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ARTICLE INFO ABSTRACT

Keywords: Poly(vinyl alcohol) (PVA) is a widely used synthetic polymer and due to its hydrophilicity, biocompatibility, and

Poly(vinyl alcohol) biodegradability, it is considered a suitable polymer for the formulation of drug delivery systems. In this study,

E’“pmfe“ . PVA was used in a prilling/vibration technology as a pharmaceutical grade excipient to produce microbeads for
etoconazole

oral administration that improve class II drugs’ solubility and dissolution rate according to the Biopharmaceu-
tical Classification System (BCS). Specifically, Ibuprofen (IBU) is a weakly acidic drug with low solubility at pH
1.2 and Ketoconazole (KETO), a weakly basic drug characterized by low solubility at pH 6.8. These drugs were
selected because of their requirements for specific dosing conditions in children or animals, which often differ
from commercially available conventional drugs. The microbeads produced were fully characterized in terms of
drug loading, encapsulation efficiency, size, morphology, and drug release experiments were also conducted in a
gastric fluid for IBU-loaded microbeads and simulated intestinal fluid for KETO-loaded microbeads. Finally, PVA
microbeads were compared with an amorphous solid dispersion (ASDs) of the respective APIs, showing the same
increase in solubility and dissolution rate. Therefore, the use of the prilling/vibration technology to produce
PVA-based microbeads containing BCS class II drugs improves solubility and dissolution profile, which represent
fundamental requirements for good bioavailability. Furthermore, the manufactured microbeads provide a high
degree of dosing flexibility, making them suitable for administration in pediatric or veterinary patients with
swallowing difficulties and requiring customized dosing.

Prilling/vibration technique
Drug delivery systems

nature [4,5].
Among the oral formulations dedicated to pediatric and veterinary

1. Introduction

Poly(vinyl alcohol) (PVA) represents a fascinating milestone in
polymer science, offering various applications in various fields, from
industry to biomedical engineering. PVA is one of the hydrophilic
biodegradable synthetic polymers obtained by polymerization of the
vinyl acetate monomer into polyvinyl acetate (PVAc), followed by a
partial hydrolysis of the acetate groups to obtain PVA. This synthetic
polymer, which is characterized by its water-solubility and biodegrad-
ability, has attracted great attention due to its exceptional properties
and versatility in various fields, such as the biomedical and pharma-
ceutical sectors, due to its compatibility, safety, good hydrogel forma-
tion and high swelling properties [1-3]. Additionally, it is frequently
employed as an excipient in oral pharmaceutical formulations, to
enhance the solubility of drugs including those designed for pediatric
administration, due to its biocompatibility, minimal toxicity, and inert
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use, multi-particulates (microcapsules and microbeads) are gaining
particular attention due to their flexibility in dosing to meet the unique
needs of subjects with varying weights, including those in the growth
and development phase. This adaptability is particularly advantageous
in populations where weight discrepancies are common, such as chil-
dren versus adults [6]. Conventional drug formulations have limitations
when administered to pediatric patients because they were not designed
for this patient population. As a result, manipulation and compounding
have become common practices. Multi-particulates, on the other hand,
offer dosing flexibility and small size that facilitate administration, in-
crease acceptability, and improve compliance [7]. Multi-particulates
offer better patient acceptability than single-unit solid pharmaceutical
forms (e.g. tablets and capsules) as they can be administered directly
into the patient’s mouth, sprinkled in appropriate baby food, dispersed
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in suitable foodstuffs, swallowed directly using a dose-measuring device
such as a dosing spoon or dosing sipping technology or successfully
inserted into capsules [8,9]. Similarly, multi-particulate formulations
tailored for veterinary use offer several advantages over single-unit
dosage forms, providing enhanced flexibility in dosing and administra-
tion, precise adjustment of dosage based on the animal’s size, weight,
and species, improved palatability, ease of mixing with feed, and
minimize the risk of incomplete ingestion or ‘dose dumping’ [10].

To demonstrate the applicability of multi-particulates as formula-
tions for pediatric and veterinary use, two classic drugs, Ibuprofen (IBU)
and Ketoconazole (KETO), were studied. These drugs were selected
because of their requirements for specific dosing conditions in children
or animals, which often differ from commercially available conventional
drugs. In addition, these two drugs present solubility problems, in fact
they are classified in class II according to the Biopharmaceutical Clas-
sification System (BCS). In particular, IBU is a weakly acidic drug with a
low solubility at pH 1.2 (0.023 mg/mL) and a higher solubility at pH 6.8
(3.37 mg/mL) [11], while KETO is a weakly basic drug characterized by
a low solubility at pH 6.8 (0.003 mg/mL) and a higher solubility at pH
1.2 (20 mg/mL) [12]. IBU is a widely known compound of non-steroidal
anti-inflammatory drugs. It is mostly used as a relieving agent in acute
and chronic pain and inflammation [13]. Different oral suspensions are
commercially available for pediatric use however, there are not solid
pharmaceutical forms that can meet the different therapeutic dosages
required by this population group [14,15].

KETO is an azole fungistatic medication commonly used in veteri-
nary medicine to treat various fungal infections in dogs and cats and as
an extra-label drug in various species [16].

Starting from this premise, the idea of this work is to realize PVA-
microbeads loaded IBU or KETO by prilling/vibration technique
capable to improve the solubility and dissolution rate of the respective
drugs for a specific application field (pediatric or veterinary). Among
different physical methods for microencapsulation such as the well-
known spray drying, fluid bed coating, extrusion, etc. [17], an innova-
tive technique known as prilling/vibration technology is able to produce
microcapsules or microbeads with a very narrow dimensional range and
high encapsulation efficiency [18]. The technique is based on breaking a
laminar jet of polymer solution into a line of one-dimensional droplets
using a vibrating nozzle device. The resulting droplets fall into a
consolidation bath and are solidified as microbeads [19-21]. The
microbeads produced were completely characterized in terms of drug
loading, encapsulation efficiency, size, and morphology. Drug release
experiments were also conducted in a simulated gastric or intestinal
fluid. Finally, the PVA microbeads were compared to another techno-
logical approach, the amorphous solid dispersions (ASD), to evaluate
whether the new microbead formulations produced the same advantage
in terms of solubility and dissolution rate.

2. Materials and methods
2.1. Materials

Poly(vinyl alcohol) 3-82 (Parteck® MXP) was kindly provided by
Merck KGaA (Darmstadt, Germany). The grade of PVA has two groups of
numbers separated by a hyphen therefore it is appropriate to explain this
nomenclature. The first group of numbers represents the viscosity of the
4 % w/v aqueous solution at 20 °C. The second group of numbers rep-
resents the degree of hydrolysis of the PVAc. Thus, a grade 3-82 would
have a viscosity of 3 mPa s in a 4 % w/v aqueous solution at 20 °C with a
polymer chain consisting of approximately 82 % PVA and 18 % PVAc.
Alginic acid sodium salt (MW = 120,000-190,000 g/mol, with a man-
nuronic acid to ratio of 1.56, viscosity of solution at 1 % w/v at 25 °C =
15-25 cps), boric acid (H3BO3), calcium chloride (CaCly), and potassium
bromide (KBr) were purchased from Sigma-Aldrich (Milan, Italy). IBU
and KETO were obtained from Farmalabor srl, (Canosa di Puglia, Italy).
All solvents and salts used were of analytical grade and were acquired
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from Sigma Aldrich (Milan, Italy).
2.2. Preparation of microbeads by prilling/vibration technique

2.2.1. Feed preparation

Solutions of PVA 3-82 were utilized to prepare the polymeric feed.
The PVAs were dispersed in water and the suspensions were heated
above 90 °C for 5 min, then the solutions were left to cool to room
temperature under agitation to eliminate bubbles formed. Viscosity of 6,
9, and 20 % w/v solutions of PVA 3-82 was evaluated by Haake Mars
Rheo 60 (Thermo Fisher Scientific, USA - MA). Furthermore, solutions at
20 % w/v of PVA 3-82 and sodium alginate (SA) were produced in
which the weight ratios of the two polymers were varied (100:0, 100:1,
71:1, 50:1, 33:1, 25:1, 19:1) i.e., So, S1, S2, S3, S4, S5 and S¢ respectively
(Table 2).

2.2.2. Selection of process parameters

The microbeads were obtained by the prilling/vibration technique
using the B395 Pro Encapsulator (Biichi Labortechnik AG, Flawil,
Switzerland). The different feeds (Table 1) were pumped using a syringe
pump through a single nozzle with a diameter of 450 pm. Other process
parameters were carefully optimized to obtain well-separated and
spherical microbeads. The laminar jet of the liquid was broken up using
a vibration frequency of 1000 Hz, which determined the number and the
size of droplets. The electrode potential was set at 1200 V to avoid
droplet coalescence and the distance between the nozzle and the
consolidation bath was set at 20 cm. A volumetric flow rate of about 10
mL/min and an amplitude of 8 were used. The droplets generated by
each polymer feed were gelled under gentle agitation for 10 min at room
temperature in two different gelling baths of aqueous solution (300 mL)
with:

a) CaCl, 0.3 M (a-bath);
b) CaCl; 0.18 M and H3BO3 0.4 M (b-bath).

Then, microbeads were recovered and thoroughly rinsed twice with
deionized water to remove excess calcium and H3BO3 on the surface of
the microbeads. Finally, microbeads were frozen at —20 °C and freeze-
dried using a Christ Alpha 1-4 under reduced pressure (0.018 mbar)
at —50 °C for 24 h.

In the same way, the best-performant feed (S¢) was loaded with 0.15
% w/v IBU or KETO, resulting in four formulations called Fg,IBU,
FeaKETO, FepIBU, and Fgp,KETO where the subscripts a and b indicate the
different consolidation bath used. In addition, in the Fg,IBU formula-
tion, the amount of drug was further increased 4 (0.6 % w/v) and 14-fold
(2.1 % w/v).

2.3. Preparation of amorphous solid dispersion loading ibuprofen or
ketoconazole

PVA-amorphous solid dispersions (PVA-ASDs) loading IBU or KETO
were produced according to the solvent evaporation method [22]. Solid
polymer-drug mixtures 20 % PVA 3-82 and 0.15 % w/v IBU or KETO
were solubilized in ethanol-water (50:50 v/v) to produce the ASD-IBU

Table 1
Polymeric feeds composition (100 mL) that produced aqueous solutions at pH
6.5.

Feed code PVA 3-82 (% w/vV) SA (% w/v) Ratio PVA 3-82:SA
So 20.0 0.0 100:0

S1 19.8 0.2 100:1

S2 19.7 0.3 71:1

Ss 19.6 0.4 50:1

Sy 19.4 0.6 33:1

Ss 19.2 0.8 25:1

Se 19.0 1.0 19:1
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Table 2
Yield %, and size of the dried microbeads placebo. Data are reported as the mean
+ SD.

Formulation Code Yield % Diameter microbeads (pm)
Fea 45.31 + 3.74 1605 + 185
Feb 70.01 + 2.06 2050 =+ 207

and ASD-KETO formulations. Then, the solvent was removed using
Rotavapor R-200 Biichi (Flawil, Switzerland) (at 55 °C, 20 mbar), and a
vitreous powder was formed on the surfaces of the flask. Subsequently,
the powder was collected from the surface of the flask and sieved using a
355 pm sieve to ensure dimensional uniformity.

2.4. High-performance liquid chromatography analysis of ibuprofen and
ketoconazole

IBU and KETO were quantified by reversed-phase high-performance
liquid chromatography (RP-HPLC) by Shimadzu HPLC Nexera series,
equipped with a photodiode array detector and a SIL-40C autosampler,
using the methods described in the literature [23,24], with some ad-
justments. The quantification of IBU was determined using Zorbax
Eclipse Plus C18 column (150 mm x 4.6 mm, 5 pm particle size) with an
isocratic elution mode. The mobile phase was acetonitrile, and water
adjusted at pH 3.0 with HCI (0.1 M) in a ratio of volumes 60:40 (% v/v).
The flow rate, injection volume, and column temperature were 2
mL/min, 20 pL, and 30 °C respectively. The spectrophotometric detector
was operated at a wavelength of 230 nm. For KETO, Zorbax Eclipse Plus
C18 column (150 mm x 4.6 mm, 5 pm particle size) was used as the
stationary phase and the mobile phase was composed of methanol, and
phosphate buffer 0.02 M at pH 8.0 in a ratio volume 80:20 (% v/v). The
spectrophotometric detector was operated at a wavelength of 255 nm,
the column temperature was set at 25 °C, the injection volume was 20
pL, and the flow rate at 1.0 mL/min.

2.5. Characterization of microbeads

2.5.1. Yield, encapsulation efficiency, and drug loading
The yield percentage (Y %) of the process was determined using Eq.

(€3]

Mass microbeads

Y%=
°~ Theorical mass of feed components x

(€Y

where mass microbeads is the amount of microbeads obtained after the
lyophilization process and theoretical mass is the amount of drugs and
polymers used to prepare the formulations.

The percentage of encapsulation efficiency (EE %) was computed
using Eq. (2):

Actual loading

EE%=F——"7—
°~ Theorical loading

x 100 2

where the actual loading is the drug content present in the sample and
the theoretical loading is the theoretical amount of drug that should be
present in the weighed microbeads. To determine IBU or KETO actual
loading in the microbeads, an accurately weighed amount of each
formulation (F,IBU, FpIBU, F,KETO, and F,KETQ) was dissolved in 10
mL of methanol and water in a ratio of volumes 50:50 (v/v), and
Ultraturrax T 25 basic was used to facilitate complete disaggregation of
the microbeads. The solutions were filtered through a 0.22 pm mem-
brane filter in polytetrafluorethylene (PTFE) and the concentration of
the drugs was determined by the HPLC methods described above.
Finally, drug loading (DL) was calculated as the real amount of drug (pg)
in 100 mg of formulation.

The analyses were conducted in triplicate for each formulation and
reported as the mean + standard deviation (SD).
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2.5.2. Microbeads size and morphology

The sizes of all microbeads were measured by optical microscopy
(Inverted Laboratory Microscope Optech IB 4) equipped and interfaced
with an image analysis program (Capture 2.1 software). For each
formulation, at least fifty microbeads were examined to evaluate the
mean diameter and their relative standard deviations. To assess the size
homogeneity of microbeads in each production batch, the width of the
particle distribution (Span), as defined in Eq. (4), was evaluated.

Dgg — Do

Span value=—"—"= @
P Do

where Dj, Dsg, and Dgg represent the diameters of 10, 50, and 90 % of
the sample particles, respectively [25].

The morphology of the microbeads was determined by scanning
electron microscopy (SEM) using a Hitachi Tabletop Microscope TM300
and a secondary electron detector SED high vacuum mode, acceleration
voltage 20 kV and EI Magnification 60 x —1000 x and interfaced with an
analysis program (AZtecOne software). The microbeads or their section
were sprinkled on an adhesive pad with electrical conductivity before
being covered in a gold/palladium layer (sputter coating, 15-20 nm).

Furthermore, a chemical microanalysis test was conducted on the
FgrKETO formulation to assess the distribution of boron atoms associ-
ated at H3BOj3 on the surface of the microbeads crosslinked with PVA.

2.6. Solid state characterization

Solid-state characterization of the drugs in all formulations was
carried out using Fourier transform infrared spectroscopy (FT-IR), dif-
ferential scanning calorimetry (DSC), and X-Ray Powder Diffraction
(XRPD). FT-IR spectra were sampled in KBr pellets (2 % of the sample)
and were analyzed with the PerkinElmer FT-IR Spectrophotometer
1600. Data were acquired between 4000 cm ! and 400 ecm L.

Thermal analyses by DSC were acquired using Mettler Toledo DSC1.
The operative conditions for the DSC analysis were: sample weight 2-10
mg, scanning speed 5 °C/min, and range of temperature between 25 °C
and 200 °C under 50 mL/min N5 flow. The samples were heated in 40 pL
aluminium pans with a hermetically closed lid. An empty pan was used
as a reference.

The diffraction patterns were collected by using a Stoe StadiP 611
diffractometer.

Measurements were performed in transmission geometry with Cu-
Kal radiation. Scans were carried out from 0 to 36° 20 simultaneously
(step width of 0.03° 26, 30 s/step).Samples have been prepared in a
combinatorial 96-well plate (comprising an X-ray amorphous foil at the
bottom).

2.7. Drug release study

Release studies were conducted on Fg,IBU, FgpIBU, ASD-IBU,
FeaKETO, FepKETO, and ASD-KETO using the VanKel system VK 7000
with the rotational speed of the paddle set at 100 rpm and the temper-
ature of the dissolution medium was maintained at 37 + 0.5 °C. To
generate sink condition, enough microbeads of each formulation were
placed in 100 mL of medium to obtain a final IBU and KETO concen-
tration of 50 pg/mL. In detail, IBU release was studied using a simulated
gastric medium, SGF (0.1 M HCI, pH 1.2) for 2 h, while KETO release
was analyzed in phosphate buffer, simulating enteric conditions, SIF
(0.07 M PBS, pH 6.8) for 3 h. Samples with a volume of 1 mL were
withdrawn at specific times and replaced with fresh medium to maintain
constant volume. Samples were filtered (0.22 pm membrane filter in CA)
and analyzed by RP-HPLC to determine the cumulative percentage of
drug released.



M. Ivone et al.
2.8. Kinetics model drugs release

The data from the release studies of the Fg,IBU, FgpIBU, ASD-IBU,
FaKETO, Fep,KETO, and ASD-KETO formulations were evaluated using
mathematical models, including a zero-order model (cumulative per-
centage of drug released vs. time), a first-order model (log cumulative
percentage of drug remaining vs. time), the Higuchi model (cumulative
percent drug released vs. square root of time), the Korsmeyer-Peppas
model (log cumulative percent drug remaining vs. log time), and the
Hixson-Crowell model (cubic root percent drug remaining vs. log time).
These models were employed to interpret the kinetics of IBU and KETO
release from microbeads and ASDs.

2.9. Stability study

The stability test was performed to assess the physical-chemical
stability of all formulations (Fe IBU, FeplBU, ASD-IBU, Fg,KETO,
FepKETO, and ASD-KETO). Aliquots of each formulation were stored in a
vial with and without a cap in a Climacell 222 — ECO line climatic
chamber (MMM Group, Semmelweis Strasse, Miinchen, Germany) at 40
+ 0.5 °C and 75 % of RH for 4 weeks. Subsequently, DSC, FT-IR, and X-
ray were conducted on each sample to evaluate solid-state stability,
while an exact quantity of microbeads and ASDs was dissolved to
quantify the drug and evaluate the chemical stability of IBU and KETO.

2.10. Statistical analysis

The experimental data are reported as the mean + SD (standard
deviation). Statistical analyses were conducted using Graph Prism
version 8.0 (GraphPad Software Inc., La Jolla, CA, USA). Statistically
significant differences were determined through Ordinary one-way
ANOVA analysis of variance (ANOVA), followed by Bonferroni’s post
hoc tests. A probability level of **p < 0.0021 was considered significant
(p value style: ****p < 0.0001, ***p < 0.0002,**p < 0.0021,
p*<0.0332).

3. Results and discussions
3.1. Feed and consolidation bath selection

In literature, the use of PVA and SA to generate microbeads has been
described by several groups using a syringe-dropping method [26,27].
However, in this work, PVA 3-82 was processed for the first time as a
polymer feed in the prilling/vibration technique. The choice of the best
polymer feed is a critical aspect of the prilling/vibration process as its
properties directly affect processability and can have a significant
impact on the characteristics of the final products [28]. In this tech-
nique, two important method variables are the processability of the
polymeric feed and the consolidation of the microdroplets produced.
Processability is understood as the ability of the solution to produce a
laminar flow that can be broken up by applying a vibration force and the
capacity to obtain well-consolidated and separated microbeads. Vis-
cosity is certainly one of the most important variables in this technique;
in fact, prilling can only able to process solutions with viscosity values of
less than a few hundred mPa-s [29] and it is essential to study this
parameter to predict the ability to flow laminarly through the nozzle.
For this reason, preliminary studies on different types of PVA with
different molecular weights were conducted and they are described in S1
of Supplementary Materials. Subsequently, the study was focused on
PVA 3-82; the viscosity of PVA 3-82 solutions at 6, 9, and 20 % were
4.69, 9.61, and 87.32 mPa s, respectively. Thus, all solutions could be
processed by prilling/vibration technology. Ultimately, the concentra-
tion of 20 % w/v was chosen as optimal for subsequent studies because
the increase in the quantity of polymer led to the production of a more
compact and handy microbead structure. Therefore, due to its low vis-
cosity and high processability, the 20 % w/v solution of PVA 3-82 (Sp)
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was selected as the polymer feed.

Secondly, the selection of a consolidation bath plays a key role in the
formation of microbeads. PVA is a difficult polymer to gel in an aqueous
gelling bath, however, as it is documented in the literature, PVA can be
cross-linked by various bifunctional and polyfunctional condensing
agents, such as dianhydrides, glutaraldehyde, hexamethylene diisocya-
nate, and H3BO3 [30]. In this work, H3BO3 was used as the cross-linking
agent because of its biocompatibility and non-toxicity [31]. It promoted
PVA cross-linking through diol complexation, involving two diol units of
two different chains of PVA and one borate ion through coordinative
bonds [32,33]. Nevertheless, the consolidation of the Sy feed in a gelling
bath composed of solely 0.4 M H3BOs3 did not produce microbeads but
aggregates with low resistance. Therefore, other aqueous gelling baths
were tested to obtain favorable conditions to produce microbeads e.g.,
CaCl, 0.3 M (a-bath) and CaCl, 0.18 M with added H3BO3 0.4 M
(b-bath). For the use of these gelling baths, SA was added to the poly-
meric feed to produce rapid consolidation in the presence of biovalent
ions (Ca™) [34]. Furthermore, the addition of SA prevents the aggre-
gation of PVA microbeads that occurs when they are cross-linked H3BO3
solely [31]. Different weight ratios of PVA and SA were tested S1-Sg
(100:1, 71:1, 50:1, 33.:1, 25:1, 19:1) but the S¢ feed was the best per-
forming due to the highest amount of SA, which allowed for greater
cross-linking, resulting in the formation of microbeads that could be
easily recovered from the consolidation bath. Therefore, feed S¢ was
chosen for further studies and to investigate the influence of the con-
solation bath on the characteristics of the microbeads produced, two
different baths (a and b) were adopted, resulting in Fe, and Fgp.

3.2. Production of placebo microbeads

The previous study provides us with information on the possibility of
obtaining microbeads by prilling/vibration technique, but for our pur-
poses, it is also essential to evaluate some critical quality attributes, such
as yield, size, and size distribution of the microbeads. High yields
minimize material consumption and reduce the economic expense of
scaling up the process. The optimal size and the uniform size distribution
ensure consistent dosing and prevent the risk of suffocation, particularly
in infants and young children [35] or small animals.

As shown in Table 2, the Fg, formulation has a yield value of 45 %
indicating that SA ensured the formation of microbeads, but most of the
PVA was still lost in the consolidation bath. In contrast, Fg, has a 70 %
higher yield due to the addition of H3BOs in the consolidation bath used.
In fact, the —~OH groups of the PVA were cross-linked with H3BO3 to form
a clathrate [27] that prevented leakage into the consolidation bath.
H3BO3 greatly influenced the strength of the gel formed during consol-
idation, as initially, the gelling reaction is immediate on the surface of
the microbeads and then allows further diffusion of the H3BOs into the
microbeads resulting in the polymerization of the PVA and formation of
well-structured microbeads [36]. Therefore from the yield values, Fgp,
can be determined as a better solution than Fg,. Nevertheless, the yield
value could be further improved by going to evaluate baths with addi-
tional bivalent agents, with different concentrations of gelling agents, or
by going to further modulate the PVA/SA ratio.

Fea generated microbeads with a diameter of about 1605 pm while
Fep produced microbeads with a diameter of 2050 pm (Table 2). The use
of the b-bath produced larger microbeads than those obtained in a-bath,
although the same nozzles were used, probably because of the greater
consolidation of PVA by the H3BOj3 that produced a better cross-linked
and more compact structure. These sizes are in the range preferred for
a pediatric or veterinary formulation because small particulates may be
easier swallowed and thus more acceptable than single-unit formula-
tions [37]. The diameters outlined in the FDA guidelines are accepted as
appropriate for pediatric populations, including infants. In fact, to in-
crease acceptability in pediatric age, a diameter of 2 mm should be used
for children up to 6 months and 4 mm for those one-year-old [35].

SEM analysis (Fig. 1) of the Fg, microbeads showed an almost
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x100 1mm
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200 um

x500

X300 300 um

Fig. 1. SEM images of Fg}, (A), enlargement of its surface (B and C).

spherical structure, a well-cross-linked structure with jagged edges.
Fig. 1B and C shows an enlarger of the surface of the Fg}, formulation
showing a honeycomb structure with evenly distributed layers that al-
lows the drug to be housed, and a very porous structure and numerous
cavities are observed.

Most probably, sublimation during freeze-drying of the frozen water
droplets resulted in the formation of irregular, porous structures, and a
partial collapse of the polymer network [38].

In addition, a microanalysis was performed on the Fgp, formulation
(Fig. 2) to assess the distribution of boron atoms on the surface of the
microbeads. Boron (blue in Fig. 2B and C) showed a homogeneous dis-
tribution on the particles.

3.3. Preparation and characterization of drug-loaded microbeads

This placebo-based preliminary study allowed us to identify the pa-
rameters for the production of microbeads that were loaded with IBU or
KETO. The quantity of loaded drugs (0.15 % w/v) was higher than the
calculated solubility drugs in the Sg polymeric feed. The presence of PVA
improved the solubility compared to water, by increasing it 5-fold for
IBU (0.108 mg/mL) and 36-fold for KETO (0.277 mg/mL), as detailed in
S2 of the Supplementary Material. Despite the resulting feed being a
suspension, it remained easily processable. Like the placebo, S¢IBU and
ScKETO feeds were consolidated in a-bath to obtain Fg,IBU and Fg,KETO
formulations or b-bath to produce Fg,IBU and Fgp,KETO formulations.
The EE %, drug loading, and production yield of the microbeads are
shown in Table 3. Notably, the yield of the FgpIBU and FgpKETO for-
mulations is higher than that of Fg,IBU and F,KETO due to the presence
of H3BOs in the consolidation bath. The encapsulation efficiency of the
FgaIBU formulation is lower than the Fg,KETO formulation because IBU
tends to diffuse into the consolidation bath due to the higher water
solubility of IBU compared to KETO [20,39]. However, in the Fg,IBU
formulation, the efficiency is considerably higher than in Fg,IBU. This is
because the cross-linking of PVA with H3BOg creates a structure that
traps the drug more effectively, reducing diffusion into the consolidation

Table 3
Yield %, EE %, DL, and size of the dried microbeads. Data are reported as the
mean + SD.

Formulation Yield % EE % DL* Diameter

Code microbeads (pm)

FealBU 42.45 + 32,92 + 500.34 + 1581 + 272
5.43 3.88 21.33

Fe.KETO 45.08 + 52.77 + 1117.21 + 1676 + 217
8.13 8.43 30.48

FepIBU 68.88 + 67.04 £ 560.06 + 2027 + 204
2.62 3.15 10.25

FebKETO 65.16 + 63.65 + 735.72 + 2125 + 208
5.58 4.89 22.37

DL* is expressed as pg of drug in 100 mg of microbeads.

bath. Similarly, the Fg,KETO formulation shows increased efficiency
compared to the Fg,KETO due to the enhanced structure of the
microbeads. DL values for Fg,IBU and Fg,KETO ranged from 500.34 to
1117.21 pg of drug per 100 mg of beads, while for FgpIBU and Fgp,KETO,
they varied from 560.06 to 735.72 g of drug per 100 mg of microbeads.
Furthermore, increasing the amount of drug by 4 or 14-fold improved
the EE values (Table S3 in Supplementary Materials), indicating that the
percentage of drug-loaded did not affect production. This highlights that
the proposed method is highly versatile and allows microbeads with
different drug loadings to be obtained, meeting different therapeutic
needs.

The mean diameters of the microbeads after lyophilization are listed
in Table 3. The diameters were less than 1676 pm for Fg,IBU and
FeoKETO and less than 2125 pm for FgpIBU and FgpKETO. Similar to
placebo formulations, the size of these microbeads varies considerably
depending on the consolidation bath used. Finally, the size distribution
was assessed by estimating the span value, as shown in Table 4. A span
value of 0 indicated a monodisperse particle size distribution. Therefore,
all span values obtained confirm a strictly monodisperse size
distribution.

500 pm 500 pm

500 wn

Fig. 2. Microanalysis images of Fg}, surface.
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Table 4

Diameter D50, D10, and D90 and SPAN of microbeads.
Formulation Code Dso Dio Dgo Span
FeIBU 1581 + 272 1453 + 58 1735 + 219 0.18
FgKETO 1676 + 217 1525 + 103 1865 + 173 0.20
FgpIBU 2027 + 204 1869 + 37 2186 + 110 0.16
FebKETO 2125 + 208 1973 + 98 2269 + 123 0.14

3.4. Preparation and characterization of ASDs

ASDs are a useful and very common method for improving the sol-
ubility and the dissolution rate of poorly water-soluble drugs. ASDs can
be manufactured by several methods. The solvent evaporation technique
is a widely used method in the laboratory that depends mainly on the
common solvation potential of excipients and drug and solvent evapo-
ration [40]. In fact, this method involved the use of a volatile solvent
which is easily removed due to its low boiling point. Despite being a
simple method, the most challenging aspect is to obtain a solvent system
capable of solubilizing the drug-polymer system and not being toxic, as
toxicity occurs due to the difficulty of removing the residual solvent
from the formulation [41]. Aqueous solvents can also be used in com-
bination with organic solvents to increase the solubility of the polymer
and/or reduce their use [42], but in this case, an increase in boiling
temperature may occur, which could lead to degradation of the drug.
Furthermore, a drawback of ASD was their poor scale-up for the pur-
poses of manufacturing [43]. In this work, a mixture of ethanol-water at
a volume ratio of 50:50 (% v/v) was used to produce ASDs. This choice
was made because PVA is insoluble in organic solvents, necessitating a
high-water fraction. Additionally, at the same time, a high quantity of
organic solvent is needed to allow rapid evaporation at temperatures
lower than the boiling point of water. For ASDs produced (ASD-IBU and
ASD-KETO), a vitreous powder was collected that was difficult to
remove from the flask and was subsequently sieved to ensure a uniform
dimension. ASD-IBU and ASD-KETO were characterized for yield, EE,
and DL (Table 5). The EE is very high but the difficulty in recovering the
powder and the subsequent sieving process resulted in very low pro-
duction yields of 13 % lower than the prilling/vibration technique that
could be considered for industrial scale-out production [29].

3.5. Characterization of the solid-state on microbeads and ASDs

Solid-state characterization was carried out by FT-IR, DSC, and XRPD
to assess whether Fg,IBU, FgpIBU, Fg,KETO, and FehKETO produced
using prilling/vibration technique induced amorphization of the drug
comparable to that obtained from ASD-IBU and ASD-KETO.

IBU and KETO have a strong endothermic peak about at 77-78 °C
and 152 °C, respectively, due to the melting of their crystalline state [44,
45]. In contrast, the thermograms in Fig. 3 show that in both ASDs
(ASD-IBU and ASD-KETO) and microbeads (FgpIBU and Fep,KETO), the
endothermic peak of IBU and KETO is completely absent, indicating that
in both cases the amorphization process of the drug was induced during
the production and/or lyophilization phase. However, in both the
F6aIBU and F,KETO formulations at 75 °C, there is a large endothermic
peak due to water, which doesn’t allow the evaluation of the eventual
endothermic peak of the drug, which probably as in the other formu-
lations is present in amorphous form.

Fig. 4A shows the diffraction patterns of IBU, ASD-IBU, Fg,IBU, and

Table 5

Yield %, EE %, and DL of ASDs. Data are reported as the mean + SD.
Formulation Code Yield % EE % DL*
Fg,IBU 12.79 + 3.61 96.03 + 0.83 711.62 + 3.64
Fg,KETO 13.89 + 2.78 97.07 £ 0.07 727.25 +£7.69

DL* is expressed as pg of drug in 100 mg of powder.
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FepIBU while Fig. 4B describes the diffraction patterns of KETO, ASD-
KETO, Fg,KETO, and Fe,KETO. The sharper peaks present in the
diffraction pattern of IBU and KETO indicate its crystallinity, while their
complete disappearance in the formulations clearly shows the amorph-
ization of the drugs as already determined by DSC results. The results of
the DSC and XRPD are further supported by FT-IR data, discussed in the
S5 of Supplementary Materials.

3.6. Drug release study of microbeads and ASDs

Release studies were performed to evaluate how the characteristics
of studied formulations were able to influence the drug release. Indeed,
for weakly acidic and basic drugs such as IBU and KETO, their solubility
and systemic absorption depend on the pH of the local gastrointestinal
environment. In general, oral absorption of weakly acidic drugs may be
less problematic due to a longer residence time in the small intestine
with favorable pH conditions facilitating dissolution and absorption;
however, gastric emptying may still be important in determining the
oral absorption of drugs. On the other hand, weakly basic drugs have the
potential to supersaturate and precipitate when the drug passes from the
stomach, a favorable pH environment, to the proximal small intestine,
an unfavorable pH environment [46]. Since microbeads predominantly
contain PVA, they dissolve in a pH-independent manner, showing the
same solubilization performance throughout the gastrointestinal tract
[47], which could result in a better dissolution of IBU in the gastric
environment and KETO in the intestinal environment. In the last case,
the microbeads could be placed in a gastroresistant capsule or coated
with a gastroresistant polymer to avoid rapid solubilization of KETO
(given its high solubility value) and repecipitation in the intestinal tract.
Furthermore, the release profile of ASD-IBU and ASD-KETO was
analyzed to compare them to the dissolution profiles of the microbeads.

The release profiles of IBU, ASD-IBU, Fg,IBU, and FgpIBU in SGF at
pH 1.2 are shown in Fig. 5A. The cumulative percentage of IBU released
in SGF after 2 h was 90 %, 96 %, and 79 % from ASD-IBU, Fg,IBU, and
FealBU respectively; with a 2.5-fold increase in ASD-IBU and FgpIBU over
the drug alone (42 %). The F¢pIBU microbeads initially showed a similar
profile to the Fg,IBU microbeads, in fact in the first few minutes they
showed a rapid release of the drug into the dissolution medium, prob-
ably the drug most available to be released, i.e. the one located in the
most superficial part of the microbeads. Subsequently, at 60 min the
FealBU microbeads showed a lower release than the Fg,IBU (p < 0.0021)
formulation this could be because SA tended to form an alginic acid gel
at acidic pH that was insoluble and retarded the release of the drug;
however, in the FgpIBU formulation, SA was less cross-linked as the
degree of cross-linking increases with the CaCl, concentration [48], so
the drug is released faster. The release profile of ASD-IBU was super-
imposable on both Fg,IBU and Fg,IBU formulation, however, after 2 h in
SGF the cumulative percentage of IBU release from ASD-IBU was 90 %
like that obtained for FgpIBU (96 %).

The release profiles of KETO, ASD-KETO, F¢,KETO, and Fg,KETO in
SIF at pH 6.8 are shown in Fig. 5B. As can be seen from Fig. 5B, KETO
showed low dissolution at pH 6.8 due to its low solubility. The release
values of the different formulations (Fg,KETO, Fg,KETO, and ASD-
KETO) showed a significant difference (p < 0.0001) after 3 h
compared to the dissolution value of the drug alone. Approximately 86
% of the drug was released from both Fg,KETO and Fe,KETO, showing a
36-fold increase in the rate of KETO dissolution from the microbeads
compared to the drug alone (2 %). For the Fg,KETO formulation, a burst
release effect was observed in the first 15 min, probably because the
release of KETO from the microbeads was controlled by the degree of
cross-linking of the SA by calcium. Calcium alginate, in contact with
intestinal fluids (pH 6.8) can hydrate and swell, allowing the diffusion of
the drug and its rapid dissolution [49]. In contrast, the Fg,KETO
formulation showed at 15 min a significantly (p < 0.0001) different
release than Fg,KETO. This different release of the drug from the
microbeads was associated with the greater cross-linking due to both the
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Fig. 4. (A) Diffractograms of formulations ASD-IBU, Fe,IBU, and Fe,IBU; (B)
Diffractograms of formulations ASD-KETO, F¢,KETO, and Fg,KETO.

presence of the SA but also the PVA, which produced a denser network
that hinders dissolution and degradation of the microbeads resulting in a
more controlled release of the drug. The degree of cross-linking was
strictly correlated with the swelling properties [50,51] and the results
indicated that the high cross-linking density of the microbeads obtained
with H3BOg resulted in the absorption of less water with a consequent
reduction of the channels from which the drug a more gradual release of
KETO. The release profile of ASD-KETO overlapped with that of
FebKETO showing a drug release of 90 % after 3 h in SIF.

The produced microbeads showed the same release profile as ASDs
but, microbeads can be a promising alternative as they do not require an

organic solvent for preparation and could allow industrial scale-out
production.

3.7. Kinetic model

Kinetic models provide information on drug release behavior from a
formulation, which depends on several factors, including the type of
polymer matrix encapsulating the drug, the degree of cross-linking, and
the pH of the release study environment [52]. Release data were fitted to
the most common kinetic models, as shown in Table 6, to understand the
mechanism of IBU or KETO release from microbeads and ASDs, except
for Fg,KETO, which exhibited a complete release by burst effect within
the first 15 min. Regardless of drug type and dissolution medium,
ASD-IBU and ASD-KETO show diffusive kinetics confirmed by
Higuchi-Connors linear regression coefficients (RZ) 0.993 and 0.947,
respectively. Higuchi’s model describes drug release as a diffusion
process, in which drug molecules move from regions of high concen-
tration (within ASDs) to regions of low concentration (surrounding
medium). This model is particularly applicable to matrix-type systems,
in which the drug is uniformly dispersed within a polymer matrix.
Additionally, the Korsmeyer-Peppas equation is also applicable; in fact,
values of n less than 0.4 and R? (0.993 and 0.968) indicate that drug
release from ASDs fits a Fickian-diffusive release mechanism [53,54].
Among all the models studied, the Korsmeyer-Peppas model for Fg,IBU
was found to best describe the release profile of the formulation (R? =
0.978). The Korsmeyer-Peppas model is used when the release mecha-
nism is complex and may involve more than one type of release phe-
nomenon, such as diffusion, erosion, or swelling [55]. The value of n less
than 0.2 suggests that the rate of drug release is not simply controlled by
Fickian diffusion but may involve more complex interactions within the
polymer matrix, such as the presence of SA in the polymer matrix, which
conditions drug release in acidic environments. The release kinetics of
FeLKETO fit according to first-order kinetics R? = 0.952), likely influ-
enced most by PVA cross-linking with H3BOgs, making the release profile
proportional to the amount of drug in the formulation. Differently,
FepKETO fits better with Higuchi-Connors kinetics R? = 0.925), sup-
porting the idea that drug release is more influenced by diffusion pro-
cesses due to the presence of SA in the polymer matrix, which dissolves
and swells at pH 6.8, than by PVA cross-linking.

3.8. Stability study

The formulations (Fg,IBU, Fg,IBU, ASD-IBU, Fg,KETO, Fg,KETO, and
ASD-KETO) underwent accelerated stability studies at 40 °C/75 % RH
for 4 weeks. They were stored in vials, with some vials being capped and
others uncapped. The aim was to assess chemical degradation and
physical changes. The solid-state’s physical stability was evaluated
using DSC, XRPD, and FT-IR, while chemical stability was assessed



M. Ivone et al.

A
100
804
% 60
3
&
o 40
A
20
0 T T T T T 1
0 20 40 60 80 100 120
1 (min)
—~ IBU = FgBU —— F@BU —— ASD-IBU

KETO release%

—— KETO -

Journal of Drug Delivery Science and Technology 99 (2024) 105974

100

Ul soms T f T (| T T

1
60 80 100 160 180
t (min)

FGKETO — FgKETO —— ASD-KETO

120 140

Fig. 5. (A) Drug release profile of IBU, ASD-IBU, Fe,IBU, and Fg,IBU in simulated gastric fluids at pH 1.2; (B) Drug release profile of KETO, ASD-KETO, Fc,KETO, and
FepKETO simulated enteric fluid at pH 6.8.

Table 6

Mathematical models of IBU and KETO release kinetics from ASD-IB, Fg,IBU, F¢,IBU, ASD-KETO, Fg,KETO, and Fg,KETO formulations.

Formulation Code

Zero order model

First order model

Higuchi-Connors model

Korsmeyer-Peppas model Hixson Crowell model

k R? k R? k R? n R? k R?
ASD-IBU 36.364 0.742 —0.470 0.949 60.981 0.933 0.296 0.993 —~1.229 0.895
FeIBU 26.762 0.546 ~0.271 0.753 48.019 0.786 0.168 0.978 —0.714 0.685
FepIBU 39.819 0.663 —~0.717 0.952 68.557 0.878 0.383 0.868 ~1.466 0.866
ASD-KETO 25.060 0.682 —0.386 0.893 52.599 0.898 0.304 0.968 —0.857 0.841
Fe,KETO 27.703 0.761 —0.299 0.892 55.875 0.925 0.772 0.834 —0.764 0.857

through drug loading estimation.

Evaluation of drug loading was performed at ty and t4 using the
conditions above indicated the data are reported in Table 7. The data
showed that the concentration of IBU and KETO in the ASDs after 4
weeks in vials with a cap remained constant. However, a decrease in
drug concentration was observed in all formulations stored in vials
without caps, indicating that exposure to conditions such us direct
contact with moisture could lead to potential drug degradation. For the
FeaIBU formulation in a vial with a cap, about 23.84 % of IBU was
observed after 4 weeks. In contrast, for the FgpIBU formulation in a vial
with a cap, the residual IBU was 91.12 % with a 9 % reduction in the
amount of drug, indicating that the Fe,IBU formulation compared to
FeaIBU is significantly more stable due to the higher cross-linking power,
which allows the formation of a structure that better protects the loaded
drug.

The DSC and XRPD results demonstrated the absence of any change
in the thermograms and diffractograms, respectively, during the sta-
bility period of all formulations (Figs. S4 and S5 in Supplementary
Materials). This indicates that the amorphous state of the drugs was
successfully maintained in all formulations without any crystallization/
polymorphic transformation events. However, a broad dehydration peak
for FealBUgpen at around 90 °C that extended to around 110 °C was
observed in the DSC thermogram, due to the absorption of moisture
under high humidity conditions during the period of stability due to the
absence of the stopper in the storage vials. A similar peak was observed

Table 7
Drug % in the formulations at to, t4 weeks at 40 + 0.5 °C and 75 %. Data are
reported as the mean of results + SD.

Formulation Drug % (to) ~ Drug % (t4 in vials closed) ~ Drug % (t4 in vials open)
Code

ASD-IBU 100 99.98 + 0.52 91.12 + 0.98
ASD-KETO 100 99.97 + 0.10 85.59 + 0.72

FeIBU 100 23.84 + 2.85 16.77 + 1.83

FgpIBU 100 91.12 + 5.41 85.90 + 6.85
Fg,KETO 100 99.92 + 1.89 62.14 + 4.26
FerKETO 100 99.76 + 0.67 96.35 + 2.87

in the Fg,KETOgpen formulation between 120 and 150 °C probably due to
the high moisture content.

4. Conclusions

This work focused on producing IBU or KETO-loaded PVA/SA
microbeads using the prilling/vibration technique to enhance drug
solubility and dissolution rate. The study also looked at finding the most
suitable consolidation baths. Combining CaCl, and H3BOjs in the
consolidation bath resulted in more compact and durable microbeads
with high yield and encapsulation efficiency. The microbeads produced
were fully characterized and compared to another technological
approach, such as ASDs, to evaluate if they show similar improvements
in solubility and dissolution rate. In conclusion, all formulations met the
proposed objectives. Additionally, the microbeads offered a high level of
dosing flexibility, making them suitable for administration in pediatric
or veterinary patients with swallowing difficulties and requiring
customized dosing.
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