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JOANNA MYSTKOWSKA

DEPARTMENT OF BIOMATERIALS AND MEDICAL DEVICES,
INSTITUTE OF BIOMEDICAL ENGINEERING,
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BIALYSTOK UNIVERSITY OF TECHNOLOGY,

WIEJSKA 45C, 15 351 BIALYSTOK, POLAND

*E-MAIL: ANNA.POWOJSKA@PB.EDU.PL

Abstract

Silicone-based materials are of great interest in medicine
and cosmetic applications because of their biocompatibility
and elasticity. Recently, there has been a significant focus
on the development of functional materials that integrate
multiple desirable characteristics. Elastic composites reinfor-
ced with magnetic filler are active in a magnetic field. These
materials can be an interesting alternative to the currently
used materials, after appropriate modification of the NdFeB
powder. From the point of view of the use of materials in
biomedical engineering, they require a lot of research and
analysis to determine whether they are useful and will not

cause potentially negative effects on a living organism.

The aim of the work was to verify the influence of the powder
silanization method on the thermal and physicochemical
properties of silicone-based composites reinforced with
NdFeB powder. The appropriate selection of the silanization
parameters used in the process allows control of the pro-
perties of the composite. The powder surface silanization
execution affects the physicochemical and thermal stability

of the prepared composites. It has been established that,

depending on the method of silanization, the composite
properties were changed. The obtained experimental results
may lead to further research on the functionalization of ela-

stic composites reinforced with magnetic powder.

Keywords: silanization, elastic magnetic composite, thermal

properties, physicochemical properties

Introduction

Silicone materials are commonly used in a variety of
medical and cosmetic applications. Nowadays, they are
applied mainly outside the body, as materials for contact
lenses or artificial skin. However, they can also be used in
other medical applications, such as drug delivery systems,
cochlear implants, and cardiology. Their biocompatibility
with the human body was confirmed in many experimental

tests [1,2].

00000000000 0C0OCGOCGOIOOINOGOOOONOCONONOGIONONONONTODO
[Engineering of Biomaterials 170 (2023) 2-8]
doi:10.34821/eng.biomat.170.2023.2-8
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High elasticity and ability of silicone-based magnetic
composites to move and act in a magnetic field make them
of interest in many branches of medicine and biomedical
engineering. In the group of elastic polymers, one of the
most commonly used is polydimethylsiloxane (PDMS).
This polymer is most often combined with highly magnetic
particles, e.g. NdFeB [3]. However, the use of NdFeB-based
composites in medicine is not widespread, especially due
to the risk of adverse reactions in contact with the human
body [4-6]. In our previous work [7] the chemical stability of
PDMS-based composites was assessed. It was stated that
the incubation affects the samples and liquids, changing
their physicochemical properties. It is because the organic
matrix is lipophilic and the NdFeB powder is hydrophilic, so
the compatibility between these two phases is not enough.
It can be improved, for example, through modification of the
powder surface using the silanization process. The surface
modification of the magnetic powder using a biofunctional
silane coupling agent enhances the adhesion between the
NdFeB particles and the polymer matrix. It was also stated
[8] that the addition of a silane coupling agent has almost no
effect on the magnetic properties of bonded magnets based
on silanized NdFeB magnetic powder and organic binder.

During the silanization process, the magnetic powder
surface is coated with alkoxysilane molecules of organofunc-
tional character, as it was described elsewhere [9,10]. This
method is commonly used in materials science applications,
especially during composites and smart materials prepara-
tion. Silanization is successfully implemented, for example, in
carbon nanotubes to change the behavior of their surface [11].
This method is also used for the modification of silica wafers
to activate their surfaces [12].

Silanization is carried out using chemical compounds
called silanes. An example of such a chemical is APTES,
which is 3-aminopropyltriethoxysilane with an amino group
attached to the silicone chain. APTES is used to modify
iron oxide nanoparticles, nanosilica particles, or carbon
nanotubes [11,13,14].

The aim of the work was the evaluation of the influence
of magnetic powder silanization parameters on the proper-
ties of silicone composites, especially their interaction with
incubation fluids. This is particularly relevant in biomedical
applications.

Materials and Methods

In this study, elastic silicone-based composites reinforced
with magnetic powder subjected to the silanization process
were examined. The organic matrix used for composite
synthesis was Ecoflex 00-30 (Smooth-On, USA). The mate-
rial belongs to the Ecoflex polymers group, which includes
commercially available silicones with varying Shore-A hard-
ness [15]. The silicone used in this study is characterized
by a hardness of 30 Shore A. This polymer is prepared
from two components, supplied as A and B liquid parts.
To obtain the correct mixture, the ingredients must be mixed
in a 1A:1B ratio.

Magnetic NdFeB powder (MQFP-14-12, Magnequench,
Singapore) with a particle size of d50 = 25 ym (at least 50%
of the powder particles have a particle size of 25 um or less)
was the object of the silanization. The chemical composition
of the NdFeB powder is presented in TABLE 1.

TABLE 1. Composition of MQFP-14-12 micro-
powder.

Element Fe Nd B Nb
Concentration [%w/w] | 71.7 | 26.0 1.0 1.9

Z ommm® © 00000 0000000000000 00000600000000000000000
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Firstly, micropowder was subjected to the silanization
process. The silane used in the experiment was (3-Ami-
nopropyl) triethoxysilane (APTES, Sigma Aldrich, USA).
Twelve different combinations of silanization parameters
(TABLE 2) were used to modify the surface of the magnetic
powder: a) various silane concentrations, b) silanization
time, and c) the type of solution used to dilute the silane.
Each silanized micropowder was mixed with liquid silicone
in a mass ratio of 7:3. Finally, twelve composites (symbols
B-M, TABLE 2) based on silanized micropowders were
obtained. The sample marked with the symbol C was pre-
pared in two steps. At first, the powder was phosphorated
using 10% orthophosphoric acid to activate the surface,
and in the second step, silanization was carried out in the
ethanol/water mixture. Composites with non-silanized metal
powder (symbol A) and pure PDMS (symbol 0) were used
as references.

TABLE 2. Silanization parameters used in exper-
iments.

Silanization parameters

Designa-  gjlane  Time, Solution
tion  concentration  t [h] type
[% wiv]
0 - - -
ethanol 95%v/v/
E 475 >24 water 5%v/v
ethanol 95%v/v/
water 5%v/v
C 4.75 >24 | (preceded by soaking
the powder in 10%
orthophosphoric acid)
D 2 4 water
E 2.5 1
F 2.5 2
G 2.5 4
H 5 1
| 5 2 toluene
J 5 4
K 7.5 1
L 7.5 2
M 7.5 4

The prepared samples were left for the curing process,
and then the samples were cut into smaller pieces, weighed,
and divided into two groups: incubated and non-incubated.
The samples from the first group were immersed in
a 0.9% w/v sodium chloride aqueous solution (NaCl, Sigma
Aldrich, USA) prepared with ultrapure Milli-Q water (Merck
Millipore, Germany). The second set of samples was stored
in a dry place at room temperature.

According to the ISO 10933-13 standard [16], the mass
ratio of the composite to the incubation fluid was 1g:10ml.
Conditioning studies were carried out in an incubator with
an internal temperature range of 37 + 0.5°C. The materials
were incubated for 28 days. After this time, the samples
were taken out and dried at room temperature (21 £ 1°C)
and 60% humidity for 24 hours.

Thermal properties

The thermal properties of the obtained composites
were evaluated using a Q500 thermogravimetric analyzer
(TA Instruments, USA). Thermogravimetric tests (TGA) were
performed according to the ISO 11358-1:2022 standard [17].

Each measurement was carried out in a nitrogen atmos-
phere, with a temperature range of 25 to 950°C and a heat-
ing rate of 10°C/min. Samples with an average weight of
5 mg were used for testing. Measurements were performed
three times for each sample.

Physicochemical properties

The physicochemical properties of the obtained com-
posites were also determined in this study. A water contact
angle was measured and analyzed using a contact angle
goniometer (Ossila, UK). The contact angle was defined
between the surface and the water droplet [18]. The test in-
cluded applying a 5 pl deionized water droplet on the surface
and the drop image on the surface was recorded for 5 s.
The obtained images were analyzed with the included soft-
ware, where a tangent method was used to calculate the
water contact angle [19]. Measurements were performed
five times for each sample.

The density of the composite was determined using the
hydrostatic method. A balance with special equipment and
software (Mettler Toledo, USA) enables the calculation of
density from the mass of the sample in two density-known
environments. The mass of the sample in air and then in
water is registered by the device. The density calculation
using Archimedes’ principle is conducted automatically by
the balance. Measurements were made five times for each
sample.

Fluid absorption was measured using an analytical bal-
ance (Mettler Toledo, USA) with readability up to 0.01 mg.
The mass of each sample was recorded before incubation
and 24 hours after removal from the containers and drying
at room temperature (temperature of 21 + 1°C and humidity
of 60%). The percent change in mass was calculated from
equation (1):

W(%) = =W . 1009 (1)
Wy
where:

w,, - mass of the sample after incubation [g];
w, - mass of the dry sample before incubation [g].

The measurements were performed five times for each
sample.

Surface roughness

The Confocal Laser Scanning Microscopy (CLSM) tech-
nique was used for microscopic observations and roughness
measurements of the surface. The microscope used in this
study was LEXT OLS 4000 (Olympus, Japan). Two linear
roughness parameters: Ra - the arithmetic mean value of
deviation from the mean surface profile line and Rz - the
highest roughness height according to the 10 highest meas-
ured profiles, were evaluated [20]. From the 3D images,
it was possible to measure three surface roughness param-
eters: Sa - the arithmetic mean height value of the absolute
deviations of the surface, Sq - the mean squared deviation
of the surface from the reference surface (standard deviation
of the height of surface irregularities), Sp - height parameter
of the highest peak of the surface [21]. The parameters
were determined using microscope software. It enables an
automatic calculation of the roughness on a specific line or
surface. Linear measurements were made horizontally. Area
measurements were made over an area of 300x300 pixels.
Measurements were performed five times for each sample.

Statistical analysis

The results of the measurements are presented as mean
values with standard deviations. The r-Pearson correlation
test was performed to measure the linear correlation be-
tween tested parameters.
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Results and Discussion

In this work, the influence of magnetic powder silani-
zation on the thermal and physicochemical properties of
silicone-based composites for biomedical applications
was determined. The results of thermogravimetric analysis
(FIG. 1) allow for the determination of the decomposition
temperature at 1 wt% and 5 wt% for all samples before and
after incubation.

For most tested samples, 1 wt% weight loss (FIG. 1a)
was observed in a temperature range of 200-250°C, both
for incubated and non-incubated ones. The only exception
was for samples after the silanization and phosphorylation
process, marked as C, where the temperature of thermal
degradation was ~112°C before and ~105°C after incuba-
tion. It was even 100°C lower than for most samples. It may
be concluded that the decomposition temperature of the
material is lower after silanization combined with phospho-
rylation. The highest temperatures, although almost at the
same level for non-incubated and incubated samples, were
observed for the composite with non-silanized micropowder
(accordingly ~255°C and ~254°C). However, for the rest of
the tested samples, incubation changed the thermal stabil-
ity of the composites, as the temperatures for 1 wt% weight
loss for samples after incubation were lower (from 6°C to
45°C) compared to the non-incubated samples.

In the temperature range of 300-350°C, a 5 wt% weight
loss (FIG. 1b) was observed for most of the examined
samples, both before and after the incubation process.
A similar observation, as for 1 wt% weight loss was for
sample C, based on powder after silanization and phospho-
rylation, where the temperature reached the lowest value
(~263°C before and ~252°C after incubation). Generally,
the temperature of thermal decomposition after incubation
was lower by about 2-28°C compared to the samples before
incubation.

In the FIG. 2a the results of density before and after 28
days incubation are presented. The lowest density is ob-
tained for pure silicone (1.04 g/cm?before and 1.03 g/cm?
after incubation). The highest density was measured for
the composite (A) with non-silanized NdFeB micropowder
(1.70 g/cm?® before and 1.79 g/cm? after incubation) and
for sample (1) based on micropowder silanized for 2 h with
5% w/v APTES solution (1.81 g/cm?® before incubation).
The samples prepared with the micropowders silanized
in toluene have a density in the range of 1.47-1.62 g/cm?.
The methods using ethanol and water as APTES solvents
(B-D) resulted in the lowest density values. In general, it was
observed that after incubation of the samples, the density of
the tested composites decreased. This may be due to the
dissolution of the composite components in sodium chloride
solution, which was also observed in the literature [22].
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FIG. 2. (a) Density and (b) the water contact angle of the examined composites before and after incubation.
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The water contact angle values on the composites before
and after incubation are presented in FIG. 2b. The pure
silicone (0) tends to be hydrophilic, showing a contact angle
value below 90° (© = 77° before and © = 72° after the incu-
bation process). The addition of micropowder increases the
value of the contact angle. For samples, where the powder
was silanized witha 5 % w/v (H, J) or 7.5 % wiv (K-M) APTES
solution, the water contact angle was higher than 100°.
After incubation, this parameter was more stable for samples
prepared using ethanol and water as solvents for APTES,
where the change in the water contact angle was in the range
of 3-12°. Amuch greater decrease was observed for samples
with powder silanized in toluene (E-M). The difference in
the contact angle of the sample before and after incubation
was, for example, ~32° for sample G and ~46° for sample K.
It can be seen that in several cases the material retained
its hydrophobic character after incubation. It is reported in
the literature that the presence of silane in the composite
increases the wettability of a given surface [23,24].

The results of the water absorption of incubated sam-
ples are presented in FIG. 3. The lowest percentage of
mass change is measured for pure silicone (-0.003%).
It was noticed that the longer the silanization time of the
micropowders, the higher the water absorption. For sample
(E), after 1 h of silanization with 2.5 % w/v of APTES (E),
a mass increase of 0.033% was observed. For sample
(G) silanized with the same amount of APTES, but for 4 h,
a mass increase of 0.050% was observed. A relatively high
absorption value was observed for samples with micropo-
wder silanized in ethanol and phosphorated (~0.081%).
All examined composites showed a very low level of water
absorption after 28 days of the incubation process.

In FIG. 4 results of Ra and Rz linear roughness of com-
posite surface before and after silanization are presented.
The highest Ra value was obtained for sample (A) with
non-silanized powder (0.25 pym before and 0.17 ym after
incubation) and the composite silanized and phosphorated
(C) in one process (0.19 ym before incubation). For the
rest of the samples, the Ra value did not exceed 0.1 ym.
However, it was observed that the silanization method in-
fluenced the surface roughness of the incubated samples.

Composites prepared with powder silanized in ethanol/

water solutions (samples B-D) showed lower Ra value after ® @ @ @ @ ® ©

incubation. For the samples with micropowder silanized
in toluene (samples E-M) Ra roughness was lower after
incubation.

Similar observations were noted for Rz roughness.
The highest Rz value was observed for sample (A) with
non-silanized powder (1.58 pm before and 0.85 ym after
incubation) and sample (C) silanized and phosphorated in
one process (1.25 ym before incubation). For most samples
Rz roughness did not exceed 0.3 um. Similarly to the Ra
roughness, for the same composites, incubation causes an
increase in the Rz roughness of the materials, which is also
observed in other studies in the literature [25,26]. However,
for the composite with non-silanized reinforcement (A) and
composites with a silanized filler using ethanol or water as
solvents (samples B-D), a decrease in surface roughness
Rz was observed after incubation [27].
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FIG. 3. Water absorption of examined composites.
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FIG. 5. Surface roughness parameters of the exa-
mined composites before and after incubation:
a) Sq - root mean square height,

b) Sa — arithmetical mean height,

c) Sp — maximum peak height.

In FIG. 5 results for Sq, Sa, and Sp surface roughness
parameters are presented. Generally, the Sq value was
lower than 0.2 ym for the measured samples and tends to
increase after the incubation process. The surface rough-
ness was the highest for the non-silanized sample (A)
(0.85 ym before and 0.42 ym after silanization) and the
sample (C) after combined silanization and phosphorylation
process (0.76 uym before incubation).

The Sa surface roughness increased for incubated
composites in most of the cases. The difference between
non-incubated and incubated samples was in the range
of 0.01-0.02 ym. The exceptions were observed for the
non-silanized sample (0.41 um before and 0.25 pm after
silanization for sample A) and the sample after the combined
silanization and phosphorylation process (0.26 ym before
incubation for sample C), where the roughness decreased.

Similarly, as in previous cases, the Sp roughness was
the highest for the sample (A) with non-silanized powder
(4.26 ym before and 2.37 ym after silanization) and the sam-
ple (C) after the combined silanization and phosphorylation
process (3.13 um before incubation). The Sp roughness for
pure silicone (0) is 0.13 um before silanization and increases
to 0.31 um after incubation.

The roughness of the examined surfaces was found to be
lower for composites based on silanized powder. However,
it should be noted that the roughness increased after the
incubation process. In summary, it can be stated that the use
of the silanization process reduces surface roughness [28].

The CLSM observations were also used to calculate the
surface and volume of structures protruding above the aver-
age profile line of the material on the samples’ surface (FIG. 6).
They are called peaks and pits because they are higher or
lower than other points in their respective neighbourhoods.
Both the area and the volume occupied by the structures
protruding on the surface of the sample allow us to assess
how far all peaks and pits protrude from the base surface.
The total surface of the peaks and pits is significantly higher
for sample (A) with non-silanized microparticles (32107 pm?)
than for samples with modified powder (B-M). In most cases,
the peaks and pits surface were more than six times lower
for silanized powder-based composites. For all composites,
the surface of peaks and pits decreased after incubation.

The volume of structures protruding above the average
profile line of the material surface is of the highest value for
0 sample (pure silicone) and composite A with non-silanized
powder (before incubation), for which the values obtained
were 16129 ym®and 18027 pym?3, respectively. The most
significant difference was measured for samples F and G
(7653 pm*and 2342 um3, respectively). This may be due to
the deepening of already existing peaks and pits.

There is a strong correlation between the surface area
and the volume of the peaks and pits. Due to the r-Pearson
correlation of 0.871 for p < 0.001, the measured values are
interconnected. However, for a better description of the
surface, these two parameters should be analyzed to fully
characterize the tested surface.

In FIGs. 7 and 8 representative CLSM images of two sam-
ples, with non-silanized micropowder (A) and with silanized
micropowder (composite M), before and after incubation
were presented. Some particle agglomerations in both
materials were observed. However, it can be noticed that
fewer agglomerates are present in sample M, based on the
silanized magnetic powder, as compared to the composite
with non-silanized powder.
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Conclusions

To enhance the bond between the magnetic powder and
the organic matrix, the powder was silanized under differ-
ent conditions. The appropriate selection of the silanization
parameters allows for control of the properties of the com-
posite. This is extremely important from the point of view of
specific composite applications in biomedical engineering.
Thus, in this study, variable parameters such as silane con-
centration, silanization time, and type of solution were ex-
amined. The obtained results show that the powder surface
silanization affects the physicochemical and thermal stability
of the prepared composites. Thermogravimetric analysis
shows that the silanization process reduces the temperature
of material’s decomposition. It was also observed that the
values of tested physicochemical properties were slightly
higher for silanized powder-based composites. Surface
roughness analysis results show that the composites with
silanized powder (B-M, except for C) had significantly lower
values of Ra, Rz, as well as Sq, Sa, and Sp parameters.

Additionally, the silanization combined with phosphoryla-
tion presented in the literature as a promising method of
modification, caused a worsening of tested composites
properties, which are relevant for biomedical applications
of the material. The obtained experimental results may lead
to further research on the functionalization of composites
based on magnetic powder.
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Abstract

Despite significant advances in diagnosis and treatment,
cardiovascular disease remains a major cause of premature
death. Approximately 80% of cardiovascular incidents can
be prevented by optimizing risk factor control and lifestyle
modification, including dietary change. Treatment of car-
diovascular disease, like treatment of other diseases, can
be divided into conservative and curative. Conservative
treatment is based on pharmacotherapy, while surgical
treatment is mainly based on the use of PCI (percutaneous
coronary intervention) procedures, i.e., increasing blood flow
through narrowed arteries. This effect can be achieved with
stents. The main limitation of metal stents is their permanent
presence within the body, which can lead to complications
such as thrombosis. A more advanced solution is the use
of polymer or drug-coated stents, both of which are made
of biodegradable materials. These stents are designed to
release medications to support treatment and maintain
their shape within the blood vessel before being naturally
absorbed and eliminated by the body. In this study, the sur-
face of stents made of polylactide was modified by applying
a layer of PLGA using an ultrasound method. The study
was carried out for uncoated and coated stents in both
the initial state and after exposure to artificial plasma flow.
The scope of the work included microscopic observations,
weight measurements of the specimen, and examination of
radial forces. The analysis of the results showed no clear
effect of exposure on stent weight, but a clear effect of long-
-term exposure on radial forces was observed.

Keywords: bioresorbable stents, biodegradable coating,
poly(L-lactide-co-glycolide) (PLGA), splay coating, radial
forces
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Introduction

Cardiovascular diseases are the leading cause of death
worldwide. According to the WHO (World Health Organiza-
tion), these diseases take the lives of approximately 17.9
million people each year. They belong to a group of cardio-
vascular disorders that includes diseases such as ischemic
heart disease, vascular restenosis, cerebrovascular disease,
and other conditions. Risk factors are social and cultural
changes, including low physical activity, poor diet, stress,
and smoking or consuming harmful amounts of alcohol [1].

The treatment of cardiovascular disease depends on
the severity of the disease and the risk to the patient. If the
cause of the disease is excessively high cholesterol levels
that affect the quality of blood flow or irregular heart rhythm,
pharmacological treatment is implemented. The pharma-
cological treatment of cardiovascular diseases depends
mainly on the specific disease entity with which the patient
is struggling. In the case of hypertension, hypotensive drugs
are used; in the case of heart failure, multidrug therapy is
used to modify the cause as much as possible. The more
advanced form of the disease associated with partial or
complete blockage of a blood vessel is surgically treated
with coronary angioplasty or coronary artery bypass grafting.
Coronary angioplasty is a procedure used to unblock the
arteries of the heart using a small balloon catheter that is
inserted into the blocked blood vessel to dilate it. Angioplasty
is often combined with the placement of a small wire mesh
tube called a stent. The use of angioplasty along with stent-
ing has many advantages for the patient; in some cases,
it can eliminate the need for arterial bypass surgery, which
is a more invasive procedure and is also associated with
a prolonged recovery time [2,3].

A stent is a medical implant that is used to maintain the
normal shape of the arteries affected by atherosclerosis
and prevent them from narrowing again. A stent looks like
a cylinder with a diameter of approximately 3-8 mm and
a thin mesh structure of 150-200 microns thick. Depending
on the characteristics of the disease and the function of the
vascular prosthesis, we can distinguish different types of
stents. Concerning the method of implantation, stents can
be divided into classic BMS (bare-metal stent) stents, also
referred to as metal stent-grafts, in which it is first necessary
to dilate the blood vessels using a catheter. Self-expandable
stents, which are characterized by variable expansion force,
thus reducing the risk of various complications such as stent
thrombosis. Another classification of stents is based on the
material used to manufacture them. A distinction is made
between metal stents, bioresorbable stents, and the latest
generation of drug-eluting stents (DES). Metal stents are
usually made of alloys containing elements such as chro-
mium or vanadium, for example, cobalt-chromium or nickel-
titanium. Their negative influence related to metal-organ
interaction and restenosis has prompted the development
of research into bioresorbable stents, which are made of
materials such as aliphatic polyesters and polyacids. These
materials meet all the requirements for interaction with the
human body, i.e. low toxicity, degradability under biological
conditions, and adequate mechanical strength. In addition,
these materials are largely amorphous, which facilitates
their uniform degradation. Bioresorbable stents dissolve
completely a few months after implantation. After this period,
the treated vessel segment regains physiological function.
Therefore, the potential benefit of bioresorbable stents is
the prospect of long-term restoration of vascular endothelial
reactivity and vascular reconstruction in just a few months.
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Complete biodegradation eliminates the risk of late adverse
coronary incidents related to the presence of foreign bod-
ies in the vessel. The latest generation of drug-eluting DES
stents is characterized by the release of specific drugs such
as sirolimus and everolimus. These reduce the process of
restenosis, i.e. the overgrowth of the vessel lumen [4-8].

The choice of stent type should be based on detailed
clinical data and take into account: clinical indications;
the presence of comorbidities, including those requiring
chronic anticoagulation; the risk of bleeding associated with
prolonged dual antiplatelet therapy; the risk of premature
discontinuation of antiplatelet therapy (medical contrain-
dications, patient non-cooperation). A significant advance
in the field of vascular prostheses has been the use of
polymer coatings as a matrix for the release of therapeutic
substances. Polymer-coated stents, unlike classic metal
stents, exhibit high plasticity, facilitating the transfer of the
prosthesis to the target implantation site, and the polymer
coating provides a good matrix for immobilization and con-
trolled release of antiproliferative drugs. Therefore, implants
of this type are an interesting alternative in the treatment of
coronary artery disease. The undoubted advantage of us-
ing this type of stent is its biocompatibility (rapid and proper
formation of neointima) without the need for long-term dual
antiplatelet therapy [9-12].

The study aimed to determine the physical properties of
biodegradable polymer stents covered with a PLGA coating.
Long-term studies of exposing stents to the flow of artificial
plasma were performed for stents with and without coating.

Materials and Methods

Stents with a length of 10 mm and a diameter of 3 mm
made of modified polylactide using the microinjection
method (FIG. 1) were obtained from the Center of Polymer
and Carbon Materials of the Polish Academy of Sciences
in Zabrze. They were divided into two groups, i.e. 14 stents
remained in the initial state, while 12 stents were coated
with seven layers of poly(L-lactide-co-glycolide) (PLGA),
each layer applied with the same parameters [7]. The ap-
plication of coatings on the stents was performed using the
ExtraCoat (Sono-Tech, USA) ultrasonic coating system, with
the parameters shown in TABLE 1. 2% solution of PLGA in
dichloromethane was used in the coating process.

After the application process was completed, the stents
were dried for 48 h under ambient conditions and then for
the next 24 h in a laboratory dryer at 30°C.

The stents were exposed to artificial plasma flow for 1, 14
and 28 days. In each trial, 3 uncoated stents and 3 stents
with a polymer coating were used. The tests were carried out
in artificial plasma at a temperature of 36.6°C in the range
of pressure changes of 80-120 mmHg and a flow rate of
1.1 m/s. Plasma flow in a single tube was 15 ml/s. Artificial
plasma with the content of: 0.14 M NacCl, 0.0027 M KCl,
and 0.01 M PO,* (Chemsolve) was used in the research.

In the work, for stents without and with a polymer coating
before and after exposure to the flow of artificial plasma, the
following study was carried out.

The weight of the samples was determined using the
analytical scale RADWAG AS 310.R2, with an accuracy
of 0.0001 g. Microscopic observations of the stents were
made using a Leica DVM6 digital microscope. The radial
force test was carried out at the Center for Polymer and
Carbon Materials of the Polish Academy of Sciences using
the TTR2 with the J-Crimp Blockwise radial force testing
system, which enables the testing of stents with various
design features. Before measurements, the stents were
conditioned at 37°C for 30 s. The tests were performed with
the parameters presented in TABLE 2.

TABLE 2. Parameters of the radial force test.

Starting diameter 3 mm
Final diameter 1.5 mm
Clamping speed 0.5 mm/s
Measurement temperature 37°C

Results and Discussions

The mean values and standard deviations of the weight
of uncoated (U) and polymer-coated (C) stents after dif-
ferent times of exposure to the flow of artificial plasma are
presented in TABLE 3.

TABLE 3. Summary of weight of coated (C) and
uncoated (U) stents after exposure.

Time of Average stent
exposure weight
[day] [mg]
U 4.00£0.38
FIG. 1. Stent in the initial state. 0
C 4.60+0.35
U 4.30 £ 0.60
. 1
TABLE 1. Parameters of the coating system. C 450+ 0.10
Ultrasound frequency 60 kHz 14 U 4.30 £0.20
Ultrasound power 1.5W C 4.80+0.10
Solution flow rate 0.5 cm®min U 4.00+0.12
i 28
Sliding speed 5 mm/s C 4.10 + 0.50
Air curtain pressure 3 Pa
Time between successive coats 15s
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The results of the stent weight in the
initial state range from4 mgto 5mg. These @ @ e 0 @ @ o
differences result from the accuracy of the
stent manufacturing process using the mi-
croinjection method, as well as the accuracy
of stent trimming. The weight of the stents
after exposure to plasma flow increased by
an average of 0.6 mg compared to the stents
before exposure. The increase in the weight
of the stent after exposure is due to the
deposition components of artificial plasma
in the form of crystals on the stent, as well
as the swelling of the polymer. Measurement
of the mass of the stents in their original and
coated states after exposure to plasma flow
did not show significant differences.

Stents without and with coating before
and after exposure to artificial flow plasma
are shown in FIGs 2, 3 and 4.

The analysis of microscopic observations
of the sample in the initial state revealed
a smooth surface of the stent with visible
sprues being the remnants of the stent
manufacturing process (FIG. 2a, b). The
application of the polymer coating caused
the surface of the stent to become heteroge-
neous and characterized by greater surface
development compared to the stent without
the coating (FIG. 2c, d).

Microscopic observations of the stents
in the initial state (FIG. 3) and with coating
(FIG. 4) after different times of exposure to
the plasma flow revealed additional deposits
on the stent spans and sprues. The deposits
in the form of crystals are the remains of the
components of artificial plasma. The number
of observed crystals increased with exposure
time. A greater number of crystals was ob-
served on the coated stents.

In the stents exposed to the flow of artificial
plasma, after the radial forces tests (FIG. 5),
changes in the shape (approach of the spans
- FIG. 5b) and the places of rip stent tearing
located in the zone span connections (FIG.
5a) were observed. The observations also
confirmed that the presence of sprues after
the stent manufacturing process and depos-
its in the form of crystals are the remains of
the components of artificial plasma. These
observations refer to both uncoated and
coated stents.
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Examples of radial force versus stent diameter curves
from studies of the radial strength of the stents (without and
with a polymer coating) and earlier exposure to a flow of
artificial plasma are shown in FIG. 6. Curves showing the
changes in radial force as a function of the stent diameter
are characterized by a heterogeneous course. Along the
curves, we can distinguish the elastic range, followed by
plastic deformation of the material, ending with its break-
ing. With increasing exposure time to artificial plasma flow,
a decrease in the radial force of the stents was observed.
Moreover, it was observed that as the exposure time of
the stents increased, the range of plastic deformations
increased and the force at which the stent was destroyed
decreased. For stents after 28 days of exposure, the small-
estimpact of changing the stent diameter on the value of its
radial force was observed. A similar course of radial force
curves as a function of stent diameter for different times of
exposure to the flow of artificial plasma was observed for
stents without and with a polymer coating.

Analysis of the test results of the radial force value at
which damage occurred in stents exposed for a longer time
to artificial plasma flow (14, 28 days) did not show significant
differences between stents with and without a PLGA coating
(TABLE 4). The higher value of the radial force was in the
initial state (0) and after 1 day of exposure to plasma flow;
uncoated stents (U) were compared to coated stents (C).
Regardless of the type of the stent, it was observed that as
the exposure time to plasma flow increased, the radial force
at which the stent was damaged decreased.

TABLE 4. Radial destructive force for the uncoated
(U) and coated (C) stents, exposed for different
times to the flow of artificial plasma.

Time of exposure  Stent Radial destructive force
[days] value [N]
0 U 174146
C 19.5+4.9
1 U 20.9+55
C 19.1+5.7
14 U 17.7+5.3
C 17.5+5.2
U 8.6+22
28 C 8.3+3.2
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Conclusions

To summarize:
 the surface of the PLGA spray-coated stent is heteroge-

neous and characterized by a greater surface develop-

ment as compared to the stent without the coating;

» no effect of PLGA coating on the change in weight of
the stent exposed to the flow of artificial plasma was ob-
served, for both coated and uncoated stents, the observed
temporal weight changes were similar and unambiguous;

» the PLGA coating does not affect the radial strength of the
stent, both in the case of the stents with and without the
coating, the decrease in the radial force with increasing
exposure time to the flow of artificial plasma was noted;

» the weight of the stents after exposure to plasma flow
increased by an average of 0.6 mg compared to the stents
before exposure. The increase in the weight of the stent
after exposure is due to the deposition components of
artificial plasma in the form of crystals on the stent, as
well as the swelling of the polymer;

» measurement of the mass of stents in their original and
coated states after exposure to plasma flow did not show
significant differences.

The analysis of the study results shows the suitability of
the ultrasound method for the application of polymer coat-
ings on biodegradable vascular stents. The produced PLGA
coating does not change the mechanical properties of the
stent in its initial state or after exposure to artificial plasma
flow. This indicates the possibility of using such a coating
as a matrix for locally released active substances.
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Abstract

In this study, we aimed to compare how the microstructure
and architecture of polymer supports influence adhesion,
growth and differentiation of human mesenchymal stem
cells (hAMSC) in the context of bone tissue engineering.
We manufactured poly(L-lactide-co-glycolide) (PLGA)
three-dimensional supports in the form of microspheres
by emulsification and porous scaffolds by solvent casting/
porogen leaching. HMSC were seeded on both materials
and on control tissue culture polystyrene (TCPS, bottom of
the wells) and cultured in basal or osteogenic medium for
1, 3, 7 and 14 days. HMSC proliferation and osteogenic
differentiation were studied using lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) assays, respec-
tively. Furthermore, cell morphology and viability were
analyzed after live/dead fluorescence staining. The results
show that the optimized emulsification conditions allowed
the production of PLGA microspheres with a median size
of 95 um. The PLGA scaffolds had a porosity of 82.1%
+4.2% and a pore size of 360 um + 74 um. HMSC cultured
on control TCPS in osteogenic medium were more spread
and polygonal than those in basal medium. They were
characterized with a lower proliferation rate, as shown by
the LDH results, but higher ALP activity. This suggests that
hMSC osteogenic differentiation was achieved. The same
tendency was observed for cells cultured on microspheres
and scaffolds. Cell proliferation was more efficient on both
materials and control in growth medium as compared to
differentiation medium. The amount of ALP, i.e. a marker
of osteogenic differentiation, was elevated, as expected,
in differentiation medium. However, on day 14 cells cultured
on the scaffolds in basal medium exhibited the same osteo-
genic potential as those cultured in differentiation medium.
In general, both microspheres and scaffolds promoted
hMSC adhesion, proliferation, and osteogenic differentiation
and may be used for bone tissue engineering.

Keywords: bone tissue engineering, scaffold, micro-
spheres, proliferation, osteogenic differentiation
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Introduction

Bone is a highly specialized tissue, which, due to its
structure, can be called a natural polymer-ceramic com-
posite [1,2]. Bone tissue consists of living cells embedded
in a matrix that comprises 30% organic substances (colla-
gen, proteins, lipids, proteoglycans, osteopontin) and 70%
inorganic substances (mainly hexagonal hydroxyapatite,
arranged parallel to the long axis of collagen fibers) [1].

In terms of regeneration, bone tissue is unique because
it undergoes complete and continuous regeneration without
scarring. Bone trauma is the most common factor inducing
the cascade of repair processes. The process of bone tissue
regeneration can be divided into three phases: inflammation,
bony callus formation, and bone remodelling [1,3]. During
that process, the structural composition, cellular composi-
tion and biomechanical functions of the pre-injury tissue can
be practically completely restored. Nevertheless, there is
a small percentage of injuries when healing does not occur
as expected. This applies mainly to extensive injuries whose
volume exceeds the size of the critical defect. These types
of injuries usually require surgical intervention.

Poly(L-lactide-co-glycolide) (PLGA) is a linear copolymer
of L-lactide and glycolide. It degrades to lactic acid and
glycolic acid, which at higher concentrations are cytotoxic.
Itis possible to regulate the rate of degradation of PLGA by
changing the percentage of each monomer. As a rule, the
degradation time is in the range of several weeks to several
months [4,5]. This material is commonly used in tissue en-
gineering due to its ease of processing, excellent biocom-
patibility, good mechanical performance, and degradability.

Scaffolds are three-dimensional porous structures that
are permeable to cells and designed for temporary contact
with tissues [6,7]. An ideal scaffold should be biocompatible
and biodegradable. Over time, the scaffolds should degrade,
thus giving space for cells to continue their growth. Scaffolds
should provide a space in which the formation of new tis-
sue, neovascularization, or remodelling of the regenerated
structure can take place, with the aim of integrating it into
the patient’s tissues. Several conditions regarding the archi-
tecture of scaffolds are necessary for the above-described
phenomenon to take place. First of all, the pores should be
interconnected so that the diffusion of oxygen and nutrients
into the cells and the diffusion of metabolites from the cells
is possible [8]. Porosity contributes to better adhesion and
migration of cells into the scaffold. To do this, scaffolds
should imitate the mechanical conditions and natural bone
structures that encourage cell differentiation into the desired
phenotype. The optimal porosity is supposed to be within
the range of 60% and 90%. Ideally, they would include
a degree of micropores with sizes less than 10 pm to pro-
mote cell-scaffold interactions and micropores with diam-
eters close to 300 um to support osteogenesis [7].

Microspheres can be described as small spherical
particles (from 1 ym to 1000 um) that have the ability to
move freely [9]. Their main advantage is that they have
a relatively large surface area with a small volume, which
is why they have quickly become popular in medicine as
drug carriers or cell culture substrates [10]. Due to this
feature, they provide better access to nutrients and oxygen
and at the same time assure efficient metabolic waste re-
moval. Moreover, since microspheres are regarded as 3D
constructs, they provide an environment similar to natural
conditions in which cells proliferate in living organisms [11].
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Another advantage is that there are a large number of
methods of obtaining microspheres such as emulsification,
coacervation, or phase separation [10]. Mielan et al. ob-
tained PLGA microspheres with an average diameter of 165
+ 47 ym. Their research proved that human mesenchymal
stem cells (hMSC) proliferated and differentiated towards
the osteogenic lineage successfully when cultured on PLGA
microspheres [12].

The aim of this research was to fabricate 3D supports
made of PLGA in the form of microspheres and scaf-
folds and to seed on them hMSC in order to access their
adhesion, proliferation, and osteogenic differentiation.
The outcome provided information concerning the potential
of these materials in bone tissue defect healing, which allows
us to assess the effectiveness of 3D supports. To the best
of our knowledge, the comparison of PLGA scaffolds and
microspheres in the context of MSC growth and osteogenic
differentiation has not previously been described.

Materials and Methods

Microspheres fabrication

Poly(L-lactide-co-glycolide) (PLGA, 85% L-lactide,
15% glycolide, synthesized in the Polish Academy of Sci-
ences, Zabrze, Poland), poly(vinyl alcohol) (PVA, Mowiol,
M, = 31,000 g/mol, Sigma Aldrich), and dichloromethane
(DCM, PurelLan, 99.7%) were used in this study. Micro-
spheres were obtained using the emulsion method with
solvent evaporation. The first step was to prepare a 1% PVA
solution by dissolving 10.2 g of PVA in 1000 ml of distilled
water. In order to obtain a homogeneous solution, it was
placed on a magnetic stirrer (Jeio Tech, Multi-Channel Stir-
rer, MS-52M) at a speed of 400 rpm for 24 h. At the same
time, a PLGA solution was prepared by dissolving 1.2 g of
PLGA in 30 ml of dichloromethane (DCM). The prepared
solution was placed on a magnetic stirrer (400 rpm) for 24 h.

After this time, 50 ml of the previously prepared PVA
solution was poured into each of 10 beakers and 3 ml of
PLGA solution was added dropwise using an automatic
pipette. The beakers were then placed on a magnetic stirrer
(400 rpm) for another 24 h. Stirrers of the same size were
placed in the beakers so that the movement generated by
them was comparable in each beaker. After the solvent
(DCM) had completely evaporated and spherical micro-
spheres could be clearly seen in the beakers, they were
filtered through filter paper under pressure and rinsed with
distilled water. As a next step, the papers with microspheres
were placed on Petri dishes and placed in a laboratory dryer
at 37°C for 24 h.

Scaffold fabrication

The synthesis of the scaffolds began with the preparation
of PLGA solution by dissolving 5.2 g of PLGA in 50 ml of
DCM. Then the solution was placed on a magnetic stirrer
(400 rpm) for 24 h. Meanwhile, 4.707 g of sodium chloride
(NaCl, POCh, Gliwice, Poland) with sieved crystal diameters
ranging from 400 to 600 um were weighed on 10 dishes,
into which 5 ml of the previously prepared PLGA solution
was poured. The next step in preparing the scaffolds was to
mix NaCl, which acted as a porogen, with the PLGA solution
using a spatula until the solvent partially evaporated and
has the form of a thick “paste”. The prepared paste was
placed in syringes (5 ml volume), which hubs were cut off
and covered with the parafilm. The syringes were left under
the fume hood until the solvent evaporated completely.
In the next stage, the obtained cylinders were cut into
2 mm thick slices.

In order to completely remove salt, the scaffolds were
placed in a beaker with distilled water, which was changed
every few hours until the water conductivity stabilized at
a constant level on 1 uS/cm. The whole process took 4 days.
After this time, the scaffolds were collected and left to dry
on filter paper and then were placed on a Petri dish and left
in a laboratory dryer at 37°C until completely dried.

Microscopic observations

Both scaffolds and microsphere morphology were as-
sessed with optical microscopes (Stereo Discovery V8 and
Axiovert, both from Carl Zeiss, respectively). Samples were
carefully placed on a mirror plate and then pictures were
taken. The measurements were performed for 100 pores
and 250 microspheres using the Imaged software. In order
to determine the porosity of scaffolds, the sum of the pore
areas (measured in ImagedJ program) was divided by the
area of the photo, and the result was multiplied by 100.

In vitro studies

Human mesenchymal stem cells (ATCC® CCL-1™,
American Type Culture Collection, Manassas, VA, USA)
were used for cell culture. Both microspheres and scaf-
folds were sterilized by immersion in ethyl alcohol for
24 h and then exposed to a UV lamp for 30 min. Scaffolds
(1 per well) and microspheres (5 mg per well) were placed
in a 24-well plate (Avantor, VWR). The culture was carried
out at 37°C and at 5% CO,. As a next step, the density
of the cell suspension was determined so that each well
contained the same number of hMSCs (20,000 cells per
well). The basal medium (Mesenchymal Stem Cell Growth
Medium 2, PromoCell GmbH, Heidelberg, Germany) was
added to half of the wells, while to the other half was filled
with differentiation medium. It consisted of a basal medium
enriched with L-ascorbic acid (300 uM, 1%, Sigma-Aldrich,
USA), dexamethasone (10 nM, 0.02%, Sigma-Aldrich, USA)
and B-glycerophosphate disodium salt (10 mM, 1%, Sigma-
Aldrich, USA).

Live/dead fluorescent staining was used to examine the
viability and physiological activity of hMSC cells, by which
the presence of live and dead cells could be determined.
A solution consisting of phosphate buffer saline (PBS, VWR),
propidium iodide (P, Sigma-Aldrich, Germany), and calcein
AM (Sigma-Aldrich, Germany) was used. Both substances
were used in the following ratio 1 mg of Pl and 1 mg of cal-
cein per 1 ml of PBS. 300 ul of live/dead solution was poured
into each well and then incubated for 10 min in a dark place.
After 3, 7, and 14 days of cell culture establishment, micro-
scopic observations were carried out using a fluorescence
microscope AxioVert 40 (Carl Zeiss, Germany).

Additionally, phalloidin and DAPI staining was performed
as to compare the cytoskeletal features of cells in basal and
osteogenic medium. First, the medium was removed and the
cells were rinsed with PBS enriched with magnesium and
calcium ions (Sigma-Aldrich). Then a 3.7% formaldehyde
solution (Sigma-Aldrich) was added to the cells for 20 min.
As a next step, the cells were rinsed again with PBS solu-
tion. In the last step, 0.1% Triton X-100 solution was added
to the wells and left there for 5 min. As time passed, the
solution was removed and the cells were rinsed with distilled
water. After the described procedure, staining dyes were
added. First, phalloidin was added to the wells and left in
the dark overnight. The following day, the cells were rinsed
again with PBS, and DAPI was added. Further steps were
the same as for phalloidin. Microscopic observations were
carried out using a fluorescence microscope AxioVert 40
(Carl Zeiss, Germany).

15

0 00000 0000000000000 0000000000000000000 000 "=

Ll



16

o0 00000

LDH and ALP assays

To test lactate dehydrogenase (LDH) and alkaline phos-
phatase (ALP) activity 500 ul of 1% Triton X-100 solution
(Sigma-Aldrich) was added into each culture well and then
placed on a laboratory shaker (Grant-bio, Sunflower Mini-
Shaker, PS-3D, 40 rpm) for 50 min. Meanwhile, a working
solution was prepared by mixing 125 ul of solution A (INT/
sodium lactate, Takara, Saint-Germain-en-Laye, France)
and 5.625 ml of solution B (catalyst (A) diaphoresis/NAD,
Takara, Saint-Germain-en-Laye, France). The solution of
0.5M HCI (POCh, Gliwice, Poland) acted as a stop solution.

After 50 min, 50 pl of the contents of each well were
poured into a 24-well plate. In the next step, 50 pl of working
solution was poured into each well and the samples prepared
this way were put away for 8 min in the dark, necessary for
the reaction to occur. After this time, 50 pl of stop solution was
poured into the wells in order to stop the proceeding reaction.
The final step to assess LDH activity was the measurement
of absorbance for a wavelength of 492 nm (FluoStar Omega,
BMG Labtech, Ortenberg, Germany).

For the ALP assay, exactly the same sample culture
plates were used as for the LDH assay. While the plates
were on the laboratory shaker for 50 min, a working solu-
tion was prepared by dissolving 1 tablet of p-nitrophenol
in ALP buffer (0.1M diethanolamine, 0.1% Triton X-100,
1 mM MgCl - 6 H,0O, Sigma-Aldrich). 1M NaOH solution
(POCh, Gliwice, Poland) acted as a stop solution. After
50 min, 25 pl of the contents of the wells were poured
into a 24-well plate followed by 125 ul of working solu-
tion. To incubate the samples, they were left for 30 min
at 37°C. After this time, 63 pl of stop solution was poured
into each well. The final step of the assessment was to
measure the absorbance for a wavelength of 405 nm
(FluoStar Omega, BMG Labtech, Ortenberg, Germany).

In order to learn precisely about the differentiation potential
of cells, the outcome of ALP was divided by cell number so
that the results present the activity of ALP osteogenic marker
per one cell.

Statistics

Data are presented as an average + standard deviation.
Statistical analysis was obtained using a one-way analysis
of variance (one-way ANOVA) followed by the post-hoc LSD
Fisher test using OriginLab software. Probability values lower
than 0.05: p* <0.05, p**<0.01, p*** <0.001 were considered
statistically significant.

Results and Discussions

Microscopic observations

The obtained PLGA microspheres are characterized by
a relatively high regularity of shape and a smooth surface
(FIG. 1A). In the images, the variation in terms of their
size is visible. After analysis of the histogram, it can be
seen that the size scatter is almost symmetrical (FIG. 1B).
The most frequently occurring microspheres (29% of the
total fraction) were in the range of diameters from 90 to
100 um. Microspheres with diameters in the 80-90 ym and
100-110 ym ranges accounted for 18% of the total each.
Microspheres with the smallest diameters (60-70 ym) were
the least numerous, accounting for 5.5% of the total and
those with the largest diameters, i.e., 120-130 ym (5% of
the total) and 130-140 um (5.5% of the total) ranges. Thus,
it can be seen that the diameters of the largest microspheres
were practically twice as large as those of the smallest ones.
In summary, a large number of medium-sized microspheres
in the 80-110 uym range was obtained. The median size of
the microspheres was 95 um.
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FIG. 1. Morphology (A) and size distribution (B) of PLGA microspheres. Gross morphology (C) and microstru-
cture (D) of PLGA scaffolds. Scale bar (A, D) =1 mm, (C) =10 mm.
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As shown in FIG. 1C the scaffolds had the form of
cylinders 10 mm in diameter and 3 mm in height. Under
higher magnification (FIG. 1D), one can observe that they
consist of pores with size 360 ym + 74 uym. The porosity of
the scaffolds was 82.1% * 4.2%. In the scaffolds we can
see both concave and convex surfaces. It has been shown
that topography and microstructure are very important cues
regulating a variety of biological phenomena such as differ-
entiation, morphogenesis, or cell migration [13]. Werner et al.
noticed that concave surfaces promote efficient cell migra-
tion, whereas convex surfaces promote osteogenic dif-
ferentiation as convexity leads to cell body flattening [14].
That morphology modification is accompanied by an in-
crease in the level of laminine, which eventually leads to
enhanced osteogenic differentiation [13].

In vitro studies

To assess cell morphology phalloidin/DAPI stainingand © @ e e @ @ o

live/dead staining were performed. Already after 7 days
significant differences concerning cells shape were notice-
able. In differentiation medium cells were more spread and
had characteristic polygonal shape, whereas cells cultured
in basal medium were more elongated as shown by stain-
ing of the cytoskeletal actin fibers (by phalloidin) and nuclei
(by DAPI) (FIG. 2A, FIG. 2B). It is also noticeable that the
number of cells in basal medium is larger than in differen-
tiation medium. After 14 days it is possible to distinguish
certain changes in cell morphology after live/dead staining.

Basal medium

TCPS
Day 7
Phalloidin/DAPI

TCPS
Day 14
Live/Dead

Microspheres
Day 14
Live/Dead

Scaffold
Day 14
Live/Dead

Differentiation medium

FIG. 2. Fluorescence microscopy images of hMSC cells on: TCPS on day 7 after seeding in basal medium (A)
and differentiation medium (B) and on day 14 after seeding in basal medium (C) and differentiation medium (D);
microspheres on 14 day after seeding in basal medium (D) and differentiation medium (E); scaffolds on day 14
after seeding in basal medium (G) and differentiation medium (H); phalloidin/DAPI staining (A, B) and live/dead
staining (C-H); scale bar 200 pm.
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Cells cultured on tissue culture polystyrene (TCPS) in basal
medium occurred in larger numbers compared to those
cultured in differentiation medium (FIG. 2C, FIG. 2D). The
same tendency as regards proliferation was observed for
cells cultured on microspheres and scaffolds (FIGs 2E-H).
After 14 days of hMSCs culturing, the number of cells in
basal medium was much higher than in differentiation me-
dium. Additionally, cells in differentiation medium exhibited
distinct morphological characteristics indicative of differen-
tiation towards osteogenic lineage, but their proliferation
was reduced. This observation indicates that supplements
added to differentiation medium impacted cell behavior
as proliferation was reduced due to enhanced osteogenic
differentiation.

The results of ALP and LDH assessment confirmed
observations described for microscopic studies. As shown
by LDH assay (FIGs 3 A,C,E) for all the time points prolif-
eration was more efficient for hMSCs cultured on TCPS,
microspheres and scaffolds in basal medium than those
cultured in differentiation medium. On day one, the number
of cells was similar for all materials in both basal and dif-
ferentiation media. For the next days, number of cells was
gradually increasing. The most dynamic growth of cells was
noticed from day 7 to 14 from cell seeding. Cells prolifer-
ated similarly on 3D constructs. However, proliferation was
always more efficient for cell cultures in basal medium rather
than differentiation medium. Similar results were obtained by
Rumian et al., as the cells proliferated efficiently on PLGA
scaffolds throughout the experiment [8].
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The ALP activity related to cell number tested by LDH
assay was used to evaluate the osteogenic differentiation
potential of the hMSC as a function of culture time. In the
case of cells seeded on TCPS (FIG. 3B), the ALP activity
was rising vigorously in differentiation medium as compared
to basal medium up to day 7. On day 14, ALP activity signifi-
cantly dropped for cells cultured in differentiation medium.
For cells cultured on the microspheres (FIG. 3D) amount
of this marker was lower than on TCPS. On the scaffolds
(FIG. 3F), the ALP activity was the same as on TCPS.
This observation indicates that differentiation medium, as
expected, promoted cell ALP activity. Nevertheless, for
cells cultured on scaffolds on day 14, ALP activity in basal
medium was the same as in differentiation medium. It is
worth noticing that significant statistical differences between
days 1 and 14 for each material were observed. This is
a very promising result, suggesting that signals transduced
by the microspheres and scaffolds can activate cells for
osteogenic differentiation even without supplementing the
medium with osteogenic factors. Similar results concerning
cell number and ALP expression for hMSC were obtained by
Rutledge et al. Both, cell number and activity of ALP in-
creased slowly till day 7, then more dynamic growth was
observed. However, the most efficient cell growth was ob-
served for cells seeded on TCPS, whereas more efficient
ALP expression was observed for cells seeded on PLGA
scaffolds [15].

Conclusions

The PLGA microspheres obtained by emulsification
method were non-porous and had a median size of 95 ym.
The PLGA scaffolds obtained by the solvent casting/po-
rogen leaching method had a microstructure with porosity
of 82.1% * 4.2% and a pore size of 360 ym + 74 ym that
mimics spongy bone. The LDH test proved that more cells
on day 14 were present in cultures with basal medium rather
than differentiation medium, but cell proliferation was the
same on the scaffolds, microspheres and control TCPS.
hMSC osteogenic differentiation potential, as expected, was
enhanced in differentiation medium. However, for respec-
tive time points, cells exhibited higher ALP activity in basal
medium when cultured on the scaffolds as on control TCPS.
On day 14 cells cultured on the scaffolds in basal medium
exhibited the same osteogenic potential as those cultured
in differentiation medium. Thus, both microspheres and
porous scaffolds were found more suitable for promotion of
cell adhesion, proliferation, and differentiation, even when
cultured in a medium not supplemented with osteogenic
differentiation factors. In clinical conditions, when mechani-
cal support is needed, we recommend implantation of the
scaffolds. However, the application of microspheres can
be considered when a low-invasive administration of the
cell-biomaterial construct is required.
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Abstract

As a natural mineral, calcium carbonate (CaCQO,) is
widely investigated for various medical applications. It is
a biocompatible material characterized by high degradation
rate and great osteoconductivity. Many researchers evaluate
CaCQO;in the form of particles as a candidate for use in drug
delivery systems. In this study we present an optimization
of the process of producing CaCO; particles by the pre-
cipitation method with the use of combinations of different
time of ultrasound treatment and surfactant concentrations
used. Depending on the synthesis conditions, various sizes
of particles were fabricated. The particles were loaded with
sodium alendronate (Aln, 5% or 10% by weight) with a rela-
tively high encapsulation efficiency between 40 and 50%,
depending on the amount of Aln added and the drug loading
of approximately 9% for both cases. MG-63 osteoblast-like
cells were contacted with 10% wt./vol extracts of fabricated
particles to assess their cytotoxicity. None of the extracts
investigated was found to be cytotoxic. Furthermore, an
in vitro study in direct contact of MG-63 cells with particles
suspended in culture medium was performed. The results
showed that the fabricated particles are cytocompatible
with osteoblast-like MG-63 cells. However, the higher the
concentration of the particle suspension and the greater the
amount of alendronate present in the solution, the lower
the metabolic activity of the cells was measured. The pre-
sented method of CaCQO, particles manufacturing is simple,
cost-effective, and allows one to fabricate particles of the
required size and shape that are cytocompatible with MG-63
cells in defined concentrations of particle suspensions.

Keywords: calcium carbonate microparticles, sodium alen-
dronate, drug delivery system, MG-63 cells, bone tissue
regeneration, particle size optimization
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Introduction

Calcium carbonate (CaCQ,) is a natural biological min-
eral that has gained considerable interest in numerous
scientific and industrial areas [1-3]. Several factors make
CaCO, popular and attractive: low price, wide availability,
high surface area, and ease of synthesis [1-4]. Furthermore,
calcium carbonate is characterized by good biocompatibility,
biodegradability, osteoconductivity [1,3,5], pH sensitivity
[2,3,6], and the ability to release drugs [1,2,6,7]; however,
it is not regarded as osteoinductive [8]. Importantly, CaCO,
is a material that has been approved by the US Food and
Drug Administration (FDA) and the European Food Safety
Agency (EFSA) as a food additive and nutrient source
added to food [2,3]. CaCO, has been confirmed to have
a faster resorption rate compared to hydroxyapatite [5] with
comparable bone formation activity [6]. It may improve gene
expression and exhibits a high degradation rate [4] and
great osteoconductivity [6]. CaCO, nanoparticles have been
reported to promote osteogenic differentiation of human
bone marrow mesenchymal stem cells in vitro [4]. Due to
its features, CaCQ, in the form of particles appears to be an
ideal candidate for use in drug delivery systems [1,7,9,10].
Manufacturing process of CaCO; is simple [10] and the
drug release rate can be controlled by changing the size,
shape, or composition of the particles [2,3]. The significant
advantage of CaCQO; particles is their degradability which
eliminates the need to remove the delivery system after
treatment [6]. CaCO, has been reported to be a carrier of
different drugs and bioactive substances, such as doxoru-
bicin [1], gentamicin [6], tetracycline hydrochloride [7] or
doxorubicin hydrochloride [10].

Sodium alendronate (Aln) is a hydrophilic amphiprotic
[11] and nitrogen-containing drug [12-14] that is approved
by the FDA [15]. It belongs to the bisphosphonate class of
drugs and is widely used for the treatment of bone diseases
[11-14,16]. The action of Aln is to inhibit bone resorption by
inducing osteoclast apoptosis, while improving osteoblast
recruitment, differentiation, and bone remodelling activity
[11,14,17,18]. Furthermore, it has been reported to increase
bone mineral density [12,19] and improve the osteogen-
esis of bone marrow mesenchymal stem cell (BMSCs)
and mesenchymal stromal cells (MSCs) [13,14]. Sodium
alendronate has been widely investigated for local delivery.
Different materials are being used to encapsulate Aln, such
as polymers [19-22] and ceramics [23-26]. However, to the
best of our knowledge, alendronate-loaded CaCO, parti-
cles require more in-depth studies. Thus, in this work, we
aimed to manufacture calcium carbonate particles loaded
with sodium alendronate for local drug delivery in bone tis-
sue with the use of a simple, safe, low-cost, and effective
precipitation method.

Materials and Methods

Materials

Sodium carbonate (Na,CO,), calcium chloride hexahy-
drate (CaCl,-6H,0), TWEEN 20, o-phtaldialdehyde (OPA),
resazurin (Alamar Blue assay), calcein AM and propidium
iodide were provided by Sigma Aldrich, Germany. Minimal
essential medium (MEM), fetal bovine serum (FBS), peni-
cillin/streptomycin (PS), amino acids and sodium pyruvate
were purchased from PAN Biotech, Germany. Edetic acid
(EDTA) was purchased from POCH, Poland, phosphate
buffered saline (PBS) from VWR Life Science, and sodium
alendronate (Aln) was provided by Polpharma S.A. Poland.
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Manufacturing of calcium carbonate particles

To prepare CaCO, particles (CCPs), the precipitation
method from aqueous solutions of Na,CO, and CaCl, was
used. In brief, the 0.33 M Na,CO; solution was mixed with
the 0.33 M CaCl, solution in a 1:1 ratio, while stirring at
a speed of 2000 rpm [10,27]. The stirring was continued for
10 min, followed by centrifugation for 15 min at 5000 rpm
(MPW-351R, MPW Med. instruments, Poland). Subse-
quently, the supernatant was discarded and 10 mL of ultra-
high quality water (UHQ-water, produced in Direct-Q 3UV,
Merck Millipore, USA) was added to the tube. The particles
were resuspended and centrifuged again. The supernatant
was removed, and the process was repeated three times.
The particles were then frozen at -80°C and freeze dried
(Christ Alpha 1-2 LDplus, Martin Christ, Germany).

Effect of ultrasounds on the size of particles

The effect of ultrasounds on the size of the particles
was checked by introducing ultrasound treatment into the
manufacturing process. Basically, Na,CO, and CaCl, were
mixed in the presence of an ultrasonic probe for 5, 10 and
15 min (Vibra Cell VCX130, Sonics, USA), followed by
stirring with the magnetic stirrer for 10 min at 2000 rpm. The
subsequent stages were carried out without any changes.

Effect of surfactant on the size of particles

To evaluate the influence of the presence of surfactant
on the particles size, TWEEN 20 was added to the solutions
of Na,CO, and CaCl, at different concentrations — 0.5,
1 and 2%. Basic solutions containing different amounts of
TWEEN 20 were mixed and the process was carried out as
previously described.

Effect of ultrasound combined with surfactant on the
size of particles

The combination of both previously mentioned factors
was assessed as well. To do so, Na,CO, and CaCl, solutions
with different concentrations of TWEEN 20 (0.5, 1 and
2%) were mixed in the presence of an ultrasonic probe
for different times (5, 10 and 15 min), followed by stirring.
As previously, the next stages of the manufacturing process
were carried out without any changes.

Encapsulation of sodium alendronate

Sodium alendronate was encapsulated in CCPs during
the manufacturing process (AIn-CCPs). In brief, a different
amount of the drug (5 and 10% relative to the theoretical
mass of the particles) was dissolved in the Na,CO, solution
and mixed with CaCl, under adequate conditions.

Characterization of particles

The particles were observed with the use of a scanning
electron microscope (SEM Apreo 2, Thermo Scientific,
USA). The size was checked with dynamic light scattering
(DLS), expressed as mean and standard deviation (SD), and
confirmed with SEM observations. Encapsulation efficiency
(EE) and drug loading (DL) were examined with the use of
an OPA assay. To do so, the alendronate loaded particles
were dissolved in EDTA, adjusted to a pH value equal to
8 with 1 M NaOH, at a concentration of 1 mg/mL. Then,
50 pL of the solution was transferred to a black 96-well plate,
50 yL of OPA reagent was added and fluorescence was
measured (A, = 340 nm, A, = 460 nm, FLUOstar Omega,
BMG Labtech, Germany).

Biological evaluation with extracts

The extracts of empty and loaded particles were tested © @ @ @ @ @ o

with osteoblast-like MG-63 cells. To obtain 10% extracts, the
particles (after being exposed for 20 min to UV irradiation)
were immersed in MEM supplemented with 10% FBS, 1%
penicillin/streptomycin, 0.1% amino acids, and 0.1% sodium
pyruvate for 24 h. In an adequate number of wells, 10,000
cells suspended in 100 pL of MEM per well were seeded.
Culture was carried out for 24 h at 37°C in a 5% CO,
atmosphere. After that time, the medium was exchanged
into extracts (filtered with a 0.2 um filter) and the cells were
cultured in them for another 24 h. The Alamar Blue assay
and live/dead staining were then performed to verify the
metabolic activity and morphology of the cells, respectively.
For Alamar Blue, 150 uL of a 10% resazurin solution in
a medium was added to each well and incubated for 3 h.
Then 100 yL of the solution was transferred from each well
to a black 96-well plate and the fluorescence was measured
(Aex = 544 and A,,, = 590 nm). To calculate the level of
resazurin reduction, we used the following formula (1):

Sx - Sblank

% resazurin reduction - 100% (1)

Sreduced - Sblank
where:
S, — fluorescence of the samples,
Spank — 0% reduction of resazurin,
Siequced — 100% reduction of resazurin.

To conduct live/dead staining, calcein AM (0.1%) and
propidium iodide (0.1%) were dissolved in phosphate
buffered saline solution (PBS). We added 100 uL of the
solution to each well and incubated it for 20 min in darkness.
The cells were then observed with a fluorescent microscope
(ZEISS Axiovert 40 CFL) with a ZEISS HXP 120 C metal
halide illuminator.

Cytocompatibility test

To evaluate cytocompatibility, MG-63 cells were evaluated
in direct contact with the particles. Briefly, suspensions of
different concentrations of empty and loaded particles were
prepared. The particles were sterilized by exposing them
twice to UV irradiation. In an adequate number of wells,
10,000 cells suspended in 100 pyL of MEM per well were
seeded. Culture was carried out for 24 h at 37°C in a 5%
CO, atmosphere. Later, the medium was exchanged into
particle suspensions and the culture was continued for
another 24 h. After that time, the Alamar Blue assay and live/
dead staining were performed, as described in 'Biological
evaluation with extracts' section.

Statistical analysis

The results are presented as mean + standard error of
the mean (S.E.M.). The analysis of the results obtained
was conducted using a one-way analysis of variance (one-
way ANOVA) followed by the post-hoc LSD Fisher test
in OriginLab software. Probability values less than 0.05:
p*<0.05, p**<0.01, p***<0.001 were considered statistically
significant.

Results and Discussions

CaCQ, particles were fabricated using the precipitation
method. Different times of ultrasound treatment and differ-
ent concentrations of TWEEN 20 were used to determine
the best conditions for obtaining particles. The results show
that both factors have a significant influence on the size of
the particles (FIG. 1).
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FIG. 1. Effect of ultrasound treatment time (0, 5, 10 and 15 min) and TWEEN 20 concentration (0%, 0.5%, 1%,
2%) on the size and microstructure of CaCO, particles obtained during the precipitation process.

The use of ultrasound makes it possible to obtain smaller

particles, while the presence of a surfactant stabilizes the
< system, so that the formed particles have a round shape.
The longer the ultrasound treatment time used, the smaller
the particles. Moreover, the addition of surfactant appears
to allow smaller particle sizes to be obtained; however, too
high concentration may lead to the agglomeration of CaCO,
particles (FIGs 2 G-l). Furthermore, the presence of the
< surfactant makes it possible to fabricate particles of round
shape. CaCO, particles manufactured without TWEEN
20 are visible to have a cubic shape, indicating that the
- ' transformation of vaterite into calcite has occurred [28].

This means that the surfactant works as a stabilizer of
a vaterite phase of CaCQO; crystals. Interestingly, when no
ultrasound treatment is performed, the particles obtained
with all concentrations of TWEEN 20 belong to the same
population; however, the more surfactant used, the more
agglomerated particles are. Furthermore, there is no statisti-
cally significant difference between particles manufactured
without the addition of surfactant at various times of ultra-
sound treatment. That indicates that 5 min is enough for
the precipitation reaction to occur and a longer time does
not affect the size.
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The combination of ultrasound treatment and the addition

e o0 000 0 of TWEEN 20 allows to obtain particles of different sizes

(TABLE 1), depending on the conditions. According to
the literature, various sizes of CaCO; particles may be
obtained with the use of different methods of manufacturing
and the conditions used. The size of CaCO; particles has
been reported to vary between 50 nm and 6 pym while the
precipitation method is used with most particles greater than
1 um [29]. However, the use of different additives during
the precipitation allows to control the size of the obtained
particles. This corresponds to the findings of other scientists
that presented particles of different sizes [4,6,7,10,29].
The smallest particles in our investigation were manufactured
when 5 min of ultrasound and 0.5% of surfactant were used
and have a size of 0.7 £ 0.2 um. On the other hand, the
size distribution in the case of this sample is relatively
wide. Therefore, the most optimal conditions appear to be
10 min of ultrasound with the addition of 1% TWEEN 20.
The size is slightly higher, but the size distribution is narrower.
Smaller particles may be obtained with the use of different
combinations; however, apart from the size distribution,
the shape of the particles changes. Furthermore, the use
of different methods of manufacturing can be utilized to
fabricate much smaller particles [4,6]. We chose 10 min of
ultrasound treatment and the addition of 1% TWEEN 20 as
the most optimal conditions and they were used for further
investigation. The addition of Aln has no impact on the shape
of the obtained particles. Furthermore, the size of the Aln-
loaded particles, fabricated under the same conditions, is
not significantly different compared to the empty particles
(TABLE 2). Although the precipitation method is simple
and relatively effective, it is nonetheless a manual process.
Its automation would improve the accuracy of the technique
and allow obtaining particles of a specific, predefined size.
Future research should focus on the use of other surfactants,
as well as the use of homogenizers and/or a milling process
to obtain smaller particles.

The encapsulation efficiency decreased, while the drug
loading increased with the amount of alendronate used.
Different polymers have been reported to encapsulate
sodium alendronate, and the efficiency was dependent on
the material used. Jing et al. presented three compositions
of alendronate-loaded nanoparticles based on poly(lactic-
co-glycolic acid) (PLGA) in which both encapsulation
efficiency and drug loading exceeded 70% [20]. Moreover,
chitosan nanoparticles have been reported to have EE
in the range of 40 to 70% [22]. On the other hand, Miladi
et al. demonstrated polycaprolactone (PCL) particles that
were characterized by EE and DL in the ranges of 15-34%
and 2-21%, respectively [21]. According to the literature,
calcium carbonate particles are being used to encapsulate
various drugs. The encapsulation efficiency of gentamicin
in CaCO, particles was reported to be 38% with a drug
loading of 25% [6]. Sudareva et al. showed CaCO; particles
loaded with doxorubicin with a drug content greater than
90% [30]. Encapsulation efficiency and drug loading are
highly dependent on the drug and material used. However,
in this study, EE was relatively high in each case and varied
between 40 and 50%, depending on the addition of Aln and
DL was approximately 9% for the addition of 5 and 10% of
alendronate (TABLE 2).

TABLE 1. Size of CaCO, particles fabricated under
different conditions.

Time of Surfactath Size + SD
ultrasound concentration
treatment [min] [%] [bm]
0 0 17.8+7.5
0 0.5 25+0.7
0 1 22+0.2
0 2 1.8+0.1
5 0 51+1.7
5 0.5 0.7+0.2
5 1 21+0.5
5 2 14+04
10 0 46+2.1
10 0.5 0.8+0.2
10 1 1.3+0.1
10 2 1.1+04
15 0 44.+11
15 0.5 0.8+0.3
15 1 1.3+0.1
15 2 1.2+0.1

Osteoblast-like MG-63 cells were cultured in 10%
extracts of manufactured particles to evaluate their potential
cytotoxicity. Cells were contacted with extracts for 24 h and
then their metabolic activity was checked (FIG. 3 A) and
live/dead staining was performed (FIG. 3 B). Compared
to the control, cells activity was significantly lower while
cultured in extracts of each type of particles. Interestingly,
the resazurin reduction in the case of samples conta-
ining Aln was higher than that of empty CaCO, particles.
No decrease of greater than 70% compared to the control
can be observed, which means no toxicity of the investigated
extracts according to ISO 10993-5 [31]. Interestingly, the
metabolic activity of cells cultured in the extracts of Aln-
loaded particles (both 5 and 10%) was higher compared
to empty ones. This suggests that sodium alendronate
supports the proliferation of osteoblast-like cells.

To evaluate the cellular response of CaCO, particles,
osteoblast-like MG-63 cells were cultured in direct contact
with particle suspensions. Depending on the type of
particles, the metabolic activity of cells (FIGs 4 A,C,E) was
decreasing with increasing concentration of particles present
in MEM. However, for empty particles, the relevant decrease
is observed for the concentration of 100 mg/mL. In the
case of 10% addition of alendronate, concentrations of 50
and 100 mg/mL were toxic for cells; however, a statistically
significant decrease, compared to the control (0 mg/mL),
can also be observed for lower concentrations (FIGs 4
A,C,E). ltis visible that cell activity is significantly lower for
a concentration of 100 mg/mL, even for empty particles.

TABLE 2. Characteristics of CaCO, particles loaded with alendronate.

Time of ultrasound Surfactant Addition of Size £ SD Encapsulation Drug loading (DL)
treatment [min]  concentration [%] alendronate [%] [um] efficiency (EE) [%] [%]
10 1 0 1.3+0.1 - -
| 10 1 5 11202 49.6 2.0 9.2+04 |
| 10 1 10 1.1+0.3 39.7 +1.3 9.6+0.3 |
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FIG. 3. Metabolic activity (A) and live/dead staining (B) of MG-63 cells cultured in the presence of 10% extracts
of empty particles, particles loaded with 5% and 10% addition of sodium alendronate and in MEM, as control.
No decrease in metabolic activity greater than 70% compared to the control can be observed.

However, the metabolic activity of cells when contacted with
empty particles is not significant for lower concentrations,
which is comparable to the results of other researchers
[32,33]. The resazurin reduction is lower, compared to the
control for each suspension of particles containing Aln,
indicating that alendronate may be toxic for MG-63 cells,
especially at higher doses. Although the CaCO, particles
with Aln showed great performance during the study with
extracts, it is not the case when we study them in direct
contact with the particle suspensions.

Conclusions

The aim of this research was to optimize the process
of manufacturing calcium carbonate particles with sodium
alendronate encapsulated and to investigate their cytotoxic-
ity and cytocompatibility with osteoblast-like MG-63 cells.
Different times of ultrasound treatment and concentrations
of surfactant were used to control the size of the fabricated
particles. The use of 0.5% of surfactant combined with 5 min
of ultrasounds allows to obtain the smallest particles. How-
ever, a combination of 1% and 10 min gives slightly larger
particles, but with a narrower size distribution. The extracts
of empty and loaded particles (5 or 10% alendronate) were
tested with MG-63 cells and did not show signs of cytotoxicity.

Furthermore, the cellular response of the particles was
investigated by contacting MG-63 cells with particles
suspended in a culture medium. According to the results,
a higher concentration of sodium alendronate present in
the system may be toxic to the investigated cells. However,
the particles are cytocompatible with MG-63 cells in lower
concentrations even with a 10% addition of sodium alen-
dronate. Depending on the application and requirements,
different compositions may be used to obtain particles of the
required size. The presented process is simple, low-cost,
and effective to fabricate calcium carbonate particles that
are cytocompatible with MG-63 cells.
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