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The aim of the present study was to formulate new variants of synthetic and animal-source bone materials coated with different
biopolymers, containing antibiotics (ampicillin and oxacillin) and alendronate drugs. Validation consists in establishing mixtures
that do not present interactions between components. These materials should act as a drug delivery system alongside the bone
base. Natural polymers such as chitosan, alginate, and kappa-carrageenan have been shown to be optimal materials for drug
delivery due to their intrinsic biocompatibility. Binary, ternary, and quaternary mixtures between components are analyzed by
FT-IR spectroscopy, UV-Vis analysis, thermogravimetry (TGA), and scanning electron microscopy (SEM). The analysis led to the
validation of materials suitable for the controlled release of active substances, which have the greatest chance of increasing the
speed of bone regeneration, as well as helping in the local administration of antibiotics, which currently must be administered in
the form of oral formulations or an injection. According to the FTIR, thermogravimetry, UV-Vis, SEM, and cytotoxicity tests
performed in this study, it can be said that it is quite easy to obtain materials that can be used in dental practice that facilitate bone
reconstruction through local treatment. At the same time, it was found that both active substances can be incorporated into the
material together with Alg and Chit, thus limiting the adverse effects and maximizing the local beneficial effects.
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1. Introduction

The goal of modern periodontal therapy has always been to
eliminate the infection and restore the periodontal bone
defect. Bone-grafting procedures have been used to re-
generate bone within osseous defects, including that of the
alveolar bone.

Synthetic bone grafts and bone grafts of animal origin
are only osteoconductive scaffolds that guide the formation
of new bone into the osseous defect [1]. Therefore, bone
grafting materials need to be developed with different drugs
that can be released at the right site, which means shortening
the administration time and avoiding toxicity to other
organs.

This study aims to formulate synthetic and animal-
derived bone materials with different components, con-
taining antibiotics (Ampi and Oxa) and alendronate drugs.
These materials should act as a system for transmucosal drug
delivery. Drug delivery systems, such as those based on
polymers, can be designed to enhance the pharmacological
and therapeutic properties of topically administered drugs
[2]. A preprint of this study has previously been published
[3]. To date, our research team has published other pre-
liminary studies on drug delivery systems and compatibility
studies of active ingredients with various pharmaceutical
excipients [4, 5].

In this study, we chose to introduce into the composition
of commonly used bone that restores the lost jaw structure
and various other substances that have a beneficial role in
stimulating bone regeneration and preventing necrosis and
infection at this level. Before and after periodontal surgery or
bone reconstruction of the oral cavity, the patient must
receive prophylactic antibiotics to prevent infections.
Depending on the severity of the procedure, this treatment
may last for a longer period, as oral or injectable admin-
istration of antibiotics has its drawbacks (large quantity of
antibiotic to be administered, appearance of candidiasis
albicans, allergies, digestive problems, and complications at
the injection site). The possibility of incorporating small
quantities of antibiotics directly into bone reconstruction
materials, which can be gradually released at the site of the
operation, will eliminate the drawbacks of the classical
administration of antibiotics.

In the oral cavity live over 600 different microbial
species, which under favorable conditions overgrow, so any
intervention at this level involves the risk of infection. The
main species that develop in the oral cavity in case of im-
proper hygiene are streptococci and staphylococci. The two
bone replacement materials used in this study are presented
in the literature as materials with satisfactory cytocompat-
ibility, with viability >70% [6, 7]. These materials are cur-
rently used in the dental office in current practice without
cytotoxic reactions or local cell proliferation being reported.
To avoid drug-associated complications, natural polymers
such as chitosan, alginate, and kappa-carrageenan have been
shown to be optimal materials in the field of drug delivery
due to their intrinsic biocompatibility [8]. Chitosan (Chit)
has been extensively studied in the development of con-
trolled release drug delivery systems because it facilitates the
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transmucosal absorption of drugs because the electrostatic
interaction with the negatively charged mucosal surface is
due to its positive charges [2]. Kappa-carrageenan (Car) is
another natural polymer that is believed to have antimi-
crobial, anticoagulant, and antioxidant activity [9]. Alginate
(Alg) is a nontoxic polymer that is biodegradable and has
mucoadhesive properties [10]. According to the literature,
through the local administration of antibiotics, the proba-
bility of developing antibiotic resistance is lower. However,
by using a low dose of antibiotics, we obtain the same release
time [11].

Hybrid hydrogels composed of chitosan and alginate
have demonstrated great potential in bone tissue engi-
neering and regeneration. In this work, we took into account
the favorable characteristics of chitosan and alginate to
design new nanocomposites for the regeneration of bone
tissue, namely, the fact that the results of in vitro biological
tests performed on osteoblastic present in literature cell
cultures demonstrated the great biocompatibility of hybrid
materials that have a polymeric base the two biopolymers
[12-18]. Soft biomaterials such as hydrogels may have the
potentialities to serve as a cell-encapsulating matrix [19, 20].

Ampicillin  (Ampi or -aminobenzylpenicillin or
6-[d(-)-aminophenylacetamido] penicillanic acid is an an-
tibiotic of the penicillin class with a beta-lactamic structure
and is classified as a broad-spectrum beta-lactam antibiotic
that has bactericidal activity [21, 22]. Among antibiotics, we
chose ampicillin since it is a common antibiotic prescribed
by dentists because it has broad-spectrum action. Ampicillin
belongs to the group of drugs known as beta-lactam broad-
spectrum penicillin [23]. It is a semisynthetic derivative of
penicillin and is active against Gram-positive cocci, in-
cluding streptococci, staphylococci, and enterococci species
not resistant to penicillin. It displays activity against Gram-
negative organisms, Gram-positive anaerobic organisms,
and Gram-negative anaerobic organisms. Ampicillin also
has activity against certain spirochetes [24]. Penicillin an-
tibiotics are also common forms recommended for dental
infections. Ampicillin is indicated in infections caused by
sensitive bacteria located in the respiratory, ENT, urogenital,
and digestive tracts.

Oxacillin (Oxa) is a drug of the beta-lactam antibiotic
class, beta-lactamase-resistant penicillins used in the treat-
ment of infections caused by Staphylococci and Streptococci
sensitive to oxacillin: respiratory tract infections, otorhi-
nolaryngological infections, skin infections, and bone in-
fections. The combination of the two types of antibiotics
offers a broader spectrum of protection both from a peri-
odontal and bone point of view, and in the future, other
types of antibiotics and their combination with metroni-
dazole may be included in further studies [25].

Bisphosphonates are a group of drugs commonly used to
treat various bone diseases, including osteoporosis, malig-
nant hypercalcemia, or Paget’s disease. Alendronate (Alen or
[(4-amino-1-hydroxybutylidene)-bisphosphonate]  trihy-
drate [26] is an amino bisphosphonate that significantly
improves bone density and mass in the treatment of peri-
odontal defects [27]. Alen has an affinity for calcium
phosphate and binds tightly to hydroxyapatite [28].
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Bisphosphonates are a class of pharmaceutics applied as
treatment for several bone disorders and cancers, such as
Paget’s disease, osteoporosis, multiple myeloma, and hy-
percalcemia of malignancy, that act by suppressing osteo-
clast differentiation, impairing its activity, and leading to
early apoptosis. Their activity on osteoclast is also related to
adverse events as damaged bone healing and remodeling
processes that have as a consequence an augmented risk of
developing osteonecrosis of jaw, a serious and debilitating
condition, in patients subjected to surgical dental procedures
as extraction or implant placement [29-35].

The new synthesized materials containing Bio-Oss, an-
tibiotics, bisphosphonate, and biopolymer would have the
advantage of local treatment and prevention of an infection,
as well as bone reconstruction with the advantages of a local
administration with a minimum amount of active substance.

Local delivery methods have been used to reduce or to
avoid the possibility of adverse systemic effect [36], so the
objective of our study is to obtain the best biopolymer
composites with penicillin-class antibiotics and Alen.
During the obtaining new bone-grafting materials, it is very
important to know the physicochemical properties of drugs
and the individual components. The studies presented in the
literature prove that thermal analysis techniques are
methods used for the physicochemical characterization of
various materials used in pharmaceutical and other fields
[37-47]. In the present paper, by combining the comple-
mentary physicochemical techniques, TG/DTG/HF, FTIR-
UATR, UV-Vis ultraviolet-visible, and SEM- EDX, it is
determined which is the best bone-grafting material that can
be used to release the analyzed active ingredients in-
dividually and in the form of a mixture.

The purpose of this study is the physicochemical vali-
dation of mixtures that do not exhibit interactions between
components. This is the necessary first step in the case of
studies of new materials or pharmaceutical formulations.
The presented study succeeds in establishing by combining
the results of several complementary physicochemical
techniques (TG, FTIR, SEM-scanning electron microscopy,
and UV-Vis ultraviolet-visible), which would be the best
variant of material that presents the active substances intact,
and thus, it can be tested in vitro or in vivo for medical use.

2. Materials and Methods

The biopolymers used were purchased as follows: chitosan
from Acros Organics, CAS number: 9012-76-4,
k-carrageenan (Car) from Acros Organics, CAS number:
11114-20-8 and alginate from Sigma Aldrich P.N. (Saint
Louis, MO, USA, W201502).

The antibiotics used were purchased as follows: ampi-
cillin (see Figure 1(a)) from Antibiotice Iasi and oxacillin
(see Figure 1(b)) from Antibiotice Iasi.

The active substance, alendronate sodium (see
Figure 1(c)), was purchased from Sigma, Lot no. LRAC6414,
CAS-No. 121268-17-5, USA. Bone graft materials were
purchased as follows: synthetic bone grafts BOS-BioOSS
Sint, Maxresorb, Lot 1956-2, and Botiss biomaterials and
bone grafts of animal origin BON-BioOSS Nat, cerabone,

a natural bovine bone from Botiss biomaterials, Lot
20KA10720, particle size: 0.5-1 mm. Both materials were
produced by Botis-biomaterials GmbH and were distributed
by MegaGen dental implant SRL. Bucuresti, Roménia.

For the compatibility studies of the active substances
with each component of the new release systems, obtaining
mixtures was considered. The processes and stages that
occur during the synthesis of bone graft materials were
followed, and then the integrity of the active substances in
the mixtures was verified.

2.1. Sample Preparation. Three sets of samples were pre-
pared. The first set of samples consists of the binary mixture
of the active ingredients (antibiotics and alendronate) and
the components of the final material, in a mass ratio of 1:1,
to highlight the possible interactions that may occur. The
second set contained three components, namely, an anti-
biotic, Alen, and the biopolymer. The last set of samples
contained the active components, the biopolymer, and the
calcium source represented by bone (natural or synthetic) in
a mass ratio of 1:1:2:3. The study was carried out in stages
since in mixtures of three components, the influence of
water (introduced with the biopolymer) is added, which can
facilitate the interactions between the components. In the
framework of the current studies of the new pharmaceutical
formulations, stress studies are carried out that provide for
the realization of the studies by analyzing the binary mix-
tures both in the ascended form and with a minimum of 5%
moisture and compared with the individual substances
[42, 44]. The study of the last set of samples aims to validate
the material from the point of view of the absence of in-
teractions between the active substances used. The mixtures
and their notations are presented in Table 1 binary mixture;
Table 2 ternary mixture; and Table 3 quaternary mixture.

The following procedure was used to prepare the bio-
polymer solutions: sodium alginate was dissolved in water
(1.5g/L), through stirring by using a magnetic stirrer, for
2 hours at room temperature. Chitosan solution was prepared
by dissolving chitosan in acetic acid 5% under continuous
stirring at room temperature for 8 hours, and the last solution
was prepared by dissolving carrageenan (2 g/L) in water with
vigorous stirring at room temperature. These solutions were
then used to obtain tertiary and quaternary mixtures.

Samples were obtained by mixing and homogenizing the
components, then dried in an oven for 8 hours at room
temperature in dried atmosphere, and stored in sterile
Eppendorf bottles and in sterile multiwall plates until
analysis.

2.2. FTIR Analysis. FTIR data were obtained on a Shimadzu
AIM-9000 with ATR after 20 recordings at a resolution of
4cm™! in the range of 4000-400 cm™.

2.2.1. Thermogravimetric Analysis. The thermal behavior
was determined using an aluminum crucible on TG/DTA
DIAMOND Thermal Analyzer produced by Perkin Elmer.
Analyses were performed in a dynamic air atmosphere



TaBLE 3: Quaternary mixture.

Samples Composition mass report
Oxa_Alen_Chit. BON 1:1:2:3
Oxa_Alen_Chit_BOS 1:1:2:3
Ampi_Alen_Chit_BON 1:1:2:3
Ampi_Alen_Chit_BOS 1:1:2:3
Oxa_Alen_Car_BON 1:1:2:3
Oxa_Alen_Car_BOS 1:1:2:3
Ampi_Alen_Car_BON 1:1:2:3
Ampi_Alen_Car_BOS 1:1:2:3
Oxa_Alen_Alg BON 1:1:2:3
Oxa_Alen_Alg BOS 1:1:2:3
Ampi_Alen_Alg BON 1:1:2:3
Ampi_Alen_Alg BOS 1:1:2:3

(synthetic air 5.0 Linde Gas with flow 100 mLemin™") at
a heating rate, f=10°C-min', in the temperature range of
30-500°C for the two antibiotics and alendronate and for the
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FIGURE 1: (a) Chemical structure of Ampi. (b) Chemical structure of Oxa. (c) Chemical structure of Alen.
TaBLE 1: Binary mixture. binary mixtures. All analyzed samples had a mass between 8
Samples Composition mass report and 12 mg.
Oxa_Alen 1:1
Ampi_Alen 1:1 2.2.2. UV-Vis Spectrophotometry. To obtain the UV-Vis
Oxa_Chit 1:1 spectra, a UV-Vis T90+ spectrophotometer with a double
Ampi_Chit 1:1 beam in the photometric range 190-900 nm was used. All
Alen_Chit 1:1 absorbance measurements were performed at room tem-
Oxa_Alg 1:1 perature using distilled water as a blank in a 10 mm UV/Vis
Ampi_Alg 1:1 L C . di fth dards of
Alen_Alg 1:1 spectroscopy cell. Comparative studies of the standards o
Oxa Car 11 active substances with solutions obtained by maintaining the
Ampi_Car 11 synthesized materials for one hour in distilled water at room
Alen_Car 1:1 temperature were carried out. The studies were conducted
for qualitative purposes. UV-Vis analyzes were performed
only in the case of ternary mixtures because these are the
materials that should be applied in dental practice.
TaBLE 2: Ternary mixture. SEM analysis was performed with the Inspect scanning
Samples Composition mass report electron microscope in low vacuum, at a pressure of 60 Pa
- and 30kV voltage, and de EDS analysis was performed with
Oxa_Alen_Chit 1:1:2 ) .
Am};i Alen Chit 1:1:2 the Jeol-JSM IT 200 electron microscope in low vacuum
Oxa Alen Car 1:1:2 80 Pa, landing voltage 15.0kV, and magnification x1600.
Ampi_Alen_Car 1:1:2
Oxa_Alen_Alg 1:1:2 2.3. Cytotoxicity/Biocompatibility Test. The MCF7 cell line
Ampi_Alen_Alg 1:1:2

was used for the cytotoxicity/biocompatibility assay. For the
cell line MCF7, cells obtained from passage 5 were used and
cultured in a special DMEM culture medium supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic
mixture (penicillin-streptomycin). Cells were cultured in
T75 flasks, in an incubator at 37°C and 5% CO, atmosphere.
The culture medium was changed regularly at 2-3 day in-
tervals. After reaching 80% confluence, the cells were de-
tached from the flasks by trypsinization. Cells were seeded at
a concentration of 5 * 10* cells per well in 96-well plates in
a volume of 100 ul growth medium. After 24 h incubation,
the solutions of the test compounds were added at the
established concentrations, taking into account that they
contained an antibiotic component. When determining the
concentrations of the tested solutions, it was taken into
account that the maximum permissible concentration of the
antibiotic compatible with optimal development of the cells
in the culture is 1%. Serial dilutions were prepared for each
compound studied, and the final tested concentrations were
C1-1%, C2-0.500%, C3-0.250%, C4-0.125%; C5-0.0625%,
and C6-0.03125%.
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3. Results and Discussion

3.1. FTIR Analysis of Active Substances. The study begins
with the FTIR study of the active substances, namely, the
antibiotics (Ampi and Oxa) and the bisphosphonate (Alen),
respectively, in their initial form to obtain the data that we
can follow in the binary mixtures.

In the case of Ampi, whose FTIR spectrum is shown in
Figure 2, the appearance of some characteristic peaks can
confirm with certainty the class of compounds into which
this active substance can be cataloged. Thus, the most intense
peak of the FTIR spectrum, at 1581.62cm™", is assigned to
amide linkage group, due to the deformation of the N-H
bond (amide band II). Since the studied antibiotic is
a compound “rich” in nitrogen atoms, and therefore, for N-
H bonds, the vibrations of this single bond must appear in
the FTIR spectrum. Thus, although the “width” of the peak at
3000-3500 cm ™" is due to the O-H bond vibration from the
carboxylic group and as is well known, it usually “covers” the
N-H bond vibrations, and this time, the presence of N-H
bonds is highlighted by the appearance of smaller peaks, as
shoulders of the OH band, for N-H stretching vibrations of
the linkage group (amide) and the stretching vibration of the
N-H bond from the NH, group of the 1-
phenylmethanamine moiety [48].

The other peaks that can be assigned to the molecular
moieties of ampicillin are as follows: although very weak but
still important is the peak attributed to the lactam ring, from
1251.80cm ™}, also called amide band III; the peak at
3059.10 cm™" is attributed to hydrogen bridges; the peak at
2972.30cm™" can be attributed both to the vibrations of the
C-H bond of the two methyl radicals of the 4-thia-1-azo-
bicyclo[3.2.0]heptane fragment as well as to some intra-
molecular hydrogen bonds; regarding the area of the
fingerprint, it should be mentioned that, here, the charac-
teristic peak of the skeletal vibration of S-lactam occurs, at
677.01 cm™', and the vibration of the C-S bond of the bicyclic
fragment occurs at 889.18 cm™".

If we take a closer look at the molecular structure of Oxa
(Figure 3), we can see that it is similar to that of Ampi, and it
has the same linking group, the same conformation, and
substitution of the lactam ring, and the only difference is the
oxazole fragment attached to the benzene ring; in ampicillin,
the aromatic ring is substituted by the a-amino acetic
radical. In the case of Oxa, the most intense peak of its FTIR
spectrum (Figure 3), appearing at 1585.48 cm ™", is assigned
to the amide band II. Looking more closely at the “aspect” of
this peak, we can see that it has a lateral “shoulder” at
1610.56cm ™', often called the amide I band, which corre-
sponds to the C=0O stretching vibration of f-lactams. The
peak at 1429.25 cm ™ is attributed to the skeletal vibration of
a benzene ring (v C=C and v = C-H). A peak at 1336.66 cm™
corresponds to the skeletal vibration of the oxazole
fragment.

Alendronic acid (Alen), an organophosphorus com-
pound, consisting of two different fragments, a linear ali-
phatic amine and two phosphonic fragments, shows peaks in
its FTIR spectrum that can be assigned to these moieties
(Figure 4). Thus, for the aliphatic chain, the stretching
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FIGURe 2: FTIR spectrum of ampicillin.
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FiGure 3: FTIR spectrum of oxacillin.

vibration of the N-H bond, from NH,, is located at
3476.66 cm™}, and the stretching vibrations of the C-H
bonds occur at 2948.08cm™'. For the hydroxylic groups,
from the phosphonic moiety and the hydroxyl group of the
carbon to which these phosphonic fragments are attached,
the characteristic vibrations of the O-H bond are assigned to
the peak at 3033.11 cm ™. The peak from 1629.72 cm ™" is due
to the asymmetric deformation of NH;3", which means that
the amino group of the aliphatic chain is protonated. Since
alendronate incorporates phosphorus atoms into its struc-
ture, it exhibits the following peaks:

(i) At1138.00cm™, for stretching vibrations of the two
P=0 bonds

(i) At1035.77 cm™", for asymmetric stretching of the P-
O bonds
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FIGURE 4: FTIR spectrum of Alen.

Both peaks, the one at 848.679cm™' and the one at
918.11 cm ™, can be attributed to the asymmetric vibration of
the -P-C- and -P-C-P- bonds.

3.1.1. FTIR Spectra of Active Substances in the Biopolymer
Matrix. According to the synthesis method used to prepare
biopolymer membranes and the attempt to incorporate
antibiotics, we can say that the active substances are present
in the obtained membranes, but FTIR analysis is still nec-
essary in order to obtain a positive answer to their “physical”
presence or absence in the polymer matrix. The assignment
of peaks and their use as “witnesses” for the presence of
active substances in the resulting membranes are discussed
in more detail in the following subsections.

(1) Active Substance Incorporated in Alginate Membranes.
The data obtained from the FTIR analysis are shown
graphically in Figure 5(a). Thus, the broad peak from
3207.62cm™" is attributed to the stretching vibration of the
O-H bonds. For the saccharide skeleton, the stretching vi-
brations of the C-H bonds appear at ~2966 cm ™', while the
yC-O of the pyranose intrasaccharide bond has a peak at
~1120.64cm” ', a peak for vC-OH at =1053.13cm ™', and
a peak in the fingerprint region that can be attributed to the
-C-0O-C- bond vibrations of the glycosidic linkages between
the saccharide units.

In the case of Alen, the appearance of peaks for the
stretching vibration of P=O bonds at 1313.52cm™’, asym-
metric vP-C-P at 835.17 cm ™', and deformation vibrations of
the hydroxyl groups attached to the phosphonic moiety at
1409.96cm™" confirms the nature of this antibiotic.
According to Figure 5(b), the line denoting the amide band
IT trespasses the membrane with alendronate, even though
this compound does not contain any amide nitrogen atom
that could lead to its appearance. One explanation for the
appearance of this peak, at 1602.84cm™, is due to the
asymmetric deformation of NHj, which means that the
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terminal amino group of the aliphatic chain is somehow
protonated. In addition, characteristic of the Ampi_Alg and
Oxa_Alg mixtures is the appearance of amide band I at
1666.49 cm™' and amide band IIT at 1280.73 cm ™', due to the
presence of the lactam ring in antibiotics. Another peak
characteristic only of these antibiotics is the peak at
1490.97 cm™" which corresponds to »-C=C- and v=C-H
(see Figure 5(b)).

In conclusion, we can say that the appearance of these
peaks for the studied active substances, discussed above,
indicates the presence of these medicinal compounds in the
alginate mixtures.

(2) Active Substances Incorporated in x-Carrageenan
Membranes  [4]. For  k-carrageenan  membranes
(Figure 6(a)), the characteristic peaks for the vibrations of
the hydroxyl groups are located at 3290.55cm ™", while the
vibrations of the C-H bonds in the saccharide units are
present at 2953.32cm ™. For this polysaccharide, the vi-
brations of the pyranose units, more precisely the vC-O-C
bond vibrations of the pyranose ring, are located at
1141.85cm™", of the C-OH bonds at 1047.34cm™", and for
the glycosidic bond, the »C-O-C stretching vibrations are
positioned at 916.18 cm™". Since the biopolymer is a sulfated
galactan, at the wavenumber of 829.39cm™’, it shows
a “fingerprint” due to ¥C-OSO;H and the absence of which
would indicate a chemical modification of k-carrageenan.

Regarding the active substances incorporated in the
studied membranes (Figure 6(b)), three amide bands can be
found for lactam antibiotics, as follows: amid band I at
~1585cm”' due to ¥C=0, amide band II due to the N-H
bending vibration of the amide linkage, and amide band III
at =1230cm™' due to »C-N. Alendronate confirms its
presence by means of ¥YP=0O which appears at 1039.63 cm™,
vP-OH at 916.18cm ™', and vP-C-P at 844.82cm™" [49].

(3) Active Substances Incorporated in Chitosan Membranes.
The FTIR spectra of the binary mixtures of chitosan in which
the three types of active substances were incorporated are
represented in Figure 7(a). According to this figure, the
peaks that can be attributed to the polymer matrix are as
follows: the stretching vibrations of the OH bonds at
3211.47cm™', the CH bonds at 2966.51cm™’, and the
stretching vibrations of the N-H bonds at 3334.92cm™’,
because the chitosan backbone has plenty of amino groups.
Also attributed to chitosan are the peaks corresponding to
the C-O stretching vibration of the pyranose ring at
1136.07 cm ™", C-OH vibrations at 1053.13 cm™", vibrations
for the glycosidic bond at 904.61 cm™", and also the vibration
of the deformation of the N-H bond at 709.80 cm™" [48-51].

As in the case of the other obtained mixtures (based on
alginate and carrageenan), the successful incorporation of
the active substances can be highlighted by the appearance of
peaks that can prove their presence in the polymer matrix.
Thus, according to the FTIR spectra presented in Figure 7(b),
in addition to the vibrations of some bonds originating from
chitosan, one can observe the following.

In the case of Ampi and Oxa, lactam antibiotics, the
appearance of amide bands I, II, and III is directly associated
with the lactam ring, which can be an indisputable testimony
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to their successful inclusion in the studied mixtures
(Ampi_Chit and Oxa_Chit). Another way to confirm their
presence in the studied mixtures is the skeletal vibration of
the benzene ring at 1485.78 cm™' and the vibration of the
CO; at 1365.05 cm™! (since they are in sodium salt form). All
these vibrations are found only in the FTIR spectra of these
two lactam antibiotics.

In the case of Alen, an intense peak is located at
1631.24 cm™', indicating that the terminal amino group is
protonated. On a closer look at the peak attributed to the
Alen_Chit mixture, we can observe that around the value of
1000 cm™", which is attributed to the polymer matrix, the
intensity of the peaks is much more pronounced because in
this wavenumber range, the vibrations of the phosphonic
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portion of Alendronate can be found, such as vP=0, vP-OH,
and even vP-C-P (as mentioned earlier).

3.1.2. FTIR Spectra of Ternary Mixture. The spectra of the
ternary mixtures were compared with the spectra of the
individual active substances and with the spectra of the
binary mixture containing antibiotic and bisphosphonate to
determine the integrity of the active substances within the
mixtures. Only the important characteristic bands of the
active substances are followed.

In the case of ternary mixtures, less distinct peaks of the
active substances are observed, an observation that can be
justified by the influence of the biopolymer in the mixture
and the fact that the active substance is present in a much
smaller amount in the mixture.

It can be seen that Chit has a much greater influence in
the mixture, which leads us to conclude that there is a slight
interaction with the active substances. The presence of Alen
is demonstrated in the case of ternary mixtures with Car and
Alg by the C-H, N-H, and O-H vibrations in the range of
2950-3500cm ™" and by the wavenumbers in the range of
1250-1000 cm ™ (Figure 8) but is much weaker or absent in
mixtures with Chit.

The characteristic Oxa bands in the range of 1800-
1500 cm ™, indicative of the presence of CO-NH and C=0O
bonds, are better highlighted in the ternary mixtures with Car,
Alg and weak or absent in the case of the mixture with Chit.

In Figure 8(a), it can be seen that the bands, charac-
teristic of the active substances Oxa and Alen, are best
represented in the case of the mixture with Alg, unlike the
other two biopolymers. Figure 8(b) highlights a very good
compatibility between Ampi and Alen with Alg and Chit. As
for Car, the characteristic bands of the two active substances

are slightly less represented but are visible. The data will be
supplemented with UV-Vis studies.

3.1.3. FTIR Spectra of Quaternary Mixture. The FTIR study
of the quaternary mixtures was performed to highlight the
influence of BON/BOS within the mixtures. It was found in
all cases that the BON/BOS type material does not affect the
spectrum of the mixtures. Also, in these spectra, it can be
suspected that Chit would present interactions with both
active substances.

Analyzing the superimposed spectra of quaternary
mixtures (Figures 9(a) and 9(b)), the same conclusions can
be drawn as in the case of ternary mixtures, namely, the fact
that the characteristic bands of Oxa, Ampi, and Alen are best
visible in the FTIR spectra of materials containing Alg and
Car as biopolymers. It can also be argued that BON and BOS
do not interact with the active substances.

According to the FTIR study of the studied mixtures, it
can be said that the studied components in the binary
mixtures have no interactions. In the ternary and quaternary
mixtures (the final materials), interactions between Chi and
the two antibiotics were highlighted, which occurred only in
the presence of moisture introduced by the biopolymer
during the preparation of the final materials.

3.2. Thermal Analysis. 'Thermal analysis was performed only
in the case of binary mixtures to determine possible in-
teractions between components. Thermal analysis was not
performed on the other mixtures because the thermal be-
havior of the active substance is much more difficult to reveal
for tertiary and quaternary mixtures, and we consider that
the spectroscopic study is sufficient to elucidate and confirm
possible interactions between the components.
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3.2.1. Thermal Analysis of Active Substances and Binary
Mixture. The thermogravimetric study started with the
thermal analysis of the two antibiotics and alendronate to
highlight the thermal behavior of the active substances.

The study of the thermal analysis of Ampi (Figure 10(a))
was carried out under the same conditions and showed that
Ampi in the mixtures is in the form of amorphous mon-
ohydrate I according to the literature [44].

The thermogram of the active substance Ampi, which is
in the form of amorphous monohydrate, shows an endo-
thermic process corresponding to water loss in the range of
25-190°C, indicating the presence of water molecules in the
form of moisture and water in the monohydrate. In the
range of 200-500°C, a continuous mass loss is observed,
indicating a complex decomposition without being able to
separate the processes on the TG curve. Several processes
can be observed on the HF curve, namely, an exothermic
process with a maximum at 230°C with a loss of 69.26% of
the sample mass, followed by an endothermic process with
a maximum at 260°C with a loss of 21.58%. The literature
suggests that ampicillin monohydrate exhibits a melting
process that begins with the decomposition of the sample
[36-54].

Analyzing the thermograms of the binary mixtures of
Ampi with Alg, Car, and Chit (Figure 10(a)), we can support
the fact that the inclusion of Ampi in the mixture leads to
decomposition at lower temperatures, which can be argued
by the fact that Ampi is present in the mixture in a 1:1 ratio.
It can also be argued that the biopolymer has a de-
composition process in the same range as Ampi. It can be
seen on the NHF curves of the binary mixtures that the
contributions of the two components are combined [50, 51].

Thermal analysis of Oxa (Figure 10(b)) shows a con-
tinuous loss of mass beginning at temperatures above 150°C
[55]. Several processes are observed on the NHF curve,
which leads us to the idea that the decomposition of the

active substance occurs through a complex process. One can
observe the presence of an endothermic process with
a maximum at 188°C associated with the melting of Oxa. The
mass loss in the range of 150-400°C is approximately 60% of
the mass of the sample. The thermogravimetric curves of the
Oxa-Alg, Oxa-Car, and Oxa-Chit mixtures highlight the
thermal decomposition of the active substance Oxa in the
same temperature range without the melting process being
visible, which can be explained by the fact that the active
substance is distributed within polymer mass. It can be
observed that both components within the binary mixtures
present stages of decomposition in the same temperature
range. Therefore, it is difficult to highlight on the NHF curve
the individual decomposition processes of Oxa within the
mixtures with Car and Chit. In the case of the Oxa-Alg
binary mixture, the thermal effects that accompany the
decomposition of the active substance can be observed but at
slightly higher temperatures.

The thermal analysis of the active substance Alen, shown
in Figure 10(c), performed in an atmosphere of synthetic air
with a heating rate of 10°Cemin ™" up to 500°C, reveals several
stages of decomposition in agreement with the data pub-
lished in previous studies [21, 56].

The first stage of decomposition, between 110°C and
160°C, with a maximum of the reaction rate at 130°C is
attributed to the loss of the three water molecules (water of
crystallization). The second stage, between 190°C and 289°C,
is attributed to the loss of ammonia. The studied compound
has a primary amine and an acidic phosphonate group in the
same molecule. The decomposition is in the form of
a thermal deamination process consisting of two stages,
namely, the process of breaking the C-N bond and that of
forming the C-O bond (ether type) [21]. The third process,
above 289°C, is very complex. It is a continuous mass loss
that can be attributed to different stages of thermal degra-
dation that cannot be separated on the TG curve. Regarding
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the thermal analysis of the binary mixtures Alen-Alg, Alen-

Car, and Alen-Chit (Figure 10(c)), it can be said that the
inclusion of the active substance in the mixture leads to

a shift of the melting point of Alen to lower temperatures
which can be argued by the simple presence of Alen in
a mixture. The calculated mass losses are in accordance with
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the mixing ratio of the components within the mixture. The
thermogravimetric study of the studied binary mixtures
shows the thermal behavior of the components [57], which
leads us to conclude that the active substances are present in
the binary mixtures. The thermogravimetric study of the
other mixtures is too complex to claim that it provides
additional data, so we will continue the study with other
techniques.

3.3. UV-Vis Analysis of Final Dental Materials. The spec-
trophotometric analysis (Figures 11(a) and 11(b)) applied to
the samples aims to determine the presence or absence of
active substances within the final material. Thus, all final
materials, i.e., quaternary mixtures, were subjected to this
analysis. To confirm the presence of active substances in the
obtained membranes using the UV-Vis method, samples of

the materials and active substances (control solutions) were
prepared for the antibiotic. For the materials that contained
Ampi or Oxa as antibiotic, 100 mg of the material was
weighed and dissolved in 10 ml of distilled water. Since the
ratio between the components in each material was 1:6
(antibiotic: Alen + biopolymer + BOS/BON), it was de-
termined by calculations that approximately 1.5mg of the
active substance of the antibiotic was present. Therefore, the
control solutions of the active substances were prepared to
contain the same concentration of antibiotic for Oxa and 1:
4 for Ampi.

The spectra of the samples containing Oxa were com-
pared with the spectrum of the standard solution, and the
presence of a light absorption band in the UV-Vis spectrum
below ~260nm is observed. The band attributed to the
amide n— 7" transition in the f-lactam ring is present at
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230 nm, and the band due to the aromatic 7—7* transition
is present as a shoulder around 270 nm [58].

The band at 270 nm is found with the same intensity and
at a slightly higher wavelength in the case of materials based
on Car and Alg with BON or BOS. The same cannot be said
for materials that have Chit as a biopolymer. In the case of
Chit-based materials, the absorption band appears at 270 nm
but less intense, which leads us to the idea supported by the
other results of a partial interaction between Chit and Oxa.

When the spectra of the samples containing Ampi are
compared with those of the standard solution of Ampi as
control samples, the same absorption maximum at 268 nm
due to the aromatic transition type m—n* is observed for
the analyzed materials, except for the materials containing
Chit as a biopolymer. Thus, we can say that Chit shows
interactions with the analyzed antibiotics in the materials
synthesized in this study.

In conclusion, we can say that the active substance is
present in the matrix of the materials based on Car and Alg
and does not interact with the other components of the
materials.

3.4. SEM_EDX Analysis. The study of the final materials by
the SEM-EDX analysis began with the analysis of the two
variants currently used in dentistry, the synthetic BOS and
the natural BON (Figure 12).

The SEM analysis (Figure 13) of the two bons used shows
a different aspect, namely, in the case of the natural material
BON, particles of different sizes are observed, unlike the
synthetic material BOS, where the particles have a similar
size. EDS analysis has highlighted the different compositions
of the two materials, namely, in the case of BON, there are
Na and Mg impurities of almost 3%, and the Ca: P ratio is
1.8. In the case of BOS, the presence of only Mg (0.5%) as an

impurity is observed in a much smaller quantity and the Ca:
P ratio is 2.19.

Table 4 shows schematically the results obtained in the
case of the EDS study of the final materials. The data pre-
sented refer only to the composition in Ca, P, O, Na, and Mg.
It is observed that in the case of samples containing BON,
the percentage of P is lower than in the case of samples with
BOS, which derives from the composition of the Bio-Oss
source. Comparing the SEM analyses of the final materials,
we can observe that the materials containing BOS are more
homogeneous and we can also observe that the final ma-
terials have a different appearance if they have BON or BOS
in their composition. The materials that contain Chit as
a biopolymer have a completely different appearance in
terms of homogeneity and crystallization of the active
substances.

According to the FTIR, thermogravimetry, UV-Vis, and
SEM analyses performed in this study, it can be said that it is
quite easy to obtain materials that can be used in dental
practice with multiple roles, namely, materials that facilitate
bone reconstruction through the local administration of
bisphosphonate, the calcium source as well as the antibiotic.

Administration is efficient in the case of both active
substances avoiding Chit as a biopolymeric material. The
choice of antibiotic can be made by the doctor depending on
medical considerations. The active substances can be ad-
ministered in a way that limits adverse effects and maximizes
local beneficial effects.

3.5. Cytotoxicity/Biocompatibility Test. The MCF7 cell line
was used for the cytotoxicity/biocompatibility assay. Cell
proliferation was determined using the Alamar Blue assay
[59]. Materials validated from a physical-chemical point of
view were used in these tests, namely, the samples
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Oxa_Alen_Car (1), Ampi_Alen_Car (2), Oxa_Alen_Alg (3),
and Ampi_Alen_Alg (4). BON and BOS were excluded due
to solubility problems. BON and BOS are materials whose
cytotoxicity is known and are materials currently used in

{l(O2 * A1)

— (01 = A2)]/[(02 = P1) — (O1 = P2)]}

dental practice. All assays were performed three times for
each sample. To calculate the inhibition index, the following
formula was used:

inhibition (%) = 100 —

O1 = molar extinction coefficient (E) of oxidized Alamar
Blue (blue) at 570 nm; O2 = molar extinction coefficient (E)
of oxidized Alamar Blue at 600 nm; Al =absorbance of
tested well at 570 nm; A2 =absorbance of tested well at
600 nm; P1=absorbance of positive growth control well
(cells and Alamar Blue but no test agent) at 570 nm;
P2 =absorbance of positive growth control well (cells and
Alamar Blue but no test agent) at 600 nm.

The cell proliferation rate was evaluated by applying the
Alamar blue assay, in which the extinction values were read 24,
48, and 72 hours after the application of the solutions of the
compounds of interest. The results are expressed in percent.

100 ' %

In the case of cells exposed to the Cl concentration,
compound (1) determined a moderate inhibition of cell
proliferation, with slight variations depending on the ex-
posure time. In this case, the average inhibition being
43.47% for the 24 h incubation, 32.43% for the 48 h exposure,
and, respectively, 36.65% for the 72 h incubation of the cells
with compound (1). For C2-C5 concentrations, we noticed
a minor increase in cell inhibition, between 21.43% (C4) and
9.8% (C5). Incubation of cells with compound 1, for 48 h and
72h, determined the stimulation of cell proliferation, in-
dependent of the duration of exposure, marked by negative
values of the inhibition rate (Figure 14).
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TaBLE 4: The results of the EDS study in the case of the final materials.
Element wt (%)
Samples
Ca P O Na Mg

Oxa_Alen_Chit_BON 1.64+0.10 6.93+0.15 40.21 £ 0.61 491+0.15 0.52£0.05
Oxa_Alen_Chit_BOS 0.99+£0.09 10.86 £0.28 33.01+0.58 9.33£0.21 1.41£0.08
Ampi_Alen_Chit_BON 1.63+£0.08 8.36+0.13 34.27£0.46 4.23+0.10 0.59+£0.04
Ampi_Alen_Chit_BOS 1.08 £0.07 11.42+0.16 31.94+0.47 419+0.11

Oxa_Alen_Car_BON 1.62+£0.08 10.38£0.21 43.25+0.47 6.88 +0.14

Oxa_Alen_Car_BOS 1.06 £0.03 11.26 £0.14 33.72+£0.45 1.12+£0.05 0.15+0.02
Ampi_Alen_Car_BON 1.08 £0.06 4.38+£0.08 33.87+£0.44 2.65+0.08
Ampi_Alen_Car_BOS 1.03+£0.07 1.27£0.05 31.38£0.46 3.44+0.09

Oxa_Alen_Alg BON 1.19+0.07 6.98+0.13 34.92+£0.49 5.65+0.13 0.39+0.03
Oxa_Alen_Alg BOS 2.25+0.08 10.73£0.13 46.07 £0.41 4.09£0.09 1.19+0.05
Ampi_Alen_Alg BON 0.79£0.08 6.67+0.16 32.95+0.58 10.19£0.21 0.31+0.04
Ampi_Alen_Alg BOS 0.96 +0.19 10.30£0.19 40.77 £0.49 5.38+0.12
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FIGURre 14: Inhibition rate of cell proliferation incubated with
compound (1) Oxa_Alen_Car.

In the case of compound (2), increased inhibition of the
cellular development rate was observed at 1% concentration
for all incubation times (48.08% at 24 hours, 38.01% at
48 hours, and 50.05% at 72 hours). Also, exposure of MCF7
cells to C2 concentration (0.5%) for 24 hours resulted in an
increase in cell inhibition of 42.43% and cell inhibition rate
of 26.23% and 29.42% for 48 and 72hours exposure. An
insignificant increase in the inhibition rate (less than 10%)
was observed when cells were treated with compound (2) at
C3-C6 concentrations for 48 and 72 hours, while 24-hour
exposure determined a change in cell inhibition at per-
centages of 21.57% (C3), 27.18% (C4), 21.37% (C5), and 13%
(C6) (Figure 15).

For the third compound (3), we observed a decrease in
the inhibition rate as a function of exposure time when
incubated with concentrations between C1 and C3. For C1,
when cells were incubated with this compound for a longer
period of time (72hours), significant inhibition of cell
culture development was observed, with an inhibition rate of
68.79%. For the other C2 and C3 concentrations, the in-
hibition was moderate, with rates ranging from 25 to 45%.
For the 24h exposure, the highest rate of inhibition was
observed for C6. For C4 and C5, the values of inhibition rate

Inhibition (%)

Cl c2 3 C4 G5 Cé6

-20
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W 24h
W 48h
72h

Figure 15: Inhibition rate of cell proliferation incubated with
compound (2) Ampi_Alen_Car.

are under 6%. For a longer exposure time, proliferation of
cells was observed for C4 and C5 (Figure 16).

Exposure of MCEF7 cells to compound (4) resulted in
a significant reduction in cell growth, with the IC50 index
(concentration causing a reduction in the cell proliferation
rate of at least 50%) achieved at 24 h exposure for C1. At the
48- and 72-hour exposures for the same concentration, the
inhibition rate was between 40 and 45%. For the other C2-C6
concentrations, we observed lower inhibition at the 24-h
incubation. At 48 and 72 hours after exposure, the cell in-
hibition rate was insignificantly reduced or, on the contrary,
stimulated (Figure 17).

Although no linear dependence was observed in relation
to the applied dose, the highest inhibition rate was observed
when C1 concentrations were administered (1%) for all
tested compounds. The other concentrations determined
a moderate inhibition of cell growth. Instead, at some
concentrations, a stimulation of the proliferative process was
observed. The IC 50 index was reached in the case of the C1
concentration of compound (4), which indicates the cyto-
toxic nature of the 1% concentration of this compound. In
conclusion, compounds (1) and (4) proved to be bio-
compatible at concentrations between 0.5% and 0.03125%,
for incubation over a longer period of time, of 48 h and 72 h,
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Ficure 17: Inhibition rate of cell proliferation incubated with
compound (4) Ampi_Alen_Alg.

respectively. The highest proliferation rate was noticed in
case of both compounds for C3 (0.25%).

4. Conclusions

In dental practice, BON and BOS are materials currently
used for bone reconstruction. Similarly, Alen is used to
facilitate bone synthesis through oral administration and
antibiotic treatment is also used in dentistry to prevent or
treat local infections.

As a result of this study, it was possible to obtain and
physicochemically characterize several materials combining
antibiotics, bisphosphonate and Ca sources.

Although Car and Alg have been widely used in recent
years as carriers for different active substances in different
drug delivery systems, this study demonstrates a new
method that can lead to a complex local drug delivery
system.

The IR spectra of the analyzed final materials show peaks
characteristic of the functional groups of the active sub-
stances and characteristic peaks of the biopolymer and of
BON/BOS. The FTIR study showed that all the active
substances are present intact in the mixtures with Car and
Alg as biopolymer and the materials with Chit as biopolymer
are invalid.

Journal of Chemistry

The UV-Vis analysis confirmed the results of the FTIR
spectra and thermogravimetric analyses.

The TG analysis showed good thermal stability in the
temperature range of 25-170°C for both the final materials
and the incorporated active substances.

Thermal analysis argued the presence of active sub-
stances in intact form in the binary mixtures but did not
provide clear data in the case of the ternary and quaternary
mixtures.

The present study succeeds by combining the results of
several complementary physicochemical techniques (TG,
FTIR, scanning electron microscopy with SEM, and UV-Vis
ultraviolet-visible), the validation of materials suitable for
medical use for stimulation bone reconstruction together
with the administration of a quantity lower than antibiotic
and alendronate, thus avoiding the side effects that occur in
some patients in case of oral or injectable administration.
The validation had in mind the establishment of materials
that do not present interactions between the medicinal
substances studied and that can later be tested in vitro or
in vivo. The results of the cytotoxicity test showed increased
biocompatibility for compounds 1 and 4 at concentrations
between 0.5% and 0.03125%, when incubated for prolonged
periods of 48 h and 72 h, especially for 0.25% concentration.

According to the FTIR, thermogravimetry, UV-Vis, and
SEM analyses performed in this study, it can be said that it is
quite easy to obtain materials that can be used in dental
practice with multiple roles, namely, materials that facilitate
bone reconstruction through the local administration of
bisphosphonate and the calcium source, as well as the
antibiotic.

Administration is efficient in the case of both active
substances avoiding Caras a biopolymeric material. The
choice of antibiotic can be made by the doctor depending on
medical considerations. The active substances can be ad-
ministered in a way that limits adverse effects and maximizes
local beneficial effects.
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