Pre prints.org

Article Not peer-reviewed version

Oxygenated Layer Coating for
Enhancing the Healing Process of Non-
Healing Wounds-Case Report

Tomasz Mitek , Anna Grzeczkowicz , Agata Lipko , Maria Mesjasz , Leszek Oklesiniski , Angelika Kwiatkowska
, Marcin Strawski , Monika Drabik , Ludomira H. Granicka i

Posted Date: 5 November 2024

doi: 10.20944/preprints202411.0279.v1

Keywords: polyelectrolyte coating; oxygenating factor; platelet-rich plasma; dressing; non-healing wound;
granulation; epithelialization

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1907503
https://sciprofiles.com/profile/1237169
https://sciprofiles.com/profile/1713203
https://sciprofiles.com/profile/3851585
https://sciprofiles.com/profile/1212462
https://sciprofiles.com/profile/1482438
https://sciprofiles.com/profile/1233841
https://sciprofiles.com/profile/1215931

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2024 d0i:10.20944/preprints202411.0279.v1

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.

Article

Oxygenated Layer Coating for Enhancing the Healing
Process of Non-Healing Wounds-Case Report

Tomasz Milek 12*, Anna Grzeczkowicz 3, Agata Lipko 3, Maria Mesjasz 2, Leszek Oklesinski 2,
Angelika Kwiatkowska 3, Marcin Strawski ¢, Monika Drabik ? and Ludomira H. Granicka 3*

! Lazarski University, Faculty of Medicine, Swieradowska 43 st., 02-662 Warsaw, Poland

2 Wolski Hospital, Marcina Kasprzaka 17 st., 01-211 Warsaw, Poland

3 Nalecz Institute of Biocybernetics and Biomedical Engineering, Polish Academy of Sciences, Trojdena 4 st.,
02-109 Warsaw, Poland

4 Laboratory of Electrochemistry, Faculty of Chemistry, University of Warsaw, 00-927 Warsaw, Poland

* Correspondence: tomasz_milek@wp.pl (T.M.); Igranicka@ibib.waw.pl (L.H.G.)

Abstract: The ever-increasing problem of chronic, non-healing wound treatment is a challenge in contemporary
medicine. The study aims to verify the effect of a designed dressing containing coating involving oxygenating
factors on promoting wound healing in all healing phases in a single clinical case. The alginate-based coating,
which incorporates the oxygenating factor, was produced. The obtained surface physicochemical features were
examined using FTIR and AFM microscopy. The bandage support was modified with elaborated coating and
applied to the patients who suffered from chronic wounds (treated with non-modified commercially available
bandage) and required treatment at least 3 months before starting the study. During bandage application, the
chosen characteristics of the wound healing process were examined. Histological evaluation of granulation
tissue confirmed the presence of fibroblasts, hemorrhage, and lymphocytes during the second week of
treatment. Moreover, epithelization tissue in the third week of treatment exhibited the presence of
keratinocytes. The 100% wound reduction was observed between 3-4 weeks of treatment with modified
dressing. The applied coating, which provides a smooth surface of contact with the wound, inducing the
remodeling phase in up to 4 weeks of treatment, can be recommended to be developed for hard-to-heal wound
treatment.

Keywords: polyelectrolyte coating; oxygenating factor; platelet-rich plasma; dressing; non-healing
wound; granulation; epithelialization

1. Introduction

Modern medicine is struggling with the ever-increasing problem of chronic, non-healing wound
treatment [1]. It is associated with aging societies, the lifestyle of people in developed countries, and
constantly increasing urbanization, resulting in a growing number of injuries, including traffic ones
[2]. In addition, chronic wounds are the reason for professional absenteeism, cause individuals to
withdraw from social life, and, in extreme cases, may lead to psychiatric disorders headed by
depression [3]. Furthermore, considering the high cost of long-term — often lasting several months —
outpatient treatment [4,5], whose efficacy varies between patients, it is critical to provide fast-acting,
effective dressing that significantly supports ulcer healing.

Chronic wounds are difficult-to-heal, physiologically impaired wounds/ulcers in which the
normal healing process has been disrupted at one or more phases [6,7]. In addition, the underlying
pathology (e.g., comorbidities like cardiovascular disease or diabetes) usually cause a delay in the
healing process. Moreover, non-physiological factors (quality of healthcare services, social context,
or patient mental state) are also identified as the ones influencing wound healing [8]. Contemporary
medicine applies several approaches to heal chronic wounds, including treatment based on
managing controllable process factors (e.g., nutritional support, infections removal, and mechanical
protection) [9], target delivery of active agents [10], or hyperbaric oxygen therapy [11,12], and the
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usage of sub-atmospheric pressure dressings [13]. On the opposite sites are methods based on the
tissue-engineering, like human skin equivalents [14] or autologous skin transplantation [15]. Other
strategies might be the usage of platelet-rich plasma (PRP) [16] or the application of recombinant
growth factors [17].

As a result, in therapies based on PRP, the time of patients' hospitalization can be reduced [18].
Nonetheless, due to the variable concentration of PRP and lack of standardized procedures for
application, studies' pieces of evidence can be unreliable, which impedes clinical usage in patients
[19,20].

Oxygen is essential in wound healing as it participates in many processes leading to tissue
restoration, including angiogenesis, fibroplasia, or cell proliferation [21,22]. On the other hand,
limiting the oxygen supply to a wound area impedes and delays healing [23]. Furthermore, it has
been shown that oxygen transport to the tissue is disturbed in chronic wounds, which results in high
hypoxia [21,24], wherein extreme hyperoxia can promote the formation of reactive oxygen species,
causing oxidative stress, mitochondrial apoptosis and growth retardation [23]. Thus, it cannot be
surprising that scientists try to improve wound healing by enhancing tissue oxygenation, such as
employing special dressings that maintain adequate oxygen levels by continuous delivery [25-27].
Incorporating oxygenating factors into the plasters aimed at wound care is another possible option.
Perfluorocarbons (PFCs), known for absorbing large amounts of oxygen, can be used for that
purpose. PFCs have been previously applied in wound healing. For example, Li and coworkers
described a perfluorodecalin-based supersaturated oxygen emulsion supporting eye regeneration
after chemical injuries [28]. The works on improving dressing construction for wound healing are
still been developed [29-33].

Herein, we report the cases of applying the dressing containing oxygenating factors to promote
hard-to-heal wound healing and its effect. A subassembly of the dressing was qualified for the clinical
trial to cooperate with the previously developed platform containing platelet growth factor,
constructed of bandage support with oxygenating coating.

The study aims to assess the effectiveness and clinical usefulness of modified dressings in
combination with autologous platelet-rich plasma. The work addresses the treatment of chronic, non-
healing wounds in which the healing process has been disrupted at one or more phases. The system
involving an oxygenating layer- patient platelet-rich plasma interface has been constructed. The
coatings, incorporating oxygenating factors, were prepared on the bandage support for that purpose.
The patient platelet-rich plasma was transferred to the patient's previously prepared wound area.
The wound was covered with a designed bandage, and the dressing was changed every 7 days.

It should be noted that the bioethics committee approved the studies. In addition, the patients
participating in the study were informed in detail about the methodology and purpose of the
experiment and then gave written informed consent to participate.

2. Materials and Methods

2.1. Materials

Reagents: 1-Bromoheptadecafluorooctane (Sigma-Aldrich, Munchen, Germany); phosphate-
buffered saline (PBS) (Biomed Lublin, Lublin, Poland); MilliQ water; bandage support AQUACEL
(ConvaTec, UK); sodium alginate (Sigma-Aldrich (St. Louis, MO, USA); FluoSpheres carboxylate
modified microspheres 0.2um, yellow-green fluorescent (Invitrogen Molecular Probes, Eugene,
Oregon, USA).

2.2. Methods

2.2.1. Preparation of Polyelectrolyte Layer Coating

The following solutions were used to prepare the layer coatings for spectroscopic and
microscopic assessment and/or to modify the bandage support: 2.2% sodium alginate in PBS (ALG);
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1-Bromoheptadecafluorooctane liquid in the original liquid concentration from the brand bottle
(PFC); 2.5% CaCl..

The polyelectrolyte layer coating forming was described previously [34]. Briefly, a 2.2% solution
of sodium alginate in PBS (ALG) or alginate—perfluorooctyl (ALG-PFC)—made from the mixture of
1-Bromoheptadecafluorooctane and alginate (2.2%) in a 1:9 volume ratio layers cross-linking using
2.5% CaClz or not were produced. Afterward, dried under atmospheric pressure for 45 minutes.

Applied coatings: alginate (ALG)—made of 2.2% sodium alginate; alginate cross-linked
(ALG)net—made of ALG cross-linked with 2.5% CaCl; alginate-perfluorooctyl (ALG-PFC)—made
from the mixture ALG-PFC; alginate—perfluorooctyl cross-linked ((ALG-PFC)net) —made by cross-
linking ALG-PFC using 2.5% CaCl..

The coatings were tested regarding roughness changes after applying an oxygenating agent
within the coating. For this purpose, the polyelectrolyte layer coating ALG and ALG-PFC were
examined using AFM. Furthermore, the coating material was examined in terms of durability during
long-term storage, which is essential in case of the need for long-term storage of coating-modified
dressings. For this purpose, the coating material after 10 months of storage (4°C) was examined using
FT-IR.

Furthermore, microscopic confirmation of oxygenating elements within the coating was
performed.

2.2.2. PEC Labeling

The suspension of fluorescent microspheres (UB-FITC) was incubated with PFC solution in a
1:100 (v/v) ratio for 4 minutes. Afterward, PFC was washed twice in PBS at 1600 rpm for 3 minutes
to remove unabsorbed uB-FITC. PFC coated with uB-FITC was obtained (PFC_uB-FITC).

2.2.3. Bandage Modification

For clinical trial purposes, a square bandage support with an area of around 25 cm? was covered
with a coating layer of (ALG-PFC)net. Bandages modified in this way were applied to the patients in
combination with autologous platelet-rich plasma according to the presented model (Figure 1).

wound bed cells involved in healing process

dermal fibroblasts
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o 2 o
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o — o e i)
v\ o ~
O
oo (o] O o O o oo O<— membrane coating
O o O o o]

oxygenating elements

Figure 1. The coating (ALG—PFC)ret — patient platelet-rich plasma interface model in configuration
with treated tissue. Key to the symbol: (ALG—PFC)net — alginate—perfluorooctyl cross-linked.

The use of an autologous plasma layer is intended to increase the adhesion forces between the
dressing and the wound bed, facilitating direct contact with the regenerated tissue. Some authors
observed that encapsulation of PFC with amphiphilic biopolymers (e.g., charged proteins like
albumin) enhances PFC biocompatibility and prevents coalescence and flocculation [35,36].

Figure 2 shows a view of modified dressings packaged sterile for use on patients.
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Figure 2. The package modified with (ALG-PFC)net coating dressings. Key to the symbol: (ALG—
PFC)net —alginate—perfluorooctyl cross-linked.

2.2.4. AFM Evaluation

A Multimode 8 Nanoscope atomic force microscope (AFM, Bruker, Billerica, MA, U.S.A.) was
used to image the samples' surfaces. Silicon cantilevers with a spring constant of ca. 5 Nm (TapDLC-
150, BudgetSensors, Sofia, Bulgaria) were applied for imaging in PeakForce TappingTM microscopy
mode. The sample preparation procedure includes the application of 150 L of solution on the clean
mica plate, V1 grade (NanoAndMore GmbH, Wetzlar, Germany). After 10 min, the plates were rinsed
with deionized water and dried under a gentle stream of argon.

2.2.5. Fourier Transform Infrared (FT-IR) Spectroscopy

The samples’ measurement was performed with FT-IR spectroscopy using an attenuated total
reflection accessory with diamond crystal. The measurements were performed with a resolution of 4
cm; typically, 32 scans were taken for each sample. A 10ul drop of solution was deposited in the
crystal and left to dry under a gentle air stream.

2.2.6. Scanning Electron Microscopy and Fluorescence Microscopy Evaluation

For scanning electron microscopy evaluation, the prepared samples of coatings were lyophilized
and deposited on microscope tables. After that, the specimens were sputtered with gold and placed
in a microscope measuring chamber. The samples were assessed by scanning electron microscope
TM-1000 (Hitachi, Tokyo, Japan).

For fluorescence observation, the layer coatings were placed in the wells of a culture plate in a
physiological saline solution and photographed using an Olympus IX70 (Olympus, Tokyo, Japan)
fluorescence microscope.

2.2.7. Confocal Microscopy

For confocal microscopy evaluation, the samples of layer coatings prepared on microscopic glass
were examined. The measurements were performed using Olympus FV4000 microscope (Evident
Europe GMBH), equipped with 30xsilicone lens-zoom 2.84, laser 488. The detection at 500-580nm was
applied.

2.2.8. Evaluation of the Wettability Angle of Polyelectrolyte Shells

The wettability angle of the water positioned on the polypropylene support coatings, or the
support alone (as a control) was analyzed. The fluid was dispensed from a manually controlled
syringe. The sessile drop method was used to measure the contact angle using the SEO Phoenix 300
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assembly and a DLT-Cam Pro 5MP USB 2.0 camera with dedicated software. The recorded water
droplet images were then analyzed using Image] software applying a wave function algorithm.

2.2.9. Histopathology

The study was carried out according to the following procedure:

(1) the skin sample of a square shape of about 1 cm? was immersed in 10% formalin.
(2) The samples were embedded in paraffin

(3) The material was cut into pieces with a thickness of 4 pm.

(4) Paraffin sections were stained by the routine hematoxylin-eosin method.

A chosen patient's skin samples were analyzed using microscopic evaluation.

2.2.10. Patients & Methods

Study design: The modified cross-over design of randomized clinical trials (RCT) was applied.
The trial was done on patients who suffered from chronic wounds. Due to the specificity of wound
healing, the order in which the patient receives interventions was not randomized. Thus, in this
design, participants start with a non-modified bandage and switch to a modified one. The results are
then compared within the same case.

The most common chronic diseases in patients were permanent atrial fibrillation, arterial
hypertension, type II diabetes, and obesity. The causes of ulceration in the examined cases were post-
traumatic, postoperative changes, generalized scleroderma, and chronic venous ulcer.

The participants were the patients treated with unmodified bandages who still suffered from
chronic wounds during treatment over 3 months and more and who received, after that, the modified
bandage.

Inclusion criteria

The criterion for inclusion in the study was the presence of a non-healing wound for more than
3 months despite treatment with an unmodified bandage used at the local center.

Exclusion criteria

1. DPatients with leg ulcers during atherosclerosis of the lower limbs and chronic venous
insufficiency before treatment of the underlying disease.

2. Patients with chronic end-stage heart failure NYHA4 addicted to alcohol and psychoactive
substances,

3. Patients with severe mental disorders were not promising to comply with medical
recommendations.

Patients’ characteristics

Five patients participated in the study: four men and one woman. The average age was: 65.8.

Preliminary examination

Each patient qualified for the clinical trial has undergone basic laboratory tests and an
ultrasound examination of the arteries of the lower limbs and the veins of the lower limbs to assess
their efficiency.

Procedure

After the standard wound cleaning of necrotic tissue, fibrin, and disinfection of its surface, about
5 ml of peripheral venous blood was collected and then centrifuged at 3,000 revolutions per minute
for 5 minutes. Then, the upper layer of platelet-rich plasma was collected from the test tube and
transferred to the patient's previously prepared wound. Finally, the wound was covered with a
bandage prepared as described above. The dressing was changed in the above manner once every 7
days in the Wolski Hospital.

Ethics approval and consent to participate

The research bioethics committee of the Medical Centre of Postgraduate Education approved
the trial protocol Number 31/2022 on March 9, 2022. Each patient participating in the clinical trial was
informed in detail about the type and purpose of the study, the possible benefits of participating in
the experiment, and the possible side effects. In addition, each patient signed an informed consent
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form to participate in the study. Successively admitted outpatients with non-healing wounds were
included in the trial.

2.2.11. Statistical Analysis

Statistica 7.1 software was used to perform statistical calculations. Each time, mean values, the
significance of the difference, and standard deviations were determined. Values with a p-value below
0.05 were considered to indicate significance.

3. Results

3.1. AFM Evaluation of Morphology of Oxygenated Coating Layer

Topography analysis can indirectly confirm the presence of functional elements within the
coating. In order to characterize the surface topography of the prepared coating at the production
level, atomic force microscopy (AFM) was applied. AFM visualization of the ALG and ALG-PFC
layer deposited onto gold-covered mica substrate is presented in Figure 3.

N @l ] 100 nm
1 .

00 1: Height 50um r 1
00 1: Height 50um

R

10.0 nm

Figure 3. AFM visualization of (ALG) and (ALG—PFC) layers on the gold-covered mica substrate.
Key to the symbols: ALG - alginate, ALG—PFC - alginate with oxygenating factor.

The ALG and ALG—PEFC layers (with root mean square average of profile height deviations
from the mean line (Rms) equal to 0.88 and 2.33 [nm], respectively) show the structure with evenly
marked active centers over the entire surface.

In the case of PFC incorporation in the ALG sample, a 62% increase in Rms was observed, which
might be caused by the appearance of additional centers compared with ALG alone. Figure 4 presents
the ALG-PFC profile.
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Figure 4. AFM visualization of the profile of the ALG-PFC layer deposited on the gold mica substrate
cover. Key to the symbol: ALG—PFC - alginate with oxygenating factor.

3.2. Fourier Transform Infrared (FT-IR) Spectroscopic Evaluation

The presence of functional elements within the coating was confirmed using FT-IR spectroscopy.
It can be noted that in ALG-PFC, besides the characteristic bands for ALG-like stretching vibrations
of O-H bonds, which appear in the range of 3000-3600 cm™, the bands appeared at 1600 and 1414
cm which can be attributed to stretching vibrations of the carboxylate group can be observed. Due
to PFC involvement, the bands at 1143 and 1200 cm appeared, which can be attributed to C-F bonds

(Figure 5).
0.8
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Figure 5. FT-IR spectra of ALG, ALG—PFC. Key to the symbols: ALG- alginate; ALG—PFC —
alginate—perfluorooctyl.

3.3. Microscopic Evaluation of Morphology of Coating and Oxygenating Elements Presence

The SEM examination of the morphology of coating with incorporated oxygenating elements

was performed to visualize the oxygenating elements. The exemplary images of the analysis are
presented in Figure 6.
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Figure 6. SEM visualization of the surface of (ALG-PFC)ret coating. Key to the symbol: (ALG —PFC)net
— alginate—perfluorooctyl cross-linked.

Within the ALG-PFC, the PFC elements of spherical shape were observed (Figure 6AB). The
oxygenating element of about 260 um can be observed in the field of view in Figure 6B.

Moreover, fluorescence microscopy was applied to assess coating layer morphology. In Figure
7. the exemplary ALGnet and (ALG-PFC)ret coating morphology can be observed. The ALGnet layer
represents a relatively even structure (Figure 7A). On the other hand, (ALG-PFC)ret exhibits the
presence of elements of spherical shape within the layer structure (Figure 7B).

m

——
200 pm

Figure 7. Visualization of the surface of the: A) ALGnet coating; B) (ALG-PFC)net coating. Key to the
symbols: ALGret — alginate cross-linked; (ALG —PFC)net —alginate—perfluorooctyl cross-linked.

In addition to physicochemical methods, fluorescence microscopy was used to confirm
oxygenating elements' presence within the layer coating structure. For this purpose, the PFC_uB-
FITC obtained using the method described above was applied. Figure 8 shows the fluorescent
microscopic picture of the (ALG—PFC_uB-FITC)rnet within the layer coating structure.

Figure 8. Fluorescence microscopic picture of (ALG—PFC_puB-FITC)net layer coating. Key to the
symbol: (ALG—PFC_puB-FITC)net — alginate—perfluorooctyl labeled with fluorescent microbeads,
cross-linked.
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The spherical elements with fluorescent coating can be observed within the coating structure,
confirming the oxygenating elements' involvement in it (Figure 8A,B). The magnitude of the
oxygenating element can be observed in Figure 8B. Due to the interaction between fluor present in
PFC and oxygen present in carboxyl groups of uB-FITC, the PFC spherical elements are coated by 0,2
um fluorescent microspheres.

Furthermore, confocal microscopy was applied to confirm oxygenating elements' presence
within the coating layer structure. Figure 9A,B. presents the exemplary images of the assessment.

Figure 9. 3D view in the coordinate system of the oxygenating layer (ALG—PFC_uB-FITC)net in
confocal microscope. Key to the symbol: (ALG —PFC_uB-FITC)net — alginate—perfluorooctyl labeled
with fluorescent microbeads, cross-linked.

The PFC elements coated with pB-FITC can be observed within the layer structure in 3D picture
(Figure 9A). In Figure 9B the image of the layer from above is shown. In addition to the PFC elements,
uB-FITC unbound to their surface are visible.

3.4. Water Contact Angle Evaluation

The coating wettability was assessed by measurement of the contact angle for water based on
the relationship between the specific surface energy of the solid, interfacial energy between the solid
and liquid, and surface energy of water, according to Young's equation. The coatings ALG and ALG-
PEC deposited on the polypropylene support were tested (Figures 10 and 11).
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Figure 10. The water contact angle. Key to the symbols: ALG - alginate, ALG_PFC - alginate—
perfluorooctyl.
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A. B. C.

Figure 11. The representing images of the droplets of water exhibiting the contact angles for assessed
layer coatings. A) support; B) alginate; C) alginate—perfluorooctyl.

It was found that the involvement of PFC in the ALG layer did not significantly change the
wettability compared to the ALG layer alone. Moreover, the placement of tested coatings did not
significantly change the wettability parameters of the applied support.

3.5. Wound Treatment

The patients' data and wound characteristics before treatment with modified bandages are
presented in Table 1 and Table 2, respectively.

Table 1. Patients in the trial.

Code Age Ulceration time [months] Gender  Diabetes Treatment [weeks]
001M 54 4 male YES 2
002M 62 3 male NO 4
003M 84 8 male NO 3
004M 71 5 male YES 3
005F 58 3 female NO 4

Table 2. Patients' wounds characteristics.

Code Age Gender Wound characteristics

001M 54 male generalized scleroderma wound of the wrist
002M 62 male the postoperative wound of liposarcoma of the lower leg
003M 84 male the post-traumatic wound of the lower leg

004M 71 male chronic venous ulcer wound of the lower leg

005F 58 female the post-traumatic wound of the lower leg

The pictures of the patients' wounds during treatment with modified bandages are presented in
Figures 12-16. The results of the patients’ wounds examination are listed below:

4 _ il
1.1 = : "A 2.

Before treatment After 4 weeks of treatment
WEEKLY OBSERVATIONS

patient: 002M

A st om0y 7_ | s 2
After 1 week of treatment After 2 weeks of treatment After 3 weeks of treatment
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Figure 12. Wound treatment with the designed system (Patient 002M).
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Figure 13. Wound treatment with the designed system (Patient 003M).
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Figure 14. Wound treatment with the designed system (Patient 004M).
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Figure 15. Wound treatment with the designed system (Patient 005F).

Patient: 002M; Day: 14 |

Figure 16. Compilation of the wound treatment effects in time for three different patients (001M,
002M, 003M): (A) before the treatment, (B) after 1 week of the treatment, and (C) after 2 weeks of the
treatment.

Patient 001M: the wound area of 13 cm? exhibited granulation tissue covering during 14-day
treatment (after that time, the patient discontinued treatment).

Patient 002M: the wound of 7 cm length exhibited granulation tissue covering for one week;
during the next two weeks, epithelial cells grow, and during the fourth week, the resistant epidermis
can be observed (100% epithelialization at 29 days of treatment).

Patient 003M: the wound of the area of 3 cm? exhibited granulation tissue covering for one week;
during the next two weeks, epithelial cells grew, and the resistant epidermis during the 22-day
treatment.

Patient 004M: the wound of the area of 8 cm? exhibited granulation tissue covering for one week;
during the second week, epithelial cells grew; during the third week, the resistant epidermis can be
observed with 100% epithelialization at 21 days of treatment.

Patient 005F: an oblong wound of 3 cm? with a length of the longer side of 3 cm exhibited
granulation tissue covering for two weeks; during the next two weeks, epithelial cells grew, and the
resistant epidermis formed during 28-day treatment.

In the case of all treated wounds with accomplished treatment, it was observed that the wound
shrinks, and the granulation tissue transforms into scar tissue. It can be observed that the granulation
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tissue covers the bottom and walls of the wound, gradually filling it completely. Epithelial cells grow
from the edges to the center of the wound and eventually form a durable, resistant epidermis. In
Figure 12-2., Figure 13-2, Figure 14-2, Figure 15-2, Figure 16-2C, 3C, a newly formed epidermis can
be observed.

Figure 16 presents pictures of the wounds of selected patients. At 1-2 weeks of treatment,
granulation tissue is visible, indicating the hemostasis phase (Figure 16-1B, 1C; 16-2B, 2C).
Epithelialization is visible at two weeks of treatment, indicating that the remodeling phase is
progressing.

The percent linear reduction of wound size during individual weeks of treatment was assessed
using the following formula:

Iy —1

R = [M] -100%
In-1)

where: In- a maximum wound size after n-week of treatment, n=1,2,3...

Table 3 summarizes R values for patients 002M, 003M, 004M, and 005F during the following
weeks of treatment.

Table 3. The percent linear reduction of wound size value (R) during individual weeks of treatment.

Time of treatment/treated Patients R [%]
1 week/Patients 002M, 003M, 004M, 005F 50.75+8.8
2 week/Patients 002M, 003M, 004M, 005F 55.0+11.1
3 week/Patients 002M, 003M, 004M, 005F 90.50+16.5
4 week/Patients 002M, 003M, 005F 86.70+18.8

The values are presented as mean+SD.

No significant differences were observed in the R-value for treatment in the first and second
weeks. Moreover, no significant differences in the R-value for treatment in the third and fourth weeks
were observed. However, a difference was observed in the rate of wound size reduction between the
first two weeks and the following two weeks of treatment.

The mean percent linear reduction of Patients' (002M-005F) wound size during individual weeks
of treatment with a trend line is presented in Figure 17. It can be observed that the R rate achieves a
100% value between 3-4 weeks with a correlation rate of 0.878.

120.00
100.00
y=21.975x +13.3
80.00 R? =0.8775

60.00

40.00

20.00

Rate of linear wound closure [%]

0.00

Week

Figure 17. The mean percent linear reduction of wound size during individual weeks of treatment
calculated for Patients 002M, 003M, 004M, and 005F.
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In some approaches, different materials are recommended for each phase of healing, which is
made possible by the dressings available on the market. During the hemostasis and inflammation
phases, bacteria and debris are eliminated, exudates are coagulated, and blood clots [37,38].

In the inflammatory phase of wound healing (with a difficult-to-heal wound), dressings should
be used which, unlike dressings like e.g., gauze, absorb a large part of the wound exudates, causing
quick drying of the wound surface [39,40], stimulate cleansing without removing moisture, often
containing an antimicrobial agent [27,41-43].

Different studies indicated the role of growth factors in wound healing processes, including
chronic wounds. Platelet-derived growth factors may play a role in the regulation of cellular response
[44,45] among other biologically active polypeptides (like epidermal growth factor, transforming
growth factor-p, vascular endothelial growth factor) in hemostasis and inflammation, e.g.,
stimulating the chemotaxis of macrophages, neutrophils, and fibroblasts, supporting the initiation of
the inflammatory response, what brings to a conception of synergic application along with the
bandage. It can be noted that there are reports on recombinant platelet-derived growth factor
Becaplermin application for supporting the treatment of ulcers resulting from calciphylaxis as well
as the treatment of nondiabetic chronic ulcers of various etiologies [46]. On the other side, despite the
indisputable increase in the healing rate, due to the high cost of treatment and the long list of adverse
reactions, including the risk of malignancy occurrence (US Food and Drug Administration warning
from 2008) [47] the application of this therapeutic is limited [48].

In the next healing phase — proliferation, the granulation process may begin when the
inflammation disappears, and the wound is clean. It is the production of the base necessary for the
regeneration of the surface layers of the skin and the epidermis.

In this case, it is also favored to maintain a humid environment, e.g., using dressings containing
hydrogel.

The last stage of wound healing is the remodeling (maturation) phase. The wound shrinks, and
the granulation tissue transforms into scar tissue. Maintaining a humid environment with a low
absorption capacity is still advantageous. The task of the dressing is also to secure the recently formed
epidermis.

Some dressings provide wound healing in all overlapping phases (hemostasis and
inflammation, proliferation, remodeling); however, in the case of chronic wounds, the action stops at
the inflammatory phase (e.g., Endoform® - The Natural Dermal Template), which is a natural
extracellular matrix obtained from the tissues of the sheep stomach (KIKGEL, EU) [49]. Our dressing
provides chronic wound healing, including the remodeling phase. The image of a wound healing
against the background of the granulation and epithelization model [50] is presented in Figure 18.
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Figure 18. Illustration of wound healing with visible granulation and epithelization. Granulation and
epithelization models based on Alven et al. 2022 [50]. ROS-reactive oxygen species.

The time of appearance of phases of proliferation involving granulation and remodeling
involving epithelialization of treated chronic wounds was close to the time expected to heal non-
chronic wounds [51], which is presented with representative histopathological photographs of the
preparations in these phases in Figure 19. The histopathology of granulation tissue was presented
during the second week of treatment, and it shows fibroblasts, hemorrhage, and lymphocytes'
presence. Histopathology of epithelization tissue in the third week of treatment exhibits

keratinocytes' presence.
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Figure 19. Theoretical (for normally healing wounds) and experimental duration of phases of
proliferation and maturation. The histological pictures visualize the time range of granulation,
indicating the proliferation phase, and epithelialization, indicating the maturation stage during

healing of treated non-healing wounds.
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The applied design of dressings, which involves maintaining a humid environment and
oxygenation-enhancing coating, allows for the healing of non-healing wounds in treated patients for
up to 4 weeks.

However, due to the limited group of patients, it is impossible to assess the impact of chronic
diseases on wound healing time using a modified dressing at this study stage.

5. Conclusions

The oxygenating layer coating for dressing modification can be developed for non-healed
wound treatment. The system involving an oxygenating coating layer — patients’ platelet-rich plasma
interface allowed to heal wounds that had not healed so far in the examined patients, regardless of
their etiology and size. Moreover, performing the dressing and further care of the wound while using
the tested system excludes the patient's contribution, might reduce the number of errors made during
unprofessional dressing changes, and may enhance the comfort of a patient's life.
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