the final BTZ HSA NPs in liquid form at 
4 and 25°C for 2 months. Each formula was examined for PS, PDI, and EE% 
every 2 weeks31,32.

Statistical analysis

The results of this project are presented as average ± SD, n=3. All the statistical 
analyses were performed with SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). 
One-way ANOVA was used to compare means, and a p-value less than 0.05 was 
considered significant33. The data were normally distributed and followed by 
Tukey’s post-hoc test for pairwise comparisons34,35.

RESULTS and DISCUSSION

Particle size, polydispersity index, and entrapment efficiency

The PS of the prepared formulas ranged from (24-1675) nm, as shown in 
Table 1. This table also indicates the PDI and EE% of the prepared NPs. 
Different variables have been utilised: volume and type of the antisolvent, 
two different crosslinkers (EDC and Glut), and stirrer speed.



266 Acta Pharmaceutica Sciencia. Vol. 64 No. 2, 2026

Table 1. The formulation components and the variables affecting the formulation

Formula 
Name

Antisolvent 
Name

Antisolvent 
Volume 

(ml)

Crosslinker 
Type

Stirrer 
Speed (rpm) PS PDI EE%

F31 Acetone 3.8 EDC 600 28.8 ± 6.08 0.045 ± 0.028 36.16 ± 1.75

F32 Acetone 4.5 EDC 600 143.26 ± 21.5 0.258 ± 0.083 34.43 ± 1.40

F33 Acetone 3.8 Glut 600 688.43 ± 37.5 0.010 ± 0.003 35.49 ± 3.6

F34 Ethanol 4.5 EDC 600 1672.34 ± 29.09 0.046 ± 0.02 25.93 ± 1.97

F35 Acetone 3.8 EDC 1000 78.67 ± 11.01 0.229 ± 0.065 7.67 ± 2.51

Two antisolvents have been used as desolvating agents for albumin solutions, 
namely acetone and ethanol. Acetone exhibited a lower PS distribution and the 
smallest PS, with the least volume, as shown in Figure 1. So, the formula with 
the 3.8 ml acetone as a desolvating agent has a PS (28.8 ± 6.08) nm. This result 
aligns with the findings of Mohammad-Beigiet et al. (2016), who also reported 
that acetone exhibited the smallest PS and the lowest antisolvent volume36.

The PS of ANP increases with speed. This may be due to increased motion and 
turbulence, leading to agglomeration and growth of the NPs, as observed by 
Elham Sadat Taheri; however, this is in contrast to B. von Storp’s results, which 
show that PS decreases as speed increases. However, it reaches an optimum 
speed close to that in this project37-39.

Two crosslinkers were used: Glut and EDC. The NPs stabilised by EDC showed 
a smaller PS distribution compared with the NPs stabilised by Glut. These 
results align with the results obtained by Garcia-Garrido40. The effect of process 
variables on PS is illustrated in Figure 1.

The PDI of the resultant formula ranged from 0.01 to 0.2, which is typically 
indicative of monodispersity. It indicates a narrow size distribution, a sign of 
stable nanoformulation and a limited risk of particle growth41.

The EE% of the resultant formulas is comparable, and they were almost the 
same, as shown in Figure 2. The EE% for the formulas F31, F32, and F33 was 
about 35%. In contrast, for the F33 formula, the EE% is significantly lower, 
possibly due to the substantial increase in PS. Also, the EE% for F35 is very 
low (about 7%). This may be due to the high stirrer speed, which generates 
high motion and turbulence, expelling the drug from the resultant NPs and 
decreasing the EE%.
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The EE% of the prepared NPs is relatively low, which can be attributed to the 
physicochemical properties of BTZ and its interaction with albumin. BTZ is 
generally a small, partially hydrophilic molecule with limited hydrophobic 
domains, making it difficult for BTZ to be incorporated into albumin foldings 
and binding pockets, which are usually hydrophobic. Drug incorporation into 
ANPs is generally mediated by weak non-covalent hydrogen bonding, which is 
insufficient to ensure strong retention and entrapment of the drug within the 
NPs, especially for hydrophilic molecules, which prefer partitioning into aqueous 
media. This result has been reported in previous studies on albumin-based 
nanoparticles carrying hydrophilic drugs, in which low EE% is recognized as a 
limiting factor for the formulation and manufacturing of these drugs as ANPs42.

Although the encapsulation efficiency (EE%) of BTZ–HSA nanoparticles was 
calculated to be relatively low (36%), it should be emphasized that this value 
primarily reflects the formulation process rather than the drug content of the 
final administered formulation. EE% is conventionally determined by comparing 
the amount of drug initially added to the amount remaining unencapsulated in 
the supernatant after nanoparticle formation and centrifugation. This metric is 
therefore useful for evaluating and comparing formulation performance among 
different preparation conditions. Importantly, however, the preparation protocol 
includes a separation step in which the nanoparticle pellet, containing the 
encapsulated BTZ, is isolated by centrifugation and subsequently redispersed in 
the original volume (5 mL) of distilled water, while the supernatant containing 
the non-entrapped drug is discarded. As a result, the final nanoparticle dispersion 
used for in vitro and in vivo experiments consists predominantly of BTZ-
loaded nanoparticles with minimal free drug, effectively yielding a formulation 
with a high fraction of entrapped BTZ despite the moderate EE% calculated 
during process evaluation. Therefore, the reported EE% should be interpreted 
as an indicator of formulation efficiency rather than a direct measure of drug 
availability in the administered nanoparticle suspension.
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Figure 1. The effect of process parameters on PS, the results are presented as average ± SD

Figure 2. The EE% of the prepared NPs, the results are presented as average ± SD

The optimized formula was selected based on the lowest PS and PDI, but the 
highest EE%. This formula is F31, which has 28.8 nm, 0.045, and 36% PS, PDI, 
and EE%, respectively. The PS distribution chart is shown in Figure 3.
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Figure 3. Particle size distribution of the optimized formula

Cumulative release of BTZ

Cumulative in vitro release of BTZ from BTZ HSA NP is shown in Figure 4. 
The release was performed at pH 5.5 to simulate the tumor microenvironment 
and at pH 7.4 to simulate the systemic circulation, and in both conditions, the 
BTZ HSA NPs dosage form exhibited a biphasic sustained-release profile. A 
significant initial burst (30% within the first hour) followed by a slower release 
reaching about 85% after 24 hs. In contrast, the pure drug showed an initial 
burst and fast dissolution (ca. 100% cumulative release within the first hour).

The in vitro release of BTZ from NPs was initially rapid, possibly due to 
desorption of drug bound to the surface or release from the outer superficial 
layer(s) of the matrix. Then, the release slowed to approximately 85% after 24 
hours, indicating that a significant amount of BTZ was entrapped in or slowly 
diffused through the protein network over the test period. The burst and 
delayed second-phase release, combined, indicate that albumin nanoparticles 
significantly modify the release of BTZ relative to the free drug. This feature 
should enhance the pharmacokinetic half-life and minimise peak in vivo43.
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Figure 4. In vitro release of BTZ from pure BTZ and BTZ HSA NPs

Morphology of BTZ HSA NPs

The prepared NPs exhibit a near-spherical morphology with diameters less 
than 50 nm, as shown in Figure 5. These images are consistent with the results 
of light-scattering measurements. The images were obtained at two different 
magnifications, with a scale bar of 50 nm and 100 nm. Also, the images show 
minimal aggregation of the BTZ NPs.

Figure 5. TEM images of BTZ HSA NPs
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Hemolysis test

The results of the hemolysis test showed that the percentage of hemolysis was 
less than 2% with the highest concentration of BTZ HSA NPs, which is most 
commonly accepted as indicating that the NPs are biocompatible in the blood 
after administration and do not damage blood cells44,45. The results for this test 
are illustrated in Table 2.

Table 2. The hemolysis test for BTZ HSA NPs

Samples Concentration 
(mg/ml)

Absorbance at 
Wavelength 540 nm Hemolysis %

1 20 0.094 1.55

2 10 0.09 1.36

3 5 0.078 0.82

4 2.5 0.074 0.64

5 1.25 0.069 0.41

6 0.625 0.064 0.18

7 0.313 0.063 0.14

8 0.156 0.061 0.05

In vitro cytotoxicity study

This study is performed based on the reduction of the yellow tetrazolium salt, 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), to 
insoluble purple formazan crystals by mitochondrial dehydrogenase enzymes 
present only in metabolically active (viable) cells. This enzymatic reduction 
occurs predominantly in the mitochondria, and the amount of formazan 
produced is directly proportional to the number of viable cells in the sample46.

The results for the in vitro cytotoxicity study are illustrated in Figure 6. The MTT 
assay showed that the blank NPs are non-toxic even at very high concentrations, 
up to 1000 ng/mL. On the other hand, the percentage of viable cells treated 
with BTZ HSA NPs has decreased compared with the cells treated with pure 
BTZ solution in a concentration range (0-5 ng/mL). After that, the cytotoxicity 
appears similar. IC50 of pure BTZ solution is 2.07 nM, while for BTZ HSA NPs 
is 2.2 nM47.



272 Acta Pharmaceutica Sciencia. Vol. 64 No. 2, 2026

 
 

Figure 6. In vitro cytotoxicity of Blank ANPs, pure BTZ and BTZ HSA NPs

Antitumor activity

Tumor volume was measured for each mouse for 14 days, and the results are 
shown in Figure 7. The results are presented as the mean ± SD. The group that 
received BTZ HSA NPs showed a significant difference (p=0.0028) compared 
with the group that received pure BTZ solution. Also, the group that received 
only PBS (Control) showed a significant increase in tumor volume over the 
treatment period. 

Tumor volume was monitored over 14 days across three treatment groups: 
PBS, pure BTZ, and BTZ HSA NPs. Specifically, in vitro cytotoxicity 
studies using the 4T1 cell line demonstrated that Blank HSA NPs 
were non-toxic and did not induce any cell killing, indicating that 
the albumin carrier itself does not contribute to antitumor activity. Based on 
these results, and to avoid unnecessary animal suffering, we did not include an 
additional in vivo blank NP group. The PBS group showed a steady increase 
in tumor size, reaching nearly 400 mm³ by day 14, confirming the absence of 
therapeutic effect. Treatment with pure BTZ moderately slowed tumor growth, 
while BTZ HSA NPs demonstrated improved suppression. Notably, the BTZ 
HSA NPs group exhibited the most pronounced reduction in tumor volume, 
maintaining consistently low levels throughout the study. These results suggest 
that nanoparticle-based delivery of BTZ enhances its antitumor efficacy, likely 
due to improved bioavailability and targeted action48,49.
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Figure 7. Tumor volume analysis of all three groups received three different treatments. 
The results are represented as average ± SD.

Histopathology examination

The histopathological study results are illustrated in Table 3 and Figure 8.

After examining the histopathology slides, the interpretation was that the BTZ 
HSA NPs showed signs of effective treatment (treatment effects), decreased 
tumor aggressiveness (lower mitotic count and nuclear pleomorphism), 
increased apoptosis, and improved immune cell infiltration compared to 
Control and BTZ alone.

Figure 8. Histopathological examination of tumor tissue after treatment with PBS, BTZ, and 
BTZ HSA NPs
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Table 3. Histopathological explanation for the tumor tissues after treatment with PBS, BTZ, 
and BTZ HSA NPs

Groups

Criteria Control BTZ BTZ HSA NPs

Tumor necrosis

Less than 30-40% 
Moderate level of tumor 

necrosis, suggesting 
some degree of tumor 
aggressiveness, but not 

excessively high

Less than 30-40% 
Similar to Control: moderate 

necrosis

Less than 20-30% 
Lower necrosis compared 

to Control and BT2, possibly 
indicating less aggressive 
behaviour or better tumor 

viability

Mitotic count

31 
High mitotic activity, 

indicating rapid tumor cell 
proliferation

29 
Slightly lower than Control 

but still high, indicating rapid 
proliferation

18 
Substantially lower mitotic 
activity, suggesting reduced 

tumor cell proliferation

Apoptotic figures 
count

6 
Moderate apoptosis, showing 

some tumor cell death

7 
Similar apoptosis level 

compared to the Control

10 
Increased apoptosis, 

indicating more tumor cell 
death

Nuclear 
pleomorphism

+3 (high)  
Indicates a high grade of 

nuclear atypia, suggesting 
aggressive tumor behaviour 

with rapid growth

+3 (high) 
High nuclear atypia, like 

Control

+2 (moderate) 
A lower degree of nuclear 
atypia compared to the 

Control and BTZ, suggesting a 
reduced malignancy grade

Treatment effects
Not present 

No evidence that treatment is 
impacting the tumor

Not present 
No treatment impact visible

Present 
Indicating that the tumor 
shows histologic signs of 

treatment response

Tumor-Infiltrating 
Lymphocytes

Less than 1% 
Very low infiltration of 

inflammatory (immune) 
cells, which often correlates 
with poor antitumor immune 

response

Less than 1% 
Very low immune cell 

infiltration

Less than 4% 
Higher infiltration of 

inflammatory cells compared 
to Control and BTZ, which 

may be a positive prognostic 
factor reflecting immune 

engagement

Stability study

The stability study for the BTZ HSA NPs was conducted for 60 days at 4°C and 
25°C. Each formula was evaluated based on its PS, PDI, and EE% every two 
weeks in this period. The results for this study are illustrated in Figures 9, 10, 
and 11.

The results showed that the prepared BTZ ANPs retain their PS and EE% 
when stored at 4°C, whereas PS and PDI increase substantially when stored 
at 25°C. On the other hand, the NPs stored at room temperature showed a 
significant decrease in the EE%. The increase in PS can be explained by the 
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higher temperature, which promotes particle motion, agglomeration, and 
particle growth. Also, increased motion may encourage drug leakage from the 
NPs, thereby decreasing the EE%.

 

Figure 9. The PS change of BTZ HSA NPs over 60 days at 4°C and 25°C

Figure 10. The PDI change of BTZ HSA NPs over 60 days at 4°C and 25°C
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Figure 11. The EE% change of BTZ HSA NPs over 60 days at 4°C and 25°C

In conclusion, the formulation of BTZ as HSA nanoparticles represents a 
promising and effective strategy to enhance the therapeutic efficacy and 
selectivity of this potent anticancer drug. The desolvation method proved to be 
a simple, reliable, and reproducible technique for preparing nanoparticles with 
desirable physicochemical characteristics. In vitro release studies demonstrated 
a biphasic release profile characterised by an initial burst followed by a sustained 
release phase, suggesting efficient drug diffusion from the protein matrix and 
potential for prolonged therapeutic action. Moreover, the in vivo evaluation 
confirmed that nanoparticle encapsulation improved the pharmacokinetic 
profile and tumor-targeting potential of BTZ while reducing systemic toxicity, 
indicating enhanced therapeutic selectivity.

Overall, this study provides a solid foundation for developing protein-based 
nanocarriers for the delivery of anticancer drugs. The findings suggest that 
HSA nanoparticles are a promising biocompatible system capable of improving 
the therapeutic index of Bortezomib and potentially other chemotherapeutic 
agents. 
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