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ABSTRACT

To control capillary bleeding, surgeons may use absorbable hemostatic agents, such as Surgicel® and TachoSil®.
Due to their slow resorption, their persistence in situ can have a negative impact on tissue repair in the resected
organ. To avoid complications and obtain a hemostatic agent that promotes tissue repair, a zinc-supplemented
calcium alginate compress was developed: HEMO-IONIC®. This compress is non-absorbable and is therefore
removed once hemostasis has been achieved. After demonstrating the hemostatic efficacy and stability of the
blood clot obtained with HEMO-IONIC, the impact of Surgicel, TachoSil, and HEMO-IONIC on cell activation and
tissue repair were compared (i) in vitro on endothelial cells, which are essential to tissue repair, and (ii) in vivo in
a mouse skin excision model. In vitro, only HEMO-IONIC maintained the phenotypic and functional properties of
endothelial cells and induced their migration. In comparison, Surgicel was found to be highly cytotoxic, and
TachoSil inhibited endothelial cell migration. In vivo, only HEMO-IONIC increased angiogenesis, the recruitment
of cells essential to tissue repair (macrophages, fibroblasts, and epithelial cells), and accelerated maturation of
the extracellular matrix. These results demonstrate that a zinc-supplemented calcium alginate, HEMO-IONIC,
applied for 10 min at the end of surgery and then removed has a long-term positive effect on all phases of tis-

sue repair.

1. Introduction

Achieving good hemostasis at the end of a surgical intervention, in
particular by controlling oozing due to capillary bleeding, is a major
concern [1,2]. To control capillary bleeding, surgeons can apply
absorbable hemostatic compresses, the most commonly used of which
are Surgicel® (oxidized regenerated cellulose, Johnson & Johnson) and
TachoSil® (human fibrinogen and human thrombin coated onto an
equine collagen sponge, Takeda) [3,4]. Surgicel and TachoSil mechan-
ically influence hemostasis by providing a framework for platelet ag-
gregation; TachoSil also has a biological action as it promotes the
formation of fibrin. Numerous studies have demonstrated the hemo-
static efficacy of these products [5-9]. Despite this recognized efficacy,
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post-operative complications — including tissue necrosis, hypersensitiv-
ity, allergy, stenosis, thromboembolic complications, sepsis — have been
reported in several publications due to their presence in situ and slow
resorption [10-16]. In addition, few studies have assessed the impact of
hemostatic agents on tissue repair mechanisms. Indeed, as these agents
remain in situ, and due to their slow resorption (from weeks to months)
they may cause foreign body reactions and interfere with repair of the
resected organ [17,18]. This may be an issue as the speed of
post-surgical organ repair is known to have a direct influence on the
patient’s recovery [19-21]. It thus appears essential to ensure that any
hemostatic agent used is not deleterious to the formation of new tissue,
and preferably it should promote it.

The present study was designed to compare the impact on tissue
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repair of Surgicel and TachoSil to that of HEMO-IONIC®, a new non-
absorbable hemostatic compress composed of Zn?*-enriched Ca®" algi-
nate. The hemostatic properties of Ca?* alginate are widely recognized
[22-24] and its capacity to stimulate wound healing has been demon-
strated by several basic research and clinical studies [22,25,26]. Upon
contact with blood and exudate, calcium ions are released by the algi-
nate, they then act as both an extracellular stimulus and an intracellular
signal to activate the platelets [26,27] and cells required for tissue repair
[28]. The inclusion of Zn?*, another extracellular stimulus which trig-
gers an intracellular calcium signal [29-31], should accentuate the he-
mostasis and healing induced by the calcium alginate [27,32,33].

Upon contact of HEMO-IONIC with blood, ion exchange takes place,
switching the calcium and zinc ions with sodium ions from the blood.
The calcium (coagulation factor IV) and zinc ions released ensure the
formation of a lasting blood clot in the wound [26,27,34]. Simulta-
neously, the insoluble calcium alginate is transformed into a sodium
alginate hydrogel, which is easy to remove from the clot without causing
renewed trauma [26,35]. Hence, thanks to its bioactivity (ion ex-
change), HEMO-IONIC can be removed from the surgical site without
triggering a resumption of bleeding [36]. In addition to the extensively
demonstrated healing properties of Ca%* alginate, the fact that the
Zn?"-enriched Ca?* alginate is removed from the surgical site should
also encourage repair of the resected organ by eliminating the risk of
foreign body reactions. Such reactions have been observed with Surgicel
and TachoSil, which remain in situ [17,18]. Indeed, Surgicel and
TachoSil serve as frameworks for platelets that aggregate within them
[2,8], and their withdrawal would remove the newly formed blood clot
leading to a resumption of bleeding.

Endothelial cells are at the interface between blood and tissues. They
are the key components of the vascular system and are involved in all
phases of hemostasis and tissue repair. Their central role is recognized
and has been demonstrated in regeneration of the skin [37], liver
[38-401, lung [41,42], pancreas [43,44], and heart [45,46], among
other tissues. During the inflammatory phase, endothelial cells regulate
the transmigration of immune cells such as macrophages into tissues
[47,48]. Endothelial cells also ensure the development of granulation
tissue by forming new blood vessels, which transport oxygen and nu-
trients, in particular to fibroblasts involved in the reconstruction and
maturation of the extracellular matrix [49-52].

Endothelial cells can be derived from a variety of stem and progen-
itor cells [53,54]. In this study, we used endothelial cells derived from
human cord blood circulating endothelial progenitor cells (EPCs). EPCs
give rise in culture to Endothelial Colony Forming Cells (ECFCs) which
display interesting features. First, in contrast to more mature endothelial
cells, which have specialized tissue specific features, ECFCs are not
specialized and represent generic endothelial cells, which have been
demonstrated to be able to perform neo-angiogenesis in vivo [55,56].
Second these cells are very active and stable in culture; they can be
expanded without loss of function, thus limiting inter-experiment vari-
ability [57,58]. Third, these cells are easy to obtain.

As a preliminary experiment for this study on tissue repair, hemo-
static efficacy and stability of blood clots were compared in in vitro and
in vivo experiments using HEMO-IONIC, Surgicel, and TachoSil. The
effect on cellular activation of Surgicel, TachoSil and HEMO-IONIC was
then assessed in vitro on endothelial cells. Finally, the impact of the three
hemostatic agents on tissue repair was assessed in vivo in a murine skin
excision model.

2. Materials and methods
2.1. Hemostatic agents

Surgicel is a knitted compress composed of oxidized regenerated
cellulose (Johnson and Johnson, Somerville, NJ, USA). TachoSil is a

human fibrinogen/thrombin-coated patch of equine collagen (Takeda,
Osaka, Japan). Surgicel and TachoSil are absorbable materials and

369

Bioactive Materials 18 (2022) 368-382

according to their notices, only excess Surgicel and no portion of
TachoSil should be removed. HEMO-IONIC is a non-woven calcium
alginate compress enriched with zinc gluconate by spraying (Fig. 1A).
Alginates are polysaccharides composed of two monomers of L-guluronic
acid (G) and p-mannuronic acid (M). The proportion and distribution of
these two monomers determines the physiochemical properties of algi-
nate. Calcium alginate-based dressings with high guluronic acid levels
retain their basic structure and, consequently, are non-absorbable ma-
terials that should be removed from lesions [59]. The predominantly
guluronic calcium alginate fibers that make up HEMO-IONIC are ob-
tained after extrusion of a solution of sodium alginate/cupric chlor-
ophyllin (E141) through a die in a calcium chloride bath. The fibers
produced are carded and then needle-punched to obtain calcium algi-
nate compresses. These compresses are then enriched with zinc gluco-
nate by spraying. HEMO-IONIC is a product in development at
Laboratoires BROTHIER (Nanterre, France).

2.2. Endothelial colony Forming Cell (ECFC) isolation from human
umbilical cord blood

Cord blood (CB) samples were obtained from the cord blood bank at
St Louis hospital (Paris, France; ANSM authorization PPC51). Samples
were collected from umbilical cords from healthy, full-term newborns,
after obtaining informed consent from the mothers. CB Mononuclear
cells (CBMCs) were collected following centrifugation of the cord blood
on a Ficoll gradient (PAN-Biotech, Dutscher). CBMCs were then seeded
at 20.10° cells per well in 12-well plates coated with 50 pg/mL rat tail
collagen type I (Corning, Boulogne-Billancourt), and containing EGM-2-
MV culture medium (Lonza, Basel, Switzerland). The coating encour-
aged adhesion of endothelial progenitors from among the CBMCs. Cul-
ture medium was renewed every day for 7 days, then every two days
until ECFC colonies appeared. ECFCs were then cultured according to
the protocol described by Chevalier et al. [60]. They were used between
passage 3 and passage 5 in experiments.

2.3. Preparation of conditioned media

To avoid hypoxic effects resulting from direct application of the
hemostatic agents to cell cultures, the effects of the three hemostatic
agents on endothelial cells were studied using conditioned media (CM),
in line with the protocol presented in standard ISO 10993-12:2012. CM
were prepared in EGM-2-MV culture medium (or EBM-2 basal medium
supplemented with 0.2% FBS for the chemotactic migration assay). A
fragment of each hemostatic agent (1 cm?) was incubated for 10 min in
2 mL of culture medium. CM were filtered through a 0.45-pm pore filter
to remove any fibers shed by the hemostatic agents. For Neutralized
Surgicel CM, pH was adjusted to pH7 by addition of 1 M NaOH.

2.4. Release of calcium and zinc ions

To determine the amounts of calcium and zinc ions released by
HEMO-IONIC upon exchange with the sodium ions in the solution, the
Ca?* and Zn?* concentrations were measured in the solution by high-
frequency-induced atomic emission plasma spectroscopy, according to
standard ISO 11885:2007 (Flandres-Analyses, Cappelle la Grande,
France). Ion concentrations were measured in EGM-2-MV medium at 0
min, 2 min, 5 min, 10 min, 30 min, 24 h and 48 h after adding HEMO-
IONIC (1 cm?/2 mL), or in control medium.

2.5. Ca*" signal in ECFCs

Cytoplasmic Ca®" concentrations were monitored in ECFCs using
FURA-2-AM, a fluorescent indicator measuring intracellular calcium.
ECFCs were seeded on glass coverslips at a density of 10.10° cells/cm? in
EGM-2-MV. After 48 h, coverslips were placed in the imaging medium
(NaCl 115.5 mM; KCL 5.6 mM; MgCly 1.2 mM; NaH2PO4 1.2 mM;



A.-C. Ponsen et al.

Bioactive Materials 18 (2022) 368-382

A Hemostatic agent
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Fig. 1. HEMO-IONIC is an efficient hemostatic agent that can be removed once hemostasis has been achieved

(A) Main physical characteristics of the hemostatic agents, Surgicel, TachoSil and HEMO-IONIC. Pictures are Scanning Electron microscopy images of the three
agents. Scale bar = 1 mm. (B) Evaluation of re-bleeding from mouse liver lesions following removal of gauze or hemostatic agents based on quantification of the
volume of blood lost 1 min (left) and 10 min (right) after removal (n = 6, Mann-Whitney test, *p < 0.05, **p < 0.01). Pictures showing rebleeding (absorbed by the
cotton swab) after removal of each dressing.
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NaHCOs3 5 M; CaCl, 1.8 mM; HEPES 20 M; Glucose 5.5 mM) with 3 pM
FURA-2-AM molecular probe and incubated for 30 min at room tem-
perature in the dark. After washing, coverslips were placed under per-
manent flux in contact with EGM-2-MV which was switched to HEMO-
IONIC CM. The maximal intracytoplasmic Ca®* signal was measured
by exposing cells to ionomycin 2 pM (Ca®" ionophore), and the mini-
mum by incubation with 20 mM EGTA (Ca®* chelator). The fluorescence
intensity (F) of the FURA-2-AM probe was measured at two excitation
wavelengths (340 nm and 380 nm) every 3 s using an ultra-sensitive EM-
CDD camera (Hamamatsu). For each cell analyzed at each time, the
fluorescence ratio (R) F340/F380 was calculated and used to determine
the cytoplasmic Ca®* concentration, according to the following equation
[61]:

— Ruin
= xKuxp
¢ Rmax —R

[Ca*], =
Where:

[Ca®"], = concentration of cytoplasmic calcium ions

R = F340nm/F380nm

Rnin = R in conditions where [Cazﬂc is minimal (with EGTA)

Rinax = R in conditions where [Ca2+ ] is maximal (with Ionomycin)
K4 = dissociation constant between Ca>" and the FURA-2-AM probe
= 225 nM

B = Fagonm in conditions where [Ca®*], is minimal/Fsgonm in condi-
tions where [Ca?*], is maximal

2.6. Cell viability

To assess the effect of hemostatic agents on ECFC viability, cells were
incubated for 45 min in Control EGM-2-MV medium, and Surgicel,
TachoSil and HEMO-IONIC CM. To determine mortality levels, ECFCs
were stained with Annexin V/Propidium Iodide (PI) (MBL International
Corporation, Clinisciences, France). The numbers of dead cells (Annexin
V and PI positive) and live cells (Annexin V and PI negative) were
quantified using an Accuri C6 flow-cytometer (BD Biosciences).

2.7. ECFC phenotyping

To assess the presence of endothelial markers following exposure to
the CM for the three hemostatic agents, fluorescent antibodies specific
for known markers (and their isotype controls - Beckman Coulter) were
used to label ECFCs for 30 min at 4 °C: anti-CD31-FITC (clone WM59, BD
Biosciences), anti-CD144-PE (clone 55-7H1, Beckman Coulter, Ville-
pinte, France), and anti-CD309-APC (clone 89106, R&D Systems, Lille,
France). The fluorescence intensity of antibody-labelled ECFCs was
detected and analyzed on an Accuri C6 flow-cytometer (BD Biosciences).

2.8. ECFC response to inflammatory conditions

ECFCs were cultured for 48 h in contact with control medium or CM
prepared with the three hemostatic agents. A pro-inflammatory envi-
ronment was induced by adding 10 ng/mL TNF-a (Bio-techne, Lille,
France). After 16 h, ICAM-1 and VCAM-1 expression on the ECFC surface
was measured by labelling with fluorescent anti-ICAM-1-FITC (1:50,
Ozyme, Saint Quentin en Yvelines, France) and anti-VCAM-1-PE (1:20,
Ozyme) antibodies, along with their isotype controls (Beckman Coulter).
Cells and antibodies were incubated for 30 min at 4 °C. Data were ac-
quired and analyzed on an Accuri C6 flow-cytometer (BD Biosciences).

2.9. Proliferation test
ECFCs were seeded overnight at 5.10° cells/cm?, in EGM-2-MV

medium. Cells were incubated for 15 min in PBS with 0.5 pM of the
cell-permeable  fluorescent dye carboxyfluorescein diacetate
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succinimidyl ester (CFSE) (Vybrant® CFDA SE Cell Tracer Kit — ref.
V12883, Invitrogen — Thermo Fisher Scientific). ECFCs were then
further cultured for 48 h, 72 h or 96 h in contact with control medium or
CM prepared with the three hemostatic agents. The fluorescence in-
tensity (I) in the ECFCs, which decreases as they divide, was recorded
using an Accuri C6 flow-cytometer (BD Biosciences). The average
number of cell divisions m was calculated using the following formula:

o)

n2

m=

I;o = fluorescence intensity at time = 0
I; = fluorescence intensity at time t (48 h, 72 h or 96 h)

2.10. Metabolic activity test

Metabolic activity was quantified by measuring the activity of
mitochondrial enzymes present in ECFCs, based on degradation of MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium salt; Promega, Charbonnieres-les-Bains,
France). The resulting colored formazan derivative is excreted into the
culture medium.

ECFCs were seeded at 5.10° cells/cm? in 96-well plates and cultured
in control medium or CM prepared with the three hemostatic agents.
After 0 h, 48 h, 72 h and 96 h, culture medium was replaced by the MTS
solution (170 pL RPMI-1640 + FBS 10%, 30 pL MTS per well) and cells
were incubated for 2 h at 37 °C. The formazan-containing solutions were
harvested, ECFCs were washed, and fresh control medium or CM was
added until the next time-point. The harvested formazan-containing
solution was analyzed by spectrophotometry at 490 nm (Multiskan Ex,
Thermo Fisher Scientific, Villebon sur Yvette, France). A reference
absorbance measurement at 630 nm was subtracted from the 490-nm
values to eliminate background.

2.11. Chemotactic migration assay

Directed migration of ECFCs was assessed in 24-well plates using
Boyden chambers consisting of two superposed compartments separated
by a polycarbonate membrane with 8-pm pores (BD Biosciences).
Membranes were coated overnight with 20 pg/mL fibronectin (Sigma) at
RT to facilitate ECFC adhesion, and rehydrated with EBM-2 supple-
mented with 0.2% FBS. ECFCs (2.10° cells) were seeded in each of the
upper compartments, suspended in EBM-2 supplemented with 0.2% FBS
(Control medium).

Control medium and the three CM for the hemostatic agents were
added to the lower compartments. Media were supplemented with 50
ng/mL VEGF (Miltenyi, Paris, France), a strong chemo-attractant for
endothelial cells, and 50 pM Verapamil, a specific calcium antagonist,
where indicated. ECFC migration through the membrane was allowed to
proceed for 5 h at 37 °C. Cells were then fixed for 10 min in 4% Para-
formaldehyde (PFA) and stained using Blue RAL 555 (RAL Diagnostics,
MCL, Nemours, France). Cells that had not migrated were removed from
the upper part of the membrane with a cotton swab. Membranes were
mounted on slides under coverslips in 50% Glycergel® (Agilent Tech-
nologies, Les Ulis, France) and observed under a NIKON microscope.
Each condition was analyzed in triplicate and 3 images/membrane were
recorded. The number of cells on each image was quantified using
ImageJ software (NIH).

2.12. Total ECFC lysate

ECFCs were seeded in 6-well culture plates and grown in EGM-2-MV
to about 90% confluence. After washing with 1X PBS, cells were incu-
bated in EBM-2 supplemented with 0.2% FBS overnight. ECFCs were
then cultured in EBM-2 supplemented with 0.2% FBS, EBM-2
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supplemented with 0.2% FBS + VEGF (50 ng/ml) or HEMO-IONIC CM
for 10 or 30 min at 37 °C. Cells were lysed at 4 °C in lysis buffer (1%
Triton X-100, 20 mM Tris-HCL, 137 mM NaCl, 2 mM EDTA, 10% glyc-
erol, 1 mM orthovanadate, 25 mM f-glycerophosphate, 2 mM Sodium
pyrophosphate, 1 mM PMSF, and a complete protease inhibitor cocktail
(Roche Diagnostics, Meylan, France), pH 7.4). Lysates were clarified by
centrifugation (14,000xg for 15 min at 4 °C).

2.13. Western blot analysis

Proteins were quantified by Micro-BCA Protein Assay Kit (Thermo
Fisher Scientific, Illkirch, France). Equivalent aliquots of protein (30 pg)
were mixed with Laemmli buffer 2X containing 50 mM Dithiothreitol
before loading and migration on SDS-polyacrylamide gels. Proteins were
transferred onto a polyvinylidene difluoride membrane in an electro-
phoretic transfer cell system (iBLOT2, Thermo Fisher Scientific, Illkirch,
France) for 4 min. Membranes were immediately blocked for 1 h with
3% BSA in TBS-T (TBS/0.2% Tween 20). Blots were subsequently probed
with antibody against Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (Cell Signaling, 1/1000) or hFAB™ Rhodamine Anti-GAPDH
antibody (Bio-Rad, 1/8000) for 90 min at room temperature, or with
antibody against p44/42 MAPK (Erk1/2) (L34F12) (Cell Signaling, 1/
1000) overnight at 4 °C. For the unlabeled antibodies, appropriate
DyLight 700- and 800-conjugated secondary antibodies were used,
respectively (Bio-Rad, 1/5000). Membranes were washed and antibody
labeling was detected using the ChemiDoc MP Imaging System (Bio-
Rad).

2.14. Animals

All experimental procedures were performed in accordance with the
European Community Council Directive (2010/63/UE) for the care and
use of laboratory animals. Procedures on mice were authorized by the
French ministry for education, higher education and research after
approval by the National Committee for Ethics in Animal Experimen-
tation (CEEA N°26; projects 2015102910287890_v2 and
2016052316207908_v2). The procedure on pigs was ethically evaluated
by the Ethics Committee on Animal Experiments n°055 and received a
favorable opinion from the Ministry of Higher Education, Research and
Innovation (project n°2021030517174457).

2.15. Liver lesion model

For each hemostatic agent (Surgicel, TachoSil, HEMO-IONIC) and
the Control gauze, 6 male mice (8-week-old C57BL/6Rj) were anes-
thetized with isoflurane by inhalation. After subcutaneous administra-
tion of a painkiller (Buprenorphine 0.05 mg/kg), the skin on the mouse’s
belly was shaved and cleaned with EtOH 70% and Betadine® before
making an abdominal skin excision. The left lobe of the liver was then
injured using a 4-mm diameter biopsy punch, and the four products
(control Gauze, HEMO-IONIC, Surgicel, TachoSil) were applied to the
bleeding lesion. After 10 min, when hemostasis was achieved in all
conditions, Gauze or hemostatic agents were removed and any
rebleeding was recorded and quantified using a cotton swab to absorb
the blood for 1 min. Ten minutes after removal of the hemostatic agents,
a fresh cotton swab was used to evaluate rebleeding. The blood-soaked
cotton swabs were incubated in 500 pl water overnight at 4 °C, and the
amount of blood lost was quantified at 405 nm by spectrophotometry
(Multiskan Ex, Thermo Fisher Scientific, Villebon sur Yvette, France).

2.16. Skin excision model

For each hemostatic agent (Surgicel, TachoSil, HEMO-IONIC) and
the Control gauze, 12 male mice (8-week-old C57BL/6Rj) were anes-
thetized with isoflurane by inhalation. After subcutaneous administra-
tion of a painkiller (Buprenorphine 0.05 mg/kg), the skin on the mouse’s
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back was shaved and cleaned with Betadine® and a 1-cm? circular skin
excision was made in the middle of the back. In mice, lesions are mainly
(80%) filled by contraction rather than by the formation of granulation
tissue [62,63]. To remain close to the human process of lesion repair,
which mainly involves the formation of granulation tissue [64,65], a
device to limit contraction, specially designed for this study, and
patented (n°FR1654097), was attached to the edges of the lesion. After
cleaning the wounds with NaCl 0.9%, the four products were applied to
the lesions. Gauze and HEMO-IONIC were removed after 10 min. In line
with how they are used as absorbable hemostatic agents during surgery
(left in place on the resected organ), TachoSil and Surgicel were left in
situ on the lesion until the tissue was sampled. After surgery, mice were
maintained in individual cages for 7 days, 14 days, or 2 months, at which
time points they were sacrificed, and samples collected (4 mice sacri-
ficed at each time-point for each product, i.e., 48 mice). Skin samples
were fixed with 4% PFA, embedded in paraffin and cut into 3-pm
sections.

2.17. Histology and immunohistochemistry analysis

After Heat-Induced Epitope Retrieval (HIER) with citrate buffer at
pH6, immunofluorescence staining was performed on paraffin sections
using primary antibodies: F4/80 (clone Cl:A3-1, AbD Serotec, 1/100),
Vimentin (clone D21H3, Ozyme, 1/100) and Ki67 (clone SP6, Abcam, 1/
50) followed by staining with appropriate Alexa Fluor™ 594-labelled
secondary antibodies (Invitrogen, Thermo Fisher Scientific, 1/1000).
Nuclei were stained with Hoechst 33342 (Invitrogen, 1/500). After
aqueous mounting (PermaFluor, ThermoFisher Scientific), slides were
scanned on a NanoZoomer 2.0-RS digital slide scanner (Hamamatsu,
Japan). Images were digitally captured from the scanned slides using
NDP.view2 software (Hamamatsu, Japan). Three sections for each
sample were quantified and analyzed using ImageJ software (NIH). The
fluorescence intensity, proportional to the number of labelled cells in the
lesion, was measured as the sum of the pixel intensities relative to the
area of the lesion (F4/80 and Vimentin_Day 7) or the area of the
epithelium (Ki67_Day 14).

The number of blood vessels present within the lesions was quanti-
fied after Hematoxylin-Eosin-Safran (HES) staining of tissue sections
collected at 7 days, using NDP.view software (Hamamatsu).

To assess maturation of the extracellular matrix, tissue sections
harvested at 2 months were stained with picrosirius red (Abcam). The
levels of collagen I and collagen III on the neoformed tissue area were
analyzed on images recorded under polarized light using ImageJ soft-
ware (NIH). Collagen I/III ratios were calculated, with a higher ratio
reflecting more mature matrices.

3. Results

3.1. Hemostatic efficacy of HEMO-IONIC compared to Surgicel and
TachoSil

The hemostatic potential of HEMO-IONIC was assessed in vitro in a
whole-blood coagulation assay and in vivo by monitoring the hemostasis
of pig liver lesions. The results obtained demonstrated that HEMO-
IONIC is at least as effective as Surgicel and TachoSil when it comes
to achieving hemostasis (Figs. S1A and S1B).

To further elucidate the molecular mechanisms involved in the
cellular component of hemostasis, the impact of HEMO-IONIC on
secretion of endothelin-1 (ET-1, a potent vasoconstrictor) and on
expression of Tissue Factor (TF, the initiator of the extrinsic pathway) by
endothelial cells were analyzed. ET-1 and TF were both significantly
increased in endothelial cells following contact with HEMO-IONIC CM
(Figs. S1C and S1D).

Finally, the benefit of adding Zn?" to the calcium alginate dressing
was assessed in vitro using plasma from patients treated with Heparin.
Exposure to HEMO-IONIC significantly decreased the coagulation time
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compared to a Zn?*-free calcium alginate dressing (Fig. S1E).
3.2. Hemostasis stability after hemostatic agent removal

The stability of the newly-formed clot upon removal of the hemo-
static agents was assessed on mouse liver lesions. Gauze, Surgicel and
TachoSil were visibly stuck to the wounds when attempting their
removal. In contrast, HEMO-IONIC was readily removed in one piece
without observable adhesion (Videos M1-M4). Wounds started to bleed
again following removal of Gauze, Surgicel and TachoSil, whereas he-
mostasis appeared stable following removal of HEMO-IONIC (Videos
M1-M4). Blood loss was quantified 1 min and 10 min after removal of
the hemostatic agents (Fig. 1B). The volume of lost blood was signifi-
cantly reduced with Surgicel and Tachosil compared to Gauze. The
volume of blood lost post-dressing-removal was close to zero with
HEMO-IONIC, and was significantly lower than the volume of blood lost
following removal of Gauze, Surgicel or TachoSil (Fig. 1B). These results
demonstrate that HEMO-IONIC is easy to remove and that the newly
formed clot is preserved upon removal. In comparison, the absorbable
hemostatic agents Surgicel and TachoSil were more difficult to remove,
and their removal led to renewed bleeding.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.01.049

3.3. Release of calcium and zinc ions from HEMO-IONIC

The bioactivity of HEMO-IONIC relies on exchange of its calcium and
zinc ions with sodium ions present in the blood/exudate or in cell cul-
ture media. The basal Ca®" concentration in the control medium was
1.86 mM. Upon incubation with HEMO-IONIC, this concentration
increased progressively over time: very rapidly up to 2 min, then more
moderately until 30 min ([Ca?" 13 min = 3.66 mM; [Ca®*T;_30 min =
4.33 mM). The Ca?' concentration reached a plateau at 48 h
([Ca®*T¢_4gh = 4.91 mM) (Fig. 2A).

The Zn?* concentration in the medium also increased upon incuba-
tion with HEMO-IONIC, from 2.37 pM in the control medium to 23.88
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pM at 2 min. The concentration stabilized after this time (Fig. 2B).

These results show that the HEMO-IONIC compress rapidly releases
its calcium and zinc ions when placed in contact with a medium con-
taining sodium ions.

3.4. Ca®* signaling in ECFCs activated by HEMO-IONIC

Both Ca?* and Zn?" are extracellular activators capable of inducing
an intracellular calcium signal [29-31,66]. The effect of the release of
calcium and zinc ions from HEMO-IONIC on the activation of ECFCs was
assessed based on intracellular calcium signaling.

The basal F340/F380 ratio was recorded in EGM-2-MV medium.
When cells were exposed to HEMO-IONIC CM, this ratio increased. The
maximal ratio was measured following the addition of ionomycin, and
the ratio was subsequently returned to basal levels by the addition of
EGTA (Fig. 2C).

The basal cytoplasmic Ca®* concentration in ECFCs was 75.7 nM (in
EGM-2-MV medium). Upon exposure to HEMO-IONIC CM, this con-
centration increased significantly to 859.6 nM (p < 0.0001) (Fig. 2D).

According to the literature [66], a cytoplasmic Ca2* concentration of
500-1000 nM is sufficient to induce cell activation. Thus, during ex-
change of its calcium and zinc ions for sodium ions in the surrounding
solution, HEMO-IONIC releases sufficient levels of ions to induce cal-
cium signaling and cell activation.

3.5. Effect of the hemostatic agents on ECFC viability and maintenance of
their endothelial phenotype

ECFC viability was 91.7% following contact with control medium,
90.2% upon exposure to TachoSil CM, and 91.5% upon exposure to
HEMO-IONIC CM. With Surgicel CM, only 4.8% of cells remained viable
(Fig. 3A). This drastic effect of Surgicel CM could be explained by its
acidic pH (pH = 5), which is incompatible with cell viability. To allow us
to perform further in vitro experiments with Surgicel, the pH of its CM
was raised to 7 (Neutralized Surgicel CM). With Neutralized Surgicel
CM, cell viability was 89.8% (Fig. 3A).

Fig. 2. HEMO-IONIC is a bioactive hemostatic
agent activating calcium signaling in ECFCs

(A, B) Calcium ion concentration (A) and zinc ion
concentration (B) in the medium over time after
addition of HEMO-IONIC (dashed lines) and in the
Control medium without HEMO-IONIC (continuous
lines). (C) Evolution of the F340/F380 fluorescence
ratio for the FURA-2-AM calcium probe upon contact
with the Control and HEMO-IONIC-conditioned
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Fig. 3. ECFC characteristics are retained following contact with TachoSil and HEMO-IONIC conditioned media and with surgicel CM if neutralized

(A) Flow cytometry analysis of cell viability for ECFCs grown in contact with Control medium or conditioned media for the three hemostatic agents. Live cells are
Annexin V- and Propidium Iodide-negative. (B) Flow cytometry analysis to detect endothelial markers CD31, CD144 and CD309 on the surface of ECFCs grown in
Control medium or conditioned media for the three hemostatic agents. (C) Flow cytometry analysis in normal (without TNF-a) or pro-inflammatory (with TNF-o)
conditions, to detect adhesion molecules ICAM-1 and VCAM-1 on the surface of ECFCs grown in Control medium or conditioned media for the three hemostatic

agents. IgG: isotype controls.

The endothelial phenotype of ECFCs was verified based on the
presence of endothelial-lineage surface markers (CD31, CD144, and
CD309). Upon contact with Neutralized Surgicel, TachoSil, and HEMO-
IONIC CM, ECFCs expressed the main endothelial markers at similar
levels to those measured for Control cells (Fig. 3B). Thus, exposure to the
three hemostatic agents maintained the endothelial phenotype.

3.6. Effect of the hemostatic agents on ECFC response to inflammatory
conditions

In the inflammatory phase, endothelial cells express adhesion
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molecules on their surface, such as ICAM-1 and VCAM-1. These mole-
cules allow immunological cells to tether to the endothelial surface and
transmigrate across the vascular wall [48]. In non-inflammatory con-
ditions (without TNF-a), no ICAM-1 or VCAM-1 expression was detected
on the surface of ECFCs, regardless of the medium used. In
pro-inflammatory conditions (with TNF-a), ECFCs expressed ICAM-1
and VCAM-1 following contact with the Control medium and CM pre-
pared with the three hemostatic agents. With the Neutralized Surgicel
CM, the molecules were expressed at lower levels than in the other
conditions (Fig. 3C).

Based on these results, we can conclude that CM prepared with
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Neutralized Surgicel, TachoSil and HEMO-IONIC preserve the ECFCs’ divisions recorded at 96 h (p < 0.0001). With TachoSil and HEMO-
response to inflammatory conditions. IONIC CM, the number of cell divisions was identical to the number
recorded for the Control medium, with an average of 7 divisions
recorded at 96 h (Fig. 4A). These results show that, even after neutral-

',5" 7. Effect of the hemostatic agents on proliferation and metabolic activity ization, Surgicel inhibits ECFC proliferation, whereas TachoSil and
in ECFCs HEMO-IONIC preserve the cells’ capacity to divide.

L Metabolic activity increased in a linear fashion over time in the

From 48 h, the number of cell divisions was strongly reduced for cells Control medium (Fig. 4B). With Neutralized Surgicel CM, no metabolic

incubated in Neutralized Surgicel CM relative to the Control, with only 2
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Fig. 4. Among the hemostatics tested, only HEMO-IONIC preserves proliferation and metabolic activity in ECFCs and stimulates their migration
Changes over time for ECFC cultures grown in Control medium or media conditioned with the three hemostatic agents: (A) Mean number of cell divisions measured
for CFSE-labelled ECFCs (mean + SD, n = 3, Two-way ANOVA, ****p < 0.0001). (B) Metabolic activity measured for ECFCs based on reduction of MTS (mean + SD,
n = 3, Two-way ANOVA, *p < 0.05; **p < 0.01; ****p < 0.0001). (C) Representative images and quantification of the number of ECFCs migrating across the
membrane in the Boyden chamber towards the Control medium or the conditioned media for the three hemostatic agents, in the absence or presence of VEGF (mean
+ SD, n = 12, Mann-Whitney test, ####p < 0.0001 vs Control -VEGF and ****p < 0.0001 vs Control + VEGF). (D) Quantification of the number of ECFCs migrating
across the membrane in the Boyden chamber towards HEMO-IONIC conditioned media in the absence of VEGF and in the presence or absence of the Ca®>* antagonist
Verapamil (mean + SD, n = 3, Mann-Whitney test, *p < 0.05). (E) Representative Western Blot of pERK and total ERK on lysates of ECFCs incubated with medium
alone (Control), medium containing VEGF or HEMO-IONIC CM showing an increase of pERK upon incubation with VEGF (at 10 min and 30 min) and with HEMO-
IONIC (at 10 min).
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activity was observed (DOneutralized Surgicel = 0.03 and 0.01 at 72 h and
96 h, respectively, p < 0.0001 relative to Control). In the presence of
TachoSil, metabolic activity progressively decreased relative to the
Control medium with a significant difference at 96 h (DOtachosil t=96h =
0.12; p < 0.01; Fig. 4B). In the presence of HEMO-IONIC, the metabolic
activity of ECFCs increased with similar kinetics to those recorded for
the Control medium until 96 h (DOcontrol t=96h = 0.23 vs DOgEMo-10NIC
t=96h = 0.24). These results indicate that Surgicel and TachoSil reduce
the metabolic activity of ECFCs at 96 h, and that only HEMO-IONIC fully
preserves metabolic activity in ECFCs.

3.8. Effect of the hemostatic agents on directed migration of ECFCs

Relative to the negative Control without VEGF, significantly more
ECFCs migrated in the positive Control with VEGF condition (ncontrol
_VEGF = 345 cells vs ncontrol +vEGF = 588 cells; p < 0.0001; Fig. 4C). With
Neutralized Surgicel and TachoSil, with or without VEGF, the numbers
of cells migrating were similar to numbers for the Control without VEGF
(NNeutralized Surgicel -VEGF = 275 cells, NNeutralized Surgicel +VEGF = 343 cells,
DTachosil -VEGE = 209 cells, NTachosit +veGr = 285 cells; p < 0.0001 vs
Ncontrol +VEGE)- 1N contrast, even in the absence of VEGF, HEMO-IONIC
significantly increased ECFC migration relative to the Control without
VEGF (nHEMO-IONIC .VEGEF = 490 cells, p < 0.0001). This VEGF-
independent migration was significantly decreased in the presence of
Verapamil, a specific calcium uptake antagonist (p < 0.05; Fig. 4D). In
the presence of VEGF, HEMO-IONIC was associated with a further in-
crease in migration, in similar proportions to that observed with VEGF-
containing Control medium (nygmo-ionic + vegr = 628 cells; Fig. 4C).

These results demonstrate that, without VEGF, Neutralized Surgicel
and TachoSil allow migration to a similar extent to the Control medium
without VEGF, whereas HEMO-IONIC CM has a strong chemo-attractant
effect, leading to significantly increased cell migration. Neutralized
Surgicel CM and TachoSil CM both inhibited the chemo-attractant effect
of VEGF (with cells migrating no more than in the Control without
VEGF). In contrast, with HEMO-IONIC CM, ECFC migration was
increased by the addition of VEGF, reaching the same level as in the
Control medium with VEGF. These results show that HEMO-IONIC not
only preserves the effect of VEGF but can induce cell migration even in
its absence. Furthermore, the migration observed with HEMO-IONIC
without VEGF was reduced in the presence of Verapamil indicating
that the migratory effect of HEMO-IONIC was dependent on the release
of its calcium ions.

3.9. Activation of the ERK signaling pathway in ECFCs by HEMO-IONIC

Activation of the signaling pathway involving phospho-ERK1/2 has
been shown to induce endothelial cell proliferation, migration and
angiogenesis [67,68]. Western blotting demonstrated that incubation of
ECFCs with HEMO-IONIC CM induced reproducible transient expression
of pERK1/2 (Fig. 4E).

3.10. In vivo effect of the hemostatic agents on tissue repair

The effect of the three hemostatic agents on tissue repair and for-
mation of granulation tissue was assessed using a skin excision model in
mice and compared to that of gauze. The numbers of macrophages, fi-
broblasts and blood vessels present in healing tissue at day 7 were
quantified after contact with the four products (gauze, Surgicel,
TachoSil, HEMO-IONIC).

3.10.1. Effect of hemostatic agents on macrophage numbers

The mean fluorescence intensities for the pan-macrophage marker
(F4/80 receptor) were similar following application of Surgicel,
TachoSil, and gauze (Fig. 5A): the number of infiltrated macrophages in
the lesion was unchanged. With HEMO-IONIC, the fluorescence in-
tensity was significantly increased relative to the other samples, by 72%
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vs gauze, 73% vs Surgicel, and 76% vs TachoSil (p < 0.05). Thus, of the
three hemostatic agents tested, only HEMO-IONIC significantly
increased the numbers of macrophages present within the healing tissue.
Using specific markers for pro-inflammatory type 1 (CD80) and pro-
healing type 2 (CD206) macrophages, an equivalent proportion of
CD80" and CD206" macrophages was observed in the lesions with
Gauze, Surgicel and TachoSil (Fig. S2). With HEMO-IONIC, a majority of
the macrophages observed in the wound were CD206 ™ macrophages. At
day 14, the increase in macrophage number was no longer observed
(data not shown), further indicating that application of HEMO-IONIC to
the lesions does not exacerbate inflammation.

3.10.2. Effect of hemostatic agents on fibroblast numbers

The mean fluorescence intensities for the fibroblast marker Vimentin
following application of Surgicel and TachoSil were very variable and
were not significantly different from those recorded with gauze
(Fig. 5B). In contrast, HEMO-IONIC significantly increased the fluores-
cence intensity for fibroblasts, by 45% vs gauze (p < 0.01). As for the
macrophage numbers, only HEMO-IONIC significantly increased the
numbers of fibroblasts within the lesion.

3.10.3. Effect of hemostatic agents on angiogenesis

After application of Surgicel and TachoSil, the number of blood
vessels detected in tissue sections was similar to that recorded with
gauze (nblood vessels Surgicel = 209 and Nblood vessels TachoSil = 269 vs Nplood
vessels gauze = 251 - Fig. 5C). However, in contrast with gauze, 89% of the
vessels on the sections analyzed were distant from the site of application
of the two hemostatic agents. With HEMO-IONIC, the number of blood
vessels was strongly and significantly increased relative to gauze, Sur-
gicel and TachoSil (npjood vessels HEMO-IONIC = 482, p < 0.001). This
increased number of blood vessels was transient and was no longer
detected on day 14 after injury (data not shown), indicating that
angiogenesis remained under control. In addition, blood vessels were
observed throughout the lesion. These results demonstrate that only
HEMO-IONIC promotes angiogenesis.

3.10.4. Effect of hemostatic agents on keratinocytes

The mean fluorescence intensities for the proliferation marker Ki67
measured in the epithelium following application of Surgicel and
TachoSil were not significantly different from the gauze condition
(Surgicel = 12.7; TachoSil = 8.2; gauze = 11.5; Fig. 5D). In contrast,
HEMO-IONIC significantly increased keratinocyte proliferation vs gauze
(HEMO-IONIC = 16.8; p < 0.05). These results demonstrate that HEMO-
IONIC promotes epithelialization.

In conclusion, the results from tissue repair assays for macrophages,
fibroblasts, blood vessels, and keratinocytes demonstrate that only
HEMO-IONIC promotes the formation of granulation tissue and
epithelialization.

3.11. Effect of the hemostatic agents on maturation of the extracellular
matrix in scar tissue

To complete the in vivo analysis, maturation of the extracellular
matrix was assessed in the skin excision repair model after 2 months, by
analyzing collagen remodeling, as reflected by the collagen I/III ratio. In
the presence of Surgicel, the collagen I/III ratio was similar to that
recorded with gauze (Surgicel = 1.48 vs gauze = 1.45). In the presence
of TachoSil, the ratio was decreased relative to gauze (1.30). Application
of HEMO-IONIC increased the amount of collagen I without altering the
amount of collagen III, resulting in a significant increase in the collagen
I/11I ratio relative to that recorded with gauze (1.63; p < 0.0001), and
with Surgicel and TachoSil (p < 0.001) (Fig. 6). Thus, only HEMO-IONIC
accelerates maturation of the extracellular matrix in scar tissue.
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Fig. 5. Only HEMO-IONIC increases the numbers of macrophages, fibroblasts, blood vessels and keratinocytes in healing skin lesions

(A-C) The numbers of macrophages, fibroblasts and blood vessels were determined at D7 on sections prepared from lesions treated with gauze or the three hemostatic
agents. (A) Representative immunofluorescence images from sections labelled with a macrophage marker (F4/80, red) and graph showing mean fluorescence in-
tensities detected in the lesion (n = 9, Mann-Whitney test, *p < 0.05). Nuclei labelled with Hoechst (blue). (B) Representative immunofluorescence images from
sections labelled with a fibroblast marker (vimentin, red) and graph showing mean fluorescence intensities detected in the lesion (n = 12, Mann-Whitney test, **p <
0.01). Nuclei labelled with Hoechst (blue). (C) Representative images of HES-stained sections (blood vessels are marked with the symbol ©; insets are enlarged 2.5X)
and graph showing the number of blood vessels present (n = 8, Mann-Whitney test, *p < 0.05, ***p < 0.001). (D) Keratinocyte proliferation was assessed at D14 on
sections prepared from lesions treated with gauze or the three hemostatic agents. Representative immunofluorescence images labelled with a proliferation marker
(Ki67, red) and graph showing mean fluorescence intensities detected in the epithelium (n = 9, Mann-Whitney test, *p < 0.05, ****p < 0.0001). Nuclei labelled with
I:Ioechst (blue). Scale bars = 250 pm.

A Fig. 6. Only HEMO-IONIC increases maturation of
Collagen | Collagen Il Merge the extracellular matrix

(A) Representative images of sections prepared from
lesions 2 months after treatment with gauze or the
three hemostatic agents. Sections were stained with
picrosirius red (Merge: collagen I, red and collagen
111, green). (B) Graph showing collagen I/III ratios to
assess maturation of the extracellular matrix (n =
9-14, Mann-Whitney test, *p < 0.05; ***p < 0.001;
*5p < 0,0001).
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4. Discussion As the ions are released, HEMO-IONIC can be removed from the surgical
site without causing renewed bleeding, removal also helps avoid any
The aim of this study was to compare the effects on tissue repair of a reaction to the presence of a foreign body in the tissue as it heals. Sur-
new non-absorbable hemostatic agent, HEMO-IONIC (Zn?"-enriched gicel and TachoSil act on hemostasis by mechanical action, by creating
Ca2" alginate), to the widely used absorbable surgical hemostatic agents frameworks for platelet aggregation. They must remain in situ after he-
Surgicel (oxidized regenerated cellulose) and TachoSil (collagen matrix mostasis is established, and thus may trigger a foreign body reaction as
soaked with fibrinogen and thrombin). HEMO-IONIC is a healing- described in the literature [13,17,18]. The effects on tissue repair of
promoting hemostatic agent which, upon contact with blood, induces these two hemostatic agents left in situ have been little studied. Here, we
formation of a stable clot through the release of calcium and zinc ions. examined the hypothesis that, relative to Surgicel and TachoSil,
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HEMO-IONIC would allow better tissue repair, and consequently
accelerated recovery for the patient, not only due to the absence of
foreign bodies, but also thanks to its healing-promoting effect.

After comparing the hemostatic efficacy of the three products in vitro
and in vivo, we assessed their in vitro effects on the activation of endo-
thelial cells (ECFCs) in vitro. These cells were chosen for their involve-
ment in all the phases of tissue repair. Finally, the in vivo effect of the
three hemostatics on tissue repair in a murine skin excision model was
studied.

4.1. Hemostasis

As a preliminary study, we validated the hemostatic efficacy of
HEMO-IONIC in comparison with the absorbable hemostatic agents
Surgicel and TachoSil. The in vitro results on blood coagulation
demonstrated that HEMO-IONIC performed significantly better than
Surgicel and similarly to TachoSil (Fig. S1A). In vivo, in a pig liver lesion
model, hemostasis was reached with HEMO-IONIC in less than 5 min
similar to Surgicel (Fig. S1B). This result demonstrates the high efficacy
of HEMO-IONIC, as the experimental set-up was designed to test he-
mostatic agents used in first intention, in a context of extensive hem-
orrhage, even though this is not their indication. Rather, hemostatic
agents are indicated for use secondary to conventional techniques
(electro-coagulation for example). Based on the in vitro and in vivo re-
sults obtained, HEMO-IONIC appears to be as effective as the hemostatic
agents Surgicel and TachoSil.

After hemostasis was obtained on mouse liver lesions, it was possible
to remove HEMO-IONIC without adhesion and renewed bleeding. In
contrast, both Surgicel and Tachosil adhered to the tissue, making them
difficult to remove, and their removal led to renewed bleeding (Fig. 1B
and supplementary movies M1-M4). Numerous clinical studies have
shown that calcium alginate promotes hemostasis and is compatible
with non-traumatic removal from tissues [22-24]. Our results are in line
with those of a published study demonstrating that calcium alginate
leads to better platelet aggregation and improved clot stability
compared to oxidized regenerated cellulose or collagen hemostatic
agents [69]. The authors of this previous study also confirmed that
Zn?"-supplementation of calcium alginate increased platelet aggrega-
tion and thrombin formation.

The hemostatic performance of HEMO-IONIC can be explained by its
bioactivity: upon contact with blood, HEMO-IONIC exchanges its cal-
cium and zinc ions for circulating Na*. Ca%", in its role as coagulation
factor 1V, is required for all of the enzymatic reactions leading to the
generation of fibrin and clot formation [70,71]. In parallel, Zn?t in-
creases platelet aggregation and contributes, as an enzymatic cofactor,
to the progress and regulation of coagulation [34]. In line with these
roles, our results show that Zn?* adjunction improves plasma coagula-
tion compared to pure Ca%t alginate (Fig. S1E). We also demonstrated,
in vitro on ECFCs, that in the presence of HEMO-IONIC, the secretion of
endothelin-1 (vasoconstrictor) and the expression of tissue factor
(glycoprotein activating the coagulation cascade) were significantly
increased compared to the control condition (Figs. S1C and S1D). This
result demonstrates that HEMO-IONIC can further act on hemostasis in
vivo by activating the vascular stage.

4.2. Endothelial cell activation

The effects of the three hemostatic agents on endothelial cells and
angiogenesis were assessed in vitro by exposing ECFCs to their CM, in
accordance with ISO 10993-12:2012 [72] and monitoring cell survival,
activity and migration.

Results from these assays demonstrated that the Surgicel CM (acidic
pH of 5) induced the death of 92% of ECFCs, compared to just 4% death
induced by media conditioned with TachoSil and HEMO-IONIC. To
allow us to perform experiments on the endothelial functions of ECFCs,
the Surgicel CM was neutralized to pH = 7. Even after neutralization,
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Surgicel CM significantly slowed ECFC proliferation, reduced metabolic
activity, and inhibited migration in response to VEGF. These results
corroborate those of studies demonstrating that the acidic pH of re-
generated oxidized cellulose is only one reason for inhibited prolifera-
tion and cellular migration, suggesting that this hemostatic agent
releases other substances that have a toxic effect [73,74]. The acidic pH
and strong toxicity observed with Surgicel could explain the numerous
adverse events reported following its clinical application (necrosis, ab-
scess, etc.) [10,11,13,15,16,75]. In vitro, TachoSil preserved endothelial
cell viability and proliferation. However, it significantly reduced meta-
bolic activity and inhibited migration. The strong negative impact of
TachoSil on endothelial cell migration in the presence or absence of
VEGF could be explained by the fibrinogen-E fragment, a product of
fibrinogen — which is a component of TachoSil — degradation. According
to the literature, this fragment exerts a powerful antiangiogenic effect
(in vitro and in vivo) and inhibits endothelial cell migration [76,77]. In
contrast, HEMO-IONIC preserved viability, proliferation and metabolic
activity in ECFCs, it also induced a strong increase in migration even in
the absence of VEGF, demonstrating its chemo-attractant effect.
HEMO-IONIC-induced migration was significantly decreased in the
presence of Verapamil, a specific calcium antagonist, confirming the
involvement of calcium ions released by HEMO-IONIC in its chemo-
attractant effect on ECFCs. HEMO-IONIC also activated the ERK1/2
pathway, which is known to induce endothelial cell proliferation,
migration and angiogenesis [67,68], by inducing its phosphorylation.

4.3. Tissue repair

The in vitro results obtained with ECFCs were confirmed by the re-
sults of in vivo studies on skin excision in mice. Skin excision is consid-
ered a predictive model of clinical wound healing [78]. In this model, to
remain consistent with their use in the clinic, Surgicel and TachoSil
(absorbable) were left in contact with the excision until the neoformed
tissue was sampled; HEMO-IONIC and the Control gauze (non-absorb-
able) were removed after 10 min’ application.

Seven days after a 10-min application, relative to gauze, HEMO-
IONIC was the only hemostatic agent which significantly increased the
number of macrophages (with a majority of pro-healing CD206" mac-
rophages) and fibroblasts present in the recovering tissue; it also
increased the number of blood vessels (pro-angiogenic effect). Fourteen
days after excision, only HEMO-IONIC significantly increased prolifer-
ation of keratinocytes.

During the proliferation phase, the formation of granulation tissue is
characterized by both (1) migration and proliferation of fibroblasts that
secrete the components necessary for the production and maturation of
the new matrix and (2) the formation of new blood vessels that supply
the forming tissue with oxygen and nutrients. As it is removed, HEMO-
IONIC does not interfere with the migration and proliferation of fibro-
blasts, endothelial cells and keratinocytes (no physical barrier left). This
could partly explain the increased number of fibroblasts and blood
vessels and the keratinocyte proliferation observed in our mouse skin
excision model. Moreover, our in vitro data reporting increased cell
migration demonstrate that HEMO-IONIC can directly activate endo-
thelial cells. In addition, unlike absorbable hemostatic agents such as
Surgicel and TachoSil, removal of HEMO-IONIC eliminates the risk of
foreign body reactions that can hinder tissue repair [17,18].

After seven days of in situ contact with Surgicel and TachoSil, the
numbers of macrophages, fibroblasts and blood vessels were similar to
those present in the gauze sample. However, in the Surgicel and
TachoSil conditions, and in contrast with gauze, the blood vessels ten-
ded to remain at a distance from the hemostatic agents and did not
completely colonize the neoformed tissue. This result confirms the toxic
effects of Surgicel and the inhibition of migration of endothelial cells
observed with TachoSil in vitro. The negative effects obtained with these
hemostatic agents, associated with the fact that they remain in place
(reaction to foreign bodies and physical barrier to cell proliferation and
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migration) may hinder tissue repair in the resected organ, and conse-
quently delay recovery for the patient.

Two months after excision, the lesions treated with all three hemo-
static agents had completely healed over. However, remodeling of the
extracellular matrix, quantified by the increase in the collagen I/III
ratio, was only significantly accelerated compared to gauze in animals
treated with HEMO-IONIC. Tissue maturation is characterized by the
progressive replacement of the temporary extracellular matrix, mainly
composed of fibrin and collagen III, by a definitive extracellular matrix,
mainly composed of collagen I. The higher numbers of fibroblasts within
the tissue reported in this work in the early stages of tissue repair might
have boosted the production of Collagen I and Zn-dependent MMPs, and
thus led to accelerated matrix maturation.

The breakdown of tissue repair into three main consecutive phases
(inflammation, proliferation and maturation) is artificial. In reality,
these phases partially overlap and interact with each other over time
[50]. We hypothesize that the release of calcium and zinc ions from
HEMO-IONIC into the wounded area boosts the activation of key tissue
repair cells (macrophages, fibroblasts, endothelial cells ...) at the
beginning of the process, setting the stage for a positive chain reaction
that continues throughout subsequent tissue repair phases.

Calcium ions are central regulators of tissue repair [28,79]. The Ca®t
signal is a universal and effective cell activation signal, which results
from an increase in the cytoplasmic Ca?" concentration from less than
100 nM at rest to 500-1000 nM upon activation [66,80]. The Ca®* signal
regulates the proliferation and migration of endothelial cells [81-83], as
well as activating macrophages [84-86], fibroblasts [87,88], and kera-
tinocytes [89]. Upon contact with HEMO-IONIC, the cytoplasmic ca®t
concentration in ECFCs increased to 860 nM, demonstrating that
HEMO-IONIC releases an optimal level of calcium ions to induce cellular
activation.

The zinc ions released by HEMO-IONIC also stimulate endothelial
cells (proliferation, migration) and promote angiogenesis [90]. In
addition, Zn®" contributes to all of the phases of repair through its role
as a cofactor to numerous proteins and enzymes [91-93]: regulation of
the inflammatory phase [94,95], cellular activation and proliferation
[92,96].

Finally, the two ions promote remodeling of the extracellular matrix:
the calcium ions via activation of fibroblasts, and the zinc ions through
their role as cofactors of MMPs [97].

5. Conclusions

This study analyzed the effects of surgical hemostatic agents in vitro
on endothelial cells and in vivo on tissue repair. The results show that
with a hemostatic efficacy comparable to Surgicel and TachoSil, HEMO-
IONIC provides two advantages: it is removed from the surgical site (no
risk of subsequent reaction to a foreign body), and it promotes wound
healing (including angiogenesis) after only 10 min’ application. Given
that the composition of alginate dressings differs strongly [35,98] and
that the levels of calcium ions released by an alginate depend on
numerous physicochemical parameters (Na® alginate/Ca®" alginate
ratio; mannuronic acid/guluronic acid ratio, etc.), the results of this
study cannot be extrapolated to other alginates [99,100]. The cellular
toxicity observed with Surgicel and TachoSil is a reminder of the
importance of being fully aware of the effects of medical devices left in
situ to avoid delaying tissue repair. The results of this study indicate that
HEMO-IONIC is a very promising surgical hemostatic agent in terms of
efficacy, safety and potential benefit for the patient. Moreover, the
estimated cost of HEMO-IONIC (10 x 20 cm) compares very favorably
with Surgicel (2.5 x 7.5 cm) and TachoSil (9.5 x 4.8 cm), based on
established list-prices [101]. The results of this study provide the ele-
ments required to support a comparative clinical study of the three he-
mostatic agents, to measure the speed and quality of tissue repair.
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