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Introduction: Oxidative tissue damage caused by reactive oxygen species results in
a significant decrease in the total antioxidant capacity of the biological system. The aim of
this interdisciplinary study was to answer the question of whether active antioxidants modify,
at a molecular and supramolecular level, the tissue of pathological amnion and the necrotic
eschar degraded in thermal burn.

Methods: A Nicolet 6700 Fourier-transform spectrophotometer with OMNIC software and the
EasiDiff diffusion accessory were used in the FTIR spectroscopic analysis. A NICOLET
MAGNA-IR 860 spectrometer with FT-Raman accessory was used to record the Raman spectra
of the samples. The samples were exposed to bacteria capable of causing nosocomial infections,
ie Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli and Pseudomonas
aeruginosa. Whereas samples of hypotrophic amnion interacted with Staphylococcus aureus,
Escherichia coli and Enterococcus faecalis. The obtained flame retardant effect of placentas was
evaluated using the method of the limiting oxygen index (LOI).

Results: The infrared spectroscopy analysis proved that after modification of the amniotic
samples in graphene oxide and ortho-silicic acid, the amide II band is split into two
components. Incubation of samples in modifier solutions: graphene oxide, sodium ascorbate
and L-ascorbic acid results in shifts and changes of intensity within the broadly understood
lipid band 1743-1745-1747 cm ', The oxidising changes observed within the lipid and
amide bands are affected by the incubation effect of graphene oxide as a modifier, possibly
adsorbing on the surface of the amniotic membrane. On the basis of microbiological studies,
pathogenic bacteria commonly causing amniotic infections and growing in burn wounds
were found to have particularly good resistance to stabilized ortho-silicic acid (E. coli) and
lactoferrin (S.aureus).

Conclusion: This thermogravimetric study found the highest stability of the analysed
tissues (hypotrophic amnion and burnt epidermis) after modification with graphene oxide
and sodium ascorbate.

Keywords: graphene oxide, stabilized ortho-silicic acid, sodium ascorbate, L-ascorbic acid

Introduction

Local and general body response to thermal burn is a complex issue. Thermal burn not
only leads to damage of the skin but also to deep and long-lasting changes in body
metabolism, defined as the so-called oxidative stress. Oxidative tissue damage caused by
reactive oxygen species also results in a significant decrease in the total antioxidant
capacity of the biological system. Tissue is modified, therefore the search for markers of
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chemical alteration within molecular studies is also helpful in
diagnosing degenerative diseases (eg connective tissue dis-
eases, burns, difficult wounds and pregnancy pathology).
Antioxidant intervention will significantly help restore cellular
immunity, reduce damage caused by free radicals and mini-
mize tissue destruction resulting from burns,"* as well as
restore the process of exchange of bioactive agents in hypo-
trophic amnion samples. The pathology called intrauterine
hypotrophy is generally a pregnancy complication consisting
in giving birth to a child with low birth weight. Structurally,
the very process of occurrence of the above pathology is
correlated with a disorder of the collagen synthesis process
and as such can be successfully analysed by spectroscopic
methods. The three-layer molecular structure of the amnion
contains fibrous and non-fibrous I, II, IIl and V collagens, as
well as glycoproteins and proteoglycans. Such a structure is
conducive to the processes of exchange of macromolecules
and bioactive agents, which, after being joined to the amnion,
may fulfil antiseptic, regenerative and blood vessel formation
function, and may modify proteins.’ In the study of correction
processes of damaged tissue, the search for new active anti-
oxidants such as AA (L-ascorbic acid) or SA (sodium
ascorbate)™” as well as new modifiers of damaged tissue, eg
orthosilicic acid® " or graphene and graphene oxide,' plays
an important role. The studies tend to have an interdisciplinary
aspect. It is worth mentioning that while FTIR (Fourier-
transform infrared spectrometry) and FTR (Fourier-transform
raman spectrometry) studies are the primary source of infor-
mation on the molecular structure of biopolymer, changes in
collagen structure at the supramolecular level'®!'!>!* are
assessed on the basis of the results of small-angle X-ray
scattering (SAXS) and — indirectly — thermogravimetric ana-
lysis (TGA). Limiting oxygen index (LOI) is indirectly
a source of information on the conditions of thermal oxidative
stress in protein'> and it macroscopically assesses the effec-
tiveness of the antioxidants used for treatment. In the case of
analysing biological material in the form of tissues,
a necessary complement of structural studies are microbiolo-

16,17

gical analyses using reference strains of the following

bacteria:  Escherichia  coli,  Staphylococcus  aureus,

Pseudomonas  aeruginosa and Enterococcus faecalis.
Staphylococcus aureus is one of the most important bacterial
pathogens in humans, it colonizes the skin and mucous mem-
branes and is the cause of many diseases. The increased risk of
staphylococcal infection affects patients after surgery, with
burn wounds, as well as with implanted biomaterials.
Pseudomonas aeruginosa is a very important etiological

factor in nosocomial infections which can sometimes be

fatal. P. aeruginosa is responsible for causing skin and soft
tissue infections, acute and chronic infections, for instance in
oncological patients, patients after transplantation or patients
with burn wounds. The bacteria cause diseases associated
with toxins and enzymes which they produce, which may
slow down the immune response of the host (inhibiting
phagocytosis, damage to macrophages or inactivation of the
IgG and IgA immunoglobulins), damage or destroy cells and
tissues of the infected organism or even weaken the natural
microflora of the host.'*'*'®!” From a clinical and epide-
miological point of view, Escherichia coli, a frequent etiolo-
gical factor associated with burn wounds, is a very important
species. Rich in nutritional substances, the wet environment
of a chronic wound constitutes ideal environment for its
development. Enterococcus faecalis bacteria are typical
opportunistic pathogens which may cause severe nosocomial
infections. Enterococcus faecium and Enterococcus faecalis
are clinically relevant and they are responsible for more than
90% of all infections.'>° Enterococcus faecalis — alongside
Escherichia coli, staphylococci and beta-hemolytic strepto-
cocci — causes non-specific infection of amniotic cavity, the
so-called amniotic infection syndrome.

The aim of this interdisciplinary study, which
involved Fourier-transform infrared spectrometry
(FTIR), Fourier-transform raman spectrometry (FTR),
thermogravimetric analysis (TGA), Limiting oxygen
index analysis (LOI) and microbiology, was to answer
the question of whether the following active antioxi-
dants: ortho/oligomeric silicic acid (OSA), graphene
oxide (GO), sodium ascorbate (SA), L-ascorbic acid
(AA), orthosilicic acid (H4S10,4), lactoferrin (LF) mod-
ify, at a molecular and supramolecular level, the tissue
of pathological amnion and the necrotic eschar degraded
in thermal burn. The intention of the authors, apart from
examining the phenomenon, was to select such concen-
trations and composition of the solutions of modifiers
which could become innovative modifiers used in trans-
plants (amnion) and enhance regeneration of epidermis
degraded in thermal burn.

Materials and Methods

Abbreviations: allogenic unburned full-thickness skin=hu-
man skin samples (SP); human burn wound full-thickness
skin; human burn skin (15S, 21S); human burn skin in the
presence of ortho/oligomeric silicic acid OSA (15S6-a
dilution factor 1:6000; 15S10-a dilution factor 1:10,000);
human burn skin incubated in the presence of graphene
oxide (21S GO); human burn skin heated to the
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temperature of 21S (21S 193); human burn skin in the
presence of OSA (a dilution factor between 1:6000 or
1:10,000) heated to the temperature of 193°C (21S6 193,
21510 193); amniotic samples: BS and IW in the presence
of OSA, GO, SA, AA, HySiOy, lactoferrin.

Chemicals and Materials

The following materials and reagents were used in the
examination: solutions with a content of 0.001g of the
following chemical compounds: ortho/oligomeric silicic
acid OSA, graphene oxide GO, sodium ascorbate SA,
L-ascorbic acid AA, silicic acid H4SiO,4, lactoferrin.
Stabilized non-colloidal silicic acid OSA (a dilution factor
between 1:6000 and 1:10,000) is made according to
patented production processes in which polymerization is
prevented.®

Sampling Procedure

Two types of tissues were analysed in this study: hypo-
trophic (BS and IW) amnion and samples of epidermis
after thermal injury (21S and 15S). Comparative analyses
of the impact of incubation on amnion tissue (BS and IW
in the presence of OSA, GO, SA, AA, H,SiOy, lactoferrin)
and the burn skin (21S and 15S in the presence of OSA) in
the presence of the modifiers were also performed.

Two types of epidermis degraded in thermal injury and
coming from demarcation were analysed: sample 15S:
15% TBSA, 5% III/IV (flame burn), demarcation of necro-
sis of a 31-year-old man’s arm; sample 21S: 3% TBSA,
including 2% II/IV (heat source burn), demarcation of
necrosis of a 26-year-old woman’s forearm.

Biopsy material was obtained as a result of necrosis
resection and placed in 0.9% saline, and stored in a freezer
for further studies. Application of the ortho-silicic acid
OSA solutions (1:6000) was performed on biopsies. The
samples (fragments of skin or amniotic samples) had been
incubated at 20°C for 5 days in modifier solutions. Clean
amnion, without amniotic fluid or adherent tissues, was
placed in a sterile container. The sample was frozen (—20°
C) and transported to the laboratory in a portable freezer.
The material was placed in 0.9% saline and stored in the
freezer for further examination. The measurements were
performed integrally from the samples (fragments of skin
or amniotic samples).

Spectroscopic Analysis
A Nicolet 6700 Fourier-transform spectrophotometer
(Thermo Scientific, USA) with OMNIC 7.3 software and

the
Industries) were used in the FTIR spectroscopic analysis.

EasiDiff diffusion accessory (Thermo Nicolet

The subject of spectral analysis was dry solid samples
(skin samples and amnion samples). The samples of the
above-mentioned dry tissues had been prepared by drying
in a laboratory dryer at 35C for three days. The spectral
! and the
number of scans involved 128 of the solid samples.

A NICOLET MAGNA-IR 860 spectrometer with FT-
Raman accessory was used to record the Raman spectra of

region was 4000-500 cm™ ', resolution: 4 cm~

the samples. The solid samples were then irradiated with
a 1064 nm line YAG laser and scattered radiation was
collected with 4 cm ™' resolution.

During the examination, spectra of three repacked sam-
ples of each individual sample were averaged to one
spectrum. All the spectra were obtained using a linear
baseline and pre-processed with Fourier smoothing
(Grams 32 Al software, Galactic Industries; smoothing
degree, 50%).

Microbiological Analysis

Reference strains of the Escherichia coli, Staphylococcus
aureus, Pseudomonas aeruginosa and Enterococcus fae-
calis bacteria purchased from American Type Culture
Collection (ATCC) were used in the microbiological
study. Samples of amnion and burn human skin were
used in the microbiological analyses. The samples were
exposed to bacteria capable of causing nosocomial infec-
tions, ie Gram-positive Staphylococcus aureus and Gram-
negative Escherichia coli and Pseudomonas aeruginosa.
Whereas samples of hypotrophic amnion interacted with
Staphylococcus aureus, Escherichia coli and Enterococcus
faecalis. For the development of micro-organisms, the
following culture media were used: mannitol salt agar —
S. aureus, MacConkey agar - E. coli, selective substrate
for the isolation of P. aeruginosa and Slanetz and Bartley
agar - Enterococcus faecalis. After incubation, the grown
colonies (S. aureus, E. coli, P. aeruginosa and E. faecalis)
were washed off with sterile physiological saline. Next,
a bacterial suspension of 9-10® of cells per 1 cm® accord-
ing to the McFarland 3 standard was prepared. S. aureus,
E. coli, P. aeruginosa and E. faecalis suspensions with
a volume of 0.1 cm® were applied to agar by the surface
inoculation method in accordance with the procedure.
Amnion and burn human skin samples of 1 cm” areas
were applied to the prepared plates. All the samples of
organic material were incubated for 6 days in solutions of
the following modifiers: OSA, GO, SA, AA, H,SiO,4, LF.
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The solutions for the sample incubation contained 0.001g
of the above modifiers. The test material (samples of
amnion and burn skin) was incubated for 24 hours at the
temperature of 36+2°C. After the process of cultivation,
growth inhibition zones of the bacteria used in the test
were read off around the tested samples of amnion and
burn skin.

LOI

The obtained flame retardant effect of placentas was eval-
vated using the method of the limiting oxygen index
(LOI). The parameter which characterizes the method is
the lowest percentage of oxygen in the mixture with nitro-
gen, at which the test specimen ignites and burns on its
own. The measurements were performed in accordance
with the PN-ISO 4589 standard.

Thermogravimetric Analyses

Investigation was performed using a TA Instruments
Q500 Thermogravimetric Analyzer. Measurements were
performed in a temperature range from 30°C to 800°C
with a heating rate of 20 deg/min under nitrogen atmo-
sphere (flow rate 60 cm’/min). At a temperature of 800°
C, the inert gas was switched to air for burning the
organic remnants of the sample. The data were evaluated
by means of the Universal V4.5A (TA Instruments)
software.

Ethics

In general, the analysis involved samples of burn skin or
amniotic membrane collected directly from patients after
obtaining approval of the Bioethics Committee of the
Beskid Medical Chamber in Bielsko-Biala No 2015/12/
03/1 (burned skin) and 2016/02/11/4 (amniotic membranes
and placenta). In each of the above-mentioned procedures,
the Bioethics Committee analyzed the following docu-
ments: 1. Researcher’s conclusion; 2. List of centers parti-
cipating in the study; 3. Study protocol; 4. Scientific
achievements of the research coordinator and principal
researchers; 5. Researchers’ biography; 6. The patient’s
study; 7.
Information for the patient; 8. Management of approvals

informed consent to participate in the

to conduct the research.
All participants gave informed consent to take part in
the research, which is in accordance with the Helsinki

Declaration.

Results
FTIR and FTR Spectroscopic Analysis

Applied in different concentrations to the samples of epi-
dermis degraded in burn, Orthosilicic acid solutions (Hy
Si04xnH,0) cause a number of changes at the molecular
level.

Incubation of the necrotic epidermis tissues for the
sample 21S in OSA (21S6 and 21S10 Figure 1) causes
shifts within the range of amid I-III bands (21S 1693,
1580, 1467 cm™' 21S6 1695 1578 1468 cm ' 21S10
1693 1573 1470 cm ™ '). The largest shifts towards lower
wavenumbers were observed for amide II, when incubated
in the OSA acid at a concentration of 1:10,000.

The bands near 1737, 1743 and 1750 ¢cm ' are asso-
ciated with vibrations of ester groups in cell membrane
phospholipids [1-2], whereas a small uplift within the
1725 cm™' band refers to hydrogen bonds around the
carbonyl group of lipids (Figure 1). For 21S samples,
lipid bands are observed in the area of 17921735 cm ',
the exact location of the bands, their height, surface and
width is visible after dividing them into components
(Figure 2 and Table 1). Heating the 21S sample to 193°C
shifts to lower frequencies and significantly expands the
lipid ester band and carbonyl band, it also shifts amide I-1I
to lower wavenumbers (21S 1693, 1580 cm ' 21S193
1689, 1578 cm ™ ).

A vivid manifestation of the lipid band 1750 cm™" is
observed for the sample modified with OSA 1:6000
(21S6). For the sample 21S6, the band disappears after
heating to 193°C. Whereas during incubation of the epi-
dermis degraded in burn in the solution of 1:10,000 OSA
(21S10), a wide band is isolated (Figure 1). In the case of

Absothance

1300 1850 1800 1750 1700 1650 1600 1550 1500
Wavenumbers (cm-1)

Figure | Fragment of FTIR spectra (1900-1500 cmfl): a) human burn skin (218,
I5S); human burn skin in presence of the following modifiers: OSA, GO (I5S10;
1552, 15S10; 21S6, 21510, 2156, 21SGO).
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Figure 2 (A and B) Examples of the IR spectrum resolved into Gaussian-shaped bands at around 1750-1500 cm ™ attributed to lipid bands of the samples of human burn

21S (A) and human burn skin heated up to 193°C (21S 193, B).

the lipid band for the sample 21510, no apparent inflection
similar to the one for the 21S6 sample is observed, prob-
ably due to the shift of the band towards lower wavenum-
bers and resulting formation of one wider band together
with the amide band.

For the 15510 sample — selected for comparative test-
ing — which was modified with OSA 1:10,000 acid and
heated successively at the following temperatures: 122°C
(the appearance of the lipid band 1732 cm ™), 191°C (shifts
within the lipid band 1732 cm ')and 222°C (the appearance

of the lipid band 1778 cm™") and 256°C, shifts within the
broadly defined lipid band are observed (Figure 3). Heating
the sample to 222°C and 256°C activates interactions within
the amide III area, as well as the area characteristic of
nucleic acids and characteristic of Si-O-Si stretching vibra-
tion band at 1085 cm '.®

Raman spectrum analysis indicates its activation after
the sample has been heated to a temperature of 222°C of
the hydrogen bond area of approximately 3342 cm™ ' and
of the amide II-1II area, ie an area particularly active in
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Table | Analysis of Resolved into Gaussian-Shaped Lipid Bands

Samples Center (cm™) Height Area Width

21S 1792 0.12 52.68 6.67
1757 0.26 43.71 12.09
1735 0.21 31.51 7.03
1693 0.85 60.98 55.42
1580 0.31 62.53 20.40

21S 193 1784 0.29 303.02 69.91
1758 0.31 89.10 29.07
1721 0.29 55.21 17.08
1689 0.60 40.93 26.27
1578 0.32 51.33 17.36

oxidation-reduction reactions. Such reactions were charac-
terized in the authors’ previous study6 (Figure 4).

In the case of the samples of skin degraded in the burn,
which were incubated in a solution of graphene oxide
21SGO, a relatively intense lipid band of 1754 cm™
appears. This band is shifted to lower wavenumbers of
1749 cm™' for the sample 21SGO193 heated to 193°C.
The band intensity for the sample 21SGO193 is also
reduced, as is visible when the spectrum is divided into
components (Figure 5 and Table 2). Incubation of the
necrotic epidermis tissues for the sample 21S in GO
(Figure 5) causes shifts within the range of amid I-II
bands (21S 1693, 1580 cm ' 21SGO 1688 1579 cm '
21SGO193 1688 1575 cm™).

Subsequently, the subject of the FTIR spectroscopic ana-
lysis was a series of BS amniotic samples. Incubation of the
BS amniotic samples in all modifiers in question (except for
lactoferrin) causes shifts of amid I-II bands to lower wave-
number values and amid III to higher wavenumber values
(Figure 6). For unmodified BS amniotic samples, a lipid band
is observed at a wavenumber of 1746 cm'; the position of
this band and its intensity change during incubation in modi-
fier solutions, whereby the most obvious changes in the lipid
band are observed for the following samples: OSA and Hy
Si0,4 1737 cm™' AA 1741 cm ' and GO 1754 em ™' (Figure
6). For the samples: BS GO, BS H,4Si0,4 and BS lactoferrin,
the exact location of the bands, their height, surface and
width is visible after dividing them into components
(Figure 7 and Table 3). The mathematical division of spectra
revealed that after modification of the amniotic samples in
GO and OSA and H4Si0Oy, the amide II band is split into two
components (1592 and 1557 cm™' for GO; 1593 and
1557 cm ' for OSA; 1591 and 1559 cm ™' for H,SiOy).
Thus, the amide II area (as for the previously described

sample 15S10) is activated during the incubation of amnion
in the modifiers of the amide II area, ie an area particularly
active in oxidation-reduction reactions® (Figure 7).

Thermogravimetric Study

The subject of the thermogravimetric analysis included
two types of samples of skin degraded in thermal injury:
21S and 158S. The curves shown in Figure 8A do not start
at a single point, despite the application of the same
While
being conditioned at 30°C for 10 minutes, sample 15S6
(burn skin incubated in OSA 1:6000) probably lost more
water than the others. Conditioning is carried out in order

temperature programme in all measurements.

to remove traces of oxygen from the air — the thermo-
balance chamber is then purged with nitrogen to avoid
thermooxidation effects during measurements. The most
varied course (also on the FTIR spectrum, Figure 8B) — at
lower temperatures (up to 300°), visible especially on the
DTG curve, was observed in the skin 15S10 (pink lines)
and therefore became the object of further examination
with heating to the temperatures corresponding to subse-
quent transformations. The sample 15510, heated up to
300°C, can also be characterised by the highest change-
ability in the IR spectrum (Figure 3) in the scope of
broadly defined lipid band of amide II-III and stretching

vibration band at 1085 cm, !

whereas when heated up to
a temperature of 222°C, the sample is characterised by the
highest changeability in the IR spectrum (Figure 4) of the
hydrogen bond area of approximately 3342 cm ' and of
the amide II-III area, ie an area particularly active in
oxidation-reduction reactions. The degraded epidermis
15510, examined by the above FTIR and FTR spectro-
scopic methods (Figures 3 and 4), was also selected for
comparative studies with the 21S series samples.

By analysing the data presented in Figure 9A, it was
generally concluded that for the 21S series skin samples
the nature of transformations up to circa 220°C is different
compared to the comparative 15510 skin (DTG curves for
the 21S series show only one maximum at a temperature
of about 193°C). The transformations mentioned above
(shown in detail on the magnification) seem to refer
mainly to the loss of water contained in the tested biolo-
gical material (which may be differently bound) and cor-
respond to 9.1-10.7% of the weight loss of the given
samples (Table 4).

Transformation of thermal dissociation of organic
material, corresponding to the largest loss in sample
weight, occurring in the temperature range 220-550°C
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Figure 3 Fragment of FTIR spectra (1900—1500 cmf'): human burn skin (15S 10) and human burn skin in presence of OSA, heated up to the temperature range: 20-256°C
(A); human burn skin (21S); human burn skin in presence of OSA (21510, 21S6), heated up to the temperature of 193°C (B).

(max. 67.7%) is single-stage in the case of the 21S skin
series samples and multi-stage in the case of the 15S10
series. All samples of the tested material incubated in OSA
acid or graphene oxide show a significant weight loss
above 550°C corresponding to the high-temperature trans-
formation of these compounds. The 21S GO sample (skin
modified with graphene oxide) has the greatest stability
(Figure 9A - enlargement). The beginning of the essential
stage of thermal dissociation (degradation) of the organic
material corresponding to a minimum on the DTG curve is

shifted in this case by 24.4°C compared to the non-
modified 218 skin sample.

Subsequently, the subject of the thermogravimetric analy-
sis was a series of BS amniotic samples. Having analysed the
study results presented in Figure 10, it was generally concluded
that the thermal characteristics of the BS series amnion are
basically analogous to the characteristics of the 21S skin sam-
ples. An enlarged fragment of the DTG curves presented on the
figure illustrating the first stage of the weight loss of the tested
samples, connected mainly with the loss of water contained in
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Figure 4 FTR spectra: human burn skin in presence of OSA, heated up in the temperature range: 20-222°C (15510 20C, 15510 122C, 15510 222C) (3500-400 cm ™' A)

(1800400 cm ' B).

the tested biological material, ends at a temperature of almost
30°C lower than in the case of the 21S skin series (Table 5).
The highest thermal stability is observed in the BS SA and BS
GO amniotic samples (the enlargement presented in Figure 10
shows the minimum temperature values on the DTG curves
indicated in italics). The difference between the BS SA sample
and the most outlier in terms of low temperature among the
whole series — the BS H4SiO4 sample is more than 35°C.
Unlike in the case of the 21S skin series samples, the nature

of the transformation corresponding to the essential stage of
thermal dissociation corresponding to the degradation of
organic material of the samples occurring at the temperature
between slightly above 190°C and circa 550°C is more com-
plex — two- or even three-step (BS, BS SA and BS OSA
samples). In the temperature above 550°C, the nature of the
TG curves is analogous to that of the 21S skin series, ie the
non-modified BS sample does not show a maximum on the
DTG curve. Compared to the 21S skin series, the samples of
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Figure 5 (A and B) Examples of the IR spectrum resolved into Gaussian-shaped bands at around 1750-1500 cm ™ attributed to lipid bands of the samples of human burn
skin incubated in the presence of graphene oxide (21S GO) and heated to 193°C (21SGO 193).

the BS amnion series demonstrate a much higher dispersion of
the residual values after heating in the nitrogen up to 800°C (as
much as 10.3%) depending on the modification used.

LOI

LOI-based flammability tests showed an increase in the
oxygen index for the treatment of research material (burn
skin and amnion) with silicon-based compounds (H4SiO4
xnH,O and stabilized orthosilicic acid OSA) as well as
antioxidants (sodium ascorbate and ascorbic acid) com-
pared to the comparative sample (non-treated) (Table 6).

Improvement of non-inflammatory properties by the
treatment of polymeric material with antipyrine in the
form of silicon compounds is based on physical processes.
In the case of polymer burning, mainly a charred layer
strengthened by the presence of silicon compounds is
formed on the surface. This layer provides thermal insula-
tion to protect the polymer, moreover, it creates a barrier
impeding migration of volatile products of thermal degra-
dation of the material to its surface.”> ?® In addition, the
SEM microphotography analysis confirms the formation of
a very clear, flexible coating on the surface of biochar.”®
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Table 2 Analysis of Resolved into Gaussian-Shaped Lipid Bands

Samples Center (cm™) Height Area Width

21SGO 1784 0.28 73.60 21.68
1754 0.34 41.49 14.99
1725 0.12 20.73 2.70
1688 0.80 60.16 51.27
1579 0.33 55.93 19.47

21S GO 193 1779 0.26 77.97 21.50
1749 0.27 42.20 12.29
1724 0.12 21.50 2.78
1688 0.89 52.86 50.24
1575 0.33 5233 18.38

This coating is likely to impede the release of pyrolysis
gaseous products into the flame zone, thereby reducing the
burning process. The study is of considerable interest,
especially with regard to explaining the flame inhibition
mechanism.

Microbiological Tests

The purpose of the comparative microbiological study was
to assess anti-inflammatory and antibacterial bioactivity in
the tested samples of skin degraded in thermal injury® and
hypotrophic amnion (Tables 7 and 8), presented against
the analysis of patterns, active antioxidants: AA and SA
(Table 9, Figure 11).

In particular, the microbiological activity study for hypo-
trophic amnion BS samples incubated in the stabilised ortho-
silicic acid OSA was characterised by good resistance to the
bacteria Escherichia coli (growth inhibition zone: 4mm)
(Table 7). The study presented in Table 5 shows good resis-
tance to the S. aureus bacteria (growth inhibition zone:

Absothance

1800 1850 1800 1750 1700 1650 1600 1550

Wavenurmbers (ce-1)

Figure 6 Fragment of FTIR spectra (1900—1550 cm '): amniotic samples (BS) in the
presence of the following modifiers: OSA, GO, SA, AA, H,SiOy, lactoferrin.

3 mm) of the IW LF amnion sample. The impact of ascorbic
acid AA and sodium ascorbate SA on the hypotrophic amnio-
tic BS and IW samples (Tables 7 and 8, Figure 11) also
showed good resistance to the S. aureus and E. coli bacteria.
Whereas for the samples of active antioxidant patterns, the
growth inhibition zones compared to the bacteria S. aureus,
E. coli, Paeruginosa were between 0.5 mm and 10 mm
(Table 9, Figure 11). The conducted microbiological study
and its results allow us to conclude that pathogenic bacteria
commonly causing amniotic infections and growing in burn
wounds were found to have good resistance to the applied
active antioxidants.

Discussion

The study of regeneration processes of the damaged tissue
on a molecular level should include a search for new
active antioxidants. Apart from the ascorbic acid (AA)
and sodium ascorbate (SA) discussed in other studies,”*
such substances also include graphene oxide and ortho-
silicic acid solutions (H4Si04xnH,0) applied in different
concentrations of the modifier to the samples of epidermis
degraded in thermal burn. Our own spectroscopic studies
and the literature data®**’ led us to a general conclusion
that the lack of lipid band approx. 1743 cm," ie the band
associated with ester group vibrations in phospholipids of

21,22

cell membranes and lack of significant differences in

basic collagen I-III amid bands testify to the integrity of
undamaged dermis and the presence of the 1743 cm™'
band, as well as that the significant shift of the II and III
bands towards lower wavenumbers indicate denaturation
of burnt epidermis.

The complex multilayer structure of the amnion
favours the processes of exchange of bioactive agents.
The studies were selected from among a broader spectrum
of research into the cellular structure of the amnion.
Observations of individual pathological samples fre-
quently reveal a clearly visible lipid band (results in
press) for the BS samples, while no apparent inflection is
observed, only one wider band is created, overlapping with
the amide band (Figure 6). Subtle differences within the
band may indicate loss of integrity of the cell membrane,
which is particularly apparent in the case of hypotrophic
membrane samples. The most characteristic changes are
shown in Figure 7 by mathematical determination of the
maximum of bands at about 1740 cm ™.

Systematic analysis, in various own studies, of subse-
quent FTIR spectra and FTR of the epidermis degraded by
burn, found that incubation of samples in modifiers’ solutions
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Figure 7 Examples of the IR spectrum resolved into Gaussian-shaped bands at around 1750-1500 cm ' attributed to lipid bands of the samples of amniotic samples (BS) (A)

in the presence of the following modifiers: GO (B), OSA (C), H4SiO (D).

results in a shift and changes of the intensity within the
broadly understood lipid band, caused predominantly by
the presence of the L-ascorbic acid (Figure 3 in the study®)
as the main modifier of the molecular structure of collagen.
The analysis of samples of amnion (Figure 6) reveals char-
acteristic changes in the lipid band, as in the case of the
L-ascorbic acid AA, which occur during the interaction
with sodium ascorbate SA. In this case, next to the intense
1745 cm ™' band, a 1718 cm™' band is observed (Figure 6).
The subject literature[21] ascribed the arm observed for
~1725 cm to the loss of integrity of cell membrane of the
cell subject to necrosis, which makes it more susceptible to
oxidative damage. The complex multilayer structure of the
amnion favours the processes of exchange of macromole-
cules and bioactive agents. It seems that in the pathological
tissue of hypotrophic amnion integrity of the membrane is
broken and its permeability changes. The thesis is confirmed
by this interdisciplinary study. For unmodified BS amniotic

samples, a lipid band is observed at a wavenumber of
1746 cm™' (Figure 6); the position of this band and its
intensity change during incubation in modifier solutions,
whereby the most obvious changes in the lipid band are
observed for the following samples: BS OSA and BS H,
SiO4 1737 em™' and BS GO 1754 cm™', but also for BS AA
samples 1741 cm ™' (Figure 7). LOI-based flammability tests
showed an increase in the oxygen index for the treatment of
the amnion with antioxidants (BS AA and BS SA) compared
to the non-modified comparative BS sample (Table 6). The
effect of ascorbic acid AA and sodium ascorbate SA on the
samples of hypotrophic amnion BS and IW (Tables 7 and 8)
revealed good resistance to the S. aureus and E. coli bacteria,
causing non-specific infection of amniotic cavity, the so-
called amniotic infection syndrome. All of the observations
enable considering the use of amnion, after it has been
modified with antioxidants, for transplantation and organ

regeneration.
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Table 3 Analysis of Resolved into Gaussian-Shaped Prominent
Bands Occurring in Amniotic Tissue

Samples Center (cm™ ') Height | Area Width
BS 1779 0.21 1115 | 23.99
1729 0.46 67.75 33.26
1687 0.79 48.76 40.96
1572 0.36 56.97 21.72
BS H,SiO4 1735 0.46 45.55 22.50
1690 0.74 42.64 33.39
1668 0.31 22.20 7.38
1591 0.25 93.18 22.55
1559 0.19 22.96 4.69
BS OSA 1768 0.18 92.88 17.79
1732 0.59 47.83 29.94
1690 0.85 41.40 37.64
1667 0.35 22,62 8.35
1593 0.29 44.30 13.63
1557 0.35 34.75 12.37
BS GO 1787 0.04 28.05 I.11
1731 0.49 51.84 27.02
1684 0.76 49.04 39.80
1623 0.07 23.96 1.74
1592 0.23 44.71 10.81
1557 0.19 24.34 4.99
BS lactoferrin 1790 0.28 123.41 34.24
1732 0.56 73.55 43.60
1687 0.78 48.36 40.15
1572 0.44 67.10 30.70

Apart from the AA and SA antioxidants which are
mentioned above and discussed in other studies,”* applied
in different concentrations to the samples of epidermis
degraded in burn, orthosilicic acid solutions (H4SiO4xnH,
O) also cause a number of changes at the molecular level.
Studies with the use of IR spectroscopy revealed that incu-
bation of the burnt epidermis in 7% orthosilicic acid causes
a shift of amide II band towards the lower wavenumbers
characteristic for allogeneic, undamaged skin (1548 cm™")
for SP Table 1 in the study.® Scanning microscopy images
on the surface of the epidermis reveal a protective mem-
brane of a composite character (Figure 2B) in the study.’
Whereas LOI-based flammability tests showed an increase
in the oxygen index for the treatment of research material
(burn skin and amnion) with silicon-based compounds (Hy
SiO4xnH,O and stabilized orthosilicic acid) as well as
antioxidants (sodium ascorbate and ascorbic acid) com-
pared to the non-treated sample (Table 6). Similarly, micro-

biological studies® aimed at anticipating anti-inflammatory

and antibacterial bioactivity for skin samples incubated in
the 7% orthosilicic acid were characterised by good resis-
tance to the following bacteria: Staphylococcus aureus and
that
Staphylococcus aureus is one of the most important bacter-

Escherichia coli. 1t is worth mentioning
ial pathogens in humans, which causes colonization of skin
and mucous membranes. Staphylococcus aureus may be the
cause of the so-called Staphylococcal Scalded Skin
Syndrome (SSSS). The illness is caused by epidermolysin,
ie a toxin produced by Staphylococcus aureus, spread to
blood from the primary source of infection.

The question of whether the stabilized ortho-silicic acid
(OSA) diluted to nanoconcentration modifies the necrotic scab
degraded during thermal burn is a complex one. Modification
of the samples and their incubation in OSA of a concentration
of 1:6000 results in amide I bands shift to the frequency
characteristic of the native form of collagen in allogeneic
undamaged human skin samples (a-helix: 1659 cm ™' for SP
(Table 1), from the study.® However, a more detailed analysis
suggests that the following factors can be involved: structural
tissue variability, concentration of the applied modifier and the
OSA acid, individual susceptibility to thermal degradation and
others. In this study, the character of changes occurring up to
220°C which are observed in the thermogravimetric studies,
for skin samples of the 21S and 158 series, is different (Figure
9A). The DTG curves for the 21S series present only one
maximum. Studies with the use of the IR spectroscopy method
reveal that the profile of the spectrum in the I-III band, as well
as in the whole lipid area, is different for both trials (21S and
15S), which testifies to variability of the tissue (Figure 9B).
This variability is observed both when comparing the 15S and
218 samples (Figure 1), and when selecting concentrations of
modifiers for the tested samples (Figure 8A and B). For the 21S
sample, once its components are broken down, the following
lipid bands are observed: 1792, 1757, 1735 cm ™' (Figure 2), for
sample 158 a single 1743 cm™ ' band becomes apparent (Figure
1). This band is highly susceptible to membrane modifications
during incubation in OSA: 1751cm " for sample 1582, 1747
and 1729 cm ™! for sample 1586, 1720 cm ™', up to the flatten-
ing of the 15510 sample. Therefore, the sample of 1:10,000
OSA concentration (15S10) was the subject of a detailed ther-
mogravimetric analysis in this study. In the case of the 15510
sample heated successively at temperatures of 122-256°C,
a wide range of the lipid band is observed (Figure 3).
Whereas heating the sample to the temperature of 222°C and
256°C activates interactions within the amide III area (IR
spectrum, Figure 3) or amide II-III (FTR spectrum, Figure
4), as well as the area characteristic of reactions of stretching
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Fragment of FTIR spectra (1700-1400 cm™'): human burn skin in presence of silicic acid OSA (1556; 15510; 1552).

vibration band at 1085 cm ™ discussed earlier in the study.® It is
worth emphasising that the amide II-1II area is particularly
active in oxidation-reduction activities, and such changes are
always observed in the burn process. Interestingly, in the same
amide II-1II area, changes were found after modification of
amniotic samples in GO, OSA and H,4SiO4. However, the
changes for amniotic samples are even more significant as
they are visible during incubation at room temperature. In
this case, the amide II band is split into two components
(1592 and 1557 cm™" for GO; 1593 and 1557 cm™' for OSA;

1591 and 1559 cm ™" for H,SiO,) (Figure 7). Thus, the amide IT
area is activated during the incubation of amnion in the modi-
fiers, ie an area particularly active when the tissue is affected by
oxidative stress.’ The changes described above and results
analysed in detail in this study allow us to conclude that the
whole 1760-1500 cm " area will be responsible for membrane
modifications concerning the intramolecular impact of stabi-
lized ortho-silicic acid OSA nanoconcentrations. Similarly, the
microbiological activity study® for skin and amnion samples
incubated in the ortho-silicic acid OSA were characterised by

Nanotechnology, Science and Applications 2021:14

submit your manuscript

6l

Dove


http://www.dovepress.com
http://www.dovepress.com

Pielesz et al

Dove

A 100

804

60

Mass (%)

40

20+

038
—— 15810
— 218
— 21S6
— 21810
—— 21SGO

0.6

0.4

Y \\\§
\ \\-jr’//

i
192.315 206.9
T

Deriv. mass (%/°C)

[N
o
o
g3
[+12]

0.2

T T — 0.0

400 600 800
Temperature (°C)

Universal V4.5A TA Instruments

Absothance
=3

T T T
1900 1800 1700 1600

T T
1500 1400 1300 1200

Wavenumbers (om-1)

Figure 9 (A) TG (solid) and DTG (dashed) curves registered for samples of skins from the 21S series and comparatively skin 15510 during heating in nitrogen from ambient
temperature to 800°C at a rate of 20°/min. (B) FTIR spectra: human burn skin in presence of silicic acid OSA (15510, 21S10, 21S6) and human burn skin in the presence of

graphene oxide (21S GO).

good resistance to the following bacteria: Staphylococcus aur-
eus and Escherichia coli (growth inhibition zone: 4 mm) of the
BS OSA amnion sample (Table 7). Similarly, LOI-based
flammability tests showed an increase in the oxygen index
for the treatment of research material (burn skin and amnion)
with stabilized ortho-silicic acid OSA compared to the com-
parative sample (Table 6).

Thus, modification of samples with silicon-based com-
pounds may be used for transplantation and organ regenera-
tion. The preliminary results concerning treatment of the
samples with graphene oxide are promising. Within the

stream of comparative research, it should be noted, on the
basis of thermogravimetric studies, that the epidermis
degraded as a result of burn (sample 21S GO) modified
with graphene oxide is characterised by the greatest stabi-
lity. The beginning of the essential stage of thermal disso-
ciation (degradation) of the organic material corresponding
to a minimum on the DTG curve is shifted for the 21S GO
sample by 24.4°C compared to the non-modified 21S sam-
ple (Figure 9). In the case of the 21S GO samples analysed
in the infrared studies, a relatively intense lipid band
appears. This band is shifted to lower wavenumbers of
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Table 4 Values of Mass Loss in Subsequent Thermal Transitions

of the Skin 15510 and Samples of Skins from the Series 21S

Table 5 Values of Mass Loss in Subsequent Thermal Transitions

of Amniotic Samples of the BS Series

Sample | Loss of Loss of Mass in Loss of Mass Residue at
Mass the Range of in the Range 800 °C

Up to 220-550 °C of 550-800 °

220°C C

Amy, % Amy, % Am3z, % R, %
155 10 10.7 65.1 8.0 18.2
21S 9.4 67.7 32 17.8
21S 6 9.1 62.2 10.3 17.0
21 10 9.4 65.3 79 16.1
21S GO 9.3 65.1 8.0 16.6

Sample Loss of Loss of Mass in Loss of Mass Residue at

Mass the Range of in the range 800 °C

Up to 190-550 °C of 550-800 °C

190 °C

Amy, % Amy, % Amsz, % R, %
BS 9.7 68.7 37 16.8
BS AA 8.1 63.8 73 18.8
BS OSA 9.0 66.7 6.8 16.1
BS SA 9.1 68.2 9.7 1.4
BS GO 8.8 67.3 1.0 16.1
BS H,SiO4 9.6 65.0 1.6 16.1
BS LF 79 64.1 58 214

1749 cm ™" for the sample 21S GO193 heated to the tem-
perature of 193°C (Figure 1). Whereas in the case of the
modified amnion samples, the thermogravimetric studies
revealed the highest stability of the BS GO and BS SA
samples (Figure 10). Therefore, the burn degraded epider-
mis and pathological amnion continue to demonstrate sus-
ceptibility to membrane lipid interactions. Significant shifts
(Figures 1 and 5) within the range of amide I-II bands (21S
1693, 1580 cm ™' 21SGO 1688 1579 cm ™' 21S GO193 1688
1575 cm™ ) are also observed. In particular, the effect of
graphene oxide on the 21S GO193 sample heated to 193°C
is likely to convert to a-helix <> B-sheet < tums <
disordered.?>****?° On the other hand, the amide II-III
area is particularly active in the oxidation—reduction inter-

actions observed in the burn process. It was also noticed that

after modification of the BS amniotic samples in GO and
OSA and H4SiOy, the amide II band is split into two com-
ponents (1592 and 1557 cm™ ! for GO; 1593 and 1557 cm ™
for OSA; 1591 and 1559 cm™ ! for H4Si0,) (Figure 7). This
clearly attests to the susceptibility to membrane modifica-
tions, at molecular and supramolecular levels, of the three-
layer structure of the amnion, which includes fibrous and
non-fibrous collagens type I, II, III and V, glycoproteins,
proteoglycans and, especially rich in the chain, heparan
sulphate. It is worth noting that incubation of the BS amnio-
tic samples in all modifiers in question (except for lactofer-
rin) causes shifts: of amide I-1I bands to lower wavenumber

values and amide III to higher wavenumber values (Figure
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Figure 10 TG (solid) and DTG (dashed) curves registered for amniotic samples of series BS during heating in nitrogen from ambient temperature to 800°C at a rate of

20 °/min.
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Table 6 Results of Limiting Oxygen Index LOI

Human Burn Injury Skin Samples

Table 8 Amniotic Samples IW Incubated in 0.001g: OSA, GO,
SA, AA, H,SiO,4, LF — Resistance of Escherichia coli, Staphylococcus
aureus and E. faecalis

LOI %

Human burn skin in presence of H4SiO4

SB 24.6

SB (3% H4SiO4xnH,0) 25.8

SB (0.96% H4SiO4xnH,0) 25.6

SB (0.096% H,SiO4xnH,0) 25.3

SB (0.0096% H.SiO4xnH,0) 25

SB (0.00096% H,4SiO4%xnH,0) 25
Human burn skin in presence of OSA

SB (1:10,000 OSA) 24

SB (1:8000 OSA) 24.2

SB (1:6000; 1:4000; 1:2000 OSA) 24.4

Samples The Inhibition Growth Zonpe [mm]
S. aureus E. coli E. faecalis
Iw 2 0,5 0,5
IW GO | 0,5 0,5
IW OSA 0,5 0,5 0,5
IW SA 2 0,5 0,5
IW AA | 0,5 0,5
IW LF 3 0,5 0,5
IW H,SiO4 0,5 0,5 0,5

Amniotic Samples BS in Presence of OSA, GO, SA, AA,

H4SiO4, LF
LOI %
BS 20.4
BS (0.001g GO) 223
BS (0.001g OSA) 2
BS (0.001g SA) 225
BS (0.001g AA) 225
BS (0.001g LF) 215
BS 0.001g (H,Si04xnH,0) 218

6). Although the spectral changes observed for lactoferrin
(Figures 6 and 7), thermogravimetric (Figure 10) and the
low-flammability characteristics (Table 3) are not as spec-
tacular as in the case of other modifiers, the biochemical
impact of this protein on the amniotic membrane is worth
analysing. bacteria which

Importantly, pathogenic

Table 7 Amniotic Samples BS Incubated in 0.001g: OSA, GO, SA,
AA, H,SiO,4 LF — Resistance of Escherichia coli and Staphylococcus
aureus

Samples The Inhibition Growth Zone [mm]
S. aureus E. coli

BS | |

BS GO | 0,5

BS LF 0,5 |

BS SA 0,5 |

BS H,SiO4 | 0,5

BS AA | |

BS OSA 0,5 4

Note: The samples of hypotrophic amnion BS were incubated in solutions contain-

ing 0.001g of the following antioxidants: OSA, GO, SA, AA, H,SiO4 LF

Note: The samples of hypotrophic amnion IW were incubated in amniotic fluid
containing 0.001g of the following antioxidants: OSA, GO, SA, AA, H,SiO4 LF in
a |:I ratio.

Table 9 Testing of Antioxidant Patterns Performed on Tissue
Paper

Samples The Inhibition Growth Zone [mm]

S. aureus E. coli P. aeruginosa
5% AA 10 6 8
5% SA 2 2 0,5

commonly caused infections of the amnion were charac-
terised by good resistance to lactoferrin used as a modifier.
Research into the anti-inflammatory and antibacterial
bioactivity presented in Table 5 revealed good resistance
to the S. Aureus bacteria (growth inhibition zone: 3 mm) of
the amnion of the IW LF sample. Lactoferrin (LF) is
a glycoprotein commonly found in the body. It is produced
by epithelial cells and hence its presence in the secretions on
the surface of mucous membranes.*® It is also produced by
epithelial cells which perform the secretory function and are
therefore released to body fluids: milk, saliva, tears, sweat,
secretions of the respiratory system, digestive systems and
urogenital system. The greatest amount of LF is found in
colostrum and mother’s milk (2-15 mg/mL) as well as in
tears (2 mg/mL). The main characteristics stemming from
the presence of lactoferrin in the body are determined by its
ability to bind iron in the form of chelates and to regulate
their release from the digestive tract. It is worth noting that
in the fight with iron-dependent peroxidation of lipids, the

most effective antioxidants are transferrin®'+*?

ceruloplas-
min and lactoferrin. Notably, important biochemical pro-
cesses which are enhanced by the presence of lactoferrin in

the body include oxidation and reduction control, including
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Figure |1 Photographs of the growth typical inhibition zones for the following bacteria: Staphylococcus aureus (A), Escherichia coli (B), Pseudomonas aeruginosa (C).

the so-called oxidative stress, regulation of free oxygen
radicals, neutralising various compounds, including xeno-
biotics (eg poisons and drugs) as well as inhibiting the
growth of microorganisms.

Conclusions

The optimal concentration and composition of modifiers
solutions should become the subject of future analytical
studies. This thermogravimetric study found the highest
stability of the analysed tissues (hypotrophic amnion and
burnt epidermis) after modification with graphene oxide
and sodium ascorbate. Studies aiming at producing
wound dressings which favour the formation of scarring
and inhibit colonisation of wounds by multidrug strains
should be interdisciplinary at the molecular (FTIR and
Raman spectroscopy) and supramolecular levels (eg
SAXS, DTG).

In the present study, it was found that the active
antioxidants selected for analysis modify the collagen
structure of the amniotic pathological tissue and the
epidermis degraded in thermal burns at the molecular
(FTIR, FTR), supermolecular (TG) and morphological
(LOI, microbiology) levels. Notably, thermogravimetric
studies showed the highest stability of the analyzed
tissues after modification with graphene oxide and

sodium ascorbate. FTIR and FTR spectroscopy methods
identified the presence of changes in intensity, particu-
larly important from the point of view of tissue regen-
eration, within the broadly understood 1743-1745—
1747 cm' lipid band. In general, it should be stated
that research aimed at developing biological dressings
that promote scarring and inhibit wound colonization by
multi-drug strains should always be carried out as inter-
disciplinary (eg FTIR, FTR, TG, SAXS, LOI,
microbiology).
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