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Abstract

Burn wounds are a unique type of injury that can affect
the entire body and cause irreversible damage. They are
characterized by significant morbidity and mortality due to
the pathophysiology of the healing process manifested by
unremitting inflammation, leading to a critical need to search
for new treatments. This study focuses on the development
of drug delivery systems in the form of lipid microparticles
loaded with quercetin, as an agent to combat acute inflam-
mation in burn wounds. We aimed to explore the effect
of quercetin in modulating macrophage polarization from
proinflammatory (M1) to anti-inflammatory (M2) phenotype.
The absence of a cytotoxic effect of the produced particles
on macrophages, as well as the lack of negative effects
on their morphology was proven. The study confirmed the
ability of quercetin and quercetin-loaded lipid microparticles
to modulate macrophage polarization in an anti-inflammatory
direction, based on the analysis of their surface markers
expression performed with the use of flow cytometry.
With the use of quercetin, the expression of M2 specific
marker increased. Furthermore, better results were obtained
for encapsulated quercetin, confirming the necessity of
encapsulation to increase the therapeutic potential.

Keywords: lauric acid, quercetin, encapsulation, cytotoxicity,
macrophage polarization, burn wounds

[Engineering of Biomaterials 171 (2023) 2-11]
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Introduction

Wound healing is a complex process regulated chemi-
cally, by molecules such as growth factors or cytokines,
and mechanically, by tension of the skin or cell contraction
forces. This process consists of overlapping phases, namely
homeostasis, inflammation, proliferation, maturation, and
remodeling [1].

The inflammatory phase (4-6 days) involves clot forma-
tion, platelet activation, and neutrophil and monocyte-driven
debris removal. Macrophages are known to clean the wound
site and release growth factors and cytokines inducing in-
flammation. During the proliferation phase (up to 3 weeks),
the most important phenomena is related to granulation
tissue formation, deposition of extracellular matrix (ECM),
angiogenesis, and epithelialization. Guided by growth fac-
tors and ECM proteins, fibroblasts and endothelial cells
proliferate, to cover the wound site and achieve wound
closure. In the maturation and remodeling phase (from day
8 to ~1 year) collagen is reorganized and ECM is remod-
eled by metalloproteinases. Collagen type lll is replaced
with collagen type |, angiogenesis stabilizes, and the scar
matures, resulting in a lower strength of the healed tissue.
Cellular and molecular interactions drive wound closure and
tissue repair [1-6].

In the burn wound healing process, these three phases
can also be distinguished; however, in this type of injuries,
recovery is more complicated, it takes longer to move from
one phase to the next, and the inflammatory response is
stronger. Burn wounds can be classified according to their
total body surface area (TBSA) into major and minor (>10%
of TBSA) wounds [7-11]. In addition, it is also important
to classify the injury according to its depth and size. Skin
burn injuries can be classified as partial or full thickness.
If the injury affects the upper layer of the skin (only the epi-
dermis), it is classified as a superficial burn (first-degree).
Superficial partial thickness (second-degree) burns involve
the epidermis and part of the dermis. In superficial and
superficial partial-thickness burns, most of the adnexal
structures (hair follicles, sweat, and sebaceous glands) are
preserved. Deep partial-thickness (second-degree) burns
destroy a larger proportion of the dermis, some adnexal
structures, and partially pain receptors. A full-thickness burn
(third-degree) destroys the whole epidermis, dermis, and all
adnexal structures. It is not typically painful due to damage
of the nerve endings. Fourth-degree burns involve damage
of deeper tissues, such as muscle or bone, and often lead
to loss of the burden part [7].

In the case of extensive burn injuries, there is an un-
precedented inflammatory response, which distinguishes
this type of harm from other traumas. The cellular defense
mechanisms begin with the proinflammatory phase, known
as the systemic inflammatory response syndrome. Mac-
rophages produce proinflammatory mediators and biochemi-
cal cytokines, such as tumor necrosis factor alpha (TNF-a)
and interleukin-6 (IL-6). Thermal injury results in prolonged
and profound hypermetabolism, which leads to an increased
production of proinflammatory cytokines, as well as the
formation of reactive oxygen species (ROS). Free radicals
are known to have a beneficial effect on antimicrobial action
and wound healing; however, in the case of burns, they are
produced in enormous amounts, leading to infection and
sepsis, tissue damage, and multiple organ failure [7,10-12].
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This response of the body makes it very important to
fight inflammation in an early stage of treatment. This ap-
plies mainly to superficial partial thickness burns, which do
not require surgical intervention, and when treating them,
the most important step is covering the wound at the early
stage. Topical antimicrobials are fundamental to non-surgical
approaches. These dressings are applied to cover burn
wounds, promote epithelialization, prevent infection and
mechanical trauma, keeping wounds moist and reducing
pain. The ideal dressing for burn wounds should also have
the ability to fight inflammation and do not require frequent
changes, which is especially painful in the case of burns.
However, none of the dressings currently clinically used
possess all of these features. Drug delivery systems are
expected to be beneficial for the treatment of this type of
burn wounds, due to their ability to meet all or most of the
requirements for ideal burn wound dressings [7,10,11,13].

One of the compounds that show the potential to reduce
inflammation is quercetin. Quercetin is a plant-derived
flavonoid that can be found in fruits (e.g., apples, grapes,
berries), vegetables (e.g., capers, brassica vegetables, on-
ions, tomatoes), and in herbs and medical plants (e.g., tea,
elderberry). It has many desirable properties to be explored
in medicine, such as various bactericidal mechanisms and
biofilm destruction ability. Furthermore, it is recognized to
have antioxidant and anti-inflammatory properties. Quercetin
is known to scavenge free radicals and interact with cellular
molecules influencing their antioxidant activity. Supporting
cellular antioxidant capacity is mainly based on upregulat-
ing the expression of specific molecules, for example, glu-
tathione (GSH), which are able to neutralize free radicals and
transfer their harmful effects to less sensitive cell structures
(e.g., from the lipid membrane to the cytosol). Direct ac-
tions include, for example, antilipoperoxidative activity and
hydrogen donating ability [14-18].

The main goal of this study was to develop a drug
delivery system in the form of lipid microparticles loaded
with quercetin and to evaluate their potential to influence
the polarization of human macrophages towards a M2
anti-inflammatory phenotype. The use of macrophages for
in vitro studies is related to their crucial role in modulating
inflammation in the body. The microparticles, manufactured
by a hot emulsification method, were evaluated in terms
of the morphology, size, and encapsulation efficiency of
quercetin. In vitro studies focused on evaluating the cyto-
toxic effect of microparticles on human macrophages, the
influence of quercetin on cell morphology, and the ability of
the particles to modulate macrophage polarization toward
an anti-inflammatory phenotype.

Materials and Methods

Manufacturing of quercetin carriers

Lauric acid (MKBR440v — SIGMA-ALDRICH) was cho-
sen as a lipid matrix for the production of particles. The
hot emulsification method was used to produce micropar-
ticles (microparticle production scheme shown in FIG. 1).
The water phase was a solution of 10% poly(vinyl alcohol)
(Mowiol® 4-88 — SIGMA ALDRICH), and the oil phase was
lauric acid — for the unloaded microparticles, or lauric acid
and quercetin (QE) (Q4951-10G — SIGMA-ALDRICH) — for
the loaded microparticles. Briefly, the oil phase was melted
in a water bath at 65°C. After homogenization, the oil phase
was combined with the water phase, then the mixture was
poured into liquid nitrogen and left to thaw. Microparticles
were manufactured with different QE concentrations: 5%,
10%, and 20% (w/w).

PVA QE + LAU/ LAU N
QE + LAU/ LAU

Water bath

Freez-drying
overnight 4 @;
: v h— b

= - -

3 washing steps
with UP-water
U J and centrifuging
Ready-made lipid microparticles

Homogenization in
ultrasonic probe

PVA + QE +
Qe+ LAY LAU &) AU/ PVA + LAU
v oy \
—
Warmed PVA Vortex mixer
PVA + QE + LAU /
PVA + LAU
[
v ' -
giss =i ,h:]q
-
Left to thaw ¥
Y ="
Liquid nitrogen
iqui container
Transfer to 20’:i|{rgf |elguld
Eppendorf tubes g

FIG. 1. Scheme of production of lipid microparticles by the hot emulsification method.
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Particles size and morphology

In order to evaluate particles morphology, pictures were
taken under an optical microscope (ZEISS, Axiovert 40
CFL). On their basis, the shape and size of the particles were
assessed. The particle size distribution was also evaluated
using the program ImageJ.

Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to confirm the presence of QE in the
lipid microparticles. Before FTIR examination, the samples
were placed in a vacuum oven, at room temperature, for
2 days for thorough drying. The particles and QE powder
were then mixed in a mortar with KBr in a 2:200 ratio.
In the case of the QE powder, less quantity was used, due
to its intensive color.

Before testing the samples, background measurement
was made (without a sample) to calibrate the device. Then
the samples were sequentially placed in the FTIR device
(PerkinElmer) for measurements with the same parameters
for all the samples (initial energy: 5624, resolution 4 cm-', OPD:
0.2, detector: MIR TGS and scan range at: 4000-400 cm™).

Monocytes isolation and differentiation into
macrophages

To evaluate the anti-inflammatory potential of the QE
loaded particles, primary human macrophages were se-
lected for in vitro tests, due to their significant contribution
to maintaining inflammation in burn wounds. Human mono-
cytes were isolated from the peripheral blood of healthy do-
nors, by negative selection, using the RosetteSep Monocyte
Enrichment antibody cocktail (STEMCELL Technologies,
Inc.). The samples were obtained from the Centro Hospi-
talar Universitario de Sdo Jodo (CHUSJ) in Porto. The use
of human blood samples for research was approved by the
CHUSJ Ethics Committee for Health (references 90/19 and
260/11). All procedures were performed in agreement with
the Helsinki Declaration and the Oviedo Convention and all
donors gave their written consent before blood collection.

Briefly, after buffy coats were centrifuged, peripheral
blood mononuclear cells (PBMC) were separated, treated
with a cocktail of specific antibodies, and diluted with a fetal
bovine serum (FBS) solution. This mixture was then layered
over a density gradient medium, Histopaque-1077, and
centrifuged to isolate monocytes. Monocytes were washed,
counted and cultured on coverslips in a 24-well plate.

For macrophage differentiation, 0.5-10% monocytes/mL
were seeded on glass coverslips in 24-well plates (500 pL/
well) and cultured for 7 days. Monocytes were cultured in
complete Roswell Park Memorial Institute (RPMI) 1640
media (Corning) containing L-glutamine and supplemented
with 10% FBS (Sigma-Aldrich). After 7 days, cell culture
medium was replaced.

To activate monocytes toward an M1-like phenotype,
monocytes/macrophages were stimulated with 10 ng/mL
lipopolysaccharide (LPS derived from Escherichia coli
055:B5, Sigma-Aldrich Co., StLouis, MO, USA)and 50 ng/mL
interferon gamma (IFN-y, ImmunoTools, Friesoythe, Ger-
many). The experimental protocol is shown in FIG. 2.

The developed microparticles and pure quercetin (resus-
pended in cell culture medium) were added to the culture on
day 8 and left in contact with the cells for 24 h. The following
samples were studied: unloaded particles at a concentra-
tion of 0.15 mg/ml, quercetin-loaded particles at 0.15 mg/ml
concentration (theoretical quercetin content 0.0075 mg/ml),
quercetin-loaded particles at 0.30 mg/ml concentration
(theoretical quercetin content 0.015 mg/ml) and pure querce-
tin at a concentration of 0.15 mg/ml. Production efficiency
was calculated from the formula:

M. 100%
m:

i

P, =

where:
m; — initial mass of ingredients,
m; — final mass of the obtained microparticles.

* Media change

Proliferation and initial
differentaition of monocytes

Mgggt:}gss « Addition of pro-
SSRE inflammatory cytokines
J Addition of
Cell expansion particles Collect media
| ' |
Day 0 Day 8 Day 9

Day 7

Pr&inﬂamn)atory
stimuli

O

Quercetin loaded particles

Unloaded loaded particles (\ _)

Pure quercetin

FIG. 2. Experimental design used for the establishment of proinflammatory conditions. Cells were left to dif-
ferentiate for 7 days. On day 7, proinflammatory stimuli (LPS and IFN-y) were added to the culture. On day 8,
manufactured particles were added, and on day 9 the cells were fixed and the cell culture media was collected

for further analysis.
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Cytotoxicity test

The cytotoxic effect of the particles on macrophages
was evaluated by measuring lactate dehydrogenase (LDH)
levels, which is an enzyme present inside cells. During the
death of a cell, LDH escapes into the medium, and by meas-
uring its level, itis possible to determine the number of cells
that have died. On this basis, the cytotoxicity of the material
is determined. The LDH assay was performed according to
the manufacturer’s protocol (CytoTox 96® Non-Radioactive
Cytotoxicity Assay, Promega Corporation, Madison, WI,
USA). Briefly, 50 pL of culture medium was added to 50 pL
of Substrate Mix. Following a 30 min incubation at room
temperature, the reaction was stopped with 50 uL of the
Stop Solution. The optical density of the plate was read
with a microplate reader (Synergy Mx, BioTek, Vernusky,
VT, USA) set at 490 nm. The cytotoxicity threshold was
calculated by dividing the negative control (100% live cells)
by the positive control (100% dead cells) multiplied by 100%.
The value obtained determines the number above which the
molecules show cytotoxicity. Positive control was obtained
with the use of lysis buffer provided by the manufacturer.

Influence of quercetin on macrophages morphology

Nuclei and actin staining were performed to assess
macrophage morphology. Phalloidin red (diluted in a ratio
of 1:200, A12381; ThermoFisher Scientific, Invitrogen) and
4',6-diamidino-2-phenylindole (DAPI diluted in a ratio of
1:1000, D3571; Alfagene) were used for staining.

Influence of quercetin on macrophages polarization
To evaluate the influence of quercetin encapsulated

in microparticles and of pure quercetin on macrophages

polarization, flow cytometry assays were performed.

Human CD14 antibody (21279146; ImmunoTools) was

used as a pan macrophage marker. Cells after 48 h of ® ® e @ @ ® o

incubation with microparticles or pure quercetin were
stained with antibody and examined with a flow cytometer
(BD FACSCanto IITM flow cytometer, Becton Dickinson).
For antibody staining, cells were transferred to a 96-well
plate. Staining solutions were prepared separately for each
condition, by combining 2 pL of CD14 antibody and com-
pleted with FACS buffer to achieve a final volume of 50 pL.
Cells were incubated with staining solutions for 30 min and
then cleaned with FACS buffer.

Results

Evaluation of particles morphology

Microparticles were characterized based on microscopic
images (FIG. 3) and their size was measured in the ImageJ
program (FIG. 4). The microparticles have a round, regular
shape, and those loaded with quercetin had a yellow-
greenish color. The coloration of the particles may be due
to the presence of quercetin inside. It can be observed that
particles do not have a tendency to aggregate; they exist
as individual entities. Aggregation occurs only in particular
locations and can be caused by a large number of particles
in the sample.

According to the size distribution histograms of all
analyzed samples, microparticles with a size lower than
2 pm predominate (FIG. 3). Unloaded (FIG. 3A) and 5%
QE samples (FIG. 3B) consist of microparticles up to 12 pm
in size, while for 10% QE (FIG. 3C) and 20% QE samples
(FIG. 3d) microparticles with a size up to 18 ym were pre-
sent. The median particle size for all samples varied between
1.52 ym and 2.16 ym.
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FIG. 4. Size distribution of manufactured particles: A. unloaded, B. loaded with 5% QE, C. loaded with 10% QE,
and D. loaded with 20% QE. x, = 384 of measured particles per condition.

Fourier-transform infrared spectroscopy (FTIR)

For FTIR analysis, characteristic bonds in quercetin were
found: hydroxyl group (—OH) and carbonyl group (C=0)
bonds were selected for analysis (marked in FIG. 5A).
The analysis of lauric acid involved peaks originating from
the carboxyl group (-COOH) and a methylene group (—CH,),
which were chosen for analysis (as marked in FIG. 5B).

The bonds were marked on the spectra shown in FIG. 6
with letters: A — OH stretching vibrations in quercetin,
B — COOH stretching vibrations in lauric acids, C — C=0
stretching vibrations in quercetin, and D — CH, bending
vibrations in lauric acid.

In order to analyze the spectra, the ratio of B to D peak
area was calculated for the unloaded particles, 5% QE,
10% QE, and 20% QE. The ratio changed slightly, so it was
concluded that the presence of quercetin does not affect the
formation of new bonds in lauric acid.

In the next step, the ratio of B to C peak area was cal-
culated for 5% QE, 10% QE, and 20% QE. This allowed
us to determine whether the amount of quercetin in the
particles is increasing. The ratio decreased with increasing
quercetin concentration in the particles, so it was found
that, as expected, the amount of encapsulated quercetin
increases with increasing concentration in reaction mixture
during microparticles preparation. Calculated ratios are
shown in TABLE 1.

A.

Peak around 3300 — 3500 —
cm

Peak around 1600 — 1700 —
cm

B.

Peak around 940 —
cm

Peak around 1700 — 1760 ?11;

FIG. 5. The most characteristic bonds of A. quercetin and B. lauric acid and their FTIR peak position.
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TABLE 1. The ratio of quercetin to lauric acid pe-
aks indicating increasing encapsulation efficiency
and ratio of lauric acid to lauric acid peaks as
a validation of the absence of significant reactions
between quercetin and lauric acid.

Concentration

TGEm T RuloollAU: Ratooliay:

particles

Unloaded - 3.3:1

5% 24.5:1 3.2:1

10% 11.1:1 3.4:1

20% 5.6:1 3.5:1
Cytotoxicity test

To assess the ability of the particles to affect macrophage
cytotoxicity, the LDH assay was performed.

The assay was performed for unloaded particles at
0.15 mg/ml concentration, quercetin powder at a concentra-
tion of 0.15 mg/ml, and quercetin-loaded microparticles at
a concentration of 0.15 mg/ml and 0.30 mg/ml. The results
from three independent donors are presented in FIG. 7.

The result showed that incubation with developed
QE-loaded particles resulted in a higher percentage of
LDH release for cells than unloaded particles; however,
these values are distributed below the cytotoxicity threshold,
which proves that QE-loaded particles were not cytotoxic
for human macrophages.

To validate the significance of our findings, a statistical
analysis was conducted. This analysis involved performing
a t-test to compare the concentrations of quercetin (QE) with-
in microparticles (MPs_QEO0.15 and MPs_QEO0.30) against
microparticles without quercetin (MPs), as well as comparing
QE alone against MPs. The results, as presented in TABLE 2,
detail the t-test values and corresponding p-values for each
comparison. Our analysis reveals a statistically significant
distinction between both types of quercetin-loaded micropar-
ticles and unloaded microparticles. However, no significant
differences were observed between the presence of QE
alone and the unloaded microparticles.

Influence of quercetin on macrophage morphology

To assess macrophage morphology, cell nuclei and f-actin
filaments were stained using DAPI and fluorescently labeled
phalloidin-594, respectively. Fluorescence microscopy
pictures were taken to analyze cells in terms of changes in
morphology (FIG. 8).

Morphological differences were observed between cells
incubated with quercetin (both encapsulated and pure
substance) and unloaded particles when compared to
the control group (primary human cells without stimulus —
in the form of particles, pure active substance, or LPS). Mac-
rophages incubated with unloaded particles and the control
group had a small round-shaped morphology. However,
cells exposed to quercetin were more spread and flattened.
It can suggest that quercetin has an effect on macrophage
morphology, causing their activation. Nonetheless, some
research proved that M2 macrophages demonstrate a more
spread morphology and have a larger size than the M1
phenotype [19]. Further research is needed to get a better
insight into this matter. In this case, immunohistochemistry
with the use of antibodies specific to M1 and M2 phenotypes
could be advantageous.

100-
80—
)
N Cytotoxicity
@
[
@
E L 2
I
o 404 ——
=3 P4 i
5 2
™ .
204 _ °
0 1 L 1 1
) Q &
Q% N < fe)
& o o
& g
& &

FIG. 7. Percentage of LDH released by macrop-
hages from three different donors for: unloaded
particles at a concentration of 0.15 mg/ml (MPs),
particles loaded with quercetin at 0.15 mg/ml con-
centration (MPs_QEQ0.15), particles loaded with qu-
ercetin at 0.30 mg/ml concentration (MPs_QE0.30),
and pure quercetin at a concentration 0.15 mg/ml
(QE) after a 24 h incubation time. n,, .. = 3 per
condition, p = 0.043 (one-way ANOVA). Statisti-
cal analysis including mean value and standard
deviation.

TABLE 2. Statistical analysis of LDH release re-
sults including t-test, and corresponding p values,
aimed to state the significance of the difference
between the tested conditions.

MPs_QE0.15 MPs_QE0.30

t=2912, t=3.972, t=1.647,
MPs df =4 df = 4 df = 4
p=0.0436 | p=0.0165 p=0175

Visual inspection of nuclei staining has not shown sig-
nificant differences in cells exposed to quercetin. The cell
nuclei were round, of a similar shape, and stained with
a similar intensity. These features indicate a lack of harmful
effect of quercetin on nuclei morphology. The most signifi-
cant differences in cytoskeleton staining can be observed
between cells without stimuli (FIG. 8A) and MPs_QEO0.30
(FIG. 8D). Cells in contact with a higher amount of QE-
loaded microparticles were more spread and had more
developed cytoskeleton fibers, similar to those cultured in
contact with pure QU powder (FIG. 8E).
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FIG. 8. Fluorescence microscopy images of DAPIl/phalloidin staining of macrophages incubated for 24 h
with the microparticles: cells without stimuli (Control) (A) and with: unloaded particles at a concentration of
0.15 mg/ml (MPs) (B), QE loaded particles at 0.15 mg/ml concentration (corresponding to 0.0075 mg/ml QE) (C),
QE loaded particles at 0.30 mg/ml concentration (corresponding to 0.015 mg/ml QE) (D), and pure quercetin

at 0.15 mg/ml concentration (E). Scale bar = 100 pym.

Influence of quercetin on macrophage polarization

Macrophages play a crucial role in directing inflam-
mation due to their plasticity. Therefore, the ability of the
particles to affect macrophage polarization was explored
by flow cytometry for cells obtained from two donors. It was
hypothesized that incubation with QE-loaded particles will
influence the polarization state of macrophages. In FIG. 9,
differences in dot plots can be observed between different
conditions. Forward Scatter (FSC) and Side Scatter (SSC)
in flow cytometry are providing information about the size
and granularity of cells. However, activated or apoptotic
cells might exhibit alterations in size or granularity, leading
to shifts in their positions on the dot plot. Based on that,
differences between dot plots in FIG. 9 might suggest that
macrophages in different conditions exhibit different polari-
zation states. Nevertheless, further research is necessary
to study the influence of quercetin on the polarization state
of macrophages.

Discussion

Quercetin is a naturally occurring flavonoid compound
that has anti-inflammatory and anti-oxidant properties, de-
pendent on numerous mechanisms. Taking into account the
ability of quercetin to fight ROS and modulate inflammatory
responses, it can be considered beneficial in the treatment
of various diseases. Apart from its own anti-inflammatory
mechanisms, this flavonoid can modulate actions of various
immune cells, such as, e.g., macrophages, by influencing
RNA transcription, antioxidant enzyme activity, and upregu-
lating mitochondrial membrane potential. All of these actions
result in a phenotypic change in macrophages, from an
inflammatory phenotype to an anti-inflammatory phenotype
[20,21]. Other research also shows quercetin suppressing
effect on macrophage apoptosis pathways [22].
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1 A. Control

A

Macrophages
91.0

Macrophages

B. QE

SSC

Macrophages
67.4

751

SSC

Macrophages
76.0

Macrophages
79.5

FIG. 9. Size and granularity of macrophages after 48 h of incubation with particles and pure active substance.

Representative dot plots showing the aspect ratio.

In order to find agents supporting the burn wound healing
process, lipid quercetin-loaded particles were produced and
evaluated in terms of morphology, physicochemical proper-
ties, and biological capacity to affect macrophage viability
and polarization. The manufacture of particles by the hot
emulsification method guaranteed an average production
efficiency of 46.5%. Moreover, the obtained particles pre-
sented a rounded shape and a defined size in a homogene-
ous final solution. On average, almost 60% of the particles
had diameters less than 2 ym, which is advantageous due
to the targeted use of the particles on skin wounds.

FTIR analysis confirmed the presence of quercetin and
encapsulation efficiency in the lipid microparticles. It has
been proven that no reactions occur between quercetin
and lauric acid, by analyzing the area ratios between lauric
acid:lauric acid characteristic peaks, which have retained
their value. Furthermore, the are ratios between lauric
acid:quercetin characteristic peaks allowed us to conclude
that there was a decrease in these ratios when the con-
centration of quercetin increased, meaning that loading of
quercetin in the particles is also increasing. To obtain the
percentage values of loading efficiency, nuclear magnetic
resonance (NMR) can be used in the future.

Lack of cytotoxicity of the manufactured particles and the
necessity of encapsulation QE were proven by conducting
LDH release assay. Adjusted concentrations of encapsu-
lated and nonencapsulated active substance did not show
a cytotoxic effect on macrophages after 24 h. Statistical
analysis of our results confirmed a significant difference
between encapsulated quercetin and unloaded micro-
particles. However, such a distinction was not observed
between microparticles and quercetin alone. Nevertheless,
encapsulation of the substance is essential to regulate the
rate, time, and place of active substance release in drug
delivery systems.

Macrophage morphology after incubation with micro-
particles and QE alone was also assessed through the
staining of cells cytoskeleton and nuclei. The nuclei were
round, with a similar shape, under all conditions. Moreover,
differences between cells exposed to QE and incubated
without QE were observed. Macrophages not exposed to QE
can be described as small and round-shaped, while those
exposed to QE non-encapsulated and encapsulated were
more spread, flattened, and larger. These changes may be
due to cell activation toward M2 macrophage phenotype as
shown by others [23]. Further research would be needed
to get a deeper insight into this observation. In this case,
immunohistochemistry with the use of antibodies specific to
M1 and M2 phenotypes could be advantageous.

The influence of QE on macrophage polarization was
explored by flow cytometry. An evaluation was made for two
healthy donors. As expected, a high number of CD14 expres-
sion levels were observed (data not shown). The inclusion
of CD14 staining serves as a quality control measure for the
experiment. Changes in size and granularity of macrophag-
es under different conditions were observed, which might
be due to differences in the activation state of the studied
cells. However, to determine whether QE-loaded particles
modulate polarization of macrophages, flow cytometry with
the use of specific for macrophages subpopulations antibod-
ies would have to be performed. To test the usefulness in
fighting inflammation of the encapsulated material, further
tests are needed to be performed, with particular emphasis
on studying the release of quercetin from the particles and
correlating them with macrophages polarization.
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Conclusions

The production of lipid microparticles by the hot emulsifi-
cation method allowed us for the encapsulation of quercetin,
with increasing loading of the active substance by increas-
ing the concentration of quercetin (5%, 10% and 20%) in
the system during preparation. The presence of quercetin
in the microparticles was confirmed by FTIR spectroscopy.
The carriers were produced with a sufficient production ef-
ficiency of favorable shape and a median size in the range
of 1.62-2.16 ym. Moreover, in vitro macrophage response
for quercetin-loaded lipid microparticles was assessed.
The particles did not show negative effects on macrophage
morphology, as observed by the analysis of fluorescence
images of DAPI-phalloidin red stained cells, although the
cells in contact with pure quercetin and quercetin-loaded
microparticles were more spread, which suggests their
activations or polarization toward the anti-inflammatory
(M2) phenotype. The carriers were found to be nontoxic
to the cells, as shown by the LDH assay. The study used
flow cytometry to examine the influence of quercetin on
macrophage polarization, indicating potential changes in
macrophage activation states. Further flow cytometry with
specific antibodies for macrophage subpopulations is neces-
sary to confirm the modulatory effect.

Overall, the obtained results show the potential of querce-
tin loaded lipid microparticles to combat inflammation and
modulate burned skin regeneration.
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Abstract

The purpose of this research was to determine selected

biomechanical properties of the temporomandibular disc.

After endurance tests and once the load-displacement
characteristics were determined, the susceptibility and di-

mensionless energy dissipation coefficient were determined.

The research was carried out on ten discs (six fresh and four
frozen) taken from five young pigs. Endurance tests were
conducted in the laboratory of Wroctaw University of Sci-

ence and Technology, using the INSTRON 5944 machine.

All tested discs were kept in a NaCl solution heated to
37.5°C during the experiment. A recurring difference of 1 mm

in the height of the fresh and frozen discs was observed.

In contrast, the strength of the discs was similar regard-
less of the method of storing the preparation. The material
susceptibility values ranged from 0.4 to 1.4 millimetre per
Newton, and the dimensionless energy dissipation factor

oscillated between 0.27 and 0.87.

The aim of these experimental investigations was to
determine the compressive force at predefined strain levels
and to elucidate the loading characteristics corresponding
to displacement. Due to the observed variability in these

characteristics across consecutive measurement cycles,

the analysis in this paper is restricted to the results obtained

from the first measurement series.

Keywords: temporomandibular joint disc, biomechanical
properties, dimensionless energy dissipation factor, sus-

ceptibility
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Introduction

The temporomandibular joint is considered the most
complex joint in the human body both functionally and
anatomically. The temporomandibular joint is the only
paired joint and the only mobile joint, a true joint, in the
craniofacial region. Therefore, the functional anatomy and
biomechanics of this joint are extremely complex. The discin
the temporomandibular joint is classified as a hinge position
joint, which means that it allows hinged movement in one
plane and translational movements. With this combination
of movements, it is possible to open and close the mouth
and move the mandible in different directions [1].

The functional and anatomical complexity of the temporo-
mandibular joint often results in various dysfunctions. These
are congenital, developmental, and acquired as a result
of conditions such as neck muscle contractures, postural
defects, or malocclusion, for example. As a result of these
dysfunctions and damage from trauma, disc damage and
inflammatory or degenerative conditions can occur [2-5].

Despite the important role of the temporomandibular
joint in anatomy and function, many questions about its
biomechanics and adaptation in different conditions remain
unclear. Most studies are based on research material col-
lected from animals, and, in particular, pigs [6-11]. Porcine
anatomy has a high convergence with human anatomy, mak-
ing it a suitable model for the study of the temporomandibular
joint and other anatomical structures [12]. Taking this into
account, the authors of this thesis decided to conduct an
experimental strength study using pig temporomandibular
joint discs.

Materials and Methods

The study material consisted of the temporomandibular
joint of pigs aged between 4 and 6 months. The discs were
collected immediately after the head of the pig was delivered
to the laboratory. After the discs were taken from the pig’s
head, the biological material was tested for strength, or
frozen until testing (FIG. 1). Each time before the strength
tests, the discs were visually assessed for mechanical dam-
age or other defects that would disqualify the testing value
of the sampled material. The dimensions of the discs were
then measured.

Based on thickness measurements, the amount of strain
understood as the change in disc height at the central
point of the surface was determined (FIG. 2) [9]. Thanks
to these measurements, it was possible to properly adjust
the strength test conditions to the specific parameters of the
biological material tested, which was crucial to the correct-
ness and precision of the tests carried out.

After taking all the necessary measurements, the tempo-
romandibular joint discs were subjected to a compression
test. The test was carried out using the INSTRON 5944
testing machine, equipped with a 2 kN actuator (FIG. 3).
The tests were carried out in an aqueous environment - 90%
NaCl heated to 37.5°C, using a vessel for this solution. The
discs were subjected to a compression test, loading the
centre of the disc with force, resulting in a change in height
corresponding to a relative deformation of 80% of the height.
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FIG. 1. a) Process of preparing the material for the endurance testing disc in the porcine temporomandibular
joint before preparation, b) prepared test specimen - the temporomandibular joint disc.

FIG. 2. a) Diagram with marked zones for measuring the thickness of the temporomandibular joint disc from
the cranial side - before examination, b) the temporomandibular joint disc from the mandibular side - before

examination.

FIG. 3. Test stand for en-
durance tests, with the
temporomandibular joint
disc preparation to be
tested, in holding wraps,
in a saline bath at 37.5°C.
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All tests were carried out under the same conditions,
® o o o o o o ysing the following procedure: in the first minute, the tem-
poromandibular joint disc was loaded with a force to reach
80% of its height; in the second minute of measurements, the
disc was compressed by the testing machine at a constant
displacement of the actuator in the last minute of each meas-
urement series, the disc was relaxed, i.e. relieved of load
(each test consisted of three series of measurement) [12] -
after the experiment was performed, the load-displacement
characteristics were obtained. Subsequently, a strength
test analysis was carried out to determine the compressive
deformation susceptibility of the material (the compressive
stiffness of the puck was not determined because the gov-
erning formula is applied using Hooke’s law, which does not
apply when testing on biological material). The susceptibility
was determined from the first measurement test.
S, = u/F, [mm/N]
u - displacement [mm],
F.- compressive force [N].

On the basis of the results obtained, hysteresis loops
were determined (based on the approximation of the dia-
gram) to determine the dimensionless energy dissipation
factor. The dimensionless energy dissipation factor was
determined on the basis of the first measurement attempt.

W =A/As
A - field under the graph,
A, - hysteresis surface area.

After the strength test, the geometry of each disc was

re-measured.

Results and Discussions

Six discs were selected for the analysis of the results,
four of which were fresh and two of which had undergone
a freezing process. This decision was made in order to
eliminate incorrect measurement data, raising doubts about
the other materials collected. The designations of the test
samples are summarized in TABLE 1.

Before and after the compressive strength test, the
width and height of the discs were measured to observe
the geometric changes of the test material. The results of
the geometric disc measurements are shown in TABLE 2
and in FIGs 4 and 5.

TABLE 1. Designation of test samples.

Temporomandibular

e joint disc
k.1 frozen
k.2 fresh
k.3 fresh
k.4 frozen
k.5 fresh
k.6 fresh

TABLE 2. Geometric dimensions of the articular disc from the cranial side before and after examination.

width of the temporomandibular joint disc [mm)]

height of the temporomandibular joint disc [mm)]

Sample
8 before the test after the test before the test after the test
k.1 27.9 28.2 17.4 16.9
k.2 28.2 28.7 17.9 17.1
k.3 30.5 30.9 17.9 17.2
k.4 31.8 31.2 18.5 18.3
k.5 28.8 29.2 21.0 19.8
k.6 26.1 27.1 18.4 15.6
results (28.94£2.0) (29.2+1.6) (18.5%£1.3) (17.54+1.4)
40
35
30.9 31.2
305
288 292
26.1
I 1 v
= 25
E
=20 before the test
“UN) =
o _I = 15 M after the test
) < 10
= m 5
o | 0
L k.1 k.2 k3 k4 k.5 k6
<

FIG. 4. Width of the temporomandibular joint disc before and after the test.
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The results of the pre- and post-test disc thickness
measurements were collected as mean values along with
the standard deviation (TABLE 3). The key measurement
was the central area, marked C, which was subjected to
further strength testing. The thickness of the discs was also
measured after the experiments to observe any differences.

The results of the maximum temporomandibular joint disc
load measurements for each first measurement trial were
collected and presented in TABLE 4. Load-displacement
characteristics was determined for each temporomandibular
disc tested (FIG. 6).

m before the test

m after the test

The results of the maximum susceptibility values of the
discs for the first measurement test are summarized in
TABLE 5.

Adimensionless energy dissipation coefficient was then
determined, understood as a measure of energy loss during
cyclic loading, which reflects the material’s ability to absorb
energy during deformation and resist fracture. Analysis
of this coefficient allows the strength of the material and
its behaviour under dynamic conditions to be assessed.

before the strength test [mm]

C D) E
k.1 0.09+0.02 0.9740.01 0.86 +£0.01 0.94 +£0.01 0.93+0.02 1.31£0.04 2.63+0.01
k.2 0.64+0.01 1.00£0.02 1.06 £0.01 0.89+0.01 1.10£0.02 3.40+0.01 2.35+0.02
k.3 0.94+0.04 0.74+0.01 0.76+0.01 0.59+0.01 1.20 £0.01 3.90+0.01 3.33+0.01
k.4 1.171£0.02 1.141£0.03 1.06 £0.02 1.311£0.02 1.07+£0.02 3.13+£0.04 4.51£0.02
k.5 0.79+£0.01 0.61%0.01 0.92+0.01 0.91£0.02 0.86%0.01 2.01£0.03 2.09+£0.01
k.6 1.01£0.01 0.76%0.01 1.000.01 0.82+0.01 0.82+0.01 3.72+0.03 3.44+0.01
k.1 1.56+0.03 1.06+0.02 0.99+£0.02 1.21+0.01 0.99 £0.03 1.13£0.02 3.20£0.08
k.2 1.01£0.02 1.04+0.01 1.19£0.02 1.03+0.02 0.87+£0.02 2.59+£0.01 1.74+0.03
k.3 1.36+0.02 1.68+0.01 1.75£0.01 0.93£0.02 1.18+0.01 2.94+0.02 3.46+0.02
k.4 1.16+0.13 0.96+£0.02 1.25+0.02 1.21+0.01 1.12+0.02 3.70+£0.04 3.09+£0.02
k.5 0.97+£0.01 1.01£0.01 0.71£0.01 0.55£0.01 0.82+0.02 1.96+0.06 2.96+£0.02
k.6 1.08+0.02 0.84+0.01 1.11£0.01 1.17+0.04 0.92+0.01 3.851£0.01 3.88+£0.02

Measurement series
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FIG. 6. Temporomandibular joint disc strength test: a) frozen disc, b) fresh disc.

TABLE 5. Maximum values for temporomandibular
joint disc compliance.

Temporomandibular

TABLE 6. Dimensionless energy dissipation factor.

joint disc S. [mm/N] SET ][ Ay A Y
k.1 0.37 k.1 0.18 0.24 0.76
k.2 0.67 k.2 0.18 0.38 0.48
k.3 0.33 k.3 0.25 0.29 0.87
k.4 1.43 k.4 0.02 0.10 0.21
k.5 0.40 k.5 0.08 0.15 0.56
k.6 0.42 k.6 0.06 0.23 0.27

The A, parameter was determined by calculating the hys-
teresis area (TABLE 6). This analysis focuses on various
aspects of the behaviour of the temporomandibular joint
disc under load and the interpretation of the data obtained
in terms of their clinical and biomechanical significance.

Geometric measurements of the temporomandibular
joint discs from the cranial side were taken before strength
testing. It was observed that frozen discs appeared slightly
thicker than those freshly collected from pigs. However, it
should be noted that this difference is not significant. The
results of these measurements are shown in TABLE 2,
where the values obtained differed by approximately £1 mm.

When compression tests were carried out on the discs,
slight changes were observed in the thickness of the discs.
After the test, the width of the discs increased, while the
height of the discs decreased. After three measurement
series on a given disc, the second and third series were
characterized by lower maximum load values, confirming
the thesis of geometric changes in the disc. These differ-
ences are described in detail in TABLE 3. The width of the
discs marked in FIG. 2a at points (A, B, D, E) increases,
while their height at points (F and G) decreases. This is
a predictable effect of the compression tests, which results
in a flatter disc. The largest geometric changes have been
observed for disc k.1, which is a frozen disc, and the small-
est changes have been observed for the fresh disc, k.6.
However, these differences are not relatively high between
fresh and frozen discs.

In addition, based on geometry measurements, great
similarity in the size of the human temporomandibular joint
disc was observed - the thickness of the pig disc at point C
of the disc k.1 is 0.86 mm, while the human disc according
to [12] is 0.9 mm. This observation provides further confir-
mation of the validity of subletting experimental studies on
pig discs.

Hysteresis plots were obtained for all samples tested,
as described in this article. To correctly visualize the mea-
surement data, a polynomial approximation of the trend line
(3 order) was used. Thus, it should be noted that the
‘moduli’ of the measurement series carried out grew non-
linearly, clearly demonstrating the non-linear nature of the
material. It has been observed that excessive compression
of the disc is associated with permanent, invariant geometric
changes [7].

In addition, the susceptibility of the discs was determined
for each of the first measurement trials, the values obtained
for which are shown in TABLE 5. The susceptibility values
of the material ranged from +0.4-1.4 mm/N. The relatively
low susceptibility values may be due to the collection of
material from young pigs between 4 and 6 months of age.

Subsequently, the dimensionless energy dissipation fac-
tor was also determined for each first measurement sample.
This ratio, which is the ratio of the area of the hysteresis
loop to the area under the graph, reached values oscillating
between +0.27 and 0.87, consistent with the data available
in the literature [13]. It was found that the area under the
hysteresis plot is related to the geometry of the temporo-
mandibular joint disc and its storage method, i.e., whether
it is fresh or frozen. The highest energy damping coefficient
was recorded for the fresh disc marked k.3.
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Conclusions

The experimental studies of the temporomandibular joint
discs described in this work are pilot studies to determine
how to proceed in strength testing for uniformity in the origin
of biological material. The most important objective of these
experimental studies was to determine the compressive
force at a given strain and to determine and describe the
characteristics of loading from displacement. Due to the
variability of characteristics during successive measure-
ment cycles, in this paper, the analysis of the results is
presented only for the first measurement series [12]. During
the strength tests, the values of the susceptibility Sc of the
tested biological material and the dimensionless energy dis-
sipation coefficient W were determined. The results obtained
do not differ from the typical results observed for tests on
temporomandibular joint discs [13]. In the future, the over-
arching research objective for the authors is to present for
a wider research sample the strength properties of the discs,
which can serve as a source for both further experimental
and analytical (FEM) studies.
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Abstract

The aim of the study was to make a comparative eva-
luation of four different types of intranasal dressings made
from various types of biomaterials (three original dressings
manufactured by various commercial suppliers, and the
fourth one, in the form of nasal tamponage by means of
a seton in a latex glove finger cot), concerning their efficacy
as regards haemostatic action, assessment of postoperative
pain, as well as proneness to the occurrence of postope-

rative adhesions.

All patients who were qualified for the study were opera-
ted on in the ENT Department, Medical University of Silesia
in Katowice, Poland, due to chronic bilateral inflammation of
the para-nasal sinuses, confirmed by computer tomography
of the sinuses. A total of 180 patients were qualified for the
study. After surgery, 4 different kinds of intranasal haemo-
static dressings were applied. The results were analyzed in
three categories: effectiveness in the field of haemostatic
activity, postoperative pain assessment (Visual Analog
Scale, VAS), and assessment of the tendency to develop

postoperative adhesions.

Statistical analysis revealed no statistically significant
differences between the 4 types of dressings in both
haemostatic efficacy (p = 0.97) and the occurrence of po-
stoperative adhesions (p = 0.84). Analysis of the intensity
of pain according to the VAS scale indicated that it did
not differ between the analyzed groups, both during the
application of dressing (mild pain) and on the second day
after the operation (medium intensity pain) — p = 0.30 and

p = 0.39, respectively.

No advantage has been demonstrated for any of the 4
analysed types of intranasal haemostatic dressings over any

other. Their properties turn out to be comparable.
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RR — RapidRhino nasal dressing

RNP — Routine nasal pack

Introduction

Chronic rhinosinusitis affects between 5 and 15% of the
total population in Europe [1]. Para-nasal sinusitis currently
ranks as one of the 10 most common diseases. Therefore,
chronic sinusitis is a medical and social problem. In today’s
medicine, functional endoscopic sinus surgery (FESS) is the
gold standard for the treatment of chronic sinusitis; FESS is
one of the most frequently performed operating procedures
by otorhinolaryngologists [1]. In order to prevent the occur-
rence of complications in the form of postoperative bleeding,
pain experienced during the removal of the internal dressing
from the nasal cavities, and the development of adhesions
in the nasal cavity, many techniques and dressing materi-
als have been introduced; however, no ideal and widely
accepted solution has been developed so far [2-13].

Although the use of endoscopes in operational tech-
niques has introduced a new quality, both with regard to
treatment results, as well as intraoperative safety, the most
common complication of surgery performed in the area of
para-nasal sinuses is postoperative bleeding, and pain asso-
ciated both with the presence of a dressing in the nose itself,
as well as pain developing during the procedure of dress-
ing removal, and the development of adhesions [14-23].
For these reasons, more effective and patient-friendly tech-
niques and nasal dressing materials are still being sought
[17-24]. New soluble dressings, recently introduced into
clinical practice, have been reported to be more comfortable
for the patient [25-33].

The aim of the study was to perform a comparative
assessment of four different types of intranasal dressings
made of different biomaterials, three original dressings from
different producers: NasalSponge® (MDD Medical Devices),
MerocelPope® (Medtronic), RapidRhino® (Smith & Nephew),
and the fourth type of dressing commonly used in the form
of nasal tamponade seton soaked with antibiotic and steroid
ointment in rubber glove finger made of latex. The compara-
tive analysis of these 4 types of intranasal dressings was
carried out from the perspective of their: (i) effectiveness of
hemostatic effect, (ii) assessment of the level of postopera-
tive pain during the application of the nasal dressing, (iii) the
level of pain experienced during the removal of the intranasal
dressing on the 2" day after surgery, and (iv) assessment
of the proneness to develop postoperative adhesions in the
nasal cavities, assessed after 4 and 8 weeks after surgery.

Materials and Methods

In this prospective study, all patients qualified for the
study were operated on in the Department and Clinic of
Laryngology of the Medical University of Silesia in Ka-
towice in the years 2021-2023, due to chronic bilateral
sinusitis, confirmed by computer tomography of the sinuses
(inclusion criteria). The diagnosis was made in accord-
ance with the currently applicable EPOS 2020 guidelines.
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A total of 180 patients were enrolled for the study (92 men
and 88 women, average age 51.9 years). All patients who
qualified for surgical treatment were operated on with the
use of FESS for the first time on both sides, they did not
suffer from hypertension or required surgical correction of
the nasal septum (both were exclusion criteria). After the
surgical procedure, one of the 3 types of above-mentioned
commercially available dressings was applied in one side
of the nasal cavity, while on the other side, a tamponade
with a seton soaked with antibiotic and steroid ointment
(due to its anti-inflammatory properties) in a rubber finger
made of latex was used. A total of 180 patients after sign-
ing an informed consent were enrolled in the study, which
means that a total of 360 intranasal dressings were applied
(2 dressings in each patient, for both nasal cavities). After
the surgical procedure, 4 different types of intranasal dress-
ings were used in the randomized patients, as referred to
above. Thus, a total of 60 NasalSponger® dressings, 60
MerocelPope® and 60 RapidRhino® dressings were used
for the study, along with 180 tamponades in latex finger.
In this way, 4 data groups were distinguished, depending
on the type of dressing used after endoscopic surgery.
All dressings were removed on the second day after surgery.

The approval of the Bioethical Commission of the Medical
University of Silesia in Katowice, No. KNW/0022/KB289/18,
was provided to conduct the research.

Characteristics of biomaterials used in dressings
NasalSponge® (MDD Medical Devices) is a haemostatic
nasal sponge, sterile, absorbent, meant for single use, com-
posed of PVA (polyvinyl alcohol) expanding sponge with
a haemostatic gauze cover with a string attached, which
simplifies the removal of the dressing (FIG. 1). Following the
contact with fluid/water, the gauze cover can form a viscous
gel and quickly stop capillary bleeding. In the meantime, the
expanding sponge provides controlled pressure at the bleed-
ing site. At the same time, the expanding sponge provides the
possibility to control the pressure exerted on the bleeding site.
The double function allows to achieve haemostasis easily.
The dressing adapts to the anatomical shape of the nasal
cavity. It does not stick to the tissue, thereby reducing possible
complications such as clots or bleeding. NasalSponge has
a double haemostatic function, which allows to: absorb body
fluids and form gel through the outer layer of haemostatic
gauze and allows blood coagulation, in order to accelerate
physiological haemostasis (during contact of the gel with the
wound surface). The outer part of the tampon, which is made
of haemostatic gauze, turns into a gel after contact with blood;
the mechanism of blood coagulation is activated to acceler-
ate physiological haemostasis. The inner part of the tampon,
made of a self-expanding sponge, can be expanded to exert
adequate compression on the surface of the wound and elicit
physical haemostasis by compression. The gel structure
of the haemostatic gauze provides a moisture-containing
environment to accelerate the epithelialization process of
the nasal mucosa, it reduces damage and the possibility
of re-occurrence of bleeding. The benefits of using this type
of intranasal dressing comprise the safety of use, absence of
side effects, rapid haemostasis, provision of a moist environ-
ment adjacent to the wound environment, and acceleration
of the healing process, as well as no tampon sticking to the
wound, lower risk of secondary trauma, ease of use, and pain-
less application and removal of the tampon. The manufac-
turer recommends using the product for 24-48 hours and for
a maximum of 72 hours if no active bleeding occurs. These
tampons do not possess antibacterial properties. Before re-
moving the sponge from the nose, one should instill saline so-
lution into the nasal cavity and several minutes later gently re-
move the product. A total of 60 such dressings were applied.

The second material examined was MerocelPope® (MP)
dressing consisting of a microporous Merocel sponge made
from high-density vinyl alcohol polymer (PVA) with oxidized
cellulose (FIG. 2). This material maximizes the absorption
and impermeability of tampons and minimizes pain and
bleeding when tampons are removed. Fast-expanding
tampons stop bleeding via gentle and even application
of pressure upon the tissues, with platelets accumulating
on the surface, which accelerates the formation of clots.
60 such dressings were applied.

The third dressing that was examined was RapidRhino®
made on the basis of carboxymethylcellulose (CMC — Car-
boxyMethyloCellulose) — a derivative of cellulose, whose
innovative nature consists in double action: traditional
wound tamponage, as well as accelerated haemostasis
(FIG. 3). RapidRhino dressings accelerate platelet aggrega-
tion (which causes faster wound healing), perfectly protect
the wound (which prevents infections), and do not cause
secondary bleeding during their removal. These dressings,
after preliminary preparation by a doctor (soaking in sterile
water), are covered with hydrocolloid gel, which significantly
facilitates their application and removal from the nasal cavity.
They are designed for various types of treatments such as
septorhinoplasty, turbinectomy, polypectomy, and FESS.
A total of 60 such dressings were applied.
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The fourth type of dressing applied was seton tamponade

® o o o o o o ijth antibiotic and steroid ointment in the latex glove finger

(Routine nasal pack — RNP), commonly used in laryngology
(FIG. 4). This type of dressing was applied in each surgically
treated patient to one of the nasal passages, that is, a total of
180 of such dressings were applied (in each patient together
with one of the three types of dressings mentioned above
applied on the other side) (FIG. 5). It allowed us to compare
modern commercial dressings with RNP in each patient.

FIG. 4. Routine nasal pack — seton tamponade
with antibiotic ointment (Oxycort) in latex surgical
glove finger.

FIG. 5. Patient after surgery with bilateral intrana-
sal dressings.

As mentioned above, four parameters were evaluated.
The first parameter assessed was the haemostatic effective-
ness of the dressing used. The assessment was carried out
after the removal of the intranasal dressing on the second
day after the surgery. The second evaluated parameter was
the assessment of the level of pain in the nasal area during
the application of the nasal dressing. In this case, the level
of pain was subjectively assessed by the patient by means
of visual analog scale (VAS) ranging from 0 and 10, the
extremes being “absence of pain” — 0 points and “the most
severe pain you can imagine” - 10 points. The third param-
eter evaluated was the assessment of pain experienced
during dressing removal, also according to the VAS scale
described above. The fourth parameter assessed was the
development of postoperative adhesions within the nasal
cavity. The presence of adhesions was always assessed by
the surgeon performing the procedure during postoperative
follow-up visits at weeks 4 and 8 after surgery. The study
was conducted on both sides, using an endoscope with
angles of 0° and 30°.

Statistical analysis

The results were subject to statistical analysis. At the
beginning, descriptive statistics (percentage values) were
calculated. The tests that were used to compare between the
groups were: chi-squared test with Yates’s correction (x2)
and Kruskal-Wallis test. The analysis was performed using
STATISTICA 13.3 Tibco software. Statistical significance
was assumed at the level of p < 0.05.

Results and Discussions

The results obtained are presented in the four above-
mentioned ranges, i.e., the effectiveness of haemostatic
action, assessment of the level of postoperative pain during
dressing application, and assessment of pain experienced
during dressing removal and assessment of the proneness
for the formation of postoperative adhesions in the nasal
cavity. The total number of subjects was 180 patients,
which entails 360 intranasal dressings. Dressings of the
following types: NasalSponge® (NS), MerocelPope® (MP),
and RapidRhino® (RR) were applied in 60 patients each
(60 nasal cavities), whereas seton with ointment in rubber
glove finger (Routine nasal pack - RNP) was applied in 180
patients (180 nasal cavities).

Comparison of haemostatic properties of dressings

Bleeding after removal of the intranasal dressing of the
NS type, which required re-establishment of tamponade,
was found in 3 patients, after removal of the intranasal
dressing of the MP type in 4 patients, in case of RR type of
dressing, also in case of 3 patients, while in the case of 9 pa-
tients with RNP dressings the above was required (FIG. 6).
Statistical analysis showed no differences between different
types of dressings (x2= 0,247; p = 0.967).
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FIG. 6. Frequency of bleeding after removal of an
intranasal dressing requiring tamponade. Expla-
nation of abbreviations used: NasalSponge® (NS),
MerocelPope® (MP), RapidRhino® (RR) (nasal cavi-
ties per each type of dressing, n = 60) and Routine
nasal pack (RNP) (n = 180 nasal cavities).

Pain level after surgery

All patients qualified for the study assessed the level
of postoperative pain on VAS scale. The pain assessment
scores were between 0 and 6. In the NS-type dressing
group, the average pain level was 3.2 (scores ranging from
2 to 5). For patients with MP dressings applied, the pain
levels reported amounted to 3.1, on average (score range
from 0 to 5). For patients with applied RR dressings, the pain
levels reported amounted to 2.9, on average (score range
from 0 to 5). For patients with applied RNP tamponage, the
pain levels reported amounted to 3.1, on average (score
range from 2 to 8). The difference in the level of postopera-
tive pain associated with specific dressings between the
different types of dressings was not statistically significant
(p =0.399) (FIG. 7).

The level of pain experienced when intranasal
dressings were removed

All patients enrolled in the study indicated on the VAS
scale the level of pain experienced when removing the intra-
nasal dressing. The pain levels indicated ranged from 2to 7.
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VAS scale
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FIG. 7. Assessment of pain experienced during
the removal of intranasal dressings 2 days after
surgery) with the use of VAS scale. Explanation
of abbreviations used: NasalSponge® (NS), Mero-
celPope® (MP), RapidRhino® (RR), Routine nasal
pack (RNP).

In the case of dressings of NS type, the pain levels reported
by patients amounted to 4.1, on average (range 3-7), in the
case of dressings of MP type — 4.3 (range 2-7), in the case
of dressings of RR type — 3.9 (range 3-7) while in the case
of dressings of RNP type — 4.4 (range 3-7). No statistically
significant differences were observed in the level of postop-
erative pain during the removal of internal dressing between
the assessed types of dressings (p = 0.308) (FIG. 8).

Proneness to the formation of adhesions in middle
nasal meatus

Endoscopic assessment of nasal cavities during follow-up
visits 4 and 8 weeks after surgery revealed the development
of unwanted nasal adhesions in 4 patients with dressings
of NS type, 3 patients with dressings of MP type, 4 patients
with dressings of RR type, and 9 patients with dressings
of RNP type. No statistically significant differences were
noted as regards the proneness to form adhesions, using
the above-mentioned four types of dressings (x 2 = 0,851,
p = 0.837) (FIG. 9).

Thanks to the use of intranasal dressings, we can control
postoperative bleeding and the formation of adhesions in
the middle nasal meatus, and can also minimize the level
of pain associated with nasal tamponade. The results pre-
sented by us show that all types of dressings are effective
in achieving postoperative haemostasis. Even in the case
of significant intraoperative bleeding, these dressings are
fully sufficient. Our study revealed that the use of the above
4 types of commercial dressings was associated with low
levels of postoperative pain. The formation of adhesions
within the middle nasal meatus after removal of ethmoidal
cells, due to the tendency to lateralization of the central
auricle, can significantly reduce the functional effect of
surgery performed. In the world literature, the frequency
of formation of unwanted adhesions is described in 1-35% of
cases. An ideal postoperative dressing, in addition to good
haemostatic properties, should also prevent the formation
of adhesions. The results of our research showed that the
percentage of adhesions after the use of all types of dress-
ings applied by us was comparable (the differences were
not statistically significant).

Haemostatic substances that are part of intranasal dress-
ings have a double role to perform. Small sponge dressings
covered with carboxymethylcellulose mesh can serve as
a separator in the surgically treated region of the ethmoid
sinuses, while larger ones are placed on the common nasal
passages/meatuses and play mainly a haemostatic role.
(RapidRhino® Nasal Dressing). On the other hand, remov-
able tamponades made from oxidized cellulose in the form
of sponges of different sizes perform haemostatic function
mainly by compression (Merocel®).

VAS scale

44

NS mpP RR RNP

FIG. 8. Assessment of pain during the application
of intranasal dressings (for 2 days after surgery)
with the use of VAS scale. Explanation of abbre-
viations used: NasalSponge® (NS), MerocelPope®
(MP), RapidRhino® (RR) (n = 60 nasal cavities per
each type of dressing) and Routine nasal pack
(RNP) (n = 180 nasal cavities).
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FIG. 9. Assessment of proneness to the forma-
tion of adhesions in nasal cavity, 4 and 8 weeks
after the surgery. Explanation of abbreviations
used: NasalSponge® (NS), MerocelPope® (MP),
RapidRhino® (RR) (n = 60 nasal cavities per each
type of dressing), and Routine nasal pack (RNP)
n = 180 nasal cavities).

Conclusions

The application of intranasal dressings: NasalSponge®,
MerocelPope®, RapidRhino® and Routine nasal pack is as-
sociated with a low level of pain both during the functioning
of the dressing in the nasal cavity and in the course of re-
moval of the dressing, a good haemostatic effect, and good
effectiveness in preventing the formation of postoperative
adhesions within the nasal cavity.

No statistically significant differences were demonstrated
for the 4 intranasal types of dressings assessed as regards
the haemostatic effect, the level of pain experienced when
the dressing was in place in the nasal cavities, and during
the removal of the dressing, assessed on the VAS scale, as
well as concerning the formation of intra-nasal adhesions.

The level of pain assessed subjectively by the patient
by means of Visual Analog Scale (VAS), after surgery and
during the removal of the intranasal dressing did not differ
statistically significantly.
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No statistically significant differences were found in the
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nasal cavity after the use of each of the 4 types of intra-
nasal dressings assessed, provided that dressings were
carefully applied/placed between the central auricle and
the lateral nasal wall.

In conclusion, none of the analyzed 4 types of intrana-
sal dressings proved to be distinctly advantageous. Their
properties are comparable within the range of evaluated
parameters. The obtained results do not indicate significant
differences between the four types of dressings.
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Abstract

In this study, the assessment of the possibility of impar-
ting anisotropic tribological properties to medical silicone
surfaces using laser surface texturing was performed.
The transversal-shaped microgrooves were laser-textured
on the surface of the silicone samples applying different
angles of incidence of the laser beam (a) ranging from 0°
to 40°. The surface characteristics of the laser-textured
silicone surface were performed by optical microscopy,
surface 3D topography measurements, and contact angle
measurements; the tribological tests were carried out under
technically dry friction conditions and friction with lubrication
conditions. The results showed: a significant increase in
surface texture parameters values with Sq values ranging
from 7.57 um for a = 0° to 36.9 um for a = 10°, compared to
the non-textured sample 1.52 um, increased hydrophilicity
of the textured surfaces for most samples demonstrated by
contact angle measured values for a = 0° sample showing
the largest contact angle 126° as compared to the non-
-textured samples 103°. The produced anisotropic micro-
structure of the textured silicone surface, i.e. its directionality,
is evidenced by obtained values of the texture aspect ratio
(Str) tending to 0.00 for all textured samples. Changes in
the friction coefficient’s directionality in the forward and
backward directions were noted for a values above 20° for
both dry conditions and friction with lubrication conditions.
We can conclude that laser surface texturing allows for the
effective functionalization of a medical silicone surface in
terms of the anisotropy of its tribological properties.

Keywords: silicone, laser surface texturing, laser surface
functionalization, friction, anisotropic tribological properties
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Introduction

Silicones, also known as polysiloxanes, are organo-
silicon polymers that have found widespread and diverse
applications for medical and implantable devices since the
1940s [1]. It is due to their superior biocompatibility with
multiple components, compatibility with many sterilization
methods, resistance to repeated sterilization and biodura-
bility when interacting with host tissues [2,3]. In terms of
physicochemical properties beneficial for their use in the
medical field are silicones’ excellent chemical inertness and
thermostability, hydrophobicity, low surface energy, appro-
priate mechanical properties (modulus and stretchability)
with durability and ease of moulding by many methods
[4-6]. Silicones are versatile and can be formulated into
various forms, such as silicone elastomer, silicone gel, or
silicone adhesive, which determines their intended applica-
tions. Medical applications of silicones include, but are not
limited to, contact lenses [7], breast implants [8], drains
[9,10] and shunts [11], catheters [12], reconstructive gel
fillers [13] and sheeting [14], cranio-maxillo-facial implants
[15,16], scaffolds for nerve regeneration [17], and implants
for small joint arthroplasty [18], as well as for devices with
a non-silicone substrate that had been silicone-coated to
provide less host reaction, such as needles, syringes, or
blood collection vials.

The working surfaces of the material often require modi-
fication that gives them specific properties determined by
the functions they are to perform. Surface functionaliza-
tion allows for enhancing their performance for example
in terms of hydrophilization by increasing their surface
wettability [19,20], enhancing the tribological properties of
the material, such as load capacity, wear resistance and
coefficient of friction [21-24] or modifying the surface prop-
erties related to cell/surface interactions i.e., providing the
surface topography endorsing tissue/materials integration
through cells adhesion and activity [25-28]. The micro- and
nanostructural functionalization of the work surface can be
performed by many methods such as electric discharge
texturing [29], focused ion beams [30], electrochemical
machining [31], hot embossing [32], lithography, or me-
chanical texturing [33]. Laser surface texturing (LST) is
a relatively new and widely explored method for acquir-
ing specific physical surface properties desired in func-
tional surfaces that allow surface structuring by producing
a defined pattern or texture on a work surface with excellent
controllability [34,35].

The aim of the work is to assess the possibility of impart-
ing anisotropic tribological properties to medical silicone
surfaces using laser surface texturing.
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Materials and Methods

Sample surface modification

In this study, medical-grade RTV-2 silicone, approved
for skin contact, and designated as SIL 25, was used. It is
a two-part mixture for curing silicone at room temperature.
Samples in the shape of rectangular prisms measuring
20x60 mm and 4 mm thick were moulded. After moulding,
they were degassed using a vacuum pump, followed by
curing at a temperature of 50°C for 45 min.

A blue laser (PLH3D-XT-10, Opt Lasers, Warsaw, Po-
land), with an output power of 0.5 W at 405 nm laser wave-
length and square laser spot of 10 ym was used to produce
transversal-shaped microgrooves on the surface of the
sample. During the microgrooves texturing, the angle of in-
cidence of the laser beam on the sample surface was varied
while maintaining a constant power density of 8.8 kW/mm?2,
which is approximately 80% of the maximum power density.
The power density of the laser beam was selected experi-
mentally, as it ensured the relatively highest repeatability of
the texturing results. Depending on the set values angles
of incidence of the laser beam on the sample surface of 0°,
10°, 20°, 30°, and 40°, the samples are referred to as LAO,
LA10, LA20, LA30 and LA40, while the untextured sample is
denoted as Raw. The scheme of geometry of laser-textured
surface microgrooves is presented in FIG. 1.

Sample surface characterization

The surface morphology of the textured microgrooves
was examined by applying an optical microscope and
a 3D profilometry apparatus (PortableRL, Bruker Alicona,
Raaba, Austria). The values of the geometric features of
the microgrooves were determined. According to the micro-
grove geometry presented in FIG. 1, the following geometric
features were measured: a — deviation of microgroove
angle bisector from the normal to the sample surface (°),
B— microgroove apex angle (°), d — microgroove depth (um)
and B — the distance between grooves (um). The surface
topography measurements were carried out by the focus-
variation method combining an optical system’s small depth
of focus with vertical scanning to provide topographical and
colour information from the focus variation. From the group
3D areal surface texture parameters described in [36,37]
the parameters, such as the root mean square roughness
(Sq), the maximum pit height (Sv), the texture aspect ratio
(Str), skewness (Ssk) and kurtosis (Sku) were selected and
measured with a cut-off wavelength of 800 ym. Moreover,
the material ratio curves were determined and the valley void
volume (Vvv) was evaluated. The accuracy of the measure-
ments in terms of uncertainty was U = 50 nm.

Contact angle measurements on the laser-textured
surface using the OCA 15Pro Goniometer (DataPhysics
Instruments GmbH, Filderstadt, Germany) equipped with an
automatic liquid drop dosing system. The dropping unit was
set to the drop dosing volume of 2l and the drop dosing
rate of 0.5 pl/s. Since Ringer’s solution is a recognized SBF,
it was used in this study in contact angle measurements [38].
The temperature in the laboratory room during the experi-
ments was stable and amounted to 22.4°C. The static con-
tact angle on a flat surface was calculated with dedicated
goniometer software (SCA 20, DataPhysics Instruments
GmbH, Filderstadt, Germany) by automatically detecting
baselines and tangents. The accuracy of the contact angle
measurement is considered + 0.1°.

The tribological oscillating ball-on-flat tests were carried
out using a Universal Mechanical Tester Tribometr (UMT
TriboLab™, Billerica, Massachusetts, USA) according to
the ASTM G133-22 standard [39]. The tribological tests
were carried out under technically dry friction conditions and
friction conditions with lubrication with the Ringer’s solution,
collagen hydrolyzate and silicone oil. The counter-sample
as a stainless steel ball with a 10 mm diameter was applied.
A surrounding climate chamber kept the environmental
conditions constant at a temperature of 24°C + 1°C and of
40% = 1% relative humidity. The linear drive was used to ap-
ply a reciprocating movement of the velocity up to 10 mm/s,
and a linear sliding length was set for 30 mm. The applied
forces were controlled by sensors’ module DFM-20 (UMT
TriboLab™, Billerica, Massachusetts, USA) within the range
of 0.2 N to 20 N and the contact force was setto 5N + 0.2 N.

Results and Discussion

The microscope images of the side views of textured
samples are shown in FIG. 2. The measured values of geo-
metric features of microgrooves laser-textured on a silicone
material are provided in TABLE 1. Analyzing the obtained
microscope images of the laser-textured microgrooves and
their measured geometric features, it can be seen that the
set laser beam angle is very close to the deviation of the
microgroove angle bisector from the normal to the sample
surface. The only significant difference is found for the LA10
sample. The largest groove depth was obtained for the LA10
sample and the smallest for LAO.

Direction of ball

motion
Backward (-) : Forward (+)

FIG. 1. Design of microgrooves geometry with annotated geometrical features: a— deviation of microgroove apex
angle (briefly called also ‘microgroove axis’) bisector from the normal to sample surface (°), 8 — microgroove
apex angle (°), d — microgroove depth (um), B — distance between microgrooves (um).
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FIG. 2. Side views of laser-textured silicone material: A) Raw, B) LAO, C) LA10, D) LA20, E) LA30, and F) LA40.

TABLE 1. The values of geometric features of microgrooves laser-textured on a silicone material.

Set angle of laser

Sample beam (°) a(®) d (um) B() B (um)
LAO 0 0+0 48 £ 4 34+2 195 + 10
LA10 10 14 £ 1 98+3 41+2 255+8
LA20 20 18+2 89 + 4 57 + 1 2738
LA30 30 30+3 59 + 4 51+2 286+ 9
LA40 40 4142 67 + 1 59 + 3 323 +9

FIGURE 3 shows the 2D surface topography of the mi-
crogrooves laser-textured on the silicone material surface.
The material share curves created based on these repre-
sentative areas are presented in FIG. 4. As it can be seen,
a plateau was obtained for samples LA10-LA40. The
sharpest groove notches were obtained for sample LA10.
The groove notches of the remaining samples are character-
ized by a gentle valley/end.

In statistical terms, a significant increase in the Sq pa-
rameter values was observed due to surface texturization,
as intended (TABLE 2). According to the assumptions,
there was an increase in the maximum value for the valley’s
depth, as confirmed by the high values of the parameter Sv.
From a tribological perspective, a notable feature is the
change in the parameter Ssk value, which shifted from the
baseline value of Ssk = -0.63 towards 0O for all surfaces.
Consequently, there was an increase in the symmetry of
the surface relative to the mean line, along with the kurtosis
parameter Sku, which for textured surfaces takes values
Sku < 3, confirming the designed periodicity in the resulting
surface layer structure. In terms of functional parameters, at-
tention should be paid to Vvv, which increased several times
for textured samples, potentially ensuring improvement in
friction parameters, particularly in the presence of lubricants
from a tribological standpoint. Following the assumptions,
a significant directionality of the structure was achieved,
which is confirmed by the values of the Str coefficient < 0.03.

The results of the contact angle measurement are pre-
sented in TABLE 3 and FIG. 5. The contact angle measure-
ments revealed that the LA10 sample exhibited the largest
contact angle. Interestingly, it was observed that the contact
angle values for the LA10-40 samples consistently exceeded
those of the untextured reference sample. It was not possible
to correctly measure the contact angle for the LAO sample,
but as can be seen in FIG. 5A, the droplet spread in the
microgrooves. This may be because the measuring liquid
— Ringer’s liquid, has a viscosity similar to water and did
not form a stable drop. The measured one-second contact
angle value for LAQO is 86.0 + 4.9. This disparity in contact
angle values between the LAO sample and the other textured
samples may be attributed to the presence of sharp-edged
microgrooves in the former, facilitating enhanced drop
penetration into the grooves. Conversely, in the textured
samples (LA10-40), the limited liquid penetration into the
valley spaces is anticipated, largely due to surface tension
effects. FIGURE 5 presents the results of measuring the
friction coefficient values for different environmental condi-
tions. TABLE 4 presents the percentage increase of the
directional coefficient of friction for different samples under
various types of lubrication.
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TABLE 2. The surface geometric parameters of the laser-textured silicone surface.

Sample Raw LAO LA10 LA20 LA30 LA40
Sq 1.52 7.57 36.9 33.6 17.6 254
Sv 18.3 48.32 92.1 113.6 40.3 52.9
Str 0.38 0.04 0.03 0.03 0.04 0.04
Ssk -0.63 0.055 -0.49 -0.225 0.204 -0.267
Sku 9.955 3 1.79 1.558 1.7 1.409
Vvv 0.254 1.043 3.06 1.722 0.921 1.052

TABLE 3. Average values of the surface contact angle.

Contact angle 1032 126 £ 3 124 +5 109+3 118+ 4

TABLE 4. Percentage difference of directional co-
efficient of friction values in forward and backward
directions.

A B

Lubrication type and percentage
increase of directional

FIG. 5. Example contact angle measurement
results: A) LAO, B) LA10.

From the data in FIG. 6, it can be seen that the average
friction coefficients range from 0.13 to 1.30. The lowest
measured values of the friction coefficient were measured
for the combination under silicone oil lubrication conditions.
For all measurements, the friction coefficient in the forward
direction was lower than in the backward direction. The high-
est friction coefficient values were for: dry friction — sample
LA10, friction in Ringer’s fluid — sample LA30, friction in
collagen hydrolyzate — sample LA30, friction in silicone oll
— sample LA20. For samples tested in a dry environment,
it is visible that the largest changes in the friction coefficient
value are for samples LA20, LA30, and LA40. For samples
tested in the Ringer’s fluid and collagen hydrolysate envi-
ronment, such a significant change was observed only for
LA30 and LA40 samples. However, during tests in a silicone
oil environment, the largest difference in directional friction
coefficient values was observed for samples LA10 and LA20,
while for LA10 sample this increase was the largest among
all the measurements carried out and it was by 277%; the
observed differences in directional friction coefficient values
for applied lubricants may be related to different properties of
water-based lubricants (Ringer’s fluid, collagen hydrolyzate)
and non-water-based lubricant (silicone oil).

Set angle coefficient of friction
Sample Ringer’s Collagen Silicone
fluid  hydrolyzate oil
LAO 27% 1% 76% 22%
LA10 7% 5% 9% 277%
LA 20 114% 13% 7% 176%
LA 30 73% 64% 46% 38%
LA 40 77% 78% 39% 88%
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FIGURE 7 compares friction coefficient values as a func-
tion of the linear position of the ball counter sample on the
tested sample for the LA40 sample and the Raw sample in
an oil-lubricated environment. As it can be observed, despite
the presence of a lubricating environment (oil), the surface
texturization leads to an increase in the friction coefficient
values. However, in terms of the directional effect of the
textured microstructure, a relatively constant difference be-
tween the coefficient of friction value in the forward direction
(+) and backward direction (-) is evident.
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Conclusions and research perspectives

The performed laser texturing of medical silicone surface
assures high accuracy of repeatability of surface texture pa-
rameters across the textured surface. Produced anisotropic
microstructure of the textured silicone surface, i.e. its direc-
tionality, is evidenced by the measured values of the texture
aspect ratio (Str) tending to 0.00 for all textured samples.
The percentage differences in the directional coefficient of
friction values registered in forward and backward directions
for the laser beam angle setting values above 20° imparts
the clearly evident directional anisotropy of the tribological
properties of the textured surface.

So, we can conclude that laser surface texturing allows
for effective functionalization of medical silicone surface in
terms of its directional anisotropy of tribological properties.

Looking forward, future research directions should focus,
in our opinion, on exploring the applicability of laser texturing
to medical devices with rotationally symmetric elements.
Such endeavours hold promise for optimizing the tribologi-
cal properties of medical devices, thereby enhancing their
performance and biocompatibility in clinical settings.
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