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Formulation and Evaluation of Insulin-Loaded Sodium-Alginate Microparticles for Oral
Administration
Reprinted from: Pharmaceutics 2024, 16, 46, doi:10.3390/pharmaceutics16010046 . . . . . . . . . 1

Ildikó Bácskay, Zsolt Hosszú, István Budai, Zoltán Ujhelyi, Pálma Fehér, Dóra Kósa, et al.
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Abstract: The development of oral insulin drug delivery systems is still an ongoing challenge for
pharmaceutical technology researchers, as the formulation process has to overcome a number of
obstacles due to the adverse characteristics of peptides. The aim of this study was to formulate
different sodium-alginate microparticles as a possible method for oral insulin administration. In
our previous studies, the method has been successfully optimized using a small model peptide.
The incorporation of insulin into alginate carriers containing nonionic surfactants has not been
described yet. In order to enhance the absorption of insulin through biological barriers, Labrasol
ALF and Labrafil M 2125 CS were selected as permeation-enhancing excipients. They were applied
at a concentration of 0.10% (v/v%), along with various combinations of the two, to increase oral
bioavailability. Encapsulation efficiency showed sufficient drug incorporation, as it resulted in over
80% in each composition. In vitro dissolution and enzymatic stability test results proved that, as a
pH-responsive polymer, alginate bead swelling and drug release occur at higher pH, thus protecting
insulin against the harsh environment of the gastrointestinal tract. The remaining insulin content
was 66% due to SIF degradation after 120 min. Permeability experiments revealed the impact of
permeation enhancers and natural polymers on drug absorption, as they enhanced drug transport
significantly through Caco-2 cells in the case of alginate microparticle formulations, as opposed to
the control insulin solution. These results suggest that these formulations are able to improve the oral
bioavailability of insulin.

Keywords: microbead; oral bioavailability; absorption enhancement; Labrasol ALF; Labrafil M 2125
CS; Caco-2 cells

1. Introduction

According to the World Health Organization, 422 million people worldwide have
diabetes, and 1.5 million deaths are directly attributed to diabetes each year. Both the
number of cases and the prevalence of diabetes have been constantly increasing over the
past decades. The most effective therapy for patients living with diabetes mellitus to
control high blood sugar level is insulin administration [1]. However, insulin administra-
tion is available almost exclusively in injectable form, despite the fact that it has several
drawbacks [2]. Continuous injections are painful, inconvenient, and lead to low patient
compliance [3,4]. In the long-term, access to an affordable and more comfortable treat-
ment would be crucial. However, the development of oral insulin drug delivery systems
is still an ongoing challenge for pharmaceutical technology researchers, as the formula-
tion process has to overcome a number of obstacles due to the adverse characteristics of
peptide-type drugs [5]. The frequent enzymatic degradation in the gastrointestinal tract,
the low permeability and the physical barriers, all make the formulation of oral dosage
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forms difficult [6]. To overcome the abovementioned limiting factors associated with oral
insulin delivery, several strategies have been investigated in the last decades [7,8]. Orally
administered formulations must meet the following requirements: they must protect the
drug from the harsh acidic conditions and degrading action of pepsin in the stomach, and
several other proteolytic enzymes in the intestinal lumen [9]. Chemical modification of the
peptide and enzyme inhibitors helps address this challenge [10]. In order to reach the site
of action and achieve the required pharmacological effect when administered orally, we
have to face the biological membranes as well. Absorption enhancers temporarily interrupt
membrane integrity in order to improve drug permeation through the intestinal and basal
membranes [11]. For this purpose, non-ionic surfactants are commonly used, as they are
relatively less toxic than other excipients [12]. For many years, extensive research has
been conducted to investigate innovative methods for administering insulin, including
approaches like micro- and nanoparticles. Among the many options, polymer-based de-
livery systems gained more focus due to their easy formulation process. Both natural and
synthetic polymers have been used to formulate polymer-based delivery systems for oral
insulin administration [13,14]. However, natural polymers have been of greater interest
due to their high biocompatibility and low toxicity [15]. The two most investigated natural
polymers are alginate and chitosan. In recent years, several studies have investigated
different alginate-based insulin formulations that seem promising for increasing the oral
bioavailability of insulin [16–19]. The great benefit of sodium-alginate lies in its status a
non-toxic, biocompatible and biodegradable polysaccharide. The mucoadhesive property
of sodium alginate increases the absorption of oral insulin, making it a potential excipient
for designing drug delivery dosage forms [20]. In the presence of divalent cations, such
as calcium, sodium alginate crosslinks and forms a polymer matrix that controls drug
release at specific pH [21]. Lower pH inhibits the release of drugs, as sodium alginate
microparticles are stable in acidic conditions, while higher pH promotes the disintegration
of the microsphere structure, thus increasing release rate [22]. The formulation of insulin-
loaded calcium cross-linked sodium-alginate microparticles containing different non-ionic
surfactants has not been particularly investigated.

Incorporation of insulin into alginate carriers containing nonionic surfactants has
not been described yet. For this purpose, we intended to formulate and investigate dif-
ferent sodium-alginate formulations containing two polyoxylglyceride-type permeation-
enhancing agents. Labrasol ALF and Labrafil M 2125 CS were selected in order to improve
the absorption of the active ingredient through the intestinal mucosa [23]. Microbeads
contained these excipients at a concentration of 0.10% (v/v%), as well as combinations
of them. The efficacy and safety of these excipients have been investigated in several
studies [24–27]. Cross-linking of alginate with calcium occurred with the help of a semi-
automated instrument, making the formulation process much easier and faster, based on
our previous experiments [28]. A number of in vitro investigations were carried out to
characterize the microbeads and investigate the protective effect of the polymer in sim-
ulated gastrointestinal conditions. Since safety is an essential aspect of pharmaceutical
developments, the biological properties of the excipients and compositions were evaluated
as well [29]. Overall, the aim of our research was to formulate suitable delivery systems for
oral insulin delivery with improved bioavailability.

2. Materials and Methods

2.1. Materials

Human recombinant insulin, pepsin (≥400 unit/mg protein), and pancreatin (≥3× USP
specifications) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium alginate
was purchased from BÜCHI Labortechnik AG (Flawil, Switzerland). Calcium chloride
dihydrate was ordered from VWR International (Debrecen, Hungary). Labrasol ALF
(Caprylocaproyl Prolyoxyl-8-glycerides) and Labrafil M2125 CS (Linoleoyl Polyoxyl-6
glycerides) were purchased from Gattefossé (Saint-Priest, France). The Caco-2 cell line was
obtained from the European Collection of Cell Cultures (ECACC, Public Health England,
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Salisbury, UK). MTT dye (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
phosphate buffered saline (PBS) buffer solution, Dulbecco’s Modified Eagle’s Medium
(DMEM), heat-inactivated fetal bovine serum (FBS), L-glutamine, non-essential amino
acids solution, and penicillin-streptomycin solution were obtained from Sigma-Aldrich
(St. Louis, MO, USA). TrypLE™ Express Enzyme (no phenol red) and Pierce™ Detergent
Compatible Bradford Assay Kit were ordered from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2. Methods
2.2.1. Formulation of Insulin-Loaded Sodium-Alginate Microparticles

Insulin-loaded alginate microparticles were formulated using the controlled polymer-
ization method with the Büchi Encapsulator B-395 Pro apparatus. This process is based on
the fact that the controlled, laminar liquid flow is cracked into equally sized beads due to
the vibration at the optimal frequency [30]. For the preparation, the peptide was distributed
in 20 mL of the polymer 1.50 w/v% sodium-alginate solution combined with 0.10 v/v% of
penetration enhancers when needed. The polymer–peptide mixture then was loaded into a
syringe and forced into the pulsation chamber of the apparatus at the rate of 5.00 mL/min
and passed through an electrical field between the nozzle, with an average diameter of
200 μm, and the electrode set at 1000 V, resulting in a surface charge. Due to electrostatic
repulsion, the beads dropped into the hardening 100 mM calcium-chloride dihydrate so-
lution separately. Microparticles were then washed with distilled water, filtered with a
vacuum pump and dried by lyophilization for 24 h.

2.2.2. Bradford Assay

The insulin content of the formulations was determined with the help of the Pierce™
Detergent Compatible Bradford Assay Kit, which is a rapid and ready-to-use colorimetric
method for quantitative analysis of peptides and proteins [31]. Compared to the traditional
Bradford reagent, which is incompatible with most detergents, the modified assay reagent
is compatible with most of the commonly used detergents and lysis reagents. Similar to
the Bradford method, an immediate shift in absorption maximum occurs, from 465 nm
to 595 nm, when the dye binds to a protein, resulting in a color change from green to
blue [32]. A total of 150 μL of each sample and 150 μL of assay reagent were pipetted into
a 96-well plate. For the standard calibration curve, BSA standard solutions were used in
predetermined concentrations. In addition, the assay is complete in just 10 min. The assay
can be used with samples that contain or do not contain detergent as well.

2.2.3. Encapsulation Efficiency and Drug-Loading Capacity

Insulin encapsulation efficiency was determined indirectly. To define the amount of
insulin encapsulated in the beads, 150 μL of undiluted sample was measured from the
hardening solution after formulation. Insulin content was calculated via the Bradford Assay.
The encapsulation efficiency of insulin was determined by the equation underneath [33]:

EE =
Qt − Qh

Qt
× 100 (1)

where Qt is the theoretic drug content encapsulated in the beads, and Qh is the insulin
content that remained in the hardening solution.

Loading capacity was defined as the difference between the amount of initial insulin
and drug left uncapsulated in the hardening solution, expressed as a percentage of the
weight of dry microbeads (Wd) [17]:

LC =
Qt − Qh

Wd
× 100 (2)

3
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2.2.4. Swelling Behavior

The water absorption capacity of insulin-loaded sodium alginate microbeads was
determined gravimetrically. A total of 50 mg of dry beads were placed in 50 mL distilled
water at room temperature for 2 h. The swollen beads were then filtered with vacuum
filtration. The swelling behavior was calculated from the change in dry and swollen mass
of the beads using the following equation [34]:

S =
Ws − Wd

Ws
× 100 (3)

where Ws is the weight of swollen particles and Wd is the weight of dry beads.

2.2.5. Morphology

The morphology, shape, size and surface area of the particles were characterized using
a scanning electron microscope (SEM) with the Hitachi Tabletop microscope (TM3030 Plus).
For the analysis, samples were attached to a plate covered with double-sided adhesive tape.
The accelerating voltage was 5–15 kV during micrography [35].

2.2.6. In Vitro Dissolution

In order to determine drug release from the formulated microbeads, an in vitro disso-
lution assay was carried out using the USP dissolution apparatus (Erweka DT 800). Dry
beads were placed in freshly prepared HCl (pH 1.2) and phosphate (pH 6.8) buffer solution
at 37 ◦C temperature, with the paddle speed set at 100 rpm. A total of 1 mL aliquots
from both dissolution media were collected at predetermined time intervals. Fresh-release
media were replaced after each sampling. Drug concentration was analyzed using the
Bradford assay.

2.2.7. Enzymatic Stability

Enzymatic degradation was performed in the presence of pepsin and pancreatin pro-
teolytic enzymes. Microparticles were placed into 100 mL of simulated gastric fluid (SGF)
containing pepsin for 1 h and into simulated intestinal fluid (SIF) containing pancreatin for
2 h, according to the European Pharmacopoeia specifications. The beads were incubated at
37 ◦C under moderate stirring in both media. The enzymatic reaction was stopped with an
equivalent volume of ice-cold reagent (0.1 M NaOH for SGF and 0.1 M HCl for SIF) [36].
The samples were analyzed using the Bradford assay.

2.2.8. Caco-2 Cell Culture

The immortalized human adenocarcinoma Caco-2 cell line was selected for MTT and
permeability assays [37]. Cells were maintained through weekly passaging in plastic cell
culture flasks in Dulbecco’s Modified Eagel’s medium (DMEM), supplemented with 2 mM
of L-glutamine, 100 mg/L gentamycin and 10% heat-inactivated fetal bovine serum. The
cells were stored in a 5% CO2 cell incubator at 37 ◦C.

2.2.9. Caco-2 Cell Viability Assay

The cell viability of immortalized human colon adenocarcinoma Caco-2 cells was
evaluated through the MTT assay. The cells were seeded at a density of 104 cells/well
on flat bottom 96-well tissue culture plates and allowed to grow for 7 days. For the MTT
assay, the DMEM medium was removed, and the cells were treated with the excipients
used for the formulation (sodium-alginate, calcium-chloride dihydrate, Labrasol ALF,
Labrafil M2125 CS) and with the bead compositions as well. The mitochondrial activity of
viable cells was determined after a 3 h incubation with MTT dye. The formed formazan
crystal precipitate was dissolved in acidic isopropanol, and absorbance was measured
with the FLUOstar OPTIMA Microplate Reader (BMG LABTECH, Offenburg, Germany) at
570 nm against a 690 nm reference. Cell viability was demonstrated as the percentage of
the untreated control [38].
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2.2.10. Permeability Experiments

For the permeability experiments, the Caco-2 cell line was selected, as it perfectly
models the human intestinal absorption of drugs administered orally [39]. Cells were
seeded on 24-well ThinCert™ polyester inserts with a 0.40 μm pore size at a density of
4 × 104 cells. Measurements started when the transepithelial electrical resistance (TEER)
values reached 800–1000 Ω × cm2 in each insert [40]. The DMEM culture medium was
replaced with test solutions in the apical chamber, and phosphate buffer solution was
added to the basal chamber. In permeability tests, all the four compositions have been
studied. For this experiment the same amount of dry microbead samples were dissolved in
PBS buffer for 120 min. As control, insulin solution was used. After 120 min, samples were
collected from the basolateral compartment to determine the permeated amount of insulin.
The samples were analyzed using the Bradford assay.

2.2.11. Transepithelial Electrical Resistance Measurements

To follow membrane function and integrity during the permeability experiments,
transepithelial electrical resistance (TEER) was measured with Millipore Millicell-ERS
00001 equipment [41]. As a follow-up, measurements were carried out 12 h after incubation
to study cell membrane recovery.

2.2.12. Statistical Analysis

Data were analyzed using the GraphPad Prism 8 and herein presented as means ± SD.
The results were compared using one-way ANOVA and repeated-measures ANOVA fol-
lowed by Tukey’s or Dunnett’s post hoc testing. Difference of means was regarded as
significant in case of p < 0.05 and signed with asterisks. All experiments were carried out in
quintuplicates and repeated at least five times.

3. Results

3.1. Formulation of Insulin-Loaded Sodium-Alginate Microparticles

Insulin was encapsulated in different alginate formulations containing penetration
enhancer excipients in a concentration of 0.1% (v/v%). The selected compositions are
described in Table 1.

Table 1. Composition of the selected alginate formulations.

Composition
Sodium-Alginate

Solution
Labrasol ALF Labrafil M2125 CS

Insulin beads 20 mL - -

Insulin beads + Labrasol ALF 20 mL 0.1% (v/v%) -

Insulin beads + Labrafil
M2125 CS 20 mL - 0.1% (v/v%)

Combination 20 mL 0.1% v/v% 0.1% (v/v%)

3.2. Encapsulation Efficiency and Drug-Loading Capacity

The encapsulation efficiency of insulin in the beads was over 80% in each case. A sig-
nificant difference was evaluated between the EE of the compositions with both excipients.
The lowest value was observed in the case of insulin beads containing both penetration
enhancers, as the surfactant content was twice as high in those particles. The insulin beads
supplemented with only one of the excipients (Labrasol ALF or Labrafil M2125 CS) showed
almost the same EE. The drug-loading capacity results were between 1.28 and 1.49%. The
results are presented in Figure 1 and Table 2.

5
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Figure 1. Encapsulation efficiency of insulin. EE measurements showed at least 80% in each case.
A significant difference was observed between the formulations without surfactants and those that
contained the combination of them. Each data point represents the mean ± SD, n = 5. One-way
ANOVA with Tukey’s post hoc test was performed to compare the different groups. Significant
differences are marked with asterisks. * Indicates statistically significant differences at p < 0.05.

Table 2. Loading capacity of the formulated insulin-alginate compositions.

Composition LC (±SD; %)

Insulin beads 1.45 ± 0.15

Insulin beads + Labrasol ALF 1.49 ± 0.14

Insulin beads + Labrafil M2125 CS 1.34 ± 0.03

Combination 1.28 ± 0.09

3.3. Swelling Behavior

The swelling behavior of the beads formulated with a 200 μm nozzle was approxi-
mately 70%. Bead swelling was 3.5–4 times their dry mass, regardless of the formulation
and excipient content. It has been shown that bead swelling is not affected by the excipients.
The results of swelling capacity are presented in Figure 2.

3.4. Morphology

The morphology of the lyophilized insulin-loaded alginate microparticles is depicted
in Figure 3. The SEM images of dry microspheres present flattened sphere-shaped beads
with squashes due to the drying process. Small calcium-chloride crystals can be observed on
the bead surface as well. SEM analysis also confirmed that the diameter of the microbeads
is close to 200 μm. The average diameter of the formulated microparticles is presented in
Table 3.

6
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Figure 2. Swelling behavior of the formulated beads after 2 h. Excipient content did not affect
equilibrium water uptake significantly. Each data point represents the mean ± SD, n = 5. One-way
ANOVA was carried out to compare the groups. No significant difference was observed in swelling
behavior of the beads.

Table 3. Average diameter and polydispersity index (PDI) of the formulated microparticles.

Composition Diameter of Lyophilized Microspheres (±SD; μm)

Insulin beads 277.8 ± 11.95

Insulin beads + Labrasol ALF 292.9 ± 9.56

Insulin beads + Labrafil M2125 CS 296.3 ± 10.19

Combination 298.4 ± 8.21

(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. SEM micrographs of insulin-loaded alginate beads: (a) insulin beads; (b) insulin beads
containing Labrasol ALF; (c) insulin beads containing Labrafil M2125 CS; (d) insulin beads containing
both excipients.

3.5. In Vitro Dissolution

In vitro dissolution experiments were carried out in HCl (pH 1.2) and phosphate buffer
solution (pH = 6.80). Insulin release at pH 1.2 was very slow, with less than 13% of drug
content released within 120 min. At higher pH, in the first 2 h, a burst release of insulin
was observed, where insulin release from the microparticles was over 66%. After 2 h, the
insulin release rate was much lower. The excipient content did not affect insulin dissolution
significantly. Figure 4 shows the percentage of released drug from sodium-alginate beads
by time.

(a)

Figure 4. Cont.
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(b) 

Figure 4. In vitro dissolution of insulin: (a) in HCl (pH = 1.2); (b) in phosphate buffer solution
(pH = 6.8). Each data point represents the mean ± SD, n = 5.

3.6. Enzymatic Stability

In simulated gastric fluid, less than 2.50% of insulin remained after a 30 min incubation
in the case of the non-formulated insulin samples, and free insulin was completely degraded
within 1 h of incubation. In simulated intestinal conditions, less than 2% of active insulin
was measured after 2 h incubation. According to the results, our formulations were able to
protect insulin against the enzymatic conditions of GIT, as at least 80% of insulin remained
protected from SGF degradation after 60 min and 66% from SIF degradation after 120 min.
Figure 5 represents the results of the study.

(a) 

Figure 5. Cont.
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(b) 
Figure 5. Enzymatic stability of insulin encapsulated in sodium-alginate microparticles: (a) in
simulated gastric fluid containing pepsin; (b) in simulated intestinal fluid containing pancreatin. The
control was free insulin. Each data point represents the mean ± SD, n = 5. Compared to free insulin,
all four alginate formulations significantly protected insulin from enzymatic degradation.

3.7. Caco-2 Cell Viability Assay

The Caco-2 cell viability assay results demonstrate that the selected excipients are
all safe at the applied 0.10% (v/v%) concentration. The bead-forming polymer and the
hardening solution did not seem to be toxic, even at higher concentrations, in contrast
with the permeation enhancers. As for the formulations, the 0.10% (v/v%) penetration
enhancer content did not result in cell damage; all four formulations proved to be safe
under in vitro conditions. Overall, cell viability was over 70% in each case, in line with the
ISO 10993-5 [42] recommendation. Figure 6a demonstrates the results of the MTT assay
regarding excipients, while Figure 6b represents the results of the formulated compositions.

3.8. Permeability Experiments

Figure 7 demonstrates the results of insulin permeability experiments. The permeabil-
ity of encapsulated insulin was significantly higher than that of the control insulin solution.
In the case of the formulations containing penetration enhancers, increased drug perme-
ability was measured, suggesting the opening of tight junctions. The best API permeability
was reached with beads containing both penetration enhancer excipients.
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Figure 6. Results of MTT cell viability measurements of: (a) the applied excipients; (b) the formu-
lated sodium-alginate microbeads containing insulin. Neither the selected excipients nor the bead
formulations showed toxicity at the applied concentration according to ISO 10993-5 recommendation,
while Labrasol ALF and Labrafil M 2125 CS seemed to be toxic at higher concentrations. The positive
control was Triton X-100, the negative control was a phosphate-buffered solution (PBS). Each data
point represents the mean ± SD, n = 5. One-way ANOVA with Tukey’s post hoc test was carried out
to compare the groups. Significant differences are marked with asterisks. The asterisks **, *** and ****
indicate statistically significant differences at p < 0.01, p < 0.001 and p < 0.0001.
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Figure 7. Permeated quantity of insulin via Caco-2 cell monolayer. Insulin solution was applied as
control. The results demonstrate an increased peptide permeability in case of formulations containing
penetration enhancer excipients. Each data point represents the mean ± SD, n = 5. To compare the
groups, one-way ANOVA with Dunnett’s multiple comparisons test was performed. Significant
differences are marked with asterisks. The asterisks *** and **** indicate statistically significant
differences at p < 0.001 and p < 0.0001.
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3.9. Transepithelial Electrical Resistance Measurements

The permeability test started when the Caco-2 monolayer reached high (800 Ω × cm2)
TEER values. During the drug permeability investigation, the membrane integrity of Caco-
2 cells was monitored through TEER measurements. After 30 min, the formulations started
to cause a decrease in TEER values, suggesting the opening of tight junctions. Follow-up
measurements confirmed that the TEER values started to increase after the treatment. At
the end of the experiment, TEER was above 90% of the baseline. Figure 8 presents the
results of TEER measurements.

Figure 8. Transepithelial electrical resistance of Caco-2 cells during permeability assessment and 12 h
after treatment. The follow-up measurements confirmed that TEER values started to increase after
the treatment. At the end of the experiment TEER was above 90% of the baseline. Each data point
represents the mean ± SD, n = 5.

4. Discussion

The oral bioavailability of hydrophilic macromolecular drugs, such as peptides and
proteins, is extremely low due to their low stability and poor membrane permeability in the
gastrointestinal tract. Natural polysaccharides have been widely investigated as potential
delivery systems to improve the oral bioavailability of peptides and proteins in the last
decades, still remaining a subject of great interest [43]. The objective of this investigation
was to formulate optimal delivery systems for oral insulin administration. For this purpose,
sodium-alginate was selected as a drug carrier polymer due to its beneficial properties
in combination with two non-ionic surfactants as permeation enhancers. Insulin-loaded
alginate microbeads were prepared using a controlled-gelification method with the help of
the Büchi Encapsulator B-395 Pro apparatus.

The encapsulation efficiency of insulin exceeded 80% in each composition. The EE was
significantly lower in the case of beads containing the combination of surfactants. Higher
surfactant content changes the wetting angle of sodium-alginate solution when it falls into
the calcium-chloride solution, resulting in an increase of surface area [44–46]. Water uptake
was also investigated by swelling the beads in distilled water, as it influences drug release
and further application as well. Swelling behavior resulted in at least 70% and was not
affected by the excipients.

The performed scanning electron microscopy images confirmed that the morphology
and shape of the beads are rather a flattened sphere, which is in contrast with the expected
spherical morphology. This phenomenon is caused by the abovementioned increase in the
wetting angle caused by the permeation enhancers. Squashes and tiny calcium crystals were
also observed on the surface due to lyophilization, as the surface of the beads remains wet
after vacuum filtration [34]. The average particle size seemed to be close to the theoretical
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200 μm; according to the operation manual of the Büchi apparatus, the diameter of calcium-
alginate beads is usually bigger than the nozzle diameter.

Insulin release from microbeads was investigated at pH 1.2 and 6.8 as well, and
showed pH dependence, as expected [47]. Being a pH-responsive polymer, the relatively
intact microstructure of alginate in acidic conditions, due to alginic acid, resulted in a slow-
release rate at pH 1.2. In contrast, at higher pH, alginate forms a soluble salt, causing matrix
swelling and disintegration, leading to higher drug release [48]. The stability of insulin in
SGF containing pepsin and in SIF containing pancreatin was also studied. Compared to
free insulin, a significant amount of API remained intact in both media after incubation
time, suggesting the protective effect of the alginate matrix. A relatively higher degradation
was observed in SIF than in SGF, which might be explained by bead swelling and drug
release at higher pH.

In order to improve the intestinal absorption of insulin, different non-ionic surfactants
and their combination were incorporated as absorption enhancers [49,50]. These excipi-
ents have the ability to modulate tight-junctions reversibly, thus increasing paracellular
transport and intestinal permeability [51]. Our results have demonstrated the beneficial
effects of surfactants in increasing permeability, as significantly more insulin permeated
through Caco-2 cells seeded on the artificial membrane in the case of sodium-alginate
microparticle formulations (p < 0.0001). Among the four compositions, those containing
permeation enhancers supported significantly better API transport than insulin beads
(p < 0.001). Applying the combination of Labrasol ALF and Labrafil M 2125 CS reached
the highest permeated insulin quantity indicating improved bioavailability (p < 0.0001).
Furthermore, alginate and other natural polymers have the ability to open epithelial cell
tight junctions temporary as well, thus modulating the paracellular permeability of cell
monolayers [52]. The significant difference between the control insulin solution and the
insulin beads indicates that microparticulate systems are able to exert this effect. The TEER
measurements performed confirmed our results, as the decreased TEER values during incu-
bation suggest the modulation of cell integrity, while follow-up measurements confirmed
that neither alginate nor the applied surfactants altered tight junctions irreversibly.

The cytotoxicity of the applied polymer solution, hardening solution and surfactants
has been evaluated on Caco-2 cells using the well-known MTT assay. It is still one of the
most popular in vitro methods to investigate cell viability [53]. Our results confirmed that
neither the selected excipients nor the bead formulations showed toxicity at the applied
concentration. Since safety is important in pharmaceutical dosage forms, the MTT assay
was performed for the microbead formulations as well. This analysis proved their safety
for cells under in vitro conditions.

Our results suggest that the incorporation of non-ionic surfactants with calcium cross-
linked alginate microparticles is a promising option to improve the oral bioavailability of
insulin. The carefully selected excipients and alginate are both able to enhance the intestinal
absorption of the active substance as well as protecting it from the enzymatic degradation
of the gastrointestinal tract.

5. Conclusions

The aim of the study was to formulate stable oral delivery systems that allow for
enhanced in vitro drug release and intestinal absorption of insulin and to create a well-
tolerated drug formulation that provides a high degree of protection against drug degra-
dation. In our previous research, we successfully formulated alginate microparticles
containing surfactants with a small model peptide as promising delivery systems for
peptide-type active substances. In order to achieve better oral bioavailability, we selected
other excipients, as well as their combination, and increased the concentrations tenfold.
According to the results, our formulations were still safe under in vitro conditions. Further
in vivo studies could demonstrate the importance of these formulations in insulin therapy.
Formulations developed with such an approach would increase patient compliance with
insulin therapy, thus playing an important role in the treatment of a leading disease.
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Abstract: BGP-15 is an active ingredient with many advantages, e.g., beneficial cardiovascular and
anti-inflammatory effects. The transdermal administration of BGP-15 has great potential, which
has not been investigated yet, despite the fact that it is a non-invasive and safe form of treatment.
The aim of our study was to formulate transdermal patches containing BGP-15 and optimize the
production with the Box–Behnken design of experiment. The most optimal formulation was further
combined with penetration enhancers to improve bioavailability of the active ingredient, and the
in vitro drug release and in vitro permeation of BGP-15 from the patches were investigated. FTIR
spectra of BGP-15, the formulations and the components were also studied. The most optimal
formulation based on the tested parameters was dried for 24 h, with 67% polyvinyl alcohol (PVA)
content and low ethanol content. The selected penetration enhancer excipients were not cytotoxic
on HaCaT cells. The FTIR measurements and SEM photography proved the compatibility of the
active substance and the vehicle; BGP-15 was present in the polymer matrix in dissolved form. The
bioavailability of BGP-15 was most significantly enhanced by the combination of Transcutol and
Labrasol. The in vitro permeation study confirmed that the formulated patches successfully enabled
the transdermal administration of BGP-15.

Keywords: BGP-15; Box–Behnken design of experiment; penetration enhancers; bioavailability;
transdermal patches; PVA; PVP; in vitro permeation; porcine skin

1. Introduction

In modern pharmacotherapy, there is an increasing demand to develop new pharma-
ceutical forms that can be safely administered with adequate bioavailability and patient
compliance in order to achieve successful therapeutic responses [1]. Transdermal drug
delivery (TDD) is an innovative and appealing alternative form of oral and parenteral drug
administration as it uses the skin as its drug-absorbing medium [2]. Although several types
of transdermal therapeutic systems (TTSs) can be distinguished, the most common and
frequently used forms are transdermal patches [3,4].

These patches are designed to be applied to the skin while delivering a therapeutically
effective dose of one or more active ingredients into the systemic circulation through the lay-
ers of the skin [4–6]. The most basic and important components of transdermal patches are
the polymers as they provide numerous functions such as forming the matrix, controlling
the rate of drug delivery, providing protection, adhesion, flexibility and permeation [1,7–9].

These matrices can be formulated by the dispersion of an active pharmaceutical
ingredient in a solid state or liquid polymer base [1,7]. An ideal polymer should meet some
requirements such as proper stability and good compatibility with the chemical agent and
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the other elements that were used; moreover, they should contribute to a predictable drug
release [10].

The ingredients incorporated into the formulation, the selected polymers and excipi-
ents have a significant influence on the physical properties of the patches, as well as their
drug release and applicability. During the development of the composition, the proper-
ties of the active substance(s) must be considered as an important influencing factor as
well [1,11]. The most commonly used polymers in patches are cellulosic derivates (e.g.,
hydroxypropyl methylcellulose (HPMC)), polyvinyl pyrrolidone (PVP), PVA, polyacrylates
and acrylate derivates, as well as chitosan, but of course there are several other options
available [10–12].

PVA is a copolymer of vinyl acetate and vinyl alcohol that is widely utilized in phar-
maceutical formulations for its biocompatible, non-toxic and hydrophilic properties [13–15].
The extensive use of PVA is dictated by its beneficial properties, such as outstanding film-
forming capability, impressive adhesive and emulsifying characteristics, chemical resistance
and mechanical stability. However, PVA-based formulations present some shortcomings
as well, which may restrict their use, e.g., insufficient lubrication properties in hydrogels
because of the strong action of the intermolecular hydrogen bonds. To overcome these
difficulties, some methods have been introduced, among which mixing with PVP showed
quite promising results. PVP is a synthetic polymer of N-vinyl pyrrolidone and can be
used in the formulation of several drug delivery forms including transdermal patches. PVP
has advantageous properties like water solubility, biocompatibility, non-toxicity, inertness,
biodegradability and inherent matrix-forming characteristics. Adding PVP to PVA can
improve the surface lubrication, and synergistic effects were observed on the structure via
the combination of the two polymers [16,17]. The combination of the two polymers has
many advantages. However, their ideal ratio differs for each composition and dosage form,
thus, it is important to determine the optimal manufacturing conditions and the ratio of
solvents and polymers, as these have a significant impact on the physical properties and
drug release as well.

In transdermal formulations, sufficient drug penetration is a critical factor. Carefully
selected penetration enhancer excipients can support this factor [18,19], and they are able to
alter bioavailability and drug penetration as well. Excipients should be selected according
to their ability to permeate into different skin layers, considering toxicity and compatibility
with all the other components of the formulation [20,21]. There are widespread penetration
enhancer excipients and combinations thereof which are preferentially used in external
formulations because they can enhance the effect of the active substance by ensuring good
drug delivery through the skin [22].

BGP-15 is an active substance currently in the clinical trial stage. It is a solid, yellowish
material. BGP-15 is a small molecule, and its molar weight is 351.272 g/mol. Its water solu-
bility is 28 mg/mL at room temperature. BGP-15 is usually administered orally, in the form
of capsules. However, the topical administration of the drug also has advantages; in some
studies, ointments were formulated as well. Recently, numerous beneficial pharmacological
effects of the drug were studied [23]. It is highly effective in the prevention and treatment
of diabetes type 2 due to its insulin sensitizing effect [24]. Moreover, BGP-15 has beneficial
cardioprotective effects; it is proven to be effective in the treatment of heart failure [25].
In the last few years, the topical administration of the drug was investigated as well. In
those studies, photoprotective and anti-inflammatory effects were observed [26,27]. The
mechanism of the effect is still not completely understood, but some of the key mechanisms
have been identified. BGP-15 is a PARP inhibitor. It increases heat shock protein synthesis,
and it is able to increase membrane fluidity as well.

The purpose of our study was to formulate transdermal patches containing BGP-15 as
the transdermal administration of the active substance has never been studied before in
spite of its great potential in the abovementioned therapeutic indications. In the formulation
process, our aim was to prepare PVA- and PVP-based transdermal patches and determine
the most suitable proportion of these two polymers, the solvent proportion and the drying
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time to optimize the process with the help of the Box–Behnken design of experiment. After
finding the most optimal composition, our aim was to combine it with different penetration
enhancer excipients to improve the bioavailability of BGP-15 and investigate in vitro drug
release and the modified permeation test from the patches.

2. Materials and Methods

2.1. Materials

Transcutol and Labrasol were kind gifts from Gattefossé (Lyon, France). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT paint), Dulbecco’s modified
Eagle’s medium (DMEM), phosphate-buffered saline (PBS), trypsin–EDTA, heat-inactivated
fetal bovine serum (FBS), L-glutamine, non-essential amino acids solution, penicillin–
streptomycin, polyethylene glycol 400 (PEG 400), PVA and PVP were purchased from
Sigma Aldrich. Twelve-well plates were purchased from Corning (Corning, NY, USA).
HaCaT cells were supplied from Cell Lines Service (CLS, Heidelberg, Germany). BGP-
15 was purchased from SONEAS Chemicals Ltd. (formerly known as Ubichem Pharma
Services), Budapest, Hungary. Propylene glycol was obtained from Hungaropharma Ltd.
(Budapest, Hungary).

2.2. Formulation of Transdermal Patches

Drug-loaded transdermal patches of BGP-15 were formulated by using the solvent
casting method [28]. For this purpose, 12-well plates (diameter 2 cm) were chosen. Polymers
(PVA and PVP) were weighed accurately and dissolved in 10 mL of the mixture of water
and in ethanol solution of various percentages by volume, diluted from 70% ethyl alcohol
and put aside to form a clear solution. The active ingredient (10 w/w%) was dissolved
in the abovementioned solution and mixed until a clear solution was obtained. PEG 400
and propylene glycol were used as plasticizers. The resulting homogeneous solution was
cast in the plates and dried at 40 ◦C for predetermined time intervals. The dried patches
were further studied from different aspects. The steps of the formulation are presented in
Figure 1.

Figure 1. Formulation process of the transdermal patches via the solvent casting method. The
polymers (PVA, PVP) and the plasticizers (PEG 400 and propylene glycol) were measured into the
mixture of ethanol and purified water. In the next step, the active substance was incorporated into
the composition, and then this mixture was heated until we obtained a viscous but clear solution,
which was poured into a 12-well plate and dried at 40 ◦C.
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2.3. Design of Experiment

Production of the patches was optimized by using a Box–Behnken design of ex-
periment. During the process, 3 independent and 3 dependent factors were evaluated.
Independent variables were the amount of PVA (w/v%), ethanol content (w/w%) and
drying time (h); these were considered the critical parameters in the production process
with an effect on product quality. The experimental factors were varied in the design, at
3 levels in 15 runs/compositions, which are presented in Table 1. The design of experiments
considered the reproducibility and the significant effect of each factor on the observed
variables. Tensile strength, moisture content and moisture uptake were taken as dependent
variables. The quadratic response surface was used to construct a second-order polynomial
model using TIBCO Statistica® 13.4 (StatSoft Hungary, Budapest, Hungary). The 3D re-
sponse surface plots for dependent factors were plotted according to the regression model
by keeping one variable at the center level [29].

Table 1. Compositions of the formulated transdermal patches. Each composition was prepared using
the solvent casting method and dried for predetermined time intervals.

Composition Solvent (w/w%) PVA (w/v%) Drying Time (h)

1 50 33 24
2 20 33 24
3 50 67 24
4 20 67 24
5 50 50 12
6 20 50 12
7 50 50 36
8 20 50 36
9 35 33 12
10 35 67 12
11 35 33 36
12 35 67 36
13 35 50 24
14 35 50 24
15 35 50 24

The solvent was the mixture of purified water and ethanol (70 v/v%). In the table, the quantity of ethanol is
represented in the solvent mixture. The selected polymers for the films were PVA and PVP. In the table, the
quantity of PVA is displayed from the mixture of the polymers. The center point formulations are marked with
gray color.

Preformulation studies were carried out to establish the criteria for the optimization,
and the relevant scientific literature was also studied. PVA content of the patches under
30% proved to be extremely sticky, rupturing too easily. Over 70% PVA patches were rigid
and difficult to tear, with little elasticity. Scientific literature suggests that PVA should be in
the majority when using a mixture of PVA and PVP [17]. Drying time was determined by
preformulation studies. Under 12 h, the patches had too high moisture content, that made
them too sticky and ruptured too easily, while over 36 h, the patches were overdried, the
moisture content was too low, and the patches could not be removed from the plate, so
these values were taken as the extreme values during production. Ethanol content provides
sufficient solubility of PVA and PVP in the range of 20–50%.

2.3.1. Tensile Strength

Tensile strength and tear characteristics of the polymer films were evaluated using
a Brookfield CT3 texture analyzer instrument. It contained two load cell grips, of which
the lower one was secured and the upper one was mobile. Film strips with dimensions of
1 × 1 cm were fixed between the cell grips, and force was increasingly applied until the
film broke. Tensile strength was measured in mN [30].
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2.3.2. Moisture Content

Moisture content of the patches was investigated with a KERN DAB moisture analyzer
instrument. The initial weights of the patches were accurately weighed, and they were
heated by the instrument to 120 ◦C. Water content was measured with the instrument, and
the moisture content of the films was calculated by taking into account the initial weights
and expressed as a percentage [31]:

Moisture content =
Water content
Initial weight

× 100 (1)

2.3.3. Moisture Uptake

Moisture uptake of the patches was studied with the help of a climate chamber. The
patches were kept in the chamber at room temperature and 80% humidity for 48 h. The
initial weights of the patches were previously weighed, and after 48 h they were weighed
again [32]. Moisture uptake was calculated based on the weight increase and expressed as
a percentage according to the following equation:

Moisture uptake =
Final weight − Initial weight

Initial weight
× 100 (2)

2.4. Penetration Enhancement

After finding the most optimal formulation, composition 4 was further combined with
penetration enhancer excipients to improve the bioavailability of BGP-15. The selected
excipients were Transcutol and Labrasol, following the suggestions of Gattefossé. Labrasol
or Transcutol or a 1:1 mixture of the two excipients was added to the patches at 0.1% during
the formulation process.

2.5. MTT Assay

To assess the toxicity of the selected excipients, an MTT assay was performed. This
procedure was carried out on the HaCaT cell line. The cells were maintained by weekly pas-
sages in Dulbecco’s DMEM culture media. For the assay, the keratinocyte cells were seeded
on a 96-well plate with the density of 10.000 cells/well. When the cells had completely
grown over the well’s membrane, the experiment was ready to perform. First, culture
media was removed, then the samples were applied, and the cells were incubated with
them for 30 min. After half an hour, the test solutions were removed, and the MTT paint
solution was added at a 5 mg/mL concentration to the cells. Then, a 3 h long incubation fol-
lowed. The viable cells transformed the water-soluble tetrazolium–bromide into formazan
precipitate. When the incubation was finished, formazan precipitate was dissolved with
the help of isopropanol/hydrochloride acid at a 25:1 proportion. After that, the absorbance
of the solutions was measured using a spectrophotometer (Fluostar Optima), and it was
directly proportional to the number of viable cells [33].

2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The infrared spectra of:

• The active substance (solid BGP-15);
• Transdermal patches with BGP-15, without penetration enhancers;
• The transdermal patches with BGP-15 and the penetration enhancers (Labrasol or

Transcutol or the mixture of Labrasol and Transcutol);
• Transdermal patches without penetration enhancers and BGP-15 were obtained by

using a JASCO FT/IR-4600 spectrometer with an ATR accessory (Zn/Se ATR PRO
ONE Single-Reflection, ABL&E-JASCO, Hungary, Budapest). All the samples were
directly placed on the diamond crystal of the equipment. Scanning was run in the
wavelength range of 500–4000 cm−1. The spectra were collected from 32 scans to obtain
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smooth spectra at the spectral resolution of 1 cm−1. Corrections of environmental CO2
and H2O were carried out using the software’s built-in method [34].

2.7. Scanning Electron Microscopy (SEM)

The morphology of the patches was studied with a Hitachi tabletop microscope
(TM3030 Plus, Hitachi High-Technologies Corporation, Tokyo, Japan) in high-resolution
mode. The samples were attached to a fixture with a double-sided adhesive tape containing
graphite. A low accelerating voltage (15 kV) and vacuum were used to investigate the
structure of the cut patches at 500× magnification [13].

2.8. In Vitro Release of the Active Ingredient

In vitro drug release was investigated using Franz diffusion chamber apparatus. Dur-
ing the experiment, an artificial cellulose–acetate membrane was placed between the donor
and the acceptor phase. Samples were taken from the acceptor phase at predetermined
times. The patches were placed on the membrane (0.45 μm pore size) as the donor phase,
and as the acceptor phase, a pH = 5.5 buffer was chosen to imitate the skin’s pH with
7 mL/cell volume. The surface area of the cell was 1766 cm2. The solubility of BGP-15
is 28 mg/mL in this media [23], thus, theoretically it would be able to dissolve 196 mg
BGP-15. The transdermal patches contained 50 mg BGP-15, so the media could dissolve
more than triple the amount of the active substance. Prior to the experiment, the membrane
was impregnated with isopropyl myristate to match the lipophilic character of the skin.
The acceptor phase was set to 32 ◦C to imitate the temperature of the skin [35].

The diffused amount of BGP-15 was measured with the following HPLC method [36].
The samples were filtered on 0.2 μm polyethersulfone membrane. The sample solutions
were analyzed using a HPLC system (Merck-Hitachi, Tokyo, Japan ELITE with photodiode
array detector (DAD)). The column was an Aquasil C18 (5 μm 100 × 2.1 mm) with a C18
guard column (5 μm, 4 × 3 mm) and kept at 40 ◦C, and the DAD was set to 254 nm. The
mobile phase was an acetonitrile and water solution at a ratio of 1:9 (containing 0.1% acetic
acid), and a 1.0 mL flow rate was used. The analyses were performed with EZChrom
Elite softwareTM 3.2.0. (Hitachi, Tokyo, Japan), which was also used for collecting and
processing the data. Standard solution (10 μL) and purified samples were injected.

Dissolution profiles were characterized in several ways. Flux was calculated using the
following equation:

Flux =
Q
t

(3)

where Q is the amount of drug released per unit area (mg/cm2) and diffusion time (t).
Dissolution curves were fitted to the zero-order, first-order, Korsmeyer–Peppas, Higuchi

and Weibull models using a graphical technique.
In order to compare the release values of BGP-15 transdermal patches, difference

factors were calculated via a model-independent approach [37]:

f1 =
∑n

j=1
∣∣Rj − Tj

∣∣
∑n

j=1 Rj
× 100 (4)

here, n is the sampling number, and Rj and Tj are the percent dissolved of the reference
and the test products at each time point j, respectively.

f2 = 50 × log

⎧⎨
⎩

[
1 + (1/n)

n

∑
j=1

wj
∣∣Rj − Tj

∣∣2 ]−0.5

× 100

⎫⎬
⎭ (5)

here, wj is an optional weight factor.
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2.9. In Vitro Permeation Studies

In vitro permeation studies were performed in Franz diffusion cell apparatus with a
modification whereby the artificial cellulose acetate membrane was replaced by previously
prepared pieces of pig ear skin. As acceptor phase, pH = 5.5 phosphate buffer was chosen,
with 7 mL/cell volume. The pig ear was obtained from a slaughterhouse. Skin slices of
1 mm thickness were isolated from the inner, thinner, intact side of pig ears and were
then frozen at −18 ◦C until the experiment. The isolated skin samples were defrosted and
rehydrated in physiological saline solution with sodium azide (0.01 w/v%) at 25 ◦C for
30 min to preserve functionality. After washing with azide-free saline solution, the skin
layer was used instead of the membrane used in the in vitro experiment (Section 2.8, In
Vitro Release of the Active Ingredient). The stratum corneum faced upwards in the donor
phase [38].

2.10. Determination of BGP-15 in Skin Samples

The amounts of BGP-15 that accumulated in the skin and in the acceptor phase were
determined at the end of the in vitro permeation studies. The used porcine skin underwent
solvent extraction to determine the distribution of BGP-15 between the stratum corneum
and the dermis with epidermis. At the end of the permeation test, the application surface
of the ear skin was washed with physiological washing saline solution to remove the
sticky formulation. Then, the skin was dried with the help of cotton wool, and adhesive
cellophane tapes were used to remove the stratum corneum by tape-stripping 25 times.
The BGP-15 content was washed from the stripping tapes with 5 mL of methanol into glass
vials. The remaining stripped skin (epidermis without stratum corneum plus dermis) was
then cut into small pieces that were placed in 5 mL of methanol for solvent extraction.
Extractions were carried out in an ultrasonic bath at 40 ◦C for 15 min and repeated three
times. The samples were then evaporated under a stream of N2 gas at 45 ◦C and dissolved
back into the mobile phase with the help of an ultrasonic bath (5 min). The samples were
then centrifuged (4000 rpm, 15 min), and the supernatants were filtered in a 0.2 μm PES
membrane [38].

2.11. Statistical Analysis

Data were analyzed with GraphPad Prism 6 and presented as means ± SD. Compari-
son of the groups in MTT assays was performed with one-way ANOVA test and the t-test.
Significant differences in the figures are indicated with asterisks. Differences were regarded
as significant at p < 0.05. All experiments were performed at least in triplicate.

3. Results

3.1. Design of Experiment
3.1.1. Tensile Strength

The drying time did not show any significant difference in the tensile strength, there-
fore, only the correlation between PVA and the solvent was investigated. The curve in
Figure 2 shows that increasing the concentration of PVA increased the tensile strength of
the patch linearly, and the 3D surface displays that PVA rundown was linear. As for the
solvent, a non-linear correlation was observed, and the plot could be well described by an
exponential trend. At 20–40 w/w%, a slower increase in the tensile strength was observed,
while further increasing the ethanol concentration in the solvent mixture resulted in a faster
ascending section.

3.1.2. Moisture Content

The moisture content of the formulated patches was not significantly affected by the
solvent; however, PVA concentration and drying time significantly influenced it. Figure 3
represents the results. Increasing the concentration of PVA resulted in an increase in the
moisture content, which no longer increased linearly after a certain polymer concentration.
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Increasing the drying time decreased the moisture content up to 24–30 h; afterwards, there
was no significant difference in the curve.

Figure 2. Increasing the concentration of PVA in the composition increased the tensile strength of the
transdermal patches. As for the solvent, ethanol in 20–40 w/w% concentration slowly increased the
tensile strength, while the further increase in ethanol content resulted in a faster ascending section.

Figure 3. The correlation of PVA concentration and moisture content shows that increasing PVA
content resulted in an increase in moisture content, while the increase in drying time decreased
moisture content.
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3.1.3. Moisture Uptake

Moisture uptake was not affected by the investigated factors (PVA concentration,
ethanol concentration and drying time) during the formulation. No significant differences
were detected. The average moisture uptake of the patches was 22.05 ± 4.06 w/w%.

3.1.4. Incorporating Penetration Enhancers into the Formulation

Based on the result of the Box–Behnken design of experiment, composition 4 was
proved to be the most optimal formulation with 67% PVA, 20% ethanol content and 24 h
of drying time. Thus, it was further combined with penetration enhancer excipients
to improve the bioavailability of BGP-15. Transcutol and Labrasol were chosen as the
penetration enhancers. The formulations are listed in Table 2.

Table 2. The composition of the transdermal formulations in combination with penetration enhancers.

Formulation

W.P. Transdermal patch without any penetration enhancer excipient
T Transdermal patch with 0.1% Transcutol
L Transdermal patch with 0.1% Labrasol

T + L Transdermal patch with 0.1% Transcutol and Labrasol

3.2. MTT Assay

The results of the MTT assays are represented in Figure 4a,b. The two penetration
enhancer excipients, Labrasol and Transcutol, were dissolved in PBS prior to the experiment,
and different concentrations of these materials were tested on HaCaT cells. PBS was selected
as a negative control and Triton-X 100 as a positive control. The values of cell viability were
compared with those in PBS, and they are indicated as a percentage. In the experiment,
both Labrasol and Transcutol proved to be safe and well tolerated by the cells in the tested
concentration range, since cell viability values were above 70%.

3.3. FTIR Measurements

The characteristic chemical groups of BGP-15 (N′-[2-hydroxy-3-(1-piperidinyl) propoxy]
pyridine-3-carboximidamide) were studied using the FTIR method. The IR spectra showed
the location of the characteristic groups. A broad region in the 3200–3400 range was
observed, characteristic of the OH group. The characteristic peaks for the amine group
were 3375, 3279 and 1634 cm−1, respectively. Characteristic peaks for the ether group were
found at 2991 and 2929 cm−1. The FTIR spectrum of BGP-15 is presented in Figure 5.

During the formulation of the patches, BGP-15 formed secondary bonds with the
polymers used as the base for the patch. This was indicated by the band shift of BGP-15
amine groups from 1634 to 1641. No further band shifts were found when penetration
enhancers were incorporated into the composition. The results confirmed that BGP-15 was
in a soluble form in the formulation and did not degrade chemically during the preparation.
FTIR spectra are summarized in Figure 6.

3.4. SEM

The morphology of the patches was studied via scanning electron microscopy. The
photographs confirmed the compatibility of BGP-15 with the polymer matrix as it showed
homogeneous films. The thickness of the patches was measured as well; it was between
120 and 190 μm. The scans of the transdermal patches are demonstrated in Figure 7.
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(a) 

 
(b) 

Figure 4. Cytotoxicity of Labrasol (a); cytotoxicity of Transcutol (b). Cell viability was determined
as the percentage of PBS. The concentrations used in the formulations proved to be safe in all cases,
and cell viability values were above 70% (marked with a red line) in every case. Data represent the
mean of 6 wells ± SD. For statistical analysis, the t-test and one-way ANOVA test were carried out.
Significant difference is marked with asterisks. *, *** and **** show statistically significant difference
at p < 0.05; p < 0.001 and p < 0.0001.
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Figure 5. FTIR spectrum of BGP-15. A broad region in the 3200–3400 range was observed, character-
istic of the OH group. The characteristic peaks of the amine group were 3375, 3279 and 1634 cm−1,
respectively. Characteristic peaks of the ether group were found at 2991 and 2929 cm−1.

Figure 6. FTIR-spectra of the active substance (solid BGP-15), transdermal patches with BGP-15,
without penetration enhancers, the transdermal patches with BGP-15 and the penetration enhancers
(Labrasol or Transcutol, or the mixture of Labrasol and Transcutol), transdermal patches without
penetration enhancers and BGP-15.

3.5. In Vitro Drug Release

Figure 8 represents the diffused amount of BGP-15 across the isopropyl myristate-
impregnated cellulose acetate membrane from the different transdermal patches with or
without penetration enhancers. Those compositions, which contained Labrasol or the
combination of Labrasol and Transcutol achieved higher drug release values. The best
result was achieved by using the combination of Transcutol and Labrasol, where the
diffused drug amount was 37.19%. The second-best result was obtained by the patch
formulated with Labrasol, where the diffused drug amount was 29.58%. The lowest release
rates were achieved by the patches prepared with Transcutol or without any penetration
enhancer excipient.
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Figure 7. SEM photography of BGP-15 containing transdermal patches without penetration en-
hancers (a), with Labrasol (b), with Transcutol (c) and with the combination of Labrasol and Transcu-
tol (d).

 
Figure 8. Release profiles of BGP-15 across the cellulose acetate membrane from the transdermal
patches. The best result was obtained by the formulation which contained the combination of
Transcutol and Labrasol, while the lowest release values belonged to the patches containing Transcutol
or no penetration enhancer excipient at all.

Comparing the flux of the compositions (Table 3), the patch with Transcutol and Labra-
sol showed a nearly tenfold higher value than the patch without enhancers. The Transcutol
sample alone showed no significant difference from the composition without enhancers.
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Table 3. Summary of the dissolution kinetic model.

Transdermal Patches
Without Penetration

Enhancers
With Transcutol With Labrasol

With Transcutol
and Labrasol

Flux (mg/cm2 × h−1) 0.3843 0.2007 2.0940 2.6324

Kinetic model fitting showed the difference between the formulations in Table 4. The
Weibull model best described the drug release of patches without penetration enhancers.
In the case of penetration enhancers, drug release was better described by different mod-
eling. Transcutol showed zero-order kinetics, while Labrasol showed first-order kinetics.
When the penetration enhancers were used together, first-order kinetics showed the best
correlation.

Table 4. Summary of the dissolution kinetic model.

Kinetic Model 1
Transdermal Patches

Without Penetration
Enhancers

With Transcutol With Labrasol
With Transcutol

and Labrasol

Zero 0.8780 0.8107 0.8977 0.9772
First 0.8741 0.8100 0.8984 0.9857

Korsmeyer–Peppas 0.8871 0.6630 0.6253 0.9636
Higuchi 0.7494 0.7600 0.8668 0.9597
Weibull 0.9097 0.6624 0.6251 0.9578

1 The table contains the correlation coefficient value of the fitting line.

Release profiles of the transdermal formulations were compared. The calculated
similarity and difference factors are listed in Table 5. Two formulations were recognized as
similar if their similarity factor (f 2) was between 50 and 100, and different if their difference
factor (f 1) was between 0 and 15. According to the calculated values, a great similarity was
confirmed between the patches, which were formulated without penetration enhancers or
with Transcutol. Transdermal patches prepared without penetration enhancers or Labrasol
were significantly different. Patches without penetration enhancers compared with the
combination of Transcutol and Labrasol turned out to be significantly different, as did the
Labrasol-containing patch versus the combined one.

Table 5. Difference and similarity factors to compare the release profiles of the formulations (W.P.:
transdermal patch without penetration enhancer; T.: transdermal patch formulated with Transcutol;
L.: transdermal patch formulated with Labrasol; T and L.: transdermal patch formulated with the
combination of Transcutol and Labrasol).

Formulation f 1
1 f 2

2

W.P. vs. T. 9.45 89.48
W.P. vs. L. 88.53 40.39

W.P. vs. T and L. 92.88 30.17
L. vs. T and L. 37.91 49.17

1 Two formulations are recognized as similar if their similarity factor (f 2) is between 50 and 100. 2 Two formulations
are recognized as similar if their difference factor (f 1) is higher than 15.

3.6. In Vitro Permeation

In Figure 9, the results of the in vitro permeation study are presented. In this exper-
iment, the permeation of the patch formulated with the combination of Transcutol and
Labrasol was studied across pig’s ear skin. According to the results, 39.3% (19.69 mg) of
BGP-15 was able to permeate to the acceptor phase through the skin. In the skin (dermis
plus epidermis), 9.2% of the initial BGP-15 was detected. In the case of skin, the flux of
BGP-15 was 0.4647 mg/cm2 × h−1.
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Figure 9. In vitro permeation of BGP-15 across porcine skin; 39.3% (19.69 mg) of the initial BGP-15
quantity was able to permeate to the acceptor phase.

4. Discussion

BGP-15 has been intensively studied in recent years, and many favorable effects of the
drug candidate have been identified throughout this period. Beside the insulin sensitizing
effect [39], advantageous cardioprotective [40,41] and anti-inflammatory effects [36] were
observed. Transdermal administration is an under-investigated research area of BGP-15,
as is topical application, since few studies on its utilization in ointment form are available.
In our previous work, we investigated the topical application and the anti-inflammatory
effect of the active ingredient [36]. The possibility of applying BGP-15 transdermally counts
as a novelty as it has never been investigated before, although it could be particularly
advantageous in the abovementioned indications.

In the present study, transdermal patches were formulated to promote the transdermal
delivery of the active substance. Some of the most commonly used polymers in transdermal
patches are PVA and PVP. The combination of these two polymers can be especially
beneficial. However, very little information is available in the scientific literature about
their ideal proportion in transdermal patches, the proper solvents and the circumstances of
an optimal production. In our series of experiments, we aimed to determine the optimal
production conditions of transdermal patches with the two polymers PVA and PVP to
ensure the suitable transdermal dosage form for BGP-15. To optimize the production, the
Box–Behnken design of experiment was used. In the factorial design, PVA content proved
to be a key factor, as it increased the tensile strength and the moisture uptake as well,
which are important characteristics of transdermal patches. The ethanol content was also
important; at a 20–40% concentration it resulted in an increase in tensile strength. Based
on these results, composition 4 was selected as the most optimal formulation with 67%
PVA, 20% ethanol content and 24 h of drying time. The PVA content of the transdermal
patches has key importance, as it determines the tensile strength. Lee et al. studied
different transdermal patches and found that the larger the PVP proportion was in the
formulation, the worse mechanical strength the composition had [17]. This complies with
our experiences and results, as a PVP content above 50% resulted in patches that tore
too easily. Gao et al. formulated transdermal patches with a PVA and PVP base. They
used different ratios of polymers. They found that the larger PVA proportion worked
the best; according to their results, a 7:1 PVA/PVP proportion was the most ideal as it
determined the drug release and the quality of the transdermal patches [42]. The alcohol
content influences the polymer expansion and the formation of secondary interactions [43].
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Due to the solubilities of PVA and PVP [44], it is important to determine the ideal alcohol
content where both molecules can unfold and interact to form a stable matrix after drying,
which serves as the basis for our patch. Due to the PVA or PVP content of the films, the
drying time at a given temperature is an important parameter. The drying time affects the
recrystallisation of the polymers and the physical changes in their structure. As drying
time increases, the hydration decreases, which can lead to loss of secondary interactions
and crystallization [45].

To increase the bioavailability of BGP-15, different penetration enhancer excipients
were incorporated into composition 4, namely, 0.1% Transcutol or 0.1% Labrasol or the
combination of these two at 0.1%. Since safety is an important aspect of pharmaceutical
formulations, cytotoxicity of these excipients was investigated using MTT assay on the
HaCaT cell line. Based on the results, the selected excipients in the used concentration were
safe and well tolerated, and cell viability was above 70%, which is the recommendation of
ISO 10993-5 [46].

FTIR spectra of BGP-15 were first described by our research group. Besides BGP-
15 itself, all the transdermal patches were studied using the FTIR method. The results
confirmed the compatibility of the vehicle and the active substance; BGP-15 was dissolved
in the polymer matrix. Taher et al. studied isonicotinic acid in PVA blend, and according
to their FTIR measurements, the active substance was in dissolved form, similar to our
case [47]. The results of SEM confirmed this as well since no crystals or other particles
were found in the SEM photography. This also confirmed the theory that PVP inhibits the
crystallization of substances.

In vitro drug release from the patches was investigated using Franz diffusion chamber
apparatus. The active ingredient is present in a dissolved form, so penetration was expected
to be faster than in crystalline form, which was confirmed by the in vitro drug release test.
In this study, the best results were achieved by those formulations which contained both
penetration enhancers Labrasol and Transcutol in combination. The second-best results
were obtained by the Labrasol-containing patches, and those which contained Transcutol
or no penetration enhancer at all achieved lower release values. Even though Transcutol is
a well-known and powerful penetration enhancer, in some cases it is not able to enhance
drug release and permeation [48]. Labrasol is a widespread and excellent penetration
enhancer as well. In combination with Transcutol, the highest drug release was observed in
our in vitro experiment, which can be explained by the synergistic penetration enhancer
effect of the two excipients. Transcutol is often used in combination with other penetration
enhancers; Amitkumar et al. found that oleic acid and Transcutol in combination signifi-
cantly improved the transdermal drug delivery of oxcarbazepine [49]. The dissolution from
the patches without penetration enhancers was well described with the Weibull model.
The model is useful for determining the release profiles of matrix-type drug delivery. The
correlation was obtained with slightly lower values for the Korsmeyer–Peppas model,
which is suitable for predicting the release mechanism from a polymeric system [50]. The
Higuchi relationship is used in the case of modified transdermal systems [51], nevertheless,
it resulted in the worst match to the dissolution of patches as in other articles [52]. Penetra-
tion enhancers have already been described to affect drug delivery differently depending
on the solubility or pKa value of the active substance [53,54]. Preparations containing a
penetration enhancer can be described better with first- or zero-order kinetics.

The in vitro permeation study was carried out with composition 4 combined with the
mixture of Labrasol and Transcutol, as this formulation achieved the best results through
the synthetic membrane. A total of 39.3% of the initial BGP-15 was able to permeate to
the acceptor phase, and only 9.2% BGP-15 was detected in the skin. This leads to the
conclusion that BGP-15 does not accumulate in the skin but rather in the acceptor phase,
so the formulated transdermal patch is suitable for transdermal delivery of the active
ingredient. BGP-15 was present in a semi-dissociated form at pH 5.5, which facilitated
its permeation through biological membranes; thus, a fast and efficient permeation was
observed, as expected. Minor BGP-15 accumulation was measured in the skin. Drug flux
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across the biological membrane was reduced, as expected, due to the more complex system.
According to the results, the formulated transdermal patch enables BGP-15 delivery to
the systemic circulation; thus, the formulation provides a new therapeutic option and
improved patient compliance.

The novelty of our work is the transdermal application of BGP-15, the development
of an optimal transdermal dosage form for the active substance and the improvement
of bioavailability with penetration enhancers. FTIR spectra of the active substance were
characterized for the first time in the scientific literature.

5. Conclusions

In our series of experiments, we aimed to complete the currently available knowledge
about BGP-15 by developing a suitable transdermal formulation for it and improving its
bioavailability with penetration enhancers. Our study highlights the relevance of choosing
appropriate excipients as it highly affects the formulation in many aspects. In the research,
the ideal proportion of the selected polymers was determined, as well as the solvent
ratio and the circumstances of the production. By further combining the most optimal
composition, we were able to enhance the bioavailability of BGP-15. In the in vitro tests of
drug release and permeation, we confirmed that the formulation is suitable for transdermal
delivery of the active substance. This research enables and supports the transdermal
administration of BGP-15, which is an important and promising perspective considering its
indication field.
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30. Głąb, M.; Drabczyk, A.; Kudłacik-Kramarczyk, S.; Guigou, M.D.; Makara, A.; Gajda, P.; Jampilek, J.; Tyliszczak, B. Starch Solutions
Prepared under Different Conditions as Modifiers of Chitosan/Poly(aspartic acid)-Based Hydrogels. Materials 2021, 14, 4443.
[CrossRef]

31. Thakur, N.; Goswami, M.; Deka Dey, A.; Kaur, B.; Sharma, C.; Kumar, A. Fabrication and Synthesis of Thiococlchicoside Loaded
Matrix Type Transdermal Patch. Pharm. Nanotechnol. 2023, 11. [CrossRef]

32. Suksaeree, J.; Prasomkij, J.; Panrat, K.; Pichayakorn, W. Comparison of Pectin Layers for Nicotine Transdermal Patch Preparation.
Adv. Pharm. Bull. 2018, 8, 401–410. [CrossRef]

33



Pharmaceutics 2024, 16, 36
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Abstract: The aim of this study was to formulate and characterize CK2 inhibitor-loaded alginate
microbeads via the polymerization method. Different excipients were used in the formulation to im-
prove the penetration of an active agent and to stabilize our preparations. Transcutol® HP was added
to the drug–sodium alginate mixture and polyvinylpyrrolidone (PVP) was added to the hardening
solution, alone and in combination. To characterize the formulations, mean particle size, scanning
electron microscopy analysis, encapsulation efficiency, swelling behavior, an enzymatic stability test
and an in vitro dissolution study were performed. The cell viability assay and permeability test
were also carried out on the Caco-2 cell line. The anti-oxidant and anti-inflammatory effects of the
formulations were finally evaluated. The combination of Transcutol® HP and PVP in the formulation
of sodium alginate microbeads could improve the stability, in vitro permeability, anti-oxidant and
anti-inflammatory effects of the CK2 inhibitor.

Keywords: protein kinase CK2; CK2 inhibitor DMAT; alginate microbeads; Transcutol® HP;
polyvinylpyrrolidone

1. Introduction

Protein kinase CK2, also known as casein kinase 2, is a serine/threonine kinase with
two catalytic subunits (α) and/or (α’) and two regulatory subunits [1]. CK2 regulates
multiple signaling pathways involved in tumor cell survival, proliferation, migration, and
invasion [2,3]. The expression and kinase activity of CK2 is elevated in various types of
cancers, and increases tumor aggressiveness through the phosphorylation of numerous
cytosolic substrates [2,4,5].

Elevated CK2 kinase activity is frequently observed in many types of human tumors [6].
The downregulation of CK2 by chemical inhibitors or via genetic approaches promotes cell
apoptosis and inhibits tumor cell migration and tumor growth [6].
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Protein kinase CK2 has been also suggested as a possible target in inflammatory
processes and is proposed to have some complex and important roles in the pathogenesis
of inflammatory diseases [7,8]. CK2 activity promotes the activation of the NF-kB, PI3K–
Akt–mTOR, and JAK–STAT pathways [8]. The protein kinase CK2 is therefore a target for
the development of new anti-cancer and anti-inflammatory therapies [7].

CK2 activation was also reported to enhance reactive oxygen species production [9].
CK2 plays an important role in the oxidative stress signaling pathway. The anti-oxidant-
activated transcription factor, nuclear erythroid factor 2 (Nrf2), regulates the induction of
cytoprotective genes against oxidative injuries. Treatment with CK2 inhibitor can block the
induction of these endogenous nuclear genes in cells, preventing oxidative damage [10,11].

Pagano et al. demonstrated that substituted benzimidazole derivatives are potent
inhibitors of CK2 [12]. The substituted heterocyclic structure designed to address the
ATP-binding pocket of CK2 allows a diverse derivatization of the ring system. Therefore,
numerous benzimidazole derivatives inhibiting CK2 have already been described [13,14].
Due to the poor solubility of the molecule, the development of an efficient drug deliv-
ery system was a challenging task. The active ingredient selected for our study was
2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT).

Among various natural polysaccharides, alginates have been widely used in the
formulation of drug delivery systems for last three decades [15]. Alginate is a copolymer of
(1,4)-linked β-D-mannuronate and α-L-guluronate. Alginate-based microparticles as drug
delivery systems are biocompatible and biodegradable, and protect the drug from the harsh
environmental conditions of the GI tract [16]. Furthermore, they have targeting efficiency,
sustainability, and controllable release [17–19]. During the formulation of alginate-based
microbeads, the active substance is entrapped in a gel of alginate that is crosslinked with
divalent cations such as Ca2+, Ba2+, and Sr2+, with uronic acid residues in alginate [20–23].

Transcutol® HP (TC) is a diethylene glycol monomethyl ether that is widely used
as a solvent/solubilizer and can improve the solubility of various poorly water-soluble
drugs. It is also used as a penetration enhancer in various dosage forms and several authors
demonstrated that it could improve in vivo drug absorption, the in vitro dissolution rate
and drug release, leading to the improved oral bioavailability of the drug [24–26].

Polyvinylpyrrolidone (PVP) is a bulky, non-toxic, non-ionic polymer of an amphiphilic
nature that is widely used for the formulation of microparticles (MP). It prevents the
aggregation of MPs, may serve as a surface stabilizer, and may provide solubility in diverse
solvents [27]. The safe use of PVP in pharmaceutical dosage forms has been demonstrated
in several articles [28].

The aim of our present study was to prepare CK2 inhibitor-loaded alginate microbeads
to enhance the bioavailability of the active ingredient. A potent and selective CK2 inhibitor,
DMAT, was selected as an active ingredient, and two different excipients alone and in
combination were used in our formulations. TC was chosen to improve the solubility,
in vitro drug release and permeability of DMAT. PVP was added to the compositions to
prevent drug leaching during preparation and to stabilize our formulations.

In order to characterize the formulations, mean particle size, encapsulation efficiency,
and swelling behavior were determined, and scanning electron scanning (SEM) analysis
was conducted. The biocompatibility and permeability of our formulations were tested on
the Caco-2 adenocarcinoma cell line. In vitro dissolution and enzymatic stability tests were
also performed. Finally, the anti-oxidant and anti-inflammatory effects of our formulations
were also tested.

2. Materials and Methods

2.1. Materials

DMAT (CAS# 749234-11-5) was obtained from Sigma-Aldrich Buchs (St. Gallen,
Switzerland). The in silico physicochemical characterization of DMAT was carried out
using SwissADME [29]. Low-viscosity-grade sodium alginate was obtained from BÜCHI
Labortechnik AG (Flawil, Switzerland). Transcutol® HP (diethylene glycol monoethyl
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ether) was obtained from Gattefossé (Saint-Priest, France. The human adenocarcinoma
cancer cell line (Caco-2) originated from the European Collection of Authenticated Cell
Cultures (ECACC, Public Health England, Salisbury, UK). TrypLE™ Express Enzyme (no
phenol red) was bought from Thermo Fisher Scientific (Waltham, MA, USA). Calcium
chloride dihydrate, 96-well cell culture plates, and culturing flasks were purchased from
VWR International (Debrecen, Hungary). Transwell® 24-well cell culture inserts were
supplied by Greiner Bio-One Hungary Kft. (Mosonmagyaróvár, Hungary). All other
products were purchased from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Formulation of CK2 Inhibitor-Loaded Alginate Beads

In order to obtain alginate microparticles, 3.30 g of sodium alginate powder was
previously dissolved in 200 mL of distilled water to obtain a 1.5% alginate solution. Due to
the hygroscopicity of sodium alginate, a 10–15% excess of the powder should be measured
based on the manufacturer’s description. To prepare a 100 mM solution of CaCl2, 14.701 g of
calcium chloride dihydrate was dissolved in 1000 mL of distilled water. Four compositions
containing DMAT (0.5 mg/mL) were prepared (Table 1). In the case of composition 1,
DMAT was dissolved in the alginate solution, transferred to a syringe and applied to the
appropriate part of the BÜCHI encapsulator B-395 Pro apparat. For composition 2, TC was
added, and for composition 3, PVP was added. In the case of composition 4, both excipients
were used. According to the manufacturer, the use of highly purified TC is recommended
for oral dosage forms. In the production of the microbeads, PVP was dissolved in the
hardening solution and TC was dissolved in the alginate solution.

Table 1. Diverse formulations of CK2 inhibitor-loaded alginate beads.

Entry Composition Excipient

1 CK2 inhib. beads -

2 CK2 inhib. beads + TC Transcutol® HP (0.01% v/v)

3 CK2 inhib. beads + PVP PVP (2% w/v)

4 CK2 inhib. beads + TC + PVP Transcutol® HP (0.01% v/v)PVP (2% w/v)

According to the diameter of the nozzle, the parameters of the encapsulator (liquid
flow, vibration frequency, and electrostatic voltage) were set to obtain the correct micropar-
ticle chain in the light of a stroboscope lamp (Table 2). A large flat beaker filled with calcium
chloride solution (100 mM) was placed under a nozzle on a magnetic stirrer. The alginate
beads were left to harden for 15 min in calcium chloride solution. The finely divided
particles were washed with distilled water and filtered on a 0.4 μm pore size membrane
using a vacuum pump and lyophilized with Scanvac CoolSafe Touch 110-4 Freeze Dryer
for 24 h at −110 ◦C.

Table 2. The applied parameters of the encapsulator.

Diameter of the
Nozzle [μm]

Vibration Frequency
[Hz]

Electrostatic Voltage
[V]

Flow Rate (mL/min)

200 1800 1000–1200 5.06

2.3. Mean Particle Size and SEM

The particle size of the microbeads was determined using a HoribaPartica LA-950V2
laser diffraction particle size analyzer (Horiba, Ltd., Kyoto, Japan). Samples were first
diluted 1000×, and then measurements were performed in wet mode. At least five parallel
measurements were performed with each sample.

To determine the morphology of particles, SEM analysis was performed on a Hitachi
desktop microscope (TM3030 Plus) (Hitachi High-Technologies Corporation, Tokyo, Japan).
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The instrument is suitable for the direct investigation of the specimens without any surface
pre-treatments. Samples were placed on a specific plate with double-sided adhesive and
examined using an accelerating voltage of 5 kV [30].

2.4. Encapsulation Efficiency

To determine the encapsulated drug content in the beads, a 1 mL sample was taken
from the hardening solution (calcium chloride 100 mM) right after formulation. Drug
concentration was determined using a UV-VIS spectrophotometer at 420 nm. The amount
of entrapped drug was determined from the amount of DMAT remaining free in the
hardening solution relative to the amount of the initial drug [31]. The amount of the
encapsulated DMAT was calculated using the following formula:

Encapsulation efficiency(EE%) =
amount of initial drug − amount of free(not formulated)drug(mg)

amount of initial drug (mg)
× 100 (1)

2.5. Swelling Behavior

The water sorption behavior of each composition was determined via swelling. The
swelling capacity of beads containing DMAT was determined in purified water. One gram
from the beads was added to 50 mL of purified water and the dispersions were mixed at
37 ◦C using a Radelkis OP-912 magnetic stirrer (Radelkis, Budapest, Hungary). For the
swelling study, beads were carefully taken out from the water after 24 h, drained with filter
paper to remove excess water, and weighed. Weight changes were calculated using the
following equation:

EWU =

(
Ws − Wd

Ws

)
× 100 (2)

where Ws is the weight of swollen beads and Wd is the initial weight of the dry beads [32].

2.6. Enzymatic Stability Test

The study focused on enzymatic degradation using proteolytic enzymes, namely
pepsin and pancreatin. An amount of 20 mg of DMAT-loaded particles was introduced
into 100 mL of simulated gastric fluid (SGF) containing pepsin or simulated intestinal fluid
(SIF) containing pancreatin. The samples were incubated at 37 ◦C with constant stirring at
100 rpm. The preparation of SGF and SIF followed European Pharmacopoeia specifications.
Samples of 1000 μL were collected at predetermined intervals over 120 min, and to stop
the enzymatic reaction, an equivalent volume of ice-cold reagent (0.10 M NaOH for SGF
and 0.10 M HCl for SIF) was added. Spectrophotometric analysis was then performed at a
wavelength of 420 nm [33].

2.7. In Vitro Dissolution Study

To investigate the dissolution profile of DMAT-containing microbeads, a USP dissolu-
tion apparatus (Erweka, DT 800, Langen, Germany) was used at a 100 rpm paddle speed
with 900 mL of dissolution medium at 37 ◦C. Freshly prepared simulated intestinal fluid
(SIF) without pancreatin (pH 6.8) was used as the dissolution medium. During the assay,
the dissolution medium (5 mL) was continuously sampled at defined intervals (0, 8 and
24 h) using a syringe. Samples were previously filtered through a 0.45 μm membrane
filter and the amount of DMAT was determined using a standard calibration curve. The
absorbance of the samples was measured at 420 nm using UV/VIS [34].

2.8. MTT Assay

To measure cell viability, an MTT assay was performed on the Caco-2 cell line. Cells
were seeded at a density of 104 cells/well in Dulbecco’s DMEM culture media within
96-well plates until complete confluence was achieved. The medium was removed from
cells and washed with PBS. Beads containing no active substance and beads containing
DMAT were incubated for 1 h at 37 ◦C with 5% CO2. An amount of 100 mg of the samples
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was dissolved in 10 mL of PBS. After 1 h, the samples were removed from the cells and
MTT paint solution (5 mg/mL) was added. The cells were incubated with the solution
for 3 h at 37 ◦C under 5% CO2. The paint was then removed from the samples and the
resulting formazan crystals were dissolved in a 25:1 mixture of 2-propanol:hydrochloric
acid. The yellow tetrazonium salt was converted into purple insoluble formazan crystals
by mitochondrial enzymes due to the metabolic activity of the cells. The absorbance of
the solutions was measured with a spectrophotometer at a 570 nm wavelength (Thermo-
Fisher Multiskan Go (Thermo-Fisher, Waltham, MA, USA), from which the percentage of
surviving cells could be calculated. PBS was used as positive control and Triton-X 100 (10%
w/v) was used as a negative control.

2.9. Transepithelial Electrical Resistance Measurement

To determine the membrane integrity of adenocarcinoma cells, transepithelial electrical
resistance (TEER) was measured. Cells were seeded at a density of 404 cell/well to form a
confluent layer. As a negative control, PBS was used, and as a positive control, Triton X-100
(10% w/v) was used. Measurement was carried out when Caco-2 cell line monolayers
presented TEER values between 1000 and 1200 Ω cm2. The cells were incubated with the
samples for 1 h with continuous measuring at given intervals during the assay. TEER was
measured using a pair of electrodes with Millipore Millicell-ERS 00001 equipment (Merck,
Waltham, MA, USA). As a follow-up, measurements were continued in the following 12 h
to investigate recovery [35].

2.10. In Vitro Permeability Studies

Specific transport studies of all compositions have been performed on the Caco-2 cell
line. For the permeability assay, Caco-2 cells were seeded on Transwell® 24-well polycar-
bonate filter inserts (area: 1.12 cm2; pore size: 0.4 μm) at a concentration of 404 cells/insert.
TEER was measured before the experiment.

In transport experiments, we studied the permeability of four formulations containing
DMAT via sampling at different intervals. In total, 100 mg of the samples was dissolved in
10 mL of PBS buffer.

The permeability assay was commenced with the addition of 400 μL of the sample
solution to the apical chambers of the inserts. A 50 μL aliquot was taken from the apical
and basal chamber containing PBS immediately, after 4 h and 24 h. The samples were
measured with high-performance liquid chromatography (HPLC) [30].

2.11. HPLC Measurements

The HPLC determination of DMAT was performed using the Waters 2695 Separations
module equipped with a thermostable autosampler (5 ◦C), a column module (35 ◦C), and a
Waters 2996 diode array detector (DAD). The separation of the compounds was achieved
using a VDSphere PUR C18-M-SE (4.6 × 150 mm, 5 μm) (Agilent technologies, Palo Alto,
CA, USA) column. For HPLC-MS measurements, the HPLC instrument was coupled with
a MicroTOF-Q-type Qq-TOF MS instrument equipped with an ESI source from Bruker
(Bruker Daltoniks, Bremen, Germany). The flow rate and run time were 1.0 mL/min and
12 min, respectively. The active component DMAT was detected with DAD at 260 nm and
MS. For the separation of the compounds, isocratic eluent composed of 25% methanol, 40%
AcN/water (9/1) containing 0.1% trifluoroacetic acid (TFA), and 35% water was used.

2.12. DPPH Anti-Oxidant Test

The DPPH assay is a colorimetric method based on the ability of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) to change its dark purple color to yellow in the presence of an
anti-oxidant due to its scavenging property. The anti-oxidant scavenging properties of the
four formulations containing the CK2 inhibitor were investigated. The test solution was
made using DPPH powder (M = 394.33 g/mol) diluted with 96% ethanol. Briefly, 100 μL of
each sample diluted in PBS was added to 2 mL of the DPPH test solution (0.06 mM). The
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reaction mixtures were incubated for 30 min and sheltered from light. As a positive control,
Trolox dissolved in PBS (10.0 μM) was used, and as a negative control, 2.0 mL of DPPH
solution was used. The quantitative measurement of the remaining DPPH was carried
out using the UV spectrophotometer at a wavelength of 517 nm. The anti-oxidant activity
percentage (AA%) was determined using the following equation [36]:

AA% = 100 − (Abs sample − Abs blank)× 100
Abs control

(3)

2.13. Examination of Anti-Inflammatory Effect

The anti-inflammatory effect of the microbeads was investigated on the Caco-2 cell line.
Cells were seeded at a density of 104 cells/well on 96-well plates until complete confluency
was achieved and the culture medium was removed. The cells were washed with PBS and
incubated with the test solutions for 1 h. Briefly, 100 mg of each microbead diluted with PBS
was used to perform the test. To induce inflammation, 50 μL of IL-4 (30 ng/mL) was added
to the cells and incubated overnight. After incubation, the supernatant was removed from
the cells and human TNF-α ELISA Kit (Sigma—RAB0476) was used in accordance with
the manufacturer’s instructions. The absorbance of these solutions was measured using
Thermo Scientific Multiskan GO microplate spectrophotometer (Thermo-Fisher, Waltham,
MA, USA) and was directly proportional to the inflammatory effect of the samples.

2.14. Statistical Analysis

All data were analyzed using GraphPad Prism (version 6; GraphPad Software, San
Diego, CA, USA) and are herein presented as means ± SD. A comparison of the results of
the swelling behavior, in vitro dissolution test, enzymatic stability assessment, permeability
test, TEER measurement, DPPH anti-oxidant test, in vitro anti-inflammatory effect test and
MTT cell viability assay was performed with a one-way ANOVA and repeated measures
ANOVA followed by Tukey or Dunnett post-testing. The difference in means was consid-
ered significant in the case of p < 0.05. All experiments were carried out in quintuplicates
and repeated at least five times.

3. Results

3.1. In Silico Physicochemical Characterization of DMAT

The physicochemical characterization of DMAT (476.79 g/mol) was performed using
SwissADME [29]. DMAT has low water solubility and high penetration through the GI
tract, but poor penetration through the BBB. Skin penetration occurred at −5.86 cm/s. The
Log Po/w for DMAT was calculated and the consensus value was equal to 4.12 (the average
of five predictions). This consensus value corresponds, for example, to the Log Po/w value
of the CK2 inhibitor 4p (5-isopropyl-4-(3-methylbut-2-enyloxy)-5,6,7,8-tetrahydroindeno
[1,2-b]indole-9,10-dione, consensus Log Po/w = 3.91) [37]. Figure 1 shows the structure
of DMAT.

Figure 1. Structure and physicochemical properties of DMAT.
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3.2. Mean Particle Size and SEM

The size of microparticles was calculated using a laser diffraction particle size analyzer
and was between 273 (DMAT beads) and 295 μm (beads with both excipients TC and PVP)
(Table 3). As shown in Table 3, for each entry, PDI values were between 0.24 and 0.40. Entry
3 (CK2 inhib. beads + PVP) yielded the narrowest size distribution value (PDI = 0.24)

Table 3. Mean particle size and polydispersity index (PDI) values of the different DMAT-loaded
alginate beads. Values are expressed as mean ± S.D., n = 5.

Entry Composition Particle Size (μm) PDI

1 CK2 inhib. (DMAT) beads 272.62 ± 10.03 0.40 ± 0.03

2 CK2 inhib. beads+ TC 279.67 ± 10.49 0.38 ± 0.02

3 CK2 inhib. beads + PVP 288.91 ± 5.28 0.24 ± 0.01

4 CK2 inhib. beads + TC + PVP 294.83 ± 8.46 0.33 ± 0.04

Figure 2 shows the image of different dry formulations containing DMAT obtained
via SEM. The round morphology of the microparticles was preserved in all four samples;
however, the bead structure was damaged in the case of beads containing excipients,
presumably due to the high surfactant content. A significant morphological variation was
observed when samples containing TC, PVP, or both were compared to the microparticles
without excipients. For samples containing the PVP excipient, the difference was clearly
visible, and calcium chloride crystals remaining from the hardening solution could be
detected in the images.

Figure 2. SEM images of the different beads containing DMAT.

3.3. Encapsulation Efficiency

The encapsulated DMAT content in the alginate beads was calculated from the equa-
tion described in Section 2.4. According to our investigation, the encapsulation efficiency
(EE) was in the range of 64 to 84%, as presented in Table 4. There was no significant
difference between the DMAT concentrations in composition 2 and 3, which indicated
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uniform drug dispersion in these formulations. It was justified that there were significant
differences in the drug content of the formulation with or without solubilizing excipients.
It was observed that composition 4, which contained both TC and PVP, had the highest
DMAT content. Comparing the effect of TC and PVP, it can be concluded that the usage of
PVP resulted in a higher DMAT content in the beads.

Table 4. Encapsulation efficiency of the different compositions containing DMAT.

Entry Composition a EE (%) b

1 CK2 inhib. (DMAT) beads 64.32 ± 0.72

2 CK2 inhib. beads + TC 70.12 ± 0.81

3 CK2 inhib. beads + PVP 72.35 ± 0.66

4 CK2 inhib. beads + TC+ PVP 84.07 ± 1.02
a Microbeads containing both TC and PVP showed the highest EE% of all the formulations. b Each data point
represents the mean ± SD; n = 5.

3.4. Swelling Behavior

The equilibrium water uptake of the different compositions was calculated from the
equation described in Section 2.5. Figure 3 shows the change in the beads’ weight due
to water uptake after 24 h. Alginate (entry 1) and TC excipient + alginate (entry 2) beads
showed very similar swelling rates within 24 h (79 and 81%). The water uptake of the PVP
excipient containing beads (entry 3) did not significantly increase, as it was 84%. For entry
4, which contained both TC and PVP excipients, the equilibrium water uptake was 89%,
which was significantly higher than that for the other compositions. Alginate was mainly
responsible for water uptake since, at pH 7, this polymer has the property of swelling, thus
increasing its weight.

Figure 3. The swelling capacity of the CK2 inhibitor containing beads in distilled water. One gram
from the beads was added to 50 mL of distilled water. All of the compositions are represented
by the water equilibrium value. Each data point represents the mean ± SD (n = 5). An ordinary
one-way ANOVA with Dunett’s multiple comparison test was performed to compare the different
formulations with excipients with the formulation with DMAT alone. ** and **** indicate statistically
significant differences at p < 0.05 and p < 0.0001.
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3.5. Result of Enzymatic Stability Test

According to the results, from the free DMAT samples (not formulated), only 2% could
be measured in SGF, while 7% could be measured in SIF after 60 min of incubation. The
active compound was nearly degraded after 60 min of incubation in SGF, and after 120 min
of incubation in SIF. Our experiments revealed that bead formulations are able to protect
the active substance. For each formulation, at least 50% of DMAT was protected against
degradation by SGF and SIF. Figure 4 depicts the results of this experiment.

(a)

(b)

Figure 4. Enzymatic stability of CK2 inhibitor (DMAT)-loaded alginate microbeads in SGF (a) and in
SIF medium (b). Free DMAT (not formulated) was used as a control. Each data point represents the
mean ± SD, n = 5. Ordinary one-way ANOVA with Dunett’s multiple comparison test was performed
to compare the different formulations with excipients with the free (not formulated) DMAT. * and
**** indicate statistically significant differences at p < 0.01 and p < 0.0001.

3.6. In Vitro Dissolution Study

The CK2 inhibitor release from the different microbeads at pH 6.8 is presented in
Figure 5. Our results show that compositions with PVP (entries 3 and 4) had better drug
release and dissolution than did compositions without PVP (entries 1 and 2). It was also
detected that adding TC to the formulations resulted in better drug release compared with
that when adding the formulation that contained only the active agent, DMAT, without
excipients. The highest diffused amount of the active substance was from composition 4,
which contained both excipients, and DMAT release achieved a value of more than 60%
after 24 h.
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Figure 5. In vitro dissolution profile of CK2 inhibitor form sodium alginate beads in simulated
intestinal fluid (SIF) without pancreatin (pH = 6.8). Each data point represents the mean ± SD, n = 5.

3.7. MTT Assay

The results of the MTT test are presented in Figure 6. In the experiment, PBS was used
as a negative control and Triton X-100 was used as a positive control. Cell viability values
were compared to those for PBS and expressed as a percentage of the negative control.
For the blank sodium alginate beads, the preparations were found to be safe and well
tolerated by the cells, with cell viability consistently exceeding 70% in all cases, which is in
accordance with the ISO 10993-5:2009 recommendation [38]. The added excipients were
also well tolerated. However, in the case of beads containing DMAT, cell viability was
reduced. This reduction in cell viability could be attributed to the presence of the active
substance, as empty beads did not show any cytotoxic effect.

Figure 6. Cell viability test with the MTT assay on Caco-2 cells after incubation with the formulations
for 1 h. Cell viability is expressed as the percentage of the negative control (PBS). Each datapoint
represents the mean ± SD and n = 6. An ordinary one-way ANOVA with Dunett’s multiple compari-
son test was performed to compare the different formulations with PBS. *, **, *** and **** indicate
statistically significant differences at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001.
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3.8. In Vitro Permeability Test

The permeability test was performed on the Caco-2 cell line when TEER values reached
800–1000 Ω cm2. The amount of permeated components as a function of time is shown in
Figure 7. Sampling was performed at 4 and 24 h from both the apical and basolateral parts.
Comparing the results to those of the bead without excipients, the highest penetration was
obtained for the formulation containing TC and PVP excipients.

Figure 7. The permeability test of DMAT-loaded alginate microbeads without excipients and with
TC and PVP alone and in combination on the Caco-2 cell line. Statistical analysis was performed;
**** indicates statistically significant differences at p < 0.0001.

3.9. Transepithelial Electrical Resistance Measurements

The membrane integrity of adenocarcinoma cells was determined by TEER measure-
ment. The samples showed a decrease in integrity 15 min after the start of the assay and a
steady decrease up to 60 min. After 1 h of treatment, culture medium was added to the
cells again, and after 12 h of incubation, the cell integrity had increased to above 90% of the
baseline value at the end of the experiment. PBS was used as negative control and (10%
w/v) Triton X-100 as positive control. The sample containing TC and PVP excipients was
able to disrupt cell integrity to the greatest extent. Results are shown in Figure 8.

(a)

Figure 8. Cont.
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(b)

Figure 8. Evaluation of the transepithelial electrical resistance of Caco-2 cells in two contexts:
(a) across the entire experiment, and (b) with a specific emphasis on the initial 120 min. Each data
point represents the mean ± SD, n = 5.

3.10. DPPH Scavenging Activity Test

The percentage of the anti-oxidant activity (AA%) of the four formulations was de-
termined using a DPPH test solution. Comparing the four formulations, the microbeads
without TC and PVP excipients showed less radical scavenging activity. According to
the results, the microbeads containing TC and PVP excipients showed more effective anti-
oxidant activity than did the others. The results indicated that DMAT has more effective
anti-oxidant activity in the case when microbeads formulated with TC and PVP excipients
are used. Figure 9 depicts the results of this experiment.

Figure 9. DPPH-scavenging activity of the composition. Data are presented as mean ± SD (n = 6).
An ordinary one-way ANOVA with Dunett’s multiple comparison test was performed to compare
the different formulations with PBS and to compare the formulations with each other. **, *** and
**** indicate statistically significant differences at p < 0.01, p < 0.05 and p < 0.0001.

3.11. Examination of In Vitro Anti-Inflammatory Effect

The anti-inflammatory effect of the DMAT-loaded microbeads diluted in PBS were
conducted by ELISA test on Caco-2 cell line. The negative control was PBS and the mean of
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the absorbance values was considered as 100% to which the test substances were compared
and expressed as a percentage. Figure 10 presents the final results of the anti-inflammatory
test on Caco-2 cell line as a percentage of TNF-α level. The results of the study showed that
all products were effective in reducing inflammation. The microbeads formulated with
TC excipient and the combination of PVP and TC excipients showed the most potent anti-
inflammatory effect. The results showed that treatment with DMAT-loaded microbeads
resulted in a significant reduction in TNF-α levels on Caco-2 cell line.

Figure 10. Results of the TNF-α level in the Caco-2 cell line. An ordinary one-way ANOVA with
Dunnett’s multiple comparison test was performed to compare the different formulations with PBS.
***, and **** indicate statistically significant differences at p < 0.001, and p < 0.0001.

4. Discussion

The overexpression and important roles of CK2 in several cancers including kidney,
lung, head and neck, and prostate, and even in glioblastoma (GBM) have been already
reported [2,39]. For instance, CK2 inhibitors induced apoptosis, inhibited tumor cell
migration and reduced tumor growth in mouse xenograft models of human GBMs [40,41].
Zheng et al. stated that the CK2α gene is amplified in a large percentage of GBM, and the
inhibition of CK2 with CX-4945 (per os CK2 inhibitor) inhibits GBM growth in mice.

In our study, we selected the tetrahalogenated CK2 inhibitor DMAT, in order to obtain
a proof of concept for the preparation of alginate microbeads. Formulation can be effective
for CK2 inhibitors based on an indeniindole scaffold [42]. Then, DMAT-loaded alginate
microbeads were formulated via the controlled polymerization method with the Büchi
Encapsulator B-395 Pro apparatus. TC was added to the polymer solution in order to
improve drug release and to enhance the penetration of DMAT, and PVP was added to the
hardening solution to stabilize the formulations [42]. In order to characterize the physical
parameters of our microbead formulations, mean particle size was determined.

The size of droplets plays a crucial role in microformulations, as it has the potential to
impact both drug release and absorption.

The shape and morphology of the beads were examined via SEM. Among the four
formulations, the formulation containing no surfactants retained a regular bead shape,
while the formulations containing excipients showed a tailing effect of the beads. According
to the literature, this phenomenon often occurs when the amount of surfactants in the
formulation is high [43,44]. In order to achieve beneficial properties and adequate toxicity
values, slight changes in the bead shape of the surfactant amount were not considered. In
light of the cytotoxicity data and with the knowledge of the results of the drug stability
studies, the use of high levels of surfactants was indicated.

The microbead formulation containing both TC and PVP excipients showed the highest
equilibrium water uptake (89%) compared to that of the other compositions. During
formulation, the swelling property is an important factor as swelling behavior influences
applicability [45].
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The encapsulation efficiency was 64% in the formulation where the CK2 inhibitor was
without excipients. Adding PVP to our formulations resulted in a higher CK2 inhibitor
content in the beads; the highest value (84%) resulted from those preparations where
both TC and PVP were added. PVP improves encapsulation efficiency by preventing the
leaching of the drug during preparation. This may be due to PVP increasing the viscosity
of the cross-linking solution, so that it can block the pores of the alginate beads and thus
prevent the drug’s release into the cross-linking solution [46].

According to our in vitro dissolution test, the excipients TC and PVP improved the
release profile of the CK2 inhibitor from that in the microbead formulation. The best
release value was from the composition containing both excipients as CK2 inhibitor release
was more than 60% after 24 h. This greater release of dissolved CK2 inhibitor from the
composition could lead to higher bioavailability and absorption [47].

The development of a polymeric and biodegradable matrix prevents active substances
from conditions during transit through the gastrointestinal tract [48]. According to our
enzyme stability tests, our formulations could successfully shelter the CK2 inhibitor from
the harsh environment of the stimulated conditions of the gastrointestinal tract.

The in vitro permeation tests were performed on the Caco-2 cell line. The Caco-2 cell
line is derived from colon adenocarcinoma and is widely used as a model of the intestinal
epithelial barrier as these cells express similar drug transporters to those in the human
intestine [49,50].

Our results showed that sodium alginate microbeads as a carrier system alone could
deliver the CK2 inhibitor active agent through the Caco-2 cell line. A study has demon-
strated that microcapsules made of alginate could successfully encapsulate and deliver
endostatin, an angiogenic inhibitor, to tumor cells [51]. TC improved the permeation of
the active substance but the combination of TC and PVP resulted in the highest permeated
amount of DMAT through the cell line. Kósa et al. reported that the combination of alginate
carriers with amphiphilic surfactants TC and Labrasol improved the absorption of the
active substance via the reversible alteration of barrier functions [45].

This study demonstrated that peptide-loaded alginate beads with penetration en-
hancers play a key role in the bioavailability improvement of the active substance [45].
Mangla et al. formulated nanostructured lipid carriers to enhance the oral delivery of
tamoxifen and sulforaphene [52]. Those formulations that contained TC resulted in a better
in vitro and ex vivo drug release profile as well as better intestinal permeability [52]. To
select the appropriate concentrations of the used excipients, a preliminary viability study
was carried out. The concentrations used proved to be the highest that were still tolerable
by Caco-2 cells.

TC may improve the bioavailability of active substances in formulations. Hashemzadeh
et al. revealed that the efficiency of diethylene glycol monoethyl ether as a solubilizer/
penetration enhancer depends on its performed concentration alone or in combination with
other excipients [24].

PVP in drug delivery systems has been shown to enhance the drug circulatory time
in plasma. Several studies showed that PVP has the longest circulation lifetime among
various polymers and its tissue distribution was extremely restricted [53].

The cytotoxic effect of the excipients is a crucial point in the formulations. In order
to see the biocompatibility of our formulations, an MTT assay on the Caco-2 cell line was
performed. The results showed that the empty sodium alginate beads with and without
the excipients TC and PVP were safe and well tolerated by the cells as the cell viability was
over 70% in each case. For beads containing DMAT, the cytotoxicity values remained below
70%, which was expected considering the effect of the compound.

DPPH scavenging activity of the four compositions was determined in order to see
the anti-oxidant effect of our formulations. DMAT-loaded microbead formulation without
excipients showed that DPPH scavenging activity was at 31%; however, those formulations
that contained the excipients TC or PVP alone or in combination had a better anti-oxidant
effect (41%, 35% and 45%). These results are in accordance with the in vitro dissolution
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studies, as the excipients could improve the dissolution of DMAT, and a higher amount of
the active ingredient resulted in a higher anti-oxidant effect. Thus, the anti-oxidant effect of
the formulation depended on the amount of active ingredient dissolved. Several authors
demonstrated that TC can improve in vivo drug absorption, the in vitro dissolution rate and
drug release, leading to the improved oral bioavailability of the drug [24–26]. Spaglova et al.
reported that TC improved the solubility and the drug release properties of indomethacin,
for example [54].

Several diseases—in which an inflammatory response plays an important role—have
been reported to be associated with aberrant CK2 signaling (e.g., breast cancer, glomeru-
lonephritis, and T cell lymphoma) [7,55]; thus, CK2 has been proposed as a target in
inflammatory diseases [7].

Wang et al. demonstrated that the CK2 inhibitor (PD144795) inhibited TNF-α-induced
p65 phosphorylation on HeLa cells [56]. The anti-inflammatory effect of the DMAT-loaded
microbeads were studied using an ELISA test on the Caco-2 cell line. The level of TNF-α,
a classic pleiotropic pro-inflammatory cytokine, was determined in anti-inflammatory
experiments [57]. CK2 microbead formulation without excipients slightly reduced the level
of TNF-α (55%). After adding the excipients TC and PVP to the formulations, higher anti-
inflammatory effects were detected (36% and 44%, respectively). The microbeads with both
excipients showed the highest anti-inflammatory effect (33%). According to our previous
study, using the TC excipient in SNEDDS formulations containing curcumin could improve
the anti-inflammatory effect of formulations [58]. Also, these results demonstrated that the
excipients influenced in vitro drug release from the formulations, and then modulated the
anti-inflammatory effect.

Our results showed that we developed and optimized the formulation of DMAT-
loaded alginate microbeads with the efficient help of TC and PVP excipients. Sodium
alginate microbeads as a carrier system were proven to prevent the active substance from
enzymatic degradation and could improve the permeation of DMAT through the Caco-2
cell-line. The excipient PVP stabilized our formulations and the excipient TC could improve
the permeation of active substance through the Caco-2 monolayer. Our formulations also
showed good anti-oxidant and anti-inflammatory effects, which were also influenced by
the excipients.

5. Conclusions

In the present study, alginate microbeads loaded with DMAT were designed with
different excipients. The combination of TC and PVP in the formulations improved en-
zymatic stability and the in vitro dissolution of active ingredient, and also enhanced the
permeability of the CK2 inhibitor on the Caco-2 cell line. The in vitro anti-oxidant and
anti-inflammatory effect of our formulations were also proven. These results demonstrate
that alginate beads may be a promising delivery system for CK2 inhibitors but also point
out that choosing the appropriate excipients is a crucial point in formulation.

The role of CK2 and its overexpression is already demonstrated in different types of
solid tumors. Furthermore, several CK2 inhibitors are now available and have been shown
to be effective against cancers in vitro, in vivo and also in pre-clinical studies. In the future,
in vivo animal experiments should be planned, with our formulations, that would prove
the relevance of these preparations in cancer therapy.
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Abstract: Sorafenib (SFN) is an anticancer multi-kinase inhibitor with great therapeutic potential.
However, SFN has low aqueous solubility, which limits its oral absorption. Lipids and surfactants
have the potential to improve the solubility of water-insoluble drugs. The aim of this study is thus to
develop novel lipid-based SFN granules that can improve the oral absorption of SFN. SFN powder
was coated with a stable binary lipid mixture and then absorbed on Aeroperl 300 to form dry SFN
granules with 10% drug loading. SFN granules were stable at room temperature for at least three
months. Compared to SFN powder, SFN granules significantly increased SFN release in simulated
gastric fluid and simulated intestinal fluid with pancreatin. Pharmacokinetics and tissue distribution
of SFN granules and SFN powder were measured following oral administration to Sprague Dawley
rats. SFN granules significantly increased SFN absorption compared to SFN powder. Overall, the
lipid-based SFN granules provide a promising approach to enhancing the oral absorption of SFN.

Keywords: oral formulation; lipid-based formulations; poorly water-soluble drug; bioavailability
enhancement; anticancer

1. Introduction

Sorafenib (SFN) is a promising anticancer therapeutic agent approved by the Food
and Drug Administration (FDA) for the treatment of patients with advanced hepatocellular
carcinoma, advanced renal cell carcinoma, and differentiated thyroid cancer. SFN works
as a multi-kinase tyrosine inhibitor, with activity disrupting RAF, vascular endothelial
growth factor receptor (VEGFR), and platelet-derived growth factor receptor (PDGFR)
kinases [1,2]. The broad pharmacodynamic activity against RAF, VEGFR, and PDGFR
kinases provides SFN with extensive antiangiogenic and antitumor proliferative activity
against a range of cancers [1,2]. However, SFN is highly lipophilic (LogP 3.8) and insoluble
in water (<25 ng/mL). The commercially available sorafenib oral tablet, Nexavar, contains
crystalline sorafenib tosylate, a salt form to improve solubility; however, sorafenib tosylate
is still insoluble (only 60 μg/mL in water). As a biopharmaceutical classification system
class II compound, SFN exhibits poor water solubility, which restricts its absorption into
the systemic circulation [3,4]. In addition to poor water solubility, SFN undergoes extensive
first-pass metabolism, further reducing its bioavailability [5–7]. Clinicians must use fre-
quent high-dosage administration of SFN (400 mg per day) to overcome the low solubility
and extensive first-pass metabolism of SFN. The usage of a high dose of SFN could con-
tribute to toxicity observed in patients such as hand–foot skin reactions, hypertension, and
gastrointestinal issues, as well as lesser reported issues [8–11]. These toxicities can be poorly
tolerated by patients, often leading to clinical dose management or complete treatment
discontinuation [12–14]. With poor oral bioavailability and low tissue exposure levels,
SFN is restricted in terms of its therapeutic potential as an oral anti-cancer agent [3,15,16].
Consequently, researchers have been investigating alternative formulation strategies to
overcome the poor water solubility of SFN, thereby increasing the oral bioavailability
and improving the therapeutic outcome. Improved SFN formulations could produce the
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same therapeutic effect at lower doses, thereby reducing the associated toxicity risk and
presumably increasing patient satisfaction.

Lipid-based formulations such as solid lipid nanoparticles, microemulsions, and
liposomes have the potential to solve the solubility issues of poorly water-soluble drugs.
They are prepared from biodegradable and biocompatible lipids and surfactants, reducing
likelihood of excipient-safety concerns. However, nanoparticles commonly are made in
aqueous phases. Nanoparticles naturally tend to aggregate together over time during
storage to decrease their free energy, which can lead to erratic changes in particle behavior
and stability [17]. Other lipid-based formulations such as microemulsions and emulsions
are also prepared as liquids, leading to issues with stability, the manufacturing process,
and costs. Conversion of liquid lipid-based formulations to solid dosage forms is desirable;
however, low drug loading (DL) in final solid forms, complex drying procedures, and size
increase after drying have hindered such conversion for oral medication formulations. To
overcome these issues and use lipid-based formulations in solid dosage forms for oral
administration, our lab discovered a new approach to preparing lipid-based solid drug
granules with high DL [18–21]. Recently, we confirmed that the binary lipid mixture
of Miglyol 812 and D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) we used
in the granules formed stable particles that were not impacted by water dilution in a
pseudo-ternary phase diagram [20].

In this study, we aimed to prepare novel lipid-based SFN granules to enhance the oral
absorption of SFN. We investigated if coating SFN with the stable binary lipid mixture of
Miglyol 812 and TPGS will increase oral absorption. The novel SFN granules were char-
acterized by stability in simulated fluids, two-step biorelevant dissolution, physical state,
long-term stability, and in vivo studies, including pharmacokinetics and tissue distribution.

2. Methods

2.1. Materials

Research-grade SFN free base was purchased from LC Laboratories (Woburn, MA,
USA). TPGS was provided as a gift from BASF (Ludwigshafen, Germany). Miglyol 812
(middle-chain triglycerides) was obtained as gifts from Cremer (Eatontown, NJ, USA).
Aeroperl 300 (colloidal silicon dioxide) was provided as a gift from Evonik (Parsippany, NJ,
USA). Amicon Ultra-0.5 centrifugal filter unit with a molecular weight cutoff of 100 kDa
was purchased from Millipore (Bedford, MA, USA). HPLC-grade methanol was purchased
from Fisher Scientific (Fair Lawn, NJ, USA).

2.2. Animals

Sprague Dawley rats (males, 276–300 g) were purchased from Charles River Laborato-
ries (Wilmington, MA, USA). All animal experiments were carried out under an approved
protocol by the Institutional Animal Care and Use Committee at the University of North
Texas Health Science Center on 27 March 2020. Rats were housed in groups of 2 under a
12 h light/dark cycle with free access to food and water for one week before use.

2.3. Preparation of SFN Granules

SFN granules were prepared at 10% DL. Briefly, 16.8 mg of SFN free base, 50 mg of
Miglyol 812, and 50 mg of TPGS were weighed into a glass vial. The mixture was stirred at
50 ◦C for 15 min. Next, 50 mg of Aeroperl 300 was incrementally added to the vial. After
the mixture was thoroughly homogenized, the mixture was cooled to room temperature to
form SFN granules.

2.4. Characterization of SFN Granules
2.4.1. Differential Scanning Calorimetry and Fourier Transform Infrared Spectroscopy
Analysis of SFN Granules

The physical state of SFN within SFN granules was evaluated by using differential
scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) analysis.
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DSC analysis of SFN granules was performed using a PerkinElmer DSC 4000. Briefly,
samples were sealed inside an aluminum DSC pan and equilibrated to 20 ◦C for 1 min.
Next, samples were heated along a heat curve of 10 ◦C/min from 20 ◦C to 240 ◦C. Relative
heat flow was recorded for comparative analysis. SFN granules were also analyzed via
Thermo Scientific Nicolet iS5 FTIR spectrometer to measure infrared transmittance from
500 cm−1 to 3700 cm−1. The fingerprint FTIR spectra of SFN granules, blank granules,
unprocessed physical mixtures, and SFN free base were compared for analysis. Blank
granules were prepared by following the procedure in Section 2.3 without SFN.

2.4.2. Measurement of Drug Loading in SFN Granules

DL in SFN granules was measured by HPLC. Briefly, SFN granules were dissolved in
methanol and then centrifuged for 5 min at 15,000 rpm. Following centrifugation, 200 μL of
supernatant was collected for HPLC analysis as previously reported [22]. The experiments
were conducted in triplicate. DL was calculated as follows:

% DL = [(drug in the granules)/(total weight of drug granules)] × 100% (w/w)

2.5. Characterization of Particles Released from SFN Granules
2.5.1. Determination of Particle Size and Size Distribution

SFN granules were suspended in Milliq water. The mixture was vortexed for 30 s and
centrifuged for 5 min at 15,000 rpm at room temperature. The supernatant was measured for
particle size and size distribution by a dynamic light scattering system (Malvern Zetasizer
Ultra Particle Analyzer).

2.5.2. Determination of the Percentage of SFN Entrapped in Particles

After SFN-loaded particles (the supernatant as described above) were collected, the
total drug content in the particles was measured by HPLC. To measure how much SFN
was entrapped in the particles, free SFN in the SFN-loaded particles was separated using
an Amicon Ultra-0.5 centrifugal filter unit with a molecular weight cutoff of 100 KD. The
filter was pretreated with a solution containing 0.2% Tween 80 and 0.9% NaCl to prevent
the binding of SFN to the filter membrane. The experiments were conducted in triplicate.
The concentration of SFN in the filtrate was measured by HPLC. The percentage of SFN
entrapped in the particles was calculated as follows:

% entrapped SFN = [1 − (free SFN/total SFN in the particles)] × 100% (w/w)

2.5.3. Evaluation of Morphology for SFN-Loaded Particles

SFN-loaded particles were imaged using an FEI Tecnai G2 Spirit Transmission Electron
Microscope (TEM) equipped with a LaB6 source at 120 kV using a Gatan ultrascan CCD
camera. The SFN samples were prepared for imaging with the following procedure:
Formvar carbon grids were placed on a glass slide and glow-discharged. Next, SFN-loaded
particles were diluted with water (10:90, v/v), and 2.5 μL of diluted SFN-loaded particles
was placed onto the grid and dried for 30 min. Then, 2.5 μL of uranyl acetate was applied to
the grid and left to dry for 30 min. The mounted grids were loaded into TEM for imaging.

2.6. Short-Term Particle Size Stability of SFN-Loaded Particles at 37 ◦C in Physiologically
Relevant Media

The two-step media including simulated gastric fluid (SGF, pH 1.2) and simulated
intestinal fluid (SIF, pH 6.8) were prepared as previously reported [23]. A total of 12 mg of
SFN granules were added into 11 mL of SGF, pH 1.2 at 37 ◦C, stirring at 150 rpm. At 0, 1,
and 2 h, 1.5 mL media were withdrawn and centrifuged at 15,000 rpm for 10 min at room
temperature. Following centrifugation, 1 mL of supernatant was collected into a cuvette for
particle size analysis as described in Section 2.5.1. Immediately following the 2 h collection
interval, the SGF medium was replenished to its initial volume and adjusted to pH 6.8 by
adding 200 μL of 2 M KH2PO4 and 2.5 mL of 0.5 M NaOH to mimic SIF. Subsequently, at 4,
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6, and 8 h, samples were withdrawn for particle size measurement as described above. The
experiments were conducted in triplicate.

2.7. Long-Term Stability of SFN Granules

The long-term stability of SFN granules was assessed at room temperature. Parameters
of particle size, DL, and entrapped SFN in the particles were measured as described above
over three months. The degradation of SFN was monitored according to the appearance of
extra peaks on HPLC chromatograms. Three independent batches of SFN granules were
prepared and monitored for long-term stability.

2.8. In Vitro Dissolution Studies

The two-step dissolution of SFN granules and SFN powder was conducted as previ-
ously reported [23]. Briefly, 50 mg of SFN granules was added to 24 mL of SGF medium
and stirred at 225 rpm at 37 ◦C. At 0, 15 min, 30 min, 1 h, 1.5 h, and 2 h, 1 mL of sample
was withdrawn and centrifuged at 15,000 rm for 5 min at room temperature. After cen-
trifugation, 200 μL of supernatant was diluted with methanol, vortexed for 1 min, and
then centrifuged at 15,000 rpm for 5 min. After centrifugation, 200 μL of supernatant was
collected for HPLC analysis as previously described. After withdrawing samples from SGF
at 2 h, 0.3 mL 2M KH2PO4 and 16 mL of water were added to switch the media to SIF, and
2M NaOH was used to adjust pH to 6.8, and then 4 mL of pancreatin solution was added to
the media. Sample collection was continued at 10 min, 20 min, 30 min, 45 min, 1 h, 2 h, 3 h,
and 4 h. Drug concentrations were measured by HPLC as described above. SFN powder at
an equivalent amount of SFN was tested as a control. The experiments were conducted in
triplicate.

2.9. Pharmacokinetic Study

Sprague Dawley male rats (276–300 g, n = 3 per group) were randomly grouped and
given SFN powder or SFN granules by oral gavage at 30 mg/kg of SFN. SFN powder
and SFN granules were pre-mixed with water before dosing. After dose administration,
blood samples were collected at 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 32, 48, and 72 h in EDTA-coated
tubes. Blood samples were immediately centrifuged at 4000 rpm for 5 min at 4 ◦C to obtain
plasma samples. Plasma samples were stored at −80 ◦C until further analysis within three
months. SFN concentrations in plasma samples were measured by a previously reported
LC-MS method [22].

2.10. Tissue Distribution Study

The tissue distribution of SFN granules and SFN powder was measured in Sprague
Dawley male rats (276–300 g, n = 3 per group). Briefly, SFN powder and SFN granules,
which were suspended in water, were orally administered to randomly divided rats at
30 mg/kg of SFN, respectively. After 2 h, rats were sacrificed to collect tissues including
lung, mesenteric lymph node, liver, kidney, brain, heart, and spleen. Tissue samples were
stored at −80 ◦C until further analysis within three months. SFN concentrations in tissue
samples were measured by a previously reported LC-MS method [22].

2.11. Statistical Analysis

The results were expressed as mean ± standard deviation (SD). The data were com-
pared using a Student t-test at a 95% confidence level, and p values < 0.05 were considered
significantly different.

3. Results

3.1. Characterization of SFN Granules and SFN-Loaded Particles

SFN granules were successfully prepared with a binary lipid mixture of Miglyol 812
and TPGS. As demonstrated by the previous study, Miglyol 812 and TPGS at a 1:1 ratio
(w/w) formed a stable binary system that is resistant to physical changes caused by water
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dilution [20]. Aeroperl 300 was used as a solid carrier to prepare dry granules with a good
flow. When the amount of Aeroperl 300 reached 30% of the total amount of the granule,
the flow of the granules was good. SFN granules had 10% DL and showed good flow
properties. Upon contact with water, SFN granules spontaneously produced SFN-loaded
particles. The particle size of SFN-loaded particles was 154 nm with a monodispersed
size distribution indicated by a polydispersity index (P.I.) of 0.27 (Figure 1A). A TEM
image further demonstrated the formation and size of SFN-loaded particles as well as their
spherical morphology (Figure 1B). As shown in Table 1, about 99% of SFN was entrapped
in the particles. SFN granules remained stable over a 3-month measurement period in
terms of DL% and degradation %. During the storage period, SFN granules produced
stable SFN-loaded particles. Although the particle size of SFN-loaded particles increased
in the second and third month, they were still below 200 nm.

 
(A) 

 
(B) 

Figure 1. SFN granules produced SFN-loaded particles when introduced to contact with water.
(A) Particle size and size distribution of SFN-loaded particles. (B) TEM image of SFN-loaded particles.
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Table 1. Long-term stability of SFN granules and SFN-loaded particles (n = 3). Data are presented as
mean ± SD. DL% and degradation% were measured for SFN granules. Entrapped SFN%, particle
size and P.I. were measured for SFN-loaded particles that were produced once SFN granules mixed
with water.

Parameters Day 0 Two Weeks One Month Two Months Three Months

Measured DL% 9.7 ± 0.1 9.5 ± 0.4 9.5 ± 0.3 9.2 ± 0.2 9.4 ± 0.2
Degradation% 0 0 0 0 0

Entrapped SFN% 99.9 ± 0.029 100 ± 0 100 ± 0 100 ± 0 99.9 ± 0.018
Particle size (nm) 145 ± 5 146 ± 1 147 ± 4 160 ± 8 162 ± 22

P.I. 0.266 ± 0.045 0.272 ± 0.028 0.29 ± 0.062 0.262 ± 0.05 0.268 ± 0.01

3.2. Physical state of SFN in SFN Granules

The physical state of SFN in SFN granules was evaluated by DSC and FTIR analysis.
In the DSC analysis, SFN powder displays a heat flow peak at 211.6 ◦C that was correlated
to the melting point of SFN crystals. The melting point of SFN did not appear in blank
granules nor SFN granules (Figure 2). To further test the physical state of SFN in the
granules, FTIR analysis served as an alternative measurement for crystallinity to validate
the DSC analysis. In FTIR analysis, both SFN powder and the physical mixture showed
sharp characteristic peaks at 3300–3340 cm−1, 1550–1650 cm−1, and 670–680 cm−1, which
were present, yet significantly reduced in SFN granules, and completely absent in the
blank granules (Figure 3). Thus, according to the FTIR results, SFN was partially converted
to an amorphous form in SFN granules. It is very likely, during the heating process in
DSC measurement, that crystal SFN dissolved in the excipients, which resulted in the
disappearance of the thermal peak in the physical mixture and SFN granules.

Figure 2. DSC differential thermograms of SFN powder, SFN granules, SFN physical mixture, and
blank granules.
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Figure 3. FTIR spectra of SFN powder, physical mixture, SFN granules, and blank granules. SFN was
partially converted to an amorphous form.

3.3. Short-Term Particle Stability of SFN-Loaded Particles in Physiological Conditions

The stability of SFN-loaded particles produced from SFN granules was assessed
in SGF for 2 h to mimic the transition time in the stomach, followed by SIF for 6 h to
mimic the transition time in the small intestine. As shown in Figure 4, the SFN-loaded
particles maintained a narrow average size range of 143–198 nm, while the blank particles
maintained a similar 157–226 nm average particle size range. There were no significant
changes in the tested time points, compared to the size at time 0 for each group (Figure 4),
indicating that SFN-loaded particles were stable in the tested physiological conditions.

Figure 4. Short-term physical stability of SFN-loaded particles and blank particles in SGF for 2 h and
SIF for following 6 h (n = 3). SFN-loaded particles were stable in SGF for 2 h and SIF for 6 h. Data are
presented as mean ± SD.

3.4. Two-Step In Vitro Dissolution

Dissolution studies were conducted over 2 h in SGF solution and 4 h in SIF in the
presence of pancreatin. The current clinical single dose of SFN is 400 mg. To mimic SFN
concentration in the stomach, 50 mg of SFN granules was used in the dissolution study in
24 mL media. As shown in Figure 5, about 27% of SFN was released from SFN granules,
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whereas about ~1% of SFN was released from SFN powder in the first 90 min. After the
media were adjusted to SIF with pancreatin, the dissolution of SFN granules increased to
91% while SFN powder reached 7.3% (n = 3). Comparing SFN granules with SFN powder,
there was a significant difference in the dissolution profiles in both the SGF and SIF with
pancreatin media (p < 0.05).

SGF
pH = 1.2 SIF + Pancreatin

pH = 6.8

Figure 5. In vitro dissolution profile of SFN granules and SFN powder in SGF for 2 h, followed by
SIF with the addition of pancreatin for 4 h (n = 3). SFN granules increased the dissolution of SFN
compared to SFN powder. In SIF, about 90% of SFN was released from SFN granules. Data are
presented as mean ± SD.

3.5. Pharmacokinetics and Tissue Distribution

The pharmacokinetic and biodistribution experiments were performed on Sprague
Dawley rats. Pharmacokinetics measure drug concentrations in blood circulation, and
biodistribution measures drug concentrations in each tissue. In the pharmacokinetic study,
SFN granules demonstrated an over 4-fold increase in Cmax compared to SFN powder
(p < 0.05) (Figure 6). For tissue distribution, SFN granules significantly increased SFN
uptake in all measured tissues by 6–10 fold, excluding brain tissue (Figure 7). Impor-
tantly, in mesenteric lymph nodes, SFN granules demonstrated a 20-fold increase in SFN
concentration compared to SFN powder (Figure 7).

Figure 6. SFN plasma concentration in rats over 72 h following oral administration of SFN powder
and SFN granules at 30 mg/kg (n = 3). SFN granules increased the SFN concentration in blood
compared to SFN powder. Data are presented as mean ± SD.

60



Pharmaceutics 2023, 15, 2691

Figure 7. SFN concentrations in rat tissues following oral administration of SFN powder and SFN
granules at 30 mg/kg at 2 h (n = 3). SFN granules increased SFN absorption over 6–10 fold except in
brain. Particularly, SFN granules greatly increased drug concentration in mesenteric lymph node
(over 20-fold) compared to SFN powder, suggesting the enhanced lymphatic uptake by SFN granules.
Data are presented as mean ± SD.

4. Discussion

SFN was the first molecular-targeted agent to be licensed for metastatic renal cell
carcinoma in 2005 and later for unresectable hepatocellular carcinoma and advanced thyroid
carcinoma. SFN is hydrophobic and has poor water solubility. Lipid-based formulations
present an emerging mechanism to enhance drug absorption. However, conventional
lipid-based formulations are not in solid forms and are filled in soft gelatin capsules [19].
To prolong shelf-life and improve the manufacturing process, the conversion of lipid-
based formulation to solid forms has been studied. However, low DL and complicated
processes were problematic. Here, we prepared SFN granules by coating SFN with a stable
binary mixture composed of Miglyol 812 and TPGS. The DL of SFN granules was 10%.
To understand the behavior of SFN granules upon contact with water, the particles in the
supernatant after SFN granules were dispersed into the water were tested. The particle size
and TEM data showed that after mixing with water, SFN granules generated SFN-loaded
particles with high entrapment (Table 1 and Figure 1). In the granule preparation, the
surface of SFN powder was coated with Miglyol 812 and TPGS, and then the coated SFN
was absorbed on Aeroperl 300 to form dry SFN granules. Since SFN is water-insoluble,
when SFN granules were mixed with water, Miglyol 812 and TPGS were released from
Aeroperl 300 and formed stable particles by self-assembly, while SFN dissolved and was
entrapped into Miglyol 812-TPGS particles. In this study, SFN granules were stable for
three months in measured parameters without significant degradation. During the stability
testing, SFN granules produced SFN-loaded particles without changes in particle size, size
distribution, or the percentage of entrapped SFN (Table 1). The FTIR studies demonstrated
that the crystal SFN was partially converted to an amorphous form in SFN granules, which
could be caused by the interaction of the binary lipid mixture with the crystal SFN during
the preparation.

One of the features of the binary lipid mixture of Miglyol 812 and TPGS is that they
form stable particles in different physiological conditions. As demonstrated by the previous
pseudo-ternary phase diagram, Miglyol 812 and TPGS formed a stable binary structure at a
1:1 ratio that allows it to maintain its structural integrity over water dilution [20]. Here the
particle size of SFN-loaded particles was stable in SGF (pH 1.6) for 2 h and SIF (pH 6.8) for
4 h (Figure 4). The strong interaction among Miglyol 812, TPGS, and SFN could provide
structural integrity against water dilution and pH change in an aqueous milieu. The notable
stability of SFN-loaded particles is critical for maintaining structural integrity throughout
the gastrointestinal tract during oral administration.

SFN has food effects and cancer patients are recommended to take SFN tablets without
food. The components and pH of gastric fluid and intestinal fluid are different; thus, it is
critical to test oral drugs in both gastric fluid and intestinal fluid. The dissolution of SFN
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granules was conducted by using a two-step dissolution method simulating physiological
conditions. SFN granules remarkedly increased the dissolution rate compared to SFN
powder in SIF (Figure 5). Coating SFN with the binary lipid mixture, the formation of
SFN-loaded particles, the amorphous form, and the lipolysis of lipid components in the
granules contributed to the dissolution enhancement.

Pharmacokinetic and tissue distribution studies confirmed that SFN granules en-
hanced oral absorption. SFN granules significantly increased blood concentration and
tissue uptake compared to SFN powder (Figures 6 and 7). There are several reasons for en-
hanced absorption. First is the increasing dissolution by SFN granules. Secondly, the lipid
and surfactant in SFN granules could enhance the permeability of SFN. Thirdly, coating
the stable binary lipid mixture on the SFN surface could increase the saturated solubility
and local concentration of SFN. Finally, it is known that lipid formulations increase drug
lymphatic uptake [24,25]. Indeed, the tissue distribution demonstrated that SFN granules
increased lymphatic uptake by over 20-fold compared to SFN powder. SFN is a key treat-
ment for renal cell carcinoma and unresectable hepatocellular carcinoma. According to
the results of biodistribution (Figure 7), SFN granules greatly increased SFN concertation
in liver over 6.6-fold and in kidney over 7.8-fold. Thus, SFN granules have potential to
improve the efficacy of tumor inhibition because of the increased drug concentrations in
tumor tissues.

In conclusion, new lipid-based SFN granules were prepared by coating a stable binary
lipid mixture of Miglyol 812 and TPGS on the SFN surface. With 10% of DL, SFN granules
demonstrated remarkable stability at room temperature over three months. SFN granules
produced stable SFN-loaded particles upon contact with water. Compared to SFN powder,
SFN granules increased dissolution rate and oral absorption. Moreover, the preparation of
lipid-based SFN granules is simple and scalable. Thus, the new lipid-based SFN granules
have the potential to enhance the systemic exposure of SFN.
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Abstract: Rosuvastatin (RSV) is a widely used cholesterol-lowering medication, but its limited
bioavailability due to its susceptibility to stomach pH and extensive first-pass metabolism poses a
significant challenge. A fast-dissolving film (FDF) formulation of RSV was developed, characterized,
and compared to the conventional marketed tablet to address this issue. The formulation process
involved optimizing the thickness, disintegration time, and folding durability. All formulations were
assessed for in vitro disintegration, thickness, folding endurance, in vitro dissolution, weight, and
content uniformity. The study’s results revealed that the optimized RSV-FDF displayed a significantly
faster time to maximum plasma concentration (tmax) of 2 h, compared to 4 h for the marketed tablet.
The maximum plasma concentration (Cmax) for the RSV-FDF (1.540 μg/mL ± 0.044) was notably
higher than that of the marketed tablet (0.940 μg/mL ± 0.017). Additionally, the pharmacodynamic
assessment in male Wistar rats demonstrated that the optimized RSV-FDF exhibited an improved
lipid profile, including reduced levels of low-density lipoproteins (LDLs), elevated high-density
lipoproteins (HDLs), decreased triglycerides (TGs), and lower very-low-density lipoproteins (VLDLs)
compared to the conventional tablet. These findings underscore the potential of RSV-FDFs as a
promising alternative to enhance the bioavailability and therapeutic efficacy of rosuvastatin in
treating dyslipidemia. The faster onset of action and improved lipid-lowering effects make RSV-FDFs
an attractive option for patients requiring efficient cholesterol management.

Keywords: fast-dissolving film; rosuvastatin; pharmacokinetics; hyperlipidemia; design of
experiment approach

1. Introduction

Hyperlipidemia is defined as elevated levels of triglycerides and/or any of the fol-
lowing lipoproteins: very-low-density lipoproteins (VLDLs), low-density lipoproteins
(LDLs), or high-density lipoproteins (HDLs). Hyperlipidemia expression is replaced by
dyslipidemia as increasing HDL levels is a good sign [1]. Dyslipidemia is classified into
familial (primary) dyslipidemia, which is caused by genetic disorders, and acquired (sec-
ondary) dyslipidemia, caused by the progression or signs of some diseases like diabetes,
kidney disorder, and hypothyroidism [2,3]. Also, hyperlipidemia can increase the risk of
developing some medical conditions like bladder cancer and coronary artery diseases [4].
Some cases report that dyslipidemia appears in overweight pediatrics. As a risk factor
for management, triglycerides, total cholesterol, very-low-density lipoproteins (VLDLs),
low-density lipoproteins (LDLs), and high-density lipoproteins (HDLs) are periodically
analyzed for patients to prevent atherosclerosis [3]. The first treatment for controlling
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dyslipidemia is lifestyle management, e.g., decreasing fat and high-cholesterol diet intake.
Several drug categories are used to manage the level of serum lipid. The first group is
bile acid binders such as cholestyramine, colesovelam, and colestipol. The second group
is fibrates, e.g., fenofibrate and gemfibrozil, which stimulate the cells’ fatty acid uptake,
convert it to acyl-CoA derivatives, and then catabolize it via oxidative pathways [5]. The
third lipid-lowering group is cholesterol absorption inhibitors, e.g., ezetimibe, which signif-
icantly decreases the absorbed quantity of cholesterol. The fourth group is considered a
supplement rather than a drug, which is omega-3 fatty acids that act by inhibiting VLDL
synthesis. The fifth and most common group used for managing dyslipidemia is the 3-
hydroxy-3-methyl-glutaryl-coenzyme A (HMG-COA) reductase inhibitors (statin). This
group prevents the transformation of HMG-COA into mevalonate. The statin group con-
tains simvastatin, pravastatin, atorvastatin, lovastatin, pitavastatin, and rosuvastatin. This
medicine group is classified according to the biopharmaceutics classification system (BCS)
as a class II drug characterized by low solubility and high permeability. Thus, it causes low
bioavailability in this group. In addition, it shows poor acid stability and is highly affected
by the first-pass effect. Thus, rosuvastatin exhibits a low bioavailability of about 20% [3].

Rosuvastatin calcium (RSV) is a synthetic lipid-lowering agent, chemically known as
(3R,5S,6E)-7-[4-(4-fluorophenyl)-6-isopropyl-2-[methyl(methylsulfonyl)amino]pyrimidin-5-
yl])-3,5-dihydroxyhept-6-enoic acid hemicalcium salt [6]. Rosuvastatin, among other statins,
is called a “super-statin,” causing a greater reduction in LDL than other statins of the same
strength [7–9]. Several recent approaches have been published to improve rosuvastatin’s
bioavailability using different mechanisms. Elsayed and his coworkers prepared forming
nanoparticles in situ with the aid of Tween 80 and cetyl alcohol and filled in delayed-release
capsules that improved the dissolution rate and bioavailability [10]. In addition, reducing
the particle size of rosuvastatin using a wet milling technique by adding PVP 10% as
a stabilizer enhanced its dissolution behavior to release 72% after 1 h [7]. Furthermore,
the development of pullulan-based tablets containing flexible chitosomes of rosuvastatin
calcium improved relative bioavailability by 30% to 36% compared to marketed drugs and
pure rosuvastatin tablets [3]. Also, using caffeine and Soluplus® to develop hydrotropic
and micellar solubilization is another approach to directly compress rosuvastatin with
improved bioavailability [11]. In addition, incorporating RSV into carboxylate cross-linked
cyclodextrins improved its bioavailability [12]. Recently, González and his coworkers
improved the bioavailability of RSV via its conversion to an amorphous form with a spe-
cific excipient to accelerate its dissolution onset by more than 90% in 10 min [13]. Also,
RSV was incorporated with glimepiride in 3D-printed polypills formulated in a curcuma
oil-based self-nanoemulsifying drug delivery system to treat patients with dyslipidemia
and metabolic syndrome [14]. In addition, trials to formulate RSV as orodispersable films
were performed with sophisticated and multi-stage procedures. The films produced by this
work were evaluated for pharmacokinetic parameters, not for anti-dyslipidemic activity, as
declared by our study [15].

Among other routes of administration, the oral route proved to yield optimum patient
acceptability, as it is non-invasive and self-administered. There are many dosage forms
administered orally. Some are wholly ingested; others can be chewed, dissolved in a
specific solvent before taking, or adhered to the tongue or buccal cavity. Taking the dose
via ingestion forced the active pharmaceutical ingredients into some challenges, like facing
a low pH medium in the stomach, as many active pharmaceutical ingredients are unstable
in acidic media. Also, some drugs are affected by first-pass metabolism prior to absorption.
The relatively low bioavailability of some drugs after oral ingestion creates many challenges
for developers to find a way to protect the drugs labile to these situations, like formulating
them in delayed-release dosage forms.

Fast-dissolving films are considered a new oral dosage form that offers immediate
action with a reasonable degree of protection from stomach acidity and the first-pass effect,
as the dissolution and absorption phases are carried out in the oral cavity. It is a waterless
dosage form and provides the action with a fast beginning. Fast-dissolving films, among
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other dosage forms, are highly accepted by pediatric and elderly patients due to their ease
of use. Recently, many researchers published new polymer-based fast-dissolving films,
e.g., fluoxetine [16], metoclopramide [17], lamotrigine [18], ondansetron hydrochloride [19],
olanzapine [20], and tenoxicam [21]. Fast-dissolving films can be prepared using various
techniques, such as solvent casting, characterized by combining the polymer solution with
the plasticizer and drug solution, mixing, degassing, pouring into a suitable dish, and
heating to evaporate the solvent [21]. Other methods include hot melt extrusion, semisolid
casting, solid dispersion extrusion, and rolling [22]. A new approach was recently applied
for preparing fast-dissolving dosage forms using a spinning agent that freely dissolves the
drug of interest and is mixed with the polymeric solution [23].

Therefore, this work aimed to develop rosuvastatin calcium as a fast-dissolving film to
be rapidly dissolved and absorbed in the buccal cavity. This approach helped to avoid the
first-pass effect, protect the drug from degradation by stomach acidity, and subsequently
improve the bioavailability of RSV.

2. Materials and Methods

2.1. Materials

Polyethylene glycol 400 (PEG 400) and rosuvastatin calcium were gifted from Egyptian
International Pharmaceutical Industries Co. (10th of Ramadan, Egypt). Future Pharma-
ceutical Industries (Badr City, Egypt) provided hydroxypropyl methylcellulose (HPMC),
viscosity 4000 cp, as a gift. Acetonitrile, ortho-phosphoric acid, methanol, and potassium
dihydrogen phosphate were purchased from Merck (Darmstadt, Germany). Mannitol,
Sorbitol, and Poloxamer 407 (P407, MW 40000) were obtained as a gift from Medical Union
Pharmaceuticals (Ismailia, Egypt).

2.2. Methods
2.2.1. Experimental Design

Firstly, many trials were carried out using a single-variable test to define the effective
influential variables and their range to reach an optimum film with the required attributes.
The formulation process was optimized using a 22+star central composite design, which
studies two variables at three levels using ten runs. Table 1 lists the number of variables
included in the design and their characteristics. Table 2 describes the central composite
design’s layout. The effect of two factors, HPMC% (X1) and PEG 400% (X2), on the
quality of the film was studied. A set of two center points per block and replicated
center points were utilized to construct mathematical models and response surfaces using
Statgraphics Centurion 18 software, Statgraphics Technologies, Inc. (Warrenton, VA, USA).
After preparing and evaluating the prepared formulations, the data were statistically
analyzed using one-way analysis of variance (ANOVA) to determine the significance of
each variable for the p-value and F-ratio for each variable. The goal of the optimization was
to minimize the disintegration time (Y1) and the thickness (Y2) and maximize the folding
endurance (Y3) of the film.

Table 1. Level of variables incorporated into the central composite design and their attributes.

Independent Variables
Levels

Low Medium High

X1 = film-forming polymer (HPMC) % 1 2 3
X2 = plasticizer (PEG 400) % 1 1.5 2

Dependent Variables
Constraints

Low High Goal

Y1 = disintegration time (s) 26 62 Minimize
Y2 = thickness (mm) 0.11 0.31 Minimize

Y3 = folding endurance 155 456 Maximize

66



Pharmaceutics 2023, 15, 2640

Table 2. Layout of the experimental matrix of RSV-FDFs, with the independent and dependent
variables proposed as suggested by the central composite design.

Run Code

Independent Variables Dependent Variables

HPMC % (X1) PEG 400 (X2)
Disintegration

Time (Y1), s
Thickness (Y2), mm

Folding
Endurance (Y3)

F1 0.59 1.5 26 0.11 189
F2 3.0 2.0 55 0.28 420
F3 3.0 1.0 49 0.27 320
F4 2.0 1.5 36 0.22 350
F5 2.0 1.5 37 0.23 354
F6 3.41 1.5 62 0.31 444
F7 1.0 1.0 29 0.14 229
F8 2.0 2.21 38 0.24 456
F9 1.0 2.0 30 0.15 269
F10 2.0 0.79 34 0.20 155

2.2.2. Preparation of RSV-FDFs

The films were prepared using the solvent-casting technique described before [22,24,25].
First, the required amount of HPMC (X1) was dispersed in 10 mL of water containing the
sweetener and flavoring agent using a mechanical shaker (IKA, Staufen, Germany) for 6 h
until completely dissolved. Conversely, RSV was dissolved in 5 mL of methanol solution
in water (50% v/v). Then, both solutions were transferred into a beaker centered on a
magnetic stirrer (IKA, Germany) and stirred for 30 min after adding the plasticizer (X2)
and filling the volume to 25 mL. Then, the mixture was transferred to an ultrasonic bath
for 15 min to degas, poured into a suitable glass dish, preserved in a refrigerator for 12 h
to complete the swelling of the polymer, and then placed in an oven for 2 h at 40 ◦C for
drying. The dried films were cut into strips, each of which contained 10 mg RSV.

2.2.3. Characterization of RSV-FDFs
Physical Appearance

The physical appearance of the prepared RSV-FDFs was inspected for transparency,
air bubbles, and color uniformity [21].

Content Uniformity, Average Weight, and Thickness

The average weight of three units was determined using a semi-micro analytical
balance (Sartorius, Göttingen, Germany). Then, the thickness of these films was determined
using a vernier caliber in three different places for each film. The average and the standard
deviation were calculated and recorded [26].

Three units were selected at random from each formulation and dissolved in 100 mL
of 20 mM phosphate buffer of pH 6.8. The obtained solution was measured spectrophoto-
metrically at 242 nm using a UV instrument (UV1900, Shimadzu, Kyoto, Japan) [27].

Folding Endurance, Tensile Strength, and Elongation Percentage

The tensile strength, elongation percentage, and folding endurance were used to
examine the film’s flexibility and durability. The folding endurance was determined by
folding the film at an angle of 180◦ at one point until the film was deformed [28–30].

Using a laboratory-made instrument fabricated with two clamps, one of which was
stabilized and fixed and the other freely moveable. A set of 10 gram weights was attached
successively to the moveable part until the cracking or breaking of the film was examined.
The tensile strength is the force applied to break the film by the Newton unit (N) over the
cross-sectional area in square centimeters (cm2), as depicted in Equation (1).
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The elongation percentage is determined by dividing the increment in length by the
original length and then multiplying by 100, as described in Equation (2) [21,31].

Tensile strength =
Force applied (N)

Cross sectional area (cm2)
(1)

Elongation percentage =
Increment in length

Original lenght
× 100 (2)

Surface pH

The film pH was determined by placing the film in a suitable dish and wetting it with
distilled water, then measuring the pH by immersing the electrode of the calibrated pH
meter into the surface of the wetted film (Schott lab 850, Mainz, Germany) [32].

In Vitro Disintegration

The prepared films were tested for their in vitro disintegration by two methods. The
first was adding a film strip to the disintegration tester (Copley Scientific Limited, Notting-
ham, UK) containing 900 mL of deionized Milli Q water (Millipore, Molsheim, France) at
37 ◦C. Then, the time for complete film disintegration was determined in triplicate [20].
The second was using the Petri dish method by adding a film strip to a Petri dish containing
3 mL of simulated salivary fluid (SSF) of pH 6.8 and applying gentle stirring to mimic the
oral cavity condition; the time to disintegration was calculated with a stopwatch [33].

In Vitro Dissolution

The dissolution of RSV from the prepared films was determined by placing 3 units
each of 10 mg from all formulas into a rotating basket (Apparatus I) rotated at 50 rpm in a
100 mL simulated salivary solution of pH 6.8. The dissolution tester (Logan, UT, USA) was
maintained at 37 ◦C, and 5 mL samples were withdrawn after 2 min and suitably diluted
before analysis to determine the RSV content using a UV spectrophotometer (Schimadzu,
Japan) at 242 nm.

2.2.4. In Vivo Pharmacokinetics Evaluation on Male Wistar Rats
Study Design

A one-period, open-label, single-dose, randomized, parallel design was implemented
in the study. Two groups of male Wistar rats (6 rats per group) were administered a sin-
gle dose of 20 mg/kg of the optimized RSV–FDF (test). At the same time, the marketed
Crestor® tablets (reference) (AstraZeneca, Cairo, Egypt) were administered in the same dose
orally with water. The study was carried out at the International Center for Bioavailability,
Pharmaceutical, and Clinical Research (ICBR, Cairo, Egypt). The Institutional Review
Board/Independent Ethics Committee (IRB/IEC) at the ICBR formally reviewed the pro-
posed study’s objective, design, conduct, and analysis. It approved the study protocol on
25 June 2022 with Ethical Approval Code RESH-0026.

Animal Handling and Blood Sampling

The animals were maintained in a controlled temperature with half-day morning
and half-day night with access to food and water. At the time of administration, both
formulations (RSV-FDF and oral tablets) were dissolved in 1% carboxymethyl cellulose.
The corrected dose for each rat was administered orally using a gastric tube. Then, blood
samples were collected in the following intervals: 0.5, 1, 2, 4, 6, 8, 12, 24, 36, 48, and 72 h.
After each withdrawal interval, the samples were centrifugated for 10 min at 6000 RPM
using a calibrated centrifuge (Eppendorf, Hamburg, Germany) and then frozen at −80 ◦C
(Thermo, Sindelfingen, Germany). After the experiment, the samples were analyzed by
the protein precipitation method. After thawing the samples and preparing the calibra-
tion curve from 25–3000 ng/mL, the samples, calibration, and quality control samples

68



Pharmaceutics 2023, 15, 2640

(QCs) were precipitated using acetonitrile (1:1) and then the samples were vortexed for
20 min at 5000 RPM. The resulting supernatant was transferred to high-performance liquid
chromatography (HPLC) vial inserts.

Chromatographic Conditions

A volume of 50 μL was injected into the chromatographic system conditioned by a
gradient elution of 0.1% phosphoric acid and acetonitrile with a Waters C18 stationary-
phase Xbridge 250 × 4.6 mm with a 5 μm particle size. The R2 of the calibration line
could not be less than 0.99, and the QC samples recovery needed to lie between 85 and
115%. The lower limit of quantitation was 25 ng/mL, and three quality control levels were
determined in the following concentrations: 100, 1000, and 2000 ng/mL for QCL, QCM,
and QCH, respectively. Then, the linearity equation was applied to determine the sample
concentration after injecting the samples into a high-performance liquid chromatography
apparatus (Waters, Milford, MA, USA) equipped with a PDA detector (Waters, Milford,
MA, USA) maintained at 242 nm using Empower 3 software.

Pharmacokinetics Data Analysis

With the aid of the pharmacokinetics add-in PKsolver 2.0 software, the following
parameters were measured and utilized to estimate the extravascular non-compartmental
pharmacokinetics model: the time point of maximum drug concentration (Tmax), the
highest concentration of RSV (Cmax), and the AUC, which is the area under the plasma
concentration-time curve for each of the following: AUC0–t: from the 0–time point to the
last measurable concentration using the trapezoidal method and AUC0–∞: the area under
the concentration-time curve from the 0–time point to infinity. This was calculated via
summation of the ratio of the last concentration in the plasma over the elimination rate
constant with AUC0–∞, the area under the moment curve from zero, to the final AUMC, as
well as the mean residence time (MRT). This was calculated by plotting the AUMC over the
AUC and the total body clearance (Cl), which is calculated by plotting the dose per AUC.
Also, the T half elimination (T1/2) was determined, which is calculated by dividing 0.693
by the Kel, the elimination rate constant (Kel). The apparent volume of distribution after
non-intravenous administration at the terminal phase (Vd) was achieved by multiplying
the total body clearance by the MRT. The relative bioavailability for the RSV-FDF versus
the commercial tablets was calculated by dividing the AUC of the RSV-FDF by the AUC of
the market tablets ×100.

2.2.5. In Vivo Anti-Dyslipidemic Activity

The anti-dyslipidemic activity of the optimized RSV-FDF was compared with the
marketed Crestor® tablets. Male Wistar rats were used after injection with Poloxamer
407 to induce dyslipidemia 24 h before the experiment. Then, the rats were divided
into three groups (3 rats per group). The optimized RSV-FDF was administered to the
first group; marketed tablets were administrated to the second and third groups with no
treatment as a model dyslipidemic group. Blood samples were taken at 0, 2, 6, 12, and
24 h and allowed to settle, and the serum was collected and analyzed to determine the
lipid parameters (triglycerides, total cholesterol, LDLs, VLDLs, and HDLs). The in vitro
diagnostic kits were used with the enzymatic colorimetric method for evaluation (Abcam
Colorimetric/Fluorometric, ab65390, Waltham, Boston, USA).

2.2.6. Statistical Analysis

The data for the pharmacokinetic and anti-dyslipidemic activities were statistically ana-
lyzed using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA) as mean ± SD.
Two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was
used to identify the significant difference between the studied groups. A p-value of less than
0.05 was statistically significant. The statistical significance between the pharmacokinetic
parameters was determined using the Holm–Sidak method.

69



Pharmaceutics 2023, 15, 2640

3. Results and Discussion

In the current work, optimized RSV-FDFs were developed by tailoring a polymeric
matrix with the aid of hydroxypropyl methylcellulose and the plasticizing effect of glyc-
erin. The formulation factors were investigated to determine their effects on the quality
of the prepared FDFs and predict the optimum levels that produce the optimized formu-
lation with the desired quality attributes. This optimized RSV-FDF was evaluated for its
pharmacokinetic behavior and anti-dyslipidemic activity.

3.1. Formulation and Evaluation of RSV-FDFs

The evaluation of the prepared films’ physicomechanical properties is provided in
Table 3. The films were found to be soft, clear, thin, and colorless, with no bubbles entrapped,
and there were no issues during removal from the dish or the cutting procedures. The
film clarity demonstrates that the drug was already soluble in the film polymer and thus
supports the results of in vitro dissolution, which demonstrated immediate release after
the disintegration of the film.

Table 3. Physical characterization of the prepared RSV-FDF batches.

Run Code Surface pH
Average

Weight (g)
Tensile Strength

(N/cm2)
Percent

Elongation (%)
Dissolution

after 2 min (%)
RSV Content

(%)

F1 6.5 0.02 1.765 10 98.61 103.69
F2 6.53 0.11 1.852 80 105.22 105.39
F3 6.6 0.10 1.843 64 105.56 103.88
F4 6.62 0.08 1.814 74 101.79 104.91
F5 6.6 0.08 1.816 72 105.69 105.16
F6 6.6 0.12 1.872 88 101.52 105.37
F7 6.58 0.03 1.758 16 98.68 104.72
F8 6.61 0.09 1.828 76 100.33 105.33
F9 6.62 0.03 1.778 70 97.22 105.55

F10 6.58 0.07 1.807 20 102.65 104.97

Note: mean ± SD used to present the data (n = 3).

To assess the uniformity of the RSV distribution within the formula, five different
places in each formula were analyzed to determine the drug content in each formula, and
the results show that the drug was distributed uniformly throughout the films and within
the accepted and required compendial specifications, with an RSD% of less than 10%. Also,
the uniformity of weight in all films yielded an acceptable RSD%.

As the normal pH range of saliva lies between 6.2 and 7.6 [21], any acidic or basic pH
distortion from normal salivary pH will cause irritation and patient noncompliance with
the treatment protocol. All prepared films revealed a pH range of 6.5–6.62, ensuring no
irritation to the oral cavity upon administration.

3.1.1. Tensile Strength and Elongation Percentage

Table 3 shows no variability in the tensile strength (1.765–1.872 N/cm3) of the prepared
films and no breakage of any of the films during the test, confirming the satisfactory
mechanical property of the films.

Elongation percentage is typically a useful tool for describing the mechanical char-
acteristics of film. Soft films are those that have low elongation percentages and tensile
strengths. A soft and tough film has high tensile strength and high elongation, whereas
a hard and brittle film has moderate tensile strength and low elongation [34]. In order to
increase the elasticity and decrease the brittleness of the film, it is crucial to employ the
right amount of plasticizer. According to the data in Table 3, the elongation percentage
for F-1 and F-6 ranged from 10 to 88%, respectively. The HPMC percentage in the film
strongly impacted this result. Also, the film’s PEG 400% was the most important factor,
positively increasing the elongation percentage. The increased viscosity and brittleness
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of the manufactured films calls for more plasticizer use [35]. The plasticizer’s positive
impact on elasticity can be explained by how it works to weaken the forces that hold poly-
mer chains together, interrupt polymer chains, increase chain mobility, and improve the
flexibility of the polymeric matrix, softening and extending the film matrix as previously
reported [36–38].

3.1.2. In Vitro Dissolution

The release of rosuvastatin from the films was rapid and precise, and all formulations
showed complete dissolution within the first two minutes, as shown in Table 3. Thus, this
may indicate the enhanced water solubility of the drug via dispersion with the polymer.
Along with the use of water-soluble inert fillers that were reported to be used to form
a highly water-soluble dispersion with active ingredients, the same also appeared with
Choi et al., who correlated the solubility improvement of poorly soluble rivaroxaban to the
dispersion of the drug in the polymeric solution [39].

3.2. Optimization of RSV-FDFs

Ten experimental runs were suggested by a 22+star central composite design to demon-
strate the effect of the following independent variables: polymer percentage (X1) from
1 to 3% and plasticizer percentage (X2) from 1 to 2% on the disintegration time (Y1), and
thickness (Y2) and folding endurance (Y3) of the prepared films.

3.2.1. Estimation of the Quantitative Effects

Table 4 shows the statistical analysis of variance (ANOVA) of the Y1–Y3 response
results. The factor effects of the model, F-ratio, and associated p-values for the responses are
presented. A positive sign of the estimate indicates a synergistic effect, whereas a negative
sign represents an antagonistic effect of the factor on the selected response. The table shows
that X1 and X2 significantly synergistically affected all Y1–Y3 responses with p-values of
less than 0.05.

Table 4. Statistical analysis of variance (ANOVA) of the Y1–Y3 response results.

Factors
Disintegration Time (Y1), s Thickness (Y2), mm Folding Endurance (Y3)

Estimate F-Ratio p-Value Estimate F-Ratio p-Value Estimate F-Ratio p-Value

X1 23.98 739.58 0.0001 * 0.14 443.28 0.0001 * 150.66 15.17 0.0176 *

X2 3.16 12.88 0.0230 * 0.02 8.82 0.0412 * 141.42 13.36 0.0217 *

X1X1 7.88 45.59 0.0025 * −0.02 4.21 0.1094 −36.25 0.50 0.5178

X1X2 2.50 4.02 0.1155 0.00 0.00 1.0000 30.00 0.30 0.6126

X2X2 −0.13 0.01 0.9198 −0.01 0.77 0.4288 −47.25 0.85 0.4081

R2 99.51 99.13 88.17

Adj. R2 98.89 98.04 73.37

SEE 1.25 0.009 54.71

MAE 0.68 0.005 28.98

Note: * Significant effect of factors on individual responses (p-value less than 0.05). Abbreviations: X1, film-
forming polymer (HPMC) %; X2, plasticizer (PEG 400) %; X1X2, the concept describing how the factors interact;
X1X1, and X2X2 are the quadratic terms between the factors; R2, R-squared; Adj-R2, adjusted R-squared; SEE,
standard error of estimate; and MAE, mean absolute error.

The contour plots (Figure 1) demonstrate how several independent variables affected
the responses of Y1–Y3. The response surface plots (Figure 2) made comparing each factor’s
impact at a specific location in the design space easier. Plotting the response involved
varying just one element over its range while keeping the other variables constant. The plot
was plotted by Statgraphics® 18 Centurion Software (Warrenton, VA, USA). These figures
supplied information relating to the major contribution and influence of the factors on the
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responses. Figures 1 and 2 declare that the effect of the polymer and plasticizer had a major
effect on the prepared films.

Figure 1. Pareto charts showing the effects of different variables on the responses of Y1–Y3. All the
factors exceed the red line has a significant effect on the studied response.

Figure 2. Effect of different variables (Y1–Y3) on the responses represented in the response
surface plots.

Effect on the In Vitro Disintegration (Y1):

Regarding Y1, all formulas yielded a response of < 60 s except for F6, which disinte-
grated after 62 s; this may have been because of its higher content of HPMC, as reported by
Rédai et al. [16]. The generated polynomial equation for Y1 is presented in Equation (3).

In vitro disintegration time (Y1) = 30.46 − 7.51 X1 − 1.09 X2 + 3.94 X1
2 + 2.5 X1 X2 − 0.25 X2

2 (3)
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The dependent variable responded positively when the concentration of the indepen-
dent variables X1 and X2 increased, as seen in Figures 1 and 2.

The fast disintegration of the films at a low HPMC content (1%) could be explained by
the fact that when polymeric content increased, the viscosity of the film increased, resulting
in prolonged disintegration time [18,40].

The concentration of plasticizer (X2) had an impact on the fast-dissolving films’ in vitro
disintegration as well, and there was a clear correlation as the plasticizer concentration
increased. This behavior could be attributed to the increase in viscosity [21].

Effect on the Film Thickness

The average thickness of the films ranged from 0.11 to 0.31 mm. The film thickness,
determined by a Vernier caliber, demonstrates the direct relationship between the percent-
age of polymer and the thickness of the film. When the polymer percentage increased,
the thickness increased. The lowest polymer % in F1 had a thickness of 0.11 mm, and the
highest polymer percentage in F6 had a thickness of 0.31 mm. These results were consistent
with previously published data that related fast-dissolving film thickness to the percentage
of polymer added [32,41]. The low polymeric content could explain the films’ thickness at
a low HPMC content (1%), causing water to easily evaporate and leading to thin film [42].

The polynomial equation generated for Y2 is presented in Equation (4).

Film thickness (Y2) = −0.008 + 0.103 X1 + 0.06 X2 − 0.009 X1
2 + 0.0 X1×2 − 0.015 X2

2 (4)

Effect on the Folding Endurance

The durability of each formula was found to be related to the polymer and plasticizer
content. The lowest amount of plasticizer, 0.79% in F10, displayed the lowest folding
endurance of 155 times before breakage, whereas F8, containing 2.21% plasticizer, was
folded up to 456 times with no breakage. Usually, good film can be folded 300 times or
more [19]. The polynomial equation generated for Y3 is presented in Equation (5).

Folding endurance (Y3) = −205.91 + 102.83 X1 + 364.92 X2 − 18.13 X1
2 + 30.0 X1×2 − 94.49 X2

2 (5)

The response of Y3 ranged from 155 to 456 times for all formulations. Both X1 and
X2 had significant model terms and showed positive responses due to increases in impart
flexibility to the film, i.e., as the amount of polymer and plasticizer increased, the folding
endurance also increased (Figures 1 and 2).

The folding endurance of the films at a low content of HPMC (1%) could be related to
the other effect of polymer on the thickness as the polymer decreases, yielding thin film
that is more brittle compared to moderately thick film [31,43].

The content of plasticizer (X2) had an impact on the folding endurance of fast-
dissolving films (FDF), and there was a direct correlation as plasticizer concentration
increased. This behavior could be attributed to the effect of plasticizer, which is added to
increase film’s elasticity, as it works by adding more viscosity and elasticity to the film [43].

3.2.2. Preparation and Evaluation of Optimized Formula

According to the statistical analysis for the prepared formulations, the optimized
formula achieved the lowest thickness and disintegration time and the highest folding
endurance, achieved with 1.15% polymer and 2.1% plasticizer. The optimized formula
yielded 0.17 mm thickness, 30 s disintegration time, and 320 times sustainability versus
folding. Also, it had a surface pH of 6.6 and was completely dissolved within 2 min.

3.3. In Vivo Pharmacokinetics Evaluation

The plasma concentration-time curve acquired after dosing male Wistar rats with
20mg/kg rosuvastatin from the commercial product (M) and fast-dissolving film formula
(F) is demonstrated in Figure 3. The pharmacokinetic parameters were calculated using
WinNonLin® 8.2 software (Princeton, NJ, USA) and are listed in Table 5. The absorption
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was monitored for a period of 72 h. The differences in Tmax were used to evaluate these
data. The RSV-FDF formula showed faster release, which was revealed in the reduction
of the Tmax, and the extent of the absorbed drug improved, which appeared as a higher
Cmax for the RSV-FDF (1.540 ± 0.044 μg/mL) and as 0.940 ± 0.017 μg/mL for the marketed
product. In comparison to the commercial formula, relative bioavailability improved by
32.5%.

Figure 3. Rosuvastatin calcium plasma time concentration curves after administration of optimized
RSV-FDFs and commercial RSV tablets. Data represent the mean value ± standard deviation (SD).
* Significant at p < 0.05.

Table 5. Pharmacokinetic parameters of the optimized RSV-FDF versus the marketed RSV tablet after
administration of 20 mg/kg in rats orally (n = 6, data expressed as average ± SD).

Parameter Unit
Optimized RSV-FDFs Marketed RSV Tablets

Average STDEV Average STDEV

Lambda_z 1/h 0.072 0.020 0.084 0.004
t1/2 h 10.172 2.716 8.231 0.417

Tmax h 2.000 0.000 4.000 0.000
Cmax μg/mL 1.540 * 0.044 0.940 0.017

AUC0–t μg/mL.h 13.680 * 0.622 10.320 0.531
AUC0–inf μg/mL.h 14.178 * 0.331 10.874 0.589

AUMC0–inf μg/mL.h2 166.681 27.408 141.365 6.273
MRT0–inf h 11.731 1.656 13.005 0.188

Vz (mg)/(μg/mL) 20.629 5.057 21.894 1.803
Cl (mg)/(μg/mL)/h 1.411 * 0.033 1.843 0.102

Note: * denotes a significant difference between values of the optimized RSV-FDF and values of the marketed
RSV tablet at p < 0.05.

Furthermore, the multiple t-test using the Holm–Sidak method revealed that Cmax,
AUC0–t, AUC0–inf, and the clearance (Cl) showed significant differences between the op-
timized RSV-FDF and the commercial oral tablet, with p-values of 0.000025, 0.002059,
0.001063, and 0.002239, respectively.

The improvement in Tmax directly referred to the origin of the formula of the RSV-FDF
containing the rosuvastatin in the dissolved state, so there was only 1 min for average
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disintegration with no dissolution time required. At the same time, the marketed product
needed more time for the disintegration and dissolution stages. The improvement in the
RSV-FDF is also referred to as bypassing the first pass effect and protecting rosuvastatin
from degradation in acidic media.

3.4. In Vivo Pharmacodynamics Evaluation

The hypolipidemic activity of rosuvastatin was referenced to prevent the synthesis
of mevalonic acid from its precursor HMG-COA by inhibiting the enzyme HMG COA
reductase, which decreases the lipid profile.

To study the efficiency of the RSV-FDF on the lipid profile (triglycerides, total choles-
terol, LDLs, VLDLs, and HDLs) in rats with induced hyperlipidemia, Poloxamer 407 was
administered to male Wistar rats 24 h prior to the experiment by to induce hyperlipidemia;
then, the rats categorized into three groups (n = 3): negative control (C), commercial product
(M), and RSV-FDF (O). Then, zero time samples were collected from each group to define
the baseline for each parameter and the efficacy was determined for the O group, which
showed a decrease in total cholesterol of 68.1% after 6 h from the zero time point, which is
a significant difference in comparison to the M group, as the total cholesterol was reduced
by 58.2% and the reduction In total cholesterol persisted for 24 h. The level of triglycerides
also decreased by 56.4% for the O group, whereas the M group’s level of triglycerides was
reduced by 37.6%. Also, for the LDLs, the O group showed better performance, as after
6 h, the level of LDLs in the O group decreased by about 60.6% compared to 50% in the
marketed group. The following Figure 4 shows the graphical representation of the different
parameters of the lipid profiles in the three groups.

Figure 4. Lipid profiles of induced hyperlipidemic rats after single-dose administration of optimized
RSV-FDFs and commercial RSV tablets. Data are presented as mean ± SD (n = 3). Note: # denotes
a significant difference between normal and model at p < 0.05, ** denotes a significant difference
between the optimized RSV-FDF and the commercial RSV tablets at p < 0.01, and ns denotes a non-
significant difference. (a) the total serum cholesterol level in mg/dl, (b) the total serum triglyceride
level mg/dl, (c) the serum HDL level mg/dl, (d) the serum LDL level mg/dl, and (e) the serum
VLDL level mg/dl.
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4. Conclusions

The prepared fast-dissolving film formula containing rosuvastatin (RSV-FDF) yielded
acceptable results regarding in vitro characterization and evaluation. The pharmacokinetics
supported these findings, which revealed a significant improvement in relative bioavailabil-
ity of 32.5%. The pharmacodynamic experiments also showed significant improvements
for RSV-FDF compared to the commercial rosuvastatin tablets of a 50% reduction in triglyc-
eride levels and a 21% reduction in LDL values. Therefore, the RSV-FDF can be considered
a promising substitute for commercial tablets, although additional studies in humans and
extra stability determinations should be carried out in the future.
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Abstract: The widespread application of calcium carbonate is determined by its high availability in
nature and simplicity of synthesis in laboratory conditions. Moreover, calcium carbonate possesses
highly attractive physicochemical properties that make it suitable for a wide range of biomedical
applications. This review provides a conclusive analysis of the results on using the tunable vaterite
metastability in the development of biodegradable drug delivery systems and therapeutic vehicles
with a controlled and sustained release of the incorporated cargo. This manuscript highlights the
nuances of vaterite recrystallization to non-porous calcite, dissolution at acidic pH, biodegradation
at in vivo conditions and control over these processes. This review outlines the main benefits of
vaterite instability for the controlled liberation of the encapsulated molecules for the development of
biodegradable natural and synthetic polymeric materials for biomedical purposes.

Keywords: calcium carbonate; CaCO3 particles; vaterite; metastability; recrystallization; calcite; degradation;
dissolution; pH-sensitivity; resorption; biodegradation; controlled release; ayer-by-layer assembly;
calcium ions; carbon dioxide bubbles; ossification; theranostics; anticancer therapy; antimicrobial
therapy; US imaging; cavitation; buffering

1. Introduction

Over the recent decades, calcium carbonate-based materials have gained a tremendous
interest in a broad range of biomedical applications [1]. Being degradable, biologically com-
patible and low-cost, CaCO3 is widely used to manufacture drug delivery systems [2–4],
biosensors [5], tissue-engineering scaffolds [6,7] and imaging platforms [8,9]. The low
toxicity and unique physico-chemical properties of this inert material make it suitable for
various routes of administration, whether gastrointestinal, parenteral or topical [2]. Thus,
for instance, previous studies have considered its intravenous [10], intramuscular [11] and
subcutaneous [12] injection, as well as oral [13], nasal [14], dermal (e.g., intradermal [15]
and intrafollicular [16]) and even tracheal [17] administration for the delivery of CaCO3
particles. Calcium carbonate is a highly available material since it abundantly occurs in
nature as a component of limestone, marble and chalk in sedimentary rocks and as a content
of marine sediments [18] and spring deposits [19]. Furthermore, it can be easily synthesized
in the lab choosing the most suitable protocol among a wide range of methods [18,20].
CaCO3 appears in living organisms, e.g., as a component of bones, teeth, shells, coral
skeletons and eggshells [21,22] and can also be produced by various bacteria [23], which
has opened up the great opportunities for biomimetic synthesis of this material to make it
even more safe and compatible for biomedical applications.

Calcium carbonate presents the phenomenon of polymorphism and appears either
in crystalline solid forms of anhydrous (calcite, vaterite and aragonite) and hydrated
(ikaite and CaCO3 monohydrate) polymorphs, or in amorphous calcium carbonate (ACC)
modification [24]. Cubic calcite crystals with rhombohedral lattice and needle-like aragonite
crystals with orthorhombic lattice are more thermodynamically stable and, thus, represent
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the most widespread form of anhydrous CaCO3 [25]. In contrast, mesoporous vaterite
polycrystals and ACC are non-stable and can only be found in nature when their surface is
stabilized with some additives [26]. In spite of, and even benefitting from such instability,
these two forms are highly demanded in biomedicine. ACC comprises the seeds for crystal
growth of the other CaCO3 polymorphs and plays a significant role in biomineralization
processes [27]. Thus, ACC clusters are effectively used to design the implant materials
and coating for the implants [28,29]. Vaterite is metastable and the most soluble CaCO3
polymorph [30]. This material is widely applied to create novel vehicles for drug delivery
and templates for therapeutic platforms with a broad range of biomedical applications [2,4].

The crystal structure of vaterite is long being debated. Kabalah-Amitai et al. showed
that this form of CaCO3 contains at least two coexisting crystallographic structures forming
a pseudo-single crystal [31]. In particular, they stated that vaterite represented a hexagonal
lattice structure with the nanodomains of an unknown structure distributed within its
matrix. Vaterite rarely occurs as single crystals (both in geologic/biominerals and when
synthetically produced) and is often formed as spherulitic polycrystalline aggregates [32].
Due to this feature, vaterite particles are mostly obtained as mesoporous with a large surface
area, which is usually around 20 m2g−1 [33,34], but can be increased even up to 200 m2g−1

by varying the reaction medium for its synthesis [35]. The porosity of this material allows
for the incorporation of various substances making it especially advantageous in terms of
drug, proteins and gene delivery [36]. It should also be noted that vaterite particles are
used as carriers on their own or as a part of a composite (hydrogels, fibers and implanted
materials), where it is incorporated in order to improve mechanical or therapeutic functions.

Owing to its instability, vaterite can be either transformed into non-porous calcite crys-
tals via dissolution–reprecipitation [37] or even completely dissolved/resorbed, depending
on the immersion medium used [16,38]. The release of the incorporated cargo is driven by
such transitions. Importantly, the rate of these processes strongly depends on the surround-
ing conditions, such as the pH [39], temperature [37] and ionic strength [40] of the media
and presence of different ions or additives [26,41,42], thus can be controlled externally.
Furthermore, depending on the intended use of the vaterite carriers, the payload liberation
can either by delayed by means of their surface modification [43,44] or accelerated, e.g.,
by means of ultrasound treatment [45]. In addition to the transition-driven drug release
property, vaterite particles can serve as a source of Ca2+ ions. This feature is effectively
exploited when creating the scaffolds for bone and tooth tissue regeneration [6,46] due to
the ability of calcium ions to improve osteo- and odontoblasts’ activity [47]. Moreover, such
capability of vaterite to release Ca2+ ions is of high importance when designing hydrogels
with an autogelation property as far as these cations can efficiently bind polymer chains in
hydrogels providing the hydrogel formation [48,49]. In addition, this feature is extensively
used to create CaCO3-based hemostatic materials [18,50,51].

Being degradable at mild conditions, vaterite particles are also used as sacrificial
templates for the fabrication of other functional materials and biosensors [52]. For instance,
layer-by-layer adsorption of biocompatible polyelectrolytes onto these particles together
with further dissolution of vaterite cores allows one to fabricate bio-friendly hollow polymer
capsules [53]. Vaterite-based templating is also utilized to design porous alginate hydrogels
with a well-controlled architecture aiming at fabrication either of drug delivery systems
or three-dimensional cell scaffolds [49]. Dissolution of the template in such systems can
be achieved by complexation with ethylenediaminetetraacetic acid (EDTA) at a neutral
pH [54] or by reducing the pH [55] due to the feature of vaterite to decompose rapidly
under acidic conditions [38].

Another important outcome of vaterite instability is associated with the generation
of carbon dioxide bubbles during dissolution in acidic media. This property determines
the potential of CaCO3-based carriers’ application in ultrasound imaging and therapy [18].
Besides, the dissolution of vaterite in an acidic environment can increase the local pH due
to its regenerative buffering capacity [56]. This effect was shown promising for the use in
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anticancer therapy, as it enables modulation of the extracellular pH in tumors inducing the
cellular metabolic reprogramming [57].

The numerous advantages that we listed above explain the high interest of researchers
in calcium carbonate-based materials. To date, a great number of comprehensive reviews
have been published that summarize the synthesis techniques and protocols, discuss the
main applications of CaCO3 and offer different perspectives on this object [2,3,18,42,58–61].
Nevertheless, none of them emphasized vaterite separately and suggested that attention
should be paid to the possibility of using the metastability of this material to advantage. In
view of this fact, our review highlights the main benefits of vaterite instability potentiating
its employment in the design of degradable systems for biomedical purposes.

2. Incorporation of Various Substances into the Vaterite Matrix

There are two main approaches for the entrapment of functional substances into the
calcium carbonate particles, namely: sorption [53] and co-precipitation [62] (Figure 1).
The first one is based on the inclusion of drug molecules as a result of their physical
sorption in the pores of preformed CaCO3 matrices. In the co-precipitation method, the
formation of carbonates occurs in the presence of an active compound resulting in vaterite
crystallization with simultaneous inclusion of the active molecules. Both techniques allow
the co-immobilization of several bioactive compounds within one particle [2].

Figure 1. Incorporation of the drug molecules within the vaterite particles by adsorption and co-
precipitation methods at room temperature (RT), and via freezing induced loading at −20 ◦C.

It was demonstrated previously that the loading efficiency by the co-precipitation
is higher than by the sorption, especially for high molecular weight molecules of a hy-
drophilic nature [63,64]. It is probable that during the formation of the particles in the
presence of the drug molecules, the encapsulated substance is distributed throughout the
entire volume of the carbonate matrix, and during physical sorption, it occurs mainly on
its surface [65]. Taking into account the stability of the calcium carbonate in non-polar
solvents, the surface sorption of the biologically active substances allows the loading of
hydrophobic compounds, which is restricted for the co-precipitation approach [66–68].
Moreover, the entrapment efficacy of the vaterite particles could be enhanced by several
methods, including a freezing technology, where successive cycles of freezing and thawing
resulted in the substance embedment in the particles’ pores by the growing pressure of
the forming solvent crystals [69–72]. Various additives during particle synthesis were also
utilized to intensify the loading capacity of the carbonate matrices, such as proteins [73–76],
polysaccharides [77–81], glycosaminoglycans [82], glycoproteins [63,83], etc. [84–86].

To date, almost all known classes of substances have been successfully loaded into
calcium carbonate particles, including but not limited to herbal extracts [65,87], genetic
materials [88,89], vaccines [90,91], enzymes and other proteins and peptides [92–96], anti-
cancer drugs [58,97], including photosensitizers [38,98] and therapeutic radionuclides [99],
antimicrobial compounds [43,100–102] and others [103,104].
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3. Vaterite Recrystallization to Calcite: Mechanism and Associated Release of the
Loaded Drugs and Calcium Ions

The instability of vaterite manifests itself in contact with water. Being quite stable in
the dry state, it dissolves/recrystallizes upon incubation in aqueous solutions [30,105]. In
particular, under non-acidic conditions, vaterite easily and irreversibly transforms into cal-
cite form [106]. This transformation takes place through the dissolution of vaterite followed
by the nucleation and growth of the calcite crystals (solution-mediated transformation).
Such a recrystallization process is gradual and starts at the surface of vaterite particles.
Specifically, the external layer of the particles starts to solvate and ionize, the constituent
ions (Ca2+ and CO3

2−) diffuse away from the surface and then seeds the formation of
calcite monocrystals [105]. In such a manner, porous spherical particles reassemble into
smooth cubic ones, which are generally larger in size (Figure 2A).

Figure 2. (A) Schematic representation of the vaterite–calcite recrystallization process. Reproduced
with permission from [101]. (B) Schematics for the process of drug liberation from vaterite carriers,
which is mediated by the vaterite–calcite recrystallization. Reproduced from Open Access Arti-
cle [107]. (C) Release of water-insoluble drugs from vaterite carriers in aqueous media resulting in
the formation of insoluble crystals (particles) by payload molecules. SEM images and results of EDX
analysis illustrating the degradation process of the carriers loaded with griseofulvin (Gf) antifungal
drug in deionized water. The precipitated Gf particles are contoured with orange. Reproduced with
permission from [43]. (D) Release of water-soluble drugs from vaterite carriers in aqueous media.
Schematics of the release process and corresponding two-photon fluorescence microscopy and SEM
(insets) images of the carriers loaded with rhodamine 6G before and after their incubation in water.
Adapted with permission from [33].

The rate of the recrystallization process depends on the temperature and ionic strength
of the immersion medium [37], as well as on the supersaturation level [108]. Namely, the
vaterite–calcite transformation speeds up when these parameters increase. Specifically, at
a higher temperature and ionic strength, the ion exchange between the particle surface
and the incubation solution is accelerated, which leads to the faster transition to calcite.
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Relatively high supersaturation ratios (1.5–1.9) also speeds up this transformation as it is
controlled by the vaterite dissolution in this case, whereas at lower supersaturation ratios
(1.2–1.5), the rate of dissolution of vaterite is similar with that of the crystallization of
calcite [108].

The major practical benefits of the transformation process appears when the vaterite
carriers are applied for drug encapsulation and delivery as it opens up the possibility
of a degradation-driven release of the payload. It is well-demonstrated that liberation
of the loaded molecules from the porous CaCO3 particles results from drug desorption
and carrier recrystallization [33,38,107] (Figure 2B). Thus, the release profile represents an
interplay of these two processes and strongly depends on the immersion medium [109]. In
particular, when the solvent is not payload-specific, the desorption process is obviously
slow. In contrast, intensification of this process occurs if a suitable solvent penetrates into
the vaterite matrix dissolving the drug, which then diffuses faster in the medium [109]. In
addition, vaterite carriers liberate the loaded molecules during their degradation while
forming calcite crystals. The released drug can either diffuse into the solvent [43] (Figure 2D)
or precipitate out (if its solubility is limited in this media) [43,110] (Figure 2C).

In such a manner, the recrystallization-driven release mechanism allows for control of
the payload delivery time by changing the properties of the environment [109]. However,
the release rate also depends on the molecular properties of the cargo (e.g., its molecular
weight and ζ-potential) [33], carriers’ size [38], and method of its loading into vaterite
carriers (as this determines the filling density of the particles) [95]. Obviously, the lower
the molecular weight of the payload, the smaller the size of the vaterite carriers and the
more superficial the drug distribution across the carrier, the faster release occurs.

The virtue of vaterite–calcite recrystallization is successfully employed for intracellular
drug delivery. Thus, for instance, Parakhonskiy et al. have demonstrated the possibility
of delivering drugs into living cells by means of vaterite carriers exploiting the delayed
burst-release mechanism [33]. Furthering this line of research, this team has studied the
intercellular behavior of vaterite particles in the cellular cytoplasm [111] (Figure 3). In
particular, they have monitored the process of vaterite recrystallization within the cell in
real-time by means of confocal Raman and laser scanning microscopies. The formation
of the stable calcite phase from the clusters of vaterite particles was registered after 72 h
of their incubation with cells, confirming an ion-exchange mechanism of vaterite–calcite
transformation inside the cell. Importantly, multiple cytotoxicity studies have revealed
that vaterite particles demonstrated no significant influence on the viability or metabolic
activity of different cell lines [33,112–114]. That defines the possibility of their application
in cellular drug delivery [115–117].

Regarding the intracellular delivery, it is important to note that the immersion media
might stabilize the particle surface affecting the crystal phase transition [114]. In particular,
it was repeatedly demonstrated that the incubation of vaterite particles in cell culture
medium leads to the adsorption of protein molecules from the medium onto their sur-
face [118]. The protein corona formed on the surface of vaterite carriers as a result of such
adsorption decelerates the process of their transformation into calcite and hence slows
down the rate of the payload release [43,114,119]. This effect commonly occurs in biological
fluids when the foreign materials are introduced into the body [120,121]. The beneficial
impact of protein corona formation is especially evident in targeted drug delivery. For
example, it has been shown that such a prevention of rapid release positively contributed
to the drug localization within the cell upon uptake of vaterite carriers [114]. In terms
of photodynamic therapy (PDT), such an effect enabled the controlled consequential cell
destroying by the laser in a point-wise manner [116].

The payload can also affect the process of vaterite–calcite transformation. Thus,
the incorporation of proteins into the vaterite matrix might stabilize it, slowing down
the transformation to calcite [122]. Namely, the delivery of an antiproliferative lectin
(the Dioclea violacea lectin, DVL) into cancer cells utilizing the recrystallization-driven
mechanism resulted in a more pronounced therapeutic effect due to such stabilization,
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which provided a more constant release over time. The local increase in lectin concentration
and a constant exposure of the cells to the lectin was supposed to be responsible for the
superior effect observed upon the usage of DVL-loaded vaterite carriers in comparison
with DVL solution.

Figure 3. Intracellular recrystallization of vaterite carriers. Schematics of the vaterite–calcite trans-
formation (the upper row), CLSM images of HeLa cells after their incubation with the carriers for
10 min, 3 and 24 h (the middle row) and the results of Raman analysis of a single cell after 72 h
incubation with the carriers (the bottom row). Adapted with permission from [111].

It is worth noting that in addition to the transition-driven drug release property, va-
terite particles can serve as a source of Ca2+ ions while transforming to calcite. This feature
has been recently exploited to accelerate the ossification both in vitro [123] and in vivo [6].
In particular, the immobilization and intracellular delivery of alkaline phosphatase (ALP)
by means of vaterite carriers resulted in improvement of the ossification process in os-
teoblastic cells as the released ALP and Ca2+ ions represent essential components for
extracellular matrix formation (Figure 4) [123]. The osteoinductive effect was demonstrated
also in vivo when vaterite-coated polycaprolactone (PCL) scaffolds were loaded with ALP
and implanted into a femoral defect in rats [6]. A significant increase in the osteoblast’s
synthetic activity and intensification of bone tissue formation was observed due to the
effective release of the enzyme and Ca2+ ions. This resulted in a complete restoration of the
external defect cleft in the rat’s femoral bone.
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Figure 4. Exploiting of Ca2+ release, which occurs during the vaterite–calcite recrystallization, for
improvement of the ossification process in vitro. (A) Schematic representation of the cellular treatment
using vaterite carriers loaded with alkaline phosphatase (ALP). (B) Live cells stained by calcein AM
(green), (C) fixed cells stained by the Osteoimage mineralization assay (Cyan) and (D) hydroxyapatite
deposition measured at different times using the Osteoimage mineralization assay on MC3T3-E1
cells. Reproduced with permission from [123].

Although vaterite recrystallization to calcite is generally observed in in vitro sys-
tems, the calcite formation can also occur during the degradation process at in vivo
conditions [7,16]. In particular, at a high local concentration and dense arrangement va-
terite particles can aggregate and recrystallize forming cubic-like crystals as the outflow
of Ca2+ and CO3

2− ions from the carrier surface is not fast enough in this case. Thus, the
above-described recrystallization-driven release property might remain actual for vaterite
carriers when delivering drugs in vivo as well. For instance, Saveleva et al. demonstrated
the liberation of tannic acid from the vaterite-coated PCL fibers in vivo, which took place
through the vaterite–calcite recrystallization, lasted for 21 days when the scaffolds were
subcutaneously implanted in rats (Figure 5) [7]. In our previous work, dealing with drug
administration through the skin appendages (in particular, via hair follicles), in vivo mon-
itoring reveals the active dissolution/recrystallization of vaterite carriers, resulting in
their total resorption within 12 days [16]. The proposed particulate system served as an
intrafollicular depot for a model drug storage and prolonged in situ release over this period.
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Figure 5. Recrystallization-driven drug release from the vaterite carriers in vivo. Schematic repre-
sentation of tannic acid (TA) release from the vaterite-coated polycaprolactone (PCL) fibers subcuta-
neously implanted in rats (the upper row). Schematics and SEM images illustrating the process of
the vaterite-coating formation and its transformation to calcite in an aqueous medium in vitro (the

middle row). SEM images and results of EDX analysis illustrating the vaterite–calcite transformation
of the fiber coating in vivo (the lower row). Reproduced with permission from [7].

It should also be mentioned that even though the main applications of the vaterite–
calcite transition are related to the release of the loaded substance, such a transition can still
be used, conversely, to incorporate different substances into CaCO3 particles [124,125]. In
this case, the drug molecules are captured by calcite crystals formed during the incubation
of vaterite particles in aqueous solution. This procedure can be applied when it is necessary
to obtain the drug-containing calcite particles.
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4. Vaterite Dissolution at Acidic pH: Mechanism, pH-Dependent Release of the
Loaded Drugs, Calcium Ions and Carbon Dioxide Bubbles

Besides being transferable to calcite in neutral solutions, vaterite can also decompose
rapidly with a decreasing pH (Figure 6A) [126]. For a quarter of a century, this property has
been actively used to form hollow polyelectrolyte capsules [127,128]. Vaterite-templated
consecutive adsorption of polyelectrolytes followed by the core decomposition is applied
for the formation of polyelectrolyte micro- and nanocapsules of various shapes [53,129–131]
aiming to deliver a great variety of payloads, from the fluorescent molecules to proteins [64],
enzymes [132], different drugs [133] and genetic material [134].

Figure 6. pH-dependent dissolution of vaterite carriers triggering the payload release. (A) Schematic
representation of the decomposition-mediated drug release process from the vaterite carriers depend-
ing on the pH of the medium. Reproduced with permission from [38]. (B) SEM images of micro- and
submicron vaterite carriers loaded with a photosensitizer before their incubation in various media
and the phase-schemes illustrating the process of their transformation in acetate buffers (pH 4.5–6.5)
and in water (pH 7.0) during 24 h. Reproduced with permission from [38]. (C) Schematics and SEM
images illustrating the dissolution of vaterite-based carriers (VHC) and kinetics of the pH-dependent
release of the loaded doxorubicin (DOX) drug. Reproduced with permission from [97].

Apart from that, vaterite particles themselves are used as the carriers releasing the
loaded substances upon their decomposition in acidic media [44,61]. The dissolution of the
carriers starts at their surface, where disintegration of the crystal lattice and hydration of
constituent ions takes place [37]. Then, the dissolved matter is transported away from the
particle surface into the bulk solution and the cargo molecules are liberated simultaneously.
The dissolution-mediated release property granted the successful application of vaterite
carriers in drug delivery and sensing [61]. Importantly, the dynamics of such release was
demonstrated to be sensitive to the environmental pH [38].

In particular, in the work [38], the drug liberation process was studied by incubating
photosensitizer-loaded vaterite carriers of two different sizes at room temperature in
acetate buffers with a pH ranging from 4.5 to 6.5 and in deionized water with pH 7 for
6 days. It was found that vaterite particles dissolved rapidly with acidity increasing,
as the CaCO3 solubility increases with pH lowering [135], and the amorphous phase
appeared either before the recrystallization to calcite or as a final state (the phase-scheme is
shown in Figure 6B). The time to complete vanishing of vaterite carriers decreased strongly
with reducing the pH, so the photosensitizer liberation was increasingly dependent on
the carrier dissolution process. A decrease of the particle size influenced the duration
of their degradation in acidic buffers, where the complete dissolution of microparticles
(3.6 ± 0.5 μm) was accomplished within 24 h of incubation at pH 6.5, while submicron
particles (0.65 ± 0.03 μm) were completely dissolved within 1 h at the same pH. The
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fastest vaterite dissolution was observed at a low pH of 5 to 4.5, where the carriers of both
sizes decomposed within the first 5 min causing an immediate burst release of the loaded
photosensitizer. Meanwhile, at a neutral pH = 7, the photosensitizer release from vaterite
submicron carriers lasted for several days and occurred during the transition to calcite.

Such a pH-dependent release of a payload from vaterite-based carriers was demon-
strated multiple times by other authors. Thus, Feng et al. have shown that pH lowering
leads to the greater amount of the liberated drug doxorubicin (DOX) from vaterite mi-
croparticles (~1.4 μm) [97]. Specifically, at pH 7.4 only 22% of the loaded DOX was released
within 168 h, while at pH 6.5 liberation of 32% of the drug amount occurred for this period.
When the pH level was set at 5.5, more than 40% of the payload released during 24 h
and 68% liberated within 168 h. The authors proved that DOX release was induced by
the carriers’ decomposition in an acidic environment, since transformation of the hollow
vaterite structure to an amorphous form was observed (Figure 6C).

Yang et al. have demonstrated the possibility to trigger the release of the sanguinarine
(SAN) anticancer drug from the vaterite carriers [136]. Comparison of the release behavior
at pH 7 and pH 4 clearly demonstrated more sustained kinetics at the neutral conditions,
where ~15% of the loaded drug appeared within 3.5 h and was followed by a slow release
of 36% in the next 147 h. Meanwhile, at pH 4.0, these carriers exhibited a fast release of
72% in the first 3.5 h and the sustained release of up to 99% of the loaded SAN amount
in the following 147 h. Moreover, vaterite exhibited a better pH-responsiveness than
calcite illustrating the lower stability of the vaterite versus calcite crystalline phase. As
mentioned above, this feature is an important advantage of vaterite which accounts for its
wide application in biomedicine.

The same features were demonstrated for the hydrophobic drugs fluorouracil (5-Fu)
and sodium levothyroxine (L-Thy) encapsulated into cyclodextrin (CD)-containing vaterite
carriers [137]. Release studies demonstrated a more intense payload liberation upon the
carrier incubation in acidic media (at pH 4.8 for 5-Fu and pH 1.2 for L-Thy) in comparison
with a neutral solution (pH 7.4). The authors did not observe complete dissolution of
the containers at such a low pH. This was most likely due to the stabilizing effect of the
introduced CD. The pH buffering properties of CaCO3 could also be the reason for such
observations. The dissolution of vaterite might increase the pH of the immersion medium
affecting the further degradation of the carriers [56]. This feature should always be kept in
mind when setting the mass of vaterite powder incubated and the volume of the immersion
medium used, so that this effect can be leveled out.

Chesneau et al. have also demonstrated the pH-dependent release of the hydrophobic
drug from CD-containing vaterite particles [67]. However, their carriers liberated the whole
amount of the loaded tocopherol acetate (vitamin E) within 2 h while decomposing in
acidic media at pH 5. This illustrates the importance of considering the leaching feature of
vaterite. At pH 7.4 (0.15 M NaCl), the carriers remained stable and no hydrophobic cargo
release was observed for this period.

In terms of biomedical application, the pH-sensitivity of vaterite is of high importance
in the targeted delivery of anticancer agents, since the microenvironment in tumors is
generally more acidic than in normal tissues and in blood (pH 6.5–6.8 versus 7.4, respec-
tively) [58,138] (Figure 7A). Similar to the other pH-responsive inorganic materials, vaterite
can provide the pH-triggered release in the tumor site [139].

For example, by virtue of their pH sensitivity, Parakhonskiy et al. have demonstrated
the possibility of using submicron vaterite particles (~500 μm) loaded with porphyrazine
anticancer drug as an in vivo theranostic system (Figure 7B) [98]. A high sensitivity of the
porphyrazine release to an even slightly acidic pH (6.8) represented a rationale behind
the choice of these carriers in their study. Namely, the release of slightly more than 50%
of the loaded drug within 3 h was shown there due to the partial carrier dissolution at
pH 6.8. Injection of the carriers into the tail vein of tumor-bearing mice resulted in their
passive accumulation in the tumor followed by an hours-scale release of the drug, which
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permeated then to the entire interstitium of the solid tumor. That enabled the intravital
imaging and PDT of xenograft tumors.

Figure 7. Exploiting pH-sensitivity of vaterite carriers for drug delivery to tumors. (A) Schematic
presentation of vaterite application in tumor targeting. Reproduced from Open Access Article [18].
(B) An example of successful application of the vaterite particles loaded with a porphyrazine (pz)
drug and gold nanorods (GNR) in photodynamic therapy of tumors. Adapted with permission
from [98].

We should note that in the above-mentioned work, the rapid drug release from the
vaterite particles was required to provide the high drug concentration in the vessel for
creating a gradient from the intracapillary space to the interstitium. However, the need
for a more precise control over the payload release encourages researchers to optimize the
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structure of vaterite-based carriers, including by modifying their surface, for providing
better tumor selectivity and prevention of drug liberation in the bloodstream. For instance,
Choukrani et al. have synthetized the vaterite nanoparticles loaded with bovine serum
albumin (BSA) and demonstrated that modification of their surface with carboxyl group-
containing polymers using a layer-by-layer (LbL) assembly technique could provide their
stabilization in neutral aqueous solutions (Tris pH 7.5) postponing the recrystallization
from 5 h to 2 months [140]. The investigation of the BSA release kinetics in conditions
mimicking the blood flow (flow rate of 0.2 mL min−1) demonstrated almost twice reduction
of the BSA release from the polymer-coated carriers compared to the pristine particles at
pH 6.5 and 7.4 (Figure 8A). The authors suggested that it would ensure the prevention of a
burst payload release in the bloodstream; meanwhile, the entry of such carriers into the
tumor could trigger drug liberation.

Figure 8. Prevention of the burst release from vaterite carriers via their surface modification. (A) Effect
of the layer-by-layer (LbL) coating formation on the BSA release from the vaterite carriers: schematics
of the polyelectrolyte layers deposition, CLSM image of the LbL-coated carriers and BSA release
kinetics from the bare and coated carriers at different pH (6.5 and 7.4). Adapted with permission
from [44,127,140]. (B) Effect of carboxymethyl cellulose (CMC) incorporation and further coating of
the vaterite matrices with chitosan/alginate (Chi/Alg) multilayers on the payload release: schematics,
SEM-image and kinetics of DOX liberation from the CMC-doped carriers, both coated and non-coated
with Chi/Alg, at pH 5.0. Adapted with permission from [78].

Peng et al. have demonstrated the effect of carboxymethyl cellulose (CMC) incor-
poration into the vaterite matrix on the release of the encapsulated DOX (Figure 8B) [78].
Negatively charged CMC possesses hydrophobic properties at acidic conditions as a result
of protonation of the carboxyl groups with subsequent inhibition of the vaterite particles
dissolution leading to the slowing down of the DOX release rate at pH 5 (0.1 M sodium
citrate–HCl buffer). Further modification of the CMC-containing carriers with chitosan
and alginate multilayers via the LbL self-assembly technique allowed the authors to dras-
tically decrease the rate of DOX liberation, when 10% of the loaded drug released at
pH 5 during 150 h.

In addition to control over the payload release, surface modification of the vaterite-
based carriers with various polymers, antibodies, peptides and aptamers can simultane-
ously facilitate the drug targeting [18]. Thus, Dong Z. et al. have designed pH-responsive
calcium carbonate carriers loaded with a Mn2+-chelated chlorin e6 photosensitizer and
DOX drug, the surface of which was functionalized with polyethylene glycol (PEG) [141].
The carriers demonstrated relatively good stability under physiological pH 7.4 (less than
20% of the loaded drug amount was liberated during 12 h for both therapeutic compounds),
but high sensitivity to pH as they were displaying rapid degradation and payload release
at acidic conditions (Figure 9). PEGelation provided a sufficient blood circulation time for
the carriers injected in tumor-bearing mice in vivo (the first and the second phases of the
circulation half-lives were ~1 h and ~14 h, respectively). The designed carriers exhibited a
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pH-dependent enhancement of the T1-weighted magnetic resonance (MR) contrast due
to Mn2+-chelated photosensitizer liberation at an acidic pH both in vitro and in vivo. This
feature allowed the authors to study the efficacy of tumor-targeted delivery for the loaded
drugs by means of intravenously injected carriers utilizing MR and fluorescence imaging
modalities. As a result, the gradual accumulation of the carriers in the tumor was shown
which enabled the effective realization of combined PDT and chemotherapy, which granted
the synergistic anti-tumor effect.

 

Figure 9. Enhancement of the vaterite carriers targeting to tumors via their surface modification.
(A) Schematics representing the structure of vaterite carriers loaded with Mn2+-chelated chlorin e6
photosensitizer (Ce6(Mn)) and modified with PEG. (B) Schematic illustration of the pH-responsive
decomposition of the carriers (incubation in PBS at pH 5.5, 6.5 and 7.4). (C) pH-triggered MR
enhancement and MR-imaging monitored photosensitizer release in vitro. Adapted with permission
from [141].

CaCO3 particles are effectively integrated with the other encapsulation systems to
generate the advanced pH-responsive vaterite-derived platforms. Some interesting ex-
amples have been recently reviewed by Tan and co-authors [44]. This review highlighted
different polymer-doped vaterite containers, as well as introduced various hybrid systems
obtained when integrating CaCO3 with emulsions, hydrogels and liposomes. Besides,
CaCO3 mineralization of the micellar core allows the formation of pH-responsive vehicles,
which were demonstrated to be especially valuable in terms of the intracellular delivery of
anticancer drugs [142], including the co-delivery of various therapeutic agents [143,144].
Concerning the acidic pH of cellular endosomes (pH 5.5–6.5) and lysosomes (pH 4.5–5.5),
such mineralized polypeptide nanoparticles enable the pH-triggered intracellular release
of the payload, while protecting it from the leakage at the physiological pH, which extend
the circulation half-life and, thus, enhance the drug accumulation in tumors (Figure 10).
We will discuss further the other possibilities of controlling the process of decomposition
for vaterite-based carriers.

Figure 10. Schematic illustration for fabrication of the DOX-loaded calcium carbonate-crosslinked
polypeptide carriers (CaNP/DOX), their circulation in vivo, intratumoral accumulation and pH-
triggered intracellular DOX release. Reproduced from Open Access Article [142].
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The pH sensitivity of vaterite is also successfully utilized for the development of
different antibacterial coatings. This possibility arises due to local acidification (pH 5.0–5.5)
of the environment by bacteria during their growth and metabolic processes [145]. Antibac-
terial film, which was based on vaterite microspheres loaded with a sanguinarine (SAN)
drug, has demonstrated a strong bactericidal activity against Staphylococcus aureus [146].
Lowering the pH from 7.0 to 5.0 upon the film incubation in PBS resulted in the liberation
of 46% instead of 21% of the loaded SAN during 67 h. Importantly, when growing the
bacteria on the surface of this film, its gradual decomposition was observed. Namely, the
coating became transparent with the growth of bacteria as the result of vaterite dissolution.
At the same time, a large zone of inhibition was formed indicating the release of SAN
from the carriers. The authors suggested that these processes were induced by the acidic
environment of bacteria.

Ferreira A. et al. have designed pH-sensitive vaterite–nanosilver hybrids, which
demonstrated good activity against Escherichia coli, methicillin-resistant Staphylococcus au-
reus and Pseudomonas aeruginosa [147]. However, the pristine silver-loaded particles were
characterized by initial burst release even in non-acidic buffers (at pH 7.4 and pH 9.0) liber-
ating ~50% of the incorporated AgNPs within a few hours (Figure 11). The incorporation of
poly(4-styrenesulfonic acid) sodium salt (PSS) during the formation of the hybrids allowed
the prevention of premature AgNPs release at non-acidic pH. Namely, the PSS-containing
carriers did not recrystallize during 50 h at pH 7.4 and pH 9.0, so no AgNP release was
observed during this period. In contrast, at pH 5.0 an immediate burst release occurred
resulting in the liberation of over 90% of loaded AgNPs from the hybrids.

Figure 11. Vaterite–nanosilver hybrids with antibacterial properties and pH-triggered release.
(A) SEM images and surface roughness plots of the pristine (CaCO3/AgNPs) and PSS-modified
(CaCO3-PSS/AgNPs) vaterite–nanosilver hybrids. (B) Cumulative release of silver ions from the
hybrids in PBS at pH 5.0, 7.4 and 9.0. (C) Schematic illustration of the AgNPs release driven by the
recrystallization and dissolution of the hybrids. Adapted from Open Access Article [147].

Similar to the vaterite–calcite recrystallization process, the decomposition of va-
terite carriers at an acidic pH not only induces the payload liberation, but also ensures
the release of Ca2+ ions. This feature, for example, is often applied to trigger alginate
gelation [55,123,148] (Figure 12A). The released Ca2+ ions could also participate in hemosta-
sis, catalyzing different coagulation-related reactions that promote the blood coagulation
process [18,149,150] (Figure 12B).
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Figure 12. Exploiting of Ca2+ release, which occurs during the dissolution of vaterite particles, for
triggering the alginate gelation (A) and accelerating the blood clotting (B). (A) reproduced with
permission from [55], (B) from [149].

Moreover, during the decomposition in acidic media, vaterite generates carbon dioxide
(CO2) bubbles that open up the potential of its application in ultrasound (US) imaging [151,152],
as well as in US cavitation and sonodynamic therapy [45,153]. For instance, Min K.H. with
co-authors have shown the possibility to exploit such gas generation in US imaging of
tumors [152]. Their DOX-loaded vaterite-based carriers exhibited strong echogenic signals
at a tumoral acid pH in vivo in mice through the production of CO2 bubbles (Figure 13).
Importantly, in normal (non-tumoral) tissues the carriers did not provide any US contrast
as no bubble generation occurred there. Furthermore, the DOX release, which was induced
by the carriers’ dissolution in the tumor, granted the antitumor therapeutic effect in that
study. The proposed concept is very promising as it opens new perspectives for the
development of novel theranostic platforms combining ultrasound imaging and therapy
for various cancers. Thus, for instance, in further elaboration of this idea, the authors
have designed the photosensitizer-loaded vaterite carriers with a potential for US imaging-
guided photodynamic destruction of cancer cells [151].

Figure 13. Exploiting of CO2 bubbles’ generation, which occurs during the dissolution of vaterite
particles, for US imaging of tumors. Schematic illustration of the pH-dependent CO2 generation
and the images showing the US contrast in tumor, liver and subcutaneous area after the injection
of DOX-loaded vaterite carriers in vivo to the corresponding site. Reproduced with permission
from [152].
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In the work [45], photosensitizer-loaded vaterite carriers were tested for their ability
to destruct tumors under the US treatment (0.89 MHz) followed by the light irradiation US
of certain intensity producing the acoustic cavitation, which effects, such as the formation
of microjets and shock waves [154], can cause cytotoxic effects in tumor cells [155]. Varying
the US power density (0.05–1.00 W/cm2) and the pH of the immersion medium (7.0 and
5.0), the controlled cavitation-mediated release of aluminum phthalocyanine from the
carriers was shown. At pH 7.0, the bubbles’ formation was weakly intense until the power
density of sonication reached 1 W/cm2. Then, intensification of the bubbling process
occurred, also accelerating the vaterite–calcite recrystallization and subsequent liberation of
the photosensitizer. At the same time, at pH 5.0, the carrier dissolution accompanied by the
payload release and CO2 bubbles generation was observed even without the US treatment,
while the sonication with the power densities above 0.2 W/cm2 drastically intensified these
processes. Given the acidity of the tumor microenvironment, the carriers will be dissolved
upon the accumulation inside and thus produce CO2 bubbles, which generation could be
enhanced by the US exposure. In vivo investigation in tumor-bearing rats approved this
suggestion, revealing the damaging effect of sonication after the intratumoral injection
of the carriers. Further irradiation with a light at the wavelength corresponding to the
photosensitizer absorption maximum allowed the enhancement of the therapeutic effect.

Following this approach, Feng Q. et al. introduced the vaterite-based carriers capable
of decomposing in a tumor under the combined action of an acidic pH and US irradiation
as a result of the simultaneous release of the loaded drug and CO2 bubbles’ generation
(Figure 14) [153]. That led to cavitation-mediated irreversible necrosis of tumor cells
and destruction of its blood vessels. To achieve the anticancer synergism, the carriers
were loaded with a sonosensitizer; thus, they could provide the reactive oxygen species
generation leading to apoptotic destruction of the cancer cells. Moreover, the echogenic
property of CO2 provides the US imaging guidance for therapeutic inertial cavitation and
sonodynamic therapy simultaneously.

 
Figure 14. Schematic of the pH/ultrasound dual-responsive CO2 generation for US imaging-guided
therapeutic inertial cavitation and sonodynamic therapy. (A) Formation of the hematoporphyrin
monomethyl ether (HMME)-loaded vaterite carriers coated with hyaluronic acid (HA). (B,C) Mecha-
nism of the tumor destruction utilizing the carriers and US treatment. Reproduced with permission
from [153].
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To date, a great number of different pH-responsive CaCO3-based delivery systems and
composites have been designed for anticancer, antibacterial and other drug encapsulation.
Recent advances in this field have been discussed in a number of well-organized and
comprehensive reviews [3,18,58,59,61,156]. Such microenvironment-activated systems are
mainly applied in chemotherapy, photothermal therapy or PDT, wound healing, blood clot-
ting, tissue engineering, as well as in ultrasound, fluorescence and MRI imaging [18]. Both
relatively simple vaterite-based systems and composite multicomponent platforms, which
are highly demanded in multimodal theranostics, find their application in biomedicine.

5. Biodegradation of Vaterite Carriers

Vaterite-based drug carriers exhibit high biocompatibility and good biodegradability
participating in the normal metabolism of the living body by dissolving into nontoxic ions.
There are two possible routes for the calcium-based materials degradation: the dissolution
by body fluids, and phagocytosis and absorption by cells (mainly macrophage) [157]. The
first route includes a split of the carbonate materials into particles, molecules or ions due
to the acidic environment of the body fluids containing a number of acidic metabolites
such as citrate, lactate and acid hydrolysis enzyme. The second route can be divided into
intracellular and extracellular degradation, where the particles can be split into ions after
phagocytosis by macrophages under the effect of cytoplasmic and lysosomal enzymes,
and then the degradation products, such as Ca2+ and CO3

2−, can be transferred to outside
the cell. Additionally, the environment of macrophages enriched with acid hydrolases
(including lysosomal enzyme and acid phosphatase enzymes) promotes a secretion of H+

and induces the pH decrease.
Fu K. et al. demonstrated the biodegradation of the composite comprising a calcium

carbonate scaffold enveloped by a thin layer of hydroxyapatite [158]. Despite the slow
biodegradability of hydroxyapatite, the complete resorption and remodeling of the im-
planted calcium carbonate-based composite takes 18–24 months, which was revealed by
in vivo clinical observations. Moreover, the promotion of conductive osteogenesis was
assessed in vitro by the successful attachment and proliferation of human mesenchymal
stem cells on the composite and in vivo using an immunodeficient mouse model.

The metabolites of vaterite degradation can participate in the formation of new bone,
thus completing the transformation of inorganic materials in organisms. Stengelin E. et al.
successfully applied the conversion of vaterite to bone-like hydroxycarbonate apatite
(HCA) under physiological conditions in the development of bone scaffolds based on
biodegradable vaterite/PEG-composite microgels [159]. FT-IR spectroscopy indicated the
transformation of vaterite in the polymer matrix to HCA, and co-encapsulation of vaterite
with the osteoblast cells (MG-63 GFP) characterized by a similar cell viability and high cell
compatibility compared to a microgel containing only cells without vaterite. The application
of calcium carbonate implants in rabbit bone defects revealed their rapid degradation even
before osteoconduction was completed [160]. The results indicated abundant woven bone
in the cortical shell of the surgical site, indicative of spontaneous healing without an
osteoconductive implant. To prolong the osteoconductivity, Fujioka-Kobayashi M. et al.
used CaCO3 core coated with carbonate apatite [161]. The biodegradation of CaCO3 is
caused by dissolution or cell mediation depending on the mineral phase [162], while
calcium phosphate biomaterials resorption is associated with the combination of physical,
chemical and biological processes [163]. The combination of CaCO3 and carbonate apatite
allowed the authors to balance new bone formation and material resorption leading to
suitable bone replacement, where the higher contents of CaCO3 resulted in a shortened
resorption rate with the subsequent promotion of Ca2+ release and carbonate apatite and, in
turn, demonstrated a perfect osteoconductive potential (Figure 15). Another work described
the hybrid system composed of the vaterite particles formed in the presence of inorganic
polyphosphate (polyP), which restrain vaterite–calcite recrystallization [164]. The hybrid
particles degraded within 5 days of the incubation in the cell culture medium with 65% of
suppression of calcite formation in the first 3 days. The rapid degradation of CaCO3/polyP
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particles was confirmed by a Ca2+ release investigation portraying 68% of the total Ca2+ in
the reaction mixture compared to almost no Ca2+ content for the calcite sample.

Figure 15. In vivo degradation of the CaCO3-based implanting material for improvement of os-
sification in bone tissue engineering. (A) Implantation of the fabricated granules in cylindrical
bone defects of the rabbit femur. (B) Horizontal μCT views of the rabbit femur defect with CaCO3,
10% CO3Ap/CaCO3, 30% CO3Ap/CaCO3 and CO3Ap granules at 4 and 8 weeks. (C) The residual
granules area (%) quantified by μCT at 4 and 8 weeks. (D) Mineral density the bone defect area
at 4 and 8 weeks. An asterisk (*) denotes significant differences between groups, p < 0.05; a hash
(#) denotes significantly lower than all other modalities, p < 0.05. Reproduced with permission
from [161].

Unger R. et al. [165] declared the in vivo biodegradation of an injectable bone sub-
stitute composed of PEG-acetal-dimethacrylate and vaterite nanoparticles mediated by
mononuclear cells of the macrophage lineage via a pro-inflammatory process. During
degradation of the material, M1 macrophages involved in this process may express lytic
enzymes such as the members of the group of reactive oxygen species and other relevant
mediators [166].

The mechanism of the in vitro resorption of natural CaCO3 by avian osteoclasts was
investigated by Guillemin et al. demonstrating that carbonic anhydrases produced by
osteoclasts play a crucial role in generating protons for the acidification of the calcium
carbonate [167]. The calcium carbonate from Tridacna shell is a biomaterial that can undergo
dissolution through the mechanism of osteoclastic resorption. The degradation of the
carbonate-based materials induced by bacterial activity was demonstrated in [168]. In
aerobic systems, the decomposition of CaCO3 is attributed to a metabolic byproduct
through the bacterial-induced decomposition of skeletal-binding organic matter.

The pH-dependent biodegradation of vaterite nanoparticles was discussed in the case
of the drug delivery to tumors, where the authors concluded that the blood flow rate plays a
crucial role in this process [98]. Different perfusion rates influence the pH of tumor venous
blood from neutral to acidic values resulting in the partial or complete degradation of the
vaterite. Moreover, it is shown that the main pathway of the CaCO3 particles internalization
is micropinocytosis with their subsequent resorption in lysosomes, which are characterized
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by an acidic pH (4.0–5.5) [169] and good stability in the extracellular space for longer times
(Figure 16).

Figure 16. The scheme of the micro- and nanoparticle internalization by endocytic mechanism and
intracellular transport. Reproduced with permission from [169].

In vivo degradation of the vaterite carriers was demonstrated in the rat skin, both
after their delivery to the dermis using fractional laser microablation (FLMA) [15] and
after non-invasive intrafollicular administration of the carriers [16]. In the first case, the
carrier degradation was enhanced by the inflammatory reaction occurred in skin as a result
of the FLMA-microchannels’ formation. Meanwhile, in the second case, the hair cycle
stimulated processes, which activated the secretion within the hair follicle forming the
release medium for the particles and delivering drugs. That led to a gradual degradation
of the vaterite particles inside the hair follicles, which ended up with their total resorption
within 12 days (Figure 17). The biodegradation of the vaterite particles was followed by
the in situ release of the payload ensuring its distribution in the hair follicle tissue and
subsequent systemic uptake.

Figure 17. In vivo degradation of vaterite carriers in hair follicles. (A) SEM, CLSM images and
schematics illustrating the intrafollicular delivery of the carriers. Reproduced with permission
from [170]. (B) SEM (the left column) and CLSM (the middle and right columns) images illustrat-
ing the process of the carriers’ degradation inside the hair follicles of rats in vivo. (C) Excretion
kinetics of the fluorescent dye intrafollicularly delivered by means of degradable vaterite carries.
(B) and (C) reproduced with permission from [16].
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As a practical implementation of intrafollicular drug transportation following the va-
terite degradation, such carriers were applied for influenza vaccine delivery proposing the
new strategy for transcutaneous immunization [90], as well as for the photosensitizer target-
ing enabling the improvement of psoralen–ultraviolet A therapy of dermatoses [171,172].
Besides, the vaterite particles were applied for the intrafollicular delivery of antifungal
drugs [43,101,113,173]. In particular, the immobilization of a griseofulvin drug (Gf) into
such biodegradable carriers enabled its dermal bioavailability enhancement [43,113]. The
degradation-driven liberation of the loaded Gf from the carriers was evaluated in water,
saline and cell culture medium [43]. The influence of the release medium has a dramatic
effect on the degradation rate of the vaterite matrix driven mainly by its transition to
calcite. The acceleration of the CaCO3 recrystallization process was demonstrated in saline
caused by its higher ionic strength, speeding up ion exchange between the CaCO3 surface
and the incubation solution. Oppositely, the incomplete degradation of carbonate carrier
in cell culture medium was attributed to the adsorption of protein molecules from this
medium on the carrier surface. The modification of the particle surface with polyelectrolyte
shell (poly-L-arginine, dextran sulfate and heparin) via the LbL approach extended the
recrystallization duration for Gf-loaded carriers twice in water (144 h vs. 72 h) and 2.5 times
in saline (120 h vs. 48 h). The sustained effect of the stabilizing shell was also verified
in vivo, when delivering these carriers into the hair follicles of rats (Figure 18). According
to the drug excretion profiles, the use of such a formulation provided detectable Gf con-
centrations in urine for over a week (168–192 h). Importantly, no obvious adverse effects
were observed upon the multi-dose dermal toxicity assessment of the Gf-loaded vaterite
carriers in rabbits, while a high antifungal efficiency was demonstrated when studying
their therapeutic potential in a guinea pig model of trichophytosis [113]. This methodology
was extended to deliver the antifungal drug naftifine hydrochloride into the deep layers of
the skin through the hair follicles [101]. Scanning electron microscopy (SEM) investigation
revealed the vaterite bulk resorption within 72 h inside the follicles of mice followed by its
gradual degradation within 120 h with the simultaneous release of the payload drug into
the surrounding tissues. To accelerate the vaterite carrier degradation in skin, the authors
in Ref. [174] proposed an application of sonophoretic post-treatment (1 MHz, 1 W/cm2,
9 min) after the particles’ delivery into hair follicles. Theresults of optical coherence to-
mography monitoring of the skin and SEM investigation of the plucked hairs revealed the
twice-reduction of the degradation period of the carriers.

Figure 18. Prolongation of in vivo degradation of the vaterite carriers and sustainment of the payload
release via formation of the stabilizing coating on the carriers’ surface. (A) Schematics illustrating the
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formation of vaterite carriers loaded with a griseofulvin (Gf) drug and coated with poly-L-arginine
(PA), dextran sulfate (DS) and heparin (HP) polyelectrolytes. (B) Schematics of the Gf urinary
excretion rate investigation. (C) Urinary excretion profiles of Gf after its administration by means
of (Gf-CaCO3) and (Gf-CaCO3)/(PA/DS)2/HP carriers or after pure Gf application in rats in vivo.
An asterisk (*) indicates significant differences in the Gf peak intensity at a particular time point
after drug delivery as compared to the control urine value (zero time point) within the same group
(p < 0.05). An ampersand (&) shows a significant difference in the Gf peak intensities between the
group of (Gf-CaCO3)/(PA/DS)2/HP carriers and the pure Gf group (p < 0.05) on the last day of the
experiment. Reproduced with permission from [43].

6. Control over the Dissolution/Recrystallization/Degradation Process of Vaterite

Various applications of vaterite require its stabilization to prevent degradation/recry-
stallization in aqueous environments, including implantable drug delivery systems, tissue
engineering platforms, food/cosmetic additives and storage materials, which are designed
for prolonged action [175]. As mentioned above, the regulation of the CaCO3 stability
could be driven by the addition of macromolecules of a different nature during the particle
synthesis or by the CaCO3 surface modification by the polymer film. The polymer network
suppresses the ions diffusion from the carbonate crystal surface, which resulted in the
stabilization of vaterite nanocrystals.

The different additives were applied to control the degradation/recrystallization of the
vaterite particles. So, the amino acids and polypeptides were found to have a pronounced
effect on the stabilization of the vaterite polymorphs. The presence of polar C=O groups
in the structure of amino acids has a crucial influence on the electrostatic interactions
of Ca2+ ions with the negatively charged oxygen atoms within the C=O bonds, which
along with the diffused CO3

2− ions toward the fixed Ca2+ may initiate the critical nuclei
of vaterite formation [176]. Thus, the supersaturated solutions of lysine, glycine, alanine,
polyglycine, polymethionine, polylysine and polyaspartate were demonstrated to control
the vaterite recrystallization [176,177]. In [26], the authors demonstrated the stabilizing
effect of negatively charged ovalbumin over positively charged lysozyme to prevent the
metastable vaterite from transformation via dissolution-recrystallization processes. The
results confirmed that only the net of negatively charged proteins enhance its stability as a
result of the strong binding between carboxylate groups of ovalbumin and the calcium ions
on the CaCO3 surface (Figure 19).

 
Figure 19. Stabilization of metastable vaterite in CaCO3 biomineralization through the addition of
ovalbumin protein. (A–C) Calcium carbonate particles formed in the presence of 0.2 gL−1 ovalbumin.
(D) XRD spectrum of the CaCO3-ovalbumin precipitates, where “C” indicates calcite peaks (JCPDS:
05-0586), “V”—vaterite ones (JCPDS: 33-0268). Scale bars correspond to 1 μm (A,B) and 100 nm (C,D).
Reproduced with permission from [26].
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Similar results were shown for the particles co-precipitated with BSA, where the for-
mation of stable vaterite was attributed to the interaction of BSA functional groups (namely,
C=O, HO-, N-H, C-N) with the carbonate surface [178]. In another study, the proteins
extracted from gastroliths of the crayfish C. quadricarinatus induced the stabilization of
amorphous calcium carbonate (ACC) in vitro mediated by the phosphorylated residues
of phosphoproteins [179]. The major proteinaceous fraction of the organic matrix with a
heavily phosphorylated doublet band at 70–75 kDa was also incorporated into the mineral
phase during the precipitation. The single amino acids, phosphoserine or phosphothreo-
nine, have a similar stabilizing effect proving that phosphoamino acid moieties are the key
factors in the control of ACC formation and stabilization.

Among polysaccharides, the incorporation of dextran and its derivatives into the
vaterite particles by co-precipitation revealed the possibility of their selective stabilization
depending on the polymer charge [175]. The co-synthesis of vaterite with the nonionic
dextran resulted in the decreasing of the nanocrystallite size with partial blocking of the
crystal pores. The inclusion of negatively charged carboxymethyl-dextran significantly
retarded the vaterite–calcite recrystallization under a basic pH, whilst positively charged
diethylaminoethyl–dextran did not affect this process (Figure 20).

 

Figure 20. CLSM and SEM images of carboxymethyl–dextran–FITC/vaterite hybrids (A) and
diethylaminoethyl–dextran–FITC/vaterite hybrids (B). Scale bar is 10 μm for (i), (ii) and (iii), 1 μm
for (iv), and 100 nm for (v).Reproduced with permission from [175].

Similar observations were demonstrated in the co-synthesis of calcium carbonate
with the anionic functional biopolymer carboxymethylinulin, which resulted in enhanced
stability of the vaterite phase [180]. Elsewhere, the degradation of vaterite was suppressed
by co-precipitation with mucin, as glycoprotein possesses functional groups of different
charge [83]. The filling of porous vaterite crystals with a gel-like matrix of mucin reduced
ion mobility near the crystal surface in aqueous solution and hampered the recrystallization
rate of vaterite to calcite. An increase of mucin content in the obtained hybrid particles
reduced the release rate of the encapsulated cationic drug DOX via stabilization of the
porous vaterite crystals against recrystallization to non-porous calcite (Figure 21).

Figure 21. Scheme illustrating the process of vaterite stabilization by mucin incorporation. Repro-
duced with permission from [83].
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The carbonate controlled-addition method was applied to synthesize poly(acrylic
acid) (PAA)–calcium carbonate composite particles, which were extremely stable in the
aqueous medium [181]. The stabilization of ACC was achieved by the complexation
of Ca2+ ions with PAA and dependent on the polymer molar mass and duration of the
complexation process. The shorter complexation time together with the usage of medium
molar mass PAA induced the stabilization of ACC due to a more random coordination of
Ca2+ ions with PAA. In other work, the stability of polycrystalline vaterite was achieved
due to the specific interaction between poly(vinyl alcohol) and CaCO3 through hydrogen-
bonding, probably to the carbonate ions, allowing a high density of polymer chains right
near the interface by increasing the number of segments that are intimately attached
to the solid [182]. The incorporation of poly (vinylsulfonic acid) through co-synthesis
with calcium carbonate controls growth of the vaterite polymorph and its stability over
degradation owing to sequestering calcium ions followed by slowing down the nucleation
rate and preventing surface calcification or aggregation into microparticles [183]. The
obtained vaterite maintained a crystal structure for about 5 months of storage in aqueous
medium. An interesting approach was proposed to obtain vaterite particles with long-term
stability via the addition of Ca(OH)2 to branched polyethylenimine (PEI)–CO2 adduct
solutions [184]. The hydrolysis of the alkylammonium carbamate zwitterions in PEI-
CO2 adducts led to the release of bicarbonate ions to feed the in situ vaterite crystal
nucleation and growth, thus serving as both the CO2 source and template for vaterite
CaCO3 nucleation and growth. The synthesized particles retained the vaterite phase for at
least 8 months of storage.

The vaterite crystalline dissolution and recrystallization could be inhibited by the
inclusion of the polycarboxylate-type superplasticizer (PCS) during its synthesis [185].
The crystal growth process of vaterite microspheres was assisted by the PCS molecules,
which rearranged on the surfaces of the vaterite particles and modulated the formation
of lenticular aggregates through the hydrogen bonding effect. The carboxylate groups of
the polymer interacted with Ca2+ ions blocking the transformation of vaterite to calcite.
The authors of [186] presented the stabilized vaterite by the poly(amidoamine) dendrimers
with external carboxylate groups. The control over dissolution was achieved for more than
1 week at storage in water. The increase of the -COONa groups concentration and the
generation number of the dendrimer resulted in the reduction of the vaterite size.

An interesting research study introduced the application of B. subtilis bacterial cells as
the templates to the formation of biogenic ACC or vaterite, where the carbonic anhydrase
secreted by the bacteria plays an important role in the mineralization of CaCO3 [187]. The
results indicated the growth of the vaterite phase only in the presence of carbohydrate
(crude extracellular protein contains some polysaccharide), whilst both polysaccharides and
proteins secreted by bacterial metabolism maintained the stability of vaterite (Figure 22).
Other biotic experiments explained the long-term stabilization of vaterite due to binding
between the vaterite surface and organic by-products of bacterial activity (extracellular
polymeric substances, which include polysaccharides, proteins, glycoproteins, nucleic acids,
phospholipids and humic acids) [188].

 

Figure 22. Schematics of possible mechanisms of CaCO3 biomineralization. Reproduced with
permission from [187].
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7. Conclusions

The development of degradable systems for biomedical applications eliminates the
need to retrieve or dispose of them once their function has been fulfilled. Nowadays,
the amount of different materials available for this purpose is immense. Having the
lack of the toxicity, expensive production and sophisticated degradability, calcium car-
bonate in its vaterite polymorph is highly attractive to the design of such systems. The
metastability of vaterite manifests in its recrystallization into non-porous calcite crystals
via dissolution–reprecipitation or even complete dissolution, depending on the surround-
ing medium. Because the environment of the living body in different organs and tissues
varies in pH, ionic strength, as well as in the presence of molecules, degradation of the
vaterite-based carriers is realized differently providing the sustained release of the incorpo-
rated cargo driven by such transitions. This manuscript discussed the benefits of vaterite
instability including dissolution at an acidic pH, biodegradation at in vivo conditions, trans-
formation to non-porous calcite and the main approaches to control over these processes.
The additional profits of CaCO3-based systems include the regulation of the payload libera-
tion by means of their surface modification or accelerated by means of external treatment,
e.g., ultrasonication, microwave irradiation etc. Vaterites being a versatile platform can be
utilized both in its native form and as part of complex hybrid systems. Additional func-
tionalization with different photo- [38,114,151] and sonosensitive drugs [153], as well as
with metallic nanoparticles (silver, gold, magnetite, etc.) [9,69,189–193], enables the creation
of multimodal theranostic platforms capable of different biomedical applications. The
degradation of CaCO3 at mild conditions determines its widespread use for the formation
of the polyelectrolyte hollow capsules and core/shell containers by layer-by-layer assembly
technique. Besides the transition-driven drug release property, the vaterite particles can
serve as a source of Ca2+ ions, which are found to be effective in the scaffolds for bone and
tooth tissue regeneration due to the ability of calcium ions to improve osteo- and odonto-
blasts’ activity. An interesting research trend is associated with creation of vaterite-based
active colloids (also called micro/nano-motors or swimmers), which exhibit propulsion
by transforming energy from their environment into enhanced diffusive motion [194–197].
The formation of any anisotropy on the particles’ surface (e.g., by its partial coverage with
silica layer) enables the generation of self-propulsion upon the vaterite decomposition
in acidic media [196]. The ability of vaterite to locally increase the pH medium during
its dissolution deserves particular attention. This feature provides the in vivo pH mod-
ulation of solid tumors with the selective localization of vaterite particles with distinct
sizes (20, 100 and 300 nm) in the extracellular region of tumors, followed by buffering of
their environment which resulted in the prevention or reduction of tumor growth [56].
The size-dependence behavior of alkalinization of the acidic pH of human fibrosarcoma
(HT1080) cells demonstrated the most pronounced ΔpH and longest effect for the 100 nm
particles, while larger (300 nm) and smaller (20 nm) ones were less efficient due to limited
diffusion and transient retention in the tumor environment, respectively. The effectiveness
of nano-CaCO3 was confirmed against RFP-expressing breast cancer cells (MDA-MB-231)
without an impact on the growth and behavior of the surrounding fibroblasts [57]. Co-
incubation of MDA-MB-231 with fibroblasts with subsequent vaterite treatment indicated
the selective inhibition of the MDA-MB-231 cells growth with severe suppression of their
cellular migration (which increases by co-incubation with fibroblasts) without affecting
the stromal cells. The authors highlighted that this approach could serve as a treatment
paradigm for long-term tumor static therapy. Based on the discussed facts, vaterites are not
only perfect carriers for various bioactive molecules, but also are of paramount importance
in their initial state for the biomedical applications.

The discussed benefits of vaterite’s instability justify its favorable use in the design
of multipurpose degradable systems for biomedical purposes. Taking into account the
diversity of techniques enabling the synthesis of vaterite carriers in scalable [198] and
even automated [199,200] ways, one can consider these systems as especially beneficial for
potentially resolving a key bottleneck in industrial applications.
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Abstract: Lipid and/or polymer-based drug conjugates can potentially minimize side effects by
increasing drug accumulation at target sites and thus augment patient compliance. Formulation
factors can present a potent influence on the characteristics of the obtained systems. The selection
of an appropriate solvent with satisfactory rheological properties, miscibility, and biocompatibility
is essential to optimize drug release. This work presents a computational study of the effect of the
basic formulation factors on the characteristics of the obtained in situ-forming particulates (IFPs)
encapsulating a model drug using a 21.31 full factorial experimental design. The emulsion method
was employed for the preparation of lipid and/or polymer-based IFPs. The IFP release profiles and
parameters were computed. Additionally, a desirability study was carried out to choose the opti-
mum formulation for further morphological examination, rheological study, and PBPK physiological
modeling. Results revealed that the type of particulate forming agent (lipid/polymer) and the incor-
poration of structure additives like Brij 52 and Eudragit RL can effectively augment the release profile
as well as the burst of the drug. The optimized formulation exhibited a pseudoplastic rheological
behavior and yielded uniformly spherical-shaped dense particulates with a PS of 573.92 ± 23.5 nm
upon injection. Physiological modeling simulation revealed the pioneer pharmacokinetic properties
of the optimized formulation compared to the observed data. These results assure the importance of
controlling the formulation factors during drug development, the potentiality of the optimized IFPs
for the intramuscular delivery of piroxicam, and the reliability of PBPK physiological modeling in
predicting the biological performance of new formulations with effective cost management.

Keywords: in situ forming nanoparticles; parenteral; targeted drug delivery; design of experiment;
PDLG; cholesterol; PBPK; lipid; polymer

1. Introduction

Numerous drug candidates who suffer from poor oral bioavailability or minimal
half-life now have a higher therapeutic potential, thanks to the development of innova-
tive drug discovery tools, including genetic engineering, combinatorial chemistry, and
high-throughput screening [1]. Additionally, these improvements in drug discovery have
focused a lot of emphasis on the invention of creative methods to deliver them effectively
and efficiently. Long-acting injectable systems are one innovator of such strategies [2].
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These systems can sustain therapeutic drug levels for extended periods, offering benefits
such as improved bioavailability, consistent plasma concentration, and targeted drug de-
livery. Furthermore, they are adaptable for various routes of administration, including
subcutaneous, intramuscular, and intra-articular, with drug release rates controlled by the
formulation’s characteristics [3–5]. Both the vehicle and drug characteristics, as well as how
the drug interacts with both the tissue and the vehicle, control the drug absorption kinetics
and, thus, its duration of action [6].

In systems in which there is positive interaction between the drug and the carrier lipid
and/or polymer-yielding implants and/or microparticles, a variety of approaches have
been investigated to sustain the drug release. Numerous formulation issues have been
observed, including increased process temperature, poor content homogeneity, and the
continued requirement for invasive administration in the case of implants in addition to
the multi-step manufacturing process and the formulation parameters, which should be
closely monitored due to their influence on the scale-up process as well as manufacturing
expenses [7].

Initially, approaches that lead to the prolongation of therapeutic activity were ex-
amined as viscous oil-based preparations, which could decrease the rate of drug diffu-
sion. Recently, the development of injectable lipid and/or polymer-based particles with
biodegradable as well as biocompatible characteristics, exhibiting optimal sizes ranging
from 250 nm to 125 nm, has received attention. These particles are used to avoid the
discomfort associated with surgical procedures for inserting bulky implants [8]. The lat-
est research focuses on the preparation of a liquid lipid and/or polymer-based formulae
containing the drug that solidifies and forms an implant at the site of injection upon
contact with body fluids, which represents an effective substitute for conventional solid
implants [9]. These formulations are prepared by dissolving polymers as poly(lactide)
(PLA) and poly(lactide-co-glycolide) (PLGA) and lipids as cholesterol, phosphatidylcholine,
and lecithin in solvents that are miscible with water, such as N-methyl-2-pyrrolidone (NMP)
and dimethyl sulfoxide (DMSO). When the lipid and/or polymer solution containing the
drug is injected, the lipid and/or polymer converts into an implant by solidification at
the injection site [10]. When compared to conventional dosage forms, these cutting-edge
formulation technologies have been found to decrease drug clearance and prolong its
residence duration. The substantially high initial burst as well as the unfavorable viscosity
of these preparations that renders injection inconvenient, are a key disadvantage of such
systems. Innovative in situ micro-particles (ISM) were approached after extensive research
presenting valid solutions to these issues [11].

ISM dosage forms involve emulsifying the drug-containing internal polymer solution
with an external continuous phase of oily or aqueous nature. ISMs are deposited as soon as
the emulsified solution comes into contact with the physiological fluids due to the diffusion
of the internal phase solvent. These ISM systems greatly minimize the initial burst release
as well as the viscosity of the injectable solution, leading to nearly painless injectability
and reduced discomfort compared to the outdated polymer solutions. Additionally, ISMs
are multi-particulate, which improves the stability as well as the consistency of the release
profile of the drug while reducing implant morphological variations [12]. Recently, the ap-
plication of these multi-particulate systems utilizing lipids as well as non-ionic surfactants
is gaining much attention.

Non-steroidal anti-inflammatory drugs (NSAIDs) are the main building block in the
treatment of well-known chronic inflammatory disorders via prohibiting cyclo-oxygenase
(COX) enzymes. Overdose toxicity is the predominant side effect associated with their
clinical usage [13]. While these moieties are mostly administered orally, they cause many
systemic drawbacks, which arouses the need for the development of alternative localized
formulations [14].

The design of experiments (DOE) is a structured and systematic approach that plays
a pivotal role in drug development. In the complex and highly regulated field of phar-
maceuticals, DOE is applied to efficiently and comprehensively explore the multifaceted
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factors affecting drug development processes. It enables scientists and researchers to opti-
mize drug formulations, dosing regimens, and manufacturing processes while minimizing
the need for extensive and costly experimentation. By varying and controlling multiple
variables simultaneously, DOE can uncover critical interactions and dependencies that
impact the safety, efficacy, and quality of drugs. This approach not only accelerates drug
development but also enhances the quality of pharmaceutical products, reduces production
costs, and ultimately leads to safer and more effective medications for patients. Whether it
is the formulation of new drugs, the assessment of potential drug–drug interactions, or the
optimization of manufacturing processes, DOE is an indispensable tool in the journey to
bring innovative and safe pharmaceuticals to market [15,16].

Physiologically based pharmacokinetic (PBPK) modeling is a vital tool in the realm of
drug delivery development. It allows researchers and pharmaceutical scientists to simulate
and predict how drugs are absorbed, distributed, metabolized, and eliminated within
the human body. Recently, the physiologically based pharmacokinetic (PBPK) modeling
approach has grabbed attention in terms of the computational prediction of the different
pharmacokinetic parameters of the drug following its administration [17]. PBPK modeling
can predict drug concentration–time profiles as well as exposure in blood and specific
organs, which are crucial for predicting efficacy/toxicity and risk assessment based on
the physicochemical properties of the drug as well as the in vitro and/or ex vivo charac-
terization results [18,19]. In drug delivery, PBPK models are instrumental in designing
and optimizing delivery systems to enhance drug effectiveness and minimize side effects.
By accounting for factors such as physiological variations, drug properties, and delivery
methods, PBPK modeling aids in tailoring drug formulations and dosing regimens for
specific patient populations [20]. It guides the development of novel drug delivery systems
like nanoparticles, liposomes, and implants, ensuring they reach target tissues or organs
effectively. Furthermore, PBPK modeling is indispensable for predicting the pharmacoki-
netics of sustained-release formulations, intravenous infusions, and transdermal patches,
ultimately contributing to safer and more efficient drug delivery strategies, personalized
medicine, and the successful translation of drug delivery innovations from the laboratory to
clinical practice [21]. The obtained model through PBPK physiological modeling ultimate
technological advancement should be validated through its correlation to the published
clinical pharmacokinetic data prior to implementation [22]. Pharmaceutical research is
currently visualizing PBPK modeling as a useful tool for decision-making at different stages
of drug development [23].

The goal of the present work was the computational study of the influence of the
various preparation factors on the characteristics of the obtained in situ-forming particulate
formulations (IFPs) using the design of experiments (DOE) for the parenteral formulation
of a model NSAID (piroxicam). Design Expert® 11 (Stat-Ease, Minneapolis, MN, USA)
was used for the creation and analysis of the 21. 31 full factorial experimental design.
Furthermore, the release profile of the obtained formulae, as well as their kinetic models,
were investigated. The optimum formulation was further investigated morphologically,
and the obtained data were correlated to compute their expected biological performance
using PK-Sim physiological modeling.

2. Materials and Methods

2.1. Materials

Piroxicam (PX) was kindly gifted from Medical Union Pharmaceutical (MUP) Co.,
Egypt. Polyethylene sorbitan monooleate (Tween® 80), Freund’s complete adjuvant (CFA),
Sorbitan monooleate (Span® 80), Cholesterol Brij 52®, and cellulose membrane dialysis
bags were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Captex®

GTO was kindly donated by Abitec Corporation, Janesville, WI, USA. Dimethyl sulfoxide
(DMSO) and triacetin were purchased from Merck KGaA, Darmstadt, Germany. Sodium
di-hydrogen orthophosphate-1-hydrate (Minimum Assay 98%), di-sodium hydrogen or-
thophosphate anhydrous (Minimum Assay Acidimetric 98%), and sodium chloride were
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acquired from ADWIC, Egypt. Eudragit® Rl 100 was bought from Evonik Operations
GmbH, Germany. PURASORB® PDLG 7502 was a kind gift From Corbion Co., Amsterdam,
The Netherlands.

2.2. Methods
2.2.1. Preparation of Drug-Loaded In Situ-Forming Particulate Formulations (IFPs)

The in situ-forming particulate formulations were prepared using the emulsion
method in order to obtain nano-emulsions [24]. The emulsions consisted of two phases:
the internal phase, which was prepared by liquifying precise amounts of the particulate-
forming agent, and different structural additives in the organic solvent (triacetin), which
were incubated in an incubation shaker stirrer (IKA Ks4000ic, Staufen, Germany) at
65 ◦C ± 0.5 ◦C (180 stroke/minute) for 12 h (Table 1). Furthermore, a precisely weighed
amount of the drug was added to the internal phase, followed by vortexing for one minute.
Using a vortex mixer, the accurate and consistent proportions of Captex® GTO and Span®

80 were merged to prepare the external phase. Finally, the emulsion was obtained by simple
mixing of the internal and external phases by vertexing for one min.

2.2.2. Design of Experiment (DOE) and Construction of the 21.31 Full Factorial
Experimental Design

Design of experiments (DOE) is a systematic and structured approach to planning,
conducting, and analyzing experiments or tests in order to obtain the most valuable
information from the fewest trials. DOE represents a powerful tool that allows researchers
to efficiently optimize processes, understand the influence of various factors, and make data-
driven decisions, thus augmenting efficiency, data quality, and robustness and minimizing
cost and trial and error while allowing for optimization, which leads to a better data-
based decision making [25,26]. DOE was utilized for the generation and evaluation of
the obtained models for the formulation of IFPs using Design Expert® 11 software (Stat-
Ease, USA). A 21.31 full factorial experimental design was computed to investigate the
joint effect of independent formulation variables on the characteristics of the prepared
formulations. One factor at two levels and the other at three levels were the two inputs
evaluated as independent variables. The two independent factors were (A) the percentage
of a particulate-forming agent and (B) the particulate-forming agent’s type. Particle size
(PS), Zeta potential, polydispersity index (PDI), mean dissolution time (MDT), percentage
drug released after 0.5 h (Q0.5), half-life (T50%), and time required for ninety percent of the
drug concentration to be released (T90%) were the computed dependent variables (Table 1).

2.2.3. Characterization of the Prepared IFPs
Particle Size and Polydispersity Index (PDI) Determination

Exactly one ml of the formulation was diluted 1:10 with deionized water, followed
by one hour of stirring using a magnetic stirrer (Velp-AREC.T F20500051, Velp Scientifica,
Usmate Velate, Italy) to produce IFPs. In order to determine the particle size and polydis-
persity index (PDI) of the formulated IFPs, the prepared sample was centrifuged for 15 min
at 15,000 rpm at 4 ◦C in a refrigerating ultracentrifuge (3-30KS, Sigma Laborzentrifugen,
Germany) just before the oily phase was eliminated. Particle size was determined after
1mL of deionized water was used to suspend the separated particles. The mean PS, as well
as the vesicle PDI, were determined utilizing ZetaSizer (Nano Zs, Malvern Instruments
Limited, Malvern, UK) (n = 3) SD in a dynamic light scattering (DLS) analysis.
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In Vitro Drug Release Profile and Kinetic Modeling of the Prepared IFPs

In order to investigate the drug’s release pattern from the designed formulation, the
donor compartment was a cellulose membrane dialysis bag with dimensions of 7 cm in
length, 2.2 cm in width, and a molecular weight cutoff of 12–14,000 Daltons [27]. The dialy-
sis bag was filled with a precisely measured volume (0.5 mL) of drug-loaded IFPs, while
exactly 100 mL of phosphate-buffered saline (pH 7.4) were used to mimic the receiving
compartment, and the IFPs were incubated at a constant temperature of 37 ◦C ± 0.5 ◦C in
an incubation shaker (180 rpm). At regular time intervals, 5 mL of the release medium were
collected and replaced with fresh medium to maintain the sink conditions. Spectrophoto-
metric analysis was used to determine the amount of encapsulated drug in the withdrawn
samples at the previously determined wavelength. The average cumulative drug released
percentage was plotted against time, followed by kinetic analysis of the obtained data by
computationally fitting the data into various kinetic models, including the Zero, First, and
Higuchi diffusion release models, followed by determining the best fit of the release data
utilizing linear regression analysis [28,29]. In order to compare the formulations under
investigation, various release parameters were calculated. The examined release metrics
included mean dissolution time (MDT), percentage of drug released after 0.5 h (Q0.5), time
required for 25% of the drug concentration to be released (T25%), half-life (T50%), and time
required for 90% of the drug concentration to be released (T90%).

2.2.4. Desirability Study

A selected formulation was chosen for additional research using the Design Expert®

11 software’s integrated desirability function. The intended outcomes were to augment
MDT, T25%, and T50% and reduce Q0.5 and PS. Only significant models were included.

2.2.5. Investigation of the Effect of Further Variations in Formulation Factors on the
Selected Formulation
Effect of Adding Some Structural Additives

The selected formulation was subjected to further modification in order to control
the initial drug release and enhance the retention time. Eudragit RL, either alone or in
combination with Brij 52, was added to the internal phase, and the obtained formulations
were characterized to investigate the significance of the addition of these structure additives
on the Q0.5 followed by PS if the Q0.5 value was significantly minimized.

Effect of Solvent Variation

Further adjustments were made to the chosen formulation from the desirability study
section to investigate the effect of different organic solvents on the characteristics of the
formulation. DMSO and triacetin were investigated individually and as an equal com-
bination (1:1) as the organic solvent in the internal phase. The obtained formulations
were re-evaluated in terms of their Q0.5 followed by PS if the Q0.5 value was significantly
minimized.

2.2.6. Characterization of the Optimized Formulation

The optimized formulation was chosen based on better control of the initial release
with minor changes in PS for additional examinations.

Morphological Study Using Transmission Electron Microscope (TEM)

Using a high-resolution transmission electron microscope (TEM) (HR-TEM)—JEOL2100-
USA, Wilmington, DE, USA), optimized IFPs were examined morphologically. To ensure
the formation of IFPs, the prepared emulsions were introduced into 10 mL of phosphate
buffer of pH 7.4 and then incubated for 24 h in an incubation shaker. The oily phase was
separated by centrifugation at 15,000 rpm and 4 ◦C for fifteen minutes [24]. The morphology
of the obtained particulates was examined using TEM with an 80 kV accelerating voltage
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after they had been dispersed in 1 mL of pH 7.4 phosphate-buffered saline. A drop of
the IFPs was positioned on a copper grid that had been coated with carbon, and it was
left there for approximately two minutes to adhere. On top of the carbon grid, a drop of
phosphotungstic acid solution (2% w/v) was applied. The prepared sample was air-dried
first prior to analyzing the IFP film [30].

Rheological Study

A computerized Brookfield rheometer (DV3THB cone/plate rheometer, spindle CPE-
40, and RheocalcT software, version 1.1.13 software) (PolyScience model 9006, Niles, IL,
USA) was utilized for the viscosity measurement of the chosen IFPs at 25 ◦C ± 0.2 ◦C,
utilizing a cone and plate setup with a 20 mm diameter/4◦ angle and a set shear rate (1/s).
The rheological characteristics of the prepared formulae were computed by plotting the
shear stress versus the shear rate. Farrow’s equation was implemented to investigate the
flow pattern:

Log D = N Log S − Log η,

where S stands for the shear stress, and D stands for the shear rate (s−1) (Pa). N is the
Farrow constant, and η is the viscosity (Pa·s) [31].

PBPK Physiological Modeling

Physiologically based pharmacokinetic (PBPK) modeling is a mathematical and com-
putational approach used in pharmacology and toxicology to simulate and predict the
behavior of drugs, chemicals, and other substances within the human body. It is a crucial
tool in drug development, regulatory approval, risk assessment, and various research
areas [18,19].

• Construction of the PBPK Model

PX constructed the PBPK model, which was developed and validated using PK-Sim®

version 8.0 (Bayer AG, Leverkusen, Germany). Absorption, distribution, metabolism,
and excretion (ADME) process data, physicochemical characteristics, and literature-based
clinical pharmacokinetic figures for the drug were acquired from former publications
and/or drug databases [32]. The software automatically computed the specific intestinal
and organ permeabilities. The renal clearance value was computed to simulate the profile
of cumulative excretion as an unchanged form within urine following the ranges presented
in Ishizaki et al. [33]. Cellular permeabilities and partition coefficients were computed
as Schmitt and PK-Sim® standard methods, respectively [34,35]. The PBPK model was
developed for the intramuscular administration protocol of a single 10 mg/kg in the adult
population.

• PBPK Model Evaluation

The PBPK model was validated through comparison with the observed clinical data
by Calvo et al. after simulating the oral administration of a single dose of 20 mg of PX in
adults [36]. The numerical evaluation of the model was carried out by comparing observed
to predicted AUC0-24, Cmax, and tmax values. The acceptance criterion for the model was
set to a two-fold error range. In other words, if the predicted value/observed value (fold
error) is in the 0.5–2 range, the PBPK model may be justified [37].

2.2.7. Statistical Analysis of Data

The collected data were displayed as mean ± SD (standard deviation). The com-
putation of the results of the full factorial experimental design was performed using
Design-Expert® 11 software (Stat-Ease, Inc., Minneapolis, MN, USA), followed by ANOVA
testing to evaluate the statistical significance. The statistical significance level was set at a
p-value of 0.05 in each experiment.
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3. Results and Discussion

3.1. Preparation of Drug-Loaded In Situ-Forming Particulate Formulations (IFPs)

IFP formulations were prepared using the emulsification method. The resulting nano-
emulsions were immiscible liquids that were stabilized with the aid of the appropriate
surfactant and/or self-emulsifying oil phase with a typical mean droplet diameter of 500 nm
or less. All obtained formulations had a homogenous clear or hazy appearance due to their
small droplet size, as opposed to the milky white color of a coarse emulsion [38].

3.2. Statistical Analysis of the 21.32 Full Factorial Experimental Design
3.2.1. Effect of Formulation Factors on Average PS and PDI Values of the Prepared IFPs

To determine the level of significance of the examined independent factors on the
particle size and PDI of the formulations, an ANOVA test was conducted. The measured
response values are presented in Table 1, and the model regression analysis is presented
in Table 2. The particle size ranged from 363.5 ± 21.67 to 1043 ± 98.26 nm, and the PDI
ranged from 0.347 ± 0.017 to 0.854 ± 0.064. The two models showed good correlation
between the values of the R2 (0.9999 and 0.9891, for PS and PDI, respectively), adjusted R2

(0.9997 and 0.9728, for PS and PDI, respectively), and predicted R2 (0.9990 and 0.9022, for
PS and PDI, respectively), as well as the adequate precision of values (187.885 and 18.163,
for PS and PDI, respectively), which guarantees the adequacy of the constructed model
and ensures that the model may be used to investigate the entire design space. The PDI
model results were sufficiently satisfactory with no need for further transformation, while
the PS model required further transformation, as evident from the Box–Cox diagnostic, as
presented in Figure 1B. Results revealed that both the percentage of particulate-forming
agent (A) and the type of particulate-forming agent (B) significantly (p = 0.0004 and <0.0001,
respectively) influenced the obtained values of particle size. The increase in the percentage
of the particulate-forming agent significantly decreased the particle size, as presented in
Figure 1A. This can be simply due to the better availability of the particulate building
block with the possibility of better crosslinking leading to the formation of denser core
smaller particulates. On the other hand, the cholesterol (CHL)-based particulates exhibited
a significantly smaller particle size compared to the PDLG particulates. This may be
attributed to the CHL imparting rigidity to the obtained particulates and decreasing the
fluidization of the particles with a minimization of the surface free energy, all of which
results in smaller-sized particulates. Moreover, the increased lipophilicity accompanied
by the change in the type of particulate forming agent from PDLG to CHL, which in turn
slowed down the diffusion of the internal phase solvent and consequently the deposition of
the particles may have resulted in the formation of denser, uniform, and smaller particles.
This is consistent with the outcomes that were described by Saberi et al. [39].

Regarding the PDI, only the type of particulate-forming agent significantly (p = 0.0061)
influenced the PDI of the resulting particles, as presented in Figure 1C. Changing the
particulate-forming agent from PDLG to CHL significantly decreased the PDI. This is in
good agreement with the PS results, where the observed decrease in PS was accompanied
by better homogeneity in the obtained size distribution, resulting in monodisperse systems
with lower PDI values. These results are comparable to the results observed by Kumar
et al. [40].

3.2.2. Effect of Formulation Factors on In Vitro Release Parameters

In vitro release study is one of the most fundamental studies for most controlled release
systems. It is a great way to eliminate systems with release profiles that are undesirable.
The effectiveness of in vitro tests for evaluating the finished systems’ quality is extremely
important.
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Table 2. Model parameters of the 21.31 full factorial experimental design of the piroxicam-loaded in
situ-forming particulate formulations (IFPs).

Model Parameters PDI Mean (nm)
Particle Size Mean

(nm)
Q0.5 (h) MDT (h)

Model Type Main Effects Main Effects Main Effects Main Effects
R2 0.9891 0.9999 0.9797 0.9868

Adjusted R2 0.9728 0.9997 0.9492 0.9670
Predicted R2 0.9022 0.9990 0.8171 0.8811

Adequate Precision 18.163 187.885 14.411 16.929

Final Equation in Terms
of Coded Factors

PDI =
+0.58
+0.071 * A [1]
+6.333 × 10−3 * A [2]
−0.17 * B

(P.S)ˆ−1.39 =
+1.585 × 10−4

−3.019 × 10−5 * A [1]
−2.335 × 10−5 * A [2]
+6.371 × 10−5 * B

Q0.5 =
+48.66
+16.37 * A [1]
−2.98 * A [2]
+4.28 * B

(MDT)ˆ−1.68 =
+1.80
+1.77 * A [1]
−0.38 * A [2]
−0.29 * B

PDI: polydispersity index; Q0.5: percentage drug released after 0.5 h; MDT: mean dissolution time; R2: squared
regression coefficient.

Figure 1. Example of 3D-response surface plots for the effect of formulation factors on (A) PS,
(B) Box–Cox transformation for PS, (C) PDI, (D) Q0.5, (E) MDT, and (F) Box–Cox transformation
for MDT.

As shown in Figure 2A, all formulations displayed a two-phased release pattern,
exhibiting an initial rapid release phase, then a more extended-release stage follows. As
soon as the formulation meets the dissolution medium, diffusion of the internal phase
solvent takes place through the external oily phase, causing the particulates to deposit and
solidify, trapping the drug into its core. The existence of some drug that was not trapped
into the core of the produced particulates and is free to be released more rapidly than
the drug that is entrapped, is what causes biphasic release [41]. In order to evaluate the
distinctions between the prepared formulations, various release parameters were computed.
The studied release parameters were mean dissolution time (MDT), percentage of drug
released after 0.5 h (Q0.5), time required for 25% of the drug concentration to be released
(T25%), half-life (T50%), and time required for 90% of the drug concentration to be released
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(T90%). Only the constructed models for mean dissolution time (MDT) and percentage
drug released after 0.5 h (Q0.5) proved significant. Insignificant models were excluded from
the study.

Figure 2. (A) Release profile of the prepared IFPs and (B) the desirability study marked with the
chosen formulation.

The average cumulative drug release percentage was plotted versus time, and the
release data were kinetically analyzed by substituting the obtained release data into various
kinetic models, including the First, Zero, and Higuchi diffusion release models, utilizing
linear regression analysis to find the release data’s best fit. Followed by confirmation of
the obtained results using the Korsmeyer–Peppas equation. All formulations exhibited
first-order release kinetics, which is common in many particulate systems [42].

Effect of Formulation Factors on Q0.5

To determine the level of significance of the examined independent variables on Q0.5,
an ANOVA test was conducted. The values of the measured responses are shown in Table 1,
while the model regression analysis is presented in Table 2. The constructed model showed
a good correlation between the values of the R2 (0.9797), adjusted R2 (0.9492), and predicted
R2 (0.8171), as well as the adequate precision of value 14.411, which assures the adequacy of
the model. Results showed that the Q0.5 values ranged from (31.10 ± 2.80 to 71.65 ± 5.42)
and only the percentage of particulate forming agent (A) significantly (p = 0.0227) influenced
the obtained values of (Q0.5). The change in the percentage of the particular forming agent
from the lower level to the higher level significantly decreased the Q0.5 values, which
reflects the drug’s delayed release and the management of the formulation’s well-known
burst effect, as shown in Figure 1D. Additionally, since PDLG and cholesterol are the key
particle producers, an increase in their percentage results in the formation of more particles;
thus, more drug was entrapped within the formed particles. This decrease in the amount of
free drug resulted in a significant decrease in Q0.5, representing better control of the drug
release pattern.

Effect of Formulation Factors on the Mean Dissolution Time (MDT)

Utilizing the ANOVA test, the level of significance of the independent factors on the
MDT values was computed as shown in Tables 1 and 2 and ranged from 0.46 ± 0.03 to
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3.32 ± 0.28 h. Applying the Box–Cox diagnostic test, power transformation was imple-
mented to augment the sensitivity of the constructed model, as presented in Figure 1F. Re-
sults showed that the percentage of particulate forming agent (A) significantly (p = 0.0138)
augmented the MDT values, as shown in Figure 1E. The previously observed significant
control of Q0.5 was attributed to the increase in PLGA and cholesterol concentrations, which
accelerated the standard rate of IFPs deposition. Subsequently, the significantly increased
portion of the entrapped drug reduced the initial release, revealed in the significant min-
imization in Q0.5. All of which adds up to the total delay in medication release and the
notable rise in MDT. This facilitated the total delay in the release of the drug and the notable
rise in MDT value.

3.3. Desirability Study

IFP3 was recognized as the chosen formulation for additional investigation based on
the desirability study implemented using Design® Expert desirability function with the
target criteria of minimizing PS, PDI, and Q0.5 and maximizing MDT, as shown in Figure 2B.
Only significant models were included.

3.4. Further Investigation of the Effect of Formulation Factors on the Selected Formulation
3.4.1. Effect of Some Structural Additives

Further modifications were implemented into the optimized formulation IFP3 in terms
of minimizing the initial release of the drug and maximizing the retention time. Eudragit
RL was added as a structural additive in the internal phase with a concentration of 2.5%
either alone (IFP3-E) or in combination with 2.5% Brij 52 (IFP3-EB). The release profile
showed that the combination between Eudragit RL and Brij 52 significantly decreased
the initial dug release represented in minimization of Q0.5, which was 15.95 ± 1.32 and
13.95 ± 0.9% for IFP3-E and IFP3-EB, respectively, which are both significantly lower than
IFP3, which had a Q0.5 value of 31.10 ± 2.80%, as shown in Figure 3A. This may be due
to the expected physical interaction of the O–H group of Brij 52 and the C=O group of
the drug that may suggest the development of a new hydrogen bond between the PX and
Brij 52, which may have augmented the drug encapsulation within the deposition phase
of the IFPs. Moreover, the presence of Eudragit RL may have increased the viscosity of
the injected solution favorably, slowing down the diffusion of the internal phase into the
surrounding medium and the deposition of the particulates allowing the encapsulation of
more drug, which has significantly controlled Q0.5. This is in correlation with the findings
of Yacoub et al. [43]. The PS of IFP3-EB was 573.92 ± 23.5 nm, which was insignificantly
(p > 0.05) different from IFP3.

Figure 3. Release profiles of the chosen formulation IFP3 against modified formulations with
(A) structural additives and (B) different solvents.
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3.4.2. Effect of Solvent Variation

For many gases, synthetic fibers, paint, hydrocarbons, salts, and natural products,
DMSO is a useful industrial and laboratory solvent. It is stable at high temperatures,
aprotic, and relatively inert. Furthermore, DMSO has low acute and chronic toxicity. High
concentrations of test organisms exposed via contact, ingestion, or inhalation repeatedly
show low toxicity. It was noticed that the use of DMSO enhanced the solubility of the
particulate-forming agents either alone (IFP3-EBD) or in combination with triacetin in
the ratio 1:1 (IFP3-EBTD). The results showed the insignificance (p > 0.05) of changing
the solvent from triacetin to DMSO in terms of its effect on the release profile of the
prepared formulations, as shown in Figure 3B. Therefore, IFP3-EBD was chosen for further
investigations based on the proven safety margin of DMSO compared to triacetin [44].
The PS of IFP3-ED was 579.12 ± 13.55, which was insignificantly (p > 0.05) different from
IFP3-EB in spite of the difference in polarity between DMSO and triacetin. This may be
attributed to the presence of Brij 52 with its large hydrophilic head that may have hindered
the expected rapid diffusion of DMSO into the surrounding media and conserved the PS.

3.5. Characterization of the Optimized Formulation
3.5.1. Transmission Electron Microscopy (TEM)

The morphological pattern of the optimum formulation IFP3-EBD was identified using
TEM. As shown in Figure 4A, the generated photographs demonstrated the deposition
of uniformly spherical particulates with a dense core. This may be explained by the
particulate formation mechanism, which depends on the solvent diffusing into the aqueous
surroundings and the particulates depositing there. The assembly of dense particulates
may have occurred as a result of the Brij 52 characteristic large polar head, delaying the
diffusion of DMSO into the release medium.

Figure 4. (A) Transmission electron micrograph (TEM) of the optimized formulations (IFP3-EBD).
(B) PBPK simulated PX plasma concentration–time curves following IM application of IFP3-EBD.

3.5.2. Rheological Study

Rheology of the injectable formulation represents a crucial characteristic as it may
hinder the ease of administration as well as cause pain upon application. IFP3-EBD
exhibited a pseudoplastic flow, proved by the computed n value from Farrow’s equation
(n = 3.95). This flow ensures ease of application with minimal pain due to its decreased
viscosity upon applying shear, which is favored in these types of formulation.
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3.5.3. PBPK Physiological Modeling

Prior to the adult PX pharmacokinetic parameters’ prediction following the intramus-
cular (IM) application of the optimum IFP3-EBD formulation, the constructed PBPK model
was validated against the reported clinical data by Calvo et al. [36]. The model was verified
by contrasting the Tmax, Cmax, and AUC0-24 of PX after a single oral dosage of 20 mg with
the corresponding published pharmacokinetic values by Calvo et al. As shown in Table 3,
the findings showed that the mean predicted/observed ratios for Tmax, Cmax, and AUC0–24
were 1.3, 0.9, and 0.6, respectively. This could verify the accuracy of the model that was
selected and the modeling software that was being evaluated.

Table 3. Results for the development and validation of the piroxicam PBPK model.

Reference

AUC0-24 (μg·h/mL) Cmax (μg/mL) Tmax (h)

Observed Predicted
Fold

Error *
Observed Predicted

Fold
Error *

Observed Predicted
Fold

Error *

Calvo et al. [36] 78.7 45.4 0.6 2.28 2 0.9 4 5.25 1.3

* Fold error indicates predicted value divided by observed value (predicted/observed). AUC0−24: area under the
plasma concentration–time curve; Cmax: maximum plasma concentration; tmax: time required to reach maximum
plasma concentration.

The PBPK model-simulated plasma concentration–time curve of PX following the IM
application of the optimized formulation in adults is presented in Figure 4B, while the
predicted pharmacokinetic parameters are presented in Table 4. Results revealed that the
Cmax value of PX following the IM application of IFP3-EBD (10 μg/mL) was significantly
higher than the corresponding mean value (2.28 μg/mL) observed with the reference
oral administration (20 mg). At the same time, the AUC0–24 of the IFP3-EBD was 1383.03
compared to a value of 78.7 (μg·h/mL) for the observed oral formulation with a relative
bioavailability value of 1757%. Finally, the Tmax was 5 and 4 h for IFP3-EBD and the oral
formulation, respectively. This obvious augmentation in the pharmacokinetic profile of
IFP3-EBD compared to the oral formulation is attributed to the remarkable components of
the IM formulation as well as the nan-range of the obtained particulates upon injection. Brij
52, as a surfactant, has the ability to enhance the biological absorption of the encapsulated
drugs via the liquefaction of the biological membranes and the loosening of their tight
junctions, allowing for better penetration of the drug into the bloodstream. Moreover, Brij
52 imparts more flexibility to the basically soft lipidic nano-particulates, thus facilitating
their penetration. Additionally, these particulate systems serve as nano-reservoir systems
that release the drug in a continuous and controlled manner. Finally, the negatively charged
particulates are thought to have a lower clearance rate than that of the neutral ones. This is
highly reflected by the maximized Cmax and AUC0–24 values of IFP3-EBD. This is in line
with the reported observations of Sharma et al. [45]. The comparably higher Tmax of the
IM formulation may be attributed to the sustained release pattern of the drug from the
IFP3-EBD nano-particulates.

Table 4. Physiologically based pharmacokinetic model simulating piroxicam pharmacokinetic pa-
rameters following intramuscular administration of IFP3-EBD at 10 mg/kg dose in adults.

AUC0-24 (μg·h/mL) Cmax (μg/mL) Tmax (h)

1383.03 61.79 5
AUC: area under the plasma concentration–time curve; Cmax: maximum plasma concentration; Tmax: time
required to reach maximum plasma concentration; IFP3-EBD: in situ-forming particulate formulation containing
Eudragit RL and Brij 52 as structural additives and DMSO as solvent.

4. Conclusions

Design of experiments was adopted for the design, characterization, and optimization
of in situ-forming particulates (IFPs) for the IM administration of piroxicam via designing
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a full factorial experimental approach where the effect of the different formulation vari-
ables on the characteristics of the obtained IFPs was studied. The selected formulation
was further investigated for the influence of the addition of some structural additives to
augment the kinetic profile of the drug release. The optimized formulation (IFP3-EBD)
presented favorable rheological features with the formation of spherical dense particulates
upon injection showing minimal aggregates. The study of the release profile proved the
extended-release behavior of IFP3-EBD endorsed with the virtual investigation of its bi-
ological efficacy using PBPK physiological modeling. The adopted physiological model
was proved reliable upon its correlation to the literature-based clinical data. The optimized
formulation exhibited an augmented biological profile with a relative bioavailability of
1757% compared to the literature data. These results demonstrated the ultimate importance
of the close control of the different formulation factors for the significant effect of their
variation on the characteristics of the obtained drug delivery systems. The invented IFPs
proved their potential for efficient piroxicam IM delivery as well as the reliability of the
PBPK physiological modeling in the prediction of the biological performance of novel
formulations in a cost-effective, comprehensive manner.

Author Contributions: Conceptualization, A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; method-
ology, A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; software, A.M.G. and N.M.E.H.; validation,
A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; formal analysis, A.S.Y., H.O.A., M.I., N.E., A.M.G.
and N.M.E.H.; investigation, A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; resources, A.S.Y.,
H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; data curation, A.S.Y., H.O.A., M.I., N.E., A.M.G. and
N.M.E.H.; writing—original draft preparation, A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.;
writing—review and editing, A.S.Y., H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; visualization, A.S.Y.,
H.O.A., M.I., N.E., A.M.G. and N.M.E.H.; supervision, H.O.A. and M.I.; project administration,
H.O.A. and M.I.; funding acquisition, N.E. All authors have read and agreed to the published version
of the manuscript.

Funding: The APC was funded by Abu Dhabi University’s Office of Research and Sponsored
Programs. Grant number: 19300800.

Institutional Review Board Statement: Not applicable as the study did not involve humans or
animals but was performed virtually using physiological modeling software (PK-sim®).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: Nermin Eissa acknowledges financial support from Abu Dhabi University’s
Office of Research and Sponsored Programs. Grant number: 19300800.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hughes, J.P.; Rees, S.; Kalindjian, S.B.; Philpott, K.L. Principles of early drug discovery. Br. J. Pharmacol. 2011, 162, 1239–1249.
[CrossRef] [PubMed]

2. Yun, Y.H.; Lee, B.K.; Park, K. Controlled Drug Delivery: Historical perspective for the next generation. J. Control. Release 2015, 219,
2–7. [CrossRef] [PubMed]

3. Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems: An updated review.
Int. J. Pharm. Investig. 2012, 2, 2–11. [CrossRef]

4. Trenfield, S.J.; Basit, A.W. Modified Drug Release: Current Strategies and Novel Technologies for Oral Drug Delivery. In
Nanotechnology for Oral Drug Delivery; Martins, J.P., Santos, H.A., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 177–197,
Chapter 6.

5. Rahnfeld, L.; Luciani, P. Injectable Lipid-Based Depot Formulations: Where Do We Stand? Pharmaceutics 2020, 12, 567. [CrossRef]
[PubMed]

6. Patrick, M.G.; Vladimir, R.M. Pharmacokinetic and Pharmacodynamic Properties of Drug Delivery Systems. J. Pharmacol. Exp.
Ther. 2019, 370, 570.

7. Quarterman, J.C.; Geary, S.M.; Salem, A.K. Evolution of drug-eluting biomedical implants for sustained drug delivery. Eur. J.
Pharm. Biopharm. 2021, 159, 21–35. [CrossRef]

125



Pharmaceutics 2023, 15, 2513

8. Prasad, S.; Dangi, J.S. Targeting efficacy and anticancer activity of polymeric nanoparticles of SN-38 on colon cancer cell lines.
Futur. J. Pharm. Sci. 2023, 9, 1–9. [CrossRef]

9. Camargo, J.A.; Sapin, A.; Nouvel, C.; Daloz, D.; Leonard, M.; Bonneaux, F.; Six, J.L.; Maincent, P. Injectable PLA-based in
situ forming implants for controlled release of Ivermectin a BCS Class II drug: Solvent selection based on physico-chemical
characterization. Drug Dev. Ind. Pharm. 2013, 39, 146–155. [CrossRef]

10. Śmiga-Matuszowicz, M.; Korytkowska-Wałach, A.; Nowak, B.; Pilawka, R.; Lesiak, M.; Sieroń, A.L. Poly(isosorbide succinate)-
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Abstract: Cannabinoids: cannabidiol (CBD), cannabidiolic acid (CBDA), and cannabichromene
(CBC) are lipophilic compounds with limited water solubility, resulting in challenges related to their
bioavailability and therapeutic efficacy upon oral administration. To overcome these limitations, we
developed co-dispersion cannabinoid delivery systems with the biopolymer polyvinyl caprolactam-
polyvinyl acetate-polyethylene glycol (Soluplus) and magnesium aluminometasilicate (Neusilin US2)
to improve solubility and permeability. Recognizing the potential therapeutic benefits arising from
the entourage effect, we decided to work with an extract instead of isolated cannabinoids. Cannabis
sativa inflorescences (Henola variety) with a confirming neuroprotective activity were subjected to
dynamic supercritical CO2 (scCO2) extraction and next they were combined with carriers (1:1 mass
ratio) to prepare the co-dispersion cannabinoid delivery systems (HiE). In vitro dissolution studies
were conducted to evaluate the solubility of CBD, CBDA, and CBC in various media (pH 1.2, 6.8,
fasted, and fed state simulated intestinal fluid). The HiE-Soluplus delivery systems consistently
demonstrated the highest dissolution rate of cannabinoids. Additionally, HiE-Soluplus exhibited
the highest permeability coefficients for cannabinoids in gastrointestinal tract conditions than it
was during the permeability studies using model PAMPA GIT. All three cannabinoids exhibited
promising blood-brain barrier (BBB) permeability (Papp higher than 4.0 × 10−6 cm/s), suggesting
their potential to effectively cross into the central nervous system. The improved solubility and
permeability of cannabinoids from the HiE-Soluplus delivery system hold promise for enhancement
in their bioavailability.

Keywords: cannabidiol; cannabidiolic acid; cannabichromene; cannabis; solubility; permeability

1. Introduction

Cannabis sativa L. is a plant rich in secondary plant metabolites as it contains cannabi-
noids, terpenes, flavonoids, amino acids, fatty acids, phytosterols, vitamins, and min-
erals [1]. Cannabis flowers, also known as inflorescences, possess a range of potential
medicinal properties such as analgesic, anti-inflammatory, and antiemetic effects [2–4]. Ad-
ditionally, cannabis flowers have shown promise in aiding sleep, stimulating appetite, and
modulating neurological conditions like epilepsy [5,6]. Academic research is progressively
expanding to explore the medicinal capabilities of cannabis flowers and their constituents.

Cannabinoids, such as tetrahydrocannabinol (THC), cannabidiol (CBD), cannabidiolic
acid (CBDA), cannabigerol (CBG), or cannabichromene (CBC) are lipophilic constituents of
Cannabis sativa L. that are poorly soluble in water (2–10 μg/mL) [7], which is the result of
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their lipophilic nature (log P 6–7) [8]. This is a limitation for cannabinoid oral administration
as only dissolved compounds can be absorbed across the gastrointestinal epithelium [9],
which results in low bioavailability (THC: 4–12%; CBD: ≈6%) [10,11]. The solubility of a
molecule is a key determinant of its gastrointestinal fate and poorly soluble compounds
may require formulation strategies, such as micronization, lipid-based formulations, or
complexation, to improve their solubility and enhance their oral bioavailability [12,13].
However, findings in the literature in this field focus on work with pure cannabinoids,
not extracts, excluding the entourage effect between cannabis plant components. The vast
potential of the phenomenon of synergy between biologically active compounds may be
reflected in pharmacotherapy or phytotherapy only after they cross biological barriers,
which is only possible for dissolved substances. So far, research to improve the solubility of
cannabinoids has focused on improving the solubility of CBD as a result of encapsulation,
including nano-emulsions, Pickering emulsions, and inclusion complexes [14]. For exam-
ple, a recently published article by Wang et al. describes zein and whey protein composite
nanoparticles of CBD prepared by a modified anti-solvent method in which the water
solubility of CBD was increased by 465–505 times and increased pharmacokinetic parame-
ters [14]. Research to improve the solubility of THC included the use of cyclodextrins in the
case of Δ9-THC and Δ8-THC; for the second substance, it resulted in not only an increase of
aqueous solubility but also in the increase of stability and transcorneal permeation [15,16].

Another way to overcome poor cannabinoid solubility in water is by using inhalation
as a delivery method in smoking or vaporizing. When a cannabis flower or concentrate is
heated to a high enough temperature, the cannabinoids are vaporized and can be inhaled,
and they have better bioavailability after inhalation. The value ranges from 10% to 35%
for THC and varies among patients due to divergence in number, duration, interval of
puffs, breath hold time, inhalation volume, used device, and the site of deposition within
the respiratory system; for CBD, the average value is 11–45% [11]. An alternative is to use
sublingual drops, which are an extract diluted in a carrier oil to ensure the dissolution of
cannabinoids, allowing for rapid absorption through the oral mucosa [17]. The bioavail-
ability of cannabinoids after sublingual administration was assessed for CBD as 13–19%,
whilst for THC it was 13–14% [18].

All activities to improve the bioavailability of cannabinoids are aimed at better use of
the pharmacological activity of individual cannabinoids—or their mixtures—with a specific
potency of individual cannabinoids. Current literature reports confirm neuroprotective,
anti-epileptic [19], and sedative effects, which are associated with the achievement of
therapeutic goals within the central nervous system. For example, CBD has demonstrated
anxiolytic and calming effects in preclinical and clinical studies [20–23]. By interacting with
serotonin receptors and enhancing the action of gamma-aminobutyric acid (GABA), CBD
may promote relaxation and potentially aid in managing sleep disturbances and insom-
nia [24]. The modulation of ion channels, neurotransmitter systems, and anti-inflammatory
activity are among the proposed mechanisms through which CBD exerts its antiseizure
properties [25]. CBD reduces neuronal excitability through functional antagonism of GPR55
receptors, desensitization of TRPV1 receptors, and inhibition of adenosine transport [26].
Neuroimaging investigations have revealed noteworthy changes in brain activity and
connectivity patterns during both resting states and while engaging in cognitive tasks
following the administration of CBD [27]. CBD has been found to reduce the accumulation
of amyloid-beta (Aβ) plaques and decrease the hyperphosphorylation of tau proteins,
which are central pathological features of Alzheimer’s disease [28]. There are not many
studies about CBDA or CBC on the nervous system; rather the majority of studies concern
CBD and THC. THC interacts with the endocannabinoid system’s CB1 receptors, regulating
neurotransmitter release, pain perception, and immune responses [29,30]. However, the
use of plant material with a high THC content, even for medicinal purposes, could be
deemed illegal in many countries across the globe [31]. The findings indicate that both
CBDA and THCA possess properties that may be beneficial in combating Alzheimer’s
disease. These cannabinoids can alleviate memory impairments and enhance the brain’s
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ability to withstand higher levels of calcium (Ca2+), Aβ, and hyperphosphorylated tau
(p-tau) in the hippocampus [32]. Moreover, a substantial concentration of CBDA effectively
reduces neurotoxicity induced by rotenone [32]. In the rat maximal electroshock seizure
test, it has been observed that CBDA exhibits anticonvulsant properties [33]. CBC interacts
with specific TRP cation channels, namely TRPA1, TRPV1, and TRPV8, which play crucial
roles in pain relief and inflammation regulation [34]. Upon binding to these receptors, CBC
induces an antinociceptive effect within the brain. CBC positively influenced the viability of
adult neural stem progenitor cells during in vitro differentiation, upregulating the marker
nestin while downregulating the astrocyte marker Glial fibrillary acidic protein, possibly
involving adenosine signaling and ATP modulation in the process [35]. CBC might be
also a potential neuronal differentiation inducer for NSC-34 cells (a hybridoma between
spinal cord cells from the embryos of mice and neuroblastoma) [36]. In addition to the
affinity of cannabinoids to selected receptors, there are also non-specific mechanisms of
their action within the central nervous system. There are literature reports, including the
results published by us, confirming the scavenging of free radicals [37–39]. Recent articles
present the variety of antioxidant mechanisms of cannabinoids [38,40,41].

Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol (Soluplus) is an am-
phiphilic copolymer composed of hydrophilic and lipophilic segments. This structure
allows Soluplus to form micelles or colloidal structures when dispersed in water [42]
increasing the solubility of various compounds like curcumin [43], hesperidin [44], pteros-
tilbene [45], or itraconazole [46]. Magnesium aluminometasilicate (Neusilin US2) is an
amorphous, porous material with a high surface area and adsorption capacity. Its porous
structure can adsorb hydrophobic molecules onto its surface or within its pores and increase
the solubility of compounds such as naringenin [47], caffeic acid [48], and celecoxib [49].

In order to justify the need to increase the solubility and, as a result, the bioavailability
of phytocannabinoids present in the inflorescences of Cannabis sp., we undertook work
to improve the solubility of cannabinoids, CBD, CBDA, and CBC whose structures are
presented in Figure 1, by preparing delivery systems with biopolymer (Soluplus) and
Neusilin US2 to achieve better bioavailability. Limited research regarding the enhancement
of solubility for cannabinoids within whole extracts, rather than isolated or synthesized
forms, and notably, the lack of data on dissolution profiles and membrane permeability of
CBC and CBDA ensures the novelty of the study.

Figure 1. The structure of cannabidiol (a), cannabidiolic acid (b), and cannabichromene (c).

2. Materials and Methods

2.1. Materials

Cannabis sativa plant material, Białobrzeskie, Tygra, Henola varieties, was donated
from the Experimental Station for the Cultivar Testing in Chrząstowo, belonging to the
Research Centre for Cultivar Testing in Słupia Wielka. The agricultural details are presented
in Supplementary Materials. The plant material for the study was collected after hemp
plants reached the maturation phase, i.e., from the moment of seed formation to the first
seed. Immediately after collection, two samples of 500 g each were separated and dried to
an absolutely dry mass. The entire drying period lasted twenty hours. The temperature
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in the oven was maintained at no higher than 50 ◦C for the first 6 hours and the oven
temperature was maintained at 105 ◦C for the remaining 14 h of drying.

Food-grade CO2 was provided by Air Liquide Polska (Cracow, Poland). Soluplus®

(polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer), was sup-
plied by BASF SE (Ludwigshafen, Germany). Neusilin US2 (magnesium aluminometasil-
icate) was kindly provided by Fuji Chemical Industry (Minato, Tokyo). Cannabinoid
standards (CBD–CAS: 13956-29-1, CBDA–CAS: 1244-58-2, and CBC–CAS: 20675-51-8) were
purchased from Sigma-Aldrich (Poznan, Poland). Trifluoroacetic acid and acetonitrile (high-
performance liquid chromatography [HPLC] grade) were provided by Merck (Darmstadt,
Germany). The chemicals 2,2-Diphenyl-1-picrylhydrazyl, iron (III) chloride hexahydrate,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), neocuproine, 2,4,6-Tri(2-pyridyl)-s-
triazine, trolox, Trizma® Base, Trizma® hydrochloride, butyrylcholine iodide, acetylcholine
iodide, acetylcholinesterase, butyrylcholinesterase, 5,5-dithiobis-2-nitrobenzoic acid, ty-
rosinase, galantamine, azelaic acid were purchased from Sigma-Aldrich (Schnelldorf, Ger-
many). Sodium chloride, sodium dihydrogen phosphate, sodium hydrogen phosphate, and
dimethyl sulfoxide were obtained from Avantor Performance Materials (Gliwice, Poland).
Ammonium acetate, an analytical weighed amount of HCl, 1 N, and methanol were sup-
plied by Chempur (Piekary Śląskie, Poland). Cupric chloride dihydrate, acetic acid (99.5%),
and ethanol (96%) were supplied by POCH (Gliwice, Poland). Prisma HT, GIT, BBB lipid
solution, an acceptor sink buffer, and a brain sink buffer were supplied by Pion Inc. (Forest
Row, East Sussex, UK). High-quality pure water was prepared using a Direct-Q 3 UV
purification system (Millipore, Molsheim, France; model Exil SA 67120). FaSSIF and FeSSIF
were purchased from Biorelevant (London, UK).

2.2. Preparation of the Systems of Cannabis sativa (Henola Variety) Inflorescences Extract-Carriers

The extract of Cannabis sativa inflorescences was obtained using the dynamic super-
critical CO2 (scCO2) extraction process (SFT-120, shim-pol, Izabelin, Polska). In total, 6.5 g
of dried plant material was placed in the extraction vessel and extracted under 6000 psi
at 50 ◦C with 250 mL of CO2. The extraction yield was calculated as the mass of extract
obtained and subjected to drying (to remove any water from the eventually frozen needle)
(g) divided by the mass (g) of plant material placed in the extractor and expressed as a
percentage (%). The choice of the Henola extract (HiE) was based on the screening studies
on three varieties (Białobrzeskie, Tygra, and Henola) of leaves and inflorescences and their
neuroprotective potential (data not presented). After extraction, the antioxidant studies
and inhibition of enzymes (acetylcholinesterase, butyrylcholinesterase, and tyrosinase)
connected with neurodegeneration were repeated.

Next, the extracts were dried in a vacuum at 50 ◦C, weighed, and suspended in
methanol (if the process was repeated to obtain more extract, at this stage the extracts were
combined together), winterized, and filtered (Figure 2). For fluid extracts (HiE), carriers
(Neusilin US2, Soluplus, or lactose for apparent solubility study) were added in a 1:1 mass
ratio to the earlier weight of the extract. Systems were dried on rota-vapor at 50 ◦C until
dry and grounded in mortar.

Figure 2. Scheme of preparation of co-dispersion delivery systems of Henola inflorescences extract
with Neusilin US2 and Soluplus.

2.3. Chromatographic Analysis

The cannabinoid profile (CBD, CBDA, and CBC) of the extract, and during the ap-
parent solubility and permeability study, was analyzed using the ultra-high-performance
liquid chromatography with the diode array detector (HPLC-DAD) method, Shimadzu
Corp. (Kyoto, Japan). The previously described method was used [37]. The analysis was
conducted on a CORTECS Shield RP18 stationary phase, 2.7 μm; 150 mm × 4.6 mm, with
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a mobile phase consisting of 0.1% trifluoroacetic acid (41%) and acetonitrile (41:59, v/v).
The flow rate was set to 2.0 mL/min, and the column temperature was maintained at
35 ◦C. The injection volume was 10.0 μL, and the detection wavelength was set at 228 nm,
with an analysis time of 50 min. The retention times for each cannabinoid were as
follows: CBD at approximately 5.83 min, CBDA at approximately 6.42 min, and CBC
at 14.57 min. The LabSolutions LC software (version 1.86 SP2) from Shimadzu Corp.
(Kyoto, Japan) was used to obtain chromatograms. The method was validated accord-
ing to ICH guidelines for current research, the validation parameters are collected in
Table S1 (Supplementary Materials).

2.4. Apparent Solubility of Cannabinoids

The dissolution rate was determined in the paddle apparatus (Agilent Technologies,
Santa Clara, CA, USA). HiE had a thick, oily consistency, so for the purpose of apparent
solubility study it was combined with lactose; the preparation steps were the same as for
Neusilin US2 and Soluplus (HiE–control). The systems and control (600 mg) were placed
into two gelatin capsules. The capsules were placed into coiled sinkers for floating preven-
tion. The test was carried out in triplicate for 180 min in a pH 1.2 of 0.1 N hydrochloric
acid, a pH 6.8 of phosphate buffer, Fasted State Simulated Intestinal Fluid (FaSSIF), and
Fed State Simulated Intestinal Fluid (FeSSIF).

FaSSIF and FeSSIF dissolution media are more complex solutions specifically designed
to simulate the conditions of the human small intestine under fasted and fed conditions.
FaSSIF and FeSSIF contain natural surfactants present in the gut to simulate gastrointestinal
fluids much more accurately than conventional dissolution media, and they simulate
the conditions of the human intestine in a fasted state and after a meal [50]. Sodium
taurocholate is included to replicate the role of bile acids in facilitating lipid absorption and
emulsification. Lecithin is incorporated to mimic the presence of phospholipids, which play
a vital role in the formation of mixed micelles that enhance the solubilization of lipophilic
compounds. The buffer ensures a stable pH in the intestinal fluid (6.5 for FaSSIF and 5.0
for FeSSIF), and sodium chloride is added to ensure physiological osmolarity (a FaSSIF of
270 Osm/L and FeSSIF of 670 Osm/L) [51].

The vessels were filled with 500 mL of media at the temperature set at 310.15 K and the
rotation speed of 100 rpm. At specific time intervals, 2.0 mL of the sample was taken out
and immediately replaced with an equal amount of fresh medium at the same temperature.
The percentage cumulative cannabinoid release (% CBD, CBDA, and CBC) was measured
at different time points (5, 10, 15, 30, 45, 60, 90, 120, and 180 min) for each formulation.
The samples were then passed through a filter with a pore size of 0.22 μm and analyzed
using high-performance liquid chromatography (HPLC). Sample chromatograms from the
dissolution study are presented in Figure S1 (Supplementary Materials). The standard
deviation (SD) was also calculated for each time point and delivery system.

The differences and similarities between the apparent solubility profiles were deter-
mined by the two-factor values, f 1 and f 2, introduced by Moore and Flanner [52] with the
use of the following equations:
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where n is the number of time points, Rj is the percentage of the reference dissolved
substance in the medium, Tj is the percentage of the dissolved tested substance, and t is
the time point. Dissolution profiles are described as similar when the f 1 value is close
to 0, or f 2 is close to 100 (between 50 and 100) [53]. The similarities and dissimilarities
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between profiles were marked in the figures with letters. If profiles share the same letter,
they are similar.

The data from the dissolution studies were graphically correlated to mathematical
models: zero-order, first-order, Higuchi’s model, and Korsmeyer–Peppas model in MS
Excel (version 1808, Microsoft Corporation, Redmond, WA, USA) [54,55]. The mathematical
equations of kinetic models are described below:

Zero-order model: F = k × t

First-order model: lnF = k × t

Higuchi model: F = kt1/2

Korsmeyer-Peppas model: F = ktn

where F is the fraction of the released drug, k is the constant associated with the release,
and t is the time (h).

2.5. Permeability Study of Cannabinoids

The permeability of cannabinoids through biological membranes was measured using
the Parallel Artificial Membrane Permeability Assay (PAMPA) model. The study was
conducted in the gastrointestinal (GIT) and blood-brain barrier (BBB) models. The model
consists of two 96-well microfilter plates, the donor and the acceptor plate. The wells were
separated by a 120 μm thick microfilter disc coated with a 20% (w/v) dodecane solution of
a lecithin mixture (Pion Inc., Billerica, MA, USA). The extract was diluted and the systems
were dissolved (or suspended, centrifuged, and filtered) in dimethyl sulfoxide (DMSO)
and placed in the donor solutions, which were adjusted to 6.8 for GIT application and pH
7.4 for BBB. The BBB permeability was only studied for extract, as Neusilin US2 does not
leave the GIT. The plates were incubated at 310.15 K for 3 h for the GIT and BBB assay
in a humidity-saturated atmosphere. After incubation, the plates were separated and the
concentration of CBD and CBDA, as their concentration in the extract was the highest, was
determined using the HPLC-DAD method. Each measurement was repeated six times.
CBC was present in a quantifiable concentration only in the BBB study, thus, it was not
determined in GIT conditions. The Papp was calculated using the following formulas:

Papp =
−ln

(
1 − CA
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)
S ×

(
1

VD
+ 1

VA

)
× t

(3)

Cequilibrium =
CD × VD + CA × VA

VD + VA
(4)

where VD is the donor volume, VA is the acceptor volume, Cequilibrium is the equilibrium
concentration (Cequilibrium = CD×VD+CA×VA

VD+VA
), S is the membrane area, and t is the incubation

time (in seconds).
Substances with a Papp in the GIT model below 0.1 × 10−6 cm/s are considered

to have poor permeability, compounds with 0.1 × 10−6 cm/s ≤ Papp < 1 × 10−6 cm/s
are classified as mediocre permeable, and compounds found as well permeable have a
Papp ≥ 1 × 10−6 cm/s [56]. Compounds whose Papp in the BBB model is <2.0 × 10−6 cm/s
are known as poorly permeable. Compounds with questionable permeability have Papp
values in the range of 2.0 to 4.0 × 10−6 cm/s. Substances that have a Papp value greater than
4.0 × 10−6 cm/s are regarded as highly permeable [57].
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2.6. Biological Activity Studies

The extract and systems antioxidant activity was studied by four assays: DPPH, ABTS,
CUPRAC, and FRAP. Two of them determine the ability to scavenge free radicals (DPPH
and ABTS), whilst the other assays check the possibility of performing redox reactions
(CUPRAC and FRAP). A linear regression equation between the trolox concentration and
its scavenging percentage (DPPH and ABTS) or absorbance (CUPRAC and FRAP) was
built. Thus, the results, presented as mg trolox/g plant material, were calculated through
the equation according to the antioxidant properties of the extracts in all four assays [58,59].
Pure excipients showed no antioxidant potential under test conditions.

To perform the DPPH assay, a 96-well plate was used and the samples were measured
spectrophotometrically [60]. The main reagent was a methanol solution of DPPH at a
concentration of 0.2 mM. To initiate the assay, 25.0 μL of the system/trolox solution was
mixed with 175.0 μL of the DPPH solution. The plate was then incubated in the dark at
room temperature while shaking for 30 min. After the incubation period, the absorbances
were obtained using a plate reader (Multiskan GO, Thermo Fisher Scientific, Waltham,
MA, USA) at 517 nm. The absorbance (A) was also measured for a blank sample, which
consisted of a mixture of DPPH solution and solvent at 517 nm. Each sample was tested for
its absorbance at 517 nm. The inhibition of DPPH radicals by the studies’ systems/trolox
was calculated using the equation:

DPPH scavenging activity (%) =
Ao − Ai

Ao
× 100% (5)

where Ao is the absorbance of the control sample and Ai is the absorbance of the test sample.
Each measurement was repeated six times.

As another assay to determine the scavenging radical potential, the ABTS study [61],
was also performed. This study is based on the production of green cation radicals through
the loss of electrons by nitrogen atoms of ABTS caused by potassium persulfate. During
the assay, the green ABTS radical can be converted into a colorless neutral form in the
presence of an antioxidant. In this assay, 200.0 μL of ABTS•+ solution and 10.0 μL of the
system/trolox solution were pipetted into 96-well plates and incubated for 10 min in the
dark at room temperature while shaking [62]. After incubation, the absorbance values
were measured at λ = 734 nm using a plate reader (Multiskan GO, Thermo Fisher Scientific,
Waltham, MA, USA). The mixture of solvent and ABTS (control) and the wells filled with
system and water (systems’ absorbance) at 734 nm were also studied. The inhibition of
ABTS•+ was calculated using the following equation:

ABTS scavenging activity (%) =
A0 − A1

A0
× 100% (6)

where:
A0—The absorbance of the control;
A1—The absorbance of the sample.
To determine the reducing potential of the systems, the CUPRAC assay [63] was used.

In this assay, the antioxidants’ phenolic groups undergo oxidation to form quinones, while
the bluish neocuproine and copper (II) ion complex is reduced to the yellow neocuproine
and copper (I) ion complex. To perform this study, a mixture of 50.0 μL of the system/trolox
solution and 150.0 μL of the CUPRAC reagent was added to the plate and then incubated
for 30 min at room temperature while shaking in the dark [62]. The control and systems’
own absorbance were also measured simultaneously. The absorbance was measured at
a wavelength of 450 nm using a plate reader (Multiskan GO, Thermo Fisher Scientific,
Waltham, MA, USA) after the 30 min incubation period. The analysis was performed using
six replicates.

The FRAP technique was also used to determine the reducing properties of the systems,
which involves reducing colorless Fe3+ ion to Fe2+ to form a dark blue complex with 2,4,6-
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tris(2-pyridyl)-1,3,5-triazine (TPTZ) [62]. In this method, 25.0 μL of the system/trolox
solution and 175.0 μL of the FRAP mixture (consisting of 25 mL acetate buffer, 2.5 mL TPTZ
solution, and 2.5 mL of FeCl3·6H2O solution) were applied to the plate and incubated
in dark conditions at 37 ◦C for 30 min. The control and systems’ absorbance were also
measured. Subsequently, the absorbance was measured at λ = 593 nm using a plate reader
(Multiskan GO, Thermo Fisher Scientific, Waltham, MA, USA). The analysis was performed
using six replicates.

The neuroprotective effect of cannabinoids was assessed against the possibility of
inhibiting enzymes whose expression is associated with neurodegenerative changes.

As a standard inhibitor of esterases, galantamine was chosen, while for tyrosinase,
azelaic acid was selected [64,65]. A linear regression equation that relates the standard con-
centration of a substance to its ability to inhibit an enzyme, as measured by the percentage
of potential inhibition was created. An equation to calculate the standard equivalent for
each extract based on its inhibitory properties in all three assays was obtained. The results
were presented as a galantamine equivalent (GALAE) (mg galantamine/g plant material)
for AChe and BChE assays and as an azelaic acid equivalent (AzAE) (mg azelaic acid/g
plant material) [66–71].

The inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) was
carried out using a colorimetric Ellman et al. modified assay [72]. This method requires
artificial substrates (thiocholine esters). Thiocholine is liberated during the enzymatic reac-
tions with 5,5′-dithio-bis-(2-nitrobenzoic) acid (DTNB), and the 3-carboxy-4-nitrothiolate
anion (TNB anion) is formed. The potential to inhibit AChE and BChe was measured
according to the increase in the thiocholine color in a 96-well plate. In total, 60.0 μL of
0.05 M Tris-HCl buffer (pH of 8.0), 10.0 μL of test solution, and 30.0 μL of AChE/BChE
solution at a concentration of 0.2 U/mL were added to the wells. Subsequently, the plate
was incubated for 5 min at 37 ◦C while shaking. Next, 30.0 μL acetylthiocholine iodide
(ATCI)/butyrylthiocholine iodide (BTCI) at a concentration of 1.5 mM and 125.0 μL of
0.3 mM DTNB solution (5,5′-dithiobis-(2-nitrobenzoic acid)) were added to the wells. The
plate was then incubated for another 20 min under the same conditions. A blank sample
(the reaction mixture without the enzyme, with an increase in the volume of Tris-HCl
buffer), a control sample (the solvent instead of the test sample), and a blank sample for the
control sample (the reaction mixture without the enzyme, with an increase in the volume of
Tris-HCl buffer) were also prepared. The measurements were performed at a wavelength
of 405 nm. The analysis was performed using six replicates. The percentage of inhibition of
AChE and BChE by the test samples was calculated using the following formula:

AChE/BChE inhibition (%) =
1 − (A1 − A1b)

(A0 − A0b)
× 100% (7)

where:
A1—The absorbance of the test sample;
A1b—The absorbance of the blank of the test sample;
A0—The absorbance of control;
A0b—The absorbance of the blank of control.
The tyrosinase inhibition assay measures the activity of an inhibitor to prevent L-DOPA

from accessing the tyrosinase active site. This leads to a decrease in the color intensity
of the solution, which indicates enzyme inhibition [73]. To conduct the assay, 75.0 μL of
0.1 M phosphate buffer (pH 6.8) was added to each well of a 96-well plate, followed by
25.0 μL of the extract and 50.0 μL of enzyme solution (192 U/mL). The plate was shaken at
room temperature for 10 min, after which 50 μL of 2.0 mM L-DOPA was added to each well
and incubated for an additional 20 min under the same conditions. In addition to the test
sample, a blank for the test sample (without enzyme, the volume of phosphate buffer was
elevated), a control sample (with solvent instead of the test sample), and a blank sample
for the control (without enzyme) were also prepared. The absorbance of the samples was
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measured at 475 nm. Each measurement was repeated six times. The percentage inhibition
of the tyrosinase by the samples was calculated using an equation:

Tyrosinase inhibition (%) =
1 − (A1 − A1b)

(A0 − A0b)
× 100% (8)

where:
A1—The absorbance of the test sample;
A1b—The absorbance of the blank of the test sample;
A0—The absorbance of control;
A0b—The absorbance of the blank of control.

2.7. Statistical Analysis

Statistical analysis of results obtained in permeability assay, and in antioxidant activity
study, was performed with the use of Statistica 13.3 software (StatSoft Poland, Krakow,
Poland). Data are presented as mean values ± standard deviations. Experimental data
were analyzed using the skewness and kurtosis tests to determine the normality of each
distribution, and Levene’s test assessed the equality of variances. Statistical significance
was determined using a one-way analysis of variance (ANOVA), followed by the Bonferroni
post hoc test (to compare the experimental results acquired for cannabinoids in extract and
in the systems). Differences were considered significant at p < 0.05.

3. Results

3.1. Preparation and Characterization of Co-Dispersion Delivery Systems

Using extracts obtained from inflorescences with the scCO2 extraction technique (the
extraction yield was ~16.74%), cannabinoid delivery systems with increased solubility and
permeability were obtained. As model carriers, biopolymer Soluplus and Neusilin US2
were applied. The systems of cannabinoids with carriers (Figure 2) were prepared using
a solvent-evaporation method which enables the incorporation of a wide range of active
ingredients into the resulting systems [74,75].

The extracts and systems have undergone the HPLC-DAD analysis to determine the
cannabinoid content. In HiE, CBD was at the level of 6042.76 ± 82.19 μg/g plant material,
CBDA at 2033.01 ± 67.98 μg/g plant material, whilst for CBC, 238.71 ± 11.20 μg/g plant
material. The results of the systems analysis are presented in Table 1.

Table 1. The content of cannabinoids in the prepared systems described as mg cannabinoid/g system.

System
CBD CBDA CBC

mg Cannabinoid/g System

HiE-Neusilin US2 8.73 ± 0.08 2.85 ± 0.02 0.379 ± 0.004

HiE-Soluplus 10.77 ± 0.06 3.60 ± 0.02 0.323 ± 0.004

3.2. Apparent Solubility of Cannabinoids

Two systems of the HiE with Neusilin US2, and Sol prepared in a 1:1 mass ratio (extract
weight: carrier) using a solvent-evaporation technique, were enrolled in the dissolution
study. The percentage cumulative cannabinoid release (% CBD, CBDA, and CBC) was
measured at different time points (5, 10, 15, 30, 45, 60, 90, 120, and 180 min) for each system.

In 0.1 M hydrochloric acid, at pH 1.2 (Figure 3a), CBD was dissolved to the smallest
extent compared to other media. After 60 min of the study, the percentage of dissolved
CBD is only in HiE-Soluplus 4.08% ± 0.21%, in HiE-Neusilin US2 0.44% ± 0.09%, and
even less in HiE. In the phosphate buffer at pH 6.8 (Figure 3b), the dissolution rate of
CBD was overall greater for CBD in the co-dispersion delivery systems than in pH 1.2;
however, CBD from HiE did not dissolve. After 60 min, the % CBD values were as follows:
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HiE-Soluplus at 39.83% ± 0.23% and HiE-Neusilin US2 at 33.21% ± 1.09%. CBD had the
highest dissolution rate in HiE-Soluplus at pH 6.8 throughout the whole study.

Figure 3. The dissolution profiles of CBD from HiE, HiE-Neusilin US2, and HiE-Soluplus systems at
pH 1.2 (a) and 6.8 (b). Profiles with the same superscript letters were similar (according to f 1 or f 2

values). Profiles with different superscript letters differ significantly (according to f 1 and f2 values).

The apparent solubility of CBD was also studied in FaSSIF and FeSSIF (Figure 4a,b).
The dissolution profile of CBD was greater in FaSSIF and FeSSIF than in pharmacopeial
media at pH 1.2 and 6.8. It is observed that in both advanced media, CBD was rapidly
released from co-dispersion delivery systems. After 60 min, in FaSSIF, CBD was dissolved
in HiE-Soluplus at 77.40% ± 1.15%, in HiE-Neusilin US2 at 75.47% ± 2.91%, and in HiE at
17.92% ± 1.79%. In FeSSIF (Figure 4b), CBD was released to the greatest extent, reaching
after 60 min in HiE-Soluplus 99.25% ± 3.23%, in HiE-Neusilin US2 98.37% ± 1.82%, and
in HiE 24.76% ± 2.48%. Co-dispersion delivery system HiE-Soluplus provided the best
dissolution rate of CBD at each time point, which was statistically significantly different
than CBD dissolution profiles in HiE-Neusilin US2 and HiE.

Figure 4. The dissolution profiles of CBD from HiE, HiE-Neusilin US2, and HiE-Soluplus systems in
FaSSIF (a) and FeSSIF (b). Profiles with different superscript letters (a–c) differ significantly (according
to f 1 and f 2 values).

The dissolution of CBD is a complex process influenced by various factors. The dis-
solution kinetics of CBD were investigated using various mathematical models under
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different media conditions and in extract and co-dispersion delivery systems with Neusilin
US2 and Soluplus (Table 2) [76–79]. Four mathematical models, namely zero-order kinetics,
first-order kinetics, Higuchi kinetics, and Korsmeyer–Peppas kinetics were employed to an-
alyze the dissolution data [80–82]. CBD in HiE displayed high R2 values for zero-order and
first-order kinetics, indicating a reliable and predictable release mechanism. The Higuchi
model also showed notable correlations, suggesting diffusion-driven release. Moreover,
the Korsmeyer–Peppas model displayed moderate to high correlations, and the n values
indicated a Fickian diffusion. For both HiE-Soluplus and HiE-Neusilin US2, the Higuchi
model consistently revealed diffusion-driven release mechanisms across pH conditions and
biorelevant media. The Korsmeyer–Peppas model, which was also dominating for CBD in
co-dispersion delivery systems, indicated the involvement of Fickian transport based on
the n values (n < 0.5) [83].

Table 2. Mathematical models of release kinetics of cannabidiol in pH 1.2, pH 6.8, FaSSIF, and FeSSIF.

CBD

Mathematical Model

Zero-Order
Kinetics

First-Order Kinetics
Higuchi
Kinetics

Korsmeyer–Peppas
Kinetics

R2 k R2 k R2 k R2 k n

pH 1.2
HiE 0.980 0.054 0.980 2.350 × 10−4 0.945 0.107 0.863 0.176 0.236

HiE-Neusilin US2 0.708 0.111 0.708 4.845 × 10−4 0.874 0.249 0.938 0.395 0.356
HiE-Soluplus 0.525 0.659 0.528 2.962 × 10−3 0.712 1.546 0.819 3.839 0.236

pH 6.8
HiE 0.985 0.075 0.985 3.269 × 10−4 0.975 0.151 0.959 0.194 0.332

HiE-Neusilin US2 0.709 9.520 0.731 5.508× 10−2 0.871 21.254 0.948 27.542 0.443
HiE-Soluplus 0.693 10.654 0.744 6.981 × 10−2 0.859 23.900 0.906 37.182 0.380

FaSSIF
HiE 0.904 2.516 0.910 1.321 × 10−2 0.961 5.223 0.949 17.489 0.126

HiE-Neusilin US2 0.331 12.107 0.403 1.229 × 10−1 0.506 30.172 0.603 68.325 0.357
HiE-Soluplus 0.413 8.387 0.503 1.107 × 10−1 0.596 20.291 0.745 73.871 0.158

FeSSIF
HiE 0.682 6.715 0.721 4.000 × 10−2 0.737 14.056 0.724 27.930 0.263

HiE-Neusilin US2 0.376 16.443 0.542 5.556 × 10−1 0.556 40.260 0.644 89.267 0.340
HiE-Soluplus 0.412 6.380 0.844 1.349 0.593 15.408 0.772 102.742 0.083

The CBDA dissolution rate was also monitored under the same conditions. In hy-
drochloric acid, at pH 1.2, the overall results were the poorest (Figure 5a), it practically did
not dissolve from HiE. After 60 min of the assay, CBDA was dissolved in HiE-Soluplus
and HiE-Neusilin US2 at the level of 1.58% ± 0.21% and 1.88% ± 0.21%, respectively. The
co-dispersion delivery system HiE-Soluplus provided the greatest dissolution rate of CBDA
at pH 1.2. However, the overall results are poor and the profiles are statistically similar. The
apparent solubility of CBDA was also studied in a phosphate buffer at pH 6.8 (Figure 5b).
Similarly, to pH 1.2, CBDA in HiE practically did not dissolve during the study. After
60 min, HiE-Soluplus had a CBDA dissolution rate of 59.56% ± 0.23%, while HiE-Neusilin
US2 was 49.64% ± 1.09%.

As for CBD, CBDA was also studied in FaSSIF (Figure 6a). The most noticeable
differences are noted at the beginning of the study. After one hour of the assay, the
dissolution percentages for CBDA in HiE-Soluplus, HiE-Neusilin US2, and HiE were
76.05% ± 2.91%, 60.20% ± 0.96%, and 23.25% ± 1.87% respectively. The results indicate
that CBDA was dissolved to the greatest extent in HiE-Soluplus, which was statistically
better than in HiE-Neusilin US2 and HiE. In the FeSSIF medium, the CBDA dissolution
profile in HiE-Soluplus reaches the highest dissolution rate values and it differs significantly
from the CBDA profile in HiE-Neusilin US2 and HiE (Figure 6b). The first time point,
5 min, shows the biggest variability in CBDA dissolution rate, where the percentage of
CBDA released was 66.56% ± 1.09% for HiE-Soluplus, 30.13% ± 1.68% for HiE-Neusilin
US2, and 11.52% ± 0.65% for HiE. The maximum dissolution rates are higher in FeSSIF
than in FaSSIF.
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Figure 5. The dissolution profiles of CBDA from HiE, HiE-Neusilin US2, and HiE-Soluplus systems
at pH 1.2 (a) and 6.8 (b). Profiles with the same superscript letters were similar (according to f 1 or f 2

value). Profiles with different superscript letters differ significantly (according to f 1 and f 2 values).

Figure 6. The dissolution profiles of CBDA from HiE, HiE-Neusilin US2, and HiE-Soluplus systems
in FaSSIF (a) and FeSSIF (b). Profiles with different superscript letters (a–c) differ significantly
(according to f 1 and f 2 values).

The dissolution kinetics of CBDA was also studied (Table 3). CBDA consistently
displayed the highest R2 values in the Korsmeyer–Peppas and Higuchi models. The n
values, fluctuating mostly from below 0.45 to three values below 0.89, suggest a potential
dominance of Fickian diffusion. In three cases, the n values between 0.45 and 0.89 indicated
the non-Fickian diffusion release mechanism which shows the relative complexity of
the prepared co-dispersion delivery systems and may indicate that the CBDA release is
controlled by more than one mechanism.

Following the methodology used for the apparent solubility study of CBD and CBDA,
the dissolution profiles for CBC were determined in the same media and time points. In
the study conducted at pH 1.2 (Figure 7a), the dissolution rate was similar for CBD and
CBDA (the lowest). CBC did not dissolve in HiE during the study. At the last time point,
180 min, HiE-Soluplus showed the highest percentage of CBC released at 5.89%, whilst in
HiE-Neusilin US2, CBC was dissolved in 5.18% ± 0.28%. CBC profiles were similar due to
f 1 and f 2 factors. In the study where vessels were filled with phosphate buffer at pH 6.8
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(Figure 7b), CBC in HiE was not dissolved, and the most noticeable differences were noted
in the first minutes of the study. The CBC reached in HiE-Soluplus (120 min) of the study
was 10.30% ± 1.36%. Whilst in HiE-Neusilin US2, it was 22.75% ± 1.00%. Both dissolution
profiles of CBC in co-dispersion delivery systems were similar.

Table 3. Mathematical models of release kinetics of cannabidiolic acid in pH 1.2, pH 6.8, FaSSIF,
and FeSSIF.

CBDA

Mathematical Model

Zero-Order
Kinetics

First-Order Kinetics
Higuchi
Kinetics

Korsmeyer–Peppas
Kinetics

R2 k R2 k R2 k R2 k n

pH 1.2

HiE 0.837 0.046 0.837 1.984 × 10−4 0.797 0.089 0.727 0.357 0.097

HiE-Neusilin US2 0.884 0.584 0.886 2.581 × 10−3 0.971 1.233 0.969 1.766 0.350

HiE-Soluplus 0.830 0.686 0.832 3.022 × 10−3 0.950 1.479 0.905 1.465 0.666

pH 6.8

HiE 0.908 0.243 0.908 1.061 × 10−3 0.930 0.495 0.892 0.491 0.566

HiE-Neusilin US2 0.822 13.118 0.886 1.036 × 10−1 0.950 28.396 0.986 46.652 0.310

HiE-Soluplus 0.651 13.299 0.712 1.142 × 10−1 0.829 30.228 0.927 54.067 0.312

FaSSIF

HiE 0.907 7.126 0.927 3.942 × 10−2 0.986 14.965 0.994 21.800 0.328

HiE-Neusilin US2 0.640 13.290 0.699 1.143 × 10−1 0.821 30.325 0.924 54.393 0.313

HiE-Soluplus 0.649 24.294 0.753 2.473 × 10−1 0.823 55.120 0.908 58.247 0.647

FeSSIF

HiE 0.913 10.484 0.933 6.294 × 10−2 0.974 21.816 0.973 27.257 0.374

HiE-Neusilin US2 0.579 20.645 0.822 6.125 × 10−1 0.768 47.898 0.885 83.584 0.344

HiE-Soluplus 0.484 8.266 0.643 4.122 × 10−1 0.679 19.713 0.854 93.645 0.108

Figure 7. The dissolution profiles of CBC from HiE-Neusilin US2 and HiE-Soluplus systems at
pH 1.2 (a) and 6.8 (b). Profiles with the same superscript letters were similar (according to f 1 or f 2

value). Profiles with different superscript letters differ significantly (according to f 1 and f 2 values).

In fasted state intestinal conditions, the most dynamic changes, take place at 5 min of
the study, where CBC is dissolved in HiE-Soluplus at 56.63% ± 2.80%, in HiE-Neusilin US2
at 12.28% ± 2.11%, and in HiE at 10.26% ± 0.81% (Figure 8a). After 30 min, CBC reached
a plateau. The CBC profile in HiE-Soluplus is significantly better than in HiE-Neusilin
US2 and HiE. The last environment in which the CBC dissolution rate was studied was
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FeSSIF (Figure 8b), where the greatest dissolution rate of CBC was obtained. After 15 min
of the study, CBC was dissolved in 79.32% ± 2.30%, 58.68% ± 0.57%, and 26.25% ± 2.79%
in HiE-Soluplus, HiE-Neusilin US2, and HiE, respectively. The CBC dissolution profile in
HiE-Soluplus was significantly better than in HiE-Neusilin US2 and HiE.

Figure 8. The dissolution profiles of CBC from HiE-Neusilin US2 and HiE-Soluplus systems in FaSSIF
(a) and FeSSIF (b). Profiles with the same superscript letters were similar (according to f 1 or f 2 value).
Profiles with different superscript letters (a–c) differ significantly (according to f 1 and f 2 values).

The Higuchi and Korsmeyer–Peppas models consistently yield higher R2 values
compared to the zero-order and first-order models across different CBC formulations and
pH conditions (Table 4). The release exponent (n) values are consistently below 0.5 across
formulations and pH conditions, suggesting the release approximated the Fickian diffusion
release mechanism indicative of controlled release predominantly driven by diffusion.

Table 4. Mathematical models of release kinetics of cannabichromene in pH 1.2, pH 6.8, FaSSIF, and
FeSSIF.

CBC

Mathematical Model

Zero-Order
Kinetics

First-Order Kinetics
Higuchi
Kinetics

Korsmeyer–Peppas
Kinetics

R2 k R2 k R2 k R2 k n

pH 1.2

HiE N/D N/D N/D N/D N/D N/D N/D N/D N/D

HiE-Neusilin US2 0.800 1.264 0.804 5.679 × 10−3 0.930 2.745 0.950 3.662 0.424

HiE-Soluplus 0.825 1.340 0.830 6.056 × 10−3 0.943 2.885 0.954 4.227 0.370

pH 6.8

HiE N/D N/D N/D N/D N/D N/D N/D N/D N/D

HiE-Neusilin US2 0.642 1.810 0.651 8.519 × 10−3 0.808 4.091 0.863 8.712 0.265

HiE-Soluplus 0.733 6.657 0.753 3.393 × 10−2 0.892 14.795 0.929 16.368 0.578

FaSSIF

HiE 0.868 5.442 0.878 2.895 × 10−2 0.949 11.466 0.950 18.890 0.276

HiE-Neusilin US2 0.304 11.161 0.371 1.037 × 10−1 0.464 27.770 0.568 64.899 0.362

HiE-Soluplus 0.427 5.302 0.475 8.281 × 10−2 0.618 12.850 0.804 76.888 0.087

FeSSIF

HiE 0.640 8.272 0.676 5.052 × 10−2 0.809 18.736 0.877 32.411 0.331

HiE-Neusilin US2 0.703 17.658 0.878 3.545 × 10−1 0.870 39.559 0.946 78.768 0.267

HiE-Soluplus 0.605 9.119 0.845 3.415 × 10−1 0.780 20.870 0.902 89.911 0.115
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The results showed that HiE-Soluplus consistently provided the highest dissolution
rate of cannabinoids compared to HiE-Neusilin US2 and HiE. The dissolution rate of CBD,
CBDA, and CBC was highest in FeSSIF, followed by FaSSIF and the phosphate buffer
at pH 6.8, while the lowest dissolution rate was observed in 0.1 M hydrochloric acid at
pH 1.2. At pH 1.2, all three cannabinoids showed poor solubility. In a phosphate buffer
with a pH of 6.8, the greatest improvement in solubility was observed for CBDA. CBDA,
being the acidic precursor of CBD, might have some advantages in solubility compared to
CBD and CBC. In FaSSIF, the maximum dissolution rate was similar for CBD, CBDA, and
CBC. However, the fastest increase in dissolution rate was noted for CBC. In FeSSIF, the
dissolution profiles for CBD, CBDA, and CBC were again similar, but the fastest increase
in dissolution rate was observed for CBD. FaSSIF and FeSSIF provided a more similar
composition to intestinal fluid than the pharmacopoeial media, containing surfactants that
helped significantly increase the solubility of cannabinoids.

3.3. Permeability Study

Increasing gastrointestinal permeability is important to obtain higher bioavailability
as it allows for more efficient absorption into the bloodstream from the GI tract. Thus, a
PAMPA study was performed.

The permeability coefficients of CBD in pH 6.8 were analyzed in HiE and co-dispersion
delivery systems: HiE-Neusilin US2 and HiE-Soluplus (Table 5). The highest permeability
coefficient was observed in HiE-Soluplus (3.09 × 10−7 ± 1.07 × 10−8 cm/s), followed
by HiE-Neusilin US2 (2.73 × 10−7 ± 9.75 × 10−9 cm/s), and the CBD permeability was
statistically the worst in the pure extract (1.86 × 10−7 ± 2.24 × 10−8 cm/s).

Table 5. Gastrointestinal permeability of CBD and CBDA from HiE, HiE-Neusilin US2, and
HiE-Soluplus systems at pH 6.8. Results in columns with different superscript letters (a, b)
differ significantly.

Papp (cm/s)
CBD CBDA

HiE 1.86 × 10−7 ± 2.24 × 10−8 a 7.57 × 10−6 ± 1.21 × 10−7 a

HiE-Neusilin US2 2.73 × 10−7 ± 9.75 × 10−9 b 7.56 × 10−6 ± 2.69 × 10−7 a

HiE-Soluplus 3.09 × 10−7 ± 1.07 × 10−8 b 9.51 × 10−6 ± 4.66 × 10−8 b

CBDA was better permeable than CBD through membranes in the study under the
same conditions (Table 5). Its permeability coefficient reached 7.57 × 10−6 ± 1.21 × 10−7 cm/s
in HiE, while the most noticeable and statistically significant increase was found in HiE-
Soluplus, where CBDA reached 9.51 × 10−6 ± 4.66 × 10−8 cm/s and 7.56 × 10−6 ± 2.69 ×
10−7 cm/s in HiE-Neusilin US2.

The BBB permeability was assessed for CBD, CBDA, and CBC in HiE. All Papp values
were determined as higher than 4.0 × 10−6 cm/s, meaning that both cannabinoids cross
the blood-brain barrier well.

3.4. Biological Activity Studies

HiE extract and the systems showed antioxidant activity (Table 6). In the DPPH model,
the best result was obtained for Hi-Soluplus (0.97 ± 0.02 mg trolox/g plant material), while
for HiE (0.85 ± 0.01 mg trolox/g plant material), however, these results are statistically sim-
ilar. In the other scavenging radicals assay, ABTS, the HiE (17.04 ± 0.08 mg trolox/g plant
material) antioxidant potential was improved the most by HiE-Soluplus (18.69 ± 0.17 mg
trolox/g plant material). In the CUPRAC redox study, the greatest result was obtained
for HiE-Soluplus (7.81 ± 0.22 mg trolox/g plant material). In FRAP, the most noticeable
improvement in HiE antioxidant activity (11.58 ± 0.03 mg trolox/g plant material) was
shown also for HiE-Soluplus (1.65 ± 0.03 mg trolox/g plant material). In general, the
results show statistically significant improvement in ABTS and FRAP assays in antioxidant
potential in the systems when compared to HiE, but the changes are subtle.
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Table 6. Antioxidant activity of HiE, HiE-Neusilin US2, HiE-Soluplus in DPPH, ABTS, CUPRAC,
and FRAP assay expressed as mg trolox/g plant material in the systems. Columns with different
superscript letters (a, b) differ significantly.

Extract/System
DPPH ABTS CUPRAC FRAP

mg Trolox/g Plant Material

HiE 0.85 ± 0.01 a 17.04 ± 0.08 a 7.03 ± 0.02 a 1.58 ± 0.03 a

HiE-Neusilin US2 0.86 ± 0.03 a 17.30 ± 0.09 a 7.65 ± 0.42 a 1.56 ± 0.03 a

HiE-Soluplus 0.97 ± 0.02 a 18.69 ± 0.17 b 7.81 ± 0.22 a 1.65 ± 0.03 b

The inhibition of the enzymes connected to the development of neurodegeneration
was also studied for the extract (Table 7). HiE inhibited an AChE of 20.78 ± 0.56 mg
galantamine/g, while BChE was 17.49 ± 0.47 mg galantamine/g. Tyrosinase was also
inhibited by the HiE 165.21 ± 7.11 mg azelaic acid/g. Preparation of the systems increased
the inhibitory activity of the cannabinoids. The greatest enhancement was noted for HiE-
Soluplus (AChE 21.06 ± 0.19 mg galantamine/g, BChE 17.54 ± 0.09 mg galantamine/g,
and tyrosinase 171.30 ± 2.13 mg azelaic acid/g). The changes in biological activity are
subtle, but there is a visible trend that the neuroprotective potential is increasing.

Table 7. Inhibitory activity of HiE, HiE-Neusilin US2, HiE-Soluplus of acetylcholinesterase (presented
as mg galantamine/g plant material), butyrylcholinesterase (presented as mg galantamine/g plant
material), and tyrosinase (presented as mg azelaic acid/g plant material). Results with the same
superscript letters in the columns are similar.

Extract/System
AChE BChE Tyrosinase

mg Galantamine/g mg Azelaic Acid/g

HiE 20.23 ± 0.43 a 17.49 ± 0.16 a 164.25 ± 4.44 a

HiE-Neusilin US2 20.82 ± 0.44 a 17.32 ± 0.24 a 170.76 ± 1.86 a

HiE-Soluplus 21.06 ± 0.19 a 17.54 ± 0.09 a 171.30 ± 2.13 a

4. Discussion

Henola inflorescences were extracted with scCO2. scCO2 extraction is widely rec-
ognized as a green extraction method. CO2 functions as a non-polar solvent, and in its
supercritical state, it is a good choice for efficiently extracting lipophilic compounds like
cannabinoids from plant material [84]. Its selectivity, safety, and environmentally friendly
characteristics further contribute to its suitability for this purpose [85,86]. Furthermore,
the use of CO2 as a solvent eliminates the need for harsh organic solvents, resulting in a
pure extract without the risk of residual solvent contamination [87–89]. scCO2 extraction
is particularly advantageous for extracting cannabinoids from cannabis plant material
due to the lipophilic character of these compounds. In its supercritical state, CO2 exhibits
both gas-like diffusion and liquid-like solvency, allowing it to penetrate the plant matrix
efficiently and dissolve target compounds [90]. Alcohol extraction is a common method
for cannabinoids, extracting a wide range of compounds, but it may also pull undesirable
components like chlorophyll and is considered a less environmentally friendly method
than scCO2 [91]. Hydrocarbon extraction offers high yields due to its strong solvent power,
yet it poses safety risks due to flammable solvents and requires extensive post-extraction
purification [91]. Unlike solvent-based techniques, such as ethanol or hydrocarbon ex-
traction, scCO2 is a non-toxic solvent that leaves no residual solvents in the final product,
ensuring the purity and safety of extracted cannabinoids. Co-dispersion delivery systems of
HiE with Neusilin US2 and Soluplus were prepared with a solvent-evaporation technique,
which is a relatively simple, cost-effective, and scalable method [92]. The straightforward
nature of the method allows for efficient and cost-effective production of bulk quantities
of the desired systems, making it suitable for various industrial applications including
pharmaceuticals, cosmetics, and materials engineering. An important aspect was obtaining
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co-dispersions in powder form for a future oral formulation, which was provided by both
Neusilin US2 and Soluplus.

CBD, CBDA, and CBC from HiE did not dissolve in the pharmacopeial media (pH
1.2 and 6.8) as 1% of dissolution was not exceeded in any case within 180 min of the study.
Considering CBDA’s approximate pKa value of 2.9 [93], CBDA primarily exists in its acidic
form under both acidic (pH 1.2) and neutral (pH 6.8) conditions. The improved dissolution
rate at pH 6.8 suggests that the neutral environment favors CBDA solubility and release.
The approximate pKa value of CBC is around 9.5–10.3 [94], and it is similar to CBD (pKa
9.3–10.3 [94,95]). In the highly acidic environment of pH 1.2, CBC exhibited a similarly low
dissolution rate compared to CBD and CBDA. These results suggest that CBC, like CBD
and CBDA, has limited solubility and dissolution in highly acidic conditions, which may
be attributed to its weakly basic nature. In a phosphate buffer at pH 6.8, CBC demonstrated
improved dissolution rates compared to pH 1.2, suggesting enhanced solubility in more
neutral environments. In view of the literature reports, the decomposition of cannabinoids
in an acidic environment during this study cannot be ruled out [96]. It can, therefore, be
assumed that such a low percentage of cannabinoid release in acidic conditions might be
due to the poor solubility in the stomach environment, but also due to the degradation of
the CBD, CBDA, or CBC.

The solubility and dissolution behavior of cannabinoids, such as CBD, CBDA, and
CBC, can vary significantly depending on the pH of the surrounding environment and
the presence of specific surfactants. This is visible in the case of the dissolution of cannabi-
noids from HiE before co-dispersion delivery systems preparation in FaSSIF and FeSSIF
as they reached 20–31% and 37–40%, respectively. The dissolution profile of cannabinoids
was notably higher in both FaSSIF and FeSSIF compared to the pharmacopeial media.
This indicates that the presence of natural surfactants present in FaSSIF and FeSSIF bet-
ter simulates the complex environment of the gut, leading to a more efficient release of
CBD, CBDA, and CBC. Surfactants are amphiphilic molecules, meaning they have both
hydrophobic and hydrophilic regions. The presence of surfactants in the solution can help
solubilize cannabinoids by forming micelles or emulsions. What is more important, the
better solubility of cannabinoids in post-meal conditions was indicated, which was also
proven in other studies [97]. The increase in the bioaccessibility of CBD with food could
be explained by the fact that micelle formation from hydrolyzed lipids aids in the bioac-
cessibility of hydrophobic molecules [98]. How cannabinoids are administered, as well as
the meal with which they are taken, is a very important aspect to receive the appropriate
pharmacological response.

An increase in apparent solubility of cannabinoids was obtained due to co-dispersion
delivery systems with Neusilin US2 and Soluplus. Neusilin US2 is a type of synthetic
magnesium aluminosilicate which is a porous material with a significant surface area,
porosity, and adsorption capacity. Its structure consists of a three-dimensional network
of interconnected particles with numerous pores and channels. When Neusilin US2 is in
contact with water, its porous structure can adsorb hydrophobic molecules like cannabi-
noids onto its surface or within its pores [99]. This adsorption effectively increases the
apparent solubility of the cannabinoids by creating a reservoir of the drug in a more readily
available form. The layered structure allows the material to have both hydrophilic and
hydrophobic regions [100]. This dual nature is advantageous for its adsorption capabili-
ties. The hydrophilic regions can interact with water molecules, while the hydrophobic
regions can interact with hydrophobic compounds such as cannabinoids (CBD, CBDA, and
CBC). Neusilin might also form complexes as a result of acid–base reactions, ion–dipole
interactions, and hydrogen bonding [101].

The greatest results were, however, obtained for the co-dispersion delivery systems
with Soluplus, which has an amphiphilic graft copolymer structure comprising three main
components: polyvinyl caprolactam, polyvinyl acetate, and polyethylene glycol [102].
The polyvinyl caprolactam and polyvinyl acetate segments contribute to the polymer’s
lipophilic properties, while the PEG segment imparts hydrophilicity [42]. This arrangement
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allows Soluplus to self-assemble into micelles when placed in an aqueous environment,
effectively encapsulating hydrophobic cannabinoids within the micellar core [103]. The
polyethylene glycol component in the structure also has a steric stabilizing effect on the
micelles [104]. The hydrophilic segments of Soluplus might face outward, interacting
with the surrounding water molecules, while the lipophilic segments interact with the
cannabinoids, promoting their dispersion within the micelles. Cannabinoids might interact
with Soluplus by the formation of hydrogen bonds with their hydroxyl groups [44].

In the literature, in vitro release profiles of CBD and zein and zein-WP nanoparticles
in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) are provided [105]. The
free CBD has low bioaccessibility, and only 29% of CBD was detected after SIF digestion.
CBD, zein, and zein-WP nanoparticles showed lower sustained release during simulated
gastric fluid. Pure CBD has a low solubility profile in both SIF and SGF, with less than
3% within 1 h and less than 10% of CBD released in 48 h [106]. CBD-Silica cast in PVA
films show a significantly increased dissolution profile of SIF and SGF, with about 3–7%
of CBD released in 1 h and about 40–45% of released CBD in 48 h. Poor solubility of CBD
from hemp oil products like oral drops, capsules, and tablets in an acidic medium was
also confirmed as 0% of CBD released in FaSSGF, besides one beverage enhancer [107].
Koch et al. [108] conducted a study on the dissolution properties of CBD formulations in a
phosphate buffer with a pH of 6.8 and 0.5% sodium lauryl sulfate. They discovered that
CBD-cyclodextrin formulations processed through freeze-drying or spray-drying, as well
as CBD-mesoporous silica formulations processed through subcritical CO2 or atmospheric
impregnation exhibited a considerable increase in their ability to dissolve in water. The
study highlighted Kollidon® VA64 as the excipient that displayed the greatest improvement
in aqueous solubility. However, these studies are based on pure CBD, not on extracts, where
there is no possible entourage effect between components of the extract. To the best of the
authors’ knowledge, the release profiles for CBDA and CBC were studied for the first time.

In the current study, the differences in CBD, CBDA, and CBC profiles were mostly
noticeable at the beginning of the studies, determining the speed of dissolution of cannabi-
noids, as well as increasing their dissolution rate, which is very important as orally adminis-
tered preparations have the latest onset of action compared to other routes of administration,
which can be accelerated by orally administered systems with e.g., Soluplus.

Delivery systems are also prepared to enhance the solubility and permeability of vari-
ous compounds as it is presented in the literature [109–111]. The higher solubility of CBD
and CBDA led to more efficient absorption and permeability across the gastrointestinal tract.
The improved dissolution rate, increased concentration gradient, and enhanced transport
contribute to the higher permeability coefficient observed in the systems compared to the
pure extract in the PAMPA study. Achieving higher gastrointestinal permeability is crucial
for obtaining higher oral bioavailability as it allows for more efficient absorption into the
bloodstream from the gastrointestinal tract.

Oxidative stress occurs when there is an imbalance between the production of re-
active oxygen species (ROS) and the body’s ability to detoxify them. While some ROS
play important roles in cellular signaling and immune function, excess ROS can damage
cellular components such as proteins, lipids, and DNA. Oxidative damage has been linked
to several chronic diseases such as cancer, cardiovascular disease, and neurodegenerative
disorders. Antioxidants neutralize harmful free radicals in the body and reduce inflam-
mation, support the immune system, protect the brain, slow down the aging process, and
improve cardiovascular health. These compounds can help protect neurons from oxidative
damage, reduce inflammation, and promote cell survival, which can slow down or prevent
the progression of neurodegenerative diseases. Cannabinoids exhibit various mechanisms
of antioxidant properties [112]. The phenolic hydroxyl groups present in cannabinoid
structures play a role in scavenging free radicals [113]. HiE antioxidant activity was slightly
improved after preparing co-dispersion delivery systems; however, the changes were
often not statistically significant. Similar results were observed for the inhibition of the
enzymes related to neuroprotection. The increased solubility of secondary plant metabo-
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lites might have influenced their biological activity; however, this phenomenon does not
always occur [114].

5. Conclusions

Co-dispersion delivery systems with solubilizing carriers improve the dissolution
of cannabinoids: CBD, CBDA, and CBC. Particular improvement was noted for systems
co-dispersed with Soluplus. It is also worth noting that the environment of the intestinal
contents is the place of optimal dissolution of cannabinoids. Under these conditions,
correlations between improved dissolution and better permeability of cannabinoids from
co-dispersion delivery systems with solubilizing carriers were also noted. Improved
dissolution of cannabinoids (CBD, CBDA, and CBC) induces better permeability through
membranes simulating the walls of the digestive system as well as the blood-brain barrier,
in view of their confirmed neuroprotective activity, it suggests that the developed co-
dispersion delivery systems derived from Cannabis sativa (Henola variety) inflorescences
may be valuable solutions in preventive and therapeutic procedures.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15092280/s1, Figure S1: Exemplary chromatograms
of HiE-Soluplus system in apparent solubility study in pH 1.2 (a), and pH 6.8 (b); Table S1: HPLC
method validation parameters.
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Abstract: Bioavailability assessment in the development phase of a drug product is vital to reveal the
disadvantageous properties of the substance and the possible technological interventions. However,
in vivo pharmacokinetic studies provide strong evidence for drug approval applications. Human and
animal studies must be designed on the basis of preliminary biorelevant experiments in vitro and ex
vivo. In this article, the authors have reviewed the recent methods and techniques from the last decade
that are in use for assessing the bioavailability of drug molecules and the effects of technological
modifications and drug delivery systems. Four main administration routes were selected: oral,
transdermal, ocular, and nasal or inhalation. Three levels of methodologies were screened for each
category: in vitro techniques with artificial membranes; cell culture, including monocultures and
co-cultures; and finally, experiments where tissue or organ samples were used. Reproducibility,
predictability, and level of acceptance by the regulatory organizations are summarized for the readers.

Keywords: in vitro methods; cell culture; ex vivo methods; bioavailability

1. Introduction

Over the past decade, efforts have been made to develop reliable in vitro and ex vivo
models that mimic all relevant biological barriers in the preclinical drug testing [1]. This
phenomenon was stimulated by the need to rationalize drug development and research
processes and make the results more reproducible [2]. In addition, significant scientific
efforts have been made to discover alternative methods of drug development and testing
for ethical reasons, as animal welfare has become a major concern, not only in society but
also in the scientific field [3]. In 1959, Russell and Burch defined the “3R” rule (Replace,
Reduce, Refine), which sets out the principles for the more ethical use of animals in product
testing and scientific research [4]. Animal experiments are often carried out to determine
the pharmacokinetics and toxicological data of drugs before the clinical trials; however,
the regulatory authorities (e.g., EMA, FDA) enforce the replacement of animal testing and
suggest the use of in vitro or ex vivo models because of ethical reasons. The use of these
non-animal methods makes it possible to reduce the number of animals involved in animal
experiments, refine the methods, and even replace the animals, thereby contributing to the
implementation of the 3R principles and giving the potential to further minimize animal
testing in preclinical research [2]. Furthermore, many animal tests are simply too costly,
take too long, and provide misleading results.

Many techniques and models are successfully used at different stages of drug discovery
and development, including in silico, in vitro, ex vivo, and in vivo methods [5]. The present
review provides an overview of the characterization and application of novel in vitro and
ex vivo methods and cell cultures used in the development and evaluation of new oral,
dermal, nasal, and ocular formulations. The development of technology provided the
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opportunity for in vitro and ex vivo methods to become increasingly widespread. The
correlation between the human data and the preclinical data obtained from these models is
critical for drug design and development. The accuracy of predicting clinical outcomes is
largely determined by the extent to which these models mimic the given part of the human
body. Therefore, significant efforts were made to create an environment as close to humans
as possible [2,6].

The use of the novel in vitro methods described in this review may lead to better
in vitro-in vivo extrapolation (IVIVE) outcomes. Several models are available to screen and
predict oral, transdermal, nasal, and even ocular bioavailability of an active pharmaceutical
ingredient (API) at different stages of drug discovery and development. Among the latest
in vitro assays for the investigation of drug permeability are the parallel artificial membrane
permeability assays (PAMPA), which can be used to study both oral and transdermal
(skin-PAMPA) dosage forms [7]. PAMPA assays are cost-effective, reliable, robust, quick,
reproducible, and high-throughput experiments that predict the passive transcellular
permeability of the APIs. According to the type of investigation, the biomimetic membranes
can be tailored in terms of their phospholipid compositions, support filter, and type of
solvent to successfully predict gastrointestinal or transdermal absorption.

Although many types of in vitro methods are applied during drug discovery and
development, the use of cell cultures can be more reliable. Assessment of in vitro absorption,
distribution, metabolism, and excretion, as well as drug-drug interaction studies, are
mostly performed using various cell culture-based assays. For years, two-dimensional
(2D) cell cultures have played a significant role in the testing of various active substances;
however, with the appearance of three-dimensional (3D) cell cultures and co-cultures, their
importance is decreasing. This is because 3D cultures show protein expression patterns and
intercellular junctions, which lead to better IVIVE outcomes as they closely mimic human
conditions. Moreover, with the help of co-cultures, it is possible to examine the mutual
influence of different cell types [2,8,9].

Compared to in vitro models, ex vivo models are much more complex and therefore
closer to human conditions, as these experiments are performed on tissues extracted
from humans or animals in a controlled external environment, which allows for higher
interplay and cross-talk among the cellular components. They have advantages such as
faster and more systematic testing, robustness, and compatibility with high-throughput
processes [10]. Therefore, we can consider these models as the tradeoff between in vitro
and in vivo methods.

2. Oral Route

2.1. In Vitro Methods

When discussing the oral bioavailability of drugs, basic factors such as key character-
istics of the chemical substance and the dosage form should be considered. The solubility
and permeability of drug substances were selected to serve as the basis of the Biopharma-
ceutics Classification System. The solubility of the active ingredient in the digestive juices
should be determined, and the affecting factors must be revealed. Following the suggested
strategies of the licensing drug authorities, different buffer solutions are recommended.
Buffer solutions mimic the environment of the GI tract; therefore, the pH range of 1.2–6.8 at
37 ± 1 ◦C is used in most cases. Recent guidelines recommend evaluating drug solubility
in buffers at pH 1.2, 4.5, and 6.8. However, several factors could affect the outcome of the
solubility investigations. Firstly, the nature of the crystallinity of the substance; compared
to the apparent solubility of the crystalline material, amorphous materials possess an
increased solubility [11]. Lacking order in their 3D structure, these solid particles form a su-
persaturated solution; therefore, the drug’s rate and extent of dissolution are increased [12].
The ratio of dissolved drug to total drug content is also important because permeation
through the enterocytes’ membrane is aided when the API is molecularly dispersed. On the
other hand, supersaturated solutions are thermodynamically unstable. Several factors in
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the GI environment could contribute to crystallization, but micelles of bile and polymeric
excipients could stabilize the solution [13].

Pharmacopoeias contain detailed guidelines to standardize dissolution studies. The
purposes of the dissolution test are performed to serve as drug development and quality
assurance tools or to provide evidence for adequate similarity or bioequivalence. Pharma-
copeial methods and apparatuses must be chosen, but only in cases where modifications
are necessary to reveal minor differences in the formulation or the production. Extensive
research was initiated to develop biorelevant dissolution tests and biorelevant media. It is
well known that simulated gastric and intestinal fluids contain components such as pepsin
or pancreas powder at concentrations that are non-physiologically relevant. Volumes and
agitation rate rather provide sink conditions and appropriate mixing of the dissolution
media than a biorelevant, dynamic environment. Firstly, the media selection should be
considered. Empty and fed states of the stomach are good examples to develop biorelevant
dissolution fluids. Everyday life habits were summarized when the Fasted-State Simulated
Gastric Fluid (FaSSGF) was published [14]. This dissolution media (pH 1.6) mimics the
basal, average gastric juice (including sodium taurocholate and lecithin) plus the so-called
glass of water used to swallow the dosage form [15]. Consumed food is temporarily stored
and digested in the stomach before being passed in smaller portions. It is evident that the
artificial fed-stomach media required a more complex composition. Fed-State Simulated
Gastric Fluid (FeSSGF) is an acetic acid/sodium acetate buffer with a pH of 5.0. The ionic
strength is set with sodium chloride, and the buffer is mixed in a 1:1 ratio with full fat (3.5%)
UHT milk as the food part [16]. Along with the gastric media, their intestinal counterparts
were created. It is quite interesting that the Fasted-State Simulated Intestinal Fluid (FaSSIF)
and the Fed-State Simulated Intestinal Fluid (FeSSIF) were published earlier [17], but their
scientific revision and update resulted in a novel version. The second versions of the FaSSIF
and FeSSIF are maleate buffers with pH values of 6.5 and 5.8, respectively. The FaSSIF-V2
contains sodium taurocholate and lecithin as surfactants, while the fed-state media is
supplemented with glyceryl monooleate and sodium oleate. These two components were
meant to mimic the fatty components of the digested food [15].

The digestive and enzymatic functions of the digestive tracts cannot be skipped when
improved bioavailability of the formulation is studied [18]. Enzymatic degradation of lipid-
based formulations is often mentioned in publications as lipolysis tests. In vitro lipolysis
tests are carried out by adding lipid-based formulations (LBFs) to aqueous media (similar
to FaSSIF) containing pancreas powder [19–21].

It is logical to assume that such formulations, delivering the drug in its lipid-based
carrier, are preferred to increase bioavailability. However, when the lipid formulation
undergoes enzymatic degradation, drug precipitation may occur, resulting in a negligible
effect on drug absorption [22,23]. Enzymatic degradation might be due to colonic fermen-
tation as well. Drugs such as polyphenols possess low upper GI tract absorption, and these
xenobiotics could accumulate in the colon, where bacteria metabolize them [21]. Therefore,
no consistent data is available to establish a rock-hard correlation, especially in vitro and
in vivo correlation [24].

Precipitation is also an important factor, not only in the digestion or degradation of
the formulation but also when it is transferred from one digestive compartment to another.
The pH-dependent solubility of the drug is also important when such transfer dissolution
tests are performed. A basic setup is when two compartments of paddle-type dissolution
apparatuses are connected with a peristaltic pump. The donor compartment is acidic
(pH 1.2–2.0) with a smaller volume compared to the acceptor or intestinal compartment,
where the buffer is almost neutral (pH 5.0–6.5). The transfer rates are varied, and zero-
or first-order kinetic approaches were used. In the case of the zero-order kinetic transfer
model, a constant volume is pumped, while in the first-order model, the transfer speed
(mL/min) decreases over time. These experiments were used to successfully describe the
precipitation rates of marketed formulations of drugs with pH-dependent solubility [25,26].
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The previously detailed dissolution studies (with biorelevant and transfer experiments)
could be integrated into systems where the permeability of active ingredients could be
measured. In vitro drug permeability is often screened in parallel artificial membrane per-
meability assays (PAMPA). PAMPA assays are high-throughput experiments predicting the
passive transcellular permeability of active ingredients. Biomimetic membranes, separating
the donor and acceptor phases, can be tailored regarding their phospholipid compositions,
support filters, and type of organic solvent [27,28]. Combined in vitro dissolution and
membrane transport experiments were carried out in a modified paddle apparatus where
the absorption chamber was submerged into the dissolution vessel. The dissolution com-
partment or donor compartment was separated by the hydrophobic membrane, resulting
in an integrated in vitro dissolution-absorption system where the temperature was main-
tained at 37 ◦C and drug concentrations in both chambers were detected using fiber optic
probes. In Pion’s MacroFLUX™ system, the hydrophobic membrane was made by placing
n-dodecane or 20% lecithin dissolved in n-dodecane on the hydrophobic polyvinylidene
fluoride filter. To mimic the pH changes during indigestion of the drug formulation, the
initial acidic solution (artificial gastric fluid) was converted to FaSSIF. This method was
successfully used to detect pH-limited drug dissolution and its effect on the membrane
flux. On the other hand, the effect of excipients was revealed among different marketed
drug products in terms of drug absorption [29,30].

2.2. Cell Culture

Studying the biorelevant permeability of the drug or formulation requires cell lines,
namely the Caco-2 cell culture model, besides artificial membrane assays. Originally, cells
were isolated from a human colon adenocarcinoma [31]. They were proven to be an excellent
cell culture model for investigating the cellular uptake or the transepithelial permeability
through the monolayer they form [32]. When cultivated under certain conditions, they po-
larize and form monolayer-expressing receptors of the human enterocytes, thus mimicking
the absorptive properties of the small intestine [33]. In vivo, the polarized enterocytes face
toward the intestinal lumen with their apical surface. This surface is directly exposed to
the content of the intestinal lumen [34], and the contact is enormously increased due to the
presence of the microvilli [32]. The standard method used to differentiate Caco-2 cells is
to seed them on a microporous surface, such as polycarbonate cell culture inserts. On the
supporting surface, the cells grow and form a monolayer with tight junctions among the
neighboring cells; therefore, an apical and basal compartment is created (Figure 1) [35,36].
Permeability or transport studies are performed by adding the drug or formulation to the
apical chamber and detecting its concentration in the basal chamber. The integrity of the
monolayer is a vital factor for transport studies, especially when the passive transport of
drug or formulation through tight junctions can be expected. To check the high confluency,
besides confocal microscopy, fluorescently-labeled markers such as fluorescein [33,37],
lucifer yellow [38], or radiolabeled markers like C14 mannitol [24] are used. Additionally,
the transepithelial electrical resistance (TEER) should be monitored on a regular basis using
a volt-ohmmeter equipped with a “chopstick” electrode [38,39]. The integrity of the Caco-2
monolayer can be considered sufficient if the TEER values are at least 800–900 Ω cm2 [35,36].
This must be checked before and after the transport experiment well by well [38]. A sudden
drop in the TEER values indicates a breakdown in the cellular barrier integrity [40].
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Figure 1. Schematic diagram of a conventional Transwell plate with the Caco-2 cell monolayer for
the investigation of oral bioavailability.

Transport experiments can be performed not only with the Caco-2 cells; intracellular
uptake or drug internalization could be investigated by fluorescent microscopy or flow
cytometry as well. These studies are also important to reveal a possible transcellular path-
way of drug absorption [40,41]. The in vitro cytotoxicity or cell viability assays are also
extensively used and are cost-effective methods to screen excipients to ensure biocompati-
bility in their applied concentration. Simple colorimetric assays, such as MTT or neutral
red assays, are used to measure the viability of the Caco-2 cells [42,43]. On the other hand,
the kinetics of epithelial cell reaction to excipients or formulations can be monitored by
impedance measurement with a real-time cell analyzer. This method is non-invasive and
label-free, and it linearly correlates with the growth, adherence, and viability of cells [38].

Since cultivated cells are living systems, there is variability in the reproducibility and
stability of these models. As an example, decreased TEER values have been detected over
time. This problem often extends to cell culture studies and could cause an increase in
expenses. Additionally, the transporter proteins are expressed at a different level than
in vivo and tiny changes in the cell culture media have a considerable effect on the cell’s
phenotype. Unfortunately, the results obtained in the Caco-2 cell model may vary among
different laboratories [32,37].

2.3. Ex Vivo

Ex vivo methods provide a theoretical means of estimating absorption and bioavail-
ability. They include three main methods: diffusion chambers with separated tissue,
everted gut sac, and intestinal perfusion. Ex vivo models have adequate paracellular
permeability, mucus layer [44], transport protein expression [45], microbiome [10], and
metabolizing properties [46] that separate them from the in vitro Caco-2 model. Ex vivo
methods are simple and widely used in the design and testing of potential new drugs or
new formulations [47,48].

Diffusion cells can be divided into two major methods, considering the used tissue.
In the case of the Ussing chamber, mainly animal or possibly human biopsy intestinal
samples are used for the transport model, and the intestinal segment is placed between
the two compartments [49,50]. The physiological medium (Krebs, Ringer, PBS, Hank’s
solution) [51] is circulated separately in both compartments, and the needed gases are
ensured by bubbling carbogen gas. The model is suitable to investigate mouse, rat, rabbit,
dog, rat, and monkey tissues, which show a very good correlation with the human in vivo
results [50]. Furthermore, the method can be used to study differential absorption in
pediatrics [52] and to investigate the absorption windows [53]. There are many references
in which ex vivo results are well correlated with in vivo results [54–58], but this method
requires very expensive equipment, and we cannot ignore the fact that the tissue maintains
its integrity for only 2–3 h [5].
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Franz cells are similar to the Ussing chamber, but the tissue sections are placed
horizontally compared to the above-mentioned method. This diffusion cell model was used
for just buccal permeation studies in the oral route because it has limitations for intestinal
permeability due to the uncontrolled donor temperature [5]. The continuous mixing effect
can lead to higher permeation as observed for standard permeability markers than in the
case of the Ussing chamber; therefore, it is beneficial for examining thicker tissues such as
skin, avoiding tissue damage [59]. During oral drug administration, the first anatomical
site is the buccal tissue, where the active substance can be absorbed. The Franz diffusion
cell is most suitable for examining this ex vivo absorption [60,61]. The dog buccal mucosa
is similar to human morphology and immunohistology; it shows high drug permeability
with moderate correlation with the human study [62,63]. The most common tissue type is
porcine, which shows a high correlation; meanwhile, the cost is low and easy to obtain [64].
The thickness is large, so the permeability is low [65]. The rat tissue can be obtained easily
at a low cost; nevertheless, due to keratinization, it is not widespread and less correlated
with the human surface [61,66]. It is also possible to use rabbit, monkey, or chicken tissue,
but these are not very common, either due to the difficulty of obtaining and handling them
or the size of the tissue.

The everted rat and hamster intestinal sac models were published first by Wilson and
Wiseman [67]. The intestinal sections (duodenum, jejunum, ileum) are cut into small tubes
and everted. The mucosal surface is opened towards the API-containing buffer solution,
and the serosal layer forms the inside of the sac, which is filled with buffers and solubilizing
agents (SLS, Macrogol, Tween). In the case of careful handling of the extracted tissues, the
tissue life can be extended up to 2 h from 30 min, which makes it suitable for examinations.
Proper handling of the tissue includes keeping it on ice until the test begins and bubbling
carbogen gas in the buffers [5,47,68,69]. Standard molecules (mannitol, antipyrine, and
digoxin) showed excellent correlation with the everted sac model [70].

The flow through cells can be used to perfuse the API-containing medium through the
evacuated intestinal segment, allowing the study of uptake in several intestinal segments si-
multaneously. The method involves circulating the drug solution in the intestinal segments
while measuring the change in concentration. In this case, the media described above and
an adequate gas supply are also necessary for the tissue to survive. Although the method
is not widespread because of its difficulty, it shows reproducible results because several
samples are tested under the same conditions [71].

In Table 1, we have summarized the recent regulatory statuses of the above-mentioned
techniques or methods when the bioavailability assessments are performed.

Table 1. Cont.

Study Type Regulatory Acceptance or Opinion

Solubility

� At least three pH values (pH 1.2, 4.5, and 6.8) should be evaluated. A drug substance
is classified as highly soluble if the highest single therapeutic dose is completely
soluble in aqueous media not more than 250 mL [72].

� If the drug substance is not stable with >10% degradation during the solubility
assessment, the drug substance cannot be classified for BCS Class [73].

� Solubility is a vital factor for immediate-release (IR) products, especially when they
are considered for biowaiver during drug approval [74].
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Table 1. Regulatory opinions and acceptance of in vitro solubility and dissolution studies, permeabil-
ity studies, cell culture models, and ex vivo models on the bioavailability of oral drugs.

Study Type Regulatory Acceptance or Opinion

Dissolution

� Drug dissolution studies are elementary to prove the immediate release of the drug
when applying for a BCS-based biowaiver (BCS I and III only) [73].

� Well-defined apparatus with agitation speeds [73].
� The prolonged-release formulation should therefore be evaluated in vitro under

various conditions, namely media, pH (normally pH range 1–7.5; if needed up to 8),
and the use of biorelevant media is encouraged [75].

� When drug release from MR formulations is investigated, in vitro studies of the
release in alcohol solutions should be performed if the drug has higher solubility in
ethanolic solutions than in water [76].

� For authorization of MR products with several strengths (in the case of
multi-particulate dosage forms/proportional tablets), if their release profiles are
similar, the highest strength should be tested in vivo for food effect [76].

Permeability on
artificial membrane

� Up to date, no guideline enlists or describes permeability studies for oral products
involving artificial membranes.

Cell culture models

� Validation of Caco-2 permeability assay by markers with zero, low, moderate, and
high permeability. Markers are enlisted in the guidelines.

� BCS classification of test drug is possible; a drug is considered BCS I or II when its
permeability value is equal to or greater than that of the highly-permeable
internal standard.

� The BCS classification by the Caco-2 cell line can be used only for drugs with
passive transport [73].

Ex vivo models � Currently, FDA guidelines enlist permeation studies using excised human or animal
intestinal tissues [74].

3. Nasal or Inhalation

3.1. In Vitro

Nasal and inhalation drug delivery has become a common administration route in
the last decades for local and even systemic therapies, and there is a growing interest in
developing new formulations as well. For these drug delivery routes, the main challenge is
to characterize the nasal and/or lung deposition pattern in vivo [77]. Although the recom-
mended in vitro tests, for example, particle size distribution, spray pattern, or emitted dose,
are useful to characterize or compare nasal dosage forms and ensure the required quality of
the product, they provide limited information about nasal deposition, pharmacokinetics, or
pharmacodynamics [78]. Nasal casts offer a cost-effective and rapid method for addressing
this issue before the beginning of complex in vivo studies. Even though studies with nasal
casts are not a regulatory requirement, the results may provide beneficial information for
further development. Targeting the deposition in the nasal cavity has a great impact on
the efficiency of local, systemic, and central nervous system drug delivery as well. With
the help of anatomically correct in vitro nasal models, the deposition pattern of different
nasal preparations can be compared [79]. First nasal casts have evolved from cadavers’
heads as they strongly represent human nasal anatomy. To avoid the limitations of tissue
preservation issues, the water and lipids were replaced by silicone plastination, resulting in
a much more representative structure [80]. Recently, nasal casts are mainly obtained from
computed tomography scans with the help of 3D printing since this technology has gained
great interest. Most commonly, they are made of plastic, silicone, resin, and acrylonitrile
butadiene styrene (ABS) [81–83]. Depending on the specific nasal pathway targeted, the
cast model can be divided into 2–3 or 5–7 anatomically relevant regions. Shah et al. de-
signed a seven-section nylon nasal cast according to the computed tomography images
of healthy humans. The casts were coated with a glycerol/Brij-35 solution in order to
mimic the mucus [84]. Hartigan et al. designed a 3D-printed in vitro tissue model using
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ABS filament with a fused deposition modeling 3D printer for preclinical validation of
experimental swabs. To mimic the soft human tissue of the nasal cavity, they used aqueous
silk sponges; thus, it does not require any cellular material, and the physiological nasal
fluid was replaced with synthetic mucus. This model may provide a reproducible, safe,
and cost-effective tool for the development of newly designed devices [85]. In order to
obtain further information about biological aspects such as permeation, mucoadhesion,
and ciliary clearance, in vitro anatomical models can be used in combination with both
primary and immortalized cell cultures as well [86].

As for inhalation drug delivery, particle size and in vitro dissolution are the main
in vitro parameters that determine the bioavailability of inhaled drugs. The most important
aspect that must be taken into consideration is that only a fine fraction of the aerosol
(particles <5 μm) reaches the deep lung, and thus, is available for in vitro dissolution
testing. This means that the commonly used dissolution protocols for oral dosage forms
require adaptations. Mixing forces in the lung are minimal; thus, agitation is questionable
during dissolution. As the temperature in the respiratory tract is usually lower than that
in the gastrointestinal tract, the testing temperature should be 32.5–33.5 ◦C according to
measurements in healthy volunteers [87]. Since there are no available guidelines provided
by regulatory agencies, several dissolution protocols have been described in the literature
and developed by researchers. With the help of the UniDose aerosol collection system,
the whole powder mass accumulates on a glass microfiber filter membrane and is placed
into a disk cassette in the USP2 apparatus (Figure 2). Other methods disperse particles
in phosphate-buffered saline, a salt solution with a similar composition to the human
hypophysis, or PBS with 0.1% Tween 80. Reproducible and stable physiological dissolution
fluids are yet to be identified and standardized. USP1, USP2, USP4, transwells, and Franz
diffusion cell systems are all used to expose solid particles to the dissolution fluid, as there
is still no adequate in vitro exposure system that can mimic dissolution in vivo [88].

Figure 2. Schematic of paddle-over-disc USP 5 apparatus with a microfiber membrane accumulated
with powder mass for the investigation of nasal drug delivery.

3.2. Cell Culture

The respiratory tract is promising as an alternate site of drug delivery because of
fast absorption and quick onset of drug action; by avoiding the first-pass metabolism, it
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is highly beneficial compared to the oral route. Currently, the pharmaceutical industry
extensively relies on suitable in vitro models for the faster evaluation of drug absorption
and metabolism as an alternative to animal testing. In vitro cell culture models of the
respiratory system can decrease the development time for new medicinal products. In
the pre-clinical phase, they can be utilized as an alternative to pricey and time-consuming
animal testing. Consequently, the information on absorption mechanisms gained from
in vitro studies allows for the directed and cost-effective performance of clinical studies
and the safety evaluation of new active substances and chemicals [89].

Primary cells and cell lines differ from each other by the time they can be kept in culture.
Primary cells must be freshly isolated; thus, they originate from a different individual each
time. Primary cultures have some significant limitations, such as the difficult accessibility
of suitable human airway tissue and the limited number of cells. On the other hand, they
provide the closest in vitro representation of the epithelium [90].

Immortalized cell lines are derived from different tumors, and their advantages over
primary cultures are the purity of the cell types and their unlimited lifespan, which enables
prolonged experiments. These cell lines are easy to maintain, and they exclude many
difficulties, e.g., reproducibility or high costs. The epithelial cells coating the respiratory
system play an important role in the protection of the host from different stimuli, including
chemicals and pathogens. Human airway epithelial cell cultures are essential for studying
aspects of respiratory tract biology, disease, and therapy [91].

Immortalization can cause the occurrence of undesired morphological changes in the
cells. Nowadays, the only immortalized nasal cell line of human origin is the RPMI 2650.

RPMI 2650 cells were first isolated from anaplastic squamous cell carcinoma in the
nasal septum. The main differences between the nasal mucosa are the absence of ciliary
movements and the multilayer cell growth. Despite these few differences, RPMI 2650 cells
have shown a similar permeability to nasal mucosa for hydrophilic, lipophilic, and high
molecular weight compounds. To perform transport studies, the tight junctions and cell
monolayer are crucial points. Furthermore, the cells should be in a high differentiation state.
As RPMI 2650 cells are not able to form a monolayer and they lack tight junctions, they
are not suitable for transport studies. However, they can be co-cultured with fibroblasts
or endothelial cells, which can form a confluent monolayer and develop tight junctions
as well. Thus, RPMI 2650 in a co-culture can be a reliable in vitro method for nasal
drug absorption [92–94].

16HBE14o- cells are normal human airway epithelial cell lines. They can form po-
larized cell monolayers and display many properties of bronchial cells, e.g., showing
lectin-binding patterns and expressing the intercellular adhesion molecule. The confluent
monolayers show extensive tight junctions, which are similar in appearance to those exhib-
ited in intact human tissue. A great disadvantage of the cell line is that it does not secrete
mucus that protects the epithelium in vivo, in contrast to Calu-3. 16HBE14o- cell line is
assessed with great potential as a bronchial drug absorption model [95,96].

Calu-3 is a human sub-bronchial gland cell line; it was derived from bronchial adeno-
carcinoma. Calu-3 expresses mRNA and proteins specific to the native epithelium. The
cells can form confluent monolayers with tight junctions; the cell line can be an appropriate
tool for studying tight junction regulation in the bronchial epithelium [89]. Due to their
origin, Calu-3 cells can produce mucus as well. The presence of tight junctions and the
secretory activity highlight the potential of this cell line as a suitable in vitro model for
studying the pulmonary drug absorption [97,98].

The in vitro cell culture modeling of the respiratory system is not an easy process, but
in recent years several solutions have been developed to address the problem. It is crucial
to take into consideration the characteristics and limitations of the selected cell culture
when designing the experiment and to ensure that the cells are suitable. It is important
to compare the properties of the selected cell line with those of the relevant intact tissue,
as it is demonstrated above that cell cultures may have shortcomings. For the respiratory
system’s cell cultures, such important factors may include mucosal secretion, modeling of
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ciliary activity, the presence of tight junctions, protein expression, or monolayer formation.
Primary cells are a lot similar to intact tissue; however, they have several limitations as well.

3.3. Ex Vivo

The isolated and perfused lung model (IPL) was developed and used in the physio-
logical investigation to advance lung transplantation. However, in the last 20 years, it has
been used in the investigation of the absorption of inhaled drugs [99,100].

Another method to investigate lung permeability is the precision-cut lung (PCL)
method, which truly represents the lung’s structural and functional cellular interaction.
However, the disadvantages of the method include its inability to mimic ventilation,
mechanical stretch, and perfusion [101–103]. To determine the in vivo toxicities, drug per-
meabilities, and therapeutic efficacies in ex vivo, the PCL model is clinically relevant [104].
Table 2 serves as a representation of the current regulatory acceptance statuses for the
in vitro methods and ex vivo opportunities used for evaluating the bioavailability of drugs
after intranasal or pulmonary administration.

Table 2. Regulatory opinions and acceptance of in vitro solubility and dissolution studies, permeabil-
ity studies, cell culture models, and ex vivo models on the bioavailability of nasal/inhalation drugs.

Study Type Regulatory Acceptance or Opinion

Solubility

� No guidelines are available about solubility studies. However, particle size, morphic
form, and the state of solvation of the active substance can affect the bioavailability of
a drug product as a result of different solubilities and/or rates of dissolution.
Comparable data about particle size distribution, the morphic form of the particles,
and the size and number of drug aggregates in the dosage form are
recommended [105].

Dissolution

� Availability to the sites of action depends on the particle sizes and distribution
patterns, as well as drug dissolution in the case of suspension products, absorption
across mucosal barriers to nasal receptors, and rate of removal from the nose. The
critical factors are drug release from the product and delivery to the mucosa [105].

� For suspension products, drug particle size is important for the rate of dissolution and
availability to sites of action within the nose. Therefore, drug particle size distribution
and extent of aggregates should be characterized in formulation before actuation, and
in the spray following actuation [105].

� To assess the delivery profile of the product used in in vivo studies, the drug delivery
rate and total drug delivered results should be provided for the batches used in these
studies. A validated method (e.g., breath simulator), should be employed [106].

Permeability on
artificial membrane � No guidelines describe permeability studies for nasal or inhalation products.

Cell culture models � No guidelines are available about cell culture models. The most frequently used cell
lines for in vitro cell culture studies include RPMI2650, Calu-3, and 16HBE14o.

Ex vivo models � No guidelines are available.

4. Transdermal

4.1. In Vitro

The dissolution test of semi-solid preparations is a constantly controversial topic because
none of the pharmacopoeias have an appropriate section on the dissolution test without a
membrane. The Pharmacopoeia recommends three different methods only for patch testing,
namely disc assembly (Ph. Eur. 2.9.4.1./USP Apparatus 5), cell (Ph. Eur. 2.9.4.2), and rotating
cylinder (Ph. Eur. 2.9.4.3/USP Apparatus 6) [107]. In each case, the active substance is released
freely, and the patches are fixed with a 125-mesh net, which keeps the preparation in place
and does not affect the way of diffusion. These dissolution studies can be used to compare
preparations, but less so for true in vivo correlation [108–111].
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In the literature, there are various in vitro release and penetration studies, that can
be used to predict in vivo bioavailability [112]. In vitro penetration studies usually use
some type of diffusion cell, where passive diffusion is tested on various types of synthetic
membranes [113]. The flowthrough cell, vertical diffusion cell, and immersion cell methods
were published to describe the dissolution profiles of formulations; nevertheless, the
vertical diffusion cell method is the most widely accepted.

The vertical diffusion cells include the same basic parts as a donor and an accep-
tor compartment and a membrane between the two compartments (Figure 3), but in the
literature, a different semantic structure is available to avoid the entrapping bubble or
minimize human intervention [114–116]. The acceptor compartment usually contains a
buffer and a magnetic stirrer at the bottom of the device, which helps to ensure homo-
geneous distribution. At various intervals, the acceptor phase is sampled and replaced
with a fresh acceptor solution. The limitation of the method and its in vivo correlation
are determined by the acceptor buffer and the used membranes. The Start-M membrane
and the Tuffryn membrane show a good correlation with in vivo results. The Strat-M
membrane is a synthetic, non-animal-based model membrane made from polyether sulfone
and polyolefin, which are predictive of diffusion in human skin. The Tuffryn membrane is
a polysulfone membrane with low protein binding; hence, it is suitable for the permeation
study of biological markers. In most cases, they are used with a buffer and solubilizer
agent, such as SLS, Volpo, Tween 80, and PEG 10000 [117–120].

Figure 3. Schematic of a vertical Franz-type in vitro diffusion cell.

A horizontal diffusion cell, also known as a side-by-side diffusion cell [121], also
consists of two compartments, but they are smaller in volume and have a smaller diffusion
area than vertical cells. Its use is appropriate for small quantities of materials, and it also
eliminates the shortcomings of vertical systems, such as the fact that the donor phase is not
heated. However, their use is nowadays declining.

The flow-through diffusion cell works similarly to the diffusion cells described above,
but with this device, the sampling can be automated [119], as a fraction can be collected from
the flowing acceptor phase [122]. Moreover, by setting the parameters of this device, such
as the acceptor volume and flow rate, better in vitro-in vivo correlation can be achieved.
An important aspect of these measurements is the in vitro-in vivo correlation, which is a
new method that has been developed nowadays. This is a bio-predictive IVPT method
using a flow-through diffusion cell with the Strat-M membrane mentioned above [117].
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Nowadays, a wide range of complex membrane systems is available to simulate human
skin. Based on the aforementioned parallel artificial membrane permeability assay (PAMPA),
Ottaviani et al. were the first to publish the use of a skin PAMPA. In this case, the membrane
was filled with an optimized mixture of silicone (70%) and isopropyl myristate (30%) to reduce
skin permeability, thus making it even more similar to human skin [7,123,124].

Lately, a new skin PAMPA model has become available, where the membrane contains
special components of the skin barrier, such as cholesterol, free fatty acids, and ceramides
that mimic the properties of the lipid matrix [125]. Another advantage is that this skin
PAMPA is a 96-well plate-based method, so it can be a relatively quick and low-cost model
and an effective high-throughput assessment technique [7].

4.2. Cell Culture

The skin tissue is an effective barrier, representing a protective layer and an essential
interface between the human body and the external environment. Based on its structure,
it may affect the topical and transdermal bioavailability of various substances. Dermal
absorption studies are routinely used to demonstrate benefits after topical application of
cosmetics, pharmaceutical formulations containing active ingredients, transdermal patches,
or medical devices, but also to predict risks from skin exposure to chemicals [126]. To receive
reproducible data on percutaneous absorption, there is an increasing demand for reliable
in vitro models, as the national legislation lays down that animal experiments should be
avoided whenever scientifically feasible. In addition, the results of animal experiments
do not always correlate with the results of human clinical studies due to differences in the
structure of the skin [127]. Regarding human and animal models, the skin is associated
with other organs, making it difficult to characterize skin diseases independently [128].
Furthermore, a standardized in vivo human or animal skin model is not yet available.
Internationally accepted guidelines were created by the Organization for Economic Co-
operation and Development (OECD), which give specifications for testing the in vitro
percutaneous absorption of chemicals [129].

In recent years, several in vitro skin models have been developed using different cell
cultures to assess the penetration and permeation profiles of active ingredients. The oldest
but most used methods for constructing skin models are mainly the primary cells, for
example, epidermal cells (keratinocytes and melanocytes) or dermal cells (fibroblasts and
human dermal microvascular endothelial cells), and cell lines such as the immortalized
human keratinocyte cell line (HaCaT), the human foreskin fibroblast cell line (HFF-1),
and the murine NIH3T3 fibroblast cell line [130]. The biggest concern is that the primary
cells and cell lines do not necessarily represent what happens in vivo, as the cell-cell and
cell-matrix interactions, the diversity of the cells that make up the skin (e.g., melanocytes,
Langerhans cells, and endothelial cells), and skin appendages (e.g., sweat glands and
hair follicles) are missing. The cells do not grow on top of each other but are forced
into a monolayer morphology, which is unnatural for most cell types. Despite these
disadvantages, they are the most accurate methods of establishing scientific results for
long-term research projects [131,132].

In vitro skin models, such as 2D monolayers of human skin cells created by tissue
engineering, have shown the possibility of a more accurate, systematic characterization of
the skin [128,130]. Establishing co-cultures (e.g., co-cultures of keratinocytes with immune
cells and dermal fibroblasts) on Petri dishes or microtiter plates can increase natural
intercellular contact and communication, but the 2D surface still inhibits the capacity for
cells to form a multi-dimensional structure, which is limiting their accuracy in predicting
the complicated effect of drug metabolism on the skin [133]. Therefore, cells grown in flat
layers on plastic surfaces do not accurately model in vivo cells.

As a solution to the above-mentioned problems, many 3D models were developed in
the form of reconstructed human epidermis (RHE) generated by seeding keratinocytes on a
porous membrane. With the creation of these systems, the common goal was to bridge the
gap between the use of animals and cellular monolayers [134].
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Several RHEs are commercially available that exhibit actual similarities to the native
human tissue in terms of morphology, biochemical markers, and lipid composition. These
systems are appropriate devices for the testing of phototoxicity, corrosivity, and irritancy
caused by different substances; moreover, transport studies can also be carried out. The
EpiSkin™ (L’Oréal, Lyon, France), EpiDerm™ (MatTek Corporation, Ashland, MA, USA),
SkinEthic™ (Lyon, France), and EpiCS® (CellSystems, Troisdorf, Germany) skin models
are well documented in the literature [135,136]. EpiSkin™ and EpiDerm™ were the first
3D models developed and validated as predictive models for skin corrosion and skin
irritation [137]. These two models contain human keratinocytes cultured on a collagen-
based matrix, simulating the in vivo skin epidermis. Other models, such as SkinEthic® and
the modified EpiDerm™ SIT, are used to test irritation on the skin [137–139].

Dreher et al. investigated the cutaneous bioavailability of formulations containing
caffeine or alpha-tocopherol on RHEs (EpiDerm™ and EpiSkin™) and compared them with
ex vivo studies conducted on human skin. They found that vehicles that contained alcohol
showed more potent drug permeation rates in the case of EpiDerm™ and EpiSkin™ models
compared to ex vivo results. This was attributed to the weaker barrier properties and the
increased hydration of the outermost layer of the stratum corneum of the RHEs [140]. Simi-
lar studies were conducted by Schäfer-Korting et al. to evaluate the permeation of caffeine
and testosterone across different RHE models (EpiDerm™, EpiSkin™, and SkinEthic™),
human epidermis, and animal skin. The permeation coefficients of testosterone were in
the following order: human epidermis, bovine udder skin, porcine skin < EpiDerm™,
EpiSkin™ < SkinEthic™, while, for caffeine: bovine udder skin, EpiDerm™, porcine skin,
human epidermis < SkinEthic™, EpiSkin™. Moreover, the investigated RHE models were
validated by them, using nine different drugs with different physicochemical properties.
The permeation rates of all substances were higher through the RHE models compared to
the human epidermis and porcine skin; however, the ranking of drugs according to perme-
ability was found to be similar on all membranes. They also found that the reproducibility
of permeation parameters was very similar for RHEs and for excised skin [141].

Lotte et al. investigated the reproducibility of three RHEs (EpiDerm™, EpiSkin™, and
SkinEthic™) regarding the permeation and skin absorption of topically applied compounds
with different physicochemical properties (lauric acid, caffeine, and mannitol). They de-
scribed that SkinEthic™ showed the worst reproducibility among these three models [142].

Jírová et al. examined the skin irritation of different chemicals with in vivo and in vitro
methods using the 4-h human patch test (HPT). It was described that the concordance of
human epidermis models with human data was 76% (EpiDerm™) and 70% (EpiSkin™). The
sensitivity and accuracy of the irritant classification of the RHEs were higher than expected,
and they showed better results compared with the tests conducted on rabbits [143].

These studies concluded that RHEs could be considered as alternatives to human,
porcine, or rabbit skin for in vitro studies. However, despite the above-mentioned huge
advancements, most of the 3D skin models still have some limitations such as weak barrier
function, lack of vasculature and skin appendages, and thus, are not able to fully reproduce
the complexity of human skin tissue [132,133,144].

In parallel with the development of RHE models, efforts have been made to add
a living dermal compartment to produce models referred to as full-thickness (FT) skin
models. These models make it possible to seed keratinocytes directly onto the surface of the
formed dermal lattice layer, and thus, allowed the investigation of ultraviolet-A-induced
aging [145], skin metabolism, genotoxicity [146], and the role of papillary and reticular
fibroblast populations [147], as well as glycation in aging to be deciphered [148].

The development of an FT skin model is beginning with the generation of a mature
dermis and with the expansion of melanocytes and keratinocytes on top of the dermis,
followed by the development of the epidermis at the air–liquid interface [149].

The commercially available FT skin models such as PhenionFT™ (Henkel, Düsseldorf,
Germany) and EpidermFT™ (T (MatTek, Ashland, MA) are widely used in the investi-
gation of environmental and age-dependent effects [150], skin penetration, ultraviolet
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(UV) irradiation effects, and skin disease mechanisms [151]. A novel FT skin model, T-
Skin™, is an in vitro reconstructed skin that consists of a dermal equivalent with human
fibroblasts overlaid by a stratified, well-differentiated epidermis derived from normal
human keratinocytes cultured on an inert polycarbonate filter. Batallion et al. compared
the structure and the layer-specific markers of the T-Skin™ (Episkin, Lyon, France)with
normal human skin using histological and immunohistological staining. It was found that
T-Skin™ exhibits a very similar structure and characteristics to the human skin, including a
well-differentiated and organized epidermis and a functional dermis [152]. These results
support the use of T-Skin™, as an alternative screening platform, to develop new cosmetics
and to investigate dermatologically active ingredients.

Recently, given the increased interest in extending the experimental testing phase, a
long-term FT skin model became commercially available (Phenion® Full-thickness LONG-
LIFE skin model, (Henkel, Düsseldorf, Germany), which can be kept in culture for up to
50 days [149].

Significant progress for skin models may be achieved in the field of organ-on-chips,
which can provide more physiological conditions with the combination of microsystem en-
gineering and cell/tissue biology [132]. To develop a physiologically relevant in vitro skin
model, human skin structures have been integrated into microfluidic systems to construct
skin-on-chip models, which can mimic the complex in vivo situation [133]. Microfluidic
technology makes it possible to develop an ideal skin-on-chip model by being able to create
specific flow properties to ensure efficient chemical reactions, thus the cell-cell and cell-
matrix interactions can work properly. Microfluidic-based organ-on-chip systems consist
of microchannels, micropumps, valves, mixers, and integrated biosensors, with cell culture
inserts used to develop in vitro functional models of healthy and diseased organs [128,153].
Using these devices, the skin tissue can be cultured under the control of several physical
and biochemical parameters, such as flow, force, or chemical gradients [133,154].

The fabrication process, materials, and tissue maintenance of these in vitro models can
vary greatly. There are two main groups to which the skin-on-chip models can be classified
according to how the skin is generated in the chip: the first one is the direct transfer of a skin
fragment from a biopsy or a human skin equivalent in the chip (transferred skin-on-a-chip),
while the second one is based on the in situ generation of the tissue directly on the chip (in
situ skin-on-a-chip) [154–156].

However, there would be some limitations in verifying the correct skin differentiation
and structure. To overcome this problem, most of the researchers are using fluorescent-
labeled cells or traditional immunocytochemistry for visual inspection, but in most cases,
the detection process can be very complicated. This fact led to the development of biosen-
sors which can be completely integrated into the chip to follow up the state of the skin in
real time and to monitor the effects of the applied active agents [154].

Overall, skin-on-chip models could be the best platform to study intercellular in-
teractions or even the immune response, as they can better reproduce the physiological
environment of the tissue. Furthermore, they allow us to follow up several conditions at
the same time under controlled parameters and measure drug efficiency rapidly.

4.3. Ex Vivo

The Franz diffusion cell is the most widely used ex vivo model for evaluating the
release and skin permeation of API from topical and transdermal drug delivery systems.
The main aim of these studies is to identify the main potential variables that may alter
the in vivo bioavailability of the drug during formulation design [59]. The design and
principle of operation of the test apparatus correspond to that described for the buccal
ex vivo section. Several skin preparations were used, such as mouse [116], rat [157,158]
porcine ear [159], newborn pig skin [160], or human skin [161]. Ears of porcine are used
mostly because they are easily obtained and cheap; furthermore, the in vivo correlation is
also good [120,162,163].
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Evaluation of the penetration of active substances in the skin is essential for developing
topical formulations, as the expected effect remains on the skin’s surface. The concentration
of the active ingredient in the skin layers (stratum corneum, epidermis, and dermis) can be
determined by ex vivo and in vivo studies by skin retention tests [59]. After the Franz per-
meability test, the skin can be dried and separated into three main layers. Cellophane tapes
can be used 25 times to remove the stratum corneum. The remaining epidermis and dermis
can be divided into two parts by heating (60 ◦C) and mechanical. The API extractions can
be carried out in methanol and using an ultrasonic bath at 40 ◦C for 15 min [164].

Information on the distribution of the active substance within the skin can be easily
achieved using RAMAN spectroscopy. The Raman correlation map shows the incidence of
the API in the different layers of the animal or human skin from the stratum corneum to the
lower layer part of the epidermis. The Raman experiments give a good correlation with the
Franz cell and skin PAMPA results, which, thus, closely approximate the in vivo results [7].
Techniques and methodologies used for the evaluation of transdermal bioavailability of
drug formulation are summarized in Table 3 regarding their regulatory status.

Table 3. Regulatory opinions and acceptance of in vitro dissolution studies, permeability studies, cell
culture models, and ex vivo models on the bioavailability of transdermal drugs/products.

Study Type Regulatory Acceptance or Opinion

Dissolution *

� In vitro drug release test is defined only for patches by regulator’s guidelines, the methods are
described in Pharmacopeia (Ph. Eur., USP) [165,166].

� Official pharmacopoeia methods of in vitro drug release testing: Paddle over Disk (Apparatus 5),
Cylinder (Apparatus 6), or Reciprocating Holder (Apparatus 7) [165].

� It is not correlated with in vivo, but it is necessary to be determined in the finished product
release and shelf-life specification [166].

Permeability on artificial membrane

� In vitro release test (IVRT) is described as a permeability study for transdermal products
involving artificial membranes.

� The artificial membrane used must have adequate properties to separate the product from the
receptor medium and must not interfere with the flow of the active substance or bind that.

� In the case of receptor medium, sink conditions should be confirmed. The maximum
concentration of the API in the receptor medium achieved during the experiment does not
exceed 30% of its maximum solubility in the receptor medium [167].

Cell culture models � Up to date, no guidelines enlist or describe permeability studies involving cell culture for
transdermal products.

Ex vivo models

� Currently, FDA and EMA guidelines enlist permeation studies (IVPT) using excised human or
animal skin tissues.

� The most accepted is adult human skin, which does not contain tattoos, any diseases, and a hairy
surface.

� The use of aqueous buffers as a receptor/release medium is recommended, which does not
damage the integrity of the tissue, otherwise, it is necessary to check it after the test.

� During the test, 12 parallel experiments with samples taken from the same place from different
donors are required to prove reproducibility, the test must be performed at 32 ◦C for 24 h.

� Only tape stripping is accepted by the guidelines for testing the accumulation of the active
substance in the tissue, RAMAN, and microdialysis methods can only provide additional
information [167].

* To use for patches.

5. Ophthalmic

5.1. In Vitro

The unique anatomical structures of the eye represent multiple barriers, which modify
drug absorption [168]. This and the different fluid dynamics make this organ an especially
hard-to-simulate environment to develop in vitro, ex vivo, or cell culture techniques for
bioavailability testing [169]. No true, validated method is available for the replacement of
the in vivo Draize rabbit eye test, which is the gold standard for not only bioavailability
but also toxicity testing due to its high similarity and ease to use compared to other
mammalian models [170].
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In the case of some APIs, FDA guidelines allow the use of bioequivalence testing ac-
cording to 21 CFR part 320 with different in vitro methods for ophthalmic products instead
of a human clinical end-point study in case of a special condition [171,172]. This is the
qualitative (Q1) and quantitative (Q2) sameness of the test and the reference product, en-
abling a ±5% concentration difference in the case of inactive ingredients. Physicochemical
characterization including measurement of pH, osmolality, viscosity, particle size distribu-
tion and charge (for emulsions and suspensions), phase distribution, specific gravity, and
surface tension measurement is needed [173,174]. In vitro drug release tests can be carried
out with the use of dialysis tubes and Franz diffusion cells [175]. These experiments are
usually carried out in either artificial tear fluid or normal PBS solution with membranes
and a dialysis bag made out of cellophane or some cellulose derivative with a molecular
weight cut off around 10 kD [176–179].

5.2. Cell Culture

2D and 3D cell culture models vary in form and the utilized cell line. In general,
they are cheap, easy to maintain, and reproducible ways to carry out drug transport
experiments. Meanwhile, the modern but complicated in vitro 3D cell culture methods,
such as the reconstructed human tissue assays SkinEthic™ Human Corneal Epithelium
and EpiOcular Eye Irritation test, are rarely utilized by current researchers due to their
high price, low repeatability, and limited transition towards in vivo results [169,180,181].
Apart from these, 2D cell cultures of immortalized cell lines such as ARPE-19 or TERT-RPE
are mainly used to screen cytotoxicity before in vivo tests. Nevertheless, cell cultures can
be useful tools to verify cellular uptake of the API before an animal experiment. Simple,
2D cultures ARPE-19 cells were successful in the study of Yang et al. in regards to the
prediction of cellular retention of bovine serum albumin-loaded silk fibroin nanoparticles
when compared to in vivo rabbit eye model [182]. In the case of atorvastatin-loaded solid
nanoparticles, the same correlation can also be seen as the cells showed high levels of
retention of the API [183]. Even the similarity of ocular PK values for melanin binding was
found between ARPE-19 cells and rat eye model [184]. Human corneal epithelial cells in 2D
cultures were also reported as good indicators of the resveratrol uptake [185]. Despite these
positive examples in the study of Yousry et al., normal human primary corneal epithelial
cell lines failed to predict the superior uptake of a terconazole SNES over simple suspension,
which was later verified by animal experiments [186].

5.3. Ex Vivo

An upgraded version of the previously mentioned permeability test is when excised
animal corneas are used as the “membrane” of a Franz diffusion cell, using artificial tear
fluid as solvent [187–190]. Apart from corneas, even whole eyeballs can be used [191].
Overall, these methods are not officially validated, but the in vitro and ex vivo results
are usually used to reduce the number of experimental formulations selected for the
in vivo experiments. Thus, these methods usually act as a filter for the multiple original
formulations with different excipients, as only those get a pass on to the animal model,
which has the best pharmacokinetic/dissolution profiles.

Notably, apart from the traditional Draize test, the implantation of a microdialysis
probe into the anterior segment of the eye gives the researchers the ability to test out
multiple concentrations of an experimental formulation and gain additional dissolu-
tion profiles [190,192,193].

The regulatory acceptance and opinion are summarized in Table 4.
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Table 4. Regulatory opinions and acceptance of in vitro dissolution studies, permeability studies, cell
culture models, and ex vivo models on the bioavailability of ophthalmic drugs/products.

Study Type Regulatory Acceptance or Opinion

Dissolution

� In vitro release studies can be performed in case of qualitative and quantitative
sameness of the products.

� The methodology used for in vitro drug release testing should be able to discriminate
the effect of process and variability in the production of the test formulation [171,172].

� No concrete method is described; generally, Franz diffusion cell or dialysis tests
are performed.

Permeability on
artificial membrane

� To date, no guidelines enlist or describe permeability studies involving artificial
membranes for ophthalmic products.

Cell culture models � To date, no guidelines enlist or describe permeability studies involving cell culture for
ophthalmic products.

Ex vivo models � To date, no guidelines enlist or describe permeability studies involving ex vivo
models for ophthalmic products.

6. Conclusions

Summarizing the methods and techniques to assess the drug availability during drug
R&D or formulation development phases is essential for screening for optimal molecules
and their dosage forms. When the bioavailability of drugs administered via oral, trans-
dermal, intranasal/pulmonary, or ocular pathways is assessed, in vitro screening tests,
due to their low cost and high throughput performance, are inevitable. Designing the
in vitro tests, either for solubility assessment of the solid dispersion or the deposition of
the fine particles, is all based on those physiological factors that are vital and responsible
for effective drug therapy. Biopharmaceutical drug design also relies on the interaction
among the drug, the carrier or dosage form, and the first biological barrier determining
absorption. Cell culture models, either primary or immortalized cell lines, provide the
first biorelevant permeability data, even with drawbacks such as different transporter or
junctional protein expression. Dermal and ocular barriers are more complex compared
to the intestinal, pulmonary, or nasal barriers. Modeling the complexity of such cellular
barriers can be integrated into simplified 3D cell culture models. Due to their complexity,
they are more biorelevant when drug permeability is investigated. In the case of RHE, a
comparison of the drug with the standards could predict in vivo permeability rates. On the
other hand, when passive diffusional pathways are considered in such cases, the actual
in vivo data might not correlate with the data obtained in such models. The last step before
investigating the drug or its formulation in vivo is to obtain data on human or animal tis-
sues. Besides considering the ethical problems related to the origin and source, differences
among the species are another issue researchers should not forget. Due to their limited
lifetime, excised tissues or organs require experienced human resources and device setups.
Expertise in these studies can be obtained in laboratories, where the surgical and analytical
background is provided and validated. Considering the source of the excised tissues or
organs, ethical questions almost immediately appear in our focus. All the efforts made
to replace lab animals, reduce their number during preclinical studies, and refine study
protocols and statistics in data analysis cannot completely predict the in vivo performance
of the formulation. Regulatory authorities did not integrate artificial membrane studies
into their guidelines when drug permeability is evaluated in vitro, except for transdermal
dosage forms. Additionally, the Caco-2 cell culture model is only recommended by the FDA;
thus, incomplete harmonization is present among the agencies. Still, a gap exists among
the phases of drug development and characterization, starting from the in vitro evaluation
through the cell culture laboratories and the absorption or distribution evaluation ex vivo.
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Abstract: Fibre-based oral drug delivery systems are an attractive approach to addressing low drug
solubility, although clear strategies for incorporating such systems into viable dosage forms have
not yet been demonstrated. The present study extends our previous work on drug-loaded sucrose
microfibres produced by centrifugal melt spinning to examine systems with high drug loading and
investigates their incorporation into realistic tablet formulations. Itraconazole, a model BCS Class II
hydrophobic drug, was incorporated into sucrose microfibres at 10, 20, 30, and 50% w/w. Microfibres
were exposed to high relative humidity conditions (25 ◦C/75% RH) for 30 days to deliberately induce
sucrose recrystallisation and collapse of the fibrous structure into powdery particles. The collapsed
particles were successfully processed into pharmaceutically acceptable tablets using a dry mixing
and direct compression approach. The dissolution advantage of the fresh microfibres was maintained
and even enhanced after humidity treatment for drug loadings up to 30% w/w and, importantly,
retained after compression into tablets. Variations in excipient content and compression force allowed
manipulation of the disintegration rate and drug content of the tablets. This then permitted control
of the rate of supersaturation generation, allowing the optimisation of the formulation in terms of
its dissolution profile. In conclusion, the microfibre-tablet approach has been shown to be a viable
method for formulating poorly soluble BCS Class II drugs with improved dissolution performance.

Keywords: centrifugal spinning; microfibre; amorphous solid dispersion; sucrose; poorly water-
soluble drug; itraconazole; dissolution enhancement; supersaturation; tabletting; oral formulation

1. Introduction

Appropriate formulation of Biopharmaceutics Classification System (BCS) Class II
drugs, characterised by low solubility and high permeability, is essential to maximising their
oral bioavailability and thereby minimising waste. Many formulation approaches have
been investigated in an attempt to increase the rate and extent of dissolution of BCS Class II
drugs, with solid dispersion technology being especially well studied. Over the last decade,
advanced fabrication technologies such as electrospinning and centrifugal spinning (melt
and solution) have been used to prepare solid dispersions in the form of polymer- or sugar-
based nano- and micro-fibres [1–6]. Typically, the formulation design is for the drug to be
molecularly dispersed within the fibres, leading to enhanced in vitro dissolution and in vivo
bioavailability. Several excellent reviews on this area of pharmaceutical formulation science
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have recently been published, providing an in-depth analysis of the current understanding
of the subject [7–11].

Despite the potential dissolution and oral bioavailability advantages of fibre-based
formulations, they require further processing into a patient-friendly format before use.
However, due to the particular morphological features of nano- or micro-fibres (high
surface area to volume ratio, high porosity, and low density), the incorporation of these
systems into a conventional oral dosage form capable of being manufactured reproducibly
on a large scale may be challenging. In particular, content (dose) uniformity in the final
product is critical and will be dependent on adequate mixing of the fibres and the additional
formulation excipients, potentially requiring a milling stage with concomitant risks of both
chemical and physical instability of the drug. Tabletting (compression) of “fluffy” material
such as fibre mats to obtain a robust product may be mechanically difficult, carries a
risk of inducing recrystallisation of an amorphous material, and may result in a decrease
in the dissolution rate compared with the native uncompressed fibres due to effective
surface area changes. Finally, if the dissolution and oral bioavailability advantages of
the original fibres are dependent on the drug being present in the amorphous state, the
risks of recrystallisation on storage, leading to deleterious changes in the dissolution
profile over time, need to be evaluated and mitigated by judicious choice of packaging and
storage conditions.

There have been relatively few studies on the downstream processing of electrospun fi-
bres. Electrospun drug-loaded fibre mats have been manually folded and placed in gelatine
capsule shells [12], although this was more of a processing aid for dissolution studies than
an attempt to develop a viable pharmaceutical product. Some studies [13–16] have shown
that electrospun drug-loaded fibre mats can be manually compressed after direct loading
of the fibre mat into the tablet die. Other authors have ground the fibre mats to effect size
reduction and mixed them with large quantities of conventional tabletting excipients prior
to compression, reflecting a more conventional oral tablet formulation [17–22]. Two recent
studies have focussed on the mixing step in the conversion of electrospun drug-loaded fibre
mats into tablets. Fülöp et al. [23] showed that it is possible to prepare low-dose tablets with
acceptable content uniformity from electrospun drug-loaded fibre mats after high-shear
dry mixing with conventional tabletting excipients on a reasonable development lab scale
(500 g) and compression on a rotary tablet press. Szabó et al. [24] successfully applied con-
tinuous manufacturing processing techniques (mixing, compression) with inline analysis to
prepare tablets from electrospun drug-loaded microfibre mats; in this case, the milled fibres
were treated as a starting material. A detailed study on the mechanical and compression
behaviour of electrospun drug-loaded nanofibre mats has recently been published [25].
The presence of the drug, at 10% w/w loading, was shown to affect the mechanical proper-
ties of the nanofibre mat, in that the drug-loaded samples exhibited greater stiffness and
lower ductility than the placebos. Interestingly, only the drug-loaded nanofibrous tablets
showed clear fracture behaviour during diametral compression testing after preparation,
with the placebo nanofibrous tablets and the tablets prepared from equivalent physical
mixtures all showing continuous yielding and tablet shape change instead. The study by
Démuth et al. [26] illustrated the need for judicious choice of excipients in developing
tablet formulations from amorphous solid dispersions. They studied electrospun nanofi-
bres containing itraconazole, a poorly water-soluble drug. A total drug release of only
80% of the theoretical amount was observed from tablets containing the water-insoluble
lubricant magnesium stearate, which was attributed to the amorphous itraconazole in the
nanofibres crystallising on the magnesium stearate during the dissolution test. When a
more water-soluble lubricant (sodium stearyl fumarate) was used instead, dissolution was
both faster and more extensive, with drug release values of >95% of the theoretical value
being achieved.
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Much less attention has been paid to the technique of centrifugal spinning (sometimes
described as rotary spinning), either in the solution mode or the melt mode, as a means of
preparing micro- and nanofibres that can be further processed for pharmaceutical use. Two
studies [27,28] used centrifugal solution spinning of aqueous solutions of drug and polymer
to generate drug-loaded nanofibre mats, which were then micronised, mixed with standard
tabletting excipients, and compressed into tablets. Centrifugal melt spinning was used in
two studies [29,30] to prepare nanofibre mats of drug and sucrose/polyvinylpyrrolidone
(PVP), which were then directly compressed into tablets with no further processing. In
both cases, dissolution from the tablets was slightly slower than from the nanofibre mats,
and in one case [29], the tablets were observed to be sticky, indicating that, although the
nanofibre mats could be compacted, further work is required to convert the nanofibres into
a useable formulation.

In our previous work [3,4], we have used centrifugal melt spinning to successfully
manufacture sucrose-based microfibres containing three clinically significant BCS Class II
drugs (itraconazole, olanzapine, and piroxicam) at 10% w/w drug loading. Upon manu-
facture, both the drug and the carrier (sucrose) were observed to exist in an amorphous
state in the microfibres, although small amounts of crystalline drug were detected in the
piroxicam-loaded microfibres. Under both sink and non-sink conditions, all the fresh
drug-loaded microfibres showed significantly superior dissolution behaviour to the raw
drugs and to simple physical mixtures of equivalent formulation, with supersaturation
being observed in the non-sink testing protocol. The amorphous nature of both the drug
and the microfibre matrix, the solubilizing capability of sucrose, and the high surface area
to volume ratio of the microfibres all contributed to these effects. Surprisingly, all three
drug-loaded microfibres retained their dissolution and supersaturation advantages after
exposure to 75% relative humidity (RH) at 25 ◦C for short periods (around 1 day), which
resulted in the crystallisation of the sucrose carrier leading to the collapse of the microfibres
to powder. No change in the dissolution profile was observed after 8 months of further
exposure to 25 ◦C/75% RH. Interestingly, while olanzapine and piroxicam recrystallised
along with the sucrose, itraconazole appeared to be present in an amorphous state in the
humidity-treated samples. These results show that there is considerable potential for the
use of centrifugally melt-spun microfibres in enhancing the dissolution profiles of poorly
water-soluble drugs. Additionally, these studies indicate that the relationship between the
physical form of the system and the drug dissolution behaviour may be more complex than
anticipated, with recrystallisation on exposure to high humidity conditions not necessarily
leading to the decrease in dissolution rate that may be commonly expected.

This then raises the question of whether it is possible to deliberately recrystallise
freshly prepared drug-loaded microfibres by exposure to an environment with controlled
high humidity, causing the collapse of the microfibres into powder, and use this powder as
the drug source for further processing into conventional tablets for ease of administration
to patients. Such an approach should have the dual advantages of retaining the dissolution
benefit of the microfibres while using a source material (powder) that is more easily
processed into tablets than the freshly prepared microfibres themselves. It is this question
that is explored in the current study. Here we have investigated the feasibility of preparing
tablet formulations using standard pharmaceutical excipients and processing methods that
contain drug-loaded microfibres produced by centrifugal melt spinning and exposed to high
humidity conditions. Our aim is to develop a tablet product with a fast dissolution profile
that is both scalable and economically viable. Itraconazole was chosen as the model drug
for this study, as there is a particular need for an improved oral formulation of itraconazole,
given its relatively low oral bioavailability (55%), and the variability in plasma levels
reported following oral administration under different feeding regimes [31,32]. However,
as a low level of drug loading in the microfibres (10% w/w in our previous studies) will
inevitably lead to a low drug content in the final tablets, the effects of increasing the
itraconazole content of the microfibres have also been investigated. The flow properties
of the drug-loaded microfibres, alone and in formulation mixtures, were studied, along
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with their mixing and segregation potentials. Selected formulations were compressed,
and their pharmaceutical performance was assessed in terms of compliance with standard
mandatory pharmacopoeial tests and their disintegration and dissolution profiles.

2. Materials and Methods

2.1. Materials

Itraconazole (ITZ) (molecular weight 705.64 g/mol, melting point 166 ◦C, glass transi-
tion temperature 60 ◦C) was purchased from Watson Noke Scientific Ltd. (Suzhou, China),
and sucrose was obtained from Sigma-Aldrich Co. (St Louis, MO, USA). All buffer salts
used for the dissolution media, as well as acetic acid (≥99.85%), acetonitrile (≥99.93%),
and sodium n-dodecyl sulphate (≥99%), were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Avicel PH102® was purchased from FMC (Cork, Ireland). StarTab® was ob-
tained from Colorcon (Harleysville, PA, USA). Compressol SM® (SPI-Pharma, Wilmington,
DE, USA), Kollidon CL-F® (BASF, Ludwigshafen, Germany), and Compritol 888 ATO®

(Gattefossé UK Ltd., Ascot, UK) were obtained as gift samples. All other chemical reagents
were of analytical grade.

2.2. Methods
2.2.1. Preparation of Fresh Microfibres by Centrifugal Melt Spinning

Sucrose-based itraconazole-loaded microfibres with varying itraconazole content (20,
30, and 50% w/w) and pure drug microfibres (100% w/w) were prepared using the pre-
viously described centrifugal melt spinning process [3,4]. For samples containing up to
50% w/w drug loading, microfibres were prepared by spinning the appropriate physical
mixture of sucrose and itraconazole at a fixed rotational speed of 2400 rpm and operating
temperature of 197 ◦C. Pure crystalline itraconazole was directly spun in the absence of
sucrose at a fixed rotational speed of 2400 rpm and a range of operating temperatures to
produce 100% w/w pure itraconazole microfibres.

For comparison purposes, equivalent quench-cooled solid dispersion samples were
prepared in situ in a DSC pan by heating sucrose-itraconazole physical mixes and pure
itraconazole at a rate of 10 ◦C/minute to a final temperature 3 ◦C above the melting
temperature of the mix (previously determined), holding isothermally for 1 minute, then
cooling at a rate of 20 ◦C/minute to −20 ◦C. These samples were analysed immediately
using the same modulated temperature differential scanning calorimetry (MTDSC) protocol
as the microfibre samples [3,4].

2.2.2. High-Humidity Treatment of Fresh Microfibres

All freshly prepared samples were stored at 25 ◦C/75% RH in open glass vials, as
previously described (4), to induce recrystallisation and microfibre collapse. The samples
were stored in a sealed desiccator containing a saturated salt solution of sodium chloride to
generate the 75% RH condition. The desiccator was stored in a 25 ◦C chamber to maintain
the temperature.

2.2.3. Physical and Chemical Characterisation of Fresh and Aged Microfibres

The methods used here to characterise the drug-loaded sucrose microfibres have been
described in detail in our previous work [3,4], so only brief details are given here.

Drug content of the microfibres was assessed immediately after preparation and after
30 days exposure to 25 ◦C/75% RH. Itraconazole was extracted using 50:50 acetonitrile:pH
6.8 phosphate buffer, then measured using reversed-phase HPLC (Synergi 4 μm Polar-RP
80 Å, 50 × 3 mm column (Phenomenex, Macclesfield, UK)) with a mobile phase of 50:50
acetontrile: water-acetic acid (0.1% v/v) and UV detection at 264 nm.

The physical state of itraconazole and sucrose within the microfibre samples was
measured immediately after preparation and then monitored on a daily basis by MTDSC
and X-ray Powder Diffraction (XRPD). For the MTDSC studies, a fully calibrated Q2000
(TA Instruments Q2000, New Castle, DE, USA) with a refrigerated cooling system and
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a dry nitrogen sample purge was used. All samples were tested in PerkinElmer 40 μL
aluminium pans with pinholed lids, with an underlying heating rate of 2 ◦C/minute and
a ±0.212 ◦C modulation amplitude over a 60 second period. For the XRPD studies, a
MiniFlex diffractometer (RigaKu, Tokyo, Japan) was used. XRPD patterns were recorded
using diffraction angles (2θ) from 5◦ to 50◦ (step size 0.05◦; time per step 0.2 s).

Scanning Electron Microscopy (SEM) was used to assess the morphology of microfibre
samples on preparation and after humidity treatment. Samples were gold-coated (20 nm)
under vacuum using a Quorum Q150T Turbo-Pumped Sputter Coater (Quorum Technolo-
gies, Laughton, UK) and then imaged with a Quanta 200F instrument (FEI, Hillsborough,
OR, USA).

Non-sink dissolution testing was performed on the fresh and aged microfibre samples,
each sample containing the equivalent of 10 mg of drug. The dissolution medium was
50 mL of phosphate buffer (pH: 6.8) containing 0.1% w/v of sodium dodecyl sulfate (SDS),
maintained at 37 ± 0.2 ◦C in a shaking incubator. One (1) mL samples were withdrawn at
pre-determined time intervals and filtered through a 0.22 μm Millipore Millex® GT filter.
The drawn volume was replaced with the same amount of blank dissolution medium at
37 ± 0.2 ◦C. Drug concentration was measured using the HPLC-UV system after appropri-
ate dilution.

2.2.4. Preparation of Powder Blends

Powder blends of aged microfibres and relevant excipients were prepared by initial
mixing by geometric dilution with a mortar and pestle. Powder blends were then trans-
ferred into plastic containers and further mixed for 10 min using a Turbula T2G blender
(Willy A. Bachofen AG, Muttenz, Switzerland). The powder blends were analysed for their
flow properties and segregation potential, as described below.

2.2.5. Powder Flow Analysis

Powder flow was assessed via analysis of bulk and tapped densities, according to the
method described in the United States Pharmacopeia (USP) Chapter <616>, “Bulk Density
and Tapped Density of Powders.” A Sotax TD2 tap density tester (Hopkinton, MA, USA)
was used with a 100 mL glass measuring cylinder and 25 g of sample. Initial (V0) and final
(VF) volumes were measured after 1 tap and 1250 taps, respectively. The Carr index was
calculated as in Equation (1) below.

Carr index (%) = 100 × (V0 − VF)/V0 (1)

2.2.6. Powder Segregation Analysis

A novel approach to segregation testing, based on the bulk and tapped density analyt-
ical method, was used here to assess the segregation tendency of microfibres in excipient
mixtures. The Sotax TD2 tap density tester (Hopkinton, MA, USA) was used, but the
conventional single measuring cylinder was replaced with a 100 mL outer plastic cylinder
with a removable base and a set of seven stacking inner plastic cylinders to enable sampling
at specific heights in the powder bed. Powder mixes (25 g) were tapped 100 times, and then
samples weighing 300 mg (corresponding to the target tablet weight used in later studies)
were taken at the evenly-spaced sampling points.

Drug content in the segregation test samples was measured by dissolving samples
containing a theoretical load of 3 mg itraconazole in 100 mL of methanol, followed by
appropriate dilution for UV detection at 260 nm. Solutions were sonicated for at least
30 min to ensure complete drug dissolution prior to the analysis. No interference from the
excipients or methanol was observed at the detection wavelength.
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2.2.7. Preparation of Tablets

The formulation of the initial eleven batches of tablets is shown in Table 1. For each
batch, 25 g of powder mix was prepared. The powder blends were first prepared as
described above in the absence of lubricant, then the lubricant was added and the mixture
blended for another minute. Tablets with a target weight of 300 mg were prepared by
compression using an instrumented eccentric tablet press (Atlas Auto T8, Specac, Kent, UK)
equipped with 10 mm round, flat-faced punches. Tablets were produced at compression
forces of 10, 16, 20, and 26 kN. Further batches of tablets based on the analysis of these
batches were produced in an analogous fashion.

Table 1. Tablet compositions for the 11 different batches (F1-F11) based on the 10% itraconazole-
loaded microfibres (Fibres10%ITZ). Values are rounded to one decimal place, so they may not sum to
exactly 100%.

Ingredient Composition (% w/w)

Group 1 Group 2 Group 3 Group 4

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11
StarTab® 27.8 41.7 50.1 21.1 31.7 38.1 14.5 21.7 26.1 - -

Avicel PH102® 27.8 20.9 16.7 21.1 15.9 12.7 14.5 10.8 8.7 - -
Compressol SM® 27.8 20.9 16.7 21.1 15.9 12.7 14.5 10.8 8.7 - -
Kollidon CL-F® 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Glyceryl
dibehenate 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Fibres10%ITZ 10.0 10.0 10.0 30.0 30.0 30.0 50.0 50.0 50.0 93.5 -
Raw itraconazole - - - - - - - - - - 9.3

Raw sucrose - - - - - - - - - - 84.2

2.2.8. Physical and Analytical Characterisation of Tablets

Tablet dimensions were measured using a digital caliper (Manchester, UK). Tablet
crushing strength was measured using an 8M hardness tester (Thun, Switzerland) on
10 randomly selected tablets according to USP chapter <1217> “Tablet Breaking Force.”
Subsequently, the tablet tensile strength T (MPa) was calculated as in Equation (2) below,
where F (N) is the tablet crushing strength, d (mm) is the tablet diameter, and h (mm) is the
tablet thickness (Fell and Newton, 1970).

T = 2F/πdh (2)

Tablet friability was measured according to USP chapter <1216> “Tablet Friability
Test.” A unit of ten pre-weighed tablets was rotated at 25 rpm for 4 min using a TAR
20 Friability tester (Erweka, Germany). Tablets were then dusted off and reweighed, and
the percentage weight loss was calculated.

The disintegration times of six random tablets from each batch were measured at
37 ± 2 ◦C in 900 mL of distilled water on a ZT54 dissolution tester (Erweka, Milford, CT,
USA) according to USP Chapter <701> “Disintegration.”

Selected batches of tablets were assessed for drug content uniformity as per the
requirements of USP Chapter <905> “Uniformity of Dosage Units.” Ten tablets of each
batch were crushed individually, and itraconazole extracted and analysed as described
above for the segregation test samples.

Non-sink dissolution testing was performed on selected tablets in the same manner as
for the microfibres. However, in this case, the tablets were tested intact, and the itraconazole
content varied from 3 mg to 45 mg.

Solid-State 13C NMR Spectroscopy was used to assess the physical state of the itracona-
zole in the tablets, using the procedures described in our previous work [4]. High-resolution
spectra were recorded using cross-polarisation (CP), MAS, high-power proton decoupling,
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and total suppression of sidebands (TOSS). The tablets were crushed prior to testing in
order to facilitate the experiment.

2.2.9. Statistical Analysis

All results are expressed as mean ± SD. For the dissolution studies, the maximum
drug concentration in solution (Cmax) and the time of its occurrence (Tmax) were obtained
from the drug concentration–time profiles. The supersaturation profiles between formula-
tions were compared by measuring the area under the curve (AUC). Data from different
formulations were compared for statistical significance by one-way analysis of variance
(ANOVA). Differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Preparation of Microfibres with Increasing Drug Loading and Characterisation of the
Fresh Microfibres

Microfibres were successfully prepared by centrifugal melt spinning of physical mix-
tures of sucrose and itraconazole as described above. The calculated percentage yields (%
of theoretical, mean ± SD, n = 6) were 94.6 ± 1.5, 93.4 ± 1.7, and 94.1 ± 1.4, respectively, for
the 20, 30, and 50% w/w drug-loaded microfibres, similar to the value of 95.4 ± 2.1 observed
for the 10% w/w sample [4]. Drug content uniformity values (% of theoretical, mean ± SD,
n = 6) of 98.6 ± 1.5 and 99.4 ± 1.3 for the 20 and 30% w/w samples, respectively, were again
similar to that seen for the 10% w/w sample, 99.5 ± 1.1 [4], indicating full incorporation
and homogeneous distribution of the drug in the microfibre product. However, at 50%
w/w itraconazole loading, a higher mean value and greater variation were observed, i.e.,
117.1 ± 9.8, suggesting that the drug may not be homogeneously distributed within the
sucrose matrix at high drug incorporation, possibly due to the limited loading capacity
of the sucrose carrier. This is discussed in more detail below. Surprisingly, itraconazole
was able to form microfibres alone, with no sucrose carrier. The optimum temperature
for spinning pure itraconazole was found to be 183 ◦C, with a yield of 65.7 ± 4.3% of
theoretical. At lower temperatures, no microfibres were formed even though the drug was
molten, whereas at higher temperatures, the yields were lower as some of the drug stuck to
the spinneret. The lower spinning temperature for pure itraconazole compared with the
mixed itraconazole-sucrose systems is a consequence of itraconazole’s lower melting point
of 166 ◦C [33] compared with that of sucrose (186 ◦C) [34]. We believe this is the first report
of pure itraconazole microfibres being formed using any production technique.

As shown in Figure 1, under SEM, all freshly prepared itraconazole-loaded sucrose
microfibres showed smooth surface morphology with no defects or evidence of surface or
bulk drug crystallisation.

The mean microfibre diameter was independent of itraconazole content, with values
of circa 7 μm being observed for all samples, as detailed in Table 2. However, visual
inspection of the 50% w/w itraconazole-loaded samples and closer analysis of their SEM
images showed the presence of thin (1 to 5 μm diameter), grey-coloured microfibres with a
visibly different texture from the bulk of the microfibres. These thinner microfibres were
similar in appearance and diameter to the pure itraconazole microfibres (3.22 ± 2.54 μm,
mean ± SD), suggesting that some of the thinner microfibres in the 50% w/w itraconazole-
loaded sample were in fact pure itraconazole microfibres.

XRPD diffractograms of all fresh drug-loaded sucrose microfibres (20, 30, and 50%
w/w) and the pure drug microfibres showed the typical broad halo pattern of an amorphous
material, as shown in Figure 2, as had previously been observed for the freshly prepared
drug-free and 10% w/w drug-loaded sucrose systems.

Figure 3 shows the MTDSC reversing heat flow traces of the spun microfibres and the
equivalent quench-cooled samples.

183



Pharmaceutics 2023, 15, 802

 

Figure 1. From left to right: SEM micrographs of freshly prepared itraconazole-loaded sucrose
microfibres (500× and 6000× magnification), microfibre diameter frequency diagrams, SEM im-
ages of the corresponding samples (100× magnification) after 30 days exposure to 25 ◦C/75%RH.
(A) 20% w/w, (B) 30% w/w, (C) 50% w/w itraconazole-loaded sucrose microfibres, and (D) 100%
w/w itraconazole microfibres.

Table 2. Average microfibre diameter of freshly prepared samples and particle size (short and long
diameter lengths) of the corresponding aged samples after 24 h storage (for microfibres containing
0 and 10% w/w itraconazole) and 30 days storage (for microfibres containing 20, 30, 50, and 100%
w/w itraconazole) at 25 ◦C/75% RH.

Itraconazole
Loading (% w/w)

Freshly Prepared
Sample

Moisture-Treated Sample

Fibre diameter
(mean ± SD) (μm)

Long axis diameter
(mean ± SD) (μm)

Short axis diameter
(mean ± SD) (μm)

0 9.77 ± 3.10 426.29 ± 88.67 301.27 ± 76.11
10 a 6.23 ± 3.88 67.33 ± 29.23 27.48 ± 6.18
20 7.12 ± 2.45 80.13 ± 31.65 26.52 ± 6.78
30 7.49 ± 3.12 83.44 ± 37.23 30.18 ± 6.67
50 6.67 ± 3.89 242.87 ± 45.19 21.52 ± 9.36
100 3.22 ± 2.54 No fibre collapse observed.

Fibre diameter (mean ± SD) = 3.13 ± 2.50 μm
a The data for the pure sucrose and the 10% w/w itraconazole-loaded samples are reported in [4].
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Figure 2. XRPD diffractograms of freshly prepared itraconazole-loaded sucrose microfibres (contain-
ing 20, 30, and 50% w/w itraconazole) and pure itraconazole microfibres. (ITZ = itraconazole).

 

Figure 3. Reversing heat flow traces of freshly prepared itraconazole-loaded sucrose microfibres
(containing 20, 30, and 50% w/w itraconazole), pure itraconazole microfibres, and solid dispersions
with equivalent compositions prepared by quench-cooling from the melt. (ITZ = itraconazole).
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All samples showed glass transitional behaviour, indicating the generation of amor-
phous dispersions. Interestingly, the quench-cooled sucrose-itraconazole samples all
showed two separate glass transitions assigned to the individual components, with that
of sucrose occurring at 68 ± 4.3 ◦C, indicated with a red arrow, and that of itraconazole
occurring at 60 ± 0.2 ◦C, indicated with a blue arrow. These data indicate phase sepa-
ration, i.e., lack of miscibility, of the two components, as discussed previously [35] for
other systems. Further evidence of phase separation is offered by the presence of the two
endothermic events occurring at around 74 and 90 ◦C, ascribed to the formation of a chiral
nematic mesophase of pure itraconazole (90 ◦C) and rotational restriction of the molecules
(74 ◦C) upon cooling from the melt, which are reversible upon re-heating, leading to the ob-
served endotherms [36]. Both of these endothermic transitions and the glass transition are
clearly visible for the quench-cooled pure itraconazole sample here. Microfibres containing
20 and 30% w/w itraconazole showed a single mixed-phase glass transition, indicated with
a green arrow, at 74.7 ± 1.1 ◦C and 73.2 ± 1.3 ◦C, respectively, similar to that observed
for the 10% w/w drug-loaded sample at 74.1 ± 1.9 ◦C [4]. Conversely, the thermal be-
haviour of the 50% w/w itraconazole-loaded microfibres was more similar to that of the
corresponding quench-cooled sample, with both individual substance glass transitions
and both itraconazole endothermic events being observed. It is interesting to note that the
endothermic transitions are less pronounced for the microfibres, possibly indicating a lower
degree of phase separation compared with the equivalent quench-cooled sample. The pure
itraconazole microfibres showed the expected glass transition and endothermic transitions.

Taken together, these initial characterisation data suggest that the melt centrifugal
process may increase the degree of mixing and miscibility of the drug (itraconazole) in
the carrier (sucrose) compared with the simple melt quenching method, possibly due to
the application of high centrifugal forces, with the true limit of miscibility being between
30 and 50% w/w of itraconazole. In the 50% w/w itraconazole-loaded samples, at least some
of the excess drug appears to be ejected as pure drug microfibres rather than solidifying as
conventional drug particles. This observation also provides an explanation for the more
variable content uniformity data seen for the 50% w/w-loaded samples than those with
lower drug content: each sample taken for analysis is likely to contain a different proportion
of the various populations of microfibres, leading to greater variability in the results.

3.2. High Humidity Treatment of Fresh Microfibres

All high-drug-loaded microfibres showed sucrose recrystallisation after storage at
25 ◦C/75% RH in open containers, as demonstrated by the appearance of sucrose Bragg
peaks in the XRPD diffractograms and collapse of the microfibre structure, as described
previously for the 10% w/w system [4]. Interestingly, the time required for the microfibres
to collapse increases as a function of the itraconazole content. The 10% w/w sample was
observed to collapse within 24 h, whereas microfibres containing higher amounts of itra-
conazole required significantly longer times to do so. Specifically, systems containing
20, 30, and 50% w/w itraconazole were seen to collapse in 4.2 ± 1.3, 7.4 ± 1.9, and
19.7 ± 2.4 days, respectively (n = 3 for each formulation). This is likely due to differ-
ences in the water uptake tendency of the microfibres with the higher concentrations of this
highly lipophilic drug. Our previous studies [4] on centrifugally spun sucrose microfibres
containing 10% w/w of olanzapine (log P = 2.2), piroxicam (log P = 3.06), or itraconazole
(log P = 5.66) showed that the more hydrophobic the drug, the lower the moisture uptake as
determined by dynamic vapour sorption, and the slower the sucrose recrystallisation and
microfibre collapse. This was attributed to the increased hydrophobicity of the microfibre
surface in the presence of the drug. It is logical, therefore, to expect that increasing the
quantity of itraconazole in the microfibres would further retard the diffusion of water
through the hydrophilic sucrose matrix, slowing down the sucrose recrystallisation and the
collapse of fibrous structure.
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For all subsequent studies, all microfibre formulations were held at 25 ◦C/75% RH in
open containers for 30 days in order to ensure that the sucrose had fully recrystallised in all
samples and comparisons between formulations were valid.

3.3. Characterisation of the 30-Day Humidity-Treated Microfibres

After exposure of freshly prepared samples to high humidity conditions, microfibres
with 20 and 30% w/w itraconazole collapsed into powders with similar average particle
size and morphology to those observed for the previously investigated system containing
10% w/w itraconazole [4]. At 50% w/w drug loading, there are more particles with a
more elongated morphology compared with all other systems. However, in all cases, the
moisture-treated itraconazole-sucrose systems collapsed into significantly smaller particles
than the drug-free sucrose sample. Figure 1 shows the SEM micrographs of the fresh
microfibres with their corresponding diameter frequency diagrams and the SEM images
of the collapsed powder after humidity treatment. Table 2 summarises the size data for
the samples studied here and the 10% w/w drug-loaded and pure sucrose samples for
comparison. The pure itraconazole microfibres showed no change in appearance after
exposure to the high humidity conditions for 30 days, with the measured diameter of
3.13 ± 2.50 μm (mean ± SD) showing no significant difference to that of the fresh samples
(p > 0.05). The different collapse behaviour of the microfibres (total collapse for the pure
sucrose and 10, 20, and 30% w/w itraconazole-loaded microfibres; partial collapse of the
50% w/w itraconazole-loaded microfibres; no observable collapse for the pure itraconazole
microfibres) suggest that the dominant factor in the collapse process is the sucrose. For the
50% w/w itraconazole-loaded samples, those microfibres containing sucrose will collapse
after humidity treatment, whereas microfibres containing pure or almost pure drug will
not, leading to the observation of a mixed population of particles and microfibres after
treatment.

Figure 4 shows the XRPD diffractograms for the high humidity-treated microfibre
formulations.

 

Figure 4. XRPD diffractograms of itraconazole-loaded sucrose microfibres (containing 20, 30, and
50% w/w itraconazole) and pure itraconazole microfibres after 30 days exposure to 25 ◦C/75% RH.
(ITZ = itraconazole).
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The presence of the characteristic Bragg peaks for crystalline sucrose and the absence
of peaks corresponding to crystalline itraconazole confirmed that the sucrose had largely
or fully recrystallised from all the aged sucrose-itraconazole systems, whereas it is inferred
that the itraconazole remained in the amorphous state. We had previously observed this
behaviour for the itraconazole-sucrose system containing 10% w/w drug [4]. However, no
recrystallisation of the pure itraconazole microfibre system was observed after 30 days, as
indicated by the presence of a broad halo pattern and the absence of any Bragg peaks for
crystalline itraconazole. The MTDSC reversing heat flow traces of the high humidity-treated
microfibre formulations are shown in Figure 5.

 

Figure 5. Reversing heat flow traces of itraconazole-loaded sucrose microfibres (containing 20, 30,
and 50% w/w itraconazole) and pure itraconazole microfibres after 30 days exposure to 25 ◦C/75%
RH. (ITZ = itraconazole).

The absence of the glass transition associated with sucrose (circa 68 ◦C) and the
presence of the glass transition corresponding to itraconazole (circa 60 ◦C), followed by
the two endothermic transitions associated with amorphous itraconazole (circa 74 ◦C and
90 ◦C) confirmed that sucrose fully recrystallised from all the itraconazole-sucrose systems,
whereas itraconazole remained in the amorphous state.

Drug content uniformity was measured for the moisture-treated samples, with values
(% of theoretical, mean ± SD, n = 6) of 99.1 ± 1.2, 97.9 ± 1.7 and 106.3 ± 11.2 for the
20, 30, and 50% w/w samples, respectively. These are essentially unchanged from the
fresh samples, suggesting that the microfibre collapse did not adversely affect the drug
distribution in the samples.

Overall, physical and chemical analysis of the humidity-treated microfibres shows
that the collapse is due to recrystallisation of the sucrose carrier and that the drug remains
in the amorphous form, possibly explained by its high hydrophobicity, which reduces its
interaction with water during storage.
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3.4. Non-Sink Dissolution Testing of Fresh and Aged Microfibres

In our previous study [4], humidity-treated 10% w/w itraconazole-loaded sucrose
microfibres exhibited an unexpected increase (circa 1.25-fold) in the solubility of itracona-
zole, observed under non-sink conditions, compared with the freshly prepared microfibres,
which themselves showed very significant itraconazole solubility increases (circa 8-fold)
compared with the pure crystalline drug or an equivalent physical mix. The solubility
advantage of the treated samples was maintained even after 8 months of further exposure to
high humidity conditions. Here, we have studied the dissolution and solubility behaviour
of the samples with higher drug content, both fresh and aged for 30 days at 25 ◦C/75% RH,
under the same non-sink test conditions and with the same total amount of drug in each
experiment. The concentration–time profiles of the fresh and aged samples are shown in
Figures 6 and 7, respectively.

 

Figure 6. Dissolution–supersaturation profiles obtained under non-sink conditions for freshly pre-
pared itraconazole-loaded sucrose microfibres (containing 20, 30, and 50% w/w itraconazole) and
pure itraconazole microfibres. The red dotted line indicates the equilibrium solubility of crystalline
itraconazole. (ITZ = itraconazole).
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Figure 7. Dissolution–supersaturation profiles obtained under non-sink conditions for itraconazole-
loaded sucrose microfibres (containing 20, 30, and 50% w/w itraconazole) and pure itraconazole
microfibres after 30 days exposure to 25 ◦C/75% RH. The red dotted line indicates the equilibrium
solubility of crystalline itraconazole. (ITZ = itraconazole).

Examining the fresh samples first, in all cases, the initial drug dissolution process
was relatively rapid, forming supersaturated solutions with itraconazole concentrations
far exceeding the measured crystalline itraconazole equilibrium solubility (approximately
7 μg/mL). It is interesting to note the behaviour of the pure amorphous itraconazole
microfibres, as this gives an indication of the amorphous itraconazole equilibrium solubility
(approximately 40 μg/mL) as well as allowing interrogation of the role of sucrose in the
dissolution and supersaturation processes.

Both the rate of supersaturation generation and the peak concentration of the itra-
conazole in solution are affected by the drug-carrier ratio. The time required (Tmax)
to reach the maximum level of drug supersaturation (Cmax) increases with increasing
drug loading, with Tmax values being approximately 1, 2, and 3 h for the 20, 30, and
50% w/w itraconazole-loaded microfibres, respectively. Samples containing 20 and 30%
w/w of itraconazole reached an equivalent maximum level of supersaturation (p > 0.05)
(Cmax = 57.7 ± 5.9 and 59.2 ± 4.7 μg/mL, respectively), following which drug precipitation
occurred, with the final observed dissolved concentrations stabilising at the level of the
equilibrium solubility of amorphous itraconazole. In contrast, at 50% w/w drug loading,
the Cmax was significantly lower (p < 0.05), reaching only 44.9 ± 3.9 μg/mL and rapidly
decreasing down to the pure amorphous itraconazole solubility. The 10% w/w drug-loaded
sample showed the same trend as the 20 and 30% w/w drug-loaded samples: Tmax was
shorter at approximately 30 min, and Cmax was not significantly different (p > 0.05) at 56.78
± 5.9 μg/mL [4].
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This observed pattern of supersaturation behaviour can be explained by a combination
of the effect of the dissolving hydrophilic sucrose and the solid-state characteristics of the
microfibres. At 50% w/w drug loading, the sucrose-itraconazole system is at least partially
phase-separated, and the actual amount of sucrose in the dissolving sample is low. It is
reasonable to suggest that the rapid dissolution of this small amount of sucrose is able
to affect only marginally the initial drug dissolution step, leaving the phase-separated
amorphous drug to regulate the final dissolution step, hence the final drug concentration
cannot substantially exceed the solubility of the equivalent pure amorphous drug. At higher
sucrose ratios (lower drug content), where the drug and carrier are molecularly dispersed
in the solid microfibres, the initial drug dissolution profiles are more controlled by the
concomitant dissolution of the carrier and some of the amorphous drug. This will lead to a
more consistent Cmax, as this will ultimately be dependent on the extent of the interactions
between the two components and the maximum increase in solubility of itraconazole that
may be effected by the presence of sucrose. The shorter Tmax with the lower drug contents
is a reflection of the higher sucrose:drug ratio, leading to greater interaction between the
two components initially and a faster rate of supersaturation generation. The decrease in
measured drug concentration from the Cmax down to the level of equilibrium amorphous
drug solubility is likely caused by the complete dissolution of the carrier, leaving the
remaining undissolved amorphous drug to control the rest of the process. Even though
the very high levels of supersaturation are maintained for a relatively short period (up to
about 2 h), this may be sufficient to allow enhanced oral absorption, as considered in more
detail below.

Examining now the dissolution–supersaturation profiles for the humidity-treated
samples, at first sight, the profiles of the aged samples are very similar to those of the fresh
samples. As expected based on the physical analysis described above, there was no change
in the behaviour of the pure amorphous itraconazole microfibres, and the dissolution profile
of the 50% w/w itraconazole sample has decreased to match that of the pure itraconazole
microfibres, losing the initial solubility benefit seen in the fresh sample. In contrast, the
initial dissolution rate of the 20 and 30% w/w drug-loaded samples decreased compared
with the fresh samples, but the Tmax values remained the same and the supersaturation
(Cmax) levels were increased, to 68.15 ± 4.12 and 69.17 ± 7.45 μg/mL, respectively, a similar
profile to the 10% w/w-loaded samples previously described [4]. The Cmax values for the
aged 20 and 30% w/w drug-loaded samples were not significantly different from each other
but were significantly different (p < 0.05) from the corresponding fresh samples. This may
be explained by the slower dissolution of crystalline sucrose in the aged samples compared
with the amorphous sucrose in the fresh samples, leading to slower initial dissolution of
the drug but preventing a too-rapid buildup of supersaturation, which would then lead
to rapid precipitation back to the equilibrium amorphous itraconazole solubility levels.
These observations are in agreement with the theoretical model proposed by Han and
Lee [37], in which rapid supersaturation generation above a critical value is followed by
rapid desaturation based on the decreasing energy barrier to nucleation and precipitation
seen at high supersaturation levels.

The overall dissolution performance can be further evaluated by comparing the area
under the curve (AUC) of the dissolution–supersaturation profiles for the same quantity of
drug, displayed in Figure 8, for the full 24 h of study. The 10, 20, and 30% w/w itraconazole-
loaded aged samples all showed a statistically significant increase in AUC compared with
their fresh counterparts, although the effect was much greater for the 10% w/w drug-
loaded sample. Importantly, the aged 10% w/w drug-loaded samples showed a statistically
significant better AUC performance than all other aged samples. Overall, the dissolution
advantage of the microfibre generation and humidity treatment seems to be greater for the
lower drug loading samples, but this must be balanced against the downstream formulation
constraints and product size issues, as will be discussed in the next section.
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Figure 8. Overall (24 h) AUC of the dissolution–supersaturation profiles obtained under non-sink
conditions for itraconazole-loaded sucrose microfibres (containing 20, 30, and 50% w/w itraconazole)
and pure itraconazole microfibres, both freshly prepared and after 30 days exposure to 25 ◦C/75%
RH (aged). * with blue brackets indicates a significant difference (p < 0.05) between fresh and aged
samples of the same formulation. * with red brackets indicates a significant difference (p < 0.05)
between different aged formulations.

3.5. Tablet Development—Powder Characterisation

Tablet development focussed on the 10 and 30% w/w drug-loaded aged microfibres,
as these respectively showed the greatest dissolution/supersaturation advantage and the
likely benefits of size reduction of the final product due to greater drug incorporation. Wet
granulation was not considered to be a desirable method of tablet production here due to
the risk of damage to the microfibres because of the presence of water (or other granulation
solvents) and heat; a direct compression method was therefore selected. However, this
approach requires careful consideration of the mixing and flow properties of the individual
components and the formulation as a whole; hence, the collapsed microfibres were studied
without further processing.

Both the aged microfibre samples showed poor flow characteristics, as would be
expected given their morphologies, with Carr indices of > 30%. Binary mixtures of the aged
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microfibre samples with Compressol SM® or StarTab® showed significant improvements
in flow behaviour: even at 60% w/w microfibre content, the Carr indices were < 20%,
indicating good to fair flow. Conversely, binary mixtures with Avicel PH102® showed no
improvement in flow properties compared with the microfibre samples alone, except at
the lowest microfibre incorporation (10% w/w). The segregation potential of the binary
mixtures was assessed using a novel segregation cell based on a tapped density apparatus.
Here, the arrangement of an outer plastic cylinder with a removable base and a set of
stacking inner plastic cylinders, rather than the normal single measuring cylinder, allows
for ease of sampling at specific heights in the powder bed, after tapping to simulate the
vibration and particle movement expected in the tabletting processes.

The mixing and segregation profiles of the aged microfibres were assessed using the
10% w/w itraconazole-loaded system. No segregation was seen with binary mixtures
based on StarTab® containing 10 to 60%w/w microfibres, with drug content values of
all individual unit-sized samples (300 mg total weight) comfortably within the range of
95 to 105% of theoretical, significantly better than the pharmacopoeial content uniformity
specification of 85 to 115% of theoretical. Binary mixtures based on Avicel PH102® or
Compressol SM® showed inappropriate segregation behaviour at low microfibre loadings
(10% w/w), with content uniformity data outside the pharmacopoeial limits, but this
improved as the microfibre loadings increased, such that at 60% w/w microfibre loading,
the content uniformity values were within the range of 95 to 105% of theoretical. The lack
of segregation seen with StarTab® is attributable to its morphology, with the high specific
surface area and porosity providing greater opportunity for mechanical interlocking of the
microfibres and the carrier particles. Subsequent experiments showed that a pre-mixing
step of microfibres, equivalent to 10% w/w loading in the final mix, with StarTab® prior to
dilution with either Avicel PH102®, Compressol SM®, or a 1:1 mix of these two excipients,
led to non-segregating powders, with all measured drug content values being in the range
of 95 to 105% of theoretical. These results suggest that, as long as the processed microfibres
are initially mixed with StarTab®, other components with alternative functionalities may
be added to generate a fully functional tablet formulation.

3.6. Tablet Development—Physical Characterisation

Using the aged 10% w/w itraconazole-loaded microfibres, nine different tablet formu-
lations, labelled F1 to F9 and shown in Table 1, were produced via a direct compression
process, i.e., pre-mixing of the microfibres with StarTab® to prevent segregation, dry mixing
with other ingredients, lubrication, and compression. In all formulations, the level of the
disintegrant (crospovidone (Kollidon CL-F®)) was kept constant at 5% w/w, and the level
of the lubricant (glyceryl dibehenate (Compritol 888 ATO®)) was maintained at 1.5% w/w.
The formulations are divided into three groups (Groups 1, 2, and 3) based on the content
of the drug-loaded microfibres (10, 30, and 50% w/w, respectively). Within each group,
the amount of StarTab® relative to Avicel PH102® and Compressol SM® was increased in
the ratios of 1:1:1 (formulations F1, F4, and F7), 2:1:1 (formulations F2, F5, and F8), and
3:1:1 (formulations F3, F6, and F9). Finally, for comparative purposes, Group 4 included
the highest possible loading of the microfibres (93.5% w/w) with just the disintegrant and
lubricant in formulation F10 and the raw, unprocessed ingredients in the same ratios in
formulation F11. All formulations were compressed at four compression forces: 10, 16, 20,
and 26 kN.

Figure 9A–D shows the tensile strength–compression force and disintegration time–
compression force curves for tablets from all 11 formulations.
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Figure 9. Tensile strength and disintegration time profiles as a function of compression force applied
for tablets belonging to (A) Group 1, (B) Group 2, (C) Group 3, and (D) Group 4.
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Both F10 and F11 mixtures stuck to the tablet punches during compression, illustrating
the adhesive nature of their major constituents. F11 tablets showed low tensile strengths
(circa 0.6 MPa) and correspondingly short disintegration times (circa 3.5 min) at all com-
pression forces, along with lamination during the tensile strength testing. In contrast, F10
tablets showed an increase in tensile strength as a function of compression force up to
20 kN (ranging from 1.9 to 2.9 MPa), then a decrease at 26 kN, along with lamination during
testing at this compression force. No significant differences (p > 0.05) in the disintegration
time were observed for F10 tablets, with all tablets disintegrating in 20 to 23 min. All
F11 tablet batches and the F10 tablet batch showing lamination failed the pharmacopoeial
friability test; all other F10 tablet batches passed this test.

Within Groups 1, 2, and 3, a roughly linear increase in tablet tensile strength with
increasing compression force was observed, with a concomitant increase in disintegration
time. A closer inspection of the data highlights that both the percentage of aged microfi-
bres and the ratio of the excipients affected the behaviour of the tablets. Within each
group, tablets with the lowest relative content of StarTab® (F1, F4, F7) generally showed
numerically greater values of tensile strength than the formulations with the middle (F2,
F5, F8) and highest (F3, F6, F9) relative content of this excipient, although the differences
were statistically significant (p < 0.05) only for Group 1 formulations at all compression
forces and Group 2 formulations at the highest compression forces. A similar pattern was
observed with the disintegration times. Comparing between groups, increasing the aged
microfibre content from 10% w/w to 30% w/w resulted in an increase in tensile strength
and disintegration time for formulations compressed at the same force and with the same
excipient ratio. For example, F2 (Group 1) tablets compressed at 16 kN showed mean values
of 2.1 MPa and 30 s, respectively, whereas the mean values for F5 (Group 2) tablets were
significantly higher (p < 0.05) at 2.6 MPa and 6.2 min. However, as the microfibre content
increases still further to 50% w/w, the differences become less significant. For example,
F4 (Group 2) tablets compressed at 20 kN show statistically (p > 0.05) similar mean tensile
strength and disintegration time values (2.9 MPa and 8.2 min, respectively) compared with
the equivalent F7 (Group 3) tablets (2.8 MPa and 10.2 min, respectively). No sticking or
lamination was observed for any of these formulations (F1 to F9), and all batches passed
the pharmacopoeial friability test.

These results suggest that, although it is possible to directly compress the aged microfi-
bres into tablets, a more considered formulation approach is required to produce robust
tablets. A complex relationship exists between the formulation components in terms of the
effect on the tensile strength and dissolution time of the resultant tablets, but the dominant
formulation factor appears to be the content of the aged microfibres, with the excipient
ratio playing a smaller role, most obviously observed at lower microfibre contents when the
excipient content is correspondingly greater. The effect of increasing the compression force
is predictable in that increasing compression force leads to increased tensile strength and
disintegration time. However, these findings also demonstrate that it is possible to fine-tune
the tensile strength and disintegration time of the tablets by varying the microfibre content,
excipient ratios, and compression forces, potentially allowing the development of tablets
for different purposes.

3.7. Tablet Development—Non-Sink Dissolution Testing

Formulations F3 and F9 were chosen for the non-sink dissolution study, representing
the extremes of microfibre content, tensile strength, and disintegration time and having the
same excipient ratio. Replicate formulations, labelled as F3* and F9*, containing the aged
30% w/w itraconazole-loaded microfibres were also studied. This sample selection allows
investigation of the effects of both drug content and rate of supersaturation generation on
the overall dissolution performance of the tablets. Table 3 shows the characterisation data
of all these batches.
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Table 3. Tablet characterisation data for tablet batches F3 and F9 [containing 10% w/w itraconazole-
loaded microfibres (fibres10%ITZ)] and F3* and F9* [containing 30% w/w itraconazole-loaded microfi-
bres (fibres30%ITZ)]. (ITZ = itraconazole).

Formulation Code
Compression
Force Applied
(kN)

Disintegration
Time (Seconds or
Minutes)

Tensile Strength
(MPa)

Weight (mg)
ITZ Content (% of
Theoretical)

F3 10 2 ± 1 s 0.60 ± 0.03 299.5 ± 1.1 98.6 ± 1.5
(contains 16 10 ± 2 s 1.09 ± 0.04 301.2 ± 0.9 100.6 ± 1.8
fibres10%ITZ) 20 92 ± 11 s 1.35 ± 0.03 298.9 ± 1.2 98.9 ± 2.0

26 241 ± 24 s 1.71 ± 0.06 300.7 ± 0.7 101.1 ± 1.9
F3* 10 5 ± 2 s 0.66 ± 0.02 299.8 ± 0.9 98.8 ± 0.7
(contains 16 13 ± 2 s 1.13 ± 0.03 300.1 ± 0.8 99.6 ± 1.1
fibres30%ITZ) 20 126 ± 21 s 1.28 ± 0.05 299.5 ± 0.8 97.9 ± 1.9

26 307 ± 39 s 1.77 ± 0.07 300.6 ± 0.9 100.2 ± 2.1
F9 10 5.0 ± 0.4 min 1.06 ± 0.02 298.6 ± 1.3 100.9 ± 2.5
(contains
fibres10%ITZ)

26 16.3 ± 1.3 min 1.84 ± 0.03 301.2 ± 0.8 101.5 ± 1.9

F9* 10 5.5 ± 0.7 min 1.09 ± 0.04 299.7 ± 0.7 100.9 ± 2.1
(contains
fibres30%ITZ)

26 16.5 ± 0.9 min 1.73 ± 0.06 298.8 ± 1.4 102.3 ± 1.8

Drug content uniformity and weight uniformity data were excellent, with all tablet
batches clearly passing the relevant pharmacopoeial specifications. No significant differ-
ences (p > 0.05) were observed in any test between equivalent batches varying only in the
drug content, i.e., F3/F3* and F9/F9*. This is a significant result, as it demonstrates that
the microfibres show the same mechanical and formulation behaviour irrespective of drug
content in the range of 10 to 30% w/w.

Concentration–time profiles, generated under the same non-sink conditions as used
earlier for the microfibres, of the tablets and the corresponding uncompressed blends and
pure crystalline itraconazole are shown in Figure 10 (F3 and F3*) and Figure 11 (F9 and
F9*), respectively.

Examining the fast-disintegrating F3 formulations first, the uncompressed microfibres
and the tablets compressed at 10, 16, and 20 kN showed broadly equivalent dissolution
performance, achieving and maintaining supersaturation (Cmax) at levels of approximately
20 μg/mL, i.e., approximately 2.8-fold higher than the pure crystalline drug solubility,
although there was a trend towards slightly lower rates of drug dissolution from the tablets
as the compression force increased. Tablets compressed at the highest compression force
(26 kN) did not show supersaturation, and the corresponding dissolution profiles were
similar to those of the pure crystalline drug. F3* microfibres and tablets showed similar
dissolution behaviour to the equivalent F3 microfibres and tablets in relation to the effects
of compression force and supersaturation generation. However, for F3* tablets compressed
at forces up to and including 20 kN, some drug precipitation occurred shortly after the
initial high values of Cmax (in the range of 58 to 68 μg/mL) were attained, leading to the
maintenance supersaturation levels being approximately 50 μg/mL, i.e., approximately
7.1-fold higher than the pure crystalline drug solubility and approximately 25% higher
than the solubility of amorphous itraconazole established earlier. There was a trend toward
lower peak Cmax levels and lower maintenance supersaturation levels with increasing
compression force. The plateau supersaturation levels obtained for the F3* tablets, which
contain 9 mg itraconazole, were approximately 2.5-fold higher than those for the F3* tablets,
which contain 3 mg itraconazole, demonstrating that the dissolution advantage of the
microfibres is preserved at the higher drug loading, even if there is not a completely linear
relationship between drug loading and plateau drug concentrations.
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Figure 10. Dissolution–supersaturation profiles obtained under non-sink conditions for tablets, the
corresponding uncompressed blends, and pure crystalline itraconazole. (A) F3 tablets, and (B) F3*
tablets. (ITZ = itraconazole).
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Figure 11. Dissolution–supersaturation profiles obtained under non-sink conditions for tablets, the
corresponding uncompressed blends, and pure crystalline itraconazole. (A) F9 tablets, and (B) F9*
tablets. (ITZ = itraconazole).

198



Pharmaceutics 2023, 15, 802

Both F9 and F9* tablets compressed at 26 kN force showed dissolution profiles in-
distinguishable from the raw crystalline drug. F9 uncompressed microfibres and tablets
compressed at 10 kN both showed an initial fast dissolution and high Cmax (approximately
85 and 83 μg/mL, respectively), with subsequent precipitation and stabilisation of supersat-
uration levels at approximately 50 and 56 μg/mL, respectively. The higher drug-loaded F9*
formulation showed similar behaviour. In this case, the Cmax values were approximately
83 and 95 μg/mL, respectively, for the uncompressed microfibres and tablets compressed
at 10 kN, with the supersaturation concentration plateauing for both products at approxi-
mately 48 μg/mL. Closer inspection of the data reveals that, for both F9 and F9*, the tablets
compressed at 10 kN showed significantly (p < 0.05) lower dissolution at the very early
stages of the experiment, up to 15 min for F9 and 30 min for F9*, than the corresponding
powder blend, which may be attributable to the 5 min disintegration time for these tablets
reducing the initial rate of dissolution. This slower buildup of supersaturation is then
responsible for the retention of the higher supersaturation concentrations in the tablets
compared with the powder blends, following the model of Han and Lee [37].

Taken together, these results indicate that the rate and extent of supersaturation can
be controlled by varying the drug content of the formulation and the disintegration time of
the tablets, which will then affect the total amount of drug available for absorption in the
intestine. The overall effect of this may be quantified by calculating the 24 h AUC values
of the dissolution–supersaturation profiles: values (mean ± sd) of 480 ± 14, 1223 ± 18,
1448 ± 44 and 1178 ± 36 μg/mL.h were observed for F3, F3*, F9, and F9* tablets com-
pressed at 10 kN, respectively, with the equivalent value for crystalline itraconazole being
158 ± 4 μg/mL.h. The 3-fold increase in overall drug content between F3 and F3*, achieved
via an increase in the drug loading of the microfibres (10 and 30% w/w), led to a 2.5-fold
increase in both final sustained concentration and AUC. However, a similarly derived 3-fold
itraconazole content increase between F9 and F9* did not result in a similar dissolution
advantage, and indeed, a lower AUC was observed for the F9* tablets, indicating that,
above a certain limit, increasing the drug content has no effect on the final dissolution
profile. The 5-fold increase in overall drug content between F3 and F9, achieved via an
increase in the microfibre content of the tablets (10 and 50% w/w), led to an almost 3-fold
increase in both final sustained concentration and AUC. Conversely, the similarly derived
5-fold itraconazole content increase between F3* and F9* tablets resulted in a slight decrease
in overall AUC, again suggesting that there is a maximal effect of increasing the content
of the drug. This dose effect is attributable to the initial supersaturated concentrations
exceeding the critical value whereby the energy barrier to recrystallisation is sufficiently
low to allow precipitation to occur. From these data, F9 would appear to be the most
beneficial formulation. However, the absorption site for itraconazole is the small intestine,
which has a commonly accepted transit time of 3 to 5 h. Therefore, considering only the
first five hours of the dissolution experiment to simulate the likely absorption window, the
corresponding AUC (mean ± SD) values for F3, F3*, F9, F9* tablets, and crystalline drug
are 103 ± 5, 272 ± 9, 361 ± 14, 307 ± 12, and 18 ± 2 μg/mL·h, confirming that F9 is the
best of the current formulations.

3.8. Tablet Development—Physical State of the Drug in the Compressed Tablets

The non-sink dissolution study highlighted that all tablet batches compressed at 26 kN
showed dissolution profiles indistinguishable from the raw crystalline itraconazole, sug-
gesting that compression at this force had resulted in the recrystallisation of the amorphous
itraconazole in the microfibres. This was confirmed by 13C CP/MAS SSNMR analysis.
Figure 12 shows the responses of F3 and F9* tablets, with the lowest (1% w/w) and highest
(15% w/w) itraconazole content, respectively, compressed at 10 and 26 kN, and the peaks
attributable to crystalline and amorphous drug [4] shown by arrows. All tablets compressed
at 10, 16, and 20 kN showed the amorphous response, and all tablets compressed at 26 kN
showed the crystalline response, indicating that the recrystallisation process is compression
force dependent, with the critical force being between 20 and 26 kN. These results highlight

199



Pharmaceutics 2023, 15, 802

the need to understand the effect of process variables on the physical structure and be-
haviour of the formulation and, by extension, the likely effect on the biological performance
of the drug.

 
Figure 12. Comparison of 13C CP/MAS NMR spectra of tablets compressed at 10 kN and 26 kN for
(A) F3 tablets (with the lowest itraconazole content) and (B) F9* tablets (with the highest itraconazole
content). (ITZ = itraconazole).

4. General Discussion and Future Perspectives

Building on our previous work [3,4], this study has shown that it is possible to prepare
fully amorphous, one-phase itraconazole-loaded sucrose microfibres using melt centrifugal
spinning, up to a drug content of 30% w/w. At 50% w/w drug loading, phase separation
was seen, including the generation of pure itraconazole microfibres in the amorphous state.
Fresh microfibres with up to 30%w/w itraconazole showed similar non-sink dissolution
behaviour to that previously observed for the 10% w/w drug-loaded samples, i.e., a fast
initial dissolution with high supersaturated concentrations being generated and subsequent
partial drug precipitation with lower supersaturation concentrations being maintained for
up to 24 h. Exposure for 30 days to 25 ◦C/75% RH resulted in the recrystallisation of the
sucrose component of the microfibres, but the itraconazole remained in the amorphous state.
The dissolution–supersaturation advantage seen in the fresh samples was maintained and
even enhanced in the aged systems, ascribed to the slower initial dissolution of crystalline
sucrose preventing a too-rapid rise in supersaturation and hence reducing the extent of
precipitation thereafter.

An in-depth tablet formulation development study was carried out using aged itraconazole-
loaded microfibres and commonly used direct compression tabletting excipients. To en-
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hance mixing and prevent segregation, a pre-mixing step of the microfibres with StarTab®,
a partially pregelatinised starch, was necessary prior to subsequent mixing with the remain-
der of the excipients, lubrication, and compression. The content of the aged microfibres
was observed to have the greatest influence on the physical behaviour of the tablets, with
the excipient mix playing a lesser role. Non-sink dissolution studies showed that the
dissolution–supersaturation advantage of the itraconazole-loaded (10 and 30% w/w) aged
microfibres was maintained in the tablet formulations containing 10% w/w microfibres
and even enhanced for a microfibre content of 50% w/w in the final tablets when tablets
were compressed at low and medium forces. However, compression at the highest force
resulted in the recrystallisation of the amorphous drug, and the dissolution profiles became
indistinguishable from those of the crystalline raw drug. All tablet batches tested for dis-
solution passed all relevant pharmacopoeial tests, with excellent drug content uniformity
and weight uniformity being demonstrated. Tablet formulation F9, containing 50% w/w
microfibres composed of 10% w/w itraconazole, showed the greatest AUC advantage
when measured over 5 h to simulate intestinal transit and itraconazole’s likely absorption
window, or 24 h to simulate transit through the entire gastro-intestinal tract. This was
attributed to a relatively slow rate of supersaturation generation and a subsequent slow
precipitation rate, which led to a high maintenance supersaturation level. The lack of
further increase in Cmax or AUC seen with the microfibres and tablets with the highest
drug loading (F9* compared with F9) demonstrates the overall limit of supersaturation
that may be achieved with this approach and this drug. Additionally, it allows a rough
estimation of the critical supersaturation concentration, above which drug precipitation
occurs rapidly, as described by Han and Lee [37]. This value can be estimated here as being
in the range of 90 to 100 μg/mL.

F9 and F9* tablets, which contain 50% w/w microfibres, showed longer disintegra-
tion times (around 5 min) compared with their equivalent formulations containing 10%
w/w microfibres (a few seconds), which was thought to contribute to the slower onset of
supersaturation. Extending this approach and developing a tablet with an even longer
disintegration time may then lead to greater overall dissolution performance. In this case,
the rate of supersaturation generation and hence the potential for drug precipitation would
be expected to be reduced further while still maintaining the overall dissolution advantage
of the amorphous state of the drug and the increase in solubility due to the presence of
sucrose in the microfibres. This may be achieved by reducing the content of disintegrant in
the tablet formulation. Increasing the compression force, which would also be expected to
increase disintegration time and slow the initial dissolution rate, carries the risk of causing
the in situ recrystallisation of the amorphous itraconazole, thus losing all benefit of this
formulation approach.

From a commercial perspective, the potential scalability and speed of the centrifugal
melt spinning process are important considerations. On a lab scale, 10 g of powder mix can
be converted into microfibres in approximately 5 min once the equipment is at the correct
temperature. The spinning process has the potential to be made into a (semi)-continuous
process, as long as there is a balance between feeding of the starting materials (the powder
mix) and collection of the product (the microfibres); hence, it is potentially scalable into a
commercially viable process. However, as there is a need to humidity-treat the microfibres
prior to formulation into tablets, the overall process will need to remain a batch process.

5. Conclusions

This study has demonstrated that fully amorphous sucrose microfibres can be prepared
with high drug loading by a centrifugal melt-spinning process. Under non-sink conditions,
fresh microfibres showed a significant dissolution and supersaturation advantage compared
with the raw drug and physical mixtures of the drug and sucrose, which was maintained
after humidity treatment (25 ◦C/75% RH for 30 days), which caused recrystallisation of
the sucrose and collapse of the microfibres. It is possible to directly compress the aged
microfibres to form tablets, although sticking to the punches was observed. A detailed
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tablet formulation study using aged microfibres as the drug source demonstrated that
high-quality tablets can be prepared using a direct compression approach; these tablets
easily passed all relevant pharmacopoeial specifications. A pre-mixing step with StarTab®

was required to overcome the flow and segregation issues caused by the morphology of
the collapsed microfibres. Importantly, the dissolution advantage of the microfibres was
retained after compression into tablets. By varying the disintegration rate and drug content
of the tablets, the rate of supersaturation generation and subsequent drug precipitation can
be controlled, allowing the optimisation of the formulation in terms of dissolution profile.
Overall, this investigation showed that the microfibre-tablet approach to formulating poorly
soluble BCS Class II drugs leads to improved dissolution behaviour of the drug, which in
turn should lead to enhanced oral bioavailability of the drug.
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Abstract: Current evidence supports the use of extra virgin olive oil (EVOO) and its minor compo-
nents such as hydroxytyrosol or 3,4-dihydroxyphenyl ethanol (DOPET), to improve cardiovascular
and metabolic health. Nevertheless, more intervention studies in humans are needed because some
gaps remain in its bioavailability and metabolism. The aim of this study was to investigate the DOPET
pharmacokinetics on 20 healthy volunteers by administering a hard enteric-coated capsule containing
7.5 mg of bioactive compound conveyed in EVOO. The treatment was preceded by a washout period
with a polyphenol and an alcohol-free diet. Blood and urine samples were collected at baseline and
different time points, and free DOPET and metabolites, as well as sulfo- and glucuro-conjugates, were
quantified by LC-DAD-ESI-MS/MS analysis. The plasma concentration versus time profiles of free
DOPET was analyzed by a non-compartmental approach, and several pharmacokinetic parameters
(Cmax, Tmax, T1/2, AUC0–440 min, AUC0–∞, AUCt–∞, AUCextrap_pred, Clast and Kel) were calculated.
Results showed that DOPET Cmax (5.5 ng/mL) was reached after 123 min (Tmax), with a T1/2 of
150.53 min. Comparing the data obtained with the literature, the bioavailability of this bioactive
compound is about 2.5 times higher, confirming the hypothesis that the pharmaceutical formulation
plays a pivotal role in the bioavailability and pharmacokinetics of hydroxytyrosol.

Keywords: hydroxytyrosol; pharmaceutical formulation; pharmacokinetics; bioavailability; DOPET;
DOPAC; MOPET; HVA; human volunteers

1. Introduction

The Mediterranean diet (MD) is considered a healthy and complete dietary model
from a nutritional point of view [1]. Many of the beneficial effects for human health
recognized and associated with this type of diet, such as longevity and the decreased
incidence of chronic and inflammatory diseases [2], are due to reduced consumption of
saturated fatty acids and animal proteins, a high intake of antioxidants, fibers, phytosterols,
probiotics, monounsaturated fatty acids, and a correct balance of ω3/ω6 polyunsaturated
fatty acids [1,3,4]. Extra virgin olive oil (EVOO), a cornerstone food of MD [5], plays
a pivotal role in this dietary model thanks to its beneficial properties due to the high
content of unsaturated fatty acids and phenolic compounds [6]. The main simple phenolic
constituent within the EVOO is the 3,4-dihydroxy-phenylethanol (DOPET), namely also
hydroxytyrosol [3,7]. Known to be the most potent antioxidant compound after gallic
acid [8], hydroxytyrosol can be found in nature, mainly in olive leaves, olives, and olive
oil [3]. DOPET originates from the hydrolysis of the phenolic secoiridoid oleuropein,
which occurs naturally during olive ripening and olive oil production [9,10]. Indeed, the
concentration of oleuropein, which is responsible for the olives’ bitter taste, progressively
decreases with the fruit ripening, first transforming into its non-glycosylated form by
enzymatic hydrolysis, the oleuropein aglycone, and finally into elenoic acid (non-phenolic
part), and hydroxytyrosol [5,11]. Due to its amphipathic features, hydroxytyrosol can
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be found in free form, as acetate, or as a derivative such as oleacein, oleuropein, and
verbascoside, both in olive oil and in its by-products such as pomace and olive mill
wastewater [3,10].

Another natural source of this phenol is wine, although concentrations are lower
than those normally found in olive oil or olive leaf extracts [3,5]. In addition to exoge-
nous sources, DOPET can form endogenously in humans starting from dopamine [12].
Several studies have shown an increase in hydroxytyrosol biosynthesis following ethanol
intake [13]. De la Torre et al. [14] compared the short-term and postprandial effects of
moderate doses of EVOO and wine and found that, despite the difference in the adminis-
tered doses (1.7 mg and 0.35 mg for EVOO and wine, respectively), urinary recovery of
DOPET was greater after wine-coadministration, thanks to the endogenous formation of
this compound from dopamine in response to alcohol intake [12].

Hydroxytyrosol shows a wide range of biological activities useful for human health [6].
Its antioxidant properties have been widely demonstrated in several in vitro and in vivo
models [6], as well as in clinical studies carried out both on healthy subjects and pediatric
patients affected by non-alcoholic fatty liver disease (NAFLD). In the first case, it improved
body composition parameters and modulated the antioxidant profile and the expression
of inflammation and oxidative stress-related genes [15], whereas, in pediatric subjects, it
improved the main oxidative stress parameters, insulin resistance, and steatosis [16] as well
as systemic inflammation [17]. Moreover, it has been observed that combination treatment
with hydroxytyrosol and vitamin E improves NAFLD-related fibrosis [18]. Hydroxytyrosol
is a powerful free radical scavenger and metal chelator, and works mainly as a chain breaker
by donating a hydrogen atom to peroxyl radicals [2]. In addition to this, this compound
exhibits marked anti-inflammatory, antimicrobial, antiatherogenic, and antithrombotic
activities [19–21]. Furthermore, it has beneficial effects on endothelial dysfunction, lipids,
and hemostatic profiles and can therefore be considered an effective neuroprotective,
cardioprotective, and chemo-preventive compound [21]. Moreover, recently, it has been
demonstrated that hydroxytyrosol could play a pivotal role in counteract long-COVID
syndrome by recovering SARS-CoV-2-PLpro-dependent impairment of interferon-related
genes in the polarized human airway, intestinal and liver epithelial cells [22].

Considering this, interest in hydroxytyrosol has grown a lot in recent years [20]. By the
way, it has been shown that hydroxytyrosol is safe even at high doses and that it does not
exhibit any genotoxicity or mutagenicity in vitro [12]. This excellent safety profile makes
hydroxytyrosol an excellent candidate for nutraceutical and food industry applications [21].

All these positive aspects, however, collide with a rather lacking literature on the
best formulation of this bioactive compound. Indeed, experimental studies have shown
that the intestinal absorption of hydroxytyrosol is strongly influenced by the food matrix
in which it is incorporated. Making a comparison between different oily and aqueous
vehicles, it has been shown that when this bioactive compound is conveyed in EVOO, its
bioavailability increase [20]. However, it has been recently demonstrated that both the
administered DOPET and the resulting DOPET from the hydrolysis of oleuropein and other
secoiridoids, main bioactive compounds within the EVOO, suffer phase II metabolism
also at the gastric level, with sulphation being the main conjugation process [23]. This
observation is supported by the fact that the presence of the Sulfotransferase Family 1C
Member 2 (SULT1C2) isoform was detected in the stomach [24]. This could modify, even
conspicuously, the amount of free DOPET available for intestinal absorption. Furthermore,
to date, there are no studies available on the pharmacokinetics of this molecule in an
enteric-coated pharmaceutical formulation in which DOPET is delivered in EVOO.

Based on these considerations, the aim of the present study was to evaluate, for the
first time, the DOPET pharmacokinetics by administration of a new nutraceutical product
consisting of enteric-coated capsules containing 7.5 mg of DOPET conveyed in EVOO to
healthy volunteers.
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2. Materials and Methods

2.1. Chemicals

Ethylenediaminetetraacetic Acid (EDTA), citric acid, L-ascorbic acid, β-glucuronidase
type H2 from Helix pomatia, LC-MS grade formic acid (HCOOH), methanol, HPLC-grade
(purity ≥ 97%) DOPET, 3,4-dihydroxyphenylacetic acid (DOPAC), 4-hydroxy-3-
methoxyphenethanol (MOPET) and homovanillic acid (HVA) were purchased from Merck
KGaA (Darmstadt, Germany).

The pharmaceutical formulation FENÒLIA® enteric-coated capsules, kindly provided
by P&P Farma (Turin, Italy), consists of extra virgin organic olive oil (Olea Europaea L.,
oleum ex fructibus), gelatin (shell component), coating agent: E1420, anti-caking agents:
talc, silicon dioxide, dry olive extract (Olea europaea L., fructus) 15% titrated in DOPET,
vitamin E (DL-alpha tocopheryl acetate), stabilizer: glycerol and pigment: E 171, E 141,
E 161b.

2.2. Study Design

The study protocol, approved by the local ethics committee (Register Protocol No.
146 17/05/2018), was conducted on 20 healthy Caucasian volunteers, aged 25–60 years
with BMI ranging from 19 and 25 kg/m2, enrolled at the University hospital facility of
the Clinical Research Unit of the Department of Biomedicine and Prevention, University
of Tor Vergata (Rome, Italy). Two enteric-coated capsules, each containing 7.5 mg of
DOPET, were administered orally. All subjects fulfilled the following eligibility criteria:
non-smokers, non-alcoholics, healthy diet, and no drugs during the experimental procedure.
The administration was preceded by a 4-day washout with polyphenols and an alcoholic-
free diet to avoid any interference, and by a 10-h fasting period. The study was conducted
in compliance with the Declaration of Helsinki, and the selected subjects agreed to the
procedure by reviewing and signing the relevant, informed consensus.

Blood samples were collected into 10 mL test tubes containing EDTA from a subcuta-
neous vein using a permanent catheter inserted into the forearm at baseline (T0) and 45, 90,
123, 150, 184, 247, 386, and 440 min. Samples were centrifuged at 1700× g for 10 min at 4 ◦C
and the obtained plasma was aliquoted into test tubes containing citric acid (2 M, 10% v/v).

Urine samples were collected at baseline (T0) and, after the intervention, at the follow-
ing mean times: 3.45, 4.18, 5.14, 6.16, 8.19, 12, and 24 h in sterile, dark polystyrene tubes
(100 mL) with screw caps with 10% L-ascorbic acid as a chemical preservative. Both plasma
and urine samples were immediately shipped in dry ice to the Department of Chemical,
Biological, Pharmaceutical and Environmental Sciences, University of Messina (Italy) for
chemical analyses, stored at −80 ◦C and processed within 48 h.

2.3. Sample Preparation

Plasma and urine samples were processed, before and after hydrolysis, according to
Alemán-Jiménez et al. [20], with some modifications. Briefly, plasma and urine samples
were thawed at room temperature and centrifuged (10,000× g for 5 min). Sample super-
natants (100 and 400 μL, respectively) were hydrolyzed by incubation with 300 UI (plasma)
and 1500 UI (urine) of β-glucuronidase from Helix pomatia for 2 h at 37 ◦C, clarified with
200 μL of MeOH/HCl (0.2 M) and centrifuged at 10,000× g for 5 min. An SPE clean-up
step, by using Strata X-AW cartridges (Phenomenex, Torrance, CA, USA) mounted on VacE-
lut Cartridge Manifolds (Agilent Technologies, Inc., Santa Clara, CA, USA), was carried
out. Cartridges were conditioned and equilibrated with 2 mL of MeOH/HCOOH (98:2,
v/v) and 2 mL of water/HCOOH (98:2, v/v), respectively. After sample loading, SPE car-
tridges were washed with water/HCOOH (98:2, v/v). Analytes were eluted with 1 mL of
MeOH/HCOOH (98:2, v/v) and dried by a gentle stream of nitrogen at room temperature.
Extracts were recovered with 200 μL of the mobile phase used for the LC-DAD-ESI-MS/MS
analyses (see Section 2.4). Quality control samples were prepared by spiking DOPET and
metabolites (DOPAC, HVA, and MOPET) in baseline control plasma and urine samples
at two different concentrations (1.2 ng/mL and 5.3 ng/mL) correspondent to the limit of
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quantification (LOQ) in plasma and urine samples, respectively. Both precision (CV < 10%)
and accuracy (≥90%) recorded in three replicates were acceptable according to ICH and
FDA guidelines.

2.4. Quali-Quantitative Determination of DOPET and Metabolites by LC-DAD-ESI-MS/MS

Plasma and urinary DOPET and metabolites were analyzed by LC-DAD-ESI-MS/MS
(Agilent Technologies, Inc., Santa Clara, CA, USA). Chromatographic analysis was carried
out by a Luna Omega PS C18 column (150 mm × 2.1 mm, 5 μm; Phenomenex, Torrance,
CA, USA) at 25 ◦C by using a mobile phase consisting of 0.1% HCOOH (Solvent A) and
methanol (Solvent B) according to the following elution program: 0–18 min, 5% B; 18–
21 min, 95% B; 21–30 min, 5% B; 30–35 min, 5%. The injection volume was 10 μL, and the
flow rate was 0.4 mL/min. The UV–Vis spectra were recorded, ranging from 190 to 400 nm,
and chromatograms were acquired at 280 nm. The experimental parameters of the mass
spectrometer (ion trap, model 6320, Agilent Technologies, Santa Clara, CA, USA) equipped
with an electrospray ionization interface operating in the negative (ESI−) and positive
(ESI+) ionization mode were set as follows: 3.5 kV capillary voltage, 40 psi nebulizer (N2)
pressure, 350 ◦C drying gas temperature, 9 L/min drying gas flow, and 40 V skimmer
voltage. The acquisition was carried out in full-scan mode (90–1000 m/z). Mass spectra
were acquired using a fragmentation energy of 1.2 V (MS/MS). Data were acquired by
Agilent ChemStation software version B.01.03 and Agilent trap control software version
6.2. Quantification was carried out by building external calibration curves of commercially
available reference standards (see Section 2.1).

3. Results

In this study, a new pharmaceutical formulation containing 7.5 mg of DOPET conveyed
in EVOO was administered orally to 20 healthy volunteers. The enrolled subjects’ features
are shown in Table 1.

Table 1. Features of enrolled healthy subjects.

Parameters Values

Participants 20
Weight (kg) 65.1 ± 2.4
Height (cm) 169.2 ± 4.0

BMI (kg/m2) 22.8 ± 1.0
Age (years) 49.6 ± 5.9
Sex (M/F) 9/11

Values were expressed as mean ± standard deviation (n = 20) for continuous variables. Abbreviations: Body Mass
Index (BMI).

The quali-quantitative determinations of free DOPET and metabolites were carried
out by LC-DAD-ESI-MS/MS analysis (Table 2) on plasma and urine samples after oral
administration of 2 cps/day, corresponding to 15 mg or 97.3 μmole of DOPET. The LC-
DAD-ESI-MS/MS parameters are shown in Table 2.

Table 2. LC-DAD-ESI-MS/MS parameters for the quali-quantitative determination of hydroxytyrosol
(3,4-dihydroxy-phenylethanol, DOPET), 3,4-dihydroxyphenylacetic acid (DOPAC), 4-Hydroxy-3-
methoxyphenethanol (MOPET) and homovanillic acid (HVA) in plasma and urine samples.

Analyte
RT

(min)
ESI Mode

[M-H]−/[M-H]+

(m/z)
MS/MS

(m/z)
λmax

(nm)

DOPAC 3.263 Positive 169/ 123 280
DOPET 4.042 Negative 153/ 123 280
HVA 5.054 Positive /183 137 280
MOPET 5.431 Positive /169 151 280
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Three phase I metabolites were identified in plasma samples (T0–440 min): DOPAC,
HVA, and MOPET. Moreover, sulfo-conjugated and glucurono-conjugated phase II deriva-
tives have also been identified. As is possible to observe from Figure 1A,B, the chromato-
graphic separation did not show any overlap between DOPET and metabolites, and no in-
terference was found, at the retention times of analytes, from plasma and urine constituents.

Figure 1. Representative chromatograms of plasma (A) and urine (B) samples acquired at 280 nm.
DOPAC, 3,4-dihydroxyphenylacetic acid; DOPET, 3,4-dihydroxy-phenylethanol; homovanillic acid
(HVA); 4-hydroxy-3-methoxy-phenylethanol (MOPET).

The plasma concentration versus time profiles of free DOPET, following ingestion of
2 cps containing 15 mg DOPET conveyed in EVOO, was analyzed by a non-compartmental
approach using Phoenix-WinNonLin software (Certara, St. Louis, MO, USA). The results
are shown in Figure 2.
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Figure 2. Mean plasma concentration-time profile after oral dose (15 mg) of hydroxytyrosol (3,4-
dihydroxy-phenylethanol, DOPET). Results represent the concentration (ng/mL) expressed as
mean ± standard deviation (n = 20).
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The mean plasma concentration-time profile shows Cmax and Tmax values of 5.48 ng/mL
and 123 min, respectively. The Tmax value found is compatible with a gastro-resistant formu-
lation, considering that gastric emptying occurs in about two hours. Using the time-course
values, other pharmacokinetics parameters such as half-life time (T1/2), the area under
the curve (AUC0–440 min), AUC from T0 to T∞ (AUC0–∞), AUC extrapolated_predicted
(AUCextrap_pred), the concentration at Tlast (440 min) (Clast), and first-order rate constant
associated with the terminal (log-linear) portion of the curve (Kel) were calculated (Table 3).
The AUC0–440 min represents the time-averaged concentration of free DOPET circulating in
the plasma compartment in the time-lapse, taking into account for pharmacokinetic study.

On the contrary, AUC0–∞ is the AUC from time 0 extrapolated to infinite time. This
parameter is calculated using the following equation:

AUC0–∞ = AUC0–440 + AUC440–∞

Assuming that DOPET is eliminated mono-exponentially after the last measurable
concentration, and that no other process than elimination is involved, the terminal elimina-
tion rate of DOPET can be accurately estimated from the elimination constant calculated
with the experimental data. This elimination rate is not affected by time or plasma concen-
trations of DOPET. Furthermore, assuming that other processes such as absorption and
distribution in the terminal phase of the pharmacokinetic process are not involved, we
can treat the extrapolated portion of the AUC like an IV bolus dose. Considering this, the
AUC0–440 min can be calculated as the following:

AUC440–∞ =
Clast
Kel

This extrapolated AUC is then added to the observed AUC to give the total AUC
value.

The small difference recorded between the AUC0–440 min and AUC0-∞ shows that the
adopted time course is enough to investigate the DOPET pharmacokinetic behavior in
humans, because it highlights that, at T440 min, most of the free DOPET has been withdrawn
from systemic circulation. For this purpose, another key parameter to calculate is the
AUCextrap_pred (%), the fraction of the total AUC that is due to the extrapolated AUC.
Because the AUCextrap_pred (%) value recorded in the present study was below 20% (mean
value 18.23%), it indicates that sufficient sampling has been made for an accurate estimation
of the elimination rate constant and the observed AUC.

Finally, it is possible to observe from Table 3 that, for each pharmacokinetic parameter
considered, interindividual variability was recorded, although it was ≤10%.

According to what has been previously made for plasma samples, also the LC-DAD-
ESI-MS/MS analyses of DOPET and metabolites in urine samples were performed both
before and after hydrolysis. Figure 3 shows the mean concentration (μM)-time profile of
DOPET and metabolites in urine samples after a DOPET oral dose of 15 mg (97.3 μmole).

In addition to free metabolites, sulfo-conjugated and glucurono-conjugated derivatives
were also identified (Figure 3). Already from this figure, it is possible to observe as the
sulfo-conjugated derivatives are the most abundant excreted metabolites followed by
HVA, glucurono-conjugated derivatives, DOPAC, DOPET, and MOPET. Furthermore, it is
possible to observe that the peak concentration of the parent compound and all identified
metabolites, was reached approximately 6 h after DOPET administration, with 19.46,
18.39, 11.48, 9.93, 4.67, and 0.44 μmole as mean peak, respectively. Finally, expressing the
cumulative results of metabolites distribution in urine (24 h) in terms of mean relative area
percentage with respect to all identified and unidentified compounds (Figure 4), results
do not change and, according to what mentioned above, sulfo-conjugated derivatives
were found the most representative metabolites (31.32%), followed by HVA (28.58%),
glucurono-conjugated derivatives (17.60%), DOPAC (13.48%), DOPET and MOPET (8.49%
and 0.94%, respectively).
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Figure 3. Mean concentration-time profile of metabolites present in urine after an oral dose (15 mg,
97.3 μmole) of hydroxytyrosol (3,4-dihydroxy-phenylethanol, DOPET). Results were expressed
as mean amount (μmole) ± standard deviation (n = 20). DOPAC, 3,4-dihydroxyphenylacetic
acid; DOPET, 3,4-dihydroxy-phenylethanol; homovanillic acid (HVA); 4-hydroxy-3-methoxy-
phenylethanol (MOPET).

Figure 4. Cumulative percentage (24 h) of metabolites present in urine after oral dose (15 mg,
97.3 μmole) of hydroxytyrosol (3,4-dihydroxy-phenylethanol, DOPET). Results were expressed as
mean relative area percentage (%) with respect to all identified and unidentified compounds. DOPAC,
3,4-dihydroxyphenylacetic acid; DOPET, 3,4-dihydroxy-phenylethanol; homovanillic acid (HVA);
4-hydroxy-3-methoxy-phenylethanol (MOPET).

Considering the results obtained in the present study, we can therefore predict, for the
investigated formulation containing DOPET conveyed in EVOO, the following metabolic
pathway shown in Figure 5.
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Figure 5. Human metabolic pathways of hydroxytyrosol (3,4-dihydroxy-phenylethanol, DOPET) con-
veyed in extra virgin olive oil (EVOO) and administered orally as enteric-coated capsules. 4-Hydroxy-
3-methoxy-phenylethanol (MOPET); 3-methoxy-4-hydroxyphenylacetaldehyde (MOPAL); ho-
movanillic acid (HVA); 3,4-dihydroxyphenylacetic acid (DOPAC); 3,4-Dihydroxyphenylacetaldehyde
(DOPAL).

4. Discussion

Before discussing the pharmacokinetics of hydroxytyrosol, a premise must be made
about the physical and chemical features of olive polyphenols (OP). They are structurally
heterogeneous compounds with different polarities that influence their intestinal absorp-
tion. Specifically, DOPET is absorbed in the intestine by passive diffusion because of its
amphiphilic properties. On the contrary, oleuropein, another abundant olive polyphenol,
in its free form, is less absorbed by the enterocyte because of its hydrophobic structure and
greater molecular weight. This implies that it can be degraded to DOPET [25] because of
biotransformation during digestion and absorption processes, thereby raising the bioavail-
able content of DOPET and, in part, reaching the large intestine, where it is degraded by
colonic microflora [26].

Recently, clinical trials to evaluate the pharmacokinetics of OP have increased. Ac-
cordingly, to give a clear picture in this sense, only the literature concerning human studies
was discussed in the present study to identify the advantages or disadvantages deriving
from a specific pharmaceutical formulation.

Gonzalez-Santiago et al. [27] analyzed the plasma concentrations of free DOPET in
10 subjects (8 males and 2 females, middle age 28 years) after an oral administration of
a single dose (2.5 mg/kg b.w.) of DOPET isolated by an olive mill wastewater extract.
DOPET reached the maximum plasma concentration at 13 min with a Cmax of 1.11 μM.
Tmax and Cmax values are compatible with those observed in the present study, considering
the gastro-resistant formulation that, as such, requires about two hours from administration
to make the DOPET available for absorption, and the different dose administered, about
twelve times greater than that used in the present study.
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Kountouri et al. [28] investigated DOPET bioavailability in 7 healthy men (middle-
aged 35 years) who consumed 100 g of olives containing 76.73 mg of DOPET. Quantification
of OP in plasma at different times pointed out that almost all polyphenols reached Cmax at
1 h after olive consumption, with a plasma concentration of 3.15 μg/mL. This is the only
study that reports a Cmax so high compared to the administered dose. However, it should
be emphasized that since we are dealing with 100 g of olives consumed as a single dose,
and since this food is very rich in secoiridoids as well as simple phenols such as DOPET and
tyrosol, this concentration could be more the result of metabolic transformations involving
the more complex polyphenols which occur during gastrointestinal transit. This event,
indeed, significantly increases the amount of DOPET available for absorption upstream,
not to mention the effect of the food matrix, which could further facilitate the delivery of
the bioactive compound. Regarding the absorption of DOPET from the food matrix, Miró-
Casas et al. [29] investigated the absorption of DOPET from EVOO in 6 healthy volunteers
(3 males and 3 females, middle age 36 years) showing a Cmax and Tmax of 25.83 ng/mL and
58 min, respectively after consumption of 25 mL of EVOO.

In another intervention study carried out on middle-aged healthy subjects (five males
and four females), de Bock et al. [30] quantified the bioavailability of oleuropein and
DOPET after oral administration of a pharmaceutical formulation containing an olive
leaf extract as a liquid or encapsulated matrix. They showed that unlike oleuropein, the
bioavailability of DOPET is not influenced by the matrix by which the polyphenols are
administered, obtaining an almost overlap Cmax (56 ng/mL vs. 59 ng/mL for the capsule
and liquid matrix, respectively) and only a decrease of Tmax of about 30 min, passing
from encapsulated to the liquid formulation. Furthermore, the authors observed that
HT-conjugated metabolites were the primary metabolites recovered in plasma and urine
after supplementation and that gender difference in the OP bioavailability was observed.

However, recently, the influence of the food matrix on the rate of absorption and
bioavailability of dietary DOPET was investigated by Alemán-Jiménez et al. [20] in a
double-blind study carried out on 20 volunteers, who administered a single dose of 5 mg of
DOPET through diverse food matrices: refined olive oil, flax oil, grapeseed oil, margarine,
and pineapple juice. Interestingly, unlike what was stated earlier, the results revealed a
strong impact of the matrices on the DOPET plasma concentration. Indeed, according
to our results, while the Cmax (3.79 ng/mL) was reached after 30 min of DOPET intake
conveyed in EVOO, the intake of other matrices tested did not lead to a significant increase
in the DOPET plasma concentration over time.

OP metabolic processing pathways have been extensively and deeply characterized by
several animal and human studies [31]. Generally, these polyphenols undergo structural
changes, mainly hydrolyzation processes by either digestive fluids in the stomach or
intestines or phase I metabolic reactions [32,33] followed by phase II reactions, by which
they are predominantly sulfated [32,33] or glucuronidated [29,34].

Concerning human trials, de Bock et al. [30] observed that oleuropein is extensively
hydrolyzed, liberating DOPET and its aglycone and leading to an increase in the DOPET
bio-accessibility. Metabolic phase II reactions cause the conjugation of DOPET, leading to a
resulting high presence of sulfo- and glucuro-conjugated derivatives in plasma and urine.
However, this behavior seems to be strictly dependent on the different compositions of
phenolic compounds in the olive leaf extracts used in each study. Indeed, Kendall et al. [35],
which carried out a study on 55 healthy young adults, who were given olive leaf sup-
plements for 28 days, showed that neither oleuropein nor DOPET was detected in urine
samples after chronic or acute consumption, suggesting that oleuropein escapes acid
hydrolysis. Consequently, only oleuropein glucuronidated metabolites were identified
in urine.

In confirmation of the fact that the polyphenolic composition can influence the acti-
vation of different metabolic pathways, another study carried out by Rubió et al. [33] on
12 healthy volunteers, in which EVOOs with different concentrations of phenolic content
were given, showed that, after absorption, oleuropein has been extensively hydrolyzed
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by phase I metabolic reactions, triggering phase II metabolic reactions which have led
predominantly, according to our results, to HT sulfo-conjugated. This is in accordance
with García-Villalba et al. [34] and Suárez et al. [32], who revealed that oleuropein and
ligstroside aglycones are hydrolyzed in the gastrointestinal tract as phase I metabolism,
resulting in the polar phenols tyrosol and hydroxytyrosol. These are later conjugated by II
phase metabolism and then excreted. It seems that the factor which plays a pivotal role in
the activation of the metabolic reactions leading to sulfate and glucuronic acid conjugation
may be the OP dosage administered [36]. Regarding OP such as oleuropein, which they
are not absorbed in the small intestine, this effect is remarkable, because they reach the
large intestine and, once there, is quickly transformed to DOPET by intestinal microbiota,
leading to greater absorption by colon enterocytes [26]. It is well known, thanks to several
animal and human studies carried out over time, that OP excretion is mainly performed via
the kidneys through urine, except for compounds that escape intestinal absorption, which
is directly excreted through feces per se, or after chemical transformations in the gastroin-
testinal tract [37]. Concerning human trials, Visioli et al. [38] investigated the presence of
metabolites derived from OP in urine. For this purpose, olive oils enriched with four differ-
ent phenolic extracts (20–84 μg/mL of DOPET and 36–140 μg/mL of tyrosol, respectively)
was administered to 6 healthy male volunteers. Results expressed as a percentage of urine
excretion with respect to the dose administered showed 29–40% for DOPET and 21–24% for
tyrosol in 24 h [38]. Furthermore, Khymenets et al. [39], investigating the excretion rates of
phenols and their conjugates in 24 h urine after a single dose of 50 mL of EVOO, observed
the same trend with the maximum recovery of olive polyphenols’ metabolites, according
to our results, in 6 h urine samples. Alemán-Jiménez et al. [20] also quantified the free
DOPET and relative metabolites in urine samples at 24 h after treatment with a single dose
of 5 mg of DOPET through diverse food matrices in 20 subjects. Once again, the DOPET
intake by its natural source (EVOO), showed, according to our results, significantly higher
urinary levels of DOPET compared to basal urine, whereas DOPET metabolites did not
show any significant changes depending on the matrix administered. Finally, confirming
once again our results, no gender differences were found. These results were also confirmed
by Khymenets et al. [40], who showed that urine levels of DOPET and its metabolites, after
supplementation with 5 or 25 mg of DOPET/day for one week, accounted for 21 and 28% of
the DOPET administered, respectively. Furthermore, according to our results, the predomi-
nant forms of DOPET excreted in urine were sulfo-conjugated (16.88–23.36%), followed by
glucurono-conjugated (4.70–5.01%) and free DOPET form (0–0.02%). Finally, regarding the
use of a pharmaceutical formulation, also de Bock et al. [30] confirmed what was previously
observed evaluating the excretion of DOPET metabolites after the administration of an
olive leaf extract. Indeed, the analysis of the DOPET’s urinary metabolites revealed the
predominance of sulfo- and glucurono-conjugates, whose concentration increases in the
first 8 h after ingestion.

5. Conclusions

In conclusion, what emerges from the present and previous human studies is that,
in addition to the dose of treatment and nutraceutical matrix (synthetic hydroxytyrosol,
leaf extract, or olive fruit extract), another critical aspect that should be considered when
designing a new pharmaceutical formulation is the vehicle within the DOPET is conveyed.

According to our results, the EVOO is the best vehicle, which leads to the major
absorption of DOPET, ensuring greater bioavailability, about 2.5 times greater with respect
to previous results at the same dose administered. Furthermore, in this regard, our study
carried out on a greater number of subjects (20 vs. 7–10 subjects) confirms a negligible
individual and gender variability in the DOPET bioavailability.
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Abstract: Azithromycin (AZM) is a potential antimicrobial drug for periodontitis treatment. However,
a potential sustained-release system is needed for intra-periodontal pocket delivery. This study
focused on the development and evaluation of a thermoresponsive azithromycin-loaded niosome gel
(AZG) to search for a desirable formulation for periodontitis treatment. AZG was further developed
from an AZM-loaded niosomal formulation by exploiting the advantages of poloxamer 407 (P407)
and hyaluronic acid (HA) interactions. The results showed that the addition of HA decreased the
gelation temperature and gelation time of AZG. HA was found to increase the viscosity as well as
mucoadhesive and tooth-root surface adhesive properties. The AZG solution state was injectable
and exhibited pseudoplastic shear-thinning behavior. P407–HA interactions in AZG could contribute
to gel strength. AZG showed 72 h of continuous drug release following the Korsmeyer–Peppas
model and potentially enhanced drug permeation. The formulations apparently presented more
efficient antibacterial activity against major periodontal pathogens than the standard AZM solution.
AZM intra-periodontal pocket formulation and the remarkable properties of niosomes exhibited
potential characteristics, including ease of administration, bioadhesion to the anatomical structure
of the periodontal pocket, and sustained drug release with competent antimicrobial activity, which
could be beneficial for periodontitis treatment.

Keywords: periodontal pocket drug delivery; poloxamer 407; hyaluronic acid; periodontitis;
thermoresponsive niosome gel

1. Introduction

Periodontitis is a destructive disease affecting the tooth-supporting structure or the
periodontium. The reported prevalence of periodontal disease is 20–50% of the global
population [1]. As described in the contemporary pathogenesis of periodontitis, the dis-
ease is initiated by the invasion of periodontal pathogens. When triggered by microbes,
defensive host immunity retaliates via the destructive weapon known as the inflammatory
process, which aims to remove microbes. Dysbiosis (the conflict between host and microbes)
emerges and is aggravated by host environmental and genetic factors. Collateral damage is
inevitable on every battlefield, and, in this context, periodontium results in the destruction
of the tooth-supporting bone and periodontal pocket formation [2]. Severe periodontitis
can cause multiple tooth losses, which deteriorates the patient’s quality of life. The gold
standard of periodontitis treatment in the initial phase is mechanical debridement in con-
junction with oral hygiene instruction [3]. However, this treatment modality yields limited
outcomes, highlighting the need for potential adjunctive therapy [4]. The formation of the
periodontal pocket is a clinical sign of periodontitis, which is the deepening of the gap
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between the tooth and gum. The depths of the periodontal pocket are difficult to adequately
clean with self-care measures. Hence, the build-up of dental plaque biofilm containing
pathogenic bacteria leads to the severe progression of periodontal disease. Although pe-
riodontal pockets are undesirable in maintaining health, this unique pathologic feature
may be useful as a route for local drug delivery [5]. The active drugs could be directly
delivered to the target site of the disease without passing through systemic metabolism. The
local antibiotic application should avoid unwanted systemic side effects, such as nausea,
vomiting, diarrhea, and bacterial resistance [6]. In the past decade, intra-periodontal pocket
administration was utilized for various topical dosage forms.

Azithromycin (AZM) is a macrolide antibiotic with fascinating therapeutic properties.
Apart from its susceptibility to major periodontal pathogens, its anti-inflammatory effects
are well documented [7]. AZM’s dual effects could be beneficial for the pathogenesis
of periodontal disease in respect to bacterial elimination and the modulation of the host
inflammatory response. However, the poor solubility of AZM, which is in BCS class II,
could affect its bioavailability in biological tissues [8]. Drug dissolution must be improved
to enable the local delivery of AZM for intra-periodontal pocket administration. In our
previous study, AZM was successfully prepared in a niosomal formulation to enhance its
solubility, stability, and releasing properties [9]. With the advantages of niosomal vesicles,
AZM could also be delivered through the lipid bilayer of periodontal tissues to eliminate the
residing pathogens. For example, in periodontitis conditions, pathogenic microbes, such as
Aggregatibacter actinomycetemcomitans (Aa.) and Porphyromonas gingivalis (Pg.), were not only
colonized in the periodontal pocket but also infiltrated the subjacent connective tissue level
of the gingiva [10,11]. Because a potential carrier for delivering AZM-loaded niosomes into
the periodontal pocket is needed, a thermoresponsive azithromycin-loaded niosome gel
(AZG) was formulated based on the interactions of poloxamer 407 (P407) and hyaluronic
acid (HA). Injectable gel formulations are widely used in dentistry as various kinds of
dental material. Dentists are familiar with this dosage form. Thus, the gel formulation could
be effortlessly administered to patients. However, for the treatment of chronic diseases
involving bacterial infections, such as periodontitis, formulation development should focus
on the long retention time and sustained release of drugs at the active site. The formulation,
which can transform into a semi-solid state, could be advantageous for this purpose
because it tolerates the dynamic changes in the oral environment. Accordingly, P407,
which exhibited phase transformation properties, was chosen. P407 is a thermoresponsive
co-polymer with the ability to transform into a gel state upon increasing temperature. P407
is categorized as an inactive ingredient by the FDA and, because of its biocompatibility and
biodegradability, is applied in various kinds of pharmaceutical formulations, including
periodontal formulations [12,13]. Poloxamer-based hydrogels have well-documented low
cytotoxicity and biodegradability [14]. Another crucial property that could contribute to
the retention time is the adhesion of the formulation to biological tissues [15]. However,
the drawbacks of P407 are low mucoadhesiveness, a weak hydrogel structure, and its rapid
dissolution in water [16]. The imperfections of P407 can be corrected by the addition of
other polymers.

HA is a naturally occurring biopolymer produced by hyaluronan synthase from the
plasma membrane and is commonly found in the extracellular matrix of human epithe-
lial and connective tissues. Therefore, as a member of the glycosaminoglycan family,
HA has excellent biocompatibility and non-immunogenicity. Additionally, HA is readily
biodegradable by hyaluronidases and oxidative species available in the human body [17].
HA possesses favorable mucoadhesive [18] and other beneficial properties for periodontal
treatment, such as anti-inflammatory and accelerated wound-healing effects [19]. Con-
sequently, HA was included in this formulation’s development. Recent studies showed
that the coupling of P407–HA improved the textural integrity, rheological, and sustained
drug release properties of the hydrogel matrix [15,20]. The selection of P407 and HA for
AZM-loaded niosomes would favor the invention of a potential formulation with sustained
antimicrobial activity for periodontitis treatment.
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Therefore, the objective of this study was to develop a thermoresponsive azithromycin-
loaded niosome gel for intra-periodontal pocket administration to improve the bioavail-
ability of AZM in periodontal tissues. The physicochemical and mechanical properties
of the formulations regarding the influence of P407–HA interactions were investigated
to acquire a better understanding of the thermoresponsive gel based on P407 and HA.
Drug release, mucosal permeation, and antibacterial studies were conducted to develop a
desirable formulation for periodontitis treatment.

2. Materials and Methods

2.1. Materials

Azithromycin (AZM) was provided as a gift from Siam Chemi-Pharm (1997) Co., Ltd.,
Bangkok, Thailand. Poloxamer 407 (P407), cholesterol (CHL), Span® 60 (S60), Nile red
(9-diethylamino-5H-benzo[alpha]phenoxazine-5-one), type II mucin from the porcine stom-
ach (Sigma-Aldrich, St. Louis, MO, USA), and sodium hyaluronate (HA) 2.05 × 106 Da MW
(SpecKare™, Nanjing, China) were purchased from local suppliers and used as received.

2.2. Preparation of Thermoresponsive Niosome Gel

AZG formulations were further developed from our previous study of AZM-loaded
niosomes [9]. The niosomal suspension of AZM was fabricated by entrapping it into
the niosomes of S60 and CHL utilizing the modified reverse-phase evaporation method.
The amounts of S60 and CHL at the molar ratio of 3:3 (0.42 and 0.38 g, respectively, in
the preparation of 30 mL niosomal suspension) and 1% of AZM were dissolved with
absolute ethanol and submerged in an ultrasonic bath (POWERSONIC CP230T, Crest
Ultrasonics, Ewing Township, NJ, USA) for 30 min. Then, deionized water as a secondary
solvent was added and the mixture was continuously ultrasonicated for 30 min. After
a homogeneous mixture was obtained, ethanol was eradicated by a rotary evaporator
(N-1001, Eyela, Tokyo, Japan). The niosomal suspension was kept at 4 ◦C for 24 h to allow
vesicle maturation. The niosomes were dyed with Nile red and we observed the vesicle
staining under a confocal laser scanning microscope (DMi8, Leica, Wetzlar, Germany).
Afterward, the thermoresponsive niosome gel formulations were prepared by adding HA
and homogeneously mixing them with a propeller stirrer at 200 rpm (RW 20 digital, IKA,
Staufen, Germany). Then, P407 was incorporated into the formulations by the cold method.
Accurately weighed amounts of P407 were gradually added to the pre-mix of AZM-loaded
niosomes and HA, which had been equilibrated at 4 ◦C. The amounts of HA and P407
varied, as presented in Table 1.

Table 1. Composition of thermoresponsive azithromycin-loaded niosome gels (AZG).

Formulation

Niosomes of Azithromycin Thermoresponsive Gel Compositions

AZM S60:CHL P407 HA
(% w/v) (Molar Ratio) (% w/v) (% w/v)

AZG1 1 3:3 17 0.2
AZG2 1 3:3 17 1.1
AZG3 1 3:3 17 2.0
AZG4 1 3:3 18 0.2
AZG5 1 3:3 18 1.1
AZG6 1 3:3 18 2.0
AZG7 1 3:3 19 0.2
AZG8 1 3:3 19 1.1
AZG9 1 3:3 19 2.0

The mixtures of AZG formulations were stored overnight at 4 ◦C. The formulations
were intermittently stirred until uniform mixtures were acquired. The pH of each formula-
tion was examined using a digital pH meter (Eutech pH 700, Eutech Instruments Pte Ltd.,
Singapore). The prepared formulations were maintained at 4 ◦C in sealed containers.
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2.3. Drug Content

To determine the total AZM content in the prepared formulations, one mL of each
formulation was pipetted into a 10 mL volumetric flask. The volume was composed of
methanol as the extraction solvent. The solution was left for 24 h. Then, the gel formulation
was completely dissolved, which produced a clear solution. The extracted samples of each
formulation were quantitatively investigated for drug content by a modified HPLC method
(n = 3) [21]. The analysis was carried out on an HPLC system (LC-10, Shimadzu, Kyoto,
Japan) equipped with a C18 column (Zorbax Eclipse XDB-C18, Agilent Technologies, Santa
Clara, CA, USA). The mobile phase was composed of 80% of MeOH and 20% of 0.3 M
KH2PO4 pH 7.56, under the conditions of a 1 mL/min flow rate, 50 ◦C, and 210 nm of the
diode array detector. The injection volume was 20 μL.

2.4. Gelation Temperature

The phase transition temperature of the prepared thermoresponsive formulations was
determined using a Brookfield viscometer (DV-II+ viscometer, Brookfield Engineering Lab-
oratories, Middleborough, MA, USA). A sample container connected with a temperature-
controlled jacket was filled with the formulations. The viscometer probe was set at 10 rpm,
a fixed rotational speed, to measure the alteration in viscosity. The temperature of the
system was controlled to increase from 3 ◦C to 40 ◦C, while the viscosity of the formulation
was monitored. A significant elevation in viscosity at a specific temperature was observed
and recorded as the gelation temperature of each formulation (n = 3).

2.5. Gelation Time

The time duration that the formulation needed for phase transformation from solution
to gel state was examined by the test tube inversion method. Thin-walled scintillation glass
vials were filled with the formulations and submerged in a temperature-controlled water
bath, which was set to 37 ◦C. The phase transformation was visually observed. The total
time needed for the meniscus of the formulation to stop moving upon tilting was recorded
as the gelation time of each formulation (n = 3).

2.6. Gel Viscosity

The viscosity of the prepared formulations was evaluated using a Brookfield viscome-
ter (DV-II+ viscometer, Brookfield Engineering Laboratories, USA). The sample container
was connected to a temperature-controlled jacket. The viscometer was set at 10 rpm, a fixed
rotational speed. The measurements of the solution and gel states of the formulation were
conducted at 4 ◦C and 37 ◦C, respectively (n = 3).

2.7. Injectability of the Formulations

The prepared formulations were loaded into 1 mL syringes with a 22-gauge stainless-
steel needle (0.7 mm diameter) intended for use in clinical situations. The syringe was
fixed with a vertical holder aligned at the base platform of the texture analyzer (TA.XT
PlusC, Stable Micro Systems, Surrey, UK). A cylindrical probe (Model P/0.5, 12.7 mm
diameter) was directed downward to push the plunger rod of the syringe at a speed of
10 mm/s. The maximum force applied to inject the formulation from the syringe barrel
through the needle tip was measured. The measurements were conducted immediately
after each formulation was brought from the refrigerator, while the formulation was in the
solution state (4 ± 5 ◦C).

2.8. Rheological Study

The rheological behavior of the solution state AZG was determined using the Kinexus
pro rheometer (Malvern Instruments Ltd., Worcestershire, UK) with a PL20 stainless-steel
parallel plate (20 mm diameter). The temperature during measurement was controlled
at 4 ◦C. Shear stress was measured as a function of shear rate (n = 3), which varied from
0.1 to 100 s−1, and the obtained data were analyzed by rSpace Rheometry software for
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Kinexus version 1.75.2326. Flow profiles were fitted with various rheological equations,
such as the Newtonian (Equation (1)), power law (Equation (2)), Bingham (Equation (3)),
Hershel–Bulkley (Equation (4)), and Casson models (Equation (5)).

τ = ηγ (1)

τ = K·γ n (2)

τ = τ0+ ηp·γ (3)

τ = τ0+ K·γ n (4)

τ0.5 = τ0
0.5 + K·γ 0.5 (5)

where τ is shear stress, η is viscosity, γ is the shear rate, ηp is plastic viscosity, K is the
consistency index, τ0 is the yield value, and n is the flow index.

2.9. Mucoadhesive Property

The mucoadhesion of each formulation was evaluated using the mucin disc model, with
slight modifications [22,23]. The mucoadhesive force was measured with a texture analyzer
(TA.XT PlusC, Stable Micro Systems, Surrey, UK). The mucin discs were prepared with 250 mg
of crude mucin powder by utilizing a 13-mm-diameter die with the vacuum ring compression
set at 10 tons for 30 s. One mucin disc was attached at the center of a 60 mm Petri dish, which
was held to the base platform of the texture analyzer. Another mucin disc was attached to the
cylindrical probe tip of the texture analyzer while the formulation was applied between the
two mucin discs at 0.1 mL. The probe was moved downward until a 1 mm space between
the discs was reached. The formulation was induced to form a gel state. Subsequently, the
probe was directed to compress and held for 30 s, before moving upward at a rate of 10 mm/s.
The maximum force used to separate the mucin discs from each other was measured as the
mucoadhesion force of each formulation (n = 3).

2.10. Tooth-Root Surface Adhesion

Tooth-root surface specimens were prepared from extracted human teeth, with slight
modifications from the previous study [23]. The flat-surface roots were equally sectioned
into 6.6 × 6.6 mm pieces with a thickness of 1.5 mm, with a micro motor (Strong 90, Saeshin,
Daegu, Korea) equipped with a diamond cutting disc. Three of the root specimens were
attached to a 25 × 25 mm acrylic plate with cyanoacrylate glue (UHU Super Glue, UHU
GmbH & Co. KG, Bühl, Germany). The acrylic plate was fixed at the center of a 60 mm
Petri dish, which was held at the base platform of the texture analyzer. Three more root
specimens were prepared in the same way and attached to an identical acrylic plate. The
second acrylic plate was attached to the cylindrical probe of the texture analyzer in the
same alignment. The formulation was applied between the tooth-root surface specimens.
The tooth-root surface adhesive force of each formulation was evaluated by the texture
analyzer in the same manner as in the mucoadhesive study (n = 3).

2.11. Texture Profile Analysis

The gel state of the prepared formulations was investigated for texture profile prop-
erties by the texture analyzer (TA.XT PlusC, Stable Micro Systems, Surrey, UK). Each
formulation was loaded in a 55 mm culture dish and induced to form a gel state. The
double compression method was utilized [23]. The probe of the texture analyzer was
moved downward at a speed of 2 mm/s until it contacted the surface of the gel formulation.
Then, the probe was directed to penetrate the gel matrix for half of its height, and the probe
was withdrawn upward to the first surface-contact position. The probe was held at this
position for 15 s before running the second compression in the same manner as the first.
The hardness, springiness, and resilience values of each formulation were calculated from
the force–time graphs provided by the texture analyzer software (n = 3).
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2.12. In Vitro Drug Release Study

The drug release characteristics of the prepared formulations were investigated with the
Franz diffusion cell apparatus. The dialysis membrane with a 12 kDa MW cutoff (Sigma-Aldrich,
St. Louis, MO, USA) was utilized. The surface area of the diffusive interface was 176.625 mm2.
One mL of each formulation was accurately pipetted and applied to the donor compartment.
The receptor compartment (11 mL volume) was filled with the dissolution medium, which was
a phosphate buffer of pH 6.8, and magnetically stirred at 300 rpm. The system temperature was
controlled at 37 ◦C. Samples of the medium containing the released drug were withdrawn for 1
mL at predetermined time points and refilled with the equivalent volume of fresh medium. The
sink condition was maintained throughout the experiment. The quantities of released AZM in
each sample were analyzed using the HPLC method, as previously described. The drug release
profiles were plotted and mathematically fitted with kinetic models—for example, the zero-
order (Equation (6)), first-order (Equation (7)), Higuchi (Equation (8)), and Korsmeyer–Peppas
models (Equation (9)).

Qt = K0·t (6)

ln Qt = ln Q0 − K1·t (7)

Qt = KH·t1/2 (8)

Dt/D∞ = KKP·tn (9)

where Qt is the amount of drug released at time t; Q0 is the initial amount of the drug in the
formulation; and K0, K1, and KH are the release rate constants of the zero-order, first-order,
and Higuchi models, respectively. In Equation (9), Dt/D∞ is the proportion of drug released
at time t, KKP is the kinetic constant, and n is the release exponent.

2.13. Ex Vivo Permeation Study

Mucosal permeation behavior was observed using the Franz diffusion cell apparatus
method. Porcine esophagus mucosa was used as a permeation membrane [24]. Fresh
porcine esophagi of comparable size and appearance were purchased from the local slaugh-
terhouse. The esophagus was resected to remove the muscle and excised to obtain mucosal
specimens with sizes of 30 × 30 mm and with 2 mm thickness. The epithelium side of the
mucosal membrane was positioned facing the donor compartment, whereas the connective
tissue side was positioned facing the receptor compartment. The diffusive surface area was
176.625 mm2. The receptor compartment was fully filled with 11 mL of phosphate buffer of
pH 6.8 as a dissolution medium. The donor compartment was loaded with 1 mL of AZG
formulation. The system was continuously stirred at 300 rpm at 37 ◦C. One mL of medium
sample was collected at predetermined time points and refilled with an equal amount of
fresh medium. The sink condition was maintained. Permeated drugs in the sample were
quantified with HPLC, as previously mentioned (n = 3).

2.14. Antibacterial Studies

AZG formulations were evaluated for an antibacterial assay against Aggregatibacter
actinomycetemcomitans (Aa., ATCC 43718) and Porphyromonas gingivalis (Pg., ATCC 33277)
using the agar well diffusion method. The lyophilized bacterial strains were grown in
tryptic soy broth (TSB, Himedia Laboratories, Mumbai, India) for 36 h at 37 ◦C in an anaer-
obic jar with GasPak (Becton, Dickinson, and Company, Sparks, MD, USA). The organism
turbidity of the broth suspensions was checked using the 0.5 McFarland standard. The stan-
dardized inocula of Aa. and Pg. were prepared at the concentration of 1.5 × 108 cells/mL
and swabbed on the surface of sheep blood agar (Medex Solutions Ltd., Saraburi, Thailand).
A sterile cork borer was used to create an 8-mm-diameter well on the inoculated agar
before introducing 0.1 mL of formulation to the well. The equivalent concentration of AZM
in a phosphate buffer pH 6.8 solution-soaked disc was used for comparison. The tested
samples were incubated in an anaerobic incubator for 24 h. Then, the inhibition zone of
each formulation was measured (n = 3).
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2.15. Statistical Analysis

All measurements were performed in a triplicate manner. All categorical variable data
were evaluated as percentages (n = 3). Continuous variable data are described as mean
and standard deviation (SD). A p-value of <0.05 was taken as statistical significance and
analyzed using SPSS 13 software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Formulation Preparation

AZM is a potential drug for periodontitis treatment [7]. However, because of its poor
water solubility, it is classified as a BCS class II drug. This may affect the bioavailability
of AZM in periodontal tissue for a localized dosage form. Therefore, an appropriate
delivery system is needed. In this investigation, a niosome template was applied to
formulate an efficient carrier for AZM. Practically, the niosomal vesicle system increases
the solubility of hydrophobic drugs, enhances drug permeation, and improves the stability
of the formulation [25,26]. AZM niosomes were prepared based on the modified reverse-
phase evaporation method. AZM was successfully loaded into niosomes with nano-sized
particles, charge stability, and biocompatibility [9]. Figure 1a presents confocal images
of Nile-red-stained unilamellar niosomal vesicles obtained by confocal laser scanning
microscopy. The hypothesized niosome vesicle structure is displayed in Figure 1b.

  
(a) (b) 

Figure 1. (a) Visualization of prepared AZM-loaded niosomes stained with Nile red dye that indicated
lipid droplet as a red-stained vesicle under confocal laser scanning microscope; (b) schematic illustra-
tion of AZM-loaded niosomes prepared from cholesterol and Span® 60 (adapted from Moghassemi
and Hadjizadeh 2014 [25]).

The vesicle consists of a double layer of S60, which is stabilized by CHL [25]. AZM
was entrapped within the hydrophobic tails of S60. In this work, AZM-loaded niosomes
were further developed into the form of a thermoresponsive gel for intra-periodontal
pocket administration in clinical applications. To study the physical interaction of P407
and HA with the niosomal formulation, AZG was successfully prepared into nine different
formulations by varying the concentrations of P407 (17–19% w/v) and HA (0.2–2% w/v)
(Table 1). The prepared formulations appeared as a homogenous white, opaque solution
owing to the appearance of the niosomal suspension prepared from CHL and S60. All
formulations remained in uniformed mixtures that were not reliant on the concentrations
of P407 and HA.

The measured pH of all prepared formulations was in the range of 6.89 ± 0.01 to
6.92 ± 0.04 (Table 2). The pH of the AZG formulation was slightly reduced from that of
the prepared AZM-loaded niosomes, which were 7.04 ± 0.06. In periodontitis conditions,
the pH of the periodontal pocket could decrease from the mean value of 6.92 ± 0.03 [27].
Therefore, the prepared formulations should be compatible with the periodontal pocket
environment, without causing irritation to the biological tissues of the patient. Drug
content data revealed the percentage of loaded AZM as ranging from 93.09 ± 0.94 to
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94.49 ± 0.81 (Table 2). The drug content of AZG regarded the entrapment efficiency of
AZM-loaded niosomes.

Table 2. Physicochemical properties of AZG formulations (mean ± SD, n = 3).

Physical
Properties

Gelation
Temperature (◦C)

Gelation Time
(seconds)

pH
Drug Content

(%)

Viscosity (cps)

4 ◦C 37 ◦C

Formulation
AZG1 40.33 ± 0.06 227.00 ± 3.61 6.91 ± 0.02 93.86 ± 0.81 2.24 ± 0.25 162.77 ± 5.75
AZG2 36.60 ± 0.10 171.67 ± 3.51 6.90 ± 0.03 94.02 ± 1.28 29.86 ± 0.44 194.20 ± 10.14
AZG3 36.23 ± 0.15 87.33 ± 3.06 6.92 ± 0.04 93.90 ± 1.18 124.67 ± 13.51 216.07 ± 11.47
AZG4 34.20 ± 0.10 200.67 ± 3.05 6.89 ± 0.01 94.38 ± 0.56 2.60 ± 0.52 189.03 ± 4.28
AZG5 32.43 ± 0.38 125.33 ± 2.52 6.89 ± 0.01 93.87 ± 1.23 36.98 ± 4.43 195.10 ± 6.30
AZG6 33.10 ± 0.10 85.00 ± 4.58 6.90 ± 0.01 94.49 ± 0.81 125.30 ± 6.85 241.53 ± 9.56
AZG7 32.67 ± 0.15 173.33 ± 3.06 6.90 ± 0.02 93.09 ± 0.94 2.55 ± 0.30 218.97 ± 12.62
AZG8 29.60 ± 0.20 107.00 ± 3.00 6.90 ± 0.02 93.37 ± 0.92 34.73 ± 3.23 247.23 ± 13.21
AZG9 27.83 ± 0.55 68.00 ± 2.00 6.92 ± 0.01 93.64 ± 1.37 143.53 ± 15.55 283.77 ± 3.75

3.2. Thermoresponsive Properties

AZG was designed to convert from solution to gel state after being injected into the
periodontal pocket, which accounted for the addition of P407 to the composition. The
phase transformation of the formulations was evaluated in terms of gelation temperature
and gelation time (Table 2). The average gelation temperature varied from 27.83 ± 0.5 to
40.33 ± 0.06 ◦C. In the formulation groups with an equal amount of HA, the influences of
P407 were observed. The incremental increase in P407 concentration significantly reduced
the gelation temperature (p < 0.01). P407 is a triblock co-polymer composed of double
hydrophilic polyethylene oxide (PEO) sandwiching with single hydrophobic polypropylene
oxide (PPO) in between. Upon temperature increase, PPO groups interact with each other
with van der Waals forces and form hydrophobic cores, while PEO groups build up the
hydrophilic shells of micelles with hydrogen bonds to the water molecule [12]. Upon
further temperature increases, micelles aggregate at a certain temperature and arrange into
3D cubic forms to achieve gel-state transformation. The increase in P407 concentration
resulted in the abundance of co-polymers to facilitate micelle formation [28].

Gelation time, which represents the setting time of the formulation, was in the range
of 68.00 ± 2.00 to 227.00 ± 3.61 s. Similar to the gelation temperature, the increase in P407
concentration from 17 to 19% significantly reduced the gelation time (p < 0.01). However,
AZG1 was unable to form a gel state because the gelation temperature was higher than 37 ◦C.
In the formulation groups with an equal amount of P407, the increase in HA concentration
from 0.2 to 1.1% significantly reduced the gelation temperature (p < 0.01). The increase in
HA from 1.1 to 2% showed no significant changes in the gelation temperature, except in the
group with 19% of P407, which exhibited a significant reduction in the gelation temperature
(p < 0.01). Moreover, the increase in HA concentration was found to significantly decrease
the gelation time (p < 0.01). However, in the group with 2% of HA, the increase in P407
concentration from 17 to 18% only showed a trend of reduction.

The addition of HA in the formulation exhibited the tendency to reduce the AZG
gelation temperature and gelation time. This phenomenon could be explained by the
incorporation of high-molecular-weight HA caused by the high-density packing of HA and
P407 molecules, which could facilitate the micellization process of P407 [29]. Moreover,
the additives in the P407 formulation, which could form non-covalent bonds with P407,
reduced the gelation temperature by decreasing the interaction of P407 with water [12,28].
In this situation, the availability of the hydroxyl and carboxyl groups of HA could form
hydrogen bonds with P407 [20]. This resulted in dehydration, which could facilitate the
micellization process because there were fewer water molecules to interfere with the joining
of PPO in the hydrophobic cores of the micelles [30]. Another possible explanation could
be that the strong hydrophilicity of HA, a powerful humectant, attracted the water fraction
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from the molecular chain of the poloxamer, contributing to the reduction in gelation
time [31]. There are many phase transformation mechanisms that could be utilized in
formulation development, such as pH, temperature, and solvent exchange. Among others,
temperature is a common physiological state of the human body, and it may be regarded
as the simplest triggering mechanism. The prepared formulation would readily perform
phase transformation at the active site. In clinical practice, the dosage-form setting time
should not take too long; otherwise, the formulation might prematurely dislodge from the
periodontal pocket.

3.3. Viscosity and Injectability

The viscosity of all formulations is displayed in Table 2. At 4 ◦C, the formulations were in
the solution state. The measured viscosity was in the range of 2.24 ± 0.25 to 143.53 ± 15.55 cps.
The viscosity was found to increase significantly upon the increase in HA concentration from
17 to 18% (p < 0.05) and 18 to 19% (p < 0.01). On the other hand, the increase in P407 showed
no significant changes in the viscosity as no micellization occurred.

At 37 ◦C, all formulations transformed into the gel state. The viscosity was elevated to
the range of 162.77 ± 5.75 to 283.77 ± 3.75 cps. The increases in HA concentration were
found to significantly enhance the viscosity of the gel-state AZG (p < 0.05). Except in the
group of 17% P407, the changes in HA from 1.1 to 2% only presented an increasing trend.
The influence of P407 indicated that the increase in P407 concentration from 17 to 18%
showed an increasing trend but was not statistically significant, whereas the increase from
18 to 19% exhibited significantly elevated gel-state viscosity (p < 0.05). The higher viscosity
in each formulation was influenced by the increased concentration of both P407 and HA
in the formulation. Phase transformation of P407 via micellization directly affected the
gel-state viscosity. The influence of HA on the increase in viscosity was clearly present in
the formulation solution state as a result of the high molecular weight of HA included in
AZG (2.05 × 106 Da).

Then, the solution state of all formulations was evaluated for injectability (Table 3).
The force used to inject the formulation showed a similar trend to the viscosity of each
formulation. However, the maximum force used to expel the formulations through the
needle tip of the syringe was less than 2 N in all formulations. Therefore, all formulations
were considered injectable. This should facilitate intra-periodontal pocket administration.
Thus, clinicians could conveniently inject the formulation into the narrow space of the
periodontal pocket with minimal pressure.

Table 3. Injectability and textural properties of AZG (mean ± SD, n = 3).

Mechanical
Properties

Injectability (N)

Texture Profile Analysis

Hardness
(mN)

Springiness
(Ratio)

Resilience
(Ratio)

Formulation
AZG1 0.78 ± 0.01 249.80 ± 6.90 0.25 ± 0.01 0.002 ± 0.00
AZG2 0.94 ± 0.01 418.89 ± 18.60 0.24 ± 0.00 0.002 ± 0.00
AZG3 1.26 ± 0.06 554.96 ± 1.04 0.24 ± 0.00 0.003 ± 0.00
AZG4 1.24 ± 0.03 378.39 ± 4.14 0.25 ± 0.00 0.002 ± 0.01
AZG5 1.32 ± 0.03 472.05 ± 14.37 0.24 ± 0.00 0.002 ± 0.00
AZG6 1.50 ± 0.04 562.11 ± 0.03 0.24 ± 0.01 0.002 ± 0.01
AZG7 1.13 ± 0.03 400.60 ± 5.85 0.25 ± 0.00 0.002 ± 0.00
AZG8 1.55 ± 0.41 508.22 ± 12.91 0.24 ± 0.00 0.002 ± 0.00
AZG9 1.94 ± 0.04 617.29 ± 14.31 0.24 ± 0.00 0.003 ± 0.01

3.4. Rheological Behavior

The AZG solution state was investigated for flow behavior. The shear stress and shear
rate curves of the prepared formulations are displayed in Figure 2. All AZG formulations
exhibited a non-Newtonian fluid flow according to the nonlinear relationship between
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shear stress and shear rate. The slope of the curves indicated that the viscosity of the AZG
formulations decreased upon the shear force applied, which demonstrated pseudoplastic
behavior [32]. The viscosity and shear stress increases are attributed to the increased
concentrations of P407 and HA in the formulation.

Figure 2. Shear stress and shear rate plots indicating rheological behavior of the solution state of
AZG formulations (mean value).

When the plots were analyzed with rheological equations, it was discovered that
rheological data were best fitted with the Herschel–Bulkley model, which is typical for
non-Newtonian fluids. The flow index (n value) from the Herschel–Bulkley equation of
all formulations was in the range of 0.189 ± 0.003 to 0.585 ± 0.023, which indicated shear-
thinning flow behavior (n value < 1). Regarding the injectable dosage form, pseudoplastic
behavior was considered desirable. Force is needed for pseudoplastic fluids to flow. When
the shear force was applied to the formulation, the entangled molecular structure changed
and was oriented toward the direction of the force [33]. Then, the formulation could
flow through the syringe barrel and the needle tip to the target site. After injection, the
formulation could spread into the complicated anatomical structure of the periodontal
pocket by the injection force, which reduced the viscosity of the pseudoplastic formulation.
After thoroughly spreading into the target site, the formulation should reinstitute its
viscosity and remain in the periodontal pocket without dripping due to the pseudoplastic
shear-thinning effect [34].

3.5. Bioadhesive Properties

Aside from the phase transformation feature, the adhesion of the formulation to the
biological tissues extends the retention time of the formulation. Based on histopathology,
one side of the periodontal pocket is bordered by the pocket epithelium and the other
side is the tooth-root surface, and the junctional epithelium is located at the base of the
pocket [35]. In this study, the bioadhesive properties of AZG were examined for both sides
of the periodontal pocket territory, which involved mucoadhesion to the pocket epithelium
and the adhesion of AZG to the tooth-root surface.

3.5.1. Mucoadhesion

The evaluation of the mucoadhesive properties of all AZG formulations is displayed
in Figure 3. The mucoadhesive force was in the range of 0.45 ± 0.02 to 1.27 ± 0.02 N.
A higher concentration of HA in the formulation resulted in a significantly greater mu-
coadhesive force (p < 0.01). In the formulation with the same amount of HA, the higher
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amount of P407 also significantly increased the mucoadhesive force of each formulation
(p < 0.01). This illustrates the synergistic effect between P407 and HA on mucoadhesive
enhancement. Despite being a versatile excipient, the bioadhesion of P407 alone was weak,
which could affect the potential of topical formulations [16]. In poloxamer-based formu-
lations, additives are needed in order to improve the mucoadhesive properties. In this
regard, HA can be employed as a mucoadhesive biopolymer, which can help to improve
the mucoadhesive properties in various dosage forms [36–38]. HA mucosal bonding can
be explained with mucoadhesive theories. First, the HA molecular structure results in
hydrogen bonding with biological surfaces [39]. Second, the HA coil structures entangle
the mucous membranes [40]. High-molecular-weight HA possesses multiple coil structures,
which accommodate the entanglement process. Therefore, high-molecular-weight HA
exhibited higher mucoadhesive force than low-molecular-weight HA [18].

Figure 3. Bioadhesive force of AZG formulations representing adhesion to mucosa and tooth-root
surface (mean ± SD, n = 3).

In this study, the synergistic effects of P407 and HA in mucoadhesion were observed.
The surfactant role and the hydrophilicity of P407 during the solution state could facilitate
the penetration and entanglement of HA into the mucoadhesive interface and set up
stronger adhesion [41]. The oral environment is a challenging condition for dosage-form
development due to the various dynamic changes, such as saliva flow and the movement
of the tongue and mastication muscles. In addition, the formulation for intra-periodontal
pocket administration must further withstand the gingival crevicular fluid (GCF) flow,
which is secreted from the junctional epithelium at the bottom of the periodontal pocket.
The reported flow of GCF is 0.33–0.5 μL/min, which tends to flush out the periodontal
pocket [42]. Therefore, a formulation with high bioadhesive properties could overcome
these unfavorable oral environment conditions.

3.5.2. Tooth-Root Surface Adhesion

The adhesive force of AZG on the tooth-root surface specimens was in the range
of 0.43 ± 0.01 to 0.77 ± 0.03 N (Figure 3). The increase in HA concentration resulted in
significantly higher adhesion (p < 0.01). An increase in P407 was only found to significantly
enhance tooth-root adhesion in the group with 0.2 and 1% of HA; the increment in P407
from 17 to 18% significantly increased the adhesion (p < 0.05), while the other groups
showed no significant statistical differences upon varying the P407 concentrations. In
contrast to the mucoadhesive study, the results revealed that the adhesion to the tooth-root
surface was mainly dependent on the concentration of HA. The mechanism of adhesion to
the tooth-root surface can be explained by mechanical theory. The mucoadhesive substance
filled and adhered to the rough or irregular surfaces with an increased contact area of the
adhesive interface [43].

The root surface of the human tooth is covered by cementum, which is porous in
structure. The formulation adhesiveness was possibly improved by penetrating and en-
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tangling the coil structures of HA into the microporosity of the root surface. In clinical
situations, mucin from saliva infiltrates the root microporosity, which would further aid in
the formulation’s adhesion. Formulation adhesion to the tooth structure is currently being
researched. According to the histopathologic features of the periodontal pocket, the pocket
lining epithelium was ulcerated due to the inflammatory stage of periodontitis. The repair-
ing epithelium was turned over at a high rate, and the shedding of the fragile epithelium
layer could remove the adhered formulation from the periodontal pocket [23]. Therefore,
the adhesion to the tooth-root surface prevents formulation dislodgement. Increased HA
concentrations apparently increase the AZG formulation’s tooth-root surface adhesion.

3.6. Texture Profile Analysis

Texture profile analysis is widely used in food sciences for characterizing textural
properties, such as hardness, springiness, and resilience. These properties are also useful in
the pharmaceutical technology field. Thus, many recently published studies adopted this
technique to analyze invented dosage forms [22,23,30]. Gel-state AZG was investigated for
its textural properties to understand the gel behavior during residence in the periodontal
pocket (Table 3). Hardness is the maximum force of the first compression to penetrate the
gel formulation [44]. It was discovered that the increase in HA significantly increased the
gel-state hardness (p < 0.01). When determining the influence of P407, it was found that
the increase in the concentration of P407 significantly increased the gel hardness (p < 0.05).
However, in the 0.2 and 2% HA group, the increase in P407 from 17 to 18% only showed an
increasing trend of hardness but was not statistically significant. The results indicated that
the hardness of the gel state was directly dependent on the formulation’s concentration
of P407 and HA. Hardness represents the strength of the gel matrix, which was in the
range of 249.80 ± 6.90 to 617.29 ± 14.31 mN. The gel strength of all prepared formulations
was comparable to other periodontal formulation studies [23,30]. Although P407 could
perform phase transformation, the obtained gel matrix is limited in its pharmaceutical
application due to structural weaknesses and its rapid dissolution in water. The P407 matrix
gel strength could be improved by the addition of a second polymer, or by the modification
of its chemical structure [16].

In this study, the AZG matrix was reinforced by the addition of HA. The coupling of
P407 and HA resulted in P407–HA interactions, which occurred by secondary bonds, such
as hydrogen bonds, and the formation of large micelles embedded into the coil structures
of HA, which improved the rheological properties of the hydrogel matrix [20]. The stronger
matrix could be effectively maintained in the periodontal pocket. However, the gel should
not be too hard, which would allow deformity inside the periodontal pocket. Otherwise,
the gel state may hinder the periodontium repair process. Additionally, springiness is how
well a product physically “springs back after it has been deformed”. Resilience is how well
a product “fights to regain its original height” [44]. It was found that springiness was in
the range of 0.24 to 0.25, while resilience was low and in the range of 0.002 to 0.003. The
data indicated that the gel state of all prepared formulations exhibited no bounce-back
behavior. Increased P407 and HA concentrations showed no influence on the springiness
and resilience. These results were in accordance with previous textural studies [23]. The
AZG gel state should be able to deform within the periodontal pocket. Therefore, AZG
should not interfere with periodontal tissue growth during the healing process.

All AZG formulations prepared in this study were able to perform phase transfor-
mation at physiological temperatures using different gelation times. These formulations
could be used for intra-periodontal pocket administration. However, when considering
its clinical application as a dental material, the long setting time would be impractical. In
terms of viscosity and rheology, the formulations that had low viscosity and pseudoplastic
properties could be difficult to manipulate during injection because of the free-flowing flu-
ids. The formulations with moderate viscosity could facilitate administration by injection,
enabling clinicians to control the volume of the formulation administered. In terms of the
rheological aspect, the moderate-viscosity formulation needs a higher injection force, which
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should help to push the formulation to efficiently penetrate through the narrow gap of the
soft tissue inside the periodontal pocket. Furthermore, the formulations that exhibited high
mucoadhesive and tooth-root adhesion forces could potentially achieve a long retention
time and sustained drug release within the periodontal pocket. Therefore, considering all
the above-mentioned factors, AZG3, 6, 8, and 9 were high-potential formulations and were
chosen for further examinations.

3.7. In Vitro Drug Release and Kinetic Profiles

The cumulative release plots of AZM for 72 h from AZG3, 6, 8, and 9 are displayed
in Figure 4. The release profiles of the four formulations were similar in behavior and
there was no lag time presented in all formulations. It was found that AZG8 exhibited
the highest drug release rate, followed by AZG3, 6, and 9. In the fourth hour, AZG8’s
release considerably increased, becoming higher than others, and continued for 72 h. The
cumulative release plots differentiate the release profile into three phases: (1) fast release
at the first 12 h; (2) sustained release from 12 to 48 h; and (3) steady state of release
at 48–72 h [45]. The development of AZG formulations for periodontitis treatment was
expected to feature fast drug release after administration, and then maintained release,
which would achieve antimicrobial activity inside the periodontal pocket for 72 h according
to the AZM oral administration dosage [7]. Data from the cumulative plots revealed that all
tested formulations exhibited similar release profiles with prompted and sustained AZM
release for up to 72 h. However, AZG8 presented the highest release rate compared with
other formulations.

Figure 4. Percent cumulative drug release of AZG formulations. Data are mean ± SD, n = 3.

The cumulative drug release data were analyzed with various kinetic models, such
as the zero-order, first-order, Higuchi, and Korsmeyer–Peppas models. The results of
linear regression with the equation parameters of each formulation are displayed in Table 4.
The AZG formulation release rates were best fitted to the Korsmeyer–Peppas model,
which indicated that the AZG formulation drug release was provided by polymeric matrix
drug delivery [46]. When considering the release exponent (n) of the Korsmeyer–Peppas
equation, the n-values were in the range of 0.45 < n < 0.89 [47]. Therefore, the drug is
released in a non-Fickian diffusion manner. AZM formulation release was from both
polymeric matrix diffusion and erosion [48]. The physical properties of AZG played an
important role in the release behavior. AZG8, which yielded the highest release rate,
consisted of 18% P407 and 1.1% HA. Decreased concentrations of P407 and HA resulted
in lower hardness in the tested group. Consequently, the AZG8 gel matrix easily eroded,
allowing faster drug release. A similar explanation could be applied to the releases of
AZG3, 6, and 9. These formulations were equally composed of 2% HA, and the hardness
of the gel matrices was solely dependent on the concentrations of P407. AZG3, with 17%

231



Pharmaceutics 2022, 14, 2032

P407, had the lowest gel hardness compared with AZG6 (18% of P407) and 9 (19% of P407).
Therefore, AZG3 exhibited the highest drug release rate, followed by AZG6 and 9.

Table 4. Kinetic model fitting of AZG formulations.

Kinetic
Models

Zero-Order First-Order Higuchi Korsmeyer–Peppas
K0 r2 K1 r2 KH r2 KKP n r2

Formulation
AZG3 2.699 0.964 0.032 0.982 7.756 0.944 4.797 0.741 0.998
AZG6 2.600 0.953 0.030 0.975 7.505 0.952 4.905 0.715 0.998
AZG8 3.186 0.954 0.039 0.980 9.191 0.950 5.972 0.718 0.998
AZG9 2.567 0.938 0.030 0.963 7.452 0.963 5.211 0.681 0.999

K0, K1, KH, KKP are equation parameters of zero-order, first-order, Higuchi, Korsmeyer–Peppas, respectively. The
n values are release exponents of Korsmeyer–Peppas equation.

As mentioned in the texture profile analysis, the interactions between P407 and HA
created a stronger hydrogel matrix [20]. The P407–HA hydrogel matrix could be used as a
controlled-release device to sustain and slow the release of drugs because of its improved
structural integrity and stability [15]. Regarding the AZM oral regimen, 500 mg is provided
orally once a day for 3 days, which is considered a short course of administration [7].
Therefore, the efficient sustained-release system would be able to deliver AZM with a
single application. This should encourage patient compliance and would potentially
reduce dental visits for periodontal treatment, especially during the COVID-19 pandemic.

3.8. Ex Vivo Permeation Study

The amount of AZM permeated through the mucosal specimen is displayed in Figure 5.
The permeated AZM was highest in AZG8, owing to its lowest HA loading compared
with other tested formulations, followed by 9, 6, and 3. Therefore, the obtained molecular
structure was loosely packed and combined with low textural hardness, and was also prone
to erosion. Moreover, AGZ8’s high mucoadhesion also contributed to the high permeation
rate due to its formation of a strong mucoadhesive interface, which adhered closer to the
mucous [49]. When making comparisons between AZG3, 6, and 9, which had equivalent
amounts of HA (2%), AZG9 with 19% of P407 showed the highest permeation rate, followed
by 6 (18% of P407) and 3 (17% of P407). The P407 concentration could be responsible for the
high permeation rate. It was found that P407 increased transmucosal drug delivery [50].
Apart from this, AZG9 also possessed the highest mucoadhesive properties.

In this study, the porcine esophagus was utilized as a mucosal permeation model
because of its structural properties that resemble the human oral mucosa. The preparations
to obtain the standardized esophageal specimens were uncomplicated compared with the
porcine buccal mucosa, which might be destroyed by mastication, are varying in texture,
and have limited availability [24]. The log P value of AZM, which is 3.98, indicated that
AZM is limitedly soluble in water and tends to disperse in lipids [51]. This suggests that
the low number of permeated drugs was due to AZM being mostly distributed in the lipid
bilayer of the mucosal specimen. This situation would be beneficial for periodontitis treat-
ment. As a role of topical formulation, it was expected that the formulation would provide
slow drug release within the periodontal pocket, deliver the drugs permeating through
the periodontal pocket epithelium, and then maintain the drugs within the epithelium and
connective tissue of the gingiva to eliminate the infiltrated periodontal pathogens.
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Figure 5. Cumulative permeated drug from ex vivo mucosal permeation model. Data are mean ± SD,
n = 3.

3.9. Antibacterial Activity

AZG formulations were evaluated for antibacterial properties against major periodon-
tal pathogens, namely Aa. and Pg. (Figure 6).

Figure 6. Antibacterial activity of AZG against major periodontal pathogens, namely Aggregatibacter
actinomycetemcomitans (Aa.) and Porphyromonas gingivalis (Pg.). Data are mean ± SD, n = 3. Asterisks
indicate statistically significant differences compared with AZM disc (p < 0.01).

The results of the inhibition zone indicated that all AZG formulations exhibited sig-
nificantly higher antibacterial activity (p < 0.05) than the AZM solution at the equivalent
concentration. This might be due to the hydrogel matrix of AZG, which facilitated the
diffusion of the drugs. The results were consistent with both pathogens. However, when
comparisons were made between each AZG formulation, no considerable difference in
antibacterial activity was found. The inhibition zone was absent in the blank niosomal gel
samples comparable to the negative control, which was phosphate buffer. Aa. and Pg. are
both recognized as major periodontal pathogens associated with severe forms of periodon-
titis [52]. Their infiltration into the sub-epithelium and connective tissue causes a persistent
infection that is problematic for conventional treatment. Even scaling and root planing, the
gold standards of periodontitis treatment, cannot remove all residing pathogens. The local
delivery of antibiotics could eliminate the remaining bacteria. However, the formulation
should exhibit a long retention time in the periodontal pocket and enhance transmucosal
drug delivery.

Considering the results obtained, it is possible to conclude that after administration to
the intricate gap of the periodontal pocket, AZG transformed into a gel state. The hydrogel
matrix of P407–HA gradually eroded. AZM-loaded niosomes were released from the
matrix by means of diffusion and erosion for more than 72 h. AZM should be delivered
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to the periodontal pocket and permeated to the surrounding periodontal tissues through
the advantages provided by niosomes, to eliminate residing periodontal pathogens. Based
on overall performance, AZG9 would be the most desirable formulation for periodontitis
treatment. The selection of AZM as a model drug, along with HA as an additive, was
considered on account of the anti-inflammatory properties of AZM and the wound healing
properties of HA. These effects are advantageous for periodontitis treatment and will be
further investigated in our upcoming study.

4. Conclusions

The primary outcome of this study was to invent a desirable formulation suitable for
injection into the periodontal pocket for adjunctive periodontitis treatment. The developed
AZG based on P407–HA interactions and AZM-loaded niosomes provided acceptable
properties, such as ease of administration and sustained drug release with enhanced drug
permeation, and improved the bioavailability of AZM in periodontal tissue. The invented
formulations were effective in eliminating pathogenic bacteria. Therefore, within the limits
of this study, AZG exhibited potential efficiency for periodontitis treatment, which should
be further investigated in future research.
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