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Imatinib is a chemotherapeutic agent known to cause severe side effects when administrated systemically.
Encapsulating imatinib in co-polymer poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) offers a targeted
drug delivery. In this work, PLGA 50:50 and PLGA 75:25 NPs encapsulated imatinib using the electro-
hydrodynamic atomisation technique. All particles generated were spherical with a smooth surface with a size
distribution of 455+115 nm (PLGA 50:50) and 363+147 nm (PLGA 75:25). Encapsulation of imatinib was shown
to be higher than 75 % and was shown to increase the zeta potential of the loaded NPs. The release of imatinib

showed an initial burst in the first 12 h, followed by different sustained releases with up to 70 %. Both types of
imatinib-loaded NPs’ effect on cell viability and their cellular uptake were also studied on A549 cells, and the
antiproliferative effect was comparable to that of cells treated with free drugs. Finally, Rhodamine-B-loaded NP-
treated cells demonstrated the cellular uptake of NPs.

1. Background

Imatinib is a chemotherapeutic small molecule acting as a tyrosine
kinase inhibitor. It was considered a revolutionary treatment for chronic
myeloid leukaemia and was approved by the Food and Drug Adminis-
tration (FDA) and marketed by Novartis for this indication in 2001 [1].
Imatinib has been researched for its potential to treat several types of
cancer [2] and is usually administrated orally; however, the effective-
ness of this route and, ultimately, the resulting oral bioavailability
highly depends on the physiochemical properties of the drug, such as
aqueous solubility, permeability and stability, drug metabolism and the
target site [3]. The clinical potential of imatinib is therefore limited by
its safety profile, low solubility in aqueous solution and short half-life
(~18 h) when administrated orally [4], which leads to a drug concen-
tration that is toxic to normal cells but marginally effective in treating
cancer cells [5]. Therefore, an alternative delivery system must be
considered depending on the drug’s nature and target to achieve optimal
bioavailability and efficacy.

Targeted drug delivery provides localised delivery of therapeutics to
the affected cells by improving bioavailability, reducing drug distribu-
tion to other organs and tissues, and minimising systemic toxic effects
[6]. Lipid nanoparticles have been studied to encapsulate imatinib in
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solid-lipid nanoparticles [4] or lipid nanocapsules [7]. These nano-
systems allow for the encapsulation of poorly water-soluble or high-
risk drugs and increase their concentration and retention time only at
a specific location when administered. Their passive delivery can be
achieved by taking advantage of the enhanced permeability and reten-
tion (EPR) effect observed in tumour tissues: the lymphatic drainage is
reduced, which prolongs the circulation time of nanosized compounds,
enough for them to leak into the tumour tissue through the permeable
tumour vasculature and then retained in the targeted tissues [8]. Several
studies investigating this mode of drug delivery have looked at poly
(lactic-co-glycolic acid) (PLGA), an FDA-approved biodegradable poly-
mer. Polymeric drug delivery systems, especially for anti-cancer drugs,
show improved storage stability and a more sustained and controlled
delivery of their compounds [9]. Imatinib has already been investigated
in a PLGA-based drug delivery system, whereby Benny et al (2009)
developed imatinib-loaded PLGA microspheres to treat glioblastoma.
They injected microspheres intracranially into a glioblastoma mouse
model, which led to a 79 % decrease in tumour volume 14 days after the
injection [10]. Imatinib-loaded PLGA microspheres were also studied for
the treatment of a further type of brain tumour, craniopharyngioma,
where a rat corneal angiogenesis assay was utilised, and the imatinib-
loaded microspheres were found to reduce neovascularization [11].
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Imatinib has also been encapsulated to address conditions such as the
vascular smooth muscle proliferation in atherosclerosis and pulmonary
arterial hypertension. Esfandyari-Manesh et al (2020) showed a
controlled release of imatinib from peptide-functionalised PLGA NPs
developed for the targeted treatment of atherosclerotic regions [12].
Nakamura et al (2015) demonstrated significant inhibition of smooth
muscle cell proliferation 24 h after administrating the loaded NPs
intratracheally on a rat model of pulmonary hypertension [13]. The
previously mentioned studies used costly and time-consuming multi-
step processes that can lead to increased risk of errors, unwanted
interaction with the drug, polydisperse and large particles, and low
encapsulation efficiency. Electrohydrodynamic atomisation or electro-
spray (ES) is a one-step technique to fabricate micro and nano-systems
[14]. The formation of particles relies on atomising a liquid under an
electrical field. The manufacturing is simple and inexpensive, with mild
preparation conditions such as the absence of surfactants, emulsifiers,
and high temperatures [15].

Electrospraying also allows great flexibility in the type of materials
used and control over the resulting products and their characteristics
[16]. Production of PLGA NPs using electrospraying has shown its po-
tential in many studies for reducing severe side effects and localised
drug delivery; for instance, metronidazole was encapsulated using ES
due to its carcinogenicity concerns [17]. A study by Parhizkar et al
(2016) electrosprayed PLGA nanoparticles encapsulating the anti-
cancer drug cisplatin for a controlled dosage and release [18]. Studies
by Xie et al (2006) and Chatterjee et al (2020) electrosprayed Paclitaxel
and methotrexate NPs, respectively, looked to minimise systemic
exposure and ensure a high concentration reaching the brain for ma-
lignant glioma [19] or drug-resistant metastatic breast cancer cells [20]
respectively.

This study aimed to create and evaluate polymeric NPs produced
through electrospray technology to achieve a more precise and efficient
delivery of imatinib for improved dosing effectiveness. This involved
manufacturing nanoparticles using electrospraying and optimising them
for size, shape, composition, and morphology for optimal delivery. The
resulting NPs were characterised to ensure they carry the desired
properties to deliver imatinib effectively; this included evaluating drug
encapsulation efficiency and drug release profile in vitro. Finally, the
resulting nanoparticles were tested on A549 cells to assess their efficacy
in vitro.

2. Methods

Imatinib-loaded nanoparticles and Rhodamine-B loaded nano-
particles (RhD-B NPs) production and characterisation

Materials.

The co-polymer poly(lactic-co-glycolic acid) (PLGA) was used to
fabricate the nanoparticles with a ratio of lactide to glycolide of 50:50
and 75:25, also known as Purasorb PDLG 5002 and Purasorb PDLG 7502
respectively; with the molecular weight of 17 000 g/mol, and the
inherent viscosity at 0.2 dl/g. The copolymer was purchased from Cor-
bion Purac. Acetone and methanol were purchased from Sigma-Aldrich,
and dimethylacetamide (DMAc) was purchased from Fisher Chemical.
The chemotherapeutic agent, imatinib, was purchased from Cambridge
Bioscience. Rhodamine-B (RhD-B) was purchased from Sigma-Aldrich.
BioDesign Cellulose Dialysis Tubing Strips, 14000 MWCO, were pur-
chased from ThermoFisher Scientific and phosphate-buffered saline
(PBS) tablets were purchased from MP Biomedicals, Inc.

Production of NPs.

All polymer solutions were prepared with 2 wt% PLGA. Formulations
F1, F2, F3, F4 dissolved the PLGA using a co-solvent system of acetone
and DMAc, with a ratio of 1:1 and formulations F5, F6, F7, F8 dissolved
PLGA using DMAc alone. Imatinib (0.2 wt%) was added to F2, F4, F6,
and F8 to produce drug-loaded nanoparticles. F1, F3, F5, and F7 were
prepared without the drug as blanks, and RhD-B (0.2 wt%) was added to
F9 to produce rhodamine-loaded NPs (RhD-B NPs). Formulations F1, F2,
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F5, F6 and F9 were made using PLGA 50:50 and F3, F4, F7 and F8 were
made using PLGA 75:25. Droplets of polymer solutions were ejected out
of a 22G (ID: 0.41 mm and OD: 0.72 mm) needle under a constant flow
rate of 5 pL/min and at a voltage of 12 kV for F1, F2, F3, and F4 and 2
pL/min and 14 kV for F5, F6, F7, F8, F9. A voltage power supply applies
an electrical field to the needle to break the droplet’s surface tension and
create smaller droplets. While the droplets migrate towards the collec-
tor, they separate into smaller droplets, and the solvent evaporates,
generating dry small particles on the collection plate [21]. Electro-
spraying occurred at room temperature (20-25 °C) and 35-55 % relative
humidity. A summary of all the parameters is displayed in Table 1.

Characterisation of NPs.

The morphology and porosity of the NPs were studied using scanning
electron microscopy. The electrosprayed particles were collected on a
microscope slide, then cut and attached to aluminium SEM stubs using a
double-sided carbon sticker (TAAB Laboratories, UK). The stubs were
then gold-coated for 1 min to make the sample conductive for obser-
vation under scanning electron microscopy (Thermo Scientific Phenom
Pro G6 Desktop SEM) with an acceleration voltage of 15 kV. Formula-
tions F1-F8 were each electrosprayed on three separate occasions to
demonstrate the reproducibility of the technique, and the image pro-
cessing software ImageJ (NIH, USA) was used to determine the particle
size distribution using the software-embedded functions on three sepa-
rate images. Zeta potential of the imatinib-loaded and blank particles
and pure imatinib were also measured using a Nano ZetaSizer (Malvern
Panalytical) and results were statistically compared using one-way
ANOVA.

Fourier transform infrared spectroscopy.

Fourier transform infrared (FTIR) spectroscopy (PerkinElmer Spec-
trum 100 FT-IR) was conducted with spectra recorded in the wavelength
region of 4000 to 650 em ™. Pure imatinib, blank particles and imatinib-
loaded particles from different PLGA ratios were dispersed on the crystal
light path and compressed to obtain respective spectra. A background
scan was performed, followed by a sample scan. Both scans consisted of
8 scan times, and each sample was run in triplicates to confirm the
spectra.

Encapsulation efficiency (EE%).

A calibration curve was generated for imatinib encapsulation effi-
ciency by dissolving a range of concentrations of imatinib (20-640 pg/
ml) in a co-solvent mixture of Acetone and DMAc (9:1) and measuring
their absorbance at a wavelength of 332 nm using a UV-Vis Spectro-
photometer (Cary Series UV-Vis Spectrophotometer, Agilent Technol-
ogy). Encapsulation efficiency was determined by using the calibration
curve and measuring the absorbance of the dissolved imatinib-loaded
particles at the same wavelength of 332 nm using a UV-Vis
Spectrophotometer.

In-vitro drug release profile.

A release study measured the percentage of imatinib released in PBS
over 7 days. PBS is a United States Pharmacopeia (USP) standard
physiological buffer for replicating the human body’s pH, osmolarity,
and ion concentration to simulate the conditions in-vivo [22], but also
due to its studied effect on drug release from PLGA microparticles [23].
8 mg of Imatinib-loaded particles and 1 mg of pure Imatinib were sus-
pended in dialysis bags. Aliquots were withdrawn at specific time points,
every 2 h during the first day and every 24 h after that until day 7. The
aliquots were passed through a 0.22 pm filter. UV absorbance of the
resulting filtrates was then measured at 261 nm. The imatinib concen-
tration of each aliquot was determined using the release study calibra-
tion curve, generated by dissolving a range of concentrations of imatinib
(2-50 pg/ml) in a co-solvent mixture of PBS and methanol (4:1) and
measuring their absorbance at a wavelength of 261 nm.

Cell studies.

Materials.

A549 cells were purchased from PromoCell and grown in Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with 10 % fetal bovine
serum and 1 % penicillin-streptomycin. Media, supplements and
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Table 1
Nanoparticles (NPs) production parameters.

Formulations Polymer Solution properties Electrospraying processing parameters

PLGA concentration PLGA ratio Drug used and concentration Solvents Voltage Flow rate

F1 2 wt% 50:50 Imatinib 0 Acetone and DMAc (1:1) 12kv 5 pL/min

F2 0.2 wt%

F3 75:25 0

F4 0.2 wt%

F5 50:50 0 DMAc 14kv 2 pL/min

F6 0.2 wt%

F7 75:25 0

F8 0.2 wt%

F9 50:50 Rhodamine-B 0.2 wt%
Phosphate-buffered saline (PBS) were purchased from ThermoFisher. Cell viability and live/dead assay.
CellTiter 96 ® Non-Radioactive Cell Proliferation Assay (MTT) was Imatinib-loaded NPs were assessed following F6 and F8 (PLGA 50:50
purchased from Promega and LIVE/DEAD™ Cell Imaging Kit (488/570) and 75:25, DMAc, 2 pL/min), on A549 cell lines due to their size and
from ThermoFisher. release profile with their respective blanks. Cell viability was measured
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Fig. 1. Scanning Electron Microscope (SEM) images of all formulations of NPs with their respective size distribution and PDI. Data are expressed as the mean +/- s.e.
mean of 3 independent experiments carried out in triplicates.
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using a colorimetric MTT assay. A live/dead assay was also performed.
96-well plates were seeded with 2000 cells in each well and treated the
next day with media alone (untreated), F5 NPs and F6 NPs (both at 1
mg/ml) and a range of imatinib concentrations of 50 pM, 100 pM, and
150 pM. MTT assay was conducted 72 h after the cells were treated, and
the absorbance was measured on a SpectraMax absorbance multi-well
plate reader at 550 nm, following the manufacturer’s instructions. The
live/dead assay contains Calcein AM, a cell-permeant dye that stains
green live cells, and BOBO-3 iodide, which stains red dead cells. 72 h
after treating the cells, they were washed and stained with both dyes.
Qualitative images were taken using an EVOS fluorescence microscope
30 min after adding the dyes. The fluorescence signal was measured on a
SpectraMax absorbance plate reader at emission/excitation 488/515 nm
for live cells and 570/602 nm for dead cells.

Uptake study.

A 24-well plate was seeded with A549 cells at a density of 95,000
cells in each well. The uptake study treated cells with media (untreated),
F5 NPs, free RhD-B at 50 pg/mL (equivalent to 100 uM free imatinib),
and F9 NPs (Blank PLGA 50:50 and Rhodamine-B PLGA 50:50) at 1 mg/
mL. One row was left unseeded to serve as an additional negative control
to ensure that measurements reflected the interaction of the NPs with
the cells rather than the plate. The following day, the wells were rinsed
three times with PBS to remove any NPs or RhD-B that were not
internalised.

Rhodamine-B fluorescence was measured on a SpectraMax plate
reader with an excitation peak at 550 nm and an emission peak at 570
nm, and fluorescent images were obtained using the Invitrogen EVOS
Digital Inverted Fluorescence Microscope.

3. Results

Imatinib-loaded particles characterisation

Size and morphology.

The electrohydrodynamic atomisation of the polymer solutions
generated individual, smooth, and spherical particles using all formu-
lations in Fig. 1, along with each formulation’s respective size distri-
bution, mean size and PDI. All formulations showed a low polydispersity
index (all below 0.3) as well as a decreasing mean size in F5 (430 + 160
nm; PDI 0.14), F6 (483 + 133 nm; PDI 0.07), F7 (489 + 189 nm; PDI
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0.14), and F8 (473 £+ 175 nm; PDI 0.15) compared to F1 (902 + 274 nm;
PDI 0.09), F2 (694 + 159 nm; PDI 0.05), F3 (561 + 221 nm; PDI 0.16)
and F4 (815 + 251 nm; PDI 0.10).

Zeta-potential and FTIR.

The surface charge of the particles was measured as it was reported
that the charge influenced the particles’ effect on cytotoxicity and their
cellular uptake [24]. Fig. 2A displays the surface charge of the blank and
imatinib-loaded PLGA 50:50 and 75:25 NPs and the charge of imatinib
alone. The charge increase in the encapsulated particles indicates that
adding imatinib significantly affects the charge of the particles. Indeed,
the mean charge of pure imatinib at —9 + 2 mV is higher than the blank
NPs at —21 4+ 4 mV (PLGA 50:50) or —17 & 7 mV (PLGA 75:25) and it is
shown that the encapsulation of imatinib in PLGA NPs increases the zeta
potential to —13 + 7 mV (PLGA 50:50) or —15 + 4 mV (PLGA 75:25).
The addition of the drug appeared to influence the surface charge of the
particles.

FTIR has been chosen to identify the incorporation of the drug within
the polymeric particles. Fig. 2B displays the FTIR spectrum of the pure
PLGA 50:50 and 75:25, which yielded the same spectrum as their
respective blank PLGA, encapsulated PLGA particles and pure imatinib.
The C = O stretch of imatinib can be observed in the encapsulated-PLGA
particle spectra in the 1600 cm ™, pointed out by the red circles in both
Imatinib-PLGA 50:50 and Imatinib-PLGA 75:25.

Encapsulation efficiency and release profile of Imatinib-loaded NPs.

The encapsulation and release of imatinib in the four different drug-
loaded formulations (F2, F4, F6 and F8) were studied and compared to
observe the effect of the type of polymer and the effect of solvent on the
encapsulation efficiency and release of imatinib. When comparing the
effect of the different types of PLGA polymer, the mean encapsulation
efficiency for F2 was found to be around 89 + 4 % and 98 + 13 % for F6
in PLGA 50:50, and a slight decrease in the mean encapsulation effi-
ciency in F4 with 79 + 5 % and F8 with 93 + 9 % using PLGA 75:25,
however not significantly different as shown in Fig. 3A. All release
profiles in Fig. 3B showed an initial burst release of imatinib in the first
12 h. The burst release in the particles generated from F6 was more
significant than in F8, F2 and F4. F6 (483 + 133 nm) have indeed shown
subsequently to release much faster than F8 (473 + 175 nm), F2 (694 +
159 nm) and F4 (815 + 521 nm). Pure imatinib’s release is much slower
than all the other release profiles and only reaches a release of 16 % after
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Fig. 2. A. Zeta potential of pure imatinib, blank (F1 and F3) and imatinib-loaded PLGA NPs with PLGA ratio 50:50 (F2) and 75:25 (F4). Data are expressed as the
mean +/- s.e. mean of 3 independent experiments, each carried out in triplicates (*P < 0.05, **P < 0.01, ***P < 0.0001; data analysed by one-way ANOVA) and B.
Corresponding FTIR spectrum with pure PLGA spectrum (50:50 and 75:25). Red circles showing the Imatinib specific amine group in the drug encapsulated PLGA
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Fig. 3. A. Respective encapsulation efficiency of imatinib in F2, F4, F6, F8 IMA-NPs. B. Imatinib percentage release from F2, F4, F6 and F8 IMA-NPs and pure
imatinib after being suspended in PBS over seven days. Data are expressed as the mean +/- s.e. mean of 3 independent experiments (*P < 0.05, **P < 0.01, ***P <

0.0001; encapsulation efficiency data analysed by two-way ANOVA).

seven days. Mathematical models have been investigated to predict
polymeric particles’ drug release and diffusion behaviour, and the ob-
tained release data were fitted to four common models: zero-order, first-
order, Higuchi and Korsemeyer Peppas models. Table 2 displays the
relevant model equations, with f being the amount of drug released over
time t, and R? the correlation coefficient' with the latter indicating
which model is appropriate for the drug release. Our drug release pro-
files showed better fit with the Korsemeyer Peppas model with an R? of
0.99, 0.98, 0.97 and 0.99 for F2, F4, F6 and F8, respectively.

Effect of the imatinib-loaded NPs (F6 and F8) and RhD-B NPs (F9) on
A549 cells.

Cytotoxicity of F5, F6, and F8 NPs on A549 cells.

Formulations F5, F6, and F8 NPs were chosen for the in-vitro cell
studies due to their small size, as their delivery relies on the EPR effect in
the 100-400 nm range. Our resulting NPs range from 400-500 nm in
size. Imatinib ICso was found to be approximately 120puM, which is
within the range of the concentrations found in the literature for this cell
line of 61 and 150 pM [28,29]. The drug release results obtained from F6
and F8 NPs allowed for the calculation of the dose of NPs that would
encapsulate enough imatinib needed to achieve inhibition of prolifera-
tion. It was found that a concentration of 1 mg/ml of NPs can release
between 120 and 180pM of imatinib within 72 h.

Both assays measure cell viability, either by measuring mitochon-
drial or cellular enzymatic activities, and both approaches exhibit a
reduction in these parameters when cells are treated with the imatinib-
loaded NPs and a range of imatinib concentrations alone when
compared with the untreated cells (control). Indeed, cell viability has
been shown to decrease to 48 + 11 % and the percentage of live cells to
38 + 20 % when cells were treated with F6 and a decrease to 57 + 13 %

Table 2
Release kinetics models of Imatinib-loaded NPs.

Kinetic models Kinetic F2 F4 F6 F8
parameters
Zero-order Ko 0.693 6.434 1.497  6.752
Eq 1. f = Kot [25] R? 0.922 0.914 0.894 0.943
First-order K; 0.011 6.434 1.497 6.752
Eq 2. In(1 —f) = Kyt R? 0.949 0.938 0.919 0.960
[26]
Higuchi Ku 6.093 6.434 9372  6.752
Eq 3. f = Kyt [25] R? 0.981 0.973 0.967 0.988
Korsemeyer Peppas K 8.784 10.226 9.962 6.877
Eq4.f— %:Kt" n2 0.409 0.384 0.481 0.493
M, R 0.987 0.982 0.968 0.988
[27]

in cell viability and 25 + 9 % in the percentage of live cells when treated
with F8. These quantitative results are reflected qualitatively in the data
shown in Fig. 4. Since it was shown that the type of PLGA did not affect
cell viability, only F5 and F6 were tested for the qualitative aspect of the
live-dead assay. Fig. 5 displays the qualitative results of the live-dead
assay, following treatment of the cells with imatinib-loaded and blank-
loaded NPs (F5 and F6) and a range of imatinib concentrations (50,
100, 150 pM), respectively. No visual changes in the green-labelled cells
were seen between the untreated cells and F5 (Fig. 5), which indicates
no changes in the proportion of live cells when cells are treated with
blank PLGA. A concentration-dependent reduction in live cells can be
observed when cells were treated with increasing imatinib concentra-
tions. Our imatinib-loaded nanoparticles have shown their efficacy on
A549 cells regardless of the type of PLGA used to encapsulate imatinib.

Cellular uptake of F9 NPs into A549 cells.

Here, we investigated the facilitation of imatinib’s internalisation in
the cells. The fluorescent dye rhodamine-B was used to examine the
uptake of the NPs into the cells. The fluorescence was measured in un-
treated cells and cells treated with blank NPs (F5), which showed little to
no fluorescence (Fig. 6). The F9 NPs were added to both cell-seeded and
non-seeded wells to ensure that relevant fluorescence measurements
reflected the interaction of NPs with the cells and not the tissue culture
plate. F9 NPs in non-seeded wells showed no significant difference from
those untreated, indicating that NPs not taken up by cells can be suc-
cessfully rinsed out of the wells. Only the F9 NP-treated wells showed
significant fluorescence readings, also higher than free RhD-B, indi-
cating the uptake of rhodamine-loaded NPs into the cells within 24 h.

4. Discussion

The use of electrospraying in our study shows its versatility as
various particle morphology and size were possible to achieve through
the tailoring of the polymer solution and processing parameters, and
each parameter has an interdependent influence on the particles’ char-
acteristics. For instance, the polymer’s molecular weight and concen-
tration can greatly impact the polymer solution characteristics, such as
its viscosity and, in turn, its surface tension [30]. Selecting a low poly-
mer concentration of 2 wt% ensured the formation of spherical particles
as a higher polymer concentration could generate more elongated par-
ticles or non-uniform particles [31] as the increase in concentration led
to the rise in viscosity and polymer chain entanglement [32]. For the
formation of small and spherical particles, the polymer entanglement in
the polymer solution needs to be low as the increase of the entanglement
inhibits the droplet fission process [33]. A study on electrospray
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Fig. 5. Live/Dead Assay on A549 cells 72 h after treatment with medium (untreated), F5 NPs (blank), and F6 NPs (imatinib-loaded), both at 1 mg/ml and a range of
imatinib concentrations (50, 100, 150 pM). Live cells were stained green with Calcein AM, and dead cells were stained red with BOBO™:-3 Iodide.

polycaprolactone NPs encapsulating bosentan monohydrate found that
smaller particles were formed as the polymer concentration was reduced
[34]. Other parameters of the polymer solution also influence the
morphology and size of the produced particles. For instance, the choice
of solvent can dictate the evaporation rate, electrical conductivity, vis-
cosity, and surface tension of a polymeric solution [35]. A more volatile
solvent evaporates before the particles can further separate into smaller

particles, which means the droplets solidify too early and may create
larger, irregular, and porous particles [36]. The solvents chosen for this
study were acetone and DMAc, with the latter having a higher electrical
conductivity, viscosity, and surface tension (37, 38) than acetone, whilst
acetone has a higher evaporation rate [9,37]. The binary solvent system
of acetone and DMACc for F1, F2, F3 and F4 allowed a higher flow rate of
5 pL/min. A binary solvent system would allow for a balanced solvent
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Fig. 6. A. The uptake assay result was obtained 24 h after treating A549 cells with rhodamine-B-loaded NPs. B. Corresponding EVOS fluorescence images
demonstrating the uptake of RhD-B pointed out by red arrows. Data are expressed as the mean +/- s.e. mean of 3 independent experiments, each carried out in
duplicates (*P < 0.05, **P < 0.01, ***P < 0.0001; data analysed by one-way ANOVA).

evaporation rate, allowing droplets to further atomise before reaching
the collection plate and ensuring dense, smooth, and completely dried
particles are collected. Trotta et al (2010) investigated the effect of
different solvents on the production of electrosprayed solid lipid-based
particles and found that by using the solvent with a high boiling
point, the structure of the particles was stronger, and their morphology
was less irregular [38]. In our study, F5, F6, F7, and F8 produced smaller
particles than F1, F2, F3, and F4 by further decreasing the evaporation
rate of the solvent by removing acetone [39].

Processing parameters such as flow rate and voltage were then
adjusted to match the polymer solution characteristics. For instance, the
flow rate was also adjusted to the less volatile solvent, DMAc, and
reduced from 5 to 2 uL/min. The lower flow rate also produces smaller
particles by decreasing the dispensed droplet size, ultimately decreasing
the size of the separating droplets. Yao et al (2008) electrosprayed two
solutions of PLGA using acetonitrile and dichloromethane at two
different concentrations and showed an increase in the particles size
from 0.5 pm to 25 um by increasing the flow rate from 2 to 4 mL/hr in
both solutions [40]. The voltage had to be then adjusted to match the
new solution and processing parameters, which was increased from 12
to 14 kV as a higher electrical charge can overcome the cohesive forces
of the particles and break the droplet into smaller droplets but can also
lead to samples with a low polydispersity index [21,41]. Meng et al
(2009) looked at the variables in the electrospraying of four different
molecular weights of PLGA and the effect of the applied potential and
showed a decline in particle diameter when the applied voltage
increased [42]. Our study, along with the ones mentioned, showed the
potential of electrospraying in the production of particles of various
sizes and morphologies but mostly demonstrated the high level of con-
trol over the particles’ characteristics, making the electrospraying
technique highly reproducible, versatile, and flexible.

Our study has also shown that adding imatinib increased the zeta
potential of the particles, indicating that imatinib was found partially on
the surface of the particles. When the particles are formed through
electrospraying, the high voltage applied breaks the initial droplets
dispensed by the needle into smaller droplets, which form the particles
[43,44]; and as the solvent evaporates, the dry particles travel to the
collection plate [45]. During that process, the separation of these
droplets can cause some of the drugs to precipitate on the surface of the
particles instead of being incorporated in the PLGA matrix, especially in
NPs with a high encapsulation efficiency likely due to the polymer
reaching saturation with the encapsulated drug; this could explain the

increased zeta potential seen in imatinib-loaded particles [46].

Imatinib incorporation within the PLGA particles has been shown
through the FTIR spectrum of Imatinib-loaded NPs. Indeed, Imatinib’s
FTIR spectrum obtained corresponds to the ones found in the literature
by Veverka et al (2012), and Bhattacharya (2020) [47,48] and PLGA
spectrum by Fu et al (1999) [49]. The FTIR spectrum for both types of
pure PLGA has a strong peak at 1086 cm ™! and 1750 cm ™ indicating a
C-O-C and C=O0 stretching respectively [49]. Imatinib’s characteristic
peaks can be found at around 3279 cm ™! and 2798 cm ™! indicating the
presence of N-H and carboxylic acid C—=0 and O—H stretch respectively
[47]. The sharp stretches at around 1500 cm ™! signify the presence of a
C=O0 stretch and finally, the ones between 1500 to 650 cm ! display the
presence of an aromatic group. The addition of imatinib found in the
1600 cm ™! indicates its aromatic group however this characteristic peak
was significantly reduced in the encapsulated-PLGA spectra [48]. Ima-
tinib is a BCS class I small molecule [47] and was found to be amphi-
philic as its chemical structure contains both polar (nitrogen and
hydrogen groups) and nonpolar groups (benzene rings and methyl
groups), creating a small molecule with hydrophobic and hydrophilic
properties [50,51]. The reduction of intensity could be due to hydro-
phobic interaction between the long carbon chain of PLGA and imati-
nib’s benzene ring, as observed by Liu et al (2021) on their FTIR
spectrum of electrospray imatinib and paclitaxel-loaded core-shell mi-
croparticles [52]. According to a study by Kumar et al (2021) that
investigated the in-silico interaction between imatinib and PLGA, the
configuration pattern showed that the hydrogen on imatinib’s benzene
ring forms a hydrogen bond with PLGA’s ester and imatinib’s methyl
group (CHs) also forms a hydrogen bond with the ketonic group of PLGA
(R—C(=0)—R’) [53].

Our study has demonstrated a high encapsulation of imatinib with a
slightly lower encapsulation efficiency when using PLGA 75:25. The
electrospraying method allows for a high encapsulation of both hydro-
phobic and hydrophilic drugs, regardless of the hydrophobicity of the
polymer. Valo et al (2009) electrosprayed beclomethasone dipropio-
nate, a hydrophobic drug, and salbutamol sulphate, a hydrophilic drug,
and showed that the hydrophobicity and hydrophilicity of the drugs did
not affect their encapsulation efficiency when electrosprayed [54]. The
solvents used for F2 and F4 were DMAc and acetone, and DMAc was only
used for F6 and F8. The evaporation rate of acetone is higher than that of
DMAc, which can lead to irregular and porous particles when electro-
sprayed [36]. This could explain the slightly lower encapsulation effi-
ciency in F2 and F4.
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The drug release profiles from the particles presented in this study
follow a biphasic profile, with the first phase being the initial burst
release and the second phase being a slow-release phase (59) compared
to the slower release of pure imatinib. The drug release from nano-
particles displayed a greater burst release and faster release from F6
(483 nm). This initial burst release could be due to the heterogeneous
distribution of the drug in the polymer matrix during the formation of
the particles through electrospraying, as previously mentioned by the
increased zeta potential (Fig. 2A) [46,55]. The initial burst release of
imatinib can also be attributed to the surface degradation of the particles
following the start of PLGA hydrolysis [56]. Drug diffusion, swelling and
polymer degradation are the other mechanisms involved in drug release
from PLGA drug delivery systems [57,58]. Various common mathe-
matical models were investigated to fit the drug release, such as zero-
order, first-order, Higuchi, and Korsmeyer-Peppas. The Korsmeyer-
Peppas model was determined to be the best fit and is expressed as
f= Mi; = Kt", the amount of drug release f over time t, with K being the
kinetic constant incorporating nanoparticles’ structures and n the
exponent characterising the release mechanism [59]. The drug release
mechanism suggests a Fickian diffusion as the calculated exponent n for
all formulations was < 0.5 [60]. The Korsemeyer Peppas model has been
previously used to evaluate the release of actives from PLGA NPs. For
instance, Esmaili et al (2018) encapsulated PLGA NPs for the controlled
release of curcumin, and the Korsemeyer Peppas model has also been
found to fit the release of the active (R? = 0.90) and to follow Fickian
diffusion (n = 0.282) [61]. In the study by Chatterjee et al (2020), the
electrosprayed PLGA NPs carrying the anti-cancer treatment metho-
trexate was also found to fit the Korsemeyer Peppas model (R? = 0.99)
and to follow Fickian diffusion (n = 0.49) in their release of the drug
[20]. Studies have shown that size and porosity significantly affect the
drug release from PLGA-based particles as they affect polymer erosion
and drug diffusion [58]. Previous work has shown that smaller particles
were associated with faster release. Berkland et al (2002) had demon-
strated that the rate of release decreased with the increase in particle
size when they looked at rhodamine-B and piroxicam-loaded PLGA
microspheres [62]. This is also consistent with the increase in surface
area to volume ratio in smaller particles [62], allowing more water to
encounter the NPs, contributing to swelling and leading to higher
hydrolysing of the polymer, faster diffusion and ultimately a faster
release [11,56]. It was also noted that although F6 have a similar size to
F8 (473 nm), F6 showed a faster release. This is due to F6 being pro-
duced using PLGA 50:50, which has a lower lactic acid to glycolic acid
ratio and is the least hydrophobic polymer, which increases the rate of
water absorption and hydrolysis, leading to a faster drug release [56] as
seen here compared to F8 and as reported in previous studies [63]. Both
Benny et al (2009) and Karal-Yalmaz et al (2016) investigated PLGA
50:50, 75:25 and 85:15 for the release of imatinib mesylate and found
that PLGA 50:50 released the drug faster than 75:25. Benny et al. (2009)
attributed the difference to the higher hydrophobicity of PLGA 75:25
[10] and Karal-Yalmaz et al (2016) to the difference in size where
smaller size led to a faster release [11]. Although the literature suggests
that larger particles release the drug at a slower rate, the larger particles
prepared in this work using F2 (902 nm) and F4 (674 nm) had a similar
imatinib release rate to F8 (473 nm). This can be explained as adding
acetone in F2 and F4 can lead to more porous NPs and impact its release.
Porous PLGA-based microparticles release their content much faster
than non-porous PLGA-based microparticles [64] by facilitating the
water erosion of the polymer by the broader surface area and increasing
the mobility of the drug molecules [65]. The slower release of free
imatinib may be due to the low solubility of the free base imatinib [66].
Because of imatinib’s low solubility, we do not expect the same release
profile experienced by NPs. The encapsulation enabled a controlled
release rate of imatinib, which does not rely on imatinib’s solubility; its
release may also be controlled by changing the NP characteristics, in this
case, the size and porosity of the NPs [67]. Overall, Imatinib was
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released faster in this work than in other studies such as Karal-Yilmaz et
al (2016; 35 days) or Benny et al (2009; 30 days). It has been shown that
a faster release has been associated with higher drug content. A study by
Zhang et al (2018) achieved close to 100 % release of progesterone from
electrosprayed PLGA particles in approximately one week with an
encapsulation efficiency of 83 % [68].

Our in-vitro cell viability results show decreased cell viability and
live-cell ratio following treatment with free imatinib and imatinib-
loaded NPs (F6 and F8). These results are consistent with the previous
studies where imatinib and its derivatives were tested on A549 cells
[28,29] and with studies in other cells and tissues [69]. A study by Khan
et al (2016) investigated the effect of imatinib-loaded nanoparticles in
various glioma and glioblastoma cell lines, and they showed a decrease
by more than half in imatinib’s ICso when cells were treated with IMA-
NPs [70]. The study by Benny et al (2009) also measured the effect of
their imatinib-loaded PLGA microspheres on glioma and glioblastoma
cells and found that cell viability was decreased by 57 % to 65 % when
treated with imatinib released from PLGA microspheres over twelve
days. As established earlier, imatinib is released much more slowly from
these NPs because of their size and fabrication method. This reduction of
live cells was also reflected here in our study when the cells were treated
with imatinib-loaded NPs, both using PLGA 50:50 or PLGA 75:25 (F6
and F8), showing that the lactic/glycolic ratio in PLGA did not signifi-
cantly affect the release and effect of imatinib on A549 cells. This lack of
difference was also found in the study by Karal-Yilmaz et al (2016),
looking at imatinib-loaded microspheres for craniopharyngioma where
PLGA 75:25 and 50:50 exhibited the same effect for up to 10 days [11].
Blank PLGA-treated cells led to no changes in the population of live cells
as expected due to PLGA being a biodegradable and non-toxic polymer
[711.

Imatinib may exert its anti-proliferative effect by targeting intra-
cellular tyrosine kinase proteins [1]. The PLGA NPs obtained in this
study have been shown to safely deliver imatinib into the cells and exert
these effects without needing cell transporters but via endocytosis.
Indeed, many studies have hypothesised that PLGA NPs’ uptake occurs
via endocytosis or receptor-mediated endocytosis [72-74]. For instance,
Yin & Feng (2005) established that the endocytosis of PLGA NPs was
size-dependent, with the highest uptake seen for NPs between 100 and
500 nm, suggesting that the NPs produced in this study (400-500 nm)
would also be taken up via endocytosis [75]. Panyam & Labhasetwar
(2002) and Yin & Feng (2005) both demonstrated that the uptake was
also time-dependent with an increase in intracellular NPs as early as
within 1 min post-treatment in smooth muscle cells and 30 min in colon
epithelial cells (Caco-2 cells) and kept increasing in the presence of NPs
in the media [72,75]. Rhodamine-B has been used previously as a model
drug to investigate the cellular uptake of PLGA NPs in epithelial cells to
deliver RNAi material and has shown that the rate of uptake of
Rhodamine-B-loaded NPs into cells is cell-dependent, varying from 6 to
24 h [76]. A study on Docetaxel-loaded PLGA NPs investigated the NP
uptake in A549 cells and found that high cellular uptake was achieved
by 6 h. The overexpression of caveolin-1, a cell surface protein, in lung
cancer cells has also been found to cause an increase in NP uptake, which
demonstrates the caveolin-mediated endocytosis of the PLGA NPs in
A549 cells [74,77]. The fast and suggested protein-mediated cellular
uptake displayed in these studies ensures that the NPs and the payload
are delivered intracellularly within the 24-hour incubation time set in
our study. Khan et al. (2016), comparing imatinib’s relative IC50 in
IMA-NPs to free imatinib, attributed the decrease in IC5y by IMA-NPs to
the improved cellular uptake of the NPs and, therefore, better uptake of
imatinib when it has been encapsulated in PLGA, showing consistency
with the results presented here [70]. Imatinib resistance has been re-
ported in the treatment of chronic myeloid leukaemia (CML), and an
uptake study using radiolabelled imatinib has shown that this resistance
could be due to the dysfunction of cell transporters responsible for the
influx and efflux of imatinib into cells [78]. This further indicates the
need for an intracellular carrier to safely deliver imatinib into the cells
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and exert its antiproliferative effects. The PLGA NPs obtained in this
study can do this without cell transporters.

5. Conclusion

The present study has shown the versatility of electrospraying, its
ability to produce a wide range of imatinib-loaded NPs and its high
control over the payload’s release by changing the technique’s param-
eters. Electrospraying, therefore, shows high potential in encapsulating
a wide range of active ingredients and gaining control over their phys-
iochemical characteristics and release profiles while yielding uniform
and spherical NPs. The change in formulations has indeed demonstrated
the ability to control the size of the nanoparticles while maintaining
their uniformity, and imatinib was shown to be incorporated in the NPs
using FTIR spectroscopy. The tunability in producing these NPs,
generated by a single-step electrospraying technique for the first time,
enabled the high encapsulation of imatinib and its controlled release.
The resulting imatinib-loaded NPs have been shown to possess efficacy
in an in vitro cell-based assay, with a comparable capacity to inhibit
A549 cell proliferation as free imatinib. It was also shown that the effect
of imatinib on A549 cells was maintained when it was encapsulated in
either PLGA 50:50 or 75:25 NPs. The uptake of the NPs by A549 cell
cultures was also successfully demonstrated using rhodamine B-loaded
NPs. In conclusion, this work has shown great prospects for the passive
delivery of imatinib in managing proliferative conditions, whereby its
encapsulation and controlled release from NPs may enhance its efficacy
and safety. The work also opens the potential for the surface function-
alisation of the NPs for more active drug delivery.
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