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Background: The commercial docetaxel (DTX) formulation causes severe side effects due to polysorbate 80 and ethanol. Novel 
surfactant-free nanoparticle (NP) systems are needed to improve bioavailability and reduce side effects. However, controlling the 
particle size and stability of NPs and improving the batch-to-batch variation are the major challenges.
Methods: DTX-loaded bovine serum albumin nanoparticles (DTX-BSA-NPs) were prepared by a novel thermal-driven self-assembly 
/microfluidic technology. Single-factor analysis and orthogonal test were conducted to obtain the optimal formulation of DTX-BSA- 
NPs in terms of particle size, encapsulation efficiency (EE), and drug loading (DL). The effects of oil/water flow rate and pump 
pressure on the particle size, EE, and DL were investigated to optimize the preparation process of DTX-BSA-NPs. The drug release, 
physicochemical properties, stability, and pharmacokinetics of NPs were evaluated.
Results: The optimized DTX-BSA-NPs were uniform, with a particle size of 118.30 nm, EE of 89.04%, and DL of 8.27%. They 
showed a sustained release of 70% over 96 hours and an increased stability. There were some interactions between the drug and 
excipients in DTX-BSA-NPs. The half-life, mean residence time, and area under the curve (AUC) of DTX-BSA-NPs increased, but 
plasma clearance decreased when compared with DTX.
Conclusion: The thermal-driven self-assembly/microfluidic combination method effectively produces BSA-based NPs that improve 
the bioavailability and stability of DTX, offering a promising alternative to traditional formulations.
Keywords: DTX-BSA nanoparticles, thermal-driven self-assembly, microfluidic technology, in-vitro release, pharmacokinetics

Introduction
Docetaxel (DTX) is a first-generation taxane drug that shows good efficacy in the treatment of advanced breast cancer, ovarian 
cancer, and non-small cell lung cancer.1–3 A commercially available formulation contains nonionic surfactant polysorbate 80 and 
ethanol as co-solvent to overcome the challenge posed by the limited solubility of DTX. However, this formulation has been 
found to be associated with notable adverse effects, including cumulative hypersensitivity reactions, fluid retention, nausea, and 
peripheral neuropathy.4 Therefore, novel efficient and surfactant-free alternative formulations for DTX must be developed.
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Nanoparticle (NP) drug delivery systems, with advantages such as improvement of drug solubility, passive targeting 
to tumor, and prolonged circulation time, have risen as a hot topic of research.5–8 Researchers have developed various 
dosage forms, including polymeric micelles, liposomes, solid lipid NPs, and biomimetic NPs, for encapsulating DTX to 
enhance its efficient delivery to tumor tissues.9–11

Among them, albumin attracts increasing attention and has become an effective drug delivery platform owing to its 
excellent biocompatibility, nontoxicity, non-immunogenic properties, and biodegradability.12–14 Recent studies have 
shown that albumin has the ability to target tumor tissue by binding to the highly expressed albumin receptor gp60 
and cysteine-rich acidic secretory protein (SPARC) in tumor tissue.15,16 Albumin-bound paclitaxel (Abraxane) was 
prepared by NP albumin bound (Nab) technology, a patented novel nanotechnology developed by Abraxis BioScience 
(CA, USA), and approved by the FDA in 2005 for the treatment of breast cancer.17–19 Subsequently, it was approved for 
the treatment of lung cancer20,21 and pancreatic cancer.22 This breakthrough has brought great benefits to patients with 
cancer and provided new insights for researchers in the field of nanomedicine, highlighting the remarkable role of 
albumin NPs in antitumor therapy and other treatments. Currently, the most commonly used proteins are human serum 
albumin (HSA) and bovine serum albumin (BSA). However, given the exorbitant cost and limited availability of HSA, 
BSA is considered a suitable alternative carrier.

BSA NPs can be prepared through various techniques, including emulsification,23,24 nano-spray drying,25,26 Nab 
technique,27 and heat-driven self-assembly.28 Among them, self-assembly is based on exposing or altering hydro-
phobic regions on the surface or inside the protein. By heating denaturation or adding reducing agents to open the 
disulfide bond inside the protein, drug molecules can interact with the hydrophobic region of the protein and 
promote self-assembly of albumin NPs.29 Some reports showed that the albumin NPs prepared by this method have 
uniform particle size, high encapsulation efficiency (EE), and strong drug loading (DL) ability. Furthermore, unlike 
other preparation methods, heat-driven self-assembly eliminates the need for certain organic solvents, such as 
chloroform and ethyl acetate; crosslinking agents, such as glutaraldehyde; and surfactants such as polysorbate 80 
and polyvinyl alcohol.30,31 The utilization of these substances could potentially compromise the biological activity 
of therapeutic agents. Therefore, BSA NPs prepared using heat driven self-assembly possess the advantages of 
minimizing toxic side effects and ensuring excellent safety profiles. However, controlling the particle size and 
stability of BSA NPs and improving the batch-to-batch variation in the industrial sites are the major challenges in 
the preparation of BSA NPs.28,29,32,33

Microfluidics, also known as lab-on-A-chip technology, originated from the concept of “Miniaturized Total Analysis 
Systems” (μTAS) proposed by Manz et al in 1990.34 It refers to the manipulation of minute volumes of fluids (ranging 
from picoliters to microliters) and the separation of micro-scale samples by utilizing microchannels (with dimensions 
ranging from tens to hundreds of micrometers) or microfluidic chips. In recent years, the interest in utilizing microfluidic 
technology for drug delivery systems involving NPs has been increasing. Various applications, including droplets, 
emulsions, microcapsules, microparticles, and NPs, have been explored.35–40 The implementation of microfluidic 
technology in the production of nanoscale formulations has significantly improved the limitations of traditional methods. 
These improvements include achieving consistent particle sizes, enhanced reproducibility, better sample dispersion, and 
increased EE.41–44 Consequently, this technological advancement has provided a robust platform for driving industrial 
research in the field of nanoscale formulation development.

On the basis of the above background, DTX-BSA-NPs were prepared by combining thermal-driven self- 
assembly and microfluidic technology. Three main factors affecting the particle size and EE of DTX-BSA-NPs 
were identified by a single factor test for thermal-driven self-assembly. Then, the optimized formulation was 
obtained by orthogonal test through comparing the particle size and EE. Furthermore, for the DTX-BSA-NPs 
prepared by the combination method, the effect of oil/water flow rate and pump pressure on the particle size, EE, 
and DL was investigated to optimize the preparation process. The stability of the final NPs was studied under 
stress and accelerated conditions. The relative bioavailability of DTX-BSA-NPs was compared with that of DTX 
in SD rats. This study is of great importance for the advancement and exploration of the novel technology of 
albumin NPs.
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Experimental Section
Materials
Docetaxel (DTX) was purchased from Xi’an Natural Field Bio-Technique Co., Ltd (Xi’an, China). The commercial DTX 
formulation was purchased from Hangzhou Sanofi Pharmaceutical Co., Ltd (Hangzhou, China). Bovine serum albumin 
(BSA) was purchased from Beijing Solarbio Science & Technology Co., Ltd (Beijing, China). Sodium Gluconate was 
purchased from energy chemical Co., Ltd. Na2HPO4·12H2O was purchased from SIGMA-ALDRICH® Co., Ltd 
(Shanghai, China). Tris buffer was purchased from BBI Life Sciences Co., Ltd (Shanghai, China). All other chemicals 
used were of analytical grade.

Preparation of DTX-BSA-NPs by Thermal-Driven Self-Assembly
DTX-BSA-NPs were prepared using heat-driven self-assembly as described below. In brief, BSA was dissolved in buffer 
solution to form an aqueous phase. DTX was dissolved in ethanol to obtain an organic phase. Both phases were preheated 
at 65°C for 5 min in a water bath. The DTX solution was then slowly injected into the BSA solution by using a syringe, 
followed by incubation at 65°C for some minutes. Subsequently, the solutions were transferred to a 50 mM sodium 
gluconate solution, and the resulting mixture was immediately placed in an ice-water bath and allowed to stand for 5 min. 
The unencapsulated DTX was further removed through ultrafiltration.

The experimental design was divided into two main parts. First, a single-factor experiment was conducted, which 
involved factors such as the mass ratio of DTX to BSA (1:7, 1:9, 1:11), concentrations of DTX (20, 15, 10, and 5 mg/ 
mL) and BSA (45, 22.5, 9, and 4.5 mg/mL), incubation temperature (60°C, 65°C, 70°C, and 75°C) incubation time (3, 
10, 15, and 30 min), BSA buffer solution (phosphate-buffered saline [PBS], 12% disodium hydrogen phosphate, and 20 
mM Tris; pH 8.0), and BSA preheating (yes or no). Second, an orthogonal experimental design (L9 [33]) was employed 
to establish the optimal formulation and preparation process for DTX-BSA-NPs on the basis of the results of the single- 
factor study.

Preparation of DTX-BSA-NPs by Thermal-Driven Self-Assembly/ Microfluidic 
Combination Technology
DTX ethanol solution (5.0 mg/mL) and BSA solution (22.5 mg/mL, in 20 mM Tris buffer) were preheated at 65°C in 
a water bath. In addition, 25 mL of 50 mM sodium gluconate and 50 mL ultrapure water were also preheated at the same 
temperature. The DTX and BSA solutions were pumped into the microchannel reactor at a predetermined flow rate to 
mix together, and the resulting mixture was incubated in a water bath at 65°C for 3 min, followed by transferring into 
25 mL of 50 mM sodium gluconate. Afterwards, it was thoroughly mixed and cooled in an ice water bath for 5 min to 
obtain stable DTX-BSA-NPs. The detailed flowchart is shown in Figure 1.

Figure 1 Flow chart of the preparation process of DTX-BSA-NPs through a microfluidic technology.
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In this experiment, the primary factors influencing the formation of DTX-BSA-NPs were investigated through 
a single-factor study. The flow rate of the microfluidic pump and system pressure were individually optimized to obtain 
optimal DTX-BSA-NPs in terms of particle size, EE, and DL.

The DTX-BSA-NPs were placed in a 10 mL centrifuge tube and freeze-dried for 48 h to obtain DTX-BSA-NP 
powder.

Measurement of Particle Size
The particle size of DTX-BSA-NPs were evaluated using a HPP 5001 dynamic light scattering instrument (Malvern, UK) and 
a NICOMP TM 380 ZLS (NICOMP, USA). Prior to measurement, the samples were appropriately diluted in distilled water.

Determination of EE and DL Capacity
EE and DL were determined using ultrafiltration. NP suspension (1 mL) was added to an ultrafiltration tube, followed by 
centrifugation at 3500 rpm for 15 min. The unencapsulated drug was calculated by analyzing the drug concentration in 
the filtrate obtained after centrifugation. The total drug amount was determined by dissolving the NP suspension in 
acetonitrile to release the encapsulated DTX. EE was determined by dividing the amount of drug encapsulated within the 
NPs by the total amount of DTX used, and DL capacity was calculated as the ratio of the drug content encapsulated 
within the NPs to the polymer content as follows:

Reproducibility of Preparation Process
In accordance with the optimal preparation process of DTX-BSA-NPs by using thermal-driven self-assembly/micro-
fluidic combination technology, three batches of samples were prepared to investigate the reproducibility of the 
preparation process. The particle size, size distribution, EE, and DL of DTX-BSA-NPs were measured to investigate 
the repeatability and reliability of the results.

Three batches of freeze-dried samples were prepared. The freeze-dried samples were redissolved in deionized water, 
and the particle size, particle-size distribution, EE, and DL were determined.

pH Measurement of DTX-BSA-NPs
The pH of DTX-BSA-NPs was determined in accordance with the Chinese Pharmacopoeia 2020 edition. DTX-BSA-NPs 
(5 mL) were placed in a 15 mL centrifuge tube. The electrode was rinsed three times with ultrapure water and then dried 
with a wiping paper before immersing it into the test solution. Once the pH reading stabilized, the data were recorded.

Transmission Electron Microscopy (TEM)
The morphology of DTX-BSA-NPs were observed through TEM (Tecnai G220, FEI, USA). The samples were diluted 
for 200 times. Twenty microliters of the dilution was placed on copper grids with films, dried under an infrared lamp, and 
then viewed under the transmission electron microscope.

Differential Scanning Calorimetry (DSC)
The DSC spectra of DTX; BSA; physical mixture of DTX, BSA, and sodium gluconate; and DTX-BSA-NPs were 
characterized by DSC (Model 2010, TA Instruments, USA). In brief, each sample was placed in aluminum pans and 
heated at a scanning rate of 10°C/min from 40°C to 300°C under dry nitrogen gas purge.
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Fourier Transform Infrared (FTIR) Spectroscopy
The FTIR spectra of DTX; BSA; physical mixture of DTX, BSA, and sodium gluconate; and DTX-BSA-NPs were 
characterized using an FTIR spectrophotometer (Model Excaliber Series UMA-500, Bio-Rad, USA). The wavelength 
ranged from 500 cm−1 to 4000 cm−1 with 2 cm−1 resolution.

In-vitro Release
In-vitro release of DTX-BSA-NPs was carried out using dynamic membrane dialysis. PBS (100 mL, pH 7.4) containing 
0.1% (v/v) polysorbate 80 was used as the release medium to ensure sink conditions. In brief, DTX and DTX-BSA-NPs 
(equivalent to 2 mg DTX) were dispersed in 2 mL release medium and carefully positioned inside pre-treated dialysis 
bags. These dialysis bags were then placed in the release medium and vibrated in a water bath at 37°C. At time intervals 
of 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 30, 36, 48, 54, 60, 72, 78, 84, and 96 h, 500 μL of the samples was withdrawn and 
replaced with fresh medium. After being filtered through a 0.22 μm filter membrane, the samples were injected into the 
high-performance liquid chromatography (HPLC) system to determine peak areas. The average cumulative drug release 
percentage was calculated at each time point (n = 3) to generate an in-vitro cumulative release profile for DTX-BSA-NPs.

Stability Study
In accordance with the guidelines set forth in the 2015 edition of the Chinese Pharmacopoeia, stress and accelerated tests 
were used to compare the stability of commercial DTX formulation (0.5 mL, 20 mg) and freeze-dried DTX-BSA-NPs. 
The conditions of the stress test include high temperature (60°C ± 2°C), high humidity (92.5 ± 5% relative humidity 
[RH]), and strong illumination (4500 ± 500 Lx). Commercial DTX formulation (0.5 mL, 20 mg) was diluted with sterile 
saline to 10 mg/mL. The diluted DTX solution and freeze-dried DTX-BSA-NPs were stored under stress conditions. 
Samples were taken on the 0th, 5th 10th, 15th, and 30th days to observe and determine the changes in the appearance, 
redispersibility, pH, and drug content of DTX and freeze-dried DTX-BSA-NPs. For the accelerated test, samples were 
enclosed in a sealed container and exposed to either 25°C/65% RH or 40°C/65% RH conditions. At specific time 
intervals (1, 2, and 3 months), samples were taken to determine the changes in the appearance, redispersibility, pH, and 
content of DTX and freeze-dried DTX-BSA-NPs.

Pharmacokinetic Study
Animal Study
A total of 10 male Sprague–Dawley rats (200–250 g, Shanghai, China) were employed for the in-vivo pharmacokinetic 
study, with random allocation into two groups (n = 5, per group). All experiments were approved by the Institutional 
Animal Care and Use Committee of Soochow University and followed National Institutes of Health guide for the care 
and use of laboratory animals. Prior to the experiment, all rats underwent a fasting period of 12 h while being provided 
unrestricted access to water. DTX and DTX-BSA-NPs were diluted with deionized water to a concentration of 10 mg/mL 
and administered via intravenous injection at a dosage of 5 mg DTX/kg of body weight. Blood samples (approximately 
0.5 mL) were collected from the orbital venous plexus at specified intervals, including 0, 5, 15, and 30 min and 1, 2, 4, 6, 
8, 12, and 24 h post-dosing. Subsequently, the obtained blood samples were centrifuged at 12,000 ×g for 3 min. The 
resulting plasma samples were transferred to new glass tubes and stored at −20°C until analysis.

Treatment of Plasma Samples
Each plasma sample (100 μL) was mixed with 300 μL PTX (4.0 μg/mL) solution as an internal standard (IS). Ether 
(1 mL) was added to the mixture and then agitated for 5 min by using a vortex mixer. The organic phase was transferred 
into a tube and evaporated with nitrogen on a water bath at 40°C. The residue was reconstituted with 0.2 mL acetonitrile 
and fully mixed. After centrifugation at 12,000 rpm for 3 min, 20 μL of the supernatant was injected into the HPLC 
system.
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HPLC Conditions
Chromatographic separation was conducted using an HPLC instrument (Thermo Fisher U3000) with a flow rate of 
1.0 mL/min. A ChromCore 120 C18 column (4.6 mm ×150 mm, 5 μm) was utilized, and the column temperature was 
maintained at 25°C. The concentration of DTX was determined at a wavelength of 230 nm. The mobile phase 
composition consisted of acetonitrile, methanol, and 0.02 M ammonium acetate buffer salt in the ratio of 22:30.5:47.5 
(v/v/v%, pH 5.0).

Data Analysis
Pharmacokinetic parameters were calculated using DASver 2.0 pharmacokinetic software. Non-compartmental methods 
were employed to calculate the pharmacokinetic parameters of DTX. The results were expressed as mean ± standard 
deviation. Statistical analysis was conducted using ANOVA, with the significance level set at p < 0.05 or p < 0.01.

Results and Discussion
Effects of Formulation and Process Factors on DTX-BSA-NPs Prepared by 
Thermal-Driven Self-Assembly
BSA NPs have been extensively investigated for the delivery of anticancer drugs due to their excellent biocompatibility, 
nontoxicity, non-immunogenicity, biodegradability, and ability to target tumor tissues through specific receptor 
interactions.45,46 As a novel organic solvent-free approach to produce albumin NPs,47 thermal-driven self-assembly 
was used in the current study to prepare DTX-BSA-NPs.

Single-Factor Experiment
Three different mass ratios (1:7, 1:9, and 1:11) were considered to investigate the effect of mass ratio of DTX to BSA on 
the particle size, EE, and DL of DTX-BSA-NPs. The results are shown in Figures 2, 3, 2A and 3A. The particle sizes at 
the three ratios were 99.73 ± 0.31, 122.37 ± 0.90, and 148.57 ± 2.48, respectively. As the BSA ratio increased, the 
particle size of DTX-BSA-NPs gradually increased. When the mass ratio of DTX to BSA was set at 1:9, the NPs 
exhibited a relatively higher EE of 84.53 ± 1.18. This finding indicated that the EE of NPs does not have a linear 
relationship with the DTX-to-BSA mass ratio, aligning with Na Qu’s research findings.48 As shown in Figure 3A, the 
mass ratio of DTX to BSA had no significant effect on the DL of NPs. Consequently, considering factors such as particle 
size, EE, and DL, a mass ratio of 1:9 was selected for the following study.

The concentration of BSA may affect the characteristics of DTX-BSA NPs. Various concentrations of BSA (45, 22.5, 
9, and 4.5 mg/mL) were investigated, as shown in Figures 2, 3, 2B and 3B. The size of DTX-BSA-NPs varied 
significantly with decreasing BSA concentration. At 45 mg/mL BSA, the NPs were excessively large, with a size of 
190.53 nm. By contrast, at 9 mg/mL BSA, they diminished to a small size of 96.80 nm. Further reducing the BSA 
concentration to 4.5 mg/mL resulted in an even smaller particle size of 27.37 nm. The results demonstrated that the 
particle size of the NPs increases with the concentration of BSA, aligning with the findings of some studies.49,50 During 
the heat-driven process, peptide chains in the protein unfold, exposing hydrophobic groups. This exposure leads to new 
intermolecular noncovalent hydrophobic interactions.51 As a result, an increase in BSA concentration reduces the 
distance between molecules, facilitating more effective and faster intermolecular interactions.52 This mechanism ulti-
mately results in the formation of larger NPs. At a BSA concentration of 22.5 mg/mL, the DTX-BSA-NPs exhibited 
a size of 116.75 nm, an EE rate of 76.81%, and a DL capacity of 8.14%. Consequently, a BSA concentration of 22.5 mg/ 
mL was selected for the following Figures 2, 3, 2C and 3C show that DTX concentration had a significant effect on the 
properties of NPs. When the DTX concentration was 5 mg/mL, the particle size, EE, and DL of DTX-BSA-NPs were 
127.50 nm, 85.23%, and 8.55%, respectively. However, at a DTX concentration of 10 mg/mL, all these parameters 
decreased, with the particle size measuring 71.82 nm, EE at 73.91%, and DL reduced to 6.94%. At DTX concentrations 
of 15 and 20 mg/mL, the mixed DTX and BSA solutions presented a white precipitate, indicating that DTX cannot be 
encapsulated by BSA under high-drug concentration. This phenomenon further prevented the formation of NPs. 
Considering the above results, a DTX concentration of 5 mg/mL was chosen for the following experiments.
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Figure 2 Effects of various factors on the particle size and EE of DTX-BSA-NPs. (A) the effect of mass ratio of DTX to BSA. (B) the effect of BSA concentration. (C) the 
effect of DTX concentration. (D) the effect of incubation temperature. (E) the effect of incubation time. (F) the effect of different buffer types. (G) the influence of 
preheating BSA. All data are presented as mean±SD (n = 3), with color bars indicating particle size and a line chart displaying EE.
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Figure 3 Effects of various factors on the DL of DTX-BSA-NPs. (A) the effect of mass ratio of DTX to BSA. (B) the impact of BSA concentration. (C) the effect of DTX 
concentration. (D) the effect of incubation temperature. (E) the impact of incubation time. (F) the effect of different buffer types. (G) the influence of BSA preheating. All 
data are presented as mean±SD (n = 3).
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Various temperatures were tested in the preparation process to understand the influence of incubation temperature on 
the properties of DTX-BSA-NPs. The results are presented in Figures 2, 3, 2D and 3D. As the incubation temperature 
increased, the particle size of DTX-BSA-NPs exhibited remarkable variations. At temperatures of 60°C and 65°C, the 
DTX-BSA-NPs displayed similar sizes, with mean particle sizes of 128.63 and 119.05 nm, respectively. At 70°C, the 
particle size decreased to 91.36 nm. However, when the incubation temperature reached 75°C, the particle size of DTX- 
BSA-NPs increased, probably due to the intense deformation and aggregation of BSA under high-temperature 
condition.49 At the temperatures of 60°C and 65°C, the NPs exhibited relatively high EE and DL, with 71.78% ± 
0.76% and 73.80% ± 1.4% for EE and 7.02% ± 0.82% and 7.52% ± 0.66% for DL. However, when the temperature 
increased to 70°C and 75°C, the EE and DL decreased to 62.46 ± 0.8%, 66.58 ± 0.57%, and 5.84 ± 0.78% and 5.48 ± 
0.78%, respectively. This trend can be attributed to the rapid thermal aggregation of protein molecules at higher 
temperatures, which leads to stronger interactions among the protein molecules.53 This intense interaction potentially 
reduces the chances for complete encapsulation of DTX. The findings showed relatively higher EE and DL values of 
73.80% and 7.52% at an incubation temperature of 65°C. Taking all these findings into consideration, an incubation 
temperature of 65°C was chosen for the following experiments.

Figures 2, 3, 2E and 3E exhibit the effect of incubation time on the properties of NPs. With an increase in incubation 
time, the particle size of DTX-BSA-NPs gradually increased, and the EE improved. At an incubation time of 3 min, the 
particle size of DTX-BSA-NPs was 119.04 nm, which was deemed moderate in size. The EE and DL at this duration 
reached 73.85% and 7.91%, respectively. Therefore, an incubation time of 3 min was selected for the subsequent 
experiments.

The stability of proteins is highly dependent on environmental conditions. Buffer condition is one of the main 
influencing factors.54 Figures 2, 3, 2F and 3F show the influence of different buffer solutions on the properties of DTX- 
BSA-NPs. The particle size of DTX-BSA-NPs was nearly identical in PBS and 20 mM Tris buffer solutions, with 
a suitable size of around 120 nm. However, in the presence of 20 mM Tris buffer solution, the EE and DL of DTX-BSA- 
NPs reached 89.56% and 8.67%, respectively, showing high drug encapsulation and DL. This finding may be related to 
the fact that the Tris buffer, with its –OH and amine groups, interacts with BSA through hydrogen bonding, thus 
stabilizing the protein structure.55 Consequently, 20 mM Tris solution was chosen as the preferred medium for BSA.

Preheating of BSA solution during the preparation process was considered in this study to check whether it has 
a considerable effect on the properties of NPs, as shown in Figures 2, 3, 2G and 3G. An increase in particle size up to 
246.54 nm was found without preheating, with a remarkably large standard deviation (SD) of particle size. However, 
when the BSA solution was preheated, the particle size of DTX-BSA-NPs reduced to 117.23 nm, and the EE and DL 
could reach up to 85.20% and 8.67%, respectively. Consequently, preheating was employed for NP preparation in the 
following experiments.

Orthogonal Experiment
As different factors can influence the properties of DTX-BSA-NPs, optimizing their formulation and preparation process 
is essential using a multi-factor design. Considering the results of single-factor experiment, three crucial factors were 
identified: BSA concentration, DTX concentration, and incubation time. A three-factor and three-level orthogonal 
experiment was conducted on the basis of the L9 [33] table design to further investigate these factors (Table 1).

Table 1 Three-Factor and Three-Level Design of Orthogonal Test

Level Factor

A  
(BSA Concentration, mg/mL)

B  
(DTX Concentration, mg/mL)

C  
(Incubation Time, Min)

1 45 1 1

2 22.5 5 3
3 9 10 5
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Tables 2 and 3 present the results of orthogonal experiments, with particle size and EE as evaluation criteria. From the 
R-values in Table 2, the order of importance that influenced particle size was determined to be A (BSA concentration) > 
B (DTX concentration) > C (incubation time). According to the R-values in Table 3, the factors affecting EE in 
decreasing order of significance were A (BSA concentration) > C (incubation time) > B (DTX concentration). 
Tables 4 and 5 display the results of variance analysis, with particle size and EE as the evaluation criteria. Regarding 
the particle size, none of the factors (A, B, or C) showed significant influence. However, in terms of EE, factors A and 
C demonstrated a significant effect. Therefore, considering all the results from the orthogonal experiments, the optimal 

Table 2 Results of Orthogonal Test on Particle Size

Test Number A B C Particle Size  
(nm)BSA Concentration  

(mg/mL)
DTX Concentration  

(mg/mL)
Incubation Time  

(min)

1 1 1 1 320.70

2 1 2 2 232.10
3 1 3 3 246.60

4 2 1 2 131.70

5 2 2 3 112.00
6 2 3 1 59.67

7 3 1 3 322.83

8 3 2 1 35.69
9 3 3 2 34.39

K1 799.40 775.23 416.06

K2 303.37 379.79 398.19
K3 392.91 340.66 681.43

K1- 266.47 258.41 138.69

K2- 101.12 126.60 132.73
K3- 130.97 113.55 227.14

R 165.34 131.81 5.96

Table 3 Results of Orthogonal Test on EE%

Test Number A B C EE (%)
BSA Concentration  

(mg/mL)
DTX Concentration  

(mg/mL)
Incubation Time  

(min)

1 1 1 1 82.09

2 1 2 2 91.30

3 1 3 3 79.96
4 2 1 2 95.71

5 2 2 3 87.92

6 2 3 1 80.90
7 3 1 3 75.14

8 3 2 1 77.90

9 3 3 2 81.02
K1 253.35 252.94 240.89

K2 264.53 257.12 268.03

K3 234.06 241.88 243.02
k1 84.45 84.31 80.30

k2 88.18 85.71 89.34

k3 78.02 80.63 81.01
R 10.16 5.08 9.05
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formulation was determined to be A2B2C2, namely, BSA concentration of 22.4 mg/mL, DTX concentration of 5 mg/mL, 
and incubation time of 3 min.

Effects of Preparation Process on DTX-BSA-NPs Prepared by Thermal-Driven 
Self-Assembly/Microfluidic Technology
Currently, the key challenges in BSA NP preparation include controlling the particle size, enhancing the stability, and 
reducing batch-to-batch variations in industrial production.28,29,56 Utilizing microfluidic technology for NP preparation 
offers precise control over the particle size, heightened stability, enhanced EE, and improved production consistency.57–59 

This utilization addresses crucial issues in the preparation process, thus ensuring product quality and uniformity. 
Therefore, a combination of heat-driven self-assembly and microfluidic technology was used to prepare DTX-BSA- 
NPs. The effects of flow rate and pump pressure on DTX-BSA-NPs were mainly investigated in this study, because the 
properties of nanoscale formulations prepared using microfluidic technology are influenced by both factors.60–62

Recent studies have shown that the properties of NPs prepared by microfluidic technology can be tuned by adjusting 
the volumetric flow rate ratio (FRR) between the lipid and water phase streams, and the total flow rate (TFR).63–65 In the 
present study, the FRR was fixed at 1:2. Three different TFRs were set at 3, 6, and 12 mL/min. Specifically, the flow rates 
of the organic phase were set at 1, 2, and 4 mL/min, with corresponding water phase flow rates of 2, 4, and 8 mL/min. 
Figure 4A and C display the effects of flow rate on the particle size, EE, and DL of DTX-BSA-NPs. When the flow rates 
of the organic and water phases were set at 2 and 4 mL/min, respectively, the DTX-BSA-NPs showed a particle size of 
113.37 nm, an EE of 86.51%, and a DL of 8.93%. The particle size of DTX-BSA-NPs was observed to reduce with 
increasing TFR, which was in accordance with previous research.64

Figure 4B and D show the influence of pump pressure on the properties of NPs. As the pressure increased, the particle 
size and EE of DTX-BSA-NPs decreased. The mean particle size was 121.47 nm, the EE was 86.25%, and the DL was 
8.31%, indicating that DTX-BSA-NPs are more suitable to be prepared without applying pressure. Thus, the preparation 
process was optimized with an organic phase flow rate of 2 mL/min and an aqueous phase flow rate of 4 mL/min, without 
applying pump pressure.

Reproducibility Study
Three batches of optimized formulation were prepared to compare the batch-to-batch variations of NPs. As shown 
Figure 5A and B, the particle size, zeta potential, EE, and DL of the three batches of NPs showed a good 
reproducibility, with high EE and DL capacity. As shown in Figure 5C and D, the particle size, EE, and DL after 

Table 4 Results of Variance Analysis on Particle Size

Source of  
Variance

Sum of Squares  
of Deviation

Degree of  
Freedom (Df)

Mean Square F P

A 46585.39 2 23,292.69 6.47 >0.05

B 38517.80 2 19,258.90 5.35 >0.05

C 16767.42 2 8383.71 2.33 >0.05
Error 7201.80 2 3600.90

Table 5 Results of Variance Analysis on EE%

Source of  
Variance

Sum of Squares  
of Deviation

Degree of  
Freedom (Df)

Mean Square F P

A 158.41 2 79.20 24.20 <0.05
B 41.36 2 20.68 6.32 >0.05

C 151.78 2 75.89 23.19 <0.05

Error 6.55 2 3.72
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reconstitution of the three batches of freeze-dried NPs were identical when compared with one another, indicating the 
commendable reproducibility of the freeze-dried formulation. Meanwhile, the particle size, EE, and DL of NPs 
between pre- and post-freeze drying were compared. As shown in Figure 5E and F, the freeze drying had no effect 
on the particle size, EE, and DL. Before freeze drying, the average particle size of DTX-BSA-NPs was 118.30 nm, 
with a polydispersity index (PDI) of 0.251 (Figure 5G). After freeze drying, the average particle size was measured as 
119.40 nm, with a PDI of 0.250 (Figure 5H). These findings demonstrated no significant changes in the particle size or 
distribution before and after freeze drying, suggesting that freeze drying did not significantly affect the particle size of 
DTX-BSA-NPs. Addressing batch-to-batch variability in the industrial production of BSA NPs is a complex challenge 
that encompasses various factors, from the physicochemical characteristics of the nanoparticles to the synthesis and 
processing parameters.66,67 In this study, both BSA NPs and freeze-dried powders exhibit good reproducibility. The 
formulation composition and manufacturing process of DTX-BSA-NPs were successfully optimized by the thermal- 
driven self-assembly/microfluidic combination technology, providing an experimental foundation for future industrial- 
scale production.

Appearance and Morphology of NPs
As shown in Figure 6, the cake-like appearance and non-collapsed property of DTX-BSA-NP powders are indicative of 
successful freeze drying process. The morphology is essential for ensuring the stability of NPs and can facilitate the 
quick reconstitution of freeze-dried powders. Upon reconstitution with distilled water/or physiological saline, it trans-
formed into a gelatinous solution that retained a lustrous blue.

The TEM images in Figure 7 showed that the DTX-BSA-NPs had well-dispersed and spherical shapes with uniform 
particle size.

Figure 4 Effects of Preparation process on DTX-BSA-NPs. (A and B) show the effect of flow rate and pump pressure on particle size and EE, with color bars indicating 
particle size and a line chart displaying EE. (C and D) show the effect of flow rate and pump pressure on DL. All data are presented as mean±SD (n=3).
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Figure 5 Batch-to-batch reproducibility and freeze drying stability of DTX-BSA-NPs. (A) the particle size and zeta potential of three different batches, with color bars 
indicating particle size and a line chart displaying zeta potential. (B) the EE and DL of three different batches, with color bars indicating EE and a line chart displaying DL. (C) 
the consistency in particle size and EE of freeze-dried NPs upon reconstitution, with color bars indicating particle size and a line chart displaying EE. (D) the consistency in 
DL of freeze-dried NPs upon reconstitution. (E) the particle size and EE before and after freeze drying, with color bars indicating particle size and a line chart displaying EE. 
(F) the DL of freeze-dried NPs before and after freeze drying. (G and H) the PDI of DTX-BSA-NPs before and after freeze drying. All data are presented as mean±SD (n=3).
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DSC
DSC is a technique that monitors the physical properties of a substance by employing a controlled temperature 
program.68,69 The DSC spectra of DTX; BSA; physical mixture of DTX, BSA, and sodium gluconate; and DTX-BSA- 
NPs are illustrated in Figure 8. The endothermic peak of DTX around 170°C was found, which is consistent with the 
reported melting point range of DTX in literature.70 In addition, an exothermic event around 220°C was observed, which 
may be related to the decomposition process.71 The endothermic peak at 224°C represents thermal degradation of BSA.72 

The characteristic peaks of DTX and BSA were shown in the spectra of the mixture of DTX, BSA, and sodium 
gluconate. However, for DTX-BSA-NPs, the characteristic peaks of DTX and BSA disappeared, indicating that the 
physical properties of DTX were changed in the DTX-BSA NP matrix.

Figure 6 Appearance of freeze-dried powder and reconstituted suspension of DTX-BSA-NPs. (Left: freeze-dried powder; Right: reconstituted suspension).

Figure 7 TEM images of DTX-BSA-NPs. Scale bar = 200 nm.
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FTIR
FTIR is an analytical technique employed to determine the existence of functional groups and the extent of crosslinking, 
and it can be used to detect the interactions between drug and NPs through the change in characteristic peak of the 
group.73,74

The FTIR results of pure drug; BSA; physical mixture of DTX, BSA, and sodium gluconate; and DTX-BSA-NPs are 
presented in Figure 9. The characteristic adsorption peaks of DTX at 3533.41 and 3463.7cm−1 can be attributed to 
N-H stretching and O-H stretching, respectively. The peaks at 1722.34 and 1706.92 cm−1 may be ascribed to C=O 
stretching vibration.73 The bands at 1164.9 and 1247.9 cm−1 can be attributed to C-O stretching of ester.75 The spectrum 
also showed bands at 1492.8 and 1452.3 cm−1, indicating C=C aromatic ring.71 The absorption peak of BSA at 
1647.1 cm−1 belongs to C=O stretching. The peak at 1521.7 cm−1 is related to C-N stretching and N-H bending 
vibrations.76,77 The characteristic adsorption peaks of DTX and BSA were shown in the spectra of the mixture of 
DTX, BSA, and sodium gluconate. However, the absorption peaks of DTX, including the bands at 1492.8, 1452.3, 
1164.9, and 1247.9 cm−1, were remarkably diminished in the DTX-BSA-NPs. This finding suggested that some 
interactions may have occurred between DTX and the carriers during the preparation of DTX-BSA-NPs.

Figure 8 DSC spectra of (A) DTX, (B) BSA, (C) physical mixture of DTX, BSA and sodium gluconate, and (D) DTX-BSA-NPs.

Figure 9 FT-IR spectra of (A) DTX, (B) BSA, (C) physical mixture of DTX, BSA and sodium gluconate, and (D) DTX-BSA-NPs.
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In-Vitro Release
The cumulative release curves of DTX-BSA-NPs and DTX are shown in Figure 10. The results demonstrated that the release 
rate of DTX reached over 80% at 36 h, whereas DTX-BSA-NPs exhibited a cumulative release of 2.76% only at 0.5 h, 
without any initial burst release. Furthermore, the cumulative release rate of DTX-BSA-NPs approached 70% at 96 h, 
indicating a significant sustained-release effect. The sustained release of DTX-BSA-NPs followed a distinct diffusion pattern 
of drug molecules from the hydrophobic core within the albumin nanosystem.76,78,79 The release properties of BSA NPs may 
be attributed to the stiffening of the polymeric network during crosslinking.80 The BSA shell formed on the surface of drug 
particle can provide a steric stabilization effect, for retarding the release rate and reducing side effects of the drug.81

Stability Study
Conducting stability influencing factor studies and accelerated stability testing is essential to investigate the inherent 
stability of a pharmaceutical product or formulation; understand the factors affecting its stability, potential degradation 
pathways, and degradation products; and provide scientific evidence for formulation production processes, packaging, 
and storage conditions.82,83

Figure 11 shows the results of stability test under stress conditions. DTX showed slight precipitation after 10 days of 
exposure to strong light (4500 ± 500 Lx) or high temperature (60°C), whereas the appearance of the self-prepared DTX- 
BSA-NPs remained unchanged and showed good redispersibility. Figure 11A and B show the influence of strong light on 
pH and drug content. The pH of DTX decreased from 6.0 to 5.4 after 15 days of strong illumination, whereas that of the 
self-prepared freeze-dried DTX-BSA-NPs decreased by 0.3 only. After 30 days of light exposure, the drug content of 
DTX decreased rapidly to 23.37%, whereas the self-prepared freeze-dried DTX-BSA-NPs showed a drug content of 
63.81%. Figure 11C and D show the influence of high temperature on pH and drug content. The pH of DTX decreased 
from 6.0 to 4.4 after 15 days under high temperature, whereas that of the self-prepared freeze-dried DTX-BSA-NPs 
decreased by 0.5 only. After 30 days of exposure to high temperature, the drug content of DTX decreased rapidly to 
39.19%, whereas the self-prepared freeze-dried DTX-BSA-NPs showed a drug content of 69.89%. High humidity (92.5% 
RH) had a significant influence on the appearance of DTX and the self-prepared freeze-dried DTX-BSA-NPs. After being 
exposed to high temperature for 10 days, DTX displayed a slight presence of precipitation, whereas the DTX-BSA-NPs 
exhibited a tendency towards agglomeration and a noticeable decline in redispersibility after 15 days of storage. 
Figure 11E and F show the influence of high humidity on pH and drug content. The pH of DTX decreased from 6.0 
to 5.3 after 30 days under high humidity, and that of the self-prepared freeze-dried DTX-BSA-NPs decreased from 7.8 to 
7.1. After being exposed to high humidity for 30 days, the drug content of DTX decreased rapidly to 29.18%, whereas 
the self-prepared freeze-dried DTX-BSA-NPs showed a drug content of 59.86%. The results showed that the degradation 

Figure 10 In-vitro release profiles of DTX-BSA-NPs and DTX. All data are presented as mean±SD (n=3).
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rate of the self-prepared freeze-dried DTX-BSA-NPs was much slower than that of DTX. A possible reason was that the 
encapsulation of DTX into BSA prevented leakage during storage, and the sample was in the form of freeze-dried 
powder, which facilitated slow degradation under conditions of strong light, high temperature, and high humidity.

Figure 12 shows the results of accelerated stability test. Figure 12A and B show the pH and drug content changes in 
DTX and DTX-BSA-NPs at 25°C. When the preparations were stored for 3 months, a small amount of precipitation was 
found in DTX, with a drop in pH to 5.4, and the drug content was 79.89% ± 0.54%. On the contrary, no significant 
changes were found in the appearance of the freeze-dried DTX-BSA-NPs. The redispersibility was good, the pH 
decreased by 0.3 only, and the drug content reduced to 85.74% only. Figure 12C and D show the pH and drug content 
changes in DTX and DTX-BSA-NPs at 40°C. When DTX was stored for 3 months, a small amount of precipitation was 
observed, the pH decreased to 5.3, and the drug content was 65.65%. However, the freeze-dried DTX-BSA-NPs showed 
no significant changes in appearance, the redispersibility was good, the pH decreased by 0.6, and the drug content 
reduced to 66.76%. These results showed that the freeze-dried powder showed higher stability than DTX, but it still 
needed to be kept at low temperature.

Figure 11 Stress test of commercial product (DTX) and DTX-BSA-NP powders. (A and B) illustrate the influence of strong light (4500±500 Lx) on pH value and content of 
DTX. (C and D) present the impact of high temperature (60±2°C) on pH value and content of DTX. (E and F) demonstrate the influence of high humidity (92.5±5% RH) on 
pH value and content of DTX. All data are presented as mean±SD (n=3).
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Pharmacokinetic Study
The in-vivo bioavailability of poorly soluble drugs can be effectively enhanced by encapsulation in BSA NPs.84–86 

Figures 13 and 14 demonstrate the plasma concentration–time curves and pharmacokinetic parameters of DTX and DTX- 
BSA-NPs after intravenous injection. As illustrated in Figure 13, both formulations exhibited a rapid increase in the 
concentration of DTX post-administration, reflecting quick absorption. After attaining peak levels, the concentration of 
DTX in both formulations diminished progressively, signifying the drug’s distribution and subsequent elimination from 
the body. The DTX-BSA-NPs showed a more gradual decrease in concentration than the DTX, indicating its slower 
release rate, which potentially leads to a longer duration of action. Over a 24 h period, the DTX-BSA-NPs maintained 
a higher concentration than the DTX. This sustained release profile aligns with the results observed from in-vitro release 
studies. As shown in Figure 14, no significant difference was found in the Cmax and T1/2α values between DTX and DTX- 

Figure 12 Accelerated test of DTX and DTX-BSA-NPs. (A and B) illustrate the changes in pH value and DTX content under storage at 25°C. (C and D) present the 
variation of pH value and DTX content at 40°C. All data are presented as mean±SD (n=3).

Figure 13 Pharmacokinetic profiles of DTX concentration over time following iv injection of DTX and DTX-BSA-NPs to SD rats (n=5).
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BSA-NPs. However, the drug was rapidly cleared from the bloodstream for DTX, resulting in a T1/2β of 1.12 h only. By 
contrast, the DTX-BSA-NPs exhibited an extended T1/2β of 4.20 h compared with DTX (p < 0.05). Even after 24 h of 
injection, the drug concentration remained detectable in the serum. The AUC(0-t) of the DTX-BSA-NP group increased 
by 2.29-fold compared with that of the DTX group (12.16 ± 0.46 mg/L*h vs 5.31 ± 0.18 mg/L*h, p < 0.05), indicating 
a higher relative bioavailability (around 229 ±3%) for BSA NPs than for the DTX solution.12,87 The MRT(0-t) of DTX- 
BSA-NPs was 2.58-fold higher than that of DTX, suggesting that the BSA-NPs extended the average residence time of 
DTX. Compared with the DTX group, the DTX-BSA-NP group showed a decrease in CL from 1.51 L/h/kg to 0.81 L/h/ 
kg (p < 0.05). The increase in AUC and MRT and the reduction in CL indicate that the DTX-BSA-NPs can circulate in 
the blood for a longer duration. This phenomenon might be caused by the sustained release of DTX and decreased tissue 
distribution of DTX-BSA-NPs.81,88 It was also found that the hydrophobic amino acid residues, such as alanine and 
isoleucine, found in BSA are likely to enhance the binding of drug molecule through hydrophobic interactions, and 
further cause the enhanced bioavailability of DTX.89,90

Conclusion
The commercial DTX formulated with polysorbate 80 and ethanol (50:50, v/v), causes allergic reactions and serious side 
effects. In this study, surfactant-free DTX-BSA-NPs were designed by a novel thermal-driven self-assembly/microfluidic 

Figure 14 Pharmacokinetic parameters of DTX and DTX-BSA-NPs in SD rats (n=5), *p<0.05, significant difference compared with DTX group.
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combination technology using BSA as a carrier with good biocompatibility, non-toxicity and non-immunogenicity. The 
formulation composition and preparation process were optimized by a single-factor analysis and an orthogonal test. The 
optimal NPs exhibited an appropriate particle size with high EE and DL. The freeze-dried DTX-BSA-NP powders 
showed no significant changes compared with NP suspensions in particle size, EE, and DL. DTX-BSA-NPs showed an 
obvious sustained release pattern with some interactions between the drug and excipients. The freeze-dried DTX-BSA- 
NPs exhibited a higher stability than DTX under different storage conditions. In addition, DTX-BSA-NPs also possessed 
the ability to prolong the circulation within the body, thereby further enhancing the bioavailability of DTX. This research 
could provide theoretical and experimental foundation for the industrialization and production of DTX-BSA-NPs.
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