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Chapter 1 | Introduction — State of The Art

1. State of The Art

Tissue injury is as old as human being is. Since childhood, when we sustain numerous
scrapes and cuts, to elderly, when iliness, surgery or trauma may result in greater tissue
injuries, we recurrently experience the life cycle of tissue damage and repair. Generally,
wounds heal within days or weeks after an uneventful and unimpeded course. However,
shortcomings on the wound healing process do occur leading an impeded skin barrier.
Presently, wounds are widely divided into acute and chronic with specific subtypes in
both categories [1]. When tissue injury is given, all wounds can be considered acute,
regardless of their nature. However, when these injuries take more than three months to
heal, they can be considered “chronic” [2]. Among the physiological and pathological
states that can cause a delayed healing; aging, diabetes, infections, vascular problems

and cancer are the main causes [3].

The wound healing process after tissue injury involves a complex interplay of multiple
cell types — immune cells, skin cells, mesenchymal stromal cells (MSCs) etc. —,
molecular mediators and their surrounding extracellular matrix (ECM) in a very precise
and well-orchestrated cascade. Thus, understanding the spatio-temporal molecular and
cellular events that can lead to an impaired tissue repair is essential for development of
more effective and precise therapies. In healthy individuals, the wound healing process
comprises four stages: hemostasis, inflammation, proliferation and remodeling [4] (Fig.
1).

Hemostasis occurs after a tissue injury to recover the barrier function of skin. It triggers
a peroxide gradient and vasoconstriction processes to finally attract platelets to close the
injury forming a clot and impeding the loss of blood. Furthermore, this blood clot will
serve as “scaffold-like” structure for the migration of skin and immune cells [5]. Platelets
within the clot release a wide variety of cytokines and growth factors that will eventually
induce the activation and migration of immune cells, fibroblasts, endothelial cells, smooth
muscle cells, and circulating bone marrow derived MSCs (cBM-MSCs) to the wound
niche [6-8] (Fig. 1).

The inflammation phase initiates a few hours after the wound is given and is fueled by
the presence of damage-associated molecular patterns (DAMPs) and pathogen-

associated molecular patterns (PAMPs). Neutrophils first and monocyte and
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macrophages secondly, infiltrate the wound niche killing pathogens removing debris and
damaged extracellular matrix. In this phase, monocytes transform predominately into M1
macrophages (pro-inflammatory) in order to magnify the inflammatory scenario and

attract more cells [9].
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Fig. 1. Wound healing phases: Hemostasis, inflammation, proliferation and remodeling. Cell boxes:
the left-handed cytokines and growth factors (GFs) stimulate cells and the right-handed ones are

secreted by these cells (Appendix 5) [10].
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Lymphocytes — y& + T cells and af + T cells — are the latest cell types that arrive to
the wound niche exhibiting important roles in the defense against pathogens and the
survival and growth of immune cells, fibroblasts and keratinocytes [10,11]. In the later
stage of the inflammation phase, monocytes and M1 macrophages start to polarize into
M2 Macrophages (anti-inflammatory) in order to increase cell migration, proliferation and
ECM formation. The switching to the M2 profile enable macrophages to release different
mediators that will assist in a normal transition to the proliferation phase [12]. The role of
MSCs in this stage is crucial exhibiting immunomodulatory, anti-inflammatory and pro-
regenerative effects. Both BM-MSCs and hair follicle derived MSCs (HF-MSCs) play an
important part on modulating the response of aB + T cells, monocytes, macrophages,
granulocytes and dendritic cells [13-15]. Finally, MSCs are able to produce and remodel
ECM, orchestrate angiogenesis and eventually differentiate into different skin cell types
[16] (Fig. 1).

After the first days post tissue injury, with the resolution of inflammation, the
proliferation phase begins. In this stage of the wound healing the immature tissue will
give to the formation of a mature granulation tissue, restoring the vasculature network
and covering the denuded wound surface [17]. Fibroblasts have an important task here
depositing and remodeling large amounts of ECM to close tissue gaps. On the other
hand, this re-epithelialization process requires the migration and proliferation of
keratinocytes that will eventually achieve wound coverage, followed by stratification and
differentiation to rebuild the skin epidermal barrier [4,10,18]. Here, the neovascularization
process reaches a high importance through both angiogenesis and vasculogenesis [19].
In this stage, both BM-MSCs and adipose tissue derived MSCs (AT-MSCs) are directly
implicated in the formation of granulation tissue and re-epithelialization. In this sense,
MSCs are able to, on the on hand; differentiate into different skin cell types such as
keratinocytes and fibroblasts and, on the other hand, release multiple mediators that

influence the activation, migration and proliferation of these cell types (Fig. 1) [14,20,21].

Finally, the remodeling phase extends for months or years and is characterized by a
decrease in cellular presence and vasculature. Here, fibroblasts, the key players in this
phase, act increasing the amount of type | collagen and breaking down disorganized

collagen that previously served as a template, manly of type lll. Finally, the production of
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matrix metalloproteinases (MMPs) and tissue inhibitor of MMPs (TIMPs) will modulate the

formation and fate of the final mature tissue (Fig. 1) [22,23].
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Fig. 2. Cellular disturbances in chronic wounds. (Appendix 6) [24].

Despite a precise and well-orchestrated process of healing and due to different
disorders, tissue repair can result insufficient leading to persistent skin damage [2,10].
This is the case of some acute wounds that become stagnant in the hemostasis phase
of the normal healing process, usually because of nasal surgeries, deep nasal injuries or
as side effects of coagulopathies, metabolic problems, some cancers or genetic
disorders [10,25]. For example, in pathologies like severe epistaxis — generally posterior
epistaxis —, these wounds can appear repeatedly causing important problems to
patients’ quality of life and needing a continuous medical monitoring and care [25].
Nowadays, the non-surgical treatment of choice for these acute hemorrhagic wounds

comprises the employment of pressure and biomaterial-based strategies for wound
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covering and blood absorption — gauze, dressings etc. — [26,27]. However, there is still
a lack of treatments that can avoid cauterization or surgery and that reduce blood loss
and healing time while increasing patient’s quality of life — e.g. discomfort on epistaxis

patients when extracting/introducing the gauze or nasal packs —.

On the other hand, some skin injuries can become stagnant in the second phase of
the normal wound healing process, the inflammatory phase, causing long-term non-
healing wounds or chronic wounds. These wounds are characterized by a constant
inflammatory status, impaired angiogenesis, re-epithelialization, and a dysregulated
cytokine and growth factor intercommunication due to an elevated protease activity.
Inflammatory mediators such as IL-1, IL-6, tumor necrosis factor alpha (TNFa) and MMPs
are persistently upregulated whereas the expression of TIMPs appears downregulated
[1,10,18]. Due to the impaired intercommunication, different disturbances occur also at
a cellular level (Fig. 2). Neutrophils and macrophages show predominately pro-
inflammatory phenotypes with an increased stay in the wound niche and inflammatory
cytokine secretion [28-30]. On the other hand, fibroblasts and keratinocytes are unable
to migrate accordingly to help form the granulation tissue and achieve re-epithelialization
[31-34]. All these cellular and molecular disturbances impede a correct deposition of
ECM and a proper formation of granulation tissue. Despite the fact that there is currently
a wide variety of available treatments for these wounds in the market, there is still a need
for more precise and effective therapies that tackle the multiple factors involved in the
wound healing process. In this sense, biomaterial-based strategies, in the form of
dressings, have been the leading options for the treatment of chronic wounds [24].
However, these biomaterials should provide not only adequate physicochemical and
moisture retentive properties, but should also support the healing process, orchestrating

the cellular and molecular behavior and modulating the microenvironment of the wound.

Whether the process of healing fails in the first phase (acute hemorrhagic wounds), or
in the second phase (chronic wounds), the biomaterial-based approach is the first choice
for the treatment of both injuries. Thus, in the last decades numerous biomaterial-based
therapies have been developed with multiple functionalities; antibacterial [35], antioxidant
[36], pro-coagulant [37], immunomodulatory [38], angiogenic [39] and ECM remodeling
properties [40]. However, the treatment of chronic wounds requires a more complex

approach that can eventually act at different levels of the healing process. Consequently,
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in the current century, the combination of cells with biomaterials has emerged in order to
better mimic the native ECM and properly recapitulate the native skin functionality. In this
regard, these dressings provide a scaffold with his own bioactive properties that support
cell retention while, on the other hand, cells are able to continuously secrete mediators
that interact with the wound microenvironment helping to achieve a faster and functional
healing [24]. The first of its kind was approved in 1998 by the FDA under the name of
Apligraf®. This cell-based dressing was composed of neonatal fibroblasts in a bovine
type | collagen scaffold and tried to mimic the dermis of the skin (Skin equivalent) [41].
In the next years, after Apligraf® commercialization, other skin equivalents were approved
not only mimicking the dermis, but also the epidermis — employing also keratinocytes
— [42]. However, despite this approach was very promising, issues with dressing-
rejections and inferior effectiveness, in clinical trials against decellularized ECM-based

dressings, impeded their widespread implementation in clinic [43-45].

On the other hand, the development of dressings combining biomaterials with MSCs
was growing rapidly due to the demonstrated efficacy of these cells for treating different
pathologies with a persistent inflammatory component such as diabetes mellitus, graft
vs host disease and Chron s disease [46]. In this sense, MSCs demonstrated to exhibit
unique immunomodulatory and pro-regenerative properties (Fig. 3) making them key
players for the repair of chronic and inflamed injured tissues. Thus, the combination of
MSCs with biomaterials to form MSC-based dressings (MSC-Ds) can not only provide
external wound protection, moisture retention and a scaffold for delivery of cell mediators
etc., but MSC-Ds can also be considered as niches for MSCs differentiation or stemness
preservation [24]. Thus, these MSC-Ds orchestrate the wound closure through the
paracrine release of different mediators such as GFs, cytokines and extracellular vesicles
(EVs) with a lower risk of rejection than the skin equivalents [47,48]. Recently, different
works have demonstrated a great safety and efficacy in the use of MSC-Ds for chronic
wound management, however, there is a harsh regulatory pathway and elevated
production cost for these cell-based therapies [49]. Thus, despite being a great
therapeutic option with promising chronic wound management, these shortcomings
could reduce companies’ investment in developing such therapies, slowing down their

implementation in clinic.
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S

Fig. 3. Effects of MSCs in wound healing (Appendix 6).

Nevertheless, with the growing concern of reducing the carbon footprint and being
environmentally respectful in the contemporaneous society, a great number of
companies are starting to re-think products sources and processes [50,51]. In this
regard, “circular economy” is gaining popularity among a wide number of industries —
food, chemistry, construction etc. — as a manner of reduce costs, waste and obtain
cheaper raw materials with multiple applicability [52-54]. Thus, by using valorized waste,
companies could reduce expenses making the development of new therapies, such as
MSC-Ds, cheaper and cost-effective. One of the most interesting industries for waste
revalorization to develop health-related therapies is food industry. By-products of the
food industry are often discarded while they can be a great source of cheap, scalable
and sustainable source of biomaterials [55]. Consequently, ensuring a great network of
interconnected health-related industries and research entities with others, such as food
industry, can promote the development of cheaper treatments, with a more sustainable

approach, helping also to reduce companies’ carbon footprint.
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Despite the use of a “circular economy” thinking will help to reduce production costs
and commercialization times, there will be still a complicated regulatory pathway until
production approval. Research with MSCs started more than 30 years ago however,
nowadays, only two MSCs-based therapies have received the marketing approval by the
European medicines agency (EMA), Holoclar and Darvadstrocel [56]. Consequently, in
the past years, a growing number of works have investigated the paracrine signaling of
MSCs — that has been stated as the main responsible for their therapeutic potential —
to develop cell-free MSC-based therapies [57-59]. Among the bioactive mediators that
exhibit pro-regenerative effects, EVs have gained the overall attention. In the form of
membrane-surrounded cargoes, EVs carry information in DNAs, RNAs, proteins and
lipids in order to mediate intercellular communication [60]. These mediators have
demonstrated, as well as their parental MSCs, to have efficacy in tissue repair and in
inflammatory related scenarios, among other pathologies [61-63]. EVs are more easily
handled, characterized, controlled and stored than MSCs. Nowadays, some clinical trials
are being conducted with EV-related products. However, none of the EV-based therapy
has received marketing approval yet. Nevertheless, a wide variety of marketed and
“under-use” products and therapies present EVs on its composition, under a regulatory
blind point, such as platelet rich plasma (PRP) and its derivatives [64] or some ECM-
based bioscaffolds [65]. These examples may predict a great therapeutic impact of EVs

in the near future of health, with the first marketed EV-based products.

To sum up, biomaterial-based therapies have been stablished as the “gold standard”
for the treatment of some acute and chronic wounds. Development of new biomaterials
with improved potential under a cheaper and more sustainable way, using valorized by-
products, could open the gap for next-generation therapies. However, the complexity of
chronic wound healing, in comparison to acute wound healing, requires a step-forward
approach by combining MSC-based or derived therapies with biomaterials to fully tackle

the different cellular and molecular dysregulations.
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2. Methodology

2.1 Materials

The soy protein isolate (SPI) was supplied by ADM Protein Specialties Division
(PROFAM 974) and the B-chitin (CH) was extracted from fresh squid pens (Loligo sp.),
kindly supplied by a local fish market. The SPI sulphur content and aminoacidic
composition were measured by using a Euro EA elemental analyzer and a Biochrom 30+
amino acid analyzer respectively. For extracting the CH, the squid pens were washed
with water, and then threated with NaOH (1 M) at a ratio of 1:20 (w/v) under stirring at
room temperature for 24 h, in order to avoid the deacetylation of the native CH. After,
samples were filter and the solid fraction (CH) was washed with water until neutral pH
and finally freeze dryed. As determined by an elemental analysis in a previous study, the
amount of C and N present in CH was, respectively, 42.1% and 6.2%. Besides, the
average degree of acetylation was 95.9%. As for glycerol (99.01% purity), it was provided

by Panreac (Spain) and employed as a plasticizer.
Cell culture conditions

929 fibroblasts (ATCC, Manassas, USA) were cultured on Eagle’s minimum essential
medium (EMEM) (ATCC® 30-2003™) supplemented with 10% (v/v) horse serum and 1%
(v/v) penicillin—streptomycin. HF-MSCs were isolated and characterized from hair follicles
(HFs) as previously described [66] and further cultured in Dulbecco’s modified Eagle’s
medium (DMEM 49166-029, Gibco) supplemented with 10% of fetal bovine serum (FBS,
Gibco) and 1% (v/v) penicillin/streptomycin (P/S, Gibco). AT-MSCs (ATCC® PCS-500-
011TM) were also cultured under the same conditions. Adult Human Dermal Fibroblasts
(HDFs, ATCC® PCS-201-012™) were cultured in fibroblasts basal medium (ATCC PCS-
201-030TM) adding the fibroblasts growth kit-low serum (ATCC® PCS-201-041™) and
1% (v/v) penicillin/streptomycin (P/S, Gibco). Human umbilical vein endothelial cells
(HUVECs, Lonza® C2517A) were cultured in the EGMTM-2 Endothelial Cell Growth
Medium-2 BulletKitTM (Lonza® CC-3162) with 1% (v/v) penicillin/streptomycin (P/S,
Gibco). HF-MSCs and AT-MSCs were used at passages from 5 to 9 for EVs isolation.
HDFs were used at passages 3 to 7. HUVECs were used at passages 3 to 7. Cells were
incubated in a humidified incubator at 37 °C under a 5% CO2 atmosphere. Phosphate
buffered saline (PBS) pH 7.4 (Gibco, 11593377) was used for cell culture.

9
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Blood obtention

Blood was acquired from healthy volunteers according to the protocols approved by
the Ethics Committee for Researching Involving Biological Agents & GMOs (Procedure
number: M30/2021/257) and the Ethics Committee for Research Involving Human Beings
of the University of the Basque Country (Procedure number: M10/2021/256).

2.2 Preparation of the SLS

Firstly, we mixed 5 g of SPI with 30 wt % CH (based on SPI dry basis) and 125 mL of
distilled water were added. Then, we adjusted the pH to 10 with NaOH (1 M) before
heating the solution at 80 °C for 30 min under magnetic stirring. Afterwards, we added
30 wt % glycerol (based on SPI dry basis) to the solution. It was heated for another 30
min at the same conditions to obtain a homogenous blend. Finally, the blend was poured
into molds, kept in a freezer at —22 °C for 48 h and, eventually, freeze-dried for 72 h to
obtain the SLS. Next, according to further assays, we cut the SLS with a hollow punch
into discs with different diameters. To study the effect of a previous conditioning step of
the SLS on the different parameters, we divided samples in 3 groups: lyophilized SLS,
that did not undergo any previous conditioning step; hydrated SLS, which were immersed
into PBS for 5 min; dialyzed SLS, which were immersed into 1.6 L of Milli-Q water under
constant stirring and refreshed twice. Both the hydrated and the dialyzed samples

underwent a final freeze-drying process in order to be used in a dried state.

The SLS were compared with a standard gauze (Medicomp® 5 x 5 cm, Hartmann by,
Nijmegen, The Netherlands) and with Merocel® (MC) (Medtronic Xomed, Jacksonville,
Fla.).

2.3 Morphology, XPS and ATR-FTIR analysis

We studied the morphology of the SLS, gauze and MC surface by using a Hitachi S-
4800 field emission scanning electron microscope (FE-SEM) (Hitachi High-Technologies
Corporation, Tokyo, Japan) at a beam accelerated voltage of 5 kV. SLS, gauze and MC
were cut into discs of 8 mm diameter, mounted on a metal stub with an adhesive tape

and coated with gold under vacuum (JFC-1100) in an argon atmosphere prior to testing.
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Furthermore, we studied the SLS by atomic force microscopy (AFM) under ambient
conditions. We obtained AFM images using a scanning probe microscope (Nanoscope
llla Multimode ™, Bruker). We also employed Tapping mode in air using an integrated
tip/cantilever at 200-400 kHz resonance frequency, 0.6-1.0 Hz scan rate and 20-80 N/m

force constant.

X-ray photoelectron spectroscopy (XPS) was performed in a SPECS spectrometer
using a monochromatic radiation equipped with Al Ka (1486.6 eV). The binding energy
was calibrated by Ag 3d5/2 peak at 368.28 eV. All spectra were recorded at 90° take-off
angle. Survey spectra were recorded with 1.0 eV step and 40.0 eV analyzer pass energy
and the high-resolution regions with 0.1 eV step and 20 eV pass energy. Moreover, all
core level spectra were referred to the C 1s peak at 284.6 eV. We analyzed spectra using
the CasaXPS 2.3.19 software, and peak areas were quantified with a Gaussian—

Lorentzian fitting procedure.

We also used attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy to identify the characteristic functional groups of the SLS. Measurements
were performed with a Nicolet Nexus FTIR spectrometer, equipped with a MKII Golden
Gate accessory, Specac, with a diamond crystal as ATR element at a nominal incidence
angle of 45° with a ZnSe lens. We recorded measurements in the 4000-750 cm-1 region,

using 32 scans at a resolution of 4 cm-1.
2.4 Degradation studies

In order to determine the weight loss due to hydrolytic and enzymatic effect, lyophilized
SLS of 8 mm diameter were weighed and subsequently immersed in different solutions.
We used 2 mL of PBS (completely filled) for the hydrolytic degradation and a collagenase
P solution (Sigma-Aldrich, Spain), at a concentration of 0.5 mg/mL in culture medium, for
the enzymatic degradation. Finally, we incubated all SLS at 37 °C. At different time points,
samples were removed, lyophilized and weighed again to determine the remaining
weight (%).

2.5 Pore analysis, porosity and swelling capacity

Pore sizes were determined from SEM micrographs using Image J software. We

approximately measured up to 100 pores, randomly selected from different samples. To
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determine the porosity of the scaffolds, we performed a liquid displacement method
using ethanol 98% as the liquid medium, because of its ability to permeate through
scaffolds without inducing matrix swelling or shrinkage. 24 SLS were immersed into a
known volume (V7) of ethanol and degassed for 5 min with a vacuum pump. The total
volume of ethanol and ethanol-impregnated SLS was recorded as V2. Finally, we
removed the ethanol-impregnated SLS, and the residual volume of ethanol was recorded
as V3. The porosity (€) of the SLS was calculated with the following equation:

v, —V.

3
x 100
VZ - V3

€ (%) =

In order to calculate the swelling curve, different pre-weighed SLS of 8 mm diameter
were immersed into 5 mL of PBS at room temperature and also weighed again at various
time points (2 s, 0.5, 1.5, 5, 10, 20, and 30 min).

2.6 Cytotoxicity assays

We performed this assay following the ISO 10993-5:2009 guidelines for biological
evaluation of medical devices. Cytotoxicity assay was performed either by direct contact
of the SLS with the cells (direct cytotoxicity) or by exposing the cells to a lixiviate fluid of

these SLS (indirect cytotoxicity).

In the direct cytotoxicity assay, we used SLS of 8 mm diameter and measured the L-
929 fibroblasts viability employing CCK-8 reagent (Sigma-Aldrich, Spain). Briefly, we
seeded 35,000 cells/well in 500 ulL/well of EMEM complete medium in a 24 well plate.
Subsequently, we incubated the cells for 24 h at 37 °C. Then, we aspirated the medium
and added 300 uL of fresh medium, placing the SLS in direct contact with the bottom of
the well. After 48 h of incubation, we removed the SLS, and the medium was replaced by
370 ulL/well of CCK-8 solution in medium (1:11) and incubated for 4 h. Afterwards, we
read the absorbance with a plate reader (Infinite® 200 PRO series, Tecan Trading AG,
Mannedorf, Switzerland) at 450 nm, using 650 nm as the reference wavelength. We used

cells without SLS exposure as a control group (100% of viability).

In the indirect cytotoxicity assay, we exposed L-929 fibroblast to a lixiviate fluid of SLS
(incubating at 37 °C for 24 h in culture medium at constant stirring following the ISO
10993-5:2009). We utilized a Benchtop OrionTM 2-star pH meter (Fisher Scientific SL,
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Madrid, Spain) and an Osmomat 030 (Genotec, Berlin, Germany) to respectively
measure both the pH and the osmolarity of the lixiviate fluid, using culture medium without
SLS as control and fresh medium without the incubation process as “fresh”. Firstly, we
seeded 5,000 cells/well in a 96 well plate with 100 uL/well of medium and incubated them
for 24 h at 37 °C. Then, we replaced the medium by 100 ulL/well of the collected lixiviate
fluid, and the plate was subsequently incubated at 37 °C for 24 h. Finally, the lixiviate fluid
was removed, and 110 ulL/well of CCK-8 solution in medium (1:11) was added. After 4 h
of incubation, we read the absorbance as already described for the direct cytotoxicity.
Cells with lixiviate fluid without SLS (culture medium incubating at 37 °C for 24 h under

stirring equal as the other lixiviates) were used as control group (100% of viability).
2.7 In vivo biocompatibility of the SLS

In order to understand the biological reaction to the implanted biomaterials, we divided
SLS of 6 mm diameter in 4 different groups: lyophilized, hydrated, dialyzed and
lipopolysaccharide (LPS) soaked SLS as a negative control group. We immersed all the
SLS in PBS for 5 min before being implanted, except the LPS SLS that were contrastingly
immersed in a 100 ng/mL LPS in PBS solution. We conducted all the experiments
following the protocols approved by the Institutional Ethical Committee for Animal
Experimentation of the University of the Basque Country (Procedure number:
M20 2018 004). We subcutaneously implanted the SLS from the aforementioned four
groups in male 8-week-old C57BL/6 mice for 14 days (one SLS per mouse, 3 mice per
group). A two-week’s time point was selected in the present study because it has been
well established as suitable time to resolve both immune and fibrotic responses to
implanted materials, in C57BL/6 mice [67,68].

In the procedure, we anesthetized mice with isoflurane (Isoflo®, Esteve, Spain) and
used a scalpel to make a small incision (< 1 cm) in the central dorsal surface. We
employed blunt forceps to create a pocket for the SLS in the subcutaneous space. After
implantation, we closed the wounds with two sutures. Next, we monitored and housed
mice for 14 days. Moreover, we did not observe signs of discomfort after surgery

throughout the study.

Histological analysis
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After 14 days, we euthanized mice by CO2 asphyxiation. We made different incisions,
excising the SLS (and surrounding tissue) and fixed in 3.7% paraformaldehyde overnight.
Then, the biopsies were bisected, embedded in paraffin and sectioned in layers of a
thickness of 5 um. We stained the slices by hematoxylin-eosin (H&E) and Masson’s
trichrome (MT), using standard procedures. Images were analyzed by a blinded
histopathologist, utilizing the QuPath analysis software (Centre for Cancer Research &
Cell Biology at Queen's University, UK) to evaluate the foreign body reaction (FBR) to the
subcutaneous implant. All the results have been normalized by a blinded histopathologist
vs the weight of each scaffold. The cellular response was determined following a scale
in which every cellular FBR received a value within a range from 0 to 4: 0, absence of
macrophages (MC) or polimorphonuclear neutrophils (PMNN); 1, very low presence of
MC or PMNN; 2, low presence of MC or PMNN; 3, abundant presence of MC or PMNN;
and 4, very abundant presence of MC/PMNN.

2.8 Mechanical characterization

The mechanical properties of the dry SLS, gauze and MC were tested by
compression test and cyclic compression test. An Instron 5969 mechanical tester
— equipped with a 50 N load cell — was used at a compressive rate of 0.5 mm
s~ up to 70% strain. As MC is commercialized in lyophilized form, it was expanded
before the test, by wetting and completely drying it off. Several parameters were

calculated in order to compare the mechanical properties of the materials:

The maximum stress of each cycle relative to the maximum stress of the first

cycle was calculated as follows:

Relati " %) = Stress (cycle x) 100
elative stress (%) = ——— (cycle 1)x

Young’s modulus was calculated for all the strains of the first cycle of each

biomaterial, using the following equation:

Stress (kPa)
Young's modulus (kPa) = —————

[S train %]

Damping coefficient was calculated by means of the stress-strain curves of the

materials, both for cycle 1 and for cycle 10. The following equation was used:
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D
Damping coef ficient = 7

where D is the dissipated energy (area between the loading and unloading
curves) and U is the total input energy (area under the loading curve). All the areas

under the curve where calculated using the software GraphPad Prism 8.0.1.

Besides, an expansion force test was performed, hydrating samples of dry
materials and recording the upwards stress displayed by the expansion of the

material during water absorption.
2.9 Blood studies

Whole blood clotting in vitro

Hemoglobin content of the samples was quantified using a Hemoglobin Assay Kit
(Sigma-Aldrich, USA), by measuring absorbance of the samples (/s) with a plate reader

(Infinite® 200 PRO series, Tecan Trading AG, Mannedorf, Switzerland) at 400 nm.

For the whole blood clotting test, citrated whole blood — 9:1 whole blood to 3.8%
sodium citrate — was obtained from a healthy human donor. First, 0.2 mL of the citrated
whole blood was added to preheated (30 min at 37 °C) samples of the materials disposed
in a 24 well plate. After this, 20 uL of CaClz (0.2 M) were added to start coagulation. The
plate with the materials was incubated under 30 rpm agitation for 10 min at 37 °C.
Afterwards, 2 mL of deionized water were added in each well to hemolyze the
erythrocytes that were not within the clot formed in the material. The deionized water
containing the non-adhered and hemolyzed erythrocytes was collected and its
hemoglobin content was quantified. 5 pL of CaClz (0.2 M) and 50 uL of citrated whole
blood were added to 750 ulL of deionized water, and the absorbance of this solution was
used as the reference value (Ir). The absorbance of an empty well was also measured
(lo). Blood Clotting Index (BC/) of each sample was calculated using the following

equation:

Is—1
BCI (%) =%x 100

With the purpose of visually evaluating the clotting capacity of each material, 150 mg

of each material were disposed in Eppendorf tubes, subsequently adding 500 pL of
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citrated whole blood and 500 pL of CaClz (10 mM). After incubating the Eppendorf tubes
for 1 min at 37 °C, they were turned upside down and gently shaken to observe the

formed clots
Hemolysis assay in vitro

For the assessment of hemocompatibility in vitro, citrated whole blood — 9:1 whole
blood to 3.8% sodium citrate — from a healthy donor was obtained and diluted 1:5 in
normal saline. Samples of each material were disposed in a 24-well plate. Diluted whole
blood was added to each sample in an amount of the 80% of each material’s swelling
capacity. The plate was incubated for 1 h at 37 °C. Samples were moved to conical
centrifuge tubes and centrifuged for 10 min at 3,000 rpm. The supernatant of each
sample was collected and its hemoglobin content was quantified as described before.
150 uL of whole blood was added to deionized water and to normal saline, in order to
use these solutions as positive (Ir) and negative (/o) controls, respectively. Hemolysis rate

was calculated using the following equation:

(Is—1o0)

Hemolysis (%) =

Erythrocyte adhesion in vitro

To evaluate erythrocytes adhesion to the material, citrated whole blood — 9:1 whole
blood to 3.8% sodium citrate — was collected from a healthy donor. Samples of each
material were cut and each sample was placed in a Petri dish. Citrated whole blood was
added to each sample in an amount of the 80% of each material's swelling capacity, and
they were incubated for 5 min at 37 °C. Next, 5-10 mL of deionized water were gently
added by the edge of the dish until the water touched the sample and blood started to
flow. More deionized water was added until a total volume of 50 mL for each sample.
Each material was carefully moved to a clean Petri dish, and the liquid in each old Petri
dish, — containing the erythrocytes that could not adhere to the sample —, was
collected. The hemoglobin content of this solution was quantified as described before.
This measurement accounts for hemoglobin outside the material, that is, the erythrocytes

that could not adhere to the material.
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Afterwards, hemoglobin within the materials was measured, which accounts for the
amount of erythrocytes adhered to each sample. 10 mL of deionized water were added
straightly on the material — so that the previously adhered erythrocytes would be
released — and the hemoglobin content in the resultant solution was quantified as

described before.

For both the hemoglobin outside and within the material, a positive control was
prepared by mixing 200 uL of blood and 50 mL of deionized water. Hemoglobin
concentration (mg dL") of each sample was calculated using the following equation
provided by the Hemoglobin Assay Kit, and results of each sample were normalized
against the blood volume added to the control group:

(Is —1o0) mg

[Hemoglobin] = mx 1OOEx df

where /s is the absorbance of the tested solution; /o is the absorbance of the blank
(water); Ir is the absorbance of the calibrator provided in the Hemoglobin Assay Kit; 100
mg/dL is the concentration of the diluted calibrator; df is the dilution factor, which was
calculated for each sample depending on the volume of blood and deionized water
added.

Citrated whole blood was also added to samples of each material and the adhesion of

erythrocytes was visually evaluated using SEM micrographs.
2.10 Platelet adhesion in vitro

Adhesion of platelets to the materials was studied through a Lactate Dehydrogenase
(LDH) Assay Kit (Sigma-Aldrich, USA), which allows to quantify platelet adhesion by
measuring the LDH released by platelets when they are lysed, according to a reported
method [69]. Briefly, citrated whole blood — 9:1 whole blood to 3.8% sodium citrate —
was obtained from a healthy donor. After centrifuging it at 480 g for 10 min at 4 °C with 4
a/d, PRP was obtained. The serum above the buffy coat was collected from the
centrifuged blood samples and kept in citrated tubes. Samples of each material were
disposed in a 24-well plate and PRP was added to each sample in an amount of the 80%
of each material’s swelling capacity, and they were incubated for 30 min at 37 °C. Normal

saline was gently added to each well until the samples were immersed, so that the non-
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adhered platelets could be removed from the material, and all samples were moved to a
new 24-well plate. 1 mL of Triton X-100 1%-PBS was added straightly on the material, in
order to lyse the platelets that had adhered to the material. After incubation for 1 h at 37
°C, each solution of Triton and lysed platelets was collected and LDH content was
measured according to the protocol provided by the manufacturer (Sigma-Aldrich, USA)
of the LDH Kit. To prepare the negative (lo) and positive (Ir) controls, 200 pL of PRP were
added to 1 mL of PBS and Triton X-100 1%, respectively. Absorbance of the lysed
platelets of each samples (Is) were measured with a plate reader (Infinite® 200 PRO
series, Tecan Trading AG, Mannedorf, Switzerland) at 400 nm, and normalized against
the PRP volume added to the controls. LDH release (%) relative to the positive control
was calculated using the following equation:
(Is—10)

LDH release (%) = mx 100

PRP was also added to samples of each material and the platelet adhesion was

visually evaluated using SEM micrographs.
2.11 In vivo hemostatic efficacy

To evaluate the hemostatic efficacy in vivo, a rat-tail amputation model was used. This
experiment was conducted following the protocols approved by the Institutional Ethical
Committee for Animal Experimentation of the University of the Basque Country
(Procedure number: M20/2021/362). Wistar rats — with weights between 250 - 300 g
(Janvier Labs, Le Genest-Saint-Isle, France) — were anesthetized with isoflurane
(Isoflo®, Esteve, Spain), and 2.5 cm from the end of their tail was cut using a scalpel.
The tail was immediately placed in air for 10 s to guarantee normal blood loss, after which
the wound was brought into direct contact with the corresponding pre-weighed material,
holding it with a pre-weighed gauze. The wound was uncovered every minute to check if
bleeding persisted. For this reason, bleeding time (min) was assessed by assigning a
score to each period at which bleeding ceased, as follows: 0 - 3 min: 1; 3- 6 min: 2; 6 -
9min: 3; >9 min: 4. Therefore, a lower bleeding time score represents a faster hemostatic

effect. The blood-impregnated samples were weighed again to calculate total blood loss

Q).
2.12 MSC-SLS formulation, analysis and viability measurement
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To prepare the MSC-SLS, MSCs — both AT-MSCs (AT-SLS) and HF-MSCs (HF-SLS)
—were seeded in 8 mm diameter SLS in a volume equivalent to the 80% of swelling of
each SLS. Ratios of MSCs seeding were 25,000 and 50,000 cells per mg of SLS with and
average weight of 10 mg per unit. After 6 h of incubation, the MSC-SLS were placed in
contact with the culture media through the wound-like transwell system as depicted in
Fig.1. Following, the MSC-SLS were incubated for 3 and 7 days and the supernatants
were taken for secretome analysis. At these time-points, the MSC-SLS were rinsed with
PBS and stained with Calcein AM (Thermofisher, Invitrogen C1430) following
manufacturer’s protocol. After that, MSC-SLS were visualized in a Nikon epi-
fluorescence microscope equipped with a DSD2 confocal modulus (Nikon) to analyze

the MSCs behaviour and viability.
Soluble secretome analysis

The cytokine secretion analysis was performed by using a custom Quantibody®
ELISA array (TebuBio). Briefly, the supernatants from 7 days MSC-SLS incubation were
studied for the secretion of Angiogenin-1, bFGF, EGF, KGF, HGF, IGF-I, VEGF, PDGF-
AA, IL-1ra, IL-6, IL-8, MCP-1, RANTES, SDF-1a and TGF-B1. First, the slides were placed
at room temperature for 2 h. Then, wells were washed for 30 min with 100 uL of sample
diluent. After discarding the diluent, 100 uL of samples and standards were added and
slices were incubated for 2 h under stirring. Then, wells were washed five times with wash
buffer | under stirring and five more times with wash buffer Il. After that, 80 uL of detection
antibody were added for 2 h, washed as mentioned and incubated, protected from the
light, with 80 uL of Cy3 dye for 1 h. Finally, the slices were washed and sent to the
manufacturer for the analysis. A custom standard curve was prepared for each slide

following manufacturer’s instructions with the standard mixture provided.
2.13 Evaluation of protection against ROS-induced cytotoxicity

To measure the protective effect of the MSC-SLS on HDFs under a highly oxidative
environment, 10,000 cells/well were seeded in a 96-well plate for 24h. After that, two
approaches were followed. In the first experiment, 30 mM of H202 were mixed 1:1 with
the supernatant of 24 h incubated MSC-SLS for 2 h. Then, 100 uL the mixture were added
into the wells and incubated for 30 min. After that, wells were washed twice with PBS and

incubated for 6 h with 100 uL of serum free HDFs medium. Finally, wells were washed
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twice with PBS and incubated for 4 h with a 1:10 mixture of CCK8 (Merck, 96992) in
complete medium. Absorbance was read with a plate reader (Infinite® 200 PRO series,
TecanTrading AG) at 450 nm, using 650 nm as the reference wavelength. In the second
experiment, cells were pretreated with 100 uL of the supernatant of 24 h incubation MSC-
SLS in DMEM for 6 h. After washing twice with PBS, 100 uL of 156 mM of H202 in serum
free media were added for 30 min. Thereafter, wells were washed twice with PBS and
incubated for 6 h with 100 uL of serum free HDFs medium. Finally, wells were washed
twice with PBS and incubated for 4 h with a 1:10 mixture of CCK8 in complete medium
and the absorbance was read at 450 nm, using 650 nm as the reference wavelength.
Supernatants of 24 h incubated SLS and complete HDFs medium were used as controls.

Cells without H202 were used as positive controls

2.14 Evaluation of protection against hyperglycaemia-induced

cytotoxicity

For the evaluation of the protective effect of MSC-SLS over HDFs hyperglycemia-
induced cytotoxicity, 10,000 cells/well were seeded in a 96-well plate for 24 h. Then, cells
were washed with PBS twice and incubated with 100 uL treatments for 6 h. Supernatants
of 24 h incubated MSC-SLS or SLS were used. HDFs complete medium was used as a
positive control and serum free HDFs medium was used as blank group. After the
incubation time, cells were washed twice and 100 uL of serum free media with 150 uM of
glucose (Merck, 108337) were added. After 24 h, cells were washed twice, incubated for
4 h with a 1:10 mixture of CCK8 in serum free medium and the absorbance was read at
450 nm, using 650 nm as the reference wavelength. This process was repeated at 48 h
and at 72 h. Cells without high glucose treatment were used as non-cytotoxic control.
Images of cells at 72 h were taken using an optical microscope. Cell viability at 72 h was
also observed with calcein AM/Ethidium homodimer and each well was photographed
by a Nikon epi-fluorescence microscope equipped with a DSD2 confocal modulus

(Nikon, Japan).
2.15 In vitro wound healing evaluation

To evaluate whether the MSC-SLS can promote the migration of HDFs and HaCaTs,
an in vitro wound healing assay or scratch assay was performed. Briefly, 5 x 10° cells/mL

of HDFs and 1,5 x 108 cells/mL of HaCaTs were seeded on each part of the two-well
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IBIDI culture inserts® in 6-well plates (IBIDI, 80209) and incubated for 8 h. PBS outside
the inserts was added to minimize the evaporation of medium. Secondly, both wells were
washed with PBS and serum-free medium was added overnight to minimize the cell
proliferation. After that, the inserts were extracted creating the wound and wells were
washed with PBS to discard the detached cells. Thereafter, the wound-like transwell
system was disposed and the MSC-SLS were placed on each well with 1mL of serum-
free medium (HDFs) or 1:6 medium in serum-free medium (HaCaTs) and incubated for
48 h. SLS without MSCs and wells without treatment were used as controls. At pre-
defined time-points — 0 h, 4 h,6 h, 8h, 12 h, 24 h, 36 h and 48 h — images of the closing
area were taken by an optical microscope (Nikon). The migration area between wound
edges was calculated by using the ImageJ software and the wound closure was
calculated by the following equation where So and Sn represent the initial wound area

and wound area at different time points, respectively:

So—Sn
x100

Wound closure % =

2.16 Tube formation assessment

Firstly, 15 uL of Matrigel® (Corning, 356231) were added into the p-Plate angiogenesis
96-well plates (IBIDI, 89646) and let polymerize for 30 min at 37 °C. Then, HUVECs were
seeded over the matrix bed at a density of 4.5 x 10° cells/mL in 70 pL of MSC-SLS
supernatants — incubated 24 h, 48 h, 96 h and 168 h using the wound-like transwell
system in DMEM medium — and 24 h supernatant of SLS in the matrigel bed. Complete
DMEM medium incubated 24 h was used as control and supplemented HUVECs medium
was used as positive control. After 24 h of incubation, HUVECs where stained with calcein
AM and each well was photographed by a Nikon epi-fluorescence microscope. The tube
formation was analyzed using Image J Software. The VEGF release by the MSC-SLS at
24 h, 48 h, 96 h and 168 h of incubation was measured using the VEGF Quantikine ELISA

(R&D Systems, DVEQO) following manufacturer’s instructions.
2.17 In vivo wound healing assessment

Animals
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The in vivo studies were performed with 8-week-old male db/db (BKS.Cg-
m+/+Leprdb/J) mice (Janvier laboratories). All the experiments followed the procedure
number M20/2019/258 approved by the University of the Basque Country ethical
committee for animal experimentation. Animals were housed individually with ad libitum

access to water and food and a light-dark cycle of 12 h.
Wound healing assay

Firstly, mice were anesthetized with isoflurane (Isoflo®, Esteve) and completely
peeled their dorsal hair. After that, two 10 mm diameter silicon rings were sutured on
each side of the back using a 3-0 nylon suture in order to avoid wound contraction. Then,
two full thickness wounds were made extending through the panniculus carnosus, using
an 8 mm diameter scalpel (AcuPunch, Acuderm). Wounds were well-cleaned with saline
and treatments were applied over the wounds and covered with one layer of petrolatum
gauze (Tegaderm®, 3M) and two adhesive tapes. Mice were then divided into 4 groups:
(i) untreated control, (i) SLS group, (iii) AT-SLS group and (iv) HF-SLS group. At day 7
treatments were removed, wounds cleaned and new treatments were applied. Half of the

mice were sacrificed by CO: inhalation at day 7 and the remaining ones at day 15.
Evaluation of wound healing

The macroscopic closure of wound was evaluated throught all the experiment. Thus,
on days 8 and 15 wounds were photographed using a meter for post analysis scaling.
The wound area was measured using Image J software. Finally, the wound closure
percentage was calculated using the following equation:

Final wound area (px2)

w dcl % = 100
ound closure % Initial wound area (px2) X

Histological analysis of wound healing

On days 8 and 15, mice were sacrificed to obtain the wound necropsies. The wound
and surrounded tissue were fixed with 3.7% paraformaldehyde for 24 h and ethanol until
processing. After that, the necropsies were bisected, embedded in paraffin and
sectioned in 5 um slices. Finally, tissues were stained by hematoxylin-eosin (H&E) for
overall wound analysis and by Masson s Trichrome for collagen deposition analysis. Al

measurements were performed by a blinded histopathologist.

22



Chapter 1 | Introduction — Methodology

The analysis of the re-epithelialization process was performed following Sinha. et al.
scale [70]. Briefly, each wound was classified within a scale between 0 to 4 in which: 0,
only the wound edges was re-epithelialized; 1, less than half of the wound was re-
epithelialized; 2, more than half of the wound was re-epithelialized; 3, the entire was re-
epithelialized with irregular thickness; 4, wound completely re-epithelialized with normal

thickness.

The wound maturity status and the resolution of inflammation was measured using the
scale described by Garcia-Orue et. al [71]. Briefly, wounds were rated from 0 to 4 as
followed. 0, no sign of inflammation. 1, acute inflammation in which the formation of fibrin,
the pyogenic membrane and the migration of neutrophils and leucocytes was observed.
2, diffuse acute inflammation in which the pyogenic membrane is almost non-existent
and there was formation of granulation tissue and angiogenesis. 3, chronic inflammation
with an observed fibroblasts proliferation and predominance. 4, resolution and healing,

no chronic inflammation observed and occasionally round cells can be found.

Finally, the collagen deposition was measured by using Image J software. Briefly,
images were deconvoluted using the Masson’s trichrome option of “colour
deconvolution 2" plugin. The blue channel was selected, the treshold was adjusted at
114 and the percentage of collagen was measured with the same parameters for all

wounds.
2.18 EVs isolation and characterization

EVsisolation

All relevant data regarding the production, isolation and experimental section have
been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV210337). EVs were
isolated and purified from the supernatant of HF-MSCs and AT-MSCs. At 70-80% of
confluency, cells were washed thrice with PBS and the culture medium was replaced with
EVs-depleted DMEM. After 72 h of production, the culture medium was collected and
new medium was added. After three collections, cells were trypsinized, counted and
further re-cultured. The collected medium was first centrifuged at 2,000 x g for 10 min at
4 °C to discard cell debris and then, freeze at -80 °C until the isolation and purification

was given. All further centrifugation processes were performed at 4 °C. In brief, thawed
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culture supernatants were differentially centrifuged at 10,000 x g for 30 min to obtain
medium-large EVs (m-IEVs) — pellet 10K (P10K) — and the resulting supernatants at
100,000 x g for 90 min — pellet 100K (P100K) — to obtain small EVs (sEVs). To reduce
contaminating proteins, all pellets (P10K and P100K) were re-suspended in ice-cold PBS
and ultracentrifuged again. Finally, both pellets were immediately re-suspended in 120

uL of ice-cold PBS and freeze at -80 °C until use.
Nanoparticle tracking analysis

Particle concentration and size distribution within EV preparations was analyzed using
the nanoparticle-tracking analysis (NTA), by measuring the rate of Brownian motion in a
NanoSight LM10 system (Malvern Panalytical, Malvern, UK). The system was equipped
with a fast video-capture and particle-tracking software. NTA post-acquisition settings
were the same for all measurements. Each video was analyzed to give the mean, mode,
and median vesicle size, as well as an estimate of the concentration. For measurement,
original EVs suspension were diluted 1:100 with PBS and a volume of 500 uL were loaded
on the camera, and 3 consecutive video recording of 40 seconds each were taken for

every sample quantified.
Western blotting

PBS-resuspended EVs or cell lysates were mixed with 4 X NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific, Waltham, MA, USA). The samples were incubated for 5 min at
37 °C, 65 °C, and 95 °C, and separated on 4-12% precast gels (from Thermo Fisher
Scientific, Waltham, MA, USA), at a concentration of 5 ug/lane (Bradford determination).
The proteins were transferred into PVDF membranes with the iBLOT2 system (Thermo
Fisher Scientific, Waltham, MA, USA). Antibodies employed were: mouse monoclonal
antibody against CD9 #209302 (R&D), Grp78 #40 (BD, East Rutherford, NJ, USA), CD13
#3D8 (Santa Cruz Biotechnology, Dallas, Tx, USA), EEA1 #14 (BD, East Rutherford, NJ,
USA), CD63 #H5C6 (DSHB, lowa City, 1A, USA), LAMP1 #H4A3 (DSHB, lowa City, IA,
USA), alpha tubulin 1 #DM1A (Santa Cruz Biotechnology, Dallas, Tx, USA), CD81 #JS81
(BD, East Rutherford, NJ, USA), rabbit antibody against COX IV #4850 (Cell Signaling
Technologies, Danvers, Ma, USA). All the primary antibodies were diluted 1:1000.

Horseradish peroxidase (HRP)-conjugated secondary antibodies anti-mouse, rabbit and
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goat, were purchased from Jackson ImmunoResearch Lab, (West grove, PA, USA) to

ensure minimal cross-reactivity across species.
Bead-based multiplex flow cytometry assay

All isolated EVs were subjected to a surface-marker characterization by using a flow
cytometry bead-based multiplex analysis (MACSPlex Exosome Kit, human, Miltenyi
Biotec. 130-108-813). Samples were processed according to manufacturer’s protocol.
Briefly, 2 ug of EVs were mixed with 120 uL of manufacturer’s buffer and then, 15 ulL of
the MACSPlex Exosome Capture Beads were added. Then, 15 uL of the detection
antibody cocktail — 5 ul of each MACSPlex exosome detection reagent CD9, CD63,
CD81 — were added. After that, samples were incubated 1 h at room temperature,
protected from the light, on rotation — 450 rpm —. Next, 500 uL of MACSPlex buffer were
added and samples were centrifuged at 3000 x g for 5 min. Subsequently, 500 uL of
supernatant were discarded and another 500 uL of buffer were added. Samples were
incubated for 15 min at room temperature on rotation, protected from the light and then
centrifuged 5 min at 3000 x g. Finally, 500 uL of supernatants were discarded and
approximately 150 uL of samples were re-suspended and used for the analysis. The flow
cytometry analysis was performed using the MACSQuant® Analyzer 10 (Miltenyi Biotec)
and results were processed with the MACSQuant Analyzer 10 software (Miltenyi Biotec).
The 39 single bead populations were gated to determine the APC signal intensity on each
bead population and the median fluorescence intensity (MFI) for each capture bead was
measured. For each population, background was corrected by subtracting the respective
MFI values from non-EVs controls that were treated exactly like the EVs-samples.
Furthermore, values of the corresponding isotype control were also subtracted. Only

positive markers are shown in the graphics.
Cryo electron microscopy ( Cryo-EM)

EVs (3-5 ul) were spotted on glow-discharged lacey grids and cryo-fixed by plunge
freezing at -180 °C in liquid ethane with a Vibrobot (FEI, The Netherlands). Grids were
observed with a JEM-2200FS/CR TEM (JEOL, Japan), operating at 200 kV. Image
measurements were performed with Image J software and between 80-120 single EVs

were measured on each group for size and protein-decoration analysis.

2.19 In vitro wound healing evaluation of EVs
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To evaluate whether the EVs can promote the migration of HDFs an in vitro wound
healing assay or scratch assay was performed. For that, HDFs were seeded — 70 uL at
a density of 5x10° cells/mL — in each side of the 2 well IBIDI culture inserts® in 24-well
plates and subsequently were incubated for 8 h. Secondly, the culture medium was
aspired and serum-free medium was added in order to minimize the cell proliferation.
After an overnight incubation, culture inserts were extracted and the scratch was
performed. Then, HDFs were washed with PBS, EVs were administered — 2.5x10°
EVs/mL of P10K and 1x10' EVs/mL of P100K — in 300 uL of serum-free medium and
cells were incubated for 48 h. At pre-defined time-points — 0 h, 6 h, 12 h, 24 h, 36 h and

48 h — images of the closing area were taken by an optical microscope.
2.20 Evaluation of EVs protection against ROS-induced cytotoxicity

For EVs ROS protection measurement, HDFs —1x10° cells/well — were seeded in a
96-well plate and allowed to adhere. After 24 h, cells were washed with PBS and the EVs
pre-treatment — 1x10"" EVs/mL of P10K and 3x10"" EVs/mL of P100K — was added for
2 h and 6 h respectively. After that, cells were washed and then incubated for 30 min
under a ROS environment — 100 uL of serum free medium with 15 mM of H202 —. Then,
cells were washed with PBS and incubated overnight in serum free medium to minimize
the proliferation of the surviving cells. Finally, cells were washed with PBS and 100 uL of
CCK8, 1:10 diluted in serum free culture medium, were added. After 4 h of incubation,
the absorbance was read at 450 nm, using 650 nm as the reference wavelength. An
alternative co-culture ROS assay was performed as follows. HDFs — 1x10° cells/well —
were seeded in a 96-well plate and allowed to adhere. After 24 h, cells were washed with
PBS and then EVs were added in 100 uL of serum free medium with 625 uM of H20: for
4 h. After that, cells were washed with PBS and 100 uL of CCK8, 1:10 diluted in serum
free culture medium, were added. After 4 h of incubation, absorbance was read. For all
assays, medium with non-EVs control batches processed equally to the EVs batches was

used as control and complete medium was used as positive control.

2.21 Evaluation of EVs protection against hyperglycaemia-induced

cytotoxicity

For the evaluation of the protective effect of EVs under hyperglycemia, 10,000 HDFs

were cultured in 96 well plates for 24 h. After that, HDFs were pre-treated with EVs —
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1x10" EVs/mL of P10K and 3x10'" EVs/mL of P100K — for 6 h, rinsed with PBS and
exposed to hyperglycaemic conditions of 150 mM glucose in HDFs serum-free culture
medium. Cells pre-treated with non-EVs control batches processed equally to the EVs
batches were used as control. Cells pre-treated with complete medium were used as a
positive control. Results were normalized against cells grown under non-hyperglycaemic
conditions. The metabolic activity was observed at 24 h, 48 h and 72 h by CCK8 assay
as described earlier. Cell viability at 72 h was also observed with calcein AM/Ethidium
homodimer and each well was photographed by a Nikon epi-fluorescence microscope

equipped with a DSD2 confocal modulus (Nikon, Japan).
2.22 EVs tube formation assessment

Briefly, 15 uL of Matrigel® matrix were added into the u-Plate angiogenesis 96 well
plates and let polymerize for 30 min at 37 °C. HUVECs were seeded at a density of 4,5
x10°% cells/mL in 30 uL of complete medium, 15 uL of PBS and 25 uL of EVs — 2x10"
EVs/mL of P10K and 3,5x10'"" EVs/mL of P100K — in the matrigel bed. Medium with non-
EVs control batches processed equally to the EVs batches was used as control.
Complete medium was used as positive control. Following an incubation of 24 h, each
well was photographed by an optical microscope. After that, cells where stained with

calcein AM and each well was photographed
2.23 Statistical analysis

Results are expressed as the mean =+ standard deviation. When normally distributed,
results were analyzed through Student’s two-tailed t-test, to compare between two
independent groups, or through a one-way ANOVA test for multiple comparisons. Based
on the Levene test for the homogeneity of variances, Bonferroni or Tamhane post-hoc
analyses were applied. In contrast, Mann-Whitney’s non-parametric analysis was applied
for non-normally distributed data. All the statistical computations were performed using
SPSS 25.0 (SPSS®, Inc., Chicago, IL, USA).
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3. Hypothesis and Objectives

The development of novel biomaterials suitable for wound healing purposes should
meet very precise criteria: adequate biocompatibility and mechanical properties, great
fluid absorption ability — blood, exudates etc. — and the capacity to adhere cells into
their microarchitecture. In the case of acute hemorrhagic wounds, additional key
properties should be considered such as great blood absorption and hemostatic
capacity. However, not all these properties are enough for treating a very complex
dysregulation such as the one exhibited by chronic wounds. For this scenario, it is
essential to tackle the multiple factors involved, at the same time, and modulate the
response within the progression of healing. In previous studies we developed
biomaterial-based therapies with different characteristics, forms and bioactives on their

composition — films [72], nanofiber meshes [71,73] and hydrogels [74] —.

In this doctoral thesis, we aimed to develop a more complete biomaterial, following a
circular economy thinking, which can tackle multiple stages of the wound healing
process. In this sense, designing SLS with hemostatic properties, which can be
combined with MSCs, could be an interesting advance for treating multiple wounds that
are stuck in different healing phases. Thanks to their anti-inflammatory,
immunomodulatory and proregenerative properties, the MSCs have demonstrated to be
very effective for treating multiple pathologies. However, despite the use of MSCs
combined with biomaterials holds a promising potential, in this work we aimed to explore
also the EVs fraction of the MSCs secretome. Thus, this cell-free alternative presents the
advantages of being; more easily handled, characterized, standardized, stored and

potentially safer than MSCs while exhibiting also therapeutic properties.
To accomplish this purpose, four specific objectives are considered:

1. To develop and characterize the SLS in terms of morphological,
physicochemical and mechanical properties, eventually analyzing their

biocompatibility (Appendix 1).

2. To study the physicochemical behavior in presence of blood and hemostatic

properties of the SLS, comparing them to marketed options (Appendix 2).
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3. To analyze the wound healing capacity of the SLS when are loaded with MSCs

both in vitro and in vivo (Appendix 3).

4. To characterize and compare the different MSCs-EVs populations and MSCs

sources and test their potency for wound healing applications (Appendix 4).
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Graphical abstract. Schematic representation of the objectives of the present doctoral thesis.
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4. Results and discussion

In the beginning of this thesis, we formulated the SLS and performed different
experiments to obtain a complete characterization by employing multiple techniques
(Study I). We wanted to add an additional point of view using for their composition
valorized by-products from the food industry. For this, we employed SPI and CH as
forming biopolymers. We selected these two components due to their broad valorization
potential, non-toxicity, biocompatibility, biodegradability, abundance and availability at
relatively low-cost, promising characteristics for the development of novel therapies for

health-related applications.

As depicted in Fig. 4A, B we obtained highly porous SLS with an elevated specific
surface that provide interesting features for high fluid absorption and cell attachment,
communication and migration. The surface orography was analyzed by AFM in 3 x 3 um
scanning areas (Fig. 4C). As can be seen, the SLS showed a homogeneous and dense
morphology with low roughness, confirming an adequate compatibility between the SPI
and CH. We further analyze the interactions of the SPI with the CH by FTIR analysis (Fig.
4D). The samples exhibited three characteristic bands common to all proteins: the amide
| band at 1630 cm~', associated with C=0 stretching, the amide Il band at 1530 cm~,
corresponding to N-H bending, and the amide Ill band at 1230 cm™, related to C-N
stretching and N-H bending. We also observed, between 1180 and 953 cm~', the
characteristic bands of polysaccharides [75]. XPS studies were also performed to
analyze the functional groups located on the surface of SLS (Fig. 4E). The oxygen
represented the 23.6% of the surface composition (O-C=0/0=C-N), the nitrogen
represented the 8.03% (C=N/C-N) and the carbon represented the 66,91% for C-H/C—
C (284.8 eV), and the 2.00% for O-C=0 (290.1 eV). These results confirmed that the
interactions between the SPI and CH were mainly physical; hydrogen bonding between
the hydroxyl groups of CH and the polar groups (hydroxyl, carboxyl, and amino) in SPI

amino acids.
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Fig. 4. SLS Characterization. A (I). SLS of 8 x 1.5 mm in a dry state. A (Il). SLSof 8 X 1.5 mmin a
wet state. B (I). SEM micrograph of SLS. Scale bar is 1 mm. B (Il). SEM micrograph zoomed. Scale
baris 0.25 mm. C (I) and C (Il). AFM images of the surface topography for a scan area of 3.0 pm x
3.0 um. D. ATR-FTIR spectrum. E. XPS survey spectra of the SLS. C 1s (284.6 eV), N 1s (399.3 eV)
and O 1s (532.0 eV). F (I). Hydrolytic degradation. F (Il). Enzymatic degradation. G. Scheme of the

different processed SLS groups. H. Swelling curve. |. Table of porosity and mean pore size of SLS.

After that, we measured a very important property for chronic wound and hemorrhagic
scenarios, the degradation profile of SLS when exposed to biological fluids. For that, we
analyzed the degradation kinetics of SLS in aqueous medium (Fig. 4F (I)) for 21 days and
in a medium with collagenase (Fig. 4F (Il)) for 2h. As can be observed, the degradation
in agueous medium during 21 days was only of about 25% and was related to the release
of glycerol. The reinforcement of the SPI with the CH conferred the SLS more stability due
to the intra-sheet hydrogen bonds on the CH structure [76]. In contrast, in the presence
of collagenase, the SLS were completely degraded in only 2 h. This is of high interest

since collagenases — mainly MMP-1, MMP-8 and MMP13 — are present in chronic
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wounds and could help to degrade the SLS in vivo helping to replace these with the ECM
secreted by the MSCs [77].
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Fig. 5. SLS Biocompatibility analysis. A. Direct cytotoxicity. B. Indirect cytotoxicity. Lines mark the
100% and 70% cell viability. C. Lixiviates osmolarity for indirect cytotoxicity. * indicates p < 0.05; **
indicates p < 0.01; *** p indicates <0.001 in comparison with the control group. # indicates p <
0.05; #*# indicates p < 0.01; *## indicates p < 0.001 between groups. D. Histology of the implanted
SLS. The first two rows are H&E stainings of all groups of SLS at different magnifications. Scale bars
are 500 um and 50 um respectively. The third row represents the Masson s trichrome staining. Scale
bars are 800 um. E. Ratio between macrophages and neutrophils in H&E staining. * indicates p <
0.05 in comparison with the LPS group. F. Collagen deposition into the SLS in Masson s trichrome
staining. * indicates p < 0.05; ** indicates p < 0.01 in comparison with the LPS group. # indicates

p < 0.01 between different groups.

After an initial general physicochemical evaluation, we decided to process the SLS in
order to potentially increase their biocompatibility (Fig. 4G). It is well known that previous
hydration or dialysis steps can decrease the cytotoxicity of biomaterials; however, these
steps can alter their microstructure, porosity and mechanical properties. For that, we

analyzed the SLS water absorption capacity, pore profile and porosity after the pre-
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conditioning steps. The maximum swelling was about 1200% and was achieved in less
than 30 seconds for all groups (Fig. 4H). The porosity values were in the range of those
adequate for both nutrient and oxygen transport, as well as for the removal of wastes for
all groups [78,79]. In the case of the pore size, we obtained a significant decrease with
the pre-conditioning steps related with the second freeze-drying process (Fig. 4l).
Nevertheless, values were above 0.3 mm that is stated essential for vascularization of
constructs and the correct oxygenation and nutritional contribution to the hosted cells
[80,81].

Another important requirement that any biomaterial should met, is to exhibit an
adequate biocompatibility. Hence, we performed a cytotoxicty analysis in a direct and
indirect manner following the ISO 10993-5:2009 guidelines for biological evaluation of
biomedical devices (Fig. 5A, B). As observed, only the dialyzed group showed viabilities
above 70% in both experiments. The reason behind the cytotoxicity in the lyophilized and
hydrated group was an increased osmolarity, which could be related to the release of
glycerol, to values that could alter L929 replication (Fig. 5C) [82]. Finally, we tested all
groups in an immunocompetent C57BL/6 mice model to confirm that the in vitro values
could be correlated in vivo. The immune response of these animals is known to have a
very aggressive innate immunity and mimic, in a relevant way, the foreign body response
(FBR) of humans [83]. We used lipopolysaccharide (LPS)-soaked SLS as positive
controls for inflammation. As observed in Fig. 5D the presence of polimorphonuclear
neutrophils was higher in the LPS group than in the rest of the groups, as expected. The
ratio of macrophages/neutrophils was depicted in Fig. 5E and the only significant
difference that we observed against the LPS group was in the dialyzed group. Finally, in
the collagen deposition both the hydrated and dialyzed groups showed differences

against the LPS group (Fig. 5F).

In summary, the developed SLS presented a highly porous and interconnected
microstructure with high hydrophilicity and fluid absorption capacity. Furthermore, a
previous conditioning step — hydration or dialysis — demonstrated to be essential to
ensure biocompatibility, minimize the inflammatory response and maximize the
integration of SLS within the host tissue. As a result, we decided to employ dialyzed SLS

for the rest of the studies.
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After the initial characterization, we further analyzed functionality for these SLS (Study
ll). Thus, one of the most interesting properties that we discovered was found in the SPI
fraction. It was described that the SPI could exhibit pro-coagulant effects due to it is a
source of vitamin K1 [84-86]. Numerous blood coagulation factors of the clotting cascade
— including prothrombin and factors VII, IX, X —, require of this vitamin for its activation
[87]. Furthermore, the RGD motifs presented on the SPI are of great interest for cell
attachment, including platelets, potentially boosting their aggregation [88,89]. With these
precedents, we planned a study to test the hemostatic properties of the SLS and

compared them to the ones exhibited by two of the most utilized commercial nasal packs

in the clinic, Merocel® (MC) and gauze (GZ2).
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Fig. 6. SLS, MC and GZ morphology and mechanical characterization. A. Macroscopic images of
GZ, MC and SLS. B. SEM micrographs. Scale bars are 250 um. C (l). Scheme of the cyclic
compression test. C (I). Relative percentage stress of biomaterials for 10 cyclic compressions. %
indicates p < 0.01 GZ in comparison to MC. ** indicates p < 0.01 GZ in comparison to SLS. D.
Young's modulus at increasing strains. E (I). Scheme of the expansion force test. E (ll). Relative
expansion strength curves of biomaterials. * indicates the moment in which water was added to
each group. Relative expansion force. *** indicates p < 0.001 SLS in comparison to the other

groups. N.S. non-significance.
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First, we compared the morphological and mechanical properties of these three
biomaterials. As can be seen both visually and throught the SEM micrographs, MC and
the SLS presented similar microporous sponge-like matrices while the gauze presented
a fibrillar structure (Fig 6A, B). Despite the gauze shows thousands of interconnected
fibers forming a mesh, the space between the fibers does not present well-defined pores.
In contrast, MC and SLS demonstrated to exhibit a well-defined and interconnected pore

microarchitecture.

The morphology and microstructure of biomaterials is closely related to the
mechanical properties that they exhibit. In this vein, hemostatic biomaterials for epistaxis
should present adequate elasticity, resistance to deformation, capacity to make pressure
on the nostril walls without damaging them, shape memory and a smooth surface that
helps to alleviate patient's discomfort during the treatment [90]. Consequently, we started
carrying out a cyclic compression strain-stress mechanical test along 10 cycles (Fig. 6C
(0)). As observed in Fig. 6C (ll) the relative stress needed to deform the tested biomaterials
decreased substantially cycle after cycle, reducing their ability to resist deformation. This
effect, known as cyclic softening, is caused by irreversible deformations of the internal
microstructure of the biomaterials caused by the continuous deformation [91,92].
Interestingly, we observed that both MC and SLS demonstrated similar values of
maximum stress at the end of the 10 cycles, while the gauze showed a higher descent
(Fig. 8C (Il)). Secondly, we measured the Young's modulus for all the strains of the first
cycle for each group. The Young's modulus defines the ability of a material to resist
changes in length when is subjected to a compressive exercise. Consequently, this
measurement is known to be directly correlated to the stiffness of a material [93,94]. As
depicted, the modulus, at low strains, is similar for all groups; however, at higher strains,
all groups started to differentiate of each other (Fig. 6D). In summary, while the GZ group
becomes rigid at lower strains, both MC and SLS remain flexible until strain values are
higher than 50%. Finally, we evaluated the upwards force displacement of these
biomaterials by and expansion force test when absorbing fluids (Fig. 6E (I)). This test
would represent the force that these biomaterials could display against a nasal cavity's
wall when absorbing fluids and therefore this property seems very interesting for the
development of hemostatic biomaterials for epistaxis. As observed in Fig. 6E (ll) under
the same conditions, MC and GZ groups did not showed an expansion force when they

absorbed water. In contrast, the SLS group relative expansion kinetic demonstrates that
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it displays an upwards expansion when the water is added (Fig. 6E (lll)). The fact that the
SLS increase the expansion force up to 2.5 times the initial value, suggest that these
would probably be able to exert a higher pressure than the MC and GZ groups to the

bleeding zone when absorbing blood.

5 60
o
= 40
20
SLS Merocel ~ Gauze
: ez MC sLs oz MC Sis Blood sweling%  1442%  1276%  1091%
Blood degradation % 21% 0% 0%
ED) " Ean GAVZE MEROCEL SIS
Yow ~@®®
dded )
§ 20000 ° ne. . » -
% 15000 oio «lIL. = —;—. o
1 5
§ A Material
= 5000+ removed

: ; r : .
CTRL Gz Mc SLs g . ‘ ‘
F()

1 FW GAUZE MEROCEL SLS
2988
A material

3
E 6000
g 4000 N.S.
-~ .-00e
§ 20001 muning =
: 000
6z MC sls Plecied
H{) Han
3 120-
S 100 oo
® ® —

20 -ii '%

% Normalized LDH

T T T
CTRL Gz MC  SLS

Fig. 7. In vitro blood studies. A. Hemolysis assay. Line represents 5% hemolysis. * indicates p <
0.05 between groups. N.S. non-significance. B. Blood Clotting Index. *** indicates p < 0.001
between groups. C. Image of the tube inversion assay. D. Table for percentage of blood swelling
and degradation. E (I). Hemoglobin released by materials after water rinsing. *** indicates p < 0.001
in comparison to the control group; #*# indicates p < 0.01 SLS in comparison to all groups; N.S. non-
significance. E (Il) Photographs of the appearance of the materials at different stages of the assay.

F (). Hemoglobin within the biomaterials. *** indicates p < 0.001 SLS in comparison to the other
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groups. N.S. non-significance. F (ll) Photographs of the released hemoglobin within the biomaterials.
G. SEM micrographs of erythrocytes adhered to the surface of the biomaterials. Scale bars are 10
um (left images) and 50 um (right images). H (l). Normalized percentage of LDH release from
biomaterials. ### indicates p < 0.001 SLS in comparison to the other groups. N.S. non-significance.

H (II). SEM micrographs of platelets adhered to the surface of the biomaterials (yellow arrows).

Regarding the physicochemical hemostatic properties of SLS, we performed different
studies to compare them against the ones exhibited by MC and GZ. For that, we first
studied the hemocompatibility of these biomaterials through a hemolysis assay (Fig. 7A).
All groups were disposed in contact with blood to analyze whether the shear stress or
changes in the osmotic pressure could destroy erythrocytes [95]. As observed, none of
the groups showed hemolysis values above 5% that is stated as the maxim permitted for
biomaterials [96]. Once the hemocompatibility of all tested biomaterials was
demonstrated, we analyzed their blood-clotting capacity. For that, we employed the BCI
as an indicative of clotting velocity, being the lower BCI the faster blood-clotting rate. As
observed in Fig. 7B, the MC group obtained a significantly higher value that the one
exhibited by the GZ and SLS groups respectively. These findings suggested that the GZ
and SLS groups were able to coagulate the blood faster than the MC group. To reinforce
these results, we performed the tube inversion assay (Fig. 7C). As depicted, in the SLS
group the blood remained in the upper part forming a clot while in the GZ and MC groups
the blood felt down to the bottom of the Eppendorf confirming a lower clotting capacity

on these biomaterials.

Further to these studies, we analyzed the capacity of all biomaterials to swell and
degrade in presence of blood (Fig. 7D). As depicted in the table, the swelling capacity of
SLS was the highest among the three groups. This is of great interest since higher
volumes of absorbed blood would result in a stronger tamponade effect eventually
reducing bleeding. On the other hand, the more blood absorbed the higher the amount
of erythrocytes and platelets that will concentrate into the biomaterial helping to promote
hemostasis and clot formation. We also tested the erythrocyte and platelet adhesion to
the surface of biomaterials as an indicator of the clotting potential. For erythrocytes, we
employed the measurement of hemoglobin to extrapolate cell adhesion. As shown, after
loading the materials with blood and rinse those with milli-Q water, the amount of
hemoglobin released by the SLS was significantly lower in comparison to the rest of the

groups (Fig. 7E (I-ll)). Then, after releasing the retained blood and measure the
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hemoglobin content that remained inside the materials, the SLS demonstrated a
significantly higher amount of entrapped hemoglobin (Fig. 7F (I-Il)). These results,
together with a visual confirmation throught SEM micrographs (Fig. 7G), suggest that the
SLS hold greater erythrocyte adhesion and increased clotting potential than GZ and MC
groups. The increased erythrocyte adhesion is of great interest since these cells can
accelerate the formation of blood clots [97] and increase blood viscosity thus enhancing

the resistance to blood flow [98,99].
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Fig. 8. In vivo rat-tail amputation analysis. A. Scheme of the procedure. B. Photographs of the three
groups during the in vivo experiment. C. Bleeding time score. * indicates p < 0.05 SLS in comparison

to the other groups. D. Blood loss. N.S. non-significance.

On the other hand, for the analysis of platelet adhesion, we employed the
measurement of lactate dehydrogenase (LDH). As shown, the amount of adhered
platelets — and then an elevated LDH released from the biomaterials — was significantly
higher in the SLS group than in the rest of the groups (Fig. 7H (I-ll)). This phenomena
could be explained by the capacity of the allbp3 integrin receptor of the platelets to bind
to the RGD motifs of the SLS, that are absent in the GZ and MC groups [100,101]. The

fact that SLS demonstrated an increased platelet adhesion implies that they can promote,
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as shown, platelet aggregation and thus boost their hemostatic effect by decreasing the

clotting time.

Finally, we employed the rat-tail amputation model to confirm the hemostatic capacity
of these materials in an in vivo scenario (Fig. 8A, B). We measured the bleeding time and
the blood loss (Fig. 8C, D). As observed, the SLS demonstrated to decrease significantly
the bleeding time; however, we did not observe significant differences in the quantity of
blood lost. Taking all these results together, we could confirm that the SLS exhibited
greater hemostatic properties that the gold standards in clinic, making them potential

candidates for the treatment of epistaxis scenarios.

In summary, in this study we have demonstrated that the SLS present better
mechanical properties and degradation profile that the “gold standards” in clinic for their
use in epistaxis scenarios. Furthermore, we have shown that the SLS present high
hemostatic capacity in terms of erythrocyte and platelet adhesion and clotting time

decrease.

After studying the hemostatic capacity of these SLS, we decided to explore further and
test their suitability as cell-hosting systems for chronic wound scenarios (Study Ill). For
that, we decided to combine the SLS with MSCs (MSC-SLS) derived either from adipose
tissue (AT-SLS) or from hair follicles (HF-SLS) due to their immunomodulatory and pro-
regenerative capacity, as mentioned in the “state-of-the-art” section. First, we seeded the
cells and explored their viability over a week by using a transwell-like system in order to
mimic, as much as possible, an in vivo scenario. We employed two different seeding
doses — 25,000 cells (25K) and 50,000 cells (50K) per mg of SLS — and observed their
viability at day 3 and 7. As depicted, both cell doses at 3 and 7 days exhibited a great
cell spreading and colonization throught the SLS microarchitecture without any sign of
cell death (Fig. 9A). As a result, we decided to choose 50,000 cells/mg as the standard
dosage for SLS MSC-loading throught the rest of the work. Second, we studied the
secreted soluble secretome. For that, we analyzed the accumulated release of mediators
at day 7 to compare both MSCs profiles. As depicted in Fig. 9B both MSCs released a
great amount of angiogenic, pro-regenerative and anti-inflammatory mediators. The
secretion was similar in certain cytokines and growth factors, however some of them such
as Ang-1, bFGF, EGF, HGF or IL1-Ra were more secreted by AT-MSCs while HF-MSCs
secreted more SDF-1a and TGF-p1. We did not compare the SLS secretion — 3D
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environment — against a secretion on a plate — 2D environment — since the unique

composition, the mechanical properties and microarchitecture of the SLS influence the

MSCs secretory machinery [102].
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imagining at different cell doses — 25,000 cells/mg SLS (25K) and 50,000 cells/mg SLS (50K) —
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and incubation days — 3 days (3D) and 7 days (7D) —. Scale bars are 500 um. B. Secretome
analysis of cytokines and growth factors. * indicates p < 0.05, ** indicates p < 0.005 and ***
indicates p < 0.001 between groups. N.S. non-significance. C. Percentage of cell viability when the
MSC-SLS secretome and controls were mixed with H,O, and then incubated with HDFs. ###
indicates p < 0.001 in comparison to the positive control. D. Images of calcein/ethidium stained
HDFs pretreated, after 24h of exposure to ROS. Scale bars are 200 um. E. Percentage of cell viability
when HDFs were pretreated with the treatments. *** indicates p < 0.001 in comparison to the
control and SLS groups. #*## indicates p < 0.001 in comparison to the positive control. N.S. non-
significance. F. Cell viability under hyperglycemia-induced cytotoxicty. * indicates p < 0.05, **
indicates p < 0.005, *** indicates p < 0.001 in comparison to the blank group. * indicates p < 0.05,
## indicates p < 0.005, #*## indicates p < 0,001 in comparison to the group without glucose. %
indicates p < 0.005, & indicates p < 0.001 in comparison to the positive control group. ® indicates

p < 0.05, ¥ indicates p < 0.005, ¥ indicates p < 0.001 between groups.

Usually, in chronic wound scenarios, the amount of ROS is very high, generating
inflammation and hindering, in that way, the cell-to-cell communication and integrity
[103]. Therefore, reducing the amount of ROS or protecting cells against the ROS-
induced cytotoxicty and death has been an interesting move in the development of new
therapies. It has been described that MSCs release certain types of superoxide
dismutase (SOD) that can act as ROS scavengers [104]. However, as observed in Fig.
9C when we mixed the secretome of MSC-SLS, SLS or control with the ROS-fueled media
and placed it in HDFs, we did not observed protection. In contrast, when we pretreated
HDFs with the secretome of MSC-SLS and then exposed to the ROS, we observed a
significant protective effect for both AT-SLS and HF-SLS groups (Fig. 9D, E). It has been
described that some soluble mediators secreted by these MSCs could have a role in this
protective effect: IL-1ra, PGE-2 or bFGF that has shown to reduce ROS induced oxidative
stress [105-107].

In addition to the ROS-induced cytotoxicty, we also investigated the hyperglycemic-
induced cytotoxicity of MSC-SLS on HDFs during 3 days (Fig. 9F). We observed the
protective effect of MSC-SLS pre-treatment at 24h and it was maintained until 72h. The
differences observed at 24h were greater at 48h and 72h where AT-SLS and HF-SLS
showed a higher percentage of cell survival than the blank and SLS groups and similar
to the positive control. As described, elevated levels of glucose can increase ROS levels
as well as the concentration of other enzymes — i.e. xanthine oxidase — that can be

involved in cytotoxicity and eventually apoptosis [108]. We hypothesize that, as well as in
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the previous experiment, some mediators released by the MSCs that may reduce direct

ROS cytotoxicity could also be acting in this scenario, helping HDFs to reduce

hyperglycaemia-associated cytotoxicity.
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Migration rate of HaCaTs at different time points. * indicates p < 0.05 all groups in comparison to
the blank group. # indicates p < 0.05 AT-SLS and HF-SLS in comparison to the SLS and blanks
groups. &indicates p < 0.05 AT-SLS in comparison to the blank group. D. Images of the HDFs cells
at different time-points of the scratch assay. E. Percentages of HDFs wound closure. * indicates p
< 0.05, ** indicates p < 0.005 and *** indicates p < 0.001 in comparison to the blank group. #
indicates p < 0.05, ## indicates p < 0.005 and #*## indicates p < 0.001 in comparison to the SLS
group. F. Migration rate of HDFs at different time points. # indicates p < 0.05 AT-SLS and HF-SLS
against SLS and blanks groups. G. Number of formed tubes per well. *** indicates p < 0.001 in
comparison to the control group. # indicates p < 0.05, and #*## indicates p < 0.001 in comparison
to the positive control group. N.S. non-significance in comparison to the control group. H. Tube
length. * indicates p < 0.05, ** indicates p < 0.005 and N.S. non-significance in comparison to the
control group. * indicates p < 0.05, and *# indicates p < 0.005 between groups. |. VEGF amount in
MSC-SLS secretome administered at different time-points. J. Calcein stained and optical

microscope images of the formed tubes. Scale bars are 400 yum.

Numerous works have stated that in the chronic wound niche, the migration of
numerous cell types results impaired due to a harsh environment that impede a correct
cell-to-cell communication [109-111]. In that way, helping these cells to increase their
motility and migratory capacity would eventually benefit the formation of granulation
tissue and the correct closure of wounds. As depicted in Fig. 10A, B both MSC-SLS
demonstrated to increase the migration and wound closure on HaCaTs in comparison to
the SLS without cells and the non-treated blank group. Interestingly, we did not observe
the effect before 4h but we did at 8 h and it was maintained throught all the experiment
(Fig. 10C). As well as with HaCaTs, we also observed the pro-migratory effect in HDFs
(Fig. 10D, E). Similarly, we detected the effect at 8h and it was maintained until the end
of the experiment (Fig. 10F). We did not found significant differences between AT-SLS
and HF-SLS for both experimental cells, HDFs and HaCaTs. The release of a high amount
of mediators such as IL-6, TGF-B1 or bFGF, that has been described to have an impact
on HaCaTs and HDFs migration, could explain the great results observed in the in vitro

wound healing assay [111,112].

Finally, after showing pro-migratory efficacy, protective effects against cell death
under stressful environments and angiogenic potential, we tested the MSC-SLS in a full
thickness splinted wound healing assay in db/db mice (Fig. 11A-D). As illustrated in Fig.
11B, we observed the greatest wound closure in both MSC-SLS groups at both 7 and 14
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days. As compared to the control, at days 7 and 14, the wound closure of SLS, AT-SLS
and HF-SLS groups was significantly higher. Furthermore, the AT-SLS and HF-SLS
groups demonstrated a higher percentage of wound closure than the SLS group at both
7 and 14 days. Finally, as depicted in the healing rate data, only the MSC-SLS groups
showed a significantly higher wound closure against the control at 14 days (Fig. 11C).
Furthermore, we did not observe differences between the AT-SLS and the HF-SLS groups
at any of the time-points.
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Fig.11. In vivo wound healing assessment. A. In vivo procedure scheme and wound closure
photographs. B. Percentage of wound closure at different time points. * indicates p < 0.05, ***
indicates p < 0.001 in comparison to the control group. # indicates p < 0.05, ## indicates p < 0.005
in comparison to the SLS group. N.S. Non significance. C. Percentage of healing rate. ** indicates
p < 0.005, *** indicates p < 0,001 in comparison the control group. * indicates p < 0.05, in
comparison to the SLS group. N.S. Non significance. D. Model of the wound closure at different time
points.

We further performed histological analyses of wound necropsies. As shown in Fig.

12A, B we obtained significant differences in the re-epithelialization status of wounds
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among the treated groups at 14 days. Both AT-SLS and HF-SLS demonstrated a more
mature wound with better re-epithelialization that the control group; however, we did not

found significant differences against the SLS group.

r=
(==}

o Ctrl m AT-SLS
© SLS o HF-SLS NS.

DAY 7

N.S *
dkk Kkk

4 ° oo B S5

Epithelialization rate
-
——
HH= :
(]
]

DAY 14

(]

N.S.

rate
@

NS,
* KRR g

-

DAY 7

DAY 14

Fig.12. Histological analysis. A. H&E staining. Scale bars are 300 um. Arrows indicate the wound
zone. B. Epithelialization rate. C. Inflammation decrease rate. D. Normalized epidermis thickness
analysis. E. Percentage of collagen deposition. * indicates p < 0.05, ** indicates p < 0.005, ***
indicates p < 0.001 in comparison to the control group. * indicates p < 0.05 against the SLS group.

N.S. Non-significance. F. Masson s trichrome staining. In black: deconvoluted images of collagen.

The re-epithelialization results were supported with the data obtained in the
inflammation decrease rate (Fig. 12C). As depicted, at day 14 the three groups with

treatment showed significant differences against the control group. However, we did not
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observe differences between the MSCs groups and the SLS group. Nevertheless, on
these groups, we observed inflammation values above 3 depicting that the main process
happening in the wound niche was fibroblast proliferation (proliferative phase). In
contrast, in the control group, values below 2 showed that the wounds were still on a
diffuse acute inflammatory phase. We did not observe differences between groups when
comparing the epidermis thickness of wounds, which can act as an indicator of a more
advanced healing (Fig. 12D). Finally, we measured the collagen deposition using the
Masson’s trichrome staining (Fig. 12E, F). As observed, we obtained significant
differences at both 7 and 14 days. At these time-points, AT-SLS and HF-SLS
demonstrated an increased collagen deposition on the wound niche in comparison to
the control and SLS groups. The effect may be attributed to the influence of MSCs since
the SLS groups did not exhibit differences against the control. These results are in
agreement with the ones observed by other authors using different MSCs delivery

systems in vivo [113,114].

In summary, in this study we have shown that the SLS are adequate matrices for MSCs
hosting. Furthermore, the wide variety of mediators released by these MSC-SLS have
demonstrated to protect HDFs against ROS and hyperglycemia induced cytotoxicity,
increase HDFs and keratinocytes migration and promote HUVECs angiogenesis.
Eventually, the MSC-SLS have demonstrated to decrease the wound healing time in vivo,

increasing re-epithelialization, collagen deposition and decreasing inflammation.

Finally, after exploring the efficacy of the MSC-SLS and, as a cell-therapy alternative,
we decided to investigate the EVs fraction of the MSCs secretome. It has been widely
described that EVs secreted by MSCs exhibit therapeutic effects in tissue repair and
wound regeneration — proliferative, pro-angiogenic, immunomodulatory, antiapoptotic,
etc. — [115-117]. Despite AT-EVs have been widely studied, this was the first work
describing the EVs produced by HF-MSCs. In this regard, we started this study isolating
and characterizing the EVs released from both AT-MSCs and HF-MSCs. We employed
differential centrifugation to isolate two populations: m-IEVs — 10,000 x g (P10K) — and
sEVs — 100,000 x g (P100K) — (Fig. 13A). As depicted, the size of each population
ranged from 100 nm to nearly 400 nm for the P100K EVs — with a mean and mode size
of 200 and 165 nm respectively — and from 100 to 800 nm for the P10K EVs — with a
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mean and mode size of 270 and 200 nm respectively — (Fig. 13B-D). Despite showing
great similarities in the morphology and size of EVs between both cell types, the number
of EVs produced per cultured cell was significantly higher in the AT-MSCs than the HF-
MSCs (Fig. 13E).
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batches. N.S. Non-significance. E. Number of EVs compared to final cell count. * indicates p < 0.05,
** indicates p < 0.005. F. Western blotting analysis of EVs and non-EVs markers of three different

batches. Multiplex bead-based flow cytometry assay for detection of EV surface markers.

We further studied the marker expression on EVs by western blotting (WB) and flow
cytometry (Fig. 13 F, G). We observed the expression of CD13, CD81 and LAMP1 in P10K
and P100K EVs derived from both cell types. In contrast, only AT-EVs showed western
blotting bands for the rest of EV markers, with CD63 in both P10K and P100K, and CD9
in P100K. However, we observed the expression of these markers also on HF-EVs in the
flow cytometry analysis. The reasons behind these results may lie in technical differences.
Due to the different clones used for both the CD9 and CD63 antibodies on each
technique, we may have observed these differences in the expression. We further
analyzed the presence of non-vesicular markers, including COXIV — mitochondrial —
and GRP78 — endoplasmic reticulum — proteins, which appeared mostly in the P10K.
Finally, in the flow cytometry analysis we observed the expression of other numerous
surface markers: CD3, CD25, CD29, CD41b, CD44, CD49e, CD56, CD105, CD142,
CD146, MCSP, HLA-ABC/MHC-I and SSEA-4. The expression of these markers
demonstrated that AT and HF-EVs may be involved in a great number of biological
processes such as tissue regeneration, stemness maintenance, cell adhesion,

immunomodulation etc.

After the initial characterization, we employed the MSC-EVs on a battery of functional
assays to test their potency for wound healing applications. First, we studied the efficacy
of EVs for increasing HDFs migration. As observed in Fig. 14A, B all the studied groups,
large and small EVs, of both cell types, demonstrated a significant increase in HDFs
migration. As well as with the MSC-SLS, the effect was observed at 8 h and it was
maintained until the end of the experiment (Fig. 14C). Thus, the efficacy of secretome-
based therapies for wound closure should be attributed not only to the soluble fraction,

but also to the EVs fraction.

Regarding the angiogenic potential of MSC-EVs, different studies have highlighted the
properties exhibited by EVs secreted from BM-MSCs or umbilical cord MSCs (UC-MSCs).
These effect has been attributed to the transfer of pro-angiogenic proteins and mi-RNAs

including miR-31or miR-125 among others [118,119]. Here, we found that all of our EVs

49



Chapter 1 | Introduction — Results and Discussion

groups exhibited an increased tube formation in HUVECs with similar values to the ones
observed in the positive control group (Fig. 15A). In contrast, the tube length was similar
for all groups (Fig. 15B). Finally, as well as with the tube formation, the number of
branching points was higher in the EVs than in the control (Fig. 15C, D). In addition, AT-
P10K, HF-P10K and HF-P100K showed a significantly higher number of branching points
that in the positive control. Once again, we did not observe differences among the EV-

groups in the different parameters measured.

3 AT-P10K
3 HF-P10K
B3 AT-P100K
= HF-P100K

% Wound closure

—e— AT-P100K = AT-P10K
=0 Ctrl —— HF-P100K —+— HF-P10K

R O -

Fig.14. EVs scratch assay. A. Images of the treated and control groups at different time-points. B.
Percentage of wound closure. * indicates p < 0.05, ** indicates p < 0.005, *** indicates p < 0.001
in comparison the control group. C. Migration rate of HDFs at different time-points. * indicates p <

0.05 of all groups in comparison to the control group. N.S. Non-significant.

In the same way that in the MSC-SLS studies, we also tested the ability of EVs to
protect HDFs against ROS induced cytotoxicity (Fig. 15E). Some works have

demonstrated that EVs derived from different cell populations can protect diverse cell
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types against ROS-induced apoptosis [120-123]. Here, we did not achieve protective
effects in any of the studied conditions with any of our EVs-fractions or cell types.
Comparing these results, to the ones obtained before in the MSC-SLS study, we
hypothesize that the soluble fraction of the secretome, or the combination of both, is the
key effector to protect HDFs against ROS induced cytotoxicity. We found one work
studying the MSC-EVs protective effects on HDFs; however, they used serum in the

experimental media, which could have alter the obtained results [120].
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Fig.15. Angiogenesis and antioxidant assays. A. Number of formed tubes per well. B. Diameter
length of the formed tubes. C. Number of branching points. *** indicates p < 0.001 in comparison
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significance. D. Calcein-stained fluorescence and brightfield images of the formed vessels. Scale

bars are 500 um. E. Cell survival under a H.O,-mediated ROS. (1) after a 2 h pre-treatment with EVs,
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(I) after a 6 h pre-treatment with EVs and (lll) under a 4 h co-treatment of cells with EVs and H,O,.
** indicates p < 0.005, *** indicates p < 0.001, N.S. non-significance in comparison to the control

group, * indicates p<0.05 between groups.
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Finally, we explored the protective effects of MSC-EVs when HDFs are exposed to a
hyperglycemic environment (Fig. 16). Our results depicted that with only a 6 h of pre-
treatment, all EVs-fractions were able to protect and increase cell survival of HDFs under
a cytotoxic hyperglycemic environment until 72 h of experiment. Interestingly, our results
were significantly better than those obtained in the positive control group. Briefly, we
found that both P10K and P100K from AT-MSCs and HF-MSCs were able to increase

HDFs metabolism and viability under a hyperglycemic condition. These results suggest
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that the effect observed with the complete secretome in the study 3 are mediated not

only by the soluble secretome but also by the EVs-fraction.

In summary, in this study we found that the MSC-EVs are involved in a wide variety of
physiological pathways. Furthermore, we demonstrated that the EVs were able to
increase HDFs migration, survival under hyperglycemia and promote HUVECs
angiogenesis. These results pointed that the observed effects in our previous study were
also mediated by the EVs fraction. Consequently, we confirmed that this therapy could

has a promising potential for wound healing purposes.
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Chapter 2 | Conclusions

Based on the results obtained in the experimental studies, the main conclusions of

this doctoral thesis are the following:

1.

The combination of valorized SPI with CH allowed us to obtain highly porous SLS
by employing a circular economy strategy, with promising morphological and
physicochemical properties, which allows a great fluid absorption capacity.
Furthermore, the SLS exhibited an adequate biocompatibility both in vitro and in

vivo, potentiated by a simple pre-conditioning step.

The presence of SPI on its composition and the morphological features of the
SLS conferred the developed biosystem with hemostatic properties equal or
superior to the current gold standards in clinic. Thus, the SLS demonstrated to
decrease clotting time and increase erythrocyte and platelet adhesion.
Furthermore, the great mechanical properties and degradation behaviour
exhibited highlighted the possibility to use these SLS as “next-generation” nasal

packs.

The SLS demonstrated to be a great niche for MSCs to attach, proliferate and
spread into their microarchitecture. Furthermore, the combination of MSCs with
SLS exhibited proliferative, pro-angiogenic, antioxidant and protective effects in
different skin cell types. Eventually, the MSC-SLS demonstrated to decrease
wound closure time, increase re-epithelialization, decrease inflammation and

increase collagen deposition in vivo.

Research on the different subpopulations of EVs secreted by these MSCs allowed
us to obtain a “cell-free” therapy suitable for chronic wounds treatment. Thus,
both the P10K and the P100K expressed different markers involved in a wide
variety of biological processes. Eventually, the EVs showed pro-angiogenic
properties on endothelial cells and the ability to increase fibroblasts proliferation,

migration and protection against glucose-induced cytotoxicity.
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Abstract

The increasing necessity of developing new devices for biomedical applications has
added a growing social need of being environmentally respectful. In this work, we have
shown that natural by-products from the food industry (soy protein and B-chitin) can be
an excellent source of biomaterials to produce 3D scaffolds through simpler and cleaner
processes. With the mixture of the two polymers, we have developed sponge-like
scaffolds (SLS) with great physicochemical properties. Furthermore, a dialysis pre-
conditioning step was enough to obtain negligible cytotoxicity in vitro. The predominant
M2 macrophage profile, an elevated deposition of collagen fibers and the enhanced
neovascularization capacity suggested an excellent biocompatibility also in vivo.
Moreover, these SLS were able to promote cell adhesion, proliferation and high load
capacity. Finally, h-MSCs 3D-cultured in these SLS released four times higher VEGF than
h-MSCs seeded onto 2D plates. The green thinking strategy, properties and
biocompatibility of this SLS highlight its potential as a cell delivery system for biomedical

applications.
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1. Introduction

Nowadays, chronic and degenerative diseases caused by compromised

tissues, together with the increase in life's expectancy, have become one of the
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most important healthcare challenges worldwide [1]. Thus, scaffolds have been
widely employed due to two main points. On the one hand, the capacity to mimic
the extracellular matrix (ECM); on the other hand, the ability to host different cell
populations on their porous microarchitecture [2-4]. The retaining of cells, within a
3D environment, enables an optimal tissue repair scenario, protecting the seeded
cells from environmental stress and simulating a native-like state for them [5].
However, the search for adequate sources of biomaterials represents one of the
challenges to be faced in the field of tissue engineering and regenerative medicine.
Simultaneously, food industry produces millions of tons of natural by-products.
These by-products are often discarded, instead of being valorized with the aim of
reverting to a social benefit. For example, they could become a source of
economical, scalable and sustainable biomaterials to develop potentially

therapeutic products [6].

Through this study, we followed a green strategy by using biopolymers. These
biopolymers were obtained from industrial by-products to develop a brand new
sponge-like scaffold (SLS) that does not only serve as a cell delivery system, but
also meets the requirements for biomedical applications (Fig. 1). Green chemistry
involves the use of safe and clean materials and methods to reduce the toxic and
harmful effects of some chemical products and processes. Regarding this context,
the use of natural and renewable raw materials to manufacture scaffolds for
biomedical applications may become an alternative to synthetic materials.
Therefore, the essential purpose of greener materials and technologies is to reduce

the adverse effects of pollutants on the environment or humans.
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Fig. 1. From natural by-products to biomedical applications. Revalorization of by-products from food

industry to develop different devices for biomedical applications.

Given its abundance, biocompatibility, biodegradability and low
immunogenicity, soy protein isolate, commonly known as SPI and obtained from
soy flour (a by-product of the manufacturing process of soybean industry) [7-9], is
emerging as a promising source of biomaterials [10,11]. Additionally, some
peptides of the SPI, such as lunasin, own RGD-like sequences [12], required to
promote stable cell adhesions on the scaffolds surface [13,14]. Furthermore, SPI
also exhibits a variety of peptides that promote both cell migration and
proliferation, key factors for tissue regeneration applications [15]. Similarly, the
valorization of products from the fishery industry, such as skin or bones, has
become a matter of interest within the green strategy [16]. In fact, many works have
highlighted the interest in using squid pens as a B-chitin (CH) source, due to their
great content in this polysaccharide [17]. Although chitin is more commonly
extracted from crab or shrimp shells, the use of squid pens allows to avoid
demineralization and decoloration, essential processes in the extraction from
seafood shells. The elimination of these processes, as well as all the chemicals
and energy involved in them, brings environmental and economic benefits.18 From

the biomedical point of view, it is well-described that CH is biodegradable,
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biocompatible and that it presents an antibacterial activity and an exempt of toxicity
[19,20]. CH is also able to activate polimorphonuclear cells and fibroblasts [21],
to increase migration of monocytes/macrophages and to stimulate collagen
synthesis [22]. All these characteristics are making this polysaccharide a potential
compound for applications in the field of tissue engineering and regenerative

medicine [21].

Besides the positive effects of the ecofriendly options, there are still many issues
that must be addressed in order to achieve the required properties for specific
applications. This work focused on the development of a novel SPI/CH-based SLS
and its validation as a cell delivery system for biomedical applications. In this vein,
we first studied the surface composition, the morphology, the porosity, the pore
profile, the mechanical properties, the degradability and the swelling capacity of
the scaffold. Moreover, we evaluated its safety, performing cytotoxicity assays and
investigating its biocompatibility in vivo. We also tested its suitability as cell delivery
system by assessing cell adhesion and proliferation of 3D-cultured adipose-
derived human mesenchymal stem cells (h-MSCs). In addition, we explored the
cell-loading capacity of the scaffold and monitored its degradation in function of
the initial cell load. Finally, we quantified the vascular endothelial growth factor
(VEGF), secreted by 3D-cultured h-MSCs, to discard any possible hindering in the
release of bioactive compounds. We hypothesized that this may offer a novel and
advanced way of improving the therapeutic resources for regenerative therapies.
Hence, this work highlights the potential of using natural and renewable resources,
such as plant proteins and marine polysaccharides, as well as simpler and cleaner
processes, to manufacture scaffolds with suitable properties for tissue engineering
and regenerative medicine, avoiding the use of organic solvents in line with the
green chemistry principles and leading to more sustainable products for

biomedical applications.
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2. Materials and methods
2.1 Materials

SPI, PROFAM 974, was supplied by ADM Protein Specialites Division
(Netherlands). Sulphur content in SPI was determined using a Euro EA Elemental
Analyzer. Moreover, amino acid composition of the SPI was determined with a

Biochrom 30 + amino acid analyzer physiological system.

CH was extracted from fresh squid pens (Loligo sp.), kindly supplied by a local
fish market. First, we washed squid pens with water. Then, they were treated with
NaOH (1 M) in a relation of 1:20 (w/v) at room temperature and under continuous
stirring during 24 h in order to avoid the deacetylation of the native CH. After this
process, we filtered the samples and the solid fraction (CH) was washed with
distilled water until neutral pH. Finally, CH was freeze-dried and milled to obtain
the powder. As determined by an elemental analysis in a previous work [23], the
amount of C and N present in CH was, respectively, 42.1% and 6.2%. Besides, the
average degree of acetylation was 95.9%. As for Glycerol (99.01% purity), it was

provided by Panreac (Spain) and employed as a plasticizer.

The cell lines used in this study were L929 fibroblasts and h-MSCs (ATCC,
Manassas, USA). The first one was cultured on Eagle's Minimum Essential Medium
(EMEM) (ATCC® 30-2003™) supplemented with 10% (v/v) horse serum and 1%
(v/v) penicillin-streptomycin. The h-MSCs (ATCC®, Cat. No: PCS-500-011) were
cultured on Mesenchymal Stem Cell Basal Medium (ATCC®, Cat. No: PCS-500-
030™) supplemented with the Mesenchymal Stem Cell Growth Kit (ATCC®, Cat.
No: PCS-500-040) and 1% (v/v) penicillin-streptomycin. We incubated cell lines in
a humidified incubator at 37 °C with a 5% CO2 atmosphere.

2.2 Preparation of the sponge-like scaffolds ( SLS)

Firstly, we mixed 5 g of SPI with 30 wt % CH (based on SPI dry basis) and 125
mL of distilled water were added. Then, we adjusted the pH to 10 with NaOH (1 M)
before heating at 80 °C for 30 min under magnetic stirring. Afterwards, we added
30 wt % glycerol (based on SPI dry basis) to the solution, which was heated for

other 30 min at the same conditions to obtain a homogenous blend. Finally, the
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blend was poured into molds, kept in a freezer at —22 °C for 48 h and then, freeze-
dried for 72 h to obtain the SLS. Following, we cut the SLS with a hollow punch into
discs, with different diameters, according to the further assays. Finally, in order to
study the effect of a previous conditioning step of the SLS on the different
parameters, we divided samples in 3 groups. Firstly, lyophilized SLS that did not
undergo any previous conditioning step. Secondly, hydrated SLS, which were
immersed into PBS for 5 min. Finally, dialyzed SLS, which were immersed into 1.6
L of Milli-Q water under constant stirring and refreshed twice. Both the hydrated
and the dialyzed samples underwent a final freeze-drying process in order to be

used in a dried state.
2.3 Morphology

We studied the morphology of the SLS surface by using a Hitachi S-4800 field
emission scanning electron microscope (FE-SEM) (Hitachi High-Technologies
Corporation, Tokyo, Japan) at a beam accelerated voltage of 5 kV. SLS were cut
into discs of 8 mm diameter, mounted on a metal stub with an adhesive tape and
coated with gold under vacuum (JFC-1100) in an argon atmosphere prior to
testing. Furthermore, we studied the SLS by atomic force microscopy (AFM) under
ambient conditions. We obtained AFM images using a scanning probe microscope
(Nanoscope lIlla Multimode™, Bruker). We also employed Tapping mode in air
using an integrated tip/cantilever at 200-400 kHz resonance frequency, 0.6-1.0 Hz

scan rate and 20-80 N/m force constant.
2.4 XPS and ATR-FTIR analysis

X-ray photoelectron spectroscopy (XPS) was performed in a SPECS
spectrometer using a monochromatic radiation equipped with Al Ka (1486.6 V).
The binding energy was calibrated by Ag 3d5/2 peak at 368.28 eV. All spectra were
recorded at 90° take-off angle. Survey spectra were recorded with 1.0 eV step and
40.0 eV analyzer pass energy and the high resolution regions with 0.1 eV step and
20 eV pass energy. All core level spectra were referred to the C 1s peak at 284.6
eV. We analyzed spectra using the CasaXPS 2.3.19 software, and peak areas were

quantified with a Gaussian-Lorentzian fitting procedure.
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We also used attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy to identify the characteristic functional groups of the SLS.
Measurements were performed with a Nicolet Nexus FTIR spectrometer equipped
with a MKIl Golden Gate accessory, Specac, with a diamond crystal as ATR
element at a nominal incidence angle of 45° with a ZnSe lens. We recorded
measurements in the 4000-750 cm-1 region, using 32 scans at a resolution of 4

cm-1.
2.5 Degradation studies

In order to determine the weight loss due to hydrolytic and enzymatic effect,
lyophilized SLS (n=5 samples per group) of 8 mm diameter were weighed and
subsequently immersed in different solutions. We used 2 mL of PBS (completely
filled) for the hydrolytic degradation and a collagenase P solution (Sigma-Aldrich,
Spain), at a concentration of 0.5 mg/mL in culture medium, for the enzymatic
degradation. Finally, we incubated all SLS at 37 °C. At different time points,
samples were removed, lyophilized and weighed again to determine the remaining
weight (%).

2.6 Pore analysis, porosity and swelling capacity

Pore sizes were determined from SEM micrographs using Image J software. We
approximately measured up to 100 pores, randomly selected from different
samples (n=3 samples per group). In order to observe whether or not the cell
seeding changes the pore profile, we also measured approximately up to 50 pores
randomly selected from different fluorescent microscopy images of different
samples (n=3 samples per group). Furthermore, for the measurements, we chose
two different cell concentrations (6h after seeding) and also wet SLS without cells.
To determine the porosity of the scaffolds, we performed a liquid displacement
method using ethanol 98% as the liquid medium, because of its ability to permeate
through scaffolds without inducing matrix swelling or shrinkage [24] SLS were
immersed into a known volume (V1) of ethanol and degassed for 5 min with a
vacuum pump. The total volume of ethanol and ethanol-impregnated SLS was

recorded as V2. Finally, we removed the ethanol-impregnated SLS, and the
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residual volume of ethanol was recorded as V3. The porosity (€) of the SLS was

calculated with the following equation:

Vi—V1s
€ (%)= ——x100
(%) v, =V,

In order to calculate the swelling curve, different pre-weighed SLS of 8 mm
diameter were immersed into 5 mL of PBS at room temperature and also weighed
again at various time points (2 s, 0.5, 1.5, 5, 10, 20, and 30 min). The study was

performed with the aforementioned three groups of SLS (n=3 samples per group).
2.7 Mechanical evaluation

The compressive properties of the SLS (lyophilized, hydrated and dialyzed) were
measured using a mechanical tester (Instron 5969 equipped with a 100 N load cell)
at a compressive rate of 1 mm/min up to 80% of strain. This test was performed
with dry and wet (5 min in PBS) SLS (n=12 samples per group). We also measured
the compressive stress at 10% of strain to compare the compressive strength at

that value of strain for the different SLS groups.
2.8 Cytotoxicity assays

We performed this assay following the ISO 10993-5:2009 guidelines for
biological evaluation of medical devices. Cytotoxicity assay was performed either
by direct contact of the SLS with the cells (direct cytotoxicity) or by exposing the

cells to a lixiviate fluid of these SLS (indirect cytotoxicity) (n=4 samples per group).

In the direct cytotoxicity assay, we used SLS of 8 mm diameter and measured
the L-929 fibroblasts (ATCC® 30-2003™) viability employing CCK-8 reagent
(Sigma-Aldrich, Spain). Briefly, we seeded 35,000 cells/well in 500 uL/well of EMEM
complete medium in a 24 well plate. Subsequently, we incubated the cells for 24 h
at 37 °C. Then, we aspirated the medium and added 300 uL of fresh medium,
placing the SLS in direct contact with the bottom of the well. After 48 h of
incubation, we removed the SLS, and the medium was replaced by 370 uL/well of
CCK-8 solution in medium (1:11) and incubated for 4 h. Afterwards, we read the

absorbance with a plate reader (Infinite® 200 PRO series, Tecan Trading AG,
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Mannedorf, Switzerland) at 450 nm, using 650 nm as the reference wavelength. We

used cells without SLS exposure as a control group (100% of viability).

In the indirect cytotoxicity assay, we exposed L-929 fibroblast to a lixiviate fluid
of SLS (incubating at 37 °C for 24 h in culture medium at constant stirring following
the ISO 10993-5:2009). We utilized a Benchtop OrionTM 2-star pH meter (Fisher
Scientific SL, Madrid, Spain) and an Osmomat 030 (Genotec, Berlin, Germany) to
respectively measure both the pH and the osmolarity of the lixiviate fluid, using
culture medium without SLS as control and fresh medium without the incubation
process as “fresh”. Firstly, we seeded 5000 cells/well in a 96 well plate with 100
uL/well of medium and incubated them for 24 h at 37 °C. Then, we replaced the
medium by 100 ul/well of the collected lixiviate fluid, and the plate was
subsequently incubated at 37 °C for 24 h. Finally, the lixiviate fluid was removed,
and 110 uL/well of CCK-8 solution in medium (1:11) was added. After 4 h of
incubation, we read the absorbance as already described for the direct cytotoxicity.
Cells with lixiviate fluid without SLS (culture medium incubating at 37 °C for 24 h
under stirring equal as the other lixiviates) were used as control group (100% of

viability).
2.9 In vivo biocompatibility of the scaffolds

In order to understand the biological reaction to the implanted biomaterials, we
divided SLS of 6 mm diameter in 4 different groups (n=3 samples per group):
lyophilized, hydrated, dialyzed and lipopolysaccharide (LPS) soaked SLS as a
negative control group. We immersed all the SLS in PBS for 5 min before being
implanted, except the LPS SLS that were contrastingly immersed in a 100 ng/mL
LPS in PBS solution. We conducted all the experiments following the protocols
approved by the Institutional Ethical Committee for Animal Experimentation of the
University of the Basque Country (Procedure number: M20 2018 004). We
subcutaneously implanted the SLS from the aforementioned four groups in male
8-week-old C57BL/6 mice for 14 days (one SLS per mouse, 3 mice per group). A
two-week’s time point was selected in the present study because it has been well
established as suitable time to resolve both immune and fibrotic responses to
implanted materials, in C57BL/6 mice [25-28].
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In the procedure, we anesthetized mice with isoflurane (Isoflo®, Esteve, Spain)
and used a scalpel to make a small incision (< 1 cm) in the central dorsal surface.
We employed blunt forceps to create a pocket for the SLS in the subcutaneous
space. After implantation, we closed the wounds with two sutures. Next, we
monitored and housed mice for 14 days. Moreover, we did not observe signs of

discomfort after surgery throughout the study.
2.10Histological analysis

After 14 days, we euthanized mice by CO2 asphyxiation. We made different
incisions, excising the SLS (and surrounding tissue) and fixed in 3.7%
paraformaldehyde overnight. Then, the biopsies were bisected, embedded in
paraffin and sectioned in layers of a thickness of 5 um. We stained the slices by
hematoxylin-eosin  (H&E) and Masson’s trichrome (MT), using standard
procedures. Images were analyzed by a blinded histopathologist, utilizing the
QuPath analysis software (Centre for Cancer Research & Cell Biology at Queen's
University, UK) to evaluate the foreign body reaction (FBR) to the subcutaneous
implant. All the results have been normalized by a blinded histopathologist vs the

weight of each scaffold.

The cellular response was determined following a scale in which every cellular
FBR received a value within a range from 0 to 4: 0, absence of macrophages (MC)
or polimorphonuclear neutrophils (PMNN); 1, very low presence of MC or PMNN;
2, low presence of MC or PMNN; 3, abundant presence of MC or PMNN; and 4,
very abundant presence of MC/PMNN.

We also performed immunohistological studies. In short, tissue slices were
deparaffinised and automatically processed according to the U UltraView DAB
detection kit (Roche, Switzerland). First, we incubated tissue biopsies with the
primary antibodies at 37 °C. The incubation period varied depending on the
antibody. On the one hand, 12 min for the anti-CD68 (clone KP-1, Roche,
Switzerland); on the other hand, 32 min for the anti-CD163 (MRQ-26 Mouse
Monoclonal Antibody, Sigma-Aldrich) and for the anti-ERG (EPR3864 Rabbit
Monoclonal Primary Antibody, Roche, Switzerland). Subsequently, biopsies were

stained with DAB and hematoxylin as counterstain. Finally, positive cells were
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counted using the QuPath analysis software. As abovementioned, the results have

been normalized for a blinded histopathologist vs the weight of each scaffold.
2.11 Cell studies in 3D cultures
3D-culturing

For the cell studies in 3D cultures, we used dialyzed SLS in dry state. In this
vein, we seeded and rehydrated the SLS with a cell suspension in fresh serum-free
medium, in order to avoid the action of the adhesion proteins present in the serum.
We also calculated the volume of cell suspension seeded per scaffold as the 80%
of the maximum swelling volume of each scaffold, ensuring no overflows at the
bottom of the wells. After the optimum time for a stable cell adhesion (37 °C, 5%
CO2) (see section 3.7), we washed the SLS with PBS, and incubated them in

culture medium (Supplementary video 11).
Cell adhesion, load and degradation studies

For cell adhesion, we placed dialyzed SLS of 4 mm diameter (n=5 samples per
group) on a 96 well plate. Later, we seeded, as previously mentioned, an average
of 60,000 h-MSCs cells per SLS. Thus, at different time-points (0, 2, 4, 6, 8 and 12
h), SLS were shortly rinsed with 100 uL of PBS, and non-adhered cells were
counted on a Neubauer chamber. Cells adhered into the SLS were calculated as

the subtraction of the total cells seeded minus the cells detached with PBS.

We performed the cell load study repeating the same procedure and
considering the optimum cell adhesion time obtained. For that study, we seeded
increasing concentrations of cell suspensions (4.0*106, 8.0*106, 1.6*107,
2.0*107, 2.5*107 cells/mL) into dialyzed SLS of 4 mm diameter (n=5 samples per
group). After the cell adhesion time, we shortly rinsed the SLS with 100 uL of PBS,
and non-adhered cells were counted as it was previously described. We calculated
the total number of cells into the SLS, as the subtraction of the total cells seeded

minus cells washed with PBS.

For the cell-mediated degradation, we finally incubated the SLS seeded with

increasing cell load, for 21 days, in culture medium at 37 °C. We used the SLS
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without cells as a control group. At day 21, we lyophilized and weighed the SLS

again to determine the remaining weight.
Cell proliferation

For cell proliferation studies, we seeded 60,000 h-MSCs cells into 4 mm
diameter dialyzed SLS (n=5 samples per group) and, after the optimum cell
adhesion time, we washed the SLS with 100 uL of PBS and placed in a 24 well
plate with 1 mL of fresh complete medium. Then, at pre-determined time-points (6,
24, 48, 96, and 168 h), the SLS were removed, washed with 100 uL of PBS and
trypsinized with 100 uL for 5 min. Subsequently, we added 100 uL of neutralizing
solution and used the final mix to count the number of cells on a Neubauer
chamber. We also used cells seeded onto wells (2D) as control group. Besides,
we expressed the results as a ratio of relative viability, using 6 h group as the

comparing group.
VEGF in vitro 3D release study

For this assay, we seeded an average of 300,000 cells in both 2D (wells) and
3D (SLS) cultures. After a 7-day incubation, we removed the supernatants of both
2D and 3D cultures, and the accumulative levels of VEGF were quantified by ELISA
(Quantikine® ELISA Human VEGF kit, R&D systems), following manufacturer’'s

indications.
2.12 Statistical analysis

We expressed results as the mean = standard deviation. When normally
distributed, we analyzed results through student two-tailed t-test, to compare
between two independent groups, or through one-way ANOVA test for multiple
comparisons. Based on the Levene test for the homogeneity of variances, we
applied Bonferroni or Tamhane post-hoc analysis. In contrast, we applied Mann-
Whitney nonparametric analysis for non-normally distributed data. Additionally, we
performed all the statistical computations using SPSS 25.0 (SPSS®, INC.,
Chicago, IL, USA).
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3. Results and discussion
3.1 Characterization of SPI

First, we determined the amino acid composition of SPI since this is a factor that
influences the physical and structural properties of the developed scaffolds and
plays a key role in the functional properties of the resulting biomaterials. As shown
in Table 1, we identified a total of 18 amino acids in SPI. The amino acid
composition was rich in Glu, Asp, Leu, Ser, Gly, Ala and Pro residues, with Cys
and Met as the principal sulphur-containing amino acids. In fact, Cys presents the
ability to form both inter-chain and intra-chain disulphide bonds, which play a
crucial role in protein-folding pathways and, thus, in protein structure. Furthermore,
Trp, Tyr and Met provide the highest antioxidant activity, followed by Cys, His and
Phe [29,30]. The amino acid characterization after the SLS preparation is also
provided in Table S11 and shows that the amino acid composition did not change

after the SLS preparation.

Table 1. Amino acid composition of SPI expressed as number of residues per 100 residues.

SPI amino acid residues

Asp Thr Ser Glu Pro Gly Ala Cys Val Met lle Leu Tyr Phe His Lys Arg Tp

11.59 3.20 7.06 17.92 6.01 793 6.16 0.91 4.05 1.23 3.07 9.14 326 5.33 221 5.09 4.81 1.03

Regarding the elemental analysis, the sulphur content in SPI was approximately
0.89%. This percentage was related to the disulphide linkages, mainly derived from
Cys. Due to this low sulphur content, we incorporated CH into the scaffold
formulation to enhance mechanical properties. Thus, CH addition intended to
improve those hydrogel functional properties required for biomedical applications,

by promoting the interactions between the protein and the polysaccharide [23].
3.2 Preparation of the scaffold and morphology

The scaffold was prepared by freeze-drying (Fig. 2A), obtaining a porous SLS
(Supplementary video 2t). Dry and wet SLS are shown in Fig. 2B (l) and Fig. 2B
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(). Furthermore, cross sectional SEM micrographs of lyophilized SLS were taken
to analyze the microstructure of these porous SLS (Fig. 2C (I) and Fig. 2C (1l)). We
observed a highly porous microarchitecture, which provides interesting features
for the attachment, the communication and the migration of cell populations

seeded inside.
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Fig. 2. Preparation of SPI/CH-SLS and morphology characterization. (A) Preparation of the SLS. (B
(1)) Lyophilized SLS of 8x1.5 mm in dry state. (B (Il)) Lyophilized SLS of 8x1.5 mm in wet state. (C (1))
SEM micrograph of a lyophilized SLS in dry state. Scale bar is 1 mm. (C (Il)) SEM micrograph of a
lyophilized SLS in dry state. Scale bar is 250 um. (D (1) and D (Il)) AFM images of surface topography

for a scan area of 3.0 um x 3.0 um.

The surface microstructure was observed by AFM (Fig. 2D (I) and Fig. 2D (I1)) in
a scanning area of 3 um x 3 um. As it can be seen, the SLS showed a homogeneous
and dense morphology. The roughness average (Fig. S1t) was 9.15 nm, the root

mean square roughness was 11.66 nm, the average height was 21.29 nm, and the
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maximum height was 46.65 nm. This homogeneous distribution of heights

confirmed an adequate compatibility between SPI and CH.
3.3 XPS, ATR-FTIR and degradation studies

As it was above mentioned, the surface properties of biomaterials are a key
aspect in determining the compatibility with the biological environment and,
therefore, cellular responses, such as cell attachment and proliferation. Hence, the
knowledge of the functional groups located towards the surface is greatly
important, since those groups influence the stability in biological media.

Consequently, we examined the composition of the scaffold surface by XPS.

The predominant peaks identified were those related to C 1s (284.6 eV), N 1s
(399.3 eV) and to O 1s (532.0 eV) (Fig. 3A). In particular, the oxygen that was
present on the surface of the SLS as O-C=0/0O=C-N (amino acid carboxy! group
and amide group in CH) represented the 23.6% of the surface composition. This
percentage is considerably important because oxygen influences the stability in
biological media [31]. Concerning the nitrogen that was present on the surface as
C=N/C-N (amino group in amino acids and amide group in CH), it showed a lower
content (8.03%), indicating the low exposure of amino groups towards the surface.
As for the C 1s peak, depicted as one peak, it can be decomposed in two peaks
corresponding to C-H/C-C (284.8 eV) and O-C=0 (290.1 eV), that respectively
represent 66.91% and 2.00% of the surface composition. The high content of C-
H/C-C bonds indicated the hydrophobic character of the surface and the presence
of O-C=0 provided functional groups that benefit the bonding capacity of the

surface.

Ultimately, we carried out an FTIR analysis (Fig. 3B) in order to confirm the
interactions between SPI and CH, as well as their influence in the physicochemical
properties of the SLS. The samples exhibited three characteristic bands that were
common to all proteins: the amide | band at 1630 cm—1, associated with C=0
stretching; the amide Il band at 1530 cm—1, corresponding to N-H bending; and
the amide Ill band at 1230 cm—1, related to C-N stretching and N-H bending. It
can also be appreciated the characteristic bands of polysaccharides that are

located between 1180 and 953 cm—1 [32]. Regarding the aforementioned FTIR
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spectra and the AFM and XPS results, it can be confirmed that the interactions
between SPI and CH were physical interactions by hydrogen bonding between the
hydroxyl groups of CH and the polar side groups (hydroxyl, carboxyl, amino) in SPI

amino acids. These bonds play a major role in dictating the scaffold structure.
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Fig. 3. Molecular characterization and degradation studies. (A) XPS survey spectra of SPI/CH SLS.
(B) ATR-FTIR spectrum. (C) Hydrolytic degradation. (D) Enzymatic degradation.

Finally, in the performed hydrolytic and enzymatic degradation studies, we
observed the degradation behaviour of the scaffolds when exposed to biological-
like conditions. In the hydrolytic exposure (Fig. 3C), only about 25% of its weight
was lost within the 21 days of the study. This may be due to the reinforcement of
the SPI with CH, a known water-insoluble polysaccharide that possesses intra-
sheet hydrogen bonds on its crystal structure, providing more stability to its
bonded molecules [23]. In contrast, the enzymatic degradation (Fig. 3D), that will
mainly depend on both the number of cleavage sites in the forming polymer and
the concentration of available enzymes in the scaffold environment [33], was

observed in only 2 hours.
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3.4 Porosity, pore analysis and swelling capacity

As it is known, a previous conditioning step of the scaffolds can increase its
biocompatibility. On the other hand, repeated hydrate and freeze-drying steps
could affect the microstructure, the pore profile and the mechanical properties of
the SLS. Therefore, we divided the SLS in 3 groups (Fig. 4A): lyophilized SLS
(without any previous conditioning step), hydrated SLS (5 min in PBS) and dialyzed
SLS (24 h in Milli-Q water under constant stirring).
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Fig. 4. SLS previous conditioning steps, pore analysis and swelling. (A) Scheme of the different
groups of SLS. (B) Porosity of the SLS. (C) Pore size. (D) Swelling curve. *** indicates p < 0.001

comparing with lyophilized group.

It is well known that high values of porosity are needed for a great cell
proliferation and migration, that may directly affect both nutrient and oxygen
transport, as well as removal of wastes [34]. We measured the porosity of the SLS
and obtained values between 80-90% (Fig. 4B), typical values for scaffolds that
undergo a freeze-drying process [35]. As it was already shown, we did not obtain
significant differences between any group, proving that a previous conditioning

step of the scaffolds does not cause structural differences at this level.
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It has also been widely described that cell behaviour in cell delivery systems is
directly affected by the scaffold pore sizes and microarchitecture [34,36]. The
measurements that we made showed pore sizes from less than 0.3 mm up to 3
mm for the highest ones, but being 0.3-0.9 mm the most frequent size range for all
the groups studied (Fig. 4C). Furthermore, we observed significant differences (p
< 0.001) when comparing the lyophilized group with both the hydrated and the
dialyzed groups. These results can be explained due to the additional freeze-drying
process undergone by these two groups, since there are no significant differences
between the hydrated and the dialyzed group (both groups received different
previous conditioning steps but the same number of freeze-drying cycles). It is
important to remark that pore sizes greater than 0.3 mm are essential for
vascularization of constructs, thereby ensuring the correct oxygenation and

nutritional contribution to the seeded cells [37].

Swelling of scaffolds in aqueous media is desirable in SLS used as cell delivery
systems, because the pore size would increase initially and will help to
accommodate the seeded cells, favoring the cell adhesion. Furthermore, for
certain pathologies, such as chronic wounds, a high swelling capacity is interesting
due to the absorption of the generated wound exudates. It is also desirable a high
swelling grade for bone tissue engineering applications, because it can help fill in
and adjust to the bone defect [38]. As it was shown in Fig. 4D, these SLS (in all
cases) were able to reach almost 1300% of swelling in less than 30 seconds, while
maintaining their structure and stability. As detected from FTIR spectra, the high
capacity of these SLS for water uptake could be ascribed to the existence of
hydrophilic functional groups, such as carboxyl, amino and amide (Fig. 3B).
Finally, it is interesting to mention that, as it was previously described, the high
swelling rates are related to a better biocompatibility of scaffolds in tissue

engineering applications [39].
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Fig. 5. Mechanical evaluation of SLS. (A) Compressive strengthin dry SLS. (B) Compressive strength
in wet SLS. (C) Representative compressive stress-strain curves for all groups of SLS either in dry
or wet state. # indicates p < 0.05 comparing between groups. (D) Photographs demonstrating the
incapacity of wet SLS to recover its initial morphology after a full compression. (E) Photographs
demonstrating the capacity of wet SLS to recover its initial morphology when reabsorb the lost water

after a full compression.
3.5 Mechanical evaluation

The mechanical evaluation of every scaffold is interesting since, for a practical
and a long-term clinical use, they must present good properties for a good
handling and an adequate resistance to deformation and rupture. For that purpose,
we tested the compressive properties up to 80% of strain of both dry and wet SLS.
Regarding dry SLS, the hydrated group showed the highest compressive strength
properties (p < 0.05), compared to the other groups. This result could probably be
due to the presence of salts in PBS (Fig. 5A). As it is shown in Fig. S2t, some
amorphous salt crystal formations had been created during the freeze-drying
process, increasing the hardness and strength of the hydrated group SLS. As for
wet SLS, salt formations are dissolved and, therefore, all groups showed no
significance differences (p > 0.05) between them in terms of compressive strength

(Fig. 6B). It is also important to mention that the compressive strength is about 40
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times lower in wet SLS than in dry SLS because, under wet conditions, the
plasticization effect of water dominates the compressive properties of the SLS,

decreasing their mechanical strength [40].

Furthermore, all SLS revealed a typical compressive stress-strain profile of
plastic behaviour, exhibiting a lack of initial elastic linear region (Fig. 5C). We
observed this plastic behaviour in all the wet SLS, as they were unable to recover
their initial shape after applying the deformation forces (Fig. 5D). However, this
behaviour is overwhelmed by their high swelling capacity, as they are able to
almost recover their initial morphology when reabsorbing the lost water after

applying the deformation forces (Fig. 5E and Supplementary video 3t).
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Fig. 6. Cytotoxicity assays. (A) Direct cytotoxicity. (B) Indirect cytotoxicity. Two lines are marking the
100% and the 70% of cell viability. (C) Lixiviates pH of the indirect cytotoxicity. (D) Lixiviates
osmolarity of the indirect cytotoxicity. * indicates p < 0.05; ** indicates p < 0.01; *** p indicates <
0.001 comparing with control group. # indicates p < 0.05; ## indicates p < 0.01; ### indicates

p < 0.001 comparing between groups in cytotoxicity assays.
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3.6 Cytotoxicity assays

One of the main requirements of any biomaterial is that it must be
biocompatible. Hence, we performed both direct and indirect in vitro cytotoxicity
assays, following an adapted protocol from the ISO 10993-5:2009 guidelines for
biological evaluation of biomedical devices. While in the direct cytotoxicity assay
all the SLS were above the 70% of viability (Fig. 6A), only the SLS with a previous
dialysis process achieved more than 70% of viability in the indirect cytotoxicity one
(Fig. 6B). These values can be explained due to the fact that the extracted lixiviates
showed a significant increase not only in the pH but also in the osmolarity (Fig. 6C,
Fig. 6D). This was specially evident in both lyophilized and hydrated groups. Thus,
the osmotic difference between the hypertonic medium and the cellular cytoplasm
can trigger different L-929 cells responses that could give rise their loss of
replication [41]. Considering these results, only dialyzed SLS showed a complete

absence of toxicity in both assays according to the ISO 10993-5:2009.
3.7 In vivo biocompatibility of the scaffolds

Testing the behavior of these SLS in an immuno-relevant in vivo model is
necessary because there are not previous references of their biocompatibility in
such organisms. For that reason, we implanted the different groups of SLS in the
subcutaneous space of C57BL/6 mice, that have a more aggressive innate
immunity and mimic, in a relevant way, the FBR observed in humans [25]. After 14
days, we removed the SLS and processed them histologically to evaluate the FBR.
As an additional control, we recreated a “worst case scenario” by also including a
group of SLS soaked in LPS, an endotoxin derived from the cell wall of gram-

negative bacteria, which are known to elicit strong inflammatory responses.
H&E and Masson” s trichrome stains

We found remarkable quantitative differences in the inflammatory responses to
each of the four groups (Fig. 7A, Fig. 7B). All groups showed high cell infiltration
inside the SLS but with visual differences between them. The presence of
polimorphonuclear neutrophils (PMNN) in LPS group was higher in comparison

with the rest of the groups (Fig. 7C, Fig. 7D). Furthermore, we also assessed the
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presence of macrophages (MC) in the implant zone and calculated the ratio
MC/PMNN. The obtained results showed a significant difference (p < 0.05)
between the dialyzed and LPS groups (Fig. 7A).
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Fig. 7. H&E and Masson “s trichrome stains. (A) Ration between MC and PMNN in the H&E staining. *
indicates p < 0.05 comparing with LPS group. (B) Collagen deposition into the scaffold. * indicates p
< 0.05; ** indicates p < 0.01 comparing to LPS group. # indicates p < 0.01 between different groups.
(C, D) H&E staining of all groups of scaffolds at different magnifications. (E) Masson’s trichrome
staining. Inside the SLS, red arrows point out blue stained collagen fibers. Scale bars are 500 um (C),
50 um (D), 800 um (E).
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When samples were processed with the Masson’s trichrome staining, we
observed that the collagen deposition in all the studied groups was principally
located inside the SLS rather than in the surroundings of the implants (Fig. 7E),
what would be expected in the case of the FBR to low-biocompatible biomaterials
[42,43]. Therefore, we may think the SLS were well integrated in the organism,
showing an adequate biocompatibility. After the quantitative analysis, the hydrated
group particularly showed higher values of collagen deposition with respect to both
the LPS group (p < 0.01) and the lyophilized group (p < 0.05) (Fig. 7B). In addition,
the dialyzed group showed also higher values in comparison with the LPS group
(p < 0.01).

(D68, CD163 and ERG immunostaining

Monocytes/macrophages are considered the most important cells in the
initiation, duration and outcome of the host response against implanted
biomaterials [44]. Thus, we next examined the phenotype of the infiltrating
macrophages by the immunostaining of CD68, as indicator of both classically (M1)
and alternatively (M2) activated macrophages, and by the immunostaining of
CD163, as marker of M2.

We found that the vast majority of the macrophages presented a M2 anti-
inflammatory phenotype, since the CD163/CD68 ratio was near one (Fig. 8A). It is
well reported that monocytes/macrophages appear in the implantation niche at the
end of the acute inflammatory phase (approximately one week), exhibiting a
differing behaviour according to the biocompatibility of the implanted material. If
this is low, there is a higher number of M1 pro-inflammatory macrophages with the
presence also of forming foreign body giant cells in the implant zone. In contrast,
if the biomaterial shows an adequate biocompatibility, the number of M1
macrophages progressively decreases, and M2 macrophages predominate,
leading to the ECM remodeling phase [45]. The higher rate of M2 polarized
macrophages in all groups may be, in keeping with the findings, reported by other
authors in the literature. On the one hand, CH has shown a M2 macrophage profile
activation in previous in vivo scenarios [46]. On the other hand, it has been
described that some soy peptides inhibited inflammation in LPS-induced

macrophage by suppressing NFkB pathway [47]. Strikingly, our scaffold was also
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able to inhibit and overcome, up to certain point, the LPS-mediated inflammatory

response.
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Fig. 8. CD68, CD163 and ERG immunostaining. (A) CD68 — CD163 positively stained cells. (B) ERG
staining showing the number of stained endothelial cell nuclei. * indicates p < 0.05 comparing to
LPS group. # indicates p < 0.01 between different groups. (C) Images of the different stainings. The
dotted boxes show blood vessels. The difference in the vessel formation of dialyzed and LPS group
is showed in two zoomed images from the dotted circles (D, E). Scale bars are 50 um. Blue arrow

shows scaffold fibers and red arrow shows positively marked cells.

Finally, we also measured the number of endothelial cells with an anti-ERG
marker. With a previous conditioning step of the SLS, the results revealed that there
was an increase in vessel formation, obtaining significant differences between the
dialyzed group and the lyophilized group (p < 0.05) (Fig. 8B, Fig 8C). Interestingly,

we found similar values between the dialyzed and the LPS group. In fact, it has
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been widely described that LPS was able to promote angiogenesis [48,49].
However, our results showed qualitative differences between the LPS group and
the others, especially with the dialyzed group. As it can be seen in the zoomed
images (Fig. 8D and Fig. 8E), the dialyzed group presented larger and more dilated
blood vessels with higher number of endothelial cells (Fig. 8C). Furthermore, in the
LPS group, smaller vessels with lower number of endothelial cells were formed, in

accordance with a less advanced and more primitive angiogenesis process [50,51]

In summary, these results demonstrated that, even if all the groups showed an
acceptable biocompatibility, a previous conditioning step (hydration or dialysis)
before implantation is highly recommendable to maximize integration with the
host’s tissue. This is also related to the results obtained in the cytotoxicity studies.
In light of these findings, we decided to use the dialyzed scaffolds for the cell

studies.

3.8 Cell adhesion, load, and degradation studies with 3D-cultured h-
MSCs

We tested the suitability of our SLS as a cell delivery system with h-MSCs. In
this sense, for the 3D-culture, as explained before, we seeded and rehydrated the
SLS with a cell suspension in fresh serum-free medium (Fig. 9A). In the adhesion
assay, we assessed the optimum time required to obtain a stable cell adhesion in
the SLS microarchitecture. For such aim, we explored the initial stage of adhesion
formation by subjecting seeded cells to a PBS wash at different time points. We
calculated the number of h-MSCs that were adhered into the SLS as the total
number of cells seeded minus the number of cells released with the PBS wash. We
observed that, from 4 hours on, we achieved a plateau around 75.5% = 3.55% of
initially seeded cells (Fig. 9B). Secondly, we evaluated the adhesion reinforcement
and the subsequent maturation by exposing cells to trypsinization. Interestingly, a
higher number of cells were released at 4h than at the rest of the time points (Fig.
9C). These results may be explained as follows. At early stages of cell adhesion
(< 4 h), a greater number of cells were washed-up with the first PBS rinse.
Therefore, a smaller number of cells remained to be released afterwards with the

trypsin treatment. In contrast, 6 h after seeding, cells exerted stronger unions with
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the scaffold as a result of focal adhesion maturation. Thus, even if this implies that
more cells abided the first PBS wash, more cells also resisted the subsequent
trypsinization and a smaller number of cells were released. Accordingly, we
decided that 6 hours was the minimum time required to allow cell adhesion before

culturing the SLS in culture medium.
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Fig. 9. 3D-cultured h-MSCs studies. (A) Procedure of 3D-culture on SLS. (B, C) Adhesion studies:
(B) Early stage; percentage of cells remaining in the scaffold at different time points, (C) Maturation;
percentage of cells recuperated with a trypsin treatment in comparison with the total cells of the
scaffold. (D, E) Cell load studies: (D) percentage of cells into the scaffold with different cell loads
seeded, (E) total number of cells inside the scaffold. * indicates p < 0.05; ** indicates p < 0.01. (D)
Cell mediated degradation. * indicates p < 0.05; *** indicates p < 0.001 in comparison with the

control group; # indicates p < 0.05 between groups.
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On the other hand, we investigated the maximum cell-load capacity of the SLS
by seeding increasing concentration of h-MSCs. The percentage of effectively
adhered cells varied between 75-85% (Fig. 9D), obtaining good linearity between
the initially seeded cells and the resultant cell-load (R2 = 0.9988). It should be
noted that, even with the highest cell-load assayed, we did not reach the saturation
of the SLS. These results suggest that, within its microarchitecture, SLS were able
to support cell concentrations higher than 500,000 cells in a volume of just 18.85
mm?3 (25,000 cells/mm3) (Fig. 9E).

Finally, we studied cell-mediated degradation in function of the initial cell-load.
In fact, the aim of the cell-loaded SLS is to sustain a progressive degradation of
the scaffold matrix while the stem cells produce their own extracellular matrix to
end up integrating into the host’s organism. As expected, the higher the cell
concentration we seeded into the SLS, the higher the degradation we observed
(Fig. 9F). After 21 days, the initial cell-load will decisively influence the durability of
the implanted SPI-CH-SLS. Furthermore, we also measured the pore size; by
means of cross-sectional image analysis performed in both SEM and fluorescence
micrographs, to observe the influence of cell-seeding on the microarchitecture of
the dialyzed SLS. In particular, we assessed the pore size in dry, wet SLS, and in
wet SLS seeded with two different cell densities. The results demonstrated no

differences between the pore profiles of any assayed group (Fig. S31).

3.9 Cell proliferation and VEGF release of 3D-cultured h-MSCs

To validate the SLS as a cell delivery system, it was important to understand the
behaviour of cells within the SLS in terms of proliferation and release of therapeutic
factors. For that purpose, we compared the proliferation rates of cells seeded onto
2D plates (in wells) and 3D-cultured cells (into SLS), obtaining no significant
differences between them (Fig. 10A and Fig. 10B). Our findings are in agreement
with those authors arguing that microporosities ranging from 10 to 100 um

effectively act as 2D surfaces with curvature [52].
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Fig. 10. Proliferation and VEGF production of 3D-cultured h-MSCs. (A) Cell proliferation studies.
Cells detached were normalized against 6 h group (B) Confocal fluorescent microscopy images with
Phalloidin/DAPI staining of the cells inside the scaffold at 24 h B (1) and B (ll), and at 168 h B (lll) and

B (V). Scale bars are 150 um. The scaffold surface shows autoflorescence stained in blue. (C) VEGF

in vitro release assay. *** indicates p < 0.001.

Next, we quantified and compared the VEGF secreted by both 3D-cultured and
2D plated h-MSCs to rule out any possible hindering in the release of bioactive
compounds. We chose VEGF because it is an important mediator involved in
angiogenesis, one of the most relevant processes in wound healing, bone
regeneration and many other biomedical applications [53,54]. Hence, we found a
four-fold increase in VEGF secretion when the same number of cells were 3D-
cultured instead of 2D-plated, achieving significant differences (p < 0.001)
between the groups (Fig. 10C). This increase in the VEGF release is consistent with
previous studies published by other authors and may be explained in either

chemical or physical terms.

On the one hand, scaffolds with porous matrices have been shown to simulate
the ECM in a better way, recreating a biological-like physical condition that, in
some cases, leads to stimulate the production of cytokines [34,55]. On the other
hand, the composition of the scaffold may also act upregulating the production

and release of VEGF. Indeed, it has been described that some soy peptides were
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able to increase VEGF production in h-MSCs seeded onto 2D surfaces [56].
Likewise, it has also been described that CH was able to boost the production of
VEGF in different cell lines [57]. It has been widely described that, in hypoxic
environments, different cell types increase their VEGF production in order to
promote neovascularization. In this sense, the higher VEGF production in our 3D-
cultured h-MSCs may be attributed to a hypoxic environment inside the SLS.
However, this argument is revoked because, with pore sizes mainly from 0.3 mm
to 0.9 mm and the elevated porosity presented in these SLS, cell oxygen uptake

and viability are ensured [34,37,58].
4. Conclusions

In the present study, we have shown that natural by-products from the food
industry can be an excellent source of biomaterials for the development of
biomedical devices. The developed SLS showed a highly interconnected porous
structure, elevated hydrolytic stability, and excellent swelling and mechanical
properties. We also demonstrated that a simple dialysis pre-conditioning was
enough to obtain negligible in vitro cytotoxicity, according to the ISO 10993-5:2009.
Besides, the predominant M2 macrophage profile, the absence of foreign giant cell
formation, the deposition of collagen fibers inside the SLS and the
neovascularization capacity suggest that these SLS present an excellent
biocompatibility in vivo, especially when subjected to previous conditioning steps
(dialysis or hydration). Moreover, the scaffold microarchitecture was able to
promote adequate cell adhesion and proliferation, showing the capacity to host a
huge amount of h-MSCs in a small volume. Furthermore, h-MSCs 3D-cultured in
these SLS were able to release four times higher amount of VEGF than the same
number of h-MSCs seeded onto 2D plates. All these findings suggest that the
revalorization of natural by-products from different industrial procedures may be of
great interest for the development of potentially therapeutically devices. Here, we
developed a SLS and validated its use as a cell delivery system with excellent
features for biomedical applications. This may offer an alternative and advanced

perspective to increase the therapeutic resources for a wide variety of therapies.
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Fig. S2t. SEM micrographs of salt crystals formation in hydrated SLS after the freeze drying process.

Scale bars are from left to right: 250 um, 125 um and 50 um.

A
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Fig. S3t. Pore size of dialyzed SLS. (A) N.S. indicates Non-significant differences between all

groups. (B) SEM and Fluorescent microscopy images of SLS (Phalloidin/DAPI staining). (1) SEM

image of a dialyzed SLS (dry).

(I) Fluorescence microscopy of a dialyzed SLS (wet). (lll)

Fluorescence microscopy of a dialyzed SLS with 4*106 cells/ml seeded. (IV) Fluorescence

microscopy of a dialyzed SLS with 1,6*107 cells/ml seeded. Scale bars are 300 um.
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Table S11: Amino acid composition of SPI (scaffold) expressed as number of residues per 100 residues.

SPI amino acid residues (scaffold)

Asp Thr  Ser Glu Pro Gly Ala Cys Val Met lle Leu Tyr Phe His Lys Arg Trp

1112 3.22 655 1779 6.68 824 642 089 395 112 297 949 332 512 209 498 496 1.09
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Abstract

The increasing necessity of developing new devices for biomedical applications has
added a growing social need of being environmentally respectful. In this work, we have
shown that natural by-products from the food industry (soy protein and B-chitin) can be
an excellent source of biomaterials to produce 3D scaffolds through simpler and cleaner
processes. With the mixture of the two polymers, we have developed sponge-like
scaffolds (SLS) with great physicochemical properties. Furthermore, a dialysis pre-
conditioning step was enough to obtain negligible cytotoxicity in vitro. The predominant
M2 macrophage profile, an elevated deposition of collagen fibers and the enhanced
neovascularization capacity suggested an excellent biocompatibility also in vivo.
Moreover, these SLS were able to promote cell adhesion, proliferation and high load
capacity. Finally, h-MSCs 3D-cultured in these SLS released four times higher VEGF than
h-MSCs seeded onto 2D plates. The green thinking strategy, properties and
biocompatibility of this SLS highlight its potential as a cell delivery system for biomedical

applications.
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1. Introduction

Nasal hemorrhage, also known as epistaxis or nosebleed, is one of the most
common otorhinolaryngology emergencies worldwide. It is estimated that 60% of
the world’s population will experience an epistaxis episode at least once in their
lifetime, although only about 6% to 10% of them would seek medical attention [1].
Despite being usually simple to treat, severe nosebleed might cause serious risks
for the patient, especially for those over 70 years, for whom the incidence of these
episodes is higher [2]. In addition to this, nasal injury is common after nasal
surgery, for which treatment must be started quickly. Several methods are available
to treat epistaxis, among which electrocautery, vasoconstrictors, surgical

procedures and nasal packing arise as the most popular [3].

Nasal packing, which involves the insertion of a kind of tampon in the nasal
cavity, is of special interest for the treatment of epistaxis, offering elevated rates of
success [4]. Nevertheless, the choice of the most adequate nasal pack is vital for
the outcome of the treatment. The ideal nasal pack should promote hemostasis
while being comfortable for the patient, as well as hindering mucosal damage [5].
Therefore, alternatives to currently commercialized nasal packs are needed, since
they are commonly nonabsorbable — causing patient’s discomfort during removal
— and act just by physical pressure tamponade, without any intrinsic hemostatic

effect.

Additionally, sustainability is attracting more and more attention in all research
areas — including health-related areas — with the aim of reducing the
environmental load associated to processes and products. In this sense,
environmental analysis is a useful tool to measure emissions throughout the
product life. Its principal benefit is that it identifies the environmental impacts within
the value chain, which could be redesigned to reduce the environmental burden.
Most environmental assessments are studies in which emissions and resource use
are classified into categories that can potentially harm the environment, such as
global warming potential [6]. Numerous works have been carried out related to the
processing of petrochemical-derived materials, but only a few related to those

derived from biopolymers [7-10].
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In this context, natural polymers are arising as promising compounds for the
development of hemostatic materials, being possible to manufacture them as
scaffolds that mimic the extracellular matrix (ECM), which permits their
reabsorption by the body [11]. These biopolymers are synthesized by living
organisms such as plants, animals or microorganisms, and they generally offer
good biocompatibility and biodegradability [12]. They might also possess different

mechanisms to promote hemostasis..

Following this path, we recently developed and characterized a brand new
sponge-like scaffold (SP-CH) based on a green strategy [13], using valorized by-
products of the food industry. Even if several biopolymeric sponges has already
been developed for the treatment of hemorrhagic wounds [14-16], hardly any of
them seems to be directed towards the treatment of epistaxis [17,18], and none of
them employs revalorized products for its manufacturing. Our SP-CH was
manufactured by the mixture of soy protein isolate (SPI) and B-chitin (CH). The
former was obtained from soy flour — a by-product of the manufacturing process
of the soy oil industry — while the latter was extracted from fresh squid pens (Loligo
sp.). SPI is an abundant biopolymer that shows biocompatibility and low
immunogenicity, as well as several peptides with interesting biological functions,
such as the RGD-like sequence (Arg-Gly-Asp) containing peptides, providing great
cell-adhesive properties [19]. For its part, CH — namely poly ({-(1-4)-N-acetyl-D-
glucosamine) — also shows low toxicity due to its natural origin [20], and is
biodegradable. Besides, CH is said to activate polimorphonuclear cells and
fibroblasts [21], to increase monocyte/macrophage migration and to promote
collagen synthesis [22]. While the the SPI provides the sponge with interesting
biomedical properties, CH was added in order to enhance the mechanical
properties of the material [13]. The initial characterization of our SP-CH revealed
its great physicochemical properties, with increased swelling capacity and partial
degradability. Besides, the microstructure of the developed scaffolds could
promote appropriate cell adhesion and proliferation, while remaining totally

biocompatible.

Considering the excellent biomedical properties of the components of our SP-

CH, we aimed to analyze its potential as a nasal pack for the treatment of epistaxis,
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comparing it with materials widely used as nasal packs during nosebleeds: a basic
gauze and Merocel® (MRC), the nasal pack used worldwide as gold standard. We
expect our material to present more adequate mechanical properties to be used
as a nasal pack, in addition to a greater hemostatic capacity, compared to the
aforementioned widely used products. To this end, we first compared their
porosity, pore size, degradation, swelling profile and mechanical properties.
Additionally, we performed in vitro cytotoxicity studies to confirm the safety of our
SP-CH. Then, we investigated their hemostatic potential, including blood clotting
capacity and the adhesion of erythrocytes and platelets to the materials. Finally,
we evaluated the hemostatic efficacy of each material in vivo. On the other hand,
in addition to the physicochemical and biological aspects, the environmental
assessment was considered in this work as a key tool to evaluate the impacts of

the scaffolds and the processes followed for their manufacture.

2. Materials and methods
2.1 Materials

CH was extracted from fresh squid pens (Loligo sp.), kindly supplied by a local
fish market. For the extraction of CH, the squid pens were first washed with water.
After that, they were treated with NaOH (1 M) in a ratio of 1 : 20 (w/v) at room
temperature and under continuous stirring for 24 h to avoid the deacetylation of
the native CH. After filtering the samples, the solid fraction of CH was washed with
distilled water until a neutral pH was obtained. The final CH powder was obtained
by freeze-drying and milling. SPI, PROFAM 974, was gently supplied by ADM
Protein Specialties Division (The Netherlands). Glycerol (99.01% purity), which was

employed as a plasticizer, was provided by Panreac (Spain).

The properties of our SP-CH was compared with a standard gauze (Medicomp®
5 x5 cm, Hartmann bv, Nijmegen, The Netherlands) and with Merocel® (Medtronic
Xomed, Jacksonville, Fla.). This commercial nasal pack, which is composed of
hydroxylated polyvinyl acetate, and presented as a compressed and dehydrated
sponge, is the primary nonabsorbable nasal pack in several emergency

departments around the world [23-26].
2.2 Preparation of the sponge-like scaffold ( SPI-CH)
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In order to prepare the SP-CH, 5 g of SPI were initially mixed with 30 wt % CH
(based on the SPI dry basis), followed by the addition of 125 mL of distilled water
to the mixture. Next, NaOH (1 M) was employed to adjust the pH to 10, and the
solution was heated at 80 °C for 30 min under magnetic stirring. Subsequently, 30
wt % glycerol (based on the SPI dry basis) was added to the blend. So as to achieve
a homogeneous blend, it was maintained at 80 °C for other 30 min. The solution
was then poured into molds and maintained for 48 h in a freezer at —22 °C. Finally,
it was freeze-dried for 72 h in order to complete the preparation of the SP-CH,

which was eventually cut into discs using a hollow punch.
2.3 Environmental assessment

Environmental assessment was carried out according to ISO 14040 guidelines
and recommendations: goal definition, inventory, impact assessment, and
interpretation. The main goal of the study was to assess the environmental impact
of the extraction of materials, the manufacturing of scaffolds and biodegradation
as the end of life. The software used for this analysis was SimaPro 9.2.0.1 (PRé
Consultants, The Netherlands). The materials used in the laboratory, the energy
consumption during the extraction process, and the transportation of materials and
residues were the resources and processes considered to develop the inventoy
phase. The environmental burden related to the production of the scaffolds was
determined considering the energy (electricity) and materials (NaOH, glycerol,
water) used in the extraction and manufacturing processes. Also transportation of
materials, distilled water production and its transportation to the waste treatment
plant after use were considered. Data were obtained from Ecoinvent v3 database,
which provides data regarding energy production, transport and production of
chemicals. The functional unit selected was 1 g. Based on the inventory data,
environmental impacts were assessed according to the Hierarchist version of
ReCiPe 2016, midpoint (H) v1.05. The impact categories under study were global
warming, water consumption, land use, human carcinogenic toxicity, ozone
formation (human health), terrestrial ecotoxicity, freshwater ecotoxicity, marine
ecotoxicity, human non-carcinogenic toxicity, fine particulate matter formation,

terrestrial acidification, freshwater eutrophication, marine eutrophication, mineral
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resource scarcity, fossil resource scarcity, ozone formation (terrestrial

ecosystems), stratospheric ozone depletion, and ionizing radiation.
2.4 Blood obtention

Blood was acquired from healthy volunteers according to the protocols
approved by the Ethics Committee for Researching Involving Biological Agents &
GMOs (Procedure number: M30/2021/257) and the Ethics Committee for Research
Involving Human Beings of the University of the Basque Country (Procedure
number: M10/2021/256).

2.5 Pore size and porosity

A Hitachi S-4800 field emission scanning electron microscope (FE-SEM)
(Hitachi High-Technologies Corporation, Tokyo, Japan) was employed to obtain
the scanning electron microscopy (SEM) micrographs, using a beam accelerated
voltage of 5 kV. All the tested materials were cut into discs of 8 mm diameter,
mounted on a metal stub with adhesive tape and coated with gold under vacuum

(JFC-1100) under an argon atmosphere before testing.

Image J software was used to measure pore diameters from SEM micrographs,
in order to determine pore sizes. Between 75 and 250 randomly selected pores
were measured for each material (n = 3 samples per group), and the average pore

size for each material was calculated.

To evaluate the porosity of the samples (15 - 20 mg, n = 3 samples per group),
a liquid displacement method was performed using 98% ethanol as the liquid
medium, since it can diffuse through the samples without causing swelling or
shrinkage [27]. V1 was defined as the initial volume of ethanol where the samples
were submerged. Degasification was carried out for 5 min using a vacuum pump,
so that the samples could be impregnated with the ethanol. V2 was defined as the
total volume — ethanol plus soaked sample — after degasification. Last, ethanol-
impregnated samples were removed and V3 was defined as the remaining volume
of ethanol. The porosity (¢) of each sample was calculated using the equation

below:
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V1-V3
& (%) = mx 100

2.6 Swelling capacity and liquid retention ratio under pressure
(LRRP)

Swelling capacity of the materials (15 — 20 mg, n = 4 samples per group) was
calculated immersing pre-weighed samples (W0) of each material in 5 mL of PBS.
The samples were weighed again (Wt) after 5 s, 15s, 30 s, 1 min, 5 min and 15
min, to obtain the swelling curves of each material. Swelling at each time point was

calculated using the following equation:

Swelli (()/)—Wt_w0 100
welling (%) = —;o—x

Liquid retention ratio under pressure (LRRP) was calculated in order to evaluate
the ability of each material to retain the pre-absorbed liquid when a certain
pressure is applied. Samples of each material (20 — 25 mg, n = 6 samples per
group) were immersed in PBS to absorb as much liquid as possible, and then they
were weighed (Wo). Next, known weights — 10 g, 15 g, 30 g and 40 g — were
serially placed upon the wet material, carefully collecting the released liquid and
weighting the sample again. This procedure was repeated for each weight (Wx).

Then, LRRP was obtained using the following equation:
LRRP (%) = %x 100
T

2.7 Hydrolytic degradation

Hydrolytic degradation was studied by immersing pre-weighed (W0) samples
(20 — 25 mg, n = 4 samples per group) of each material in 2 mL PBS, and culturing
them at 37 °C for different periods of time — 2, 5, 9 and 14 days —. After removing
the samples from PBS, they were first lyophilized and then weighed (Wf), in order
to calculate the remaining weight (%). Hydrolytic degradation was expressed as
the remaining weight of the incubated and lyophilized samples with respect to their

initial weight, according to the following equation:
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Remaining weight (%) = W—fx 100
g weight (%) =375
2.8 Mechanical characterization

The mechanical properties of the dry materials were tested by compression test
and cyclic compression test (35 — 45 mg, n = 5 samples per group). An Instron
5969 mechanical tester — equipped with a 50 N load cell — was used at a
compressive rate of 0.5 mm s—1 up to 70% strain. As MRC is commercialized in
lyophilized form, it was expanded before the test, by wetting and completely drying
it off. Several parameters were calculated in order to compare the mechanical

properties of the materials:

The maximum stress of each cycle relative to the maximum stress of the first

cycle was calculated as follows:

Relati . %) = Stress (cycle x) 100
elative stress (%) = =—— (cycle 1)x

Young’s modulus was calculated for all the strains of the first cycle of each

biomaterial, using the following equation:

Stress (kPa)
Young's modulus (kPa) = ————

[S train %]

Damping coefficient was calculated by means of the stress-strain curves of the

materials, both for cycle 1 and for cycle 10. The following equation was used:
D
Damping coef ficient = T

where D is the dissipated energy (area between the loading and unloading
curves) and U is the total input energy (area under the loading curve). All the areas

under the curve where calculated using the software GraphPad Prism 8.0.1.

Besides, an expansion force test was performed, hydrating samples of dry
materials (35 — 45 mg, n = 5 samples per group) and recording the upwards stress

displayed by the expansion of the material during water absorption.
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2.9 Cytotoxicity studies

Cytotoxicity of the materials was assessed according to the ISO 10993-5:2009
guidelines for biological evaluation of medical devices. Both direct — direct
contact with cells — and indirect — cells exposed to a conditioned medium of
each material — cytotoxicity assays were performed. In both cases viability of L-
929 fibroblasts (ATCC® 30-2003 ™) was measured through CCK-8 reagent (Sigma-
Aldrich, Spain). After incubating the cells with CCK-8 solution in medium (1:11) for
4 h, the absorbance was read with a plate reader (Infinite® 200 PRO series, Tecan
Trading AG, Mannedorf, Switzerland) at 450 nm, using 650 nm as the reference
wavelength. Cells that were not exposed to the materials — 100% viability — were

used as a control group.

In the direct cytotoxicity assay, 35000 cells were seeded per well in a 24-well
plate, using 500 puL/well of EMEM complete medium. Next, the cells were incubated
for 24 h at 37 °C. After removing the medium, 1 mL of fresh medium was added
and each material (10 - 15 mg, n = 4 samples per group) was hydrated and placed
in a transwell to bring it into direct contact with the bottom of the well. The materials
were removed after 48 h of incubation, replacing the medium with 300 pL/well of

CCK-8 reagent.

In the case of the indirect cytotoxicity assay, L-929 fibroblasts were exposed to
conditioned medium of each material (n = 5 samples per group), obtained
incubating 100 mg of each material with 500 pL of EMEM at 37 °C for 24 h. Firstly,
a 96-well plate was used to seed 5000 cells/well in 100 pL/well of medium, and the
plates were incubated for 24 h at 37 °C. After, the medium was replaced with 100
uL/well of the corresponding conditioned medium, and the plate was straightaway
incubated at 37 °C for 24 h. Eventually, the conditioned medium was removed, and
110 pL/well of CCK-8 reagent was added.

2.10 Blood swelling and degradation in blood

Maximum blood swelling capacity was tested by immersing pre-weighed (WO0)

samples (15 - 20 mg, n = 5 samples per group) of the materials in 500 uL of blood.
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After 2 min, to allow complete blood absorption, samples were weighed again (Wf).

The maximum swelling capacity (%) was calculated using the following equation:
i 0, =
Swelling (%) 0 X 100

To evaluate the degradation of the materials in blood, pre-weighed (WO0)
samples (15 - 25 mg, n = 4 samples per group) of each material were placed in
24-well plates, using one plate for each time-point tested — 2, 4 and 7 days —.
Blood was added to each sample in an amount of a 120% of its maximum blood
swelling capacity, and the plates where incubated at 37 °C. At each time-point,
samples were washed out with PBS, lyophilized and weighed (Wf). Degradation in
blood was expressed as the remaining weight of the incubated and lyophilized

samples with respect to their initial weight, according to the following equation:
- , wf
Remaining weight (%) = wo* 100

2.11 Whole blood clotting in vitro

Hemoglobin content of the samples was quantified using a Hemoglobin Assay
Kit (Sigma-Aldrich, USA), by measuring absorbance of the samples (Is) with a plate
reader (Infinite® 200 PRO series, Tecan Trading AG, Mannedorf, Switzerland) at
400 nm.

For the whole blood clotting test, citrated whole blood— — 9:1 whole blood to
3.8% sodium citrate — was obtained from a healthy human donor. First, 0.2 mL of
the citrated whole blood was added to preheated (30 min at 37 °C) samples of the
materials disposed in a 24 well plate (25 — 35 mg, n = 5 samples per group). After
this, 20 uL of CaCl2 (0.2 M) were added to start coagulation. The plate with the
materials was incubated under 30 rpm agitation for 10 min at 37 °C. Afterwards, 2
mL of deionized water were added in each well to hemolyze the red blood cells
(RBCs) that were not within the clot formed in the material. The deionized water
containing the non-adhered and hemolyzed RBCs was collected and its
hemoglobin content was quantified. 5 uL of CaCl2 (0.2 M) and 50 uL of citrated
whole blood were added to 750 uL of deionized water, and the absorbance of this

solution was used as the reference value (Ir). The absorbance of an empty well
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was also measured (l0). Blood Clotting Index (BCI) of each sample was calculated
using the following equation:

(Is —10)

T Toy* 100

BCI (%) =

With the purpose of visually evaluating the clotting capacity of each material,
150 mg of each material were disposed in Eppendorf tubes, subsequently adding
500 pL of citrated whole blood and 500 pL of CaCl2 (10 mM). After incubating the
Eppendorf tubes for 1 min at 37 °C, they were turned upside down and gently

shaken to observe the formed clots.
2.12 Hemolysis assay in vitro

For the assessment of hemocompatibility in vitro, citrated whole blood — 9:1
whole blood to 3.8% sodium citrate — from a healthy donor was obtained and
diluted 1:5 in normal saline. Samples of each material (10 — 15 mg, n = 6 samples
per group) were disposed in a 24-well plate. Diluted whole blood was added to
each sample in an amount of the 80% of each material’'s swelling capacity. The
plate was incubated for 1 h at 37 °C. Samples were moved to conical centrifuge
tubes and centrifuged for 10 min at 3000 rpm. The supernatant of each sample
was collected and its hemoglobin content was quantified as described in section
2.8. 150 uL of whole blood was added to deionized water and to normal saline, in
order to use these solutions as positive (Ir) and negative (lo) controls, respectively.
Hemolysis rate was calculated using the following equation:

(Is —1o)

T —Toy* 100

Hemolysis (%) =

2.13 Red blood cell adhesion in vitro

To evaluate RBC adhesion to the material, citrated whole blood — 9:1 whole
blood to 3.8% sodium citrate — was collected from a healthy donor. Samples of
each material were cut (15 — 20 mg, n = 6 samples per group) and each sample
was placed in a Petri dish. Citrated whole blood was added to each sample in an
amount of the 80% of each material’s swelling capacity, and they were incubated

for 5 min at 37 °C. Next, 5-10 mL of deionized water were gently added by the edge
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of the dish until the water touched the sample and blood started to flow. More
deionized water was added until a total volume of 50 mL for each sample. Each
material was carefully moved to a clean Petri dish, and the liquid in each old Petri
dish, — containing the RBCs that could not adhere to the sample —, was collected.
The hemoglobin content of this solution was quantified as described in section 2.8.
This measurement accounts for hemoglobin outside the material, that is, the RBCs

that could not adhere to the material.

Afterwards, hemoglobin within the materials was measured, which accounts for
the amount of RBCs adhered to each sample. 10 mL of deionized water were
added straightly on the material — so that the previously adhered RBCs would be
released — and the hemoglobin content in the resultant solution was quantified as

described in section 2.8.

For both the hemoglobin outside and within the material, a positive control was
prepared by mixing 200 pL of blood and 50 mL of deionized water. Hemoglobin
concentration (mg dL-1) of each sample was calculated using the following
equation provided by the Hemoglobin Assay Kit, and results of each sample were
normalized against the blood volume added to the control group:

(Is — Io) mg

100—=x df

[Hemoglobin] = mx L

where Is is the absorbance of the tested solution; lo is the absorbance of the
blank (water); Ir is the absorbance of the calibrator provided in the Hemoglobin
Assay Kit; 100 mg/dL is the concentration of the diluted calibrator; df is the dilution
factor, which was calculated for each sample depending on the volume of blood

and deionized water added.

Citrated whole blood was also added to samples of each material (n = 3
samples per group) and the adhesion of RBCs was visually evaluated using SEM

micrographs, obtained as described in section 2.2.
2.14 Platelet adhesion in vitro

Adhesion of platelets to the materials was studied through a Lactate

Dehydrogenase (LDH) Assay Kit (Sigma-Aldrich, USA), which allows to quantify
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platelet adhesion by measuring the LDH released by platelets when they are lysed,
according to a reported method [28]. Briefly, citrated whole blood — 9:1 whole
blood to 3.8% sodium citrate — was obtained from a healthy donor. After
centrifuging it at 480 g for 10 min at 4 °C with 4 a/d, platelet-rich plasma (PRP) was
obtained. The serum above the buffy coat was collected from the centrifuged blood
samples and kept in citrated tubes. Samples of each material (15 -=20 mg, n = 5
samples per group) were disposed in a 24-well plate and PRP was added to each
sample in an amount of the 80% of each material's swelling capacity, and they
were incubated for 30 min at 37 °C. Normal saline was gently added to each well
until the samples were immersed, so that the non-adhered platelets could be
removed from the material, and all samples were moved to a new 24-well plate. 1
mL of Triton X-100 1%-PBS was added straightly on the material, in order to lyse
the platelets that had adhered to the material. After incubation for 1 h at 37 °C,
each solution of Triton and lysed platelets was collected and LDH content was
measured according to the protocol provided by the manufacturer (Sigma-Aldrich,
USA) of the LDH Kit. To prepare the negative (lo) and positive (Ir) controls, 200 uL
of PRP were added to 1 mL of PBS and Triton X-100 1%, respectively. Absorbances
of the lysed platelets of each samples (Is) were measured with a plate reader
(Infinite® 200 PRO series, Tecan Trading AG, Mannedorf, Switzerland) at 400 nm,
and normalized against the PRP volume added to the controls. LDH release (%)
relative to the positive control was calculated using the following equation:
LDH release (%) = %x 100

PRP was also added to samples of each material (n = 3 samples per group)

and the platelet adhesion was visually evaluated using SEM micrographs, obtained

as described in section 2.4
2.15 In vivo hemostatic efficacy

To evaluate the hemostatic efficacy in vivo, a rat-tail amputation model was
used. This experiment was conducted following the protocols approved by the
Institutional Ethical Committee for Animal Experimentation of the University of the
Basque Country (Procedure number: M20/2021/362). Wistar rats — with weights
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between 250 - 300 g (Janvier Labs, Le Genest-Saint-Isle, France) — were
anesthetized with isoflurane (Isoflo®, Esteve, Spain), and 2.5 cm from the end of
their tail was cut using a scalpel. The tail was immediately placed in air for 10 s to
guarantee normal blood loss, after which the wound was brought into direct
contact with the corresponding pre-weighed material (250 — 300 mg, n = 6 rats per
group), holding it with a pre-weighed gauze (900 — 950 mg). The wound was
uncovered every minute to check if bleeding persisted. For this reason, bleeding
time (min) was assessed by assigning a score to each period at which bleeding
ceased, as follows: 0 - 3 min: 1; 3 - 6 min: 2; 6 - 9 min: 3; >9 min: 4. Therefore, a
lower bleeding time score represents a faster hemostatic effect. The blood-

impregnated samples were weighed again to calculate total blood loss (g).
2.16 Statistical analysis

Mean =+ standard deviation was used to express the results. In the case of
normally distributed data, results were analyzed through a one-way ANOVA test.
Bonferroni or Tamhane post-hoc analysis was applied based on the Levene test
for the homogeneity of variances. In reverse, non-normally distributed data was
analyzed by Mann-Whitney’s nonparametric analysis. Sample size of each
experiment is indicated in the corresponding materials and methods section. p <
0.05 was considered statistically significant. Moreover, all the statistical
computations were performed using SPSS 25.0 (SPSS®, Inc., Chicago, IL, USA).

3. Materials and methods

3.1 Environmental assessment

The increasing environmental concern has led to assess the suitability of
biodegradable polymers extracted from natural and renewable resources.
Therefore, biopolymers derived from residual biomass have become an attractive
alternative due to their abundance, cost and biodegradability. In this context, CH
and soy protein were used in this work. On the one hand, CH can be obtained from
shrimp, crabs or squid pens, among others. It should be noted that the CH content
varies significantly depending on the source employed for its extraction. When CH

is obtained from crustacean shells, CH content is around 20% after a
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demineralization process; however, the CH content from squid pens can reach
50%, with a mineral content lower than 3% [29]. On the other hand, soy protein, a
by-product from soy oil production, can be purified to obtain SPI. In this process,
soy flour is obtained as by-product, which is purified to obtain soy protein powder
after centrifugation, acidification and neutralization processes. To determine the
environmental load associated with CH and soybean residue valorization, the

environmental loads associated with those processes were considered.

All the abovementioned processes were considered to obtain the global
environmental results of scaffolds production reported in Table 1. The results
showed that terrestrial ecotoxicity, global warming and ionizing radiation caused
low environmental load in the production of scaffolds, while the other categories
contributed minimally to the overall environmental burden. We should note that the
environmental burden of terrestrial ecotoxicity is related to soybean production and

the generation of energy needed to obtain CH.

Table 1. Impact category values measured in the production of the scaffolds.

Impact Category Unit Total
Global warming kg CO:2 eq 1.7517401
Stratospheric ozone depletion kg CFC11 eq 8.11E-07
lonizing radiation kBqg Co-60 eq 0.99109783
Ozone formation, human health kg NOx eq 0.00560783
Fine particulate matter formation kg PM2s eq 0.00403105
Ozone formation, terrestrial ecosystems kg NOx eq 0.005638093
Terrestrial acidification kg SO2 eq 0.010339224
Freshwater eutrophication kg P eq 0.00067464
Marine eutrophication kg N eq 6.30E-05
Terrestrial ecotoxicity kg 1,4-DCB 1.4278474
Freshwater ecotoxicity kg 1,4-DCB 0.023579723
Marine ecotoxicity kg 1,4-DCB 0.033241366
Human carcinogenic toxicity kg 1,4-DCB 0.061105474
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Impact Category Unit Total
Human non-carcinogenic toxicity kg 1,4-DCB 1.3274998
Land use m?a crop eq 0.16276505
Mineral resource scarcity kg Cu eq 0.001540514
Fossil resource scarcity kg oil eq 0.48253294
Water consumption m?3 0.012084432

It is worth noting that the use of squid pens as a source of CH provided
environmental benefits. Due to the low amount of inorganic compounds and the
lack of pigments in squid pens, demineralization and decolourization processes
could be eliminated from the CH extraction process and, thus, the use of chemicals
and energy consumption associated with those processes were reduced
significantly [30]. In addition, the elimination of those processes entailed economic
benefits, since the extraction process implied the employment of smaller amounts
of resources (materials, energy, and time) and, at the same time, a higher yield of

CH was obtained, compared to that of CH extracted from crustacean shells.
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Figure 1. Relative contributions in each impact category for the most relevant processes involved
in the entire life cycle of scaffolds. Disaggregating environmental results are displayed in

percentage ratios for the most relevant contributing factors..

The relative contributions in each impact category for the most relevant

processes involved in the complete life cycle of the scaffolds are shown in Figure
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1. The environmental results obtained are shown in percentage proportions, where
it can be seen that the most relevant contributing factor was electricity
consumption in extraction and manufacturing processes. We must remember that
the environmental impact calculated in this work was based on the results obtained
in the laboratory and gave us an idea of which processes should be optimized to
be able to reduce the environmental burden, which could be more easily reduced

at an industrial scale.

In addition, Figure 1 shows the environmental results broken down into
percentages for each impact category. In this way, the contribution of each stage
on the final product could be assessed. In this case, the contributions of the
different processes and activities involved throughout the life cycle were calculated
as a function of the overall results. As shown in Figure 1, the stages of obtaining
CH required energy and this represented more than 80% of the total impact,
becoming the factor with the greatest potential for improvement in decision making
when scaling-up. In particular, the energy consumed in the scaffold production,
specifically the consumption of electricity, played a critical role in the
environmental impact, regardless of the impact category considered. Since the
scaffolds were produced at laboratory scale, scaling up the processes would lead

to reducing the aforementioned environmental impacts.

3.2 Physicochemical characterization

3.2.1 Pore size and porosity

Pore structure of biomaterials that aim to be used as wound healing agents —
either to treat hemorrhages or other types of wounds — is of great importance.
Differences in the structure of the three materials employed during this study can
be appreciated in the macroscopic images (Figure 2A). Even though, differences
in the microstructure are of greater importance. The excellent physicochemical
properties of our material were already demonstrated in our previous work [13],
but we wanted to compare some of these properties between the three materials.
In this vein, the gauze was the material with the highest pore size — 479 = 252 um
—, while MRC and SP-CH showed a very similar pore size distribution, 144 = 63
and 141 = 124 um, respectively (Figure 2B). MRC and SP-CH showed no
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significant difference in mean pore size (p > 0.05), while both of them showed
significant differences with respect to gauze (p < 0.001). Pore size can be closely
related to the hemostatic capacity of a material [31]. Ideally, a balance should be
sought between large pore sizes that allow RBC and platelet internalization and
small pores that provide optimal surface area, required for appropriate cell
adhesion [32].

Porosity can be related to difficulties in nasal pack removal due to an increase
in pack size that would hinder its removal from the nostril. Even though, porosity is
required to be high to allow diffusion of nutrients and oxygen [33]. Besides, high
porosity is related to elevated surface area, which is of interest for the absorption
of wound fluids, either exudates or even blood [34]. As a larger surface area of the
material is also related to higher exposition to cells, it can influence cell adhesion
and viability as well [35]. In this context, MRC and SP-CH showed similar porosity
(Figure 2C), 92.97 + 4.39% and 86.95 + 1.58%, respectively. Meanwhile, the gauze
showed significantly higher porosity than SP-CH, 96.68 = 0.12%. The difficulties
associated with a high porosity might be overcome by the partial degradation of
the nasal pack, which would facilitate the painless removal of the pack. In this
sense, it is clear that the SP-CH offer advantages in the removal of the pack
compared to MRC and the gauze, even if the three of them present high porosities.
On the other hand, SEM micrographs (Figure 2D) clearly evince that internal
structures of the three materials differ. The gauze shows thousands of intertwined
fibers forming a mesh, but the space between the fibers does not present well-
defined pores, which are required for good liquid retention. For their part, MRC and
SP-CH show an internal microstructure of well-defined interconnected pores, which
in the case of MRC are more circular and in the case of SP-CH present a more
amorphous structure. Together with a similar pore size and porosity, this makes
MRC and SP-CH very similar regarding to their internal microarchitecture, which

completely differs from that of the gauze.

127



Chapter 3 | Appendix 2

A Gauze  MeroceL  spcH Bl
£ 0.75+ 3 NS
g 0.50 o =

754

% Porosity

T T T
GAUZE MRC SP-CH

SP-CH

N

s
E F G
2000
i NS. 1204 NS.
P 1500 | *‘E+ £ 1M‘Y—.—o¢‘
£ I £ a0 "
3 1000 - S i
7 € —_——
° - NS
500 &
E 201
0 o) 0+ T T T T 1 T T T T J
0 20 40 60250 500 750 1000 0 10 20 30 40 50 0 3 6 9 12 15
Time (s) Applied weight (g) Days
-l GAUZE -~ MRC & SP-CH

Figure 2. Physicochemical characterization. (A) Macroscopic images of the materials: Gauze, MRC,
and SP-CH. (B) Pore size distribution of the materials. (C) Porosity (%) of each material. Error bars,
mean = SD. *p < 0.05; ***p < 0.001 vs gauze. N.S., nonsignificant (p > 0.05). (D) SEM
micrographs of dry materials. (E) Swelling profiles. Error bars, mean = SD. N.S., nonsignificant (p
> 0.05). (F) Liquid retention ratio under different pressures. Error bars, mean + SD. &&&p < 0.001
gauze vs MRC. #p < 0.05; ##p < 0.01; ###p < 0.001 MRC vs SP-CH. ***p < 0.001 gauze vs
SP-CH. (G) Hydrolytic degradation. Error bars, mean + SD. N.S., nonsignificant (p > 0.05).

128



Chapter 3 | Appendix 2

3.2.2 Swelling capacity and Liquid Retention Ration under Pressure ( LRRP)

The capacity of biomaterials to absorb fluids is important as it will determine
their abilities to absorb the blood present in hemorrhages. We tested the water
swelling profiles of the three materials by measuring swelling at different time
points (Figure 2E). The three materials showed similar water uptake capacity, with
the maximum swelling capacity ranging between 1334 + 34% (MRC) and 1442 +
267% (SP-CH) of its initial weight after 15 min. During that period of time, the gauze
absorbed 1412 + 182% of its initial weight. Even if the maximum absorption
capacity was similar for the three materials, the swelling profile turned out to be
quite different. While SP-CH and gauze achieved a 1383 + 168% and 1324 + 302%
of their initial weight within only 5 s, respectively, MRC could only swell a 178 =
21% of its initial weight during the same time. This shows that even if all of them
displayed similar maximum absorption capacity, MRC showed delayed swelling,
only equaling SP-CH and gauze after 60 s. The water absorption property appears
to be especially important in the treatment of epistaxis as the principal way in which
nasal packs arrest bleeding is by exerting pressure on the damaged blood vessels
of the nasal mucosa to promote hemostasis. After being inserted in the nostril, the
nasal pack absorbs wound fluids and expands, maintaining pressure on the wound
site. This pressure should be high enough to control the bleeding, but not as high
to damage the nasal cavity. Complications associated with excessive pressure
include movement of the pack from its initial position [36], obstructed breathing

and reduced sense of smell [1], and even necrosis of mucosa and cartilage [24].

Nevertheless, when the pack puts pressure on the nostril’s walls, the nostril’s
walls also put pressure on the pack, thus desorbing part of the previously absorbed
fluids. For this reason, we evaluated the capacity of the materials to retain the
absorbed liquid under pressure. In this experiment (Figure 2F) both MRC and SP-
CH showed significantly greater (p < 0.001) water retention capacity compared to
gauze, independently of the pressure applied. Besides, MRC displayed
significantly better retention at low pressures compared to SP-CH, although both
materials turned out to similar (p > 0.05) retaining values for pre-absorbed water
when the maximum weight — 40 g — was applied, with MRC maintaining 49.58 =

4.37% and SP-CH 45.83 = 4.54% of their maximum swelling capacity, while gauze
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maintained just 34.44 + 2.35%. Therefore, even if the three materials showed
similar water swelling capacity, gauze is not able to effectively retain the absorbed
water when a pressure is applied, and thus loses its ability to exert pressure to the
bleeding site, likely due to its internal microstructure, as commented before.
Probably one of the major drawbacks of the pressure exerted by the nasal packs
is the discomfort caused to the patient, both with the pack in situ and during its
removal, with the latter even causing rebleeding, mucosal abrasions,
demucozalization and detachment of scars [37]. As pressure is needed to promote
hemostasis, these disadvantages always go together with effective nasal packs,

as long as they are nonabsorbable.
3.2.3 Hydrolytic degradation

Degradability is a property of increasing popularity among biomaterials for nasal
packings, as it reduces both patient discomfort and rebleeding upon removal,
among other advantages [38]. In this vein, both gauze and MRC showed no
degradation during the 14 days of experiment (Figure 2G), while SP-CH degraded
2596 = 3.22% of its initial weight after 48 h. After that measurement, SP-CH
showed no more degradation on the following days (p > 0.05). These results
clearly show that both gauze and MRC are totally nonabsorbable nasal packs,
while SP-CH can lose about a 25% of its initial weight after 48 h via hydrolytic
degradation, due to the glycerol content (30 wt %) of the SP-CH dissolving in water.
This may probably be enough to relieve patient’s discomfort and damage
associated with pack removal, and to avoid rebleeding episodes, which would
suppose a great advantage both for the patient and the clinician [39]. Besides, it
is worth mentioning that in our previous work about the SP-CH [13], we
demonstrated that it can be enzymatically degraded within 2 hours, using

collagenase P.
3.3 Physicochemical characterization

For appropriate handling and clinical use nasal packs must present good
mechanical properties and resistance to deformation, thus alleviating patient’s
concerns about discomfort during the treatment and providing mechanical stability
[40].
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Figure 3. Mechanical characterization. (A) Scheme of the procedure carried out for the cyclic
compression test. (B-D) Cyclic compression stress-strain curves of gauze (B), MRC (C) and SP-CH
(D). (E) Relative stress (%) of the materials for 10 cyclic compressions. Error bars, mean = SD. &&p
< 0.01 gauze vs MRC. **p < 0.01 by gauze vs SP-CH. (F) Young’'s modulus of the materials at
different strains. (G) Damping coefficients of the material for cycles 1 and 10. Error bars, mean =+
SD. &&&p < 0.001 gauze vs MRC. ***p < 0.001 SP-CH vs the other groups. $$$p < 0.001 cycle 1
vs cycle 10 of the same group. (H) Scheme of the procedure carried out for the expansion force test.
(I) Relative expansion strength curves of the materials. * indicates the moment at which water was
added to each material. (J) Relative expansion force of the materials. Error bars, mean = SD. ***p

< 0.001 SP-CH vs the other groups. N.S., non-significant (p > 0.05).

We carried out a cyclic compression stress-strain test with 10 cycles (Figure 3A)
to characterize the mechanical properties of the materials (Figure 3B-D). These
curves show an initial plateau region, followed by a hyperelastic region at higher
strains, which is more noteworthy for the gauze and SP-CH than for MRC. For the
three materials the relationship between stress and strain is nonlinear, exhibiting

nonlinear viscoelasticity, similarly to many body tissues and extracellular matrix
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components [41]. This viscoelasticity could be confirmed by the loading and
unloading curves of each cycle taking different paths, which occur due to energy
dissipation during deformation of the material [42], producing an hysteresis loop
between loading and unloading curves. The area under the loading curve
represents the total input energy of the cycle and the area under the unloading
curve represents the elastic strain energy, while the area between the two curves
accounts for the dissipated energy during the compression cycle [43]. In addition
to this, gauze showed the highest stress at a strain of 70%, both for cycle 1 and
for cycle 10, while MRC showed the lowest, meaning that gauze was the most
difficult material to deform up to a strain of 70%, and MRC the easiest one, which
could be due to the internal microstructure of each one. SP-CH required an

intermediate stress to be deformed up to a 70% of strain.

Nevertheless, the cyclic compression test revealed that the stress needed to
deform the materials decreased substantially cycle after cycle (Figure 3E), losing
their maximum ability to resist deformation. This phenomenon, which is defined as
cyclic softening [44], is probably a consequence of irreversible deformations of the
internal microarchitecture caused by the compression [45]. Results of the relative
maximum stress (%) (Figure 3E) show that the gauze could only maintain a 80.2 =
2.0% of its maximum stress after 10 cycles, compared to the maximum stress of
cycle 1. This is significantly lower (p < 0.01) than MRC and SP-CH, that displayed

a relative stress of 87.3 = 5.2% and 88.6 = 1.6% after 10 cycles, respectively.

Young'’s modulus defines the ability of a material to withstand changes in length
when subjected to compressive loads, and it is useful to measure the stiffness of
a material [46]: the higher the Young's modulus, the higher the stiffness of the
material. Since the three materials present a nonlinear behavior, Young modulus is
not constant but changes depending on the position in the stress-strain curve, and
is defined by the slope of the tangent to the curve [47]. Thus, we calculated the
Young's modulus for all the strains of the first cycle of each biomaterial (Figure
3F). Initially, the three samples presented a high Young’s modulus, which rapidly
decreased when strain started to increase. As strained became higher, the Young
modulus of gauze and SP-CH started to increase again at strains coinciding with

the ones in which the hyperelastic region of each material began — around 25%
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of strain for the gauze and 50% of strain for SP-CH —. This could indicate that at
25% of strain, all the cotton layers forming the gauze are very compact, and
consequently the stiffness of the sample strongly increases. Meanwhile, the
internal microstructure of the SP-CH would not get completely compact until a
strain of 50%. MRC showed no meaningful increase of its Young’'s modulus at
higher strains, indicating that its stiffness remained low throughout all the
compression process. Summing up, while gauze becomes rigid at low strains, both
MRC and SP-CH remain flexible until a strain of 50% is achieved.

As commented before, the cyclic loading and unloading produced dissipation
of energy within the material, which is usually a result of the viscoelastic behavior
of the material or general damage to the structure [48]. Since viscoelastic nature
of the three materials could be previously confirmed by the profile of the stress-
strain curves and the presence of the hysteresis loop, energy dissipation can be
attributed to that viscoelastic behavior. The area of this hysteresis loop — that is,
the area between the loading and unloading curves — is directly linked to the
damping capacity of the material [49], which is defined by the damping coefficient
— or mechanical loss coefficient —, that measures to which extent a material can
dissipate vibrational energy [50]. This property depends on factors such as the
type of material, internal forces, sizes of geometry and the surface of the material
[561], and seems to be of greater importance in biological materials for their
protection via damping the impact waves [52]. Damping capacity is commonly
high in materials such as foams, elastomers and polymers [50], and therefore they
are widely used as damping materials [53]. Since a nasal pack is inevitably
subjected to mechanical compression when inserted in the nostril, we evaluated
the damping coefficient of the three materials for cycle 1 and 10, calculating it as
the ratio of the energy dissipation — area of the hysteresis loop — and the total
input energy — area under de loading curve — for the given cycle [51]. For the
first cycle, SP-CH presented a damping coefficient of 0.72 = 0.02, which was
significantly higher (p < 0.001) than the ones obtained for gauze and MRC, 0.59
+ 0.05 and 0.29 = 0.01, respectively. Comparing the first cycle’s coefficient to the
cycle 10’s, all the materials significantly (p < 0.001) lost damping capacity,
probably due to irreversible alterations in their internal microstructure caused by

the cyclic compression. Even though, SP-CH presented a damping coefficient of
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0.57 = 0.03 in cycle 10, which is still significantly higher (p < 0.001) than the ones
calculated for gauze and MRC, 0.38 = 0.03 and 0.21 = 0.01, respectively. These
results indicate that our material has an increased capacity to dampen the impact
waves and mechanical forces that may be produced with the pack placed in the

nasal cavity.

To evaluate the upwards force displayed by the materials when they absorb
water, we performed an expansion force test, as illustrated in Figure 3H. This force
is representative of the force these materials would display against the nasal
cavity’s walls when absorbing fluids within the nostril, and therefore this property
seems to be of special interest for a nasal pack. Figure 3| shows the relative
expansion strength curves of the materials throughout time, compared to their
initial strength. Both gauze and MRC displayed null expansion force when
absorbing water, even decreasing their initial strength after adding water to the
sample. In contrast, SP-CH's relative expansion curve evinces that when absorbing
water, it displays an increasing upwards force, caused by its expansion. This is
numerically represented in Figure 3J, in which the maximum expansion force (%)
displayed during the experiment is calculated with respect to the initial expansion
force. Results confirmed that gauze and MRC have no capacity to display an
upwards force when absorbing water, just increasing the initial expansion force up
to a 107 = 11% and 110 = 17%, respectively. Conversely, SP-CH presented an
expansion force of 250 = 24% with respect to the start of the experiment, which
supposes a significantly higher (p < 0.001) expansion force than for gauze and
MRC. Even if high expansion forces can be related to delayed mucosal healing,
this is not a common concern in biomaterials with high expansion capacities
[564,55]. Thus, we truly believe that a sponge-like material with such a modest
expansion force will not cause mucosal damage, but it would probably be able to
exert a higher pressure to the bleeding site when absorbing wound fluids within

the nostril to promote hemostasis.
3.4 Cytotoxicity studies

Direct and indirect cytotoxicity were evaluated in order to confirm the

biocompatibility of the materials. A protocol from the ISO 10993 5:2009 guidelines
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for biological evaluation of biomedical devices was adapted to carry out these
assays. Both in direct (Figure 4A) and indirect (Figure 4B) cytotoxicity assays the
three materials showed cell viability above 70%, and thus their biocompatibility
could be confirmed. In both assays, no significant differences were found in
biocompatibility between MRC and SP-CH (p > 0.05), but gauze showed
significantly higher biocompatibility in comparison to SP-CH in the direct
cytotoxicity assay (p < 0.05). In contrast, in the indirect cytotoxicity assay, SP-CH

turned out to be significantly more biocompatible than the gauze (p < 0.05).
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Figure 4. Cytotoxicity studies. (A) Direct cytotoxicity. (B) Indirect cytotoxicity. The line marks the 70%
cell viability. Error bars, mean = SD. N.S., non-significant (p > 0.05). *p < 0.05; **p < 0.01; ***p
< 0.001 vs control group. #p < 0.05 gauze vs SP-CH. (C) Live/Dead micrographs of the cell-
cultured materials, with calcein-ethidium staining. Scale bars are 100 and 40 um in the above and

below rows, respectively.

We also performed the Live/Dead staining method to visually prove that these
biomaterials allowed viability of L-929 cells cultured upon them (Figure 4C), with

practically all cells alive (green colored) in all the samples, and just a few dead
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cells — red colored — present in the MRC images. These studies proved that the
SP-CH is adequate for biomedical use without causing any cytotoxicity to the cells

present in the nasal cavity and surrounding tissues.

3.5 Blood performance

3.5.1 Degradation in blood

To test the degradation profile of the materials in a more biologically relevant
fluid, we evaluated their blood degradation profile (Figure 5A). Results showed that
SP-CH degrades in contact with blood, while gauze and MRC do not, as confirmed
by the images of the materials after incubation with blood (Figure 5B). After 4 days
of incubation in blood, the gauze presented a weight of 110 = 2% with respect to
its initial weight, while MRC presented a remaining weight of 103 = 1%. In contrast,
SP-CH maintained a 79 = 2% of its weight after 4 days of incubation in blood,
meaning that it could degrade a 21 + 2% of its initial weight during that period of
time. This would probably facilitate its removal from the patient’s nostril once the

nasal pack reaches its goal.

Interestingly, the gauze and MRC not only did not degrade but their weight
slightly increased after being incubated with blood — although samples were
lyophilized before weighing — to eliminate all the fluids present in the samples.
This might be due to blood cells and proteins adhering to these materials, which
could not be completely eliminated. This indicates that these materials could have
degraded to some level, but that the adherence of these blood components would
balance out that degradation. Therefore, the degradation profile of SP-CH could
also have been underestimated by the adhesion of blood components as in the
case of gauze and MRC, which would mean that our material has even better blood
degradation properties. The fact that SP-CH degrades a fifth part of its weight after
4 days, confirms that this material can be used as a partly absorbable nasal pack,
with the benefits that this entails, thereby alleviating concerns such as pain during
removal and wound healing disruption [56], or decreasing the incidence of nasal

adhesions [57].

3.5.2 Blood swelling capacity
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Blood swelling capacity is essential for biomaterials intended to be used in
hemorrhagic wounds, and seems to be of greater importance than the water
swelling profile because of the presence of blood in the site of application. For this
reason, we evaluated the maximum blood absorption of the three materials (Figure
5C). Gauze showed a blood swelling capacity of 1091 = 20% with respect to its
initial weight. MRC absorbed significantly more blood than the gauze (p < 0.05),
with a mean blood absorption of 1276 + 40%. For its part, SP-CH showed
significantly higher blood swelling capacity compared to both gauze and MRC (p
< 0.05), absorbing up to 1442 = 117% of blood respect to its initial weight. This
increased blood swelling capacity of SP-CH is advantageous from different point
of views. On the one hand, higher volumes of blood absorbed would result in a
stronger tamponade effect to the injury, which is necessary to arrest bleeding. On
the other hand, the more blood volume the pack absorbs the higher amount of
RBCs and platelets will be concentrated within the biomaterial, promoting

hemostasis and thrombus formation.
3.5.3 Hemolysis assay in vitro

We conducted a hemolysis assay (Figure 5D) in order to evaluate the
hemocompatibility of the materials, as biomaterials in contact with blood are
required to induce minimal hemolysis — destruction of RBCs in response to shear
stress or changes in osmotic pressure [58] —. In this context, the gauze showed
a hemolysis rate of 3.27 = 0.62%, while MRC showed significantly decreased
hemolysis rate in comparison with both gauze and SP-CH (p < 0.05), exactly 2.1
+ 0.7%. SP-CH caused a hemolysis rate of 3.5 = 0.8%, which supposes no
significant difference in hemocompatibility with gauze (p > 0.05). Since 5% of
hemolysis is the maximum permitted for biomaterials [59], the three tested
biomaterials were proved to be non-hemolytic, and the hemocompatibility of SP-

CH could be confirmed.
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3.5.4 Blood clotting in vitro
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The ability to induce the clotting of blood is of huge importance for biomaterials
intended to treat bleeding wounds such as nasal hemorrhages, and thus we
assessed blood clotting in vitro for the three materials. For this, we calculated the
BCI of the materials (Figure 5E), with a lower BCI indicating a faster blood-clotting
rate [60]. MRC showed the highest BCI, and thus the slowest blood-clotting rate,
with an index of 82.7 = 4.5%. The gauze and SP-CH showed significantly lower (p
< 0.001) BCl compared to MRC, 37.7 = 18.2% and 34.4 + 5.9% respectively. With
the aim of visually assessing the in vitro blood clotting capacity of the samples, we
performed the tube inversion method (Figure 5F). This assay reinforced the results
obtained in Figure 5E, confirming the excellent blood clotting capacity of SP-CH,
as the blood added to the tubes remained in the upper part forming a strong clot
because of the interaction with the SP-CH sponge. For their part, the gauze and
MRC were not able to form clots that maintained all the blood in the upper part of
the tube, with the majority of the added blood falling to the bottom of the
Eppendorf, and thus confirming their decreased hemostatic effect compared to
that of SP-CH.

3.6 Red blood cell adhesion in vitro

Adhesion of RBCs to the surface of the biomaterial is of great importance to
promote hemostasis by the formation of an stable and strong blood plug [61]. The
measurement of hemoglobin outside the materials (Figure 6A) represents the
amount of RBCs that could not adhere to the material, and thus, a lower
hemoglobin concentration outside the material indicates a higher adhesion of
RBCs. In this vein, both gauze and MRC showed no significant difference (p >
0.05) compared to a control with no RBC adhesion, showing hemoglobin
concentrations of 15535 = 1977 mg/dL and 15882 = 2231 mg/dL, respectively,
while in the control group we measured a hemoglobin concentration of 16245 +
2365 mg/dL. SP-CH showed significantly decreased (p < 0.001) hemoglobin
concentration compared to the other groups, concretely 10346 = 1905 mg/dL,
indicating higher RBC adhesion to the surface of the biomaterial. Figure 6B shows
the appearance of the materials throughout the experiment, and a higher
hemoglobin concentration — and consequently a higher adhesion of RBCs to SP-

CH — can be visually confirmed.
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In addition to this, we assessed the hemoglobin concentration within the
materials (Figure 6C), which can be used as an indicator of the amount of RBCs
adhered to the surface of the biomaterials, and thus, in this assay, a higher
hemoglobin concentration indicates an increased level of RBC adhesion. Results
of this experiment confirmed the outstanding RBC adhesion to SP-CH compared
to gauze and MRC. While our biomaterial presented a hemoglobin concentration
of 6661 = 571 mg/dL, these concentrations were 1801 + 133 mg/dL and 2004 +
451 mg/dL in the case of the gauze and MRC, respectively. Again, the hemoglobin
concentrations — and consequently the RBC adhesion presented graphically —
can be visually confirmed in the images of the biomaterials during the experiment
(Figure 6D). The SP-CH sample looked darker due to a higher RBC adhesion, and
the finally collected and quantified liquid presented a redder color because of an

elevated hemoglobin concentration.

Lastly, we evaluated the RBC adhesion through SEM micrographs (Figure 6E)
of samples of each biomaterial, which had been previously incubated with blood.
Even if MRC shows an acceptable amount of RBCs adhered, the surface of SP-CH
shows increased concentration of RBCs, forming big aggregates of cells which are
adhered both to each other and to the surface of our biomaterial. Conversely, RBC
adhesion to gauze is minimal compared to the other materials. In the SP-CH
micrographs some morphologically different RBCs can be observed. These
abnormal shaped red blood cells are called echinocytes, and the process through
which erythrocytes become echinocytes is named echinocytosis. The reasons for
echinocytosis to occur are abundant [62,63], including variations of the electrolyte
concentrations, a basic pH, intracellular calcium increase, ATP depletion, or the
presence of substances such as lysophosphatidic acid (LPA). These stimuli lead
to the exposure of phosphatidylserine (PS) on the outer membrane leaflet of red
blood cells [64,65], which is related to the blebbing of the plasma membrane that
results in echinocytes formation [66]. Even if the implications of echinocytosis and
externalization of PS are not clear yet, these events has been described as a signal
for RBC apoptosis [64]. Even though, there are also reasons to believe that the
presence of echinocytes can support clot formation, since their formation leads to
the formation and release of microvesicles [67,68]. These RBC-derived

microvesicles have been said to have a pro-coagulant activity and to promote
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thrombin generation [69-71], while hindering anticoagulation processes [70]. This
might be due to the exposed PS providing a site for assembly to the
prothrombinase and to the tenase enzymes [71], although the real function and

mechanisms involving echinocytes are not fully understood yet.
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hemoglobin outside the materials. (C) Hemoglobin within the materials. Error bars, mean += SD.
N.S., non-significant (p > 0.05). ***p < 0.001 SP-CH vs the other groups. (D) Photographs of the
appearance of the materials at different stages of the determination of hemoglobin within the

materials. (E) SEM micrographs of RBCs adhered to the surface of the materials.

These results elucidate the hypothetical hemostatic mechanism of SP-CH, as it
has a great capacity to absorb blood and bind the RBCs, concentrating them at its
surface. In this sense, the role of RBCs in hemostasis is gaining interest, and recent
studies indicate that RBCs migrate to the bleeding site and push platelets toward
the endothelium — in a process called margination — in a hematocrit- and shear-
dependent manner. They also increase blood viscosity, and thus resistance to
blood flow [72], which in turn would further promote RBC aggregation, leading to
a vicious cycle that would provoke reduced tissue perfusion [73]. In addition, RBCs

can activate platelets and promote their aggregation [74].
3.7 Platelet adhesion in vitro

Undoubtedly, platelets are fundamental in the initial stages of hemostasis, being
their activation required for the activation of several coagulation factors [75]. When
a vessel wall is injured, platelets interact with vascular cells, ECM components and
the coagulation system [76]. At this point, platelet adhesion to the damaged
endothelium increases, which unleashes a signaling cascade — through tyrosine
kinases and G-protein coupled receptors — that will provoke additional recruitment
and activation of more platelets. This finally leads to the presentation of a pro-
coagulant surface that promotes the creation of a fibrin-rich hemostatic plug at the
bleeding site [77]. There, platelets show an activation gradient, from a dense core
region of the hemostatic plug where the platelets are highly activated and expose
P-selectin, to an outer loosely packed region with decreased platelet activation and
absent P-selectin exposure [76]. During platelet recruitment to the injury site,
platelets become activated through diverse receptor-specific signaling pathways.
Once activated, platelets start to secrete granules — such as 6-granules, which
contain ADP, serotonin, polyphosphates, glutamate, histamine and calcium — and

undergo shape change, being both vital for the hemostatic process [78].
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Platelets attached to the materials are marked with yellow arrows.

For this reason, any biomaterial intended to be used with hemostatic purposes
should show a good platelet adhesion capacity to its surface to concentrate
platelets in the wound site and promote hemostasis. We evaluated the platelet
adhesion of the three materials using an indirect method (Figure 7B) that measures

the amount of LDH released from a sample, which is directly proportional to the
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amount of platelets within it. Both gauze and MRC showed decreased platelet
adhesion (Figure 7A), with a LDH release of just a 23.46 = 3.75% and 24.86 =+
3.61%, respectively, of the one measured for a positive control in which all the
added platelets were lysed. For its part, SP-CH presented a LDH release of a 47.8
+ 8.4% of that measured for the positive control, which means a significantly higher
(p < 0.001) platelet adhesion compared to both the gauze and MRC. SEM
micrographs of the materials cultured with PRP (Figure 7C) confirmed the
quantitative results obtained in the in vitro platelet adhesion assay, showing that
platelet adhesion to gauze and MRC is minimal, while SP-CH shows bigger
amounts of platelets adhered to its surface, forming aggregates of platelets, with

even some of them activated.

When platelets are forming activated aggregates, they generate a
phosphatidylserine-exposing membrane surface, which is essential for the
formation of thrombin [76]. In turn, thrombin activates platelets — through
hydrolyzation of G-protein- coupled protease-activated receptors (PAR) 1 and 4

[79] — and promotes clot stabilization by converting of fibrinogen to fibrin [80].

We hypothesize that this platelet-thrombin interaction, that boosts the formation
of the hemostatic plug, can be influenced somehow by the SP-CH. This is because
SPl is a source of phylloquinone — vitamin K1 — [81], which certainly is involved
in blood coagulation. Vitamin K serves as a cofactor for the endoplasmic enzyme
g-glutamate carboxylase (GGCX), which plays a vital role in the carboxylation of
certain protein-bound glutamate residues into g-carboxyglutamate (Gla) [82].
Seven blood coagulation factors — including prothrombin, fVII, fIX, and fX [83] —
require this K vitamin-dependent glutamate residue carboxylation in order to bind
Ca+2. Therefore, this carboxylation is essential for the formation of ion bridges
between the blood-clotting enzymes and phospholipids on platelets’ membranes

[84], promoting the activation of these coagulation factors.

In addition, it has also been mentioned that the SPI present in the SP-CH has
RGD-motif containing peptides [19], which could explain its ability to bind platelets.
This is because the RGD sequence is also present in the a-chains of fibrinogen
[85], and it is one of the two motifs that bind to the allbB3 integrin receptor of

platelets to boost their aggregation [86]. The interaction of these RGD sequences
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with platelet integrin allbB3 has been recently described using optical trap-based
methods, and the importance of this motif in the hemostatic process has been
highlighted [87]. In fact, RGD sequences are recently being used to target platelets
with different objectives [88]. Thus, we hypothesize that the increased platelet
adhesion capacity of our SP-CH is due to the interaction between the RGD-motifs

of the SPI and the allbB3 integrin receptor of the platelets.
3.8 In vivo hemostatic efficacy

A rat-tail amputation model (Figure 8A) was used to evaluate the in vivo
hemostatic properties of the three materials. Photographs of the appearance of the
materials (Figure 8B) were taken during the experiment. The gauze obtained a
mean bleeding time score of 2.8 = 0.8 (Figure 8C), which was similar to MRC'’s,
2.5 = 1.0. Meanwhile, SP-CH obtained a significantly lower (p > 0.05) bleeding
time score, 1.8 = 0.4, meaning that it could promote hemostasis in vivo faster than
both gauze and MRC. Regarding to blood loss (Figure 8D), no significant
differences were found between groups. The gauze presented a mean blood loss
of1.1 =1.0g, MRC 1.2 = 0.8 g and SP-CH 0.6 = 0.3 g. However, it is noteworthy
that both gauze and MRC showed an increased deviation among replicates, while
blood loss in the SP-CH group remained consistent in all the tested samples,

guaranteeing a homogeneous hemostatic efficacy.

We consider that a lack of an epistaxis animal model supposes a limitation in
our study. Another in vivo model that reproduces the physiopathology of epistaxis
in a more faithful way will be considered for further research. Even though, for the
initial evaluation of the general hemostatic properties of our SP-CH, we aimed to
choose a model with an adequate relationship between relevance and reduced
invasiveness. In this vein, the rat-tail amputation model has been the animal model
of choice for many important studies involving the evaluation of hemostatic
properties of biomaterials [89-92], and hence it seems to be an appropriate model
for this objective. Furthermore, a bigger sample size would probably provide more
robust results and reduce biases, making it easier to find significant differences

between groups. Nevertheless, the bleeding time results support those obtained
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in the in vitro experiments, where SP-CH showed superior hemostatic properties

compared to the gauze and MRC.
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Figure 8. In vivo hemostatic efficacy. (A) Scheme of the procedure carried out for the rat-tail
amputation model. (B) Photographs of the three materials during the experiment. (C) Bleeding
time score of the three materials. Error bars, mean = SD. *p < 0.05 SP-CH vs the other groups.

(D) Blood loss (g). Error bars, mean = SD. N.S., non-significant (p > 0.05).
4. Materials and methods

In this study we demonstrated that by-products of the food industry are a

valuable and sustainable source of biomaterials that can be employed to
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manufacture safe and effective nasal packs with great hemostatic properties. The
developed SP-CH presents a greatly interconnected porous microstructure, great
water and blood swelling capacity and appropriate retention of the absorbed fluids.
Besides, mechanical properties of the biomaterial demonstrated to be adequate
for its use as a nasal pack. The biomaterial presented excellent biocompatibility
and hemocompatibility in vitro. Interestingly, it was able to degrade partially within
a few days, when incubated either in water or in blood, which is becoming more
and more important characteristic for nasal packs. Moreover, the hemostatic
properties of our SP-CH outperformed those of the two nasal packs used in the
clinical routine worldwide: a standard gauze and the commercial synthetic pack
Merocel®. Our biomaterial was found to effectively promote blood coagulation in
vitro, showing outstanding RBC and platelet binding properties compared to the
gauze and MRC, likely due to the intrinsic hemostatic properties of its natural
components. Although further research of its hemostatic effect in vivo is needed,
SP-CH significantly shortened bleeding time in a rat-tail amputation model.
Additionally, the study of the environmental loads associated with the extraction of
materials and the manufacturing of scaffolds showed low environmental impacts
in all the categories analyzed. All in all, our SP-CH, produced from a renewable
and sustainable source of biomaterials (by-products of the food industry) , showed
superior mechanical and hemostatic properties compared to MRC and a standard
gauze. This way, we have demonstrated that a green and ecofriendly strategy can
be followed to develop a biomaterial that outperforms the gold standard in the
treatment of epistaxis. This leads us to believe that our SP-CH arises as a potential

candidate to be an appropriate nasal pack for the treatment of epistaxis.
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Abstract

Chronic wounds are a worldwide problem that affect more than 40 million people every
year. The constant inflammatory status accompanied by prolonged bacterial infections
reduce patient s quality of life and life expectancy drastically. One of the most important
cell types involved in the wound healing process are mesenchymal stromal cells (MSCs).
It has been largely described that MSCs play an important role in the inflammation and
proliferation phases of the healing process due to their demonstrated antibacterial,
immunomodulatory and pro-regenerative capacity. Thus, in this work we leveraged the
therapeutic properties of both adipose tissue MSCs and hair follicle MSCs and combined
them with sponge-like scaffolds (MSC-SLS). In this regard, the combination of these cells
with biomaterials allowed us to obtain a multifunctional therapy that demonstrated to
increase fibroblasts and keratinocytes migration, promote HUVECs angiogenesis and
protect fibroblasts from stressful environments. Finally, this MSC-SLS demonstrated to
be effective in reducing wound healing time in vivo with also exhibiting a more functional

and native-like healed skin.
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1. Introduction

Chronic wounds are a complex dysregulation of the normal skin healing process
accompanied by constant bacterial infections, vasculature problems that precede
hypoxic environments and a prolonged inflammatory status that leads into aberrant
ECM deposition and remodeling [1,2]. Despite the enormous paradigm shift in their
treatment with the commercialization of the first cell-based (keratinocytes and/or
fibroblasts) dressings in the beginning of the XXI century, the general management
of chronic wounds has barely changed from the traditional “dressing wound care”
[3]. Different studies addressing poor improvements and lower healing rates
against numerous decellularized matrices impeded their widespread
implementation in clinic [4]. However, the shortcomings of the first generation of
cell-based dressings cheered the development of novel combinations that
leverage not only the intrinsic therapeutic properties of dressings and cells
separately, but also the biochemical, physical and mechanical cues of the forming
materials to boost the therapeutic potential of the cells [5,6]. One of the most
important cell types involved in the wound healing process are mesenchymal
stromal cells (MSCs). It has been largely described that MSCs play an important
role in the inflammation and proliferation phases of the healing process due to their
demonstrated antibacterial, immunomodulatory and pro-regenerative capacity
[1,6,7]. Thus, MSCs orchestrate the healing process acting as switcher buttons for

the modulation of different cell types such as macrophages or fibroblasts [8,9].

In a previous study, we demonstrated that an eco-friendly soy-protein combined
with B-chitin composed sponge-like scaffolds (SLS) act as effective 3D dressings
for MSCs hosting, increasing their secretory potential. Leveraging the RGD motifs
present on the soy protein, MSCs demonstrated to attach into the
microarchitecture of the SLS, growing, spreading and boosting their intercellular
communication machinery [10]. Thus, in this work, we move one-step forward and
demonstrate that this combination of MSCs with the SLS (MSC-SLS) is able to
increase fibroblasts proliferation, promote neo vascularization and confer
protection against reactive oxygen species (ROS) and hyperglycaemia induced
cytotoxicity. Throught the literature, Adipose tissue derived MSCs (AT-MSCs) have

been use as the gold standard for MSCs-based dressing development [4,11-13].
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Here, we have compared the potential of AT-MSCs against one of the most
important and easily available MSCs involved in the healing of wounds and skin
defects, hair follicle derived MSCs (HF-MSCs) [14,15]. Finally, we have tested the
efficacy of these formulations in an in vivo model with impaired healing. However,
due to the cost and time of manufacturing, and the “living nature” itself of these
MSCs-based dressings, great debate has risen about the placement periods and
dressings change times of these formulations. Therefore, in order to integrate into
the wound or interact with the microenvironment and respond accordingly, these
MSCs-based dressings should be placed in the wound bed longer than the
traditional dressings are nowadays. Thus, MSCs could respond accordingly to the
changing microenvironment of every step of the wound healing process. In this
regard, in this work, we have demonstrated that these MSC-SLS can be placed in
wounds for longer periods showing a great efficacy without any sign of bacterial

infections nor any other side effects.

2. Materials and methods

Materials

The soy protein isolate (SPI) and the B-chitin were obtained, characterized and
combined to form the SLS as previously described [10]. The cells used in this study
were AT-MSCs (ATCC, PCS-500-011), adult human dermal fibroblasts (HDFs)
(ATCC, PCS-201-012), human umbilical vein endothelial cells (HUVECs) (Lonza,
C2519A) and HaCaTs keratinocytes (DKFZ, Germany). HF-MSCs were isolated and
characterized from HFs as previously described [15]. Both MSCs were cultured in
Dulbecco's modified Eagle medium high glucose (DMEM) (Gibco, 11965)
supplemented with 10% (v/v) fetal bovine serum (Gibco, 26140079) and 1% (v/v)
penicillin—-streptomycin (Gibco, 15140122). HDFs were cultured in fibroblasts basal
medium (ATCC, PCS-201-030) supplemented with the fibroblast growth kit-low
serum (ATCC, PCS-201-041) and 1% (v/v) penicillin-streptomycin. HUVECs were
cultured in the EGM™ -2 Endothelial Cell Growth Medium-2 BulletKit™ (Lonza, CC-
3162) with 1% (v/v) penicillin-streptomycin. HaCaTs were cultured in DMEM
(Gibco, 41965-039) with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin—
streptomycin. Phosphate buffered saline (PBS) pH 7.4 (Gibco, 11593377) was
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used for cell culture. All cells were incubated in a humidified incubator at 37 °C

under a 5% CO2 atmosphere.
MSC-SLS formulation and viability monitorization

To prepare the MSC-SLS, MSCs — both AT-MSCs (AT-SLS) and HF-MSCs (HF-
SLS) — were seeded in 8 mm diameter SLS in a volume equivalent to the 80% of
swelling of each SLS. Ratios of MSCs seeding were 25,000 and 50,000 cells per
mg of SLS with and average weight of 10 mg per unit. After 6 h of incubation, the
MSC-SLS were placed in contact with the culture media throught the wound-like
transwell system as depicted in Fig.1. Following, the MSC-SLS were incubated for
3 and 7 days and the supernatants were taken for lactate dehydrogenase (LDH)
release and cytokine secretion analysis. At these time-points, the MSC-SLS were
rinsed with PBS and stained with Calcein AM (Thermofisher, Invitrogen C1430)
following manufacturer’s protocol. After that, MSC-SLS were visualized in a Nikon
epi-fluorescence microscope equipped with a DSD2 confocal modulus (Nikon) to

analyze the MSCs behaviour and viability.
LDH release evaluation

For the LDH release assay the CyQUANT™ LDH Cytotoxicity Assay
(Thermofisher, C20300) was performed following the manufacturer’s instructions.
Briefly, 50 uL of the 3 and 7 days supernatants were mixed with 50 uL of the
reaction mixture and incubated for 30 min protected from the light. After that, 50
uL of stop solution were added and the absorbance was measured within 2 h using
a plate reader (Infinite® 200 PRO series, TecanTrading AG) at a wavelength of 490
nm using as a reference 680 nm. Two standard curves of MSCs were prepared,
following manufacturer’s protocol, to analyze the LDH spontaneous release and

the release upon lysis.
Soluble secretome analysis

The cytokine secretion analysis was performed by using a custom Quantibody®
ELISA array (TebuBio). Briefly, the supernatants from 7 days MSC-SLS incubation
were studied for the secretion of Angiogenin-1, bFGF, EGF, KGF, HGF, IGF-I,
VEGF, PDGF-AA, IL-1 ra, IL-6, IL-8, MCP-1, RANTES, SDF-1a and TGF-B1. First,
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the slides were placed at room temperature for 2 h. Then, wells were washed for
30 min with 100 uL of sample diluent. After discarding the diluent, 100 uL of
samples and standards were added and slices were incubated for 2 h under
stirring. Then, wells were washed five times with wash buffer | under stirring and
five more times with wash buffer Il. After that, 80 uL of detection antibody were
added for 2 h, washed as mentioned and incubated, protected from the light, with
80 uL of Cy3 dye for 1 h. Finally, the slices were washed and sent to the
manufacturer for the analysis. A custom standard curve was prepared for each
slide following manufacturer’s instructions with the standard mixture provided by

the manufacturer.
In vitro wound healing evaluation

To evaluate whether the MSC-SLS can promote the migration of HDFs and
HaCaTs, an in vitro wound healing assay or scratch assay was performed. Briefly,
5 x 10°% cells/mL of HDFs and 1,5 x 10° cells/mL of HaCaTs were seeded on each
part of the two-well IBIDI culture inserts® in 6-well plates (IBIDI, 80209) and
incubated for 8 h. PBS outside the inserts was added to minimize the evaporation
of medium. Secondly, both wells were washed with PBS and serum-free medium
was added overnight to minimize the cell proliferation. After that, the inserts were
extracted creating the wound and wells were washed with PBS to discard the
detached cells. Thereafter, the wound-like transwell system was disposed and the
MSC-SLS were placed on each well with 1TmL of serum-free medium (HDFs) or 1:6
medium in serum-free medium (HaCaTs) and incubated for 48 h. SLS without
MSCs and wells without treatment were used as controls. At pre-defined time-
points — 0 h,4h,6h,8h, 12 h, 24 h, 36 h and 48 h — images of the closing area
were taken by an optical microscope (Nikon). The migration area between wound
edges was calculated by using the Imaged software and the wound closure was
calculated by the following equation (Eq. 1) where So and Sn represent the initial

wound area and wound area at different time points, respectively:

So—Sn

(Eq.1) Wound closure % = x100

Tube formation assessment
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Firstly, 15 uL of Matrigel® (Corning, 356231) were added into the p-Plate
angiogenesis 96-well plates (IBIDI, 89646) and let polymerize for 30 min at 37 °C.
Then, HUVECs were seeded over the matrix bed at a density of 4.5 x 10° cells/mL
in 70 puL of MSC-SLS supernatants — incubated 24 h, 48 h, 96 h and 168 h using
the wound-like transwell system in DMEM medium — and 24h supernatant of SLS
in the matrigel bed. Complete DMEM medium incubated 24h was used as control
and supplemented HUVECs medium was used as positive control. After 24 h of
incubation, HUVECs where stained with calcein AM and each well was
photographed by a Nikon epi-fluorescence microscope. The tube formation was
analyzed using Image J Software. The VEGF release by the MSC-SLS at 24 h, 48
h, 96 h and 168 h of incubation was measured using the VEGF Quantikine ELISA

(R&D Systems, DVEQO) following manufacturer’s instructions.
Evaluation of protection against ROS induced cytotoxicity

To measure the protective effect of the MSC-SLS on HDFs under a highly
oxidative environment, 10,000 cells/well were seeded in a 96-well plate for 24h.
After that, two approaches were followed. In the first experiment, 30 mM of H202
were mixed 1:1 with the supernatant of 24 h incubated MSC-SLS for 2 h. Then, 100
uL the mixture were added into the wells and incubated for 30 min. After that, wells
were washed twice with PBS and incubated for 6 h with 100 uL of serum free HDFs
medium. Finally, wells were washed twice with PBS and incubated for 4 h with a
1:10 mixture of CCK8 (Merck, 96992) in complete medium. Absorbance was read
with a plate reader (Infinite® 200 PRO series, TecanTrading AG) at 450 nm, using
650 nm as the reference wavelength. In the second experiment, cells were
pretreated with 100 uL of the supernatant of 24 h incubation MSC-SLS in DMEM
for 6 h. After washing twice with PBS, 100 uL of 15 mM of H202 in serum free
media were added for 30 min. Thereafter, wells were washed twice with PBS and
incubated for 6 h with 100 uL of serum free HDFs medium. Finally, wells were
washed twice with PBS and incubated for 4 h with a 1:10 mixture of CCK8 in
complete medium and the absorbance was read at 450 nm, using 650 nm as the
reference wavelength. Supernatants of 24 h incubated SLS and complete HDFs

medium were used as controls. Cells without H202 were used as positive controls.
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Evaluation of protection against hyperglycaemia-induced cytotoxicity

For the evaluation of the protective effect of MSC-SLS over HDFs
hyperglycemia-induced cytotoxicity, 10,000 cells/well were seeded in a 96-well
plate for 24 h. Then, cells were washed with PBS twice and incubated with 100 uL
treatments for 6 h. Supernatants of 24 h incubated MSC-SLS or SLS were used.
HDFs complete medium was used as a positive control and serum free HDFs
medium was used as blank group. After the incubation time, cells were washed
twice and 100 uL of serum free media with 150 uM of glucose (Merck, 108337)
were added. After 24 h, cells were washed twice, incubated for 4 h with a 1:10
mixture of CCK8 in serum free medium and the absorbance was read at 450 nm,
using 650 nm as the reference wavelength. This process was repeated at 48 h and
at 72 h. Cells without high glucose treatment were used as non-cytotoxic control.

Images of cells at 72 h were taken using an optical microscope.

In vivo wound healing assessment

Animals

The in vivo studies were performed with 8-week-old male db/db (BKS.Cg-
m+/+Leprdb/J) mice (Janvier laboratories). All the experiments followed the
procedure number M20/2019/258 approved by the University of the Basque
Country ethical committee for animal experimentation. Animals were housed
individually with ad libitum access to water and food and a light-dark cycle of 12
h.

Wound healing assay

Firstly, mice were anesthetized with isoflurane (Isoflo®, Esteve) and completely
peeled their dorsal hair. After that, two 10 mm diameter silicon rings were sutured
on each side of the back using a 3-0 nylon suture in order to avoid wound
contraction. Then, two full thickness wounds were made extending through the
panniculus carnosus, using an 8 mm diameter scalpel (AcuPunch, Acuderm).
Wounds were well-cleaned with saline and treatments were applied over the

wounds and covered with one layer of petrolatum gauze (Tegaderm®, 3M) and
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two adhesive tapes. Mice were then divided into 4 groups (n = 8): (i) untreated
control, (i) SLS group, (iii) AT-SLS group and (iv) HF-SLS group. At day 7
treatments were removed, wounds cleaned and new treatments were applied. Half
of the mice were sacrificed by CO2 inhalation at day 7 and the remaining ones at
day 15.

Evaluation of wound healing

The macroscopic closure of wound was evaluated throught all the experiment.
Thus, on days 8 and 15 wounds were photographed using a meter for post analysis
scaling. The wound area was measured using Image J software. Finally, the wound
closure percentage was calculated using the following equation (Eq. 2):

Final wound area (px2)

0 =
(Eq.2) Wound closure % Initial wound area (px2) x 100

Histological analysis of wound healing

On days 8 and 15, mice were sacrificed to obtain the wound necropsies. The
wound and surrounded tissue were fixed with 3.7% paraformaldehyde for 24h and
ethanol until processing. After that, the necropsies were bisected, embedded in
paraffin and sectioned in 5 um slices. Finally, tissues were stained by hematoxylin-
eosin (H&E) for overall wound analysis and by Masson’s Trichrome for collagen
deposition analysis. All measurements were performed by a blinded

histopathologist.

The analysis of the re-epithelialization process was performed following Sinha.
et al. scale [16]. Briefly, each wound was classified within a scale between 0 to 4
in which: 0, only the wound edges was re-epithelialized; 1, less than half of the
wound was re-epithelialized; 2, more than half of the wound was re-epithelialized;
3, the entire was re-epithelialized with irregular thickness; 4, wound completely re-

epithelialized with normal thickness.

The wound maturity status and the resolution of inflammation was measured
using the scale described by Garcia-Orue et. al [17]. Briefly, wounds were rated
from 0 to 4 as followed. 0, no sign of inflammation. 1, acute inflammation in which

the formation of fibrin, the pyogenic membrane and the migration of neutrophils

165



Chapter 3 | Appendix 3

and leucocytes was observed. 2, diffuse acute inflammation in which the pyogenic
membrane is almost non-existent and there was formation of granulation tissue
and angiogenesis. 3, chronic inflammation with an observed fibroblasts
proliferation and predominance. 4, resolution and healing, no chronic inflammation

observed and occasionally round cells can be found.

Finally, the collagen deposition was measured by using Image J software.
Briefly, images were deconvoluted using the Masson s trichrome option of “colour
deconvolution 2" plugin. The blue channel was selected, the treshold was adjusted
at 114 and the percentage of collagen was measured with the same parameters

for all wounds.
Statistical analysis

Results are expressed as mean = standard deviation. When normally
distributed, to compare between two independent groups, results were analyzed
through Student’'s T test or through a one-way ANOVA test for multiple
comparisons. Using Levene test for the homogeneity of variances, Bonferroni or
Tamhane post-hoc analyses were applied. Finally, for non-normally distributed
data Mann-Whitney’s non-parametric analysis was applied. All the statistical

analysis were performed using SPSS 25.0.

3. Results and discussion

MSC-SLS viability monitorization and soluble secretome analysis

In order to explore the behaviour of the AT-MSCs and HF-MSCs hosted on the
SLS, both MSC-SLS were incubated using a wound-like transwell system — where
only the surface of the SLS was in contact with the culture medium simulating, as

close as possible, the in vivo administration scenario — for 3 and 7 days (Fig.1A)
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Fig. 1. Experimental scheme, MSC-SLS monitoring and secretome analysis. A. Scheme of MSC-
SLS preparation, the transwell-like system disposition and the experimental setup. B. MSC-SLS
imagining at different cell hosting doses — 25,000 cells/mg SLS (25K) and 50,000 cells/mg SLS
(50K) — and incubation days — 3 days (3D) and 7 days (7D) —. Scale bars are 500 um. C.
Secretome analysis of cytokines and growth factors (n = 3). * p<0.05, ** p<0.005 and *** p<0.001

between groups. N.S. non-significance. D. Heat-map of the cytokine and growth factors release.

As illustrated in Fig.1B both AT-SLS and HF-SLS demonstrated that the two cell
dosages — 25,000 cells/mg (25K) and 50,000 cells/mg (50K) — were able to let

cells grow, spread and colonize the entire microarchitecture of the SLS. To further
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confirm the visually great viability and quantify the cell death, a LDH release assay
was performed (Fig. S1). Despite an observed increase on LDH release of
approximately 20% between both doses on HF-SLS and 40% on AT-SLS at both
days 3 and 7, the percentage of equivalent lysed cells was below 1% for all groups
and time-points. These results confirmed in vitro that placing these treatments for
a longer period than normally does — 2-3 days — [17,18], did not result in cell
viability decrease nor LDH increase in the “wound niche”. As a result, we decided
to choose 50,000 cells/mg as the standard dosage for SLS cell loading throught

the rest of the work.

In the soluble secretome analysis, the accumulated release of mediators at day
7 was studied to compare the profile of both cell types. As depicted in Fig.1C, D
both MSCs released a great amount of pro-regenerative and anti-inflammatory
mediators. Among the pro-angiogenic cytokines and growth factors, AT-MSCs
released more Ang-1, HGF and PDGF-AA. In contrast, SDF-1a was more secreted
by HF-SLS. However, no differences in the secretion of b-FGF, VEGF and IL-8 were
found. These results reflect that under the SLS microenvironment — which can
affect the secretion of pro-angiogenic factors [10,19,20] — both cells would have
a great impact on angiogenesis and vasculogenesis processes. Nevertheless,
upon the face-to-face comparison, we speculate that the slight increase in SDF-1a
secretion in HF-MSCs and the higher secretion of Ang-1, HFG and PDGF-AA in AT-
MSCs could reflect a more important role of HF-MSCs in the vasculogenesis
process upon a more important role of AT-MSCs in angiogenesis [21]. The
angiogenic potency of AT-MSCs secretome has been widely investigated however,
the main role of HF-MSCs in irrigation for hair formation and growth could explain
their observed great angiogenic-related secretome profile [22-24]. Throught the
pro-regenerative/remodelative mediators involved in the wound healing process,
the only differences found between both cell types were; the secretion of EGF and
HGF, which was non-detected in HF-MSCs and the secretion of a pro-fibrotic
mediator, TGF-B1, which was significantly higher in HF-MSCs. In contrast, the
secretion of IGF-1 and KGF was similar for both cell types, being the second,
poorly secreted. We could not find precedents in the literature about the secretion
of these factors in HF-MSCs nevertheless, we speculate that the composition and

microarchitecture of the SLS could be involved in the absence of some factors
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production and/or release [25]. Finally, the anti-inflammatory chemokine IL-1ra
secretion was significantly higher in the AT-MSCs group. In addition, the secretion
of the pro-inflammatory/immunomodulatory chemokines was higher in HF-MSCs
for SDF-1a and similar for the rest of mediators analyzed; IL-6, IL-8, MCP-1 and
RANTES. Grouping all these results, both MSC-SLS would exert a great therapeutic

potential involving angiogenic, pro-regenerative and immunomodulatory roles.
In vitro wound healing evaluation

In the in vitro wound healing evaluation or scratch assay, the pro-migratory
effect of MSC-SLS was tested. It has been widely described that in the chronic
wound niche, the migration of numerous cell types results impaired due to a harsh
environment that impede a correct cell-to-cell communication [26-28]. In that way,
helping these cells to increase their motility and migratory capacity would
eventually benefit the formation of granulation tissue and the correct closure of
wounds. As depicted in Fig. 2A, B both MSC-SLS demonstrated to increase the
migration and wound closure of HaCaTs in comparison to the SLS without cells
and the non-treated blank group. Interestingly, the effect was not observed bellow

4 h but it was at 8 h and maintained throught all the experiment (Fig. 2C).

As well as with HaCaTs, the pro-migratory effect was also observed in HDFs
(Fig. 2D, E). Similarly, the effect was detected at 8 h and maintained until the end
of the experiment (Fig. 2F). As depicted, no differences between AT-SLS and HF-
SLS were found for both experimental cells, HDFs and HaCaTs. The release of a
great amount of numerous mediators such as IL-6, TGF-B1 or bFGF, that has been
described to have an impact on HaCaTs and HDFs migration, could explain the
great results observed in the in vitro wound healing assay [28,29]. While the pro-
migratory capacity of AT-MSCs has been largely described throught the literature,
we could not find previous studies addressing the effects of HF-MSCs in this

regard, setting here then, a precedent.
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Fig. 2. In vitro wound healing and tube formation assays. A. Images of the HaCaTs cells at different
time-points of the scratch assay (n = 3). B. Percentages of HaCaTs wound closure. * p<0.05, **
p<0.005 and *** p<0.001 against blank group. # p<0.05, ## p<0.005 and ### p<0.001 against
SLS group. C. Migration rate of HaCaTs at different time points. * p<0.05 all groups against the
blank group. # p<0.05 AT-SLS and HF-SLS against SLS and blanks groups. & p<0.05 AT-SLS
against blank group. D. Images of the HDFs cells at different time-points of the scratch assay (n =
3). E. Percentages of HDFs wound closure. * p<0.05, ** p<0.005 and *** p<0.001 against blank
group. # p<0.05, ## p<0.005 and ### p<0.001 against SLS group. F. Migration rate of HDFs at
different time points. # p<0.05 AT-SLS and HF-SLS against SLS and blanks groups. G. Number of
formed tubes per well (n = 4). *** p<0.001 against control group. # p<0.05, and ### p<0.001
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against positive control group. N.S. non-significance against control group. H. Tube length. *
p<0.05, ** p<0.005 and N.S. non-significance against control group. # p<0.05, and ## p<0.005
between groups. I. VEGF amount in MSC-SLS secretome administered at different time-points. J.

Calcein stained and optical microscope images of the formed tubes. Scale bars are 400 um.

Tube formation assessment

Numerous wounds fail in healing and became chronic due to an impaired blood
flow that leads into a poorly oxygenated and nutrient supply lacked wound niche.
Therefore, increase the formation of new vessels and thus increase the oxygen and
nutrient supply in chronic wounds results an important strategy to be developed.
As observed in Fig. 2G-J both MSC-SLS groups demonstrated to exert a great
effect on tube formation in HUVECs. Results depicted that MSC-SLS had an
angiogenic potency almost similar to that in the positive control and significantly
greater than the control and SLS groups. No differences were found between AT-
SLS and HF-SLS in terms of tube count. However, in terms of tube length, we
observed that HF-SLS produced slightly larger tubes (in diameter) that AT-SLS and
positive control groups (Fig. 2H). This could be explained by the observed slightly
increase in SDF-1a production of HF-SLS since some works have demonstrated
that higher concentrations of this mediator can increase tube length in
angiogenesis [30]. Due to the maintenance of the angiogenic effect observed
throught 7 days, we tested the supernatants for VEGF release. As depicted in Fig.
2| the amount of VEGF produced by MSC-SLS was similar for both cell types and
linear throught the week. This could explain that both MSC-SLS were able to
increase tube formation even at 7 days of MSC-SLS incubation confirming, as

observed before, the great viability and efficacy of cells after 7 days (Fig. 2G, J).

Evaluation of protection against ROS and hyperglycaemia induced

cytotoxicity

Usually, in chronic wound scenarios, the amount of ROS is very high, generating
inflammation and hindering, in that way, the cell-to-cell communication and
integrity [31]. Therefore, reducing the amount of ROS or protecting cells against
the ROS-induced cytotoxicty and death has been an interesting move in the

development of new therapies. It has been described that MSCs release certain
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types of superoxide dismutase (SOD) that can act as ROS scavengers [32].
However, as observed in Fig. 3A when the secretome of MSC-SLS, SLS or control
was mixed with the experimental ROS-fueled media and placed in HDFs, non-effect
or protection was observed. These results showed that the secretome released by
the MSC-SLS is not able to counteract or act as “scavenger” when is incubated
together with H202. In contrast, when HDFs were pre-treated with the secretome
of MSC-SLS and then exposed to the ROS environment, a statistically significant
protective effect was observed for both AT-SLS and HF-SLS (Fig. 3B, C).
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Fig. 3. Cell survival under ROS and hyperglycemia-induced cytotoxicity. A. Percentage of cell viability

when the MSC-SLS secretome and controls are mixed with H202 and then incubated with HDFs.
### p<0.001 against the positive control. B. Percentage of cell viability when HDFs are pretreated
with the treatments. *** p<0.001 against the control and SLS groups. ### p<0.001 against the
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positive control. N.S. non-significance. C. Images of calcein/ethidium stained HDFs pretreated, after
24h of exposure to ROS. Scale bars are 200 um. D. Cell viability under hyperglycemia-induced
cytotoxicty. (I) Percentage of cell viability after 24h. (Il) Percentage of cell viability after 48h. (lll)
Percentage of cell viability after 72h. * p<0.05, ** p<0.005, *** p<0.001 against the blank group.
# p<0.05, ## p<0.005, ### pP<0,001 against the group without glucose. && p<0.005, &&&
p<0.001 against the positive control group. $ p<0.05, $$ p<0.005, $$$ p<0.001 between groups.

E. Images of HDFs after 72h of hyperglycemia treatment. Scale bars are 400 uM.

These observations suggest that in the secretome of MSC-SLS some mediators are
able to protect HDFs against ROS-induced cytotoxicty and death. In a previous study,
we observed that the EVs of both AT-MSCs and HF-MSCs were not able to protect HDFs
in similar conditions [33]. In this regard, this effect could be related to some soluble
mediators such as IL-1ra — that antagonizes IL-1a, IL-18 and TNF-a —, bFGF that has
demonstrated to reduce ROS induced oxidative stress or PGE2 that increases the levels
of IL-10 [34-36]. Nevertheless, an important point should be taken into account. Despite
SLS without cells have not demonstrated any effect, some studies have shown that the
effect of the matrix in which cells are hosted is related to an increased expression of
antioxidant enzymes that help to maintain low levels of ROS under excessive H202
environment [36]. Whether these results are associated to a matrix-related effect or
simply to the secretory machinery of MSCs alone, should be thoroughly investigated in

the future.

Diabetic ulcers — a certain type of chronic wounds — are characterized by a constant
inflammatory status that lacks of correct oxygenation and nutrient supply due to elevated
glucose levels. Thus, this hypoxic status creates an environment with elevated oxidative
stress that eventually lead fibroblasts, among other cell types, to die [37,38]. To analyze
if MSC-SLS have protective effects under a hyperglycemia-induced cytotoxicity, HDFs
were pretreated with the secretome of MSC-SLS and then exposed to a hyperglycemic
environment for 3 days. As observed in Fig. 3D, the protective effect of MSC-SLS pre-
treatment was observed at 24h and maintained until 72h (Fig 3DI). Both AT-SLS and HF-
SLS demonstrated statistically significant better results than the blank, SLS and positive
control groups. The differences observed at 24h were greater at 48h and 72h where AT-
SLS and HF-SLS showed a higher percentage of cell survival than the blank and SLS
groups and similar to the positive control (Fig. 3DII-lll, E). These results are in

concordance with those obtained by our previous study where EVs from AT-MSCs and
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HF-MSCs were also able to protect HDFs from hyperglycemia-induced cytotoxicity [33].
However, the soluble fraction of secretome could also affect the survival of HDFs. It has
been described that hyperglycemia destabilizes HIF-1a impairing its function at higher
concentrations of 30 mM [38]. The impaired function of HIF-1a leads to a decreased
production of VEGF or SDF-1a that are key factors for angiogenesis and eventually for
oxygenation and cell survival [39,40]. Thus, treating the wound niche with MSC-SLS
secretome would assist different cell types with VEGF and SDF-1a, apart from the EVs

fraction, eventually showing a protective effect against hyperglycemia-induced cell death.
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Fig. 4. In vivo wound healing assessment. A. In vivo procedure scheme and wound closure
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C. Percentage of healing rate. ** p<0.005,*** p<0,001 against the control group. # p<0.05,
against the SLS group. N.S. Non significance. D. Modell of the wound closure at different time points.

In vivo wound healing assessment

After showing great potential in different in vitro assays, the MSC-SLS were

finally tested in a full thickness splinted wound healing assay in db/db mice (Fig.
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4A-D). As observed in Fig. 4B the greatest wound closure was observed in both
MSC-SLS groups at 7 and 14 days. As compared to the control, at day 7, the wound
closure of AT-SLS and HF-SLS was significantly higher; in contrast, the SLS group
did not show significant differences. However, at day 14 all groups showed
significant higher closure against the control group and AT-SLS. Furthermore, the
HF-SLS group showed higher percentage of wound closure than the SLS group.
Finally, as observed in the healing rate, both MSC-SLS administrations showed

wound closure effects against the control (Fig. 4C).

Histological analyses of wound necropsies were also performed. As shown in
Fig. 5A, B we observed significant differences in the re-epithelialization status of
wounds among the treated groups at 14 days. Both AT-SLS and HF-SLS
demonstrated a more mature wound with better re-epithelialization that the control
group; however, significant differences against the SLS group were not found. The
re-epithelialization results were supported with the data obtained in the
inflammation decrease rate (Fig. 5C). As depicted, at day 14 the three groups with
treatment showed significant differences against the control group. However, we
did not observe differences between the MSCs groups and the SLS group.
Nevertheless, on these groups, inflammation values were above 3 depicting that
the main process happening in the wound niche was fibroblast proliferation
(proliferative phase). In contrast, in the control group, values below 2 showed that
the wounds were still on a diffuse acute inflammatory phase. We did not observe
differences between groups when comparing the epidermis thickness of wounds,
which can act as an indicator of a more advanced healing (Fig. D). Finally, we
measured the collagen deposition using the Masson s trichrome staining (Fig. 5E,
F). As observed, we obtained significant differences at both 7 and 14 days. At
these time-points, AT-SLS and HF-SLS demonstrated an increased collagen
deposition on the wound niche in comparison to the control and SLS groups. The
effect may be attributed to the influence of MSCs since the SLS groups did not
exhibit differences against the control. These results are in agreement with the
ones observed by other authors using different MSCs delivery systems in vivo
[41,42].
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Fig. 5. Histological evaluation of wounds. A. Histological images of wounds on days 7 and 14
processed with H&E. B. Epithelialization rate. C. Inflammation decrease rate. D. Normalized
epidermis thickness. E. Collagen deposition in the Masson’s trichrome staining. * p<0.05, **
p<0.005, *** p<0,001 against the control group. # p<0.05, against the SLS group. N.S. Non-
significance. F. Histological images of wounds on days 7 and 14 stained with Masson s Trichrome

and deconvoluted images of the collagen using the Image J software.
4. Conclusions

In conclusion, in this study we have shown that the developed soy protein
combined with B-chitin SLS are adequate matrices for MSCs hosting and
spreading. Furthermore, the wide variety of mediators released by these MSC-SLS
have demonstrated to protect HDFs against ROS and hyperglycemia induced

cytotoxicity, increase HDFs and keratinocytes migration and promote
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angiogenesis on HUVECs. Eventually, the MSC-SLS have demonstrated to
decrease the wound healing time in vivo, increasing re-epithelialization, collagen

deposition and decreasing inflammation.
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The LDH increase represents the ratio of LDH increase with the higher dose of MSCs 50,000 cells/mg
(50K) over the lower dose 25,000 cells/mg (25K). *** p<0.001 vs AT-SLS, # p<0.05 between
groups, ### p<0.005 between groups, N.S. non-significance.
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Abstract

Background: Mesenchymal stromal cells (MSCs) and their extracellular vesicles
(MSC-EVs) have demonstrated to elicit immunomodulatory and pro-regenerative
properties that are beneficial for the treatment of chronic wounds. Thanks to different
mediators, MSC-EVs have shown to play an important role in the proliferation, migration
and cell survival of different skin cell populations. However, there is still a big bid to

achieve the most effective, suitable and available source of MSC-EVs.

Methods: We isolated, characterized and compared medium-large EVs (m-IEVs) and
small EVs (sEVs) obtained from hair follicle-derived MSCs (HF-MSCs) against the gold
standard in regenerative medicine, EVs isolated from adipose tissue-derived MSCs (AT-
MSCs).

Results: We demonstrated that HF-EVs, as well as AT-EVs, expressed typical MSC-
EVs markers (CD9, CD44, CD63, CD81 and CD105) among other different functional
markers. We showed that both cell types were able to increase human dermal fibroblasts
(HDFs) proliferation and migration. Moreover, both MSC-EVs were able to increase
angiogenesis in human umbilical vein endothelial cells (HUVECs) and protect HDFs

exposed to a hyperglycemic environment from oxidative stress and cytotoxicity.

Conclusions: Taken together, HF-EVs demonstrated to exhibit comparable potential

to that of AT-EVs as promising candidates in the treatment of chronic wounds.
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Background

Hair follicles (HFs) are skin appendages originated by the interactions of
ectodermal-mesodermal cells in the early embryogenesis. HFs present a complex
structure with a rich mixture of cell populations. It has been described that HFs
contain different pools of stem cells — melanocyte, epithelial and mesenchymal
stromal cells (MSCs) — that regulate hair growth, maintaining skin homeostasis
and self-renewing processes continuously [1-3]. In the past decade, there has
been an increasing interest in these hair follicle derived MSCs (HF-MSCs) due to
their numerous advantages over other sources of MSCs — abundant availability of
HFs that do not undergo functional and molecular changes in the human body and
an easy collection not affected by gender or age — [2, 4, 5]. Furthermore, their
role in skin homeostasis, hair growth and their pro-regenerative capacity are
making these cells become one of the most suitable candidates for cell-based
wound healing therapies [6-10]. Indeed, it has been observed that the direct
administration of HF-MSCs can accelerate wound healing both in vitro and in vivo

in diabetic mice models [11].

However, despite its demonstrated efficacy and safety, the use of cell therapy
for chronic wound management have found important constraints through the
harsh regulatory pathways and elevated production costs that impede its
widespread use [7, 8, 12]. As a result, numerous researchers have studied the
paracrine signaling of MSCs, which has been described as the main responsible
for the therapeutic potential of these cells [13-15]. Among the bioactive cues that
drive regenerative effects, extracellular vesicles (EVs) have gained special
attention. In the form of membrane-surrounded units, EVs shuttle the messaging
cargos of RNAs, DNAs and proteins to mediate intercellular communications [16].
Similarly to MSC-based therapies, MSCs-derived EVs (MSC-EVs) have
demonstrated to elicit a wide variety of therapeutic effects in tissue repair and
wound regeneration — immunomodulatory, proliferative, anti-apoptotic, pro-
angiogenic effects etc. — [17-19]. Furthermore, EVs are more easily handled,
characterized and stored than MSCs. In this regard, EVs-based therapies can be

better standardized than cell-based therapies. Moreover, these therapies can be
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commercialized under a softer regulation pathway than cell-based therapies, being

considered “biological medicines” [20].
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Fig. 1. Scheme of the isolation method, characterization and functional assays of HF-EVs and AT-
EVs.

In this study, we report a complete characterization and functional comparison
of EVs isolated from HF-MSCs (HF-EVs) against the gold standard in regenerative
medicine, EVs derived from adipose tissue MSCs (AT-EVs) (Fig. 1). We have
analyzed the MSC-EVs production profile, size, morphology and marker
expression. Furthermore, we have compared the cell uptake and tested their
potential in human dermal fibroblasts (HDFs) — one of the most important cell
types involved in the wound healing process — and in human umbilical vein
endothelial cells (HUVECS) to study the vascular behaviour of wounds. Following
the MISEV 2018 guidelines [21], we have analyzed not only of the small EVs (sEVs)
released by these cells, but also the medium-large EVs (m-IEVs) that are
sometimes discarded, despite their demonstrated potential for regenerative

medicine applications.
Materials and methods

EVs Isolation and Characterization
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Cell Culture Conditions

HF-MSCs were isolated and characterized from HFs as previously described [22]
and further cultured in Dulbecco’s modified Eagle’s medium (DMEM 49166-029,
Gibco) supplemented with 10% of fetal bovine serum (FBS, Gibco) and 1% (v/v)
penicillin/streptomycin (P/S, Gibco). AT-MSCs (ATCC® PCS-500-011TM) were
also cultured under the same conditions. Adult Human Dermal Fibroblasts (HDFs,
ATCC® PCS-201-012™) were cultured in fibroblasts basal medium (ATCC PCS-
201-030TM) adding the fibroblasts growth kit-low serum (ATCC® PCS-201-041™)
and 1% (v/v) penicillin/streptomycin (P/S, Gibco). Incubating conditions were 37
°C in a 5% CO2 atmosphere. Human umbilical vein endothelial cells (HUVECs,
Lonza® C2517A) were cultured in the EGMTM-2 Endothelial Cell Growth Medium-
2 BulletKitTM (Lonza® CC-3162) with 1% (v/v) penicillin/streptomycin (P/S, Gibco).
For EVs production, DMEM medium was used with 10% of EV-depleted FBS — by
overnight ultracentrifugation 100,000 x g (Beckman Coulter, Optima L-100XP) —.
HF-MSCs and AT-MSCs were used at passages from 5 to 9 for EVs isolation. HDFs

were used at passages 3 to 7. HUVECs were used at passages 3 to 7.
EVs isolation

All relevant data regarding the production, isolation and experimental section
have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV210337)
[23]. EVs were isolated and purified from the supernatant of HF-MSCs and AT-
MSCs. At 70-80% of confluency, cells were washed thrice with PBS and the culture
medium was replaced with EVs-depleted DMEM. After 72 h of production, the
culture medium was collected and new medium was added. After three collections,
cells were trypsinized, counted and further re-cultured. The collected medium was
first centrifuged at 2,000 x g for 10 min at 4 °C to discard cell debris and then,
freeze at -80 °C until the isolation and purification was given. All further
centrifugation processes were performed at 4 °C. In brief, thawed culture
supernatants were differentially centrifuged at 10,000 x g for 30 min to obtain m-
IEVs — pellet 10K (P10K) — and the resulting supernatants at 100,000 x g for 90
min — pellet 100K (P100K) — to obtain sEVs. To reduce contaminating proteins,

all pellets (P10K and P100K) were re-suspended in ice-cold PBS and
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ultracentrifuged again. Finally, both pellets were immediately re-suspended in 120

uL of ice-cold PBS and freeze at -80 °C until use.

Nanoparticle tracking analysis

Particle concentration and size distribution within EV preparations was analyzed
using the nanoparticle-tracking analysis (NTA), by measuring the rate of Brownian
motion in a NanoSight LM10 system (Malvern Panalytical, Malvern, UK). The
system was equipped with a fast video-capture and particle-tracking software. NTA
post-acquisition settings were the same for all measurements. Each video was
analyzed to give the mean, mode, and median vesicle size, as well as an estimate
of the concentration. For measurement, original EVs suspension were diluted 1:100
with PBS and a volume of 500 uL were loaded on the camera, and 3 consecutive

video recording of 40 seconds each were taken for every sample quantified.

Western blottin;

PBS-resuspended EVs or cell lysates were mixed with 4 xNuPAGE LDS Sample
Buffer (Thermo Fisher Scientific, Waltham, MA, USA). The samples were incubated
for 5 min at 37 °C, 65 °C, and 95 °C, and separated on 4-12% precast gels (from
Thermo Fisher Scientific, Waltham, MA, USA), at a concentration of 5 ug/lane
(Bradford determination). The proteins were transferred into PVDF membranes with
the iBLOT2 system (Thermo Fisher Scientific, Waltham, MA, USA). Antibodies
employed were: mouse monoclonal antibody against CD9 #209302 (R&D), Grp78
#40 (BD, East Rutherford, NJ, USA), CD13 #3D8 (Santa Cruz Biotechnology,
Dallas, Tx, USA), EEA1 #14 (BD, East Rutherford, NJ, USA), CD63 #H5C6 (DSHB,
lowa City, IA, USA), LAMP1 #H4A3 (DSHB, lowa City, IA, USA), alpha tubulin 1
#DM1A (Santa Cruz Biotechnology, Dallas, Tx, USA), CD81 #JS81 (BD, East
Rutherford, NJ, USA), rabbit antibody against COX IV #4850 (Cell Signaling
Technologies, Danvers, Ma, USA). All the primary antibodies were diluted 1:1000.
Horseradish peroxidase (HRP)-conjugated secondary antibodies anti-mouse,
rabbit and goat, were purchased from Jackson ImmunoResearch Lab, (West grove,

PA, USA) to ensure minimal cross-reactivity across species.

Bead-based multiplex flow cytometry assay
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All isolated EVs were subjected to a surface-marker characterization by using a
flow cytometry bead-based multiplex analysis (MACSPlex Exosome Kit, human,
Miltenyi Biotec. 130-108-813). Samples were processed according to
manufacturer’s protocol. Briefly, 2 ug of EVs were mixed with 120 ulL of
manufacturer’s buffer and then, 15 uL of the MACSPlex Exosome Capture Beads
were added. Then, 15 uL of the detection antibody cocktail — 5 uL of each
MACSPIlex exosome detection reagent CD9, CD63, CD81 — were added. After that,
samples were incubated 1 h at room temperature, protected from the light, on
rotation — 450 rpom —. Next, 500 uL of MACSPlex buffer were added and samples
were centrifuged at 3000 x g for 5 min. Subsequently, 500 uL of supernatant were
discarded and another 500 uL of buffer were added. Samples were incubated for
15 min at room temperature on rotation, protected from the light and then
centrifuged 5 min at 3000 x g. Finally, 500 uL of supernatants were discarded and
approximately 150 uL of samples were re-suspended and used for the analysis.
The flow cytometry analysis was performed using the MACSQuant® Analyzer 10
(Miltenyi Biotec) and results were processed with the MACSQuant Analyzer 10
software (Miltenyi Biotec). The 39 single bead populations were gated to determine
the APC signal intensity on each bead population and the median fluorescence
intensity (MFI) for each capture bead was measured. For each population,
background was corrected by subtracting the respective MFI values from non-EVs
controls that were treated exactly like the EVs-samples. Furthermore, values of the
corresponding isotype control were also subtracted. Only positive markers are

shown in the graphics.

Cryo-Electron Microscopy ( cryvo-EM)

EVs (3-5 uL) were spotted on glow-discharged lacey grids and cryo-fixed by
plunge freezing at -180 °C in liquid ethane with a Vibrobot (FEI, The Netherlands).
Grids were observed with a JEM-2200FS/CR TEM (JEOL, Japan), operating at 200
kV. Image measurements were performed with Image J software and between 80-
120 single EVs were measured on each group for size and protein-decoration

analysis.

CD63 immunostaining
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Cells were grown onto 12 mm glass coverslips and fixed with 4% formaldehyde,
and permeabilized with 0.1% saponin and 0.1% BSA in PBS. Incubation with
primary and secondary antibodies were performed in a humid camera for 1 h each.
Following two-10 min washes in PBS, cells were mounting with Fluoromount-G™
Mounting Medium with 2-(4-amidinophenyl)-1 h-indole-6-carboxamidine (DAPI)
(Thermo Fisher Scientific, Waltham, MA, USA) for nuclei staining. Imaging of the

slides were taken in a Leica SP8 confocal microscope.

EVs uptake and proliferation by HDFs

EVs staining

In order to stain EVs, Vybrant™ DiO Cell-Labeling Solution (Invitrogen, Cat.
V22886, Thermo Fisher Scientific, Waltham, MA, USA) was used. Briefly, cultured
HF-MSCs and AT-MSCs were washed with PBS and 50 uL of dye in 10 mL of culture
medium were added. Cells were incubated for 30 mins and after that, washed again
thrice with PBS. Finally, EVs-depleted medium was added and a 72 h labeled-EVs
production was obtained as previously described. As negative control, the same
exact process was performed in flask without cells, to determine the possible carry-

over of fluorescence by the culture medium.

EVs uptake by HDF's and Flow cytometry

To perform capture experiments, 500,000 HDFs per well were seeded in 6 well
plates and 12 mm slides, and incubated overnight with MSC-EVs stained as
described above diluted in 2 mL of medium. Slides were fixed and directly
observed in a Leica SP8 confocal microscopy, while HDFs in wells were washed
twice with PBS and detached from the plate using TrypLE Select (1X) (Gibco,
12604013) and directly observed in a Cytoflex flow cytometer (Beckman Coulter
Inc, Chicago, II, USA), and data analysis was performed using the CytExpert v2.4

software (Beckman Coulter Inc, Chicago, I, USA).

Proliferation assay

HDFs were seeded in 96 well plates — 5000 cells/well — in 100 uL of complete
medium. After 8 h of incubation, cells were washed with PBS and then cultured

overnight with serum-free medium. After that, cells were washed with PBS and EVs
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were administered — 1.5x1011 EVs/mL of P10K and 2x1011 and 4x1011 EVs/mL
of P100K — in 100 uL of 1:5 complete medium in serum-free medium and
incubated for 24 h. Complete medium was used as positive control. After that, cells
were washed with PBS and 100 uL of CCK8 (Merck, Cat: 96992) 1:10 diluted in
culture medium were added. After 4 h of incubation, absorbance was read with a
plate reader (Infinite® 200 PRO series, TecanTrading AG, Mannedorf, Switzerland)

at 450 nm, using 650 nm as the reference wavelength.
Scratch Assay

To evaluate whether EVs can promote migration of HDFs a scratch assay was
performed. HDFs were seeded — 70 uL at a density of 5x105 cells/mL — in each
side of the 2 well IBIDI culture inserts® in 24-well plates (IBIDI, Cat. 80209) and
subsequently were incubated for 8 h. Secondly, the culture medium was aspired
and serum-free medium was added in order to minimize the cell proliferation. After
an overnight incubation, culture inserts were extracted and the scratch was
performed. Then, HDFs were washed with PBS, EVs were administered — 2.5x109
EVs/mL of P10K and 1x1010 EVs/mL of P100K — in 300 uL of serum-free medium
and cells were incubated for 48 h. At pre-defined time-points — 0 h, 6 h, 12 h, 24
h, 36 h and 48 h — images of the closing area were taken by an optical microscope
(Nikon, Japan). The percentage of migration in the area between wound edges was

calculated by ImagedJ software (National Institutes of Health, MA, USA).
Tube formation assay

To perform the tube formation assay 15 uL of Matrigel® matrix (Corning®, Cat.
356231) were added into the u-Plate angiogenesis 96 well plates (IBIDI, Cat.
89646) and let polymerize for 30 min at 37 °C. HUVECs were seeded at a density
of 4,5 x105 cells/mL in 30 uL of complete medium, 15 uL of PBS and 25 ulL of EVs
— 2x1011 EVs/mL of P10K and 3,5x1011 EVs/mL of P100K — in the matrigel bed.
Medium with non-EVs control batches processed equally to the EVs batches was
used as control. Complete medium was used as positive control. Following an
incubation of 24 h, each well was photographed by an optical microscope (Nikon,
Japan). After that, cells where stained with calcein AM (Invitrogen, “LIVE/DEAD™

Viability/Cytotoxicity Kit, for mammalian cells” Cat. L3224) and each well was
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photographed by a Nikon epi-fluorescence microscope equipped with a DSD2
confocal modulus (Nikon, Japan). The observed tubes were analyzed by using the

ImagedJ software.
Cell survival under hyperglycaemia assay

The effect of EVs on cell survival under a hyperglycaemic environment was
studied in HDFs. Briefly, 10,000 cells were cultured in 96 well plates for 24 h. After
that, HDFs were pre-treated with EVs —1x1011 EVs/mL of P10K and 3x1011
EVs/mL of P100K — for 6 h, rinsed with PBS and exposed to hyperglycaemic
conditions of 150 mM glucose in HDFs serum-free culture medium. Cells pre-
treated with non-EVs control batches processed equally to the EVs batches were
used as control. Cells pre-treated with complete medium were used as a positive
control. Results were normalized against cells grown under non-hyperglycaemic
conditions. The metabolic activity was observed at 24 h, 48 h and 72 h by CCK8
assay as described earlier. Cell viability at 72 h was also observed with calcein
AM/Ethidium homodimer (Invitrogen, “LIVE/DEAD™ Viability/Cytotoxicity Kit, for
mammalian cells” Cat. L3224) and each well was photographed by a Nikon epi-

fluorescence microscope equipped with a DSD2 confocal modulus (Nikon, Japan).
Reactive oxygen species ( ROS) protection assay

Cell viability of HDFs under a ROS environment was studied in the protection
assay. In brief, HDFs —1x105 cells/well — were seeded in a 96-well plate and
allowed to adhere. After 24 h, cells were washed with PBS and the EVs pre-
treatment — 1x1011 EVs/mL of P10K and 3x1011 EVs/mL of P100K — was added
for 2 h and 6 h respectively. After that, cells were washed and then incubated for
30 min under a ROS environment — 100 uL of serum free medium with 15 mM of
H202 —. Then, cells were washed with PBS and incubated overnight in serum free
medium to minimize the proliferation of the surviving cells. Finally, cells were
washed with PBS and 100 uL of CCK8, 1:10 diluted in serum free culture medium,
were added. After 4 h of incubation, the absorbance was read at 450 nm, using
650 nm as the reference wavelength. An alternative co-culture ROS assay was
performed as follows. HDFs — 1x105 cells/well — were seeded in a 96-well plate

and allowed to adhere. After 24 h, cells were washed with PBS and then EVs were
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added in 100 uL of serum free medium with 625 uM of H202 for 4 h. After that,
cells were washed with PBS and 100 uL of CCK8, 1:10 diluted in serum free culture
medium, were added. After 4 h of incubation, absorbance was read. For all assays,
medium with non-EVs control batches processed equally to the EVs batches was

used as control and complete medium was used as positive control.
Statistical Analysis

Results are expressed as the mean = standard deviation. When normally
distributed, results were analyzed through Student’s two-tailed t-test, to compare
between two independent groups, or through a one-way ANOVA test for multiple
comparisons. Based on the Levene test for the homogeneity of variances,
Bonferroni or Tamhane post-hoc analyses were applied. In contrast, Mann-
Whitney’s non-parametric analysis was applied for non-normally distributed data.
All the statistical computations were performed using SPSS 25.0 (SPSS®, Inc.,
Chicago, IL, USA).

Results

EVs Isolation and Characterization

As represented in Fig. 2A, Cryo-EM images showed that the majority of the
obtained material was round-shaped and bi-membrane-bounded vesicular units.
The diverse heterogeneity of the different populations of EVs can be appreciated
by the distinct electron dense cargos and protein decorated / non-decorated
membranes presented. For both cell types, NTA measurements showed sizes
ranging from 100 nm to nearly 400 nm for the P100K EVs, and from 100 nm to 800
nm for the P10K (Fig. 2B).

We also analyzed and compared the morphology, size and protein decoration
of the isolated EVs by using the cryo-EM images. We studied approximately 400
single EVs and the majority of the observed units had the aforementioned round
shape morphology for both cell types. Notably, we also found a small population
of EVs with irregular morphologies (Fig. S1) — multilayered vesicles, long tubular,
etc. —. The size distribution of EVs from cryo-EM images revealed populations of

smaller size — < 50nm — than by NTA, obtaining a higher proportion of sEVs for
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both cell types (Fig. 2C). Moreover, when we analyzed the presence or absence of
membrane protein decoration, we found that the majority of EVs were non-
decorated for both cell types (Fig. 2C and 2D). The decoration percentages of m-
IEVs were 9,38% and 7,82% for AT-EVs and HF-EVs respectively, whereas in the
case of sEVs the percentages were 16,20% and 14,28% for AT-EVs and HF-EVs
respectively. However, we did not observe differences in the diameter of decorated

vs non-decorated EVs between each EVs population (Fig. S2).

2 AT-P10K 18+

AT-PTOK i ok () L

- 144

08 12

06 1.0+

08

04 06

04
02

02+

+ - 0

> Y 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
AT-PI00K HF-P100K R e
Y vk

P 12 . 14

12
10

1.0
08

X ]
06

06

o4 04

02 02

0 X - - —F - -
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

Size (nm) Size (nm)

<«

g s
o o
g ! Decorated: 9.38% g 6 | Decorated: 7.82%
w 5 1 Non decorated: 90.62% L= 1 Non decorated: 92.18%
s :
H g
] g,
® ES
0 0

0 100 200 300 400 500 o 100 200 300 400 500
Diameter (nm) Diameter (nm)

' Decorated: 14.28%
1 Non decorated: 85.72%

%Relative frecuency
%Relative frecuency
B

0 100 200 300 400 500 o 100 200 300 400 500
Diameter (nm) Diameter (nm)
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When developing a EVs-based therapy it is crucial to achieve an adequate

reproducibility in the batch-to-batch production. For such aim, we analyzed the
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mean and the mode size of the isolated EVs for the different obtained batches —
every EVs isolation for each cell passage —. We did not find significant differences
in any of the parameters for the different MSC-EVs (Fig. 3A and 3B). Furthermore,
we obtained low relative standard deviations in the isolated batches for both cell
types and pellets (Fig. 3A and 3B). As expected, we observed that the mean and
mode sizes of EVs were lower for the P100K EVs than for the P10K EVs for both
cell types. The overall deviations of the mean and mode size were also lower for
the P100K compared to the P10K (Fig. 3A and 3B). In contrast, the efficiency of
the obtained batches in terms of number of isolated EVs per final cell count showed
significant differences between both cell types (Fig. 3C). Our results demonstrate
that HF-MSCs produce less EVs than AT-MSCs for both P10K and P100K.
Moreover, all cell viabilities at the end of every batch were adequate — between
95 to 98% for both cell types —.

Marker analysis by western blotting (Fig. 3D) depicted the expression of CD13,
CD81 and LAMP1 in P10K and P100K pellets derived from both cell types. In
contrast, only AT-EVs showed bands for the rest of EV markers, with CD63 in both
P10K and P100K, and CD9 in P100K. In the particular case of CD63, we observed
different patterns; HF-MSCs retained this tetraspanin inside, while AT-MSCs
showed it on m-IEVs and sEVs. We should mention that both MSC sources contain
intracellular CD63 as exhibited by immunofluorescence images (Fig. S3). We have
also analyzed the presence of non-vesicular markers, including COXIV — a
mitochondrial — and GRP78 — endoplasmic reticulum — proteins, which
appeared mostly in the P10K. Finally, TUB1, Hsp70, and EEA1 were only detected

in the cells, and not in the vesicular fractions.

195



Chapter 3 | Appendix 4
A B C
400 I_l"-s- 400 100 *
ompt o N.S. NS. £ a
300 % 300 O' NS. E .
E {Eo 5 o E 5 1 =
< 200 - = Toa{ g o 8 -
@ @ £ 100 )
100 100 b o °
Z LE A
ORI q\@+ g\sl- g\sx- Q\@i- X & & & ) & ,{«““*‘
&7 & s : ! & < < %
¢ E € F ¢ E s
D CELLS P10K P100K E
ATIAT2ATIHFIHEZHES  ATIATZATS HFTHEZ HF3
RTTATZATSHFIHFZHFS 051609040404 184161111610 xI0'EVs
- - -— — 75kD
@ GRP78
E coz9 E‘
| ——— —— - bl =
2 - a0 cous =
2
= CcDa1b T ’
= EEM - mpl D — 150 kD : -
(=] £
=
=
TUBY ———————— = 50KkD .
;E_
03 2 THENEES cescee. TS w00 HLA-ABC = »
2] = .
E CD81 20kD - =
R =
E cD9 =
a-
] CD4% Hr .
E ~wo S
CD10545 . 3
R— = 3 AT-P100K
C09 . =200 CDs8 4= =3 HF-P100K
TUIE “ — 100KD co3
SR T e Rt s e e
Fa) (n we Y *
100 3 HF-P10K . 100 =3 AT-P100K L]
:3 0 AT-P10K R |'| x =3 HF-P100K
40 |'| » r“l 40- . r', . ’;,
_n . AL % i _ Al [Loed fala oAl fa
H] 8 H 8 al
6 & r
4 4
2 2
o o L

& & oo"‘” (.e"* & q_’g?:’fv & é'gq

3 HF-P10K
= HF-P100K

100-
80
0-
40-
20 - .

& co"s’ éf'# & 5,;3' :ero & & @"ﬁs c,0"\‘, s

ﬁo‘p o"" d"P :?'ﬁ :?\’ c,o""‘
. A [Aoa T Hiﬁa.

o
P
[

& (533’00-&“?# bd‘gé?;?*«n éf "&; ﬁ & d ‘g" “dﬁ "O’F n°\hb :P&

()}
100 01 AT-P10K
:: =1 AT-P100K Fl. -
40 »
_ %g i A [1 n—. [!;I
T
= 3
I (
4
ol
(P\#b& & c?'?c,e*":e""' ﬁ%"i\rﬁ& & & *04 ﬁo,w P S

Fig. 8. EVs batch-to batch analysis, western blotting and flow cytometry surface marker analysis. (A)

Mean size of each EVs fraction for the different batches (n=8). (B) Mode size of each EVs fraction

for the different batches (n=8). (C) Number of EVs compared to final cell count (n=6). N.S. non-

significant, * p<0.05, ** p<0.005 between groups. (D) Western blotting analysis of EVs and non-
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EVs markers of three different batches for each cell type. (E) Multiplex bead-based flow cytometry
assay for detection of EV surface markers (n=3). (F) Comparison of EVs surface marker expression
from (E): AT-P10K vs HF-P10K (1), AT-P100K vs HF-P100K (Il), HF-P10K vs HF-P100K (lll), and AT-
P10K vs AT-P100K (IV). * p<0.05, ** p<0.005 and *** p<0.001 between groups.

EVs were also evaluated by flow cytometry for the expression of 37 surface markers. We
analyzed three different batches and found populations positive for CD3, CD9, CD25,
CD29, CD41b, CD44, CD49e, CD56, CD63, CD81, CD105, CD142, CD146, MCSP, HLA-
ABC/MHC-I and SSEA-4 (Fig. 3E). However, only CD9, CD29, CD44, CD63, CD81,
CD105, MCSP, HLA-ABC and SSEA-4 were positive for all pellets and cell types.
Nevertheless, we found some significant differences between both cell types and pellets.
As observed, HF-P10K expressed CD56 — not in AT-P10K — and more CD44 and MCSP
than AT-P10K; in contrast, AT-P10K expressed more SSEA-4 (Fig. 3F-l). Regarding the
P100K, we observed the same differences concerning the expression of CD44, CD56 —
not expressed in AT-P100K —, MCSP and SSEA-4 as in the P10K. Additionally, we
achieved a higher expression of CD29, CD41b — not expressed in AT-P100K —, CD81
and HLA-ABC in the HF-P100K EVs (Fig. 3F-Il). We also compared the P10K EVs and
P100K EVs of the same cell type. As shown in Fig. 3F-Ill we found that P10K HF-EVs
expressed more CD49b but lower CD81 and CD41b. On the other hand, P10K AT-EVs
expressed more CD105, CD49¢e, CD44 and CD29 but lower CD81 than P100K AT-EVs
(Fig. 3F-IV).

EVs uptake and proliferation by Human Dermal Fibroblasts

Uptake assay

After incubating HDF cells with EVs coming from fluorescence-labelled AT- and
HF-MSCs, we observed a comparable uptake of EVs coming from both types of
MSCs (Fig. 4). Although there is a higher percentage of positive events
corresponding to AT-EVs preparations (Fig. 4A-1,Il), the correction by number of
EVs in the preparation, together with the variability of obtained data, make those
changes non-significant (Fig. 4A-lll). However, there were almost 10 times more
capture events when the cells are incubated with P10K preparations,
corresponding to m-IEVs, than 100K preparations (sEVs) (Fig. 4A-lll and Fig. S4).

This difference can be observed directly by immunofluorescence (Fig. 4B). A very
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low carry-over of fluorescence was observed in medium that was not conditioned

by HDFs (Fig. 4A, C).
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vesicles per well added for each preparation. (ll) The graphs present the percentage of positive
events according to the flow cytometry study corrected by the number of EVs for each type of EVs.
* p<0.05, N.S. Non-significance. (B) Representative fluorescence micrographs of the capture of
EVs and region of interest (ROI) for each preparation. The Fig. at the bottom show HDFs treated with
the negative control corresponding to the carry-over of fluorescence of cell culture media never
conditioned with HDFs, and untreated HDFs. (C) HDFs proliferation assay by CCK8 (n=3). N.S.
Non-significant, * p<0.05, ** p<0.005, *** p<0.001 against the control group, # p<0.05 against
the positive control group, &&& p<0.001 between groups.

Proliferation assay

It has been largely described that EVs promote the proliferation of different skin
cell types such as HDFs among others [14]. When a chronic wound is given, the
proliferative profile of the resident HDFs is impaired due to the impossibility to
respond to the different cytokines and growth factors [24, 25]. In this regard, here,
we compared the proliferative effect of the isolated MSC-EVs on HDFs. As shown
in Fig. 4E, there is an important difference between the outcomes of P10K EVs as
compared to the P100K EVs. P10K EVs showed an increase of approximately 60-
70% of proliferation, as compared to the control, and AT-EVs, in addition, showed
significant differences as compared to the positive control — complete medium —
. In contrast, P100K EVs demonstrated a lower effect, which was dose-dependent.

We did not notice significant differences between both cell types.
Scratch assay

In the scratch assay, we studied the pro-migratory effect of the MSC-EVs on
HDFs. It is well-known that in chronic wound scenarios, there is also an impaired
migration of these cells due to the harsh inflammatory environment and the
impaired cell-to-cell communication [7, 24, 25]. In that sense, it is crucial to help
these cells to increase their motility to favor the formation of granulation tissue
ensuring an adequate closure of the wound. In this regard, we starved cells during
the entire assay to minimize cell proliferation (Fig. 5A). Upon EVs treatment, we
observed a faster wound closure of HDFs as compared to the control cells —
treated with non-EVs control batches processed equally to the EVs batches — (Fig.
5B,C). A complete wound closure was achieved in all EVs-treated groups within 48

h, whereas the wound was still open in the control group (Fig. 5B). We did not
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observe significant differences between any of the EVs groups however, AT-P10K
and HF-P10K obtained earlier significant differences — vs control group — as
compared to their respective P100K EVs. We also measured the migration rate of
the HDFs. As observed in the Fig. 5D only at the time-point of 8 h we achieved an
increased migration rate in all groups as compared to the control group.
Surprisingly, we did not obtain significant differences among all groups in the rest
of the time-points. These results depicted that the main effect of EVs on the
migration of HDFs was given between 4-8 h of treatment and maintained during

the rest of the time-points.
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Fig. 5. Scratch assay. (A) Experimental setup. (B) Images of the treated and control groups at
different time-points of the scratch assay (n=3). (C) Percentages of wound closure at the different
time-points. * p<0.05, ** p<0.005, *** p<0.001 against the control group. (D) Migration rate of

HDFs at different time-points. * p<0.05 of all groups against the control group. N.S. Non-significant.
Tube formation assay

The biological process of angiogenesis involves the proliferation, migration and
tube formation of endothelial cells. The formation of new vessels can determine
the outcome of chronic wound healing because the newly formed vessels allow the

oxygenation and nutrient supply to the wound site [7, 26]. To analyze the effect of
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the studied MSC-EVs on migration and tube formation of endothelial cells, EVs
were incubated with HUVECs on a Matrigel® niche. As shown in Fig. 6A, the
groups treated with EVs remarkably enhanced the number of formed tubes as
compared to the control group — HUVECs treated with non-EVs control batches
processed equally to the EVs batches —. We did not obtain significant differences
between the EVs-treated groups and the positive control group — complete
medium —. Neither were differences found within the groups treated with EVs —
neither P10K nor P100K —.

Furthermore, we studied the tube diameter length and the number of branching
points — union points of formed tubes — (Fig. 6B and 6C). We did not observe
differences in the tube diameter length between the different cell types, pellets and
controls but, in accordance with the number of formed tubes, the treated groups
obtained a higher number of branching points in comparison with the control group
(Fig. 6D). Moreover, AT-P10K, HF-P10K and HF-P100K obtained a higher number

of branching points as compared to the positive control.
Reactive oxygen species ( ROS) protection assay

Having achieved biological effects on HDFs proliferation and migration, we then
studied the protective effects of EVs against ROS, which are commonly present in
chronic wound scenarios [27]. As can be seen in the Fig. 6E, we did not obtain
significant differences in the EVs-treated groups as compared to the control group
in any of the performed assays. We observed that a 2 h and 6 h pre-treatment of
HDFs with complete medium — positive control — did not showed differences in
the ROS apoptotic protection as compared to the control group (Fig. 6E-l and 6E-
Il). However, in a 4 h of co-culture with EVs and H202, only the positive control
achieved better outcomes as compared to the rest of the groups. This may be
expected because of the presence of ascorbic acid in the medium

supplementation (Fig. 6E-Ill).
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Fig. 6. Angiogenesis and antioxidant assays. (A) Number of formed tubes per well (n=4). (B)
Diameter length of the formed tubes. (C) Number of branching points per well. *** p<0.001 against
the control group, # p<0.05 against the positive control group, N.S. non-significance. (D) Calcein-
stained fluorescence and brightfield images of the formed vessels. Scale bars are 500 um. (E) Cell

survival under a H202-mediated ROS environment (

) after a 2 h pre-treatment with EVs (n=4), (Il)
after a 6 h pre-treatment with EVs (n=4) and (lll) under a 4 h co-treatment of cells with EVs and

H202 (n=4). ** p<0.005, *** p<0.001, n.s. non significance against control group, # p<0.05
between groups.

Cell survival under hyperglycaemia assay

Diabetic ulcers — a kind of chronic wounds — are characterized by a persistent
inflammatory status with insufficient oxygen and nutrient accessibility caused by
elevated glucose levels. As a result, a hypoxic environment with an elevated

oxidative stress is formed, leading fibroblasts, as well as other skin cell types, to
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die [28, 29]. To study the cell survival of HDFs under a hyperglycemic environment
we pre-treated HDFs with EVs for 6 h before exposing them to hyperglycemia. As
observed in Fig. 7A, at 24 h we only obtained differences against the control group
— HDFs treated with non-EVs control batches processed equally to the EVs
batches — in the HF-P10K and positive control groups. However, after 48 h of
hyperglycemic exposure, we achieved significant differences against the control in
all the EVs-treated groups. Furthermore, AT-P10K and HF-P10K obtained higher
outcomes as compared to the positive control group — complete medium —. We
also observed that the EVs-treated groups did not obtain significant differences
against the non-hyperglycemic group at this time point. Finally, at 72 h of
hyperglycemia, we achieved significantly higher cell survival in the EVs-treated

groups as compared to the control and positive control groups (Fig. 7B).
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Fig. 7. Cell survival under hyperglycemia assay. (A) Percentage of cell viability under hyperglycemia

at 24 h, 48 hand 72 h (n=4). * p<0.05, ** p<0.005, *** p<0.001 against the control group, ##
p<0.005, ### p<0.001 against W/o glucose group, & p<0.05, && p<0.005, &&& p<0.001
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between groups. (B) Calcein/ethidium stained images of the survival cells at 72 h of hyperglycemia.

Scale bars are 500 um.

Discussion

While MSC-EVs have gained the attention of scientific community in the field of
tissue engineering and regenerative medicine, there is still a race for the
development of the most suitable and effective MSC-EVs therapy. AT-EVs have
largely demonstrated their potential in chronic wound healing scenarios [28, 30-
36]. However, to the best of our knowledge, to date there is no work characterizing
and analyzing the therapeutic potential of HF-EVs in this field, or in any other. For
such aim, we first analyzed the size and morphology of the isolated EVs. Both AT-
EVs and HF-EVs had round-shaped bi-membrane morphologies and the size
ranges varied between 50-700 nm for P10K EVs and between 30-400 nm for P100K
EVs by using NTA and Cryo-EM images. These size results are consistent with
those reported in the literature using UC as the isolation method for MSC-EVs [37-
40].

There is a vast number of works analyzing MSC-EVs by electron microscopy
[41-44]. However, a few works have visualized MSC-EVs by using cryo-EM and
none of them has quantified the percentage of their protein decoration [33, 45-47].
This technique allows reducing sample damaging and the appearance of artefacts
caused by fixation, dehydratation or the addition of heavy metals [48]. Our results
depicted that, by using UC as the isolation method, only a small percentage of
MSC-EVs presented proteins decorating their membrane — approximately 8% on
P10K EVs and 15% on P100K EVs —. Further studies should be carried out to
analyze if the percentage of protein decoration on MSC-EVs would be modified by
using different isolation/purification methods. However, a seminal work by Rizzo et
al. described that, by using UC as the isolation method, the 90% of the isolated
EVs — obtained from C. Neoformans — presented protein decorated membranes
[49]. Moreover, another work by Noble et al. mentioned that m-IEVs had more
protein-membrane decoration than sEVs in the MCF10A cell line by using cryo-EM
images [50]. However, they did not quantify the percentage of membrane-
decorated EVs. These results may suggest that the protein decoration of EVs could

be more influenced by the EV-source rather than the biogenesis or isolation
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method used. In addition, it has also been described the spontaneous formation
of a “protein corona” around the surface of nanoparticles, viruses and EVs as a
protein aggregation on membranes [51-53]. Thus, a more thorough analysis
should be made to identify if these molecules are spontaneously formed or native
components of EVs, and whether they influence the biological activity of these EVs.
For example, some authors have argued that the presence of these protein coronas
on different nanoparticles have a major influence on their bioavailability and
biodistribution [52, 53].

To ensure the reproducibility and quality of EV-based treatments, the
establishment of a reliable and standardized isolation method for EVs is crucial.
For such purpose, we studied the batch-to-batch reproducibility of the isolated
EVs. Despite mean and mode size results had adequate reproducibility between
batches for both pellets and cell types, results depicted that the number of EVs
regarding the final cell count had greater variations. These results may suggest
that AT-MSCs produce naturally larger quantities of EVs than HF-MSCs in the
studied conditions. The characterization of the EVs protein markers by western
blotting showed the presence of CD13 — a marker of stemness associated to
regeneration properties — in both cell lines [54], as well as the presence of CD81
in all the preparations. The results for CD63 presented a different trafficking of this
molecule, since AT-MSCs released more protein in EVs, while HF-MSCs cells kept
most of the protein intracellularly. This retention, together with the absence of CD9
in HF-EVs, the slightly increase of CD81 in the sEVs population secreted by HF-
MSCs, and the retention of LAMP1 in HF-MSCs, suggest that both cell lines had a
different balance of endosomal/ectosomal mechanism of EVs biogenesis [55].
Nevertheless, further studies inhibiting those routes would be necessary to clarify
their relative importance. We also observed the presence of COXIV, a protein
associated to mitochondria. The presence of mitochondrial proteins in some
populations of EVs has been described in melanoma preparations [56], among

other cell types, giving rise to the recently coined term “mitovesicles” [57].

The surface marker analysis of EVs by flow cytometry depicted significant
differences in the expression profile of different proteins between both cell types

and pellets. Using this technique, we demonstrated the presence of the
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transmembrane proteins CD9, CD63, and CD81 in all EVs. Interestingly, the results
observed for those markers differ from western blot analysis. The reasons behind
may lie in the technical differences between both approaches; bead capture only
measures exposed epitopes, while western blotting shows the contribution for all
the protein content of the preparation. Western blot quantification has also
information regarding the size of the protein. Fig. S5 shows the presence of bands
detected by the antibody with higher strength in HF-EVs, below 37 kDa, which
certainly can compensate the differences observed in the western blot between 37
and 50 kDa.

Another highly expressed marker in all of our EVs was SSEA-4, an embryonic
stem cell marker popularly known as a “stemness” marker. It has been described
the presence of this molecule in EVs from bone marrow MSCs (BM-MSCs), AT-
MSCs [58, 59] as well as in other MSCs [60, 61]. Based on our findings, we
observed the expression of SSEA-4 in sEVs and m-IEVs derived from both HF-
MSCs and AT-MSCs. Furthermore, we also noticed the expression of CD105, a
characteristic MSCs marker [62]. Specifically, we observed more expression in
P10K EVs than in P100K EVs, for both cell types. In terms of functionality, AT-EVs
and HF-EVs expressed several adhesion molecules such as CD29, CD44 and
CD49e — mostly in P10K EVs —, which facilitate their homing to inflamed and
injured tissues such as chronic wounds [63]. Another interesting marker found
slightly represented in both P10K EVs — but not in P100K — was CD146 or
melanoma cell adhesion molecule (MCAM), a molecule involved in permeability,
monocyte transmigration and angiogenesis that is present in many tumors and
endothelial cells [64, 65]. Another melanoma-associated marker found in all EVs
— but especially found in HF-EVs — was MCSP. This molecule is a highly
expressed marker in benign and malign melanomas and melanoma-derived EVs
[66, 67]. However, the expression of MCSP in healthy tissues has also been
described [66]. Ghali et al. demonstrated that HF-MSCs, among other hair follicle
surrounding cells, express MCSP [68]. Thus, our results depicted that the EVs
shuttled by HF-MSCs also express MCSP. Tissue factor (TF), also known as CD142
is recognized as one of the most important players in the coagulation process [69,
70]. Furthermore, it has been described that this marker also plays a role in wound

re-epithelialization and necrosis [70]. The fact that principally P10K HF-EVs
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expressed this marker may suggests a more important role for HF-EVs than AT-
EVs in the earliest phases of the wound healing process. Another receptor
surprisingly found only in HF-P100K was CD41b or integrin allB. This marker is a
well-known collagen-binding integrin found in MSCs, as well as in many other cell
types such as platelets. [71-73]. Finally, the expression of CD56 was exclusively
found in HF-EVs. The presence of CD56 has been commonly found in NK cells and
EVs — with immunomodulatory properties [74, 75] — and in neural lineage cells
[76]. However, It has been also described the presence of CD56 in HFs and this
has been related to the maintenance of the hair follicle immune privilege [76-78].
Thus, the role of CD56 in HF-EVs should be investigated to clarify whether the
presence of this molecule in HF-EVs may be related to immunomodulatory

properties.

When we analyzed the HDFs uptake of EVs, we found no differences in the P10K
and P100K uptake between both cell types. On the other hand, we found that these
cells were able to better internalize m-1EVs than sEVs. Indeed, we observed an
almost 10-fold fluorescence increase in HDFs after they captured m-IEVs as
compared to sEVs. Although different aspects can influence this result, such as
the number of membrane bound fluorochrome per vesicle in both m-IEV and sEVs,
it is noteworthy that P10K EVs were able to induce a higher increase in cell
proliferation than P100Ks in both cell types. More studies should be made in this
regard to clarify whether these effects are related to a higher internalization or to
intrinsic properties of the different EV populations. Furthermore, an additional
analysis should be carried out in order the test the internalization efficacy of HDFs
in the presence of other cell types such as phagocytes, keratinocytes etc.
Regardless of that, our results confirmed that both m-IEVs and sEVs were able to
increase proliferation of fibroblasts, as previously described in MSCs [35, 79].
Interestingly, we found that P10Ks were able to increase the proliferation of HDFs
up to 25-40% more than P100Ks. It has been previously described the proliferative
effect of m-IEVs on AT-MSCs [35], however, we have not found any work
comparing the proliferative potency of sEVs vs m-IEVs in AT-MSCs neither in HF-
MSCs. Promoting the migration of fibroblasts has also been an important
requirement for every developing therapy intended for chronic wounds [7]. Besides

the proliferative effects of MSC-EVs on different cell types, it has been also
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described that MSC-EVs can also promote the migration of fibroblasts, among
other cell types [80]. In this work, we demonstrated that HF-EVs and AT-EVs alike
were able to promote the migration of HDFs. Furthermore, we found that the effect
observed on HDFs migration was achieved between 4-8 h — regardless of cell and

pellet type — 8 h and was maintained until the end of the assay.

Numerous studies have demonstrated that the oxidative stress increases tissue
inflammation resulting in a stagnation of the wound healing process [81, 82]. In
addition, a dysfunction of the vasculature, along with limited neovascularization
and angiogenic processes, creates hypoxic conditions in chronic wounds [7, 83].
Some works have demonstrated that EVs derived from different cell populations
can protect diverse cell types against ROS-induced apoptosis [84, 85]. In this
regard, different MSC-EVs obtained from bone marrow or umbilical cord have
demonstrated ROS-protective effects on cardiac stem cells and HaCaT cells [86,
87]. In contrast, only few researchers have described protective effects against
ROS-induced apoptosis by means of AT-EVs on cardiomyocytes [88], NIH3T3
fibroblasts [28] and HDFs [89]. Here, we did not achieve such protective effects in
any of the studied conditions with any of our pellet or cell types. In keeping with
these results, Matsuoka et al. only observed a 10% of viability increase in the EVs-
treated groups when compared to the control group. However, they did not employ
a EVs-depleted medium in the assay. Based on all these findings, a more thorough
analysis is warranted to clarify the role of MSC-EVs on the viability of HDFs under

H202 oxidative stress.

It has been largely described the angiogenic potential of different MSC-EVs such
as those produced by BM-MSCs, umbilical cord MSCs (UC-MSCs) or AT-MSCs,
among others. Such effect has been attributed to the transfer of pro-angiogenic
proteins — VEGF, PDGF, EGF, FGF etc. — and mi-RNAs including miR-31or miR-
125 among others [90-92]. In this work, we found pro-angiogenic properties not
only in AT-EVs but also in HF-EVs with both assayed pellets. Once again, we did
not observe differences among groups in the size or morphology of the formed
vessels. The need for increased blood flow and oxygenation reaches a high
importance in diabetic chronic ulcers. The hyperglycemic microenvironment

associated with diabetes challenges cell survival in diabetic wounds, causing
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oxidative stress and delaying the healing. For example, it has been described that
hyperglycemia destabilizes HIF-1a and impairs its function at a concentration of
30 mM [28]. Our results depicted that with only a 6 h of pre-treatment, all EVs were
able to protect and increase cell survival of HDFs under a cytotoxic hyperglycemic
environment after 24 h of treatment and at least until 72 h of assay. Interestingly,
our results were even better than those obtained by the positive control group —
complete medium —. Here, we found that both pellets from AT-MSCs and HF-
MSCs were able to reduce oxidative stress and increase HDFs metabolism and

viability under a hyperglycemic condition.
Conclusions

In conclusion, in this work, we describe for the first time to our knowledge, a
complete characterization and functional comparison of m-IEVs and sEVs obtained
from HF-MSCs against those obtained from AT-MSCs. Here, we made an in vitro
screening of different MSC-EVs populations in different bio-relevant assays in order
to analyze the efficacy of the formulations. We demonstrated the presence of the
classical EV-markers among many others involved in biological processes not only
in sEVs but also in m-IEVs. In this regard, HF-EVs showed a better “pro-
regenerative” marker profile than AT-EVs for both m-IEVs and sEVs. We also
analyzed the batch-to-batch production, the morphology and the protein
decoration of these EVs depicting some differences between both cell types and
pellets. Furthermore, we demonstrated that HF-EVs, equal than AT-EVs, were able
to induce migration and proliferation in HDFs, as well as angiogenesis in HUVECs.
However, we found that m-IEVs obtained better outcomes increasing HDFs
proliferation. We did not observe protective effects against H202-induced
oxidative stress in HDFs, but did prove that HF-EVs could protect HDFs from cell
death and oxidative stress under hyperglycemic conditions to the same extent as
AT-EVs. Altogether, we here postulate a promising source of EVs — not only sEVs
but also m-IEVs — obtained from HF-MSCs with a great potential for chronic wound

treatments and regenerative medicine therapies in general.
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Abstract

In the past decades, adequate and well-planned management of chronic wounds has
reached an elevated importance to improve human’s quality of life and extend life
expectancy. The need for more complex and biomimetic strategies has fueled the
exploration of numerous emerging technologies. However, the development of new
therapies requires an extensive knowledge of the wound healing process and the key
players involved in it. In that sense, this review seeks to bring researchers an updated
description of the wound healing process, combining the traditionally-told phase
progression with the presence and function of diverse stem cells and other involved
mediators. Furthermore, the present work discusses a wide variety of strategies for
accelerating wound healing; from systemic or local dressing-free therapies, to cell-free
dressings including films, biopolymeric porous scaffolds, electrospun nanofiber meshes
and hydrogels. Finally, emerging therapy solutions derived from the development of 3D
bioprinting and CRISPR/Cas9 technology or the application of extracellular vesicles in

healing chronic wounds are also discussed.
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1. Introduction

In healthy individuals, wound closure is a highly accurate and well-orchestrated
process. Nevertheless, shortcomings in this process lead to approximately 40
million chronic wound patients worldwide, reaching epidemic proportions, causing
a huge economic impact on health-care systems and, ultimately, on country’s
economy [1-3]. In fact, it has been described that chronic wounds can impact
quality of life as profoundly as heart and renal diseases. Furthermore, mortality for
some patients with chronic wounds nowadays rivals that of cancer patients. Aging,
obesity, diabetes, sensory neuropathies, autoimmune diseases or cardiovascular
disorders constitute some of the reasons that cause the aforementioned pathology
[4,5]. According to the latest report of the “Global Wound Care Market” (2016), the
sector achieved a value of approximately $18 billion. Furthermore, this amount is
projected to reach approximately $26 billion worldwide by the end of 2023 [6].
Thus, it is not surprising that, over the last decades, an adequate and well-planned
management of chronic wounds has become important due to both the

improvement of humans' life quality and the increase of life expectancy.

One of the first medical manuscripts — written on a stone tablet — talking about
wound management, dates back to 2200 B.C. This tablet describes the ‘‘three
healing gestures’: washing the wounds, making the plasters (nowadays wound
dressings), and covering the wound. There is also evidence that beer, vinegar,
wine, milk, animal grease, leaves, trees’ resin or honey have been used by the
Chinese, Sumerians or Egyptians for treatment of wounds. Boiled water, wine or
honey were possibly the most widely used components for wound covering
ointments by that time [7,8]. The wound covering therapy gained high importance
in the middle and modern ages. Ambroise Paré (1510-1590) exemplifies the
predicament in that field by that time; “I dressed the wound; GOD healed it” [8].
But it was not until the 19th century when the antiseptic technique appeared as a
major breakthrough for acute and chronic wound healing. As early as the 20th
century, the advent of modern wound healing management arrived, and with it, the
appearance of the first “tissue engineering” steps [9]. Great advances in
biomaterials field and deeper knowledge about wound healing process have given

rise a wide number of novel therapies and strategies. Thus, the paradigm in the
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treatment of chronic wounds has changed during the last years. Nowadays, more
than 5,000 wound care products are already marketed, most of them being

dressings with different properties.

In this review article, we briefly discuss the physiology of the normal wound
healing, the causes and pathology of an inadequate healing, and the currently
available cell-free strategies for chronic wound management. Furthermore, we
describe the latest advances with the appearance of 3D bioprinting, the

CRISPR/Cas9 technology and the application of extracellular vesicles (EVs).
2. Wound healing process: normal vs insufficient healing

In order to find an effective therapeutic strategy, it is essential to understand the
anatomy of the skin and the healing process, both physiological and pathological.
Indeed, the scarring process, which is initiated just after tissue damage occurs,
involves a step-by-step, precise and well-orchestrated cascade that is related to
the appearance of several cell types in the wound environment at different

moments.
2.1 Normal cutaneous wound healing

In healthy people, wound healing comprises 4 stages: hemostasis,

inflammation, proliferation and remodeling phase (Fig. 1) [10].

Hemostasis occurs immediately after an injury to rapidly recover the barrier
function. It starts triggering a hydrogen peroxide gradient, essential for the immune
cell recruitment [10]. This is accompanied by a vasoconstriction process, a platelet
aggregation and finally, the formation of a blood clot that covers the wound,
decreasing blood loss and acting as a “scaffold-like” structure for the migration of
immune cells and residential skin cells [11]. In addition, platelets within the blood
clot release a variety of platelet-specific proteins such as platelet factor 4 (PF-4);
thrombin and fibrinogen; adhesion molecules; pro- and anti-angiogenic factors
such as vascular endothelial growth factor (VEGF) and endostatin respectively;
growth factors such as epidermal growth factor (EGF), platelet-derived growth
factor (PDGF) and transforming growth factor (TGF-B); and cytokines/chemokines

like neutrophil activating peptide-2 (NAP-2) and platelet-derived stromal-cell-
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derived factor-1 (SDF-1a) [12-14]. The secreted molecules induce the migration
and activation of macrophages, neutrophils, fibroblasts, smooth muscle cells,
endothelial cells and circulating bone marrow derived stem cells (BMSCs) to the

wound niche [15].

The inflammatory phase initiates within few hours after injury and is fueled by
bacterial byproducts, secreted cytokines/chemokines and platelet-derived
mediators. After an increase in vascular permeability, neutrophils firstly and
monocytes/macrophages later, infiltrate the wound site killing bacteria and
removing debris and damaged matrix proteins [16]. Neutrophils release proteases
such as matrix metalloproteinases (MMPs), antimicrobial peptides, reactive oxygen
species (ROS) and growth factors such as TGF-B [17]. Monocytes arrive afterwards
(within 24 hours) and transform predominantly into M1 macrophages (pro-
inflammatory) with the aim of amplifying the inflammation process. This is mediated
by nitric oxide (NO), ROS, IL-1, IL-6, IL-8, tumor necrosis factor alpha (TNF-a) and
MMPs [18]. Lymphocytes are the final inflammatory cells attracted to the wound
niche. y6+ T cells produce mediators such us insulin growth factor 1 (IGF-1),
fibroblast growth factors (FGFs) or keratinocytes growth factors (KGFs), involved
in the survival and growth of immune cells, fibroblasts and keratinocytes. af+ T
cells (CD4+, CD8+ and Treg), also present in the inflammatory stage, have an

important role acting against pathogenic microorganisms [1,12,19].

In the later stage of the inflammatory phase, M2 macrophages (anti-
inflammatory/pro-wound healing) derived from monocytes or switched from M1
macrophages, release VEGF, PDGF, IGF-1, FGFs, TGF-B1 and IL-10, which induce
cell migration, proliferation and matrix formation. They also produce tissue inhibitor
of metalloproteinases 1 (TIMP1) in order to counteract MMPs [20]. The switching
to the M2 profile, leads to the release of different mediators that enable
angiogenesis and tissue granulation, thereby assisting in the transition to the

proliferation stage.
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Fig. 1. Normal wound healing steps: Hemostasis, inflammation, proliferation and remodeling. In cell

boxes: the left-handed cytokines, GFs, etc. stimulate cells and the right-handed ones are secreted

by these cells.

Within the present phase, BMSCs are attracted towards areas of tissue injury in

order to regulate the inflammatory phase and give way to the proliferation phase.

BMSCs show chemotaxis mediated by inflammatory cytokines and growth factors,

including PDGF, IGF-1, IL-1B, IL-8, interferon gamma (IFN-y), SDF-1 and TNF-a
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[21]. Hair follicle-derived mesenchymal stem cells (HFMSCs) are also attracted to
the wound site within the first three days from the different neighbor stem cell
niches [22]. Once they are present at sites of injury, mesenchymal stem cells
(MSCs) present immunosuppressive effects upregulating the secretion of
Indoleamine 2,3-dioxygenase (IDO), downregulating the production of
proinflammatory cytokines such as IL-1 and TNFa and decreasing the number of
inflammatory cells [23,24]. MSCs also modify the response of T cells, as well as
the proliferation and migration of B and NK cells. Furthermore, MSCs affect the
behavior of monocytes, granulocytes and dendritic cells, while also induce
macrophages to switch from M1 to M2 phenotype [21]. Finally, MSCs are able to
produce and remodel extracellular matrix (ECM), increase angiogenesis and

differentiate into diverse cell types (keratinocytes, endothelial cells etc.) [25].

With the resolution of inflammation and the progressive phenotype transition of
monocytes and macrophages into anti-inflammatory cell types (M2 macrophages)
— thanks to the immunomodulatory mediators mainly secreted by MSCs —
proliferation phase begins. The main focus of this period is the development of
granulation tissue, which aids at restoring the vascular network while covering the
denuded wound surface [26]. In the present stage, fibroblasts, regulated by
cytokines and growth factors such as PDGF, FGFs, EGF, TNFa, TGFo/B,
connective tissue growth factor (CTGF) and IL-1, deposit large amounts of ECM to
close tissue gaps, releasing at the same time more cytokines such as FGFs, IFNs,
TGFB, VEGF, IGFs and hepatocyte growth factor (HGF) [10,14,27,28]. Re-
epithelialization process requires the presence (migration and proliferation) of
keratinocytes, which are mainly stimulated by different cytokines and growth
factors including EGF, KGFs, FGFs, IL-6, granulocyte-macrophage colony-
stimulating factor (GMCSF) and enzymes such MMPs or activated protein C
[29,30]. Keratinocytes, in response, mainly release growth factors such as TGFB,
VEGF, FGFs and IL-1B. They migrate and proliferate to achieve wound coverage,
followed by stratification and differentiation to eventually rebuild the skin epidermal
barrier [10]. In the current phase, the neovascularization process reaches its
highest point throught both vasculogenesis — de novo formation of blood vessels

by mesoderm derived endothelial progenitor cells (EPC) — and angiogenesis —
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proliferation and migration of endothelial cells from pre-existing vessels — [31].
Finally the cellular network formed gives way to the formation of an immature
granulation tissue, with large amount of fibroblasts, M2 macrophages and poorly
organized collagen bundles entwined with capillaries [32]. On the other hand,
BMSCs and adipose tissue-derived mesenchymal stem cells (ATMSCs) are also
implicated in the formation of granulation tissue and the re-epithelialization [33].
For example, BMSCs have demonstrated capacity to differentiate into
keratinocytes, dermal fibroblasts, endothelial cells and pericytes [33,34].
Furthermore, the strong secretome released by the different MSCs (BMSCs,
ATMSCs, and HFMSCs) has been reported to influence the activation, migration

and proliferation of different cell types in the present proliferation phase [21].

Remodeling, the final phase of the healing process, extends for a year or longer
and it is characterized by a progressive decrease in cellularity and vasculature
[16]. The resolution of the granulation tissue and scar formation is driven by various
MMPs and their inhibitors. Fibroblasts, the main cellular player in the present
phase, act increasing the amount of type | collagen and other ECM components,
while the MMPs act breaking down disorganized collagen that previously served
as a template, manly of type Ill [10,35,36]. Any disturbance in the balance
presented by MMPs and their inhibitors triggers the development of keloids and
hypertrophic scars (excessive ECM accumulation); or the formation, on the other

hand, of chronic wounds (excessive ECM degradation).
2.2 Insufficient healing ( Chronic wounds)

When tissue repair is ineffective, it can lead to ulcerative skin damage such as
venous leg ulcers, arterial ulcers, diabetic foot ulcers and pressure ulcers [1].
Although extensively debated, the duration of a wound to be considered as
‘chronic” is generally taken to be more than three months [37]. As mentioned
before, different disorders (e.g. diabetes, aging, cardiovascular diseases etc.)
constitute some of the reasons for the appearance of a chronic wound. Below we

focus on the interruption of normal healing process due to an insufficient healing.

Chronic wounds are characterized by a persistent inflammation, impaired

angiogenesis, difficult re-epithelialization, dysregulated levels of cytokines/growth
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factors and/or increased protease activity [38]. For example, some mediators such
as IL-1, IL-6, TNFa and MMPs are constantly upregulated, whereas the expression
of TIMPs appears downregulated [28]. At a cellular level, there are many
disturbances that occur in chronic wounds. Neutrophils exhibit phenotypic
changes, a decreased infiltration and transendothelial cell migration, and a longer
stay in the wound. Furthermore, chronic wounds show reduced M2 macrophage
profile induction and lower antibacterial activity [39,40]. Disturbances in
macrophage function are also presented in chronic wounds and can lead to
aberrant repair. Macrophages show an uncontrolled inflammatory mediator and
growth factor production, together with an imbalance in the M1/M2 profile ratio (M1
pro-inflammatory predominance). Furthermore, a failed communication is given
between macrophages and other important players including endothelial cells,

epithelial cells, fibroblasts, and stem or tissue progenitor cells [41].

Some studies argue that keratinocytes presented in chronic wounds are
hyperproliferative, exhibit an impaired migratory potential and they lack expression
of differentiation markers [32,42-44]. Due to those abnormalities they are unable
to migrate and help in the closure process. In contrast, some other works claim
that, in presence of chronic wound fluid, there is a reduced keratinocyte
proliferation in addition to the reduced migratory activity [45-47]. Despite this
discordance, the hyperproliferative keratinocyte status appears to be the most

accepted approach lately.

Finally, fibroblasts are unable to respond to inflammatory mediators and growth
factors, resulting in a decreased proliferative capacity [48,49]. These molecular
and cellular abnormalities impede the deposition of ECM and the formation of
granulation tissue, leading to the formation of chronic wounds. With these
precedents, a bast number of different therapies have been developed from the

past centuries, to nowadays.
3. Therapies

In the present section, we detail methods for the delivery or application of

therapeutic agents, from the traditional wound care management to the new
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perspectives and insights of wound healing. In Fig. 2 we illustrate some of the

principal chronic wound therapies.

3.1 Dressing free therapies

3.1.1 Systemic administration

It is widely known that in many skin disorders, such as severe burns or chronic
wounds, high doses of systemically administered drugs such as antibiotics are
required to achieve local therapeutic effects. Systemic antibiotics have been used
to improve symptom management and reduce further deterioration and infections
[50]. However, the use of systemic antibiotics have demonstrated that can barely
penetrate into wound biofilms, being, the use of an antisepsis method, a better

approach to treat or prevent bacteria in wounds [51].

Another investigated systemic approach is the administration of antibodies and
peptides. Some recent studies have demonstrated the beneficial use of systemic
infliximab (anti TNF-a) in the treatment of recalcitrant ulcerating necrobiosis
lipoidica [52,53]. Another peptidic successful approach was described using a
systemic administration of the neuropeptide a-melanocyte-stimulating hormone.
The treatment led to a more regenerative healing process with less scar formation
and a better collagen fiber organization [54]. Exenatide hormone also showed
beneficial effects on systemic, tissue metabolic, inflammatory and healing
markers; promoting positive responses even in fibroblast functions [55]. Finally,
the systemic use of amino acids or derivatives, such as proline or N-acetyl
cysteine, have demonstrated also positive effects on wound healing, even being

more effective than its local administration [56,57].

Despite these results, overall systemic administration is limited by the difficulties
with tissue targeting and the off target adverse effects. Therefore, in wound
applications, direct delivery of bioactive compounds to the specific site is preferred
in most cases, being increasingly accepted as the most adequate delivery strategy

for chronic wounds.

3.1.2 Local therapies
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As a result of the large exposed surface of the chronic wounds and the adverse
effects derived from a systemic administration, the local management of the

different therapies is the most common treatment for cutaneous wound healing.
Physical treatments

Debridement — elimination of dead tissues and foreign material from the wound
bed — is a traditional and central aspect of wound management. A regular
maintenance debridement (surgical, biosurgical — using larvae — mechanical,
autolytic, chemical or enzymatic) has demonstrated to stimulate the wound healing
process [10,58]. Another long-stablished approach for local wound management
is the compression therapy, the mainstay of venous leg ulcers treatment. It involves
the application of external and gradual pressure with special bandages or “ready
to use” layered compression bandage systems. This therapy helps to reverse the
pathological variations of the venous system (e.g. “venous hypertension”) that are
a cause of ulceration [59-61]. Negative pressure wound therapy (NPWT) is another
traditional therapy introduced in the decade of the nineties, consisting in the
removal of wound exudates by vacuum device [62]. NPWT, which is generally not
used alone, has demonstrated to reduce edema and bacterial burden, increase
local perfusion, promote angiogenesis and enhance granulation tissue formation
[62,63]. The success of NPWT has been proved by different studies [64,65].
However, some works have claimed that results remain still unclear and a greater

number of robust studies are needed to support its wide spread use [66,67].

Another wound healing physical therapy, electrical stimulation (ES), uses current
pulses of electromagnetic energy applied to treat chronic wounds. Used as an
adjuvant therapy, ES have demonstrated enhanced wound healing rate faster than
standard wound care in the clinic. These effects have been attributed to an
increased fibroblasts stimulation in addition to an enhanced collagen, a-smooth
muscle, TGF-B and VEGF production [68-70]. Hyperbaric oxygen therapy (HBOT)
has also demonstrated satisfactory outcomes in the treatment of chronic wounds.
The efficacy of this therapy may involve increased neovascularization, reduction in
the presence of proinflammatory enzymes and an increased production of collagen
and growth factors [71,72]. However, a 2015 Cochrane review about HBOT

concluded that this therapy significantly improved wound healing in the first days
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but not at long term and that more trials are needed to properly evaluate HBOT in

people with chronic wounds [73].
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Fig. 2. Chronic wound therapies. Some images have been reproduced from Wikimedia Commons
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Shockwaves, photobiomodulation and ultrasounds have also been subject of
research for local chronic wound management. Although shockwaves may aid the
healing of venous leg ulcers through the promotion of angiogenesis and reduction
of inflammation, a recent Cochrane review found no randomized controlled trials
assessing the effectiveness of shockwaves in the healing of venous leg ulcers [74].
Photobiomodulation — treatment with light from LEDs, lasers and other light
sources, in the wavelength range from visual to infrared — has become a
mainstream wound repair modality. Different works have highlighted that
photobiomodulation increased blood perfusion, reduced neutrophil infiltration,
enhanced fibroblast proliferation, wound epithelialization and wound closure [75].
However, a recent systematic review suggested that there is still a lack of
consensus on treatment parameters such as dose, wavelength, and therapeutic
outcomes in the reviewed studies [76]. Finally, both high frequency and low
frequency ultrasounds have been explored for wound healing purposes. Both
strategies have shown great results in pressure or diabetic ulcers treatment, but
there is conflict regarding the effectiveness of low-frequency over high-frequency
ultrasounds. Furthermore, there are currently no standardized treatment protocols

for ultrasound treatments [77-80].
Pharmacological treatments

Drugs as antiseptics or antimicrobials have been extensively used topically in
wound care. It is widely known that chronic wounds are usually colonized or even
infected by bacteria. In that sense, systemically used antibiotics rarely penetrate
into wound biofilms, but when used topically they can be effective. For example,
antiseptics such as iodine, chlorhexidine, ethacridine, or silver; and antibiotics
such as gentamicin, tetracycline, chloramphenicol, vancomycin, framycetin, and
mupiricin have been largely administered, demonstrating clear benefits [82-84].
Furthermore, a vast lists of natural compounds known to have antibacterial,
angiogenic, and regenerative effects have also been used in wound healing
management, including rosemary oil, curcumin, berberine, Aloe Vera or thyme

extract honey, among others [83,85].

Growth factors (GFs) are biologically active peptides which regulate cell growth,

differenciation, communication and migration throughout all wound healing stages.
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Topically administered — in form of gels, creams, intralesional injections etc. —,
GFs continue to be studied as a treatment for chronic wounds. It has been
demonstrated that these mediators exert notable effects in skin healing without any
obvious secondary effects. EGF, PDGF, bFGF, GMCSF and TGF-B are different
GFs used topically in wound healing applications [32,83,85]. However, PDGF-BB
formulated in a gel is the only GF approved by FDA (1997) and EMA (2003), with
the name of Regranex® (Johnson & Johnson), for wound healing applications.
Moreover, in Japan, bFGF formulated in a spray, with the name of Fiblast® (Kaken
Pharmaceutical), is in clinical use for pressure ulcers since 2001 [85]. Besides,
autologous platelet rich plasma (PRP), which is a rich source of multiple GFs, have
demonstrated great results in healing rates in numerous studies with different
formulations [32,86]. However, given the short half-life of GFs, mainly because of
the enzymatic degradation in the wound bed, their sustained release becomes

crucial to succeed in the wound tissue repair [83].

Encapsulation into micro- or nanocarriers allows sustained and localized
delivery of therapeutics. These carriers are usually produced in form of core-shell
structures with the therapeutic cargo in the core cavity [83,87,88]. Thus, some
studies have reported the use of liposomes as a protective and sustained drug
delivery carriers for chronic wounds. For example, Xu et al. prepared a liposome
with silk fibroin hydrogel core encapsulating bFGF that was able to accelerate
wound healing in mice, particularly by inducing angiogenesis [89]. In that sense,
new generation of liposomes, known as transfersomes, have been studied in the
field of wound healing. Transfersomes are lipid vesicles that offer a versatile
delivery concept for improving the stability and to be used with a wide variety of
active compounds. They possess an ultra-flexible vesicle membrane and thus, are
highly deformable, been able to penetrate through pores in the stratum corneum
less than one-tenth of their own diameter [90]. Thus, Choi et al. conjugated
protamine to the N-termini of different GFs — EGF, PDGF-A and IGF-1 — and
subsequently complexed them with hyaluronic acid (HA) forming the
transfersomes. This system significantly accelerated wound closure rate in diabetic
mice [91]. Another transfersome-based therapy loading baicalin — a molecule
known for its antioxidant, anti-inflammatory and anticarcinogenic activity —

showed that a daily application of transfersomes, in a mice model, achieved
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complete skin restoration inhibiting inflammatory markers such as edema, IL-1B
and TNF-a [92]. Both works administered the developed transfersomes in an
aqueous vehicle in a non-occlusive way in order to facilitate the skin-penetration

thanks to a transepidermal osmotic gradient.

Additionally, many studies have highlighted the use of polymeric, inorganic and
lipid nanoparticles in wound related scenarios. Numerous antibiotics or
antimicrobial peptides (e.g. Amphotericin B, norfloxacin, LL37 etc.) have been
formulated in polymeric nanoparticles enhancing wound healing in mice and
showing great activity against different microorganisms in vitro [93-96]. Metallic
and semi conductive inorganic nanoparticles (e.g. cooper, iron oxide, zinc oxide,
silver and titanium dioxide), alone or with graphene oxide (GO), are usually used
in wound healing due to their antimicrobial activity and elevated penetration
through skin cells membrane [88,97]. Finally, both solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers (NLCs) have been used as carriers for wound
healing, protecting GFs and other encapsulated molecules from the enzymatic
degradation and allowing a sustained drug delivery [98-101]. In this regard, the
administration of rhEGF-loaded SLNs and NLCs has been proved to be effective
in compromised-healing db/db mice [102]. Furthermore, these rhEGF-NLCs have
also been tested in a more relevant wound healing model, the porcine full-
thickness excisional wound model. Results demonstrated that rhEGF-NLCs
topically administered increased wound closure and percentage of healed wounds
compared with empty NLCs or intralesional injections of rhEGF. Moreover, rhEGF-
NLCs improved collagen deposition, microvasculature formation and fibroblast

proliferation and migration [103].

Another different and recent strategy to enhance the presence of growth factors
and cytokines is the administration of genes encoding these mediators. For that
purpose, the genetic material is transferred through viral or non-viral vectors
formulated in intralesional injections [32]. In addition, the application of gene
silencing strategies by means of miRNAs and siRNAs is increasing and becoming
extremely influential in the treatments of wounds [104]. Different researchers have
studied, miR-99, -126, -132, 155, -184, -198, -203, -205 and miR-210 finding that

they are able to regulate proliferation, differentiation and migration of different skin
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cells (keratinocytes and endothelial cells) [32,105]. Furthermore, some studies
have investigated siRNAs as a selective inhibitor of fibrotic tissue growth factors,
MMPs, proinflammatory cytokines, p53 etc. to achieve a faster and fully functional

healing of chronic wounds [105-108].
3.2 Skin grafting

Skin grafting is the chosen procedure for reconstructing skin defects in different
anatomical localizations and is considered the gold-standard for the care of
thermal injuries. This therapeutic strategy provides an adequate coverage of the
wound, protecting against infections, as well as initiating and accelerating the
wound healing process [109]. When a graft contains the epidermis and a part of
the dermis it is called split-thickness skin graft (STSG). In contrast, when a graft
comprises the epidermis and the whole dermis, it is called full-thickness skin graft
(FTSG). STSGs can be used for large injury coverage, being able to survive in
grafted zones with less vasculature. However, STSGs suffer from graft contracture
during the process of healing. In contrast, FTSGs require a better vasculature in
the grafted zone, but experience less contract during healing and are, in that
sense, preferred for exposed areas of the body (e.g. face or neck) [10]. Finally,
there also exist epidermal skin grafts that only comprises epidermis layer of the
skin. In this approach, keratinocytes are the main cell type involved in the
therapeutic effect, secreting growth factors, mediators and stimulating the

endogenous wound healing process [110].

Skin grafts can come from the same patient (autograft), from another dead or
alive patient (allograft) and from other animals (xenografts). Autologous grafts have
demonstrated promising results in clinical trials for diabetic foot ulcers. However,
autologous grafting is painful in addition to the limited and available donor sites
[109,111]. On the other hand, skin allografts from cadaveric or living donors are
widely used nowadays, but are limited by availability and cost. On the contrary,
xenografts (mainly form porcine skin) solve the availability problem, the higher cost
and the limited dressing size of allografts, but they usually present host
immunogenic response in less than a week [109,112,113]. However, recent studies

have shown that genetically-engineered pig skin xenografts now survive as long as
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an allograft and, importantly, if there is a rejection of a skin xenograft is not

detrimental to a subsequent allograft or different therapeutic approach [114].
3.3 Dressing therapies

Cellular and molecular complexity of wound healing process requires a
controlled spatiotemporal delivery of biologicals. Skin grafting has been described
and used as wound healing promoter since the year 600 B.C. and has evolved
rapidly giving rise to more advanced strategies since the XIX century (Fig. 3) [115].
In the current century, a wide number of dressing therapies have been developed
to provide moisture-retentive properties, protect the wound bed from physical and
mechanical stress, provide a provisional matrix for cell migration, ECM deposition
and neovascularization — which pave the way for new tissue formation —, and
release drugs and bioactive molecules. Many sources are currently being used to
develop these biomaterial-based systems; from biological ones including fibrin,
fibronectin, gelatin, collagen, alginate, chitosan, hyaluronan, starch, lactose etc.,
to synthetic compounds such as polyglycolic acid (PGA), polylactic acid (PLA),
polyacrylic acid (PAA), polyvinyl acid (PVA) etc. [116]. Dressing therapies may be
divided into films, non-cellular scaffold-based therapies, bioengineered living skin
equivalents (BeLSEs) — mono/bi-layered cellular therapy mimicking the skin
structure — and stem cell-loaded scaffolds. In the present work we will discuss

about the different advances in non-cellular dressing therapies.

1987 - Gi 2005 - Ichioka
c. 600 BC - Sushruta 1875 - Wolfe 1981 - Burke s = e‘:Zyr:’ndeSki" et amos expionce Wl
First Pﬁdlded skin graft First full thicknes skin graft First artificial skin subsfitute irst tissue enginee il it

1869 - Reverdin 1910 - J. Hopkins University 1981 - O'Conner 1998 - Apllgraﬁ L 2009 - Lee
First skin graft First placental dressing used Autologous keratinocyte sheet used First living skin equivalent First bioprinted skin

Fig. 3. Timeline of wound covering therapies used in medicine. SCs: Stem cells [115,117-121].
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3.3.1 Films

Films are thin, elastic, usually transparent and adhesive sheets of one or a
combination of different biopolymers. Films are normally gas and water vapor
permeable, but impermeable to fluid and bacteria, thereby protecting wounds
against water loss and external microorganisms. The principal advantages of these
dressings include (but are not limited to) the possibility to visualize the wound
progression, the drug loading potential, and the flexibility to use them as a primary
or secondary dressing. However, they lack good swelling properties, which may

lead to excess exudate accumulation [122].

Polyurethane, silicon, collagen, chitosan, alginate and hyaluronic acid are some
of the most commonly used polymers for the development of these formulations.
The use of films for wound healing applications can be traced back to the
beginning of the 20th century and nowadays there are plenty of options
commercialized. For example, there are monolayered films marketed such as
BioclusiveTM (Johnson & Johnson), Tegaderm® Films (B3MTM) and Transeal®
(DeRoyal) which are composed of polyurethane; or SimpurityTM transparent films
composed of silicon (SafenSimpleTM), among others. In addition, there are
bilayered choices also available, usually composed of a silicon layer combined
with a polysaccharide, protein or synthetic polymer layer. The bilayered structure
allows the integration of the inner layer in the wound bed, while the external layer
— usually the silicon made one — provides wound protection and avoids the water
vapor loss. Biobrane® (S&N) — silicon/nylon with collagen —, Hyalomatrix®
(Medline) — silicon with hyaluronic acid — and Integra® (Integra LifeSciences
Corp.) — silicon with collagen/glycosaminoglycan — are three bilayered marketed
options [32,122].

Besides all the commercialized products, other films with a wide variety of
polymers are currently under investigation. Due to its antimicrobial properties,
biocompatibility, biodegradability and its excellent mechanical properties, chitosan
has gained popularity in the wound healing field and film development in the past
decades [123,124]. Lupeol-loaded chitosan/gelatin films (prepared by casting)

showed antioxidant and antimicrobial properties and an adequate biocompatibility
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when cultured with NIH/3T3 fibroblast [100]. Garcia-Orue et al. also developed a
chitosan/gelatin film with a bioinspired bilayered structure. The external layer was
composed of lactose-mediated crosslinking of gelatin, providing mechanical
support and hydrolytic resistance and protection to the developed device. In
contrast, the inner layer was composed of gelatin crosslinked with citric acid and
chitosan. This inner layer composition resulted in a porous matrix with great
swelling capacity [125]. More recent studies have investigated the effects of
chitosan films. Briefly, they all have shown antimicrobial action and remarkable
wound healing properties when tested in-vivo [126-129]. Other polysaccharides
have also been used for film development. Films formed from carboxymethyl
cellulose and polyethylene glycol (PEG) also showed absence of toxicity in NIH
3T3 fibroblast cell and demonstrated a better healing profile than untreated groups

in both normal and diabetic Wistar albino rats [130].

Proteins including fibroin, collagen, gelatin or soy have also served for the
progression in field of films. Srivastava et al. and Rivadeneira et al. developed
fibroin-dextran and soy-protein-agar films respectively, demonstrating complete
absence of toxicity in L929 fibroblast cells. In addition, both films showed a
controlled-released profile and antimicrobial effect when being loaded with
antibiotics [131,132]. Finally, films made of solely collagen or gelatin and loaded
with  different antioxidant/anti-inflammatory and antimicrobial compounds
(Astaxanthin or Clinoptilolite-Ag) have been recently studied. Briefly, both films
showed antibacterial properties with a complete absence of toxicity in-vivo and a

controlled drug release profile [133,134].

3.3.2 Non-cellular scaffold-based therapies

Scaffolds, usually referred to as 3D biomaterial-based frameworks, are matrices
or constructs that provide protection, moisture retention and their own therapeutic
effects depending on its composition and/or cargo [116]. There are many
processes to develop biopolymeric scaffolds; from traditional casting, hydrogel
formation, extracellular matrix decellularization and electrospinning, to new 3D

bioprinting techniques. Here we divided non-cellular scaffold-based therapies into:
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Decellularized matrices, biopolymeric porous scaffolds (BPS), nanofiber meshes

and hydrogels
Decellularized matrices

Decellularized matrices are defined as animal/human derived ECMs in which all
cells have been removed during the manufacturing process or are not present from
the outset. The polymers most commonly obtained are from natural origin
(collagen, hyaluronic acid etc.) due its inherent biocompatibility, bioactivity and
ECM resemblance [135].

Because of its principal role in ECM, collagens are the main constituents of
decellularized matrices. The function of collagen in wound healing and tissue repair
is vital for maintaining the structural and biological integrity of the ECM. In addition,
collagen is a dynamic and flexible protein that experiences continuous re-modeling
to refine cellular behavior and tissue function [136]. Thus, its elevated use in
dressings for chronic wounds is well documented and justified by a vast number
of publications in the literature [137,138]. Collagen-based decellularized matrices
are derived from a wide variety of anatomical locations, including human cadavers,
human placental tissue, porcine small intestine submucosa, etc. Currently, there
are three commercialized decellularized matrices mainly composed of collagen.
Oasis® (Healthpoint) is a naturally derived decellularized ECM from the porcine
small intestine submucosa (>90% collagen type |). This matrix is also embedded
with proteoglycans, glycosaminoglycans, fibronectin and various growth factors
that increase its biological bioactivity and damp the inhibitory effects of MMPs
[139,140]. Graftjacket® (Wright medical technology) is a decellularized donated
human tissue that retains collagen, elastin, proteoglycans and the internal matrix
of the dermis. The Graftjacket® matrix provides a scaffold for host cell
repopulation, revascularization and, ultimately, conversion to host tissue. In
addition, it is coupled with excellent tensile and suture retention strength [141].
Finally, Dermacell® (LifeNet Health) is a human allograft decellularized with
MATRACELL® technology, using anionic detergents to remove nucleic acids. This
technology yields a strong, decellularized matrix that facilitates cell proliferation,
migration and vascularization. The use of MATRACELL® technology also allows

Dermacell® to minimize the possibility of an immune response [142]. Furthermore,
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these products, in contrast to decellularized ECM xenografts, are classified as
human cell, tissues and cellular and tissue-based products by the FDA, obtaining

lower legal restrictions for its approval and application [32,135].

Placental membranes have also been used for over 100 years. This is mainly
because of their collagen and growth factor-rich ECM and their safety derived from
the absence of expression of the human leukocyte antigens (HLA-A, HLA-B, HAL-
DR), which prevents them from immunological rejection [104,143]. The major asset
of this therapy is the elevated amount of growth factors, MMPs, TIMPs,
immunosuppressive factors and antimicrobial peptides that promote critical cell
responses, reducing the risk of rejection and promoting wound healing events
[144,145]. There are more than 25 commercialized available decellularized
placental membrane products (Grafix®, NEOX®, etc.) and multiple clinical trials

currently evaluating the efficacy of the newer ones [146,147].
Biopolymeric porous scaffolds

BPS offer several advantages over acellular naturally derived matrices and cell-
based therapies, including cost efficacy, longer shelf life and limited risk of
rejection. BPS need to meet several requirements to be used as a wound dressing
(Fig. 4). For example, they must be easily manufacturable, biodegradable and
biocompatible, while their structure must present adequate mechanical properties,
interconnected porosity and high swelling capacity [148]. In other words, an
optimal and effective BPS must recapitulate structural and functional aspects of
the human ECM.

For that purpose, several polymers have been used; from proteins,
polysaccharides, proteoglycans or glycolipids, to pure synthetic polymers [149].
Many BPS have been commercialized and successfully used in clinic in the past
years: polysaccharide-based scaffolds such as Talymed® (Marine Polymer
Technologies Inc.) and Hyalomatrix® (Anika Therapeutics); collagen-based
scaffolds such as Pelnac® (Eurosurgical Ltd.) and Terudermis® (Olympus Terumo
Biomaterilas Corp.); and pure synthetic scaffolds such as Suprathel® (Surgicorp),

a lactide trimethylene carbonate with capronolactone matrix [150-157].
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Fig. 4. Requirements of ideal BPS

In the recent years, many BPS have been developed with the aim of improving
their mechanical and functional properties, and thereby increase healing rates. In
addition, new BPS are intended to house different cell populations within their
microarchitecture. For such aim, diverse polymers able to form well-organized
structures (e.g. alginate, chitosan, PEG, polycaprolactone, etc.) have been largely
combined with ECM molecules (e.g. collagen, fibrin, hyaluronic acid, etc.), in order
to increase the stability and biocompatibility of the developed devices (Fig. 5 1)
[136,158]. In that sense, several works about protein-based BPS have been
published. Li et al. achieved a controlled release profile of N-acetyl cysteine (NAC)
— an antioxidant molecule — with GO-collagen BPS. In addition, the developed
devices, demonstrated complete healing rate in 14 days with faster collagen
deposition, better epithelialization and increased vascularization against the
control — non-NAC-loaded group and non-GO group — in a rat wound model
[159]. Same NAC-release dressing concept has also recently been studied by
other researchers for wound healing applications (Fig. 5) [160,161]. Another
brilliant strategy based on collagen BPS has been recently developed by
Roussakis and co-workers. The studied BPS incorporated a phosphorescent

oxygen sensor to monitor the physiological oxygen levels — in diabetic mice —
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using in vivo phosphorescence imaging, compatible with commercially available
imaging instruments. The oxygen sensing BPS allowed a non-invasive
measurement of oxygenation in vivo, providing a new capability for BPS to serve
as biocompatible and biodegradable theranostic devices to promote and assess

tissue oxygenation during wound healing [162].

Despite the fact that collagen is the most exploited protein for BPS development
and that many more investigations have been recently published following the
same idea [163-167], other proteins such as fibrin, fibrinogen, laminin, soy protein,
gelatin etc. have also been investigated for chronic wound healing applications
[32]. Our group combined a vegetal protein (soy protein) with B-chitin — both
compounds obtained from waste by-products from the food industry — resulting
in highly-porous sponge-like BPS. Results demonstrated that the sponge-like BPS
possessed excellent biocompatibility both in vitro and in vivo with a huge swelling
(1300% swelling) and cell loading capacity (up to 700,000 cells in 18,85 mm3
diameter BPS) [168]. In addition, gelatin-based BPS loaded with Silver
nanoparticles (antiseptic) and curcumin (antioxidant, anti-inflammatory) have been
proposed for wound healing therapies. The obtained results in this work showed
the expected antioxidant and antibacterial effects, with an absence of toxicity in
vitro (L929 fibroblast cells) [169].

On the other hand, BPS mainly composed of polysaccharides such as
hyaluronic acid or chitosan, both actively involved in different wound healing
stages, also produced an accelerated healing process with optimal aesthetic and
functional results [170,171]. Finally, pure non-biological BPS have also been
subject of research with remarkable results. Shiekh et al. developed calcium
peroxide (CPO)/polyurethane BPS with sustained oxygen delivery properties [172].
In the line of oxygen releasing biomaterials also, in another study, researchers
developed a biphasic calcium phosphate/PCL BPS coated with different ratios of
the oxygen releasing agent CPO [173]. Both studies demonstrated a maintaining
in oxygen supply, cell viability and proliferation under hypoxic conditions. Those
abovementioned strategies show that both natural and synthetic polymers can
complement each other to develop constructs with a wide variety of properties and

suitability for wound healing applications.
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Nanofiber meshes

Nanofiber meshes are scaffold-like constructs produced generally by applying
an electric field, between a spinneret and a collector, into polymeric solutions
through a high voltage supply. In the past years numerous studies have highlighted
the potential of these dressings for: drug loading and controlled release [174-177],
protein and genetic material delivery [178-182] and as a cell carrier systems [183-
185] (Fig. 5 ll). The value of this technique resides in its tunability. For example,
the release rate of drugs or molecules may be modified by adjusting the fiber
diameter, the pore size or the porosity. This flexibility in the fabrication process
also gives to this technique the advantage of producing nanofibrous scaffolds with
morphological, architectural and topographical features similar to those of the
natural ECM of the skin [183,186].

Different molecule-loaded mesh fabrication techniques have been developed in
the past years. The 3D expansion of 2D nanofiber mesh has led Zhang et al. to the
development of chitosan-dressings with improved capacity for promoting blood
coagulation, showing accelerate wound healing and reducing scar formation in a
mouse model with full-thickness skin defects [187]. By means of layer-by-layer
(LBL) assembly technique it is possible to preserve the bioactivity of cytokines and
growth factors, allowing a tunable release rate of these compounds by just varying
the number of layers [188,189]. Tu et al. developed a construct consisting of
electrospun nanofibers of silk fibroin coated with amphoteric carboxymethyl
chitosan by means of electrostatic LBL self-assembly. This nanofiber mesh showed

stronger antibacterial activity as the number of amphoteric layers increased [190].

Another different technique, coaxial electrospinning, is an innovative extension
of electrospinning that enables the formation of core-shell structures with the use
of two concentrically aligned capillaries. This robust technique has allowed the
encapsulation of water-soluble bioactive agents, proteins, DNA, cell, bacteria,
viruses and even cell organelles [192,193]. PVA, PCL, polyethylene oxide (PEO),
polyvinyl pyrrolidone (PVP), cellulose acetate are the most commonly used
polymers for this technique [194]. Numerous coaxial electrospinning-based
nanofiber meshes — loaded with drugs/proteins — have showed promising results

in wound healing applications [195-197]. A recent work followed by Zahedi et al.
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used this technique to develop a chitosan, PCL and keratin nanofiber mesh loaded
with Aloe Vera extract. The ECM-mimicking mesh showed a complete absence of
toxicity in vitro and suitability for a subsequent cell adhesion [198]. Finally, Shitole
et al. investigated PVP/PCL nanofibrous construct modified with poly-I-lysine. An
absence of toxicity and antimicrobial properties against both Gram-positive (S.
aureus) and Gram-negative (E. coli) bacteria were observed. Furthermore, the
lysine modified matrices demonstrated lower pro-inflammatory cytokine
expression (TNF-a and IL-1B) in Mouse RAW 264.7 macrophage cells when

comparing to non-modified PVP/PCL meshes [199].
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Fig. 5. I. Schematic illustration showing the fabrication procedure for multi-layered NAC-PA-Collagen
BPS. Reproduced from [160]. Il. Schematic illustration for preparation of a dual-functional nanofiber
meshes target-delivery of miR-126 complexes to vascular endothelial cells. Reproduced with
permission from [182]. lll. Synthesis of kKCA-nanosilicate hydrogels. Schematic representation of the
fabrication of injectable nanocomposite hydrogels by combining kappa carrageenan (kCA) and
nanosilicates (nSi) crosslinked in KCI solution. Reproduced with permission from [191]. NAC: N-

acetyl-cysteine, PA: Polyamide, Col: Collagen, PCL: Polycaprolactone.
Hydrogels

Hydrogels are interconnected and hydrophilic polymeric chains forming flexible
3D networks that contain elevated proportions of water. Hydrogels have been
investigated and used for wound healing applications since late eighties [200].
Due to its elevated water content, hydrogels are ideal in dry wounds, where they

have the ability to rehydrate the niche and maintain the moist environment.
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Importantly, the high-water content also produces a cooling effect that helps to
relief the wound pain. In contrast, being used in wounds with high exudates can
produce a fluid accumulation that can lead to skin maceration and subsequent
bacterial proliferation [122,200]. Hydrogels lack good mechanical strength but,
unlike BPS or films, they have the ability to mold to the shape of the skin defect
once injected. The most commonly used polymers for hydrogels range from natural
(hyaluronan, fibronectin, chitosan, gelatin or alginate) to synthetic polymers
(polymethacrylates, PVP, etc.) [32,201]. Examples of commercialized hydrogels
are: Aquaflo® (Covidien), composed of PEG and propylene glycol (PG); Intrasite
Gel® (Smith and Nephew), made of carboxymethyl cellulose (CMC), sodium CMC
(Na CMC) and PG; Granugel® (Convatec) composed of pectin, CMC and PG; and
Purilon Gel® (Coloplast) mainly composed of Na CMC [200].

In the present century different preclinical and clinical studies with hydrogels as
biological vehicles for the treatment of chronic wounds have yielded successful
results. Different growth factor-enriched hydrogels have been used in rats and
humans with promising results [202-204]. However, more complex and biomimetic
hydrogels have been subject of investigations. In that sense, Zhang et al.
developed a wearable biomimetic thin-hydrogel composed of HA, vitamin E,
dopamine, and B-cyclodextrin that mimics the fetal context (FC) and fetal ECM.
This thin-hydrogel recreates the FC of sterility, hypoxia, persistent moisture,
seamless adhesion to the skin and optimum stress—stretch resistance. When
tested in BALB/c mice the hydrogels induced fibroblast migration, suppressed the
overexpression of TGF-B1, and mediating the collagen synthesis, distribution, and
reestablishment. As a result, these thin-hydrogels accelerated wound healing and
gained a normal dermal collagen architecture [205]. A brilliant work by Blacklow et
al. developed mechanically active alginate-chitosan hydrogels that combine high
stretchability, tissue adhesion, toughness, and antimicrobial properties. The aim
of the developed devices was mimicking the embryonic wound contraction
adhering strongly to the skin and actively contracting wounds as a response to the
skin temperature. The in vitro and in vivo studies — on full-thickness excision
wound healing model — demonstrated their efficacy in supporting and
accelerating skin wound healing [206]. Another approach investigated hydrogels

entrapping EGF-loaded nanoparticles, which significantly enhanced the wound
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closure by promoting the formation of granulation tissue, angiogenesis and
collagen deposition in rats [207]. Similarly, the use of liposome/GF-loaded
hydrogel has reported an accelerated wound closure with increased vascular

vessel formation in mice [89].
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Fig. 6. Wound assessment and dressing selection criteria.

Recent works have shown different strategies for hydrogel-loaded systems —
as molecule nanocarriers — such as nanodiamonds, protamine complexes,
gold/silver nanoparticles etc. (Fig. 5 1ll) [191,208-211]. Finally, the use of hydrogels
as DNA transporters is also under investigation. Hyaluronan-based hydrogels
containing DNA-plasmids that codify for VEGF resulted in pro-angiogenic effects

improving diabetic mice wound healing [212]. Another recent work by Wang et al.

254



Chapter 3 | Appendix 5

using a hyaluronan/dextran in situ forming hydrogel also laden with VEGF DNA-
plasmid accelerated a splinted excisional burn wound by inhibiting inflammation

response and promoting microvascularization in rats [213].

With the myriad of dressing strategies available, we have sought to simplify the
decision process by highlighting the key elements of wound assessment and how

to match these to different wounds (Fig. 6).

4. Emerging therapy solutions
4.1 3D bioprinted dressings

3D bioprinting is a fast-emerging additive manufacturing technology which uses
data computer-aided-design (CAD) to deposit combinations of cells, bioactive
compounds and biomaterials (bioinks) and thus form 3D matrices with high spatial
resolution and repeatability [214]. Bioprinting generally comprises four basic
steps: firstly, studying the tissue for an appropriate bioink selection and matrix
design; secondly, transferring all the information to the designing computer
program; thirdly, tuning up the bioink; and finally, creating the designed 3D
bioprinted dressing. Nowadays there are four kinds of bioprinting technologies:
inkjet-based bioprinting, extrusion-based bioprinting, laser-assisted printing and
dynamic optical projection stereolithography (DOPsL) [214-217]. Particular
characteristics of each technique are well-descried by Zhu et al. [218]. Similar to
hydrogels and BPS, 3D bioprinted dressings use a range of natural (cellulose,
alginate, hyaluronic acid, collagen, chitin, fibrinogen, etc.) and synthetic (PCL,
PLGA etc.) polymers [115,219]. Compared to the other dressing production
techniques, 3D bioprinting is more personalized and precise, has a better flexibility
in the manufacturing process and offers a faster and reproducible construction
(shortening the patient waiting time) with also the possibility of an in situ
administration. Fig. 7 details the main advantages and drawbacks of 3D bioprinting

technology.

In a recent study, Intini et al. developed 3D bioprinted chitosan-based scaffold
that demonstrated an improved diabetic wound healing when compared to both
untreated mice and mice treated with a commercial product (CMC with calcium

alginate covered by a semi-permeable layer of polyurethane) [222]. Another work
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by Xu and coworkers highlighted the great properties of nanocellulose as a
component for bioinks in terms of mechanical properties and biocompatibility.

Furthermore, when formulated with gelatin methacrylate, obtained scaffolds
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Fig. 7. Advantages and drawbacks of 3D bioprinting [219-221]. Image reproduced from Wikimedia

Commons [81].

Numerous dressings have shown a controlled release of drugs but, for the first
time, Long et al. developed a 3D bioprinted hydrogel (chitosan-pectin) showing a
controlled release of lidocaine hydrochloride fitting the Korsmeyer-Peppas model
[224]. The real-time monitoring of wound healing has always been a challenge for
dressings. A recent work developed a naturally-originated silk-sericin-based
transparent hydrogel that was prepared and evaluated for the visualization of
wound care. The hydrogel demonstrated steerable physical properties and
adequate biocompatibility through 3D bioprinting, thus allowing the wound
monitoring [225]. Supplying oxygen to the wound bed or the deepest areas within
the cell constructs — to support cell metabolism, proliferation etc. — still remains
a major challenge in tissue engineering. Thus, numerous researchers have tried to
find a solution by including oxygen releasing materials in their 3D bioprinted

dressing designs. For example, Touri et al. developed a 3D bioprinted calcium
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phosphate scaffold with calcium peroxide as an oxygen releasing agent in a PCL
matrix and Lu et al. developed an alginate printed hydrogel with also calcium
phosphate as an oxygen releasing agent. Both dressings demonstrated that 3D
bioprinted oxygen-releasing devices alleviated hypoxia, maintaining oxygen
availability, and even ensuring proliferation of seeded cells, whilst also reducing

hypoxia-induced apoptosis [226,227].
4.2 CRISPR revolution

The clustered regularly interspaced short palindromic repeats-associated
protein 9 (CRISPR/Cas9) system has provided a genome editing technology that
can accurately target different genomic sites to repair or disrupt a specific gene
[228]. The Cas9 and the other Cas systems have been widely applied for the
identification of therapeutic targets, generation of animal models, identification of
gene functions and, thereby, development of gene therapies. Furthermore this
system has been used to alleviate disease symptoms of different pathologies
[229]. CRISPR/Cas9 technology is potentially utilizable for chronic wound healing
approaches since it has the potential to leverage and mobilize a wide variety of
molecular mediators for healing, without inducing immune response [230]. Thus,
by using this technology it has been possible to access genetic targets to
manipulate the wound microenvironment in a more precise way and with extremely
lower off-target modifications than the other gene-editing techniques. For example,
recent works achieved the genetic ex-vivo reprograming of BM-MSCs to
overexpress PDGF-B and promote healing [231]. Other authors reported the
correction of some genes in fibroblasts of patients suffering dystrophic
epidermolysis bulbosa, a pathology causing slow-healing wounds on the skin
[232]. Nevertheless, the future of this technology is likely to reside in ex-vivo
reprograming of cells to be injected or loaded in dressings — overexpressing GFs
or pro-healing cytokines—, rather than in reprograming the cells of the wound bed
through local CRISPR/Cas9 administration.

4.3 Extracellular Vesicles as a cell-free wound healing approach

EVs are advanced and compacted systems of cell-to-cell communication, by

which the different cell types can exchange information in the form of nucleic acid
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species, proteins or lipids. EVs were first discovered in 1983 [233,234] and in 1989
they were given the name of “exosomes” [235]. Nowadays the term “exosomes”
(Exos) is referred to small EVs that are released from the interior of any cell, via the
multivesicular endosomal pathway. Exos are one of the different EVs released from
cells, together with microvesicles (or ectosomes) and apoptotic bodies. Exos,
microvesicles and apoptotic bodies differ from each other on the cargo content
(proteins, RNA, etc.) and size: 30-150 nm for Exos, 100-1000 nm for microvesicles
and 50-5000 nm for apoptotic bodies [236]. When developing EV therapeutics for
wound healing applications, it is mandatory to consider the cellular source. EVs
from inflammatory cells obviously mediate different biological functions than those
released from MSCs. Thus, the use of EVs in wound healing applications is mainly
focused on the MSCs-EVs, because of their demonstrated immunomodulatory

function and regenerative capacity [237].
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An important aspect is the way the EVs are administered, because it influences
their biodistribution. Therefore, this needs to be considered when developing a
wound healing therapeutic approach [238]. In Fig. 8 we summarized the different
described methods for EVs-formulation and administration in wounds. Recent
works have highlighted the therapeutic potential of EVs for cutaneous wound
healing in different animal models, which are well summarized by Cabral et al.
[236]. The vast majority of therapeutic approaches with EVs are formulated in

injections: topical, subcutaneous, intramuscular or intravenous. However, EVs
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administration in injection can affect their function due to a rapid clearance rate
[239]. Recently, novel wound dressings comprising different combinations of EVs

and biomaterials have been raised (Table 1).

Only a few in vivo EVs-loaded approaches have been tested with promising
results. Fang et al. developed a hydrogel (HydroMatrix®) coated with human
umbilical cord MSCs-Exos. The study highlighted a reduction in scar formation and
myofibroblast accumulation in comparison with control group [240]. A chitosan-
based hydrogel incorporating micro-RNA-126-overexpressing SMSCs-Exos
demonstrated an accelerated re-epithelialization with a remarkable increased
angiogenesis in comparison with control group and Exos-free dressing [241].
Another in vivo approach using a chitosan/silk GMSCs-Exos-loaded hydrogel
demonstrated great swelling and moisture retention properties with enhanced re-
epithelialization, collagen deposition and microvessel and nerve density in
comparison with control and Exos-free hydrogel groups [242]. A double-approach
dressing therapy was described by Xu et al. They developed another chitosan/silk
hydrogel and loaded it with Exos from PRP and an anti-inflammatory
polysaccharide obtained from C. zedoaria (ZWP). The combined therapy
demonstrated enhanced wound closure when compared against the control group
and the groups consisting of hydrogel with only one component (Exos or ZWP)
[244].

A multifocal approach using a self-healing hydrogel (methyl cellulose and
chitosan) loaded with ATMSCs exosomes was also recently described. The Exos-
loaded system enhanced wound closure rates, angiogenesis, re-epithelialization
and collagen deposition in comparison with the control and Exos-free system. In
addition, the developed system showed antimicrobial properties [245]. Light-
triggerable hydrogels have also been studied with Exos cargo in wound healing.
Henriques-Antunes and co-workers showed that the HA hydrogel loaded with
hUCB-MNCs (human umbilical cord blood mononuclear cells) increased closure
kinetics of wounds treated with single/multiple doses of Exos, showing values
comparable to those obtained with Regranex®. This pro-healing activity was
related to an increase in neovascularization, enhanced re-epithelialization and an

alteration in the expression of 7 miRNAs at different times during wound healing.
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Furthermore, they demonstrated that the multiple administration protocol produced
more beneficial effects than the single dose administration of the same total

concentration of Exos [246].

Two more recent Exos-loaded hydrogels were developed (alginate and methyl
cellulose/chitosan) with promising results in full thickness cutaneous wound
model. The cellulose/chitosan hydrogel developed by Wang et al. demonstrated
excellent biocompatibility and self-healing properties. Furthermore, when the
exosome-loaded — from placental MSCs — hydrogels where tested in db/db mice
they showed an increased angiogenesis and a reduced cell apoptosis. The healed
area in the Exos-loaded hydrogel group was filled with neo-tissues and even hair
follicles and glands were detected at day 15 [247]. Finally, the alginate hydrogels
developed by Shafei et al. where loaded with Exos from ATMSCs. Briefly, the
physical and biochemical properties proved that the fabricated system was
biodegradable and biocompatible. In addition, the Exos-loaded hydrogel improved
wound closure, collagen synthesis, and neo-vessel formation in the wound area
[248].

These recent findings have demonstrated that EVs derived from different cell
types can promote wound healing when they are both carried in dressings or locally
injected. However, apart from sharing the fact that EVs — in the vast majority of
studies — were isolated from culture conditioned medium, there are many aspects
that vary greatly, such as differences in the cellular origin, the isolation procedure
and/or the quantification method. All this probably resulted in disparate
proportions of different EVs populations and different levels of lipids and protein
contaminants [236,250]. Furthermore, the differences in dosage units contribute
to this lack of standardization. Taking these and other specific issues relevant to
clinical translation into consideration, it is clear that there is a need for more pre-
clinical studies with the aim of shedding light onto the precise mechanisms that
govern the effects mediated by such still barely known, ill-defined and

heterogenous EVs.
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Table 1: EVs-loaded dressings for wound healing applications. SMSCs (synovium mesenchymal stem cells), GMSCs (gingival mesenchymal stem cells). UCB-

MNCs (umbilical cord blood mononuclear cells). Placental mesenchymal stem cells (PMSCs).

Cell type
Scaffold EVs source Treatment Model Results Ref.
- Diabetic rat full Co . )
HydroMatrix® Umbilical Hydrogel coated hUC_MSCs- thickness Reduction in scar formatlonl and myofibroblasts Fang, 2016 [124]
cord-MSCs Exos accumulation
cutaneous wound
. Diabetic rat full e . .
Chitosan BPS SMSCs _ Chltogan hydrogel thickness Accelerated re—eplthel_lallzatlon, enhanced angiogenesis Tao, 2017 [125]
incorporating SMSCs-Exos and promotion of collagen maturity.
cutaneous wound
Chitosan/silk . . . . . Enhanced re-epithelialization and collagen deposition.
fibroin GMSCs Chltosaln/ S Ine/egs| eke eSO LSS More microvessel and nerve density compared to control Shi, 2017 [126]
with GMSCs-Exos defect
hydrogel and Exos-free hydrogel
PVA hydrogel loaded with . EVs used as prodrug carriers (curcumin) demonstrated Fuhrmann, 2018
PVA hydrogel hMSCs hMSCs EVs In vitro long term anti-inflammatory potential. [127]
. . Chitosan/silk fibroin hydrogel . .
Ch/tgsar?/sﬂk loaded with PRP-Exos and a Dlab§t|c s Exos/ZWP-loaded hydrogels showed enhanced wound
fibroin PRP S thickness Xu, 2018 [128]
polysaccharide isolated from closure vs control and vs Exos-hydrogel / ZWP-hydrogel.
hydrogel } cutaneous wound
C. zedoaria (ZWP)
/ sinz(;ly/-qu-onic PAOTIMEICZE;(/OS'J?;ingT;/ Diabetic rat full Exos-loaded hydrogel enhanced wound closure rate,
ysinejpluron ATMSCs Y P ) thickness angiogenesis, re-epithelialization and collagen deposition Wang, 2019 [129]
F127/ oxidative oxidative HA self-healing
cutaneous wounds vs control and Exos-free hydrogel.
HA hydrogel hydrogel
IS Hyaluronic acid (HA) hydrogel Diabetic rat full The Exos-loaded hydrogel demonstrated a robust
acid (HA) light hUCB- ) : ) . ) Henriques-Antunes,
b loaded with hHUCB-MNCs in a thickness enhancement in wound closure vs control, single dose
disassembly MNCs ’ e 2019 [130]
hydrogel photocleavable linker cutaneous wounds Exos and PDGF-BB commercialized therapy.
Methyl- Methyl-cellulose/chitosan Diabetic rat full Accelerated wound closure with enhanced angiogenesis
cellulose/chito PMSCs hydrogel loaded with PMSCs- thickness and inhibited apoptosis in Exos-loaded hydrogel vs Wang, 2019 [131]
san hydrogel Exos cutaneous wound control/hydrogel Exos-free/Hydrogel-free Exos
. ) ) Full-thickness )
Alginate ATMSCs Alginate hydrogel loaded with e B (v —— The Exos—loadgd system |mprovedl wognd closure, Shafai, 2020 [132]
hydrogel ATMSCs-Exos B collagen synthesis and vessel formation in wound area.
OxOBand Polyurethane oxygen releasing Diabetic rat full This approach prevented infection and ulceration.
scaffolds ATMSCs scaffolds loaded with ATMSCs- thickness Furthermore, improved wound healing with increased Shiekh, 2020 [133]
(polyurethane) Exos cutaneous wounds collagen deposition, and re-epithelialization.
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5. Concluding remarks and future perspectives

The elevated complexity of the wound healing process requires a precise and
spatio-temporally adequate treatment in order to success with the therapy. There
is a large number of factors involved and, in some of them, the temporal sequence
in the healing process is not yet elucidated. One first step would be identifying and
restoring particular abnormalities, utilizing personalized medicine in order to

achieve a successful therapy.

As a response to a demanding therapy that better mimics the ECM, cell-loaded
dressings became the main attraction in wound dressings” field. The first cell-
loaded dressing commercialized— a BeLSE — was in 1998 under the name of
Apligraf® (Organogenesis, INC). However, nowadays, its medical application in
real patients is not common because of its cost-efficacy and rejection issues [251].
Furthermore, Apligraf® and Dermagraft® (Organogenesis, INC) — another BeLSE
approved by the FDA in 2001 — have shown lower rates in wound healing with
higher costs in different prospective, comparative trials carried out together with
decellularized matrices such as Epifix® or Oasis® [252,253]. In addition, one of
the latest BeLSEs that appeared in the market, Theraskin® (Soluble systems, LLC)
demonstrated no differences in healing rates against Apligraf® in a multicenter,

prospective, randomized study for chronic wound healing applications [254].

With this lack of success in BeLSEs clinical application, stem cells became the
main players in the chronic wound research. Investigations with stem cell-loaded
dressings have been described since the beginning of the 21st century; however,
with 5 clinical trials completed and at least another 3 in progress, there is no
available products already marketed. The safety problems related to stem cell
treatments (risk of tumor growth and metastasis) [255] and the harder
commercialization pathway, compared to non-cellular based products, are
promoting novel therapies based on different cell-free therapeutic strategies. With
the appearance of 3D bioprinting technology or the increasing knowledge in the
intercellular functions of EVs, a precise, multi-focal and multi-target cell-free

dressing strategy may be achieved. Furthermore, adding up different combinations
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of bioactive compounds, therapies may act in more than one phase of the wound

healing process, thus helping to recapitulate the native tissue environment.

Considerations regarding the clinical translation of the latest advances and
technologies should comprise the optimization of the cost-effectiveness, together
with the accomplishment of the strict regulatory pathways. Indeed, the major
challenge consists in moving from laboratory approaches to clinically acceptable

practices operating under safety, reproducibility and high effective requirements.
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Abstract

The field of regenerative medicine has undergone a paradigm shift in recent decades
thanks to the emergence of novel therapies based on the use of living organisms. The
development of cell-based strategies has become a trend for the treatment of different
conditions and pathologies. In this sense, the need for more adequate, biomimetic and
well-planned treatments for chronic wounds has found different and innovative strategies,
based on the combination of cells with dressings, which seek to revolutionize the wound
healing management. Therefore, the objective of this review is to analyze the current state
and the latest advances in the research of cell-based dressings for chronic wounds,
ranging from traditional and “second generation” bioengineered living skin equivalents
to mesenchymal stem cell dressings; the latter include biopolymeric porous scaffolds,
electrospun nanofiber meshes, hydrogels and 3D printed bio-printed dressings. Finally,
this review updates the completed and ongoing clinical trials in this field and encourages
researchers to rethink these new approaches, manufacturing processes and

mechanisms of action, as well as their administration strategies and timings.
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The Path of Cell-based Dressings for Chronic Wound Healing

During the past 30 years, there has been a paradigm shift in the field of
regenerative medicine, mainly due to the use of living organisms. Acting as
secretome-delivery agents, cells have become a therapy trend in a wide variety of
tissue-related pathologies [1]. Concretely, in chronic wounds (Box 1) the use of
cells — adult and/or mesenchymal stromal cells (MSCs) — included in dressings
is growing rapidly and reinventing itself. Cell-based dressings emerged due to the
need for more complex and biomimetic therapies that provide moisture retentive,
protective, structural or pharmacological properties. The key-point of these bio-
systems is the capability to simultaneously carry and/or deliver cells like
fibroblasts, keratinocytes, macrophages or MSCs and biological molecules such
as cytokines, extracellular matrix (ECM) components and growth factors [2,3].
Thus, these cell-based strategies aim to reduce the continuous inflammatory state,
normalize the impaired inter-cellular communication and promote the regeneration

of chronic wounds.

Skin grafting was the first cell-containing wound covering strategy, first used in
modern medicine in 1869. A century later, in the 1970°s, the problem of the finite
donor skin graft supply resulted in the research and development of the first cell-
based engineered dressings: bioengineered living skin equivalents (BeLSEs) [4].
It was not until 1998 when the Food and Drug Administration (FDA) approved the
first BeLSE, Apligraf® (Organogenesis, Inc.). However, issues with dressing-
rejections and inferior effectiveness in clinical trials against decellularized
dressings have impeded its widespread used in clinic [5-7]. In parallel, MSC-based
dressing research was also rapidly growing due to the encouraging results
obtained by these cells in several pathologies such as diabetes mellitus; graft vs
host disease or Crohn’s disease [8]. The first human experience with MSC-based
dressings (MSC-Ds) was in the 2000°s [9]. Since then, this strategy has become

one of the major research trends in chronic wound healing.

In the present review, we will discuss the status, latest trends and emerging
therapy solutions in cell-based dressing research for chronic wounds, mainly

focusing on the recent advances of MSC-Ds therapies. Furthermore, we have
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added a necessary and intuitive schematic classification of MSC-Ds development
including 3D bioprinted dressings, as they are not emerging but well-established
therapies in research nowadays. Finally, we have critically analyzed these
therapies since the growing number of related works had not led to a great

progress in the field, overrating, in this sense, their true potential.

. BIOENGINEERED LIVING STEM CELL- BASED

. SKINEQUNALENTS DRESSINGS

; W
| MONO/BILAYERED | | B/MULTILAYERED | ELECTROSPUN {20 gpiiTen
FIBROBLASTS AND/OR  FIBROBLASTS, KERATINOCYTES AND/OR MESHES “ﬂ%

KERATINOCYTES MELANOCYTES, ADIPOCYTES ETC.

Fig. 1. Cell-based dressing therapies. Some images have been reproduced from Wikimedia

commons [10].
Cell-based dressing strategies

There is strong supporting evidence that cell-based dressings are able to create
an adequate regenerative environment, promoting tissue remodeling and acting as
an inductive template for wound healing [11]. In Fig. 1, we have schematized the
different cell-based dressing therapies. Throughout the review, we will discuss the
role of BeLSEs and MSC-Ds. Readers interested in other types of cell-based

dressings are referred to [2].

The first steps: Bioengineered living skin equivalents
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Marketed products and efficacy issues

As described by Metcalfe et al. an ideal BeLSE should be a durable bilayered
construct, morphologically and biochemically similar to the native skin and readily
available for easy use and long-term storage [12]. In this regard, this therapy
comprises natural or synthetic dressings combined with allogenic cells (essentially
fibroblasts or/and keratinocytes). The principal role of these BeLSEs is to achieve
an integration within the host tissue — to replace the damaged tissue — acting as
a template for the healing process. BeLSEs can be classified depending on the
number of layers — mono-, bi- or three-layered — and the anatomical structure —
epidermal, dermal or mixture — [13,14]. Despite BelLSEs investigations dating
back to more than 40 years ago, currently there are few commercialized BelLSEs
for chronic wound healing: Dermagraft® (Organogenesis, Inc.) — as a dermal
BeLSE —; Apligraf® (Organogenesis, Inc.), Theraskin® (Soluble systems LLC),
OrCel®  (Forticell Bioscience, Inc.) and StrataGraft® (Mallinckrodt
Pharmaceuticals) — as dermo/epidermal BelLSEs —; and Laserskin® (Fidia
Advanced Polymeric) and MySkin® (Celltran LTD) — as epidermal BeLSEs —
[15,16].

Despite the fact that Apligraf® and Dermagraft® have demonstrated higher
rates of wound closure than conventional therapies [13], they have also shown
worse outcomes, with higher costs, compared to natural acellular matrices Epifix®
or Oasis® in different prospective, comparative studies [5,7]. Furthermore, there
is only one study in where different BeLSEs are directly compared. In this paper, a
point-by-point comparative evaluation is conducted between Theraskin® and
Apligraf®, demonstrating a significant decrease in cost (42.2%) in the Theraskin®
cohort compared to the Apligraf® cohort. However, there was not statistical

significant differences in healing rates in either 12 or 20 weeks results [6].

Demanding new approaches: complex structures and the “second generation” of BeLSEs

Due to the reduced BeLSEs clinical implementation caused by their poor improvement
in the chronic wound management, novel BeLSEs have been investigated in the past
decade [2]. In this regard, some researchers have explored the development of more

complex constructs for deep chronic wounds. Different studies created three-layered
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BelLSEs by adding to dermo-epidermal structures a third layer that “mimicks” the
hypodermis. A couple of approaches developed by Huang et al. and Lin et al. explored
dermo-epidermal structures — made by electrospun chitosan and polycaprolactone
respectively — adding a third layer imitating the basement membrane [17,18]. However,
none of these approaches developed a faithful hypodermis with cellular components —
mainly composed of adipocytes — that provides nutrients to the upper layers. Finally,
Kober et al. developed a three-layered fibrin-based BelLSEs with a hypodermis layer
seeded with adipocytes and AT-MSCs. They demonstrated that the artificial hypodermis
had a comparable amount of lipid accumulation and glycerol release than native skin.
Furthermore, they achieved a normal proliferation of AT-MSCs and fibroblasts and the
differenciation of the AT-MSCs into adipocytes upon 4 weeks of culture. Finally, the

keratinocytes-composed layer formed a functional epithelial-like barrier [19].

a4 N\
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Fig. 2. Schematic representation of developmental stages of 3D bioprinting technique for designing
a complex skin architecture in future. (I) Determining the layered structure of skin for designing a

computer aided design (CAD) program, (Il) Development of a suitable bioink for skin bioprinting, (Ill)

294



Chapter 3 | Appendix 6

Designing a simple bilayer skin construct using two types of bioinks for fabricating dermal and
epidermal structures and (IV) Designing a complex skin structure containing adipocytes, blood
capillaries, dermal, epidermal cells and its assessment strategies. The diagram depicts the flow of
advancement done in the field of skin tissue engineering using 3D bioprinting technology and its

future scope. Reproduced with permission from [20].

Despite great advancements in this approach, one of the main problems of the
traditional development of BelL.SEs is that cells usually need long expansion-times after
being seeded into the BeLSEs. Furthermore, these dressings usually lack reproducibility
of cell seeding and distribution. In this sense, in the recent years, the “second generation”
of more sophisticated and precise BeLSEs has been developed. This development is
being led by one of the most exciting and recent tools for dressings” fabrication, the 3D
bioprinting. This technique enables a faster, cheaper and more easily reproduced
method to develop BeLSEs [21,22]. Furthermore, the 3D bioprinting technique opens up
the possibility of constructing dressings, by printing cells, soluble factors and polymers
in a desired pattern with the help of extremely precise Cartesian robots [23]. Fig. 2

illustrates the process for developing the “second generation” of 3D bioprinted BeLSEs.

Due to the rapid advancement of this technique, the search for effective polymers to
develop more bioactive bioinks has resulted in a myriad of polymeric options. In this
regard, the presence of collagen in all connective tissue — together with its
biodegradability, biocompatibility and easy availability — make this compound a good
starting point for the formulation of bioinks in the development of 3D bioprinted BeLSEs.
Indeed, Lee et al. used a collagen-based bioink for the development of the first 3D
bioprinted BeLSE back in 2009. They were able to print a multilayered composite with
two cell-loaded layers of keratinocytes and fibroblasts respectively. Furthermore, they
reported an adequate viability of these cells and their capacity to proliferate in culture
[24]. Since then, many other researchers have also worked on collagen-based BelLSEs
with encouraging results that have helped in the establishment and advancement of that
composition of bioink [25-33]. One of these works, reported the development of a bi-
layered BeLSE by mixing microextrusion bioprinting for the dermal layer and inkjet
bioprinting for the epidermal layer. This latest technique allowed them to achieve a
perfectly distributed epidermal layer composed of neonatal human epidermal
keratinocytes similar to the human skin [33]. Another brilliant work by Min et al.

investigated the use of extrusion bioprinting to develop a bilayered BelSE also
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incorporating melanocytes in the epidermal layer. They reported the formation of different
naevus-like structures in the epidermal layer and the proliferation and interaction of the

melanocytes with the keratinocytes upon 4 days of culture [31].

However, some other compounds instead of collagen have recently achieved
attention. The use of gelatin methacryloyl and platelet lysate together with human dermal
fibroblasts (HDFs) has allowed Daikuara et al. to develop a promising dermal BelLSE.
This device achieved a sustained release of growth factors — platelet derived growth
factor (PDGF), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF),
fibroblasts growth factor (FGF) and transforming growth factor g1 (TGF-B1) — and, more
importantly, an increased synthesis and deposition of ECM molecules such as collagens
I/1ll, fibronectin and elastin in vitro [34]. Another approach by Cubo et al. used a fibrin-
based bioink combined with human plasma to develop a bilayered dermo-epidermal
BeLSE — using HDFs and human keratinocytes obtained from skin biopsies —. Briefly,
the developed construct was very similar to the human skin, demonstrating wound
healing properties and neovascularization in an immunodeficient rodent model in vivo
and allowing the researchers to produce BelLSEs in amounts and times appropriate for a

clinical and commercial use [35].

With the passing of time, more diverse and sophisticated 3D printed BeLSEs have
been developed. It is known that patients who suffer from chronic wounds respond more
positively when rapid treatments are available, resulting in earlier protection and closure
of wounds. In line with this thinking, a recent research investigated a BeLSE constructed
by a skin bioprinting device that provides rapid on-site management of extensive wounds.
The developed BelSE was composed of a first layer of fibrinogen/collagen with
fibroblasts printed directly onto the wound, followed by an equal amount of printed
thrombin in order to form a fibrin gel. The second layer was printed on the top of the
fibroblast layer and was composed of fibrinogen/collagen with keratinocytes and
thrombin as crosslinker. When tested in a full-thickness wound skin model on pigs, these
BelLSEs demonstrated an extensive collagen deposition arranged in organized fibers and

a wide mature vascular formation [36].

However, despite the fast advance and the complexity of the new BeLSEs developed,
there is still a remaining challenge. These cell-based dressings usually fail in engraftment

efficiency because they lack dermal vascular networks that are essential for the

296



Chapter 3 | Appendix 6

integration within the host tissue. Consequently, a recent work by Baltazar et al. described
the fabrication of an implantable vascularized BeLSE. The dressing was composed of a
collagen-based first layer with fibroblasts, human endothelial cells derived from cord
blood, human endothelial colony forming cells and human placental pericytes. Moreover,
a second layer was then added composed of the collagen-bioink with keratinocytes.
Results in vitro described the formation of vascular constructs and the maturation of
keratinocytes. When implanted on the dorsum of immunodeficient mice, union of the
vascular constructs of the dressing with the microvessels of the wound niche occurred
and the dressing become perfused within 4 weeks after implantation [37]. Finally,
following all the aforementioned approaches, Kim et al. developed a complex construct
by using a combination of two 3D bioprinting techniques [38] — extrusion and inkjet-
based — to develop a three-layered vascularized BeLSE. The developed system was
composed of polycaprolactone/gelatin bioink — with human keratinocytes for the
epidermal layer and human fibroblasts for the dermal layer — and the hypodermic layer
was composed of an adipose-fibrinogen bioink. Vessels were printed using human
umbilical vein endothelial cells (HUVECs) in a thrombin/gelatin-based bioink. The
developed BeLSE, along with their bioprinting strategy, allowed Kim et al. to reduce costs
in terms of manufacturing time — 50 times — and culture medium used — 10 times —
compared with the conventional transwell manufacturing system. However, this device

has not been tested in functional in vitro assays yet [39].

Recent works have also follow the vascularized BeLSEs strategy with well stablished,
reproducible and standardized protocols [40]. In this regard, it clearly appears that to
overcome the oxygen limitations of chronic wounds and to ensure an optimal integration
within the host tissue, 3D printed vascularized BeLSEs are bridging the gap in the search

for more effective, personalized and innovative cell-based therapies.
The revolution of mesenchymal stromal cell-laden dressings

Due to encouraging results in different inflammatory pathologies and the reduced
clinical implementation of the commercialized BeLSEs, MSC-Ds were developed as a
promising alternative for chronic wound healing applications. The unique
immunomodulatory and pro-regenerative properties of MSCs (Box 2) make them an
invaluable cell type for the repair of chronic tissue injuries [36-42]. MSC-Ds, like other

cell-based dressings, not only provide moisture retention, external protection and a
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structure for delivery of cell mediators etc., but they can also act as a niche for the
preservation of the stemness or, if desired, for the differenciation of these cells. Rather
than integrating within the host tissue, the action of MSC-Ds rely on the orchestration of
the wound closure throught the paracrine secretion of therapeutic mediators such as
cytokines, growth factors and extracellular vesicles (EVs). There are many studies
highlighting that MSC-Ds therapies accelerate wound healing comparing to direct MSCs
administration techniques on both animal models and humans [41,42]. In that sense,
below, we have reviewed different MSC-Ds and classified them into biopolymeric porous
scaffolds (BPSs), electrospun nanofiber meshes (ENMs), hydrogels and 3D bioprinted
dressings. Furthermore, we have carried out an update of the different, ongoing or

completed, clinical trials with MSC-Ds for chronic wound healing applications.

Biopolymeric porous scaffolds

BPSs are easily manufacturable and biocompatible constructs that possess adequate
mechanical and physicochemical properties, as well as an interconnected porosity and
high swelling capacity [43]. The use of BPSs has grown rapidly in the past decades,
mainly due to the ease of manufacturing — generally by casting — being one of the most
studied MSC-Ds nowadays. From proteins, polysaccharides, proteoglycans or
glycolipids to pure synthetic polymers; a wide variety of polymers have been utilized to
develop these biomaterial-based systems, which are well described by Mogosanu et al.
and Rahmani Del Bakhshayesh et al. [44,45]. However, ECM protein-based BPSs or its
derivatives — usually combined with other molecules to improve mechanical properties

— are the current BPSs research trend.

Interestingly, a composite BPS — consisting of gelatin with chitosan and hyaluronic
acid (HA), and developed by Weinstein-Oppenheimer and colleagues — showed an
elevated in vitro biocompatibility when was MSC-laden. These MSC-Ds were further
tested in rabbits, demonstrating their biocompatibility, a degradability time between 1-2
weeks and an enhanced re-epithelization capacity. When finally proven in a human case,
they showed a partial biodegradation within one week, early regeneration capacity and
absence of rejection signs (Fig. 3 I) [46]. Another effective protein-approach developed
by Kang et al. described the preparation of BPSs made of collagen combined with HA
for the vehiculization of adipose tissue-MSCs (AT-MSCs) and human umbilical vein

endothelial cells (HUVECSs). With the purpose of investigating and evaluating their effects
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in angiogenesis, these co-cultured MSC-Ds were combined with low-intensity pulsed
ultrasound (LIPUS) — enhances and regulates VEGF expression and promotes
messenger RNA (mRNA) expression of different collagens —. The results obtained in
vivo showed that the AT-MSCs/HUVECs BPSs, combined with LIPUS, had a great
angiogenesis-promoting capability, thus achieving a combined therapeutic efficacy (Fig.
31) [47].
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Fig. 3. Composite image of various BPSs design considerations and applications in wound healing.
(I) Rabbits “ histology shows wound healing in the epidermis zone and a region of granulation tissue
(gt). Human clinical case. The MSC-D was used to cover a nevus resection wound of 2.7 x 5.2 cm2
applied over a period of 4 weeks. A. Congenital melanocytic nevus. B. Skin wound after the surgery.
C. Procedure used to dress the wound. D. Wound dressing covering the whole wound. E. Wound
dressing after 7 days. F. Wound dressing after 4 weeks of surgery. Reproduced with permission
from ref [46]. (Il) Experimental designs and schedules of in vitro cell culture and in vivo implantation.

Reproduced with permission from ref [47].

Despite the huge popularity and volume of work in MSC-laden collagen-based BPSs
[48-50] — and other human protein-based BPSs in general [51,52] —, vegetal proteins
are also being subject of research in the field. In that sense, our group developed a soy
protein with B-chitin sponge-like BPS — both compounds reutilized from waste by-
products of the food industry —. The developed device presented excellent
biocompatibility, not only in vitro but also in vivo, showing an important swelling capacity
— nearly 1300% — and an elevated AT-MSCs loading capacity of up to 4x104 cells/mm3
of BPS [53]. This approach demonstrated that valorized waste by-products could also

be an excellent source of MSC-Ds.

299



Chapter 3 | Appendix 6

Finally, pure synthetic BPSs have achieved encouraging results for MSC-based
chronic wound therapies — the wide range of synthetic scaffolding combinations are
described by Chaudhari et al. [54] —. Indeed, due to their excellent physicochemical and
easy-handling properties polyethylene glycol (PEG), polyurethane and graphene are the
focus of synthetic BPSs development. For example, Geesala et al developed pure PEG—
polyurethane BPSs loaded with bone marrow-derived MSCs (BM-MSCs). The evaluated
MSC-Ds were used in a murine wound model and results depicted significant increase
in fibroblast proliferation, collagen deposition and antioxidant enzyme activites —
catalase, etc. —. Furthermore, a decreased expression of pro-inflammatory cytokines —
IL-1B, tumor necrosis factor alpha (TNF-a), IL-8, etc. — with an increased expression of
anti-inflammatory cytokines — IL-10, IL-13 — was given [55]. Due to their aforementioned
excellent physicochemical and inherent antibacterial properties, graphene-based BPSs
are currently being investigated for innovative wound healing purposes [56,57]. These
excellent properties have driven Li et al. and Chu et al. to develop graphene-based BPSs
combined with BM-MSCs. Briefly, both strategies showed synergistic effects and
promoted wound closure through angiogenesis and collagen deposition enhancement

in rodent models [58,59].

Electrospun Nanofiber Meshes

Over the last decade, there has been a considerable progress in dressings” design
considerations due to introduction of electrospinning. ENMs have been proven to be
suitable candidates for wound delivery of bioactive molecules — i.e. growth factors,
antibiotics and other small molecules — [60,61]. ENMs have been designed to mimic
the ECM, providing more favorable and precise conditions for cell attachment,
proliferation and cell-drug interaction [11,62]. These factors have led to an increasing

number of works in the field.

The most popular natural polymers used to create ENMs have been HA, gelatin,
chitosan, alginate, collagen, silk fibroin etc. Among the synthetic polymers used, poly-
lactic glycolic acid (PLGA), poly-ethylene glycol (PEG) and poly-caprolactone (PCL) have
been the main players for the ENMs design and development [63]. In this regard, PCL —
a hydrophobic and biocompatible aliphatic polyester — has been widely used to develop
ENMs since the beginning to nowadays, due to its suitability for manufacturing and

adequate biocompatibility. As a result, many works have been recently published with a
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wide variety of cell-based ENM strategies. Su et al. developed a PCL-ENMs loaded with
AT-MSCs that were able to produce significantly higher levels of anti-inflammatory and
pro-angiogenic cytokines in vitro compared to AT-MSCs cultured on microplates. In a rat
wound-healing model, these MSC-Ds accelerated wound closure, promoted
macrophage recruitment and enhanced the M2 macrophage polarization — pro-
regenerative profile — [64]. Another recent PCL-based approach by Chen et al.
combined BM-MSCs with an ENM — with radically/vertically aligned fibers — able to
completely recover their shape and maintain structural integrity after mechanical stress.
These MSC-Ds were able to promote granulation tissue formation, angiogenesis,
collagen deposition, and switch the macrophage response to a pro-regenerative profile
[65].

Combined ENM-based therapies are also being investigated with the objective of
targeting different healing stages with a unique avant-garde MSC-D. Following this path,
Lotfi et al. developed an effective gelatin-based ENM strategy combining the effect of AT-
MSCs co-cultured with keratinocytes. These MSC-Ds were tested on a rat wound model
and the observed results demonstrated that the wound closure rate was significantly
higher in the co-cultured ENM group compared to the other groups — unique culture
and control —. The expression levels of VEGF, collagen type 1, and CD34 was also
significantly higher in the co-cultured ENMs group compared to the ones observed in the
other groups [66]. Another brilliant strategy developed by Phan-Nguyen and coworkers
utilized PCL combined with gelatin to create an ENM able to spontaneously assemble
within 3 days in cell culture plate. Briefly, they seeded AT-MSCs onto the PCL/gelatin
ENMs and demonstrated in-vivo that the MSC-D was able to accelerate wound healing
and increase the pan-keratin and collagen levels in a C57BL/6 mice model [67]. Although
other recent published works investigate different polymers such as silk fibroin [68], the
latest advances around this technology focus on the size-reduction of the electrospinning
instrument, leading to the construction of handheld electrospinning systems [69-71].
However, none of these developed devices have been already proven with cell-based

strategies.

Hydrogels

Hydrogels are insoluble, swellable and hydrophilic devices that contain an elevated

water proportion and a structural microarchitecture that closely mimics the native ECM
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structure. These formulations have been investigated in chronic wound scenarios since
the late 80"s [72]. Due to their elevated water content, hydrogels are usually employed
in dry wounds as they have the ability to maintain the moist environment, refresh the
wound bed and even reduce the wound pain [11]. As well as BPSs, a wide range of
matrix-forming polymers — chitin, chitosan, collagen, gelatin, etc. — have been used to
develop therapies with MSC-laden hydrogels — readers should refer to [2,72,73] for
further insight —.

Similar to the development of BPSs, the use of proteins and/or polysaccharides as
MSCs-based hydrogel-forming molecules is still very popular. Different AT-MSC-laden
hydrogels, mainly composed of gelatin, have been developed and recently tested in
different in vivo rodent models (Fig. 4 ). These investigations reported that hydrogels
were able to enhance the vascularization of wounds and reduced the healing time [74-
76]. A polysaccharide-based strategy by Xu et al. investigated a composite chitosan-
based hydrogel combined with glycerol phosphate sodium and cellulose nanocrystals
for immobilization of human umbilical cord-MSCs. The MSC-Ds were tested in rats, and
the paracrine effects of the undifferentiated MSCs combined with the dressings achieved
significantly accelerated wound closure, tissue remodeling, microcirculation, re-
epithelialization and even hair follicle regeneration. These MSC-Ds also promoted
collagen deposition and decreased the secretion of some inflammatory factors — TNF-
a and IL-1B — [77]. Bai et al. also proposed a chitosan-based BM-MSC-laden hydrogel
— combined with HA and collagen — with self-healing properties. The BM-MSCs loaded
into the hydrogel were able to increase the secretion TGF-B1, VEGF and b-FGF in the 3D
hydrogel environment as compared to the 2D cultured cells. Finally, the developed MSC-
Ds were able to promote wound healing in vivo with also the decrease in inflammatory
cell infiltration and the increase in granulation tissue formation, collagen deposition and
neovascularization [78]. Further recent evaluations of chitosan and chitin-based
hydrogels have also shown adequate biocompatibility and suitability for MSCs
immobilization, highlighting the great potential of this approach for chronic wound

management [79-81] (Fig. 4 II).
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Fig. 4. Composite image of different hydrogel-based MSC-Ds design considerations and
applications in wound healing. (I) A. Creating a bicomponent hydrogel; a solution of methacrylated
gelatin and methacrylated HA was formed by rehydrating lyophilized powders of both in media alone
(control hydrogel) or media containing cells (cell-containing hydrogel) then crosslinked by the
addition of a photoinitiator and UV irradiation for 40s. B. Evaluation of the angiogenic properties of
the hydrogel in the chick chorioallantoic membrane (CAM) assay. Micrographs (upper row) and
semi-automatic processed images (lower row) of the hydrogel, hydrogel containing AT-MSCs and
hydrogel containing VEGF (positive control), taken on Day 14 of embryonic development.
Reproduced with permission from ref [74]. (Il) A scheme of experimental design and illustration of
differentiation process of BM-MSCs. A scheme of the differentiation process of BM-MSCs
encapsulated in the chitin nanofibers (CNFs) hydrogel in vitro and in vivo, illustrating their
differentiation induced by CNFs hydrogel and contribution to the formation of granulation tissue for

better wound healing. Reproduced with permission from ref [79].

Over the past decade, the great potential of MSC-based hydrogels has met the wound
healing efficacy of decellularized extracellular matrices (dECMs). Thanks to their low
immunogenicity, adequate biocompatibility and the ability to maintain the specific
functional structure of their original tissue source, some researchers have explored the
development of dECM-based hydrogels [11]. In this regard, Chen and co-workers utilized
human adipose tissue to develop a decellularized adipose tissue hydrogel combined
with AT-MSCs to accelerate chronic wound healing. They achieved a hydrogel that was
able to support AT-MSCs adhesion and proliferation, even increasing the delivery of AT-
MSCs-secreted hepatocyte growth factor (HGF) compared to 2D cultured cells. This

approach was finally tested in a full thickness skin wound model in diabetic mice, and
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the results demonstrated greater closure in the AT-MSC hydrogel group with an
enhanced neovascularization effect [82]. Another dECM-based hydrogel obtained from
adipose tissue and developed by Pu et al. also achieved an increased wound closure in
an in vivo rat model. Briefly, the developed dECM-based hydrogel maintained some
proteins of the tissue source — Collagen I/IV, fibronectin and laminin — and, when
combined with AT-MSCs, it was able to reduce the wound size with also an increased

neovascularization [83].

Finally, latest trends in MSC-based hydrogel research are focusing not only on the
composition and the type of MSC, but also on the immunomodulatory potential of these
units and also the in situ administration of these formulations. Many researchers have
claimed that in order to fully elicit the immunomodulatory effects of MSCs, they must be
activated — also called the “licensing” process — with inflammatory mediators such as
interferon-gamma (IFN-y) [84-86]. Following these precedents, our group developed a
bioinspired multifunctional collagen-alginate hydrogel that combined 3D biomimetic
MSC culture and sustained inflammatory licensing. The inclusion of IFN-y-laden heparin-
coated microbeads allowed us a prolonged immunomodulatory licensing of MSCs,
resulting in an enhanced suppression of T cell proliferation in vitro [87]. Other researchers
are also following this approach, developing effective in situ injectable IFN-y-
functionalized hydrogels with different compositions — PEG and silk fibroin —. Briefly,
these works also demonstrated promising immunomodulatory effects on T-cell

proliferation and a great effectiveness in wound healing applications in vivo [88,89].

3D bioprinted dressings

3D bioprinting technology has undoubtedly revolutionized manifold fields of tissue
engineering and regenerative medicine, as the strategy has improved dressings’
biomimetic aspect. As mentioned before, 3D bioprinted matrices can be constructed with
a desired strength, porosity, interconnectivity and biodegradability to recreate the best
ECM-like scenario for cell attachment and proliferation. In the 2010 s decade, integration
of 3D bioprinting technologies with MSCs research popularly emerged. As a result, MSCs
such as AT-MSC or BM-MSCs have been reported to work with different bioinks —

collagen, fibrin etc. — in tissue regeneration [90].

304



Chapter 3 | Appendix 6

Consequently, one of the most used 3D bioprinting techniques — laser assisted
bioprinting (LaBP) technology — has allowed Skardal et al. the development of a 3D
bioprinted dressing with MSCs to investigate wound healing properties. In an in vivo
experiment BM-MSCs and amniotic-fluid MSCs seeded in a fibrin-collagen 3D bioprinted
dressing showed an increased microvessel density and capillary diameter compared to
wounds treated with the cell-free counterpart. Due to fluorescent tracking, these results
were attributed to the cell-released secretome, rather than direct cell-to-cell interactions.
Thanks to this technique, Skardal et al. achieved a more reproducible method to develop
a co-cultured MSC-D as compared to the traditional seeding methods [91]. More recent
works, also demonstrated the effectiveness of BM-MSCs alone in different LaBP 3D
bioprinted dressings as promoters of angiogenesis, re-epithelialization and granulation

tissue formation [92].

On the other hand, another trendy 3D bioprinting technique — the extrusion — has
also been successfully investigated for the development of 3D bioprinted MSC-Ds. A
research carried out by Rutz et al. developed 3D bioprinted MSC-Ds composed of gelatin
combined with fibrinogen. The developed MSC-Ds showed an elevated matrix deposition
that helped to form a skin-like tissue construct in vitro [93]. Furthermore, with the same
technique, Kim and coworkers used a skin-derived decellularized ECM as “bioink” for the
development of 3D bioprinted MSC-Ds laden with endothelial progenitor cells (EPCs) and
AT-MSC. The developed “bioink” retained the major ECM components of skin in addition
to favorable growth factors and cytokines. In vivo results revealed that the 3D bioprinted
MSC-Ds accelerated wound closure, neovascularization and even re-epithelization. The
use of the 3D printing technique allowed this group to place both cell types in a desire
and precise pattern achieving a complex MSC-D with an elevated reproducibility [94]. In
another approach, Li et al. developed extrusion-based mussel-inspired 3D bioprinted
MSC-Ds loaded with AT-MSCs. Briefly, MSC-Ds produced more pro-angiogenic and
immunomodulatory factors than 2D cultures in vitro and the conditioned medium
collected from cultured MSC-Ds sped wound closure, enhanced vascularization, and

promoted macrophage switching from M1 to M2 phenotype in the wound bed [95].

Finally, due to all the technical advancement during this last decade, research is now
also focusing — as well as the electrospinning technique — on the development of

handheld 3D skin bioprinters for in situ formulation of skin constructs [96,97]. Such
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portable 3D bioprinters can revolutionize the wound care market, as patients will not have
to wait for the in vitro expansion of cell-based dressings. Furthermore, it is likely that this
technology, in a near future, could also be used for emergencies such as burn traumas
and could be incorporated as part of the standard equipment in medical vehicles for an

immediate point-of-care treatment.
An update on clinical trials of MSC-based dressings

The clinical implementation of all MSC-D therapies is extremely vital to validate proof
of concept and preclinical observations in animal models. Clinical trials not only reveal
the therapy outcomes, but also unfold information such as costs of treatment and
safety/risks of patients involved in the study. Herein, we have tried to summarize all
clinical trial reports on MSC-D therapies for chronic wound healing (Table 1). Although
several instances of preclinical animal investigations have been published, there have

only been a handful of clinical trials employing these strategies in humans.
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Table 1. Summary of the clinical trial data using MSC-Ds for chronic wound healing (NIH Clinical trials and EudraCT consulted 10-12-2021)

Dressing MSC type Treatment Wound type Phase / n Results Date Ref.
; Case
Terudermis ~ Autologous BM-MSCs seeded in |diopathic -
: Report Good granulation tissue at 2 weeks 2005 [134]
® (BPS) BM-MSCs Terudermis®. lower leg ulcer ]
n=
Trauma / 11 healed within 8 weeks; 2 burn
) Venous ulcers patients mostly healed. 3 healed
Pelnac™ Autologous BM-MSCs seeded in Phase | o
/Burn/ within 3 weeks; 2 healed after 2 2008 [135]
(BPS) BM-MSCs Pelnac™. ) n=20 o .
Decubitus applications. 2 died for unrelated
ulcers pathology before end of clinical

Group 1: BM-MSCs

seeded in Surgicoll. .
. . : 3 complete healing of wound. 5
Surgicoll Autologous Group 2: BM-MSCs Diabetic foot Phase |

: patients significantly decreased in 2011 [136]
(BPS) BM-MSCs suspension. Group 3: ulcers n=8 :
wound size
Suspension + GF and
fibrin glue
16/22 wound closure at week 8 in
Hydrogel
Application of allogenic treatment group. 8/17 wound
(unknown  Allogenic AT- Diabetic foot Phase I/l
AT-MSC in form of closure at week 8 in control group. 2015 [137]
compositio MSC ulcers n=>59
) hydrogel 82% vs 53% in wound closure at
n

week 12
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Allogenic BM-MSCs

2015-
Collagen Allogenic (REDDSTAR ORBCEL- Diabetic foot Phase Ib Started
Ongoing 00558
BPS BM-MSCs M) seeded in a ulcers n=9 August 2016 016
collagen BPS

. Application of allogenic o Started
Hydrogel  Allogenic AT- ) Diabetic foot Phase Il )
AT-MSC in form of Ongoing December 37087
of [137] MSC ulcers n=164
hydrogel 2017 4
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) Application of allogenic o ) ~ NCT03
Collagen Allogenic Diabetic foot Phase | Terminated (stopped because of Started April
BM-MSCs-laden ) 50987
BPS BM-MSCs ulcers n=9 lack of recruitment) 2018
collagen SCAFFOLD 0

. ) Epidermolysis
Decellulari ) WJ-MSCs seeded in a Started 2018-
Allogenic Bulbosa and Phase I/l
zed human decellularized human ) Ongoing September 00389
) ] WJ-MSCs other chronic n=100
Skin matrix skin matrix 2020 0-91
wounds

Decellulari
WJ-MSCs and HDFs ) ]
zed Total skin regeneration and re-
o WJ-MSCs seeded on a ) Case o o
amniotic i o Chronic ulcers i epithelialization was achieve in all 2021 [139]
and HDFs decellularized amniotic series n=5 . :

membrane patients at nine days of treatment

8PS membrane BPS
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Concluding remarks and future scope

With the latest advances in cell-based dressings” research and the poor clinical
translation, more complex and precise strategies are being developed to address the
multiple dysregulations that are responsible for undermining the proper functioning of
skin. Recent breakthroughs in cell-based dressing design hold great potential to help

improve patients " quality of life and prevent further health complications.

The current chronic wound cell-based treatment “race” is extensive, innovative and
multidisciplinary. Indeed, this marathon is now focusing on 3D bioprinting. Advances with
this technique have offered precise cell patterning in predefined dressings” locations,
which has enabled a better recapitulation of the micro-architectural organization of native
skin. Thanks to this advancement, the two different cell-based dressing strategies for
wound healing — being secretome-delivery agents with bioactive structural constructs
for cell hosting or, in contrast, cell-based matrices able to being integrated within the host
tissue for accompanying chronic wounds all along the healing process — can be
developed in a more precise and reproducible manner. Nonetheless, many works
reported in the literature using 3D printing have taken advantage of the “hype”
surrounding the technique to develop MSC-based dressings that do not present any
advantage compared to the other approaches. In that sense, this field awaits the
development of more active bioinks that will include the combination of various cell types
— fibroblasts, keratinocytes, melanocytes, MSCs and even endothelial cells — to
faithfully mimic the native skin microenvironment, also with the presence of hair follicles,
microvessels or even sweat glands. In situ formed and self-healing hydrogels are also
taking advantage on the race for the first approved treatments as they are effective as
well as easily manufactured, handled and administered. Furthermore, the licensing of
MSCs has opened the door to more effective therapies as their secretory profile can be
modified to potentiate different effects. Another important therapy in the field, the ENMs,
have retained their importance due to their simplicity, despite being a fairly old
construction methodology. However, the large amount of parameters that affect the
dressing construction hinders the reproducibility across different research groups. In
contrast, the possibility to combine this technique with other ones, such as 3D bioprinting,
may lead to more biomimetic and effective therapies. Furthermore, the direction of this

technique, among others including 3D bioprinting or hydrogels, is also focusing on the
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development of in situ administration devices. Evidence suggests that in the near future,
clinicians will be able to use hand-held electrospinning devices or 3D bioprinters to apply
cell-based dressings on chronic wounds — or even other major injuries such as severe

burns — in hospitals or even in patient’s homes.

Another key-point for the final implementation of cell-based dressings in the clinic is
the cost of production. Nowadays, cell-based therapies for chronic wounds are much
more expensive than the standard wound care therapies. It is essential to achieve
scalable, reproducible and effective manufacturing of cell-based dressings to reduce
production costs. Furthermore, the administration periods of these therapies should be
carefully analyzed. When cell-based dressings are utilized with the aim of being
integrated within the host tissue, it could be important to maintain these dressings for
longer periods than the standard therapies not to “break” the healing process. In this
regard, the traditional care protocol of debridement and treatment of chronic wounds
could be unfavorable, since removing these dressings and adding new ones would be
inconsistent with their mechanism of action and will end increasing the cost of these
therapies too. Research in this direction should be carried out to clarify whether these
constructs should be administered following the traditional approach or, in contrast,

should change the paradigm of the traditional chronic wound care.

The current development of a wide range of smart and innovative cell-based dressing
strategies to tackle chronic wound healing is both motivational and stimulating in the
pursuit of further progress. However, cost-benefit considerations and a more difficult
commercialization pathway — compared to non-cellular dressings — are hindering their
implementation in clinic. The regulatory affairs of these cell-based dressings are not only
slowing-down their clinical use, but also causing the disinterest of many companies and
institutions on the investment and development of such therapies. Nevertheless, we
strongly believe that in this decade, more precise, effective, innovative, and even cheaper
cell-based dressings could break into the standard market of chronic wound

management.
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Box 1: Chronic wounds ( Insufficient healing)

When tissue repair is ineffective, due to various disorders — e.g. diabetes,
aging, cardiovascular diseases, etc. —, it can lead to ulcerative skin damage such
as venous leg ulcers, arterial ulcers, diabetic foot ulcers or pressure ulcers [11].
Chronic wounds are characterized by a persistent inflammation, hard re-
epithelialization, impaired angiogenesis, dysregulated levels of cytokines/growth
factors and/or increased protease activity. For example, some mediators such as
IL-6, IL-1, matrix metalloproteinases (MMPs) or TNFa are constantly upregulated,
whereas the expression of TIMPs appears downregulated [11,104]. On the other

hand, at a cellular level, many disturbances occur in the wound niche (Fig. 1).
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Figure 1. Cellular disturbances in chronic wounds. (GF) Growth factors.

Polimorphonuclear neutrophils  exhibit a decreased infiltration and
transendothelial cell migration, phenotypic changes — defects in the recruitment
and chemotaxis capacity and an increased ROS production —, a lower
antibacterial activity and a longer permanence in the wound. Furthermore, these
cells have shown a reduced M2 macrophage profile induction and an increased IL-
1B production induction by macrophages in chronic wounds [105,106].
Disturbances in macrophages are also usual in chronic wounds and can lead to
anomalous repair. Macrophages exhibit a dysregulated inflammatory cytokine and
growth factor production, all along with a M1 pro-inflammatory predominance in
the M1/M2 profile ratio. Furthermore, there is an aberrant and altered
communication — mainly due to the harsh environment with elevated protease
activity — between macrophages and other cells including epithelial cells,
endothelial cells, fibroblasts, and stem or tissue pro-genitor cells [107]. Despite
there not being a consensus on the scientific community, the hyperproliferative

keratinocyte status appears to be the most accepted approach lately in chronic
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wounds. Furthermore, these cells exhibit an altered migratory potential, increased
MMPs production and they lack expression of differentiation markers [2,11,108].
Finally, due to the aforementioned inflammatory environment, fibroblasts are
unable to respond to growth factors and inflammatory cytokines, resulting in a
decreased proliferative capacity and increased MMPs production [108-110]. These
cellular and molecular abnormalities obstruct the deposition of ECM and the

formation of the granulation tissue, resulting in the formation of chronic wounds.
Box 2: Effects of MSCs in Wound Healing

MSCs accelerate wound closure by modulating inflammation, increasing
angiogenesis, promoting granulation tissue formation, regulating ECM remodeling
and enhancing re-epithelialization (Fig. 2). Indeed, these effects are mediated by
two mechanisms; cell-cell interactions and paracrine signaling, being the latter, the

main player [111,112].
Immunomodulation

It has been described that MSCs regulate both innate and adaptive immunity
through modulating several functions in different immune cells — T, B and natural
killer lymphocytes, monocytes, macrophages and dendritic cells — such as
activation, proliferation, maturation and cytolytic activities. These effects are
mediated by cell-cell interactions — programmed Death-ligand 1 (PD-L1) and Fas
Ligand (Fas-L) union to T cells —secreted mediators — indoleamine 2,3-diox-
ygenase (IDO), TGF-B1, IL-10, prostaglandin E2 (PGE-2), HGF, Galectins 1 and 9
(GAL-1 and GAL-9), nitric oxide (NO), interleukin-1 receptor antagonist (IL-1Ra)
and finally, cargo content of the secreted EVs (miRNAs etc.). Furthermore, MSCs
have demonstrated a reduction in the secretion of pro-inflammatory cytokines —
such as IL-1 and TNF-a — and intercellular adhesion molecule 1 (ICAM1) by other

cell types like macrophages or neutrophils [113,114].
Angiogenesis

The pro-angiogenic effects of MSCs are mainly attributed to the secretion of
soluble factors including vascular endothelial growth factor (VEGF), angiogenin,

angiopoietin, IL-8, monocyte chemoattractant protein-1 (MCP-1) or HGF and
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extracellular vesicles (EVs) encapsulating pro-angiogenic mi-RNAs such as miR-
30, miR424, miR-125 etc. and proteins [115-119]. Indeed, MSCs have
demonstrated the capability to increase the density of microvessels and even,
some studies have suggested that MSCs could participate in the vasculogenesis

process through differentiation into vascular endothelial cells [118,119].
ECM remodeling

MSCs have demonstrated an enhanced wound healing and ECM remodeling
through increased fibroblasts and keratinocytes migration, fibroblasts proliferation
and even collagen and elastin secretion from these cells. Furthermore, MSCs are
able to inhibit matrix metalloproteinase-1 (MMP-1) — released by keratinocytes —
helping, in that vein, to maintain the cytokine and growth factor communication
and the balance of ECM remodeling during the final steps of wound healing
[108,114,118].

Macroscopic changes

The skin regeneration potential of MSCs at a macroscopic level comes from
their demonstrated capacity to increase epidermis thickness and dermal ridges.
Additionally, MSCs also promote the formation of hair follicles, sweat glands, and

other normal skin appendages [118].
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STEICELLS

Figure 1. MSCs effects and mediators. EVs effects are represented with yellowish circles. Vascular
endothelial growth factor (VEGF), monocyte chemoattractant protein-1 (MCP-1), hepatocyte growth
factor (HGF), indoleamine 2,3-diox-ygenase (IDO), transforming growth factor beta-1 (TGF-B1),
prostaglandin E-2 (PGE-2), nitric oxide (NO), interleukin-1 receptor antagonist (IL-1Ra), tumor
necrosis factor alpha (TNF-a), programmed death-ligand 1 (PD-L1), FAS ligand (FAS-L), matrix

metalloproteinase 1 (MMP-1). Some images have been reproduced from Wikimedia commons [10].
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Las heridas son tan antiguas como lo es el ser humano. Desde nuestra infancia,
cuando sufrimos numerosos rasgunos y cortes, hasta nuestra vejez, cuando diferentes
patologias, golpes, cirugias etc. pueden provocar graves lesiones tisulares, los humanos
experimentamos de manera recurrente el ciclo de del dafio y la reparacién de tejidos.
Generalmente, las heridas cicatrizan en pocos dias 0 semanas en un proceso sin
incidencias. Sin embargo, hay ocasiones en las que la cicatrizaciéon de heridas sufre
problemas. Generalmente, las heridas se dividen en agudas y crénicas, con ciertos
subtipos en cada grupo. Cuando se da la lesién tisular, todas las heridas son tratadas
como agudas, independientemente de su origen o naturaleza. No obstante, cuando
estas lesiones tardan méas de tres meses en cicatrizar, son tratadas como heridas
crénicas. Entre los estados fisioldgicos y patolégicos que pueden provocar un retraso o
incidencia en la cicatrizacién; el envejecimiento, la diabetes, las infecciones, los

problemas vasculares y el cancer son las principales causas.

El proceso de cicatrizacién de heridas tras una lesion tisular implica una compleja
interaccion de; multiples tipos de células (células inmunitarias, células de la piel, células
estromales mesenquimales (MSCs), etc.), mediadores moleculares y la matriz
extracelular circundante (ECM). Este proceso sigue una cascada celular y molecular
perfectamente orquestada por multiples mediadores. En individuos sanos, este proceso
de cicatrizacidon de heridas comprende cuatro etapas: hemostasia, inflamacion,
proliferacion y remodelacién. Sin embargo, cuando el proceso de cicatrizacion se

estanca en alguna de ellas, es necesario actuar desde un abordaje farmacoterapéutico.

Este es el caso de algunas heridas agudas que pueden quedarse estancadas en la
fase de hemostasia, normalmente como efectos secundarios a coagulopatias,
problemas metabdlicos, algunos cénceres o trastornos genéticos. EI mecanismo
circundante detras de estas anomalias normalmente reside en una alteracion de la
agregacion plaquetaria y/o la formacion de codgulos que conduce a una pérdida
continua de sangre sin un cierre adecuado de la herida. Por ejemplo, en patologias como
la epistaxis severa — generalmente la epistaxis posterior —, estas heridas pueden
aparecer con asidua periodicidad causando importantes problemas en la salud y calidad
de vida de los pacientes. Hoy en dia, el tratamiento estandar no quirdrgico de estas

heridas hemorréagicas agudas consiste en el empleo de presion combinado con
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biomateriales que cubren la herida y absorben la sangre (gasas, apositos, etc.). Sin
embargo, es necesario desarrollar nuevos tratamientos mas bioactivos que puedan
evitar la cauterizacion o la cirugia y que ayuden a reducir la pérdida de sangre y el tiempo
de curacién al mismo tiempo que ayuden a mejorar la calidad de vida de las personas
que lo padecen — por ejemplo; reduciendo las molestias en los pacientes con epistaxis

al extraer/introducir las gasas o los tapones nasales —.

Por otro lado, algunas lesiones tisulares pueden quedar estancadas en la segunda
fase del proceso normal de cicatrizacion de heridas, la fase inflamatoria, dando lugar a
heridas cronicas. Este tipo de heridas se caracterizan por permanecer en un estado
inflamatorio constante mostrando una angiogénesis alterada y una intercomunicacion
celular desregulada debido a una elevada actividad proteolitica. Todas estas
alteraciones celulares y moleculares impiden una correcta deposicién de ECM vy
finalmente impiden una correcta formacion de tejido de granulacién. A pesar de que
actualmente existe una amplia variedad de tratamientos disponibles en el mercado para
este tipo de heridas, aln existe la necesidad de desarrollar terapias mas precisas y
efectivas que aborden los multiples factores involucrados en el proceso de cicatrizaciéon
de heridas. En este sentido, las estrategias basadas en biomateriales, en forma de
apositos, han sido las principales opciones para el tratamiento de este tipo de heridas
desde siglos atras. Sin embargo, estos biomateriales no solo deberian proporcionar
adecuadas propiedades fisicoquimicas y de retencion de humedad, sino que también
deberfan apoyar el proceso de cicatrizacidon, modulando el comportamiento celular y

molecular ajustando asf el microambiente de la herida.

Ya sea en la primera fase (heridas hemorragicas agudas) o en la segunda fase
(heridas croénicas) alli donde se produzca el estancamiento de la cicatrizacion, el
enfoque terapéutico basado en biomateriales es la primera eleccién. Sin embargo, en el
caso de las heridas cronicas, el tratamiento requiere de un enfoque mas complejo que
eventualmente pueda actuar a diferentes niveles del proceso de cicatrizacion. En
consecuencia, durante este siglo se han desarrollado nuevas terapias combinando
células con biomateriales. En este sentido, estos biomateriales proporcionan una matriz
con propiedades bioactivas que favorece la retencion celular y que consecuentemente
liberan mediadores que interactian con el microambiente de la herida ayudando a

conseguir una cicatrizacion mas rapida y funcional.
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Por ello en esta tesis doctoral se ha desarrollado un nuevo biomaterial hemostatico
cicatrizante, en forma de esponja o “scaffold”, compuesto por proteina de la sojay B-
quitina capaz de albergar células en su microarquitectura. Ademas, con el pensamiento
actual de ser respetuoso con el medioambiente y buscar la reduccion de residuos en
todos los niveles de la produccion, los materiales que forman el scaffold son obtenidos
de deshechos de la industria alimentaria. Asf, gracias a este pensamiento de “economia
circular” podemos demostrar que subproductos de la industria pueden ser reutilizados

para producir nuevos dispositivos terapéuticos.

En el primer estudio de esta tesis doctoral, conseguimos sintetizar el scaffold y
posteriormente caracterizarlo. Gracias a los analisis de infrarrojos con transformada de
Fourier y espectrometria de rayos X demostramos que la combinacién de ambos
compuestos, la proteina de la soja y la B-quitina, se da mediante interacciones fisicas
por enlaces de hidrégeno entre los grupos hidroxilo de la B-quitina y los grupos laterales
polares (hidroxilo, carboxilo, amino) de los amino4cidos de la proteina de la soja.
Posteriormente estudiamos su arquitectura confirmando que estos scaffolds
presentaban una porosidad elevada y con una microestructura bien interconectada.
Ademas, la capacidad de absorciéon del material fue elevada, llegando a absorber 13
veces su peso en fluido. Por otro lado, su perfil de degradacion acuoso demostré que
los scaffolds no sufren degradacion hidrolitica. Sin embargo, en presencia de enzimas
degradantes de matriz extracelular como la colagenasa, el scaffold se degradd en 2h.
Finalmente decidimos comprobar la biocompatibilidad de los scaffolds en cultivos
celulares y en modelos murinos. Asf, demostramos que, mediante un previo proceso de
limpieza o condicionamiento de los biomateriales mediante dialisis, presentaban una

biocompatibilidad adecuada para su uso en cicatrizacién de heridas.

En el segundo estudio decidimos testar las propiedades hemostaticas de nuestros
scaffolds para comprobar si podrian ser Utiles en la cicatrizacion de heridas
hemorragicas agudas como la epistaxis. Para ello, incluimos en el estudio dos grupos
de comparacion, uno usando gasas médicas y otro usando Merocel, el “standard”
global en el tratamiento de epistaxis. Primeramente, observamos en el perfil mecanico
que los scaffolds presentaban una mayor capacidad de expansion que el de los otros
dos biomaterials, lo cual resulta interesante de cara a ejercer mayor presiéon en la pared

nasal para el tratamiento de la epistaxis. Posteriormente testamos las propiedades
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hemostaticas de los tres biomateriales. Descubrimos que los scaffolds presentaban una
mayor degradacion en presencia de sangre. Esta propiedad es muy interesante para
reducir las molestias a los pacientes cuando se les retira el tratamiento. Ademas, los
resultados de adhesién de glébulos rojos y plaguetas mostraron que los scaffolds eran
capaces de retener una mayor cantidad de estas células adheridas en su
microestructura lo que, gracias a un posterior ensayo de coagulacion, demostré que
estaba directamente relacionado con una mayor capacidad coagulante. Finalmente
testamos estos materiales en un modelo en roedores de amputaciéon de cola y los

scaffolds demostraron reducir el tiempo de sangrado frente a los otros dos materiales.

En el tercer estudio decidimos combinar nuestros scaffolds con las MSCs, tanto las
obtenidas de tejido adiposo como las extraidas de los foliculos pilosos. Durante este
experimento observamos que las MSCs se adherian y proliferaban dentro de los
scaffolds manteniendo una alta viabilidad hasta los 7 dias de experimento. Durante este
periodo, ademas, las MSCs liberaron gran cantidad de citoquinas y factores de
crecimiento favorables para el proceso de cicatrizacién de heridas como el VEGF, EGF,
SDF-1a entre otros. Posteriormente demostramos que los scaffolds cargados con las
MSCs eran capaces de promover la migracion de fibroblastos y queratinocitos. Ademas,
incrementaron la formacion de vasos en células endoteliales. Por otro lado, el secretoma
liberado por estos sistemas demostré que protegia a los fibroblastos de la muerte celular
derivada de altas concentraciones de especies reactivas de oxigeno y glucosa.
Curiosamente, no observamos diferencias significativas en los resultados de todos estos
experimentos entre los dos tipos de MSCs. Finalmente testamos los scaffolds cargados
con MSCs en un modelo murino con cicatrizacién dificultada. En este procedimiento
observamos que los scaffolds con ambos tipos celulares redujeron el tiempo de
cicatrizacion de las heridas frente a control y a los scaffolds sin células. Ademas,
observamos que los scaffolds con MSCs redujeron la inflamacién en la herida e
incrementaron la re-epitelializacion y la deposicién de colageno logrando un cierre méas

rapido y funcional.

Finalmente, para el cuarto estudio de esta tesis doctoral, analizamos los efectos
cicatrizantes de las vesiculas extracelulares (EVs) liberadas por las MSCs. Se ha descrito
que, al igual que las MSCs, las EVs que estas liberan tienen efectos antiinflamatorios,

inmunomoduladores y regenerativos. Para ello, en primer lugar, aislamos las EVs por
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centrifugacion diferencial generando dos poblaciones, las EVs grandes, aisladas a
10,000 x g (P10K) y las EVs pequefias, aisladas a 100,000 x g (P100K). Después de
obtener estas dos poblaciones, observamos que ambos tipos celulares presentaban los
marcadores vesiculares estandarizados CD9, CD63 y CD81 ademas de una gran
cantidad de otros marcadores involucrados en multitud de procesos bioldgicos.
También pudimos analizar su tamano y morfologia a través de microscopia electrénica
y técnicas de “nanotracking”. Observamos que no habia diferencias entre los distintos
tipos celulares, pero si entre las distintas poblaciones de EVs, presentando més
decoracion proteica a modo de corona en las vesiculas pequefias. Finalmente testamos
estas EVs en ensayos funcionales tales como el ensayo de migracion de fibroblastos,
angiogénesis o los ensayos de proteccion frente a especies reactivas de oxigeno e
hiperglicemia. Pudimos comprobar que tanto los dos tipos celulares como las dos
poblaciones vesiculares fueron capaces de incrementar la migracion en fibroblastos y la
formacién de vasos en células endoteliales frente a control. Por otro lado, no pudimos
observar efectos protectores frente a especies reactivas de oxigeno, sin embargo, si
pudimos observar un efecto de proteccion en fibroblastos frente a la muerte celular por

hiperglicemia.

Como conclusién de esta tesis doctoral, aqui se presenta el desarrollo y
caracterizaciéon de un scaffold tipo esponja obtenido de productos de deshecho de la
industria alimentaria con capacidad hemostatica y de adhesién celular. La primera
propiedad ha servido para demostrar que el scaffold presenta ventajas frente a los
tratamientos de primera linea en clinica para heridas hemorragicas agudas como la
epistaxis. Gracias a la segunda propiedad, hemos podido desarrollar una terapia
combinado el scaffold con MSCs mostrando resultados prometedores en cicatrizacion
de heridas in vitro en in vivo. Finaimente, a modo de terapia libre de células hemos
caracterizado las EVs secretadas por estas células y hemos demostrado que presentan

también una gran eficacia en cicatrizacién de heridas in vitro.
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