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ABSTRACT

This study used a central composite design (CCD) to evaluate how the independent attributes—sonication
distance (X;), amplitude (X,), time (X;), and power (X,)—impacted two outcomes—droplet size (Y1)
and polydispersity index (PDI) (Y2). The time-consuming and inefficient “changing one factor at a time”
approach would have been an option for this multifactor optimization, but we opted against it since
we wanted to be sure we had the best possible values. Here, a mathematical model of the combined
influence of the processing elements led to the selection of a CCD, which is known to be significantly
more dependable. Using a double emulsion technique, we created and fine-tuned a drug delivery system
consisting of nanobubbles loaded with pemigatinib. Pemigatinib nanobubbles were studied for their shape,
surface charge, and particle size to determine their physicochemical characteristics and found that they
were spherical with the zeta potential (ZP) and particle size of -25.3 + 2.98 and 38.53 + 2.14, respectively.
Pemigatinib-loaded nanobubbles were also tested for their release behaviors and drug encapsulation
effectiveness. Finally, we tried to study the anti-tumor activity and cellular absorption of poly (lactic-co-
glycolic acid) nanobubbles-pemigatinib in-vitro.
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INTRODUCTION

A rare and aggressive bile duct cancer called
cholangiocarcinoma is treated with pemigatinib when
it spreads locally or metastatically. It inhibits fibroblast
growth factor receptors (FGFR) with high specificity.
Cholangiocarcinoma and other cancers modify or
overexpress these receptors.I!! Pemigatinib stops
downstream signaling pathways that support cell
growth and survival by binding to the FGFR’s adenosine
triphosphate (ATP)-binding site. This reduces tumor cell
proliferation and promotes tumor cell demise. Pemigatinib
mightbe an activeaction for cholangiocarcinoma subjects
with FGFR mutations or overexpression due to its

specific targeting of FGFRs. As with targeted medicines,
Pemigatinib resistance is a key issue. Strategies to avoid
this difficulty are being researched.!>3! After a clinical
trial showed that pemigatinib enhanced progression-free
survival related to normal chemotherapy in formerly
cured advanced cholangiocarcinoma subjects, the Food
and Drug Administration (FDA) accepted it in April 2020.
Pemigatinib causes high phosphate levels, hair loss,
weariness, nausea, and diarrhea. Once a day, a tablet should
be taken at blank stomach an hour previously or 2 hours
after a meal. Following a doctor’s dosing instructions and
reporting adverse effects is critical.¥) Pemigatinib has
limited water solubility, 0.0015 mg/mL at 25°C. Designing
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oral formulations is difficult due to its weak solubility,
restricted permeability, and chemical characteristics.!
Pemigatinib bioavailability (BA) depends on the patient’s
age, sex, weight, health, and drug formulation and
dosage.[®! The compound’s high aqueous insolubility
reduces gastrointestinal absorption and BA. Due to these
formulation issues, pemigatinib tablets contain excipients
thatimprove solubility and BA. Note that hydroxypropyl-
beta-cyclodextrin (HPBCD), a water-soluble cyclic sugar,
forms inclusion complexes with pemigatinib, improving
its solubility and dissolution rates. Croscarmellose
sodium, a superdisintegrant, speeds tablet breakdown
and medication release in the gastrointestinal system.”]
Despite these efforts to improve solubility andBA, some
patients may have formulation-related adverse effects
such as nausea and vomiting. Patient-specific factors like
health state, concurrent medications, and nutrition can
also affect pemigatinib absorption and efficacy.!®!

Nano formulations,!”] cyclodextrin complexation,m]
salt formation,['!] prodrug approach,'?! co-solvent
systems,[*3 and others could improve pemigatinib’s
solubility, stability, and BA. These different formulations
may improve pemigatinib’s pharmacokinetic (PK) and
pharmacodynamic (PD) qualities, making it a better
treatment for FGFR-altered cancer patients. Each method
has its drawbacks; thus more research is needed to
assess their efficacy for pemigatinib. Studies reveal
that nanotechnology-based drug delivery methods
may improve pemigatinib’s PK and PD. Further study is
needed to discover the best pemigatinib formulation and
delivery technique and to measure the safety and efficacy
of nanotechnology-oriented drug delivery methods in
preclinical and clinical investigations. As per the up-to-
date studies, we can find that, pemigatinib nanoparticle
creation and utilization are poorly documented. While
pemigatinib nanoparticle developmentis still early, in this
study we investigated pemigatinib nanoparticle-based
drug delivery systems to improve its solubility, BA, and
cancer treatment efficacy.[*15]

Nanobubble technology has various advantages over
other nano-delivery systems, including versatile drug
administration, controlled release, non-toxicity and
biocompatibility, improved biological barrier penetration,
and improved imaging. Overall, nanobubble technology
seems promising for drug delivery and imaging. Its unique
features make it a versatile and effective drug delivery
platform. Nanobubbles have a gas core and a lipid or
polymer shell that can carry medications and target tissues
or cells. When stimulated by ultrasound, nanobubbles
release the therapeutic payload.["®”! The capacity of
nanobubbles to cross biological barriers, like the blood-
brain barrier, which prevents some medications from
reaching the brain, is an advantage of employing these
particles for medication administration. Additionally,
research has demonstrated that nanobubbles enhance the
delivery of medications to tumors, which can be challenging
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to target using conventional drug delivery systems.®
Nanobubble delivery of pemigatinib is thus an unexplored
field of research at the moment, but one that could be
investigated in the future to enhance pemigatinib’s PK and
PD features. PLGA nanobubbles are poly(lactic-co-glycolic
acid) nanobubbles. This biocompatible, biodegradable
polymer is frequently utilized in medication delivery and
biomedicine. PLGA nanobubble composition depends on
the formulation. PLGA nanobubbles usually have a gas core
and a polymer shell. The gas core can hold air, nitrogen,
or carbon dioxide, depending on the purpose.PLGA and
other materials can be added to nanobubble formulations
to change their properties. Surfactants can stabilize
nanobubbles and prevent coalescence. Nanobubble
size, surface charge, and drug-loading capacity can be
controlled with other additives. For biological applications
like drug administration, imaging, and tissue engineering,
PLGA nanobubble composition must be carefully tune.*’]
Design of experiments (DoE) can optimize PLGA
nanobubble composition for drug delivery. Researchers
can discover how each component affects nanobubble
size, surface charge, stability, and drug loading capability
by systematically altering their composition. The goal is
to find the best component combination for nanobubble
characteristics and performance. A DoE research for PLGA
nanobubbles can vary in polymer, surfactant, medication,
pH, and preparation temperature. Depending on system
complexity and the number of variables, the experiment
can use a factorial or RSM design. DoE can identify the
key nanobubble propertiesaffecting components and
their relationships. The nanobubble composition can be
optimized for drugloading, stability, and cancer treatment
efficacy using this information.[2021]

MATERIALS AND METHODS

Materials

Aelida Pharmaceuticals, Haryana, India, supplied
pemigatinib. The following materials were acquired from
Sigma Aldrich Chemicals Private Limited, Bangalore,
India: Cell culture medium, trypsin, newborn calf serum,
poly(vinyl alcohol) (PVA), PLGA, and newborn calf serum.
From Mumbali, India, S.D. Fine Chem. Pvt. Ltd. supplied
the dichloromethane and perfluoropentane. The research
relied solely on Millipore’s Milli-Q water. The reagents and
substances were of an analytical quality.

Methods

PLGA nanobubbles encapsulating pemigatinib

A customized water-in-oil-in-water (W/0/W) double
emulsion, solvent diffusion-based evaporation method
encapsulated pemigatinib in PLGA nanobubbles.[??]
About 900 mg PLGA was made to dissolve in 10 mL
dichloromethane and combined with 90 mg pemigatinib
under sonication. Under optimal conditions in an ice bath,
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adigital Sonifier® SFX150 (Branson Ultrasonic, Danbury,
USA) emulsified this combination to generate the primary
emulsion. 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 hours at room temperature to
separate dichloromethane. The blend was centrifuged for
10 minutes at 12,000 rpm. Centrifuged clear supernatant
was removed, and precipitate was carefully splashed with
de-ionized water, where centrifugation and washing was
done thrice. Splashed nanobubbles were freeze-dried in
the dark for 36 hours using LYPH LOCK 4.5 (Labconco
Corporation, Kansas City). C;Fg gas was injected into
the lyophilization chamber at 50 mL/min for 1-minute
through a specific vial connector. Screw vials were sealed.
Pemigatinib was successfully encapsulated within PLGA
nanobubbles by this methodical process, making them
available for future uses.

Ultrasound parameters optimization using RSM

e DoEs

Response surface methodology (RSM) is widely used to
optimize ultrasonic operations since it fits mathematical
models well. RSM, a statistical and mathematical method,
is useful for creating prediction models that describe how
various variables affect ultrasonic process outcomes.
RSM captures and models complex system interactions
and non-linearities, enabling accurate optimization
for ultrasonic-based applications to improve efficiency
and results.I?3] The ultrasound operating parameters,
determined during preliminary experiments, were 2.0 to
4.0 cm sonication distance, 3 to 5 minutes sonication time,
20to 40% sonication amplitude, and 40 to 80 W sonication
power. The vessels were sonicated for 5 seconds in an ice
water bath. Sonicated samples were stored at 25°Cin light-
protected conditions. This study used CCD to assess the
effects of sonication distance (A), amplitude (B), time (C),
and power (D) regarding particle size and PDI. A factorial
design at two levels (typically -1 and +1), center points for
experimental errors, and axial points for response surface
curvature are used. This design frequently varies factors
(independent variables) at three levels: low (-1), center
(0), and high (+1). The center points (0) are reproduced to
measure experimental error and curvature. To estimate
response surface curvature, axial points (coded -a and
+a) are added. This architecture allows fitting a second-
order polynomial equation to describe and optimize the
response variable based on factors.** The general second-
order polynomial equation for a four-factor CCD is:

4 4 4
Y= fok Y BiXi+ ) BuXi+ Y fiXiXi+e (1)
i=1 i=1

i<j
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Y -predicted response variable.

By - model intercept.

B;-linear coefficients showing the outcome of each factor.
B;i- quadratic coefficients showing the effect of each factor
squared.

Bj; - interaction coefficients representing the effect of
interactions between various factors.

X; and X; are the levels of the independent variables
(factors).

€ -error term.

Regression analysis estimates equation terms using CCD
experimental data. The predictive polynomial equation
models response variable behavior based on factors and
their interactions using the coefficients (S, 0,06;, and
B;j)- The selected components and their quantities were
determined by extensive preparatory tests (Table 1). The
studies were conducted using a structured design, and
Table 2 shows the dependent variable outcomes. Design-
Expertsoftware (Stat-Ease V13.0.5.0) was then utilized to
examine the response surfaces within the investigational
range.

e Data analysis

After the experiments, a complete statistical analysis was
done to understand variable correlations. Several models
described these relationships. To determine the best-
fitting model, statistical measures such as model p-value,
adjusted R?, lack of fit p-value, regression coefficient
(R?), and coefficient of variation were carefully assessed.
Model terms with a p-value greater than 0.005 are usually
inconsequential and can be safely deleted, helping choose
the mostrelevant and efficient model. We used backward
elimination to remove independent variables that did not
significantly affect our regression equation. This method
included carefully eliminating non-contributing elements
one by one. Three-dimensional RSM plots helped us grasp
the link between selected response parameters and two
independent variables. These plots graphically depicted
functional relationships, revealing complex processes.
We also used perturbation and contour plots to show

Table 1: Different levels of independent variables and goal of

dependent variables
Independent factors Levels
-a ;10 +1 +a
A - Sonication distance (cm)  1.59 20 3.0 40 441
B - Sonication time (min) 2.59 3 4 5 541
C - Sonication amplitude (%) 1586 20 30 40 44.14
D - Sonication power (W) 31.72 40 60 80 88.28
Dependent variables Goal
Y1- Droplet size (nm) Decrease
Y2 - PDI Decrease
401
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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 3 541 30 60 101.64 0.263
2 4 3 20 80 379.12 0.406
3 4 5 20 40 382.18 0.442
4 4 3 20 40 408.78 0.512
5 4 5 40 80 53.12 0.242
6 441 4 30 60 209.18 0.409
7 4 3 40 40 183.26  0.265
8 3 4 30 60 105.98 0.278
9 3 4 30 31.72 193.76 0.318
10 3 4 4414 60 66.54  0.268
11 3 2.59 30 60 139.49 0.252
12 2 3 20 80 374.12 0.398
13 2 5 20 80 354.53 0.386
14 3 4 30 88.28 96.85  0.238
15 3 4 30 60 108.58 0.289
16 3 4 1586 60 433.56 0.537
17 1.59 4 30 60 176.34 0.378
18 2 3 20 40 398.76 0.487
19 2 3 40 80 5834 0.182
20 2 5 40 40 144.78 0.278
21 4 5 20 80 362.56 0.392
22 3 4 30 60 112.34 0.294
23 3 4 30 60 106.12 0.282
24 3 4 30 60 107.49 0.306
25 2 3 40 40 162.12 0.248
26 4 5 40 40 169.12 0.282
27 4 3 40 80 67.52 0.204
28 2 5 20 40 356.12 0.438
29 2 5 40 80 49.56  0.232
30 3 4 30 60 110.57 0.312

how independent variables affect response parameters.
These graphs helped us understand the factors’ effects,
deepening our analysis.[?”!

e Optimization approach and verification

We used numerical optimization to get the ideal
independent variable values by constraining response
parameters and influencing factors. These restrictions
guided optimization to desired results.!?! After that, the
prepared formulation was carefully manufactured in
triplicate below ideal conditions. This method validated
the optimization technique’s efficacy and dependability,
verifying that the optimal points produced the intended
and consistent formulation results.
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Characterization of prepared pemigatinib nanobubbles

e Particle size, PDI, and ZP

The particle size distribution of Pemigatinib nanobubbles
was determined using the dynamic light scattering
technique. The measurements were conducted at a
constant angle of 90°. Prior to measurement, the samples
were appropriately diluted with Milli Q water. The
hydrodynamic diameter (Dh) and polydispersity index
(PDI) of the particles were determined using cumulated
analysis based on the average of three observations.
The additional electrode was utilized to conduct ZP
measurements on the same equipment, Mastersizer
2000, manufactured by Malvern Instruments Ltd, located
in Worcestershire, UK. The trials were performed in
triplicate at a temperature of 25 + 2°C.

e Drug payload and encapsulation effectiveness

Percentage of pemigatinib encapsulated from the
nanobubble preparation amount is called encapsulation
efficiency. The drug’s weight proportion in the nanobubble
formulation is its payload.l?”] In order to determine
the concentration of pemigatinib in the formulation,
a measured amount of the substance was dissolved in
dichloromethane. The solution was then subjected to
sonication for a duration of 10 minutes to facilitate the
breakdown of any complex formations. Subsequently,
the solution was diluted and analyzed using a UV
spectrophotometer at a wavelength of 262 nm. “Drug
payload” and “encapsulation efficiency” were estimated
by means of equations 2 and 3:

_— — Weight of drug encapsulated in nanoformulation 100 )
O TRIMAVE0at= Weight of the NS formulation taken for analysis % @

% Drug encapsulation ef ficiency

Weight of drug encapsulated in nanof ormulation

Initial weight of the drug fed for loading X200 &)

e Transmission electron microscopy

Transmission electron microscopy (TEM) examined
the morphology of both pemigatinib-loaded and plain
nanobubbles. After applying a diluted nanoparticle
suspension onto a film-coated copper grid, the grid was
stained using a 2% (w/v) solution of phosphotungstic acid.
The process of drying the sample increased the level of
contrast. The study was conducted at a magnification of
25,000 times.

e Fourier transformed infrared Spectroscopy and
differential scanning calorimetry

The spectra of pemigatinib, simple nanobubbles, and
pemigatinib-loaded nanobubbles were obtained using a
Tensor 27 FTIR Spectrophotometer by creating potassium
bromide discs. Analyzed data was obtained within the
spectral region of 4000 to 600 cm™. The Perkin Elmer
DSC/7 differential scanning calorimeter, equipped with a
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TAC 7/DX instrument controller, was employed to examine
pemigatinib, plain nanobubbles, and nanobubbles filled
with pemigatinib. The calibration of the melting point
and heat of fusion was performed using indium. The
samples in traditional aluminum pans were subjected to
heating at a rate of 10°C per minute, starting at 30°C and
reaching 400°C, while a nitrogen purge was maintained.
The analysis of 5 mg samples was conducted on three
separate occasions.

e In-vitro drug release study and kinetics analysis

Pemigatinib discharge from nanobubbles was measured
in-vitro using dialysis bags at a temperature of 37°C. The
release was observed for a duration of 24 hours utilizing
a dialysis bag that had a molecular weight threshold of
12 to 14 kDa. Predefined time intervals were employed
to substitute samples with a new phosphate buffer. We
conducted three experiments. During the evaluation of a
drug delivery system, research on drug release kinetics
provides information on the mechanism and timing of drug
release from a formulation, mathematical representations
of drug release kinetics aid in elucidating and forecasting
drug release.

e Ultrasound stability of pemigatinib nanobubbles

Ultrasound was used to stimulate pemigatinib-loaded
nanobubbles at defined parameters and durations.
Morphological analysis with optical microscopy assessed
nanobubble structural integrity before and after ultrasonic
exposure.

e Stability studies of pemigatinib nanobubbles

Pemigatinib nanobubble stability was tested for 1-month
at 4, 25, and 40°C. Pemigatinib content, encapsulation
efficiency, average particle size, and appearance were
checked regularly to assess stability.

Determination of hemolytic activity

The hemolytic activity of PLGA nanobubbles was tested
on human blood. Erythrocyte suspensions were treated
at 37°C for 2 hours with various nanobubble percentages
(v/v). The supernatant was analyzed at 543 nm after
centrifugation.!?®! Using an equation, the hemolysis
percentage was computed versus 100% hemolysis control.

ABSSample -

0, H l i =
% Hemolysis ABS,0, —ABS,

X100  (4)

ABS;and ABS;, correspond to absorbances ofat 0 and 100
%hemolysis of the solutions, correspondingly.

Cell culture

The American Type Culture Collection (ATCC, Manassas,
VA, USA) gave MCF-7 cells, and Bogoo Biotech Co. Ltd.
(Shanghai, China) graciously contributed Adriamycin-
resistant MCF-7/ADR cells. To adapt to drug resistance,
MCF-7/ADR cells were grown in a 500 ng/mL pemigatinib
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medium. In cultures, pemigatinib was increased to
1000 ng/mL. Later tests used these cells, which thrived and
proliferated stably in a 1000 ng/mL pemigatinib culture
media. All cells be developed at 37°C in a humidified 5%
(CO,) incubator in RPMI 1640 by 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin solution.

Cell viability-assay

A cell counting kit-8 (CCK-8) measured MCF-7 and MCF-7/
ADR cell survival at the presence of free pemigatinib,
plain nanobubbles, and pemigatinib nanobubbles. Using
a 96-well plate, MCF-7/MCF-7/ADR cell suspensions got
seeded at density 7 x 103 cells/well and adhered during
the night at 37°C. Cells were cultured by free pemigatinib
and nanobubbles (Pemigatinib concentrations: 5, 20,
40 pg/mL) for 72 hours after switching to fresh growth
media. Each well was incubated for 1-hour with 10 mL
of thawed CCK-8 solution. Absorbance was quantified at
450 nm by a microplate reader (Model 680, Bio-Rad, PA,
USA). Comparing cell viability to nontreated cells was done
as a percentage.

Cellular uptake of pemigatinib nanobubbles

MCF-7 cells were sown at 1.5 x 10* cells/well in 48 wells
and allowed to attach for 24 hours.?”] Fresh culture
medium with pemigatinib nanobubbles at 80, 160, and
240 pg/mL was added to wells and incubated for 6 hours.
Other experimental groups examined time-dependent
uptake. Pemigatinib nanobubbles (final concentration 40
nug/mL) were treated with cells for 4, 6, and 8 hours. All
samples were cleaned three times with PBS and examined
under a fluorescence microscope (TE-2000U, Nikon, Tokyo,
Japan) after incubation.

Data presentation and statistical study

Data were presented as mean * SEM, group differences
were assessed using one-way ANOVA and Bonferroni
testing, p-value < 0.05 indicates significance.

RESULTS AND DISCUSSION

Nanobubbles, with their small size and core-shell
composition, are promising medication delivery vehicles.
They include gases or vaporizable chemicals like
perfluorocarbons and are nanometer-sized. These
structures have lipid, polymer, or albumin shells
that stabilize the center. Nanobubbles are promising
nanocarriers due to their stability, drug-loading capacity,
and extravasation. Due to their small size, they may
travel from blood arteries to tissues. Owing to their
lesser size and unique physical features, polymer-shelled
nanobubbles can enter the extravascular region, making
them ideal for targeted medication administration. For
nanobubble formulation, researchers have investigated
biodegradable and non-biodegradable polymers. PLGA,
a biocompatible and biodegradable polymer, is broadly
used. PLGA is used for sutures, bone implants, screws,
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and drug-release matrixes.! This work designed PLGA-
shelled nanobubbles for pemigatinib delivery. We made
nanobubbles from PLGA polymer with free carboxylic
end groups. Perfluoropentane was used for the inner core
and PLGA (50:50 ratios; intrinsic viscosity 0.22 dl/g, MW
= 15000) for the shell to make blank and pemigatinib-
loaded nanobubbles. However, the first trials showed
variable particle size distribution, emphasizing the
importance of parameters. Sonication distance (A) (the
distance between the vessel bottom and the ultrasound
probe) 2.0 to 4.0 cm, time (B) 3-5 minutes, amplitude
(C) 20 to 40%, and power (D) 40 to 80 W significantly
affected nanobubble particle size and PDI. Controlling
nanobubble preparation variables made replicating
these processes difficult. RSM is an efficient approach to
optimizing solutions for desired outcomes.!*! Given its
capacity to explore quadratic response surfaces and build
accurate second-order polynomial models, CCD method
was chosen to optimize preparation conditions.[*?] The
p-values, all under 0.05, displayed that the chosen model
was very significant, notably for particle size and PDI.
The A, of pemigatinib in acetonitrile was measured at
262 nm. The appearance, aroma, and taste of pemigatinib
were described as white to off-white crystalline powder,
pungent, and unpleasant. Pemigatinib melted at 95.5
to 98.5°C. The solubility of pemigatinib ranged from
30.66 pg/mL in water to 34132 pg/mL in dimethyl
sulfoxide. Pemigatinib powder absorbed less than 0.5%
moisture, proving its non-hygroscopicity.

RSM Optimization

Statistical analysis

A four-factor, five-level CCD was used for 30 studies.
Table 2 shows the independent and dependent variables
from these experiments. All trials had droplet sizes (Y1)
of 49.56 to 433.56 nm and nanobubble PDI (Y2) of 0.182
to 0.537. The data was carefully analyzed using Stat-
EaseDesignExpert® (V13.0.5.0) to determine the ANOVA,
regression coefficients, and equations. A second-order
quadratic model was fitted to the data to model the results.
Table 3 shows best-fitting quadratic models with maximum
F value. Table 4 summarises numerous linear regression

analysis-derived mathematical equations for the variables.
These polynomial equations show how each independent
variable and their combined influence affect response
variables. Individual independent variable coefficients
demonstrate their effect on response variables. Multiple-
variable and higher-order coefficients indicate interaction
and quadratic effects correspondingly. Positive signs show
synergy. However, negative signs designate antagonistic
properties. The regression calculations all showed
statistical significance.

In addition to coefficients, the lack of fit value is a crucial
statistical measure for model fitness assessment. This is
done by comparing residual error to duplicated center
point pure error. A significantly low fit value indicates
poor prediction efficiency. Therefore, a model having
a non-significant lack of fit is crucial. Both quadratic
models’ non-significant lack of fit confirmed model
fit. Every multiple linear regression analysis findings
are summarised using R? value, adjusted R? value, and
coefficient of variation. R? measures variation about
the mean. R? values for both response variables were
significantly larger than 0.985, indicating that the selected
models explained experiment behavior. Additionally, the
adjusted R%reading is critical to model sufficiency. High
R? values do not necessarily designate model sufficiency
because the number of variables can affect them. Adjusted
R? value better indicates model-based competence. R?
values for droplet size and PDI were 0.9978 and 0.9857,
respectively. Both models’ R? values and modified R?
values were consistent, indicating that non-significant
terms had been excluded. The coefficients of variation
for both replies were 2.22 and 4.22, proving the results’
repeatability and dependability. These values emphasize
the study’s legitimacy by demonstrating the experimental
results’ stability and consistency. Fig. 1 indicates that
anticipated values and experimental results accord
well. Each data point has a predicted value for all three
replies. These images show that both models identified
the procedure and formulation variables needed to make
pemigatinib nanobubbles. The close agreement between
projected and actual outcomes shows that the established
models accurately and reliably capture the nanobubble
preparation process’s complexities.

Polydispersity index

Fig. 1: Comparison among predicted and actual readings of size and PDI
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Table 3: ANOVA of quadratic model for response droplet size (Y1) and PDI (Y2)

Source of variation Sum of squares Degrees of freedom Mean square value F-value p-value Prob>F
Model 4.88x10° 12 40651.74 2077.44 <0.0001
A-Sonication distance 1182.3 1 1182.3 60.42 <0.0001
B-Sonication time 2280.78 1 2280.78 116.56 <0.0001
C-Sonication amplitude 3.50x10° 1 3.50 x10° 17908.41 <0.0001
D-Sonication power 20691.84 1 20691.84 1057.42 <0.0001
CD 7886.77 1 7886.77 403.04 <0.0001
A? 16152.86 1 16152.86 825.47 <0.0001
c? 46055.67 1 46055.67 2353.6 <0.0001
D? 2981.73 1 2981.73 152.38 <0.0001
Residual 332.66 17 19.57
Lack of fit 300.59 12 25.05 391 0.0714
Pure error 32.07 5 6.41
Cor total 4.88x10° 29
Model 0.2488 9 0.0276 116.62 <0.0001
A-Sonication distance 0.001 1 0.001 4.13 0.0558
B-Sonication time 1.544x 10 1 1.544x 10 0.0065 0.9365
C-Sonication amplitude 0.1821 1 0.1821 768.3 <0.0001
D-Sonication power 0.0194 1 0.0194 81.91 <0.0001
BC 0.0049 1 0.0049 20.67 0.0002
A? 0.0149 1 0.0149 62.89 <0.0001
B? 0.0073 1 0.0073 30.95 <0.0001
c? 0.0185 1 0.0185 77.85 <0.0001
D? 0.003 1 0.003 12.46 0.0021
Residual 0.0047 20 0.0002
Lack of fit 0.0038 15 0.0003 1.44 0.3646
Pure error 0.0009 5 0.0002
Cor total 0.2535 29

Table 4: Regression equations for both results
Dependent variable Regression equation
Y1 110.77 + 7.69 A-10.68 B - 132.37 C - 32.17 D - 22.20 CD + 42.52 A* + 71.16 C*+ 18.79 D?
Y2 0.3015 + 0.0070A + 0.0003 B - 0.0954 C - 0.0312 D + 0.0175 BC + 0.0400 A%- 0.0280 B+ 0.0445 C>- 0.0178 D?

Droplet size (Y1)

Since particle size affects nanobubble physical
characteristics and stability, droplet size is an important
quality control metric. Permeation and retention in
tumor tissues and organs depend on nanocarrier size.*%
Table 2 shows nanobubble particle sizes of 49.56 to
433.56 nm. The polynomial model showed total factors
(A, B, C, and D) affected nanobubble particle size. The
droplet size quadratic model had an F-value of 1186.25,
indicating its significance. Individual factors (4, B, C, and
D), interacting term CD, and quadratic terms (A% C? and
D?) significantly affected droplet size (p-values < 0.050).
A “Lack of Fit F-value” of 10.19 indicated little significance.
Non-significant misfit suggests a good model. The factorial
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equation for droplet size showed that C had a greater
impact than D, B, and A, with R? and adjusted R? values of
0.9978 and 0.9970, correspondingly. The result shows that
observed and expected values were similar. To determine
the main and interacting impact of independent attributes
onsize, perturbation, 3D-surface, and contour graphs were
created. The perturbation plot showed how A, B, C, and D
affected droplet size. C affected droplet size the greatest,
followed by D and B, with Ahaving a slightinfluence (Fig. 2).
Interactive and quadratic independent variable effects
were shown via 3D RSM and contour graphs. Fig. 2 shows
the interactive result of C and D (CD) at constant A and B
on droplet size.
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Fig. 2: Two-dimensional perturbation, 3D- RSM and Contour graph-Influence of A, B, C, and D-droplet size

PDI

The PDI characterizes a sample’s particle size distribution.
The width of the size distribution curve indicates particle
size homogeneity or heterogeneity in a system. A lower
PDI value indicates a more uniform size distribution in
nanobubbles or nanoparticles. Conversely, a greater PDI
value suggests a wider size distribution, meaning particles
fluctuate more.®* This investigation found nanobubble
PDIs from 0.182 to 0.537, showing particle size variability.
The polynomial model showed that variables C and D
significantly affect nanobubble PDI. A high F-value of
116.62 indicated relevance in the PDI quadratic model.
The factors C, D, BC, and quadratic terms A% B?, C? and D?
significantly affected PDI of nanobubbles (p < 0.0500). The
model’s “Lack of Fit F-value” of 1.44 indicated that lack of
fit is not significant. A well-fitting model needs this non-
significant fit difference. The factorial equation showed
that variable C had a greater impact on PDI than D, A, and
B, as indicated by a strong correlation coefficient (R*) and
adjusted R? values (0.9813 and 0.9729, correspondingly).
The observed values’ near match confirmed the model’s
accuracy. The perturbation plot showed that C had
the greatest influence on PDI, followed by D with an
intermediate effect and A and B with moderate effects
(Fig. 3). The independent variables’ interaction and
quadratic impacts were shown via the 3D RSM and
contour plots. Fig. 3 shows the interactive consequence
of Band C (BC) ata steady A and D on PDI. Understanding
and optimizing these variables, notably C and D, can help
nanobubble compositions achieve a reduced PDI and a
more homogenous particle size distribution, improving
drug delivery efficiency and effectiveness.

Optimization process

We optimized process variables affecting response
parameters using Derringer’s desirability technique.

406

Int. J. Pharm. Sci. Drug Res., May - June, 2024, Vol 16, Issue 3, 399-411

Each response was converted to a desirability scale
using Ymax and Ymin as goal functions (D). After a grid
examination and viability analysis over the domain,
desirability functions were combined into a geometric
mean. Design-Expert software aided this method. A:
2.28 cm, B: 3.11 minutes, C: 40%, and D: 80 W yielded the
highest attractiveness, resulting in a D rating of 1.000,
indicating a great result (Table 5). Under these ideal
conditions, three batches of nanobubbles were created to
validate the model. Interestingly, the projected values and
experimental results matched (Fig. 4). This proves that
the CCD and Derringer’s desirability approach optimize
pemigatinib nanobubble formulation.

Characterization of nanobubble formulations

All batches of pemigatinib nanobubbles had consistent
particle sizes and low PDI. High ZP showed nanobubble
storage stability. The average particle size, PDI, and ZP
of blank and pemigatinib-loaded nanobubbles. Strangely,
blank and drug-loaded nanobubbles had similar particle
sizes and PDI. PDI of blank nanobubbles and drug-loaded
nanobubbles were found to be 0.168 * 0.005 and 0.172 *
0.005, respectively. TEM was used to analyze nanobubble
morphology. TEM scans showed a 70 to 90 nm nanobubble
surface shape and core-shell structure (Fig. 5). Comparing
TEM and DLS particle sizes revealed an interesting
finding. TEM, which visualizes at a microscopic level,
measured particle sizes somewhat greater than DLS,
which measures at a nanoscopic scale. High-resolution
TEM imaging showed nanobubbles were 70 to 90 nm
(Fig.5). Encapsulation efficiency was 86.34% and loading
capacity was 31.21% for pemigatinib in nanobubbles.
Pemigatinib-loaded nanobubble aqueous suspension had
a viscosity of 6.2 centipoise, which was appropriate for
parenteral delivery. Significantly, pemigatinib loading into
nanobubbles did not influence formulation viscosity.!?’!
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Fig. 4: Contour and overlay plots showing the global desirability value with point prediction
Table 5: Optimum circumstances achieved by affecting restrictions on response attributes
Predicted readings Actual values
Independent attributes Optimized readings
Y1 (nm) Y2 Batch Y1 (nm) Y2
A: Sonication distance 2.28 cm B1 42.36 £2.75 0.159 £ 0.0005
B: Sonication time 3.11 min B2 38.53+2.14 0.172 £ 0.0005
41.22 0.178
C: Sonication amplitude 40%
B3 37.18+1.92 0.183 + 0.0005
D: Sonication power 80 W

Fig. 5: TEM image of blank and pemigatinib-loaded nanobubbles
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Spectral analysis and thermal behavior

Fig. 6 compares the FTIR spectra of pemigatinib, PLGA,
PVA, nanobubbles, and drug nanobubbles. FTIR spectra
of pemigatinib-loaded nanobubbles did not show the
drug’s typical peaks, suggesting entrapment in the
PLGA matrix. Fig. 6 shows the pemigatinib-loaded PLGA
nanobubbles’ DSC thermogram. Pure pemigatinib’s DSC
curve showed endothermic peak at 96.97°C, its melting
temperature. Amorphous PLGA had no melting point on
its thermogram. Polymer degradation was suggested
by the large endothermic peak at 369.4°C. A significant
endothermic peak at 212.6°C suggested PVA melting,
while a minor hump at 40 to 42.5°C may represent the
glass transition temperature. PLGA and PVA had similar
melting transition values in blank and drug-loaded
nanobubbles, suggesting the encapsulation technique did
not change them. In the DSC examination, the absence of a
crystalline drug material’s sharp peak suggested the drug
was imprisoned in the PLGA matrix. Drug formulation
thermograms showed no endothermic peak, supporting
this indication.

Fig. 7 displays the in-vitro pemigatinib release curve
from nanobubbles in pH 7.4 phosphate buffer. Sonication,
notably ultrasound, was tested for medication release from
nanobubbles. Nanobubbles released more medication than
the pemigatinib solution. Drug release with ultrasound
help differed significantly from without. After 6 hours,
sonication released 46.65% of pemigatinib, while 28.78%
was released without. Ultrasound released 98.12% of
pemigatinib over 24 hours, compared to 64.65% without.
The data strongly suggested that ultrasound increases
pemigatinib release from nanobubbles. The considerable
increase in medication release under ultrasound suggests
that nanobubble-based formulations can be modulated
to optimize therapeutic effects. The mechanisms of this
cavitation effect and its effects on drug delivery could
be studied. To determine the drug release sequence
and mechanism, optimized nanobubble formulation
pemigatining release data was fitted into kinetic models.
The Higuchi and Korsmeyer-Peppas models fit well,
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Fig. 7: In-vitro pemigatinib release outline with and without
ultrasound support

indicating that drug discharge from the formulation is
diffusion-controlled, which helps understand and optimize
drug release from this formulation.

Ultrasound was used to test pemigatinib-loaded nanobubble
stability at different temperatures. Nanobubbles’ form
and structure remained intact after 5 minutes of 2.5
MHz sonication at 25°C. At 37°C, nanobubbles began to
shrink after 2 minutes of sonication and disappeared
after 5 minutes, indicating destabilization. This indicates
instability. Due to its low boiling point, perfluoropentane
turns into a gas at 37°C. Nanobubbles’ small size may
change this transition temperature. Acoustic droplet
creation occurs when ultrasound causes the gas central
parttobecome a bubble from a nano-droplet. The storage
stability of pemigatinib nanobubbles was tested at 4, 25,
and 40°C for six months. Reports show pemigatinib content,
encapsulation effectiveness, and size of pemigatinib
nanobubbles at 0, 15, 30, 60, 120, and 180 days. Drug
content did not change at 4 or 25°C. Encapsulation
efficiency remained steady, especially at 4 and 25°C,
stating that nanobubbles protected pemigatinib through
degradation at usual storage temperatures. Encapsulation
effectiveness decreased at 40°C, suggesting nanobubble
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structural instability due to rising temperature. The
drug-loaded nanobubbles’ PDI values remained below
0.2 during the stability testing. The formulation had a
uniform and homogenous size distribution, confirming
its stability and applicability. To assess safety of blank and
pemigatinib nanobubbles, hemolytic action was measured.
The hemolytic activity of PLGA nanobubble suspensions
in water was examined. Even at 10 mg/mL, these
nanobubbles were non-hemolytic. This shows that blank
nanobubbles do notharmred blood cells, confirming their
safety for use. Drug-loaded nanobubbles also displayed
good safety for erythrocytes when tested for hemolysis.
This reinforces the formulation’s non-toxicity, confirming
its parenteral safety.!28!

In-vitro cellular uptake study

MCF-7 cells,acommon breast cancer cell line, were used to
explore pemigatinib nanobubble absorption. Fluorescent
intensity was measured for analysis. After a 2-hour
incubation, MCF-7 cells were measured for fluorescence
intensity. Cells treated with ultrasound and pemigatinib
nanobubbles had a mean fluorescence intensity of 11.32
(Fig. 8). This intensity was around two times higher than
in cells treated with pemigatinib nanobubbles alone,
demonstrating that ultrasound greatly improved cellular
absorption. This discovery shows that ultrasound can
improve medication delivery, specifically pemigatinib
cellular absorption, which could improve breast cancer
therapy outcomes.

In-vitro cytotoxicity study

The MTT assay, a common cell survival and cytotoxicity
test, was used to analyze pemigatinib-loaded nanobubbles’
in-vitro cell toxicity against MCF-7 cells. The study
examined the viability of MCF-7 cells bare to pemigatinib
formulations at doses from 10 to 80 uM. At lower
concentrations (10 pM), all pemigatinib formulations
showed above 98% cell survival, indicating negligible
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cytotoxicity. Ata concentration of 20 uM, cell viability still
exceeded 75%. This may be because this concentration is
below the minimal effective concentration for cytotoxicity.
Ultrasound nanobubbles had the lowest cell viability as
concentration rose. The quantity that inhibited 50% of
cells was calculated as IC;. Free pemigatinib showed an
ICsy of 63.5 pM, while ultrasound-free and ultrasound-
exposed nanobubbles had IC;5, values of 42.38 and
30.87 uM, respectively (Fig. 8). This indicates that
ultrasound-based nanobubbles unconfined pemigatinib
into cells having high sensitivity and potential for
cytotoxicity. The data suggest that this formulation may
improve MCF-7 cell treatment outcomes, an important
breast cancer treatment consideration.!?]

CONCLUSION

We created nanobubbles with a PLGA shell and
perfluoropentane core to deliver pemigatinib, an
anticancer medication. RSM helped us optimize formulation
components for optimal particle size and homogeneous
size distribution. Under precisely optimized settings,
nanobubbles have remarkable particle size uniformity.
Our investigation found that pemigatinib solubility
affects medication efficacy. We found that pemigatinib
in nanobubbles was more soluble than in suspension,
especially at different pH levels. This increased solubility
may improve therapeutic efficacy and BA. We performed
in-vitro dissolution studies to confirm pemigatinib
nanobubble benefits. The results were dramatic, showing
superior dissolution profiles and gastrointestinal stability
compared to standard suspension. This exciting result
shows that nanobubble formulations of pemigatinib
could significantly increase its oral BA, revolutionizing
medication delivery for therapeutic impact. To assess
pemigatinib nanobubble therapeutic potential, we
conducted in-vitro cytotoxicity tests. Nanobubbles
inhibited tumor cell development better, which was
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encouraging. This shows that PLGA nanobubbles can be
used in ultrasound-responsive formulations to deliver
targeted drugs to fight cancer and other disorders. Our
study shows that pemigatinib-loaded PLGA-shelled
nanobubbles could revolutionize medication delivery. The
improvements in solubility, dissolution characteristics, BA,
and therapeutic efficacy show the potential of nanobubble-
based drug delivery systems in oncology and beyond.
More research in this area could lead to transformational
medical therapeutic advances.
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