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PROTEIN RELEASE FROM
DIFFERENT FORMS OF
POLYLACTIDE AND ALGINATE
COMPOSITE CARRIERS

ANNA MORAWSKA-CHOCHOL*

AGH UNIVERSITY OF KRAKOW,

FACULTY OF MATERIALS SCIENCE AND CERAMICS,
DEPARTMENT OF BIOMATERIALS AND COMPOSITES,
AL. A. MickiewiczA 30, 30-059 KRAKOW, POLAND
*E-MAIL: MORAWSKA@AGH.EDU.PL

Abstract

The development of composite biomaterials constituting
both a porous scaffold for filling tissue defects (especially
bone tissue) and a carrier of biologically active substances
(proteins) is an innovative approach of the presented
research. The paper presents the following studies of ob-
tained composites: model protein (bovine serum albumin,
BSA) release, changes in microstructure during incubation
and bioactive potential in a simulated biological environ-
ment (based on scanning electron microscopy with X-ray
microanalysis — SEM/EDS — and infrared spectroscopy
— FTIR). Three types of composites with a poly(L-lactide)
matrix PLLA were investigated. PLA fibres covered with
silica-calcium sol, calcium alginate fibres and calcium
alginate beads were used as modifiers of the PLA matrix
and carriers of protein. Process of releasing albumin pro-
ceeded differently depending on the material and form of
the carrier. In the case of calcium alginate fibres, almost
all protein was released within 14 days. For the remain-
ing materials, this amount was reached after 3 weeks.
All tested composites showed bioactive potential connected
with apatite precipitation during incubation in a simulated
biological environment. However, coating PLA fibres with
silica-calcium sol significantly increased this effect.
The highest cell viability was observed for a biomaterial
modified by calcium alginate beads.

Keywords: polylactide, calcium alginate, bovine serum
albumin, protein release, bioactive composite, multifunc-
tional composites

Introduction

Due to trauma in life, regeneration of lost tissue such
as bone, cartilage, skin, muscle, and tendons is still an
actual problem. Grafts for filling large defects are one of the
ways to heal and regenerate tissue [1,2]. Scaffolds which
can deliver biologically active reagents stimulating growth
of the treated tissue are a new conception [3]. This solu-
tion must combine a surgical implant with a drug carrier.

00000000000000000000000000000000
[Engineering of Biomaterials 169 (2023) 2-10]
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Such a complex function increases the requirements for
this type of biomaterial. On the one hand, it must perform
a structural function, allowing the restoration of natural bio-
mechanics thanks to appropriate mechanical parameters,
and during the healing time undergo controlled degradation,
allowing overgrowth of tissue through the implant. On the
other hand, proper biological action is desirable, serving to
activate and stimulate regenerative processes by provid-
ing the appropriate proteins, growth factors, enzymes, or
drugs. The most popular materials for the delivery of bio-
logically active substances are degradable polymers, such
as polylactide and alginate [4-6]. Alginates are immensely
popular hydrogels due to their biocompatibility, similarity to
the natural extracellular matrix, high swelling capacity and
low costs of production. However, too fast diffusion of the
delivered drug is often a problem in alginate carrier applica-
tion [7]. The controlled release can be realized by chemical
modification of alginate beads by hydrophobic materials in
the form of a coating or incorporation of organic compounds
into alginate beads to create a hydrophobic gel matrix [7].
The poor mechanical parameters of alginate significantly
limit the possibilities of their application.

Polylactides (PLAs) are also popular materials in drug
delivery. Common forms in these applications are nano- and
microcapsules or nonwovens [6,8-10]. Their only function
is the controlled delivery of biologically active agents, and
mechanical stabilization cannot be realized. Other forms of
PLAs, such as fibres or scaffolds, are also being developed
in the current research [11-13]. PLA and its copolymers,
thanks to relatively good mechanical parameters and the
ability to control the time of their degradation, are widely
used as scaffolds in tissue engineering. The desired scaf-
folds microstructure can be controlled by selecting the
appropriate technology (electrospun mats, 3D printing,
freeze-drying) [14-16]. The creation of PLAs-matrix com-
posites also allows them to be strengthened mechanically
(especially by fibre modification) and gives them additional
properties, such as bioactivity (hydroxyapatite or bioglass
additives for healing of bone defects) [16,17]. Such proper-
ties are particularly important in the case of grafts intended
to fill bone tissue defects. Bone tissue is characterized by
a high regenerative potential, but in the case of extensive
cavities the use of implants is required, temporarily replac-
ing its functions.

The original approach of the present work is the con-
nection of a scaffold and a carrier of biologically active
substances by placing the carrier in the form of beads or
fibres in a PLA matrix to decrease the rate of protein release.
The new conception of this paper is creating multifunctional
composite materials able to deliver protein and also to fulfil
a mechanical (constructional) function, with the proper po-
rosity for cell migration and proliferation, and with bioactive
potential. Its application to filling extensive tissue defects
would give the possibility for delivery of drugs, growth fac-
tors, or other biologically active proteins (reagents). This aim
was realized by creation of the novel composite materials,
in which protein was incorporated in the fillers of the PLA
matrix, such as PLA and alginate fibres or alginate beads.
The influence of the type of polymeric carrier (fillers), their
form, and the way of protein connection on albumin release
were investigated. Bovine serum albumin (BSA) was applied
as a model protein, a common approach in the literature
[6,18,19]. Moreover, BSA gives great potential for bind-
ing reactive groups of the other compounds thanks to the
free sulphydryl groups existing in the peptide chain [20].
The bioactive potential and biocompatibility of the proposed
composites were also evaluated.
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Materials and Methods

Materials

The following materials and reagents were used in
the preparation of the composite samples: poly-L-lactide
PLLA — Ingeo™ 3051D, NatureWorks® LLC (glass
transition temperature Tg 55-65°C, molecular weight
Mn 61000 g/mol, polydispersity 1.5); long poly-L-lactide
fibres (fibre diameter 9.6 pum, tensile strength 1.34 GPa,
Young’s modulus 20.1 GPa, &q,.« 30.2%) and long calcium
alginate fibres (fibre diameter 10.65 pym, tensile strength
261 MPa, Young’s modulus 15.1 GPa, €. 1.7%) —
obtained by the wet solution method at the Department of
Material and Commodity Sciences and Textile Metrology
of Lodz University of Technology in Poland (the process
of manufacturing fibres and their parameters are described
in a previous paper [21]); bovine serum albumin (BSA) — Sig-
ma-Aldrich; culture medium — high-glucose DMEM (4.5 g/l)
with L-glutamine (Sigma-Aldrich); dichloromethane CH,CI,
(Poch S.A.); TEOS (Sigma-Aldrich); 1 mol Ca(NO,)4H,0
(Sigma-Aldrich); sodium alginate (Sigma-Aldrich); CaCl,
(Poch S.A.); phosphate-buffered saline — PBS (Sigma-
Aldrich).

Spherical beads with BSA (1.29 mm in diameter) were
formed by forcing the flow of 6% sodium alginate sol con-
taining 1.5% BSA solution from the needle (0.5 mm) and
gelling them in the 10% CacCl, solution [21].

Sample preparation

Three types of composite carriers of BSA were obtained
according to the procedure described in an earlier paper
[21]: (1) PPA— PLA matrix modified with PLA fibres (40 wt.%;
fibres covered by protein), (2) PAA — PLA matrix modified
with alginate fibres (40 wt.%; fibres covered by protein),
(3) PKA — PLA matrix modified with protein-loaded alginate
beads (20 wt.%).

Test methods
pH and conductivity of incubation fluids

pH and conductivity measurements were performed for
8 weeks on water extracts during incubation of the tested
materials at 37°C in distilled water (DW). Before meas-
urement, the extracts were cooled to room temperature.
A CP-411M Elmetron microcomputer pH meter was used
to measure pH, and a CC-315 Elmetron conductivity meter
equipped with an EC-60 Elmetron electrode was used to
measure conductivity.

In vitro BSA release

The samples were incubated in PBS of pH =7.4 at 37°C
for 3 weeks. A constant ratio of sample mass to PBS vol-
ume was maintained (1 g/25 ml). The in vitro BSA release
was determined using the following steps. After a certain
time, 5 ml of the supernatants were taken for testing and
replaced by a fresh 5 ml of PBS. The BSA concentration
of the sampled solution was determined by using a UV-vis
spectrophotometer (CECIL CE2502). The absorbance
was monitored at 280 nm [22,23]. The BSA concentration
was calculated using a calibration curve created by known
BSA concentration solutions. All samples were analysed in
triplicate and expressed as the mean + standard deviation.
The value of p < 0.05 was regarded as statistically signi-
ficant.

Microstructure and element analysis (SEM and EDS)

The samples’ microstructure was determined by using @ @ @ e @ @ o

a scanning electron microscope (SEM; FEI Nova Na-
noSEM, USA). The elements were analysed by using an
X-ray energy dispersion (EDS) microanalyser coupled with
a microscope. Samples were sprayed with carbon before
analysis. The tests were performed for initial samples and
after 4 weeks of sample incubation in PBS (pH = 7.4) and
DW at 37°C.

FTIR analysis

To determine the structural changes occurring during the
incubation of composites in a simulated biological environ-
ment, the initial samples and samples after 4 and 8 weeks of
incubation in PBS (pH 7.4, 37°C) were examined by Fourier
transform infrared spectroscopy (FTIR). The research was
carried out using the transmission technique in KBr using
a Bio-Rad FTS60v spectrometer. FTIR spectra were re-
corded in the mid-infrared in the range of 4000-400 cm-'.

Cell viability assay

Determination of cell viability on the samples’ surface
was conducted in primary culture of human osteoblasts
(NHOst; Lonza, USA). The cells were grown in plastic bot-
tles (Nunclon, Denmark) in OGM BulletKit culture medium
(Lonza, USA) with 10% calf serum FBS, in an atmosphere
of 5% CO, and temperature of 37°C in a HeraCell incubator
(Heraeus, Thermo Scientific, Germany). Cells from pas-
sage 5 were used in the culture. The cell suspension was
obtained by adding 5% trypsin from EDTA (Lonza, USA).
After flushing and centrifugation, the cells were brought to
a concentration of 1.5 x 10* cells/ml, after which 1 ml of cell
suspension was placed in wells of a 48-well culture plate
(Nunclon, Denmark) containing sterile samples with a diam-
eter of 11 mm. The positive control was the polystyrene of
the bottom of the wells of the culture plate (TCPS). NHOst
cell culture was carried out for 3 and 7 days. After allotted
time, the cells growing on the surface of the samples were
subjected to a viability test (CellTiter test), and the morphol-
ogy of the cells in an optical fluorescence microscope was
evaluated (Olympus, Japan). Cell tests were performed at
the Faculty of Pharmacy at Jagiellonian University, Medical
College in Poland.

Results and Discussion

The results of the measurements of the amount of al-
bumin released are presented in two graphs covering the
period of the first 24 hours (FIG. 1a) and the period from
the first day to 3 weeks (FIG. 1b). Significant changes were
observed already within the first day of incubation, especially
for PPA composite, when about 29% of the concentration
of the introduced protein was reached. Such a significant
rate of release in the initial stage of incubation compared
to other composites is because BSA was absorbed only on
the surface of the fibres. In the case of alginate fibres, as
a result of their swelling in the aqueous environment, protein
could also be connected inside the fibres. After 2 days of
PPA incubation, protein release had a linear course. These
studies show that the silica—calcium sol coating does not
block BSA release from PLA fibres.

3

0 00000 0000000000000 0000000000000000000 000 "=

Ll



4

a) ——PKA —©-PAA -4 PPA
35
30 %
T
& 25
3
3 20
© .
o 15 e
e / _
= T - e ———
£ 10 EF' i——
2 e
3 T/
0 T T T T T T T 1
0 3 6 9 12 15 18 21 24
Time [hours]

L

Cumulative release [%)]

——PKA —©-PAA --A:-PPA
100
% _ —/?@
Time [days]

FIG. 1. Release of BSA from composites: a) during 24 h, b) during 3 weeks of incubation in PBS.

For PKA, about 17% of BSA was reached already within
the first 3 hours of incubation. During the first day, the release
was the slowest in the case of the PAA composite, where
after 24 hours the albumin concentration was only 12%. The
observed changes indicate that despite the stability of the
individual phases of the composite, especially the matrix,
the release of albumin begins immediately after the samples
are placed in the aqueous environment. Release of albumin
from the fibres’ surface or alginate beads is possible thanks
to the ability of the PLA matrix to absorb water and then
migration of albumin in the PLA structure [24]. The rate of
albumin release in the first stage of incubation can also be
related to the composite’s porosity and the character of PLA/
modifier interfaces, which fulfil diffusion of the incubation
medium and albumin (FIGs 2 and 3) [25].

The maximum protein concentration was reached after
3 weeks of incubation for all tested composites (FIG. 1b).
This was confirmed by EDS analysis of the samples. In the
case of the initial composites, a signal from nitrogen and
sulphur from the protein was visible on the modifier’s surface
(FIG. 2). However, these elements were not identified after
4 weeks of incubation in PBS (FIG. 3).

Absorbance measurements showed that the rate of
BSA release decreases gradually with incubation time.
For alginate-carrier composites (PKA and PAA), the first
stage of intensive release includes up to 1 week of incuba-
tion, during which approx. 67% of the maximum albumin
content in PAA and approx. 61% of the content in PKA are
released into the supernatant. For PAA, the release is the
fastest, and after 2 weeks of incubation, almost the maxi-
mum concentration of the introduced protein is achieved
(approx. 96%). This is due to the easier penetration of flu-
ids through the fibre-matrix interfaces because of alginate
fibres swelling and moving. The changes in alginate fibre
morphology are visible in the SEM image after 4 weeks of
incubation in PBS (FIG. 2b and FIG. 3b). Moreover, nu-
merous pores can be observed. Compared to the number
of pores in the initial composite, it can be seen that their
number and size increased significantly after incubation.
This indicates the gradual degradation of the fibres and
their movement.

In the case of PKA, the protein was released gradu-
ally from hydrogel beads swelling under the influence of
incubation. As shown by studies of the kinetics of BSA
release from calcium alginate beads described by Nochos
et al., the greater the ability to swell, the faster the BSA
release process takes place [26]. This results from physical
entanglements between the protein and alginate chains.

At pH 7.0, alginate is in the form of a polyanion, and albumin
is negatively charged; therefore, electrostatic interactions
are not expected [27]. The PLA matrix hinders the swelling of
alginate beads during the initial stage of incubation. On the
other hand, because of drying of PKA composites, capsule
shrinkage and delamination at the interface are visible in
the SEM photo after 4 weeks of incubation (FIG. 3c). Unlike
fibre modifications, in the case of beads, their interfaces
with the matrix do not make contact with the surface of
materials. Therefore, the diffusion of fluid into the interior
of the composite and BSA into the incubation medium can
take place mainly through the structure of the PLA matrix.
A common problem in the use of alginate carriers is too
rapid release of delivered substances to the surrounding
environment [7,28]. The solution proposed in this work,
consisting in placing the carrier in the form of beads or fibres
in the PLA matrix, effectively allows a reduction in the rate
of release of the model protein. At the same time, the im-
plant designed in this way can also perform other functions,
such as a mechanical one and as a scaffold for regener-
ated tissue, stimulating its growth by delivering protein.
As demonstrated in previous work, these composites are
characterized by satisfactory mechanical properties for filling
bone defects and favourable porosity due to the possibility
of cell proliferation [21]. In particular, the PPA composite is
characterized by a very attractive microstructure similar to
that of trabecular bone (FIG. 2c). The proposed composites
can be used in a situation where long-term release of the
active substance is required in the treatment process.
Most apatite secretions with stoichiometry similar to that
of biological apatite can be observed after 4 weeks of incuba-
tion in PBS of the PPA composite (Ca/P is 1.53) (FIG. 3a).
This indicates the significant role of silica-calcium sol cov-
ering PLA fibres in the process of nucleation and growth
of apatites, thus this composite has the greatest bioactive
potential. EDS analysis showed the presence of silicon in
the precipitates, which may suggest its incorporation into
the structure and role in inducing the process of their forma-
tion. The presence of calcium phosphates was additionally
confirmed by the analysis of FTIR spectra (FIG. 4), where on
the PPA spectra after 4 and 8 weeks of incubation in PBS,
the bands associated with vibrations of PO43® groups in the
range of 560-600 cm™ are visible [29]. The most intense
bands of phosphate groups in the range of 1020-1100 cm™’!
overlap the C-O-C bands of PLA. However, an increase in
the intensity of bands in this range after incubation compared
to the spectrum of initial PPA is visible. This confirms the
presence of numerous apatite secretions in the composite.
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FIG. 3. SEM microstructure and EDS analysis of composites after 4 weeks of incubation in PBS: a) PKA,

b) PAA, c) PPA.
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FIG. 4. FTIR spectra of albumin and PPA compos-
ite: initial and after 4 and 8 weeks of incubation
in PBS.

Importantly, calcium phosphate precipitations were pre-
sent on the surface of the PAA composite after 4 weeks of
incubation in PBS, although not as numerous as were visible
in the case of the PPA composite (FIG. 3a). The presence of
apatite was confirmed by elemental analysis. However, the
molar ratio of calcium to phosphorus was 1.29 and slightly
different from that typical for biological apatite (1.5-1.67).
A small amount of sulphur may result from the adsorption
of the released protein on the surface of the composite.

SEM images of the PKA composite after 4 weeks of
incubation in PBS also allowed the observation of clearly
visible calcium phosphate precipitation on the surface of the
composite (FIG. 3c). Elemental analysis showed the pres-
ence of calcium to phosphorus in a ratio of 2.33, which is
probably related to the increased amount of calcium derived
from alginate beads.

FIGs 5 and 6 show the FTIR spectra of the PAA and PKA
composites after 8 weeks of incubation in DW and PBS.
No changes were observed on the spectra that could indi-
cate degradation of PLA. However, the disappearance of the
band correlated with albumin (amide | at approx. 1650 cm™'),
which is associated with its release (incubation in DW and
PBS), can be observed. Moreover, the presence of bands
connected with the PO4%- groups in the range of 560-600 cm**
on spectra obtained for composites after incubation in
PBS indicates the presence of apatite secretions. Alginate-
derived bands are difficult to interpret due to the overlap of
PLA and albumin bands, but after 8 weeks of incubation,
the band at approx. 1620 cm™' can be associated with vibra-
tions of carboxyl groups -COOH in alginate.

The in vitro stability of the tested composites (especially
modifiers) and the influence of modifying phases on the
water environment were assessed on the basis of pH and
conductivity changes of DW (FIG. 7). The measurements did
not show any significant changes in pH that could indicate
that the PLA degradation process had begun. This indicates
that the matrix of the composites is stable in the aqueous
environment during the test period (8 weeks of incubation).
These results confirm previous studies on PLA degrada-
tion (PLA with the same chemical structure), which have
shown that the degradation process of this polymer begins
after approximately 15 weeks of incubation in DW [30].

FIG. 5. FTIR spectra of albumin and PAA com-
posite: initial and after 8 weeks of incubation in
distilled water (DW) and PBS.
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FIG. 6. FTIR spectra of PKA composite: initial and
after 8 weeks of incubation in distilled water (DW)
and PBS.

Despite the lack of significant changes in the pH of the su-
pernatants, there was a visible change in their conductivity
after the first day of incubation, especially in the case of the
PKA and PPA composites. In the case of the PKA compos-
ite, the largest increase in conductivity occurred during the
first 7 days, then the changes were gradual up to 8 weeks
of incubation. As shown by the results presented above,
the release of albumin occurs up to 3 weeks of incubation;
therefore, an increase in conductivity after this time can be
associated with partial degradation of calcium alginate. This
is confirmed by the clearly smaller size of the beads visible in
the SEM photo after 4 weeks of incubation in DW (FIG. 8a).
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The same applies to the PPA composite. The greatest

® e @ @ @ o o increase in conductivity occurred already on the first day of

incubation, after which these changes were no longer so
intense. This is largely associated with the intense release
of albumin during this time: after the first day, 29% of the
introduced protein was achieved (FIG. 1). In the case of the
PPA composite, the increase in conductivity is associated
not only with the release of albumin, but also with decom-
position and release of the silica-calcium sol components.
This conclusion was confirmed by the EDS analysis
performed in the outer part of the fibre after 4 weeks of
incubation in DW (FIG. 8c), which showed different pro-
portions of silicon and calcium than in the sample before
incubation (FIG. 2¢). Importantly, the high content of silicon
after 4 weeks of incubation may indicate its incorporation
into the structure of the material. Moreover, the fragmenta-
tion of PLA fibres is visible in SEM images after this time.
Such a rapid degradation process may be related to the
influence of the solvent used during the impregnation of
fibres with PLA solution on the microstructure of the fibres
despite the silica-calcium sol layer used.

The weakest conductivity of incubation fluids was re-
corded for the PAA composite. The most significant increase
in conductivity occurred after the first hour of incubation;
after that, these changes were no longer so rapid and
occurred gradually to the end of the measurements. The
results presented by M. Bogun [31] concerning research on
alginate fibres showed that the process of degradation of
calcium alginate fibres in a PCL (poly-e-caprolactone) matrix
composite began after about 2 weeks of incubation, which
was manifested by an increase in the conductivity of DW.

These changes with 10 wt.% of fibres in the composite did
not exceed 8 uS/cm. However, for the tested PAA composite,
the conductivity changes were much higher. The changes
in the conductivity of DW up to 3 weeks are primarily as-
sociated with the release of BSA. This was also confirmed
by EDS analysis, where sulphur and nitrogen associated
with the protein were present for the initial PAA composite
(FIG. 2b), but after 4 weeks of incubation these elements
were not detected (FIG. 8b). The slight increase in con-
ductivity in the following weeks is probably due to the deg-
radation of alginate fibres. Partial degradation of the fibres
is confirmed by changes in the composite microstructure.
A difference in the arrangement of the fibres can be ob-
served. The fibres clearly moved and swelled during incu-
bation and partially covered the surface of the composite.
The gel form probably facilitates their migration. The influ-
ence of the environment in which the material was incu-
bated is clearly visible. After 4 weeks of incubation in PBS,
as described above, it is difficult to identify alginate fibres,
but the voids left by the fibres are visible (FIG. 3b).

Cell culture showed the proper morphology of cells in con-
tact with the surface of the composites. Cells were spread on
the surface and no apoptotic cells were observed (FIG. 9).
However, the most intensive cell proliferation was visible
in the case of PKA composite. This was confirmed by the
results of NHOst cell viability presented in FIG. 10. In the
case of PAA and PKA, a significant increase in cell number
between 3 and 7 days of culture is visible. The significantly
lower cell viability on the composites’ surface compared to
the control can be associated with their porous microstruc-
ture and cell proliferation into the composite, which made it
difficult to precisely analyse their quantity.

FIG. 9. Cell morphology on the composites’ surface after 3 days of culture (PPA and PAA mag. 20x; PKA mag.

10x and 20x, respectively).
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Conclusions

BSA was completely released from all tested composites
during 3 weeks of incubation in PBS. The release process
takes place from the first hours of incubation. Within the first
day, this process is the fastest in the case of a composite
with PLA fibres. This is related to only the surface adhe-
sion of the protein on the fibres. In contrast to PLA fibres,
the alginate fibres can absorb the BSA inside their volume
thanks to high swelling ability in the water environment.

Studies have shown a clear difference between the forms
of the alginate carrier, such as fibres or beads. The use of
a fibrous form accelerates the release of protein, due to
the increased number of interfaces, running along the en-
tire length of the composite. They are fast diffusion routes
allowing fluids to penetrate inside the composite and BSA
to migrate outward. In the case of bead carriers, they are
completely surrounded by a PLA matrix, and the interfaces
do not come into contact with the environment.

In the developed composites, the degradation process
begins with the carrier phases; the PLA matrix is character-
ized by greater stability.

All tested composites show bioactive potential connected
with apatite precipitation during incubation in a simulated
biological environment. The most intense growth of apatites
with the optimal ratio of calcium to phosphorus can be ob-
served for the PPA composite. This is most likely related to
the presence of a silica-calcium sol stimulating the nuclea-
tion of calcium phosphates.

The cell viability test showed NHOst cell proliferation after
3 and 7 days of culture. The cells were characterized by the
proper morphology. The cell viability assay indicates good
biocompatibility of the tested composites.

The conception of the multifunctional role of the studied
composites in potential application as bone scaffolds is
summarized in FIG. 11, where the main 4 areas of their
activity are presented.
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Abstract

This study investigates a biomimetic method of deposition
of bioactive calcium phosphate (CaP) layers on zirconium
oxide substrates (ZrO,). The substrates contained poly-
mer nanoparticles of poly(L-lactide-co-glycolide) (PLGA)
obtained using the double emulsion method with solvent
evaporation. Three antibiotics were encapsulated within
the nanopatrticles: bacitracin, gentamicin sulphate, and
hydrophobic gentamicin, prepared with the use of the ion
pairing method. Nanopatrticles were immobilized on the sub-
strates using the drop casting or the co-deposition method.
The microstructure of the layers and the distribution of the
nanoparticles were assessed by scanning electron micros-
copy. The nanopatrticles size and their zeta potential were
measured using the dynamic light scattering method. The re-
lease of drugs over time was examined and the antibacterial
properties were evaluated in contact with Staphylococcus
aureus bacteria using the spectrophotometric method and
the Kirby-Bauer test. The results show that the layer deposi-
tion method is effective and allows to obtain homogenous
bioactive coatings. Nanoparticles were agglomerated on
the surface or homogenously distributed in the CaP coat-
ing, depending on the process used to immobilize them.
The drug release profile and antibacterial properties can
also be modified by changing the process — the drop casting
method allows to obtain a coating with a stronger antimicro-
bial effect and faster drug release.

Nanopatrticles obtained by the double emulsion method
with solvent evaporation have the required size to be im-
mobilized between the CaP crystallites. Additionally, the
encapsulation of drugs decreased the zeta potential of
the nanoparticles, which was caused by the interaction of
the drug and the polymer. Nanoparticles loaded with baci-
tracin showed weak antibacterial properties, as the growth
inhibition zone in the Kirby-Bauer test was barely visible.
Two other types of nanopatrticles exhibited good antibacte-
rial properties, exceptionally strong for those loaded with
hydrophobic gentamicin.
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Introduction

With increasing life expectancy, diseases of the muscu-
loskeletal system are becoming more frequent. They can be
related to joint wear or be the result of complications after
invasive orthopedic procedures [1]. In general, bone tissue
has a natural ability to regenerate, but not all mechanical
injuries or defects caused by diseases such as osteomyelitis,
bone cancer, or osteoporosis can be spontaneously healed.
In such cases, surgical intervention is required to fill the
defect or replace the missing bone. Replacement can be
made by bone grafting or by using a synthetic biomaterial,
usually ceramic [1,2]. One of the diseases that is increasing
in frequency is osteomyelitis, which often develops in the
femur or spine. Untreated, it causes irreversible changes
in the body, the need for amputation, and even death [3-5].
Osteomyelitis can be caused by many species of bacteria
and fungi. S. aureus is responsible for the development of
the disease in 80-90% of cases [6,7].

Zirconium dioxide is often used as a bone substitute to
fill in gaps resulting from diseases or injuries [8,9]. ZrO, is
an inert biomaterial, but it is possible to provide it with bio-
active properties by coating it with another material, such
as hydroxyapatite ceramics (HAp), which can bind to bone
without creating fibrous tissue after implantation. The ZrO,
substrate modified in this way allows cells to attach and pro-
liferate on its surface [10]. One of the methods for obtaining
such a coating is the biomimetic method, which mimics the
first phase of integration of the material with bone tissue
in vivo. It consists of precipitating calcium phosphate on the
surface of the material immersed in simulated body fluid
(SBF) and can be used to cover properly prepared metal,
ceramic, polymer, or composite surfaces. The coatings
obtained in this way have mechanical properties similar to
those of natural bone and have high biocompatibility [11,12].
Changes in SBF concentration also allow to control rough-
ness, which is important for the adhesion and proliferation
of osteoblasts. The advantages of the method are the high
homogeneity of the layers obtained and the possibility to
coat devices characterized by various shapes and sizes,
but it is necessary to control the process conditions: the
temperature and pH of the solution [11-13].

In many applications, it is beneficial for implants to have
antibacterial properties, as it reduces the risk of infection that
could occur during the implantation process and prevents the
adhesion of bacteria to the surface. Implants can also act
as drug carriers, for example, by depositing nanoparticles
loaded with antibiotics on their surface. Such a modification
is valuable in the case of materials used to fill bone defects
caused by surgical removal of infected tissue in osteomyelitis
treatment [5,6].

The use of drug delivery systems (DDS) is more beneficial
than containing the antibiotic itself in the coating. The main
difficulty in the treatment of bone infections is the complexity
of its tissue structure. The delivery of drugs to the bones,
oral or intravenous, is often ineffective. Quite commonly, they
are excreted from the body before they have a therapeutic
effect at the target site, while the frequent administration
of large doses of drugs can cause severe side effects [6].
Conventional antibiotic therapy guarantees that bacteria
are eliminated from the whole body, but it has many dis-
advantages. Both the poor absorption of drugs from the
digestive system and their rapid excretion from the body
make it difficult to maintain a stable therapeutic level [14].

11

0 00000 0000000000000 0000000000000000000 000 "=

Ll


https://creativecommons.org/licenses/by/4.0
https://doi.org/10.34821/eng.biomat.169.2023.11-17
https://orcid.org/
0009-0005-2511-2070
https://orcid.org/
0000-0002-1024-9374
https://orcid.org/0000-0002-9415-0282

12

Meanwhile, DDS allows for a slower release, preventing

® o @ @ o @ o 3suddenincrease in drug concentration to potentially toxic.

Furthermore, for the same reason, drug levels are more
stable over time. The drug can be released only in a specific
place, thus avoiding systemic side effects. The behavior
of the drug carrier can be modified to release substance
only under certain conditions, e.g. local pH or temperature.
In addition, prolonged release of the drug makes the ab-
sorption of the active substance easier, providing a better
therapeutic effect. Targeted antibiotic therapy ensures better
penetration of bone tissue by the drug, but attention must
be paid to maintaining the appropriate concentration of the
antibiotic, because microorganisms can acquire antibacterial
resistance if it is not high enough [14,15].

Drug delivery systems are mostly based on nanoparti-
cles (NPs). Particles with nanometric size easily penetrate
infected bone tissue. The appropriate functionalization of
their surface allows the therapeutic effect to be improved,
for example, by providing an additional layer of molecules
of another antibiotic or other compounds [6]. Polymer
nanoparticles are stable colloidal structures in the form of
nanocapsules or nanospheres differing in structure, size,
and mechanism the drug is released. The manufacturing
methods for both nanocapsules and nanospheres are well
established [16,17].

This study investigates a biomimetic method of deposition
of bioactive calcium phosphate (CaP) layers on zirconium
oxide substrates (ZrO,), containing polymer nanoparticles
of poly(L-lactide-co-glycolide) (PLGA) obtained using the
double emulsion method with solvent evaporation with
three antibiotics encapsulated: bacitracin, gentamicin in the
form of gentamicin sulphate and hydrophobic gentamicin,
prepared with the use of the ion pairing method. Hydro-
phobic gentamicin was used in this study due to its higher
encapsulation efficiency compared to basic gentamicin [18].
Similar research has already been conducted on the subject
of CaP coatings with antibacterial NPs [1,19]. However, we
compared different drugs and conducted thorough micro-
biological tests, which has not been done before.

Materials and Methods

Manufacturing nanoparticles

Drug-loaded NPs were prepared using the double
emulsion method with solvent evaporation (FIG. 1). In the
first step of NPs fabrication, 6 mg of each drug was added
to 3 ml of a 2% solution of poly(L-lactide-co-glycolide)
(PLGA, Polish Academy of Sciences, Zabrze, Poland) in
dichloromethane (DCM, Chemland, Stargard, Poland)
and mixed with ultrasounds for 3 min with an amplitude
of 40% (Vibra Cell VCX130, Sonics, Newtown, CT, USA).

The obtained solution was added to the 2% aqueous solu-
tion of poly(vinyl alcohol) (PVA, Sigma Aldrich, Steinheim,
Germany) and mixed with ultrasounds for 3 min with an
amplitude of 40% and then on a magnetic stirrer with a speed
of 1000 rpm. After 24 h, the solutions were centrifuged for
20 min at a speed of 15 000 rpm (MPW-351R, MPW Med.
instruments, Warszawa, Poland). 2 ml of supernatants were
taken to investigate the encapsulation efficiency (EE) and
drug loading (DL). The remaining volume was removed.

Then 20 ml of ultra-high quality water was added and
the particles were centrifuged again. This process was
repeated 3 times. After removing the water from the last
centrifugation, 3 ml of ultra-high quality water was added
and the obtained sample was placed at a temperature of
—-80°C for 24 h. The last step in the preparation of particles
was the freeze-drying process, which was carried out for
24 h (Christ Alpha 1-2 LDplus, Martin Christ, Osterode am
Harz, Germany). To prepare empty NPs, mixing antibiotics
with PLGA in the first step was omitted, and PLGA was
sonicated alone to keep the same conditions, the rest of
the process was conducted without any changes. The drugs
used were bacitracin (Sigma Aldrich, Steinheim, Germany),
gentamicin sulphate (Sigma Aldrich, Steinheim, Germany),
and hydrophobic gentamicin (GEN AOT), obtained as de-
scribed in [18]. Briefly, gentamicin sulphate was modified
into a hydrophobic complex, by hydrophobic ion pairing of
gentamicin with the anionic surfactant dioctyl sulfosuccinate
sodium salt (AOT, Sigma-Aldrich, Germany).

Nanoparticles characterization

The size and zeta potential of NPs were measured us-
ing the dynamic light scattering method (DLS, Zetasizer
nano-ZS, Malvern, UK). Three measurements were made
for each type of particles. The encapsulation efficiency and
drug loading were investigated using supernatants collected
after the first centrifugation of NPs. To quantify the amount
of drug in them, an o-phtaldialdehyde (OPA, Sigma-Aldrich,
Germany) assay was conducted. This test is based on the
reaction of OPA with the drug present in the supernatant
and the fluorescence measurement. The OPA reagent was
prepared by mixing o-phtaldialdehyde with methanol, 2-mer-
captoethanol, and borate buffer. Then 50 pl of supernatant
(three samples for each) was transferred to a black 96-well
plate and 50 pl of OPAreagent was added to each. Based on
the results of fluorescence measurement, EE and DL were
calculated according to formulas (1) and (2), respectively:

mass of used drug - mass of drug in supernatant

EE = <100 [%] (1)
mass of used drug

mass of used drug - mass of drug in supernatant
DL = - - 100 [%] (2)
mass of obtained NPs

3 ml 2% PLGA

homogenization
——

20 ml
2% PVA

centrifugation

freeze drying

24 h

FIG. 1. Schematic pro-
cess of NPs manufactu-
ring.
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Coating deposition

Round zirconium oxide substrates 0.8 cm in diameter,
each obtained by pressing and sintering 1.3 g of zirconium
oxide powder, were used. After sintering, they were polished
and treated with phosphoric acid to create functional Zr-OH
groups, which effectively participate in the process of apatite
formation in the body’s environment [20].

Bioactive coatings on the surface of the substrates were
obtained using the biomimetic method based on the precipi-
tation of CaP crystals from the simulated body fluid (SBF)
solution. To coat the substrates with a CaP layer, a two-step
precipitation method with the use of solutions similar to
concentrated SBF was applied. The first step solution was
prepared as detailed by Costa et al. [12], while the second
one as described in [11] (FIG. 2).

24 h, 37°C 24 h, 37°C

FIG. 2. Schematic representation of the deposition
process of calcium phosphate.

Immobilization of nanoparticles

NPs were incorporated into the CaP layers using two
methods:
» Co-deposition method
In this method, the dispersion of NPs (10 mg/ml) was added
to the solution used during step Il of the deposition process.
* Drop casting method
After the second step of the layer deposition process was
completed, 100 pl of NPs dispersed in water at a concentra-
tion of 2 mg/ml was applied to the substrate surface and left
to dry at room temperature.

Layers morphology

Pictures of layers without NPs after steps | and Il of
different depositions and layers with NPs immobilized by
the co-deposition and the drop casting method were taken
using a scanning electron microscope (SEM, GeminiSEM
500, Zeiss, Germany).

Drug release profile

To determine drug release profiles, substrates with NPs
were closed in dialysis bags (ZelluTrans, Roth, Germany,
cut-off 12-14 kDa) and placed in vials filled with 20 ml of
PBS. The experiment was carried out at 37°C for 30 days.
In predetermined periods of time, 2 ml of PBS was collected
and replaced with the same amount of fresh PBS solution.
The amount of drug in the collected solution was then quanti-
fied using the OPA assay.

Antimicrobial effect

To verify the antibacterial properties of the obtained coat- ® @ @ e @ @ o

ings, the tests with S. aureus (ATCC MSSA 25923) were
performed. Bacteria cultures were passaged twice before
analysis by sieving onto slants with nutrient agar and incu-
bated for 24 h at 37°C + 1°C. Scaffolds containing empty
or loaded NPs samples were incubated in 2 ml of PBS for
24 h at 37°C to obtain the extracts.

Kirby-Bauer test

Awell was cut in the agar in which 100 pl of a 500 mg/ml
suspension of particles was placed. After 24 h, photos were
taken and growth inhibition zones were measured.

Spectrophotometric method

Extracts were prepared by placing coated substrates with
empty NPs and NPs loaded with bacitracin, gentamicin, or
hydrophobic gentamicin in 2 ml of PBS. The bacteria were
suspended in a sterile solution of nutrient broth and buffered
saline in a 1:3 ratio to obtain a bacterial count of ~10° cell
forming units (CFU)/ml. The inoculum was then added to
the test tubes containing the extracts of the test samples in
a 1:1 ratio. A control sample containing a bacterial solution
without the addition of any extract was also prepared. Tubes
containing inoculated test materials and control materials
were incubated at 36°C + 0.1°C for 24 h. The microbial vi-
ability was assessed using the spectrophotometric method
(UV Vis Shimadzu, Japan) by measuring the optical density
of the prepared solutions at a wavelength of 600 nm. Test
samples were taken from the incubated solutions at defined
time intervals.

Statistical analysis of the results was performed using
a one-way analysis of variance (one-way ANOVA).

Results and Discussions

Characterization of nanoparticles

TABLE 1 shows the results of the measurements of the
zeta potential and nanoparticles size using the DLS method.
The size range of the particles and the average size are
included. For each type of NPs with drugs, the average
size is smaller than that of empty NPs, with the smallest
being those with gentamicin. The size of NPs containing
gentamicin and those with AOT-modified gentamicin is in
the same range, but their average size is significantly dif-
ferent — for NPs with AOT-modified gentamicin it is larger
by about 40 nm. The difference between all NPs is statisti-
cally significant, which means that they do not belong to the
same population. This phenomenon was also observed in
[19] for gentamicin and bacitracin loaded NPs and in [21],
where encapsulation of gentamicin in PLGA NPs caused
a decrease in particle size.

TABLE 1. Size range (n = 3) and average size of the NPs, zeta potential (n = 3), encapsulation efficiency (EE),
and drug loading (DL) of respective NPs.
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Size range [nm]  Average size [nm] Zeta potential [mV] EE [%] £ SD DL [%] £ SD
+ SD + SD
Empty NPs 142-396 314+7 -10.3+0.7 - -
IGEN NPs 122-459 241+ 4 -12.3+0.4 38.7+9.9 35+09 |
IBAC NPs 122-615 271+ 2 -15.1+0.4 56.9 + 2.4 52+02 |
IGEN AOT NPs 122-459 278 + 2 -11.1+0.5 99.9 + 0.1 92+02 |
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The zeta potential decreased for all types of NPs with

® @ @ @ o ® ® drugs, which is caused by the interaction of the drug and

polymer. The lowest zeta potential was measured for nano-
particles with bacitracin. Moreover, the zeta potential of NPs
loaded with hydrophobic gentamicin was higher than that for
non-modified gentamicin with a statistically significant dif-
ference. However, many studies showed the opposite trend
[1,18,19,21,22], suggesting that other external factors influ-
ence the properties of NPs, which requires further research.

The results of the calculations of EE and DL are also
presented in TABLE 1. For NPs with bacitracin, a higher
efficiency of encapsulation and drug loading was achieved
than for particles with gentamicin, while the best encapsu-
lation was achieved in the case of NPs with hydrophobic
gentamicin, which proves the effectiveness of this modifica-
tion, also described in other studies, such as [1,18] or [23],
where nearly 100% EE was reported.

Coatings morphology

FIG. 3 shows photos of the obtained CaP layers
without the addition of NPs, after the first and after the
second step of deposition, respectively. As seen in FIGs
3 A and B, the layer after the first step is inhomogene-
ous and areas not covered with CaP crystals are visible,
as the purpose of the first step is to deposit CaP nuclei.

Because of that, a two-step process is necessary, as
FIGs 3 C and D show a homogeneous coating with well-
formed CaP crystals. The finished coatings look very similar
to those reported in papers [12,19], where the authors used
the same precipitation method.

FIG. 4 shows the microstructure of the coatings with
NPs, after co-deposition and after application of the drop
casting method. Few particles are visible on the surface of
the layer produced by the co-deposition process, while after
the drop casting method many particles forming clusters can
be seen. During co-deposition, the nanoparticle suspension
was added to the solution, so the particles can also occur
under the CaP crystals. If a drop of the suspension is placed
on the surface, the particles do not penetrate the CaP layer
and more of them are visible. However, there are fewer
particles visible after the use of the co-deposition method;
they seem to be more homogenously distributed between
the CaP crystals as compared to NPs immobilized with the
drop casting method, which are highly agglomerated. Similar
results can be seen in [19], where exactly the same method
of NPs immobilization was used.
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Drug release profile

FIG. 5 shows the release of drugs from the manufactured
ZrO, samples surface-modified with CaP with drug-loaded
NPs. For each sample, a much higher drug concentration
was achieved for the particles deposited using the drop
casting method, due to the greater number of particles
on the surface of the layer, as shown by the SEM studies
(FIG. 4). At the end of the study, it was found that the low-
est concentration was achieved with gentamicin and the
highest with bacitracin.

For both NPs loaded with GEN and GEN AOT in the
beginning, the drug was released in a similar manner.
However, the final concentration of hydrophobic gentamicin
was higher than that of gentamicin sulphate, which may be
due to better encapsulation efficiency of this drug: almost
100% of the GEN AOT was encapsulated in NPs (TABLE 1).
A similar drug release profile was obtained in the paper [1]
for NPs loaded with GEN and GEN AOT, the latter being
released faster and reaching a higher concentration at the
end of the study. Also in [22], where PLGA NPs loaded with
gentamicin were studied, after a burst release, the drug was
slowly released until the end.

15

Antimicrobial properties

FIG. 6 shows the growth inhibition zones of S. aureus ® @ @ @ @ @ o
bacteria in contact with suspended NPs according to the
Kirby-Bauer test. As expected, the presence of empty NPs
did not affect bacterial growth. Bacitracin NPs had a weak
effect, so they were not included in further antibacterial
studies. Although more drug was released from the nano-
particles containing bacitracin (FIG. 5), the larger inhibition
zone of bacterial growth was obtained for both gentamicin
and AOT-modified gentamicin, suggesting that those two
antibiotics are more effective against this particular strain
of bacteria. Moreover, studies report that bacitracin gener-
ally has a weaker antibacterial effect on S. aureus than
gentamicin [24].

Both particles with gentamicin and AOT-modified gen-
tamicin showed good antibacterial activity, with the growth
inhibition zone for hydrophobic gentamicin being larger,
indicating a stronger antibacterial effect. The same trend
was observed in other studies [18,25], proving that the ion
pairing of gentamicin with AOT does not affect the potency
of the antibiotic in a negative way.

14
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Concentration [pg/ml]

FIG. 5. Drug release pro-
file for all types of sub-
strates prepared using
the co-deposition (CP) or
drop casting (D) method
with particles loaded with
bacitracin, gentamicin,
and hydrophobic genta-
micin (n = 3).
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FIG. 7. Optical density for S. aureus

*k

*k

Optical density

D GEN AOT D GEN CP GEN AOT CP GEN CP Empty

*p<=0,05 ** p<=0,01 *** p<=0,001

and S. aureus in contact with ex-
tracts of samples coated with CaP
layer that contains different types of
antibiotic-loaded NPs (n = 3).

S. aureus

Spectrophotometric method

FIG. 7 presents the results of the optical density measure-
ment of extracts at different time points, which represents
the growth of bacteria. The highest optical density, and thus
the weakest antibacterial properties, showed extracts from
substrates with empty NPs, as expected. This confirms
the result of the Kirby-Bauer test. In the case of NPs with
non-modified gentamicin and AOT-modified gentamicin,
inhibition of bacterial growth can be observed.

Regardless of the drug used, extracts from samples
coated using the co-deposition method have weaker an-
tibacterial properties due to slower drug release (FIG. 5).
It is caused by a more homogenous distribution of NPs in
the coating — in the case of the drop casting method, the
majority are located on the surface, where release is easier
(compare FIGs 4 A, B and C, D).

Conclusions

The aim of this study was to obtain a CaP coating on
ceramic substrates and immobilize PLGA nanoparticles with
antibacterial drugs encapsulated: bacitracin, gentamicin,
and AOT-modified hydrophobic gentamicin. Their size and
zeta potential were characterized, as well as the drug loading
and encapsulation efficiency. The release of drugs from the
coatings on the ZrO, substrates and antibacterial properties
were also investigated.

The biomimetic method of depositing bioactive layers
on ZrO, substrates and incorporating the prepared NPs
by two methods: co-deposition and drop casting proved
to be effective. SEM pictures show homogenous coating
and the presence of the NPs. Particles produced using the
double emulsion method have the required nanometric size.
Loading them with any of the three tested drugs caused
a reduction in both the size and zeta potential due to the
interaction between PLGA and antibiotics, with GEN NPs
being the smallest and GEN AOT the largest.

The conversion of gentamicin sulphate into hydrophobic
gentamicin by ion pairing was found to be an effective way to
fabricate particles with significantly improved encapsulation
efficiency and drug loading values. NPs with hydrophobic
gentamicin coupled with AOT are characterized by a highly
improved encapsulation efficiency of 99.9 + 0.1%.

Although both methods of immobilizing NPs were ef-
fective, the release of the drug was faster when the drop
casting method was used. This is because NPs agglomerate
on the surface of the substrate in greater quantity, while in
the co-deposition method they are also present below the
surface of the deposited layers. Because of this, the method
of deposition allows to control the rate and profile of drug
release. Antibacterial tests of the obtained materials showed
that both particles containing gentamicin sulphate and
gentamicin modified with AOT exhibit antibacterial proper-
ties, inhibiting the growth of S. aureus bacteria. Bacitracin
showed weak antimicrobial activity in the Kirby-Bauer test,
and thus was not tested with the spectrophotometric method.

In summary, the response of bacteria in contact with ei-
ther produced NPs or extracts from the substrates depends
on the type of drug — GEN AOT being the most efficient.
The method used to immobilize nanoparticles directly
translates into antibacterial activity of the substrate. By
changing manufacturing conditions of NPs and coatings,
the antibacterial activity of samples can be adjusted to the
desired application.
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Abstract

The aim of this study was to obtain degradable poly(L-
lactide-co-glycolide) (PLGA) microparticles (MPs) with
a controlled size for bottom-up bone tissue engineering.
The particles were produced using the classical single
water/oil emulsification method by mixing with a mag-
netic stirrer and by using a novel approach based on the
application of a microfiluidic device. This study involved
a thorough investigation of different concentrations of PLGA
and poly(vinyl alcohol) (PVA) during microparticle fabrica-
tion. The oil phase was PLGA dissolved in dichloromethane
or ethyl acetate at 1%, 2% and 4% w/v concentrations.
The water phase was an aqueous solution of PVA at
concentrations of 0.5%, 1%, 2%, 2.5%, 4% and 5% w/v.
The size and size distribution of the MPs were evaluated
with an optical microscope. Obtained MPs were incubated
in contact with osteoblast-like MG-63 cells and after days
1 and 3, the cell viability was evaluated using the reduc-
tion of resazurin and the fluorescence live/dead staining.
The results showed that for each concentration of PVA, the
size of the MPs increased with an increase in the concentra-
tion of PLGA in the oil phase. The MPs obtained with the use
of the microfluidic device were characterized by a smaller
size and lower polydispersity compared to those obtained
with emulsification by mixing. Both methods resulted in the
generation of MPs cytocompatible with MG-63 cells, what
paves the way to consider them as scaffolds for bottom-up
tissue engineering.

Keywords: microparticles, poly(L-lactide-co-glycolide)

(PLGA), water/oil emulsification, microfiuidic device, bottom-up
tissue engineering
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Introduction

Bone tissue engineering is promising in the treatment
of bone tissue defects resulting from trauma, infections, or
tumour resection [1]. Tissue engineering is based on two ap-
proaches, the first being the traditional top-down approach,
using well-defined porous scaffolds supplemented with
growth factors on which cells are deposited, cultured, and fi-
nally expected to form bone tissue. All these phenomena are
correlated with the degradation of the scaffold material [2].
However, this classical approach has some limitations,
such as difficulties in cell penetration to the central part
of the scaffold, poor nutrients diffusion, and lack of proper
vascularization [3]. A different strategy that solves these
problems is the bottom-up approach, which is based on
the creation of larger tissue structures by the assembly of
microscaffold-cell constructs [4]. These microscaffolds can
have a form of degradable microparticles on which cells
can be deposited and cultured in static or dynamic condi-
tions, thus assuring better diffusion of nutrients and waste
removal. Furthermore, these microparticles can be loaded
with drugs with a defined release time or with biologically
active particles such as hydroxyapatite to ensure better
osseointegration [5].

The material that demonstrates very good performance
in bone regeneration is poly(L-lactide-co-glycolide) (PLGA),
which is a biocompatible and biodegradable linear poly-
ester [6]. Itis possible to control its degradation time through
the lactide to glycolide ratio in the polymer composition [7].
PLGA has many advantages, such as easy control of size,
shape, and physical properties, which make it attractive for
use in bone tissue engineering.

The results obtained in our group on PLGA microparticles
show that they support adhesion, growth, and osteogenic
differentiation of mesenchymal stem cells and can form
microparticle/cell/extracellular matrix constructs suitable
for bottom-up tissue engineering [8].

PLGA microparticles can be obtained by various tech-
niques. One of them is a batch water/oil (W/O) emulsifica-
tion method by mixing [9]. This is a method that allows
to produce microparticles, but with high polydispersity.
To achieve better homogeneity of the resulting samples, a mi-
crofluidic device can be used to produce microparticles [10].
Microfluidic devices operate on the basis of a co-flow of
two immiscible phases [11] and produce microparticles
by squeezing of the dispersed phase by the water phase.
We hypothesize that the use of microfluidic device, due to
better control of flow parameters, is expected to enhance the
uniformity of PLGA microparticles, providing a platform that
holds promise for improved cytocompatibility in bottom-up
bone tissue engineering.

The aim of the study was: (1) to optimize the parameters
of PLGA MPs manufacturing by a single water/oil emulsi-
fication method by mixing to produce microparticles with
the lowest polydispersity, that can be achieved with this
approach; (2) to use these conditions in the microfluidic
device to generate MPs presumably with even lower polydis-
persity; and (3) to test the cytocompatibility of the obtained
microparticles with MG-63 osteoblast-like cells.
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Materials and Methods

Preparation of PLGA microparticles

The microparticles (MPs) were obtained by two tech-
niques: single emulsification by mixing with a magnetic
stirrer and a microfluidic device (RayDrop, Fluigent). In the
case of emulsification by mixing (FIG. 1), to prepare the
oil phase, PLGA (85:15, M, = 100, M,/M, = 2.0, Center of
Polymer and Carbon Materials of the Polish Academy of Sci-
ences, Zabrze, Poland) was dissolved in dichloromethane
(DCM, POCH Basic) at concentrations of 1%, 2% and 4%
w/v. As the water phase, 0.5%, 1%, 2%, 2.5% and 4% wi/v
aqueous solutions of poly(vinyl alcohol) (PVA, Mowiol 4-88,
Sigma-Aldrich) were prepared. PLGA solutions were added
to a water phase while mixing at a speed of 800 rpm on
amagnetic stirrer (MS-52M, Jeio Tech) at room temperature.
The emulsions were then stirred for 24 h to evaporate the
solvent. After this time, the MPs were drained under vacuum
and dried in an incubator at 37°C for 24 h.

In the second production technique, using a microfluid

device (RayDrop, Fluigent, FIG. 2A), the oil phase was PLGA © @ @ o @ o o

dissolved in ethyl acetate (EA, POCH Basic) at a concentra-
tion of 2% wi/v. As a water phase, an aqueous solution of
PVA at a concentration of 2% w/v was prepared. First, the
flow rate in the jetting regime (FIG. 2B) was determined
by setting the flow rate to 100 pl/min and for the dispersed
phase to 20 ul/min. Then the flow velocities of both phases
were simultaneously reduced to 10 pl/min for the continuous
phase and 0.6 ul/min for the dispersed phase. As a result,
the flow in the dripping regime (FIG. 2C) was obtained,
thus producing microparticles. The microparticles then fell
into a 2% w/v PVA solution in water, which was stirred at a
speed of 800 rpm on a magnetic stirrer. After the process
was completed, the particles were stirred for another 24 h
to evaporate the EA. Then they were drained under vacuum
and dried in an incubator for 24 h at 37°C.

PLGA solution in EA

>
1

|

g ,IF

PVA water solution emulsion with PLGA MPs

FIG. 1. Scheme of single emulsifica-
tion method by mixing with a mag-
netic stirrer.

EA - ethyl acetate

PLGA - poly(L-lactide-co-glycolide)
PVA - poly(vinyl alcohol)

MPs — microparticles

._‘ PLGA

N
PVA solution

2% PVA (W/v)

]
_

ethyl
acetate

pressure
controllers

compressor

A flow sensor
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FIG. 2. Scheme of a microfluidic device RayDrop with accessories (adapted from [12]) (A); phase flow regime
inside the RayDrop chip chamber during manufacturing of PLGA microparticles in jetting regime (B) and

in dripping regime (C).
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Microscopic observations

The MPs morphology was assessed with an optical mi-
croscope (Axiovert, Zeiss, magnification: 75X), and ImageJ
software was used to measure the size of microparticles
(n =50).

In vitro studies

The MPs were sterilized by immersion in 70% ethanol
for 24 h and irradiated with a UV lamp for 30 min. MG-63
osteoblast-like cells (ATCC® CCL-1™, American Type Cul-
ture Collection) were cultured in minimal essential medium
(MEM, PAN BIOTECH) in contact with MPs on a 24-well
plate (Avantor, VWR) at 37°C and 5% CO,. For each of
the well, 2 mg MPs and 500 pl of cell suspension in MEM
(16 000 cells/ml) were added and cells were cultured for 1 and
3 days. During incubation, the culture plates were placed on
a shaker (PS-3D Sunflower Mini-Shaker, Grant Instruments),
with a speed of 30 rpm, to ensure dynamic conditions.

Cell viability was tested with resazurin reduction and live-
dead fluorescence staining. The metabolic activity Alamar-
Blue test (resazurin-based, Sigma-Aldrich) was carried out
using 5% resazurin solution; 300 pl of the solution was added
to each of the wells, then incubated for 2 h at 37°C, 5% CO,.
The solution was then transferred to a black 96-well plate
(Nunc), and fluorescence was measured at an excitation
wavelength of 544 nm and an emission wavelength of 590 nm
(FluoStar Omega, BMG Labtech). The percentage of resa-
zurin reduction was calculated using the formula (1):

F.-F,
F100% - FC

where F, — fluorescence of the sample, F, — fluorescence
of 5% of AlamarBlue solution in a cell-free medium, F 44, —
fluorescence of 5% of AlamarBlue solution in a medium after
complete reduction at 120°C for 15 min.

In order to assess the arrangement of cells around the
MPs and to distinguish between live and dead cells, live/
dead staining was performed. This test consisted of adding
300 pl of 0.1% propidium iodide (Sigma Aldrich) and 0.1%
calcein AM (Sigma Aldrich) solution in PBS to the wells,
then incubated in the dark for 10 min. Subsequently, cells
were observed under a fluorescent microscope (Axiovert
40 CFL, Zeiss).

%Rezasurin Reduction = 100% -

(1)

Statistical analysis

The obtained data were checked for normal distribution,
the Shapiro-Wilk and Lilliefors test were used. In addition,
quantile-quantile plots were prepared. Then, the mean, the
standard deviation (SD), and the coefficient of variation (CV)
were calculated. The CV is a statistical measure that allows
to assess the variability of data in relation to the mean. ltis
particularly useful when comparing data sets with different
means. It was calculated from the formula (2):

CV = i - 100% (2)
X

where: CV — coefficient of variation, SD — standard devia-
tion and X —mean.

All calculations and statistical analysis were performed
using OriginPro 2023b software.

Results and Discussion

Properties of microparticles

The results show that for each of the PVA concentrations
in the water phase, as the PLGA concentration increased,
the size of the MPs also increased. As detailed in TABLE 1
and FIG. 3, the highest MPs diameters, equal to 133.5 £
27.2 ym, were found for microparticles produced when
PVA concentration in the water phase was 5% and PLGA
concentration in the oil phase was 4%. The smallest MPs,
equal to 35.9 + 9.2 ym, were formed when they were pro-
duced with the use of 0.5% PVA in the water phase and 1%
PLGA in the oil phase.

TABLE 1. Summary of PLGA MPs size obtained by
emulsification by mixing; SD — standard deviation,
CV - coefficient of variation.

PVA PLGA
concentration concentration

[%] [%]

1 359 | 9.2 31
0.5 2 56.7 | 10.8 26
4 126.0 | 22.2 25
1 48.9 | 17.3 39
1 2 69.7 | 111 24
4 99.2 | 30.7 35
1 426 | 9.2 28
2 2 64.5 | 124 26
4 90.8 | 194 28
1 746 | 15.3 27
25 2 79.6 | 25.2 36
4 98.3 | 16.3 25
1 704 | 23.6 37
4 2 87.7 | 20.2 29
4 121.7 | 225 26
1 60.6 | 11.9 27
) 2 779 | 25.6 37
4 133.5 | 27.2 27
[ T T [ IPLGA1%
] PLGA 2%
150 - [T PLGA 4%
E
=
» 100
o
=
5 -
o
N
(9]
50
0 PVA0.5% PVA1% PVA2% PVA25% PVA4% PVA5%

FIG. 3. Sizes of MPs obtained by single emulsifica-
tion by mixing: the concentration of PLGA in the
oil phase was 1%, 2% and 4%, while the concen-
tration of PVA in the water phase was 0.5%, 1%,
2%, 2.5%, 4% and 5%.
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The coefficient of variation in MPs diameters was be-
tween 24% and 39%, which shows that using the emulsi-
fication method by mixing, microparticles with a large but
reproducible dispersion can be obtained.

Using the microfluidic device, the sample was obtained
using a 2% PVA solution in the water phase and a 2%
PLGA solution in the oil phase. The mean diameter of MPs
was equal to 43.2 + 3.2 uym, and the coefficient of variation
was 7%, which was the lowest result of all microparticles
obtained during the study. The MPs produced in the mi-
crofluidic device were characterized by a smaller size and
a lower polydispersity as compared to those produced by
batch emulsification.

The size of the MPs obtained with the microfluidic device

was 43.2 £ 3.2 ym, which was similar to the MPs with 42.6 e e e e @ @ @

+ 9.2 um size obtained with 1% PLGA concentration in the
oil phase and 2% PVA concentration in the water phase.
Therefore, these two sample types were selected for in vitro
studies, and their size with standard deviation is presented
in FIG. 4A.

60

A

40 -

Size of MPs [um]
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TCPS

el ~T _JDAY 1
Y71 DAY 3

80 4——
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40

%viability of cell relative to TCPS

204

FIG. 4. Size of MPs used in in vitro studies (A); AlamarBlue test results, cell viability relative to control TCPS
samples (B); Live/dead staining results after day 1 and day 3: SE — single emulsification, MD — microfluidic
device, TCPS - tissue culture polystyrene control sample, scale bar = 100 pm (C).
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In vitro studies

To assess the suitability of the materials in the context of
bone tissue engineering, in vitro studies were conducted.
AlamarBlue test showed that for the MPs samples studied
in contact with MG-63 cells, cell growth was in the range
of 70-80% of control conditions (cells cultured on tissue
culture polystyrene, TCPS) (FIG. 4B). Interestingly, in our
experiment carried out for the TCPS control sample, the
measured resazurin reduction ranged from 2.30% t0 2.56%.
As shown in our previous studies for a similar number of
seeded MG-63 cells, but in static conditions, the resazurin
reduction on day 1 was approximately 15-25% and on day 3
it was approximately 30% [13-15]. Lower proliferation in the
experiment reported here may be the result of the dynamic
culture conditions, because the culture plates were placed
on the shaker, which was expected to provoke cell aggrega-
tion around microparticles. Nevertheless, it has been shown
that MPs produced by emulsification and using a microfluidic
device had a similar effect on MG-63 cell viability and are
cytocompatible, according to ISO 10993-5 [16].

The viability of cells was confirmed by live/dead stain-
ing (FIG. 4C). It was found that after day 1 and 3, the cells
grew normally for the control sample and they were stained
green, thus alive. For both types of MPs, cells were clustered
around the MPs. However, in the areas where the MPs were
too dense and the cells did not have space to grow, no cells
were observed. Interestingly, no dead red-stained cells were
seen, which means that the MPs were not cytotoxic.
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Conclusions

PLGA microparticles were obtained with emulsification by
mixing and by using a microfluidic device. The microparticles
were characterized taking into account their diameter and
coefficient of variation. It was shown that the size of micro-
particles can be controlled by the concentration of PLGA in
the oil phase: the higher the concentration, the larger the
size. Interestingly, increased concentration of PVA in the
water phase has a minor effect on particle size. The MPs
obtained by mixing are more polydispersed (coefficient of
variation between 24% and 39%), in contrast to those pro-
duced using a microfluidic device, which had a coefficient
of only 7%. It means that the microparticles produced us-
ing the microfluidic device are more homogenous in size.
In vitro studies of the obtained materials were carried out
under dynamic conditions, which significantly reduced
MG-63 cells proliferation, but allowed the cellular aggregates
to be obtained around the MPs. Viability tests showed that
cells seeded on larger particles proliferate better than those
seeded on smaller particles. PLGA MPs were found to be
cytocompatible with osteoblast-like cells, as shown by the
resazurin reduction test and live/dead staining.
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Abstract

This study examines the potential use of betulin as
an alternative to silver in enhancing vinyl-coated fabrics.
Silver, commonly used to impart antimicrobial properties to
polymers, raises environmental and cytotoxicity concerns.
Betulin, known for its antibacterial, anti-inflammatory,
antiviral, and antifungal characteristics, emerges as an
eco-friendly alternative. The study highlights the possible
applications of betulin in various sectors, such as medical,
military, and public settings, where addressing the challenge
of harmful biofilms is critical. The aim of this research was
to assess the possible effectiveness of betulin as a modifier
in polyvinyl chloride (PVC) coated textiles. The study invol-
ved extracting betulin, preparing plasticizer-based betulin
premix, incorporating it into plastisol, and then coating fa-
brics to analyze its effect on surface bioactivity. Preliminary
tribological studies were conducted to assess the durability
of the coating. According to the ISO 22196:2007 standard,
significant antibacterial effects were observed, with an acti-
vity rating (R) ranging between 1.55 and 2.0. In addition,
tribological studies indicated an improvement in coating du-
rability compared to conventional PVC coatings. The results
suggest that betulin shows potential as a cost-efficient and
environmentally friendly alternative, contributing to improved
product functionality while minimizing environmental impact.
Further research is planned to investigate the potential of
betulin in polymer modification and to exploit its positive
impact on human health and environmental sustainability.

Keywords: betulin, antimicrobial fabrics, biofilm prevention,
polyvinyl chloride coating, activity rating, tribological studies
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Introduction

The modification of synthetic materials is an important
aspect in the design of polymers with specific properties.
The continuous exploration of new modifiers and methods
is essential to achieve the desired material characteristics.

In order to enhance the antimicrobial properties of syn-
thetic materials, a common practice is to make modifications
by incorporating silver ions into the chemical composition [1].
The antibacterial activity of these modified polymers is
dependent on the release of silver ions. However, it has
been observed that these ions exhibit cytotoxic effects on
living organisms, and their release can potentially lead to
environmental sterilization [2].

An innovative approach to modifying synthetic materials
appears to be the application of betulin, a natural and organic
compound derived from the white bark of birch trees. Betu-
lin is a substituted triterpene (FIG. 1) with highly valuable
properties, demonstrating antibacterial, anti-inflammatory,
antiviral, and even antifungal activities [2,3]. This compound
is an economical alternative to silver ions, as its production
cost is relatively lower. Betulin has a vide range of applica-
tions in various fields. In addition to its antibacterial, antiviral
and anti-inflammatory effects, birch bark extract exhibits
antioxidant and even anticancer properties [4]. It may also
be useful in personal protection, serving as a modifier in
the chemical composition of respiratory masks for upper
respiratory tract protection [5].

29
|20
30

FIG. 1. Chemical formula of betulin [2].

In the context of current technological developments,
fabrics containing betulin as a coating are not yet widely
available on the market. Current practice is dominated by
fabrics coated with PU (polyurethane), PA (polyamide) or
PES (polyester), DWR (Durable Water Repellent), and mi-
croporous coatings, or Kevlar fabrics [6-8]. However, such
materials do not fully meet the requirements for military and
civilian applications because they lack the microbiological
activity crucial for protection against harmful biofilm forma-
tion. It is important to note that each type of fabric has its
own characteristic features that determine its suitability for
specific implementations.

The aim of this study was to evaluate the potential util-
ity of betulin as a modifier in textiles coated with polyvinyl
chloride (PVC). This compound facilitates the integration
of coated fabric structures with a natural extract, allowing
the assessment of its impact on the final product. Such an
enhancement of the product could improve its functional
qualities and allow for the elimination of problematic, com-
monly used modifiers. The study also investigated the influ-
ence of betulin on the bioactivity of the surface. Preliminary
tribological evaluation was performed as well.
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Materials and Methods

In this experiment, a 500D polyester fabric, with a density
of 15 fibers/cm? (15x15) was used as the base material.
Plastisol (PVC + plasticizer + modifiers) with a composition
identical to the reference sample was used for modification,
incorporating 1% betulin.

The first step was to extract betulin from the birch bark
using the Soxhlet extraction method (FIG. 2a). In order
to combine the obtained active substance with plastisol,
it was necessary to process the extract appropriately.
For this purpose, a plasticizer-based betulin premix was
prepared to increase affinity and facilitate homogenization.

The active ingredient was extracted from the alcohol-
based extract (FIG. 2b), and then the dry mass was
grated in a mortar together with the plasticizer (FIG. 3a).
In the next stage, the prepared mixture could easily be in-
troduced into the plastisol used in the experiment (FIG. 3b).
After incorporating the active substance into the mixture
and seasoning the modified paste, the process of produc-
ing an experimental coated fabric was initiated using blade
coating technology under laboratory conditions (FIG. 4a).
Subsequently, a sample fabric was produced (FIG. 4b)
and subjected to further examinations. The parameters
and details of the fabric production process are proprietary
knowledge of the Partner Systems Sp. z 0.0. company.

. ‘ i -‘J V r o)

FIG. 2. Extraction of betu-
lin in a Soxhlet apparatus
(a) and obtained alcohol-
based betulin extract (b).

FIG. 3. Plasticizer-based
betulin premix (a) and its
addition to plastisol (b).

FIG. 4. The fabric coating
process (a) and a cutout
of the resulting coated
fabric sample (b).
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TABLE 1. Parameters of the microbiological activity tests.

Research standard

Type of plastic used for control samples
(size, shape, thickness)

ISO 22196:2007(E) “Plastics - Measurement of

antibacterial activity on plastics surfaces”

50 mm x 50 mm x 1 mm

Type of plastic used for test samples
(size, shape, thickness)

50 mm x 50 mm x 1 mm

Type of polymer used as “cover film”
(size, shape, thickness)

PP film, 40 mm x 40 mm, 0.05 mm

Bacterial species and type of strain used

Escherichia coli - DSM 1576;
Staphylococcus aureus DSM 346

Inoculum volume

0.4 ml

Concentration of bacteria in inoculum

6 x 10° cells/ml

Volume, type of neutralizer

10 ml, SCDLP broth

The assessment of the antibacterial activity of the ob-
tained polymeric materials was carried out in accordance
with the ISO 22196:2007 (E) standard “Plastics - Measure-
ment of antibacterial activity on plastic surfaces” (TABLE 1).
Escherichia coli DSM 1576 and Staphylococcus aureus
DSM 346 were used as the reference strains. The bacte-
rial inoculum had a volume of 0.4 ml with a concentration
of 6 x 10° bacteria/ml. The samples were incubated at
a temperature of 35°C with a humidity level of at least 90%
for 24 h. Each sample was neutralized following the proce-
dures described in the standards PN ISO 18593:2005 and
PN ISO 14562:2006. After the samples were subjected to
a sequence of 10-fold dilutions, they were placed in Petri
dishes and incubated as specified in the standard. The N
coefficient, which represents the number of live bacteria
recovered per cm? of the sample, was calculated for both
test and control samples. For antibacterial tests, the coated
fabric without betulin served as the reference sample. Three
reference samples for each strain, along with three samples
of material containing 1% betulin, were used for the study.

The average antibacterial activity (R) for the assessed
fabric was calculated based on:

R=(Ui-Ug) - (Ac- Up) = Ui - A,

where:
U, — the average decimal logarithm of the count of viable
bacteria (cells/cm?), retrieved from untreated samples after
inoculation;
U,—the average decimal logarithm of the count of viable bac-
teria (cells/cm?), retrieved from untreated samples after 24 h;
A,—the average decimal logarithm of the count of viable bac-
teria (cells/cm?), retrieved from treated samples after 24 h.
Subsequently, tribological tests were conducted to assess
the impact of the examined extract on the surface of the coat-
ed fabric, as well as to determine the average coefficient of
friction (u). All samples were tested on a standard tribometer
(Anton-Paar, Corcelles-Cormondréche, Switzerland) under
identical conditions: temperature 21°C, air atmosphere, hu-
midity 40%. The test parameters were as follows: sequence
count 1; single-way mode; radius 5.99 mm; linear speed
10 cm/s; acquisition rate 20 Hz; normal load 5 N. The sam-
ples used for the tribological tests included the reference
sample, three samples containing 1% betulin, and the coated
fabric sample with betulin sprayed on the surface.

Results and Discussions

TABLE 2 presents the results of the microbiological
activity tests conducted on the surface of the coated fabric.
The parameters U,, U,, and A, together with the calculated
antibacterial activity denoted as R (1.85), provide insight
into the antibacterial properties of the fabric.

The derived antibacterial activity R (1.85) obtained from
the tests, indicates a moderate level of antibacterial efficacy
for the betulin-modified fabric. This value falls within the
range of 1.5 to 2.0, as shown in TABLE 3, corresponding
to an acceptable level of bacteriostatic activity according to
the ISO 22196:2007 standard. These findings underscore
the potential of betulin as a promising alternative to silver-
based modifiers in fabric modification processes, suggesting
its capacity to enhance microbial resistance in polyvinyl
chloride-coated textiles.

TABLE 2. Results of the microbiological
activity tests.

Parameter Measured value

U, 4.21
U, 4.91
A 3.46
Antibacterial activity - R 1.85

TABLE 3. Assessment of antibacterial
effectiveness.

Antibacterial efficacy R Number of
according to ISO killed bacteria Assessment
22196:2007 [%]
<15 <96.8 Poor
15-20 96.8 - 99.0 | Acceptable
2.0-3.0 99.0-99.9 Good

>3.0 >9099 Excellent
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TABLE 4 shows the test results of the reference materials

® o e o o o o using Staphylococcus aureus and Escherichia coli bacteria.
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The presence of bacterial growth observed in both cases
underscores the imperative for antimicrobial intervention
in fabric modification processes to mitigate pathogenic
proliferation effectively.

TABLE 5 presents preliminary results of the tribological
tests of coated fabric samples, elucidating the influence of
betulin content on the coating strength and the average
coefficient of friction (u) to damage the coating. The results
indicate a noticeable enhancement in coating strength in the
betulin-modified samples compared to the reference sample,
suggesting the potential of betulin in reinforcing coating
durability. These findings substantiate the effectiveness of
betulin as a modifier in improving both product functionality
and durability.

Betulin-modified fabrics possess significant potential for
use in many sectors, including military and civilian applica-
tions, due to their inherent ability to provide robust protec-
tion against harmful biofilms and pathogens. Additionally,
these fabrics offer a sustainable solution by minimizing the
environmental impact, attributed to the ecofriendly nature of
the betulin derivatives used in their modification.

TABLE 4. Growth of Staphylococcus aureus DSM
346, Escherichia coli DSM 1576.

Validation conditions Staphylo-  Escherichia
coccus coli
aureus DSM 1576
DSM 346
(Lmax - Lmin) / Lmean < 0.2 0.17 0.17
Average number of bacterial
colonies covering the control
sample immediately after 1.0 x 104 9.2x10%
inoculation CFU/cm? CFU/cm?
6.2 x 10°CFU/cm?:
2.5 x 10*CFU/cm?
The average number of
bacterial colonies covering | 1.2 x 10° 3.1x10°
the control sample after 24 h| CFU/cm? CFU/cm?
= 6.2 x 10' CFU/cm?
Validation conditions: Fulfilled Fulfilled

TABLE 5. Preliminary results of the tribologi-
cal tests.

Average Average
coating coefficient of
strength friction p to
[m] damage the
coating
Reference sample 4,52 0.579
Betulin contents 1% by 2617 0.645

mass sample (1,2,3)

Coated fabric sample
with betulin 13.10 0.651
(sprayed on the surface)

Conclusions

Birch bark-derived betulin is a promising eco-friendly
alternative to silver in modifying vinyl-coated fabrics, offering
antibacterial properties without environmental or cytotoxicity
concerns.

The microbiological study demonstrates the effectiveness
of betulin-modified polyvinyl chloride (PVC) coated textiles in
inhibiting bacterial growth, as indicated by an activity rating
(R) ranging from 1.55 to 2.0, meeting acceptable antibacte-
rial efficacy standards.

Tribological evaluations demonstrate increased durability
of coatings compared to conventional silver-based counter-
parts, thus explaining betulin’s latent ability to enhance both
functional effectiveness and product durability.

Betulin-modified fabrics have potential applications in
military, medical, and public settings, providing protection
against harmful biofilms and pathogens while minimizing
environmental impact.

As a result, it has been concluded that further research
on combining the beneficial properties of betulin with the
practical aspect of coated fabrics is warranted.
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