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ABSTRACT

Objective: For targeted delivery of entrectinib, we created nanobubbles with a poly(lactic-co-glycolic acid) (PLGA) shell and a perfluoropentane
core.

Methods: Entrectinib was encapsulated in PLGA nanobubbles by a modified W/0/W double emulsion, solvent-diffusion-evaporation technique.
Central composite design was utilized to explore how four independent factors like sonication distance (X1), amplitude (X2), time (X3), and power
(X4)-affected droplet size (Y1) and polydispersity Index (PDI) (Y2).

Results: The optimal sonication distance, time, amplitude, and power were 2.41 cm; 3.61 min, 44.42%, and 77.35 W. Drug-loaded nanobubbles
showed a PDI of 0.196+0.005 and an average particle size of 73.53+3.08 nm, indicating a unimodal system with low PDI high zeta potential indicate
formulation stability. The mean drug loading capacity was 29.27+1.54 mg/g. The remarkable drug encapsulation efficiency (82.12+2.98%) supports
an inclusion complex. Transmission Electron Microscopy shows drug encapsulation does not change nanobubbles' spherical shape. Fourier-
transform infrared spectroscopy and Differential scanning calorimetry revealed nanobubble-drug complex production. Nanobubbles emitted more
entrectinib than the solution. Drug release via ultrasound was different. At 6 h, sonication released 46.08% of entrectinib and 26.42% without.
Entrectinib released 99.34% after 24 h versus 58.93% without ultrasonography. The formulation's consistent size distribution remained stable
after 180 days. Parenteral safety and non-toxicity were shown by these nanobubbles at 15 mg/ml. In vitro ultrasonic increases cell uptake. The
viability of MCF-7 cells was assessed following exposure to entrectinib at 10 to 120 pM dosages. All entrectinib formulations showed little
cytotoxicity, up to 98% cell survival at 10 pM doses.

Conclusion: PLGA nanobubbles can be used in ultrasound-responsive formulations to deliver targeted drugs to fight cancer and other diseases.

Keywords: Entrectinib, Cancer, Solvent-diffusion-evaporation technique, Central composite design, Nanobubbles, Ultrasound-assisted medication,
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INTRODUCTION

Entrectinib, marketed as Rozlytrek™ is a pharmaceutical
breakthrough that inhibits important tyrosine receptor kinases
(TRKA, TRKB, and TRKC), ROS1, and anaplastic lymphoma kinases
(ALK), revolutionizing cancer treatment. Overexpression and
constitutive activation of these kinases in cancer cells are common
[1-4]. Its unique ability to suppress brain tumor growth makes it a
promising brain tumor treatment [5]. This favourable profile makes
entrectinib a prominent oncology player, promising better cancer
treatment outcomes. Entrectinib was recommended at 600 mg/d for
adults and 300 mg/m? for children 12 and older [6, 7]. Entrectinib, a
class II Biopharmaceutics Classification System drug, has unique
pharmacokinetic features that affect its bioavailability and clinical
efficacy and it is lipophilic and basic, resulting in modest
permeability [8-10]. Entrectinib looks promising for treating
advanced solid tumors with gene fusions or mutations [11]. To
achieve consistent therapy outcomes for solid tumor patients, these
formulations should improve solubility, bioavailability, and dosage
[12]. The salt formation, co-solvency, micronization, complexation,
and permeation enhancers have been used to improve solubility and
bioavailability, but these systems have limited drug delivery efficacy,
requiring more novel approaches [13, 14]. Nano-based Drug
Delivery Systems (NBDDS) have received attention because they
could revolutionize poorly soluble medication delivery and
bioavailability [15, 16].

Entrectinib nanoparticles could be encapsulated in biodegradable
polymers like PLGA or PEG to improve solubility and stability [17].
While Entrectinib nanoparticles development is still early, NBDDS
may help improve its solubility and bioavailability and improve its
cancer treatment efficacy [18]. Compared to other nano-delivery
systems, nanobubble technology may offer versatile drug
administration, controlled release, nontoxic, biocompatible,

improved biological barrier penetration, and increased imaging. Its
unique features make it a versatile and effective drug delivery
platform [19, 20]. Nanobubbles also increase tumor drug delivery,
which is problematic with existing techniques [21]. PLGA is
biodegradable, biocompatible polymer and is frequently utilized in
medication delivery and biomedicine [22, 23]. Adjusting fabrication
parameters like the polymer-surfactant ratio, sonication time, and
drug concentration can optimize PLGA nanobubble composition.
Therefore, the best composition of PLGA nanobubbles can be
achieved by modifying these parameters to achieve the appropriate
size, stability, and drug-loading efficiency for the intended
application [24-26].

MATERIALS AND METHODS
Materials

Entrectinib was gifted from Aelida Pharmaceuticals in Haryana,
India. Cell culture media, trypsin, PLGA, and newborn calf serum
were all purchased from Sigma Aldrich Chemicals Private Limited in
Bangalore, India. Dichloromethane and perfluoropentane were
supplied by S.D. Fine Chem. Pvt. Ltd. of Mumbai, India. Only Milli-Q
water, manufactured by Millipore, was used in the study. Analytical-
grade reagents and materials were utilized throughout the
experiment.

Methods
Preparation of PLGA nanobubbles encapsulating entrectinib

Entrectinib was encapsulated in PLGA nanobubbles using a
customized W/0O/W double emulsion, solvent-diffusion-evaporation
method [27]. Around 900 mg PLGA was dissolved in 10 ml
dichloromethane and combined with 90 mg entrectinib under
sonication. Primary emulsion was formed by emulsifying this
combination with a digital Sonifier® SFX150 (Branson Ultrasonic,
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Danbury, USA) in an ice bath under optimum circumstances. The
initial emulsion was immediately poured into a 20 ml 1% w/v PVA
solution. Ultrasonic probe treatment at 30 W for 1 minute in
darkness formed a double emulsion. After gently adding the
emulsion to a 100 ml isopropanol solution (5% v/v), it was agitated
at 2000 rpm for 5 h at room temperature to extract
dichloromethane. The mixture was centrifuged for 10 min at 12,000
rpm. Centrifuged supernatant was removed, and the precipitate was
carefully washed with deionized water. Centrifugation and washing
were done three times. Washed nanobubbles were freeze-dried in
the dark for 36 h using LYPH LOCK 4.5 (Labconco Corporation,
Kansas City, MO). C3F8 gas was injected into the lyophilization
chamber at 50 ml/min for 1 minute through a specific vial
connector. Screw vials were sealed. Entrectinib was encapsulated in
PLGA nanobubbles after this rigorous process, ready for use.

Optimization of ultrasound parameters using RSM
DOEs

The optimization of ultrasonic processes heavily relies on Response
Surface Methodology (RSM) because of its exceptional capacity to
match mathematical models. The use of RSM, a mathematical and
statistical method, is crucial here since it paves the way for the
development of prediction models that detail the association
between various factors and the intended results of ultrasonic
procedures. Applying RSM allows for the thorough collection and
modelling of nonlinearities and complex interactions within the
system, which in turn allows for accurate optimization for improved
efficiency and results in ultrasonic-based applications [28].

The operating parameters for ultrasound, as established in the first
experiments, included a sonication distance (the distance from the
base of the vessel to the probe) of 2.0 to 3.0 cm, a sonication time of
3 to 4 min, amplitude of 40 to 50%, and a power of 80 to 90 W.
During the sonication process, the containers were placed in an ice
water bath and a 5-second time interval was used. After sonication,
the samples were kept in a dark, cool place (25 °C). To determine
how each variable affected particle size (PS) and polydispersity
index (PDI), CCD was used to evaluate sonication distance (A),
amplitude (B), time (C), and power (D). The design incorporates a
factorial design at two levels (typically -1 and +1), center points for
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experimental errors, and axial points for response surface curvature.
This design generally varies factors (independent variables) at three
levels: low (-1), center (0), and high (+1). To assess experimental
error and curvature, center points (0) are duplicated. Axial points (-
o and+a) are used to evaluate response surface curvature. Fitting a
second-order polynomial equation (equation 1) permits the
modelling and optimization of the response variable based on the
factors. A CCD with four elements has a general second-order
polynomial equation:

2 4 4
Y=g, +ZB:‘X:' +ZB:‘:‘X§ +ZJ@&;X:‘X}'+ £
i=1 i=1

i<j
Where:

Y is the predicted response variable.
J'?l}-is the model intercept.
B -are the linear coefficients representing the effect of each factor.

Bii-are the quadratic coefficients representing the effect of each
factor squared.

JBi}'—are the interaction coefficients representing the effect of
interactions between different factors.

X

i and X are the levels of the independent variables (factors).
€ is the error term.

CCD experimental data is used to estimate equation terms using
regression analysis. The predictor polynomial equation models
response variable behaviour based on factors and their interactions

using the coefficients (ﬁﬁ,ﬁi,ﬁii, and 'BU']. Detailed preliminary trials
determined the particularly selected components and their values
(table 1). A structured design was used to conduct the studies, and
table 2 shows the dependent variable outcomes. Design-Expert
(Stat-Ease V13.0.5.0) was then used to analyze the response surfaces
within the experimental range.

Table 1: Different levels of independent variables and goal of dependent variables

Independent factors Levels

-a -1 0 +1 +a
A - Sonication distance (cm) 1.79 2.0 2.5 3.0 3.20
B - Sonication time (min) 2.79 3 3.5 4 4.20
C - Sonication amplitude (%) 3293 35 40 45 47.07
D - Sonication power (W) 65.86 70 80 90 94.14
Dependent variables Goal
Y1-Droplet size (nm) Decrease
Y2 - PDI Decrease

Data analysis

To investigate variable correlations, a complete statistical analysis
was done after the experiments. Many models described these
linkages. Statistical factors such as model p-value, lack of fit p-value,
regression coefficient (R?), adjusted R? and coefficient of variation
were assessed to determine the best-fitting model. To help choose
the most relevant and efficient model, model terms with p-values
over 0.005 are usually considered irrelevant and can be eliminated.
To improve our regression equation, we used backward elimination
to remove independent variables that did not significantly
contribute. This strategy required carefully eliminating non-
contributing elements one by one. We used three-dimensional
response surface plots to understand the link between selected
response parameters and two independent variables. These plots
showed functional linkages, illuminating the complex dynamics. To
further visualize independent variables' effects on response
parameters, we used perturbation and contour plots. Graphical
representations helped us understand variable effects, deepening
our analysis [29].

Optimization approach and verification

By constraining response parameters and influential factors, we found
the ideal independent variable values via numerical optimization.
These limitations helped optimize for desired results [30]. Next, the
nanoformulation was carefully manufactured in triplicate under ideal
conditions. This method supported the efficacy and dependability of
the optimization strategy, confirming that the optimal points produced
the intended and consistent formulation results.

Characterization of prepared entrectinib nanobubbles
PS, PD], and zeta potential (ZP)

Entrectinib nanobubbles PS distribution was determined using
dynamic light scattering (DLS). Every sample was measured at 90°.
We diluted the samples with Milli-Q water before measuring.
Cumulated analysis using three measurements determined the
particles’ mean hydrodynamic diameter (Dh) and PDI with an
additional electrode, the same equipment measured ZP. Experiments
were conducted in triplicate at 25+2 °C.
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Table 2: Experiments as per the design and outcomes for the dependent variables

Expt A B C D Y1 Y2

1 2.5 4.20 40 80 96.75 0.192
2 3 3 35 90 204.78 0.256
3 3 4 35 70 223.43 0.264
4 3 3 35 70 253.23 0.284
5 3 4 45 90 101.56 0.274
6 3.20 3.5 40 80 157.73 0.262
7 3 3 45 70 152.53 0.232
8 2.5 3.5 40 80 89.13 0.188
9 2.5 3.5 40 65.86 129.82 0.227
10 2.5 3.5 47.07 80 97.12 0.204
11 2.5 2.79 40 80 118.29 0.192
12 2 3 35 90 188.76 0.232
13 2 4 35 90 164.12 0.227
14 2.5 3.5 40 94.14 61.22 0.252
15 2.5 3.5 40 80 95.98 0.192
16 2.5 3.5 32.93 80 230.89 0.214
17 1.79 3.5 40 80 136.62 0.224
18 2 3 35 70 234.54 0.265
19 2 3 45 90 85.76 0.251
20 2 4 45 70 122.38 0.198
21 3 4 35 90 187.54 0.238
22 2.5 3.5 40 80 100.23 0.186
23 2.5 3.5 40 80 90.36 0.183
24 2.5 3.5 40 80 94.28 0.179
25 2 3 45 70 126.77 0.206
26 3 4 45 70 140.54 0.212
27 3 3 45 90 105.18 0.273
28 2 4 35 70 206.43 0.232
29 2 4 45 90 87.12 0.275
30 2.5 3.5 40 80 84.17 0.202

Drug payload and encapsulation efficiency (EE)

The percentage of entrectinib encapsulated from the nanobubbles
preparation amount is called EE. The drug's weight proportion in the
nanobubble formulation is its payload [31]. To assess the amount of
entrectinib in the formulation, a weighed quantity was dissolved in
dichloromethane, sonicated for 10 min to break down the complex,
diluted, and analyzed using a UV spectrophotometer at 262 nm. The
"percent drug payload” and "percent drug EE" were estimated using
below equations:
Weight of drug encapsulated in nanofermulation

% Drug pay load = X 100
0 g pa Weight of the NS formulation taken for analysis

% Drug encapsulation ef ficiency
Weight of drug encapsulated in nanoformulation

X 100
Initial weight of the drug fed for loading

Transmission electron microscopy (TEM)

TEM evaluated entrectinib-loaded and plain nanobubble
morphology. A film-coated copper grid was stained with a 2% (w/v)
phosphotungstic acid solution after a drop of diluted nanoparticle
suspension. Drying the sample enhanced contrast. The analysis was
done at 25,000x magnification.

Fourier-transformed infrared (FTIR) spectroscopy and
differential scanning calorimetry (DSC)

A Tensor 27 FTIR Spectrophotometer was used to obtain potassium
bromide disc FTIR spectra of entrectinib, plain nanobubbles, and
entrectinib-loaded nanobubbles. Analysis was conducted in the
4000 to 600 cm-! spectral range. The Perkin Elmer DSC/7
differential scanning calorimeter with a TAC 7/DX instrument
controller was used to analyze entrectinib, plain nanobubbles, and
entrectinib-loaded nanobubbles. The melting point and heat of
fusion were calibrated with indium. In conventional aluminum pans,
the samples were heated at 10 °C/min from 30-400 °C under a
nitrogen purge. Analysis of 5 mg samples was done three times.

Invitro drug release study and Kkinetics analysis

At 37 °C, dialysis bags were used to measure entrectinib release
from nanobubbles in vitro. The release was monitored for 24 h using

a dialysis bag with a 12-14 kDa molecular weight limit.
Predetermined intervals were used to replace samples with fresh
phosphate buffer. We experimented three times. In drug delivery
system evaluation, a drug release kinetics study reveals how and
when a drug is released from a formulation. Mathematical models of
drug release kinetics help explain and predict drug release.

Ultrasound stability of entrectinib nanobubbles

Ultrasound was applied to entrectinib-loaded nanobubbles at
defined parameters and durations. Pre-and post-ultrasound
evaluations used optical microscopy to measure nanobubble
structural integrity.

Evaluation of stability of entrectinib nanobubbles

Entectinib nanobubble stability was tested for 1 mo at 4 °C, 25 °C,
and 40 °C. Entrectinib content, EE, average PS, and appearance were
examined regularly to assess stability.

Determination of hemolytic activity

PLGA nanobubbles were tested for hemolysis using human blood. A
suspension of erythrocytes was incubated at 37 °C for 2 h with
various nanobubble percentages (v/v). The centrifuged supernatant
was analyzed at 543 nm [32]. A defined equation calculated the
hemolysis percentage compared to 100% hemolysis control.

ABSERm;J!s B ABSD
ABS, 5 — ABS,

% Hemolysis = X 100

Where ABSo and ABSi1o0 are the absorbances of the solution at 0 and
100 % hemolysis, respectively.

Cell culture

MCF-7 cells (human breast cancer cells) were obtained from The
American Type Culture Collection (ATCC, Manassas, VA, USA), and
Bogoo Biotech Co. Ltd. (Shanghai, China) graciously contributed to
Adriamycin-resistant MCF-7/ADR cells. MCF-7/ADR cells were
grown in 500 ng/ml entrectinib to adapt to drug resistance.
Subculture raised entrectinib to 1000 ng/ml. Later research used
these cells, which thrived and proliferated stably in a culture
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medium with 1000 ng/ml entrectinib. In a humidified 5% CO2
incubator at 37 °C, all cells were grown in RPMI 1640 with 10% FBS,
100 U/ml penicillin, and 100 mg/ml streptomycin.

Cell viability assay

The viability of MCF-7 and MCF-7/ADR cells in the presence of free
entrectinib, plain nanobubbles, and entrectinib nanobubbles was
measured using a cell counting kit-8. Cell suspensions of MCF-7 or MCF-
7/ADR were planted at a density of 7x103 cells/well in a 96-well plate
and incubated overnight at 37 °C A new culture medium was used to
incubate cells with free entrectinib and nanobubbles (at doses of 5, 20,
40 pg/ml) for 72 h. Ten microliters of thawed CCK-8 solution were
added to each well and incubated for 1 h before being measured at 450
nm using a microplate reader (Model 680, Bio-Rad, PA, USA). The
relative cell viability was estimated as a percentage of nontreated cells.

Cellular uptake of entrectinib nanobubbles

The MCF-7 cells were sown at 1.5x104 cells/well in 48-well plates and
left to attach for 24 h [33]. Replaced supernatants with fresh culture
media containing entrectinib nanobubbles at 80, 160, and 240 pg/ml
per well and incubated for 6 h. Another group examined time-
dependent uptake. Entrectinib nanobubbles (final concentration 40
ug/ml) were treated with cells for 4, 6, and 8 h. Following incubation,
all samples were washed three times with PBS and examined under a
fluorescence microscope (TE-2000U, Nikon, Tokyo, Japan).

Data presentation and statistical analysis

The quantitative data was reported as mean+SEM. The
investigations used One-way ANOVA and Bonferroni testing to
assess differences between groups. A p-value of<0.05 was
considered significant.

RESULTS AND DISCUSSION

The small size and core-shell composition of nanobubbles makes them
ideal medication delivery vehicles. They are nanometer-sized and
contain gases or vaporizable chemicals like perfluorocarbons. The
center is stabilized by a lipid, polymer, or albumin shell. Novel
nanocarriers such as nanobubbles have improved stability, drug-
loading capacity, and extravasations. They may migrate from blood
arteries into nearby tissues due to their small size [34]. The small size
and unique physical features of polymer-shelled nanobubbles allow
them to enter the extra vascular region, making them ideal for targeted
medication delivery. Researchers investigated biodegradable and non-
biodegradable polymers for nanobubbles. Biocompatibility and
biodegradability make PLGA a popular polymer [35]. Sutures, bone
implants, screws, and drug-release matrices use PLGA [36].

This study wused entrectinib-specific PLGA nanobubbles.
Nanobubbles were made from free carboxylic end-group PLGA
polymer. Using perfluoropentane for the inner core and PLGA (50:50
ratios; intrinsic viscosity 0.22 dl/g, MW = 15000) for the shell, blank
and entrectinib-loaded nanobubbles were Entrapped in the core, the
drug formed nanoparticles. Variations in formulation component
concentrations produced several batches of entrectinib-loaded
nanobubbles. Initial investigations showed inconsistent PS
distribution, stressing the importance of factors. The nanobubbles'
PS and PDI were affected by the sonication distance (A) (the distance
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between the vessel bottom and the ultrasound probe) of 2.0 to 3.0
cm, the time (B) of 3-4 min, the amplitude (C) of 35%-45%, and the
power (D) of 70-90 W. These techniques were difficult to replicate
due to nanobubble preparation variations.

The quality and efficacy of entrectinib-loaded nanobubbles depend on
droplet size distribution. It helps determine nanobubble formulation
homogeneity and consistency, particularly medication distribution. Drug
delivery applications require limited droplet size dispersion. It shows an
optimized formulation procedure that produces nanobubbles with
minimum size fluctuation, improving drug-loading efficiency and
delivery uniformity. A wider or unequal droplet size distribution may
indicate formulation or medication encapsulation issues. Thorough
optimization of formulation variables including sonication distance (A),
time (B), amplitude (C), and power (D) is needed to achieve the required
droplet size distribution. Each of these variables affects nanobubble
properties, including droplet size. Creating nanobubbles with the proper
droplet size distribution for drug administration, bioavailability, and
therapeutic effectiveness requires finding the right balance and
combination of these parameters.

The multivariate statistical technique RSM was beneficial for
formulation optimization studies in this investigation. The building
of a mathematical model that visually shows the interactive effects
of components within an experimental range reveals controlled
variable relationships. RSM also expedites optimization based on
intended outcomes. To optimize preparation conditions, the CCD
technique was chosen for investigating quadratic response surfaces
and building accurate second-order polynomial models [37]. All 'p’
values were below 0.05, proving that the chosen model was very
significant, notably for PS and PDI.

RSM optimization
Statistical analysis

With a four-factor, five-level CCD, 30 trials were undertaken. Table 2
shows these experiments' independent and dependent variables.
Droplet size (Y1) ranged from 61.22 to 253.23 nm across all trials,
whereas nanobubble PDI (Y2) was 0.179 to 0.284. We used result
RSM to explore the interactions between various independent
variables and find the best circumstances for the intended result.
While assessing variable interactions, RSM methods reduce
experimental runs. Stat-Ease Design Expert® (V13.0.5.0) program
extensively analyzed the data to determine the analysis of variance
(ANOVA), regression coefficients, and the regression equation. To
model the results, a second-order quadratic model was fitted to the
data and validated using ANOVA, lack of fit, and multiple regression
coefficient (R?) values.

As seen in tables 3 and 4, the best-fitting quadratic models had the
highest F value. The variables' mathematical equations from
multiple linear regression analysis are shown in table 5. The
polynomial equations show how each independent variable and
their combined influence affect the response variables. Independent
variable coefficients show their effect on response variables.
Multiple variable and higher-order coefficients indicate interaction
and quadratic effects, respectively. A positive sign indicates synergy,
whereas a negative sign indicates opposition. All regression
equations were significant.

Table 3: ANOVA of the quadratic model for the response droplet size (Y1)

Source of variation Sum of squares Degrees of freedom Mean square value F-value p-value prob>F
Model 84095.58 8 10511.95 641.97 <0.0001
A-Sonication distance 1670.13 1 1670.13 102.00 <0.0001
B-Sonication time 1108.44 1 1108.44 67.69 <0.0001
C-Sonication amplitude 43260.75 1 43260.75 2641.96 <0.0001
D-Sonication power 9333.15 1 9333.15 569.98 <0.0001
BC 411.58 1 411.58 25.14 <0.0001
A? 6793.53 1 6793.53 414.89 <0.0001
B? 440.56 1 440.56 26.91 <0.0001
c? 11771.34 1 11771.34 718.88 <0.0001
Residual 343.86 21 16.37

Lack of Fit 183.63 16 11.48 0.3581 0.9466
Pure Error 160.24 5 32.05

Cor total 84439.44 29
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Table 4: ANOVA of the quadratic model for the response PDI (Y2)

Source of variation Sum of squares Degrees of freedom Mean square value F-value p-value prob>F
Model 0.0275 6 0.0046 40.07 <0.0001
A-Sonication distance 0.0020 1 0.0020 17.63 0.0003
C-Sonication amplitude 0.0004 1 0.0004 3.63 0.0692
D-Sonication power 0.0014 1 0.0014 12.40 0.0018
CcDh 0.0063 1 0.0063 54.95 <0.0001
A? 0.0070 1 0.0070 60.87 <0.0001
D? 0.0061 1 0.0061 53.06 <0.0001
Residual 0.0026 23 0.0001
Lack of Fit 0.0023 18 0.0001 1.99 0.2287
Pure Error 0.0003 5 0.0001
Cor Total 0.0301 29

Table 5: Regression equations for both the responses
Dependent variable Regression equation
Y1 93.31+9.14 A- 7.44 B - 46.51 C - 21.60 D+5.07 BC+26.60 A2+6.77 B2+35.02 C2
Y2 0.1932+0.0100 A-0.0046 C+0.0084 D+0.0198 CD+0.0264 A2+0.0246D2

Besides coefficients, the lack of fit value is an important statistical
measure for model fitness assessment. A comparison of residual error
and pure error from replicated center points achieves this. Significant
fit value loss indicates poor prediction efficiency. A model with a non-
significant lack of fit is crucial. A non-significant lack of fit in both
quadratic models confirmed model fit. Key parameters like R? value,
adjusted R? value, and coefficient of variation summarise multiple
linear regression analysis results for all models. R? shows variation
around the mean. Both response variable R? values were over 0.91,
indicating that the selected models explained experiment behaviour.
In addition, the adjusted R? value is crucial to model adequacy. The
amount of variable terms in the model can increase R? values, which
does not necessarily indicate model soundness. Therefore, the

Droplet size g

modified R? value is a better model adequacy indicator. Droplet size
and PDIR? values were 0.9959 and 0.9127, respectively. Both models
had consistent R? values and adjusted R? values, indicating that non-
significant factors had been excluded. The coefficient of variance for
both replies was 2.91 and 4.71, proving the data' repeatability and
dependability. These criteria emphasize experimental stability and
consistency, bolstering the study's credibility. The projected values
and experimental data coincide well in fig. 1. For all three responses,
data points are linked to anticipated values. These pictures show that
both models identified the process and formulation variables needed
to make entrectinib nanobubbles. The close match between expected
and actual findings shows that the existing models accurately and
reliably capture the nanobubble preparation process.

Color points by value of
Droplet size:

61.22 [ 25323

Polydispersity index B

Color points by value of

Polydispersity index: 4

0.179 | 0234

Fig. 1: Comparison between predicted and actual values of droplet size and PDI droplet size (Y1)

To manage nanobubble quality, droplet size must be measured
because PS affects physical attributes and stability. Nanocarrier size
affects tumor tissue and organ penetration and retention [38]. Table
2 showed nanobubble PS from 61.22 to 253.23 nm. The polynomial
model showed that all factors (A, B, C, and D) affected nanobubble
PS. The quadratic droplet size model had a substantial F-value of
641.97. Individual factors (A, B, C, and D), interaction term BC, and
quadratic terms (A% B? and C?) significantly affected droplet size (p-
values<0.0500). "Lack of Fit F-value" (0.36) indicated little
significance. Models with non-significant misfits fit well. The
factorial equation for droplet size showed that C had a greater
impact than D, B, and A, with R? and adjusted R? values of 0.9959
and 0.9944, respectively. The observed values matched the
projected values. Perturbation, 3D-surface, and contour plots were
used to show how independent variables affect droplet size. In the
perturbation plot, A, B, C, and D affected droplet size individually.
Fig. 2 indicated that C had the greatest impact on droplet size,

followed by D and A and weakly by B. 3D response surface and
contour plots showed independent variable interaction and
quadratic effects. The interaction effect of B and C (CD) at a constant
A and D on droplet size is shown in fig. 2.

PDI

Nanobubble droplet size affects its physical qualities and stability,
making it an important quality control metric. Nanocarrier size has a
major impact on tumor tissue and organ penetration and retention
[38]. Table 2 shows nanobubble PS that ranged from 61.22 to 253.23
nm. According to the polynomial model, all factors (A, B, C, and D)
affected nanobubble PS. An F-value of 641.97 showed that the droplet
size quadratic model was significant. Each variable (A, B, C, and D), the
interaction term BC, and the quadratic terms A? B?% and C?
significantly affected droplet size, with p-values below 0.0500. The
"Lack of Fit F-value" showed no significance (0.36). A well-fitting
model has no major misfit. In the droplet size factorial equation, C had
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a greater impact than D, B, and A, with a strong correlation coefficient
(R?) and adjusted R? values of 0.9959 and 0.9944 from the model. The
observed values matched the projected values. Perturbation, 3D-
surface, and contour plots explored the main and interacting impacts
of independent variables on droplet size. According to the
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perturbation plot, A, B, C, and D affect droplet size. According to fig. 3,
C had the greatest impact on droplet size, followed by D and A, and B
had little. 3D response surfaces and contour plots showed
independent variable interaction and quadratic effects. In fig. 3, B and
C (CD) interact to affect droplet size at a constant A and D.
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Fig. 3: Two-dimensional perturbation, 3D-RSM and contour plot- effect of A, B, C and D on PDI
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Optimization process

We used Derringer's desirability approach to optimize response
parameter-influencing process factors. Ymax and Ymin were used as
objective functions (D) to convert all responses into desirability
scales. A domain-wide grid search and feasibility analysis combined
individual desire functions into a geometric mean. This was made
easier with Design-Expert.

Int ] App Pharm, Vol 17, Issue 1, 2025, 304-315

The best settings for maximum desirability were A: 2.41 cm, B: 3.61
min, C: 44.42 %, and D: 77.35 W, resulting in a D rating of 0.920, very
good. The optimized conditions are shown in table 6. Fig. 4 shows
the prediction model. These optimal conditions were used to
prepare three batches of nanobubbles to test the model
Remarkably, the anticipated values and experimental results
matched (fig. 4). The CCD and Derringer's desirability technique
worked well to optimize entrectinib nanobubble composition.

Table 6: Optimum conditions attained by applying restrictions on response parameters

Independent variables Optimized values Predicted values Actual values
Y1 (nm) Y2 Batch Y1 (nm) Y2
A: Sonication distance 2.41 cm 84.17 0.183 B1 82.36+3.12 0.184+0.0005
B: Sonication time 3.61 min B2 73.53+3.08 0.196+0.0005
C: Sonication amplitude 44.42 % B3 87.18+2.28 0.178+0.0005
D: Sonication power 77.35W
Fator Coding: Actud Factor Coding: Achal Overlyy ot
All Respomses Overlay Plot
0000 1000 Droplet sze
e A- Polydispersty index i ]
2=8 Xi=4
X2=B
Actual Factors £ o
Actual Factors
ciuz c=4442 &
Deqmt D=77322

Fig. 4: Contour and overlay plots showing the global desirability value with point prediction

Characterization of nanobubble formulations

Entrectinib nanobubbles had consistent PS and low PDI across
batches. High ZP indicated nanobubble storage stability. The average
PS, PDI, and ZP of blank and entrectinib-loaded nanobubbles are
shown in table 7. PS and PDI did not differ between blank and drug-
loaded nanobubbles. TEM analyzed nanobubble morphology. The

surface shape and core-shell structure of 70-90 nm nanobubbles
were revealed by TEM images (fig. 5). Enterctinib was loaded into
nanobubbles with 82.12% EE and 29.27% loading capacity.
Entrectinib-loaded nanobubble aqueous suspension had a viscosity
of 6.2 centipoises, acceptable for parenteral administration.
Entrectinib loading into nanobubbles did not influence formulation
viscosity.

Table 7: Physical characteristics of nanobubbles

Physical characteristics Blank nanobubbles Entrectinib loaded nanobubbles
Average PS 83.82+ 3.29 73.53+3.08

PDI 0.178+0.005 0.196+0.005

YA -26.7+2.66 -25.3+2.98

EE - 82.12+2.87

Loading capacity - 29.27+ 1.54

All the values were expressed in mean+SD (n=3).

Fig. 5: TEM image of blank and entrectinib-loaded nanobubbles at 25,000x magnification
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Spectral analysis and thermal behaviour

In fig. 6, entrectinib, PLGA, PVA, blank nanobubbles, and entrectinib-
loaded nanobubbles are compared by FTIR. The entrectinib FTIR
spectra showed peaks at 3430, 3313, 2945, 2865, 1606, and 1573
cml. However, PLGA polymer gave distinctive peaks at 2998, 2948,
1454, 1426, and 1397 cmL. In its FTIR spectrum, PVA had prominent
peaks at 3280, 2917, 1690, 1425, 1324, 1081, and 839 cm'.. PLGA
and PVA with vibrations were detected in blank nanobubble FTIR
spectra. Entrectinib-loaded nanobubbles’ FTIR spectra did not show
the drug's distinctive peaks, suggesting entrapment in the PLGA
matrix. Fig. 6 also shows the entrectinib-loaded PLGA nanobubble

T T T T T T T
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55
50

i Entrectinib loaded nanobubbles
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40 [
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Fig. 6: FTIR spectra of entrectinib, PLGA, PVA, blank nan

Fig. 7 depicts entrectinib's in vitro release from nanobubbles in pH
7.4 phosphate buffer. This study examined how ultrasonic treatment
affected nanobubble medication release and comparing nanobubble
and entrectinib suspension medication release. The entrectinib
suspension released less medication than the nanobubbles.
Ultrasound-assisted medication release differed significantly from
unassisted. After 6 h, sonication released 46.98% of entrectinib,
while 26.42 % was released without. Ultrasound released 99.34% of
entrectinib over 24 h, compared to 58.93% without. Ultrasound
greatly promoted entrectinib release from nanobubbles. Ultrasound-
induced microbubble creation and collapse cause cavitations, which
generates localized high temperatures and pressures. Disrupting
nanobubbles may enhance medication release. Ultrasound appears
to promote medication release from nanobubble-based
formulations, which could improve therapeutic effects. This
cavitation effect's mechanisms and medication delivery implications
could be studied.

Drug release order and mechanism were determined by fitting
optimized nanobubble formulation drug release data into kinetic
equations. R? assesses how well the model matches experimental
data. Fitting R? values near 1 are better. Higuchi's square root of
time model has the greatest R2 value (0.9960), indicating a Good Fit
and showing drug release follows a diffusion-based process. High R2
scores for Zero Order (0.9235) and First Order (0.8951) models
indicate a strong fit. Note that the First Order model has a negative
"n" value, which is rare and may imply that it cannot effectively
describe release kinetics. Korsmeyer-Peppas model fits well (R2 =
0.9501), and the high "n" value (60.36) suggests a complex release
mechanism due to non-Fickian or anomalous diffusion. In
conclusion, the Higuchi model best describes this formulation's drug
release kinetics, followed by Korsmeyer-Peppas. These findings shed
light on the release process and can help optimize medication
release from this formulation. Because the drug can be released at
the specific target site instead of circulating throughout the body it
will be more effective for a particular given dosage [28].

Ultrasound at different temperatures assessed entrectinib-loaded
nanobubble stability. Sonication at 2.5 MHz for 5 min at 25 °C did

1000 500

Heat flow (mW)
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DSC thermogram. The DSC curve of pure entrectinib showed an
endothermic peak at 200.32 °C, its melting point. PLGA's amorphous
thermogram showed no melting point. A large endothermic peak at
369.4 °C suggested polymer heat degradation. A large endothermic
peak at 212.6 °C suggested PVA melting, while a smaller hump at
40-42.5 °C may represent the glass transition temperature. Both
blank and drug-loaded nanobubbles had similar melting transition
parameters, suggesting that PLGA and PVA were unaffected by
encapsulation. The absence of a crystalline drug material's
prominent peak in the DSC study suggested the drug was
imprisoned in the PLGA matrix. The thermogram's absence of the
drug's endothermic peak supported this indication.
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not modify nanobubble morphology or structure. At 37 °C,
nanobubbles subsided after 2 min of sonication and disappeared
after 5 min, indicating destabilization. Because of its low boiling
point, perfluoropentane turns into a gas at 37 °C. Small nanobubbles
may change this transition temperature. Acoustic droplet generation
occurs when ultrasound causes the gas core to go from nanodroplet
to bubble. Entrectinib nanobubbles were stored at 4 °C, 25 °C, and
40 °C for 6 mo. Table 8 shows entrectinib nanobubble drug
concentration, EE, and PS data at 0, 15, 30, 60, 120, and 180 days.
Drug content was unaffected between 4 and 25 °C. Nanobubbles
protected entrectinib from degradation at usual storage
temperatures, as EE remained steady, especially at 4 and 25 °C. At 40
°C, EE decreased, suggesting nanobubble structural breakdown due
to rising temperature. Drug-loaded nanobubbles had PDI values<0.2
during the stability testing. A constant and homogenous size
distribution throughout the formulation confirmed its stability and
appropriateness for prospective applications. A parenteral
formulation must be safe. Hemolytic activity was measured to
determine the safety of blank and entrectinib-loaded nanobubbles.
PLGA nanobubble aqueous solutions were tested for hemolysis. We
found that these nanobubbles were non-hemolytic even at 15
mg/ml. This suggests that blank nanobubbles do not harm red blood
cells, bolstering their safety for application. When tested for
hemolytic action, drug-loaded nanobubbles showed good safety for
erythrocytes. This confirms the formulation's non-toxicity and
parenteral safety.

In vitro cellular uptake study

Entrectinib nanobubble uptake was examined in MCF-7 cells, a
common breast cancer cell line. Measurements of fluorescence
intensity were used. MCF-7 cells were incubated for 2 h to measure
fluorescence intensity. The mean fluorescence intensity of cells
treated with entrectinib nanobubbles with ultrasound was 8.58. This
intensity was about 2 times higher than in cells treated with
entrectinib nanobubbles alone, demonstrating that ultrasound
enhances cellular absorption. Ultrasound can increase drug delivery,
such as entrectinib cellular uptake, which could improve breast
cancer therapy outcomes.
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Fig. 7: In vitro drug release pattern with and without ultrasound assistance, all the values were expressed in mean*SD (n=3)

Table 8: EE, PS, and PDI of entrectinib nanobubbles stored at different temperatures
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% Cumulative drug release of Entrectinib suspension and

=== Entrectinib suspel
==t Entrectinib nano|
==t==Entrectinib nanopubbles with ultrasound

nanobubbles with time

1.5

Timein h

ion
bles without ultrasound

% Cumulative drug release of Plain drug, Drug loaded nanobubbles
without acoustic, Drug loaded nanobubbles with acoustic in

relation to time

18 22 26

Time (h)

30

38 42

46

50

Temperature (°C) Time (d) PS (nm) PDI EE (%)
4+1°C 0 73.53+3.08 0.196+0.005 82.12+2.87
15 76.18+3.12 0.178+ 0.005 80.78+ 1.93
30 69.32+ 2.12 0.184+ 0.005 84.82+ 2.37
60 70.67+ 3.08 0.186+0.005 84.56+ 3.12
120 71.88+2.13 0.178+ 0.005 84.18+ 4.08
180 74.58+ 1.98 0.182+ 0.005 83.78+ 3.05
25+2 °C 0 73.53+3.08 0.196+0.005 82.12+2.87
15 70.98+2.89 0.188+ 0.005 86.12+ 2.76
30 78.96+3.21 0.174+ 0.005 86.28+3.37
60 69.98+ 2.88 0.162+ 0.005 85.67+ 3.87
120 70.98+3.12 0.183+0.005 84.78+ 4.12
180 72.38+3.76 0.179+ 0.005 84.12+ 3.27
40£2°C 0 73.53+3.08 0.196+0.005 82.12+2.87
15 78.53+2.59 0.177+ 0.005 78.73+ 2.28
30 88.12+3.38 0.185+ 0.005 72.83%4.02
60 95.16+1.96 0.203+ 0.005 67.62+ 2.78
120 108.98+2.87 0.215+ 0.005 62.25+ 2.26
180 123.53+3.76 0.226+ 0.005 58.78+ 3.12

All the values were expressed in mean+SD (n=3)
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In vitro cytotoxicity study

The cytotoxicity of entrectinib-loaded nanobubbles against MCF-7
cells was assessed using the MTT assay, a common cell viability and
cytotoxicity test. MCF-7 cells were tested for viability after exposure
to entrectinib formulations at doses from 10 to 120 pM. All
entrectinib formulations showed over 98% cell viability at 10 pM
dosages, indicating negligible cytotoxicity. Cell viability continued to
exceed 80% at a concentration of 20 pM. Possibly because this
concentration is below the minimum effective concentration needed
for substantial cytotoxicity. Nanobubbles with ultrasound had the
lowest cell viability as concentration rose [34]. At 50% cell
inhibition, IC50 values were determined. Free entrectinib showed an

Int ] App Pharm, Vol 17, Issue 1, 2025, 304-315

IC50 of 69.89 uM, while nanobubbles with and without ultrasound
had IC50 values of 38.13 and 31.27 pM, respectively. It appears that
ultrasound-assisted nanobubbles released entrectinib into cells with
high sensitivity and potential for cytotoxicity. The results suggest
that this formulation may improve MCF-7 cell treatment outcomes,
an important breast cancer treatment concern. Results of Cellular
uptake and in vitro cytotoxicity of plain entrectininb, entrectininb
nanobubbles without ultrasound, and entrectininb nanobubbles
with ultrasound are shown in fig. 8 (A and B). Due to slow release of
drug from the nanobubbles, at the proposed concentration, the
amount of free drug in nanibubbles was much lower than that of
comparator. Thus, the improved cytotoxic effect on the cancer cell
lines may be due to higher cell penetration of the nanobubbles [3].

10
9
8
=
= 7
c
L s
£
E 5
(7]
o 4
o
S 3
2
1
0 .
Control Entrectinib  EntNB without US EntNB with US
(A)
120
100 T
80 T
g -
E’ -
S 60 T
E -
3
T
40
T
20 1 -
0 b
LT I i
10 20 30 40 50 60 70 80 90 100 110 120
Concentartion
EPlain Entrectinib ® EntNB without US EntNB with US
(B)

Fig. 8: Results of cellular uptake and in vitro cytotoxicity of plain entrectininb, entrectininb nanobubbles without ultrasound, and
entrectininb nanobubbles with ultrasound; all the values were expressed in mean+SD (n=3)
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CONCLUSION

Our goal was to create nanobubbles with a PLGA shell and a
perfluoropentane core to deliver entrectinib. We optimized
formulation components using the response surface approach to
produce an optimal PS and homogeneous size distribution. The
nanobubbles' PS was extremely consistent under these optimized
settings. Thus, entrectinib solubility is critical to medication efficacy,
according to our data. Entrectinib was more soluble in nanobubbles
than in suspension, especially at different pH levels. Enhanced
solubility may improve medicinal efficacy and bioavailability. Our in
vitro dissolution studies confirmed entrectinib nanobubbles’
benefits. We also examined entrectinib nanobubbles' therapeutic
potential in vitro. Nanobubbles inhibited tumor cell proliferation
better, suggesting promising results. This highlights the promise of
PLGA nanobubbles in ultrasound-responsive formulations for
targeted medication delivery in cancer and other disorders. Overall,
entrectinib-loaded PLGA-shelled nanobubbles could revolutionize
medication delivery. Improved solubility, dissolution characteristics,
bioavailability, and therapeutic efficacy show nanobubble-based
drug delivery systems' potential future in oncology and beyond.
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