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ABSTRACT: Lung cancer is a major public health concern, with a high
incidence and fatality rate. Its treatment is very difficult, as it is mostly
diagnosed in advanced stages. Non-small cell lung carcinoma (NSCLC) is the
major form of lung carcinoma that persists. Brigatinib (BGT), a powerful small-
molecule tyrosine kinase inhibitor, has demonstrated significant therapeutic
potential in the treatment of NSCLC with anaplastic lymphoma kinase (ALK)
mutations. However, the therapeutic applicability of BGT is hampered by its
low solubility and bioavailability. In this study, we developed a mixed micelle
system comprising Soluplus and TPGS loaded with BGT. BGT was
encapsulated into the mixed micelles using various combinations of Soluplus
and TPGS, with encapsulation efficiency (EE%) ranging from 52.43 ± 1.07 to
97.88 ± 2.25%. The dynamic light scattering data showed that the mixed
micelles ranged in size from 75.7 ± 0.46 to 204.3 ± 5.40 nm. The selected
mixed micelles (F6) showed approximately 38% BGT release in the first 2 h, and subsequently, within 72 h, the release was 94.50 ±
5.90%. The NMR experiment confirmed the formation of micelles. Additionally, the mixed micelles showed significantly higher
cellular uptake (p < 0.05) and increased cytotoxicity (p < 0.05) as compared to the free BGT. Specifically, the obtained IC50 values
for BGT-loaded Soluplus−TPGS mixed micelles and free BGT were 22.59 ± 6.07 and 61.45 ± 6.35 μg/mL, respectively. The results
of the in vitro stability experiment showed that the selected mixed micelle (F6) was stable at both room temperature and 4 °C, with
only minor changes in size and PDI. Our results indicate great potential for the developed Soluplus−TPGS mixed micelles as a
delivery system for BGT.

1. INTRODUCTION
Cancer is a condition characterized by an uncontrolled division
of aberrant cells that can spread from one organ to another or
different regions of the body. It starts with a genetic mutation
of a single cell that allows it to divide and multiply
uncontrollably. These mutations are either inherited or
acquired.1 The acquired mutation can be caused by environ-
mental exposures such as ultraviolet rays or smoking. Out of
the different types of cancer, lung cancer is a major public
health concern, with a high incidence and fatality rate. It is the
second most prevalent cancer worldwide. According to
GLOBOCAN 2020 cancer incidences and mortality estimates,
lung cancer has become the second most diagnosed (11.4%)
cancer and the leading cause of cancer death (18%)
worldwide.2 The lung cancer is lethal because it initially
shows no signs or symptoms and is only identified in its
advanced stages. The incidence of lung cancer is higher among
males compared to females.3 It must be promptly diagnosed
and staged (size of the tumor and its extent) for a better
prognosis.
Lung cancer is classified into two major groups, non-small

cell lung carcinoma (NSCLC) and small cell lung carcinoma
(SCLC). NSCLC is the most common form of lung cancer.4

Depending on the stage of NSCLC, the main treatment
options include surgery, radio frequency ablation, radiation
therapy, chemotherapy, targeted medication therapy, immu-
notherapy, and palliative procedures. With the advancement of
molecular and diagnostic procedures, the researchers have
gained insights into the etiology of NSCLC and identified their
genomic biomarkers. These biomarkers include Kirsten rat
sarcoma viral oncogene homologue (KRAS), epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase (ALK),
ROS proto oncogene 1 (ROS1), B-RAF proto oncogene
(BRAF), RET proto oncogene (RET), MET proto oncogene
(MET), human epidermal growth factor receptor 2 (HER2),
and neurotrophic receptor tyrosine kinase (NTRK).5 The
knowledge of these biomarkers helped in the development of
the drugs that precisely target these oncogenic mutations.
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Brigatinib (BGT), a potent small-molecule tyrosine kinase
inhibitor, has shown remarkable therapeutic potential in the
treatment of NSCLC with ALK mutations. It received FDA
approval in 2017 for the treatment of NSCLC. BGT is
considered a breakthrough drug because it has successfully
addressed the issue of drug resistance associated with the first-
generation oral tyrosine kinase ALK inhibitor (Crizotinib) and
second-generation tyrosine kinase ALK inhibitors (Ceritinib
and Alectinib). It effectively inhibits both trans-membrane
proteins, EGFR and ALK in humans.6 The superior inhibitory
effects of BGT against NSCLC with ALK mutations are
primarily due to the specific affinity of its dimethyl phosphine
oxide moiety to the ALK.7 However, the clinical application of
BGT is hindered by its poor solubility and limited
bioavailability.8 Specifically, the reported aqueous solubility
of BGT is around 0.1 mg/mL.9 Although the exact absolute
bioavailability of BGT in humans remains unknown due to the
lack of pharmacokinetic data following intravenous admin-
istration, it was estimated to be 46%,10 which is within the
range reported in rat and monkey (40−53%).11 In addition to
its low solubility, BGT is a substrate for the CYP3A enzyme, P-
glycoprotein (P-gp), and breast cancer resistance protein
(BCRP).10 These factors likely contribute to its low
bioavailability due to the first-pass effect and intestinal efflux.
Nanotechnology has emerged as a promising field in medical

research and treatment, offering innovative solutions for
diagnosing, treating, and preventing various ailments. Lip-
osomes,12 solid lipid nanoparticles,13 and polymeric nano-
particles14 are some of the nanotechnology-based formulations
that enhance the properties and effectiveness of pharmaceutical
products. In order to address the challenges associated with
BGT delivery, researchers have turned to nanotechnology-
based drug delivery systems, including nanospanlastics,15 solid
lipid nanoparticles,16 self-nanoemulsifying drug delivery
systems,17 and polymeric nanoparticles.18 Polymeric micelles
have attracted attention in drug delivery due to their
biocompatibility, core−shell structure that protects active
molecules in their core, low toxicity, stable morphology, and
nanoscale size. Polymeric micelles can also address the
solubility issue of hydrophobic drugs.19 Recently, “mixed
micelles” systems have been introduced to utilize the
properties of two or more block copolymers to improve the
qualities of the single micelle system.20 These include
improved kinetic and thermodynamic stability, more precise
control over size, increased drug loading capacities, and easy
surface modification.21 The mixed micelle system may lower
reticuloendothelial system uptake, as well as improve drug
targeting by increasing permeability and retention.22 Fur-
thermore, mixed micelles have a size range of 20 to 200 nm,
which is sufficient to avoid quick clearance from renal tubules
yet small enough to permeate through capillaries in order to
improve targeting and limit off-target toxicity. Thus, mixed
micelles can minimize the negative effects of anticancer
medications.23

Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer (Soluplus) is a novel amphiphilic polymer that
has been shown to improve the solubility of numerous
hydrophobic medicines such as acyclovir,24 scopoletin,25

febendazole,26 and cyclosporine A.27 Soluplus has reportedly
a very low critical micellar concentration (CMC) value of
around 7.6 μg/mL and a high hydrophilic lipophilic balance
(HLB) value of approximately 14. This combination provides
high stability to the micelles against dilution.28

D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS)
is a biomaterial that has been commonly used for the
preparation of mixed micelles. TPGS is an FDA-approved,
synthetic and water-soluble derivative of vitamin E and
composed of both hydrophilic (PEG chain) and hydrophobic
(vitamin E) parts.29 TPGS is mainly used as a surfactant,
solubilizing agent, and permeation enhancer for hydrophobic
drugs.30 TPGS also acts as a P-gp inhibitor and helps in
overcoming multi-drug resistance (MDR) in cancer treat-
ments.31

In the current work, BGT was encapsulated in the mixed
micellar system based on Soluplus and TPGS, in order to
enhance its aqueous solubility and improve the in vitro
antitumor activity. The physicochemical properties of the
BGT-loaded mixed micelles, such as percentage drug loading
(DL%), encapsulation efficiency (EE%), particle size, poly-
dispersity (PDI), morphology, in vitro stability, and in vitro
release profile, were investigated. Finally, in vitro cellular
uptake and cytotoxicity in human lung cancer cell lines (A549)
were also studied.

2. RESULTS AND DISCUSSION
2.1. Preparation of BGT-Loaded Single and Mixed

Micelles. The present investigation utilizes amphiphilic
copolymers, Soluplus and TPGS in various combinations to
generate mixed micelles as prospective nanocarriers for BGT
delivery. Soluplus is an amphiphilic graft copolymer of vinyl
caprolactam: vinyl acetate: polyethylene glycol 6000
(57:30:13) and reportedly increased the solubility of various
hydrophobic drugs.32 TPGS is an FDA-approved amphiphilic
polymer with wide range of applications such as good
biocompatibility, penetration enhancer, augmentation of
solubility, P-gp inhibition, and specific antitumor activity.33

With the aim of utilizing the benefits of both polymers for
BGT delivery, the mixed micelles were prepared. Ethanol has
been reported to produce mixed micelles using Soluplus and
TPGS. Additionally, BGT is sufficiently soluble in ethanol.9

Ethanol was chosen as the solvent due to its classification as a
class 3 residual solvent, which is considered less toxic
compared to class 1 and 2 solvents.34

2.2. CMC Determination. The minimum polymer
concentration that sufficiently reduces the interfacial energies
to allow micelle formation is known as the CMC. The CMC is
equally important for mixed micelles as it is for single-
component micelles. Mixed micelles are formed when two or
more different types of surfactant molecules and/or
amphiphilic polymers are present in a solution. These
surfactants can have different chemical structures and proper-
ties, and their interactions can significantly affect the behavior
of the mixed micelles. CMC aids in establishing the
concentration at which these mixed systems become efficient
and stable, making them useful in a variety of applications
ranging from drug delivery to industrial operations.35

Dynamic light scattering (DLS) is an effective method for
calculating the CMC. DLS can provide valuable insights into
the production of micelles and the transition from individual
molecules to micellar aggregates. As surfactant concentration
approaches the CMC during micelle formation, a sudden
increase in the intensity of scattered light occurs due to
changes in particle size and polydispersity.36 The DLS
technique measures the intensity of light scattered by a sample
as a function of angle θ with respect to the direction of the
incident light beam and provides results as derived count rates.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06264
ACS Omega 2024, 9, 41830−41840

41831

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 1 shows the CMC results of the Soluplus/TPGS single
and mixed micelles. The CMC of Soluplus and TPGS was

found to be 36.38 ± 0.83 and 604.35 ± 21.60 μg/mL,
respectively. The CMC of mixed micellar system was observed
to be in the range of 116.54 ± 0.61 to 251.30 ± 5.80 μg/mL. A
very intriguing relationship was discovered between the CMC
values of various Soluplus: TPGS proportions. The exper-
imental CMC values increased with the higher proportions of
TPGS in the mixed micellar system. Similar observations were
reported by Cagel et al.37 The higher TPGS content has a
negative influence on self-aggregation behavior of Soluplus.28

This impact is most likely explained on the basis of reduced
hydrophobic interactions between the core forming blocks of
Soluplus and Vitamin E segment of TPGS at the micellar
core.28 Similarly, the comparison of the CMC of different
mixed micellar systems studied is always lower than that of
TPGS single micelles. This indicates that mixed micelles are
comparatively more thermodynamically stable than TPGS
single micelles. Thus, the incorporation of Soluplus and TPGS
in the preparation of mixed micelles has an overall positive
impact, which can improve the stability of the mixed micelles.

2.3. Measurement of Micellar Size, Polydispersity
Index (PDI), and Zeta Potential. The single and mixed
micelles were successfully prepared by a thin film hydration
method. The mean diameter of blank single micelles of TPGS
and Soluplus was found to be 13.16 ± 1.07 and 65.72 ± 1.40
nm, respectively, whereas the blank mixed micelles were found
to be in the range of 62.46 ± 2.08 to 192.26 ± 1.11 nm with a
unimodal size distribution (Table 2). An increase in mean
micelle size is observed when the percentage composition of
TPGS increased from 20 to 80%. Similar behavior was
reported by Bernabeu et al.28 The insertion of TPGS chains in
the shell and core of Soluplus-based micelles during
micellization may be responsible for the change in the size
of mixed micelles. The mean diameters of BGT-loaded
Soluplus and TPGS micelles were found to be 71.92 ± 1.39
and 24.39 ± 1.98 nm, respectively (Table 2). An intriguing
behavior was seen with BGT-loaded mixed micelles containing
a larger amount of TPGS. The BGT-loaded micelles with
higher TPGS content (F2, F3, and F4) showed bimodal
particle size distribution as shown in Table 2. The smaller and
larger particles were in the range of 14.3 ± 0.44 to 24.39 ±
1.98 nm and 163.73 ± 6.64 to 204.27 ± 5.40 nm, respectively.
The possible explanation of the bimodal size distribution is the
presence of excess TPGS, which is not utilized completely
during the formation of mixed micelles and single micelles of
TPGS were also formed. When the TPGS content was reduced
from 80% to 50%, the percentage of smaller particles decreased
from 58.5% to 16.83%, corroborating the hypothesis. The
BGT-loaded mixed micelles with higher Soluplus content (F5
and F6) showed unimodal particle size distribution having
mean diameters of 134.88 ± 2.48 and 75.7 ± 0.46, respectively.
The PDI values for blank single micelles were 0.023 ± 0.005
(TPGS) and 0.069 ± 0.014 (Soluplus), while BGT-loaded
single micelles showed PDI values of 0.027 ± 0.007 (TPGS)
and 0.089 ± 0.011 (Soluplus). The blank mixed micelles had
PDI relatively lower than that of their BGT-loaded counter-
parts (Table 2) except for formulation F6. The PDI values of

Table 1. CMC Values of Different Micellar Systems in
Water at 25 °Ca

Code Soluplus: TPGS CMC (μg/mL)
B1 0:5 604.35 ± 21.60
B2 1:4 251.30 ± 5.80bc

B3 2:3 220.90 ± 7.73bc

B4 1:1 184.28 ± 2.18bc

B5 3:2 161.43 ± 11.18c

B6 4:1 116.54 ± 0.61bc

B7 5:0 36.38 ± 0.83b

aData are presented as mean ± SD (n = 3). bSignificantly different
from the CMC of TPGS. cSignificantly different from the CMC of
Soluplus.

Table 2. Particle size, distribution, and zeta potential of blank and BGT-loaded micellar systemsa

Particle sizes

Peak 1 Peak 2

Formulation code Soluplus: TPGS D (nm) % D (nm) % PDI Zeta potential (mV)

Blank Micelles
B1 0:5 13.16 ± 1.07 100.00 − − 0.023 ± 0.005 −2.30 ± 1.2
B2 1:4 192.26 ± 1.11 100.00 − − 0.292 ± 0.070 −2.08 ± 0.4
B3 2:3 162.73 ± 3.70 100.00 − − 0.223 ± 0.035 −2.18 ± 0.1
B4 1:1 127.53 ± 5.80 100.00 − − 0.230 ± 0.039 −1.48 ± 0.2
B5 3:2 126.63 ± 8.04 100.00 − − 0.199 ± 0.011 −0.88 ± 0.1
B6 4:1 62.46 ± 2.08 100.00 − − 0.137 ± 0.008 −0.81 ± 0.3
B7 5:0 65.72 ± 1.40 100.00 − − 0.069 ± 0.014 −0.19 ± 0.1

BGT-Loaded Micelles
F1 0:5 24.39 ± 1.98b 100.00 − − 0.027 ± 0.007 −4.68 ± 0.4
F2 1:4 25.58 ± 2.56 58.50 204.27 ± 5.40b 41.50 0.364 ± 0.006 −2.10 ± 0.3
F3 2:3 14.97 ± 0.33 58.26 175.92 ± 7.51 41.74 0.402 ± 0.033c −2.15 ± 0.2
F4 1:1 14.3 ± 0.44 16.83 163.73 ± 6.64b 83.17 0.472 ± 0.050c −2.54 ± 0.3
F5 3:2 134.88 ± 2.48b 100.00 − − 0.171 ± 0.003c −1.10 ± 0.5
F6 4:1 75.7 ± 0.46b 100.00 − − 0.056 ± 0.012c −0.91 ± 0.1
F7 5:1 71.92 ± 1.39 100.00 − − 0.089 ± 0.011 −1.21 ± 0.3

aData are presented as mean ± SD (n = 3). bParticle size significantly different from their blank equivalent (p < 0.05; paired Student’s t test) in
Table 2. cPDI significantly different from their blank equivalent (p < 0.05; paired Student’s t test) in Table 2.
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micelles F2, F3, and F4 were very high owing to their bimodal
size distribution.
The zeta potential of blank micelles ranged from −2.30 ±

1.2 to −0.19 ± 0.1 mV, whereas BGT-loaded micelles had zeta
potential values in the range of −4.68 ± 0.4 to −0.91 ± 0.1 mV
(Table 2). Soluplus and TPGS are nonionic amphiphilic
polymers having PEG chains as the hydrophilic domain. PEG
chains are responsible for the formation of the shell during self-
assembly to form micelles. This shell imparts stability to the
micelles in water. Overall, PEG acts as a steric stabilizer, and
sterically stable systems have restricted zeta potential
application. Despite having a zeta potential values that are
nearly neutral, these systems remain stable.38 Representative
size and zeta potential distribution curve for formulation F6 are
presented in Figure 1.

2.4. Estimation of Encapsulation Efficiency (EE%) and
Drug Loading (DL%). The encapsulation of drugs inside the
micellar core is mainly dependent upon their affinities and
compatibility. The encapsulation increases if the drug has more
compatibility and affinity for the micellar core, and vice versa.39

In the current work, single micelles prepared from Soluplus
(95.37 ± 2.28%) demonstrated considerably higher encapsu-
lation efficiency (p < 0.05) as compared those prepared from
TPGS (34.3 ± 21.27%) alone, demonstrating that BGT has a
stronger affinity for the core-forming block of Soluplus. Table
3 shows the EE% and DL% of the single and mixed micelles.
The EE% and DL% of the mixed micelles increased when

Soluplus content increased from 20% (Soluplus: TPGS 1:4) to
60% (Soluplus: TPGS 3:2). Further increment in the Soluplus
proportion had no discernible effect on the EE%, and
Formulation F5 (Soluplus: TPGS 3:2) and F6 (Soluplus:
TPGS 4:1) have comparable EE%. The EE% of F5 and F6

were found to be 97.88 ± 2.25 and 96.21 ± 1.44 respectively.
This %EE value translates to a drug solubility of 0.978 mg/mL,
which is around 10-times higher than the aqueous solubility
reported for BGT.9 A similar pattern was seen for the DL% of
different formulations. The DL% of mixed micelles F2, F3, F4,
and F5 was in the order of F2 < F3 < F4 < F5, whereas the DL
% of formulations F5 and F6 was identical. All Soluplus: TPGS
ratios employed to prepare mixed micelles, as well as Soluplus
and TPGS single micelles, clearly increased the BGT solubility
as compared to free BGT. Another critical matter to consider is
the impact of TPGS proportion on the EE% and DL%. As
shown in Table 3, increasing the amount of TPGS in the mixed
micelles had a negative effect on BGT encapsulation. As a
result, the EE% of BGT was significantly lower for
formulations F2, F3, and F4 (p < 0.05) compared to that
obtained with Soluplus single micelles. As previously discussed
in section 2.2, reduced hydrophobic interactions in the core
building blocks of Soluplus and TPGS may account for the
negative microenvironment for the encapsulation of BGT,
which resulted in a lower EE% of mixed micelles with higher
TPGS proportions. It has been previously reported that the
hydrophobic characteristic of the micellar core substantially
increases the solubility hydrophobic drugs via hydrophobic−
hydrophobic interactions.40

2.5. In Vitro Release Profile of BGT from Mixed
Micelles. The in vitro release experiments of BGT from single
and mixed micelles were performed at pH 7.4 and compared
with the BGT ethanolic solution, which served as a control.
Figure 2 represents the in vitro release profile of BGT from
ethanolic solution, formulations F5, F6, and F7 in phosphate-
buffered saline (pH 7.4) containing 0.5% v/v Tween 80.
Within 9 h, the ethanolic solution released roughly 98.5 ±
3.52%, while F7 released 85.75 ± 4.76% BGT. For the
ethanolic solution and F7, the 100% release was attained in 12
and 24 h, respectively. On the contrary, mixed micelles F5 and
F6 demonstrated biphasic release behavior (Figure 2). The
BGT release from formulations F5 and F6 was approximately
38% in the first 2 h. Over the next 22 h, the BGT release
increased steadily to 80.30 ± 3.21% and 85.65 ± 3.90%, for
formulations F5 and F6, respectively. Subsequently, both
formulations demonstrated slow release up to 72 h, and the
maximum release achieved was 83.15 ± 3.96% for F5 and
94.50 ± 5.90% for F6. The control group’s complete release
demonstrates that the experimental design was valid. The
release experiment for mixed micelles having the maximum
level of TPGS (F2) was also carried out (data not shown), and

Figure 1. Size and zeta potential distribution of the BGT-loaded Soluplus/TPGS mixed micelle (F6).

Table 3. Encapsulation Efficiency (EE%) and Percentage
Drug Loading (DL%) of Different Mixed Micellesa

Formulation code %EE %DL

F1 34.32 ± 1.27 2.02 ± 0.08
F2 52.43 ± 1.07bc 3.08 ± 0.12de

F3 69.32 ± 1.33bc 4.08 ± 0.08de

F4 72.92 ± 1.05bc 4.29 ± 0.10de

F5 97.88 ± 2.25b 5.76 ± 0.14d

F6 96.21 ± 1.44b 5.66 ± 0.09d

F7 95.37 ± 2.28b 5.61 ± 0.14d

aData are presented as mean ± SD (n = 3). bp < 0.05 versus F1. cp <
0.05 versus F7. dp < 0.05 versus F1. ep < 0.05 versus F7.
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it was discovered that F2 and likewise F7 totally released BGT
within 24 h.
The release data for formulation F6 was fitted with various

release models using the DD solver MS Excel add-in
application. The Weibull model was the best-fitting release
kinetics model for formulation F6, with R2 adjusted = 0.9736,
an Akaike information criterion (AIC) value of 65.41, and a
model selection criterion value of 3.31 (Table 4). The obtained
β-value (0.605) for Weibull model supports the Fickian
diffusion mechanism.41 Based on the in vitro release data and
physicochemical characterization (comparable EE% and small-
er unimodal size distribution) of the mixed micelles, we chose
the F6 formulation (Soluplus: TPGS ≡ 4:1) for the remaining
studies (TEM imaging, in vitro cytotoxicity, and cellular uptake
assays).

2.6. Morphological Examination. The morphology of
blank (B6) and mixed micelle (F6) samples was examined by
using a transmission electron microscope (TEM). The TEM
images confirmed the selected micelles were spherical in shape
with narrow size distribution (Figure 3). TEM images revealed

that blank (B6) and BGT-loaded mixed micelles (F6) had
average diameters of 43.61 ± 7.11 and 65.39 ± 8.20 nm,
respectively. There were minor differences observed between
the average size measurements of TEM and the Malvern
particle size analysis. This difference could be explained by the
fact that the Malvern particle size analyzer measures hydro-

Figure 2. In vitro release profile of BGT ethanolic solution, F5, F6, and F7 in phosphate-buffered saline (PBS, pH = 7.4) containing 0.5% v/v
Tween 80 at 37 °C temperature.

Table 4. Mathematical Models and Their Equations Used to Describe the Release

Model Equation Parameter R2 Adjusted AICa MSCb

Zero order F = k0t k0 1.871 −0.7706 110.13 −0.75
First order F = 100(1 − e−k1t) k1 0.049 0.202 71.41 2.76
Higuchi F = kHt1/2 kH 15.339 0.4505 97.26 0.42
Korsmeyer-Peppas F = kKPtn kKP 35.152, n 0.262 0.8163 86.05 1.44
Hixson-Crowell F = 100[1 − (1 − kHCt)3] kHC 0.022 0.4527 97.22 0.42
Peppas-Sahlin F = k1tm + k2t2m k1 32.03, k2 −2.60, m 0.490 0.9351 75.31 2.41
Quadratic F = 100(k1t2 + k2t) k1 −0.001, k2 0.058 0.2146 102.03 −0.02
Weibull F = 100{1 − e−[(t − ti)

β]/α} α 2.693, β 0.605, ti −0.218 0.9736 65.41 3.31
aAIC Akaike information criterion. bMSC model selection criterion.

Figure 3. Representative TEM photographs of (a) blank mixed
micelles B6 and (b) BGT-loaded mixed micelles F6 captured using
JEOL JEM-1010 transmission electron microscope at 80 kV operating
voltage.
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dynamic particle size (in aqueous media), while the TEM
measures neat particle size (dry state).42

2.7. Nuclear Magnetic Resonance Spectroscopy.
Micelle formation was confirmed by using NMR spectroscopy.
Soluplus and TPGS 1H NMR spectra were recorded
independently by dissolving them in DMSO-d6. The NMR
spectra of B6 micelles prepared in deuterated water (D2O)
were then recorded. Figure 4 depicts representative NMR
spectra of Soluplus, TPGS, and B6 micelle. The 1H NMR
spectra of Soluplus and TPGS were aligned with their
respective chemical structures as shown in Figure 4. Along
with their chemical structure, the matching 1H NMR peak is
assigned in their individual 1H NMR spectra. The 1H NMR
peak assignments of Soluplus43 and TPGS44 were compared to
the published literature to validate their accuracy. The
hydrophilic and hydrophobic segments of Soluplus and
TPGS were shaded blue and yellow, respectively, within their
chemical structure.
The 1H NMR peaks of their hydrophobic segments were

distinctly visible in their respective NMR spectra (Figure 4).
The same peaks had nearly disappeared in the NMR spectra of
mixed micelles, where only the peak of PEG was present. A
plausible explanation for this is the formation of micelles
(core/shell structure). During micelle formation, the hydro-

phobic segments construct the micellar core, while the
hydrophilic segment forms the shell of the micelles. Due to
the core/shell structure of micelles, the protons associated with
core forming segments make them less prone to diffuse. As a
result, either the peak broadens (due to very slow diffusion) or
disappears. A similar phenomenon was reported previously by
Wu et al.45, where the hydrophilic segments have compara-
tively less restrictions. Thus, their peaks were clearly visible,
even after micelle formation. To get all potential 1H NMR
peaks, the NMR spectra of Soluplus and TPGS were recorded
in DMSO-d6. While the1H NMR spectrum of mixed micelles
was recorded in D2O to avoid any disassembly of micelles.

2.8. Micelle Stability Studies. Formulation F6 was freshly
prepared and separated into two groups based on storage
conditions. These groups were further subdivided into aliquots
based on the sampling time points. One group was kept at
room temperature, while the other was held at 4 °C. The
results showed that mixed micelles F6 were stable under both
storage conditions, with very minor changes in the size and
PDI. As seen in Table 5, the changes were insignificant. At
both conditions, the EE% did not change considerably after 15
days of storage. The EE% of F6 changed to 95.41 ± 2.10% and
95.21 ± 3.24% on day 15 of storage at ambient temperature
and 4 °C, respectively, compared to day 0 (96.21 ± 1.44%).

Figure 4. NMR spectra of Soluplus, TPGS, and B6 mixed micelles.

Table 5. Characteristics of Optimal BGT Loaded Mixed Micelles Upon Storage for 0, 5, 10, and 15 Days at Room Temperature
and 4 °Ca

RT REF

Day 0 Day 5 Day 10 Day 15 Day 5 Day 10 Day 15

Diameter (nm) 75.7 ± 0.46 77.1 ± 1.32 74.6 ± 0.90 76.3 ± 0.77 78.6 ± 2.14 79.3 ± 2.91 78.1 ± 3.02
PDI 0.056 ± 0.01 0.049 ± 0.02 0.050 ± 0.03 0.042 ± 0.03 0.07 ± 0.04 0.064 ± 0.05 0.055 ± 0.02
Zeta potential mV) −0.91 ± 0.10 −1.10 ± 0.30* −1.18 ± 0.27** −1.23 ± 0.34** −1.18 ± 0.27* −1.10 ± 0.32* −1.37 ± 0.39**
%EE 96.21 ± 1.44 95.86±2.38 96.35 ± 1.24 95.41 ± 2.10 96.11 ± 1.64 95.84 ± 2.18 95.21 ± 3.24
aData are presented as mean ± SD (n = 3). * and ** Significantly different from the day 0 zeta potential values (p < 0.05; Bonferroni’s multiple
comparison test).
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Although the statistical analysis revealed that for days 5, 10,
and 15, the increases in zeta potential values were significant (p
< 0.05) when compared to day 0, the changes in the values
were negligible (Table 5) In fact, the alterations were not
significant enough to have an impact on the stability of micelles
(i.e., no evidence of aggregation). On day 15 of storage at
ambient temperature and 4 °C, the zeta potential changed to
−1.23 ± 0.34 and −1.37 ± 0.39 mV, respectively, as compared
to day 0 (−0.91 ± 0.10 mV).

2.9. Cellular Uptake Study. The therapeutic efficacy of
nanoformulations is largely assessed by drug accumulation in
target cells. The accumulation is mainly dependent upon the
extent of cellular uptake and distribution properties of
nanoformulations.46 Previous reports have shown that nano-
formulations decorated with TPGS have a high cellular uptake
via a receptor-mediated active targeting mechanism.47 In the
current study, the cellular uptake capability of mixed micelles
F6 (Soluplus: TPGS; 4:1) by A549 cells was evaluated using a
fluorescent microscope operating in the fluorescence mode.
The C-6-loaded mixed micelles were prepared with the same
composition as that of F6, with the exception that BGT was
replaced with C-6.
C-6 is a hydrophobic fluorescent dye that is utilized as a

drug substitute in the investigations of nanoparticle uptake,
particularly in micelles. It is a small molecule that can be
internalized by cells through a variety of mechanisms, including
passive diffusion and endocytosis. C-6 is a very stable dye with
a high molar extinction coefficient and quantum yield. These
characteristics render it an excellent probe for imaging.48 Thus,
C-6 was utilized as a substitute for BGT to evaluate the cellular
uptake potential of mixed micelles.
In separate wells, A549 cells were incubated with free C-6 or

C-6-loaded mixed micelles for 2 and 5 h. The fluorescence
images of both treatment groups are presented in Figure 5A

and their respective fluorescence intensities were measured
with the aid of ImageJ software. The apparent differences in
the C-6 uptake after 2 and 5 h of incubation were depicted in
Figure 5B,C, respectively. The comparison of free C-6 and C-
6-loaded mixed micelle treatment groups revealed significant
variations in the uptake. Following 2 and 5 h of exposure, the
cells cultured with C-6-loaded mixed micelles exhibited 2.0 and
1.5 times (p < 0.05) higher fluorescence intensity than those
cultured with free C-6. An increase in fluorescent intensity is
confirming the increased cellular uptake in mixed micelle
treated group. The increased levels of the fluorescence
intensities may be attributed to the presence of TPGS in the
mixed micelles, which works as an efflux transport inhibitor.
Indeed, Tsai et al. discovered that TPGS-coated nanoparticles
had more internalization in the resistant A549 cell lines, which
might be attributed to the presence of TPGS.49 Furthermore,
Cheng et. al also reported increased uptake of TPGS
functionalized mesoporous silica nanoparticles loaded with
doxorubicin in the A549 and MDR A549 cell lines.50

2.10. In Vitro Cytotoxicity Study. MTT assay was used
to determine the antiproliferative effect of free BGT, empty
mixed micelles (B6), and BGT-loaded mixed micelles (F6) on
A549 cell lines. The B6 micelles had no apparent detrimental
impact on the survival of A549 cells up to a concentration of
12.5 μg/mL after 24 h of incubation. At B6 concentrations
≤25 μg/mL, it caused cytotoxicity in the A549 cell line that
was significantly different from the control group (p < 0.05).
After incubation with 100 μg/mL of B6 for 24 h, only 44.32 ±
2.10% remained viable. A plausible explanation for the
cytotoxicity of B6 micelles is the presence of TPGS in the
micelles. It has been reported that TPGS induces apoptosis,
which could be the possible reason for the cytotoxicity of B6
micelles against A549 cells at higher concentrations.51 The
IC50 value for B6 micelles was found to be 98.32 ± 7.22 μg/
mL (Table 6) after 24 h of exposure. Figure 6 shows the in

vitro cytotoxic effects of free BGT, B6, and F6 micelles against
the control group. F6 mixed micelles produced encouraging
results, as evidenced by a significant (p < 0.05) decrease in
IC50 values for BGT-loaded mixed micelles (22.59 ± 6.07 μg/
mL) as compared to BGT-free drug (61.45 ± 6.349 μg/mL).
After 24 h of incubation, the IC50 values of F6 micelles in the
A549 cell line were nearly three times lower than that of free
BGT. The results of the present research clearly demonstrate
that BGT-loaded mixed micelles had a greater anticancer
activity against A549 cell lines compared to free BGT after 24
h of incubation. The enhanced cytotoxicity of BGT-loaded
mixed micelles relative to free BGT could be attributed to the
carrier’s nanoscale size, enhanced encapsulation, as well as the
presence of TPGS.52 The confirmation of P-gp expression and
function in A549 cell monolayers was already reported.53−56

TPGS is a well-known P-gp inhibitor. It is reported to reduce
P-gp ATPase activity by blocking ATP binding sites, hence
decreasing P-gp-mediated efflux, resulting in improved drug
accumulation in cells.57

Figure 5. In vitro cellular uptake in A549 cells. (a). Green
fluorescence images after 2 and 5 h of incubation with free Coumarin
6 (C-6) and C-6 encapsulated F6 at 37 °C. (b) Quantitative
fluorescence uptake after 2h and, (c) Quantitative fluorescence uptake
after 5h ** p < 0.05 free C-6 versus C-6-loaded F6 after 2 and 5 h of
incubation.

Table 6. IC50 (Mean ± SD) Values of Free BGT, Blank
Micelles (B6) and Mixed Micelles (F6) Against A549 Cell
Lines After Incubation for 24 h

BGT B6 F6

IC50 (μg/mL) 61.45 ± 6.349 98.32 ± 7.215a 22.59 ± 6.07ab

ap < 0.05 versus BGT. bp < 0.05 versus F6.
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3. CONCLUSIONS
The thin film hydration method was successfully employed for
the preparation of BGT-loaded Soluplus/TPGS mixed
micelles. The mixed micelles appeared as a viable strategy for
improving BGT solubility, stability, and delivery efficiency.
BGT solubility was raised approximately 10 times with the
help of mixed micelles. Formulation prepared with Soluplus:
TPGS at a ratio of 4:1 showed the desired particle size and
encapsulation efficiency. The results of cellular uptake and
cytotoxicity studies showed a clear advantage of using mixed
micelles for BGT delivery as opposed to free drug. Our
research work presented here showed that the developed
Soluplus/TPGS mixed micelles have a great deal of potential
for use as a BGT delivery system in the treatment of lung
cancer.

4. MATERIALS AND METHODS
4.1. Materials. Brigatinib (BGT) was purchased from

Beijing Mesochem Technology Co. Ltd. (Beijing China).
Soluplus was procured from BASF Pharma (New Jersey, USA).
TPGS, DMSO-d6, D2O, ethanol, methanol, acetonitrile and
coumarin-6 were purchased from Sigma-Aldrich (St. Louis,
USA). Milli-Q water was prepared in-house using a Merck
Milli-Q Millipore ultrapure water purification system.
Dulbecco’s Modified Eagle Medium (DMEM) was purchased
from Life Technologies Ltd. (Paisley, UK).

4.2. Methods. 4.2.1. Preparation of BGT-Loaded Single
and Mixed Micelles. The thin film hydration method was
employed to prepare BGT-loaded Soluplus/TPGS mixed
micelles. Briefly, 5 mg of BGT was dissolved in 5 mL of
anhydrous ethanol by vortex-mixing and heating in a water
bath (set at 50 °C). Once the BGT has been completely
dissolved, Soluplus: TPGS at different ratios (1:4, 2:3, 1:1, 3:2,
and 4:1), representing 1.6% w/v of total polymer concen-
tration, were added independently to the ethanolic solution of
BGT and mixed until a clear solution was achieved. The
solvent was then evaporated with the aid of a rotary evaporator
at 40 °C under reduced pressure and allowed to form a thin
film. The thin-film-containing round-bottomed flask was then

maintained overnight in a vacuum oven at 40 °C to eliminate
any remaining ethanol. The dried film was then hydrated with
5 mL of water for 30 min to yield the micelles. After the
hydration process, the micellar dispersion was centrifuged at
13 500 rpm for 5 min to remove any unencapsulated BGT or
precipitated polymer. The supernatant containing BGT-loaded
mixed micelles in liquid form was collected for further studies.
Similarly, BGT-loaded single micelles of Soluplus and TPGS
with 1.6% (w/v) polymer concentration were also prepared.
The blank single and mixed micelles were also prepared in a
similar manner but without adding the drug.
4.2.2. Determination of Critical Micelle Concentration

(CMC). Dynamic light scattering method was used to calculate
the CMC values of the prepared micelles in aqueous
solution.37 All measurements were performed at a scattering
angle of 173° to the incident beam. Blank micelles were
prepared and further diluted in the range from 2000 to 0.1 μg/
mL using Milli-Q water. The prepared micellar dispersions
were equilibrated overnight at room temperature prior to
analysis. A graph between polymer concentration (μg/mL)
versus the derived count rates plotted on the X and Y axis,
respectively. The copolymer concentration that was associated
with an abrupt increase in the scattering intensity was
considered the CMC value. Mathematically, the point of
intersection of two straight lines was calculated using the
following equation

X
C C
M M

Point of intersection at axis 2 1

1 2
=

Where C1 and C2 are the intercept values of the trend line
eqs 1 and 2, respectively, andM1 andM2 are the slope values of
those two trend line eqs 1 and 2, respectively.
4.2.3. Measurement of Micellar Size, Polydispersity Index

(PDI), and Zeta Potential. The hydrodynamic diameter and
PDI of blank and BGT-loaded micelles were measured using a
Zetasizer NanoZS (Malvern Instrument Ltd., Malvern, UK)
instrument. Deionized water was used as the dispersion
medium for all of the prepared micelles. Prior to analysis,
the samples were equilibrated for 2 min at 25 °C. The
measurements were performed using a noninvasive backscatter
technique at 173° of detection angle. All measurements were
performed in triplicate, and their mean as well as standard
deviation (SD) values were reported.
4.2.4. Estimation of Encapsulation Efficiency (EE%) and

Drug Loading (DL%). BGT-loaded micelles were diluted ten
times in methanol and aggressively vortexed to rupture the
micelles and release the BGT. A previously reported high-
performance liquid chromatography (HPLC) method was
used to estimate the quantity of BGT.58 The HPLC analysis
was carried out on a Waters 1500 Series controller (Boston,
MA, USA) equipped with a binary pump (Waters 1525,
Boston, MA, USA), a dual wavelength UV detector (Waters
2489, Boston, MA, USA), and an autosampler (Waters 2707,
Boston, MA, USA). The HPLC system was monitored using
Breeze (Waters, Boston, MA, USA), an automated system
performance monitoring software. The BGT was separated
using a C18 column (Macherey-Nagel 4.6 × 150 mm, 5 μm
particle size) as the stationary phase, while methanol:milli-Q
water (75:25 v/v) served as the mobile phase. The flow rate
was set at 1 mL/min, and detection was carried out at 283 nm
at room temperature. Equations 1 and 2we re used to calculate
the EE% and DL% of BGT in different micelles, respectively:

Figure 6. In vitro cell viability of A549 cells after incubation with
different concentrations of free BGT and BGT-loaded F6 mixed
micelles for 24 h * p < 0.05 versus control untreated cells after 24 h
incubation # p < 0.05 versus free BGT after 24 h of incubation. $ p <
0.05 versus F6 after 24 h of incubation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06264
ACS Omega 2024, 9, 41830−41840

41837

https://pubs.acs.org/doi/10.1021/acsomega.4c06264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06264?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06264?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


m

m
EE% 100BGT,loaded

BGT,added
= ×

(1)

m

m m m
DL% 100BGT,loaded

Soluplus TPGS BGT,added
=

+ +
×

(2)

where mBGT,loaded is the mass of BGT loaded, mBGT,added is the
mass of BGT added, mSoluplus is the mass of Soluplus, and
mTPGS is the mass of TPGS. All measurements were performed
in triplicate, and results were expressed as mean ± SD.
4.2.5. In Vitro Release Profile of BGT from Mixed Micelle.

In vitro release of BGT from the BGT ethanolic solution and
mixed micellar systems (with EE% more than 90%) was
performed by applying the dialysis method. The volumes
equivalent to 1500 μg of BGT were placed into dialysis bags
(molecular weight cut off = 14 kDa) and subsequently put into
100 mL of phosphate-buffered saline (PBS, pH 7.4) containing
0.5% v/v Tween 80 (to obtain sink condition). The samples
were incubated in a shaking water bath SW22 (Julabo,
Seelbach, Germany) set at 50 rpm and maintained at 37 °C.
One mL of the release media was withdrawn and replaced with
1 mL of fresh media at predefined time intervals (0.25, 0.5, 1,
2, 4, 6, 9, 12, 24, 48, and 72 h). The collected samples were
analyzed by the previously mentioned HPLC method to
quantify the released BGT.
4.2.6. Morphological Examination of Micelles. The TEM

technique was used to examine the morphology of the micelles.
The micelles were diluted 100 times with Milli-Q water before
being drop cast on a carbon Type-B copper grid (Ted Pella
Inc., Redding, CA, USA). The negative staining of the drop-
casted micelles was performed by adding 1% solution of
phosphotungstic acid in PBS (pH = 7.0). After drying at room
temperature in a desiccator, the grids were loaded into the
JEM-1010 TEM (JEOL, Tokyo, Japan) operating at an
accelerating voltage of 80 kV. The images were captured
with a high-speed readout side-mounted MegaViewG2 camera
(Olympus, Hamburg, Germany) and processed with the iTEM
software (Olympus Soft Imaging Solutions GmbH, Münster,
Germany).
4.2.7. Nuclear Magnetic Resonance (NMR) Spectroscopy.

1H NMR spectra of Soluplus, TPGS, and their prepared
micelles were acquired by a Bruker AVANCE NMR
spectrometer operating at 400 MHz. Spectra were referenced
using the spectrometer default residual protonated solvent as
an internal reference. Samples of Soluplus and TPGS were
prepared in DMSO-d6, while the micelles were prepared as
described in section 3.2.1, except that Milli-Q water was
replaced with D2O. All NMR spectra were processed using the
online NMR spectra processing software NMRium (Zakodium
Sar̀l, Lonay, Switzerland).
4.2.8. Micelle Stability Studies. The prepared mixed

micelles were stored at room temperature or 4 °C for 15
days. The micelle size, PDI, zeta potential, and EE% were
measured on days 5, 10, and 15 after incubation.
4.2.9. Cell Culture Model. The human lung cancer cells

(A549) were grown at 37 °C in a humidified incubator with a
5% CO2 environment in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS,
Life Technologies Ltd. UK) and 1% penicillin-streptomycin
solution (M&C Gene Technology Co. Ltd.). After achieving
approximately 80% confluency, the cells were harvested using
0.25% trypsin containing EDTA and phenol red. The
harvested cells were further seeded in 96- and 6-well plates

for conducting cell viability and cellular uptake experiments,
respectively.
4.2.10. Cellular Uptake Study. Coumarin-6 (C-6) was

employed as a fluorescent probe and encapsulated in selected
mixed micelles in place of BGT to assess cellular uptake in
A549 cell lines. Briefly, the cells were seeded in six-well plates
(Corning Costar, Fisher Scientific, USA) at a density of 5 ×
105 cells/well and incubated for 24 h. After 24 h, the cell
culture media was removed and fresh medium containing 1
μg/mL of free C-6 or C-6-loaded mixed micelles was added in
the designated wells. After 2 and 5 h of incubation, the media
was meticulously removed, and the cell layers were washed
thrice with sterile PBS. The cells were then fixed with 4%
paraformaldehyde for 10 min before being examined under a
fluorescent microscope (OPTIKA Microscopes, Italy) and the
fluorescent images were captured. The fluorescence intensities
were measured with the aid of the software ImageJ (version
1.54d, National Institute of Health, USA).38

4.2.11. In Vitro Cytotoxicity Study. MTT assay was used to
assess the cytotoxicity of blank Soluplus/TPGS mixed micelles,
free BGT, and selected BGT-loaded Soluplus/TPGS mixed
micelles in A549 cell lines under aseptic conditions. In brief,
1.5 × 104 cells per well were seeded into 96-well plates with
DMEM containing 10% FBS and allowed to adhere to the
wells overnight at 37 °C temperature and 5% CO2 in an
incubator. The stock of free BGT was prepared in a mixture of
10.0% DMSO and 7.0% Tween 80 in water and then further
diluted with the culture media to make the DMSO
concentration less than 0.5% for all treatments. The adhered
cells were then cocultured in triplicate with blank Soluplus/
TPGS mixed micelles, various concentrations of free BGT, and
selected BGT-loaded mixed micelles. After 24 h of incubation,
the medium of 96-well plates was replaced with fresh medium.
Following that, 50 μL of MTT solution (2 mg/mL in PBS)
was poured into each well and incubated for a further 4 h. The
contents of the wells were then removed, and 25 μL of
Sorensen’s glycine buffer and 200 μL of DMSO were added.
To assess cell viability, the absorbance of each well was
measured at 490 nm by using a BioTek synergy HT microplate
reader (BioTek Instruments, Inc., Winooski, USA). The
untreated cells served as the negative control, while DMSO
served as blank. Cell viability was determined as a percentage
of absorbance compared to a 100% negative control.
4.2.12. Data Analysis. All data were provided as mean ±

SD. Statistical significance was determined using either the
Student’s t-test or a one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test, depending
on the number of groups being compared. The level of
significance was set at p < 0.05.
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