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A B S T R A C T   

Prilling/vibration technique to produce oral microcapsules was explored to achieve local delivery of misoprostol 
(MIS), a prostaglandin E1 analogue indicated for the treatment of gastric-duodenal ulcers, at the gastric mucosa. 
To improve MIS chemical stability and reduce its associated systemic side effects, drug delivery systems were 
designed and developed as microcapsules consisting of a core of sunflower oil and MIS (Fs6 and Fs14) or a MIS 
complex with hydroxypropyl-beta-cyclodextrin (HP-β-CD) (Fs18), confirmed by specific studies, and a polymeric 
shell. The produced microcapsules showed high encapsulation efficiencies for those with MIS solubilized in 
sunflower oil (>59.86 %) and for the microcapsules with MIS/HP-β-CD (97.61 %). To demonstrate the ability of 
these systems to deliver MIS into the stomach, swelling and drug release experiments were also conducted in 
simulated gastric fluid. Among the three formulations, FS18 showed gastric release within 30 min and was the 
most advantageous formulation because the presence of the MIS/HP-β-CD inclusion complex ensured a greater 
ability to stabilise MIS in the simulated gastric environment. In addition, these new systems have a small size 
(<540 µm), and good flow properties and the dose of the drug could be easily adapted using different amounts of 
microcapsules (flexibility), making them a passepartout for different age population groups.   

1. Introduction 

Misoprostol (MIS), a prostaglandin E1 (PGE1) analogue (Fig. 1) has 
potent antisecretory and cytoprotective effects on the gastric and 
duodenal mucosa (Garris and Kirkwood, 1989) and is indicated for the 
treatment of gastric-duodenal ulcers. 

MIS inhibits acid secretion and can achieve its therapeutic effects 
locally in the stomach. Diarrhoea, stomach aches, and flatulence are 
associated with MIS systemic availability, though this is not a require-
ment for the protective antisecretory therapeutic effects. MIS side effects 
could be reduced by site-specific release in the stomach. To obtain this 
goal approaches such as floating, swelling, and expandable systems, 
bioadhesive systems/mucoadhesive and high-density systems could be 
investigated (Adebisi and Conway, 2011). In these cases, the drug 
should be delivered to the stomach in a regulated, gradual manner, 
resulting in adequate local therapeutic levels while limiting systemic 

exposure and reducing the drug’s adverse systemic effects. 
Prostaglandins are difficult to formulate into stable pharmaceutical 

dosage forms because of their relative instability (Patel et al., 1973). 
MIS, like all E-type prostaglandins, is chemically unstable due to its 
susceptibility to pH and temperature factors. Indeed, under acidic or 
alkaline conditions, MIS can undergo dehydration and isomerization as 
well as a thermal epimerization reaction (Bellad and Goudar, 2006; 
Hagen et al., 2020). MIS is relatively stable when refrigerated but 
chemically unstable at room temperature (Collins et al., 1985), so, for 
oral therapy, a more stable dosage form at room temperature must be 
thought. 

To address the stability issues of MIS some studies have found MIS to 
be more stable in a hydroxypropyl methylcellulose dispersion (Bimrew 
Sendekie Belay, 1990; Kararli et al., 1991). In addition, to obtain a local 
therapy that mitigates systemic impact, Oth and co-workers describe the 
development of floating capsules with a double layer. The first layer is 
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designed to keep the dosage unit floating on the stomach contents while 
the second layer contains the drug formulated for sustained delivery 
(Oth et al., 1992). However, this study is dated, keeping in mind the 
enormous progress made by pharmaceutical technology in the last thirty 
years, such as the inclusion complex with cyclodextrins and the new 
technique of microencapsulation. Indeed, cyclodextrins can combine 
with PGE1 to form complexes that improve drug solubility and stability 
(Gu et al., 2005; Wlese et al., 1991) and changing the liquid MIS in a 
powder makes it easier to handle. Furthermore, several techniques, such 
as spray drying, fluidised bed coating, spray congealing, coagulation and 
prilling could be used for microencapsulation (Del Gaudio et al., 2009). 
The selection of the appropriate process depends mainly on the evalu-
ation of several factors, including the physicochemical properties of the 
materials used and the size and structure of the final product. In 
particular, the prilling/vibration technique also known as a prilling or 
laminar jet breakup is a technique based on breaking a laminar jet of 
polymer solution into a line of mono-sized droplets using a vibrating 
nozzle device (D’Amico et al., 2023; Lopalco et al., 2020; Lopedota et al., 
2021). The resulting droplets fall into a medium for consolidation and 
further collection. Prilling is a promising technology for the continuous 
production of large quantities of uniform spherical multiparticulate, 
both microspheres and microcapsules, with high encapsulation effi-
ciency and excellent flow properties that can be sprinkled into suitable 
food (Khan et al., 2022) or swallowed directly by using a dose- 
measuring device, e.g., a measuring spoon or dose-sipping technology 
or successfully inserted into capsules (Breitkreutz and Boos, 2007). 

Moreover, multiparticulates are flexible, easy to swallow and are 
acceptable for children after weaning (from about six months) although 
they may also be suitable for toddlers and infants if administered in a 
liquid vehicle (Walsh et al., 2011). Currently, oral indivisible tablets of 
MIS are on the market for the treatment of gastric-duodenal peptic- 
related diseases with strengths of 200 and 400 µg. These doses are 
appropriate for adults, but a concern arises when it is required a 
personalized dose, especially when the treatment with MIS is direct to 
children. 

Starting from these considerations, this work aimed to investigate 

the prilling/vibration technique for the development of microcapsules 
loading MIS or its inclusion complex with hydroxypropyl-β-cyclodextrin 
(MIS/HP-β-CD), to obtain a flexible and personalised dosage form, easier 
to swallow, as an alternative to commercial tablets, and at the same time 
increasing the stability of MIS during storage conditions and in gastric 
fluids. 

In detail, microcapsules, containing a core of MIS or MIS/HP-β-CD 
solubilized in vegetable oils or 1 % w/v of Amprac 01, respectively, 
coated with a shell composed of selected polymeric pharmaceutical 
excipients (Fig. 1), were prepared using the prilling/vibration process. 
The produced microcapsules were characterized in terms of drug 
loading, encapsulation efficiency, size, and morphology. To demonstrate 
the ability of these systems to deliver MIS into the stomach, drug release 
experiments were also conducted in simulated gastric fluid. Finally, 
studies were conducted to demonstrate the stability of MIS in these 
newly studied systems and its reduced degradation after administration 
in a gastric acid environment. 

2. Materials and methods 

2.1. Materials 

HP-β-CD (Cavasol W7, HP-β-CD with MW = 1540, molar substitution 
degree SD = 7), sodium alginate with a mannuronic acid to the gulur-
onic acid ratio (M/G) of 1.8–2.2, Helianthus Annuus seed oil organic 
refined (density 0.9205 g/mL 25 ◦C), and extra virgin olea europaea oil 
(density = 0.920 g/mL at 25 ◦C) were obtained from Farmalabor Srl 
(Canosa di Puglia, Italy). Misoprostol (MW = 368.51), chitosan (low 
molecular weight MW = 50,000–––190,000 Daltons), sodium triphos-
phate pentabasic, calcium chloride, and L-(+)-lactic acid were pur-
chased from Sigma-Aldrich (Milan, Italy). Carbopol® 971P NF was 
purchased from Lubrizol (Bruxelles, Belgium). Amprac 01 was kindly 
donated by Evonik Nutrition & Care GmbH (Rofarma Italia Srl, Gag-
giano, Italy). All solvents and other salts used were of analytical/tech-
nical grade and purchased from Sigma Aldrich. 

Fig. 1. Chemical structures of MIS, chitosan, sodium alginate, carbopol and Amprac 01.  
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2.2. High-Performance liquid chromatography (HPLC) analyses 

Qualitative and quantitative analyses of MIS were carried out using a 
revised high-performance liquid chromatography (HPLC) method 
described in the literature (Kahsay et al., 2015). For the analysis, an 
Agilent Station was used consisting of a 1260 Infinity Quaternary LC 
System equipped with a variable wavelength UV detector, a Rheodyne 
injector (Rheodyne, Model 7725i) equipped with a 20 µL loop, and 
OpenLAB CDS ChemStation software (Agilent, Santa Clara, CA). 

The HPLC method for quantifying MIS utilized a reversed-phase 
column, Zorbax SB-AQ (150 mm × 4.6 mm; 5 µm particles), as the 
stationary phase. The mobile phase consisted of a gradient mixture of 
mobile phase A (ACN–H2O 30:70 v/v) and mobile phase B (ACN–H2O, 
50:50 v/v) pumped at a flow rate of 1.5 mL/min. The gradient pro-
gramme [time (min)/%B] was set as 0/0, 5/0 to 15/35, 20/35 to 25/95, 
30/95 to 32/0, 35/0. The spectrophotometric detector was operated at a 
wavelength of 200 nm and the column temperature of 35 ◦C was 
employed. The samples were quantified by measuring the areas of peaks, 
and the references were chromatographed under the same conditions. 
Agilent OpenLAB LC software was used for data analysis. MIS solutions 
with concentrations ranging from 1 mg/mL to 10 µg/mL were injected, 
and the peak areas were plotted against the corresponding concentra-
tions to create a calibration curve described by a linear equation (y =
9472.711x, R2 > 0.9999). 

2.3. Phase solubility study and determination of inclusion complexation 
constant K1:1 

The phase solubility study of MIS with HP-β-CD was performed ac-
cording to the Higuchi-Connors method (Higuchi T. and Connors K. A., 
1965) with some modifications. A clearly visible excess of MIS was 
added in aqueous solutions of HP-β-CD (0–130 mM). The emulsion was 
sonicated and then allowed to settle for 1 h in a thermostatic bath at 
25 ◦C ± 0.2 ◦C to allow separation of the excess MIS from the aqueous 
solution. The underlying solution was taken from the samples by 
removing the surface oil layer and, after appropriate dilution, the drug 
concentration was determined by HPLC according to the method 
described above. A solubility diagram was obtained by plotting the 
millimolar concentration of the drug against the HP-β-CD millimolar 
concentration. The following equation was applied to calculate the 
aqueous solubility and the inclusion constant of the drug with HP-β-CD 
(K1:1): 

K1:1 =
p

S0 (1 − p)
(1)  

where: 
S0 = Intrinsic solubility of MIS in water; 
p = Slope of the phase solubility diagram. 
In addition, the complexation efficiency (CE) and drug: cyclodextrin 

molar ratio (D:CD) was calculated using the Equation (2): 

CE =
slope

(1 − slope)
(2)  

The drug-cyclodextrin molar ratio was calculated from the CE (Equation 
(3): 

D : CD molar ratio = 1 :
(CE + 1)

CE
(3)  

2.3.1. Inclusion complex stoichiometry determination (Job’s plot method) 
by proton nuclear magnetic resonance spectroscopic (1H NMR) studies 

The MIS/HP-β-CD inclusion complex in aqueous solution was ana-
lysed using the continuous variation method to verify stoichiometry. 
Briefly, equimolar (2 mM) D2O solutions of MIS and HP-β-CD were 
mixed to a fixed volume by varying the molar ratio from 0 to 1, keeping 
the total molar concentration of the species constant. After stirring, for 

each solution, the proton nuclear magnetic resonance (1H NMR) spectra 
were registered, and the chemical shifts (δ) of the host’s protons (H) 
were calculated and expressed as ppm. The variation of the chemical 
shift (Δppm) of the H of MIS was determined as the difference between δ 
of the hydrogen of the drug with and without HP-β-CD. Subsequently, 
Δppm × [MIS] was plotted versus r, where: 

r =
[MIS]

[MIS] + [HP − β − CD]
(4)  

1H NMR spectra were carried out on Agilent VNMRS 500 MHz spec-
trometer, using D2O as solvent. δ were referenced by using the residual 
solvent signal of D2O at 4.65 ppm. 

2.3.2. Determination of complexation equilibrium constant K1:1 by 1H 
NMR 

A 1H NMR study was performed to determine K1:1 for the molecular 
complex MIS/HP-β-CD as described in a previous work (Lopedota et al., 
2015). Stock solutions in D2O containing the compound of interest and 
HP-β-CD in a molar ratio of 1:20 respectively, were prepared and diluted 
with D2O to cover a concentration range from 0.10 mM to 3.37 mM for 
MIS and from 2.11 mM to 67.47 mM for HP-β-CD. The 1H NMR spectra 
were recorded for the stock solutions and each of the five dilutions at 
25 ◦C using D2O as the internal standard. The units for δ of the H were 
mentioned as ppm. A difference in δ between complexed and MIS alone 
results from the shielding effects of HP-β-CD protons. 

The Benesi-Hildebrand equation (Equation (5) was used for the 
determination of the complexation equilibrium constant K1:1: 

Δppmobs =
ΔppmmaxK1:1[HP − β − CD]

1 + K1:1[HP − β − CD]
(5)  

where Δppmobs corresponds to Δδ (observed difference in δ of examined 
hydrogens between complexed and free MIS), and Δppmmax corresponds 
to the hyperbolic asymptote of the curve. 

2.4. Preparation and characterizations of MIS/HP-β-CD inclusion 
complex 

The solid inclusion complex of MIS/HP-β-CD was prepared by lyo-
philisation. Briefly, the mixture of MIS and HP-β-CD was dissolved in 
water, and the resulting solution was rapidly frozen and lyophilised a 
Christ Alpha 1–4 LSC for 48 h at reduced pressure (0.018 mbar) at 
− 51 ◦C. The product once recovered was used immediately. 

MIS/HP-β-CD inclusion complex was characterised in terms of both 
yield and drug content. For the drug content, a previously weighed 
aliquot of the MIS/HP-β-CD complex was solubilised in water and the 
MIS content was determined using the previously described HPLC 
method. 

MIS/HP-β-CD inclusion complex was evaluated by InfraRed with 
Fourier Transformation (FT-IR) and electron microscopy technique 
(SEM) according to section 2.7.1. For FT-IR analysis, KBr pellets (2 % of 
the sample) were analysed by a FT-IR 1600 Perkin Elmer spectropho-
tometer. Data were acquired between 4000 cm− 1 and 400 cm− 1. 

2.5. Preparation of feeds for the prilling/vibration technique 

2.5.1. Feed without MIS 
Initially, different polymer feeds were prepared for the formation of 

the final shell of the microcapsules. 
For the shells, three feeds were considered as follows.  

1) Two separate aqueous solutions of sodium alginate and carbopol at 
different concentrations (1.5 % and 2 % w/v) were prepared and 
mixed in different ratios adding 0.1 % w/v titanium dioxide. 
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2) Chitosan aqueous solution was realised at different concentrations 
from 2 % to 4 % w/v using lactic acid (1 % v/v) to promote sol-
ubilisation and finally 0.1 % w/v titanium dioxide was added.  

3) A solution of Amprac 01 at 8 % w/v was obtained by stirring for 30 
min gently in hot water (65 ◦C). 

Sunflower oil, olive oil, aqueous solutions of 0.1 % w/v alginate/ 
carbopol [1:0.5], 0.1 % w/v chitosan and Amprac 01 1 % w/v were used 
for the inner core. The different feeds S1-S18 were processed by prilling/ 
vibration technique with an Encapsulator B395 Pro (Büchi, Switzerland) 
using different process parameters (Table 1) and according to the 
polymeric shell feed, different consolidation baths were tested (e.g., 
TPP, CaCl2 and liquid nitrogen). When the process allowed the forma-
tion of hardened microcapsules, they were collected and immediately 
freeze-dried using a Christ Alpha 1–4 LSC for 48 h at reduced pressure 
(0.018 mbar) at − 51 ◦C. 

Then the most performing feeds S6, S8, S14 and S18 were selected to 
encapsulate MIS or MIS/HP-β-CD, in a concentration of 4 mg/mL of MIS, 
to obtain the different microcapsules Fs6, Fs14 and Fs18, respectively 
(Table 2). 

2.6. Characterization of the microcapsules 

2.6.1. Production yield, encapsulation efficiency, and drug loading 
The production yield percentage (Y%) for the process was deter-

mined using Equation (6): 

Y % =
Mass obtained of microcapsules
Total mass of feed components

× 100 (6)  

The encapsulation efficiency (EE) of MIS in microcapsules Fs6 and Fs14 
was evaluated by disintegrating an exact amount of each formulation 
(600 mg) in 5 mL of methanol. Ultraturrax T 25 basic for 10 min at 
13000 rpm was used to facilitate the complete disintegration of 100 mg 
of microcapsules Fs18 and the dissolution of MIS in 3 mL of water. The 
final suspensions of each sample were centrifuged at 7500 rpm, 25 ◦C for 
5 min, the supernatants were filtered with 0.22 μm cellulose acetate 
filters, and the concentration of MIS was determined by HPLC. 

EE% and DL were computed using Equations (7) and (8), 
respectively: 

EE % =
Weight of MIS in microcapsules
Weight of MIS added in the feed

× 100 (7)  

DL = theoretical μg of MIS in 100 mg of microcapsules × EE% (8)  

Analyses were conducted for each triplicate formulation and reported as 
mean ± standard deviation (SD). 

2.7. Micromeritic studies 

2.7.1. Microcapsules size, morphology, and inner structure 
The sizes of the microcapsules were measured by optical microscopy 

(Inverted Laboratory Microscope Optech IB 4) equipped and interfaced 
with an image analysis program (Capture 2.1 software). 

The morphology of the selected microcapsules (Fs6, Fs14 and Fs18) 
and the inclusion complex MIS/HP-β-CD 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 × –1000 × and interfaced with an 
analysis program (AZtecOne software). The microcapsules or their 
pieces were sprinkled on an adhesive pad with electrical conductivity 

Table 1 
Polymer feeds (100 mL) and parameters used for the preparation of microcapsules using the prilling/vibration technique.  

Feeds code  
CORE  SHELL 

Inner and outer nozzle size (µm) Inner and outer flow rate (mL/min) Frequency (Hz) Electrode potential (V)  

Oil Alginate/ 
carbopol*     

S1 Sunflower 1.5 450/ 600 2/ 19 1000 1500 
S2 Sunflower 1.33/ 0.667 300/ 600 1/ 16.5 800 1200 
S3 Olive 1.33/ 0.667 450/ 700 0.8/ 16 500 1000 
S4 Sunflower 1/ 1 300/ 600 1.5/ 19.5 1000 1500 
S5 Olive 1/ 1 450/ 700 1/ 20 1000 1200 
S6 Sunflower 1/ 0.5 300/ 500 0.8/ 18.8 600 1000 
S7 Olive 1/ 0.5 450/ 700 1/ 23.5 700 1100  

Alginate/ 
carbopol* 

Alginate/ 
carbopol*     

S8 0.1 1/ 0.5 300/ 500 1/ 18.85 600 1000  
Oil Chitosan*     

S9 Sunflower 4 300/ 700 – – – 
S10 Sunflower 3 300/ 600 1.2/ 8.2 600 1300 
S11 Olive 3 300/ 500 – – – 
S12 Sunflower 2.5 300/ 500 1.2/ 16 600 1000 
S13 Olive 2.5 300/ 400 – – – 
S14 Sunflower 2 300/ 500 1.2/ 15.25 600 1000 
S15 Olive 2 450/ 700 1.5/ 19.5 600 1000  

Chitosan* Chitosan*     
S16 0.1 2 200/ 500 1.1/ 15.50 1000 1500  

Oil Amprac01*     
S17 Olive 8 300/500 1/ 17.05 1000 1500  

Amprac01* Amprac01*     
S18 1 8 200/ 300 1.5/ 11.33 1200 1500 

*Expressed as g in 100 mL. 

Table 2 
Composition of microcapsules with MIS or MIS/HP-β-CD.  

Formulations 
code 

Core (g) Shell (g)  MIS 
(mg) 

MIS/HP- 
β-CD (g) * 

Fs6 4.60 (sunflower 
oil) 

1.76(alginate/ 
carbopol) 

20 – 

Fs8 0.007(alginate/ 
carbopol) 

1.41(alginate/ 
carbopol) 

– 1.89 

Fs14 4.60 (sunflower 
oil) 

1.27 (chitosan) 20 – 

Fs16 0.005 (chitosan) 1.41 (chitosan) – 1.89 
Fs18 0.05 (Amprac 

01) 
3.06 (Amprac 
01) 

– 1.89 

* g of MIS/HP-β-CD inclusion complex carrying 20 mg MIS. 
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before being covered in a gold/palladium layer (sputter coating, 15–20 
nm). 

2.7.2. Determination of flow properties 
The flow characteristics of the microcapsules (Fs6, Fs14 and Fs18) were 

evaluated by determining the angle of repose. The indirect or static 
approach was used to evaluate the angle of repose using an instrument 
(Flowability tester BEP2) designed to assess a powder’s ability to flow 
through an aperture. After the known quantity of material was funnelled 
through, the height of the cone (h) formed on a surface with a circular 
base and a known radius (r) of 2.5 cm was measured. The angle of repose 
(◦), defined as the angle between a dust cone’s free surface and a hori-
zontal plane, was calculated using Eqs. (9) and (10): 

tang α◦

=
h
r

(9)  

α◦

= arctang α◦ (10)  

The bulk and tapped densities were measured using the JV1000 series 
volumetric crusher (Copley) and the test described in the Italian Phar-
macopoeia (Ist. Poligrafo dello Stato, 2008). A weighed quantity of 
microcapsules (10 g) was introduced into a graduated cylinder of 100 
mL capacity. 

The bulk density (ρb) was calculated by dividing the mass of the 
microcapsules by the bulk volume. With a constant height of 3 ± 0.2 mm 
and a pace of 250 taps per minute, the cylinder was tapped for one 
minute. This was done to determine the tapped volume and density (ρt). 
The t is calculated from the measurement made after the sample was 
mechanically crushed. 

Equations were used to calculate the Carr’s index (Eq. (11) and 
Hausner ratio (Eq. (12): 

Carr′s index =
ρt − ρb

ρt
× 100 (11)  

Hausner ratio =
ρt
ρb

(12)  

2.7.3. Swelling behaviour 
The gravimetric method was used to evaluate the dried microcap-

sules’ swelling behaviour. Microcapsules that had previously been 
weighed were put inside a cylinder with a known tare and a square mesh 
base. The swelling experiments were carried out at a temperature of 37 
± 0.5 ◦C, dipping the cylinder in the fluid simulating the gastric-enteric 
environment (pH 1.2 for 2 h and then pH 6.8 until the end of the 
experiment for Fs6 and Fs14 and only pH 1.2 for 2 h for Fs18 due to their 
complete degradation). 

The cylinder containing the sample was weighed and lightly dried 
with paper at predetermined intervals. The swelling (Sw%) of the mi-
crocapsules with respect to time was calculated according to the Eq. 
(13): 

Sw(%) =
Wf − Wi

Wi
× 100 (13)  

where Wf is the weight of the microcapsules after being rehydrated in 
the simulated gastroenteric fluids and Wi is the initial weight of the 
microcapsules. 

2.8. Drug release studies 

Release studies were conducted using a VanKel VK 7000 with the 
paddle rotating at 50 rpm and the temperature of the dissolution me-
dium was maintained at 37 ± 0.5 ◦C. Release studies of MIS from the Fs6, 
Fs14 and Fs18 formulations were carried out by points using gastric pH 
medium (HCl 0.1 M, pH = 1.2) for 2 h. Fs6, Fs14 and Fs18 microcapsules 
were placed in different vessels, each with 100 mL of medium to obtain a 

final MIS concentration of 50 µg/mL. At specific times (0, 2, 5, 15, 30, 45 
and 70 min), samples with a volume of 500 µL were taken from a vessel. 
The samples were centrifuged (at 7500 rpm, 25 ◦C for 5 min) and the 
supernatants were analysed by HPLC to determine the percentage of 
cumulative MIS release. The microcapsules were taken, and dis-
integrated by the method described above and the concentration of MIS 
still present in the microcapsules was measured by HPLC analysis. 

2.9. MIS degradation kinetic study in simulated gastric environment 

The study of MIS degradation kinetic was performed to assess its 
chemical stability in the gastric environment with or without cyclo-
dextrin. In detail, MIS or MIS/HP-β-CD inclusion complex was placed in 
the simulated gastric medium at pH 1.2 and at 37 ◦C to obtain a final 
concentration of MIS equal to 1 mg/mL, and at certain time points, 
samples were taken and analysed by HPLC to evaluate changes in drug 
concentration versus time. 

The data obtained were fitted using three mathematical models 
including a zero-order model (degradation reactions do not depend on 
the concentration of the drug and stress), a first-order model (degrada-
tion reaction rate is proportional to the decrease in initial drug con-
centration as a function of time), second‑order model (when the rate is 
proportional to the square of the concentration of the drug) (Bhangare 
et al., 2022). 

2.10. Physical stability of microcapsules and chemical stability of MIS in 
the formulations 

The physical stability of Fs6, Fs14 and Fs18 was assessed by visual 
inspection to evaluate possible changes in colour, diameter, and pres-
ence of oil on the surface, and the chemical stability of MIS in the three 
formulations was performed by HPLC analysis. The samples were stored 
in closed amber vials in a Thermofisher refrigerated orbital shaker at 
room temperature (25 ± 0.5 ◦C), in the fridge (4 ± 0.5 ◦C), and in a 
climatic chamber (40 ± 0.5 ◦C and 60 % of RH) (Climacell 222 – ECO 
line, MMM Group, Semmelweis Strasse, München, Germany). Analyses 
were carried out at time 0 and 2 months. 

2.11. Statistical analysis 

The experimental data are reported as the mean ± SD (standard 
deviation). Statistical analyses were conducted using Graph Prism 
version 8.0.1 (GraphPad Software Inc., La Jolla, CA, USA). When 
comparing data sets for statistical significance, one-way ANOVA anal-
ysis, followed by Bonferroni’s post hoc tests was performed, adhering to 
a p value of < 0.0001. Statistically differences are reported as follow: ns 
= p value > 0.05; *= p < 0.0332; **= p value < 0.0021; ***= p value <
0.0002; **** = p value < 0.0001. 

3. Results and discussion 

The prilling/vibration technique was investigated for the develop-
ment of an oral formulation for gastric delivery of MIS. This technique 
was used to design and develop drug delivery systems such as micro-
capsules, which are easily swallowable and flexible in dosage. As the 
great importance of using cyclodextrins both as solubilising and stabil-
ising agents is well known, in this study, we also evaluated the possi-
bility of producing an inclusion complex between MIS and HP-β-CD to 
improve the chemical stability of MIS and reduce the associated sys-
temic side effects. 

3.1. Phase solubility study and determination of inclusion complexation 
constant K1:1 

As the application of cyclodextrins as complexing agents to increase 
the aqueous solubility of poorly soluble drugs, to increase their 
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bioavailability and improve their stability is well known (Saokham 
et al., 2018; Tiwari et al., 2010), in this work we focused on the use of 
HP-β-CD, which monography is available in the Ph. Eur. and is cited in 
the FDA’s list of Inactive Pharmaceutical Ingredients. HP-β-CD is the 
most studied cyclodextrin due to its high-water solubility (>300 mg/ 
mL) compared its parent β-CD (18.5 mg/mL), its low toxicity compared 
to other semisynthetic cyclodextrins, such as the randomly methylated 
β-CD (Brewster and Loftsson, 2007), and its high complexation profile 
(D’Aria et al., 2022; Gould and Scott, 2005). 

The phase solubility study was performed for a short time due to the 
instability of MIS, to assess (Monkhouse et al., 1973) the effect of 
cyclodextrin complexation on the solubility of the drug in water (MIS 
aqueous solubility (S0) equal to 3.38 mM; 1.29 mg/mL). 

The phase solubility diagram shows a significant and linear increase 
in MIS aqueous solubility in the presence of increasing HP-β-CD con-
centrations (Fig. 2A). The regression analysis (R2 = 0.9919) describes an 
AL-type curve, according to the Higuchi-Connors classification, with a 
slope p equal to 0.4868, which is associated with the formation of a 
complex with a 1:1 stoichiometry between MIS and HP-β-CD. Using the 
Higuchi-Connors equation, the experimental complexation constant 
(K1:1) was equal to 280.86 ± 7.48 M− 1. However, the determination of 
complex association constants K by titration method such as 1H NMR 
holds greater relevance than the one based on solubility diagrams, as 
described by Loftsson (Loftsson et al., 2005). Therefore, further studies 
by 1H NMR have been conducted for the determination of the inclusion 
complexation constant. The CE value is an important aspect to consider 
when evaluating the solubilising efficiency (Lopalco et al., 2022). The 
CE value is 0.9486 and the ratio of drug to HP-β-CD is 1 to 2. 

3.2. Inclusion complexation constant K1:1 and stoichiometry (Job’s plot 
method) determination by 1H NMR studies 

Fig. 3 shows 1H NMR spectra of HP-β-CD (A), the pure MIS (G), and 
the five dilutions of a mixture of the two stock solutions (B-F). From the 
spectra analyses, we could observe a change in δ of the several H of MIS, 
of the two chains and the oxo-cyclopentyl ring. The most significant 
changes of δ were observed on the hydrogens of the ring (positions 11 
and 12) and those on the C of alkene (positions 14 and 15). We could not 
investigate the shift of all the signals of MIS since many of them were 
overlapped by the signals of the HP-β-CD. As one can see from the 
spectra, by evaluating different δ of the hydrogens of the C in positions 
11, 12, 14 and 15, their signals shift downwards (to higher ppm) as the 
concentration of HP-β-CD increases (Table S1). This can be justified by 
the increasing of the fraction of MIS complexed with cyclodextrin. 

The mean value of the K1:1 obtained from the curve fitting analysis of 
these hydrogens is 1080.89 M− 1, a value in agreement with that re-
ported in the literature by Gu and co-workers for the complexation of a 

PGE1 with HP-β-CD (Gu et al., 2005). This K1:1 value compared to the 
complexation constant obtained from the phase solubility diagram in-
dicates that the determination of K1:1 by the 1H NMR titration method is 
more accurate and precise than the value obtained by solubility dia-
grams. In fact, the Benesi-Hildebrand equation avoids using the solu-
bility of the drug by overcoming the uncertainty of the phase solubility 
study. 

The stoichiometry of the inclusion complex was evaluated following 
the observable δ of hydrogens on the C in positions 11, 12, 14, 15 and 22. 
As shown in Fig. 2B and in Fig. S1A-E in Supplementary Information 
very symmetrical trends are observed throughout the considered range, 
with maximum values recorded at r equal to 0.5, confirming the stoi-
chiometry of the complexation of 1:1. 

3.3. Preparation and characterizations of the MIS/HP-β-CD inclusion 
complex 

The manufactured MIS/HP-β-CD complex is presented as a homo-
geneous, high-quality powder product. The values in terms of yield 
following the freeze-drying process were found to be 99.60 ± 0.37 % 
while the complexed drug content was evaluated by HPLC analysis and 
the EE% was found to be 97.84 ± 0.63 %. The high efficiency demon-
strated that the selected method of complexing provided excellent 
host–guest interaction conditions (Santos et al., 2015). 

The formation of the inclusion complex was verified by solid-state 
characterisation studies using FT-IR analysis (Fig. 4), and it was 
observed that peaks around 3300 cm− 1 were characteristic of HP-β-CD. 
In the bands at 3500–3200 cm− 1, there is an axial deformation of the 
associates O–H. In the 2940–2850 cm− 1 region, an axial deformation of 
the aliphatic C–H bond occurs. The peak at 1449 cm− 1 can be attributed 
to an angular deformation of CH2 adjacent to the carbonyl. In the region 
between 1180 and 1030 cm− 1, C-O angular deformation of the ethers is 
observed. The MIS peaks at 2522 and 2594 cm− 1 in the FT-IR spectrum 
of MIS/HP-β-CD disappear and this could be a sign of interaction be-
tween the drug and cyclodextrin with the probable formation of a solid- 
state inclusion complex. 

SEM images (Fig. 3B) show the morphology of the MIS/HP-β-CD 
inclusion complex, which appears with a disorganised structure 
following the lyophilisation process. 

3.4. Production of microcapsules 

The first part of the study focused on the choice of polymers and the 
identification of the best feed composition to make microcapsules for 
gastric delivery. 

The idea was to produce microcapsules with mucoadhesive, and 
possibly floating characteristics based on biocompatible and/or 

Fig. 2. (A) Phase solubility studies of MIS/HP-β-CD complex. (B) A representative Job’s plot diagram for the determination of MIS/HP-β-CD stoichiometry was 
obtained by plotting the Δppm of the hydrogen of MIS on the C in position 12 versus r. 

V. D’Amico et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 651 (2024) 123762

7

Fig. 3. 1H NMR spectra of HP-β-CD at a concentration of 67.47 mM (A), MIS at a concentration of 3.372 mM (G), and the five dilutions of a mixture of the two stock 
solutions (B-F). The insets present a zoom of the region in the black frames to highlight the changes in the δ of the H signals on the C in positions 3, 14 and 15 of MIS 
with an increase of HP-β-CD concentration. 
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biodegradable polymers able to guarantee the release of MIS within a 
short period of time. Several polymeric excipients, polysaccharides of 
natural origin with different characteristics, were selected to produce 
the shell. Sodium alginate is a versatile polymer, widely used in the 
production of dosing systems for oral applications, due to its biocom-
patibility and mucoadhesive capacity (Jadach et al., 2022; Russo et al., 
2016). It is used to produce gastric-release drug delivery systems as it 
can produce swellable and floating formulations that can gradually 
release the drug at the desired rate (Sen et al., 2023). Carbopol has good 
biodegradable and mucoadhesive properties (Bera et al., 2016), as does 
chitosan. Chitosan is a bioadhesive, non-toxic biopolymer capable of 
forming floating, mucoadhesive drug systems that can establish various 
types of interactions with the gastric mucosa and is used in the devel-
opment of gastroretentive drug delivery systems (Souza et al., 2020). 
Amprac 01 is a pregelatinised maize starch used as a film-forming 
polymer (Bonacucina et al., 2006), characterised by high safety, 
renewability, and biodegradability. In this work, its use to make swel-
lable microcapsules with controlled release was investigated. Pre-
gelatinisation of starch causes increased swelling power, which induces 
rapid disintegration and faster release in an acidic environment (Zheng 
et al., 2023). Furthermore, pregelatinised starches also tend to improve 
the solubility of poorly soluble drugs by increasing their dissolution 
(Kankate et al., 2020). 

MIS appears as an oil, chemically unstable in water (Berard et al., 
2014; Bizimana et al., 2021), and therefore an appropriate oil vehicle 
was used as a core. In contrast, the MIS/HP-β-CD inclusion complex was 
solubilized in an aqueous-based core due to its increased chemical sta-
bility in water, as shown in section 3.9. The oils chosen were olive and 

sunflower seed oil characterised by numerous antioxidant and anti- 
inflammatory properties (Odabasoglu et al., 2008). In fact, their 
intake is recommended in cases of gastritis because they stimulate the 
production of mucin, which can protect the stomach walls. 

Following the selection of the shell constituents, several preliminary 
tests were performed to determine the most appropriate consolidation 
baths for each feed and the most suitable for producing the microcap-
sules. For example, the optimal concentration of pentabasic sodium 
triphosphate (TPP) and CaCl2 was studied. Chitosan, being a positively 
charged polymer, can cross-link through ionic gelatinisation with TPP, 
which was used at a concentration of 4 % w/v, as it allowed for adequate 
consolidation of the microcapsules without them sticking together. 0.3 
M CaCl2 was used as an appropriate gelling agent, as it induces iono-
tropic gelation of the alginate/carbopol droplets. In the case of Amprac 
01, a nitrogen consolidation bath was used, employing the prilling/ 
congealing technique, which allows immediate freezing after falling into 
liquid nitrogen. 

Table 3 shows the pre-formulation systemic study that was followed 
to select the most suitable polymeric feeds to produce microcapsules, 
initially without drug, with suitable characteristics for the formulation 
purposes set (high yields, limpid consolidation bath, spherical particles, 
with homogeneous diameters in a narrow size range and not oily to the 
touch). 

Once the polymeric feed was prepared, the first selection step was 
the processability of the latter. As shown in Table 3, the processability of 
the different feeds was influenced by the concentrations and viscosities, 
as they could affect specified characteristics of the final product such as, 
for example, the particle size. Indeed, the lower the viscosity of the 

Fig. 4. FT-IR spectra (A) and SEM images of the inclusion complex MIS/HP-β-CD (B).  

Table 3 
Selection of empty microcapsules, based on polymer feed processability, yield and diameter range.  

Feeds code Processability of feeds Microencapsulation Yield (%) Diameter (µm) Formulations code 

S1 Yes Yes 45.86 ± 10.03 957.02 ± 103.95 – 
S2 Yes Yes 60.04 ± 15.96 893.67 ± 124.81 – 
S3 Yes No – – – 
S4 Yes Yes 73.95 ± 12.67 906.82 ± 105.03 – 
S5 Yes No – – – 
S6 Yes Yes 87.46 ± 9.84 884.25 ± 30.71 Fs6 

S7 Yes Yes 79.96 ± 12.15 1349.69 ± 147.18 – 
S8 Yes Yes 89.57 ± 3.08 847.59 ± 18.09 Fs8 

S9 No No – – – 
S10 Yes No – – – 
S11 No No – – – 
S12 Yes Yes 86.93 ± 8.06 1753.14 ± 87.24 – 
S13 No No – – – 
S14 Yes Yes 92.36 ± 7.05 1238.01 ± 46.03 Fs14 

S15 Yes Yes 68.75 ± 13.09 1711.15 ± 271.95 – 
S16 Yes Yes 91.50 ± 4.80 904.06 ± 20.48 Fs16 

S17 Yes Yes 89.65 ± 4.35 893.74 ± 172.82 – 
S18 Yes Yes 99.53 ± 3.62 541.46 ± 30.16 Fs18  
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starting material, the smaller the diameter of the microcapsules ob-
tained is likely to be (Uyen et al., 2020). For example, the S9 and S13 
feeds were not suitable for processing due to the high concentration of 
chitosan (4 % w/v) clogging the nozzle, and the core nozzle diameter 
being unsuitable for processing olive oil respectively and were therefore 
discarded for further study. The S3, S5 and S11 feeds, although process-
able, lost a lot of olive oil in the consolidation bath, producing partially 
empty, inhomogeneous, and oily microcapsules on the surface. The S10 
feed produced microcapsules that were non-uniform both in size and in 
the distribution of the encapsulated oil, highlighting the incorrect choice 
of the nozzle diameters selected. The S1 feed produced aggregate mi-
crocapsules with very low yields (<46 %) due to oil loss in the bath. The 
S2 and S4 feeds were also rejected due to yields of less than 86 %, which 
was the limit imposed for the selection of the best-performing micro-
capsules. S7 and S15 despite discrete yields (79.96 % and 68.75 % 
respectively) compared to the previous feeds, produced non-spherical 
and oily microcapsules on the surface after the freeze-drying process, 
leading us to discard these as well. The S12 feed, while having yields 
within the limits required by our studies (86.93 %), produced micro-
capsules with a diameter above the required standard, i.e., 1.3 mm. The 
S17 feed, in which the core consisted of oil, yielded high yields but 
produced microcapsules in which the core was unevenly distributed, 
non-spherical, inhomogeneous, partially hollow with larger diameters 
than those produced by the S18 feed in which the core consisted of a 1 % 
w/v aqueous solution of Amprac 01, which demonstrated easier pro-
cessability (microcapsules coded as Fs18). In addition, the microcapsules 
obtained from the S18 feed with an Amprac 01 shell also showed 
favourable characteristics in terms of homogeneity, sphericity, high 
yields, and smaller diameters than the corresponding Fs17 microcap-
sules, which, however, have an oil core. S6, S8, S14 and S16 also satisfied 
our needs, producing microspheres with high yields, homogeneous di-
mensions and neither sticky nor collapsed. Consequently, we selected 
five formulations (Fs6, Fs8, Fs14, Fs16 and Fs18) from our initial study, 
which were considered suitable to be loaded with the drug and inves-
tigated further. 

3.5. Production yield, EE%, and DL 

The best empty formulations (Fs6, Fs8, Fs14, Fs16 and Fs18) obtained by 
the prilling/vibration technique were loaded with the drug. MIS is an oil 
and, to be processed by the prilling/vibration technique, it must be 
diluted with a suitable lipophilic vehicle. MIS as such was loaded in a 
sunflower oil core (Fs6, Fs14), due to its instability in an aqueous envi-
ronment (Collins et al., 1985; Gu et al., 2005) or as MIS/HP-β-CD in-
clusion complex solubilized in a core consisting of a 1 % w/v aqueous 
solution of Amprac 01 (Fs8, Fs16, Fs18). 

An excess of cyclodextrin was used to confer consistency to the 
aqueous core, have a cryoprotective effect on the microcapsules and 
protect during the lyophilisation process (Vega et al., 2012; Zaghloul 
et al., 2022). 

The EE%, drug loading and production yield of the prepared mi-
crocapsules loading MIS or its inclusion complex are shown in Table 4. 
According to this table, the production yield of the obtained microcap-
sules confirmed the success of the adopted process. What can be high-
lighted is the difference in yield between the Fs8 and Fs16 formulations 
empty and loaded with the MIS/HP-β-CD inclusion complex. In fact, the 
yield values of the two empty formulations were 89.57 % and 91.50 %, 
while those of the loaded formulations were 34.71 % and 46.06 % for Fs8 
and Fs16 respectively. This reduction is probably due to the higher 
aqueous solubility of MIS/HP-β-CD in the consolidation bath, where it 
can easily escape from the polymer matrix still present in a transient 
semi-solid state (Jyothi et al., 2010) and diffuse into the aqueous bath. 
This results not only in a massive weight loss of the microcapsules with 
consequent yield reduction but also in a reduction of the EE%, as the MIS 
is complexed in the HP-β-CD and is lost in the consolidation bath 
(D’Amico et al., 2023). Considering these results, these two formulations 

(Fs8 and Fs16) were discarded and not characterised by further studies. 
The yield percentage for the other formulations (Fs6, Fs14 and Fs18) 

was very high (87.46 %, 92.36 % and 99.53 %). The Fs6 formulation 
shows a slightly lower yield than Fs14, probably due to the lower cross- 
linking capacity of the alginate/carbopol mixture compared to chitosan, 
which leads to the formation of a less dense and compact shell. Indeed, 
like the yield, the lower EE% is due to the loss of the core oil vehicle and 
thus a partial loss of MIS during prilling in the crosslinking bath and 
during the freeze-drying process. The Fs18 formulations showed high EE 
% values (97.61 %), as did the yield. These results are due to the pos-
sibility of processing MIS not as oil but as a powder inclusion complex 
solubilized in the aqueous polymeric feed of the core, facilitating pro-
cessability and improving the chemical stability of the drug. Further-
more, no losses occurred due to the consolidation method used. To our 
knowledge, the prilling/congealing technique (Lopalco et al., 2020), 
which ensures immediate freezing of the feed when dropped into liquid 
nitrogen, has not been used in previously published studies with Amprac 
01. 

DL values for the tested formulations ranged from 65.00 to 280.49 µg 
MIS per 100 mg microcapsules. These values doubled or halved the 
amount of MIS loaded, respectively, as the EE values remained the same 
(data not shown). These values suggest that the microcapsules made are 
both flexible dosage formulations and units capable of different loading 
strengths. 

3.6. Micromeritic studies of microcapsules 

Dimensional studies were carried out to evaluate the microcapsules’ 
average diameter and assess whether the diameter of the formulations 
made was smaller than the maximum diameter of 1.3 mm that we had 
set as an acceptable limit. These dimensional values are critical to make 
the formulations acceptable to the patient (Lopez et al., 2015). The mean 
diameters of the dried microcapsules are shown in Table 4. The size of 
these microcapsules varies considerably depending on the feed used to 
make the shell. The use of chitosan produced larger microcapsules than 
those of alginate/carbopol, despite the fact that the same nozzles were 
used, probably due to the different flow rates and the greater adhesion of 
the food to the nozzle edge, resulting in larger droplets forming at the 
nozzle exit before detachment due to vibration (Del Gaudio et al., 2005). 
As can be seen by comparing the diameters of the empty formulations 
(Table 3) and the same formulations loaded with the drug (Table 4), they 
are very similar, underlining the validity of the process used and that the 
MIS or its inclusion complex does not in any way affect the process-
ability and diameters of the microcapsules produced. Although all three 
formulations have a smaller diameter than that identified as the limit, 
Fs18 is smaller than all other microcapsules, with an average diameter of 
537.28 µm. This reduction in the diameter of the microcapsules is 
associated both with a reduction in the nozzles used (200 and 300 µm) 
and with easier processability of the feed. In fact, the absence of an oily 
phase in the core considerably reduced the adhesive forces at the nozzle 

Table 4 
Yield%, EE%, DL, and size of the dried microcapsules loading MIS or MIS/HP- 
β-CD. Data are reported as the mean ± SD.  

Formulation 
Code 

Yield% EE% DL* Diameter 
microcapsules (µm) 

Fs6 87.46 ±
9.84 

59.86 ±
2.85 

102.04 ±
8.90 

879.01 ± 43.16 

Fs8 65.82 ±
3.16 

38.62 ±
2.69 

65.00 ±
1.28 

892.84 ± 46.91 

Fs14 92.36 ±
7.05 

69.99 ±
3.13 

124.59 ±
2.24 

1250.39 ± 61.44 

Fs16 46.06 ±
2.04 

43.80 ±
4.49 

65.24 ±
2.05 

926.63 ± 17.49 

Fs18 99.53 ±
3.62 

97.61 ±
2.15 

280.49 ±
1.37 

537.28 ± 26.07  

* DL is expressed as µg of MIS per 100 mg of microcapsules. 
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level, allowing the droplets to be detached more easily and quickly, thus 
making them smaller. The microcapsules’ diameters realised, especially 
the Fs18, are acceptable considering a multiparticulate formulation that 
is flexible in dosage and easily taken by any age group of patients, 
including children. 

The microcapsules produced could be packaged in single or multiple 
dosage forms; therefore, it is important to assess the flow properties to 
be able to distribute the microcapsules evenly by weight (Soppimath 
et al., 2001). The results obtained from the Fs6, Fs14, and Fs18 micro-
capsules are shown in Table 5. All the formulations analysed were free 
flowing, as indicated by the angle of repose value of less than 25◦. Carr’s 
index and Hausner ratio are indirect values of bulk density and inter- 
particle friction or material cohesion, which depend on several proper-
ties, including material type, particle shape, size, surface area, and 
particle forces (e.g., electrostatic cohesion) (Rough et al., 2003). Haus-
ner’s ratio ranged from 1.04 to 1.16, showing in accordance with the 
Slip Attitude Scale (Ist. Poligrafo dello Stato, 2008) an excellent flux for 
Fs14 and Fs18 and a good flux for Fs6 probably due to the slightly more 
irregular shape, rougher surface, and slightly stickier surface of these 
microcapsules than the others, which increase inter-particle friction 
(Abdullah and Geldart, 1999). Carr’s index ranged from 3.96 (Fs18) to 
14.10 (Fs6), again indicating excellent (for Fs18 and Fs14), and good (for 
Fs6) compressibility and the absence of cohesive forces. These results 
suggest that all formulations have good flow characteristics and are 
suitable for easy packing with high flexibility. 

Fig. 5A-D shows SEM images of the lyophilized microcapsules. The 
Fs6 microcapsules appear non-spherical, with jagged edges. The surface 
details (Fig. 5B) show the presence of oil droplets, numerous cavities, 
and pores. Most probably, the loss of water occurring during freeze- 
drying resulted in the formation of irregular, porous structures with 
an extensive network of wrinkles due to the breakdown of the shell in 
which the alginate was cross-linked with calcium (Aquino et al., 2012). 
The cross-section images of the microcapsules were difficult to obtain 
due to the high oiliness (Fig. 5C,D). In contrast, the Fs14 microcapsules 
are more spherical, with regular margins, a homogeneous but folded 
surface, and no trace of oil is visible on the surface (Fig. 4B). The cross- 
section shows a typical polynucleate structure and from the detail 
(Fig. 5B) the presence of oil inside the microcapsules can be seen. The 
morphology of the Fs18 microcapsules appears completely different from 
that of all the other microcapsules analysed. Macroscopically, they 
appear spherical, with smooth edges and a compact, polished surface, 
although from the detail (Fig. 5C) it is possible to note the presence of a 
few small pores caused by the sudden loss of water during the freeze- 
drying process. The spherical, homogeneous structure and softness of 
the prepared microcapsules is an advantage, overcoming the problems 
of perception of roughness and grainy sensation in the mouth typical of 
multiparticulates can be an obstacle to patient acceptability (Kimura 
et al., 2015; Lopez et al., 2018, 2016). 

The cross-section of the Fs18 microcapsules shows a more homoge-
neous microstructure than the previous ones, much more like a matrix 
formulation. However, the core appears less dense than the shell, the 
structure is well organised and like a capillary structure. These internal 
structures, characterised by the presence of pores and channels 

(Fig. 5D), make the microcapsules float in water. 
Floating formulations are advantageous to prolong the retention 

time of the dosage form in the stomach (El-Kamel et al., 2001). A 
formulation can be defined as floating in the stomach if its density is 
lower than that of gastric fluids. A multiparticulate floating system has 
advantages over a single-unit preparation because, with each subse-
quent gastric emptying, the sunken microcapsules distribute more 
evenly over a wide area of absorption sites, increasing the opportunity 
for a predictable drug release profile and absorption (Açikgöz et al., 
1995). 

3.7. Swelling behaviour 

Swelling behaviours of the microcapsules were carried out to eval-
uate shell swelling in media with different pH values and to predictively 
evaluate the drug release behaviour of the microcapsules (Colombo, 
1993). The results of the swelling study are shown in Fig. 6. For the Fs6 
and Fs14 formulations, the study was conducted for 2 h at pH 1.2 and 
then at pH 6.8. In contrast, for the Fs18 formulations, the swelling study 
was only evaluated at pH 1.2 because, at the end of 2 h, there were no 
more microcapsules in the basket. The Fs14 microcapsules, as shown in 
Fig. 6A, increased their weight by 4.3 times at pH 1.2. Chitosan, thanks 
to its antacid and anti-ulcer characteristics, prevents or attenuates the 
irritation of drugs in the stomach and for this reason, it has been widely 
used for the sustained administration of drugs (How et al., 1985). Chi-
tosan exhibits a pH-sensitive behaviour being a weak base, due to many 
amino groups in its chain (Fig. 1). From the observation of the graph, it is 
evident that the character of the swelling curves changes significantly 
over time at pH 1.2 compared to that at pH 6.8. At pH 1.2 the swelling 
reaches a stable equilibrium much more rapidly than at pH 6.8 where 
the swelling curve does not change much with time. After an initial 
substantial microcapsule swelling, it remained constant at pH 1.2 which 
could indicate that the dissolution tendency of the microcapsules ex-
ceeds the degree of swelling (Gupta and Kumar, 2000). Although after 
the swellings at pH 1.2, the microcapsules were swollen but still intact, 
oil droplets were clearly visible in the external medium. 

The swelling behaviour of Fs6 microcapsules is different (Fig. 6A). 
Dry alginate/carbopol microcapsules increase their volume due to ma-
trix rehydration and in accordance with the degree of cross-linking with 
calcium (Bajpai and Sharma, 2004). The swelling process requires the 
initial transport of water and Na+ ions into the microcapsules through 
the diffusion mechanism, followed by disintegration and erosion of the 
alginate microcapsules gel. The swelling of the microcapsules at 2 h at 
pH 1.2 is 2.2 times their initial weight as the alginate in acid solutions 
hydrates and transforms into a porous and insoluble layer. However, the 
presence of carbopol has determined the appearance in the shell of a 
more porous structure with the consequent premature release of the 
encapsulated oil, clearly visible, already in the gastric environment. At 
higher pH values, such as those present in the intestinal tract (pH 6.8), 
the alginate transforms into a viscous and soluble layer with the 
consequent rapid dissolution of the alginate matrices which in this case 
takes place around 4 total hours of study with consequent disintegration 
of the microcapsules. 

The Fs18 microcapsules (Fig. 6B) have a very different swelling pro-
file from the other two. In fact, the study showed a rapid swelling 
reached at 15 min, with subsequent disintegration of the microcapsules. 
For this reason, the test was conducted only in an acid environment as at 
the end of the 2 h the microcapsules were completely swelled and 
disintegrated. 

The study suggested that all microcapsules made could be considered 
suitable for gastric delivery. The Fs6 and Fs14 microcapsules, even if they 
do not disintegrate at pH 1.2, can be considered suitable for a gastric 
delivery of the MIS as is clearly visible the oil in the external medium. 
MIS release from the core is controlled more by shell porosity than shell 
swelling or dissolution. Instead, in the case of the Fs18 formulations they 
completely disintegrate at pH 1.2, as demonstrated by the swelling 

Table 5 
Bulk density, tapped density, Carr index, Hausner ratio, and angle of repose. 
Data are reported as the mean of results ± SD.  

Formulation 
code 

Bulk 
density 
(g/mL) 

Tapped 
density(g/ 
mL) 

Carr 
index 

Hausner 
ratio 

Angle of 
repose 
(◦) 

Fs6 0.2162 ±
0.02 

0.2517 ±
0.03 

14.10 
± 0.01 

1.16 ±
0.02 

25.37 ±
0.59 

Fs14 0.1444 ±
0.07 

0.1565 ±
0.05 

7.73 ±
0.04 

1.08 ±
0.04 

18.00 ±
0.41 

Fs18 0.0533 ±
0.03 

0.0555 ±
0.03 

3.96 ±
0.03 

1.04 ±
0.02 

21.40 ±
0.38  
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study, suggesting a complete and specific release of the MIS at the gastric 
level. 

3.8. Drug release 

Release studies were conducted to confirm the ability of formulations 
to release MIS specifically and completely in the stomach. They supplied 
important information on the different properties and characteristics of 

Fig. 5. SEM images of Fs6, Fs14 and Fs18 (A), their surface (B) and cross-sections (C and D).  

Fig. 6. (A) Swelling profiles of microcapsules (Fs6-Fs14) at pH 1.2 and pH 6.8. (B) Swelling profile of microcapsules (Fs18) at pH 1.2.  
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the microcapsules produced that may influence the rate of drug release 
from them. Analyses in a simulated gastric environment at pH 1.2 pro-
vided details on the rate and pattern of drug release from the systems 
once it reached the stomach. In detail, Fig. 7 shows the release profile of 
intact MIS in bulk fluid from the three selected formulations. 

The Fs6 and Fs14 formulations resulted in immediate release of MIS; 
in fact, through a release study performed by direct method, after 5 min 
the Fs6 formulation had released 89.32 % and the Fs14 70.79 % of MIS. 
Such rapid drug release was confirmed by the immediate release of oil 
from the systems, which constitutes both the core of the formulations 
but also the vehicle in which MIS is present, which was clearly visible 
floating on the surface. This result can be attributed to the porous 
structure of the shell which favours the escape of the oil phase and the 
drug into the external gastric medium. 

Although MIS has a Log P = 3.6, and thus a greater affinity to 
distribute in the oil phase than in the aqueous phase, the actual ratio of 
the oil phase to the aqueous phase being largely in favour of the aqueous 
phase, it can be assumed that the drug distributes more in the aqueous 
phase. To confirm the release data obtained at 5 min from both for-
mulations, an evaluation by indirect method was performed to confirm 
the residual amount of MIS at 5 min in the microcapsules. Indeed, the 
absence of the drug after 5 min was evidenced in the Fs6 microcapsules. 
The release study showed that as time increases, there is a decrease in 
the concentration of MIS in the aqueous phase. This is an expected result 
due to its chemical instability in the gastric environment as demon-
strated by our kinetic degradation study (Supplementary Information, 
Fig. S2) of the previous drug alone conducted at pH 1.2 at 37 ◦C. In 
contrast, the Fs18 formulations showed a more gradual release in the first 
few minutes with a complete release in 30 min compared to the Fs6 and 
Fs14 formulations which showed a decrease in MIS concentration of 
40.64 % and 41.19 % in 30 min and about 70 % in 70 min respectively 
confirming the instability of the drug which was further proven by a 
mass study (Fig. S3A). The release data obtained at 30 min for the Fs18 
formulation are significantly different (p < 0.0001) from the release 
values obtained by direct method from the Fs6 and Fs14 formulations. 
The MIS concentration in the Fs18 formulation remained constant at 100 
% for the 70 min demonstrating the greater stability of MIS complexed 
with HP-β-CD in contrast to the Fs6 and Fs14 formulations where at 70 
min there is 70 % degradation of the drug. The greater stability in the 
gastric environment of the complexed drug was demonstrated by both 
HPLC analysis and LC-mass studies as shown in Fig. S3B in the Supple-
mentary Information. In addition, the increased stability of MIS is 
related to several advantages including reduced dosage with enhanced 
reduction of side effects. 

3.9. MIS degradation kinetic study in simulated gastric environment 

The study of MIS degradation kinetics was performed to assess its 
chemical stability in the gastric environment with or without HP-β-CD. 
The decrease of the peak area of MIS and the appearance of degradation 
products were observed for the drug alone in the medium. After plotting 
the three mathematical models, the results of the study agreed with a 
previous work (Monkhouse et al., 1973), showing first-order degrada-
tion kinetics described by Equation (14): 

[A]t = [A]0 × e− kt (14)  

Half-life, on the other hand, was calculated as t1/2 = ln2
k . The mean 

values of rate constant for MIS and its half-life were k = 0.00784 min− 1 

and 38.39 min respectively. 
As the chemical instability of MIS is well known (Collins et al., 1985; 

Gu et al., 2005), a LC-Mass study of MIS and MIS/HP-β-CD in an acidic 
environment was performed in addition to the kinetic study of degra-
dation. The samples were evaluated at time zero (t0) and after 70 min 
(t70) in a simulated gastric fluid at pH 1.2 and at 37 ◦C. The mass 
spectrum of MIS (Fig. S3A) shows the typical peak m/z: 405.26 at t0 
while it disappears after 70 min. In parallel, the same experiment was 
performed with the MIS/HP-β-CD inclusion complex (Fig. S3B). The 
bell-shaped signals are typical of HP-β-CD and are due to the degree of 
cyclodextrin substitution (Laquintana et al., 2019). In contrast, the MIS 
peak remains unchanged at both t0 and t70 min, confirming the pro-
tection of cyclodextrin against MIS and its greater stability at pH 1.2. 

3.10. Physical stability of microcapsules and chemical stability of MIS in 
the formulations 

Stability studies were conducted under different storage conditions 
for Fs6, Fs14 and Fs18 microcapsules. The results obtained after 2 months 
for the Fs18 formulations, irrespective of temperature, reveal that the 
drug and microcapsules are chemically and physically stable (visual and 
diameter analysis), respectively. The concentration of MIS examined by 
HPLC analysis in the microcapsules, under all conditions examined, 
remains constant (Table 6), despite the slight reduction in concentration 
at 40 ◦C. The Fs18 formulation does not show any dimensional changes in 
the microcapsules and visual analysis did not reveal any colour changes 
on the surface, stickiness, or deterioration. 

Although Fs6 and Fs14 show no dimensional or colour changes on the 
surface, a decrease in MIS concentration over time is observed with the 
appearance of degradation peaks in the HPLC chromatogram. Fs6, 
regardless of the way they were stored, showed stickiness due to the loss 
of oil from the core. The MIS concentration at 2 months is drastically 
reduced when the microcapsules are stored at 25 ◦C and 40 ◦C due to 
both the chemical instability of MIS and its loss to the surface of the 

Fig. 7. Drug release profile of Fs6, Fs14 and Fs18 in simulated gastric fluids at pH 1.2.  
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microcapsules. However, this figure is quite different from that obtained 
for the Fs18 formulations stored for two months at 40 ◦C, which main-
tained good stability (87.28 %) of MIS due to the presence of cyclo-
dextrin, which exerts its stabilising (Ghodke et al., 2010; Kali et al., 
2024) and protective action against MIS. 

4. Conclusion 

The present research investigated the prilling/vibration technique to 
encapsulate MIS in microcapsules for site-specific gastric delivery. 
Different feeds that would form the shell of the microcapsules were 
prepared to identify those most suitable for the prilling technique. The 
processing parameters were studied, and the most suitable ones were 
selected to process the prepared feeds. In particular, the most promising 
formulations (Fs6, Fs14, and Fs18) were chosen from 18 possibilities. The 
drug was then loaded into these formulations in their original form (Fs6 
and Fs14) with an oil core or as an inclusion complex (Fs18). Microcap-
sules were created to encapsulate MIS, with the aim of gastric delivery 
and increased stability. The prilling/vibration technique produces more 
flexible formulations in terms of dosage, where the increased stability of 
MIS could reduce dosage with a potential reduction in side effects. The 
microcapsules produced were analysed for size, yield, encapsulation 
efficiency, swelling, and release studies. The results demonstrate that 
these systems are suitable for oral administration in different population 
groups due to their diameters, dosing flexibility and promising flow 
properties. Among the three formulations, Fs18 exhibited gastric release 
within 30 min and proved to be the most suitable formulation because 
the presence of the MIS/HP-β-CD inclusion complex ensured a greater 
ability to stabilise MIS in the simulated gastric environment. 

In conclusion, these microcapsules, produced using the prilling/vi-
bration technique, present a robust and reliable approach to both 
increasing the chemical stability of MIS and allowing its release in the 
stomach, representing a possible alternative approach to commercially 
available drugs. 
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