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ABSTRACT

The fixation of hydrogels to biological tissues is a major challenge conditioning the development
of implants and surgical techniques. Here, coatings of procoagulant nanoparticles are devised
which use the presence of blood to create adhesion between hydrogels and soft internal organs.
Those nanostructured coatings are simply adsorbed at the hydrogel surfaces and can rapidly
activate the formation of an interfacial blood clot acting as an adhesive joint. This concept is
demonstrated on pig liver capsules with model poly(ethylene-glycol) membranes that are
intrinsically poorly adhesive. In the absence of blood, ex vivo peeling tests show that coatings with
aggregates of bare silica nanoparticles induce a two- to four-fold increase in adhesion energy as
compared to the uncoated membrane (3 + 2 J.m). This effect is found to scale with the specific
surface area of the coating. The highest adhesion energies produced by these nanoparticle-coated
membranes (10 £ 5 J.m) approach the value obtained with cyanoacrylate glue (33 + 11 J.m™) for
which tearing of the tissue is observed. Ex vivo pull-off tests show an adhesion strength of coated
membranes around 5 + 1 kPa, which is significantly reduced when operating in vivo (1.0 £ 0.5
kPa). Nevertheless, when blood is introduced at the interface, the in vivo adhesion strength can
be improved remarkably with silica coatings, reaching 4 + 2 kPa after 40 min contact. In addition,
these silica-coated membranes can seal and stop the bleeding produced by liver biopsies very
rapidly (< 30 s). Such a combination of coagulation and particle bridging opens promising routes
for better biointegrated hydrogel implants and improved surgical adhesives, hemostats and

sealants.



1. INTRODUCTION

Fastening hydrogels at the surface of soft internal tissues is of high interest for numbers of surgical
procedures including wound healing,! sealing,? stopping bleeding,® delivering drugs or cells,*
securing implants.’ Existing fixation methods are often poorly satisfactory in that respect:
mechanical fasteners like sutures cause damage to both hydrogels and tissues and do not guarantee
an intimate contact; polymer glues can be toxic and weakly adhesive in very hydrated situations.®
Great progress have been made to design hydrogels that are intrinsically adhesive to biological
tissues.”” The main strategies involve the insertion of moieties in the gel network that can bind

covalently”!?

or through supramolecular interactions™!! with the structural proteins and
polysaccharides of biological tissues. Other, possibly complementary, approaches consist in
creating a mechanical anchoring either through the interlocking produced during in situ gelation
in the tissue interstices® or through the penetration of preformed surface microtopographies.'?!* In
addition, the draining of interfacial fluid produced by hydrogel swelling has recently been shown
to be a key factor to achieve adhesion onto tissues'* and was used to develop superabsorbant
double-sided tape with remarkable adhesive performances.'® Therefore, there exists a rich variety
of intrinsically adhesive hydrogel formulations which can be adjusted to the specific needs of a
given tissue and clinical application. An even greater scope of applications might be reached using
tissue-adhesive surface treatments that can be applied to any hydrogel system, independently of
its bulk chemical, mechanical and biological properties. In that regard, versatile strategies have
recently been proposed either by introducing nanoparticles that adsorb at the hydrogel-tissue
interface'¢ or by introducing polymer chains that diffuse and act as molecular stitches.!” In all these

approaches, the presence of blood wetting the tissue surface is commonly considered as a major

complication for the attachment of hydrogels and one must demonstrate that adhesion can be



achieved even when tissue surfaces have been pre-exposed to blood.!*!* Here, we propose on the
contrary to exploit the presence of blood as a way to reinforce adhesion between hydrogels and
tissues. For that, we devised coatings of procoagulant particles that can be easily deposited onto
hydrogel surfaces to (i) provide a large surface for macromolecular adsorption and (ii) induce the

rapid formation of a blood clot gluing the coated hydrogel to the underlying tissues.

Our approach uses the principle of particle bridging as first reported by Leibler and coworkers.!®!8

Placed at the interface between hydrogels and tissues, particles act as connectors due to the
adsorption of both hydrogel polymer strands and tissue biomacromolecules onto the surface of the
particles. This mechanism of adhesion brings an interesting combination of features for hydrogel-
tissue fixation, which is difficult to produce with polymer adhesives: it is applicable to a great
variety of particles, hydrogels and tissues for which attractive surface interactions promote
adsorption; it is rapid and occurs upon simple contact; the interface remains permeable to fluids
and bioactive substances; particles can bring other functions to the interface and be used as a
platform to make multifunctional adhesives.!>** In vivo experiments on small animal models have
shown that particle bridging applies efficiently to biological tissues.!® In these seminal studies as

well as in works by other groups®’2?

, adhesion to tissues was achieved using different particle
types including silica or silica-based particles. Independently, it is worth pointing out that silica
particles are also known to strongly accelerate the blood coagulation process.?**¢ This
procoagulant effect is at the basis of hemostatic agents used for emergency care.?’-?® It is mainly
attributed to the electronegativity of silica in physiological conditions leading to the adsorption
and conformational change of blood proteins that activate the coagulation cascade leading to the

polymerization of a fibrin network.>>* Concurrently, silica nanoparticles were also shown to

trigger platelet aggregation due to mechanical mismatch®' and activation of platelet surface



receptors (GIIb/IIIa),?? thereby accelerating blood-clot formation. In this work, we combine the
mechanism of particle bridging with the procoagulant properties of silica by making adhesive
nanostructured coatings composed of aggregates of silica nanoparticles adsorbed at the surface of

hydrogel membranes.

Our hypothesis is that the in situ creation of a blood clot at the interface between the coating and
the tissue provides additional binding and reinforces the tissue-membrane adhesion. Recent
microscopic observations by Shin et al. support this idea and indicate that nanoparticles with a
silica shell injected in vivo in liver tissues get preferentially covered by the fibrin fibers forming
blood clots.? As a result, one could anticipate that an interfacial blood clot would create adhesion
by adsorbing onto the particle coating on one side and by binding covalently to tissue components
on the other side.?*?® Such a possible contribution of coagulation to adhesion by particle bridging
still needs to be measured. We address this question by comparing two situations, as depicted in
Figure 1. In situation (a), the coated membrane is placed directly into contact with the serous
surface of internal organs: adhesion by particle bridging is expected to occur through the
adsorption of polymer chains and tissue macromolecules onto the coating aggregates. In situation
(b), blood is introduced at the interface between the coated membrane and the tissue surface. This
can be done incidentally as in the case of a bleeding tissue or purposely by wetting the coated
membrane with blood prior to deposition. In such a situation, interaction of blood with silica is
expected to trigger the formation of a clot, which in turn should act as a biological glue binding
strongly to tissues through the covalent cross-linking of fibrin and structural macromolecules of

the tissues such as collagen and fibronectin.* 3
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Figure 1: Principle of bioadhesive particle coatings (a) without and (b) with interfacial blood.

This model study concentrates on the adhesion produced on the capsule of porcine liver, which is
a commonly used model to assess the performance of surgical adhesives.!%*>3¢ In order to quantify
specifically the interfacial phenomena governing membrane-tissue adhesion, it is important to
distinguish them from other dissipative processes that may occur in the bulk of polymer adhesives.
For that, we used model polyethylene glycol (PEG) films to be coated with silica nanoparticle
aggregates. These elastic films exhibit an almost purely elastic behavior so that the contribution of
bulk dissipation in the debonding process is negligible and the measured work of adhesion
essentially corresponds to the mechanisms occurring near the interface. As a consequence, these
hydrogels are intrinsically poor tissue adhesives. In particular, the typical adhesion energies
achievable with these model membranes ought to be significantly smaller (1-10 J.m™) than those
obtained with optimized adhesives (> 100 J.m?), for which most of the adhesion energy is

associated to dissipative mechanisms in the bulk.?’

In the following, we compare coatings produced with a simple brush-spreading process using

different silica nanoparticles. Ex vivo peeling experiments show that the adhesion energy produced



on the liver capsule can be adjusted by controlling the specific surface area of the coatings. The
two coatings yielding the highest ex vivo adhesion were used for in vivo experiments which are
more indicative of the hydrated state of biological tissues and reproduce the coagulation process
encountered in surgical conditions. For the first time, adhesion by particle bridging is quantified
in vivo. A strong decrease in adhesion strength is observed as compared to the one recorded ex
vivo. Nevertheless, we show that adhesion is very significantly enhanced if blood is present at the
interface between silica-coated hydrogels and the serous surface of the liver capsule. We
investigate the potential of this approach for hemostatic applications and show that silica-coated
membranes rapidly stop the abundant bleeding created in a porcine hemorrhage model. Based on
these data, we discuss the relevance of such particle coatings for the design of adhesive hydrogel-

tissue interfaces in the perspective of internal surgical use.



2. EXPERIMENTAL SECTION

2.1. Materials

The chemicals used in this work were used as purchased without further purification. Ethanol (>
99.8%), pentaerythritol tetrakis (3-mercaptopropionate) (QT, > 95%), poly(ethylene glycol)
diacrylate (PEGDA, M, = 700 kg.mol!) were purchased from Sigma-Aldrich. (3-Aminopropyl)
trimethoxysilane (APTMS, 97%), triethylamine (TEA, > 99%), 1,6-hexanedithiol (HT, 97%),
NH3.H>20 (28%), and tetracthyl orthosilicate (TEOS) were purchased from Alfa Aesar. (N-
(trimethoxysilylpropyl) ethylenediamine-triacetic acid-trisodium salt (35% in water) was
purchased from Gelest. Oxidized regenerated cellulose mesh (Surgicel®) was purchased from
Ethicon. Sterile gauze pads (Medicomp® 10x10 cm) were purchased from Hartmann. The surgical
cyanoacrylate glue GLUture®, containing 60% 2-octyl cyanoacrylate and 40% N-butyl

cyanoacrylate, was purchased from Zoetis.

2.2. Exvivo liver tissues

Porcine livers for ex vivo adhesion experiments were harvested from freshly killed 3-month old
pigs (Sus scrofa domesticus, approx. 25 kg) at the Ecole de Chirurgie du Fer-a-Moulin (AP-HP)
in accordance with the principles of animal care. Whole livers were transported in a cooler and
were stored at 4°C in physiological serum. They were used between 2 and 30 hours following their
harvesting. Tissues were not stored in the freezer at any time as this is known to alter their
integrity.>® During those storage times, no significant evolution of the adhesive properties was

observed.

2.3. PEG hydrogel fabrication and characterization
PEG membrane fabrication for peeling experiments. The PEG hydrogel films were prepared and

characterized using a previously used protocol.'* Poly(ethylene glycol)diacrylate (PEGDA) was



cross-linked with a mixture of hexanedithiol (HT) and pentaerythritol tetrakis(3-
mercaptopropionate) (QT) in 15 wt.% ethanol and using triethylamine (TEA) as catalyst. The
monomers were combined in a ratio (PEGDA/HT/QT: 24/22/1) so that acrylate groups and thiol
groups were present in equal quantities. The concentration of TEA was adjusted as to account for
1 mol% of all thiol groups.

PEGDA, HT and the corresponding fraction of TEA were first mixed at 21°C and left to react
under stirring (150 rpm) until conversion of 90% of acrylate groups is achieved (as confirmed by
infrared spectroscopy). QT, ethanol, and the remaining TEA were then added to the mixture and
further stirred at the same temperature for 10 minutes. The mixture was injected in rectangular
glass molds of 100 mm % 80 mm x 1.1 mm. The molds were sealed with silicone and stored for 5
days at room temperature (20 = 2°C). After removal from the molds, the hydrogel films were
vacuum-dried until complete evaporation of the ethanol and triethylamine. They were then
thoroughly washed by immersion (> 3h) in ultrapure water to eliminate the extractible soluble
fraction (< 0.1 wt.%). The washed hydrogel membranes were subsequently dried in an oven at
60°C until complete water evaporation. The resulting dry PEG films had a thickness of 1 £+ 0.03
mm. Samples for ex vivo peeling tests were obtained by cutting rectangular ribbons having a 10-
cm length and 1-cm width.

PEG membrane fabrication for in vivo experiments. For in vivo experiments, thinner PEG films
(0.5-mm thickness) were molded following the same protocol as described above. In this case, the
PEG films were reinforced with a sterile gauze pad inserted in the mold. For pull-off experiments,
samples were obtained by cutting 16-mm diameter discs. A 5-mm diameter disc of transparency
film was glued with cyanoacrylate glue on one side in the center of the PEG disc to ensure a

reproducible attachment area. A small metal nut attached to a thin nylon thread loop was then



glued on top of this disc using cyanoacrylate glue one day before the experiments. For hemostasis

experiments, 24-mm diameter discs were used.

2.4. Nanoparticle synthesis

Si0-10 and SiO-30 (Ludox nanoparticles). Ludox® TM-50 and SM-30 (colloidal silica suspension
with particle diameters of 30 nm and 10 nm respectively) were purchased from Sigma Aldrich.
Before use, the nanoparticle solutions were dialyzed for two days in 1 L of ultrapure water using
VISKING® dialysis tubes (obtained from Carl Roth with a molecular weight cut-off of 12-14
kDa), renewing the water at least five times during this period.

Si0-100 and SiO-300 (Stober method). Silica particles of 100 nm and 300 nm were synthetized by
the Stober method.’* Ammonium hydroxide (28 wt%) and ultrapure water were diluted in 800 mL
of ethanol in a round-bottom flask and homogenized for 15 min. The diameter of the particles was
adjusted depending on the amount of ammonium hydroxide (100 nm: 48 mL, 300 nm: 72 mL) and
water (100 nm: 21 mL, 300 nm: 0 mL) in the reactor. Then, 24 mL of TEOS was added to the
mixture which was stirred for 24 h at 25°C. The so-obtained colloidal solutions were then dialyzed
using the same procedure as for SiO-10 and S10-30 nanoparticles.

SiO-MP-50 and SiO-MP-75 (Mesoporous silica nanoparticles). Mesoporous silica nanoparticles
with 50- and 75-nm diameter and 6-nm pores were synthesized using polymer and silane inside
miniemulsion as previously reported by Nandiyanto et al.** with some modifications. At first, 1 g
of CTAB (cetyltrimethylammonium bromide) was dissolved in 300 mL of deionized water while
maintaining the temperature at 65°C. After the surfactant was dissolved, 144 mL of octane was
added into the solution under nitrogen atmosphere for 30 min. Then, 0.5 g of styrene, 0.22 g of L-
lysine, 10 g of TEOS (tetraethyl orthosilicate), and 0.372 g of AIBA (2,2'-azobis (2-

methylpropionamidine) dihydrochloride) were added into the reactor and stirred for 3 h. The
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diameter of the nanoparticles was adjusted to 50 and 75 nm depending on the amount of silane in
the reactor. The so-synthesized nanoparticles were collected by centrifugation at 12,000 rpm for
20 min and washed three times in ethanol. The polymer templates became mesopores by a heat
treatment at 500°C for 5 h. The mesoporous silica nanoparticles were re-dispersed in water to

produce SiO-MP-50 and SiO-MP-75 solutions.

2.5. Nanoparticle characterization

Dynamic Light Scattering (DLS). Nanoparticle size was measured by Dynamic Light Scattering
using an ALV/CGS-3 Compact Goniometer system with an ALV/LSE-5004 multiple tau digital
correlator (ALV, Langen, Germany), using a 90° scattering geometry and a 632 nm laser diode.
All experiments were done in a thermostatic bath at 25 + 0.1°C. Nanoparticle solutions were
diluted down to 0.01 wt% before the measurement to avoid multiple scattering. The mean
hydrodynamic radius of the particles was calculated using the cumulant method.

Specific Surface Area (SSA). For the plain nanoparticles (Si0-10, Si0-30, Si0-100, Si0-300), the
specific surface area was calculated by SS4 = 6/p.d where pis the density of amorphous silica (2.2
g.cm™) and d is the mean diameter of the particles. For the mesoporous nanoparticles (SiO-MP-
50, SiO-MP-75), the size and mesoporous structures were characterized by scanning and
transmission electron microscopy, and the specific surface area and pore volume were measured

by the Brunauer-Emmett-Teller method.?!

2.6. Coating preparation and characterization

Nanoparticle aggregation. Powders of microscopic nanoparticle aggregates were obtained from
the dialyzed particle suspensions as follows. First, small volumes of the particle solutions (10 to
20 mL) were left to dry in an oven at 80°C until complete solvent evaporation (less than 1 mg

variation in dry extract mass between two consecutive 4 h drying steps). The solid aggregates were
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then ground in an agate mortar and the powder was sieved through a 63-pm mesh size aluminum
sieve.

Coating deposition. Coatings were produced by depositing an excess of nanoparticle powder at
the surface of the dry PEG membranes (4 mg.cm™). The powder was subsequently spread on the
whole membrane surface with a brush and the excess powder which did not adhere to the PEG
was removed. Aggregates were left to adsorb on the hydrogel membrane for 5 min before contact
with the liver capsule. In the case of the surgical cyanoacrylate glue GLUture®, a few drops of
glue on the PEG were spread on the membrane surface with a needle (4.7 £ 0.5 mg.cm™). This
deposition step was performed in less than 20 seconds to limit the polymerization of the glue prior
to its contact with tissues.

Area density of deposited coating. The quantity of deposited coating m. was expressed as a mass
of coating per unit area of PEG membrane (mg.cm) and was given by m. = (Mu. — Mp) / S, where
M. 1s the mass of the membrane after coating deposition, M, is the mass of the bare membrane,
and S. is the area of the coated film surface.

Scanning electron microscopy (SEM). The surface of the coated membranes was characterized by
scanning electron microscopy (SEM) on a FEI Nova NanoSEM 450 apparatus operating at an
accelerating voltage of 2 kV. Observations were performed with a secondary electron TLD
detector on dry PEG membranes. Before SEM imaging, specimens were sputter coated with a 2
nm layer of gold/palladium to make the coated membranes conductive.

Coating stability in liqguid. Dry PEG membranes coated with Si0-10 or SiO30 silica nanoparticles
were immersed in a large volume of ultrapure water (20 mL.cm™) under agitation (200 rpm) at

room temperature for 5, 30 and 60 min. Membranes were then dried in a vacuum oven at 40°C

12



until complete water evaporation indicated by mass stabilization. The remaining coating mass per

unit area of PEG membrane (m.) was evaluated by weighting the membranes after the drying step.

2.7. Exvivo adhesion measurement

Protocols are the same as those described previously.'*

Preparation of liver substrate and deposition of peeling ribbons. Ex vivo adhesion measurements
were performed on the liver capsule. For that, rectangular liver samples were cut from liver lobes
with typical dimensions 100 mm x 30 mm x 10 mm using a sharp knife. For each measurement,
the whole protocol was timed from liver sample cutting to peeling in order to avoid variations due
to tissue drying. Each liver sample was first immersed twice for 30 s in physiological serum. This
gentle washing removed traces of coagulated blood that may influence adhesive properties and
ensured a reproducible wetting of the tissue surface. Then, one minute after the second tissue
immersion in physiological serum, the bottom face of the liver sample was glued onto a flat holder
using cyanoacrylate glue with the capsule surface exposed to air on the top face. Uncoated or
coated dry PEG ribbons were deposited at the surface of liver samples 3 min after the end of the
second tissue immersion in physiological serum. A pressure was applied repeatedly with one finger
during the first minute of contact over the whole contact area while measuring the force with a
weighing scale. A maximum force of 6 N was applied at each finger pressure, which corresponds
approximately to a 80 + 50 kPa pressure when approximating the finger contact area to a disc
having a 6 + 2 mm radius. The ribbons were left in contact with the liver capsule for exactly 5 min
prior to peeling.

Peeling experiment. Peeling experiments were performed on tensile test apparatus (All Around,
Zwick) equipped with a 90° peeling device and a 10 N load cell. All peeling experiments were

performed at 1 mm/s. The system was synchronized with video cameras to record side and front
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views of the peeling zone. For each type of silica coating, experiments were repeated 3-6 times on
several different livers (N = 3-6).

Correction and normalization of peeling force. The peeling force was systematically corrected by
subtracting the weight of the lifted ribbon. The corrected force was given by F' = F'*- pd where F*
is the raw peeling force as measured by the cell force, d the displacement and p the linear mass of
the ribbon. In all the work, the normalized corrected peeling force, F/w, is used, where w is the
width of the peeled ribbon.

Calculation of adhesion energy. Adhesion energy, G, was obtained from peeling measurements
considering elastic peeling of a thin film.*! For that, we verified that the bending contributions are
negligible.*’ In each experiment, a steady state was reached with a constant peeling profile and a
peeling angle equal to 90° after the first 10 to 20 mm of displacement. An average peeling force
was measured by averaging the value of the corrected force during this steady state regime. For
90° peeling angle, the adhesion energy of one peeling experiment is then given by G = <F>/w

where <F™> is the average corrected force during steady state peeling.

2.8. Invivo evaluation of adhesion and hemostasis

Animals. A total of 5 healthy, one-year-old, Pré-Alpes pig (Sus scrofa domesticus) weighing 60-
70 kg were obtained from a licensed vendor (Lebeau Christian, Neuves-Maisons, France). The pig
model was selected as the experimental species because of its similarity to humans when
monitoring and measuring physiological responses during the procedure. These pigs were cared
for in accordance with the guidelines published by the European Committee for “Care and Use of
Laboratory Animals” (Directive 2010/63/EU and the European Convention ETS 123). All

procedures were performed in compliance with legislation concerning animal experimentation and
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approved by the Ethics Committee on Animal Research of ANSES/ENVA/UPEC (C2EA-16,
referral number 18-029, 2018030517071534 (# 13919)).

Surgical protocol. Food was withheld throughout the day and overnight prior to surgery. General
anesthesia was induced with intramuscular injection of xylazine (1.5 mg/kg), ketamine (15 mg/kg)
followed by intravenous injection of propofol (4 mg/kg titrated to effect). After orotracheal
intubation, anesthesia was maintained using isoflurane in O,. Analgesia was performed by
intravenous injection of morphine chlorhydrate (0.3 mg/kg, redosing to effect).

Animals were ventilated and vital signs (temperature, heart rate, respiration rate, peripheral
capillary oxygen saturation, capnography, indirect blood pressure) were monitored and Lactated
Ringer’s solution was administered intravenously throughout the procedure.

Each pig underwent a ventral midline laparotomy using standard surgical techniques. Briefly, the
midline laparotomy was performed from the xiphoid process to the umbilicus. Self-retaining
retractors and wetted laparotomy sponges were placed on the abdominal muscular edges. The liver
was exposed and left medial, right medial, and left lateral lobes were isolated and wrapped with
moist laparotomy sponges.

After completion of surgical procedures and while under anesthesia, animals were euthanized by
intravenous injection of a sodium pentobarbital-based solution, consistent with the
recommendations of the American Veterinary Medical Association (AVMA) Panel on
Euthanasia.*

Pull-off adhesion measurements. The uncoated or coated discs were applied on the liver capsule
to the designated liver lobe and held by gentle digital pressure for 30 seconds with the same
pressure level as the one applied for ex vivo experiments (80 + 50 kPa). Attachment sites were

chosen 1-2 cm apart, to prevent cross-contamination. After a given time of contact (10 or 40 min),
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the discs were detached by pulling on the nylon thread loop using a portable dynamometer (FK10
dynamometer from Sauter with a 5 mN resolution). Pulling was applied manually by the same
operator in a direction perpendicular to the tissue surface at an approximate speed of 100 mm.s™.
The dynamometer allowed to record the maximum force (Fuax) reached during this detachment
process.

Ex vivo pull-off experiments were performed for comparison using a tensile test apparatus (All
Around, Zwick) equipped with a 10 N load cell. Measurements were performed at a pulling speed
of 1 mm.s™!. Force-displacement curves during pulling-off were recorded and allowed for the
determination of the maximum force reached during this detachment process. Control experiments
using manual dynamometer on ex vivo livers gave similar results.

Adhesion with interfacial blood layer. In vivo adhesion measurements were also performed after
wetting the surface of the membranes with fresh blood. For that, a small bleeding incision (about
2 cm long and 5 mm depth) was performed with a N°11 blade on the spleen through the capsule
and the parenchyma. The free surface of the discs (the one without the attached metal nut) was
subsequently rubbed on the bleeding incision so as to cover it with a layer of fresh liquid blood.
The membrane was deposited immediately after on the liver capsule and maintained on the tissues
under gentle manual pressure for 30 s. The adhesion strength was measured after a given contact
time (10 or 40 min).

Evaluation of hemostatic performance. Biopsies were performed on the liver capsule in vivo with
a biopsy punch creating wounds of 6 mm diameter and 5 mm depth. Experiments were performed
on three pigs. First, the bleeding rate of each biopsy was measured by weighing gauze pads having
collected the blood streaming out of the wound for 1-2 min. Immediately after removing the last

gauze pad, a patch made of coated or uncoated PEG disc (diameter: 24 mm) or an ORC mesh
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(square of 20 x 30 mm composed of two layers of Surgicel® hemostatic gauze) was applied on top
of the bleeding wound by the surgeon and firmly maintained on the tissues under manual pressure
for 30 s. The sealing performance was assessed during the first 3 min of contact by collecting with
gauze pads the blood leaking below the applied patches and weighing them. After 10 min of
contact the coated or uncoated PEG discs and the ORC mesh were removed by a slow manual
peeling. The resumption of the bleeding after removal was documented by taking photographs of

the wound.

2.9. Blood clotting kinetics.

The procoagulant effect of silica nanoparticles was assessed during in vivo operations on two pigs.
Blood was harvested in a sterile syringe by venous catheterization from the anesthetized pigs.
Blood was poured in 3 testing tubes (3 mL) within a minute after sampling: one empty tube, one
tube with 1 wt% Si0-30 powder, one tube with 1 wt% SiO-MP-75 powder. Mixing was performed
by flipping each tube upside down 5 times. Tubes were then placed in a thermostatic bath at 37°C.
Tubes were then extracted from the bath and tilted horizontally every 30 s approximately. A picture
was taken to record the appearance of a blood clot. Clotting time corresponds to the duration after

which the blood is no longer flowing upon tilting.

2.10. Statistical Analysis

Statistical analysis was carried out on ex vivo and in vivo adhesion measurements. A Shapiro Wilk
test was performed to determine if both populations follow a normal distribution. When normality
was verified, raw data were analyzed using an unpaired t-test. Statistical significance was accepted

at the level of p <0.05.
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3. RESULTS AND DISCUSSION

3.1. Design of nanoparticle-coated hydrogel membranes

Model membranes were obtained by coating polyethylene glycol (PEG) films with a layer of
nanoparticle aggregates. In contact with aqueous media, these cross-linked PEG films swell and
form hydrogel films with a swelling ratio Q.; = 2.00 = 0.05 at equilibrium in water. They exhibit
an elastic behavior with a Young’s modulus ranging from £ = 1 MPa in the dry state to 0.5 MPa
at equilibrium swelling (Figure S1). Such hydrogel films differ from intrinsically adhesive
hydrogels which are more dissipative and softer (£ < 100 kPa). Therefore, they are not expected
to be strongly adherent to biological tissues, and the adhesion measured when coated may be
attributed selectively to the contribution of the particle coating to the debonding processes. Several
types of silica nanoparticles were compared to select the most adhesive coatings. Their main
features are summarized in Table 1. Nonporous “plain” silica nanoparticles having diameters of
10, 30, 100 and 300 nm are referred to as SiO-10, Si0-30, SiO-100 and SiO-300, respectively.
Mesoporous silica nanoparticles having a pore size of 63 nm and diameters of 50 and 75 nm are
referred to as Si10-MP-50 and SiO-MP-75, respectively. As compared to plain particles having
about the same size, these porous particles exhibit a much larger specific surface area (SSA4) of the
order of 500-700 m2.g'?! For each particle type, powders of microaggregates having a
characteristic size smaller than 100 pm were prepared from aqueous suspensions through a series
of steps comprising dialysis, drying, grinding, and sieving. As expected for silica particles,?*
both plain and mesoporous particle powders exhibit a strong procoagulant effect. This is shown in

Figure 2a comparing the coagulation times of whole blood with that of blood mixed with 1wt%

powders of S10-30 or SiO-MP-75 (see Figure S2 and Video S1).
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Reference Bulk state d (nm) | SSA (m2.g?)
SiO-300 Plain 300 10+5
SiO-100 Plain 100 30+10
SiO-30 Plain 30 90+30
SiO-10 Plain 10 260+80
SiO-75-MP Mesoporous 75 510+100
SiO-50-MP Mesoporous 50 670+100

Table 1: Characteristics of studied silica nanoparticles. d: particle diameter, SSA: specific surface area.
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Figure 2: Coating characteristics. (a) Clotting time of raw pig blood and after mixing with 1wt% SiO-30
and SiO-MP-75 powders; (b) Schematic representation of the brush-coating process; (¢) Area density of
coating, m., for the studied nanoparticles; (d) SEM observations of the coated surface of membranes with
Si0-300, SiO-30 and SiO-MP-75 nanoparticle aggregates. (left: low magnification showing aggregates,

right: high magnification showing nanoparticles).
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Coatings were performed by spreading an excess of nanoparticle powder on the PEG film surface
and removing weakly adsorbed aggregates with a brush, as illustrated in Figure 2b. With this
simple protocol, the coverage of the film surface reaches saturation. Nevertheless, the mass of
coating deposited per unit area m. varies significantly from one nanoparticle type to another as
shown in Figure 2¢. These variations can be related to differences in the aggregability of the
nanoparticles, as indicated by SEM observations in Figure 2d and Figure S3. For the largest
particles (SiO-100, Si0-300, SiO-MP-50 and SiO-MP-75), brush spreading produces smooth and
thin (m. ~ 0.1-0.2 mg.cm™) coatings. On the contrary for the smallest particles (SiO-10, SiO-30),
aggregates are more cohesive as already observed for spray drying of silica** and explained by
their relative higher surface potential.** In this case, the coatings consist in rough and thick (m. >
0.3 mg.cm™) stacks of microscopic aggregates.

The strength of nanoparticle adsorption on hydrogel surfaces depends on the nature of the polymer
and particle surface chemistries.'® In the present PEG-silica systems, a strong affinity is known to
exist due to hydrogen bonding interactions between the PEG oxygen atoms and the silica surface
hydroxyls.*® In concentrated aqueous solutions of PEG and silica, PEG chains were shown to be
strongly adsorbed onto silica nanoparticles despite the presence of water.*” Here, we characterize
the stability of the adsorbed coatings by immersing SiO-10 and SiO-30 coated PEG films in an
excess of water under vigorous steering. Figure 3a shows the evolution of m. as a function of
immersion time. After a short immersion time (< 5min), about 20% of the silica coating is
detached, which we attribute to poorly anchored aggregates that were not brushed away during the
deposition process. Once this fraction of particles is detached, the mass of deposited coating

remains stable. Therefore, the silica aggregates physically adsorbed on PEG films are not easily
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washed away during rehydration of the hydrogel substrate, as shown previously for silica
nanoparticles adsorbed on poly(dimethylacrylamide) gels.'® This stability is further confirmed by
SEM observations revealing that the surface of the coated films is fully covered by silica

aggregates even after 30 min immersion in water, as shown in Figure 3b.
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Figure 3: Coating stability in excess water. (a) Evolution of coating mass as a function of immersion time
in water for SiO-10 and SiO-30 particles; (b) SEM observations of SiO-10 coatings before and after 30 min

immersion in water.

3.2. Coating selection by ex vivo adhesion
The bioadhesive performances of the different coatings were first compared ex vivo by 90° angle
peeling experiments on freshly explanted pig livers, as depicted in the inset of Figure 4a. For each

measurement, the wetting state of the liver capsule was controlled by immersing the liver samples
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for 1 min in physiological serum, 3 min prior to deposition of the PEG films. Figure 4a shows
typical peeling forces after a 5 min contact on the liver capsule for some silica coated and uncoated
PEG films as well as for PEG films glued with surgical cyanoacrylate glue (see Figure S4 for full
data). For the uncoated PEG films, a normalized peeling force of about 3 N.m™! is obtained and
peeling is accompanied by a small deformation of the liver tissue, as shown in Figure 4b(top) and
Video S2. For the silica coated films, the peeling force can be 4 to 5 times higher with a larger
deformation of the liver tissue, as shown in Figure 4b(middle) and Video S3 in the case of the
Si0-30 coating. For the cyanoacrylate glue, the peeling force is substantially higher with large
fluctuations ranging from 10 to 40 N.m!. In this latter case, detachment is accompanied by tearing
of the liver tissue, as shown in Figure 4b(bottom) and Video S4.

The corresponding values of adhesion energy G are displayed in Figure 4c¢. For all the coatings
except for the smallest nanoparticles (Si0-10), adhesion is noticeably enhanced as compared to
the uncoated hydrogel (3 + 2 J.m?). This effect ranges from a 2-fold increase for the weakest
coatings (Si0-300) to a nearly 4-fold increase for the strongest ones (Si0-30, SiO-MP-75, SiO-
MP-50) with values of the order of 10 + 5 J.m™. Cohesive rupture in the tissue was achieved with
cyanoacrylate glue for an adhesion energy of 33 + 10 J.m™. This value gives an estimation of the
maximum adhesion energy that can be attained with those PEG films on the liver capsule. Such a
value is very low compared to the ones produced by optimized surgical adhesives (100-1000

J.m?), which is due to the absence of viscous dissipation in the bulk of the studied PEG films.
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Figure 4: Coating selection by ex vivo adhesion. (a) Peeling force, F, normalized by the membrane width,
w, as a function of peeling displacement for uncoated PEG, SiO-30 and SiO-MP-75 coatings, and GLUture
cyanoacrylate glue; (b) Side and front views of the peeling zones for an uncoated membrane (top), a SiO-
30 coated membrane (middle) and a membrane glued with GLUture cyanoacrylate glue (bottom) (scale bar:
5 mm); (c) Adhesion energy as a function of membrane coating; Inset shows the adhesion energy, G, as a

function of coating specific surface area, SSA. (Contact time: 5 min).

We find that, apart from SiO-10 data, the adhesion energy increases with the specific surface area
of the coating, as shown in the inset of Figure 4c. This trend is consistent with the idea that
adhesion by particle bridging increases with the amount of surface onto which hydrogel and tissue
macromolecules adsorb.!%?! Practically, high SS4 can be obtained by decreasing the nanoparticle
size. Nevertheless, for very small nanoparticles (< 10 nm), coating by simple brush spreading
forms stacks of aggregates, therefore increasing the amount of weak inter-aggregate interfaces.
These microstructural defects could explain the poor adhesion obtained with the SiO-10 coating.
Accordingly, the adhesion energy of SiO-10 coated membranes is increased if an additional rinsing

step is applied to remove weakly adsorbed aggregates (Figure S5). Alternatively, high SS4 is also
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attainable with mesoporous particles, which size can be made large enough to reduce aggregation.
This was achieved here with SIO-MP-50 and SiO-MP-75 which display a high specific surface
area (SS4 = 500-700 m™') and can be homogeneously spread with a brush (see Figure 2d). These
mesoporous particles form the thinnest coatings (m. = 0.15 = 0.10 mg.cm™, Figure 2c) while

producing the strongest ex vivo adhesion on the liver capsule (G = 11 + 4 J.m™, Figure 4c).

3.3. Invivo adhesion and coagulation-induced adhesion

In vivo adhesion was assessed by pull-off tests on pig livers for 10 and 40 min contact times with
the most adhesive coatings composed of plain (Si0-30) and mesoporous (SiO-MP-75) silica
nanoparticles. Adhesion strength was measured by pulling off circular patches of PEG films using
a portable equipment, as schematized in Figure 5a. The validity of this pull-off method was first
verified ex vivo, as shown in Figure 5b. For a 10 min contact time on the capsule of explanted
livers, both the S10-30 and SiO-MP-75 coatings induce a 3-4 fold increase in pull-off strength,
which is consistent with the increase in adhesion energy measured by peeling. Unlike for 90°
peeling experiments, the detachment process during pull-off involves a complex combination of
shearing and peeling at varying angles. As a result, the measured pull-off strength is here a
geometry dependent quantity. With this consideration in mind, it is still interesting to notice that
the values of ex vivo adhesive strength produced with these silica coatings (5 + 1 kPa) are lower
but not that far from the values obtained by ex vivo tack tests with adhesive hydrogels on similar
serous tissues: 16 £+ 2 kPa for textured hydrogels with swelling microneedles on smooth serosal

surface,'? 20 + 2 kPa for double-side hydrogel tape on liver.'

In vivo results after a 10 min contact are very different from the ex vivo ones, as shown in Figure

5c. Most importantly, adhesion is found to be strongly reduced in vivo. The pull-off strength for
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both uncoated and coated films is 3 to 5 times lower than in the ex vivo case. This decrease in
adhesion is attributed to the difference in tissue hydration between ex vivo and in vivo conditions,
as shown recently with the same uncoated PEG films.'* Unlike ex vivo tissues, living tissues are
actively perfused and the hydrogel-tissue interface is continuously wetted by tissue fluids. This is
well evidenced by the exudation occurring at the surface of the liver during surgery (cf Figure
S6). As a result, an interfacial water layer is formed continuously that prevents the hydrogel-tissue
contact and reduces the possibility of adsorption on the coating particles due to a higher solvation
and dilution of the macromolecules.*® Despite this change between ex vivo and in vivo conditions,
an increase in pull-off strength is observed for SiO-30 (p = 0.205) and SiO-MP-75 (p = 0.003)
coatings as compared to uncoated films. After 40 min, this weak adhesion is maintained (Figure
5d) with a slight but not significant adhesive effect of the SiO-30 coating as compared to the
uncoated films (p = 0.129).

The effect of blood on adhesion was characterized as follows. A bleeding incision was performed
in the spleen and the surface of the dry hydrogel patches was soaked in blood immediately prior
to deposition on the liver capsule, as shown in Video S5. The corresponding values of pull-off
strength are shown with hatched bars in Figures 5¢ and d for 10 and 40 min contact times,
respectively. In the case of the uncoated films, the addition of blood at the tissue-hydrogel interface
did not change adhesion. On the contrary, the presence of interfacial blood caused a remarkable
enhancement of adhesion for the SiO-30 coated films. When compared to the uncoated films, the
use of S10-30 coatings with blood leads to a 2.5-fold (p = 0.003) and 4-fold (p = 0.002) increase
in adhesion strength after 10 and 40 min, respectively. These differences in adhesion are also well
characterized by the maximum displacement of the liver surface reached during the detachment

process, as underlined by double arrows in Figure Se.
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Figure 5: In vivo adhesion and coagulation-induced adhesion. (a) Schematic representation of the pull-
off test; (b) Ex vivo measurements of pull-off strength on liver capsule for uncoated PEG and SiO-30, SiO-
MP-75 coatings (contact time: 10 min); (c-d) In vivo measurements of pull-off strength on liver capsule
without (plain) and with (hatched) wetting by blood prior to contact (contact time: 10 min (¢) and 40 min
(d)); (e) Pictures of membranes during in vivo pull-off for an uncoated membrane (10 min contact), a SiO-
30 coated membrane (10 min contact), a SiO-30 coated membrane wetted with blood (10 and 40 min
contact). Double arrows indicate the maximum displacement applied to detach the membrane. (scale bar: 5

mm).
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Unlike for the SiO-30 coating, the beneficial contribution of blood to adhesion was much lower
for the mesoporous SiO-MP-75 coating. This difference can be related to the mechanism of blood-
coagulation induced by silica, which has been shown to rely on the activation of blood coagulation
proteins.??3% Such an activation process occurs through the surface adsorption of Factor XII which
undergoes a conformational change exposing active sites that can trigger the coagulation cascade
by activating other circulating proteins. As a result, the acceleration of coagulation depends on the
amount of silica surface that is accessible to the circulating blood proteins. In the case of
mesoporous SiO-MP-75 particles, blood coagulation proteins — especially Factor XII, which has a

hydrodynamic diameter of about 7.5 nm3%*

— are too large to penetrate deeply inside the 6 nm
pores. Therefore, it is unlikely that the internal surface of the pores contribute to the activation
process. Accordingly, measurements of blood coagulation kinetics for a same concentration in
particles showed no major differences between plain Si0-30 and mesoporous SiO-MP-75, despite
a large difference in their SS4 (Figure 2a). In addition, the area density of the coating is five times
greater for S10-30 than for Si1O-MP-75 (Figure 2¢). As a result, the maximum amount of silica
surface that is accessible to blood per unit area of membrane is about twice lower with SiO-MP-
75 coatings (~230 m?/m?) than with SiO-30 coatings (~510 m?/m?) (see SI). These results

importantly suggest that both the amount of silica surface as well as its accessibility to blood are

required to accelerate the formation of a clot gluing the interface.

3.4. Hemostatic performance
The combination of bioadhesive and procoagulant properties of Si0-30 coatings grant them with
an interesting potential for hemostatic membranes. To verify this hypothesis, liver biopsies with a

6-mm diameter and a 5-mm depth were made in vivo using a biopsy punch as shown in Figure 6a
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and were covered with a patch as depicted in Figure 6b. Depending on the location, moderate to
abundant bleeding rates ranging from 5 to 50 g.min"! were obtained, as shown in Figure 6c for all
the biopsies. The hemostatic power of membranes was probed by covering the bleeding wounds
with a circular patch and applying a pressure manually during 30 s. Figure 6d shows the bleeding
rates for each biopsy measured for 2 min after the release of manual pressure. For Si0-30 coatings,
patches were applied on the most abundant bleeding wounds. Instantaneous containment of
bleeding was obtained immediately after pressure release and no leakage was observed as shown
in Video S6 and Figure 6e(top-right). Patches were removed by gentle peeling after 10 min and
visual inspection of the bleeding area showed the presence of a cohesive blood clot filling the
whole cavity and preventing further bleeding (Figure 6e(bottom-right)). Conversely, the uncoated
PEG patch failed to contain bleeding as shown in Figure 6d. Blood continued to leak underneath
the patch (Figure 6e(top-left)). No well-formed blood clot was observed after 10 min and bleeding
resumed upon membrane removal (Figure 6e(bottom-left)). For this hemorrhage model, the
hemostatic performance obtained with S10-30 coated membranes is found to be at least as good
as that of a commercial hemostatic gauze made of an oxidized regenerated cellulose mesh (ORC)
(Figure S7). In particular, the ORC was not as efficient in containing blood loss: some bleeding
persisted after removal of manual pressure (biopsies 10&11 in Figure S7b) and bleeding resumed

after the removal of the mesh in some cases (Figure S7c¢).
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Figure 6: Hemostatic performance. (a) Schematic representation of the hemostasis protocol; (b) Picture
of a bleeding biopsy (40 g.min"); (¢) Bleeding rates before membrane deposition; (d) Bleeding rates during
the 2 minutes following deposition of uncoated and SiO-30 coated membranes; (e) Pictures of biopsies: 1

min after contact (top) and just after membrane removal (bottom). (scale bar: 1 cm).

The question of the biocompatibility of such a particle-based approach is essential to ensure its
safety and clinical relevance. A recent review by Murugadoss et al. °° compiling data for all types
of silica nanoparticles shows that the no-observed-adverse-effect level for cytotoxicity of silica
nanoparticles is at least of the order of 25 pg/mL. The cytotoxicity of the main silica particles used
in this work has been characterized in several in vitro studies. For the mesoporous nanoparticles
(S10-MP-50), 24 h incubation with 4T1 cells showed no cytotoxicity up to a concentration of 500
pg/mL.2! For the plain SiO-30 nanoparticles (Ludox® TMS50), 24 h incubation with HeLa cells
showed little cytotoxicity up to a concentration of 400 pg/mL as well as an hemolytic activity for
doses as low as 100 pg/mL.%° The same study by Shin ef al. also showed that the destruction of
red blood cells decreases when increasing the size of the silica nanoparticles with a 2-fold
reduction in hemolysis rate at 100 pg/mL when comparing 22 nm and 105 nm particle diameters.
Most interestingly, these cytotoxic and hemolytic effects can be mitigated by using more elaborate

hybrid particles without compromising the procoagulant and adhesive property, as shown for
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instance by Matter et a with bioglass/ceria nanoparticles and Shin et al.~° with tantalum
oxide/silica core/shell nanoparticles. These results strongly suggest that the synergy between
particle bridging and procoagulation is achievable with more biocompatible particle coatings,
which is a determinant requirement for clinical use.

In the more specific context of internal surgery applications, previous works by Meddahi-Pell¢ et
al.!8 used the same SiO-30 nanoparticles to achieve tissue repair in a rat model. Direct injection of
those particles into hepatic tissues ensured rapid wound closure and hemostasis followed by the
formation of a thin fibrotic tissue in the wound area without altering the liver function after 3 days.
More generally, the toxicity and the fate of silica nanoparticles has been the subject of numerous
in vivo studies, mostly in rodent models.>*>! These reports show that the toxic effects depend on
many parameters including the size and shape of the nanoparticles, their chemical composition,
their dose and their administration route. In the present approach, the confinement of blood flow
between the coated membrane and the tissue allows to create adhesion and to arrest bleeding with
a very low amount of SiO-30 nanoparticles (~ 0.5 mg.cm™). Acute exposure to a large dose (1 —
1000 mg/kg body weight) of similar amorphous silica nanoparticles leads to adverse effects on
various tissues and in particular on hepatic tissues in which the nanoparticles have the tendency to
accumulate after being injected intravenously.’>>* Here, the amount of nanoparticles deposited on
one patch (< 3 mg) corresponds to an exposure to a dose of the order of 0.05 mg/kg body weight
in Human patients, which is several orders of magnitude lower than the doses typically tested in
the previously mentioned toxicity surveys. Such a quantity of nanoparticles is also noticeably

lower than the amount of silica-coated nanoparticles typically injected in rat models (~10 mg) for

imaging purposes.’’ Given that only a fraction of those particles may leach out during an
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application, such low particle doses very substantially reduce the toxicity and possible

thrombogenic risk in case of migration in the blood circulation.
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4. CONCLUSION

We demonstrated here that silica particle coatings provide a way to create adhesion between
hydrogels and tissues in the presence of blood. Overall, ex vivo and in vivo experiments using
PEG films deposited on the serous surface of porcine livers show that macromolecular adsorption
onto particle aggregates creates an adhesion that is very sensitive to tissue hydration. Nevertheless,
the in vivo adhesion strength can be reinforced manyfold by using procoagulant silica particles to
induce the formation of a blood clot at the hydrogel-tissue interface. This mechanism requires that
enough silica surface be exposed to blood in order to activate the coagulation cascade. Such
coagulation-induced adhesion is persistent for long surgical times (> 40 min). It can be rapid and
strong enough to seal internal wounds and achieve hemostasis.

In this work, elastic, non-dissipative membranes were intentionally used to probe the contribution
of the particle coatings to the local debonding processes. These model systems are not suited for
any particular biomedical application. However, thanks to the non-specificity and simplicity of
coating by particle adsorption, this surface modification could be applied to other clinically
relevant hydrogels, possibly involving extensive bulk dissipation.?’ Furthermore, procoagulant
particles containing various metal-oxides?® exhibit numerous clinically relevant properties such as
contrast enhancement,'® antioxidant®* or antimicrobial®* effects, which offers many opportunities
to design multifunctional bioadhesive hydrogel surfaces. The very low doses required to form an
adhesive procoagulant coating suggest that functionality could be achieved with low toxicity and
little alteration of the tissues, which would justify the realization of in vivo biocompatibility

studies.
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1. SUPPLEMENTARY METHODS
Estimation of the maximum accessible coating surface

The maximum amount of silica surface that is accessible to blood proteins per surface area of
coating, a, is estimated as follows. We assume that blood proteins are only exposed to the outside

surface of silica particles. As a result, o writes as:

me

C(:M

Sp (S1)
P

where m. is the mass of deposited coating per surface area, M, and S, are the mass and outer surface
of one particle, respectively.
- For plain spherical particles like SiO-30, « is given by:

6m, s2)
a =
Psio, d

where d is the particle diameter and pg;, is the density of amorphous silica (2.20 g.cm™).
- For mesoporous spherical particles like SiO-MP-75, one needs to consider the effect of porosity

on the mass of one particle which is given by:
My = psio, (V;) - UporeMp) (S3)

where V), is the volume of one particle and vpor is its specific pore volume (1.49 cm®.g™!).!

Therefore, « is given by:

6m,
Psio,d

a= (1 + Psio, vpore) (54)
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2. SUPPLEMENTARY FIGURES
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Fig. S1: Tensile stress-strain curves of PEG films under one loading-unloading cycle in dry state (A) and

swollen to equilibrium in water (B) starring the Young’s modulus for both systems. Corresponding methods

are given in reference 2.
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Figure S2: Blood coagulation kinetics. Pictures of tilted test tubes with freshly sampled pig blood, without
particles, with 1wt% SiO-30 and 1wt% SiO-MP-75.
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Figure S3: SEM observations of all the studied membranes
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Figure S4: Ex vivo peeling force and snapshots (side and front view) of the peeling experiments obtained

for all the studied membranes.
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a Before rinsing b After rinsing
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Figure S5: Effect of rinsing to remove weakly adsorbed aggregates on adhesion performance of SiO-
10 coatings. Rinsed SiO-10 coated membranes were obtained by immersion in water for 30 min followed
by drying in vacuum oven at 60°C for 6 h. (a) mass of deposited coating per unit area before and after

rinsing; (b) Adhesion energy measured by 90° peeling on ex vivo porcine liver capsule (contact time: 5

min).
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Figure S6: Exudation of fluid at the liver surface. Picture taken during in vivo experiments showing
droplets resulting from the exudation of physiological fluids through the capsule of porcine liver. This
phenomenon was observed on liver surfaces that were left exposed to air for a prolonged time of the order

of 30-60 min (scale bar: 5 mm).
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Figure S7: Hemostatic performance with commercial hemostat. (a) Bleeding rates before membrane
deposition; (b) Bleeding rates during the 2 minutes following deposition of oxidized regenerated cellulose
meshes (ORC); (c) Pictures of biopsies: 1 min after contact (top) and just after mesh removal (bottom).

(scale bar: 1 cm).
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3. SUPPLEMENTARY VIDEO CAPTIONS
Video S1: Video of the blood coagulation kinetics showing tilted tubes for freshly sampled pig
blood, without particles, with 1 wt% SiO-30 and 1 wt% SiO-MP-75.

Video S2: Side and front video of the ex vivo peeling of an uncoated PEG ribbon on liver capsule
after 5 min of contact. (Accelerated 10 times; scale bar: 5 mm)

Video S3: Side and front video of the ex vivo peeling of a PEG ribbon with SiO-30 coating on
liver capsule after 5 min of contact. (Accelerated 10 times; scale bar: 5 mm)

Video S4: Side and front video of the ex vivo peeling of a PEG ribbon glued on the liver capsule
with surgical glue (GLUture®) after 5 min of contact. (Accelerated 10 times; scale bar: 5 mm)

Video S5: Video of the experimental protocol of the wetting of a PEG film with blood and
subsequent deposition on the liver capsule (accelerated 2.5 times).

Video S6: Video of a hemostasis experiment with a PEG film coated with Si0-30 nanoparticles.
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