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ABSTRACT

Drug adherence in pediatrics can be challenging due to bitter drug taste, dysphagia and polypharmacy. With
pediatric hypertension on the rise worldwide, this study investigated the use of electrospinning to create a novel
taste-masked, fixed-dose combination of lisinopril dihydrate (LIS) and amlodipine besylate (AML) for paediatric
use. Electrospun nanofibres of the antihypertensives were formulated as core-shell fibres with poly-
vinylpyrrolidone (PVP), and Eudragit® EPO (EEPO) by applying an electrical charge to a viscous mixture of the
drugs, polymers and solvents. The drug loading, release kinetics, morphology, thermal analysis, physical and
solid-state characterization of the fibre mats were evaluated. Taste-masking was investigated in vitro by
electronic-tongue analysis. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
analyses showed smooth, non-beaded core-shell fibres with diameters in the nanorange. Fourier transform infra-
red (FTIR) spectroscopy and x-ray diffraction (XRD) studies confirmed the drugs were amorphously dispersed
within the fibres and thermal analysis studies showed acceptable stability profile of the formulations. Both drugs
were over 90 % released in 15 mins consistent with immediate release formulations. The e-tongue mean sensor
response plot showed the nanofibre mats achieved a statistically significant enhanced taste-masking (p < 0.0001)
compared to raw amlodipine which registered a high bitterness reading of 87 mV. This study therefore indicates
that coaxial electrospinning may be used to produce a fixed-dose taste masked nanofibre mat of LIS and AML that
can potentially be used to improve adherence in children.

1. Introduction

Children are more sensitive to bitter, sour or aversive tastes, a major
deterrent to compliance to therapy (Felton, 2018), therefore, age-

Non-adherence or poor adherence to therapy occurs when a patient
does not take medication according to the prescribed dosage regimen
(Vrijens et al., 2012); this may result in poor treatment outcomes, drug
resistance, complications and financial losses (Muture et al., 2011). Poor
adherence is prevalent in both adults and children, although it is more
common in pediatrics (Kardas et al., 2021) According to Mcgrady and
Hommel, out of approximately 63 % of children and adolescents diag-
nosed with chronic illnesses, 50 % to 88 % of them are non-adherent to
their prescribed medications (McGrady and Hommel, 2013) and this can
be attributed to poor tasting drugs, dysphagia and polypharmacy
(Bukhary et al., 2018; Uestuener et al., 2014; Chachlioutaki et al., 2020).

* Corresponding author.

appropriate dosage forms are required to encourage adherence in pe-
diatrics (Stojmenovski et al., 2024). Some diseases associated with
adults do not have age-appropriate dosage forms available for treatment
in children. In such uncommon conditions, children may be prescribed
unlicensed medicines or given adult medications for off-label use
(Chappell, 2015). These medications are either crushed, broken, mixed
with food or reconstituted with sweeteners; these practices are associ-
ated with difficulty in breaking, uneven doses, stability issues and loss of
drug mass (Poller et al., 2017).

The European Union Paediatric Regulation of 2006 requires that
appropriate dosage forms for children be developed without subjecting
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them to unnecessary clinical trials (European Medicines Agency, 2007;
Steiner et al., 2024). Also, the use of animals and humans in research is
discouraged where a suitable in vitro technique is available especially at
the early stage of drug development. Consequently, several studies have
employed the electronic tongue as a suitable alternative to in vivo studies
in investigating the palatability of food and drugs (Abdelhakim et al.,
2021; Georgieva et al., 2020; Immohr et al., 2017; Keating et al., 2020;
Steiner et al., 2024; Tawfik et al., 2021). The e-tongue assesses the
bitterness or aversiveness of a drug when it is subjected to its sensor
arrays and resulting data can be interpreted by noting the difference in
sensor membrane potential between the values obtained from the
reference solution and that from the sample solution.

High blood pressure (HBP) is a major risk factor in cardiovascular
and renal diseases, early detection and treatment is necessary to prevent
morbidity and mortality (Burrello et al., 2018). It is a chronic health
condition that requires daily drug administration with best treatment
options involving the use of multiple drugs with different mechanisms of
action. Adherence is improved if the medications occur as a fixed-dose
combination (FDC). Cardiovascular incidences occur mostly in geriat-
rics but unfortunately, we now see an increase in HBP in pediatrics
(Thomas et al., 2022). Song et al. reported a global increase in paediatric
hypertension of 75 % to 79 % from 2000 to 2015 and in 2015 alone, they
reported an increase of 4.32 % among 6-year-olds, 3.28 % in 19-year-
olds and 7.86 % in children aged 14 years (Song et al., 2019). This
trend has been attributed to the increased prevalence of obesity in
children (Ashraf et al., 2020; Thomas et al., 2022) and treatment with
more than one antihypertensive has been shown to improve blood
pressure control (Flynn et al., 2017). In these populations, swallowing
difficulties, bitterness of drugs and polypharmacy discourage adherence
to therapy (Abdelhakim et al., 2020; Bukhary et al., 2018; Punnapurath
et al., 2021; World Health Organization, 2023). There are currently no
child-friendly formulations available for the management of this disease
in children (Ferrarini et al., 2013; Uestuener et al., 2014) and poor
management of childhood hypertension has been observed to be asso-
ciated with later essential hypertension in adults and persistent car-
diovascular events (Song et al., 2019).

Amlodipine besylate (AML) and lisinopril dihydrate (LIS) are two
antihypertensives commonly used in the management of paediatric
hypertension (Thomas et al., 2022). AML is a calcium channel blocker;
its bitter taste poses a challenge in its use in pediatrics (Uestuener et al.,
2014). LIS is an angiotensin-converting enzyme inhibitor; it is more
palatable (Ferrarini et al., 2013), and has a longer duration of action
compared to AML. Though there are no known amlodipine/lisinopril
fixed-dose antihypertensive in the market, these can be prescribed
together to exert a synergistic blood pressure lowering effect.

Recently, drug delivery using nanofibres has been explored as a
unique, innovative and versatile way of administering medicines into
the body (Ilomuanya et al., 2023). Nanofibres have a high surface area
to volume ratio, high porosity and good mechanical strength (Can Suner
et al., 2022; Jiffrin et al., 2022; Gareth et al., 2018) and therefore are
suitable carriers for drugs. A wide variety of synthetic and natural
polymers can be used to control the release kinetics of incorporated
drugs, ensure targeted release of the drug, enhance the drug loading
properties of the nanofibres, and improve the palatability of drugs
(Dziemidowicz et al., 2021; Grimaudo et al., 2020; Samia et al., 2023;
Wildy and Lu, 2023).

Polyvinylpyrrolidone (PVP) is a hydrophilic, generally recognized as
safe (GRAS) polymer with very good electrospinning properties
(Illangakoon et al., 2014). It has been used together with cyclodextrin to
taste-mask bitter drugs (Samprasit et al.,, 2018) and has also found
application in facilitating electrospinning when used in combination
with polymers that have poor intrinsic electrospinning properties.
Eudragit® EPO (EEPO) is a pH dependent taste-masking polymer; drug
release from this carrier polymer is expected to occur at a pH < 5.0. This
implies that the incorporated drugs release will be prevented in the
salivary fluid pH of 7.4 but will be delayed until the delivery system
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reaches the acidic environment of the stomach. Here we propose that the
combination of PVP and EEPO will have a synergistic effect, resulting in
both taste masking of incorporated drugs and suitable
electrospinnability.

A limited amount of work on fixed-dose combination involving AML
and other hypertensives has been performed. Trenfield et al. investi-
gated the non-destructive methods of assessing the quality of LIS and
AML in 3D printlets using NMR spectroscopy (Punnapurath et al., 2021);
while this study is mainly focused on quality control it also supports the
desirability of a fixed-dose combination of these drugs (Trenfield et al.,
2020). Bukhary et al. reported the successful characterization of a fixed-
dose combination of AML and valsartan as fast dissolving formulation
using monoaxial electrospinning (Bukhary et al., 2018). The authors
acknowledged the potential of using the electrospun fibres containing
multiple drugs to aid adherence in geriatrics.

Electrospinning has been previously utilized in the taste-masking of
bitter drugs (Tawfik et al., 2021; Wu et al., 2015). Abdelhakim et al.
reported the effectiveness of Kollicoat® smartseal and Eudragit® EPO
polymers in taste-masking chlorpheniramine maleate using coaxial
electrospinning (Abdelhakim et al., 2021) while Samprasit et al. inves-
tigated the use of PVP and cyclodextrin together to taste mask melox-
icam, a bitter tasting, non-steroidal anti-inflammatory drug (Samprasit
et al., 2015). In both studies, electrospinning was used to formulate
nanofibres containing a single drug.

In this study we investigate the effectiveness of PVP and EEPO
polymers in fabricating smooth, non-porous, beadless co-axial fibres to
deliver a taste-masked, fixed-dose combination of LIS and AML for
treatment of paediatric hypertension. As a stretch objective, it is pro-
posed that nanofibre mats fabricated with taste-masking polymers and
the dual drug loading will improve drug adherence in children by tar-
geting adherence issues such as drug bitterness, polypharmacy and
swallowability.

2. Materials and methods
2.1. Materials

Eudragit® EPO (EEPO), also known as basic butylated methacrylate
copolymer, was donated by Evonik (Darmstadt, Germany), polyvinyl
pyrrolidone (PVP, 360,000 MWT) was purchased from Alfa Aesar, MA,
USA, lisinopril dihydrate (LIS) from Acros Organics, amlodipine besylate
(AML) was purchased from LKT laboratories, MN, USA, 99 % (v/v)
methanol, 99 % (v/v) ethanol, and hydrochloric acid were from Fisher
Chemicals (Loughborough, UK). Phosphate buffered saline (PBS) tablets
pH 7.4 was purchased from MP Biomedicals (Santa Ana, California,
USA) and formvar/carbon 300 mesh (pack of 25) from Agarscientific,
UK. Tartaric acid was purchased from Sigma Aldrich (Dorset, UK) and
potassium chloride was obtained from Scientific Laboratory Supplies
(Nottingham, UK). All solvents used were of analytical grade or HPLC
grade.

2.2. Methods

2.2.1. Preparation of electrospinning solutions

Placebo solutions for electrospinning were prepared by dissolving
EEPO in absolute ethanol to make 35 % (w/v) EEPO solution. The
mixture was magnetically stirred at 300 rpm for 2 h and left to stand
overnight before electrospinning. PVP was dissolved in methanol to
make 10 % (w/v) PVP. The solution was magnetically stirred for 12 h at
300 rpm to obtain a homogenous polymer solution. The choice of
polymer concentrations was informed by a combination of preliminary
design of experiment study, preformulation studies and literature search
(Utkarsh et al., 2020).

Drug-loaded polymer solutions were obtained as follows. LIS was
dissolved in absolute methanol to make a 1 % (w/v) solution; PVP was
added to the mixture to make 10 % (w/v) PVP solution containing 1 %
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lisinopril dihydrate. Polymer solution of 35 % (w/v) EEPO and 1 % (w/
v) amlodipine was obtained by first dissolving AML in absolute ethanol
and then adding EEPO to make 35 % (w/v) AML loaded EEPO polymer
solution. The mixture was stirred for 2 h and left to stand before
electrospinning.

2.2.2. Coaxial fibre fabrication

Placebo and drug loaded monoaxial fibres and core-shell fibres were
made using a Spraybase® electrospinner (Spraybase, Dublin, Ireland)
with a flat metal collector. Electrospinning parameters were set at 1 mL/
h flow rate, gap distance of 15 cm between the needle tip and stationary
collector and applied voltage of 15 kV. The temperature and humidity at
operation were 25 °C and 40 — 45 % RH respectively. The individual
fibres were collected on a foil wrapped around a stationary metal col-
lector to form a nanofibre mat.

Core-shell fibres were obtained by alternating the drug polymer so-
lutions between the core and the shell using coaxial needle of core 20G
(inner diameter 0.603 mm and outer diameter 0.908 mm) and shell 14G
(inner diameter 1.6 mm and outer diameter 2.109 mm) (Table 1).

2.2.3. Scanning electron microscopy (SEM)

The surface morphology of the fibres was viewed with the Thermo/
FEI Quanta 200F (FEI, USA) SEM. A carbon adhesive tab (Agar Scien-
tific, Stansted, UK) was placed on a metal stub, and the paper seal was
removed. Small sections of electrospun fibres mats were cut out together
with the foil and placed on the SEM stubs (TAAB Laboratories, Reading,
UK). The fibres were sputter coated with gold particles in a Quorum
Q150T sputter coater (Quorum Technologies Ltd., East Sussex, UK) for
60 s at a sputter current of 20 mA to make them electrically conductive.
The vacuum was vented twice before removing the stubs. The samples
were placed on the SEM sample holder and loaded into the SEM for
imaging at various magnifications. The diameter and size distribution of
the fibres were determined by measuring 100 randomly selected strands
using ImageJ software (NIH, Maryland, USA).

2.2.4. Transmission electron microscopy (TEM)

TEM was used to confirm the formation of core-shell fibres. During
the electrospinning process, fabricated core-shell fibres were collected
on a formvar/copper grid by directly placing the grid under the spin-
neret for a few seconds. The sample was placed on a specimen holder
and inserted into a Phillips/FEI CM 120 BioTwin TEM (FEI Company,
Hillsboro, OR, USA) for imaging at 120 kV.

2.2.5. Thermogravimetric analysis (TGA)

TGA was performed with the Discovery thermogravimetric analyser
(TA Instruments New Castle, DE, USA). Raw powders of the active
pharmaceutical ingredients (APIs), polymers, placebo and drug loaded
fibre mats of weight ranging from 2.46 to 3.59 mg were analysed in
aluminium pans. A heating rate of 10 °C/min from 40 to 300 °C was
employed under a nitrogen gas flow rate of 50 mL/min.

Table 1
Coaxial fibre composition (% values refer to concentration in solution prior to
spinning).

Formulation  Drug (core) Polymer Drug Polymer
(core) (shell) (shell)
CF1 1 % (w/v) LIS 10 % (w/v) 1 % (w/v) 35 % (w/v)
PVP AML EEPO
10 % (w/v)
CF2 1 % (w/v) AML 35 % (w/v) 1% (w/v) PVP
EEPO LIS
CF3 10 % (w/v) - 35 % (w/v)
1 %(w/v) LIS and PVP EEPO

1 % (w/v) AML
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2.2.6. Differential Scanning Calorimetry (DSC)

DSC analysis of the APIs, polymer powders, placebo and drug loaded
fibres were obtained using TA Instruments Q2000 calorimeter (TA In-
struments, New Castle, DE, USA). The weight of the samples in the Tzero
aluminium hermetic lid pan (TA Instruments, New Castle, DE, USA) with
manually placed pinholes and the reference pans were noted. The
experiment was run by equilibrating at 0 °C, and temperature ramped up
by 2 °C /min to 210 °C in a nitrogen atmosphere of 50 mL/min flow rate.

2.2.7. X-ray diffraction

The solid characterization of the raw materials and electrospun fibres
were determined by using Miniflex 600 benchtop diffractometer
(Rigaku, Tokyo, Japan). The samples were placed on aluminium pans
and inserted into the machine sample holder. A Cu Ka (A = 1.5418 10\)
was set at a voltage of 40 mV and current of 15 mA. X-ray diffraction
patterns of the samples were recorded using diffraction angle ranging
from 3° to 50° at a step size of 0.01° and scan speed of 3°/min. Data was
plotted and analysed using OriginPro 2023b (OriginLab Corporation,
Northampton, MA, USA).

2.2.8. Fourier transform Infrared spectroscopy (FTIR)

The FTIR spectra of the raw materials, placebo electrospun fibres and
drug loaded fibres were determined using Spectrum 100 FT-IR spec-
trometer (Perkin Elmer, Massachusetts, USA). Background scans were
conducted, and measurements were performed with a resolution of 16
em ™! and a duration of 32 scans over a range of 4000 — 650 cm ™! at
room temperature. Infra-red spectra of samples were plotted and ana-
lysed using OriginPro 2023b (OriginLab Corporation, Northampton,
MA, USA).

2.2.9. Drug release studies and quantification

Drug release from the nanofibres was investigated using Sciquip mini
shaker (SciQuip, Wem, UK). The drug loaded nanofibres of weight
approximately 10 mg were immersed in 15 mL PBS, pH 7.4 at 37 + 0.5
°C which mimics the neutral pH of the saliva (Baliga et al., 2013). Ali-
quots of 1 mL of the release medium were withdrawn at predetermined
time intervals and replaced with fresh medium to maintain sink condi-
tions. LIS release analysis was performed using HPLC isocratic elution
developed from the combined parameters described by Trendfield et al.
and Senkardes et al. (Senkardes et al., 2017; Trenfield et al., 2020). The
mobile phases comprised of HPLC water (adjusted to pH 3 with 1 to 2
drops of phosphoric acid in 500 mL) as solvent A and methanol as sol-
vent B in the ratio of 30:70. An injection volume of 20 pL, flow rate of 1
mL/min, column temperature of 40 °C and maximum pressure of 300
bars were used. A C18 analytical column of specifications 150 x 4.6 mm,
5 pm particle size was used. Standard calibration curve for LIS was
prepared with sample concentrations of 50, 100, 150, 200, 250, 300,
and 350 pg/mL and UV detection was set at a wavelength of 215 nm. All
solvents used were of HPLC grade and all samples were filtered through
a 0.45 pm membrane filter (Millipore Ltd, Ireland). AML standard curve
was prepared using UV/Visible spectrophotometer at 368 nm wave-
length. Concentrations of 5, 10, 15, 20, 25, 30, and 35 pg/mL were used.

Coaxial fibre drug loading was determined by dissolving 10 mg of
each of the fibres in 10 mL of 50:50 methanol/water solution to ensure
complete dissolution of the drugs and polymers. The mixture was stirred
magnetically until the complete dissolution of the fibres. Drug quanti-
fication was performed using the HPLC and UV/Visible spectropho-
tometer. The actual drug loading, theoretical drug loading and
encapsulation efficiency were calculated according to the method by
Abdelhakim et al. and Hashem et al. (Abdelhakim et al., 2021; Hashem
et al, 2022). The equations for calculating the drug loading and
encapsulation efficiency are shown below in Egs. (1), 2 and 3.
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drug content (%%)
Theoretical Drug loading (%) =

sum of all polymer and drug content (%%)

x 100
@
. _ Entrapped drug amount
Actual Drug loading (DL) = Weight of fibre 2)
. - Amount of drug in Nanofibres
9 =

Encapsulation Efficiency (%) Drug initially added x 100

3

2.2.10. E-tongue analysis

The e-tongue analysis was performed using the TS-5000Z instrument
(Insent Inc., Atsugi-shi, Japan) equipped with four lipid membrane
sensors and two reference electrodes (New Food Innovation Ltd, UK).
The three bitterness sensors used were BTO- pharmaceutical salt bitter-
ness, ANO- basic bitterness, CO0- acidic bitterness and the fourth sensor
AE1 representing astringency. The negatively charged membrane sen-
sors (ANO and BTO) and the positively charged membrane sensors (CO0
and AEI) were cleaned with alcohol-based washing solutions before
commencement of the measurement cycle to ensure thorough cleaning
and therefore, high sensitivity of the sensors to the sample solutions. The
reference solution was prepared by dissolving 30 mM of KCI and 0.3 mM
of tartaric acid in 1L of distilled water. The negatively charged washing
solution was prepared by diluting absolute ethanol to 30 % (w/v) with
distilled water and adding 100 mM of hydrochloric acid while for the
positively charged washing solution, 100 mM of potassium chloride and
10 mM potassium hydroxide were added to the aqueous ethanolic
solution.

Each taste analysis cycle consisted of recording the reference po-
tential (V) in a reference solution, followed by measuring the electric
potential (V) in a sample solution for 30 s, after which the sensors were
lightly rinsed for 3 s. A third measurement of electric potential (V1) ina
reference solution gives the aftertaste (CPA) followed by a final cleaning
process for 330 s (Steiner et al., 2024). Each sample was measured four
times and the first measurement discarded to allow for the conditioning
of the sensors as recommended by the supplier.

The dose response curves of AML and LIS to the different membrane
sensors were plotted to determine their sensitivity to the different taste
Sensors.

The bitterness of the raw drugs was analysed and compared to that of
the fabricated core—shell fibres using the ANO membrane sensor for basic
bitterness, the C00 membrane sensor for acidic bitterness and AE1 for
astringency. Freshly fabricated core-shell fibres were made with EEPO
and PVP (1,300, 000 MWT) for the e-tongue analysis. Fabricated
nanofibres of weight 352.5 mg, equivalent to a selected clinical dose of
1.5 mg/5 mL in 50 mL (10 doses) for both AML and LIS, were utilised in
the e-tongue assessment. The dose of 1.5 mg/5 mL for each of the drugs
was selected based on the average weight of a 6-year-old with a clinical
dose of 0.7 mg/kg for LIS and 0.1 mg/kg for AML (National Institute for
Health and Care Excellence, 2025a, 2025b). The taste masking effect of
the formulations were assessed by measuring the difference in electric
potential between the taste sensor (V) and a reference electrode (V;).

2.2.11. Statistical analysis

Data are expressed as mean values + standard deviation. Statistical
analysis was performed using Origin pro 2023b (Origin Lab, North-
ampton, MA, USA) for nanofibre characterization, MS Excel 365
(Microsoft, Redmond, Washington, USA) for drug release kinetics and
GraphPad Prism (GraphPad, Boston, Massachusetts, USA) for taste-
masking comparison.
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3. Results and discussion

3.1. Morphological characterization of monoaxial and coaxial
electrospun fibres

3.1.1. Scanning electron microscopy, transmission electron microscopy and
fibre diameter distribution

The SEM of drug loaded monoaxial fibres, placebo core-shell fibres
and dual drug loaded core-shell fibres (Fig. 1) confirmed the successful
formation of the fibres at the onset of fibre fabrication and informed the
electrospinning parameters and conditions for the different core-shell
fibres.

Monoaxial fibres of LIS in PVP dissolved in methanol and monoaxial
fibres of AML in ethanol showed well arranged, smooth and beadless
fibres. Dual drug loading by co-axial electrospinning resulted in the
modification of the electrospinning parameters to get good fibres.
Though the feed rate of the different solvent systems and the gap dis-
tance between the needle tip and the collector remained the same, the
voltage was increased from 12 - 15 kV for the monoaxial fibres and to
between 15 — 20 kV for the core-shell fibres. This change in voltage was
necessary to overcome the surface tension of the two polymer solutions
as they were pumped out from the spinneret during coaxial
electrospinning.

All the coaxial drug-loaded fibres had a mean diameter in the
nanorange — 265 + 160 nm, 358 + 228 nm and 246 + 183 nm for CF1
(LIS & PVP core and AML & EEPO shell), CF2 (AML & EEPO core and LIS
& PVP shell) and CF3 (LIS, AML & PVP core and EEPO shell) respectively
(Fig. 2). Fibre diameters in the nanorange increase the surface area of
the formulation which will result in faster dissolution and release of the
drugs. In contrast, the coaxial placebo fibres had a much higher average
diameter of 1159 + 484 nm. This difference in diameter between the
drug loaded and the placebo fibres may be attributed to the presence of
the salt forms of the drugs or a reduction in viscosity of the polymer-
drug-solvent mixture which enhances the electrospinning process
resulting in finer fibres. The CF2 nanofibres exhibited a bimodal distri-
bution possibly due to the presence of a few beads.

This could be attributed to the electrospinning of the PVP/lisinopril
combination on the shell with an increased needle size of 14G and the
low viscosity of the PVP-lisinopril-methanol mixture. Studies have
shown that larger needle diameters produce thicker fibres, affect the
solution’s viscosity and increase the chance of bead formation during
electrospinning (Abunahel and Azman, 2018; He et al., 2019). Beads are
undesirable because it affects the release behaviour of incorporated
drugs and therefore reproducibility of the fabricated fibres (Kielholz
et al., 2022). Electrospinning of the CF2 Fibres with a higher molecular
weight PVP (1,300,000) resulted in smooth well aligned beadless fibres.

3.2. Thermal analysis

3.2.1. Thermogravimetric analysis

The TGA thermogram of LIS shows a two-step water loss during
heating (Fig. 3) which resulted to a weight loss of 7.15 %. The weight
remained constant from 78.00 °C until decomposition of LIS started at
temperature of 176.11 °C. The PVP thermogram indicates a loss of water
that started from 45.02 °C and continued to 73.33 °C before stabilizing.
The coaxial drug-loaded and placebo fibres show a slight water loss that
blends the characteristics of its component polymers — PVP and EEPO.
AML decomposition onset occurred at 200.31 °C. All materials remained
stable with increasing temperature except the pure LIS and PVP that
exhibited characteristic weight change due to loss of water content.
However, within the drug-loaded and placebo core-shell fibres, these
weight changes were significantly reduced as observed in the thermo-
gram (Fig. 4).

The percentage weight loss of the drug-loaded CFs at 61.55 °C
(0.948 %) is less than that of the placebo CFs (2.294 %) (Fig. 4). This
could be explained by the presence of the drugs which could have added
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Fig. 1. Scanning electron microscopy (A.) 10% (w/v) PVP & 1% (w/v) LIS in Methanol monoaxial fibre (B) 35% (w/v) EEPO & 1% (w/v) AML in Ethanol monoaxial

fibre (C) LIS and AML drug loaded fibre (D) Coaxial placebo fibre.

their own weight to the fibres. Consequently, it is possible that the
weight loss difference is not significant as this could have been masked
by the additional weight of the drugs to the fibres.

3.2.2. Differential scanning calorimetry

LIS DSC thermogram show three endothermic peaks at 75 °C, 101 °C
and 169 °C (Fig. 5). The first two transition temperatures represent the
loss of the first and second water molecule in the dihydrate. The weight
change then remained constant till a temperature of about 170 °C after
which melting occurs. The above results are similar to that obtained by
other authors that studied the thermal characteristics of lisinopril
dihydrate (Alagili et al., 2023; Hinojosa-Torres et al., 2008). The broad
endothermic peaks observed in the coaxial drug loaded fibres and co-
axial placebo fibres are most likely caused by the loss of water molecules
from the hygroscopic PVP polymer (Gareth et al., 2018). A sharp melting
endothermic peak is observed at 200 °C for AML.

The DSC thermograms indicate that both drug-loaded and placebo
nanofibres exhibit a glass transition midpoint at approximately 48 °C.
This was not observed in the API graphs confirming the drugs were
molecularly dispersed in the fibre. Also, the endothermic peaks observed
in the AML and LIS thermograms are absent in the coaxial formulations
confirming their amorphous dispersions in the formulations. The pres-
ence of the drugs in the amorphous form enhances their solubility and
therefore facilitates the immediate release of these drugs from the
nanofibres and faster onset of action.

3.3. Fourier transform infra-red (FTIR) spectroscopy

The presence of the polymers and drugs in the formulations are
confirmed by the FTIR spectra in Fig. 6. The PVP polymer showed
characteristic peaks observed at 3432 cm ! (O-H), 2950 em~! (C-H
stretch) 1649 em! (C=0) which are in close relation to that observed
by Kamble et al. and Hajikhani et al. (Hajikhani et al., 2021; Kamble
et al., 2016). Other distinctive peaks were observed at 1461 cm ™! which
depicts the scissoring of the CH, group, 1286 cm ™! also reported by
Tawfik et al. (Tawfik et al., 2020) indicative of CHy wagging, 1018 em™!
observed by Liu et al. (Liu et al., 2021) at 1019 cm’l, and 844 cm™!
which represents a C-C chain (Liu et al., 2021; Raimi-Abraham et al.,
2014). These similarities to published data confirm the presence of PVP
in the fibres.

EEPO polymer showed a strong aromatic C-H stretching band at
2948 cm ™1 a characteristic sharp peak was observed at 1723 cm ™! close
to that seen by Inam et al. at 1721 cm™! depicting C=0 bonds (Inam
et al., 2022) and 1238 cm™! representing C-O bond ester group and at
1145 cm ™ representing C-C stretching bend (Inam et al., 2022).

LIS characteristic peaks were observed at 1544 cm ™! representing
*+NHj; or *NH, bending, 1343 cm ™! and 1201 cm ™ are not assigned and
748 cm ™! which depicts phenyl out-of-plane bending (Ip et al., 1992).

The IR spectrum of AML shows peaks at 3166 cml(C—H bond), 2978
em™}, 1672 em™C= O stretch, 1498 cm™}, 1297 ecm™}, 1025 cm !NH;
wagging, 1095 cm ™ C-O-C asymetric stretch, 1019 cm™}, 747 cm™! and
685 cm 'N-H vibrations (Bukhary et al., 2018; Nandiyanto et al., 2019,
2023). Clearly, the peaks in the raw drug spectra have been submerged
in those of the core—shell fibres.

The core-shell fibres CF1, CF2 and CF3 had very similar spectra
(Fig. 6a) confirming the consistence in the functional groups despite the
various arrangement of the polymers/drugs at the core or sheath of the
fibres. The characteristic peaks of the pure drugs AML and LIS shown in
the Fig. 6b could not be observed in the coaxial drug-loaded fibres
spectra indicating that the drugs are amorphously dispersed in the
nanofibres. The similarity between the drug-loaded core—shell fibres and
the placebo fibre confirms this observation.

3.4. X-ray diffractometric analysis (XRD)

The XRD pattern of AML (Fig. 7a) shows definitive peaks at 20 angles
5°, 11°, 25° and 31° while LIS shows sharp reflections at 7°, 12°, 13°,
16°, 22°, 25°, and 30°. The polymers, PVP and EEPO, patterns show
broad halos in appearance with no definite peaks. PVP pattern showed
two broad peaks at approximately 10° and 23° while EEPO broad peaks
appeared close to 8° and 19°. This suggests that the drugs in their pure
state are crystalline while the polymers are amorphous. After electro-
spinning of the drug-polymer solutions, the fibres obtained had a halo
appearance for all three co-axial fibres and the observed reflection peaks
in the pure drugs disappeared (Fig. 7b). This implies that the drugs are
dispersed on a molecular basis within the fibres as observed in the FTIR
spectra.

The XRD patterns distinct Bragg reflections of LIS and AML confirm
their crystallinity (Fig. 7). The DSC graphs of the raw drugs also confirm
their crystallinity prior to electrospinning because of the absence of glass
transition. However, after fabrication of the core-shell fibres, we
observe the glass transition in the MTDSC graphs of CF1, CF2 and CF3.
The TGA analysis of the individual drugs show water loss from both LIS
and PVP due to the presence of the dihydrate molecules and hygro-
scopicity of the materials respectively. The molecular dispersion of
drugs within electrospun fibres have been well documented by many
authors (Bukhary et al., 2018; Kamble et al., 2016; Liu et al., 2021;
Samprasit et al., 2015; Tawfik et al., 2020; Zhao et al., 2021). This
change is expected to enhance the solubility of the drugs as well as their
bioavailability.

3.5. Drug release and quantification

Drug release data show an initial burst release from the fibres which
can be explained by the high aqueous solubility of the PVP polymer in
the release medium. PVP is chemically inert, soluble in various solvents
and is used in masking unpleasant odours and flavours in combination
with other polymers (Franco and De Marco, 2020). Its ability to improve
the solubility and therefore the bioavailability of poorly water-soluble
drugs, good electrospinning properties and pH stability makes it an
ideal carrier for LIS. The choice of PVP as a carrier helps incorporate the
drug into the electrospun fibre with the added advantage of improving
its palatability as a physical barrier to the ingress of saliva (Felton,
2018). The effect of the hydrophilicity and hygroscopicity of PVP can be
seen in the fast release of LIS from the fibres (Fig. 8).

The absorption of the solvent led to the swelling of the polymer
which resulted in its release within 30 mins with over 90 % release in 15
mins except for CF2 which was 87 % released (Franco and De Marco,
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Fig. 2. SEM, TEM and fibre diameter distribution of fabricated core-shell fibres — CF1, CF2 and CF3.

2020). Similarly, Bukhary et al. reported the rapid release of AML and
valsartan in less than 5 mins from electrospun fibres formulated with 10
% (w/v) PVP (Bukhary et al., 2018). Eudragit EPO on the other hand is a
hydrophobic, pH dependent taste masking polymer (Abdelhakim et al.,
2019; Inam et al., 2022). Though not as good as PVP in its spinnability, it
ensures the drug release is targeted to the stomach where the pH favours
the release of incorporated drugs. EEPO has been utilised as a taste
masking polymer, hence its use in this study as a carrier for the bitter

antihypertensive, AML. The pH-dependent properties of EEPO are
particularly significant during the first 1-2 min of administration when
the formulation is still on the tongue, as they help minimize salivary cell
sensitivity to the bitter taste of amlodipine. Consequently, the drug
release study was conducted in phosphate buffered saline pH 7.4 which
mimics the neutral pH of the saliva.

Due to the hydrophobicity of EEPO polymer, the drug release of
amlodipine was prolonged to about an hour (100 %) though 90 % of the
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drug was released in 15 mins. Drug release in less than 30 mins ensures
rapid onset of action when administered orally. So effectually, the two
polymers PVP and EEPO worked together to lead to appropriate release
duration expected of oral tablets. Release of the drugs from CF2 had a
more sustained release compared to formulations CF1 and CF3. Within
60 s, 27 % LIS was released from CF2 which is significantly different (p
< 0.05) compared to 52 % from CF1 and 74 % from CF3. In 60 s, AML
was 45 % released from CF2 (p < 0.05) which is significantly different
when compared to 38 % and 69 % respectively from CF1 and CF3. The
slower release of the drugs from CF2 could be as a result of the
sequestration of the drugs in the beads which led to a partial reduction in
burst release (Chen et al., 2023; Zhou et al., 2022). CF3, however, had
the fastest release even though the two drugs were incorporated in the
core. The fast release could be as a result of the hydrophilic character-
istic of PVP coating.

Drug loading and encapsulation studies showed the highest loading
for LIS occurred with the CF1 fibres 41.2 £ 1.0 pg/mg while that of AML
occurred in the CF2 fibres — 33.0 + 31 pg/mg. It is observed that these
high loading occurred when the drugs were loaded in the core of the

100
99 - LN
98 b

97

Weight (%)

96

95

International Journal of Pharmaceutics 690 (2026) 126541

fibres compared to the lower loading and encapsulation observed where
the drugs are loaded in the shell (Table 2). This is further confirmed by
the medial loading and encapsulation efficiency values in the CF3 cor-
e-shell fibres where both drugs are encapsulated in the core of the fibres
(Table 2). CF3 drug loading for both drugs show an average amount of
35 pg/mg and 20 pg/mg for LIS and AML respectively. Drug loading
could be improved by increasing the concentration of the drugs in the
electrospinning solution. The EE% is highest for LIS in CF1 at 96 % and
highest for AML at 77.4 % in CF2.

Based on the result obtained, it is best to have a hydrophobic poly-
mer at the shell as is with the CF1 and CF3 fibres in cases where coaxial
electrospinning is preferred. In addition, the EE% could have been
affected by the repeated de-clogging of the needle tip during electro-
spinning because of the EEPO; this could have resulted in the poor
encapsulation observed with the formulations.

3.6. Electronic tongue analysis

The sensor response plots for both drugs at various concentrations
across all sensors indicated that AML exhibited both bitterness and
astringency, along with a bitter aftertaste (Figs. 9a and b). In contrast,
the mean sensor response (MSR) curve of LIS values were within —/+ 5
mV except for the ANO membrane sensor that is below —5 mV at 10 mM
concentration (Figs. 9c and d).

This indicates a poor response of LIS to the sensor membranes.
Though the sensor arrays were not sensitive to LIS, this does not
constitute a challenge as children generally consider the drug to be
palatable (Ferrarini et al., 2013).

The drugs and fabricated fibres were sensitive to the negatively
charged membrane sensor ANO but poorly sensitive to the positively
charged membrane sensor CO0 which detect basic bitterness and acidic
bitterness respectively. The AE1 membrane sensor for astringency was
sensitive to AML but had a poor aftertaste response. Therefore, the ANO
sensor was used to assess the bitterness threshold of the taste masked
fibres in comparison to the raw drug.

The e-tongue analysis shows successful taste masking of the bitter
AML in the formulations particularly for formulation CF2 which had the
AML and EEPO at the core and the LIS and PVP on the shell and the CF3
with both drugs at the core with PVP and EEPO on the shell. The
negative values of LIS and CF1 observed in the mean sensor response
(MSR) plot indicates that these were undetected by the ANO sensor.
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Fig. 4. TGA graph of the coaxial placebo nanofibres and drug loaded nanofibres show a percentage weight loss of 0.948% for the drug loaded nanofibres and 2.294%

for the placebo fibres at 61 °C.
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The MSR graph of the ANO membrane sensor confirms the successful
taste masking of all three formulations compared to the amlodipine raw
drug. Formulation CF2 had the lowest MSR value 0.31 mV, followed by

Table 2
Drug loading and encapsulation efficiency.

Lisinopril dihydrate Amlodipine besylate CF3, 2.36 mV and then CF1 whose bitter taste was undetected. This
DL (ug/mg) EE (%) DL (ng/mg) EE (%)* shows a significant reduction of the drug’s bitterness in the core-shell
CF1 41.2+1.0 96.8 + 2.0 16347 38.2+ 17 fibres.
CF2 22.7 £ 0.2 53.4 £ 0.3 33.0 £ 31 77.4 +73
CF3 35.0 + 0.1 82.3 + 0.2 199+ 6 46.8 + 13 4. Conclusion

n = 3, values are in mean =+ S.D.
In this study, we have explored the possibility of using electro-

Compared to the formulations, raw AML, the control sample, had a high spinning to produce a fixed-dose combination of two antihypertensive
MSR of 86.9 mV (Fig. 10) which is significantly higher than the MSR of drugs incorporated in taste masking polymer carriers. The release of
the fabricated taste-masked nanofibres (p < 0.0001). these drugs were controlled or modified by using the hydrophilic poly-

mer with excellent spinnability — PVP and a hydrophobic polymer with
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Fig. 10. A bar chart showing the E-tongue response to raw amlodipine and
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means p < 0.0001).

pH dependent solubility — EEPO. The morphological tests of light mi-
croscopy, SEM and TEM confirmed the fabrication of smooth, unbeaded
drug-loaded coaxial fibers within the nanorange except for CF2 that is
slightly beaded. The thermal properties of the fabricated fibers show
good stability over a wide range of temperature as indicated by the DSC
and TGA results. The nature and compatibility of the drugs with the
polymers confirmed the change of the drugs from crystalline to amor-
phous in the core-shell fibres using solid characterizations of XRD and
FTIR. The drug loading, encapsulation efficiency and release obtained
indicated a release highly influenced by the polymer carrier and the
position of the polymer-drug solution in the core or shell of the fibres and
the e-tongue analysis attested to the taste masking effectiveness of the
formulations. Electrospun nanofibres may offer significant advantages
in the development of paediatric formulations through fixed-dose
combinations and taste masking of bitter medications. This will
improve palatability and potentially enhance adherence to therapy
specifically for long term treatments associated with chronic diseases
like hypertension.

The limitations of this study include the low sensitivity of the e-
tongue to LIS and the absence of pharmacokinetic studies needed to
confirm the safety and efficacy of the selected AML and LIS doses in
children, highlighting the need for in vivo studies. This, notwithstanding,
a good foundation has been laid for future studies on the stability of LIS
and AML fixed-dose antihypertensive fabricated nanofibres mats,
formulation of the optimized fibres as oral films or minitablets appro-
priate for pediatrics and in vivo studies using human taste panels and/or
the brief-access taste aversion (BATA) assay. Further studies will be
conducted according to paediatric regulations, providing the basis for a
paediatric investigative plan aimed at developing a fixed-dose antihy-
pertensive medicine for children.
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