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FUNCTIONALIZED CELLULOSE

¢ee®®°®®® AS A MATRIX FOR THE SYNTHESIS

OF LIBRARY OF MOLECULAR
RECEPTORS USEFUL FOR
SCREENING OF COMPOUNDS
WITH ANTI-HISTAMINE ACTIVITY

MatGorzaTA E. WaLczAK*, JUSTYNA FRACZYK,
ZBIGNIEW J. KAmMINSKI, BEATA KOLESINSKA

INsTITUTE OF ORGANIC CHEMISTRY,
Lobz UNIVERSITY OF TECHNOLOGY,
ZEROMSKIEGO 116, 90-924 Lobz, PoLAND
* E-MAIL: MALGORZATA.WALCZAK(@P.LODZ.PL

Abstract

The library of molecular receptors was formed
by self-organization of N-heptanoylated dipeptides
anchored in the regular fashion via aminophenyla-
mino-1,3,5-triazine linker to the surface of cellulose
membrane. SPOT method was used for the synthesis
of peptide library. As C-terminal amino acids of peptide
fragments were attached: Ala, Pro and Phe, while as
a N-terminal amino acids were applied all natural ami-
no acids. DMT/NMM/TosO- was selected as a coupling
reagent for synthesis of library of N-heptanoylated
dipeptides. These constructs were used as a tool for
distinguishing pharmaceutically active compounds
acting on histamine receptors. In the studies as active
compounds were tested: Doxylamine and Difenhy-
dramine with histamine agonist activity, Ranitidine
and Cimetidine with antagonist activity as well as
Histamine — natural ligand. The binding of colourless
ligands was monitored by staining with Berilliant Black
used as reporter dye and quantitative colour measu-
rement was performed in 256 grade gray scale by
using Image-Quant software. Substantial differences
in the ability of interactions of agonists and antagonists
with bounding pockets were observed with selected
molecular receptors. From 60 elements library of
molecular receptors were selected 12, which were
able to distinguish between agonists or antagonists.
It has been found that even small changes (Leu
residue vs Val residue) in the structure of molecular
receptor influenced specificity of agonist or antagonist
binding.

Keywords: molecular receptors, immobilized pepti-
des, binding pocket, agonist/antagonist, histamine
receptors

[Engineering of Biomaterials 142 (2017) 2-6]

Introduction

Cellulose is a biopolymer composed of 3 D-glu-
copyranose residues bonded with 1,4 glycosidic bonds.
Its characteristic feature is the equatorial arrangement
of C2, C3 secondary hydroxyl groups and the primary
C6-hydroxylmethyl group. The CH,OH group is in trans-
gauche position with respect to O5-C5 and C4-C-5 bonds.
The result of this arrangement is the regular structure
of cellulose resulting from the high content of crystal-
line phase and small content of the amorphous one.

Cellulose has four allomorphic forms: | (la, I8), I, lll, IV.
Cellulose | and cellulose Il form the crystalline phase.
In both cases, the presence of hydrogen bonds between
the O3-H ---- O5 within the chain causes the formation of
rigid linear chains. The differences between both allomorphic
forms of cellulose depend on the antiparallel arrangement
of chains of cellulose Il and on the occurrence of addi-
tional hydrogen bonds. For cellulose |, a hydrogen bond
is between O6-H ---- O3 and in the case of cellulose Il this
bond is formed between O6-H ---- O2 [1]. Another great
advantage of cellulose is the precisely defined reactivity of
hydroxyl groups in each subsequent chain. It is generally
assumed that primary hydroxyl groups are about 25 times
more reactive than secondary ones [2]. It is also important
that cellulose is readily available, both as the most abundant
material produced by plants and microbes. Different origin of
cellulose is causing this material available in different forms,
ranging from nano-, micro- to biocellulose [3-5]. Regard-
less of the origin of cellulose, the procedures for reducing
amorphous areas by hydrolysis are crucial to the properties
of the biopolymer. Presented facts make cellulose and its
derivatives widely applicable. The most sophisticated are
application on chiral stationary phases [6], diaphragms used
in filtration [7], membranes used in SPOT technology [8]
up to the application as components of drugs formulation
and drug delivery systems [9,10].

Recently, it has been shown that cellulose can be used
as a support for anchoring on its surface N-lipidated pep-
tides, which are forming binding cavities mimicking natural
receptors and/or enzymes [11,12]. The key factor to achieve
enzymatic activity or ligand binding capacity is the dynamic
adaptation of peptide chains forming molecular receptors,
by induced conformational changes, to the shape of the
bounded ligand [13]. Two factors are crucial for efficient
ligand binding: the space between immobilized peptides
and the presence of elements offering most of weak in-
teractions including t-acceptor, mm-donor, van der Waals
forces, hydrophobic interactions, ionic bonds and hydrogen
bonds [14]. The interactions between binding pocket and
docked ligand are highly selective and binding cavities are
able to differentiate ligands recognizing their size, shape,
charge distribution, chirality and polarity. High selectivity of
interactions between molecular receptor and ligand is very
important because the biological activity can be determined
by even small changes in the ligand structure. The binding
strength of ligands through the molecular receptors is the
outcome of all interactions between the host and the guest
and depends on both the structures of the ligand and the
molecular receptor. The process of binding is reversible due
to the nature of weak interactions between ligands and the
binding pockets (FIG. 1).

Additionally, it has been found that the mechanism of
binding is competitive and therefore the described process
is mimicking the interactions involving natural receptors. This
inspired us to use molecular receptors as tools for the testing
of pharmacologically active compounds. The goal of these
studies was to test whether a library of molecular receptors
formed by self-organization of peptides immobilized on cel-
lulose can mimic a histamine receptor and thus be useful
in evaluation antihistamine active compounds diversifying
their mode of action. It has been expected that it would be
possible to select molecular receptors selectively interacting
with agonists and antagonists.

Z ommm® © 00000 0000000000000 00000600000000000000000
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FIG. 1. Competitive, reversible mechanism of docking ligands into binding pockets.

Materials and Methods

General information

During the synthesis were used: tetrahydrofuran (THF),
dichlormethan (DCM), methanol (MeOH) (POCH, 99.8%);
N,N-dimethylformamid, (DMF) (J.T.Baker, 99.9%); 1-me-
thyl-2-pyrrolidinone, (NMP) (Acros Organics, >99.5%);
Piperidine, (SAFC, >99%); 4-methylmorpholine, (NMM) (Alfa
Aesar, 99%); all Fmoc-protected amino acids (GL Biochem,
>98.5%); 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-meth-
ylmorpholinium 4-toluenesulfonate (DMT/NMM/ TosO-)
prepared according optimized procedure [15], Histamine,
Diphenhydramine, Doxylamine, Cimetidine, Ranitidine, Bril-
liant Black BN (tetrasodium (6Z)-4-acetamido-5-oxo-6-[[7-
sulfonato-4-(4-sulfonatophenyl)azo-1-naphthyllhydrazono]
naphthalene-1,7-disulfonate) (Sigma Aldrich, >98%).

Immobilization of 2,4-dichloro-6-methoxy-1,3,5-triazine
(DCMT): 6 sheets (10 cm x 15 cm) of Whatman-7 filter paper
were immersed in 1M NaOH (40 ml) and gently shaken for
15 min. An excess of solution was removed, then the wet
paper sheets were soaked in suspension of finely grounded
sodium bicarbonate in 1M solution of 2,4-dichloro-6-methok-
sy-1,3,5-triazine (DCMT) (6.8 g) in THF (40 ml) and again
gently shaken for 60 min at room temperature (rt). Then
cellulose sheets were washed with THF (2 x 30 ml), acetone
(2 x 30 ml), acetone:H,O 1:1 (2 x 40 ml), acetone (2 x 40 ml)
and with DCM (30 ml), than left to remove the remaining sol-
vent and dried in a vacuum desiccator. Elemental analysis for
cellulose was found: %N 0.00-0.05 and %CI 0.01-0.05, after
DCMT immobilization it was found: %N 3.64 and %CIl 2.66.
Loading of the cellulose sheets with triazine was calculated
from elemental analysis data. Surface loading calculated
according to nitrogen content was 31.9:10° mol (N)/cm?;
which was equivalent to NL® = 10.6-10-° mol (triazine)/cm? and
CILs =9.2:10° mol (Cl)/cm?.

Immobilization of m-phenylenediamine: The cellulose
sheets functionalized with DCMT were immersed in 1 M
solution of m-phenylenediamine (4.3 g) in THF (40 ml) and
gently shaken for 24 h at rt. Then sheets were washed suc-
cessively with THF (2 x 20 ml), DMF (2 x 20 ml), again THF
(2 x 20 ml) and dried in desiccator.

SPOT synthesis of N-hepatnoyled peptides on the cellu-
lose: The peptides were performed on automatic synthesizer
ResPep SL by Intavis using SPOT synthesis. The 0.56 M
solutions of all Fmoc-protected natural amino acids were
prepared in NMP. As a coupling reagent was used a 0.5
M solution of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-meth-
ylmorpholinium 4-toluenesulfonate (DMT/NMM/TosO") in
DMF. As a base 2 M NMM in DMF was used. To remove
Fmoc protecting group 25% piperidine in DMF was used.

The first synthetic cycle included: Preactivation: 6 min, for
each spot: 0.15 pl solution of coupling reagent; 0.073 pl
solution of NMM; 0.17 pl amino acid (Fmoc-Ala-OH, Fmoc-
Pro-OH, Fmoc-Phe-OH); 0.003 pl NMP; Coupling: 2 x 3 min;
for each coupling was used 0.198 pl of preactivated solution.
The second synthetic cycle included: Fmoc-group deprotec-
tion (2 x 10 min, dispense volume: 500 pl); Preactivation:
6 min, for each spot: 0.15 pl solution of coupling reagent;
0.073 pl solution of NMM; 0.17 pl amino acid (all natural ami-
no acids); 0.003 yl NMP; Coupling: 2 x 3 min; for each cou-
pling is used 0.198 pl of preactivated solution. The third syn-
thetic cycle included: Fmoc-group deprotection (2 x 10 min,
dispense volume: 500 pl); Coupling: 1 x 7.5 min; for each
spot were used: 0.3 yl NMP and 0.15 pl of 0.25 M solution
of triazine esters of heptanoic acid in DMF:NMP (1:1).

Deprotection of the side chains of dipeptides: Modified
cellulose membranes were treated with mixture consisting
of 50% (v/v) trifluoroacetic acid in DCM (200 ml) with 3%
(v/v) water and 2% (v/v) trisopropylsilane for 5 h. Then the
membranes were washed with DCM (2 x 100 ml), EtOH
(2 x 100 ml) and dried in a vacuum desiccator.

Buffering of cellulose membranes: The modified cellulose
membrane were buffered with phosphate buffer pH 7.0
(200 ml) for 30 min. Then, the celluloses were washed with
water (2 x 200 ml) and with mixture MeOH : H,O (1:1) and
dried to constant weight in the vacuum dessicator. During
the synthesis two identical libraries were synthesized on
each functionalized sheet, after splitting each sheet for two
parts, one of them was treated with active substance and
then with Brilliant Black, the second one was reared with
the reporter dye only.

The docking of active substances to the binding pockets
of library N-heptanoyled peptides immobilized on the cellu-
lose: The cellulose sheets were treated with 10 ml 0.002 M
solution of active substances: Histamine, Diphenhydramine,
Doxylamine, Cimetidine, Ranitidine. After 30 min the excess
of the solution was removed and the sheets were washed
with MeOH (5 x 100 ml). After drying to the constant weight,
the cellulose sheets were treated with 1.25 mM solution of
the Brillant Black in MeOH for 30 min. Then the solution
was removed and sheets were washed with MeOH (8 x
100 ml). Cellulose membranes after staining were dried in
vacuum desiccator, scanned and processed using Image-
Quant program. Ability of molecular receptors to interact with
colourless active compounds was calculated as difference
in intensity of coloration caused by docking reporter dye
and intensity of coloration after treatment with colourless
ligand and subsequently with reporter dye. In this way, for
each spot average value of “gray” coloration corresponding
to interaction between binding pocket of molecular receptor
and antihistamine ligand was determined.
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FIG. 2. Synthetic pathway for preparation of N-heptanoylated dipeptides immobilized on cellulose.
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molecular complexes.

Results and Discussions

In the study all natural amino acids were used as
substrates for the synthesis of a library of molecular re-
ceptors. A randomized approach to design the peptide
fragments was preferred due to complexity of the search
for molecular receptors capable of differentiating affinity of
agonists and antagonists of histamine receptors. The mo-
lecular receptors were prepared using a stepwise process
involving functionalization of cellulose with a 2,4-dichloro-
6-methoxy-1,3,5-triazine derivative followed by reaction
with m-phenylenediamine, coupling with N-Fmoc protected
Ala, Pro or Trp, deprotection of the N-terminus, coupling
with all Fmoc protected proteinogenic amino acids, and
finally acylation with n-heptanoic acid (FIG. 2). Synthesis
of N-heptanoylated dipeptides attached on the surface of
the modified cellulose membrane was done by using the
automated SPOT technique. 4-(4,6-Dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium 4-toluenesulfonate (DMT/NMM/
TosOr), a coupling reagent with well documented efficiency
in peptide synthesis, was applied [15]. Doxylamine and
Difenhydramine with histamine agonist activity, Ranitidine
and Cimetidine with antagonist activity as well as Histamine
— the natural ligand, were used in the studies involving
molecular receptors acting as a histamine receptors model.

Using a competitive mechanism of ligand binding to
cavities of molecular receptors, it was possible to visualize
molecular complexes formed with colourless ligands apply-
ing the procedure with reporter dye [16].

The ability of molecular receptors to interact with col-
ourless active compounds was calculated as a difference
in intensity of coloration caused by docking reporter dye
only and intensity of coloration after treatment the docked
colourless ligand with the reporter dye. In this way, bigger
difference in the coloration corresponded to stronger bind-
ing of ligand by receptor. This was finally presented on the
interactions map by more dark “gray” coloration. Brilliant
Black was used as the reporter dye. This dye was selected
because it gave fairly uniform coloration of most receptors,
weakly depended on the structure of the binding pocket.
The observed intensity of coloration of spots corresponded
to the stability and the strength of the molecular complexes
formed between bounding cavities of molecular receptor and
docked ligand. FIG. 3 shows the interaction map of the mo-
lecular receptor library with tested anti-histamine active com-
pounds. It has been found that even a randomized library of
N-heptanoylated dipeptides evidenced a significantly different
susceptibility to docked pharmaceutically active compounds.

The ten molecular receptors forming strong molecular com-
plexes with both agonists and antagonists were selected
and presented in FIG. 4.

Structural analysis of selected molecular receptors has
indicated that in 8 out of 10 cases, the C-terminal amino acid
of the peptide was alanine. With regard to the structure of
N-terminal amino acid, there was a considerable variation
as follow. Both aromatic amino acids, as well as hydrophobic
aliphatic amino acid, and even amino acids with hydroxyl
functions in the side chains were identified. Taking into ac-
count that all docked derivatives are amines, it has to be
underlined that only in one case the molecular receptors
contained amino acid with a carboxylic function in the side
chain (Asp-Pro). This result indicates that a rather mutual
adjustment between guest-host by using hydrophobic in-
teraction and/or T-interactions is critical for the formation
of stable molecular complexes. lonic bond between the
carboxyl group in the side chain of the dipeptide and the
amine function of the docked ligand appear less crucial.
Most important for this study was to search for molecular
receptor structures for which the ability to interact would be
different for agonists and antagonists, that is, depended on
the biological activity of ligands. It has been found that even
in the model library of molecular receptors it was possible
to find such structures (FIG. 5). The observed differences in
stability of molecular complexes formed with agonists and
antagonists were statistically significant.

From the pool of 60 molecular receptors, 12 dipeptides
were capable of distinguishing between agonists and an-
tagonists, based on the formation of molecular complexes
of substantially different stabilities. For molecular receptors
with a high affinity for antagonists, the predominant residue
at the C-terminal position of peptides was proline, while
N-terminal amino acids residue were hydrophobic. For a pool
of molecular receptors with higher affinity for agonists, in
most cases at the C-terminal alanine residue was present.
Particularly noteworthy are four molecular receptors: LeuAla,
ValAla, TrpAla, TrpPro. In the case of receptor containing
LeuAla there was observed higher affinity toward agonist,
whilst changing leucine residue for valine (ValAla) altered
the specificity toward antagonist. The similar situation was
observed for TrpAla and TrpPro, exchanging C-terminal
amino acid residues gave the receptor with different affinity
against agonist or antagonist.
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FIG. 5. The map of intensity of bounding of tested compounds by molecular receptors distinguishing agonists

from antagonists.

Conclusions

These studies revealed that the library of molecular
receptors is recognizing and differentiating agonistic/antago-
nistic profile of antihistamine active compounds. Even not
understanding of complex relations between the structure
of the molecular receptor and structure of the pharmacologi-
cally active substance, this should allow the construction
of a new research tool useful as a platform for screening
of new antihistamine compounds. Works on the synthesis
of a second generation molecular receptors library based
on selected molecular receptor structures and constitutive
histamine H1-H4 receptor fragments are underway.
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Abstract

Prevention of the alveolar bone atrophy represents
one of the urgent problems in oral and maxillofacial
surgery. The aim of the study was comparative eva-
luation of two osteoplastic bioresorbable membranes:
“Collapan” made of collagen type Il, hydroxyapatite
and gentamycin sulphate, and “Collost” made of col-
lagen type | for prevention of the mandible atrophy.
42 male patients aged from 45 to 70 years were
involved in the clinical trial. Group 1, which was the
reference group, included 20 individuals, in whom
“Collapan” membrane was implanted to prevent atrop-
hy of the alveolar bone. Group 2 included 22 patients,
in whom “Collost” membrane with the same purpose
was used. Clinical efficacy was assessed by analysis
of the number of complications in the postoperative
period. The level of the alveolar bone atrophy was
assessed at the long-term follow-up (after 1 year) ba-
sed on the parameters of the mandibular bone tissue
determined by cone-beam computed tomography.
In the postoperative period in the group 1 there were
revealed 6 (14%) cases of infectious-inflammatory
complications — alveolitis, 2 (5%) of them were reve-
aled after the third molar atypical removal and 4 (9%)
after a complicated extraction of the tooth. In group 2 —
2 (5%) complications were reviled: 1 (2.5%) - alveolitis
and 1 (2.5%) - forced tooth extraction. The use of the
“Collost” membrane allowed maintaining the height of
the alveolar bone in patients during the observation
period. The results obtained in the trial allow us to
conclude that the use of the osteoplastic bioresorbable
membrane “Collost” is most appropriate for prevention
of the alveolar part of the lower jaw atrophy.

Keywords: bioresorbable membrane, alveolar bone
atrophy, Collost, Collapan

[Engineering of Biomaterials 142 (2017) 7-10]

Introduction

Nowadays, prevention of alveolar bone atrophy is one of
the urgent problems in oral and maxillofacial surgery [1,2].
This problem is determined by number of factors. Firstly, the
significant spread of benign tumours and tumour-like bone
diseases that reaches 84% of the total number of all primary
bone tumour lesions [3,4]. At the same time, verification of
these neoplasms of the bones of the facial skeleton consti-
tutes a rather frequent phenomenon [5,6]. Secondly, even
in the case of the absence of complications after the tooth
extraction, the width of the alveolar ridge decreases during
the first year in the range from 25% to 50% to the length
5-7 mm. It should be emphasized that 2/3 of the loss of this
bone volume occurs during the first three months after tooth
extraction. At the same period there is a significant loss of
bone tissue in the vertical direction, which is usually equal
to 0.9-3.25 mm [1,7,8]. Thirdly, a significant defect in bone
tissue resulting in the atrophy is observed after atypical
removal of the third lower molar [9,10].

Quite often such surgical intervention is complicated due
to retention and dystopia of the tooth and by the lack of space
in the alveolar part of the jawbone [11]. The situation can be
exacerbated by the destruction of bone tissue in the region
of the tooth neck and bone along the course of the root of
the tooth, which is manifested by the presence of a periodi-
cally exacerbating infectious and inflammatory processes
in this zone [12]. In addition, in the postoperative period,
after such interventions, alveolitis may develop, which also
contributes to the progression of alveolar bone atrophy.
To prevent lower jaw atrophy resorbable or non-resorbable
membranes can be used.

The aim of this study is a comparative evaluation of the
use of two osteoplastic bioresorbable membranes “Col-
lapan” and “Collost” for the prevention of the alveolar part
of the mandible atrophy.

Materials and Methods

42 patients (men) aged 45 to 70 years were involved in
the trial; they were divided into two groups by randomiza-
tion. “Collapan” and “Collost” were certified by the Ministry
of Health and are allowed for using in dental practice.
We carried out comparative trials of the effectiveness of
these membranes. These bioresorbable membranes were
used in patients on clinical medical indications according
Clinical treatment protocols approved by Ministry of Health.
To the trial there were included persons who had no decom-
pensated diseases in comorbidities or injuries, surgeries,
connective tissue diseases, pathology of the oral mucosa
and other factors that could affect the results of the study.
Group 1 included 20 individuals in whom we used “Collapan”
in surgical treatment to prevent atrophy of the alveolar bone.
Group 2 included 22 patients in whom we used “Collost”
membrane to prevent atrophy of the alveolar bone (FIG. 1).

“Collapan” (LTD Intermedapatit, Moscow, Russia) is
a bioactive osteoplastic membrane being a homogeneous
composition of hydroxyapatite powder, collagen type Il and
antibiotic (gentamicin sulphate), which is certified, approved
for use in the Republic of Belarus. “Collost” (LTD Biopharma-
holding, Moscow, Russia) is a membrane made of bioplastic
collagen type | with a fully preserved native structure.

The patients were undergone oral surgery of atypical
tooth extraction, cystectomy with apex root resection made
by standard operative protocols. All patients in the postop-
erative period received a standard antibiotic-inflammatory
therapy according treatment clinical protocol (amoxicillin,
antihistamine drug loratadin, and anti-inflammatory drug
ibufen).
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FIG. 1. Clinical case of “Collost” membrane applied in the case of dystopian wisdom tooth: a) panoramic X-ray
picture, b) operative bone wound with “Collost”, c) postoperative sutures.

TABLE 1. Patient distribution in groups of examination, depending on the verified diagnoses.

Verified diagnoses in patients included in the

examination groups

Observation groups

Group 1
, 48%)

Group 2

Radicular cyst (from one of the frontal teeth 5 25% 6 21%

of the lower jaw) 12% 14%

Chronic granulomatous periodontitis without exacerbation 9 45% 9 41%

(molars and premolars of the lower jaw) 21% 21%

. . . 30% 32%

Retention and dystopia of the third lower molar 6 14% 7 17%
Note: the upper value (in %) is calculated in the condition that the number of patients in this group was taken as 100% for
the total number of observed patients (20 and 22, respectively), the lower value (in %) is calculated on the condition that

the total number of observed patients was taken as 100% (42).

The distribution of patients in the examination groups
treated with osteoplastic bioresorbable membranes “Col-
lapan” and “Collost”, depending on the verified diagnosis
is presented in TABLE 1.

Clinical efficacy was assessed based on the number of
complications in the postoperative period.

The level of the alveolar bone atrophy was assessed at
a long-term follow-up (after 1 year) on the basis of the man-
dibular bone tissue parameters determined by cone-beam
computed tomography (apparatus “GALILEOS”). Measure-
ments were carried out from the results of radiological data:
1) at two symmetrical points, in the area of chewing teeth,
focusing on the location of the mandibular canal (FIG. 2 —
points | and Il); 2) at two symmetrical points in the frontal
part of the jaw, oriented to the canine line (FIG. 2 — points
Illand 1V) [13].

The obtained data were subjected to statistical analysis
using Statistica 10.0 (Version 6-Index, StatSoft Inc., USA)
and Excel. Normality assumption was verified using the
Shapiro-Wilk test. For data with normal distribution arithmetic
mean (M) and standard deviation (o) were calculated. When the
distribution of data was different from the normal, median (Me),
lower 25 quartile (LQ) and upper 75 quartile (UQ) were calcu-
lated. For comparison of two groups nonparametric Wilcoxon
test and Friedman analysis of variance were performed.
To assess the statistical significance between unrelated
groups, the Mann-Whitney criterion (U) was used. In multiple
group comparison, the Bonferoni correction was applied
(p x number of comparisons). With the normal distribution of
signs in the compared groups, the Student-Fisher t-criterion
was used.
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FIG. 2. Scheme of the height measure-
ment of the lower jaw alveolar part:
symmetrical points | and Il are local-
ized in the area of the chewing teeth
(in determining the orientation of the
mandibular canal represented in the
images obtained during radiological
evaluation); symmetrical points Ill and
IV, are localized in the canine region; the
dashed line indicates the middle line of
the lower jaw.

TABLE 2. The data of the height and width of the alveolar part of the mandible bone of the observed groups’

patients at long-term follow-up (after 1 year).

Studied parameters

Group 1 (n = 20)
Patients treated with “Collapan”

Groups of examination

Group 2 (n = 22)
Patients treated with ,,Collost”

. . 11.1 (9.7-20.4) 14.6 (11.2-22.3)
Height of the alveolar ridge G=+20 0=+22
. . 6.2 (4.2-9.0) 7.7 (5.1-10.2)
I Width of the alveolar ridge o=+07 0=+009

Results and Discussions

In the postoperative period in the group 1, i.e. treated
with “Collapan”, there were six (14%) complication cases
of an infectious-inflammatory nature - alveolitis: two of them
(5%) were revealed after the third molar atypical removal,
while four (9%) - after a complicated extraction of the tooth.

In the group 2, i.e. treated with “Collost” there were only
two (5%) complication cases of an infectious and inflamma-
tory nature: one of them (2.5%) was alveolitis as a result of
the third molar atypical removal, and one (2.5%) in forced
tooth extraction 11 months after the previous operation of
the apex root resection of the tooth 4.5 with cystectomy.
It should be emphasized that the latter complication can
be attributed to the errors of endodontic preparation of the
tooth before the operation. On the basis of a retrospective
radiological study it was found that the root canal of the
tooth 4.5 was sealed more than 5 years ago and the clini-
cal quality control of the canal showed inappropriate canal
filling but the patient did not agree to retreat the tooth 4.5.

The results of the height and width of the mandible
alveolar part in patients from both groups are presented
in TABLE 2.

Thus, clinical radiographic evaluation of the healing pro-
cess of the post-extraction wounds and bone tissue after
1 year allowed us to come to conclusion that using of barrier
membranes in oral surgery in general, optimizes the pace
of reparation and regeneration due to osteoinductive and
osteoconductive properties of the materials and contributes
to the prevention of local atrophic processes. “Collost”, i.e.
the membrane made of collagen only, demonstrated more
pronounced effectiveness according to received data in com-
parison with the membrane “Collapan”, i.e. the composite
hydroxyapatite-collagen membrane enriched with antibiotic.

The filling of the bone defect of the jaw bones with bio-
composite materials after tooth extraction, cystectomy and
other oral surgery operations is aimed at:

1. Prevention of possible complications associated with
contraction and disintegration of the blood clot as well as
secondary infection of the wound;

2. Acceleration of regeneration of bone tissue in the area
of the defect and restoration of the shape and function of
the jaw bones.

For this reason, the materials used to fill in the bone cavity
after oral surgery should have a number of necessary prop-
erties. Firstly, they should be biocompatible, biodegradable
and do not cause inflammatory and allergic reactions in the
recipient. Secondly, they should be osteoinductive, that is,
actively induce osteoblast growth and support mesenchymal
stem cells to differentiate to osteogenic lineages and form
bone tissue. And, thirdly, they should maintain the volume
of the defect, i.e. to fulfil osteoconductive function.

To address these issues, many dentists use different
biocomposite materials. Contraindications to the use of
these materials are: an individual sensitivity to the drug,
exacerbation of chronic diseases, impaired blood clotting,
pregnancy and lactation and mucosa diseases.

The results presented in this study show advantages of
using the osteoplastic bioresorbable membrane “Collost”
for prevention of the mandible alveolar part atrophy. This is
probably due to the fact that collagen, being a native protein,
is able to easily form complexes with various drugs, includ-
ing antibacterial ones. This, in turn, it allows to optimize
the processes of bone tissue healing and regeneration.
Application of standard anti-inflammatory therapy used in the
postoperative period also diminishes atrophy of the lower
jaw alveolar part in the long-term observation period. These
data are consistent with the reports of D.V. Seliverstov et al.
(2015) and S. D’Amato et al. (2017) [14,15].

In addition, the results show that the group of patients,
which the jaw bone tissue atrophy prevention was carried
out with the osteoplastic bioresorbable membrane “Collost”,
is the most suitable for the installation of screw dental
implants.

The absence of an inflammatory response to the “Collost”
application from the mucous membrane of the oral cavity and
the whole organism in early postoperative period indicates
a low antigenicity of this material and a high degree of its
biointegration in the tissue of the recipient.
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Abstract

The first part of the paper concerns synthesis
and characterization of two types of nanomaterials:
graphene oxide (GO) prepared by modified Marcano
method and reduced graphene oxide (rGO) synthe-
sized using green reductant, L-ascorbic acid. Their
structural properties were investigated by attenuated
total reflection Fourier-transform infrared spectrosco-
py (ATR-FTIR) and X-ray diffraction (XRD). Results
confirmed that L-ascorbic acid is an effective reducing
agent. Intensity of the oxygen-groups decreased
dramatically what resulted in reduction of the GO
interlayer spacing from 0.8 nm to 0.4 nm. The se-
cond part of the research was concentrated on the
properties of chitosan nanocomposites modified with
GO and rGO. Films were prepared by mixing of the
chitosan solution with the nanoparticles dispersion.
Scanning electron microscopy (SEM) was used to in-
vestigate the microstructure of the composites surface.
In addition, wettability and pore size of the freeze-dried
scaffolds were evaluated. Results of the mechanical
tests (increase in Young’s modulus) and structural cha-
racterization confirmed that chitosan solution and GO
dispersion can be mixed homogeneously. Reduction
of GO during composite synthesis resulted in better
dispersion of the nanosheets what increased surface
roughness, wettability and stability in distilled water,
PBS and Ringer’s solution compared to composite
with GO. After detailed biological examination, rGO-
-modified nanocomposites can be potentially applied
in tissue engineering.

Keywords: graphene oxide, reduced graphene oxide,
chitosan, hydroxyapatite, biomaterial

[Engineering of Biomaterials 142 (2017) 11-16]

Introduction

The suitability of a material for tissue engineering is de-
termined by many factors. Tissue scaffolds have to generate
proper chemical and physical signals to be potentially able to
transport bioactive molecules and stimulate tissue regenera-
tion. For this reason, researchers are increasingly investigat-
ing materials with novel properties. Significant increase in
number of studies on graphene and its derivatives has been
observed in recent years. Because of its unique properties
graphene is a material with great application potential in
biomedical field like tissue engineering [1], bioimaging [2],
biosensor [3] and drug delivery [4].

Graphene is a monolayer of carbon atoms with sp? hy-
bridization. Each atom has three o-bond and one delocal-
ized t-bond thanks to which it connects with three other
atoms and creates honeycomb lattice [5]. Two-dimensional
(2D) single layer of carbon, thanks to atomic structure and
remarkable electron mobility, possesses great mechanical
properties [6], high electrical [7] and thermal conductivity [8],
large surface area, and chemical stability [9].

In practice, graphene is defined as a mono-, bi- or
multi-layer of sheets. Above the number of ten sheets its
properties change rapidly and material behaves more like
graphite [10]. Graphene oxide is a one of graphene deriva-
tives, obtained by chemical oxidation. The structure of GO
consists of graphene layer with functional groups attached
to the surface [11]. Number and type of oxygen groups like
hydroxyl, epoxide and carboxyl groups determine the prop-
erties of graphene oxide [12]. Thanks to its reactive groups,
GO can interact with polymer matrix and form stable colloidal
emulsion in polar solvents [11,13]. It has been reported that
GO promotes proliferation of various types of cells [1,14]
and exhibits antibacterial activity [15]. The most common
way of GO preparation is Hummers method [16] and its
modifications. Graphite flakes are oxidized using NaNO; and
KMNO, dissolved in concentrated H,SO,. Hummers method
was improved by Marcano [17]. In the modified procedure,
NaNO, was eliminated and mixture of H,SO, and H,PO,
was introduced. This allowed to synthesize more oxidized
and hydrophilic GO and eliminate production of toxic gases
(NO,, N,O,).

Reduced graphene oxide (rGO) can be synthesized
by chemical, thermal or UV exposure reduction of GO.
GO and rGO have different chemical and physical properties
[18], rGO is less stable in solution [19] and shows electrical
conductivity [20]. It was also reported that GO and rGO af-
fect the cells in different ways [21,22]. Most common rGO
synthesis method is chemical reduction of GO sheets using
hydrazine (N,H,) [23]. However, hydrazine is highly toxic [24]
and not suitable for biomedical applications. L-ascorbic acid
is nontoxic and effectively reduces GO, hence it can be an
alternative reducing agent to hydrazine [25,26].

Recently, modification of polymer matrix with GO and
rGO becomes more and more popular due to their favorable
mechanical properties, biocompatibility and the fact that
both those nanofillers can potentially provide novel proper-
ties to the scaffold for tissue engineering. Chitosan is one
of naturally occurring polymers with great biocompatibility
[27] and biodegradability [28]. However, its applications
are limited by low mechanical properties and necessity of
cross-linking with e.g. chemical agents. It was reported that
graphene derivatives like GO and rGO have positive influ-
ence on chitosan physical [29] and biological [13] proper-
ties, as well as degradation behaviour [30]. In this work we
present simple and green method of GO synthesis (modified
Marcano method) and reduction with L-ascorbic acid. Next
we investigated the relation between type and content of
nanoparticles and the morphology, structure, mechanical
properties and degradation behavior of the chitosan-based
composite films.

Materials and Methods

Materials

High molecular weight chitosan (M = 600 000 — 800 000
g/mol) with 90% deacetylated was purchased from Acros
Organics, USA. Concentrated acetic acid and L-ascorbic
acid were purchased from Avantor Performance Materi-
als Poland S.A. Hydroxyapatite (HA) was purchased from
Chema-Elektromet, Poland.
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Graphene Oxide (GO) was prepared in the Institute of

® ® @ o o ® o Flectronic Materials Technology (ITME), Poland by modified

Marcano method, as described previously in [31]. Briefly, oxi-
dation of graphite was carried out by mixing graphite flakes
with oxidant agent, potassium permanganate (KMnQO,) in
the presence of sulfuric acid (H,SO,) and phosphoric acid
(H;PO,). The mixture was kept for 4 hours under vigorous
stirring. Next, perhydrol was added. Then the mixture was
cooled down and washed with hydrochloric acid (HCI) aque-
ous solution and distilled water. Material was mechanically
exfoliated to obtain flakes as thin as possible. The suspen-
sion was freeze-dried.

GO reduction was performed in the water solution of
L-ascorbic acid (L-AA) and sodium hydroxide (NaOH).
In typical experiment 300 mg of L-AA was added to
300 ml aqueous suspension of GO (0.01 mg/ml). Next,
NaOH solution (1M) was dripped to adjust the pH to 9-10.
In alkaline conditions GO sheets exhibit the best colloidal
stability thanks to the electrostatic repulsion forces. The
whole system was sonicated for 1 h, heated to 70°C and
kept under vigorous stirring for 2 h. After the reduction, the
material was centrifuged and washed with distilled water
until the pH was neutral, followed by freeze-drying.

The chitosan/GO composite films were prepared by
solution casting method. Known amount of chitosan was
dissolved in 5% acetic acid solution and stirred overnight
using magnetic stirrer, in ambient conditions. GO flakes
were dispersed in 10 ml distilled water and homogenized
in ultrasonic bath for 3 h. Next, GO dispersion was gradu-
ally added to the chitosan solution, followed by stirring and
sonication. The mass content of GO was: 0, 0.5, 1.0, 1.5, 2.0
and 3.0%. Finally solutions were casted onto Teflon dishes
and left at room temperature for 96 h. The composite with
1.5% (w/w) rGO content was prepared by adding appropri-
ate amount of the previously prepared rGO to the chitosan
solution. Also, chitosan/rGO/hydroxyapatite (HA) (6.0% w/w)
composites were fabricated.

Methods

Morphology analysis

Microstructure of the composites was characterized by
scanning electron microscopy (SEM) (Nova NanoSEM
200). To measure the pore diameter, the composites were
freeze-dried and then cut into thin slices with a scalpel.
As prepared porous samples were mounted onto holder and
coated with conductive carbon layer

Mechanical properties

Tensile test of the composite films was performed on
universal mechanical tester (Zwick 1435). The samples were
cut into strips with a dimension of 5 mm x 30 mm; testing
speed was 1 mm/min.

Wettability

The contact angle of composite films was measured by
sessile drop method (Kriiss Drop Shape Analyzer). Ten
drops of deionized water were tested for each samples and
the average value was calculated.

In vitro degradation

In vitro degradation test of the composites was carried
out in distilled water, phosphate buffered saline (PBS),
and Ringer’s solution. The samples were incubated for
2 months, at 37°C.

Results and Discussions

Characterization of GO and rGO powders

GO, synthesized by oxidation and exfoliation of graphite
flakes by modified Marcano method was characterized by
ATR and XRD. The FTIR-ATR spectra of GO presented in
FIG. 1 shows five main peaks which can be assigned to: O-H
groups (3404 cm™), C=0 stretching vibrations of carboxylic
groups (1738 cm), C=C stretching of the sp? network (1662
cm™), C-O groups in C-OH (1370 cm™), C-O stretching vi-
bration of C-O-C (1113 cm™). In the case of rGO, intensity
of the peaks decreased dramatically. It confirmed that the
oxygen groups can be removed in reduction process using
L-ascorbic acid. X-ray diffraction pattern (FIG. 2) of GO
shows sharp peak at 11.51° (peak is marked with a black
square; rest of the peaks in the pattern come from excipient
used for XRD analysis), which completely disappeared after
GO reduction and a new wide peak showed up at 22.83".

The interlayer spacing of the GO powder at ~0.77 nm
decreased to ~0.39 nm what is the effect of removing oxy-
gen functional groups. During the reduction, the functional
groups are removed from the graphene sheets by reacting
with the hydrogen atoms from the L-ascorbic acid, and wa-
ter is produced. Nucleophilic attack and thermal reduction
restore C=C bonds. Alkaline conditions ensure electrostatic
repulsion of graphene sheets, which hinders -1 stacking
between sheets and prevents agglomeration [26].

prior to SEM analysis.

Structural analysis

The structural properties of the
nanoparticles and composite films
were investigated by X-ray diffrac-
tion (XRD) using X'Pert Pro diffrac-
tometer with Cu Ka X-ray sources
(A = 1.5406 A) and attenuated total
reflection Fourier-transform infra-
red spectroscopy (ATR-FTIR) using
Bruker Tensor 27 equipment.

b)

Absorbance [a.u.]

3600

3100 2600 2100 1600 1100 600

Wavenumbers[1/cm]

FIG. 1. ATR spectra of: a) GO, b) rGO.
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Characterization of the nanocomposites
Chitosan films containing 0.5%, 1.0%, 1.5%, 2.0% and © e e e @ @ @
3.0% of GO were prepared by mixing dispersion of the nano-
fillers with the polymer solution. Nanocomposites with 1.5%
i of rGO and 6.0% of HA were also fabricated. Interaction be-
tween matrix and fillers, dispersion of graphene derivatives
4 and chitosan crystallinity were analyzed by SEM and XRD.
XRD patterns of chitosan films modified with GO are
shown in FIG. 3. Broad peak at 20° is referred to the amor-
phous structure of pristine chitosan. Weak diffraction peak
for the nanocomposites with 1.5%, 2.0% and 3.0% GO
can be also seen at 8" and corresponds to the crystalline
phase formed as a result of graphene oxide addition. Due
L 8) to the low content of the nanofiller and good dispersion in
b) ( the matrix, peaks characteristic for GO are not detected in
L . e J‘*“‘J”M"“—* the composites. The degree of chitosan crystallinity can be
0 10 20 30 40 50 B0 70 81 90 . .
2 theta [deg] calculated on the basis of the peak area according to the
formula:

Intensity [a.u.]

[
FIG. 2. X-ray diffraction of: a) GO, b) rGO. X, = . )

I +1,

Where | is an area of peak corresponding to the crystal-

line structure and |, is a peak area of amorphous phase.
The crystallinity degree of the nanocomposites was 2.5%,

:EE:ZEg’“" 4.6%, 4.3% and 8.6% for chitosan with 1.0%, 1.5%, 2.0%

and 3.0% of GO, respectively. The structure of the pure
chitosan and the nanocomposites with 0.5%, 1.0% of GO
content was amorphous. The presence of GO in the casted
chitosan solution promoted the crystallization process by
a nucleation effect.

510 15 20 25

D 1 Nanocomposites with rGO were prepared with the
_t _ simultaneous reduction of graphene oxide under alkaline
5|e) conditions that caused electrostatic repulsion of the GO
% r fm"\_‘ 1 sheets. The volume fraction of the exfoliated, individual
= Ld / \ rGO sheets dispersed in the polymer matrix were higher
é NLMJMMMJ/ than GO, despite the same mass content, and caused the

self-organization of the composite (FIG. 4). XRD patterns of

c) g W"‘\& the film with rGO present very weak, broad peaks (FIG. 3).
1 Reduction of GO increased the surface area and volume of
Lb) /’H\ the nanofiller in the matrix. Chitosan chains attached to the

v s surface of the rGO sheets due to the physical interaction.
_a) 1 SEM analysis of the surface morphology clearly showed
N " o differences between composites with GO and rGO (FIG. 5)a
i . : .- Surface of the pristine chitosan was homogeneous and
5 10 15 20 25 smooth (FIG. 5a). In the case of the films with GO, the

2 theta [deg] surface roughness increased with the mass content of the

filler (FIG. 5b, c, d). However, the surfaces were still quite

FIG. 3. X-ray diffraction patterns of chitosan: smooth, which was due to the low content of GO and low

50 1.0° 1.50 exfoliation of GO sheets. On the other hand, surfaces of
:g ZPS‘IZ,C-.‘-%) gg{;%Goof’G% an(:i/;ilgg;vcilt)h 1 55.{}; rGGOO’ the films with rGO were rough and a lot of rGO sheets
and 6% HA. : were visible (FIG. 5e). As shown in FIG. 5f, homogenously

dispersed HA particles, densely planted surface of the film,
further increasing roughness what can potentially improve

cells adhesion.
Samples after freeze-drying were cut into slices to

GO GO analyze the shape and pore size under SEM as shown in
FIG. 6. The pore diameter of pristine chitosan was in the L CD
range of 100-150 ym. The pores formed a dense network O 1
of interconnected channels. Introduction of GO reduced the
pore diameter but did not affect their shape. Pore walls re- <
mained thin and smooth (FIG. 6a, b). Significant differences O —
are seen for the samples with rGO. Pores are bigger, with d m
diameter around 200 um (FIG. 6.c, e) and their walls are - LlJ

thick and rough (FIG. 6d, f). During the manufacture of the

o
composites with the simultaneous reduction of GO, chitosan W I_

FIG. 4. Schematic representation of behaviour of chains attached to the exfoliated rGO sheets, connecting

GO and exfoliated rGO sheets in polymer matrix. them together and forming thick wall with rough surface. w
=S
(D >
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TABLE 1. Properties of chitosan and nanocomposites modified with GO, rGO and HA (mean * SD).

Sample Average pore diameter [pm] Contact angle [deg] Young’s modulus [MPa]
Chitosan 117 £ 34 110 + 22 2035 + 156
Chitosan/0.5% GO 86 + 22 106 + 2 1851 £ 213
Chitosan/1.0% GO 68 + 16 91+2 2296 + 391
Chitosan/1.5% GO 68 £ 19 103+ 4 2749 + 253
Chitosan/2.0% GO 60 + 14 96 + 2 2341 + 58
Chitosan/3.0% GO 60 + 15 85+ 3 1369 + 17
Chitosan/1.5% rGO 184 + 29 7514 443 + 99
Chitosan/1.5% rG0O/6.0% HA 204 + 25 65+ 4 803 + 76

TABLE 2. Weight loss of composites with rGO and HA (mean * SD).

Solution

1 month

Chitosan/1.5% rGO
2 month

Weight loss [%]

Chitosan/1.5% rG0/6.0% HA
1 month 2 month

Distilled water 55+ 3 58 £3 53+2 56 + 3
| PBS 47£2 53+3 45+ 2 52+3 |
| Ringer 4212 4842 46 12 5743 |

The average pore diameter for all types of the scaffolds is
summarized in TABLE 1. The scaffold for bone regeneration
must be highly porous and the pores should create a network
to allow cell infiltration and diffusion of nutrients, waste and
oxygen. Another advantage is the roughness of the walls,
which can facilitate cells adhesion. The pore diameter should
not be less than about 200 um [32]. From this perspective,
the composite scaffolds with rGO, and rGO with HA were
found as most suitable for application in tissue engineering.

Another important factor that determines the attachment
of the cells to the scaffold’s surface is appropriate wettability.
High contact angle of the chitosan is due to its hydrophobic
nature. When the content of GO increases, the contact angle
decreases (TABLE 1), improving the hydrophilicity. This is an
effect of the increased surface roughness and the presence
of hydrophilic functional groups on the GO sheets. However,
the addition of 1.5% GO reduced the contact angle by only 7°.
The surface of the film was still smooth and nanofillers were
rarely seen. The greatest improvement in wettability, result-
ing in fully hydrophilic character, was observed for compos-
ites with rGO. This is due to different process of composite
formation. Exfoliated, well-visible under SEM rGO sheets,
surrounded by chitosan, created a unique, microscale rough-
ness features on the film surface. In addition, there were
many well-dispersed spherical particles on the surface of
the film containing HA. This led to a decrease of the water
contact angle from 117° to 75° and 65° for chitosan/rGO and
chitosan/rGO/HA, respectively.

The mechanical properties of the films were character-
ized by the uniaxial tensile test. Generally, the composites
with GO were tough and fragile. The Young’s modulus
increased with the nanofiller content up to 2.0%, as shown
in TABLE 1. The best enhancement effect was obtained for
the composite with 1.5% GO, in which the Young’s modulus
increased by 35%. Improvement in the mechanical proper-
ties can be attributed to the high surface area of the GO
sheets and their good dispersion in the polymer matrix.
The decrease of the mechanical properties of 3.0% for GO
composite can be related to the agglomeration of the filler.
Composites modified with rGO behaved differently. They
were soft and easy to bend without cracking but at the
same time, only small force was needed to break them. The
exfoliated, oriented rGO sheets with strong -1 interactions
were joined by chitosan chains during the composite fabrica-

tion with the simultaneous reduction of GO by L-ascorbic
acid. Chemical cross-linkers were not used to create bonds
between polymer chains. However, degradation behaviour
of the composites showed that rGO could work as physical
cross-linking agent and stabilized polymer network. Films
containing GO dissolved after one day of incubation at 37°C,
thus it can be concluded that the chemical bonds between
chitosan and functional groups attached to the nanosheets
surface were not created. Composites with rGO showed
good stability in all analysed liquids. Weight loss after
1 and 2 months is shown in TABLE 2. Degradation behavior
of all the samples was similar. The first stage was faster, the
weight of the samples reduced by half; however the samples
kept their shape and did not break apart. The second stage
was slower and the weight loss for each sample increased
by only few percent. There were no significant differences
between the composite with rGO only and the composite
with rGO and HA.

Conclusions

We presented a simple method of fabrication of chitosan
composites with the simultaneous reduction of GO with
a non-toxic reducing agent, L-ascorbic acid. Chitosan
properties like surface wettability, stability during degrada-
tion at the human body temperature or pore structure were
improved thanks to the rGO addition. Due to the exfoliation
of the nanosheets and their uniform distribution, hydrogels
exhibited properties potentially useful in tissue engineering.
Further tests, including biocompatibility and antibacterial
activity evaluation are necessary.
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Streszczenie

Hydrozele sg materiatami zbudowanymi z tan-
cuchow polimerowych, ktére tworzg trojwymiarowg
i usieciowang strukture. Majg one bardzo duzg
zdolnos$¢ do pochtaniania wody, stgd tez bardzo
czesto sg nazywane superabsorbentami. Inne cechy
charakteryzujgce hydrozele to elastyczno$c¢ oraz
nietoksycznoSc. Poprzez swoje wiasciwosci hydrozele
sg czesto stosowane w inzynierii tkankowej, uktadach
dostarczania leku czy w opatrunkach hydrozelowych.
Celem pracy byta ocena wptywu modyfikacji matrycy
polimerowej kofeing na wfasciwosci i strukture hy-
drozeli, natomiast zakres pracy obejmowat synteze
i modyfikacje matrycy polimerowej oraz badania inku-
bacyjne in vitro, spektroskopowe i fizykochemiczne.
W pracy zostaty przeprowadzone i oméwione badania
hydrozeli modyfikowanych r6zng zawartoscig kofeiny.
Hydrozele zostaty poddane badaniom sprawdzajgcym
ich zdolno$c¢ absorpcyjng w roztworach sktadem przy-
pominajgcym ptyny ustrojowe organizmu ludzkiego.
Przeprowadzono réwniez badania zachowania sie
hydrozeli w ptynach ustrojowych jakimi byty woda de-
stylowana, ptyn Ringera i sztuczna Slina. Na podstawie
przeprowadzonych badan mozna wstepnie stwier-
dzi¢, ze otrzymane materiaty nie powodujg zmian
pH roztworow, w ktérych sg inkubowane. Ponadfto,
uwalniajg one wprowadzong do ich struktury kofeine.
Tak otrzymane wyniki, pozwalajg stwierdzi¢, ze ma-
teriat otrzymany przy pomocy fotopolimeryzacji na
bazie kwasu akrylowego moze znalez¢ zastosowanie
w takich dziedzinach jak medycyna czy kosmetologia.

Stowa kluczowe: hydrozele, kofeina, badania inku-
bacyjne, spektroskopia FT-IR

[Inzynieria Biomateriatow 142 (2017) 17-24]

Wprowadzenie

Hydrozele sg materiatami polimerowymi, ktére ciesza sie
w ostatnich latach bardzo duzg popularnoscig. Powodem
tego sg ich specyficzne cechy, miedzy innymi elastycznosc,
mozliwo$¢ bardzo szybkiego pochtaniania wody i innych
roztworéw w sposob odwracalny, bardzo duza aktywnos$¢
biologiczna z ptynami ustrojowymi organizmu ludzkiego
oraz biodegradowalnos¢ [1-3]. Dzigki swoim unikalnym
cechom hydrozele znalazty szerokie zastosowanie w wielu
dziedzinach zycia takich jak farmacja, rolnictwo, medycyna
czy inzynieria tkankowa [4-6].
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Abstract

Hydrogels are materials created by polymer chains,
that form a three-dimensional and crosslinked structu-
re. These polymers are characterized by a very high
sorption capacity, therefore they belong to the group
of substances known as superabsorbents. Due to
their properties hydrogels are often used in tissue en-
gineering, drug delivery systems and as components
of modern wound dressings. The aim of the study is to
evaluate the effect of introduction of caffeine into the
polymer matrix on the properties and structure of hy-
drogels. The scope of work included the synthesis and
modification of the polymer matrix as well as studies
on such prepared materials. Research involved in vitro
incubation, spectroscopic analysis, studies on degra-
dation and characterization of other physico-chemical
properties. In this article series of hydrogels based
on acrylic acid and modified with different amount of
caffeine have been synthesized. The sorption capacity
of obtained hydrogels in the liquids with compositions
similar to the human body fluids has been tested.
The stability of synthesized materials in simulated
body fluids such as Ringer’s solution and artificial
saliva has also been analysed. Based on conducted
research it can be said that prepared materials do
not change pH value of a liquid in which they are
immersed. What is more, they are able to release
entrapped caffeine. On the basis of such results it can
be concluded that proposed acrylic acid based mate-
rials obtained by means of photopolymerization can
be used in such areas as medicine or cosmetology.

Keywords: hydrogels, caffeine, incubation studies,
FT-IR spectroscopy

[Engineering of Biomaterials 142 (2017) 17-24]

Introduction

Hydrogels are polymeric materials which become more
and more popular in recent years. The reason for this are
their specific features such as flexibility, ability to absorb
water and other liquids quickly and in a reversible manner,
a very high biological activity in contact with the human
body fluids and often biodegradability [1-3]. Due to their
unique features hydrogels are widely used in many areas
such as pharmacy, agriculture, medicine and tissue engi-
neering [4-6].
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Interesujaca cechg materiatow hydrozelowych jest mozli-

® o o o o o o Wos¢ich modyfikacji poprzez wprowadzenie do matrycy hy-

drozelowej zwigzkéw zaréwno pochodzenia naturalnego, jak
i syntetycznego. Taki dodatek moze wptyng¢ na wtasciwosci
fizykochemiczne hydrozeli polimerowych, tj. ich zdolnosci
sorpcyjne czy réwniez wiasciwosci mechaniczne. Nalezy
jednak zaznaczy¢, ze wprowadzenie dodatkowej substanc;ji
do wnetrza materiatu hydrozelowego niekoniecznie zmienia
wiasciwosci chemiczne, a jedynie wptywa na zwigkszenie
spektrum jego potencjalnych zastosowan. Role dodatku
moga petnic¢ réznego rodzaju substancje aktywne takie jak
np. kofeina, ale rowniez ekstrakty roslinne (np. ekstrakt
z szatwii czy rumianku), czy r6zne nanomateriaty [7-9].

Celem pracy byto zsyntezowanie hydrozelu, w ktorym
matryca polimerowa zostata zmodyfikowana kofeing.
Potgczenie hydrozelu z kofeing wydaje sie by¢ bardzo cie-
kawym rozwigzaniem, ktéry moze znalez¢ dos¢ szerokie
zastosowanie w medycynie bgdz farmacji, ze wzgledu na
wiasciwosci zaréwno hydrozeli, jak i kofeiny. Kofeina jest
zwigzkiem, ktéry mozna pozyskiwac z nasion kawy czy her-
baty, a wyekstrahowana moze by¢ uzywana do wielu celow
leczniczych, miedzy innymi do leczenia bélu gtowy czy nad-
wagi [10-12]. Kofeina jest materiatem szeroko stosowanym
w kosmetyce np. do zmniejszania cieni pod oczami, czy do
walki z cellulitem. Poniewaz, kofeina jest czesto spozywana
gtéwnie w postaci kawy, lekéw przeciwbdlowych czy Coca-
-Coli, to nalezy bra¢ pod uwage jej roznorodne spektrum
dziatania i zwraca¢ uwage na ilos¢, w jakiej wystepuje
w przyjmowanych produktach. Moze ona wywierac¢ réwniez
negatywny wptyw na organizm ludzki przy przekroczeniu
dopuszczalnej dawki [13-15].

Materialy i Metody

Materiaty

Kwas akrylowy (AA), wodorotlenek potasu (KOH)
i kofeina zostaty pozyskane z firmy POCh Gliwice, Polska.
Natomiast, diakrylan poli(glikolu etylenowego) (DAPEG
Mw = 256) oraz tlenek fenylobis(2,4,6-trimetylobenzoilo)
fosfiny zakupiono w Sigma Aldrich. Wszystkie substancje
uzyte do badan oraz syntezy byty czystosci analitycznej.

Synteza materiatéw hydrozelowych

Przygotowanie opisywanych materiatdw poprzedzono
serig syntez majgcg na celu dobér ilosci fotoinicjatora oraz
czynnika sieciujgcego. Brano pod uwage stopienh usieciowa-
nia otrzymanych materiatéw, jak rowniez ich elastycznosc¢.

W celu wykonania hydrozelu nalezy zobojetni¢ 45 mi
kwasu akrylowego 50 ml 40% roztworu KOH. Ze wzgledu
na charakter egzotermiczny reakcji byta ona prowadzona
w medium chtodzgcym, ktérym byta woda o temp. 10°C.
Po osiggnieciu temperatury pokojowej (20°C) pobrano 15 ml
mieszaniny i w przeliczeniu na czysty kwas akrylowy zawarty
w 15 ml mieszaniny dodano wyliczong ilo$¢ kofeiny w ilosci
0%, 1%, 3%, 5%, 7% masowych oraz po 1 ml fotoinicjatora
(2 g tlenku fenylobis(2,4,6-trimetylobenzoilo)fosfiny + 10 ml
kwasu akrylowego) i 1 ml czynnika sieciujgcego (DAPEG
256). Synteza hydrozelu prowadzona byta pod lampg UV
(1 min).

Otrzymane materialy wysuszono w temperaturze po-
kojowej, a nastepnie poddawano je dziataniu gorgcej pary
wodnej w celu sterylizacji.

The interesting feature of hydrogel materials is the ability
of their modification by introduction of natural and synthetic
compounds into the hydrogel matrix. Such addition may
affect the physicochemical properties of hydrogels including
their sorption capacity or mechanical properties. However,
it should be noted that the introduction of an additional
substance into the interior of such material may not affect
its chemical properties, but only increase a range of its po-
tential applications. The role of the additive can be played
by various active substances such as caffeine, plant extracts
(e.g. sage or camomile extract) or nanomaterials [7-9].

The main purpose of this study was to obtain a hydrogel,
wherein its matrix has been modified with caffeine. The
combination of the hydrogel with this substance seems to be
very promising for the use in medicine or pharmacy, due to
the properties of both the hydrogel and caffeine. The additive
to the polymer matrix is a compound that can be obtained
from the seeds of coffee or tea leaves. The extracted com-
pound can be used for many medical purposes such as the
treatment of headache or overweight [10-12]. Caffeine is
a material widely used in cosmetics, for example it is applied
for cellulite reducing. This active substance is mainly con-
sumed in the form of coffee, analgesic, or as a component
of energy drinks. Therefore, the diverse range of its effects
should be taken into account and attention should be paid
to the amount in which it appears in consumed products.
Caffeine can also have a negative impact on the human
body after exceeding the permissible dose [13-15].

Materials and Methods

Materials

Acrylic acid (AA), potassium hydroxide (KOH) and
caffeine were bought from Avantor Performance Materials
Poland S.A. (formerly POCh S.A.). Poly(ethylene glycol)
diacrylate (PEGDA) (M = 256) and phenylbis (2,4,6-tri-
methylbenzoyl)phosphine oxide were received from Sigma
Aldrich. All these substances were applied without further
purification.

Preparation of hydrogels

Preparation of the described materials was preceded
by a series of syntheses conducted in order to select the
suitable amounts of photoinitiator and crosslinking agent.
The crosslinking degree of obtained materials as well as
their flexibility were considered during the selection of the
appropriate amounts of the mentioned reagents.

In order to synthesize hydrogels 45 ml of acrylic acid was
neutralized using 50 ml of 40% KOH solution. The obtained
mixture was kept in a cooling medium (water, 10°C) due to
the exothermic character of the reaction.

After reaching a room temperature (20°C) 15 ml of the
mixture was added to a calculated amount of a caffeine
(in a content of 0%, 1%, 3%, 5%, 7% by weight based on
the amount of acrylic acid in a mixture). In the next step
1 ml of a photoinitiator solution (2 g phenylbis(2,4,6-trimeth-
ylbenzoyl)phosphine oxide in 10 ml of acrylic acid) and 1 ml
of crosslinker (PEGDA 256) were added and the obtained
mixture was poured into a Petri dish and treated with UV
radiation for 1 min.

Prepared materials were dried at room temperature and
subsequently treated with the hot steam sterilization.
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Badanie zdolnosci absorpcyjnych

Zdolnos¢ absorpceyjng badano w roztworach 0,9% NaCl,
0,9% MgCl,, wodzie destylowanej, ptynie Ringera i sztucznej
Slinie. Suchg prébke o masie zawierajgcej sie pomiedzy 0,70
a 1 g umieszczano w 50 ml roztworu na czas 1 h, a nastep-
nie wazono mokry hydrozel i okreslano stopien pecznienia.
Stopien pecznienia zostat obliczony na podstawie wzoru 1.

W — W,
Wo

Q= (1)
gdzie: w - masa probki po specznieniu, w, - masa probki
przed specznieniem

Badanie powtdrzono 3-krotnie dla kazdej kompozycji,
a przedstawione wyniki stanowig warto$¢ srednig z uzy-
skanych wynikow.

Badanie inkubacyjne

Badania inkubacyjne przeprowadzono w wodzie desty-
lowanej (pH = 6,6), ptynie Ringera (pH = 6,4) i sztucznej
Slinie (pH = 5,75). Prébki o masie 1 g umieszczono w po-
jemnikach szczelnie zamknietych na okres 10 tyg. w wodzie
destylowanej i ptynie Ringera oraz na 4 tyg. w sztucznej
slinie i co 7 dni mierzono pH. Badanie powtérzono 3-krotnie
dla kazdej kompozycji, a przedstawione wyniki stanowig
wartos$¢ srednig z uzyskanych wynikéw.

Badanie spektroskopowe

Badania za pomoca spektroskopii fourierowskiej w pod-
czerwieni metodg ostabionego catkowitego odbicia FTIR-
-ATR przeprowadzone byly na wysuszonych hydrozelach
po zakonczeniu badania inkubacyjnego. Kazdy hydrozel
zostat przebadany na spektroskopie SPECTRUM 65 Perkin
Elmer, ktéry posiada krysztat z selenku cynku.

Wszystkie badania byty przeprowadzane w temperaturze
pokojowej i pod ci$nieniem atmosferycznym.

Wyniki i dyskusja

Badanie zdolnosci absorpcyjnej

Badanie pecznienia materiatow hydrozelowych przez
rézny okres czasu jest czesto zalezne od ich przeznaczenia.
W zwigzku z tym, ze materiaty bedace przedmiotem niniej-
szej pracy byty modyfikowane kofeina, to ich gtdwnym prze-
znaczeniem moze by¢ przemyst kosmetologiczny. Dlatego
tez badanie pecznienia prowadzone byto w czasie 1 h, gdyz
np. ptatki kosmetyczne pod oczy niwelujgce obrzeki, sto-
suje sie przez okoto 20-30 min. Warto rowniez wspomniec,
ze pecznienie zalezy w duzej mierze od zastosowanego
czynnika sieciujgcego. Im wiecej fancuchoéw poprzecznych
w sieci polimerowej, tym mniejsza zdolnos$¢ do pecznienia
badanych materiatéw. Jednak jak wspomniano na poczat-
ku, naszym gtdwnym celem byto sprawdzenie pecznienia
w krétkim czasie. Na RYS. 1 przedstawiono wyniki opisujgce
zdolnos¢ pecznienia otrzymanych materiatow hydrozelo-
wych w réznych ptynach.

Najwieksza absorpcja roztworu przez hydrozele miata
miejsce w wodzie destylowanej, natomiast najmniejsza
w MgCl,. W roztworze NaCl zdolnosci absorpcyjne hydrozeli
sg zdecydowanie mniejsze niz w wodzie, poniewaz dochodzi
do wymiany pomiedzy jonami H* i Na*. Jony te wplywajg
na zmniejszenie charakteru hydrofilowego grupy karbok-
sylowej, poprzez reakcje zobojetnienia, co przyczynia sie
bezposrednio do zmniejszenia chtonnosci w tym roztworze
w poréwnaniu do wody destylowanej. W MgCl, wystepujg
kationy dwuwartosciowe magnezu, ktére powodujg znaczne
zwiekszenie stopnia usieciowania ukfadu, ktory wptywa
na zmniejszenie chtonnosci tego roztworu przez hydrozel.

Measurements of swelling ability

The absorption capacity was determined in the following © @ @ e @ @ o

liquids: 0.9% NaCl, 0.9% MgCl,, distilled water, Ringer’s
solution and artificial saliva. The dry sample of a weight
between 0.7 and 1 g was placed in 50 ml of above listed
liquids for 1 h and after this time a wet hydrogel was weighed.
The final step was the calculation of swelling ratio using the
formula (1):

Q= ——— (1)

where: w was the weight of a sample after swelling, w, was
the weight of dry hydrogel.

Measurements were repeated 3 times for each com-
position, and the presented results are the average of the
obtained values.

Incubation studies

Incubation studies were carried out in distilled water
(pH = 6.6), Ringer’s solution (pH = 6.4) and artificial saliva
(pH =5.75) at 37°C. The samples weighing 1 g were placed
in sealed vessels for a period of 10 weeks in the case of
distilled water and Ringer’s solution and for 4 weeks in the
case of artificial saliva. pH of the liquids was measured every
7 days. Measurements were repeated 3 times for each sam-
ple. Presented results are the average of received values.

FT-IR spectroscopy

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy was performed using SPEC-
TRUM 65 Perkin Elmer, zinc selenide was used as a crystal.
Studies were conducted using hydrogels before and after
incubation. All samples were thoroughly dried before the
analysis. All tests were performed at room temperature
under atmospheric pressure.

Results and Discussion

Swelling studies

Swelling studies conducted at different time intervals are
usually dependent on potential applications of the tested ma-
terials. Due to the fact, that our hydrogels have been modi-
fied with caffeine, their main application involved cosmetic
industry. Therefore, studies on sorption capacity of prepared
hydrogels were carried out for 1 h, because, for example
cosmetic flakes reducing swelling around eyes are applied
for about 20-30 min. However, it should be mentioned that
swelling process depends on many factors including type and
amount of crosslinking agent used during the polymerization
reaction. More crosslinks between polymer chains results in
lower swelling ability of the tested hydrogels. Furthermore,
as it was previously mentioned, our main purpose was to
determine swelling ability of prepared materials in a short
time period (such as 1 h). In FIG. 1 results of swelling degree
of obtained hydrogels in selected fluids are shown.

The highest absorption of fluid was observed in the case
of hydrogels immersed in distilled water, and the lowest in
the case of MgCl,. In the case of NaCl swelling capacity
of hydrogels was significantly lower than in distilled water.
Itis caused by ion exchange between H* and Na* that takes
place in the solution afterimmersion of the hydrogel sample.
This ion exchange causes the reduction of the hydrophilic
nature of the carboxyl group, which contributes directly to
a decrease in the absorption potential of this solution in
comparison with distilled water. In the MgCl, solution bivalent
magnesium ions are present what results in a significant
increase in the crosslinking degree. It causes the reduction
of swelling capacity of the tested sample.
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RYS. 1. Zdolnosci pecznienia badanych materia-
téow w: a) wodzie destylowanej, b) 0,9% r-r NaCl,
c) 0,9% r-r MgCl,, d) plynie Ringera, e) sztucznej
$linie; liczba powtérzen n = 3.

FIG. 1. Swelling ability of tested hydrogels in:
a) distilled water, b) 0.9% NaCl, c) 0.9% MgCl,,
d) Ringer’s solution, e) artificial saliva; number of
repetitions n = 3.

RYS. 2. Zmiany pH: a) wody destylowanej,
b) ptynu Ringera, c) sztucznej sliny podczas inku-
baciji przez 10 lub 4 tygodni badanych materiatéw
hydrozelowych modyfikowanych kofeing; liczba
powtorzen n = 3.

FIG. 2. Changes in pH values in the following
solutions: a) distilled water, b) Ringer’s solution,
c) artificial saliva during 10 or 4-week incubation of
hydrogel materials modified with caffeine; number
of repetitions n = 3.
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Na podstawie przeprowadzonych badan mozna stwier-
dzi¢, ze podatnos$¢ na pecznienie materiatow hydrozelowych
zmodyfikowanych niewielkg iloscig roztworu kofeiny — tj. 1,
3 oraz 5% wag.— jest poréwnywalna do podatno$ci na pecz-
nienie hydrozelu bez tego dodatku. Dlatego tez, mozna mo-
dyfikowac taki materiat wymienionymi objetosciami roztworu
kofeiny, nie zmieniajgc pojemnosci sorpcyjnej hydrozeli.
W przypadku wprowadzenia do matrycy hydrozelowej 7%
wag. roztworu kofeiny obserwuje sie wyrazne zwiekszenie
sie zdolnosci sorpcyjnych badanych materiatéw. Prawdopo-
dobnie jest to zwigzane z faktem, ze kofeina jest dodawana
do materiatu hydrozelowego w formie rozcienczonego roz-
tworu wodnego. Stad tez po wprowadzeniu takiej ilosci roz-
puszczalnika do uktadu mozliwe jest powstawanie wigzan
wodorowych pomiedzy czgsteczkami tego rozpuszczalnika
a czgsteczkami rozpuszczalnika obecnego w absorbowa-
nym medium. Na tej podstawie mozna stwierdzi¢, ze mody-
fikacja matrycy hydrozelowej za pomocg 7% wag. roztworu
kofeiny przyczynia sie do zmiany wiasciwosci sorpcyjnych
badanych materiatéw hydrozelowych.

Badanie inkubacyjne

Badanie inkubacyjne pozwala okresli¢ zmiany wartosci
pH symulowanych ptynéw ustrojowych, wystepujgcych
w ludzkim organizmie pod wptywem obecnosci badanych
materiatéw. Dzieki temu mozemy okresli¢ czy inkubacja
materiatdbw moze mie¢ negatywny wptyw na zsyntezowa-
ny materiat oraz czy spowoduje zmiany pH zewnetrznego
Srodowiska do wartosci niepozgdanych - takich, ktére mogg
Swiadczy¢ o zachodzeniu procesu degradacji. Na RYS. 2
przedstawiono zmiany wartosci pH ptynéw, w ktérych inku-
bowano badane materiaty.

Zmiany pH ptynéw w czasie inkubacji w nich materia-
téw hydrozelowych byty niewielkie, co sugeruje, ze albo
degradacja materiatdw w takich warunkach nie zachodzi,
albo produkty degradacji nie majg wptywu na pH ptynéw
inkubacyjnych. Jest to badanie wstepne i w przysztosci
powinny zosta¢ przeprowadzone bardziej doktadne badania,
ktére odpowiedziatyby na pytanie czy proces degradacji
materiatéw zachodzi w pierwszych tygodniach ich inkubacji
w analizowanych ptynach.

Badanie spektroskopowe

Badania FTIR miaty na celu sprawdzenie wptywu symu-
lowanych ptynéw ustrojowych na strukture analizowanych
materiatow. Na RYS. 3-7 zaprezentowano widma FT-IR
dla badanych materiatéw hydrozelowych. W TABELACH
11 2 zestawiono charakterystyczne pasma z powyzszych
widm oraz przypisano im odpowiednie grupy funkcyjne.
Zanalizowano pasma w probkach niemodyfikowanych, czy-
li takich bez dodatku kofeiny oraz modyfikowanych kofeing.

Na RYS. 3 zestawiono widma FTIR dla prébki niemo-
dyfikowanej oraz dla prébek modyfikowanych najmniej-
szg i najwiekszg iloscig kofeiny. Wida¢ w nich wyraznie
charakterystyczne pasma w potozeniach 1660, 1700 cm"'
pochodzgce od drgan rozciggajacych C=0 oraz pasma
w potozeniach ok. 1250 i ok. 700 cm™' pochodzace od drgan
grup C-N (walencyjne) i C-H (deformacyjne). RYS. 4-7
przedstawiajg widma FT-IR dla badanych materiatéw, ale
po okresie inkubacyjnym, ktéry trwat dla wody destylowanej
i ptynu Ringera 10 tyg., natomiast dla sztucznej sliny 4 tyg.

Based on the conducted studies it can be stated that
the swelling capacity of hydrogel materials modified with
a small amount of caffeine solution—i.e. 1, 3 and 5 wt% - is
comparable to the swelling capacity of unmodified hydro-
gel. Therefore, it is possible to modify hydrogel polymers
with the mentioned volumes of caffeine solution without
changing their sorption capacity. In the case of introduction
of 7 wt% of caffeine solution into the hydrogel matrix, the
sorption capacity of the tested materials increased. This is
probably due to the fact that caffeine is added in the form
of a diluted aqueous solution. Hence, after introduction of
such amount of additional solvent into the system, formation
of hydrogen bonds between the molecules of these solvent
and the solvent molecules present in the absorbed medium
can take place. Thus it can be stated that the modification
of the hydrogel matrix with 7 wit% caffeine solution contrib-
utes to the change of the sorption properties of the tested
hydrogel materials.

Incubation studies

The study let us to determine possible changes in pH
value of the liquids similar to solutions present in the human
body during 10 weeks of incubation. Due to such research it
is possible to define whether such long period of incubation
can have a negative impact on the synthesized materials
(i.e. whether prepared hydrogels cause rapid changes in
pH that may indicate that degradation process occurs).
In FIG. 2 changes in pH values during incubation of the
hydrogels are shown.

The results show that changes in pH of tested samples
incubated in different solutions are negligible what may
suggest that degradation process does not take place, or
it occurs but in a way that does not have any impact on
the surrounding liquids. It should be mentioned that this is
a preliminary test. Further studies are needed to determine
in @ more precise way whether process of degradation takes
place during the first weeks of incubation in used fluids.

FT-IR spectroscopy

The FTIR studies aimed at determining the impact of
simulated body fluids on the structure of the tested materials.
In FIGs. 3-7 FT-IR spectra of analysed hydrogel materials
are presented. TABLES 1 and 2 present the characteristic
bands observed on the spectra with appropriate functional
groups. Bands derived from unmodified samples, i.e. those
without caffeine, and those modified with this compound
were analysed.

In FIG. 3 FTIR spectra of unmodified sample and those
samples modified with the smallest and the highest amount
of caffeine are shown. Clearly visible bands at 1660 cm-,
1700 cm' derived from C = O stretching vibrations as well as
bands at 1250 cm*' and approx. 700 cm-' derived from C-N
(valence) and C-H (deformation) can be observed. FIGs. 4-7
show FT-IR spectra of the tested materials, but after the
incubation period which lasted in the case of distilled water
and Ringer’s solution 10 weeks, while in the case of artificial
saliva - 4 weeks.
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T
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Liczba falowa/Wavenumber [cm™']
a- hydrozel bez kofeiny / hydrogel without caffeine,

b - hydrozel modyfikowany kofeina: 1% wag. / hydrogel modified with caffeine: 1% wt.,
¢ = hydrozel modyfikowany kofeing: 7% wag. / hydrogel modified with caifeine: 7% wit.

RYS. 3. Widma FT-IR probek z ré6zng zawartoscia
kofeiny przed inkubacja.

FIG. 3. FT-IR spectra of hydrogel samples with
different amount of caffeine before incubation.
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a— probka przed inkubacja / sample before incubation,
b — prébka po inkubacji w wodzie destylowanej / sample after incubation in distilled water,
¢ — prébka po inkubacji w roztworze Ringera / sample after incubation in Ringer’s solution,

d - prébka po inkubacji w sztucznej $linie / sample after incubation in artificial saliva.

anow
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T
4000 2000 0
Liczba falowa, Wavenumber [cm 7]

a— probka przed inkubacja / sample before incubation,

b— prébka po inkubacji w roztwerze Ringera / sample after incubation in Ringer's solution,

¢ — prébka po inkubacji w sztucznej $linie / sample after incubation in artificial saliva,
d— probka po inkubacji w wodzie destylowanej / sample after incubation in distilled water.

RYS. 6. Widma FT-IR probki z 7% zawartoscia
kofeiny przed i po badaniu inkubacyjnym.

FIG. 6. FT-IR spectra of hydrogel sample modified
with caffeine (7 wt%) before and after incubation.

RYS. 4. Widma FT-IR dla prébki bez kofeiny przed
i po inkubacji.

FIG. 4. FT-IR spectra of hydrogel sample without
caffeine before and after incubation.
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Liczba falowa/ Wavenumber[cm ]
a — hydrozel bez kofeiny / hydrogel without caffeine
b - hydrozel modyfikowany kofeing: 1% wag. / hydrogel modified with caffeine: 1% wt.
c— hydrozel modyfikowany kofeing: 7% wag. / hydrogel modified with caffeine: 7% wt.

anow
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j
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Liczba falowa/ W avenumber [cm ']
a— prébka przed inkubacjg / sample before incubation,
b — probka po inkubacji w roztworze Ringera / sample after incubation in Ringer’s solution,
c— probka po inkubacji w sztucznej $linie / sample after incubation in artificial saliva,

RYS. 7. Widma FT-IR probek z r6zng zawartoscia
kofeiny (1 i 7%) po inkubacji w ptynie Ringera.
FIG. 7. FT-IR spectra of hydrogel samples modified
with different amount of caffeine (1 and 7 wt%)
after incubation in Ringer’s solution.

TABELA 1. Charakterystyczne pasma w widmie
FT-IR dla prébki materialu bez dodatku kofeiny
przed badaniem inkubacyjnym.

TABLE1. Characteristic bands in FT-IR spectrum of
sample without caffeine before incubation studies.

Grupa
funkcyjna

Liczba falowa
Wavenumber
[em7]

Typ drgan
Functional Type of vibration

group

d— probka po inkubacji w wodzie destylowanej / sample after incubation in distilled water. O_H rOZCiagajace / Stretching 3350
RYS. 5. Widma FT-IR dla prébki z 1% zawartoscia Ol || Rl Sl e
kofeiny przed i po badaniu inkubacyjnym. _ — .

FIG. 5. FT-IR spectra of hydrogel sample modified =9 EEHEERIEIED ) SUEIEITE I
with caffeine (1 wt%) before and after incubation. O-H deformacyjne / deformation 1400
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TABELA 2. Charakterystyczne pasma w widmach FT-IR dla prébek z dodatkiem
1% i 7% mas. kofeiny przed badaniem inkubacyjnym.

TABLE 2. Characteristic bands in FT-IR spectra in samples modified with 1%
and 7% (wt.) caffeine before incubation studies.

Grupa funkcyjna

Functional group

Typ drgan
Type of vibration

Liczba falowa
Wavenumber [cm™]

O-H rozciggajace / stretching 3350
C-H rozciggajace / stretching 3100
C-H rozciggajace / stretching 2900
C=0 rozciggajace / stretching 1650,1700
C=0 rozciggajace / stretching 1540
C=C rozciggajace / stretching 1500
C-N walencyjne / valence 1300
C-H deformacyjne / deformation 675

Na RYS. 4 przedstawiono widma FT-IR dla prébki nie-
modyfikowanej kofeing przed oraz po inkubacji w wyzej
wymienionych roztworach. Na widmach obserwujemy mniej-
szg intensywnos¢ pikéw dla liczb falowych ok. 1250 cm™
od grup O-H pochodzacych od kwasu akrylowego. Daje
to informacje, ze moze dochodzi¢ do wymywania kwasu
akrylowego badz moze to informowacé o degradacji matrycy
poprzez rozpad wigzan polimerowych, w zwigzku z dtugim
procesem inkubacji. Na widmie obserwuje sie rowniez po-
jawienie dodatkowego piku w potozeniu ok. 1600 cm™, ktéry
jest charakterystyczny dla grup C=0. Pasmo to pojawia sie
tylko i wytgcznie dla prébki inkubowanej w sztucznej slinie.
Przyczyna tego jest wystepowanie w sktadzie tego roztworu
mocznika, ktéry w swojej budowie strukturalnej zawiera
wiasnie takie grupy funkcyjne.

Na kolejnych wykresach (RYS. 5 i 6) obserwujemy
widma FT-IR dla probki zmodyfikowanej 1% oraz 7% wag.
dodatkiem kofeiny, przed oraz po badaniu inkubacyjnym.
Obserwujemy zmniejszenie intensywnosci pasm C-N
(1250 cm™), ktére swiadczg o wyptukiwaniu kofeiny.

Na RYS. 7 zaprezentowano wptyw inkubacji w ptynie
Ringera na materiaty niemodyfikowane i modyfikowane
1% i 7% wag. kofeiny. Im wieksza zawartos¢ kofeiny
w materiale, tym wiekszy zanik pasm takich jak C=0
(1550 cm), O-H (1400 cm™") oraz C-N (1300 cm"). Pasma
C=0 pochodzg od kofeiny, czynnika sieciujgcego oraz kwa-
su akrylowego. Grupy O-H pochodzg wytgcznie od kwasu
akrylowego, natomiast pasma od grup C-N pochodzg wy-
tacznie od kofeiny. Tak wiec mozna stwierdzi¢, ze wieksza
ilos¢ dodatku wptywa na wieksze rozszerzenie tancuchéw
polimerowych w strukturze, a przez to utatwia to wymywanie
kofeiny i by¢ moze rozpad taricuchéw polimerowych, czego
efektem jest obnizenie intensywnosci pasm od kwasu akry-
lowego oraz czynnika sieciujgcego.

Potwierdzeniem wnioskéw wysnutych na podstawie
tego badania mogg by¢ przeprowadzone w przysztosci
badania nad uwalnianiem substancji czynnej z otrzymanych
materiatéw przeprowadzone w membranach imitujgcych
ludzkg skore.

In FIG. 4 FT-IR spectra of an unmodified sample before
and after incubation in the above-mentioned liquids are
shown. In the spectra, a low intensity of peaks at approx.
1250 cm-" originating from O-H groups derived from acrylic
acid can be noticed. Thus ewe can hypothesise that elution
of acrylic acid can occur or degradation of the matrix by the
breakdown of polymer bonds due to the long incubation
process can take place. In the spectrum an additional peak
at approximately 1600 cm™', which is characteristic for C=0O
groups also can be observed. This band appears only in the
case of the sample incubated in artificial saliva. The reason
for this is presence of urea in this liquid, which contains such
functional groups in its structure.

In FIGs. 5 and 6 the FT-IR spectra of samples modified
with caffeine in an amount of 1% and 7% by weight before
and after incubation studies are shown. Decrease in the
intensity of C-N bonds (1250 cm"), which indicates the pro-
cess of caffeine elution from the tested hydrogel is visible.

In FIG. 7 the impact of incubation in Ringer’s solution
on unmodified and modified materials with 1% and 7% by
weight caffeine is presented. The higher caffeine content in
the material resulted in the greater disappearance of bands
from groups such as C=0 (1550 cm™"), O-H (1400 cm') and
C-N (1300 cm™). C=0 bands are derived from caffeine,
crosslinking agent and acrylic acid. Bands characteristic for
O-H groups are derived exclusively from acrylic acid, while
the bands from C-N groups are derived exclusively from
caffeine. Thus, it can be stated that a higher amount of the
additive affects polymer chains in the structure to a higher
extent, and thus facilitates elution of caffeine and perhaps
the breakdown of bonds in polymer chains, which results
in the lower intensity of the bands from acrylic acid and the
cross-linking agent.

To confirm this hypothesis additional experiments on the
release of the active substance from the obtained materials
carried out using membranes imitating human skin will be
conducted in the future.
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Whioski

Na podstawie przeprowadzonych badan, mozemy
stwierdzi¢, ze otrzymane materiaty wykazujg dobrg zdol-
nosc¢ do pecznienia w symulowanych ptynach ustrojowych.
Pecznienie tych materiatéw zalezy réwniez od roztworu,
w ktéorym dokonywano badania, a nie tylko od matrycy.
Obecnos¢ roznych jondw w medium inkubacyjnycm ma
duzy wplyw na pojemnosci sorpcyjne badanych materia-
tow, tak wiec materiaty te w Srodowisku wody destylowanej
peczniejg najbardziej. W przypadku roztwordéw takich jak
sztuczna $lina, ptyn Ringera czy roztwory MgCl, oraz NaCl
obserwuje sie mniejsze pecznienie, a jest to spowodowane
wystepowaniem duzej ilosci jonéw w tych roztworach. Po-
nadto, warto rowniez zaznaczy¢, ze znaczenie ma rowniez
wartosciowosc¢ jondw, co mozemy obserwowac porownujgc
pecznienie tych materiatbw w obecnosci jonéw Na* oraz
Ca?". Obecnos¢ w ptynie jondw dwuwartosciowych powo-
duje wzrost usieciowania struktury, a tym samym wplywa
na zmniejszenie pojemnosci sorpcyjnej takiego materiatu.
Réznica w pecznieniu byta rowniez widoczna dla materiatu
zmodyfikowanego najwiekszg iloscig dodatku, tj. 7% wag.
Tak wiec badanie to dostarcza informacji o mozliwosci regu-
lacji pojemnoscig sorpcyjng tych materiatdow, poprzez zasto-
sowanie odpowiedniej ilosci czynnika modyfikujgcego, badz
w zaleznosci od srodowiska, w ktéorym bedzie stosowany.

Ponadto, badanie materiaty podczas badania inkuba-
cyjnego, trwajgcego 10 tygodni nie powodowaty zmian
pH w roztworach. Podczas pomiarow nie obserwowano
znacznych spadkéw oraz skokéw w wartosciach pH, co
moze swiadczy¢ o ich stabilnosci. Na podstawie badan FTIR
stwierdzono, ze inkubacja w badanych ptynach wptywa na
uwalniane kofeiny, poniewaz obserwuje sie na widmach
zmniejszenie lub zanik charakterystycznych pasm, ktore
sg obecne w materiale przed badaniem.

Podziekowania

Badanie finansowane byty w ramach projektu
C-4/439/2017/DS.
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Conclusions

Based on the conducted studies we can conclude that
obtained materials show good swelling capacity in simu-
lated body fluids. The swelling of these materials depends
on the composition of the hydrogel matrix but also on the
fluid in which the study was conducted. The presence of
various ions in the incubation medium has a major impact
on the sorption capacity of the tested materials; therefore
these materials swell the most in distilled water. In the case
of solutions such as artificial saliva, Ringer’s solution or
solutions of MgCl, and NaCl, a lower swelling is observed,
which is caused by the presence of a large amount of ions
in these liquids. In addition, it is also worth noting that the
type of ions is also important, which can be observed by
comparison of the swelling of these materials in the presence
of Na* and Ca?" ions. The presence of divalent ions in the
tested medium causes an increase in cross-linking degree of
hydrogel structure, and thus reduces the sorption capacity of
such material. The difference in swelling properties was also
visible in the case of the material modified with the highest
amount of the additive, i.e. 7 wt%. Thus, the study provides
information on the possibility of adjusting the sorption ca-
pacity of these materials by using an appropriate amount
of the modifying agent, or depending on the environment
in which it will be used.

In addition, analysed materials during the incubation
study that lasted 10 weeks did not cause any significant
changes in pH of the tested liquids. During the meas-
urements, any significant decreases in pH values were
observed, which may indicate stability of the materials.
Based on FTIR analysis it can be stated that incubation in
the tested liquids affects the release of caffeine, because in
the spectra less intensity or even disappearance of bands
characteristic for particular functional groups present in the
material before the study can be observed.
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