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Abstract: The aim of this study was to evaluate whether a system involving ozonated water and
ultrasound causes de-epithelization of the human amniotic membrane (HAM). The experiment
protocol was carried out in four stages. Stage I was carried out to determine the duration of the
experiment. Stage II comprised the first experiment, involving four groups of samples studied in
triplicate: control/natural (IN), processed with ultrasound in a liquid medium (US), processed with
ozonated water (O3), and processed with ozonated water combined with ultrasound (US_O3). Stage
III was performed to confirm the results, following the same steps present in Stage II. Stage IV
involved the use of oxygen to confirm the hypothesis. Histological analysis was carried out to verify
whether the effects of O2 were similar to those of O3. The system was activated, and ozonation was
carried out for 10 min, as in the previous experiment, reaching a concentration level of 3.0 mg/L.
The samples were submerged and positioned in the reservoir and processed separately for 55 min.
The biochemical properties were assessed using Fourier transform infrared spectroscopy, and the
morphology was examined using histology and scanning electron microscopy. The spectra of the
samples exhibited similarities; however, subtle changes were highlighted, such as smooth band shifts
and intensity changes. The morphology indicated that ultrasound achieved more efficient HAM de-
epithelialization compared to ultrasound combined with ozonated water and ozonated water alone.
One plausible hypothesis for this observation is that cavitation represents the primary mechanism
responsible for de-epithelialization. When ultrasound is combined with ozone, the bubbles generated
by ozone gas reduce the cavitation effect. This study is pioneering as it demonstrates an ultrasound
system capable of the efficient de-epithelialization of the HAM.

Keywords: amnion; human amniotic membrane; de-epithelization; ozone; ultrasound; biomaterials;
tissue engineering
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1. Introduction

The human amniotic membrane (HAM) is a thin film that is the innermost of the
fetal membranes and is usually discarded after childbirth [1]. This material is formed of
three histological layers: the epithelial layer, the basement membrane, and the avascular
mesenchymal tissue composed of fibroblasts and collagen, which is also known as the
stroma [2].

The HAM is composed of fibronectin, proteoglycans, glycosaminoglycans, laminins,
and collagen types I, III, IV, V, VI, and VII, as well as fibroblasts and pluripotent stem
cells, which aid in tissue growth and repair [3]. The participation of the HAM in the
immunomodulation of inflammation has been related to the presence of interleukins (IL-4,
IL-6, IL-8, and IL-10) and growth factors [4].

In recent years, clinical applications of the HAM have been widely studied in the field
of tissue engineering due to its morphological characterization, biochemical properties,
and therapeutic responses, which have attracted the interest of scientists and biomaterial
engineers [5]. This membrane is already widely used in healing and pain-reducing pro-
cesses for wounds around the world [6]. In a recent study, Fitriani et al. [7] reported on
its use in the development of biomaterials for the correction of dermal alterations, the
formation of living tissue for drug administration, the treatment of epidermolysis bullosa,
the reconstruction of the urethra, regeneration in cases of calciphylaxis, and tendon healing.
Additionally, there is promising evidence of its potential use in ophthalmology, cardiac and
liver surgeries [8], bone regeneration [9], and cancer therapy [10].

For clinical use, the HAM needs to be properly processed with suitable disinfec-
tion/sterilization techniques to remove possible pathogens [11]. These processes often
break peptide chains, compromising the integrity and function of the membrane [12]. Sub-
sequently, these materials must be properly preserved. The most common techniques used
for preservation are cryopreservation, dry freezing, and air drying. For some applications,
de-epithelization is necessary the membrane without epithelium, promote increased rates
of cell proliferation and differentiation [11,13].

HAM de-epithelization can be carried out using proteolytic enzymes, such as trypsin
and dispase [14], which break the peptide bonds of proteins [15], promoting the complete
removal of the epithelium and basement membrane [14,15]. Another widely used method
in this process is the use of ethylenediaminetetraacetic acid (EDTA), which leaves areas of
the epithelium intact and partially destroys the basement membrane [14]. Additionally,
detergent-free protocols or the use of nonionic detergents, such as Triton X-100, can be ef-
fective in terms of HAM de-epithelization [16,17]. In a recently published study, Awoyama
et al. [18] conducted research using a system involving ozonated water to disinfect HAM.
Their data revealed that a 15 min ozonization period was sufficient to cause small morpho-
logical changes in the epithelial layer without causing significant alterations to the scaffold,
making it a promising method for the de-epithelization of HAM [18].

Ozone gas (O3) is an allotrope form of oxygen (O2) and has great potential for use
as an oxidizing agent. When this gas is dissolved in water, the bonds of O3 molecules
are broken [19], generating reactive oxygen species (ROS) [20] that react with organic and
inorganic compounds [21,22]. This mechanism increases the permeability of the cytoplasmic
membrane that interacts with the cytoplasm, leading to cellular dissolution [23], like the
interaction of gaseous O3 with epithelial tissue [24]. An important fact that favors the
interaction of O3 with the HAM is that oxidation processes do not break the bonds between
the amide groups of proteins [25].

Like O3, ultrasound is used in the processing of biological materials due to the genera-
tion of hydrogen peroxide (H2O2) and ROS, such as HO and HO2, which are involved in
the degradation and inactivation of microorganisms [26]. These effects occur due to the
mechanism of ultrasound in water. An alternating current under cyclic frequency condi-
tions acting on a piezoelectric crystal generates mechanical waves [27]. Cavitation occurs
through the propagation of sound waves [28], which have the functional capacity to act on
tissues, resulting in increased cell membrane permeability [29], especially in endothelial
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cells [30]. In contrast, low-frequency ultrasound (24–40 kHz) enables the removal of blood
elements and HAM de-epithelization [31].

Motivated by the small morphological changes that the use of ozonated water causes
in the epithelial layer observed by Awoyama et al. [18] and the potential of ultrasound in
terms of HAM de-epithelization shown by Milyudin et al. [31], this study used the system
developed by Heinzelmann et al. [32], wherein the techniques can be used separately
or combined.

The aim of this study was to evaluate whether the system with ozonated water
and ultrasound causes de-epithelization of the human amniotic membrane (HAM). The
biochemical properties were evaluated by means of Fourier transform infrared spectroscopy
(FT-IR) and the morphology was evaluated by means of histology and high-resolution field
emission gun (FEG) scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Study Type and Ethical Aspects

This research refers to an in vitro and comparative experimental study that encompasses
a broader project approved by the Ethics Committee for Research of Universidade Anhembi
Morumbi with the following approval number: 3.984.423 CAAE: 289370020.0.0000.5492. This
study followed all determinations of Resolution n.190 of 19 July 2003 of the Agência
Nacional de Vigilância Sanitária, which determines the technical standards for the operation
of umbilical cord and placental blood banks [33].

2.2. Sample Collection

The collection was carried out at Santa Casa de Misericórdia de Pindamonhangaba, São
Paulo, Brazil. Four HAMs were collected, one for each phase of the study (Figure 1). The
HAMs were fresh and aseptically obtained from cesarean sections of seronegative donors
(for syphilis, hepatitis B, toxoplasmosis, and HIV) aged between 28 and 30 years. The
donations were made voluntarily for the research, after signing an informed consent form.
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The material was stored in a glass vial containing saline solution (NaCl 0.9%), and
was subsequently stored in a thermal container at a temperature between 10 and 15 ◦C
and transported to the Disinfection and Sterilization Laboratory of the Center for Inno-
vation Technology and Education (CITÉ) in São José dos Campos, São Paulo, Brazil. The
membranes were manually washed in NaCl 0.9% solution 10 times to remove possible
biological residues.

2.3. Experimental Procedure

The experimental protocol was carried out across four stages, as described in Figure 1.
Stage I was carried out to determine the duration of the experiment. For this, seven
samples were segmented, including one control sample and six study samples, which were
submitted to the system involving ozonated water combined with ultrasound for different
lengths of time (10, 20, 30, 40, 50, and 60 min). Stage II comprised the first experiment.
Here, an HAM was divided into four groups of samples that were assessed in triplicate:
control/natural (IN), processed with ultrasound in liquid medium (US), processed with
ozonated water (O3), and processed with ozonated water combined with ultrasound
(US_O3). Stage III was performed to confirm the results; for this, an HAM was used,
following the same steps as used in Stage II. Stage IV was carried out using oxygen to
confirm the hypothesis. Histological analysis was carried out to verify whether the effects
of O2 were similar to those of O3; in this stage, an HAM was segmented into three samples:
one control/natural (IN_C), processed with O2 and ultrasound (O2_US), and processed
with ultrasound in a liquid medium (US_C).

The same anatomical region of the membrane was used for all experiments, as recom-
mended in the study developed by Weidinger et al. [34]. The HAM samples were cut using
sterile scalpel blades into pieces with a width of 2 cm and a length of 6 cm, totaling an area
of 12 cm2. The samples were fixed on a support made from polyvinyl chloride (PVC).

The same equipment was used as that described in the study conducted by Heinzel-
mann et al. [32]. This consisted of a system involving ozonated water and ultrasound.
The ozone generator (model MS3G, Medical Systems Ltda, São José dos Campos, Brazil)
was connected to an O2 cylinder with a flow rate adjusted to 0.25 L/min, resulting in a
concentration of 48 mg/L. O3 was dissolved in the distilled water present in the system
reservoir using a Venturi injector integrated into the equipment. An ultrasound generator
head with a piezoelectric crystal (40 kHz 50 W acoustics) was attached to the base of the
main reservoir.

Inside the exhaust hood, the system reservoir was filled with 700 mL of distilled water
at a temperature between 17 and 20 ◦C. For the O3 and US_O3 samples, the system was
activated, and ozonation was performed for 10 min, which reached a concentration level
of 3.0 mg/L before the start of the experiment. The three samples were submerged and
positioned in the center of the reservoir and the groups were processed separately for
55 min.

The system operated with an average water speed rate in the main reservoir of 2 cm/s.
The ozone production rate was 12 mg/min; considering the production rate and the 55 min
ozone exposure time, the mass of O3 delivered was 660 mg. Considering the HAM area of
12 cm2, the O3 dosage applied per cm2 was 55 mg/cm2.

2.4. Analysis
2.4.1. FT-IR Analysis

FT-IR spectra were obtained using a PerkinElmer FT-IR/NIR Spectrometer Frontier in
the spectral range of 400 to 4000 cm−1 with 45 scans and a spectral resolution of ±4 cm−1

using a universal attenuated total reflection (UATR) accessory. The spectra were obtained
in quintuplicate, and the median was determined for subsequent analysis at the Instituto
de Estudos Avançados do Mar (IEAMar) of Universidade Estadual Paulista (Unesp) in São
José dos Campos, São Paulo, Brazil.
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2.4.2. Histological Analysis

For histological analysis, the samples were fixed with 10% formalin solution of the
brand Dinâmica/Química Industrial® and then dehydrated, clarified, impregnated, and
embedded in paraffin blocks. The second part of the material preparation was sectioned
using a rotary microtome and stained with hematoxylin and eosin. For slide visualization,
an optical microscope (Opticam® Microscopy Technology, São Paulo, Brazil) was used; the
images were obtained using OPTHD® 1.0 software.

2.4.3. SEM-FEG Analysis

After processing, the samples were fixed in a solution of the brand Dinâmica/Química
Industrial®, with 2.5% glutaraldehyde in 0.2 M phosphate buffer and distilled water.
The samples were then kept at a temperature between 2 and 8 ◦C for 48 hours until
analysis. After this period, each sample underwent three washes of 30 min each using a
solution with a 1:1 ratio of disodium phosphate, monosodium phosphate and distilled
water. Subsequently, dehydration was performed in seven stages: 30% ethanol for 10 min,
50% ethanol for 10 min, 70% ethanol for 10 min, 90% ethanol for 10 min, 90% ethanol for
20 min, 100% ethanol for 10 min, and 100% ethanol for 20 min.

The samples were fixed on a support with double-sided carbon tape and metallized
with a gold film (Quorum Q150R ES) at the Department of Mechanical Engineering of
Instituto Tecnológico de Aeronáutica (ITA). Micrographs were obtained using SEM-FEG
equipment (Tescan Mira 3) at the Coordination of Research and Technological Development
of the Instituto Nacional de Pesquisas Espaciais (COPDT/INPE).

3. Results
3.1. O3 Concentration Curve Dissolved in Water

Figure 2 presents the O3 concentration curve with up to 1200 s (20 min) of prior
ozonation. However, in this study, a time determined in a study carried out by Heinzelmann
et al. [32], 600 s (10 min), was used, resulting in a concentration level of 3.0 mg/L. In the
concentration curve analysis, the coefficient of determination was R2 = 0.98, indicating a
high correlation between time and O3 concentration.
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Figure 2. O3 concentration curve dissolved in water at 18 ◦C.

3.2. FT-IR Analysis

The experimental FT-IR spectra and the assignment of the observed bands are pre-
sented in Figure 3. The spectra exhibited similarity; however, subtle changes can be
highlighted, such as slight band shifts and intensity changes representing the biochemical
characterization of the samples. Figure 3 presents the assigned values from the IN sample,
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which were then subsequently compared with the other samples. Table 1 presents the
assignments of the functional groups and main bands in the HAM spectrum.
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Table 1. Assignment of functional groups and main bands of the HAM spectrum.

Functional Group ω (cm−1) Assignments Reference

Amide A 3284 ν NH [35,36]

Lipids, DNA and proteins, carbohydrates
and nucleic acids

2960 νa CH3 [36,37]

2960 νa CH3 [36,37]

Lipids 2854 νs CH2 [36]

Fat and lipid 1741 ν C=O [36]

Amide I 1639 ν C=O [36,38]

Amide II 1543 sc NH/ν C-N [36–38]

Lipids 1454 sc CH2 [36]

Proteins 1394 wag CH3 [36]

Amide III 1238 ν C-N/sc N-H/ν C-C/sc C=O [35,37,39]

Collagen (type I) 1166 ν C-O [36]

Nucleic acids, glycolipids, and phospholipids 1078 ν PO2 [36]

ω—Wavenumber. ν—Stretching. νa—Asymmetric stretching. νs—Symmetric stretching. sc—Scissoring (bend-
ing). wag—Wagging.

Amide A is characterized by NH stretching at 3300–3310 cm−1 [35]. In this study, a
broad band was observed at approximately 3284 cm−1, with higher intensity in the O3 and
US_O3 samples, while the US sample showed similarity to the IN sample.

The peak at 2960 cm−1 is attributed to the asymmetric stretching of CH3 [36], and the
peak at 2920 cm−1 corresponds to the asymmetric stretching of CH2. Both characterize the
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presence of lipids, DNA, proteins, carbohydrates, and nucleic acids, while the band at 2854
cm−1, which is attributed to the symmetric stretching of CH2, only characterizes lipids [37].
In this study, when comparing the IN and US samples, a similarity was noted in both the
O3 and US_O3 samples, and after processing in the system, the band intensity decreased,
as did the band at 1741 cm−1, which is attributed to C=O stretching.

Amide I at 1639 cm−1 is attributed to C=O stretching [37,38]. In the samples, the bands
remained the same. In the spectrum, amide II can be identified in the band at 1543 cm−1 [37],
and it is attributed to NH bending and CN stretching modes [36,38]. This peak remained
present in all the samples with intensities like that of the IN sample, remaining almost
unchanged. Similarly, the band at 1394 cm−1, which is characteristic of the functional group
of proteins attributed to the CH3 wagging mode [37], remained.

Amide III, identified in the spectrum at 1238 cm−1 [35], is characterized by CN stretch-
ing and NH bending modes [39], in addition to the contributions of CC stretching and
CO bending [36]. In this study, the intensities of the US and IN samples remained similar,
while in the O3 and US_O3 samples, an increase in peak intensity was observed. In the
spectrum at approximately 1166 cm−1, the presence of a collagen (type I) functional group
is observed, attributed to CO stretching at 1078 cm−1, the band corresponding to nucleic
acids, glycolipids, and phospholipids, and at 1078 cm−1, related to PO2 stretching [37].
Compared with the IN sample, the other samples did not undergo changes and remained
stable after the experiment.

3.3. Histological Analysis

The histological images of the samples are presented in Figure 4. The structural
changes that occurred in the HAM after processing in the system developed with ozonated
water and ultrasound can be identified, as indicated by the arrows in this figure.
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Figure 4. Histological images of the samples: (A) IN—Control/natural. (B) US—Processed with
ultrasound in a liquid medium. (C) O3—Processed with ozonated water. (D) US_O3—Processed with
ozonated water combined with ultrasound. The arrows (1.a), (2.b), (1.c), and (1.d) indicate epithelial
cells. The arrows (2.a), (3.b), (2.c), and (2.d) indicate the basement membrane. The arrows (4.d), (3.c),
and (3.d) indicate areas with epithelial cell removal. The arrows (3.a), (1.b), (4.c), and (4.d) indicate
the stroma.
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In Figure 4A, displaying the IN sample, the presence of intact cell junctions and
cuboidal epithelial cells adhered to each other is indicated by the arrow (1.a). The intact
basement membrane is indicated by the arrow (2.a), and the stroma with an organized
collagen arrangement is indicated by the arrow (3.a).

The analysis of the histological image of the US sample presented in Figure 4B, as
indicated by the arrow (1.b), shows that the stroma remained dense, with an appearance
similar to that of the IN sample. The epithelial cells were almost completely removed, and
a large area of tissue de-epithelization was noted, as indicated by the arrow (4.b). The
remaining cells underwent significant changes, as indicated by the arrow (2.b), and areas of
the basement membrane demonstrated small changes, as indicated by the arrow (3.b). Thus,
it is possible that the mechanical effect of ultrasound and water flow alters the structural
layers of the HAM epithelium, favoring de-epithelization.

In the O3 sample represented in Figure 4C, the absence and destruction of some
epithelial cells are noted, as indicated by the arrow (1.c). Despite the alterations in the
epithelial tissue, the basement membrane demonstrated small changes, as indicated by the
arrow (2.c). The changes observed in the O3 sample show the removal of the epithelium in
some regions of the HAM (3.c). As indicated by the arrow (4.c), the stroma showed a slight
alteration in the arrangement of collagen fibers.

As shown in Figure 4D, slight alterations in the epithelial layer of the US_O3 sample
were observed. In a few areas, the epithelial cells underwent structural deformation,
as indicated by the arrow (1.d), and the basement membrane, indicated by arrow (2.d)
remained preserved. Among the samples, the smallest area of epithelial cell removal was
observed (3.d). The collagen fibers in the stroma appeared more dispersed, as shown by
the arrow (4.d); however, their fundamental structure was not altered.

3.4. SEM-FEG Analysis

The images of the samples obtained via SEM-FEG are presented in Figure 5. The
visualized structures corroborate those identified in Figure 4. In Figure 5A, the IN sample
is visualized with its epithelial layer clearly defined by the sharpness of uniformly adhered
polygonal epithelial cells, characterizing a regular surface pattern with clearly defined
intercellular spaces, as indicated by the arrow (1.a).

In Figure 5B, presenting the US sample, the removal of the epithelium in a large area
of the HAM is noted (1.b), with few regions containing epithelial cells characterized by
an irregular surface, as indicated by the arrows (2.b) and (3.b). In the O3 sample shown
in Figure 5C, in some regions, the cuboidal epithelium was removed (1.c), while in others,
it remained intact (2.c). An area of the HAM surface showed roughness and overlapping
of epithelial cells (3.c). The analysis of the US_O3 sample shown in Figure 5D revealed
that the epithelial tissue underwent morphological alterations; however, in a large area,
the epithelial cells remained intact (1.d), and areas with removed epithelial tissue (2.d)
remained intact.

As noted in the results, the US sample is more promising for the de-epithelization of
the HAM. Since the US_O3 sample did not achieve the expected result, it was hypothesized
that the bubbles generated by O3 influenced the cavitation effect of ultrasound. To test
this hypothesis, three more samples were prepared and divided into the following groups:
control/natural (IN_C), processed with O2 and ultrasound (O2_US), and processed with
ultrasound in a liquid medium (US_C). These were subjected to the system for 55 min.
Upon completion of the experiments, histological analysis was performed, as shown in
Figure 6.

In Figure 6A, presenting the IN sample, as indicated by the arrow (1.a), cuboidal
epithelial cells adhered to each other, and the presence of the basement membrane is
indicated by the arrow (a.2). According to the histological image of the O2_US sample
shown in Figure 6B, areas demonstrating epithelial tissue integrity are indicated by the
arrow (1.b), areas demonstrating structural alterations at the cell edges are indicated by the
arrow (2.b), and the arrow (3.b) indicates the intact basement membrane.
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Figure 6. Histological images of the samples: (A) IN—Control/natural. (B) O2_US—Processed with
water, oxygen, and ultrasound. (C) US—Processed with ultrasound in a liquid medium. Arrows (1.a),
(1.b), and (3.c) indicate epithelial cells. Arrows (2.a), (3.b), and (4.c) indicate the basement membrane.
Arrows (2.b), (1.c), and (2.c) indicate areas with epithelial cell removal.
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When viewing the image of the US sample, the arrow (1.c) shows areas that under-
went complete de-epithelization, as well as a homogeneous detachment of the epithelial
tissue layer indicated by the arrow (2.c) with the presence of some cells, all with struc-
tural alterations, as well as in the basement membrane, indicated by the arrows (3.c) and
(4.c), respectively.

Therefore, the results found are similar to those noted in the initial experiment. It
can be concluded that the bubbles generated by the system, whether O2 or O3, alter the
vibrational effects of ultrasound cavitation and interfere with the process of epithelial cell
removal from the HAM.

4. Discussion

In this study, the biochemical composition and de-epithelization of the HAM after
the use of a system involving ozonated water and ultrasound were verified. It was noted
that when only using an ultrasound system, the effect of de-epithelization resulted in small
structural changes in the basement membrane. Traditional de-epithelization methods,
however, cause alterations in the HAM stroma [40] and spectral differences [31].

The use of ultrasound in the de-epithelization of the HAM involves the use of a low-
frequency (24–40 kHz) ultrasonic bath combined with glycerol and/or lyophilization. In
these methods, spectral differences occur between them [31]; however, the spectra obtained
in this study showed similarities, mainly when comparing the IN and US samples. The
functional group of amides A, I, II, and III were identified [41].

In tissue engineering, the extracellular matrix is of fundamental importance in the
outcome of clinical responses [42]. A study conducted by Cavalu et al. [36] evaluating
membrane processing with gentamicin and ultraviolet exposure showed that the removal
of epithelial cells resulted in collagen fiber division.

The de-epithelization of the HAM with trypsin, EDTA, and thermolysin does not
completely remove epithelial cells, and dispase leads to stroma fragmentation [43], which
was also observed in the histology and SEM-FEG results of this study concerning the O3
and US_O3 samples, where epithelial cells and structural tissue deformation were noted.
Notably, compared with the other samples, the US sample had the lowest number of
epithelial cells and a denser stroma. The other samples showed alterations in the collagen
fiber arrangement of the stroma.

Awoyama et al. [18] used a system developed with ozonated water and noted small
morphological changes in the HAM epithelial layer. In this sense, the results of the O3
sample were like those of this study, showing that ozonated water modifies the shape and
removes small areas of the epithelial layer with small changes to the basement membrane.

A recent study using ozonization revealed that epithelial cells showed structural
alterations, and the longer the exposure time was, the thinner the average epithelium
was [44]. In this study, structural alterations in the cell surface were observed, making the
cell surface irregular and undefined in shape.

No study that uses the hydrodynamic action of water and ultrasound has been re-
ported in the literature. A study using a low-frequency ultrasonic bath revealed the removal
of the epithelium in large areas of the membrane, but significant damage to the epithe-
lial layer also occurred, with basement membrane desquamation, stroma exposure, and
trabecular architecture formation [31].

Unlike the previously mentioned study, this study used a system with an average water
speed of 2 cm/s, which, when combined with ultrasound cavitation, may have potentiated
the effects of de-epithelization, stroma preservation, and the biochemical properties of
the HAM.

Fewer alterations in the epithelium were observed in the US_O3 sample than in the
O3 and US samples. This can be attributed to the bubbles present in the liquid medium,
which may interfere with vibrational effects and ultrasound cavitation.

Water, bubbles, and the HAM have different densities, and the ultrasonic wave initially
reflects off the bubbles due to their lower density. As a result, both the bubbles and the



Bioengineering 2024, 11, 987 11 of 13

ultrasonic waves reduce their interaction with the HAM. Because there is a difference in
acoustic impedance between the materials, this difference leads to either the greater or
lesser reflection of the sound waves [45].

5. Conclusions

After HAM was processed in the system, the following conclusions were drawn:

• The FT-IR spectra showed subtle changes, such as slight shifts and intensity changes
in the bands, indicating no significant changes in the biochemical properties of the
HAM after the experiment.

• Ultrasound had greater effects on de-epithelization, and O3, despite causing similar
effects, did not surpass the impact of ultrasound.

• In the case of ozonated water combined with ultrasound, no significant alterations in
the structure of the epithelial tissue were observed.

• Therefore, cavitation caused by the ultrasound promoted the de-epithelization of the
HAM, without significant changes to the stroma.

These findings indicate that this system has great potential in the processing of HAM.
It is more advantageous than traditional methods in preserving the stroma, speeding up
de-epithelialization, and has no environmental impact.

It is recommended that new studies be carried out using this system to evaluate other
possible uses. From this, it will be possible to verify its advantages in terms of disinfection
and sterilization when using ozonated water and de-epithelialization with ultrasound,
defining the best, most complete HAM preparation protocol.

This study has limitations related to the use of fresh biological material, which pre-
sented challenges in terms of obtaining samples.

Author Contributions: Conceptualization, F.D.R.P.S. and B.A.K.; methodology, C.J.d.L. and A.B.F.;
investigation, F.D.R.P.S. and B.A.K.; writing—original draft preparation, F.D.R.P.S. and B.A.K.;
writing—review and editing, F.D.R.P.S. and B.A.K.; visualization, C.J.d.L., T.R.d.O.H., M.C.d.O.C.,
M.G.S.B., J.G.d.O.N. and S.M.A.; supervision, A.B.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This paper was approved by the Ethics Committee for Research
of the Universidade Anhembi Morumbi with approval number 3.984.423 CAAE: 289370020.0.0000.5492.
This study followed all determinations in the Resolution n.190 of 19 July 2003 of the Agência Nacional
de Vigilância Sanitária.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: Data are contained within the article.

Acknowledgments: F.D.R.P. Santos; M.G.S. Belfort; B.A. Kawata; T.R.O. Heinzelmann; and M.C.O.
Carvalho acknowledge CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brazil)—
Financing Code 001. A. Barrinha Fernandes and C.J. de Lima acknowledge the Anima Institute
(AI) Universidade Anhembi Morumbi São Paulo—SP, Brazil. A. Barrinha Fernandes acknowledges
CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico) for the productivity fel-
lowship (Process No. 310708/2021-4). All authors acknowledge Santa Casa de Misericórdia in
Pindamonhangaba—SP, Brazil, Instituto de Estudos Avançados do Mar (IEAMar) from Universidade
Estadual Paulista (Unesp) in São José dos Campos—SP, the Department of Mechanical Engineering
from Instituto Tecnológico de Aeronáutica (ITA) in São José dos Campos—SP, and the Coordina-
tion of Research and Technological Development from Instituto Nacional de Pesquisas Espaciais
(COPDT/INPE).

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



Bioengineering 2024, 11, 987 12 of 13

References
1. Dadkhah Tehrani, F.; Firouzeh, A.; Shabani, I.; Shabani, A. A Review on Modifications of Amniotic Membrane for Biomedical

Applications. Front. Bioeng. Biotechnol. 2021, 8, 606982. [CrossRef] [PubMed]
2. Mamede, A.C.; Carvalho, M.J.; Abrantes, A.M.; Laranjo, M.; Maia, C.J.; Botelho, M.F. Amniotic membrane: From structure and

functions to clinical applications. Cell Tissue Res. 2012, 349, 447–458. [CrossRef] [PubMed]
3. DCunha, A.R.; Jehangir, S.; Rebekah, G.; Thomas, R.J. Human amniotic membrane vs collagen in the treatment of superficial

second-degree burns in children. Wounds 2022, 34, 135–140. [CrossRef]
4. Munoz-Torres, J.R.; Martínez-González, S.B.; Lozano-Luján, A.D.; Martínez-Vázquez, M.C.; Velasco-Elizondo, P.; Garza-Veloz, I.;

Martinez-Fierro, M.L. Biological properties and surgical applications of the human amniotic membrane. Front. Bioeng. Biotechnol.
2023, 10, 1067480. [CrossRef] [PubMed]

5. Zhang, H.; Li, Y.; Chen, G.; Han, F.; Jiang, W. Human amniotic membrane graft for refractory macular hole: A single-arm
meta-analysis and systematic review. J. Francais Ophtalmol. 2023, 46, 276–286. [CrossRef]

6. Vaheb, M.; Kohestani, B.M.; Karrabi, M.; Khosrojerdi, M.; Khajeh, M.; Shahrestanaki, E.; Sahebkar, M. Evaluation of Dried
Amniotic Membrane on Wound Healing at Split-Thickness Skin Graft Donor Sites: A Randomized, Placebo-Controlled, Double-
blind Trial. Adv. Skin. Wound Care 2020, 33, 636–641. [CrossRef] [PubMed]

7. Fitriani, N.; Wilar, G.; Narsa, A.C.; Mohammed, A.F.A.; Wathoni, N. Application of Amniotic Membrane in Skin Regeneration.
Pharmaceutics 2023, 15, 748. [CrossRef]

8. Doudi, S.; Barzegar, M.; Taghavi, E.A.; Eini, M.; Ehterami, A.; Stokes, K.; Alexander, J.S.; Salehi, M. Applications of acellular
human amniotic membrane in regenerative medicine. Life Sci. 2022, 310, 121032. [CrossRef]

9. Etchebarne, M.; Fricain, J.-C.; Kerdjoudj, H.; Di Pietro, R.; Wolbank, S.; Gindraux, F.; Fenelon, M. Use of Amniotic Membrane and
Its Derived Products for Bone Regeneration: A Systematic Review. Front. Bioeng. Biotechnol. 2021, 9, 661332. [CrossRef]

10. Jahanafrooz, Z.; Bakhshandeh, B.; Behnam Abdollahi, S.; Seyedjafari, E. Human amniotic membrane as a multifunctional
biomaterial: Recent advances and applications. J. Biomater. Appl. 2023, 37, 1341–1354. [CrossRef]

11. Leal-Marin, S.; Kern, T.; Hofmann, N.; Pogozhykh, O.; Framme, C.; Börgel, M.; Figueiredo, C.; Glasmacher, B.; Gryshkov, O.
Human Amniotic Membrane: A review on tissue engineering, application, and storage. J. Biomed. Mater. Res. B Appl. Biomater.
2021, 109, 1198–1215. [CrossRef]

12. Tzaphlidou, M. Collagen as a model for the study of radiation induced side effects: Use of image processing. Micron 2002, 33,
117–120. [CrossRef] [PubMed]

13. Mao, Y.; Protzman, N.M.; John, N.; Kuehn, A.; Long, D.; Sivalenka, R.; Junka, R.A.; Shah, A.U.; Gosiewska, A.; Hariri, R.J.;
et al. An in vitro comparison of human corneal epithelial cell activity and inflammatory response on differently designed ocular
amniotic membranes and a clinical case study. J. Biomed. Mater. Res. B Appl. Biomater. 2023, 111, 684–700. [CrossRef] [PubMed]

14. de Melo, G.B.; Gomes, J.P.; da Glória, M.A.; Martins, M.C.; Haapalainen, E.F. Avaliação morfológica de diferentes técnicas de
desepitelização da membrana amniótica humana. Arq. Bras. Oftalmol. 2007, 70, 407–411. [CrossRef] [PubMed]

15. Echarte, L.; Grazioli, G.; Pereira, L.; Francia, A.; Pérez, H.; Kuzuian, W.; Vicentino, W.; Pardo, H.; Mombrú, A. Processing methods
for human amniotic membrane as scaffold for tissue engineering with mesenchymal stromal human cells. Cell Tissue Bank. 2022,
25, 269–283. [CrossRef]

16. Ashouri, S.; Hosseini, S.A.; Hoseini, S.J.; Tara, F.; Ebrahimzadeh-Bideskan, A.; Webster, T.J.; Kargozar, S. Decellularization
of human amniotic membrane using detergent-free methods: Possibilities in tissue engineering. Tissue Cell 2022, 76, 101818.
[CrossRef] [PubMed]

17. Niknejad, H.; Peirovi, H.; Jorjani, M.; Ahmadiani, A.; Ghanavi, J.; Seifalian, A.M. Properties of the amniotic membrane for
potential use in tissue engineering. Eur. Cell Mater. 2008, 15, 88–99. [CrossRef] [PubMed]

18. Awoyama, S.M.; Carvalho, H.C.; Botelho, T.S.; dos Santos, S.I.S.; Palacios, D.A.B.; Henríque, S.S.M.; Zângaro, R.A.; de Lima, C.J.;
Fernandes, A.B. Disinfection of Human Amniotic Membrane Using a Hydrodynamic System with Ozonated Water. Ozone Sci.
Eng. 2022, 45, 28–40. [CrossRef]

19. Egorova, G.V.; Voblikova, V.A.; Sabitova, L.V.; Tkachenko, I.S.; Tkachenko, S.N.; Lunin, V.V. Ozone Solubility in Water. Mosc.
Univ. Chem. Bull. 2015, 70, 207–210. [CrossRef]

20. Bayarri, B.; Cruz-Alcalde, A.; López-Vinent, N.; Micó, M.M.; Sans, C. Can ozone inactivate SARS-CoV-2? A review of mechanisms
and performance on viruses. J. Hazard. Mater. 2021, 415, 125658. [CrossRef] [PubMed]

21. Passos, T.M.; da Silva, L.H.M.; Moreira, L.M.; Zângaro, R.A.; Santos, R.S.; Fernandes, F.B.; de Lima, C.J.; Fernandes, A.B.
Comparative analysis of ozone and ultrasound effect on the elimination of Giardia spp. cysts from wastewater. Ozone Sci. Eng.
2014, 36, 138–143. [CrossRef]

22. Cai, Y.; Zhao, Y.; Yadav, A.K.; Ji, B.; Kang, P.; Wei, T. Ozone based inactivation and disinfection in the pandemic time and beyond:
Taking forward what has been learned and best practice. Sci. Total. Environ. 2023, 862, 160711. [CrossRef]

23. Zhang, Y.Q.; Wu, Q.P.; Zhang, J.M.; Yang, X.H. Effects of ozone on membrane permeability and ultrastructure in Pseudomonas
aeruginosa. J. Appl. Microbiol. 2011, 111, 1006–1015. [CrossRef]

24. Albright, M.; Guttenberg, M.A.; Tighe, R.M. Ozone-Induced Models of Airway Hyperreactivity and Epithelial Injury. Methods
Mol. Biol. 2022, 2506, 67–81. [CrossRef] [PubMed]

25. Cataldo, F. Ozone Degradation of Biological Macromolecules: Proteins, Hemoglobin, RNA, and DNA. Ozone Sci. Eng. 2006, 28,
317–328. [CrossRef]

https://doi.org/10.3389/fbioe.2020.606982
https://www.ncbi.nlm.nih.gov/pubmed/33520961
https://doi.org/10.1007/s00441-012-1424-6
https://www.ncbi.nlm.nih.gov/pubmed/22592624
https://doi.org/10.25270/wnds/2022.135140
https://doi.org/10.3389/fbioe.2022.1067480
https://www.ncbi.nlm.nih.gov/pubmed/36698632
https://doi.org/10.1016/j.jfo.2022.07.001
https://doi.org/10.1097/01.ASW.0000695752.52235.e3
https://www.ncbi.nlm.nih.gov/pubmed/33021598
https://doi.org/10.3390/pharmaceutics15030748
https://doi.org/10.1016/j.lfs.2022.121032
https://doi.org/10.3389/fbioe.2021.661332
https://doi.org/10.1177/08853282221137609
https://doi.org/10.1002/jbm.b.34782
https://doi.org/10.1016/S0968-4328(01)00009-9
https://www.ncbi.nlm.nih.gov/pubmed/11567879
https://doi.org/10.1002/jbm.b.35186
https://www.ncbi.nlm.nih.gov/pubmed/36370413
https://doi.org/10.1590/S0004-27492007000300005
https://www.ncbi.nlm.nih.gov/pubmed/17768545
https://doi.org/10.1007/s10561-022-10014-8
https://doi.org/10.1016/j.tice.2022.101818
https://www.ncbi.nlm.nih.gov/pubmed/35580526
https://doi.org/10.22203/eCM.v015a07
https://www.ncbi.nlm.nih.gov/pubmed/18446690
https://doi.org/10.1080/01919512.2021.2022452
https://doi.org/10.3103/S0027131415050053
https://doi.org/10.1016/j.jhazmat.2021.125658
https://www.ncbi.nlm.nih.gov/pubmed/33752085
https://doi.org/10.1080/01919512.2013.864227
https://doi.org/10.1016/j.scitotenv.2022.160711
https://doi.org/10.1111/j.1365-2672.2011.05113.x
https://doi.org/10.1007/978-1-0716-2364-0_5
https://www.ncbi.nlm.nih.gov/pubmed/35771464
https://doi.org/10.1080/01919510600900290


Bioengineering 2024, 11, 987 13 of 13

26. Matafonova, G.; Batoev, V. Dual-frequency ultrasound: Strengths and shortcomings to water treatment and disinfection. Water
Res. 2020, 182, 116016. [CrossRef]

27. He, Y.; Wan, H.; Jiang, X.; Peng, C. Piezoelectric Micromachined Ultrasound Transducer Technology: Recent Advances and
Applications. Biosensors 2022, 13, 55. [CrossRef] [PubMed]

28. Li, Z.; Zou, Q.; Qin, D. Enhancing cavitation dynamics and its mechanical effects with dual-frequency ultrasound. Phys. Med. Biol.
2022, 67, 085017. [CrossRef]

29. Chowdhury, S.M.; Abou-Elkacem, L.; Lee, T.; Dahl, J.; Lutz, A.M. Ultrasound and microbubble mediated therapeutic delivery:
Underlying mechanisms and future outlook. J. Control. Release 2020, 326, 75–90. [CrossRef]

30. Karthikesh, M.S.; Yang, X. The effect of ultrasound cavitation on endothelial cells. Exp. Biol. Med. 2021, 246, 758–770. [CrossRef]
31. Milyudin, E.; Volova, L.T.; Kuchuk, K.E.; Timchenko, E.V.; Timchenko, P.E. Amniotic Membrane Biopolymer for Regenerative

Medicine. Polymers 2023, 15, 1213. [CrossRef] [PubMed]
32. Heinzelmann, T.R.D.O.; Carvalho, M.C.D.O.; Azevedo, L.D.L.; Kawata, B.A.; Procópio Alves, L.; Carvalho, H.C.; de Lima, C.J.;

Fernandes, A.B. Disinfection of Surgical Instruments Using a Hydrodynamic System with Ozonated Water and Ultrasound:
Preliminary Study. Ozone Sci. Eng. 2024, 46, 455–463. [CrossRef]

33. Brasil. Ministério da Saúde-Agência Nacional de Vigilância Sanitária. RESOLUÇÃO-RDC Nº 190, DE 18 DE JULHO DE
2003 Determina Normas Técnicas Para o Funcionamento dos Bancos de Sangue de Cordão Umbilical e Placentário. Brasília.
2003. Available online: https://bvsms.saude.gov.br/bvs/saudelegis/anvisa/2003/rdc0190_18_07_2003.html (accessed on
10 August 2023).

34. Weidinger, A.; Poženel, L.; Wolbank, S.; Banerjee, A. Sub-Regional Differences of the Human Amniotic Membrane and Their
Potential Impact on Tissue Regeneration Application. Front. Bioeng. Biotechnol. 2021, 8, 613804. [CrossRef]

35. Sripriya, R.; Kumar, R. Denudation of human amniotic membrane by a novel process and its characterisations for biomedical
applications. Prog. Biomater. 2016, 5, 161–172. [CrossRef]

36. Talari, A.C.S.; Martinez, M.A.G.; Movasaghi, Z.; Rehman, S.; Rehman, I.U. Advances in Fourier transform infrared (FT-IR)
spectroscopy of biological tissues. Appl. Spectrosc. Rev. 2017, 52, 456–506. [CrossRef]

37. Cavalu, S.; Roiu, G.; Pop, O.; Heredea, D.A.P.; Costea, T.O.; Costea, C.F. Nano-Scale Modifications of Amniotic Membrane
Induced by UV and Antibiotic Treatment: Histological, AFM and FT-IR Spectroscopy Evidence. Materials 2021, 14, 863. [CrossRef]

38. Roiu, G.; Cavalu, S.; Teusdea, A.; Petricas-Heredea, D.A.; Fratila, O. Assessment of Antibiotic Influence on Structural Modifications
of Amniotic Membrane by FT-IR Spectroscopy. Mater. Plast. 2020, 57, 191–198. [CrossRef]

39. Grdadolnik, J. Conformation of Bovine Serum Albumin as a Function of Hydration Monitored by Infrared Spectroscopy. Internet J.
Vib. Spectrosc. 2002, 6, 6. Available online: https://www.irdg.org/ijvs/ijvs-volume-6-edition-1/conformation-of-bovine-serum-
albumin-as-a-function-of-hydration-monitored-by-infrared-spectroscopy (accessed on 10 August 2023).

40. Ferenczy, P.A.v.H.; de Souza, L.B. Comparação dos meios de preparação e preservação de membrana amniótica humana para uso
no tratamento de doenças da superfície ocular. Rev. Bras. Oftalmol. 2020, 79, 71–80. [CrossRef]

41. Guzzi Plepis, A.M.; Goissis, G.; Das-Gupta, D.K. Dielectric and pyroelectric characterization of anionic and native collagen. Polym.
Eng. Sci. 1996, 36, 2932–2938. [CrossRef]

42. Ahmed, K.; Tauseef, H.; Ainuddin, J.A.; Zafar, M.; Khan, I.; Salim, A.; Mirza, M.R.; Mohiuddin, O.A. Assessment of the proteome
profile of decellularized human amniotic membrane and its biocompatibility with umbilical cord-derived mesenchymal stem
cells. J. Biomed. Mater. Res. A. 2024, 112, 1041–1056. [CrossRef] [PubMed]

43. Daniele, E.; Ferrari, B.; Rassu, N.; Ben-Nun, J.; Bosio, L.; Barbaro, V.; Ferrari, S.; Ponzin, D. Comparison of human amniotic
membrane decellularisation approaches for hESC-derived RPE cells culture. BMJ Open Ophthalmol. 2022, 7, e000981. [CrossRef]

44. Botelho, T.S.; Kawata, B.A.; Awoyama, S.M.; Marrafa, P.A.L.I.; Carvalho, H.C.; de Lima, C.J.; Fernandes, A.B. Sterilization of
Human Amniotic Membrane Using an Ozone Hydrodynamic System. Ann. Biomed. Eng. 2024, 52, 1425–1434. [CrossRef]
[PubMed]

45. Huang, Z.; Zhao, S.; Zhang, Y.; Cai, Z.; Li, Z.; Xiao, J.; Su, M.; Guo, Q.; Zhang, C.; Pan, Y.; et al. Tunable Fluid-Type Metasurface
for Wide-Angle and Multifrequency Water-Air Acoustic Transmission. Research 2021, 2021, 9757943. [CrossRef] [PubMed]

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

https://doi.org/10.1016/j.watres.2020.116016
https://doi.org/10.3390/bios13010055
https://www.ncbi.nlm.nih.gov/pubmed/36671890
https://doi.org/10.1088/1361-6560/ac6288
https://doi.org/10.1016/j.jconrel.2020.06.008
https://doi.org/10.1177/1535370220982301
https://doi.org/10.3390/polym15051213
https://www.ncbi.nlm.nih.gov/pubmed/36904453
https://doi.org/10.1080/01919512.2024.2312904
https://bvsms.saude.gov.br/bvs/saudelegis/anvisa/2003/rdc0190_18_07_2003.html
https://doi.org/10.3389/fbioe.2020.613804
https://doi.org/10.1007/s40204-016-0053-7
https://doi.org/10.1080/05704928.2016.1230863
https://doi.org/10.3390/ma14040863
https://doi.org/10.37358/MP.20.2.5365
https://www.irdg.org/ijvs/ijvs-volume-6-edition-1/conformation-of-bovine-serum-albumin-as-a-function-of-hydration-monitored-by-infrared-spectroscopy
https://www.irdg.org/ijvs/ijvs-volume-6-edition-1/conformation-of-bovine-serum-albumin-as-a-function-of-hydration-monitored-by-infrared-spectroscopy
https://doi.org/10.5935/0034-7280.20200016
https://doi.org/10.1002/pen.10694
https://doi.org/10.1002/jbm.a.37685
https://www.ncbi.nlm.nih.gov/pubmed/38380793
https://doi.org/10.1136/bmjophth-2022-000981
https://doi.org/10.1007/s10439-024-03467-3
https://www.ncbi.nlm.nih.gov/pubmed/38411861
https://doi.org/10.34133/2021/9757943
https://www.ncbi.nlm.nih.gov/pubmed/34671744

	Introduction 
	Materials and Methods 
	Study Type and Ethical Aspects 
	Sample Collection 
	Experimental Procedure 
	Analysis 
	FT-IR Analysis 
	Histological Analysis 
	SEM-FEG Analysis 


	Results 
	O3 Concentration Curve Dissolved in Water 
	FT-IR Analysis 
	Histological Analysis 
	SEM-FEG Analysis 

	Discussion 
	Conclusions 
	References

