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Introduction: The aim of this interdisciplinary study was to answer the question of whether 
active antioxidants as graphene oxide (GO), sodium ascorbate, and L-ascorbic acid modify at 
a molecular and supramolecular level the tissue of pathological amnion and the necrotic 
eschar degraded in thermal burn. We propose new solutions of modifiers based on GO that 
will become innovative ingredients to be used in transplants (amnion) and enhance regenera-
tion of epidermis degraded in thermal burn.
Methods: A Nicolet 6700 spectrophotometer with Omnic software and the EasiDiff diffu-
sion accessory were used in FTIR spectroscopic analysis. A Nicolet Magna-IR 860 spectro-
meter with an FT Raman accessory was used to record the Raman spectra of the samples. 
The surface of the samples was examined using a Phenom ProX scanning electron micro-
scope with an energy-dispersive X-ray spectroscopy detector to diagnose and illustrate 
morphological effects on skin and amnion samples. SAXS measurements were carried out 
with a compact Kratky camera equipped with the SWAXS optical system.
Results: Characterisation of amide I–III regions, important for molecular structure, on both 
FTIR and FTR spectra revealed distinct shifts, testifying to organization of protein structure 
after GO modification. A wide lipid band associated with ester-group vibrations in phospho-
lipids of cell membranes and vibrations of the carbonyl group of GO in the 1,790–1,720 cm−1 

band were observed in the spectra of thermally degraded and GO-modified epidermis and 
pathological amnion. SAXS studies revealed that GO caused a significant change in the 
structure of the burnt skin, but its influence on the structure of the amnion was weak.
Conclusion: Modification of burn-damaged epidermis and pathological amnion by means of 
GO results in stabilization and regeneration of tissue at the level of molecular (FTIR, FTR) 
and supramolecular (SAXS) interactions.
Keywords: amnion, burned skin, graphene oxide, FTIR and FTR, SAXS, SEM

Introduction
Extensive research into the use of carbon materials in biological and biomedical 
studies has been carried out for several years. These materials include carbon 
nanotubes,1,2 fullerene,3 graphene, graphene derivatives, particularly graphene 
oxide (GO) and reduced GO.4–7 GO is currently being tested in engineered 
tissue,8–10 implants,11 diagnostic tools and chips, enhancing biological images,12 

drug-delivery carriers,13 bone regeneration,14 and antibacterial materials.15,16 GO is 
formed by oxidation of graphite in accordance with a variety of procedures. The 
most popular methods are those described by Brodie et al.17,18 They consist in 
placing graphite in acid or a mixture of acids (HNO3, H2SO4, H3PO4), which is 
then treated with a strong oxidant (KClO4, KMnO4). Oxidation results in numerous 
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oxygen-containing functional groups that are located in the 
plane (hydroxyl, epoxide groups) and at the edges of 
graphene layers (carbonyl and carboxylic groups).19–21 In 
fact, the presence of oxygen-containing functional groups 
significantly affects some properties of GO. Unlike the 
starting material, ie graphite, GO is hydrophilic, which 
allows the formation of permanent dispersions in various 
solvents, including water.22,23 The oxygen-containing 
functional groups present on the surfaces and edges also 
affect the chemical reactivity of GO, enabling its functio-
nalization, which increases the range of potential applica-
tions in biomedicine also.6,24,25

This interdisciplinary study sought to find structural mar-
kers of chemical changes caused by the influence of modi-
fiers (GO and antioxidants) on pathological tissue. While the 
Fourier-transform infrared (FTIR) and FT Raman (FTR) 
spectroscopy studies are the primary source of information 
on the molecular structure of the biopolymer, changes in 
collagen structure at the supramolecular level are assessed 
on the basis of results of small-angle X-ray scattering 
(SAXS), and changes in the topography of the surface of 
the tested samples are assessed with the use of scanning 
electron microscopy (SEM). The aim of this interdisciplinary 
study, which is a continuation of prior work,26 was to answer 
the question of whether the active antioxidants GO, sodium 
ascorbate (SA), and L-ascorbic acid (AA) modify at 
a molecular and supramolecular level the tissue of patholo-
gical amnion and the necrotic eschar degraded in thermal 
burn. We study propose new solutions of modifiers based on 
GO that will become innovative ingredients to be used in 
transplants (amnion) and enhance regeneration of epidermis 
degraded in thermal burn.

Methods
Chemicals and Materials
Materials and reagents used in the examination included 
solutions with a content of 0.001 g GO. GO was obtained 
according to the procedure described in an earlier 
publication.27

Sampling Procedure
Two types of tissue were analyzed in this study: hypo-
trophic (BS and IW) amnion and samples of epidermis 
after thermal injury (OH1 and 21S). The parameters of the 
epidermis degraded in thermal burn were 3% total body- 
surface area, including 2% III/IV (heat-source burn), and 
demarcation of necrosis of a 26-year-old woman’s forearm 

(sample 21S), and the parameters of amniotic samples 
(BS, IW, OH1) were preterm and/or small-for-gestational- 
age neonates, first pregnancy and first childbirth, and 
childbirth by cesarean section. In the case of the BS 
sample, the patient was diagnosed with pregnancy- 
induced hypertension, which can lead to structural varia-
bility at the molecular level. In the case of the IW sample 
— second pregnancy, second birth, childbirth by cesarean 
section — the indication for cesarean section was risk of 
asphyxia. All amnion samples concerned hypotrophy, ie, 
pregnancy complication leading to giving birth to a low- 
birth-weight neonate.

Biopsy material was obtained as a result of necrosis 
resection. It was placed in 0.9% saline and stored in 
a freezer for further studies. The samples (fragments of 
skin or amniotic samples) had been incubated at 20°C for 
20 days in modifier solutions. Clean amnion without 
amniotic fluid or adherent tissue was placed in a sterile 
container. The sample was frozen (−20°C) and trans-
ported to the laboratory in a portable freezer. The mate-
rial was placed in 0.9% saline and stored in the freezer 
for further examination. The measurements were per-
formed integrally from the samples (fragments of skin 
or amniotic samples).

Spectroscopic Analysis
A Nicolet 6700 spectrophotometer (Thermo Fisher 
Scientific) with Omnic 7.3 software and an EasiDiff diffu-
sion accessory (Thermo Nicolet Industries) were used in 
FTIR spectroscopic analysis. The subjects of spectral ana-
lysis were dry solid samples (skin samples and amnion 
samples). These had been prepared by drying in 
a laboratory dryer at 35°C for 3 days. The spectral region 
was 4,000–500 cm−1 (for samples OH1, AH1 SA GO, and 
BH1 AA GO), while for the remaining samples the spec-
tral region was 1,800–500 cm−1, resolution 4 cm−1, and the 
number of scans involved 128 of the solid samples.

A Nicolet Magna-IR 860 spectrometer with an FTR 
accessory was used to record the Raman spectra of the 
samples. The solid samples were then irradiated with 
a 1,064 nm line YAG laser and scattered radiation col-
lected with 4 cm−1 resolution. During the examination, 
spectra of three repacked samples of each individual sam-
ple were averaged to one spectrum. All spectra were 
obtained using a linear baseline and preprocessed with 
Fourier smoothing (Grams 32 AI software, Galactic 
Industries; smoothing degree 50%).

https://doi.org/10.2147/NSA.S343540                                                                                                                                                                                                                                  

DovePress                                                                                                                                  

Nanotechnology, Science and Applications 2021:14 222

Pielesz et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


SEM and EDS Analysis
The surface of the samples was examined using SEM 
(Phenom ProX) with an energy-dispersive X-ray spectroscopy 
(EDS) detector (Phenom World, Netherlands) to diagnose and 
illustrate morphological effects on the skin and amnion sam-
ples. The samples were placed on an aluminum holder. SEM 
samples were also coated with a 5 nm layer of gold using an 
EM ACE200 (Leica Microsystems). Observations were car-
ried out at an accelerating voltage of 5 or 10 kV.

SAXS
SAXS measurements were carried out with a compact 
Kratky camera equipped with an SWAXS optical system 
(Hecus-MBraun). A Cu-target X-ray tube operated at 
U=40 kV and I=25 mA was used as a radiation source 
(λ=0.154 nm). The primary beam was monochromatized 
by an Ni filter and pulse-height discrimination. Scattered 
radiation was recorded in an acquisition time of 900 sec-
onds by means of an MBraun linear position–sensitive 
detector — PSD 50. The detector had 1,024 channels, 
with a channel-to-channel distance of 52 μm. SAXS data 
were collected as a function of the scattering vector 
s=2sinθ/λ, where 2θ was the scattering angle and 
λ=0.154nm the X-ray wavelength.

Ethics
In general, analyses involved samples of burnt skin or 
amniotic membrane collected directly from patients after 
obtaining approval from the Bioethics Committee of the 
Beskid Medical Chamber in Bielsko-Biała (2015/12/03/1 
for burnt skin and 2016/02/11/4 for amniotic membranes 
and placenta). For each procedures, the committee ana-
lyzed documentation of the researchers’ conclusion, list of 
centers participating in the study, study protocol, scientific 
achievements of the research coordinator and principal 
researchers, researchers’ biographies, informed consent to 
participate, information for the patient, and management 
of approvals to conduct the research. All participants gave 
informed consent to take part in the research, which was in 
accordance with the Declaration of Helsinki. The exact 
procedure has been described in an earlier work.26

Results
IR and Raman Analysis
The tissue analyzed in this study comprised fragments of 
skin (21S and 21S GO) and amniotic samples (BS, IW, 
OH1 and BS GO, IW GO), as well as amniotic samples 

rich in spectral striations modified by antioxidants and GO 
(AH1 SA GO, BH1 AA GO), and are shown in the 
aggregate spectra of FTIR and FTR (Figure S1). There 
were clear differences in the intensity and shifts of FTR 
bands within the hydrogen-bonding region for samples of 
burn-damaged epidermis: 3,327 cm−1 (21S GO) and 3,-
336 cm−1 (21S) and shifts toward lower frequencies in the 
region of amide A and C–H bending (BS GO 3,341 cm−1, 
IW GO 3,338 cm−1) in relation to starting samples of 
amnion (BS 3,325 cm−1, IW 3,333 cm−1; Figure S1d). In 
the case of amnion additionally modified with amniotic 
antioxidants, wide, intense FTR bands were observed 
within the entire region of the 3,500–2,700 cm−1 hydrogen 
bonds, but no clear shift of amide bands A and C–H 
bending among the OH1 and BH1 AA GO 3,313 cm−1 

samples was found. Incubation of amniotic samples in SA 
(AH1 SA GO) resulted in a substantial increase in the 
number of FTR spectra fringes within the hydrogen- 
bonding region. The hydrogen-bonding region in FTIR 
spectra of these samples was also active: a significant 
shift to upper frequencies was observed after incubation 
in antioxidants (OH1 3,297 cm−1, AH1 SA GO 3,313 cm−1, 
BH1 AA GO 3,334 cm−1; Figure S1a). Widening of the 
2,856 cm−1 band and the presence of clear 1,755 and 
1,660 cm−1 bands were typical of the 21S GO epidermis 
samples (Figures 1, S1c and d). For 21S GO samples on 
FTIR and FTR spectra (Figure 1) of degraded and mod-
ified GO epidermis, the presence of a wide lipid band was 
observed in the 1,790–1,730 cm−1 region and a lack of this 
band for integral, undamaged dermis (SP). Incubation of 
samples of damaged epidermis in GO solutions also 
resulted in separation of the 1,743 cm−1 (21S GO) lipid 
band in the FTR spectrum (Figure 1B).

Analysis of the amniotic FTIR spectra (IW GO, BS 
GO) revealed a wide lipid band in the 1,791–1,726 cm−1 

area with a clear maximum of 1,738 cm−1 for IW GO 
samples after incubation in GO solutions, while for FTR 
spectra the maximum occurred for both amniotic samples 
(IW GO, BS GO) at a frequency of 1,729 cm−1 (Figures 2 
and 3). Incubation of amniotic samples in both SA (AH1 
SA GO) and AA (BH1 AA GO) resulted in a substantial 
increase in the number of FTR and FTIR spectra striations 
Figure 4. The observed modifications caused by exposure 
to antioxidants (AH1 SA GO, BH1 AA GO) overlapped 
with the incubating impact of GO, probably associated 
with GO surface adsorption on the amniotic membrane. 
The exact location of the bands, visible when decomposed 
(Figure S2), indicated the presence of additional, 
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characteristic bands: 1,789, 1,734, and 1,704 cm−1 for 
AH1 SA samples and 1,794, 1,757, and 1,691 cm−1 for 
BH1 AA samples.

Characterization of the amide I–III region, important 
for molecular structure, in the case of integral, undamaged 

dermis (SP) on both FTIR and FTR spectra revealed 
a clear maximum of 1,658 cm−1, characteristic of the 
ordered α-helix structure (Figure 1). After incubation of 
damaged epidermis in GO, the amide I region (21S 1,692 -
cm−1 and 21S GO 1,685 cm−1 in the FTIR spectrum, 

Figure 1 (A) FTIR and (B) FTR spectra: fragments of skin (SP, 21S, and 21S GO).

Figure 2 (A) FTIR and (B) FTR spectra: amniotic samples BS, BS GO.

Figure 3 (A) FTIR and (B) FTR spectra: amniotic samples IW, IW GO.
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Figure 1A) was converted to the β-sheet 674–1,695 cm−1 

structure (Figure 1A). On FTR tests, the amide I region 
(21S 1,668 cm−1 and 21S GO 1,666 and 1,655 cm−1 in the 
FTR spectrum, Figure 1B) was broken down into two 
bands, 1,666 and 1,655 cm−1, and subjected to clear β- 
sheet → α-helix conversion. An additional band of 
approximately 1,600 cm−1 was also separated 
(Figure 1B). For the FTR spectra of BS, IW, and OH1 
amniotic samples, there were clear changes in the amide I/ 
α-helix 1,658–1,663–1,660 cm−1 region, whereas for 21S 
epidermal samples, the intensity of scattering after treat-
ment with GO increased at a frequency of approximately 
1,600 cm−1 (Figures 2–4). Within this range, the change 
was particularly pronounced for the series of AH1 SA and 
BH1 AA samples, among which, independently of GO, the 
samples were additionally incubated in AA and SA anti-
oxidant solutions (AH1 SA GO 1,666 and 1,602 cm−1, 
BH1 AA GO 1,658 and 1,597cm−1).

For the amide III region, α-helix 1,300–1,340 cm−1, 
disordered 1,260 cm−1, and β-sheet 1,235–1,259 cm−1 was 
active on both types of spectroscopy. After incubation of 
damaged epidermis and amniotic samples in GO, the 
bands corresponding to the amide III/β-sheet region were 
converted to α-helix conformations with single band 
separation. In FTR spectra, postincubation changes were 
also observed in the 1,315–532 cm−1 fingerprint area. The 
changes concerned skeletal stretch/α-helix 930–960 cm−1, 
C–O 1,002–1,100 cm−1, and C–C stretch vibration mode. 
Changes also occurred in the 508–545 cm−1 region and 
concerned S–S stretch trans and gauche conformers: C–S 
stretch gauche conformer approximately 655 cm−1 and C– 
S stretch trans conformers approximately 704–760 cm−1.

Accurate interpretation of IR spectra for GO is diffi-
cult, due to the variety of functional groups that can be 
formed during oxidation. In FTIR spectra, however, some 
characteristic band ranges can be distinguished for 
selected oxygen functional groups. A characteristic area 
was the wide band at wave numbers of 3,700–2,200 cm−1, 
which corresponded to the stretching vibrations in the O– 
H bonds in the hydroxyl groups. Another band at max-
imum at the wave number ~1,740 cm−1 resulted from 
stretching vibrations in the C=O bond, which occurs, 
among others, in such functional groups as aldehyde, 
ketone, carboxyl, and ester. A clear 1,680–1,510 cm−1 

band testified to the presence of skeletal vibrations, 
which result in stretching of two double C=C bonds in 
aromatic structures. For wave numbers <1,500 cm−1, the 
fingerprint region was observed. In the case of GO, pre-
cisely due to the possibility of formation of numerous 
diverse oxygen groups, the overlap of many strands 
was observed in this range. Among them, there were 
bands corresponding to C–O stretching vibrations in car-
boxyl groups (~1,420 cm−1), O–H scissor vibrations in the 
CO–H plane (~1,410 cm−1) C–O stretching vibrations in 
epoxy groups (1,250 cm−1), C–O stretching vibrations in 
the C–OH plane (~1,070 cm−1), C–C skeletal stretching 
vibrations (~1,070 cm−1), and C–O–C deformation vibra-
tions in epoxy groups (~850 cm−1).28,29 The changes 
observed in the so-called fingerprint region are partially 
visible and depend on the individual molecular structure of 
the analyzed tissue (an exemplary aggregate chart: 21S 
GO, IW GO, 0.001 g GO serum and GO serum, 
Figure S3).

The band seeing its maximum at the wave number of 
1733 cm−1, for the GO sample, resulted from the 

Figure 4 (A) FTIR and (B) FTR spectra: amniotic samples OH1, AH1 SA GO, BH1 AA GO.
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stretching vibrations in the C=O bond. The position of this 
band can be associated with the presence of the 1,753 cm−1 

band for the 21S GO sample of the epidermis degraded in 
thermal burn, which is precisely interpreted on the FTIR 
spectra (Figure 1A) and FTR spectra (Figure 1B). Analysis 
of FTIR spectra of the degraded skin and amnion samples 
after incubation in GO solutions and antioxidants (Figure 
S3) in comparison with the GO sample revealed a wide 
lipid band in the area of 1,787–1,726 cm−1 with clear 
exposure of the band previously assigned to stretching 
vibrations in the C=O bond, with a maximum at a wave 
number of 1,733 cm−1 for the GO sample. For FTR spectra 
of the IW GO and BS GO samples, the maximum occurred 
for both amniotic samples at frequency of 1,725–1,729 -
cm−1 (Figures 2 and 3). Comparison of the FTIR spectra of 
amnion (AH1 SA GO, BH1 AA GO) and 21S GO scalded 
skin with GO (Figure S3) revealed a clear maximum at 
1,755 cm−1 for BH1 and 21S GO samples, derived pri-
marily from incubation in AA, and an extension of the 
entire band of approximately 1,750 cm−1 for AH1 sam-
ples. The SAXS curves, in turn, illustrated the disappear-
ance of the 4.3 nm reflection for the AH1 and BH1 
samples, with a new 11 nm reflection observed for the 
AH1 sample. The main changes caused by the impact of 
AA and SA antioxidants observed on FTIR spectra over-
lapped with the incubation effect of GO, which might be 
connected with the surface adsorption of GO on the 
amniotic membrane, which can be observed in the pre-
sented SEM figures.

SAXS
SAXS is conditioned by the existence of electron-density 
heterogeneities in the tested sample, which may be caused 
by a different degree of ordering of macromolecules in this 
sample. If the ordering is periodic, the interference peaks 
associated with this periodicity are observed on SAXS 
curves. In the case of skin and amniotic samples tested 
in this study, these maxima are related to the structure of 
collagen and the arrangement of lipid layers. Figure 5 
shows a comparison of SAXS curves for skin samples.

For burnt human skin (21S), higher-order maxima of 
the basic characteristic structure of collagen (67 nm) was 
observed. After incubation of the sample in the presence of 
GO (21S GO), the peaks of the collagen structure disap-
peared and two discrete maxima arose, indicating the 
existence of ordered structures with periodicities of 4.3 
nm and 3.7 nm. This effect was associated with the lamel-
lar structure of the stratum corneum (SC), which is the 

uppermost layer of the epidermis. The SC is composed of 
protein-enriched corneocytes embedded in lipid-rich extra-
cellular matrix. SC lipids consist mainly of ceramides, free 
fatty acids, and cholesterol. In accordance with previous 
SAXS studies, lamellar phases with periodicities of 4.3 nm 
and 3.7 nm formed in SC lipids containing the short free 
fatty-acid chains.30 SAXS studies revealed that GO 
caused a significant change in the structure of the burnt 
skin.

For two amniotic samples (IW and BS), the effect of 
incubation in the presence of GO on their structure 
was small. In the SAXS curves of these samples 
(Figure 6), two weak interference maxima were observed, 
indicating the arrangement of the amniotic lipid layers. For 
incubated samples (IW GO and BS GO), the intensity of 
these peaks varied slightly. The greatest changes in the 
structure of the amnion were observed in the case of the 
combined action of GO with AA or SA. Figure 7 shows 
a comparison of the SAXS curves for the amnion sample 
OW1 before and after treatment with these modifiers. The 
structure of all samples included the order of lipid layers 
with a period of 6.3 nm. Moreover, in the crude hypo-
trophic amniotic sample (OW1), there were layers with 
a period of 4.3 nm. The ordering of the layers disappeared 
due to the combined action of GO and AA (BH1), wherein 
no other arrangement of lipids was formed. In contrast, in 
the case of GO and SA (AH1), the order of the 4.3 nm 
period also disappeared, but was replaced by the appear-
ance of a new order of lipid layers with periodicity of 11 
nm. SAXS investigations showed that the influence of GO 

Figure 5 Comparison of SAXS curves (s [scattering vector] = 2sinθ/λ) of burned-
burnt human skin (21S) and burnedburnt human skin incubated in the presence of 
graphene oxide (21S GO).
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itself on the structure of the amniotic membrane was weak. 
This effect can be greatly enhanced by joint action of GO 
and other modifiers.

SEM
An SEM study presented in the literature31 depicted the 
amniotic membrane as a flexible, transparent, nerveless 
basal membrane without blood vessels. Microscopic 
details revealed microcosms consisting mainly of collagen 
fibers on the apical surface of the amniotic epithelium, 
flattened and concentrated as a result of the drying process. 
The cross-sectional image revealed the laminar structure 
of the extracellular matrix, consisting mainly of collagen 
fibers.31 In turn, another paper32 presented the morphology 

of the aortic valve membrane in SEM images, in particular 
accumulation of hydroxyapatite minerals on collagen and 
elastin fibers, and fragments of damaged proteins.

Microscopic observations were made of the surfaces of 
amniotic membrane (Figures 8–11) and the burn-degraded 
epidermis (Figure 12). Example images of amniotic samples 
(OH1) and samples in the presence of the SA, AA, GO 
modifiers are characterized by a variety of tissue structure. 
In Figure 8C, individual BH1 AA GO cells are presented. In 
the case of samples incubated in antioxidants — SA (AH1 
SA) and AA (BH1 AA) — sites with crystallized com-
pounds were visible (Figure 9). IW amnions (Figure 10) 
are characterized by a greater number of fragments of 
damaged tissue. The surface of the amniotic membrane 
was heterogeneous. There are also places of possible adsorp-
tion of GO marked in the image. Unambiguous demonstra-
tion of the presence of GO was not possible due to fragments 
of damaged tissue on samples resembling GO, but similar 
flakes of pure graphene and single-layer flakes of GO have 
previously been observed after in vitro incubation with 
neuronal membrane.33,34 There were brighter spots on the 
BS GO sample, which showed microscopic cracks when 
seen at greater magnification, and fine-grained structures 
weare visible around these cracks (Figure 11).

Figure 12 present the corrugated surface of the 
degraded epidermis, with numerous thickenings and frag-
ments of collagen fibers (Figure 12B). Due to the occur-
rence of skin fragments resembling GO flakes, it was not 
possible to clearly determine places of GO occurrence. 
Fragments of significant (third- or fourth-degree burn) 
thermal damage to the skin embedded in its surface 

Figure 6 Comparison of SAXS curves (s [scattering vector] = 2sinθ/λ): (A) IW with IW GO; (B) BS with BS GO.

Figure 7 Comparison of SAXS curves (s [scattering vector] = 2sinθ/λ) of the 
amniotic sample OH1 before and after incubation in the presence of the SA, AA, 
and GO modifiers AH1 SA GO and BH1 AA GO.
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were visible in all skin samples (Figure 12E). Bright 
spots in the pictures were formed by crystallized saline. 
Compared to 21S samples, 21S GO samples 
included more areas that had cicatrized (Figure 12D) or 

been covered with a GO-adsorption layer. Areas of epi-
dermis exposed by the burn (Figure 12C and E) and 
likely GO-adsorption spots (Figure 12E) were of parti-
cular interest. There were regions with visible 

Figure 8 SEM images of surfaces of amniotic samples. OH1 in the presence of the SA, AA, and GO modifiers: (A) OH1; (B) AH1 SA GO (C); BH1 AA GO.

Figure 9 SEM images of surfaces of amniotic samples. OH1 in the presence of the SA, AA, and GO modifiers: (A) AH1 SA GO; (B and C) BH1 AA GO.

Figure 10 SEM images of surfaces of amniotic samples: (A) IW1; (B and C) IW GO. The arrow points to GO.
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connections of injured places (Figure 12D). Figure 13A 
shows the SEM image of the 21S GO sample at the burn 
site. EDS examination showed a higher concentration of 
carbon in the central area of the image (Figure 13B). At 
the same time, the concentration of oxygen and nitrogen 
decreased in this area (Figure 13C). The increase in 

carbon concentration in the darker area indicates tissue 
carbonization.

Discussion
In response to the question of whether active antioxidant 
solutions, and GO solutions in particular, modify at the 

Figure 11 SEM images of surfaces of amniotic samples: (A) BS; (B and C) BS GO.

Figure 12 SEM images of surfaces of (A and B) burnedburnt human skin (21S) and (C–E) burnedburnt human skin incubated in the presence of graphene oxide.
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molecular and supramolecular levels pathological amniotic 
tissue and necrotic epidermal crust degraded in thermal 
burn, and the complementarity of the FTIR and FTR35 

methods (Figures 1–4), the sensitivity of Raman spectro-
scopy to the specificity of tissue pathology should be 
emphasized.36 At the supramolecular level, in the SAXS 
analysis, information on the structure of collagen and 
arrangement of lipid layers (Figures 5–7) needs to be 
accentuated.30 This research is illustrated by SEM images 
of the surface topography of the studied tissue (Figures 8– 
12) being changed under the influence of the applied 
modifiers.

As far as the solution-incubation studies are concerned, 
observations of the hydrogen-bond area are also worth 
noting. The spectral susceptibility of the studied tissue to 
the GO modifier is illustrated in the FTR spectra by the 
increase in intensity of dispersion of samples exposed to 
GO solutions (Figure S1d). In particular, incubation of 
amniotic samples, as well as in SA (AH1 SA GO) and 
AA, resulted in a shift of bands within the hydrogen-bond 
region in the FTR spectrum (Figure S1b) and changes in 
the structure of lipid layers observed on SAXS curves 
(Figure 7), ie, the order of the 4.3 nm period disappeared, 
but was replaced by the appearance of a new order of lipid 
layers with periodicity of 11 nm. This fact indicates the 
specificity of the formation of hydrogen bonds in the 

amniotic membrane containing fibrous and nonfibrous col-
lagens, glycoproteins, and proteoglycans. Such a structure 
promotes processes of exchanging macromolecules and 
bioactive factors regenerating protein at the molecular 
level. In this study, for the composite samples of AH1 
SA GO (3,080–2,720 cm−1 (Figure S1a) and BH1 AA 
GO, both types of spectroscopy (FTIR and FTR) constitute 
a source of information on the nature of molecular inter-
actions with lipids of the amniotic membrane (Figure S1a 
and b).

Characterization of the amide I–III region, important for 
molecular structure, in both FTIR and FTR spectra, revealed 
distinct shifts, testifying to organization of protein structure 
after GO modification. According to the literature,37,38 

FTIR-band positions of the protein secondary structure are 
assigned thus: β–sheet 1,633 cm−1, 1,532 cm−1, random coil 
1,640 cm−1, α-helix 1,655 cm−1, 1,548 cm−1 (α-helix and 
unordered structure), β-turns 1,672 cm−1 and 1,680 cm−1. 
A satisfactory prediction within the α-helix, β-sheet, turns, 
and disorder is achieved by decomposition at only three 
wave numbers (1,545, 1,611, and 1,655 cm−1),39–43 which 
allows molecular-level testing of processes of α-helix fold-
ing, development, and aggregation. The bands observed near 
1,614 cm−1 in IR spectra were due to denatured 
collagen.44,45 Generally, the amide I band arises from C=O 
stretching vibration (80%) of the amide C=O group and C– 

Figure 13 (A) SEM image 21S GO and EDS maps; (B) combination; (C) elemental C, O, and N.
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N stretching vibration (20%) at 1,653 cm−1 (amide I C=O of 
α-helix) and 1,635 cm−1 (amide I C=O of β-sheet).36,46

This aspect of the C=O bonds was confirmed in this 
study using GO, ie, after incubation of burn-damaged 
epidermis and samples of pathological amnion in solutions 
of GO, the amide I and amide III regions were subject to 
conversion within the β-sheet band in the FTIR spectrum 
(Figures 1A, 3A, 4A, S2 and S3, Table 1) and to division 
into two bands, 1,600 and 1,655 cm−1, for 21S GO sam-
ples in the FTR spectrum (Figure 1B), as well as to a clear 
conversion of β-sheet → α-helix to conformation α-helix 
1,658 cm−1, characteristic of the structure of undamaged 
skin (SP). In the case of the FTR spectrum of BS, IW, and 
OH1 amniotic samples, there were clear changes in the 
amide I/α-helix 1,658–1,663–1,660 cm−1 area, whereas for 
21S epidermal samples the intensity of scattering after 
treatment with GO increased at a frequency of approxi-
mately 1,600 cm−1 (Figure S1). In this respect, the change 
was particularly pronounced for the series of AH1 SA and 
BH1 AA tests, where independently of GO, samples were 
additionally incubated in antioxidant solutions, which con-
firms the regenerative aspect of these compounds.47,48 

SAXS investigations showed that the influence of GO 
itself on the structure of the amniotic membrane 

was weak. This effect was greatly enhanced by the joint 
action of GO and other modifiers (Figure 7). For burnt 
human skin, higher-order maxima of the basic character-
istic structure of collagen (67 nm) were observed. After 
incubation of the sample in the presence of GO (21S GO), 
the peaks of the collagen structure disappearrf and two 
discrete maxima arose, indicating the existence of ordered 
structures with periodicity of 4.3 nm and 3.7 nm 
(Figure 5).

Key areas of the FTR spectrum listed in the literature36 

include specific bioindicators differentiating healthy tissue 
from pathological tissue and the composition of lipids in 
the region of OH stretching symmetric and asymmetric 
modes of water at around 2,700–3,410 cm−1. The Raman 
peaks at 1,660, 1,750, 2,854, 2,888–3,000 cm−1 have been 
assigned to carbonyl ester C=O stretching mode of lipids 
and the CH stretching vibrations of hydrocarbon chains in 
lipids.36,38 Moreover, the peaks located between 1,210– 
1,300 cm−1 and around 1,100 cm−1 have been assigned 
to nucleic acids and phospholipid collagen in amniotic 
membrane.49,50 The Raman peaks at 830–890 cm−1 have 
been attributed to vibrations of CH2 rocking of fatty acid– 
chain length, 1,660 to C=C stretching of unsaturated lipid 
bonds, 1,750 and 2,854 to C–H stretching of acyl chains of 
lipids, 2,888 and 2,926 to CH2 asymmetric stretching of 
saturated lipid bonds, and 3,009 cm−1 to H–C=C stretching 
of unsaturated lipid bond to lipids.36,38,46

Particular attention should be paid to the bands near 
1,725–1,737, 1,743, and 1,750 cm−1, which are associated 
with vibrations of ester groups in cell-membrane phospho-
lipids and hydrogen bonds around the carbonyl group of 
lipids.51,52 It should be emphasized that the frequency of 
changes observed in these ranges is often an indicator of the 
lipid-peroxidation process, which is in turn usually the 
result of so-called oxidative stress caused by the excess of 
free radicals or thermal or pathological changes in tissue. 
Changes in intensity within the main lipid band, 1,745 cm−1, 
analyzed in IR and FTR spectra of modified epidermis 
degraded in thermal burn (Figures 3 and 4)47,53,54 or electric 
burn55 are predominantly caused by the presence of AA as 
the main modifier of the molecular structure of collagen. 
However, in the case of hypotrophic amniotic samples, 
changes — as characteristic as for AA — in the broadly 
understood lipid area occur during the interaction of amnio-
tic membranes with SA.26 What is more, this paper has 
demonstrated that when using higher concentrations of anti-
oxidants (7%, ie, 3.5 g AA for samples of BH1 AA; 
Figure 4A) for incubation of amniotic samples, 

Table 1 Analysis of resolved into Gaussian-shaped lipid and 
amide I–III bands

Center (cm−1) Height Area Width

OH1 1,690 0.39 81.22 33.64
1,643 0.53 102.18 57.63

1,549 0.44 62.11 29.06

1,513 0.14 32.90 4.77
1,456 0.17 35.64 6.40

AH1 SA GO 1,789 0.14 44.89 6.20
1,734 0.28 41.87 12.56

1,704 0.09 21.74 1.99

1,669 0.60 75.19 47.77
1,633 0.04 22.48 0.91

1,595 0.48 78.34 40.30
1,541 0.27 46.58 13.59

1,452 0.20 60.01 10.89

BH1 AA GO 1,794 0.14 34.33 5.20

1,757 0.47 31.54 15.78

1,691 0.55 80.30 46.72
1,664 0.03 14.25 0.40

1,630 0.42 73.73 33.11

1,547 0.32 61.30 20.40
1,459 0.14 58.15 8.09
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strengthening of the lipid band 1,754 cm−1 was observed, 
which indicates a surface effect. For lower concentrations of 
antioxidants (0.001 g for BS SA and BS AA samples), an 
aspect characteristic of SA, the so-called intermolecular 
exchange within the membrane, was revealed.26 Analysis 
of the FTIR and FTR amniotic spectra revealed a wide lipid 
band in the area of 1,791–1,703 cm−1 with a clear max-
imum of 1,738 cm−1 for IW GO samples (Figure S1c and d) 
and 1,754 cm−1 for BH1 AA GO samples (Figure S1a and 
b) after incubation in GO solutions. On the amniotic FTIR 
spectrum (IW GO, BS GO), a wide lipid band was observed 
in the area of 1,791–1,726 cm−1 (Figures 2A and 3A, 
Table 1), previously attributed in GO studies56 to the vibra-
tions of the carbonyl group around 1,720 cm−1 (Figure S3).

A detailed comparative analysis of thermally degraded 
human and animal epidermis samples57,58 also informs us 
that progressive thermal denaturation of samples results in 
flattening of the 1,750 cm−1 band, which may indicate 
complete elimination of the natural lipid barrier of the 
epidermis. In FTIR and FTR studies of the molecular 
structure of the epidermis, distinct lipid bands (1,730–1,-
755 cm−1) have been repeatedly noted59,60 for denaturated 
burnt epidermis and an absence of these bands for unda-
maged allogenic dermis (Figure 1). For the 21S GO sam-
ples in the FTIR and FTR spectra (Figure 1) of degraded 
and modified GO epidermis, the presence of a wide lipid 
band was observed in the area of 1,790–1,730 cm−1 and 
a lack of this band for integral, undamaged dermis (SP). 
We also found that incubation of samples of the epidermis 
degraded in thermal burn in GO solutions resulted in the 
separation of lipid bands: 1,755 cm−1 (FTIR spectrum, 
Figure 1A) and 1,743 cm−1 (FTR spectrum, Figure 1B). 
As observed previously,26 during additional heating of 
a sample (DTG thermogravimetric tests), this band is 
shifted to lower frequencies during GO processing, 
which indicates the high thermal stability of the 21S GO 
sample. Confirmation of these observations was the 
appearance of 4.3 nm and 3.7 nm peaks on SAXS curves 
for the 21S GO sample, indicating a reconstruction of the 
structure of lipid layers (Figure 5).

This paper has offered an analysis of the changes in 
molecular structure for three series of amniotic samples 
(IW, BS, OH1). The analysis was guided by the principle 
that spectral changes for individual samples should always 
be referred to a blank sample in the series, ie, a sample 
without modifiers. On individual amniotic samples, the 
classical lipid band for the OH1 samples was clearly dis-
tinguished, while for the IW and BS samples there was no 

clear inflection, with one wider band overlapping the 
amide band being formed. Differences in the structure of 
lipid layers of these samples were also confirmed 
on SAXS tests (Figures 6 and 7). In the case of skin and 
amniotic samples tested in the SAXS studies, these max-
ima were related to the structure of collagen and arrange-
ment of lipid layers (Figures 5–7). Earlier SAXS 
measurements,47,61 revealed great impact of both AA and 
orthosilicic acid on the behavior of lamellar phases in SC 
lipids. These observations testify to the structural diversity 
of tissue observed repeatedly at the molecular and supra-
molecular levels, both for samples of epidermis degraded 
in burns47,48,53,59 and placental60 or amniotic tissue.26 

Positions of the amide I–III bands for the OH1 amniotic 
sample, clearly different from other amniotic samples, 
constitute the evidence of structural diversity within 
a homogeneous pathology, ie, hypotrophy. The very pro-
cess of hypotrophy is known to be structurally coupled 
with disruption of the collagen-synthesis process and with 
the conversion within amide I: α-helix ↔ β-sheet ↔ 
turns ↔ disordered. An additional challenge in the analy-
sis is the fact that the area characteristic of biological 
protein–lipid membranes was also involved in interactions 
with GO, though the interactions are difficult to interpret. 
This area is structurally diverse, both within the hypo-
trophic amnion tissue: IW, BS, OH1, and for the 21S 
skin degraded in burns. An important element of this 
range is the location of the bands that are subject to 
structural variability, which applies to different series of 
amnion (IW GO and BS GO), and the modifiers SA and 
AA (AH1 SA GO, BH1 AA GO), which contributed to 
their differentiation (Figure S2). The changes observed in 
this case within the AH1 SA and BH1 AA bands over-
lapped with the incubation effect of GO, depicted by C–O 
vibrations stemming from the “oxygen groups” GO 1,050 -
cm−1 and the ether groups C–O–C 1,026 cm−1, as well as 
PO2

–, approximately 1,085 cm−1.38,62 Nevertheless, the 
changes in the molecular structure observed in FTR spec-
tra constitute a spectroscopic image of the function of the 
amnion in the course of various pathologies and at the 
same time a spectral biomarker that allows for distinguish-
ing between normal and pathological amnion.

For Raman spectra, the entire region (900–500 cm−1) 
for hydroxyproline, proline, and disulfide bonds may be 
relevant for observing interactions with GO. Proteins and 
peptides occurring in nature and containing a disulfide 
bond have a stretching vibration near 510 cm−1, with 
other observed bands at 525 and 540 cm−1.63 The 
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510 cm−1 value for the S–S stretching vibration wave is 
most commonly found with natural proteins, reflecting the 
fact that the gauche–gauche–gauche conformation of C– 
C–S–S–C–C is the most stable form and indicating that 
naturally occurring proteins and peptides prefer to take the 
lowest energy conformation of disulfide bonds. This FTR 
study found that the incubation of amniotic samples in the 
GO solution clearly exposed the 514 cm−1 (S–S gauche– 
gauche–gauche) and 525 cm−1 bands (S–S gauche– 
gauche–trans) for BS GO samples (Figure 2) and 
527 cm−1 (S–S gauche–gauche–trans) and 560 cm−1 

bands (S–S trans–gauche–trans) for IW GO samples 
(Figure 3). Analysis of the AH1 SA and BH1 AA series 
revealed that the presence of SA causes flattening of the 
disulfide-bond area, whereas the incubation in AA 
resulted in a slight exposure of the 510 cm−1 (S–S 
gauche–gauche–gauche) and 528 cm−1 bands (S–S 
gauche–gauche–trans), as well as formation of the 
564 cm−1 band (S–S trans–gauche–trans) (Figure 4). 
In thermogravimetric studies,26 an increase in the stability 
of BS GO samples after incubation in GO solutions has 
been observed, which is confirmed by the presence of 
bands near 510 cm−1 for the gauche–gauche–gauche con-
formation of C–C–S–S-C–C, which are considered the 
most stable form of disulfide bonds. Incubation of sam-
ples of burn-damaged epidermis in GO solutions also 
results in changes in the FTR spectrum in the area of 
520–562 cm−1: S–S stretch trans and gauche 
conformers,63 ie, separation of the S–S gauche–gauche– 
trans and 561 cm−1 (S–S trans–gauche–trans). It is worth 
noting that the increase in intensity within disulfide 
bridges of approximately 515 cm−1 has also been 
observed for amniotic samples incubated in orthosilicic 
acid applied in nanoconcentrations to membrane 
samples.48 It may be associated with replacing sulfur 
atoms with silicon. However, this mechanism seems not 
to be dominant, as the intensity of the bands within 500– 
540 cm−1 decreases significantly. To sum up, it should be 
added that the presented results on the molecular and 
supramolecular structure of tissue (hypotrophic amnion 
and burn-damaged necrotic epidermal eschar) remain in 
line with the authors’ previous microbiological analyses, 
which sought new active modifiers supporting the repair 
process, which involved microbiological assessment of 
resistance to growth of selected pathogenic microorgan-
isms applied to burn tissue to foresee interactions between 
AA, iodine solution, orthosilicic acid (7%, and mono-
meric stabilized orthosilicic acid, stable in highly diluted 

aqueous solutions) and the so-called active antioxidants, 
which modified tissue and inhibited the action of selected 
pathogens. Microbiological studies48 aimed at anticipating 
anti-inflammatory and antibacterial bioactivity revealed 
that skin samples and amniotic samples were character-
ized by good resistance to Enterococcus faecalis, 
Staphylococcus aureus, and Escherichia coli. Other 
work26,48 has concluded that pathogenic bacteria com-
monly causing amniotic infections and growing in burn 
wounds have particularly good resistance to stabilized 
orthosilicic acid, lactoferrin and GO.

Conclusion
Analysis of the FTIR and FTR spectra for spectro-
scopic markers of chemical changes revealed that mod-
ification of burn-damaged epidermis and pathological 
amnion by means of GO resulted in stabilization and 
regeneration of tissue at the level of molecular interac-
tions. These beneficial changes were visible in the full 
region of the FTIR and FTR spectra: from hydrogen 
bonds (about 3,300 cm–1, Figure S1a, b and d), through 
amides I–III (Figures 1–4), lipid interactions (the 1,-
753 cm–1 band for the 21S GO sample, Figures 1, 2–4), 
to changes in the region of disulfide bonds (eg, the 
most stable form of disulfide bonds, the 510 cm–1 

gauche–gauche–gauche conformation band Figure 2B). 
These observations at the level of supramolecular inter-
actions were confirmed by the appearance of 4.3 nm 
and 3.7 nm peaks on the SAXS curves for the 21S GO 
sample, indicating the remodeling of the lipid-layer 
structure after modification with GO, in line with pre-
vious observations in thermogravimetric studies26 and 
increasing the stability of samples modified with 
amniotic GO.

Abbreviations
SP, allogenic unburnt full-thickness skin = human skin 
samples; 21S, burnt human skin; 21S GO, burnt human 
skin incubated in the presence of graphene oxide; BS, 
IW, OH1, amniotic samples; BS GO, IW GO, amniotic 
samples in the presence of graphene oxide; AH1, gra-
phene oxide and sodium ascorbate; BH1, graphene 
oxide and L-ascorbic acid.
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