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Abstract 

Background Docetaxel (DTX) finds extensive use in treating various cancers, but its limited solubility, side effects, 
and multi-drug resistance (MDR) hinder its effectiveness. To enhance DTX’s properties, the study aimed to formulate 
DTX-loaded mixed micelles (MMs) and evaluate their anticancer potential using Quality by Design (QbD) approach. 
Using solvent evaporation, DTX-loaded MMs were prepared and optimized via a  32 full factorial design.

Results The optimized formulation (R5) displayed a % entrapment efficiency (%EE) of 74.81 ± 4.27%, % drug load-
ing capacity (%DLC) of 29.27 ± 0.70%, and mean particle size (MPS) of 71.4 ± 1.24 nm. TEM images confirmed well-
dispersed spherical MMs. Analytical studies (IR, DSC, and P-XRD) showed no adverse drug-excipient interactions. The 
MMs were converted into vacuum foam-dried (VFD) products for enhanced stability. The optimized VFD products 
exhibited low residual moisture, rapid reconstitution, consistent drug content, and high %EE. Notably, sustained drug 
release from the VFD product reduced hemolysis and in vitro cytotoxicity against B16F10 melanoma cells.

Conclusion This study creatively tackled DTX’s challenges through targeted MM development, transformed 
them into VFD products, demonstrating the potential for melanoma treatment. The QbD approach ensures the for-
mulation’s safety, efficacy, and quality, underscoring the promising VFD technology and multifunctionality of mixed 
micelles.
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Background
Docetaxel (DTX), a BCS Class IV drug, possesses chal-
lenges in oral absorption due to its low solubility and 
low permeability, leading to poor bioavailability [1]. 
Its narrow therapeutic index and potential side effects 
necessitate cautious formulation to minimize toxicity 
and enhance patient tolerability [2]. Improving effi-
cacy with reducing adverse effects on healthy tissue 
are difficult aspects of targeting cancer cells. Besides, 
large-scale production transition poses difficulties in 
maintaining consistency and quality. These considera-
tions are crucial in optimizing docetaxel pharmaceuti-
cal properties for effective cancer treatment [3]. Efforts 
to enhance drug effectiveness have led to advancements 
in drug delivery technologies. Targeted medication 
delivery entails selective and effective localization of 
a pharmacologically active ingredient at a preselected 
target in therapeutic concentration while limiting its 
access to nontarget areas, hence increasing the treat-
ment’s effectiveness [4]. Mixed micelles (MMs) refer 
to micellar systems composed of multiple amphiphilic 
components that offer targeted drug delivery, enhanced 
drug loading capacity, and better control over drug 
release kinetics [5]. Many researchers have formulated 
DTX MMs to enhance the properties of DTX in various 
applications. However, these formulations pose chal-
lenges due to certain limitations these include MPP, 
TPGS, and CSO-SA copolymers by thin film hydration 
method for enhanced oral absorption [6]. However, 
difficulties with achieving constant film thickness and 
managing the size and stability of MMs occur when 
employing the thin film hydration approach for the for-
mulation. A PF127 and Tween 80 MMs gel to address 
stability and solubility challenges [7]; DTX MMs with 
TPGS and Poloxamer 188 [8]; a Pluronic P105 and F127 
polymeric MMs against taxol-resistant lung cancer [9]; 
a monomethylol poly(ethylene glycol)-poly(d,l-lactic 
acid) (MPP) and Pluronic copolymer MM for enhanced 
bioavailability and overcoming multidrug resistance 
[10]; and DTX MMs with TPGS and Pluronic F108 
for overcoming MDR in cancer [11]. But, TPGS, a 
surfactant, and solubilizer, have limitations regard-
ing stability, efficacy, and solubility. Besides, Tween 80, 
another surfactant, may pose concerns about cytotox-
icity and adverse effects [12]. Compatibility and phase 
separation issues should be addressed when employ-
ing multiple Pluronic copolymers, like Pluronic P105 
and F127. Moreover, it is crucial to note that the MPS 
of TPGS and Pluronic F108 MMs was observed to be 
233 ± 3 nm which exceeds 100 nm, which hinders their 
ability to leverage the Enhanced Permeability and 
Retention (EPR) effect for tumor targeting [13]. Hence, 
careful selection and optimization of MMs composition 

and method of preparation help to tailor the properties 
of drug delivery systems to specific cancer treatment 
needs.

The scalability of solvent evaporation for mixed 
micelles (MMs) is vital for large-scale production, offer-
ing ease of optimization for reproducibility [14]. The 
cost-effectiveness of this method, coupled with the 
novel combination of  Soluplus® and PF108, enables the 
modulation of drug release kinetics, addressing chal-
lenges associated with maintaining a constant film thick-
ness and managing particle size [15, 16]. By avoiding the 
use of Tween 80, concerns regarding cytotoxicity and 
adverse effects are minimized, while ensuring that the 
MMs achieve a size below 100  nm [17]. Furthermore, 
in cancer treatment product development, the applica-
tion of Quality by Design (QbD) principles is pivotal, 
offering a systematic approach to optimize formulation, 
manufacturing, and analytical methods for consistent 
and high-quality cancer therapeutics, ensuring proactive 
identification and mitigation of risks for safer and more 
effective treatments [18].

Previous literature shows that nanoparticles, includ-
ing micelles, often face long-term stability issues, such as 
aggregation and chemical degradation [19]. To enhance 
micelle stability, methods like lyophilization, spray dry-
ing, membrane extrusion, and coacervation are employed 
[20], but they face challenges. Lyophilization and spray 
drying may lead to changes in micelle size [21] and struc-
ture, while membrane extrusion can result in the loss of 
active ingredients [22]. Coacervation may pose difficul-
ties in controlling particle size and stability [23]. Address-
ing these challenges is crucial for advancing micellar 
formulations with improved stability and functionality. 
To overcome these challenges and further enhance the 
stability of the developed MMs, novel methods like vac-
uum foam drying (VFD) have been explored in product 
development. VFD involves the use of foam structures, 
formed by mixing drug-loaded micelles with a foam-
ing agent, which are then subjected to a VFD [24]. This 
method allows for the production of solid, porous mate-
rials that maintain the structure and stability of micelles, 
preventing drug leakage and preserving their therapeutic 
properties [25]. Retaining drug encapsulation effective-
ness, improving stability, extending shelf life, and being 
simple to handle and store are some benefits of VFD.

The objective of this research was to develop DSP-
MMs loaded with novel pluronic polymers  Soluplus® 
and PF108 using the solvent evaporation method, for 
enhanced treatment against melanoma. To accomplish 
this goal, a QbD approach was employed for the formu-
lation process, focusing on optimizing the MM’s qual-
ity, efficacy, and stability as given in the Additional file 1: 
Supplementary Data S1 - Quality by Design Parameters 
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for Formulation Optimization (see Additional file  1 
for details). Additionally, the research was focused on 
exploring the application of VFD as a means to further 
improve the stability of the DSP MMs, ensuring their 
suitability for long-term storage and sustained effective-
ness in melanoma treatment.

Methods
Materials
Docetaxel was purchased from IQGEN-X Pvt. Ltd, Mum-
bai, India.  Soluplus® was graciously gifted by BASF, India. 
PF108 was sourced from Sigma-Aldrich, Mumbai. Other 
chemicals were obtained from Molychem, Mumbai.

Culture medium and cell line
In this study, the B16F10 murine melanoma cell line 
(ATCC, USA) was obtained from the American Tissue 
Culture Collection. The stock cultures were then main-
tained at 37  °C in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with fetal bovine serum, and 
streptomycin (100 µg/mL) under a 5%  CO2 atmosphere. 
The cells were seeded in a microplate within an artificial 
womb with 5%  CO2 and incubated at 37 °C for 24 h [9].

Critical micelle concentration determination
The CMC of  Soluplus® and PF108, both individually and 
in combination, was determined using the Iodine  (I2) 
UV-visible spectrophotometric method. A standard KI/
I2 solution was prepared by dissolving 2 gm of potassium 
iodide (KI) and 1 gm of iodine  (I2) in deionized water. 
Solutions of  Soluplus®, PF108, and their mixtures at con-
centrations of 0.00001, 0.00005, 0.0001, 0.0005, 0.001, 
0.005, 0.01, 0.05, and 0.1 mM were prepared in double-
distilled water (DDW), to which the KI/I2 solution was 
added. The samples were stored in the dark at room tem-
perature for 12 h. Subsequently, the absorbance at 366 
nm was measured using an Agilent 1800 UV spectropho-
tometer [12].

Development and optimization of MMs
The development of DTX-loaded  Soluplus® with PF108 
MMs (DSP-MMs) involved the utilization of the most 
efficient and scalable solvent evaporation method. Soni-
cation was employed for 5 min to dissolve a combination 
of DTX and copolymer in methanol, which was gradually 
added drop by drop to distilled water under continuous 
stirring. The evaporation of methanol at room tempera-
ture was facilitated through continued stirring until a 

clear supernatant of DSP-MMs was obtained after cen-
trifugation. Blank MMs were also prepared without the 
addition of DTX.

For optimizing the DSP-MMs, a highly efficient  32 full 
factorial design was employed. The design focused on two 
independent variables the concentration of  Soluplus® (X1) 
and PF108 (X2). The study considered two dependent vari-
ables, namely % entrapment efficiency (%EE; Y1) and mean 
particle size (MPS; Y2). To determine suitable levels of the 
independent variables, a preliminary screening was con-
ducted, and each factor was assigned values of − 1, 0, and 
+ 1, as for the concentration of  Soluplus® (X1), levels were 
set at 182 mg, 364.5 mg, and 547 mg. Likewise, for the 
concentration of PF108 (X2), levels were defined as 22 mg, 
44.5 mg, and 67 mg. The statistical analysis was carried 
out using Design  Expert® VR software. Analysis of vari-
ance (ANOVA) was employed to assess the significance of 
the model. The coefficients of magnitude were calculated 
based on the polynomial equations, and p values were 
used to determine the statistical significance (p < 0.05) [9].

Evaluation of DSP‑MMs
Entrapment efficiency and drug loading capacity (DLC)
The concentration of DTX in DSP-MMs was measured 
by diluting 1 mL of DSP-MMs supernatant with metha-
nol to 10 mL and sonicating for 5 min. The resulting solu-
tions were spectrophotometrically scanned at 230 nm 
using a UV–visible spectrophotometer (Model UV-1900, 
Shimadzu) equipped with a high-quality quartz UV cell 
designed to accommodate standard cuvettes with a 1 
cm path length, facilitating accurate estimation of the 
DTX concentration. Substituting values in the follow-
ing formulae, the %EE and %DLC of DSP-MMs were 
determined [26]. The %EE and %DLC of DSP-MMs 
were calculated by substituting values in Eq. 1 and Eq. 2 
respectively [26].

Mean particle size (MPS) and zeta potential (ZP):
The Horiba particle size analyzer (Horiba SZ-100, 
ver. 2.40) was used to determine the MPS and ZP of 
DSP MMs. The dynamic light scattering method was 
employed to analyze particle size, and

Laser Doppler Anemometry technology was used to 
measure zeta potential. Each experiment was carried out 
in triplicate at 25 ± 5 °C [26].

(1)% EE =
Weight of drug in micelles

Weight of drug taken initially
× 100

(2)% DLC =
Weight of drug in micelles

Weight of drug fed initially+Weight of copolymers
× 100.
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Drug‑excipient compatibility study
Fourier transform infrared spectroscopic analysis 
(FTIR) FTIR analysis was conducted to investigate the 
compatibility of DTX with  Soluplus® and PF108. FTIR 
spectra were recorded for plain DTX,  Soluplus®, PF108, 
and a physical mixture of DTX,  Soluplus®, and PF108. 
Samples for FTIR were prepared following a methodol-
ogy based on the principles outlined by Patravale et al. This 
involved maintaining a specific 1:0.5 ratio of active pharma-
ceutical ingredient (API) to solubilizers, mainly  Soluplus® 
and PF108. Each unit of the API was combined with 0.5 
units of  Soluplus® and PF108. The FTIR measurements 
were performed using an Agilent Alpha 100508 instrument 
over a wave number range of 4000 to 400  cm−1 [27].

Differential scanning calorimetry (DSC) analysis The 
thermal characteristics and interactions between DTX 
and the co-polymer were examined through DSC analysis. 
Both plain DTX and optimized DSP-MMs were subjected 
to the analysis using a DSC instrument Thermo Gravimet-
ric Analysis–Differential Thermal Analysis–Differential 
Scanning Colorimetric (TGA–DTA–DSC) instrument 
with make TA instruments and model SDT Q600 V20.9 
build 20. The samples were heated from 0 to 500 °C at a 
scan rate of 10 °C/min. An empty aluminum pan was used 
as the reference material for the measurements [9].

Processing of mixed micelles by vacuum foam 
drying
The product development process involved the careful 
transfer of precise 1 mL portions of DSP-MMs formu-
lations into 3  mL glass vials. These vials contained a 
solution with 15% sucrose and 3% citric acid. The vials 
were partially sealed and then placed on the shelf of a 
Labconco lyophilizer (FreeZone 2.5® model). The lyo-
philizer condenser temperature was set to − 50 °C. Vac-
uum concentration of the DSP-MMs compositions took 
place for 4 h below 10 °C, maintaining a vacuum above 
100 mBar. During this step, the composition’s viscosity 
and surface area were carefully adjusted to ensure foam 
stability and efficient removal of water through evapo-
ration during bubble formation. Subsequently, further 
drying of the viscous solutions occurred under vacuum 
conditions ranging from 1.650 to 0.030 mBar, with var-
ying holding times to complete a 24 h cycle. Secondary 
drying was conducted at a temperature between 10 and 
20  °C and 0.024 mBar for 2  h. As a result of this pro-
cess, the dried products exhibited a highly porous thin 
bubble film inside the vials. The next step involved fully 
stoppering the vials under vacuum, and the finished 
product, known as the vacuum foam-dried DSP-MMs 
(DSP-MMs VFD product), was stored in a refrigerator 
at 4–8 °C until further analysis [25].

Characterization of DSP‑MMs VFD product
After processing, the final product was further sub-
jected to characterization to assess PS, ZP, PDI, %EE, 
%DLC, moisture content, and reconstitution time [25].

Comparative analysis of DSP‑MMs and DSP‑MMs 
VFD product
Morphological characterization using TEM and SEM 
analysis
The surface morphology of optimized DSP-MMs and 
DSP-MMs VFD products was analyzed using TEM 
and SEM. The SEM was done on the Scanning Elec-
tron Microscope with Jeol Ltd., Japan, and model JSM 
6360 A. For TEM analysis, two drops of each sample 
were placed on a nitrocellulose-coated copper grid and 
air-dried for over 12 h at room temperature. Following 
this, the samples were stained with a 2% w/v phospho-
tungstic acid solution and examined using a Transmis-
sion Electron Microscope with Jeol and model JM 2100 
to analyze morphological characteristics [28]. For SEM, 
samples were fixed on a brass stub, made electrically 
conductive by platinum coating in a vacuum using a 
Hitachi Ion Sputter, and analyzed with ImageInside Ver. 
2.32 [29].

Powder X‑ray diffraction analysis
The crystallinity behavior of the formulations was 
assessed using P-XRD analysis. Diffractograms of stand-
ard DTX, optimized DSP-MMs, and DSP-MMs VFD 
products were obtained using an X-ray Diffractometer 
(Bruker D8 Advance). The X-ray diffractometer operated 
with Cu-K radiation (λ = 1.54) at a voltage of 40 kV and 
50 mA, incrementing in steps of 0.02° from 5° to 60° dif-
fraction angle (2°θ) at 1  s/step. A zero background was 
used during the scanning of all samples [9].

In vitro drug release study
In vitro drug release behavior of DTX from DSP-MMs, 
plain DTX, and DSP-MMs VFD products was investi-
gated using the dialysis tube method. Dialysis bags con-
taining DTX dispersion and DSP-MMs equivalent to 
2.5  mg DTX were immersed in phosphate buffer solu-
tion (PBS) pH 7.4 with tween 80, maintained at 37  °C, 
and stirred at 150  rpm. At pre-determined intervals (0, 
2, 4, 6, 8, 24, 48, 72, and 96  h) samples were extracted, 
replaced with fresh medium, and analyzed using a UV–
visible spectrophotometer at wavelength 230  nm. The 
drug release study results were analyzed by correlating 
the percentage cumulative drug release against time and; 
mathematical kinetic models viz. zero-order, first-order, 
Higuchi, and Korsemeyer-Peppas to understand the drug 
release mechanism of the MMs formulations [30].
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In vitro hemolysis study
The hemolytic effect of pure DTX, blank DSP-MMs, 
DSP-MMs (optimized R5 formulation), and DSP-MMs 
VFD products were evaluated using human blood. 
Fibrinogen was removed from a 5  mL blood sample 
through centrifugation, and the RBC pellets were cleaned 
and redispersed in 0.9% NaCl injection water. A 2% 
erythrocyte pellet solution was prepared and mixed with 
the above samples in flasks, with the volume adjusted to 
10  mL using 0.9% NaCl. Besides, negative and positive 
controls were also prepared. The flasks were incubated 
at 37  °C for 2 h, followed by centrifugation and absorb-
ance measurement at wavelength 420  nm. The percent-
age hemolysis was calculated using Eq. 3 [31]:

In vitro cytotoxicity
The cytotoxicity of plain DTX, blank DSP-MMs, and 
DSP-MMs was evaluated using the murine melanoma 
cell line (B16F10) through a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye 
reduction test. The stock cultures were stored for 18  h 
at 2–8 °C before the cells were seeded. Cells were seeded 
in a 96-well microtiter plate, and after the formation of 
a partial monolayer, various test drug doses were added. 
Following a 48  h incubation period, MTT reagent was 
added, and the formazan was dissolved using DMSO. 
Absorbance was measured at wavelength 590  nm, and 
the percentage growth inhibition was calculated. The 
 IC50 values were determined using dose–response curves 
for each cell line [9].

Stability study of MMs and DSP‑MMs VFD product
According to the ICH stability testing requirements for 
biologicals short-term stability studies on the improved 
DSP-MMs and DSP-MMs VFD products were conducted 
for 6 months. The optimized MMs composition was filled 
in vials and stored at 2–8  °C and 60% RH. The product 
appearance, MPS, and %EE of the dried composition 
were assessed [25].

Results
This research aimed to prepare DSP MMs containing 
 Soluplus® and PF108 by leveraging the essential proper-
ties of the excipients. The additional application of VFD 
was employed to overcome various challenges associ-
ated with previous methods.  Soluplus®, a novel polymer 
renowned for its exceptional solubilization properties, 
particularly for poorly soluble APIs, was combined syn-
ergistically with PF108. The selection of PF108 was 

(3)%Hemolysis =
Abs of sample− Abs of negative control

Abs of positive control− Abs of negative control
× 100.

based on its outstanding foaming capacity, strategically 
intended for use in the novel VFD process. Simultane-
ously,  Soluplus® was chosen strategically to facilitate 
the solubilization of the drug and achieve the formation 
of mixed micelles (MMs) with a size below the accepted 
threshold of 100 nm.

CMC of polymers and mixture
In this study, the iodine UV–visible spectrophotometric 
method was used to determine the CMC. Iodine served 
as a hydrophobic probe, and its conversion from  I3 to  I2 
in the solution indicated the formation of micelles. This 
method is preferred over the cloud point method, because 
the reliability of the cloud point method is compromised 

by temperature sensitivity, making it less robust without 
strict control [32]. Additionally, its subjective nature, 
relying on visual observation, can introduce variability in 
results due to individual interpretation. The CMC values 
of pure  Soluplus®, PF108, and  Soluplus® + PF108 mixture 
were 0.0031 mg/mL, 0.01047 mg/mL, and 0.001 mg/mL, 
respectively, as shown in Fig.  1. The lower CMC of the 
 Soluplus® + PF108 mixture is indicative of enhanced drug 
loading capacity, drug delivery efficiency, and significant 
in vivo stability which is crucial for pharmaceutical appli-
cations [12].

Development and optimization of MMs
In the pursuit of product development, preliminary 
experiments were conducted, followed by formulation 
optimization using a  32 full factorial design. Two inde-
pendent variables,  Soluplus® concentration (X1) and 
PF108 concentration (X2), were investigated at three dif-
ferent levels, resulting in nine possible combinations of 
DSP-MMs as presented in Table  1. The impact of inde-
pendent variables was assessed with two dependent 
variables %EE (Y1) and MPS (Y2). Through optimization, 
batch R5 emerged as the most promising, exhibiting %EE 
of 74.81 ± 1.35%, MPS of 71.4 ± 0.2 nm, and drug loading 
of 29.27%.

Effect of formulation variables on %EE
The effect of  Soluplus®(X1) and PF108 (X2) concentra-
tions on the %EE was estimated using a contour plot, 
Fig. 2A, and a 3D surface response plot Fig. 2B.

The %EE of DTX in MMs was observed to be 
increased with an increase in the concentration of both 
PF108 and   Soluplus®. However, at a medium  Soluplus® 
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concentration (365  mg), a substantial increase in %EE 
was observed that ranged from 72 to 74.81%. The %EE 
of the DSP-MMs also increased with an increase in 
concentrations of both the components up to medium 
concentrations. Beyond this point, further increases in 
 Soluplus® and PF108 concentrations led to a decrease in 
%EE [33]. This can be attributed to establishing a satura-
tion point within the carrier system at elevated concen-
trations, which diminished the progressive advantages 
of additional  Soluplus® and PF108. Moreover, appre-
hensions about potential aggregation or precipitation of 
these components emerged as concentrations increased, 
significantly compromising their efficacy in enhancing 
encapsulation efficiency. The simultaneous increase in 
solution viscosity due to heightened concentrations was 
also recognized as a pertinent factor contributing to this 
phenomenon, potentially obstructing the unobstructed 
diffusion of the DTX into the MMs.

The final %EE equation in terms of coded components 
is given below in Eq. 4:

(4)
%EE = +74.59I + 4.21A+ 0.8633B− 1.82AB− 5.95A2

− 1.13B2

Equation  (4) shows a positive value indicating an 
increase in %EE owing to an increase in the concentra-
tion of  Soluplus® and PF108. The Model F-value of 
153.92 and a p value of 0.0008 being < 0.05 indicates that 
the model terms are significant.

Effect of formulation variables on particle size
The effect of  Soluplus® (X1) and PF108 (X2) concentra-
tions on the MPS was revealed using a contour plot, 
Fig. 2C, and a 3D surface response plot, Fig. 2D.

The MPS of DSP-MMs formulations were in the 
range of 71.4 ± 0.2  nm to 80.5 ± 1.4  nm. The concentra-
tion of PF108 and  Soluplus® significantly affected MPS. 
The MPS of the DSP-MMs goes on decreasing with the 
increase in the concentration of both variables up to a 
certain extent after which it further goes on increasing 
with the increase in the concentration [34].

The model F-value 41.77 and a p value 0.0056 < 0.0500 
indicates that the model terms are significant [31].

(5)
MPS = +70.76I − 1.18A− 0.1500B+ 2.80AB+ 3.32A2

+ 2.12B2

Fig. 1 CMC of  Soluplus®, PF108, and  Soluplus® + PF108 mixture

Table 1 Formulation compositions using  32 full factorial design and results of their characterization

The results are the mean ± SD (n = 3)

Batch code Drug (mg) Soluplus® (mg) PF108 (mg) % EE (%) MPS (nm) DLC (%)

R1 2.5 182 22 60.79 ± 2.23 80.5 ± 1.40 20.43 ± 0.75

R2 2.5 182 45 64.51 ± 1.22 74.8 ± 2.89 23.75 ± 0.91

R3 2.5 182 67 65.73 ± 3.56 74.7 ± 4.59 26.14 ± 1.27

R4 2.5 365 22 72.06 ± 2.27 72.8 ± 03.27 28.02 ± 1.41

R5 2.5 365 45 74.81 ± 4.27 71.4 ± 1.24 29.27 ± 0.70

R6 2.5 365 67 74.64 ± 1.82 72.3 ± 3.81 25.11 ± 0.69

R7 2.5 547 22 73.04 ± 2.43 72.4 ± 4.78 21.23 ± 0.34

R8 2.5 547 45 72.54 ± 4.65 72.7 ± 3.25 19.46 ± 1.25

R9 2.5 547 67 70.70 ± 1.28 77.8 ± 4.7 18.12 ± 0.89
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Mean particle size and zeta potential:
The MPS of the MMs in the absence of DTX was found 
to be 74.4  nm, as shown in Fig.  3A.  The MPS and zeta 
potential of DSP-MMs optimized batch R5 are pre-
sented in Fig.  3B and C were found to be 71.4 ± 0.2  nm 
and − 17.6 mV, respectively. TEM analysis confirmed the 
MPS estimated by dynamic light scattering [9].

Drug‑excipient compatibility study
FTIR analysis
Figure  4 displays the overlain FTIR spectra of DTX, 
PF108,  Soluplus®, and the optimized formulation DSP 
MMs. In product development, FTIR analysis is pivotal 
for studying drug-excipient interactions and assessing 
formulation stability. DTX FTIR peaks include O–H, 
N–H stretching at 3630, 3444, and 3355   cm−1, aromatic 
C=C stretching at 1699   cm−1, and C–O–C stretch-
ing at 1157, 1251   cm−1. PF108 shows C–H stretching 

at 2875   cm−1, C–H bending at 1462   cm−1, and C–H 
bending at 840   cm−1.  Soluplus® exhibits O–H, N–H 
stretching at 3656   cm−1, C–H stretching at 2886   cm−1, 
C=O at 1731   cm−1, and C–O, C–O–C stretching at 
1102  cm−1[34].

DSC analysis
DSC analysis is vital in product development, offering 
insights into thermal transitions and formulation prop-
erties. The overlain DSC thermograms in Fig.  5I depict 
DTX and DSP MMs VFD products. DTX exhibits an 
endothermic peak at 178–188 °C, while DSP MMs VFD 
product shows a peak at 308.16  °C, indicating polymer 
melting and a solid-to-liquid transition. Notably, the 
DTX melting point peak disappears in DSP MMs VFD 
products, suggesting a transition from a crystalline to a 
partially amorphous state, crucial for optimizing drug 
delivery properties in pharmaceutical development [35].

Fig. 2 A Contour plot of %EE, B 3D surface plot of %EE, C contour plot of particle size, D 3D surface plot of particle size
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Characterization of DSP‑MMs VFD product
The DSP-MMs VFD products were a lightweight, porous 
material with a high surface area that was obtained 
under reduced pressure conditions. The product 
formed facilitates rapid drying by removing moisture 
at lower temperatures than traditional drying meth-
ods. The resulting product typically exhibits character-
istics such as enhanced porosity, improved rehydration 
capabilities, and a unique texture, as shown in Fig.  6A. 
The DSP-MMs VFD products underwent characteri-
zation to evaluate MPS, zeta potential, PDI, EE, drug 
loading, moisture content, and reconstitution time. The 
MPS was 82.7 ± 0.98  nm (Fig.  3D), zeta potential was 
−  14.1 ± 0.9 (mV) (Fig.  3E), PDI was 0.073 ± 0.011, %EE 
was 79.98 ± 0.97%, DLC was 98.2 ± 1.3%, moisture content 
was  2.25 ± 0.36%, and reconstitution time was 46 ± 5  s 
(Fig.  6B). These findings provided valuable insights into 
the physical properties and performance of the final 
product.

Morphological characterization using TEM and SEM 
analysis
The morphological characteristics of the optimized R5 
formulation DSP-MMs structure and DSP-MMs VFD 
product are validated by TEM analysis Fig.  7A and B. 
The self-assembled MMs were observed to be spherical 
in shape. TEM images confirmed the nanoscale of gen-
erated MMs, which was comparable with the results, 
obtained using Zetasizer [36]. The SEM images revealed 
a highly porous structure of DSP-MMs VFD product 
(Fig. 7C and D). This porous nature facilitates the rapid 

reconstitution of DSP-MMs VFD products into micellar 
solutions [37].

Powder X‑ray diffraction analysis
The P-XRD patterns of the plain DTX, DSP-MMs, and 
DSP-MMs VFD products are displayed in Fig. 5II. Plain 
DTX showed characteristic strong, high-energy dif-
fraction peaks, indicating crystallinity. In the case of 
optimized DSP-MMs, these peaks were dramatically 
broadened with reduced peak intensities indicating par-
tial amorphization. These characteristic peaks disap-
peared in the diffractogram of VFD products, indicating 
the amorphization of DSP-MMs VFD products [38].

In vitro drug release study
Illustrated in Fig.  8I are the release profiles of DTX 
from different formulations: plain DTX DSP-MMs and 
DSP-MMs VFD products. When dissolved in metha-
nol, plain DTX exhibited an impressive release rate of 
over 90% after 8 h in PBS (pH 7.4) with 0.5% w/v tween 
80, maintaining the sink condition. Comparatively, the 
DTX release from DSP-MMs after 96 h was measured to 
be 81.95 ± 1.3%. However, the DSP-MMs VFD product 
showcased even more remarkable sustained release capa-
bilities, reaching 83.23 ± 1.5%, outperforming plain DTX 
in terms of sustained release performance [9].

The drug release pattern was analyzed by fitting the 
%CDR data from the release profile into various mod-
els, including zero-order, first-order, Higuchi, and 
Korsmeyer-Peppas models. Among these models, the 
Higuchi model demonstrated the highest correlation 

Fig. 3 A MPS of MMs in the absence of DTX, B MPS of DSP MMs, C zeta potential of DSP MMs, D MPS of DSP-MMs VFD product, E zeta potential 
of DSP-MMs VFD product
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coefficient (R2), as depicted in Fig.  7II. Consequently, 
this model was selected as the best fit for the data, indi-
cating that the main drug release mechanisms from 
DSP-MMs involve dissolution and diffusion [39].

In vitro hemolysis study
The hemolysis assay was performed to assess the biocompat-
ibility and safety of the formulations. The results of in vitro 
hemolysis in plain DTX, blank  Soluplus®/PF108 MMs, 
DSP-MMs, and DSP-MMs VFD products are presented in 
Fig.  9. The positive control displayed complete hemolysis, 
while the negative control showed minimal hemolysis. Plain 

DTX exhibited a higher percentage of hemolysis compared 
to DSP-MMs and DSP-MMs VFD products at the same 
dose. Compared to Taxotere, a marketed formulation of the 
DTX and previously prepared docetaxel nanoformulations, 
DSP-MMs VFD product exhibits reduced hemolysis, pro-
viding evidence of the enhanced quality of the developed 
product. This indicates that encapsulation of DTX in DSP-
MMs and the subsequent DSP-MMs VFD product signifi-
cantly reduced the hemolytic potential of the formulation. 
The reduced hemolytic activity indicates a decreased risk 
of red blood cell damage and supports the potential for safe 
and effective delivery of DTX using DSP-MMs and DSP-
MMs VFD products intravenously [40].

Fig. 4 FTIR spectrums: A Docetaxel, B PF108, C  Soluplus® and D DSP MMs
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In vitro cytotoxicity study
All the test samples showed a cytotoxic effect on the 
B16F10 cell line that was concentration-dependent 
(Fig.  8III and Table  2). At the same doses, both plain 
DTX and DSP-MMs demonstrated virtually compa-
rable cytotoxicity against cancer cells. On the B16F10 
cell line, the simple DTX displayed a lower  IC50 value 
of 0.2155  µM than DSP-MMs with an  IC50 value of 
1.170  µM. In comparison to conventional DTX, DSP-
MMs displayed a slightly higher  IC50 value, indicating 
lesser cytotoxicity against the B16F10 cell line. The 
sustained release of DTX from DSP-MMs, as seen in 
the in vitro release study, can be attributed to reduced 
cytotoxicity. The sustained release of DTX from MMs 
corresponded to a previous study described by Patil 
et al. [9].

Stability study of DSP‑MMs and DSP‑MMs VFD product
The comparison between the stability of the developed 
formulations, DSP-MMs, and DSP-MMs VFD prod-
ucts under accelerated storage conditions is depicted in 
Table  3. The table showcases key physical properties at 
two distinct time junctures: initial time (time zero) and 
following a 3-month storage period. This evaluation 
provides valuable insights into the endurance of the for-
mulations over time and in the face of adverse storage 
conditions [25].

Discussion
Soluplus®, a versatile polymer in drug delivery, offers 
advantages like high solubilization capacity, biocom-
patibility, and improved drug bioavailability [41]. In 
this current study, a composite formulation comprising 
PF108 and  Soluplus® was employed. The inclusion of 
PF108 was driven by its foaming capacity. Nonetheless, 
prior research revealed that PF108 single micelles com-
monly exhibited a moderately higher particle size. In 
light of this limitation and with the objective of achiev-
ing a reduced particle size, the collaborative incorpora-
tion of PF108 with  Soluplus® was employed. As a result, 
the resultant mixed micelles exhibited a decrease in 
particle size compared to the micelles composed of 
PF108 alone. When combined with PF108, these ben-
efits are further amplified in MMs. The combination of 
Soluplus® and PF108 in MMs results in smaller MPSs 
compared to individual micelles of either polymer. 
This reduction in MPS facilitates the extravasation of 
MMs through the leaky tumor vasculature [42], leading 
to enhanced accumulation at the tumor site through 
the EPR effect [43]. Additionally, the mixed micelles 
formed by  Soluplus® and PF108 can accommodate a 

Fig. 5 (I): DSC thermograms: A DTX, B DSP-MMs (R5), and C VFD product and (II) P-XRD: A Plain DTX, B DSP-MMs, and C DSP-MMs VFD product

Fig. 6 DSP-MMs product: A VFD product and B reconstituted VFD 
product
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higher drug payload, maximizing the amount of drug 
delivered to the target site, further improving the thera-
peutic effect [44]. Previously, Patil KS et  al. developed 
DTX-MMs using TPGS and PF108, achieving a MPS of 
233 ± 3  nm and %DLC of 2.06 ± 0.08 [12]. In contrast, 
this research demonstrated that MMs formed by com-
bining  Soluplus® and PF108 resulted in a significantly 
smaller MPS, measuring 71.4 ± 0.2  nm, and a substan-
tially higher %DLC of 29.27%. Hence, the combina-
tion of  Soluplus® and PF108 proves to be a superior 
choice for the development of docetaxel MMs. Fur-
ther, QbD principles were crucial in product develop-
ment, starting with defining the QTPP and identifying 
CQAs through pre-formulation studies [45] as given in 
the Additional file  1. A factorial design was employed 
to systematically vary critical factors, including poly-
mer concentrations and other formulation parameters, 
through multiple experimental runs [46]. The effects 
of these variations on the MPS and %EE were evalu-
ated. The objective of this optimization phase was to 
determine the optimal formulation that would yield 
MMs with the desired attributes, ultimately resulting 

in a high-quality product. Through this optimization 
R5 batch demonstrated promising characteristics, indi-
cating an efficient encapsulation of the drug within the 
micellar structure, a desirable MPS for enhanced drug 
delivery, and an appropriate drug loading content; 
hence, it was used for further analysis [47].

In the previous research by Patil et  al., DTX micelles 
had a zeta potential of − 7.4 mV, while the product devel-
oped in this research achieved a higher zeta potential of 
− 17.6 mV [9]. This increase can be attributed to the ion-
izable hydroxyl (–OH) groups present in both  Soluplus® 
and PF108. These groups dissociate, releasing H+ ions, 
and maintaining the negative charge. The elevated zeta 
potential in the new research offers several advantages 
in continuous flow. Firstly, it enhances electrostatic 
repulsion between particles, preventing aggregation 
and ensuring uniformity during storage and circulation. 
Secondly, the increased zeta potential provides better 
control over drug release kinetics. The higher repulsive 
force between MMs slows down drug release, resulting in 
sustained and controlled drug delivery over an extended 
period [48].

Fig. 7 TEM images: A DSP-MMs, B DSP-MMs VFD product and SEM images: C DSP-MMs, D DSP-MMs VFD product
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FTIR spectroscopic studies were conducted to investi-
gate potential drug-excipient interactions between DTX, 
TPGS, and PF108. The DSP MMs VFD product displayed 
characteristic peaks of the drug, suggesting no significant 

evidence of chemical interaction between the drug and 
excipients. This finding ensures the compatibility of the 
drug with its MMs formulation. DSC studies revealed 
a transformation from a crystalline to a partially amor-
phous state.

Further for enhancing the stability of the liquid 
product, converting it into a solid form is a common 
approach. Traditionally, lyophilization and spray dry-
ing were used, but they presented drawbacks, such as 
lengthy processing times, potential loss of bioactivity, 
and limited control over MPS [49]. A drawback of lyo-
philization is the potential formation of a compacted 
cake at the bottom of the product container during the 

Fig. 8 (I)In vitro drug release study from DTX, DSP MMs (R5), and DSP-MMs VFD product, (II) Drug release kinetics for DSP-MMs VFD Product, and (III) 
In vitro cytotoxicity against B16F10 cell line

Fig. 9 Hemolysis study of DTX, DSP blank, DSP-MMs, and DSP-MMs VFD product

Table 2 In vitro cytotoxicity study of formulations

Formulation IC50 value against 
B16F10 cell lines 
(µM)

Plain DTX 0.2155 ± 0.005

DSP blank MMs 0.7100 ± 0.007

DSP MMs 1.170 ± 0.028
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drying process. This cake can be difficult to reconstitute 
as it may resist the absorption of water or solvent. As 
a result, reconstitution might require more vigorous 
shaking or mixing to break down the cake and achieve 
a uniform solution. This can be time-consuming and 
lead to inconsistencies in the reconstituted product, 
affecting its usability and quality. Hence, as an innova-
tive alternative, this research tried using novel VFD for 
DSP-MMs [50]. VFD’s ability to operate under mild 
conditions helps maintain the stability and efficacy 
of the final solid product. The solid product formed 
after lyophilization is a cake form whereas VFD gives a 
porous product hence reconstitution becomes easy as 
well as there is less percentage of moisture content. The 
product formed after VFD was further used for different 
in vitro tests.

The sustained release behavior of DSP-MMs and DSP-
MMs VFD products hinders premature drug release, 
reducing exposure to healthy tissues and potentially 
enhancing DTX accumulation in tumors via the EPR 
effect for improved treatment efficacy [51]. The finding 
of reduced hemolysis demonstrates that the DSP-MMs 
VFD product formulation is a promising candidate for 
further development and potential clinical application. It 
highlights the positive impact of the vacuum foam drying 
process on the quality and safety of the developed DSP-
MMs, reinforcing the importance of this manufacturing 
approach in producing improved drug delivery systems 
for melanoma treatment.

The stability of DSP-MMs and DSP-MMs VFD prod-
ucts was assessed at regular intervals. Over time, the 
MPS of the MMs increased from 71.4 to 90.7  nm due 
to slight aggregation of the cores of the hydrophobic 
micelles [52]. After 3  months, the liquid MMs showed 
precipitation and a significant decrease in %EE. In con-
trast, DSP-MMs VFD products exhibited stability with 
only a slight increase in MPS and a minor reduction in 
%EE. This comparison highlights the superior stabil-
ity of DSP-MMs VFD products, as they demonstrated 
minimal changes in MPS and %EE compared to the liquid 
formulation.

Conclusion
In this research, DSP-MMs loaded with  Soluplus® and 
PF108 were successfully developed to enhance melanoma 
treatment. Employing QbD principles, the formulation 
optimization process yielded an efficient encapsulation 
of the drug, desirable MPS, and appropriate drug loading 
content. The nanoscale size of the MMs facilitated drug 
accumulation in tumors through the EPR effect, improv-
ing therapeutic efficacy. IR spectroscopic studies indi-
cated no significant drug-excipient interactions, ensuring 
the stability of the drug within the MM formulation. DSC 
studies revealed a transformation from a crystalline to a 
partially amorphous state, indicating potential changes 
in drug properties. VFD significantly improved the sta-
bility of DSP-MMs, reducing MPS growth and main-
taining encapsulation efficiency over time. Moreover, 
DSP-MMs VFD products demonstrated superior stability 
compared to liquid MMs, exhibiting minimal changes in 
MPS and encapsulation efficiency. The sustained release 
behavior of DSP-MMs VFD product minimized prema-
ture drug release and enhanced drug accumulation in 
tumors, contributing to improved treatment efficacy. 
The applied QbD approach will ensure the safety, effi-
cacy, and quality of the formulation improve the stabil-
ity of docetaxel-loaded mixed micelles, and enhance their 
efficacy for melanoma treatment. Further, a novel VFD 
technique was applied to liquid mixed micelles formula-
tion and converted to a foam-dried product that exhibits 
improved stability and therapeutic potential. The study 
of novel vacuum foam drying techniques is a budding 
phase for the pharmaceutical industry as a whole. This 
section of the study is interesting and acts as a lamppost 
for numerous researchers on the stability perspective of 
nanoformulations.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s43094- 024- 00619-z.

Additional file 1. Supplementary Data S1.  Quality by Design Param-
eters for Formulation Optimization.

Table 3 Stability study of DSP-MMs

Sampling time DSP MMs DSP MMs VFD product

%EE (%) MPS (nm) %DLC (%) %EE (%) MPS (nm) Moisture content (%) Reconstitution 
time (sec)

%DLC (%)

0 Day 74.81 ± 0.27 71.4 ± 0.52 29.27 ± 0.70 79.98 ± 0.97 82.70 ± 0.98 2.25 ± 0.36 46 ± 5 98.2 ± 1.3

1 Month 72.5 ± 0.16 75.8 ± 1.12 29.07 ± 1.80 79.51 ± 1.12 82.84 ± 0.75 2.40 ± 0.51 49 ± 4 98.1 ± 0.9

2 Months 70.19 ± 0.32 79.2 ± 2.26 28.87 ± 0.90 78.87 ± 0.58 82.84 ± 0.75 2.80 ± 0.76 52 ± 3 97.4 ± 1.1

3 Months 66.28 ± 0.57 89.1 ± 1.48 28.77 ± 0.80 78.24 ± 0.72 84.79 ± 0.87 2.96 ± 0.84 55 ± 4 96.7 ± 0.7
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