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Abstract. In this article, the synthesis of biocompatible fibrous scaffolds with antimicrobial proper-
ties based on polycaprolactone/hydroxyapatite/amoxicillin and study of their surface morphology,
antimicrobial effect, and drug release are discussed. Hydroxyapatite (1-2 pm, 97%) synthesized from
biologically waste material (eggshell) was added to the composite scaffolds as a bone-replacement
material. The scaffolds’ antimicrobial properties were evaluated against S. aureus and E. faecalis. The
scaffolds possessed a sustained drug release from the scaffolds amounted to about 94% of the antibi-
otic’s total weight over a 4-week observation period. Agar diffusion confirmed the antimicrobial prop-

erties of the scaffolds against specific bacteria.
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1. Introduction
The presence of various microorganisms in the oral
cavity can develop caries and other accompany-

ing complications [1-3]. Without specific treatment,
caries of enamel affects the underlying tissues of
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teeth, leading to infection of the pulp and death with
the subsequent development of apical periodonti-
tis [4].

The modern apical periodontitis treatment meth-
ods based on endodontic therapy of the root help re-
move the infected pulp and fill the canals with syn-
thetic materials to eliminate the infection and pre-
vent the subsequent microbial invasion [5-7]. The
main drawback of endodontic therapy methods is
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that they cannot fully disinfect the root canals be-
cause of their complex anatomy [8]. The complex
anatomy of the root canal systems prevents the com-
plete contact of chemical-mechanical preparations
and antimicrobial agents. In this regard, the use of bi-
ologically soluble scaffolds with the optimal content
of antimicrobial reagents and the possibility of their
prolonged release is one of the ways to increase the
effectiveness of the treatment [9-14].

In its turn, the use of biodegradable polymer scaf-
folds with the addition of calcium hydroxyapatite
(HAP) is a promising and developing area of regen-
erative endodontic therapy [15-18]. HAP promotes
hard bone tissue formation, which is extremely im-
portant for endodontic therapy of apical periodon-
titis with progressive bone resorption around the
tooth root [19]. Therefore, it is one of the recom-
mended materials in the treatment of dental tissue
defects [20-23]. At present, the use of HAP mainly fo-
cuses on formation of pastes, powders, or granules,
limiting its widespread application [24].

The use of electrospun biologically soluble scaf-
folds with antimicrobial agents and HAP in endodon-
tic therapy can enhance the effectiveness of disinfec-
tion of root systems and targeted delivery of active
substances to the local points of infection. The ad-
vantage of this method lies in creating a base sub-
strate for cell proliferation with the ability to simul-
taneously control the diameter of the forming poly-
mer fibers and the number of active substances in
the structure of the resulting scaffold. Numerous
research [25-29] demonstrated the high efficiency
of biological polymer scaffolds obtained by electro-
spinning in regenerative endodontic therapy. The
possibility of using various biomaterials, polymers
and drugs, in the form of both a powder and a solu-
tion, allows using the electrospinning method to cre-
ate composite structures on a nanometer scale.

Considering the above mentioned facts, the use
of biologically soluble scaffolds containing HAP and
antimicrobial reagents is one of the possible solu-
tions to increase the endodontic treatment effective-
ness. Of great importance is the possibility of se-
lecting optimal types of antibiotics, which are highly
effective in treating apical periodontitis. Therefore,
amoxicillin (AMX), a broad-spectrum antibiotic of
the penicillin group and the most effective antibiotic
for apical periodontitis treatment was chosen as an
additive to the forming scaffolds. Moreover, it refers
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to the Access group according to the AWaRe Classifi-
cation antibiotics (WHO, 2017) [30]. This group con-
sists of antibiotics with a low resistance potential and
a broad spectrum of activity to commonly encoun-
tered pathogens, including the leading representa-
tives of aerobic and anaerobic microflora in the root
canals of teeth.

In this research, the composite biologically solu-
ble polymer scaffolds with the addition of HAP and
an antibiotic (AMX) were obtained by electrospin-
ning, which is a simple and effective method for pro-
ducing composite nanoscale fibers, and the kinetics
of local drug delivery in endodontic treatment was
investigated. Scanning electron microscopy (SEM)
and X-ray analysis were used to study the surface
morphology and chemical composition of the ob-
tained scaffolds; the drug release kinetics was an-
alyzed by high-performance liquid chromatography
(HPLQ). It is expected that biologically soluble scaf-
folds with the addition of HAP and AMX will inhibit
the growth of pathogenic microorganisms and fa-
vor the prolonged release of the antibiotic, while the
presence of HAP will promote the formation of hard
bone tissues.

2. Materials and methods
2.1. HAP synthesis

The initial materials for crystalline HAP prepara-
tion are orthophosphoric acid (H3PO4, 85%, Sigma
Aldrich) and eggshell waste, which was used as a
calcium-containing component. First, a weighted
amount of eggshells (4 g) was annealed to 950 °C
for two hours with the evaporation of volatile com-
pounds and the formation of calcium oxide (CaO).
The resulting CaO powder (2 g) was mixed with an
aqueous solution of phosphoric acid (6%, 40 mL) un-
der constant stirring for 1 h, followed by its ultrasonic
treatment in an ice bath at a frequency of 32 kHz for
1 h until complete homogenization. Finally, the mix-
ture was dried in vacuum at a temperature of 110 °C
for24 h.

2.2. Electrospinning of scaffolds based on PCL/
HAP/AMX

Polycaprolactone (PCL, average M.W. 1,300,000,
Sigma Aldrich) and dimethylformamide (99.9%,
Sigma Aldrich) were used to prepare the polymer
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solution for electrospinning. First, PCL (2 g) was dis-
solved in dimethylformamide (10 mL) under mag-
netic stirring for 20 min (120 rpm) at 50 °C. Then,
HAP powder (0.5 g) and AMX (0.6 mL) were added
to the polymer solution. The polymer mixture with
the added components was stirred until its com-
plete homogenization, then a 10 mL medical syringe
was filled with the solution. The process of electro-
spinning of polymer fibers was performed at room
temperature, the value of voltage was 15 kV, and the
precursor feed rate was 0.5 mL/h.

2.3. Evaluation of the microbiological effective-
ness of scaffolds based on PCL/HAP/IAMX

The antimicrobial properties of bioscaffolds based
on PCL/HAP/AMX were studied on S. aureus and
E. faecalis, which are the prominent representatives
of aerobic and facultative anaerobic microflora of the
root canals. Three types of bioscaffolds with differ-
ent PCL, HAP, and AMX contents (PCL with 7 wt%
of HAP and 5 wt% of AMX; PCL with 7 wt% of HAP;
and pure PCL) were prepared. Antibiotic-free sam-
ples served as negative control. The obtained sam-
ples (15 x 15 mm?) were placed in well plates and dis-
infected by adding 2 mL of 70% ethanol with an ex-
posure time of 30 min, then they were washed twice
with 2 mL of 0.9% isotonic solution. The bacterial
suspension of the investigated germs was prepared
from several daily colonies grown on nutrient agar in
correspondence to the 0.5 McFarland turbidity stan-
dard. To inoculate the nutrient medium, a sterile cot-
ton swab was immersed into the suspension with re-
moving the inoculum excess and seeded onto the
surface of Mueller-Hinton agar with dashed move-
ments by rotating the Petri dish. Then, six Petri dishes
were used for the study: the reference strain of S. au-
reus 209P was inoculated on the first three of them,
while the bacterial culture of E. faecalis (an archival
strain of S.D. Asfendiyarov Kazakh National Medical
University) was inoculated on the remaining three
dishes. Within 15 min, three samples (one from each
type of bioscaffolds) were placed on the surface of the
dishes inoculated with S. aureus 209P; the remaining
three samples were placed on the dishes inoculated
with E. faecalis and incubated in a thermostat at 37 °C
for 24 h. The antibacterial properties were recorded
after 24 and 72 h by measuring the bacterial growth
inhibition zone (mm) around the scaffold sample.
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2.4. Scaffolds based on PCL/HAPIAMX drug re-
lease measurements

The scaffolds obtained with the addition of HAP and
AMX were loaded into flasks with 10 mL of phosphate
buffer solution and placed in an horizontal incuba-
tor, which was rotated with a rate of 40 rpm at the
temperature of 33 °C. The amount of the released
drug was determined using a Varian Cary 300 spec-
trophotometer under UV-irradiation with a wave-
length of 272 nm.

2.5. Characterization of the obtained samples

The morphology of biologically soluble scaffolds
was analyzed using scanning electron microscope
QUANTA 3D 200i with an accelerating voltage of
15 kV. XRD analysis was carried out on an X-ray
diffractometer of the type Drone-4 with the diffrac-
tion rotation angles ranging from —100° to 168°. The
minimum step of moving the detecting unit is 0.001.
The admissible deviation of the detecting unit from
the specified angle of rotation is +0.015.

3. Results and discussion
3.1. Synthesis and study of HAP

Overall, the crystalline HAP powder was synthesized
by the chemical reaction of CaO with H3PO4. The
eggshell waste mainly consists of calcium carbonate
(CaCO03), which decomposes to CaO and CO, during
its thermal treatment at 850-1000 °C.

CaCO3—CaO + CO2(T = 850-1000 °C) (1)

During the thermal treatment, organic com-
ponents of eggshells evaporate, and the resulting
residue mainly contains CaO with a small impurity
content (<1%). After thermal treatment, the formed
CaO was put into a glass beaker and mixed with a 6%
aqueous solution of H3PO, under vigorous stirring.
As a result, calcium hydroxide is formed (2).

CaO+H;0—Ca(OH)2 +Q (2)

Based on experimental results, it was found that
for the complete reaction (3), it is necessary to stir the
suspension for one hour after adding the acid. The
amount of acid required for the complete reaction to
obtain HAP was calculated according to (3).

IOCa(OH)g + 6H3PO4—>C310 (PO4)6(OH)2 + 18H20
3)
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Figure 1. X-ray pattern of synthesized HAP.

The process of synthesis of HAP was controlled
by maintaining the pH of the mixture in the range
from 6 to 8 throughout the reaction in order to obtain
HAP with the required Ca/P ratio close to 1.67, which
corresponds to the formation of stoichiometric HAP
with good crystallinity and purity [31,32].

The crystal structure of the obtained HAP was
investigated by X-ray phase analysis (Figure 1). All
diffraction peaks correspond to the hexagonal struc-
ture of synthesized HAP and are in agreement with
the JCPDS (Joint Committee for Powder Diffraction
Standards) data # 96-900-2219. According to the re-
sulting X-ray diffraction pattern, the purity of the ob-
tained HAP powder is more than 97%, while no char-
acteristic impurity peaks, such as calcium hydroxide
or calcium phosphates, were observed.

SEM images of the obtained HAP samples demon-
strate the presence of crystals with submicron and
nanoscale inclusions. The microstructure of samples
is presented in the form of angular and bulk crystals,
with an average size of 1-2 pm with a rough layered
structure and a developed surface morphology (Fig-
ure 2).

The synthesized HAP was further subjected to a
post-thermal treatment at a temperature of 1100 °C
in an air medium for three hours to increase its
crystallinity and enhance its mechanical properties.
The X-ray diffraction patterns of the HAP before
post-thermal treatment (line 1) and after it (line 2) are
presented in Figure 3. The main diffraction peaks cor-
responding to HAP are shifted toward smaller angles,
and the interplanar spacing decreases, indicating a
high degree of crystallinity of post-thermal treated
HAP (Figure 3, line 2). Simultaneously, the broad
peaks observed in the X-ray pattern of HAP without
post-thermal treatment (Figure 3, line 1) indicate the
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heterogeneity of the structure and the presence of de-
fects. The obtained experimental results indicate that
during an increase in post-thermal temperature to
1100 °C, the crystal lattice parameters (a = 9.84218,
b = 2a, ¢ =9.473) of the synthesized HAP are in cor-
respondence with those of biocompatible HAP used
as a biomaterial [33]. These results are confirmed by
other studies [34], in which it was found that the den-
sity, bending strength, and Knoop hardness of HAP,
thermally treated in air medium for four hours, in-
crease with higher sintering temperatures, reaching
amaximum at 1150 °C.

3.2. Electrospinning of PCL/HAP/AMX based
scaffolds

PCL was chosen as a polymer to produce bio-
logically soluble scaffolds with HAP and AMX by
the electrospinning method since this polymer is
biodegradable, biocompatible, non-immunogenic,
non-carcinogenic, and non-toxic, which allow ob-
taining composite scaffolds that are widely used
in tissue engineering [35]. Moreover, the chemical
and biological properties of PCL, such as biologi-
cal compatibility and mechanical strength, make it
possible to use it for replacement of hard tissues in
the body, in which healing also takes an extended
period. Solutions for electrospinning were prepared
with different ratios of components to study the ef-
fect of their concentration on the final properties
of the scaffolds. The experiments showed that an
increase in polymer concentration of the solution
leads to the formation of fibers with a large diam-
eter, which can be explained by the dependence
of the diameter of forming fibers on the viscosity
of the electrospinning solution (Supplementary in-
formation) [26]. The formation of PCL/HAP/AMX
scaffolds was conducted via vertical arrangement of
the syringe pump. It should be noted that under the
influence of gravity in the horizontal position of the
syringe pump, a precipitate is formed in the syringe.
In turn, formation of a precipitate reduces the viscos-
ity of the solution at the exit of the needle, affecting
the diameter of polymer fiber. The influence of the
solution feed rate, which varied from 1.5 to 3 mL/h,
on the diameter of nanoscale fibers is related to the
mechanisms of formation of a Taylor cone. At high
solution feed rates, the Taylor cone does not have
time to be formed, leading to formation of unstable
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Figure 2. SEM images of synthesized HAP.

Intensity(arb. unit)

T T
10 20 30 40 50 60
20 (degree)

Figure 3. X-ray diffraction patterns of HAP:
(1) HAP particles without post-thermal treat-
ment; (2) HAP particles with post-thermal
treatment at a temperature of 1100 °C for three
hours.

nanoscale fibers. Figure 4 presents SEM images of
the surface morphology of scaffolds based on PCL
fibers with additions of HAP and AMX.

As shown in Figure 4, filamentous polymer fibers
with agglomerates of HAP particles with an average
diameter of polymer fibers from 100 nm to 200 nm
are formed in the composite scaffold structure. Al-
though the particles were obtained with an average
size of 1-2 pm as a result of the synthesis of HAP pow-
der, the size of the added HAP particles was found
to be much smaller after electrospinning. This can
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VEGA3 TESCAI

SEM 12.0 kv WD: 3.25 mm
View field: 43.8 pm BI: 10.00 10 pm

SEM MAG: 23.7 kx  Date(m/dly): 06/19/18 Joint Institute for Nuclear Research

be explained by the behavior of HAP particles during
the stretching of polymer fibers under high voltage.
The studies show that electrical exposure leads to the
destruction of HAP particles. The presumable reason
for this destruction is the action of an electric field,
which is concentrated inside a solid dielectric, lead-
ing to a decrease in the size of HAP particles. This in-
dicates the fact that high voltage promotes the stable
formation of polymer fibers and causes the destruc-
tion of HAP particles.

Figure 5 presents the EDX analysis data demon-
strating the elemental composition of the synthe-
sized scaffold in the selected region.

Based on the results of EDX analysis, it can be
concluded that the sample contains four elements:
O (approximately 44.2 wt%), Ca (approximately
33.5 wt%), P (approximately 20.04 wt%), and C (ap-
proximately 6.5 wt%). The Ca/P ratio in the resulting
composite sample was stated as 1.67, while the value
of this parameter for synthetic and chemically pure
HAP ranges from 0.5 to 2.0 [36].

3.3. Assessment of the microbiological effective-
ness and drug release of the PCL/IHAP/IAMX
based scaffolds

As a result of the standard agar diffusion test, sig-
nificant inhibition of the studied bacterial strains
growth was revealed around the synthesized bioscaf-
fold (PCL + 7 wt% HAP + 5 wt% AMX). In the
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Figure 4. SEM images of the obtained bioscaffolds: (a) PCL based fibers, (b) PCL based fibers with the
addition of HAP, (c) PCL based fibers with the addition of HAP and 5 wt% of AMX, (d) PCL based fibers

with the addition of HAP and 7 wt% of AMX.
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Figure 5. EDX analysis of biologically soluble PCL/HAP/AMX based scaffold.

plates with S. aureus bacterial culture, the growth
inhibition zone after 24 h was 3.8 mm + 0.07. Af-
ter 72 h, it did not increase in diameter and still was
3.8 mm =+ 0.14, with no signs of secondary contam-
ination. The growth of inhibition zone in the plates
with the bacterial culture of E. faecalis was 4.5 mm
+ 0.04 and 5.3 mm + 0.14 after 24 and 72 h, respec-
tively. Over time, an increase in the inhibition zone
growth indicated a prolonged antimicrobial effect of
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the synthesized bioscaffold on the specified types of
pathogen. It was found that AMX incorporated into
the structure of the bioscaffold affects gram-positive
cocci S. aureus and E. faecalis. Moreover, as far as
E. faecalis is concerned, a prolonged antimicrobial
effect is noted. The process of electrospinning dur-
ing the synthesis of bioscaffolds and the presence of
HAP in its structure does not affect the antimicro-
bial properties of the obtained material. As expected,
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A. S.aureus B. E.faecalis

1: PCL+ 7 wt.% HAP+ 5 wt.% AMX 2: PCL+ 7 wt.% HAP+ 5 wt.% AMX

(d=3.8 mm = 0.14) (d=5.3 mm = 0.14)

3: PCL+ 7 wt.% HAP (S=0) 4: PCL+ 7 wt.% HAP (S=0)

5: PCL (S=0) 6: PCL (S=0)

Figure 6. Inhibition of (a) S. aureus and (b) E. faecalis growth at day 3 by PCL/HAP/AMX based scaffolds
(PCL + 7 wt% HAP + 5 wt% AMX). PCL + 7 wt% HAP (3,4) and pure PCL (5,6) used as a negative controls.
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Figure 7. Kinetics of AMX release in (a) percentage and (b) quantitative terms from the obtained
PCL/HAP/AMX based scaffolds: (1) PCL/AMX (diameter of fibers 300 nm); (2) PCL/HAP/AMX (diame-
ter of fibers 300 nm); (3) PCL/AMX (diameter of fibers 100 nm); (4) PCL/HAP/AMX (diameter of fibers 100

nm).

there was no growth of the inhibition zone in control
groups (pure PCL and PCL + 7 wt% HAP) after the
observation time, regarding both studied pathogens.
Thus, we show the growth inhibition at day 3 of S. au-
reus and E. faecalis, the prominent representatives of
root canals microflora, by antibiotic-containing elec-
trospun scaffold (PCL + 7 wt% HAP+ 5 wt% AMX).
Two types of samples (PCL + 7 wt% HAP) and pure
PCL were used as a negative control. Thereby signif-
icant differences between the indicators of the an-
timicrobial action of the specified samples were re-
vealed (Figure 6).

The kinetics of AMX release from the obtained
scaffolds was observed during a 4-week period. The
resulting drug release curves are shown in Figure 7.

The antibiotic release from the scaffolds with-
out the addition of HAP (Figure 7a) was 25 mg and
increased to 42 mg at the end of the observation
period. The cumulative percentage of AMX release
amounted to about 94% of the total weight of the an-
tibiotic. These observations show that in the case of
scaffolds with a thickness of 0.15 mm, the antibiotic
is mostly located on the surface of polymer fibers, en-
suring its complete release. It is found that when in-
creasing the fiber diameter from 100 nm to 300 nm,
the total antibiotic release was 75% over a 4-week ob-
servation period (Figure 7c). This is due to the fact
that a change in the diameter of the fibers allows the
drug to penetrate deep into the scaffold. The pres-
ence of HAP in the scaffold structure has practically
no effect on the release of the antibiotic. The studies
have shown that the kinetics of drug release depends
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on the diameter of polymer fibers, their surface mor-
phology, and the drug distribution throughout the
scaffold’s structure.

4. Conclusion

The studies on the preparation of composite biolog-
ically soluble scaffolds from synthesized HAP and an
antibiotic (AMX) have shown their promising use for
local drug delivery in endodontic treatment. It was
found that the HAP powder, obtained by chemical
deposition from an aqueous solution of orthophos-
phoric acid, has a purity of 97% and particle size of
up to 2 um. The post-thermal treatment of HAP at
a temperature of 1100 °C in an air medium for 2 h
allows obtaining HAP with physicochemical proper-
ties close to those of the inorganic component of hu-
man bone with enhanced crystallinity. The cumula-
tive percent release from composite biologically sol-
uble scaffolds was stated as about 94% of the total an-
tibiotic weight over 4 weeks. An increase in the fiber
diameter from 100 nm to 300 nm results in the de-
crease of the total release of the antibiotic from 98%
to 75% during a 4-week observation period. As a re-
sult of the standard diffusion test in agar, significant
inhibition of the studied bacterial strains growth was
revealed when exposed to a scaffold sample based on
polymer fibers containing AMX and HAP. In the plates
with the bacterial culture of S. aureus, the growth
of the inhibition zone after 18 h reached 3.8 + 0.07
mm, and after 72 h—3.8 £ 0.14 mm. The inhibition
zone growth in the plates with the bacterial culture of
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E. faecaliswas 4.5 + 0.04 mm after 18 hand 5.3 + 0.14
mm after 72 h. Thus, the obtained results confirm
the efficiency of electrospinning for obtaining biolog-
ically soluble scaffolds for endodontic therapy. More-
over, the change in HAP concentrations and drug in
the resulting scaffolds makes them promising candi-
dates for biologically soluble scaffolds and other ar-
eas such as drug delivery and bone substitute im-
plants.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.58 or from the author.
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