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Abstract: Due to traumatic injuries, including those from surgical procedures, adhesions occur in
over 50% of cases, necessitating exclusive surgical intervention for treatment. However, preventive
measures can be implemented during abdominal organ surgeries. These measures involve creating a
barrier around internal organs to forestall adhesion formation in the postoperative phase. Yet, the
effectiveness of the artificial barrier relies on considerations of its biocompatibility and the avoidance
of adverse effects on the body. This study explores the biocompatibility aspects, encompassing
hemocompatibility, cytotoxicity, and antibacterial and antioxidant activities, as well as the adhesion
of blood serum proteins and macrophages to the surface of new composite film materials. The
materials, derived from the sodium salt of carboxymethylcellulose modified by glycoluril and
allantoin, were investigated. The research reveals that film materials with a heterocyclic fragment
exhibit biocompatibility comparable to commercially used samples in surgery. Notably, film samples
developed with glycoluril outperform the effects of commercial samples in certain aspects.

Keywords: anti-adhesion agents; carbamide-containing heterocycles; composite materials; barrier
films; biocompatibility; surgery

1. Introduction

Due to traumatic injuries to internal organs and an increasing number of surgical
procedures, the prevalence of abdominal adhesions is on the rise. Adhesions’ development
is linked to chronic abdominal pain syndrome, which significantly diminishes patients’
quality of life, impairs reproductive function in women, and can lead to acute adhesive
intestinal obstruction. Currently, the exclusive method for treating adhesions involves
surgical intervention through mechanical dissection. However, preventive measures can
be implemented during abdominal organ surgeries. Over the past decades, a crucial role
in preventing abdominal adhesions has been played by a category of specialized prod-
ucts known as anti-adhesion barriers [1,2]. These barriers are constructed from reactive,
biodegradable materials. An ideal barrier, characterized by high safety and efficacy, should
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not induce inflammation or immune responses, persist throughout the critical remesothe-
lization phase, remain securely in place without the need for stitches or staples, stay active
in the presence of blood, and be fully resorbable. Additionally, it should not impede
the healing process, trigger infections, contribute to oncologic processes, or promote the
formation of new adhesions. To achieve optimal results, these barrier agents should be
administered intraperitoneally either during or at the conclusion of surgery [3].

Barrier agents function primarily by targeting inflammation reduction and exudation
in wound areas, temporarily delineating wound surfaces, preventing fibrin accumulation
in the abdominal cavity, inhibiting fibroblast proliferation, and providing fermentative pro-
tection to tissues against hypoxia damage [4]. The utilization of anti-adhesion barriers has
been demonstrated as an etiopathogenetic approach to prevent adhesion formation. These
barriers safeguard the wound from mechanical damage and adhesion with neighboring or-
gans while also promoting favorable effects on reparative tissue regeneration [5]. Presently,
a variety of “barrier type” anti-adhesion agents are available, including those based on
icodextrin, polytetrafluoroethylene, hyaluronic acid, polyethylene oxide, and cellulose.

Dextran-70 underwent testing as an anti-inflammatory agent, yielding positive ex-
perimental and clinical outcomes in the 1980s. Despite these promising results, practical
application revealed reported side effects, including interstitial edema, ascites, and coagu-
lopathy. Consequently, the approval for the use of dextran as an anti-inflammatory agent
was not granted, leading to its current limited usage [6].

Constructed from polytetrafluoroethylene, a material commonly utilized in vascular
grafts known for its low thrombosis factor, the anti-adhesion “barrier” Preclude (Gore-
Tex Surgical Membrane, W. L. Gore & Associates, Flagstaff, AZ, USA) was developed.
While this product received positive evaluations in a study and was endorsed for gyneco-
logic surgeries by The Myomectomy Adhesion Study Group in 1995, it does have certain
drawbacks that restrict its application. Primarily, these drawbacks are associated with its
hydrophobic nature, leading to inadequate tissue adhesion. Additionally, the material
lacks biodegradability. Consequently, this “barrier” necessitates fixation with threads and
persists as a foreign body in the abdominal cavity indefinitely, heightening the risk of
adhesion and infection development in the extended postoperative period [7].

In clinical studies, both hyaluronidase alone and its compounds with iron and car-
boxymethylcellulose (CMC) have demonstrated efficacy. Barriers incorporating hyaluronidase,
besides serving as anti-adhesion agents, also exhibit anti-inflammatory effects and enhance the
proliferation of mesothelial cells [8,9]. Among hyaluronidase-based agents, the compound
with CMC and two anionic polysaccharides, known as Seprafilm (Genzyme Corporation,
Cambridge, MA, USA), is more commonly utilized. This bioabsorbable membrane is non-
toxic, non-immunogenic, and biocompatible, functioning as a film that covers traumatized
surfaces. Although the membrane transforms into a gel within 24–48 h, it remains at the
placement site for up to 7 days and completely resorbs by day 28, eliminating the need
for stitches. It proves effective even in the presence of blood. Seprafilm has substantially
reduced the extent and severity of postoperative adhesions in various experiments and ran-
domized clinical trials in gynecology and general surgery. However, its potential to reduce
the incidence of adhesive intestinal obstruction remains uncertain [10]. Additionally, its
relatively high cost and the modified hyaluronic acid in the drug may pose risks, potentially
leading to anastomosis failure and the formation of intra-abdominal abscesses [11].

Oxidized regenerated cellulose, recognized as the Interceed antiadhesion barrier
(Ethicon Inc., Somerville, NJ, USA), is a membrane that fully absorbs within a span of
28 days. This drug has been employed in gynecologic surgeries since the late 1980s, and
both experimental and clinical applications have indicated a reduction in the frequency and
severity of postoperative adhesions. However, its widespread utilization is constrained
by diminished efficacy in the presence of blood or excess peritoneal fluid. The necessity
for achieving comprehensive hemostasis before employing Interceed is attributed to the
deposition of fibrin between tissue fibers [12].
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Hence, the independent application of local and general anti-inflammatory agents in
the majority of clinical trials has not yielded satisfactory outcomes, and certain drugs have
not progressed beyond the experimental study phase [13].

When seeking the “ideal” anti-adhesion agent, it is crucial to consider the biological
parameters of the utilized reagents. In our study, during the selection of the composition
for the barrier membrane, we investigated compounds that include the urea-containing
heterocyclic fragment of allantoin and glycoluril (Figure 1).

Figure 1. Chemical structures of allantoin (a) and glycoluril (b).

Allantoin (Figure 1a) belongs to the well-established class of azaheterocycles in the
imidazolidinone series, specifically hydantoins. The beneficial biological and pharmaco-
logical properties of this compound have been extensively discussed in several review
articles [14–16]. Allantoin, chemically defined as (2,5-Dioxo-4-imidazolidinyl) urea, is a
heterocyclic compound with a five-membered cycle containing a carbamide substituent
in the 4th position. Presently, allantoin is a component in over 1300 different cosmetic
products [14]. Recognized for its regenerative effects, it aids in the removal of abrasions and
scars [17]. When included in creams, it safeguards the skin from sunburn, weathering, and
cracking, offering gerontological benefits [18] and restoring normal moisture and elasticity
to the skin. Allantoin has the capability to diminish the genotoxic effects of ultraviolet radi-
ation [19]. Additionally, research has demonstrated its ability to inhibit various destructive
processes induced by reactive oxygen species, thereby exhibiting antioxidant properties.

Glycoluril (Figure 1b), specifically (2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione),
serves as the precursor to a class of nitrogen-containing heterocycles known as bicyclic
bisureas of the octane series. The distinctive structural framework of these bicyclic bisureas,
or glycoluriles, has made them the foundation for the development of valuable substances
utilized in various human activities, including disinfectants, drugs [20,21], and polymer sta-
bilizers [21]. Notably, glycoluriles have been identified as key components in the construc-
tion of polycyclic condensed systems, such as cucurbit[n]urils [22] and bambus[n]urils [23],
each exhibiting unique physicochemical properties.

The commonality between allantoin and glycoluril lies in their nature as carbamide-
containing heterocycles. Owing to their polyfunctionality and intricate chemical structures,
both compounds showcase a broad spectrum of physiological activities and a propensity
for polycondensation processes.

Film materials were formulated using these compounds and subsequently studied for
cytotoxicity, adhesion to blood proteins, adhesion to macrophages, antibacterial activity,
antioxidant activity, and hemocompatibility.

2. Results

Throughout this investigation, novel composite materials derived from Na-CMC and
carbamide-containing heterocycles (allantoin and glycoluril) were synthesized, and their
biocompatibility was assessed using the test models described below. The synthesis of
allantoin and glycoluril followed previously established methods [24,25], and the procedure
for preparing the composite material is detailed in the Section 4 of this study.
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2.1. Evaluation of Hemocompatibility of Composite Film Materials

Through experiments, it was determined that in all samples, when incubating ery-
throcyte suspensions from five patients in three measurements with extracts of Seprafilm™
(Genzym Corporation, Cambridge, MA, USA) as the comparison sample (1) and the investi-
gated composite film materials based on allantoin (2, 3) and glycoluril (4, 5), the hemolysis
value did not exceed 2% (Table 1).

Table 1. The effect of extracts of film samples on erythrocyte hemolysis.

Samples №
Hemolysis, %

Erythrocyte
Suspension №1

Erythrocyte
Suspension №2

Erythrocyte
Suspension №3

Erythrocyte
Suspension №4

Erythrocyte
Suspension №5

1

1. 0.59 0.70 0.29 0.57 0.47
2. 0.38 0.20 0.87 0.43 0.49
3. 0.39 0.32 0.23 0.56 0.64
X ± m 0.45 ± 0.07 0.41 ± 0.15 0.46 ± 0.20 0.52 ± 0.04 0.53 ± 0.06

2

1. 0.40 0.59 0.40 0.29 0.44
2. 0.47 0.13 0.99 0.81 0.64
3. 0.77 0.43 0.38 0.80 0.31
X ± m 0.55 ± 0.11 0.38 ± 0.13 0.59 ± 0.20 0.63 ± 0.17 0.46 ± 0.09

3

1. 0.66 1.04 0.70 0.41 0.66
2. 0.25 0.50 0.34 0.69 0.33
3. 0.67 0.45 0.35 0.46 0.57
X ± m 0.52 ± 0.14 0.66 ± 0.19 0.46 ± 0.12 0.52 ± 0.09 0.52 ± 0.09

4

1. 0.38 0.47 0.28 0.82 0.53
2. 0.40 1.22 1.17 0.46 0.37
3. 0.61 0.57 0.55 0.38 0.59
X ± m 0.46 ± 0.07 0.75 ± 0.23 0.67 ± 0.26 0.55 ± 0.14 0.49 ± 0.07

5

1. 0.47 0.49 0.45 0.36 0.40
2. 0.63 0.74 0.67 0.60 0.66
3. 0.36 1.14 0.40 0.76 1.68
X ± m 0.49 ± 0.08 0.79 ± 0.19 0.51 ± 0.08 0.57 ± 0.12 0.91 ± 0.39

Therefore, the experimental film samples exhibit no cytotoxic effects on erythrocytes,
and their hemolytic activity is comparable to that of the reference sample Seprafilm™ (1).

Considering the aforementioned information, to identify the factors contributing to
the low level of hemolysis and, consequently, the high hemocompatibility of the examined
samples, the adsorption of blood plasma proteins on the surface of the studied composite
film materials was investigated.

2.2. Adsorption of Blood Plasma Proteins on the Surface of the Investigated Composite
Film Materials

Following the experiments, it was determined that the protein concentrations in
donor serum diluted ten times were 7.11 g/L, 6.85 g/L, 5.85 g/L, 6.14 g/L, and 6.83 g/L,
respectively. Subsequent to a 2 h incubation of serum at 37 ◦C in wells containing the films
under examination, there was a marginal decrease in protein concentration attributed to
protein adsorption.

According to the information presented in Table 2, protein adsorption in film (1) was
2.96 ± 0.13%. The protein adsorption for the investigated composite film materials, based
on glycoluril- and allantoin-modified sodium salt of carboxymethylcellulose (2–5), was
3.06 ± 0.17% (p = 0.917), 3.29 ± 0.11% (p = 0.117), 3.16 ± 0.11% (p = 0.347), and 3.28 ± 0.17%
(p = 0.117), respectively. These values were not significantly different from the protein
adsorption capacity of sample (1).
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Table 2. The adsorption of proteins on the surface of the investigated films.

Samples №
Adsorption of Proteins, %

Serum №1 Serum №2 Serum №3 Serum №4 Serum №5

1

1. 2.36 2.94 1.81 3.80 1.54
2. 4.41 2.82 2.71 3.51 3.68
3. 2.88 3.42 3.08 2.17 3.20
X ± m 2.96 ± 0.13

2

1. 1.48 3.04 1.89 4.82 4.16
2. 2.76 2.69 3.86 3.05 1.96
3. 4.02 3.55 2.41 3.16 3.01

X ± m 3.06 ± 0.17
p2–1 = 0.917

3

1. 2.15 2.47 4.08 5.60 3.71
2. 3.83 3.42 1.74 3.55 4.38
3. 3.37 4.15 3.08 1.32 2.47

X ± m 3.29 ± 0.11
p3–1 = 0.117

4

1. 4.81 3.10 2.93 4.33 3.14
2. 3.01 2.63 2.22 2.73 2.21
3. 0.83 4.24 5.35 2.20 3.74

X ± m 3.16 ± 0.11
p4–1 = 0.347

5

1. 2.73 3.07 3.00 2.45 3.74
2. 3.68 4.02 6.05 2.98 1.54
3. 3.16 0.94 1.18 5.57 5.08

X ± m 3.28 ± 0.17
p5–1 = 0.117

As indicated by the information in Table 2, protein adhesion observed in the samples
of the investigated composite film materials, based on the sodium salt of carboxymethylcel-
lulose modified with glycoluril and allantoin (2–5), is comparable to protein adhesion in
the reference sample “Seprafilm” (1).

2.3. Evaluation of Cytotoxicity

The experiments revealed that incubating the 3T3-L1 normal fibroblast cell line with
various concentrations of extracts from the investigated samples of composite film materials,
based on allantoin-modified sodium salt of carboxymethylcellulose (2, 3), for 24 h, as well
as the reference sample (1), did not result in a noteworthy reduction in cell viability in the
neutral red test (Figure 2).

Figure 2. Cell viability of 3T3-L1 normal fibroblast culture (in %) after incubation with different
concentrations of extracts of commercial sample of Seprafilm™ membrane and investigated films.
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Culturing the 3T3-L1 normal fibroblast cell line with varying extract concentrations
from the examined samples of composite film materials, which are based on glycoluril-
modified sodium salt of carboxymethylcellulose (4, 5), for 24 h similarly showed no impact
on cell viability (Figure 3).

Figure 3. Cell viability of 3T3-L1 normal fibroblast culture (in %) after incubation with different
extract concentrations of Seprafilm™ commercial membrane sample and the tested films.

Therefore, extracts from the examined films, as well as extracts from the reference film,
do not exhibit a notable cytotoxic effect on the 3T3-L1 fibroblast cell culture.

A comparative examination of the cytotoxicity of the studied composite film samples
(2–5) and the reference sample (1) is detailed in Table 3 and Figure 4. The findings suggest
that the cytotoxicity of the investigated composite film materials, based on the sodium salt
of carboxymethylcellulose modified with glycoluril and allantoin (2–5), is comparable to
the cytotoxicity of the commercial sample (1).

Table 3. Cytotoxicity rates of various extract concentrations determined by neutral red assay.

Film Sample Extract, % Cell Viability, %, M ± SD Reliability of Differences

1
25% 98.1 ± 5.6
50% 96.9 ± 7.8
100% 93.0 ± 8.6

2
25% 99.4 ± 6.2 p = 0.344
50% 97.9 ± 6.9 p = 0.612
100% 96.5 ± 6.9 p = 0.356

3
25% 96.9 ± 3.3 p = 0.450
50% 95.4 ± 4.3 p = 0.220
100% 94.7 ± 5.4 p = 0.875

4
25% 97.9 ± 4.9 p = 0.831
50% 95.2 ± 5.4 p = 0.177
100% 94.9 ± 8.9 p = 0.982

5
25% 97.2 ± 4.9 p = 0.685
50% 95.6 ± 4.2 p = 0.558
100% 96.0 ± 5.9 p = 0.620

Note: p reflects the reliability of differences from the comparison film–commercial sample of Seprafilm™ mem-
brane (Genzym Corporation, USA).
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Figure 4. Impact of different extract concentrations of commercial Seprafilm™ membrane sample
and tested film samples.

2.4. Evaluation of Macrophage Adhesion to the Surface of the Tested Samples

Following the investigation of cytotoxicity, the adhesion of macrophages to the surface of
the examined samples was explored. In the experiments, it was observed that the number
of adhered macrophages from the RAW 264.7 line on the surface of tablet wells without the
investigated composite film materials in the microscope’s field of view was 355 ± 36 (Table 4).
Upon placing RAW 264.7 cells in the tablet wells with the surface of the comparison sample
“Seprafilm”, the number of adhered cells significantly decreased to 128 ± 16 within the
microscope’s view field. The adhesion of macrophages on the surface of the composite film
materials samples, based on the sodium salt of carboxymethylcellulose modified by allantoin
(2, 3), did not differ significantly from the comparison sample “Seprafilm”.

Table 4. Adhesion of macrophages of the RAW 264.7 cell line to the surface of the samples of the
tested films.

Film Samples Phalloidin DAPI Merge RAW 264.7 Value

Control (n = 9) 355 ± 36

1
(n = 9)

128 ± 16
p2–1 < 0.001

2
(n = 9)

215 ± 31
p3–1 < 0.03
p3–2 = 0.058
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Table 4. Cont.

Film Samples Phalloidin DAPI Merge RAW 264.7 Value

3
(n = 9)

195 ± 29
p4–1 < 0.002
p4–2 = 0.064
p4–3 = 0.757

4
(n = 9)

61 ± 8
p5–1 < 0.001
p5–2 < 0.005
p5–3 < 0.001

5
(n = 9)

18 ± 5
p6–1 < 0.001
p6–2 < 0.001
p6–4 < 0.001
p6–5 < 0.002

The number of adhered cells in the microscope’s field of view was 215 ± 31 (p = 0.058)
and 195 ± 29 (p = 0.064) cells, respectively. In contrast, the ability of macrophages to adhere
in the samples of composite film materials based on glycoluril-modified sodium salt of
carboxymethylcellulose (4, 5) was significantly lower than in sample (1) and the studied
samples (2, 3). The number of adhered cells in the microscope’s field of view was 61 ± 8
and 18 ± 5, respectively.

Consequently, the tested composite film materials samples, which are based on
allantoin-modified sodium salt of carboxymethylcellulose (2, 3), exhibit a diminished
ability for macrophages from the RAW 264.7 line to adhere, and their adhesion value is
comparable to that of sample (1).

The samples of composite film materials, derived from the glycoluril-modified sodium
salt of carboxymethylcellulose (4, 5), exhibit notably reduced adhesion of RAW 264.7 line
macrophages to the surface compared to both sample (1) and the examined composite film
materials based on allantoin-modified sodium salt of carboxymethylcellulose (2, 3).

2.5. Evaluation of Antibacterial Activity

Following the examination of antibacterial activity, it was observed that the samples
from all groups, including the control sample of film (1), did not exhibit any noteworthy
activity against the test strains.

2.6. Evaluation of Antioxidant Activity

In the experiments measuring antioxidant activity, it was determined that the com-
mercial sample (1) decreased the concentration of ABTS cation radical in the model system,
equivalent to 2.19 ± 0.32 µmol of Trolox (Table 5). The investigated samples of composite
film materials, based on the sodium salt of carboxymethylcellulose modified with allantoin
(2, 3), exhibited more pronounced antioxidant effects (5.49 ± 0.47 and 9.99 ± 0.51 µmol of
Trolox equivalents/g film, respectively). The samples of composite film materials, derived
from the glycoluril-modified sodium salt of carboxymethylcellulose (4, 5), demonstrated
the highest antioxidant activity (10.02 ± 0.86 and 21.27 ± 0.91 µmol of Trolox equivalents/g
film, respectively)
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Table 5. Antioxidant activity of film samples expressed in Trolox equivalents.

Film Samples Antioxidant Activity, µmol Trolox/g Film

1 (n = 6) 2.19 ± 0.32

2 (n = 6) 5.49 ± 0.47 (p2–1 < 0.005)

3 (n = 6) 9.99 ± 0.51 (p3–1 < 0.001)

4 (n = 6) 10.02 ± 0.86 (p4–1 < 0.001)

5 (n = 6) 21.27 ± 0.91 (p5–1 < 0.001)

Hence, all experimental film material samples based on Na-CMC modified with gly-
coluril and allantoin (2–5) exhibit superior antioxidant activity compared to the membrane
sample (1), demonstrating the capability to diminish the level of free radicals in model
systems using DPPH and ABTS radicals. The samples of composite film materials based on
Na-CMC modified with glycoluril (4, 5) display the most pronounced antioxidant effect.

2.7. Investigation of the Mechanical Properties of Film Materials

In experiments measuring the mechanical strength of samples, it was established that
samples based on the sodium salt of carboxymethylcellulose modified with allantoin (2, 3)
and glycoluril (4, 5) have a tensile strength higher than the reference sample “Seprafilm”
(Table 6).

Table 6. Mechanical properties of film samples.

Film Samples Tensile Strength of Films, MPa

1 32.02

2 47.51

3 43.36

4 46.40

5 40.58

2.8. Investigation of Water Content in the Obtained Film Materials

The water content of the samples of film materials modified with allantoin (3) and
glycoluril (5) was determined to be residual moisture. Samples (3) and (5) did not demon-
strate high humidity (0.27% and 0.23%, respectively).

3. Discussion

In this study, composite film materials based on allantoin and glycoluril were synthe-
sized for the first time, and consequently, their beneficial biological properties have not
yet been established. To gauge the potential of these biomaterials in medical applications,
it is imperative to initially assess their biocompatibility. The convergence of favorable
biocompatible traits in the examined material paves the way for the potential development
of targeted medical products. The outcomes of the biocompatibility assessment for the
developed biomaterials are presented and discussed in the following sections.

3.1. Evaluation of Hemocompatibility of Composite Film Materials

As indicated in Table 1, the experimental film samples do not exhibit a lytic effect on
erythrocytes, and their hemolytic activity is comparable to that of the Seprafilm™ reference
sample (1).

Hemolysis refers to the temporary or permanent damage to red blood cells (erythro-
cytes), resulting in the diffusion leakage of hemoglobin (Hb) from the cells. Various factors,
including mechanical, thermal, chemical, and biological influences, can contribute to red
blood cell damage when they come into contact with devices handling blood. Mechanical
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hemolysis, for instance, can occur during the flow transport of red blood cells in medical
devices such as syringe pumps [26], artificial hearts [27], and heart valves [28]. Prolonged
contact and collision between blood cells and the surfaces of foreign devices, particularly
barrier films, can lead to erythrocyte damage. When erythrocytes are damaged, hemoglobin
is released into the plasma, which, in severe cases, can result in renal failure, anemia, ar-
rhythmias, and even death. According to the literature, hemolysis on inert biomaterial
surfaces is directly linked to the adsorption of plasma proteins, particularly fibrinogen,
onto the material’s blood-contacting surface. The extent of plasma protein adsorption
correlates with the degree of hemolysis [29]. Considering these factors, this study focused
on investigating the adsorption of blood plasma proteins on the surface of the examined
composite film materials.

3.2. Adsorption of Blood Plasma Proteins on the Surface of the Investigated Composite
Film Materials

As indicated by the data in Table 2, the protein adsorption in the reference sample (1)
was measured at 2.96 ± 0.13%. The protein adsorption in the investigated composite
film materials, which are based on glycoluril- and allantoin-modified sodium salt of car-
boxymethylcellulose (2–5), ranged from 3.06 ± 0.17% to 3.28 ± 0.17%, with p-values of
0.917, 0.117, 0.347, and 0.117, respectively. These values were not significantly different
from the protein adsorption capacity of the reference sample (1).

The challenge of undesired blood clotting upon contact with implanted materials
and devices remains unresolved. This issue arises because healthy vascular endothelium
possesses mechanisms that resist thrombosis, while foreign materials lack such protective
mechanisms. Instead, biomaterials stimulate blood clotting through the activation of inter-
connected processes, including protein adsorption, thrombocyte and leukocyte adhesion,
thrombin production, and complement system activation [29]. Simultaneously, heightened
adsorption of plasma proteins results in the accumulation of fibrinogen on the surface
of the implanted material. Fibrinogen serves as a protein precursor of fibrin, forming
the foundation of the clot during hemostasis. Disruption of the balance between fibrin
deposition and degradation is a critical factor in adhesion formation [30]. In this context,
the quest for biocompatible materials that do not undergo surface adsorption becomes
particularly crucial.

3.3. Cytotoxicity

An additional crucial aspect of biocompatibility involves the in vitro cytotoxicity of
materials. The cytotoxicity of the samples was assessed using the 3T3 cell line, which is
obtained from mouse fibroblasts. Fibroblasts play a role in secreting collagen proteins,
contributing to the maintenance of the structural framework in numerous tissues. Dermal
fibroblasts, in particular, are responsible for producing connective tissue and extracellular
matrix components that influence epidermal regeneration and facilitate wound healing [31].

Following the experiments, it was observed that the incubation of the normal fibroblast
cell line 3T3-L1 with various extract concentrations of the investigated samples of composite
film materials based on allantoin-modified sodium salt of carboxymethylcellulose (2, 3) for
24 h, as well as the comparison sample (1), did not result in a significant decrease in cell
viability in the neutral red test (Figure 2).

Similarly, incubation of the normal fibroblast cell line 3T3-L1 with different extract
concentrations of the examined samples of composite film materials based on glycoluril-
modified sodium salt of carboxymethylcellulose (4, 5) for 24 h showed no impact on cell
viability (Figure 3).

Therefore, the extracts from the studied films, as well as the extracts from the comparison
film, do not exhibit a notable cytotoxic effect against the culture of 3T3-L1 fibroblast cells.

A comparative analysis of the cytotoxicity of the investigated samples of composite
film materials (2–5) and the comparison sample, Seprafilm™ membrane (Genzyme Corpo-
ration, Cambridge, MA, USA), is presented in Table 3 and Figure 4. The results indicate that
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the cytotoxicity of the studied samples of composite film materials, based on the sodium
salt of carboxymethylcellulose modified with glycoluril and allantoin (2–5), does not differ
from the cytotoxicity of sample (1).

3.4. Adhesion of Macrophages to the Surface of the Tested Samples

Following the investigation of cytotoxicity, the adhesion of macrophages to the surface
of the examined samples was scrutinized. Experimental results revealed that the number
of adhered macrophages of the RAW 264.7 line on the surface of tablet wells lacking the
investigated composite film materials within the microscope’s field of view was 355 ± 36
(Table 4). Upon placing RAW 264.7 cells in the wells of the tablet on the film surface of
the comparison sample “Seprafilm”, the number of adhered cells significantly decreased
to 128 ± 16 in the microscope’s field of view. The extent of macrophage adhesion on the
surface of the samples of composite film materials based on allantoin-modified sodium
salt of carboxymethylcellulose (2, 3) did not differ from sample (1), with the number of
adhered cells in the microscope’s field being 215 ± 31 (p = 0.058) and 195 ± 29 (p = 0.064),
respectively. The ability to adhere macrophages in the samples of composite film materials
based on glycoluril-modified sodium salt of carboxymethylcellulose (4, 5) was significantly
lower than in sample (1) and the studied samples (2, 3), with the number of adhered cells
in the microscope’s field being 61 ± 8 and 18 ± 5, respectively.

Hence, the samples of the examined composite film materials based on allantoin-
modified sodium salt of carboxymethylcellulose (2, 3) exhibit a limited ability to adhere
RAW 264.7 macrophages, and their adhesion capability is not inferior to that of sample (1).
In the case of samples of composite film materials based on glycoluril-modified sodium salt
of carboxymethylcellulose (4, 5), the adhesion of RAW 264.7 macrophages to the surface is
significantly lower compared to sample (1) and the investigated composite film materials
based on allantoin-modified sodium salt of carboxymethylcellulose (2, 3).

In a well-functioning organism, the innate immune system serves as the initial defense
against both external and internal stress signals. The mononuclear phagocyte system,
comprising circulating monocytes, resident macrophages, and dendritic cells, assumes
a crucial role in inflammation, defense against pathogens, and the direct elimination of
foreign agents.

Macrophages are distributed across various tissues in the human body and play a
pivotal role in promptly responding to the invasion of foreign pathogens. They constitute a
vital component of the innate immune system, actively participating in the initiation and
execution of responses within the acquired immune system. Dysfunction of macrophage
functions can result in the development of chronic inflammation and autoimmune diseases
and contribute to the progression of cancer. Tissue-resident macrophages demonstrate the
ability to swiftly adapt to environmental triggers by modulating gene expression [32]. This
rapid response, typically observed during inflammation or tissue damage, is referred to
as macrophage activation, involving an increased production of cytokines, chemokines,
and other inflammatory mediators. This, in turn, facilitates the recruitment of additional
macrophages [32].

Macrophages, acknowledged as crucial effector cells within the innate immune system,
serve not only as the primary defense against microorganisms but also play a key role in
triggering and regulating adaptive immune responses [33]. Consequently, macrophages
warrant significant consideration when examining the pathogenetic aspects of diseases
characterized by an inflammatory component [32].

One crucial aspect of medical materials is their cytotoxicity and impact on the immune
system. According to the literature findings, immune system cells play a pivotal role
in adhesion formation. Specifically, macrophages release various factors influencing the
healing processes of the peritoneum post-surgery, thereby modulating the inflammatory
response across a significant area of the wound surface [30].

It can be inferred that increased macrophage adhesion to implanted material is linked
to the activation of the inflammation process resulting from tissue trauma. Consequently,
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the higher the macrophage adhesion to the biomaterial surface, the greater the likelihood
of inflammatory and, subsequently, adhesion process development. It can also be hypothe-
sized that the level of macrophage adhesion to the biomaterial surface serves as an indicator
of the material’s toxicity to immune system cells. Higher macrophage adhesion implies
higher toxicity and, consequently, an increased probability of adhesion formation. The sub-
sequent stage of the research will involve studying the impact of the developed composite
biomaterials on macrophage activation and assessing their immunomodulatory properties.

3.5. Antibacterial Activity

As a result of experiments to study the antibacterial activity of film samples, it was
established that there were no zones of inhibition of the growth of test strains around
the samples (d = 0). It follows that samples from all groups, including the control film
sample (1), did not show any noticeable activity against the test strains. The absence of
antibacterial activity suggests that the films are not conducive to the growth of microorgan-
isms, indicating that bacteria do not utilize them as a nutrient substrate.

3.6. Antioxidant Activity

In the examination of antioxidant activity, it was observed that the commercial
“Seprafilm” membrane sample reduced the concentration of the ABTS cation radical in
the model system, equivalent to 2.19 ± 0.32 µmol of Trolox (Table 5). The investigated
composite film materials based on allantoin-modified sodium salt of carboxymethylcellu-
lose (2, 3) displayed a more notable antioxidant effect (5.49 ± 0.47 and 9.99 ± 0.51 µmol
Trolox equivalents/g film, respectively). Furthermore, samples of composite film materials
based on glycoluril-modified sodium salt of carboxymethylcellulose (4, 5) exhibited the
highest antioxidant activity (10.02 ± 0.86 and 21.27 ± 0.91 µmol of Trolox equivalents/g
film, respectively).

Consequently, all experimental samples of composite film materials based on Na-
CMC modified with glycoluril and allantoin (2–5) showcase superior antioxidant activity
compared to the “Seprafilm” membrane sample (Genzyme Corporation, Cambridge, MA,
USA). They demonstrate the capacity to reduce the level of free radicals in model systems
using DFPH and ABTS radicals. The most significant antioxidant activity is observed in
samples of composite film materials based on Na-CMC modified with glycoluril (4, 5).

3.7. Mechanical Properties of Film Materials

In the examination of mechanical strength, it was noted that the studied composite film
materials based on allantoin- and glycoluril-modified sodium salts of carboxymethylcellu-
lose (2–5) showed higher tensile strength than the commercial sample (1) (Table 6). Further-
more, samples of composite film materials based on Na-CMC modified with glycoluril and
allantoin (2, 4) exhibited the highest tensile strength (47.51 and 46.40 MPa, respectively).

3.8. Water Content in the Obtained Film Materials

As a result of experiments to study the water content in the obtained film materials, it
was established that composite film materials based on Na-CMC modified with allantoin (3)
and glycoluril (5) did not consist of high water content. However, composite film materials
based on allantoin-modified sodium salt of carboxymethylcellulose (3) contain more water
than composite film materials based on Na-CMC modified with glycoluril (5) (0.27% and
0.23%, respectively).

4. Materials and Methods
4.1. Production of Composite Film Materials Based on Carbamide-Containing Heterocycles
4.1.1. Production of Allantoin-Based Composite Film Materials (2, 3)
Preparation of Allantoin (2,5-Dioxo-4-imidazolidinyl) Urea

A total of 1.80 g of 50% aqueous urea solution, 0.25 mL (0.41 g) of 50% phosphoric
acid solution, and 0.02 g of sulfamic acid are placed in a flask equipped with a stirrer and a
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reflux condenser. Then, 1.13 mL (1.5 g) of 50% glyoxalic acid solution is added dropwise
while stirring at 15 ◦C. The mixture is stirred for 2 h at 95 ◦C; in this case, the formation
of white precipitate of allantoin is observed. After cooling, the mixture is filtered, washed
with warm water, and dried. The output is (64%) [24,34]. Melting point is 225 ◦C (with
decomposition). 1H NMR spectrum (δ, ppm, DMSO-d6): 8.05 (1H, s), 6.94 (1H, d), 5.83
(2H, s), 5.24 (1H, d). 13C NMR spectrum (δ, ppm, DMSO-d6): 173.79 (C=O), 157.70 (C=O),
157.06 (C=O), 62.61 (C-tert.). IR spectrum (cm−1): 3436 (NH2), 3068 (NH2), 3192 (NH),
2947 (CH), 1780 (C=O), 1719 (C=O), 1667 (C=O), 1602 (NH2), 1430 (NH).

Production of a Film Material Containing Allantoin (2)

Adding an aqueous solution of allantoin with a mass fraction of 0.01% to 0.2 g of the
film-forming agent Na-CMC M.W. 250,000 (DS = 0.9, Acros Organics, Geel, Belgium) or
Na-CMC M.W. 250,000 (DS = 1.2) up to a total mass of 10 g. The resulting solutions are
dispensed onto the substrate (10 mL) and air-dried for 24 h.

Production of a Film Material Containing Allantoin (3)

Adding an aqueous solution of allantoin with a mass fraction of 0.05% to 0.2 g of the
film-forming agent Na-CMC M.W. 250,000 (DS = 0.9, Acros Organics, Belgium) or Na-CMC
M.W. 250,000 (DS = 1.2) up to a total mass of 10 g. The resulting solutions are dispensed
onto the substrate (10 mL) and air-dried for 24 h.

4.1.2. Production of Composite Film Materials Based on glycoluril (4, 5)
Production of glycoluril (2,4,6,8-tetraazabicyclooctane[3.3.0]octane-3,7-dione)

To an aqueous solution of 6.0 g (0.1 mol) of urea and 7.3 g of 40% aqueous solution of
glyoxal (0.05 mol), 20.6 g (0.1 mol) of OEDP is added while stirring. The reaction mixture is
heated to 80 ◦C and incubated for one hour. After 10 min, the solution starts to become
turbid, and the product precipitates. After 40–50 min, the reaction mixture is cooled, and
the precipitate is filtered and washed with water [25]. The substance is a white powder, and
the yield is 99%. Temperature of decomposition is more than 360 ◦C. 1H NMR spectrum
(δ, ppm, DMSO-d6): 7.17 (s. 4H, NH), 5.24 (s. 2H, CH). 13C NMR spectrum (δ, ppm,
DMSO-d6): 161.72 (C=O), 65.05 (CH).

Production of a Film Material Containing Glycoluril (4)

Adding an aqueous solution of glycoluril with a mass fraction of 0.01% to 0.2 g of the
film-forming agent Na-CMC M.W. 250,000 (DS = 0.9, Acros Organics, Belgium) or Na-CMC
M.W. 250,000 (DS = 1.2) up to a total mass of 10 g. The resulting solutions are dispensed
onto the substrate (10 mL) and air-dried for 24 h.

Production of a Film Material Containing Glycoluril (5)

Adding an aqueous solution of glycolurol with a mass fraction of 0.05% to 0.2 g of the
film-forming agent Na-CMC M.W. 250,000 (DS = 0.9, Acros Organics, Belgium) or Na-CMC
M.W. 250,000 (DS = 1.2) until the total mass of the solution reaches 10 g. The resulting
solutions are dispensed onto the substrate using a dispenser (10 mL) and air-dried for 24 h.

4.2. Evaluation of Hemocompatibility of Composite Film Materials

Hemocompatibility of the samples was evaluated by comparing the optical density
of the extract suspension with blood to the optical density of blood under conditions of
100% hemolysis [35].

To assess the hemocompatibility of the samples, a set of extracts was created from the
examined composite film materials derived from Na-CMC modified with glycoluril and
allantoin. Sterilized penicillin vials were filled with 4 mL of sterile physiological solution
each. Samples of the investigated composite film materials, along with the Seprafilm™
comparison sample, were positioned in a [1.5 × 1.5] cm area and subjected to incubation in
the thermostat at 37 ◦C for 24 h.
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Blood was drawn from five healthy donors (5 mL) into vacuum vials containing an
anticoagulant (citrate) and was then centrifuged at 900× g for 15 min at 4 ◦C following a
2 h incubation at room temperature. The resulting supernatant was separated, and 8 mL
of 0.9% sodium chloride solution was added to the precipitate. After gently shaking and
centrifuging at 900× g for 10 min at 4 ◦C, the supernatant was once again separated, and
red blood cell washing was repeated two additional times. For the creation of a 10% red
cell suspension, 1 mL of red cell mass was combined with 9 mL of 0.9% sodium chloride
solution. This resulting erythrocyte suspension was stored at 4 ◦C for no more than 24 h.

Control samples comprised 0.2 mL of erythrocyte suspension mixed with 2 mL of
0.9% sodium chloride solution. For samples with 100% hemolysis, 0.2 mL of erythrocyte
suspension was combined with 2 mL of distilled water, resulting in complete destruction of
erythrocytes, corresponding to 100% hemolysis. Experimental samples consisted of 0.2 mL
of erythrocyte suspension and 2 mL of previously prepared extracts from the investigated
samples. These samples were then placed in a thermostat at 37 ◦C for 1 h. Subsequently,
tubes containing experimental samples, control samples, and samples with 100% hemolysis
underwent centrifugation using a Hermle Z 383 K centrifuge for 20 min at a speed of
6000 rpm. The resulting supernatant was separated for optical density measurement using
an SF-2000 spectrophotometer (Saint Petersburg, Russia).

The optical density of control samples, consisting of a 10% erythrocyte suspension
with 0.9% sodium chloride solution, should not surpass 0.03 optical units. Meanwhile, the
optical density of samples indicating 100% hemolysis should range from no less than 0.8 to
no more than 1.0 optical units [35].

4.3. Adhesion Evaluation of Blood Serum Proteins to the Surface of Composite Film Materials

To assess the adhesion of serum proteins, whole anticoagulated blood from a healthy
donor was employed. Following a 2 h incubation at room temperature, the blood was
centrifuged at 600× g for 15 min at 4 ◦C. The resulting serum was diluted tenfold with
0.9% NaCl, and the protein concentration in each sample was spectrophotometrically
measured using the Bradford method with Coomassie G-250 dye [36]. A calibration curve
was established using bovine serum albumin (BSA) as a standard.

The investigated composite film materials were positioned in 24-well culture dishes
with a surface area of 1.9 cm². Subsequently, 300 µL of 0.9% NaCl was added to the wells
and allowed to swell the composite films for 3 min, after which the residual 0.9% NaCl was
removed. Following this, tenfold diluted serum was added to each well, and the composite
film materials were incubated in a thermostat for 2 h at 37 ◦C. After incubation, serum was
withdrawn from the wells, and the concentration of unadsorbed proteins was measured
through a spectrophotometric method.

The percentage of protein adsorbed by the films was calculated by the difference
between the total protein content of serum and the amount of unadsorbed proteins after
incubation with the films.

4.4. Evaluation of Cytotoxicity of Composite Film Materials

The cytotoxicity towards fibroblasts was evaluated using the extract method [37]. To
assess the cytotoxic activity of the tested samples of composite film materials based on the
sodium salt of carboxymethylcellulose modified with glycoluril and allantoin, as well as
the comparison sample Seprafilm™, a colorimetric test utilizing the intracellular uptake of
the vital dye neutral red was selected [38,39].

Before the experiment, cells of the 3T3-L1 cell line (obtained from FSIS SRC VB “Vector”
Rospotrebnadzor) were cultured in complete nutrient medium (DMEM/F-12, 292 mg/L
L-glutamine, 50 mg/L gentamicin, 10% FBS) for at least 3 passages.

Briefly, after passaging of cells in 96-well plates at 10,000 per well, the plates were
kept in a CO2 incubator (Sanyo, Tokyo, Japan) for 24 h for cell adhesion and to achieve
80–90% confluence. During this period, extracts of the examined samples were generated
as follows: 1.5 × 1.5 cm composite films were positioned under aseptic conditions in a
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pre-sterilized penicillin vial containing 4 mL of complete nutrient medium (CNM) and
incubated for 24 h at 37 ◦C to produce a 100% extract. The 50% and 25% extracts were
derived through successive 2-fold dilutions of the 100% CNM extract.

On the following day, the medium in the cell-containing wells was substituted with
extracts from the examined composite film samples (100 µL). Control cells received an
equivalent volume of CNM.

After substituting the CNM with extracts in the wells, the plates containing cells were
placed in a CO2 incubator for 24 h. Following incubation, extracts were aspirated from the
wells, cells were rinsed once with 200 µL of 1X PBS, and 100 µL of CNM with neutral red
(40 µg/mL) was dispensed into each well. The plates were incubated in a thermostat for
2 h at 37 ◦C. Afterward, the incubation medium containing the dye was carefully aspirated,
cells were washed once with 200 µL of 1X PBS, and 150 µL of a mixture of 96% ethanol:
deionized water: glacial acetic acid (50:49:1) was added to each well to extract the bound
dye. The plate was positioned in a Tecan Sunrise microplate spectrophotometer, and the
optical density in each well was measured at 540 nm with a reference wavelength of 650 nm.

Cell viability post-incubation with extracts of composite film samples was computed
relative to cell viability in the control and expressed as a percentage of viable cells.

Statistical analysis of in vitro experiment data was conducted using GraphPad Prism7
(GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 17.0 (IBM, Armonk, NY, USA) soft-
ware packages. Descriptive statistics, including the mean and standard deviation, were com-
puted for all data. The normality of distribution was assessed using the Shapiro–Wilks test.

4.5. Evaluation of Macrophage Adhesion to the Surface of Composite Film Materials

The test films or the Seprafilm comparison sample were positioned in 24-well culture
plates, fully covering the bottom surface of each well. DMEM/F-12 medium supplemented
with 10% fetal bovine serum and 10 µg/mL gentamicin was introduced into the wells.
After allowing the plates to stand for 3 min to facilitate swelling of the composite films, any
remaining medium was removed. Subsequently, a suspension of RAW 264.7 macrophages
(ATCC, Manassas, VA, USA) in DMEM/F-12 complete nutrient medium was added to the
wells, achieving a concentration of 50 × 103 cells per 1 cm2 of the surface of the investigated
composite film materials.

The plates were subjected to a 24 h incubation at 37 ◦C in a 5% CO2 atmosphere.
Following this, non-adherent cells were removed by resuspending the cell suspension.
Cells attached to the surface of the composite film materials were subsequently fixed with
2.5% glutaraldehyde for 30 min and stained with fluorescent dyes, specifically Phalloidin-
Atto-488 for cytoskeleton staining and DAPI for nucleus staining.

The count of cells adhered to the surface of the composite film materials within the mi-
croscope’s field of view was conducted utilizing a Leica DMi8 fluorescence microscope [40].
Three repetitions of experiments were carried out for each composite film sample and the
comparison sample “Seprafilm”, with the number of adhered cells in each experiment
assessed across three fields of view.

4.6. Evaluation of Antibacterial Activity of Composite Film Materials

The experiment focused on examining the antibacterial activity of polymer films mod-
ified with heterocyclic nitrogen-containing compounds, namely allantoin and glycoluril.
These samples served as prototypes for films designed to prevent adhesion. Four groups of
polymer film samples (2–5) were investigated during the experiment. For comparison, a
film with a similar purpose from industrial production, “Seprafilm” from the USA (1), was
used as a positive control.

The evaluation of the antibacterial activity of the samples was conducted through a
modified version of the standard disk-diffusion method, where the sample was applied to the
surface of a dense agarized medium. The modifying agents from the samples diffused into
the medium, leading to the formation of zones indicating the suppression of bacterial growth.
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To investigate the impact of the samples on both Gram-positive and Gram-negative
microflora, Staphylococcus aureus and Escherichia coli ATCC 25922 (American Type Culture
Collection) were employed as the test subjects.

The liquid medium utilized for the cultivation of Escherichia coli, a standard for this test
object, was LB medium comprising the following concentrations in g/L: peptone—10; yeast
extract—5; and sodium chloride—10. The incubation process took place in a thermostat within
250 mL Erlenmeyer flasks containing 100 mL of LB medium at a temperature of 37 ◦C.

The liquid medium used for the cultivation of Staphylococcus aureus, a standard for this
test object, was fish meal hydrolysate bouillon consisting of the following concentrations
in g/L: fish meal hydrolysate—8; meat peptone—8; and sodium chloride—4. Incubation
occurred in a thermostat within 250 mL Erlenmeyer flasks containing 100 mL of the medium
at a temperature of 37 ◦C.

The solid medium used for sowing Staphylococcus aureus, modified by the author,
was fish egg meal hydrolysate agar. This medium contained the following concentra-
tions in g/L: fish meal hydrolysate—8; meat peptone—8; sodium chloride—4; egg yolk
solution—200 mL; and bacteriological agar—1.5–2% of the volume. Incubation took place
in a thermostat at 37 ◦C.

The solid medium used for sowing Escherichia coli, following the standard for this
test object, was LB medium. This medium contained the following concentrations in g/L:
peptone—10; yeast extract—5; sodium chloride—10; and bacteriological agar—1.5–2% of
the volume. Incubation occurred in the thermostat at 37 ◦C.

The test strain was uniformly spread on each Petri dish containing 15 mL of a suitable
nutrient-rich medium using the lawn method from a pure culture. Subsequently, a sample
was positioned at the center of each dish. Following incubation, the diameter of the zone
where bacterial growth was inhibited was measured with a precision of 0.1 mm. A larger
zone indicated greater antibacterial activity of the sample, and the zone of bacterial growth
inhibition was identified as the region where colony growth was completely suppressed.

4.7. Evaluation of Antioxidant Activity of Composite Film Materials

The determination of the films’ antioxidant activity involved a spectrophotometric
assessment based on the reduction in the concentration of the ABTS cation radical in the
reaction medium. The reaction mechanism of the model ABTS cation radical encompasses
both hydrogen atom recoil and electron transfer [41].

The ABTS radical was generated in the solution through the action of potassium
peroxodisulfate. To achieve this, a stock solution of ABTS was prepared by dissolv-
ing a (11 ± 0.1) mg suspension of ABTS in 900 µL of distilled water. Simultaneously, a
(20 ± 0.1) mg suspension of potassium peroxodisulfate was dissolved in 1 mL of distilled
water. Subsequently, 100 µL of the potassium peroxodisulfate stock solution was added to
900 µL of the ABTS solution.

To create the working solution, the ABTS cation radical stock solution was diluted in
0.1 M phosphate buffer (pH 7.4) until reaching an optical density of 0.70 ± 0.02 at 734 nm,
with an optical path length of 1 cm. It is important to note that the ABTS cation radical
working solution is not stable and was freshly prepared before each use.

A 400 µM solution of Trolox, a water-soluble analog of tocopherol, was utilized to
create a calibration curve through a series of dilutions. It is worth noting that Trolox
solutions are not stable and were freshly prepared just before usage.

During the construction of the calibration curve, 200 µL of each Trolox solution con-
centration was introduced into 1.8 mL of the ABTS radical working solution. After a 40 min
incubation, the optical density of the solutions was measured spectrophotometrically at
734 nm. A calibration curve was then generated using the mean values obtained for various
Trolox standard concentrations.

To assess antioxidant activity, the examined composite film materials measuring
1.5 × 1.5 cm were submerged in a 2 mL working solution of ABTS cation radical. After
a 40 min incubation, the optical density of the solutions was recorded. Antioxidant ac-
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tivity was quantified in units of equivalent concentration of the water-soluble analog of
tocopherol, Trolox, utilizing a calibration curve.

4.8. Investigation of the Mechanical Properties of Film Materials

In order to study the mechanical properties of the composite biomaterial samples, an
Instron 3347 tensile machine has been used.

After drying the composition, the obtained films were cut into rectangles of 50 mm
long and 30 mm wide. The geometric dimensions of the samples were measured to an
accuracy of 0.1 mm. Thickness of each sample was measured on three points using a digital
micrometer, and its accuracy was 0.01 mm.

4.9. Investigation of Water Content in the Obtained Film Materials

For the obtained film material samples, the water content was determined according
to K. Fisher. The experiment was carried out in accordance with the methodology [42].

5. Conclusions

This study examined the biocompatibility of the developed composite materials, con-
sidering their hemolytic impact, cytotoxicity, and antibacterial and antioxidant activities, as
well as the adhesion of blood serum proteins and macrophages to the surface. Comparative
analysis revealed that the proposed film materials incorporating allantoin and glycoluril
exhibit biocompatible properties comparable to, if not superior to, the commercial reference
medical product “Seprafilm”. Notably, a significant experimental finding was the low
adhesion of macrophages to the surface of composite film materials based on glycoluril,
coupled with their elevated antioxidant activity, surpassing the values observed for the
commercial sample “Seprafilm”.

The promising biocompatibility findings of the newly developed composite film
materials based on glycoluril suggest a favorable avenue for their practical application in
abdominal surgery.

Author Contributions: Conceptualization, D.A.F. and M.V.L.; data curation, R.N.; formal analysis,
M.V.B., T.M., M.V.S. and V.V.I.; funding acquisition, T.M. and R.N.; investigation, N.K., M.V.B. and
V.V.I.; methodology, A.A.B. and R.Y.; project administration, M.V.L., A.A.B. and V.P.T.; resources,
E.V.U., V.S.M. and A.S.K.; software, E.V.U. and V.S.M.; supervision, O.A.K., A.A.B. and R.Y.; validation,
M.V.B., O.A.K. and R.N.; visualization, N.K. and D.A.F.; writing—original draft preparation, T.M.
and V.P.T.; writing—review and editing, N.K., M.V.L. and V.P.T. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by the Tomsk State University Development Programme
(Priority 2030).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Committee on Bioethics of Research Tomsk State University № 10
dated 20 November 2023, Project identification code-18.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Samartsev, V.A.; Kuznetsova, M.V.; Gavrilov, V.A.; Kuznetsova, M.P.; Parshakov, A.A. Anticommissural barriers in abdominal

surgery: Up-to-date state of problem. Perm. Med. J. 2017, 34, 87–93.
2. Nappi, C.; Di Spiezio Sardo, A.; Greco, E.; Guida, M.; Bettocchi, S.; Bifulco, G. Prevention of Adhesions in Gynaecological

Endoscopy. Hum. Reprod. Update 2007, 13, 379–394. [CrossRef]
3. Lundorff, P.; Donnez, J.; Korell, M.; Audebert, A.J.M.; Block, K.; diZerega, G.S. Clinical Evaluation of a Viscoelastic Gel for

Reduction of Adhesions Following Gynaecological Surgery by Laparoscopy in Europe. Hum. Reprod. 2005, 20, 514–520. [CrossRef]

https://doi.org/10.1093/humupd/dml061
https://doi.org/10.1093/humrep/deh651


Molecules 2024, 29, 851 18 of 19

4. Snimshchikova, I.A.; Medvedev, A.I.; Antsupova, V.S.; Shmaneva, I.A.; Kruglyj, V.I.; Novikova, E.P.; Molchanova, A.V. Problems
pathogenesis and treatments of adhesive formation processes. Acad. Notes Oryol State Univ. Ser. Nat. Tech. Med. Sci. 2008, 2,
211–217.

5. Presnov, K.S.; Solomka, Y.A.; Bashankaev, N.A. Prophylaxis adhesion disease in endoscopic gynecological operations. Endosc.
Surg. 2001, 3, 68.

6. Greene, A.K.; Alwayn, I.P.J.; Nose, V.; Flynn, E.; Sampson, D.; Zurakowski, D.; Folkman, J.; Puder, M. Prevention of Intra-
Abdominal Adhesions Using the Antiangiogenic COX-2 Inhibitor Celecoxib. Ann. Surg. 2005, 242, 140–146. [CrossRef]

7. diZerega, G.S.; Coad, J.; Donnez, J. Clinical Evaluation of Endometriosis and Differential Response to Surgical Therapy with and
without Application of Oxiplex/AP* Adhesion Barrier Gel. Fertil. Steril. 2007, 87, 485–489. [CrossRef] [PubMed]

8. Fries, E.; Kaczmarczyk, A. Inter-Alpha-Inhibitor, Hyaluronan and Inflammation. Acta Biochim. Pol. 2003, 50, 735–742. [CrossRef]
[PubMed]

9. Šoltés, L.; Mendichi, R.; Kogan, G.; Schiller, J.; Stankovská, M.; Arnhold, J. Degradative Action of Reactive Oxygen Species on
Hyaluronan. Biomacromolecules 2006, 7, 659–668. [CrossRef]

10. McLeod, R. Does Seprafilm Really Reduce Adhesive Small Bowel Obstructions? Dis. Colon Rectum 2006, 49, 1234, author reply
1235–1236. [CrossRef] [PubMed]

11. Beck, D.E.; Cohen, Z.; Fleshman, J.W.; Kaufman, H.S.; van Goor, H.; Wolff, B.G. A Prospective, Randomized, Multicenter,
Controlled Study of the Safety of Seprafilm® Adhesion Barrier in Abdominopelvic Surgery of the Intestine. Dis. Colon Rectum
2003, 46, 1310–1319. [CrossRef] [PubMed]

12. Farquhar, C.; Vandekerckhove, P.; Watson, A.; Vail, A.; Wiseman, D. Barrier Agents for Preventing Adhesions after Surgery for
Subfertility. Cochrane Database Syst. Rev. 2000, 2, CD000475. [CrossRef]

13. de la Portilla, F.; Ynfante, I.; Bejarano, D.; Conde, J.; Fernández, A.; Ma Ortega, J.; Carranza, G. Prevention of Peritoneal Adhesions
by Intraperitoneal Administration of Vitamin E: An Experimental Study in Rats. Dis. Colon Rectum 2004, 47, 2157–2161. [CrossRef]
[PubMed]

14. Becker, L.C.; Bergfeld, W.F.; Belsito, D.V.; Klaassen, C.D.; Marks, J.G.; Shank, R.C.; Slaga, T.J.; Snyder, P.W.; Andersen, F.A. Final
Report of the Safety Assessment of Allantoin and Its Related Complexes. Int. J. Toxicol. 2010, 29 (Suppl. S3), 84S–97S. [CrossRef]
[PubMed]

15. Shestopalov, A.V.; Shkurat, T.P.; Mikashinovich, Z.I.; Kryzhanovskaya, I.O.; Bogacheva, M.A.; Lomteva, S.V.; Prokof’ev, V.N.;
Gus’kov, E.P. Biological Functions of Allantoin. Biol. Bull. Russ. Acad. Sci. 2006, 33, 437–440. [CrossRef]

16. Gus’kov, E.; Prokof’ev, V.; Kletskii, M.; Kornienko, I.; Gapurenko, O.; Olekhnovich, L.; Chistyakov, V.; Shestopalov, A.; Sazykina,
M.; Markeev, A.; et al. Allantoin as a Vitamin. Doklady. Biochem. Biophys. 2004, 398, 320–324. [CrossRef]

17. Thornfeldt, C. Cosmeceuticals Containing Herbs: Fact, Fiction, and Future. Dermatol. Surg. 2005, 31, 873–881. [CrossRef]
18. Xu, B.; Sung, C.; Han, B. Crystal Structure Characterization of Natural Allantoin from Edible Lichen Umbilicaria esculenta. Crystals

2011, 1, 128–135. [CrossRef]
19. Sazykina, M.A.; Chistyakov, V.A.; Kolenko, M.A.; Azarin, K.V. Allantoin and Urate as Suppressors of the Genotoxic Effect of

300–400 Nm Ultraviolet Radiation. Russ. J. Genet. Appl. Res. 2011, 1, 119–120. [CrossRef]
20. Mashkovsky, M.D. Medicinal Products, 15th ed.; New Wave: Moscow, Russia, 2005; pp. 1–86.
21. Prokopov, A.A.; Kostebelov, N.V.; Berlyand, A.S. Excretion of Albicar from the Rat Organism. Pharm. Chem. J. 2002, 36, 170–171.

[CrossRef]
22. Bakibaev, A.A.; Yagovkin, A.Y.; Vostretsov, S.N. Methods of Synthesis of Nitrogen-Containing Heterocycles Using Ureas and

Related Compounds. Russ. Chem. Rev. 1998, 67, 295–314. [CrossRef]
23. Havel, V.; Babiak, M.; Sindelar, V. Modulation of Bambusuril Anion Affinity in Water. Chem. A Eur. J. 2017, 23, 8963–8968.

[CrossRef]
24. Bakibaev, A.A.; Il’yasov, S.G.; Tatarenko, O.V.; Tuguldurova, V.P.; Zorin, A.O.; Malkov, V.S.; Kasyanova, A.S. Allantoin: Synthesis

and chemical properties. Bull. Univ. Karaganda-Chem. 2020, 97, 7–21. [CrossRef]
25. Bakibaev, A.A.; Uhov, A.; Malkov, V.S.; Panshina, S.Y. Synthesis of Glycolurils and Hydantoins by Reaction of Urea and 1,

2-Dicarbonyl Compounds Using Etidronic Acid as a “Green Catalyst”. J. Heterocycl. Chem. 2020, 57, 4262–4270. [CrossRef]
26. Schumacher, J.T.; Grodrian, A.; Lemke, K.; Römer, R.; Metze, J. System Development for Generating Homogeneous Cell

Suspensions and Transporting Them in Microfluidic Components. Eng. Life Sci. 2008, 8, 49–55. [CrossRef]
27. Throckmorton, A.L.; Kapadia, J.Y.; Chopski, S.G.; Bhavsar, S.S.; Moskowitz, W.B.; Gullquist, S.D.; Gangemi, J.J.; Haggerty, C.M.;

Yoganathan, A.P. Numerical, Hydraulic, and Hemolytic Evaluation of an Intravascular Axial Flow Blood Pump to Mechanically
Support Fontan Patients. Ann. Biomed. Eng. 2011, 39, 324–336. [CrossRef]

28. Castellini, P.; Pinotti, M.; Scalise, L. Particle Image Velocimetry for Flow Analysis in Longitudinal Planes across a Mechanical
Artificial Heart Valve. Artif. Organs 2004, 28, 507–513. [CrossRef] [PubMed]

29. Maitz, M.F.; Martins, M.C.L.; Grabow, N.; Matschegewski, C.; Huang, N.; Chaikof, E.L.; Barbosa, M.A.; Werner, C.; Sperling, C.
The Blood Compatibility Challenge. Part 4: Surface Modification for Hemocompatible Materials: Passive and Active Approaches
to Guide Blood-Material Interactions. Acta Biomater. 2019, 94, 33–43. [CrossRef] [PubMed]

30. Attard, J.-A.P.; MacLean, A.R. Adhesive Small Bowel Obstruction: Epidemiology, Biology and Prevention. Can. J. Surg. 2007, 50,
291–300.

https://doi.org/10.1097/01.sla.0000167847.53159.c1
https://doi.org/10.1016/j.fertnstert.2006.07.1505
https://www.ncbi.nlm.nih.gov/pubmed/17126335
https://doi.org/10.18388/abp.2003_3664
https://www.ncbi.nlm.nih.gov/pubmed/14515153
https://doi.org/10.1021/bm050867v
https://doi.org/10.1007/s10350-006-0621-3
https://www.ncbi.nlm.nih.gov/pubmed/16826328
https://doi.org/10.1007/s10350-004-6739-2
https://www.ncbi.nlm.nih.gov/pubmed/14530667
https://doi.org/10.1002/14651858.cd000475
https://doi.org/10.1007/s10350-004-0741-6
https://www.ncbi.nlm.nih.gov/pubmed/15657668
https://doi.org/10.1177/1091581810362805
https://www.ncbi.nlm.nih.gov/pubmed/20448269
https://doi.org/10.1134/S1062359006050037
https://doi.org/10.1023/B:DOBI.0000046649.11374.8d
https://doi.org/10.1111/j.1524-4725.2005.31734
https://doi.org/10.3390/cryst1030128
https://doi.org/10.1134/S2079059711020092
https://doi.org/10.1023/A:1019820218645
https://doi.org/10.1070/RC1998v067n04ABEH000295
https://doi.org/10.1002/chem.201701316
https://doi.org/10.31489/2020Ch1/7-21
https://doi.org/10.1002/jhet.4132
https://doi.org/10.1002/elsc.200720224
https://doi.org/10.1007/s10439-010-0159-3
https://doi.org/10.1111/j.1525-1594.2004.07271.x
https://www.ncbi.nlm.nih.gov/pubmed/15113347
https://doi.org/10.1016/j.actbio.2019.06.019
https://www.ncbi.nlm.nih.gov/pubmed/31226481


Molecules 2024, 29, 851 19 of 19

31. Palomo, J.; Dietrich, D.; Martin, P.; Palmer, G.; Gabay, C. The Interleukin (IL)-1 Cytokine Family—Balance between Agonists and
Antagonists in Inflammatory Diseases. Cytokine 2015, 76, 25–37. [CrossRef]

32. Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage Activation and Polarization. Front. Biosci. 2008, 13, 453–461.
[CrossRef] [PubMed]

33. Mosser, D.M.; Edwards, J.P. Exploring the Full Spectrum of Macrophage Activation. Nat. Rev. Immunol. 2008, 8, 958–969.
[CrossRef] [PubMed]

34. Li, J.; Wu, J.; Wen, H.; Zhang, M. A Method for Synthesizing Allantoin by Catalysis of Phosphorous Acid. CN 102010372A, 13
April 2011.

35. GOST ISO 10993-4:2020; Medical Products. Biological Evaluation of Medical Devices—Part 4. Selection of Tests for Interactions
with Blood, IDT. Standardinform: Moscow, Russia, 2020.

36. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef] [PubMed]

37. GOST ISO 10993-5:1999; Biological Evaluation of Medical Devices—Part 5: Tests for Cytotoxicity: In Vitro Methods. IPK
Publishing House of Standards: Moscow, Russia, 2000.

38. Borenfreund, E.; Puerner, J.A. Toxicity Determined in Vitro by Morphological Alterations and Neutral Red Absorption. Toxicol.
Lett. 1985, 24, 119–124. [CrossRef]

39. Hexig, B.; Nakaoka, R.; Tsuchiya, T. Safety Evaluation of Surgical Materials by Cytotoxicity Testing. J. Artif. Organs 2008, 11,
204–211. [CrossRef]

40. Page, J.; Heitz, B.A.; Joubert, J.R.; Keogh, J.P.; Sparer, T.; Saavedra, S.S.; He, W. In Vitro Assessment of Macrophage Attachment
and Phenotype on Polymerized Phospholipid Bilayers. J. Biomed. Mater. Res. Part A 2011, 97A, 212–217. [CrossRef]

41. Bentayeb, K.; Rubio, C.; Nerín, C. Study of the Antioxidant Mechanisms of Trolox and Eugenol with 2,2′-Azobis(2-
Amidinepropane)Dihydrochloride Using Ultra-High Performance Liquid Chromatography Coupled with Tandem Mass
Spectrometry. Analyst 2011, 137, 459–470. [CrossRef]

42. Council of Europe. European Pharmacopoeia, 6th ed.; Council of Europe: Strasbourg, France, 2007; 1084p.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cyto.2015.06.017
https://doi.org/10.2741/2692
https://www.ncbi.nlm.nih.gov/pubmed/17981560
https://doi.org/10.1038/nri2448
https://www.ncbi.nlm.nih.gov/pubmed/19029990
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/0378-4274(85)90046-3
https://doi.org/10.1007/s10047-008-0429-0
https://doi.org/10.1002/jbm.a.33037
https://doi.org/10.1039/C1AN15505A

	Introduction 
	Results 
	Evaluation of Hemocompatibility of Composite Film Materials 
	Adsorption of Blood Plasma Proteins on the Surface of the Investigated Composite Film Materials 
	Evaluation of Cytotoxicity 
	Evaluation of Macrophage Adhesion to the Surface of the Tested Samples 
	Evaluation of Antibacterial Activity 
	Evaluation of Antioxidant Activity 
	Investigation of the Mechanical Properties of Film Materials 
	Investigation of Water Content in the Obtained Film Materials 

	Discussion 
	Evaluation of Hemocompatibility of Composite Film Materials 
	Adsorption of Blood Plasma Proteins on the Surface of the Investigated Composite Film Materials 
	Cytotoxicity 
	Adhesion of Macrophages to the Surface of the Tested Samples 
	Antibacterial Activity 
	Antioxidant Activity 
	Mechanical Properties of Film Materials 
	Water Content in the Obtained Film Materials 

	Materials and Methods 
	Production of Composite Film Materials Based on Carbamide-Containing Heterocycles 
	Production of Allantoin-Based Composite Film Materials (2, 3) 
	Production of Composite Film Materials Based on glycoluril (4, 5) 

	Evaluation of Hemocompatibility of Composite Film Materials 
	Adhesion Evaluation of Blood Serum Proteins to the Surface of Composite Film Materials 
	Evaluation of Cytotoxicity of Composite Film Materials 
	Evaluation of Macrophage Adhesion to the Surface of Composite Film Materials 
	Evaluation of Antibacterial Activity of Composite Film Materials 
	Evaluation of Antioxidant Activity of Composite Film Materials 
	Investigation of the Mechanical Properties of Film Materials 
	Investigation of Water Content in the Obtained Film Materials 

	Conclusions 
	References

