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ABSTRACT: In this article, we present a potential use of biodegradable polymers as a drug-delivery system designed for alveolar osteitis
(AO) management. The release characteristics of lidocaine hydrochloride from alginate or hyaluronate xerogels, which covered the
microcrystalline chitosan scaffold, were examined as drug carriers, wound dressings, and potential devices in bone regeneration. The
materials were characterized by Fourier transform infrared spectroscopy to confirm that there was no additional covalent bonding
between the polymeric membranes and the anesthetic agent. Surface-eroding matrices (ca. 120 pum) encapsulated the main substance,
and the morphologies of all of the structures were measured by scanning electron microscopy. Positive results were obtained, and the
data suggested an important impact of materials selection on the physicochemical properties and drug release. Additionally, the mechan-
ical properties, such as the hardness, adhesiveness, springiness, and cohesiveness, of the tested materials were evaluated. A study of the
swelling confirmed one of the assumptions that the materials could be used as a potential wound dressing and emphasized the resist-
ance of the materials in the condition imitating the movement of the masticatory system. A cytotoxicity test of the formulations was
performed to prove the materials’ nontoxicity. The aim of this study was to design and propose an in vitro evaluation of a new drug
formulation as a potential application for the treatment of AO. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42991.
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ity of its etiology and the variability of inducing factors. The
most convincing hypothesis explaining the etiology of AO was
proposed by Birn.> According to his studies, the development of
AQ is a result of the increased fibrinolytic activity and the acti-
vation of plasminogen to plasmin, which affects the mainte-
nance of the postextraction blood clot. Currently, the efficiency
of AO treatment is not yet appropriate to patient needs.

INTRODUCTION

Recently, there has been an urgent need for new, more advanced
controlled drug-delivery systems. Appropriate materials selec-
tion, manufacturing process, and laboratory techniques are cru-
cial in the process of drug delivery. Also, a deep understanding
of the chemical structure of the materials used is essential for
predicting the usefulness of the formulations obtained. How-

ever, there are still some medical problems whose treatments are
not well established. Such an example is alveolar osteitis (AO),
an inflammation process within alveolar bone that occurs as a
result of postoperative complication of tooth extraction.
Although the pathoetiology of AO is established, there is still no
sufficient treatment available." This is because of the complex-
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In this research, we tried to solve this problem. The selection of
appropriate materials had a major impact on the successful
drug-delivery design. Chitosan was used on the grounds of its
various distinctive properties,*” such as its biodegradability,
biocompatibility, mucoadhesiveness, nonantigenic, and nontox-
icity.> Chitosan is a biodegradable cationic polysaccharide
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composed of f(1—4)-linked p-glucosamine (deacetylated unit)
and N-acetyl-p-glucosamine (acetylated unit); it is known to
accelerate wound healing and bone formation.” It also fosters gran-
ulation tissue formation with angiogenesis.'® Because of its porous
structure, surface properties, and biodegradability, this material
can be used as a scaffold for the tissue regeneration process.'’
Chitosan has been associated with other biopolymers and with
synthetic polymer dispersions in the production of wound dress-
ings. Chitosan—calcium phosphate composites were investigated as
injectable resorbable scaffolds for bone tissue regeneration.''

A valuable physicochemical modification of chitosan that is
used among others as an excipient in drug formulations is
microcrystalline chitosan (MCCh), which is obtained in the
form of a suspension, powder, or granules.">'? A polymer with
desired chemical properties is prepared by the appropriate
aggregation of macromolecules from aqueous solutions of
organic acids (via the neutralization, coagulation, and then pre-
cipitation of MCCh)."* MCCh shows a number of valuable fea-
tures compared with unmodified chitosan: a higher absorptivity,
higher crystallinity, chelating capability, and higher bioactivity.
MCCh is a safe and effective biopolymer for the achievement of
hemostasis at puncture sites.'”” This natural polysaccharide
shows unique biostimulating properties, that is, the reconstruc-
tion and vascularization of damaged tissues.'® The most impor-
tant and the most extraordinary property MCCh is that the
films from the aqueous dispersion directly formed. The film
obtained in this process shows excellent adhesion to different
types of surfaces and water resistance.'” The properties men-
tioned previously present several possibilities for pharmaceutical
and medical uses of MCCh. MCCh is also characterized by
unique miscibilities with several polymers, substances, and sol-
vents. Because of the type of polymer used (MCCh), it was pos-
sible to obtain a compact and homogeneous cone shape.
According to the Food and Drug Administration, chitosan has
the status of generally recognized as safe.'® However, because
the milieu of AO is consistently exposed to inflammatory
agents, such as activated immune cells, cytokines, and chemo-
kines, which enhance potentially occurring cell damage, it is
especially important to evaluate the cytotoxic properties of each
new formulation. In our previous research, we demonstrated
that the formulations based on MCCh with addition plasticizer
had different physical and mechanical properties.'®

In this study, the structure of bilayer formulations was evaluated,
and we determined the release profile of lidocaine hydrochloride
(Lidpcy) from polymeric systems. The external surface of the
dental formulation was composed of sodium alginate (Alg) or
sodium hyaluronate (Hial), and it was used to cover the previ-
ously obtained MCCh cone-shaped formulations."” Alg is well
known in food administration, drug formulation (beads, micro-
spheres, and matrix tablets), and bone and soft tissue regenera-
tion.”*?® Hial, currently a widely used glycosaminoglycan, is
important because of its presence in connective tissue and peri-
odontal ligaments and its use in tissue regeneration, including
tissue hydration, proteoglycan organization in the extracellular
matrix, and tissue repair.”**> The physicochemical properties and
different forms of hyaluronate have a large applicable potential,
especially in tissue regeneration and wound healing.*>*’
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Lidyc; was chosen as a modal substance because of its wide
spectrum of application in dentistry and maxillofacial sur-
gery.”®° This anesthetic agent, in addition to its primary func-
tion, is a membrane stabilizer and phospholipase A2 inhibitor.*

The AO complication is important not only because of AO’s
clinical aspects, such as an enormous pain, but also because of
the probability of the incomplete reconstruction of the alveolar
bone.”** The main aim of this study was to design and pro-
pose an in vitro evaluation of a new drug formulation designed
for the treatment of AO.

EXPERIMENTAL

Materials

MCCh as a 3.88 wt % hydrogel (weight-average molecular
weight = 340 kDa, degree of deacetylation =81.0%, and pH
6.8) was supplied by Institute of Biopolymers and Chemical
Fibres (L6dz, Poland). Propylene glycol (GP), glycerol (G)
(minimum 88%), phosphoric acid, and Alg were supplied by
POCh (Gliwice, Poland). Calcium chloride, sodium chloride,
disodium hydrogen phosphate, and monopotassium phosphate
were supplied by Chempur (Piekary élqskie, Poland). Lidyq
was supplied by Amara (Krakéw, Poland). Hial, a 1% penicillin/
streptomycin solution, 2 mM r-glutamine, and 10% fetal bovine
serum were supplied by Sigma-Aldrich Co. (St. Louis, MO).
Thiazolyl blue tetrazolium bromide [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide], dimethyl sulfoxide, and
phosphate-buffered saline were supplied by R&D System (Min-
neapolis, MN). Fast drying silver paint was supplied by Ted
Pella, Inc. All of the reagents used were analytical grade.

Preparation of Polymeric Formulations

The preparations were composed of two parts: external mem-
branes covering an internal cone-shaped scaffold, as shown in
Table 1. The formulations were made from biodegradable poly-
mers under aseptic conditions (in a laminar box). The inner
part consisted of MCCh cone-shaped formulations. It was pre-
pared from a radiation-sterilized (25-kGy) MCCh hydrogel (acc.
600 mg) mixed well with a mechanical stirrer with 20 uL of
CaCl, (0.5 mol/L) as a crosslinking agent and 50 mg of the
plasticizer propylene glycol. The polymer hydrogel was intro-
duced into an Eppendorf tube and put in a special laminar box
for water evaporation. Then, the materials were transferred into
a special cone-shaped tube and later placed in an incubator for
24 h. All of the samples were stored at 4°C before further analy-
sis. The outer part consisted of a polymeric film coating made
from 15% Alg hydrogel or 3% Hial hydrogel with a plasticizer
(propylene glycol or glycerol; Table I) and crosslinking agent
(20 uL of 25 mmol/L CaCl,). This part was prepared by the dis-
solution of Lidy in a previously prepared hydrogel. The drug
was added with stirring to keep the viscosity of the hydrogel
constant and to maintain a uniform distribution of the drug.
This material was used to cover the previously obtained MCCh
cone-shaped formulations.'® It was placed on Petri dishes and
kept in a desiccator for 7 days. All of the ingredients were steri-
lized, and the formulations were prepared in a laminar box.
The quantities of polymeric materials and excipients (plasticizer
and a crosslinking agent) summarized in Table I were selected
on the basis of previous studies'® to produce a system with a
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Table 1. Compositions of the Preparations

Internal Plasticizer: External polymer Plasticizer Dosage of
Sample polymer: propylene Alginate Hyaluronate Glycerol Propylene active substance
number MCCh (mg) glycol (mg) (mg) (mg) (mg) glycol (mg) (mg)
Al 600 50 500 = — 25 200
A2 600 50 500 — 40 — 200
H1 600 50 = 500 — 25 200
H2 600 50 — 500 40 — 200
A3 600 50 500 = = 25 100
A4 600 50 500 — 40 — 100
H3 600 50 = 500 = 25 100
H4 600 50 — 500 40 — 100

The crosslinking agent was CaCl, (1.11 mg in the internal polymer and 55.5 ug in the external polymer).

suitable mass (ca. 100 mg) and shape (cone) after drying in an
Eppendorf tube with a capacity of 1.5 mL. The final scaffolds
were characterized by a suitable plasticity and mechanical resist-
ance and the ability to absorb water.

Methods

Size Determination and Morphological Characterization. The
structure of the preparations was studied with scanning electron
microscopy (SEM). The measurements were performed under
high vacuum with an FEI Nova NanoSEM 450. An accelerating
voltage of 2 kV was used, and the distance of the electron gun
from the sample was 5 mm. Fast-drying silver paint (Ted Pella,
Inc.) was used to fix the samples onto the specimen mount.

Mechanical Studies. The mechanical properties of the chosen
formulations were examined previously'® by texture profile
analysis (TPA) with a Stable Micro Systems Texture Analyzer
TA-TX2. The analytical probe was compressed twice in each
sampler with a trigger force of 5 g at a rate of 5.00 mm/s. A
delay period of 5 s was allowed between the end of the first
compression and the beginning of the second compression. All
tests were performed at ambient temperature. The parameters
that could be derived from TPA were as follows: hardness, that
is, the force required to attain a given deformation; springiness
(originally called elasticity), this being the ratio of the time
required to achieve maximum structural deformation in the sec-
ond compression cycle, where successive compressions were sep-
arated by a defined recovery period; and cohesiveness, this being
the ratio of the area under the force-time curve produced on
the first compression cycle, where successive compressions were
separated by a defined recovery period.

Mucoadhesiveness Studies. The mucoadhesiveness of the poly-
meric membranes were evaluated by the modification of exist-
ing test methods through the introduction of silicone discs and
a 10% solution of mucin.”> The use of silicone discs allowed
various tensometric measurements, which were reliable and
reproducible, to be made. The advantage of silicone material,
because of its mechanical strength and chemical and physical
resistance, allowed us to use a new test method with a TA.WT2
texture analyzer (Stable Micro Systems, Surrey, United King-
dom). In this study, we examined various types of polymeric
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matrices and their crosslinking and compared the concentra-
tions of active substance within them to the pure dosage form.

Swelling Characterization of the Inner Part. Chitosan cones
(ca. 100 mg) were introduced in a glass bottle containing
100 mL of phosphate buffer (pH 7.35) and incubated in a ther-
mostated water bath under standard conditions or in the
mobile state at a frequency of 100 movements per minute and
an amplitude of 8 at 37 £ 0.5°C with a mechanical water-bath
shaker type 357 ELPIN,.+ (Conbest, Krakéw, Poland). The
weights of the cones were measured at appropriate time inter-
vals with respect to their initial dry weights. The swollen cones
were periodically removed and blotted with filter paper, and
their changes in weight were measured during swelling until
equilibrium was attained. Finally, the weights of the swollen
cones were recorded (on an electronic balance) after a period of
24 h. The swelling index of the cones at various time periods
was then calculated with the following formula®®:

Swelling index=(w; —wyp)/w X 100% (1)

where wy is the initial weight of the dry cone and w, is the weight
of the swollen cone at equilibrium swelling in the medium.

Fourier Transform Infrared (FTIR) Spectrophotometric
Measurements. Polymeric thin films were prepared for the
FTIR studies. The formed solution of the coagulation of Alg or
Hial with the drug (Lidycy) and plasticizer (propylene glycol)
was put onto a Teflon plate and left to dry at room temperature
(25=2°C). Then, the polymer film was removed and used in
the FTIR measurements on a PerkinElmer FTIR System Spec-
trum BX spectrophotometer. A total of 10 scans were accumu-
lated. The spectral resolution was 4cm™!. The FTIR spectra
were obtained over the wavelength range 4000—400 cm ™ '. For
comparison, polymer membranes with Alg and Hial in the
absence of Lidyc) were prepared as well. Separately, the IR spec-
tra of Lidyc were taken with KBr pellets.

Cytotoxicity =~ Testing by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) Assay. The potential

cytotoxic effects of the drug-delivery formulations were eval-
uated in a classic MTT reduction assay with 1929 mouse
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fibroblasts used as target cells. The MTT assay is a quantitative
colorimetric method used to determine cell death with the
activity of mitochondrial succinic dehydrogenase, which con-
verts the water-soluble salt MTT into insoluble purple forma-
zan; this is further dissolved in a dimethyl sulfoxide solution.
The intensiveness of the color is directly proportional to the
amount of the reaction product formed and, indirectly, to the
number of live cells after the assay.”” 1929 fibroblasts obtained
from American Type Culture Collection (ATTC; Rockville, MD)
were selected because of their reproducible growth rates and bio-
logical responses, which have been well established by many
authors to be suitable for cytotoxic assays of dental materials.”®
Mouse fibroblasts were grown in an RPMI-1640 medium supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, and
antibiotics, penicillin (100 U/mL) and streptomycin (100 pg/mL),
under standard conditions (37 = 0.5°C) in an incubator with a
humidified atmosphere containing 5% CO,. The cell cultures were
supplemented with fresh medium two or three times per week to
maintain them in the log phase. Before cytotoxicity determination,
the cells were kept in antibiotic-free medium to prevent synergistic
interaction between the antibiotics and the active substances dis-
persed inside polymeric preparations. To analyze the cytotoxicity
of the obtained formulations, 2 X 10° 1929 cells/well were seeded
into 96-well plates; polymeric formulations were added to the
wells in triplicate and incubated under standard conditions for 24,
48, and 72 h. Exposure of the cells was stopped by the removal of
the formulations, and the cell viability was immediately recorded
by quantification of the reduction of MTT to formazan. Briefly,
the MTT solution was added to each well (10 uL/mL). After 4 h of
incubation (37 £ 0.5°C, 5% CO,), the supernatant was removed,
and the MTT formazan stored intracellularly was solubilized in
200 pL of dissolving solution for 8 h at room temperature. The
absorbance intensity in each well was measured at a wavelength of
570 nm with a plate-reading Victor, spectrophotometer (Wallac,
Turku, Finland). Eight different formulations (Table I) were tested,
as presented later in Figure 6.

Determination of the Lidyc In Vitro Release. The study was
performed in a European Pharmacopeia (Ph. Eur.) flowthrough
apparatus for release (Sotax USP 4 CE 1 Smart, Switzerland).
Each of the formulations was placed in a cell for implants; the
cell was closed with the prepared formulation and three sieves.
The experiment was conducted in a closed system at 37 = 0.5°C;
the medium [100 mL of phosphate-buffered dissolution medium
(phosphate-buffered saline) at pH 7.35] was circulated and was
not replaced with a fresh solution. The parameters of the experi-
ment were adjusted to the conditions measured in periodontium
with laser Doppler flowmetry.”>*® The absorbance and accumu-
lated drug concentration was assayed online at a 4 of 262 nm
with a Thermo Scientific Evolution 300 ultraviolet—visible spec-
trophotometer with the computer program VisionPro (Spectro-
Lab Warsaw, Poland) in a flow quartz cuvette (Starna Scientific,
Ltd., type 71/Q/10, Material Spectrosil, path length =10 mm).
The Lidyq concentration was calculated with the following
regression equation:

y= (0.6677+0.0035)x

where y is the absorbance and x is the concentration of Lidyc
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in the tested samples (mg). The standard calibration curve in
the dissolution medium was linear over the range 1-100 mg/mL
[determination coefficient (R*) =0.999]. The
reported as an average of four determinations.

results are

Mechanism of Drug Release. Drug release from the polymeric
formulations followed different kinetic orders: zero-order
kinetics, which describes systems where the drug-release rate is
independent of the concentration [eq. (2)]; first-order kinetics,
where the drug-release rate from the system is dependent on
the concentration [eq. (3)]; and Higuchi model kinetics [see eq.
(4)] as the cumulative percentage of drug release versus the
square root of time.

Zero-order model. The drug release from the dosage form fol-
lows a steady-state release running at a constant rate:

Mt/Moo:kt (2)

where M, is the amount of the drug released at time f, M., is
the total amount of released drug at infinite time or equilib-
rium, and k is the rate constant of drug release.

First-order model. The drug activity within the reservoir is
assumed to decline exponentially, and the release rate is propor-
tional to the residual activity:

M, /My =1—exp(—kt) (3)

Higuchi model. The Higuchi model*' describes the release of
drugs from the formulation as the square root of a time-
dependent process on the basis of Fickian diffusion:

M, /M =kgt'/? (4)

where M/M,, is the fractional release or percentage release of
the drug at time t and ky is the Higuchi constant.

To evaluate the mechanism of drug release from the polymeric
formulations, the release data were analyzed with the well-
known semiempirical equation**~**:

M,/ My, =Kt" (5)

where K is a kinetic constant that is characteristic of the drug/
polymer system and 7 is the release exponent, which indicates
the type of drug-release mechanism. The values of n were esti-
mated by the linear regression of log(M/M,,) versus the log
time. If n approaches 0.5, the release mechanism can be Fickian
(case I). This specific case is also referred to as the Higuchi
model. If n approaches 1, the release mechanism can be zero
order, whereas when 0.5<n<1, non-Fickian (anomalous)
transport can be obtained.

The kinetics of the drug release for the presented formulations
as described previously*> could be depicted as the first-order
equation with two exponential functions:

M, /My =Ag+A[1—exp(—k t)] +A[1—exp(—kt)] (6)

where A, is the percentage of substance not released from the
surface and bonded with the polymeric formulation, A, is the
percentage of substance released during the first phase, A, is the
percentage of substance released during the second phase, and
k; and k, are the rate constants for the first and second release
phases.
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Figure 1. SEM images of the (a) cross-sectional morphology of MCCh, (b) surface and cross section of Hial with Lidycy, (c) surface and cross section of
Alg with Lidycy, (df) cross section of a chitosan cone covered with a hyaluronate membrane, and (e) cross section of a chitosan cone covered with an

alginate membrane. The arrows depict the outer part of the composite formulation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Statistical Analysis. Statistical analysis was performed with the
Microsoft Excel Analysis Tool Pak in Microsoft Office Excel
2010 and with Statistica 10. The experimental data had a nor-
mal distribution and were statistically assessed with the multi-
factor analysis of variance method with a Duncan test o of 0.05
embedded into the StatSoft STATISTICA 10 software package.

RESULTS AND DISCUSSION

An appropriate process of matrix preparation allowed the uni-
form dispersal of the active substance to be obtained. Lidyc
was incorporated into the hydrogel by in situ loading.*® The
appropriate selection of excipients, that is, the plasticizer and
the crosslinking agent, was another essential aspect of this study.
It was important to release the active substance from a nonho-
mogeneous gel structure that was not fully crosslinked. The
transformation of a homogeneous hydrogel of Alg into a solid
homogeneous calcium alginate form by fully crosslinking cal-
cium ions resulted in a slower diffusion of lidocaine. Hydrogel
formation was favored because calcium alginate gels have a sig-
nificantly higher affinity than Alg gels toward Ca®" ions. How-
ever, the addition of Ca** was important for the formation of
partial crosslinking of the alginate/hyaluronate, which was
needed to maintain the viscosity of the nonhomogeneous gel
described previously by the partial modification of the polymer
structure through the partial exchange of Na* for Ca®"; this
increased the mass transfer of lidocaine to the target. This effect
was due to Ca®" salts being much less soluble than Na™ salts;
this reduced the affinity of lidocaine to the hydrogel. The diffu-
sion of the drug from the matrix decreased as the concentration

Mak\;’."li.ﬂﬁ WWW.MATERIALSVIEWS.COM
1

42991 (5 of 12)

of CaCl, solution increased because of the greater crosslinking
of the hydrogel.”’

SEM

The formulations were prepared so that the active substance
could be released from the external membrane while the inner
core served as a scaffold. The SEM images of Alg/MCCh and
Hial/MCCh formulation are shown in Figure 1. We observed
that the surface of the external part of both matrices was rela-
tively smooth with no aggregates of lidocaine. The membrane
was monophasic [Figure 1(a—c)]. A cross section of the chitosan
part showed irregularly placed pores with a size of 1-5 um.
Thanks to the porous structure of the inner part of the formu-
lation, the material constituted an appropriate space for cell
migration. A scanning electron microscope was used to evaluate
the structure of the materials obtained with their surface break-
down, microcracking, and voids taken into account.

Figure 1(d—f) presents the composite formulation with an
emphasis on the adherence of the alginate [Figure 1(e)] and
hyaluronate membranes [Figure 1(d,f)] to the chitosan cone.

Mechanical Studies

A previous mechanical study incorporating TPA' revealed that
although a hyaluronate membrane had no influence on the
hardness of the chitosan polymer scaffold, Alg increased the
strength. Similarly, the process of coating with hyaluronate was
found to have no significant effect on the springiness (elasticity)
or cohesiveness. Formulations with active substances showed
lower springiness and cohesiveness values; these influenced the
structure (Table II). An important finding by the previous study
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Table II. Mechanical Characterization of the Simple and Composite Polymeric Formulations

Internal polymer External polymer

Hardness (N)

Springiness (—) Cohesiveness (—)

MCCh = 78.0+1.44 0.470+0.022 0.562 +0.024
MCCh Alg + Lidpc 172.0+1.48 0.507 £0.041 0.508 +0.087
MCCh Hial + Lidic 19.5+0.58 0.525+0.081 0.501 +0.045

was that the material was deformed rather than destroyed or
crushed during hardness testing; this was a perfect example of
its elastic properties and highlighted its importance within the
application process.

Mucoadhesiveness Studies

In a previous experiment,” gels were not applied to chitosan
cones but to previously prepared silicone discs. Various types of
polymeric matrixes and crosslinking were examined, and the
presence as the active substance was compared to that of the
pure dosage form. Lidyc was used as a model active substance
because of its use in dentistry and clinical safety. We found that
the alginate membranes showed high mucoadhesion, whereas
the hyaluronic membrane Hial(Na®) without the crosslinking
agent showed lower mucoadhesion. The addition of crosslinking
agent increased the mucoadhesion, whereas the addition of the
active substance decreased it. The lowest adhesion was observed
for hyaluronate membranes with lidocaine Hial + Lidye(Ca™ ™),
as shown in Table III. In the SEM section, Figure 1(d-f)
presents the composite formulation with an emphasis on the
adherence of the alginate [Figure 1(e)] and hyaluronate mem-
branes [Figure 1(d,f)] to the chitosan cone.

Swelling Studies

The swelling process played an important role in the experi-
ment. The absorption of liquid increased the volume and
allowed the gel to fit to the site of application.

The polymers that we used were characterized by their ability to
absorb large quantities of liquid. The system was designed so
that the liquid-absorbing tissue formed a moist environment in
the wound; this promoted the conditions required for the phys-
iological healing of the alveolar process. The analysis was per-
formed under two conditions: stable and in motion. The
swelling kinetics and time-dependent swelling behaviors in a
pH 7.35 buffer solution at 37 = 0.5°C are plotted in Figure 2 as
averages of six trials. The swelling data, which depended on fac-
tors by grouping, were analyzed with multivariate analysis of

Table III. Mucoadhesion of the Polymeric Materials Forming the Outer
Layer of the Complex Systems

External polymer Mucoadhesive work (J)

Algnan) 1.62+0.06
Algicas +) 1.69+0.03
(Alg + Liduclicas +) 1.22+0.02
Hiala-+) 0.60=0.04
Hialicas +) 0.68+0.02
(Hial + Lidyclicas +) 0.40 +0.01

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

42991 (6 of 12)

variance in repeated measurements (in each case, one of the fac-
tors was the time of the measurement) and post hoc analysis
was performed with Tukey’s test.

The analysis of the swelling process indicated that the site of
application could be protected by the ability of the material to
absorb water, as initially assumed.

The experiment was carried out under two different conditions:
static conditions and in motion, and there was no significant
difference (p=0.3709) in the results of the swelling, regardless
of whether the formulation was shaken (119%) or not (118%).
The interaction between the time of measurement and the con-
ditions of the study was not significant (p = 0.4040); this meant
that the shaking of the formulation did not significantly affect
the swelling process. The main aim of this study according to
conditions was to confirm the resistance of the material to
destruction. This material was capable of absorbing amounts of
water greater than 100 wt %.

FTIR Spectroscopy Analysis

FTIR studies of the Alg and Hial films with and without the
active substance (Lidycj) were performed to characterize the
chemical structure of the outer part of the formulations and the
correlation between the active substance interactions with the
matrix. The FTIR spectra of Hial and Alg from thin films with
and without Lidyc are shown in Figures 3 and 4. An additional
spectral IR line of pure Lidyg is shown. This analysis was
important in the aspect of explaining the kinetics of release of
lidocaine from different membranes.

140
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~ 80 ‘ 1
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Time (h)
Figure 2. Swelling ability of the MCCh formulations in a moving medium

and in a stable environment at 37 = 0.5°C. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. FTIR spectra obtained from the thin polymer films of Hial with and without Lidyc: (a) Hial, (b) Hial + Lidyg;, and (c) Lidyg. The compara-
tive spectrum for Lidyc was taken with KBr pellets. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In free Hial, the broad band visible from the high wave-number
side of the spectrum (3376 cm™ ') due to hydrogen-bond inter-
action was attributed to the O—H stretching vibrations. More-
over, the C—H stretching bands were identified as doublets at
2966/2926 cm [Figure 3(a)]. Hyaluronan is a copolymer com-
posed of two repeating disaccharides: D-glucuronic acid and N-
acetyl glucosamine. The spectrum of the Hial film [Figure 3(a)]
exhibited several highly overlapping bands in the region of the
carbonyl stretching vibrations (1800-1500 cm ') derived from
the vibrations of the acetamide (CH3;CONH,) and carbonyl
groups (C=O0) present in the N-acetyl glucosamine and p-glucu-
ronic acid units, respectively.*® The highest peak occurring in this
region (1618-1616 cm™ ') was assigned to the antisymmetrical
stretching vibrations in the carbonyl group of the carboxylate
(COO™). Overlapping with this band were the amide I and
amide II bands of the acetamide group. On the left side of the
COO™ peak as a discrete shoulder (1636, 1647, and 1654 cm ™ )

Transmission (A.U.)

4000

3600

3200 2800 2400 2000 1600

appeared the amide I band, and on the right side, appearing as a
larger shoulder (1576, 1570, and 1560 cm '), was the amide II
band.

The Hial-Lidyq spectrum [Figure 3(b)] showed all of the char-
acteristic bands of the polymer; however, the intensity of the
band at approximately 1618 cm™', characteristic of the carbonyl
group, decreased significantly in the presence of Lidyc. More-
over, a peak deformation at 1700-1600 cm~' and a new band
at 1685 cm™ ! were detected for the Hial-Lidy layer. The shape
of the spectrum and the results of the determinations of the
pharmaceutical availability of Lidyc from the polymer matrix
in the HialNa outer layer indicated a weak interaction between
the drug substance and the polymer.

The FTIR spectrum of the Alg films [Figure 4(a)] showed a
broad band at about 3429 cm™'; this corresponded to O—H
stretching vibrations. In addition, a sharp peak was also visible

1200 800 400 1800 1700 1600 1500 1400

Wavenumber (cm™)

Figure 4. FTIR spectra obtained from the thin polymer films of Alg with and without Lidycy: (a) Alg, (b) Alg + Lidyc, and (c) Lidycy. The comparative
spectrum of Lidyc) was taken with KBr pellets. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Effects of various polymeric formulations with (a) alginate and
(b) hyaluronate on the viability of the L929 fibroblasts with 24, 48, and
72 h of incubation as measured with the MTT reduction assay. Each
experiment was performed in triplicate with four technical repeats. The
mean values for all of the experiments are presented. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

at 2970 and 2932 cm~ ' and was due to C—H stretching vibra-
tions in the spectra. The asymmetric and symmetric stretching
of the —COO group of alginate was observed at 1610 and
1416 cm ™', respectively.*’

FTIR spectral analysis for the Alg-Lidy [Figure 4(b)] prepara-
tions showed a reduction in the intensity in all of the bands,
especially at 2800-3000 cm™'. In the presence of Lidycy, the
spectra became poorly marked within this range; this was most
likely a result of overlapping by the Lidyc line. Similar to Hial—
Lidycp, a peak deformation at 1700-1600 cm~ ! and a new weak
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Figure 6. Release profiles of Lidjc (200 mg) from different formulations
[AlgGP-MCCh (A1), AlgG-MCCh (A2), HialGP-MCCh (H1), and
HialG-MCCh (H2)] into a phosphate buffer (pH 7.35) at 37 = 0.5°C. The
means and standard deviations (n = 4) are presented. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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band at 1688 cm™' were detected for the Alg-Lidyc layer.
Moreover, there were no additional bands characteristic of the
new functional groups in addition to those typical of lidocaine

and alginate. No additional covalent bonds were formed.

The shape of the spectrum and the results of determinations of
pharmaceutical availability of Lidyc from the polymer matrix
in the AlgNa outer layer indicated a weak interaction between
the drug substance and the polymer.

Cell Viability

The evaluation of the toxicity of the materials was performed
with MTT testing by the direct contact of L929 cells with the
material tested. The MTT assay is a widely used and accepted
method for the assessment of cell viability.® Although chitosan
is recognized as a nontoxic polymer, some studies have denied
that fact. In this study, we performed a cytotoxicity evaluation
to clarify the nontoxic nature of the formulations with all of
the components. The cell viability after incubation with the
tested preparations was expressed as a percentage of cells able to
reduce MTT in comparison with the untreated culture; this was
considered 100% viability. After 48 and 72 h of incubation, the
cells proliferated naturally and expanded in all cultures to a
similar extent. No statistical differences between the samples
tested were observed. On the basis of these data, we concluded
that tested formulations did not affect the viability or natural
proliferation of fibroblasts.

As shown in Figure 5, neither MCCh cones alone or covered
with hyaluronate or alginate nor the formulations with Lidyc
reduced the viability of the L1929 fibroblasts.

In Vitro Release of Lidy

The purpose of this part of the study was to achieve a con-
trolled prolonged drug release with an initial rapid phase caused
by a high-concentration gradient of the drug between the
matrix surface and the medium (phosphate-buffered saline).
The release of lidocaine was determined for eight kinds of for-
mulations containing different polymers, different plasticizers,
and two concentrations of the active substance. The kinetics of
drug release are illustrated in Figures 6 and 7. On the basis of

100
20
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50
40
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20
10 - H4

0 ¥
0 100 200 300 400 500
Time (min)

Drug released (%)

Figure 7. Release profiles of Lidyc (100 mg) from different formulations
[AlgGP-MCCh (A3), AlgG-MCCh (A4), HialGP-MCCh (H3), and
HialG-MCCh (H4)] into a phosphate buffer (pH 7.35) at 37 = 0.5°C. The
means and standard deviations (1 = 4) are presented. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table VI. Correlation between the Release Profiles for All Pairs of Lidyc Formulations Given as R* Values. Number of bold R* >0.9

Formulation Al A2 H1 H2 A3 A4 H3 H4

Al 1.0000

A2 0.9303 1.0000

H1 0.9448 0.9873 1.0000

H2 0.8445 0.9791 0.9515 1.0000

A3 0.9503 0.9814 0.9980 0.9433 1.0000

A4 0.9501 0.9833 0.9989 0.9452 0.9999 1.0000

H3 0.9983 0.9441 0.9509 0.8650 0.9537 0.9542 1.0000

H4 0.9941 0.9364 0.9432 0.8495 0.9423 0.9439 0.9967 1.0000

the results, we noticed that the addition of excipients allowed a
drug carrier with a varying half-life to be obtained. Depending
on the type of plasticizer, the release of lidocaine from the for-
mulations was obtained at different rates.

The initial rate of release of Lidy (200 mg) from the A2 formu-
lation (Figure 6) was faster than that of formulations H1 (Figure
6) and A3 and A4 (Figure 7), but after 50 min, the release pro-
cess slowed. The amount of lidocaine released from formulations
Al (Figure 6) and H3 and H4 (Figure 7) after 450 min was 90%
of the total dosage. Formulations H1, A2 (Figure 6), and A3 and
A4 (Figure 7) required a shorter period of time: approximately
120 min to release 90% of the total dosage. However, the release
profile of formulation H2 (Figure 6) differed from the others, as
the amount of released Lidyc did not reach 90% by the end of
the experiment: the maximum amount of the substance released
was 76% and was reached after 240 min. This may have been
caused by the different thicknesses of the hydrogel membrane,
which affected the time of release of lidocaine.

The values of the measured parameters and the R? values of the
different kinetic equations are summarized in Table IV. It was
not possible to obtain a good correlation by interpretation of
the kinetics data for Lidyc release as zero order [eq. (2)], as
shown by the results of the correlation coefficients in Table IV,
where all of the R* values were below 0.90, except for those of
A3 (R*=0.9271) and H1 (R*=0.9575).

In this study, all in vitro release profiles of Lidyc from the
obtained systems, except H2 (R? = 0.8197), were well explained
by the first-order model [eq. (3)], as the plots showed a high
linearity, and R* ranged from 0.9077 to 0.9824, and by the
Higuchi model [eq. (4); R*=0.9018-0.9946]. Moreover, the
obtained results were plotted into the Korsmeyer—Peppas equa-
tion [eq. (5)] to determine the diffusion mechanism.

Korsmeyer and coworkers**™* derived a simple relationship that
described the mechanism of drug release from a polymeric sys-
tem. To determine the mechanism of Lidycy, release, first, 60%
drug-release data were fitted into the Korsmeyer—Peppas model
[eq. (5)]. The slopes and intercepts obtained from log M,/M,,
versus log time linear plots were used to calculate the values of
n and k (see Table IV).

The release process of Lidycp from most formulations, except
the A2 (R*=0.9410) and H2 (R*>=0.9164) formulations, were
better described by the Korsmeyer—Peppas equation [eq. (5)]
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with an R* of 0.9708-0.9960. For all of formulations, the n val-
ues ranged from 0.156 to 0.434 (Table IV). This showed that
for all of the formulations, the release mechanism was the Fick-
ian (case I) release mechanism.**™**

Profiles of Lidyc release (Figures 6 and 7) revealed that the drug
release was a two-stage process with an initial faster effect and a
slower second stage.*>”"”* In the first phase, this process was a
function of the change in the drug concentration in the surface
layer, of which the total release of particles was more easily accessi-
ble. The second phase corresponded to the effective delayed release
of the drug substance from the deeper layers of the polymer for-
mulations. We assumed that in this phase, there was diffusion of
the drug substances from the deeper layers of the formulation.

According to the release profiles, which indicated a two-phase
process, the formulations had to be described by a first-order
model with two exponential functions [eq. (6)]. The parameters
of the composite kinetic equation are summarized in Table V;
these demonstrate that eq. (6) was suitable for describing the
release of Lidycy.

The k values in eq. (6) may have played the role of kinetic con-
stants; therefore, they may be useful for the comparison of the
drug-release kinetics from various systems. The higher the k;
value is compared to that of k, indicates that the rate of release
is greater than that of diffusion.”” In the majority of the experi-
ments, in the second phase, the formulations showed a steady-
state diffusion—controlled release.

The analysis of the data from Figures 6 and 7 and Table V indi-
cated that the amount of Lidy released from the formulations
was dependent on their properties and components. The formu-
lations showed optimal release parameters, except the H2 formu-
lation, fabricated from hyaluronate and glycerol as a plasticizer;
this caused the lowest degree of release. The process of release
clearly occurred in three phases (very fast to 5 min, rapid to 45
min, and much slower thereafter; t, o5 = 1474 = 30.7 min).

The correlation, given as R’ values, between the release profiles
for all pairs of Lidyc formulations was calculated with Excel
for data analysis (Table VI).

A correlation was observed between the level of Lidyq release
from the formulations and the composition of the system. By
comparing the Lidy release profiles (Figures 6 and 7) for pairs
of formulations, we observed high correlations (R*>0.99) for
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the following pairs, which are given in bold in Table VI: Al
with H3 and A1l with H4, H1 with A3 and H1 with A4, and A3
with A4 and H3 with H4. For other pairs of formulations, R*
ranged from 0.93 to 0.99. Only for formulation pairs H2 with
H3 and H2 with H4 was R’ less than 0.87.

The rate of release of Lidyc (100 mg) from the hyaluronate
layer did not depend on the type of plasticizer (H3 and H4).
This rate was similar for the alginate layer Al, which contained
a higher dose of Lidyc (200 mg) and propylene glycol as the
plasticizer. Similarly, the rate of release of Lidyg (100 mg) from
the alginate layers A3 and A4 did not depend on the type of
plasticizer and was similar to that of the hyaluronate layer (H1),
which contained a larger dose of Lidyc (200 mg) and propyl-
ene glycol as the plasticizer.

For lower concentrations of Lidyc (100 mg), the active sub-
stance was released more readily from the alginate than from
the hyaluronate part, and the amount of Lidyc released did not
depend on the type of plasticizer. For higher concentrations of
Lidyc (200 mg), the rate of drug release was related to the type
of plasticizer. Although the addition of propylene glycol to the
alginate layer slowed down the release of Lidyc), the opposite
was true when it was added to the hyaluronate layer.

On the basis of the results obtained, we concluded that the rate
of release of Lidyc from the formulation was a result of the
physical properties of the raw material (hydrogel). No chemical
interaction was observed between the active substances, that is,
the polymer and plasticizer. Differences in the rate of release of
the biologically active substance may have resulted from the dif-
ferent densities of the hydrogels; this directly affected the coeffi-
cient of diffusion. It is known that with an increase in the
density, the diffusion coefficient decreases; this slowed down the
release of Lidy in hydrogels based on hyaluronan.

CONCLUSIONS

The preliminary data strongly suggests that the formulations
obtained are likely to be applied in practice. The hypothesis
was confirmed; the results of the swelling studies indicate that
the materials used formed a dressing that could protect the
postextraction alveolus. Also, the formulations were topical
drugs that released the active substance directly into the target.
Drug release could be controlled through the appropriate selec-
tion of the polymer concentration and type of plasticizer. The
results of this study confirm the importance of the selection of
suitable polymers and excipients for controlled release.

The process of the release of Lidyc from the studied formula-
tions was of a two-phase nature. The first phase was character-
ized by rapid release, whereas the second phase was much
slower; this is positive with regard to the drug-application
assignment, that is, for giving a prolonged therapeutic effect.
The faster effect indicated rapid water uptake by the polymeric
formulation and the dissolution of the exposed Lidyc particles
at the surface of the formulation. The second process was
slower, and it was caused by the swelling of the inner matrix
layer and the absorption of acceptor fluid, together with the
active substance.
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The aim of the study was to determine a method for treating
inflammation and administering anesthetic substances with avail-
able natural polymers and a simple manufacturing technique.

An MTT assay with 1929 cells found the formulations to not be
cytotoxic. The results suggest that the materials obtained have
potential clinical applications.

Our results demonstrate the possible future use of a cone poly-
mer system to treat such clinical complications as AO with clear
future benefits for the health care system.
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