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Attaching hydrogels to soft internal tissues is a key to the devel-
opment of a number of biomedical devices. Nevertheless, the wet
nature of hydrogels and tissues renders this adhesion most difficult
to achieve and control. Here, we show that the transport of fluids
across hydrogel—tissue interfaces plays a central role in adhesion.
Using ex vivo peeling experiments on porcine liver, we character-
ized the adhesion between model hydrogel membranes and the
liver capsule and parenchyma. By varying the contact time, the tis-
sue hydration, and the swelling ratio of the hydrogel membrane, a
transition between two peeling regimes is found: a lubricated regime
where a liquid layer wets the interface, yielding low adhesion ener-
gies (0.1 J/m? to 1 J/m?), and an adhesive regime with a solid binding
between hydrogel and tissues and higher adhesion energies (1 J/m?
to 10 J/m?). We show that this transition corresponds to a draining of
the interface inducing a local dehydration of the tissues, which be-
come intrinsically adhesive. A simple model taking into account the
microanatomy of tissues captures the transition for both the liver
capsule and parenchyma. In vivo experiments demonstrate that this
effect still holds on actively hydrated tissues like the liver capsule and
show that adhesion can be strongly enhanced when using superab-
sorbent hydrogel meshes. These results shed light on the design of
predictive bioadhesion tests as well as on the development of im-
proved bioadhesive strategies exploiting interfacial fluid transport.

bioadhesion | hydrogel | interface | transport | liver

ydrogels are essential components of implants and surgical

devices, used as protective layers (1), sealants (2), platforms
for drug or cell delivery (3), or substrates for biosensors (4).
These applications require that hydrogels be secured on the soft
and wet tissues of internal organs. Fixation by mechanical fas-
teners like sutures is most often not satisfactory, as it damages
both tissues and hydrogels (5). Much more appropriate fixation
methods are sutureless approaches producing an intimate and
adhesive contact at the interface between hydrogels and tissues
(6). In recent years, major progress has been made to create
bioadhesive hydrogel surfaces by introducing binding interac-
tions between hydrogel networks and biological tissues through
surface functionalization (7-9), mechanical interlocking (10), or
coating with nanoparticles (11). Nevertheless, the design of such
bioadhesive hydrogels is greatly challenged by the wet conditions
of the interface (12). Tissue surfaces are continuously perfused
by vascular flows and hydrated by surrounding biological fluids,
which hinders the contact between hydrogels and tissues and
compromises the establishment of adhesive binding. Most in-
terestingly, hydrogel formulations are often not swollen to equi-
librium at the moment of contact with biological tissues. Therefore,
water ought to be transported from the tissue into the hydrogel.
Seminal studies on adhesion to mucus membranes have shown that
the tissue dehydration resulting from this transport could be a
driving mechanism for bioadhesion (13, 14). Adhesion experi-
ments between model hydrogels have confirmed this effect (15,
16). However, the contribution of such interfacial transport to
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hydrogel—tissue adhesion remains to be elucidated, and its appli-
cability for the design of bioadhesive systems has been very little
exploited hitherto. Here, we address this question, using adhesion
experiments of model hydrogels on animal tissues.

Our study concentrates on adhesion to the outside and inside tis-
sues of the liver, which is commonly used to assess the performance of
bioadhesives (7-9, 17-19). The outer part of the liver, the Glisson’s
capsule, hereafter referred to as “capsule,” is delimited by a membrane
constituted of superimposed thin tissue layers (20). Its outermost
surface is composed of a monolayer of mesothelial cells attached
to a 100-nm-thick basal membrane. These cells produce a liquid
coating, the glycocalyx, composed of an aqueous solution of
hyaluronan that has both a lubricant and a protective role (20).
The inner part of the liver, hereafter referred to as “parenchyma,” is
a soft porous structure irrigated by a dense network of vessels (21).
It is divided into lobules having a characteristic diameter varying
from 1 mm to 2.5 mm where the blood is filtered and bile is pro-
duced (22). Herein, we use porcine liver, which has an anatomy and
hemodynamics that differ little from those of human liver (23).

Model hydrogel membranes were fabricated from poly(ethyl-
ene glycol) (PEG) films. Similar PEG hydrogels are used in
modern surgery as sealant (2). They are known to adhere to
biological tissues due to hydrogen bonding between ether oxy-
gens and the protons of amino and hydroxy groups contained
in biomolecules (24, 25) as well as short-range hydrophobic
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interactions with tissue proteins (26), as illustrated in Fig. 14. In
this study, smooth 1-mm-thick films having a roughness of less
than 1 um (S Appendix, Fig. S1) were produced from diacrylate
telechelic PEG chains (M,, = 700 kg/mol) chemically cross-linked
with multifunctional thiols (SI Appendix, SI Materials and Meth-
ods). In water, these films reach equilibrium swelling in 2.5 h (S7
Appendix, Fig. S2). In the following, hydrogel swelling is char-
acterized by the swelling ratio, O, defined as the mass of the
swollen film over the mass of the dry film. At equilibrium in
water, the swelling ratio of the studied PEG films is Q., = 2.00 +
0.05, which corresponds to a water content of 50 wt%.

Results and Discussion

Ex Vivo Adhesion Measurements. The adhesion between PEG
hydrogels and porcine liver tissues was measured ex vivo using a
90° peeling experiment as depicted in Fig. 1B. In each experiment,
a l-cm-thick, 3-cm-wide and 12-cm-long rectangular section of
liver was cut and glued onto a flat holder. A 1-cm-wide ribbon of
PEG hydrogel was deposited on the liver surface over an 8-cm
length (step i). A pressure of 50 kPa to 60 kPa was applied with a
finger over the contact area for 1 min to reproduce a surgical
deposition (step ii). The ribbon was then left in contact for a given
contact time (Af), after which it was peeled from the liver at a
constant 90° angle and a constant speed of 1 mm/s (step iii). The
force and displacement measured at the top end of the ribbon
were recorded, as well as side and front views of the peeling zone.

Typical peeling force—displacement curves are given in Fig. 1C
for dry PEG ribbons (Q = 1) after a 5-min contact on both the
parenchyma and the capsule of freshly dissected livers. Two re-
gimes can be clearly distinguished. In the first regime, adhesion is
very weak, with a normalized peeling force in the range 0.5 N/m
to 1 N/m. It is illustrated in Fig. 1C for the parenchyma (dotted
red curve). Observations of the detachment zone show that the
interface is lubricated by a liquid layer with a meniscus moving as
peeling proceeds (Fig. 1D and Movie S1). We refer to this regime
as the “lubricated” regime. In the second regime, the normalized
peeling force reaches higher values in the 1 N/m to 10 N/m range.
It is illustrated in Fig. 1C for both the parenchyma (full red curve)
and the capsule (full green curve). The liver tissues are deformed
and lifted by the gel, as shown in Fig. 1E and Movie S2 for the
parenchyma and in SI Appendix, Fig. S3 and Movie S3 for the
capsule. We refer to this regime as the “adhesive” regime. For
the parenchyma, this regime even leads to a transfer of tissues to
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Fig. 1.

the hydrogel surface, indicating a cohesive rupture in the tissue (S/
Appendix, Fig. S4).

The interfacial adhesion energy, G, can be calculated from those
peeling curves using Kendall’s (27) theory of elastic peeling. For 90°
peeling, the adhesion energy is simply given by G = F/w, where Fjw is
the mean steady-state value of the peeling force, F, normalized by the
ribbon width, w. Adhesion energy for a 5-min contact time with dry
PEG ribbons was measured on several liver samples from different
animals (n = 6) (Fig. 1F). For the capsule, all peelings were in
the adhesive regime with an adhesion energy of 2.3 + 0.5 J/m?,
while, for the parenchyma, peeling was either in a lubricated or
adhesive regime depending on the liver. In the latter case, the
difference in adhesion energy between lubricated (open sym-
bols, G = 0.9 £+ 0. 3 J/m?) and adhesive regimes (full symbols,
G = 3.1 + 0.3 J/m?) is statistically significant (P < 0.0001).

The hydrogel-liver adhesion depends on the swelling state of
the deposited hydrogels. To show this dependence, PEG ribbons
were swollen to different swelling ratios from dry state (Q = 1) to
equilibrium swelling (Q., = 2). The corresponding adhesion en-
ergies are given in Fig. 1G for a 5-min contact time on the same
liver. Adhesion energy decreases with increasing Q. For the pa-
renchyma of this liver, peeling was always in the lubricated regime.
For the capsule, a transition from adhesive to lubricated regime
was observed for Q > 1.2. Similarly, the effect of contact time was
explored by Varying At from 5 min to 30 min with dry PEG ribbons
(O =1), as shown in Fig. 1H. For the capsule, adhesmn energy is
independent of contact time (G = 3.7 + 0.4 J/m?). For the pa-
renchyma, a fourfold increase in adhesion energy was observed
between 5 min and 15 min of contact, which corresponds to a
transition from lubricated to adhesive peeling. When fully swollen
hydrogel ribbons were used instead of dry ones (dotted red line in
Fig. 1H), a lubricated behavior occurred for all of the studied
contact times, and no dependence on At was observed.

Influence of Liver Hydration on ex Vivo Adhesion. The weight frac-
tion of water in each liver sample, H, was assessed by measuring
the mass of dry extract (see protocol in SI Appendix, section 4).
For freshly dissected livers (n = 13), H ranges from 74.5 wt% to
81.6 wt%, with a mean value of 77.4 + 1.5 wt%. As a comparison,
partially bloodless livers from butcher were also used (n = 16).
Those drained livers contain much less fluid, with an average
water content of 72.2 + 1.7 wt% (SI Appendix, Fig. S5). The
adhesion energies of dry PEG ribbons after a 5-min contact time
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Ex vivo adhesion on freshly dissected liver tissues. (A) Schematic representation of the hydrogen-bonding and hydrophobic interactions between PEG

hydrogels and biological tissues. (B) Schematic representation of the peeling protocol. (C) Normalized peeling force as a function of displacement on the liver
capsule (green curve) and parenchyma (red curves) for PEG ribbons (Q = 1, At =5 min). The origin of displacement (0 mm) corresponds to the beginning of the
steady-state peeling. (D and E) Side and front views during peeling of a PEG ribbon (Q = 1, At = 5 min) from liver parenchyma displaying (D) a lubricated
regime or (E) an adhesive regime. (Scale bar: 5 mm.) (F) Adhesion energy for peeling of PEG ribbons (Q = 1, At =5 min) on liver capsule (green) and pa-
renchyma (red). In this graph and the following, full and open symbols correspond to adhesive and lubricated behaviors, respectively. (G) Adhesion energy as
a function of hydrogel swelling ratio for At =5 min: liver capsule (green) and parenchyma (red). (H) Adhesion energy as a function of contact time for dry PEG
ribbons (Q = 1): liver capsule (green) and parenchyma (red). Dotted line shows data for fully swollen PEG ribbons (Q = Q).
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Fig. 2. Influence of liver hydration on ex vivo adhesion. (A and B) Adhesion
energy as a function of liver water content for peeling of PEG ribbons (Q = 1,
At = 5 min) on (A) the capsule and (B) the parenchyma of freshly dissected
(diamonds) and drained (circles) livers. For the parenchyma, data on rehy-
drated samples are also represented (triangles). Full and open symbols corre-
spond to adhesive and lubricated peeling, respectively. (C and D) Fluorescent
micrographs of cross-sections of (C) a liver capsule and (D) a liver parenchyma
after 20 min of immersion in physiological serum containing sodium fluores-
cein (0.1 g/L). Tissue surface is on top. Dashed lines are iso-intensity lines (50%
maximum intensity) indicating penetration depth. (Scale bar: 300 pm.)

on the capsule and parenchyma of those livers are plotted in Fig.
2 A and B as a function of liver water content. For the capsule,
the peeling regime was always adhesive, showing no significant
dependence on H. For the parenchyma, however, the adhesion
energy was found to decrease strongly with H, and a transition
from adhesive (full symbols) to lubricated regimes (open sym-
bols) was observed near H = 77 wt%.

The relationship between tissue hydration and hydrogel bio-
adhesion was further confirmed by modulating the hydration of
drained livers. For that, liver samples were immersed in physio-
logical serum before peeling. Microscopic observations of liver
cross-sections after immersion in serum containing a fluorescent
dye showed that tissue rehydration depends on the nature of the
tissue surface. For the capsule (Fig. 2C), tissue rehydration was
hardly noticed and confined to the very surface, due to the barrier
property of the basal membrane. This impermeable separation may
explain why the adhesion to the capsule is independent of the
hydration of underlying tissues. Conversely, for the parenchyma,
water penetrated inside the tissues but remained within a superfi-
cial layer of ~1 mm depth (Fig. 2D). This localized swelling is
explained by the dense collagen-rich walls, which prevent fluid ex-
changes between lobules. After immersion, the water content at the
surface of parenchyma could thus be assessed by considering that
the water uptake is contained in the first lobular layer (see calcu-
lation in SI Appendix, section 4). By varying the immersion time
between 0 min and 300 min, the tissue water content near the
surface was tuned from 72.9 wt% to 81.5 wt% (SI Appendix, Fig.
S6). The adhesion energies measured by peeling dry PEG rib-
bons after 5 min on those rehydrated parenchyma are reported
in Fig. 2B. We find that fresh and rehydrated tissues having similar
hydration levels produce similar adhesion energies. In particular, a
transition from lubricated to adhesive regimes was reproduced with
rehydrated livers for superficial water content of H = 77 + 2 wt%.
Comparable dependences on At and Q were found for drained,
rehydrated, and freshly dissected livers (SI Appendix, Fig. S7).

Fluid Transport Across the Tissue—Hydrogel Interface. Fluid exchanges
across the liver—hydrogel interface were characterized by measur-
ing the water uptake of hydrogel films as a function of contact time.
For that, dry PEG films were deposited on the capsule and
parenchyma of a freshly dissected liver as depicted in Fig. 3 4, i and

740 | www.pnas.org/cgi/doi/10.1073/pnas. 1813208116

ii and weighed after different contact times. These experiments
were compared with a control experiment (Fig. 3 A, iii) where PEG
films were deposited on a floating grid with one face in direct
contact with a water reservoir. Fig. 3B shows the swelling ratio of
the films as a function of contact time. In the control experiment,
the swelling kinetics is well described by the diffusive re-
laxation of a hydrogel network (28). Eventually, equilibrium
swelling was reached, after 5 h. In the experiments on the liver,
fluid was clearly transported from the tissues into the hydrogels.
However, for both the capsule and the parenchyma, the swelling
ratio converged at long contact times toward a value of Q = 1.70 =
0.05, well below equilibrium. Swelling was limited by the slow ex-
traction of water from the liver, which suggests that tissue dehy-
dration occurred near the interface. Interestingly, swelling kinetics
differ for the capsule and the parenchyma at early contact times.
On the capsule, the slow swelling kinetics was observed even for the
first minute of contact. On the parenchyma, it only established after
20 min. Before that, the films were swelling as if they were in contact
with a water reservoir. This indicates that a finite amount of fluid is
quickly transported from the parenchyma to wet the interface.

Effect of Dehydration on Tissue Adhesive Properties. The effect of
tissue dehydration on bioadhesion was investigated by comparing
the adhesive properties of liver tissues before and after dehydration
by a PEG film. For that, liver surfaces were probed by peeling thin
ribbons made of polyethylene, which, unlike PEG, is not swollen by
water and has no strong binding affinities with biological tissues. For
freshly dissected liver surfaces, polyethylene ribbons are poorly
adhesive, with adhesion energies of 0.08 + 0.04 J/m?, as shown in
Fig. 4. A lubricated regime was observed for both the capsule and
the parenchyma (S Appendix, Fig. S8), confirming that those tissue
surfaces are wet by a liquid layer. Accordingly, a similar adhesion
energy (0.07 + 0.03 J/m?) was measured when peeling the poly-
ethylene ribbons from a water surface (Fig. 4).

In contrast, covering liver tissues with a dry PEG film for 10 min
before peeling of a polyethylene ribbon leads to a remarkable 10-
fold increase in adhesion energy, as shown in Fig. 4. For both the
capsule and parenchyma, this change in adhesive property corre-
sponds to a transition from a lubricated to an adhesive regime (S/
Appendix, Fig. S8 and Movies S4 and S5). An explanation for this
effect could be that, once dehydrated by the PEG membrane, the
networks of biomacromolecules forming the superficial tissues
become intrinsically adhesive, like the weakly cross-linked polymer
networks of pressure-sensitive adhesives (PSAs) (29). As an il-
lustration, comparable adhesion energies were obtained when
peeling the polyethylene ribbons from a commercial PSA (Fig. 4).

Modeling the Role of Interfacial Fluid Transport on Hydrogel—Liver
Adhesion. Our model experiments show that hydrogel-liver adhesion
is strongly dependent on contact time, liver hydration, and hydrogel
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Fig. 3. Fluid transport across the hydrogel-tissue interface. (A) Schematic
representation of swelling experiments on the liver capsule (i), on the liver
parenchyma (ii), and on a water reservoir (iii). (B) Swelling ratio of PEG films
as a function of contact time. Films were deposited in a dry state on the liver
capsule (green circles), on the liver parenchyma (red diamonds), and on a
water reservoir (blue triangles). Full line is a fit by a diffusive model of
hydrogel swelling (28). Inset shows the same data up to long contact times.
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Fig. 4. Bioadhesion before and after dehydration. Adhesion energies were
obtained by peeling polyethylene ribbons from the capsule (green) and
parenchyma (red) of a freshly dissected liver, before and after a 10-min
contact with a dry PEG film. Adhesion energies obtained by peeling the
same polyethylene ribbons on Teflon (black), water (blue), and a commercial
PSA (yellow) are given as a comparison (At = 5 min).

swelling ratio. All of these effects can be explained by a
microscopic picture describing the transport processes at the tis-
sue—hydrogel interface. For that, we consider that the water
contained in tissues is distributed in two distinct phases: “free water,”
which is in biological fluids, and “tissue water,” which is
osmotically trapped in the solid tissue components, namely the cells
and the extracellular matrix. In ex vivo conditions, a finite volume of
free water is accessible to wet the surface of tissues, as depicted in
Fig. 54. For serous surfaces like the liver capsule, the basal
membrane creates a rather impermeable separation from the inner
tissues, and the reservoir of free water only consists in the glycocalyx
layer covering the epithelium (20). For the internal surfaces of
lobular organs like the liver parenchyma, the free water reservoir is
composed of blood and bile, which are located in the porosities and
interstitial spaces of lobules and vessels. If the liver parenchyma is
exposed (e.g., after cutting), this free water quickly exudates, and a
thin fluid layer wets the surface.

When a hydrogel film is applied on a tissue surface, several
processes compete to take water to and out of the interface, as
illustrated in Fig. 5B. On the one hand, the interface is drained by
the swelling hydrogel, provided that it is not already swollen to
equilibrium. On the other hand, water is brought to the interface
from the reservoir of free fluid. In an ex vivo situation, this wetting
process is driven by capillary effects, which are much faster than
the swelling of the hydrogel network. For example, in the case of
liver parenchyma, the capillary rise of a 10-um-thick fluid layer to
the tissue surface occurs within 0.1 ms, while it takes at least 1 s for

A Free fluid attissue surfaces E
Epithelium D= Superficial &
lobule E
2
(L)
membrane wall
Capsule  Parenchyma

(a<aq.,)

Hydrogel

Tissue Free
water water

Vfree

the studied PEG hydrogels to absorb the same amount of liquid
(see detailed calculation in SI Appendix, section 5). Consequently,
a liquid film should wet the hydrogel—tissue interface as long as
there is free water contained in the superficial tissues.

After a given contact time, two situations can arise. In the first
situation (Fig. 5C), the hydrogel film could not absorb all of the free
fluid reservoir. A liquid film remains at the interface, therefore
preventing an intimate bonding and causing the poor adhesion ob-
served in the lubricated regime. In the second situation (Fig. 5D), the
volume of water absorbed by the hydrogel film exceeds the available
volume of free water. The interface is thus completely drained,
allowing a molecular contact, interdiffusion, and short-range
interactions between the hydrogel strands and the tissue mac-
romolecules (14). Subsequently, tissue water is extracted out of
the cells or extracellular matrix in the vicinity of the interface.
In this dehydrated state, the tissue resembles the highly dissi-
pative polymer networks composing PSAs. This case leads to
the observed adhesive regime.

A simple model based on this microscopic picture captures the
transition between lubricated and adhesive regimes. For one unit
area of interface, this model compares the volume of free water
available at the interface before peeling, V4., to the volume of
water absorbed by the hydrogel at the time of peeling, v,. The
value of v, depends on the contact time At, the hydrogel swelling
ratio Q, and the tissue nature and water content H. It can be
measured experimentally by weighing the mass of the ribbons
before and after peeling. In that case, it is simply given by
Vabs =Am /pA, where Am is the mass uptake of the ribbon after Az,
p is the water density, and A is the contact area.

The value of v, depends on the microanatomy of the tissue
surface. For the liver capsule, it can be approximated to the
characteristic thickness, %y, of the glycocalyx,

Vfree, capsule = hy. [1]
Reported values of the glycocalyx thickness vary from a few
micrometers (30) to up to 60 um (31). Hereby, we choose iy =
15 pm, as obtained by dividing the amount of fluid in the peri-
toneal coat (20 mL) (32) by its surface (1.4 m?) (33).

For the liver parenchyma, v.. corresponds to the water con-
tained in the porosities of the first layer of superficial lobules. It
can be expressed as follows (see detailed calculation in ST Ap-
pendix, section 5):
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Fig. 5. Role of interfacial fluid transport on hydrogel-liver adhesion. (A) Schematic representation of the free fluid available to wet the surfaces of liver
capsule and parenchyma. (B) Distribution of water in superficial liver tissues just before contact with a hydrogel. Capillary transport of free fluid ensures a
rapid wetting of the tissue—hydrogel interface. Two situations arise after a given contact time: (C) Some free fluid remains in the tissue and wets the in-
terface; this leads to a lubricated regime. (D) All of the free fluid has been absorbed, causing draining of the interface and dehydration of superficial tissues;
this leads to an adhesive regime. (E and F) Adhesion energy as a function of v,us/Vsee for the (E) liver capsule and (F) parenchyma. Diamonds correspond to
peelings performed with dry PEG ribbons after 5 min of contact. Different symbol shapes correspond to different values of contact time and hydrogel swelling
ratio. Full and open symbols correspond to adhesive and lubricated peeling, respectively. Gray data points were obtained with modified PEG-RGD mem-
branes. (Values chosen for calculation of Vs.ce: hg = 15 pm, Hy = 0.79, ® = 0.3, o = 1.3 mm for freshly dissected liver, and /, = 1.8 mm for drained liver.)
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where H and H, are the water content of the liver in testing
conditions and physiological conditions, respectively, and
@, and [, are the average lobule porosity and diameter in phys-
iological conditions, respectively (Hy = 0.79, ®, = 0.3, and [, =
1.2 mm to 1.9 mm).

The wetting state of the hydrogel—tissue interface is character-
ized by the dimensionless ratio Vaps/Vpee. FOT VapgVpee < 1, the in-
terface is still wet by free fluid at the moment of peeling: A
lubricated regime should be observed. For v/ > 1, the
membrane has absorbed all of the free fluid, and superficial tissues
are in a dehydrated state: An adhesive regime should be observed.
We find these predictions to be in remarkable agreement with the
experimental data, as shown in Fig. 5 E and F by plotting G as a
function of v,u/Vse for the capsule and the parenchyma. Those
graphs represent all of the data obtained from peeling experiments
with various contact times, tissue hydration, and hydrogel swelling
ratio. For both the capsule and parenchyma, a transition from lu-
bricated to adhesive peeling occurs around a value of vyp/Vpee = 1.
In the adhesive regime, the ratio VgV, also reflects the level of
tissue dehydration: The higher it is, the more dehydrated the tis-
sues are. Accordingly, we find that adhesion energy increases with
tissue dehydration, as in the case of mucoadhesion (13).

In the adhesive regime, the strength of adhesion due to binding
and interdiffusion across the interface should strongly depend on
the chemistry and dynamics of the hydrogel network (14). To
illustrate this point, peeling experiments were performed with
membranes containing grafted tripeptide Arg-Gly-Asp (RGD) to
enhance adhesion to cell membranes (SI Appendix, section 2).
These PEG-RGD membranes have the same swelling behavior
as PEG membranes (SI Appendix, Fig. S2). For both the capsule
and the parenchyma, a transition from lubricated to adhesive
regime occurs at VypgVpee = 1 like for the PEG without RGD,
as shown in Fig. 5 E and F. In the adhesive regime, the presence of
RGD causes a significant increase in adhesion to the capsule but
not to the parenchyma. This is consistent with differences in the
nature of the tissues. Indeed, the density in membrane adhesion
proteins is expected to be much larger at the surface of the capsule
than at the cut surface of the parenchyma where cells are damaged
and covered with blood proteins. Most interestingly, a fourfold
increase in adhesion energy is obtained on the capsule for v,/
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Vfee going from 1.5 to 10, which confirms the strong enhancement
of adhesion caused by local dehydration.

Design of Improved Bioadhesive Hydrogels and in Vivo Adhesion. Our
findings suggest that improved bioadhesive performances should
be obtained using superabsorbent membranes having enhanced
swelling kinetics and absorption capacity. We verified this hy-
pothesis by comparing the bioadhesion of the model PEG films
with that of superabsorbent meshes of Oxidized Regenerated
Cellulose (ORC). This latter system is used as a hemostat in
surgery (34). The presence of ether oxygens as well as hydroxy
and carboxylic groups in ORC suggests the possibility of hydro-
gen bonding with other biomolecules, as already reported to
explain its hemostatic properties (35).

ORC meshes swell much faster than PEG films, with an
equilibrium swelling ratio of 3.5 reached in less than 1 min in
water (SI Appendix, Fig. S9). When deposited at the surface of
liver parenchyma or capsule, 150-um-thick ORC meshes quickly
drain the interface by capillary transport of free water, and the
criterion for adhesive contact (Vps/Vee > 1) is reached within less
than 1 min (Fig. 64). For longer contact times (>5 min), a slower
swelling regime takes place, corresponding to extraction of
trapped water from capsule cells and deeper tissues. Between
these two regimes (1 min to 5 min), a small decay in membrane
swelling is observed, which we attribute to water evaporation
from the ORC mesh. Ex vivo peeling confirms that these su-
perabsorbent meshes strongly adhere to the liver capsule and
parenchyma when they are deposited in a dry state (SI Appendix,
Fig. S10). For a 5-min contact on a freshly dissected liver with
moderate hydration (H = 76 wt%), the adhesion energy of dry
ORC meshes to the parenchyma (capsule) is 14 (1.8) times
greater than that of 1-mm-thick dry PEG films (Fig. 6 B and C).
The stronger adhesion energy obtained with ORC may arise
from a higher density or strength of the binding functions as well
as from dissipative friction caused during the deformation of the
fibrous ORC mesh. Conversely, poor adhesion and lubricated
regimes were obtained when the ORC meshes were deposited on
a very hydrated parenchyma (H = 81 wt%) (Fig. 6B) or were
swollen to equilibrium before contact (Fig. 6C).

‘While the fluid content of ex vivo tissues is limited and static,
in vivo tissues are continuously perfused with biological fluids.
Draining of hydrogel—tissue interfaces and establishment of a du-
rable adhesive contact should therefore be more difficult to achieve
in vivo than ex vivo. For the liver parenchyma, surface bleeding is
so strong (10 pL-cm™?min™' to 100 pL-cm™>min~") (36) that

F 2.0 - G 2.0 —
—_ ex vivo =y p=0.0009 in vivo
< 1.54 L —EE
= <
. 1.04 é a :
& 0.5 :
0.04

_PEG__ ORC,_PEG_ ORC,,
At=10min  At=40 min

PEG__ORC,

At=10min H

Fig. 6. Adhesion of superabsorbent membranes and in vivo adhesion. (A) Ratio V,ps/Vsee as a function of contact time for ORC meshes (violet symbols)
deposited on the parenchyma and capsule of a freshly dissected liver (H = 77.9 wt%). Data are compared with those for PEG films in the same conditions (red
diamonds and green circles). (B) Adhesion energies obtained by peeling ORC meshes and PEG ribbons from liver parenchyma with different water content H.
(C) Adhesion energies obtained by peeling ORC meshes and PEG ribbons at different levels of initial swelling from the liver capsule. (D) Schematic repre-
sentation of the tack-like protocol for in vivo adhesion testing and typical force—displacement curve starring F,.x, the maximum detachment force. (E)
Snapshots of tack experiments performed ex vivo on freshly dissected liver capsules with PEG membrane and ORC meshes. (Scale bar: 5 mm.) (F) Maximum
detachment force of PEG films and ORC meshes obtained ex vivo on the liver capsule after 10-min contact time. (G) Maximum detachment force of PEG films
and ORC meshes obtained in vivo on the liver capsule after 10- and 40-min contact times. (H) Picture of an in vivo tack experiment displaying the lifting of an
entire hepatic lobe during the detachment of an ORC mesh after 10-min contact on the liver capsule. (Scale bar: 10 mm.)
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membrane swelling is unlikely to drain the interface and create
adhesion, unless hemostatic processes are activated. For the liver
capsule, however, exudation of water across the basal membrane is
moderate (0.05 pL-cm™>min~" to 0.5 pL-cm™>min~") (37, 38). An
adhesive regime should be attainable with the swelling kinetics of
hydrogel membranes. In vivo adhesion experiments were per-
formed on the liver capsule of anesthetized pigs under laparotomy
(n = 2) (see detailed protocols in SI Appendix, section 6). For that,
a portable tack-like protocol was devised that measures the maxi-
mum force required to detach a hydrogel membrane by pulling
perpendicularly to the capsule surface, as depicted in Fig. 6D. Disks
with a diameter of 1.6 cm of both dry PEG films and dry ORC
meshes were deposited onto the liver capsule. Pressure was applied
digitally for 30 s, and the films were detached after a given contact
time. When this tack protocol was performed on ex vivo tissues for a
10-min contact time, both PEG films and ORC meshes strongly
adhered to the liver capsule, with detachment forces of the order of
1.1 + 04 N (Fig. 6E) and large tissue deformation (Fig. 6F and
Movies S6 and S7). For in vivo experiments (Fig. 6G), the detach-
ment force of the dry PEG films was 10 times lower (0.09 + 0.07 N)
than ex vivo. A much better resistance to in vivo tissue hydration
was obtained with ORC meshes. After a 10-min contact, the de-
tachment force was maintained close to that of ex vivo conditions
(0.9 + 0.4 N), and a twofold decrease was observed after 40 min of
contact. As an illustration of the practical relevance of these
adhesives, the in vivo adhesion of the ORC patches was strong
enough to lift the liver lobes (Fig. 6H and Movie S8).

In conclusion, these results demonstrate that interfacial fluid
transport is central to the establishment of adhesion between
hydrogels and internal tissues. While the current study concen-
trates on liver, the concepts and predictions are most likely appli-
cable to many other internal organs having similar serous or
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lobular histology, like kidney, gall bladder, or pancreas. These
findings provide insight into the design of bioadhesion tests. In
particular, the reported experiments and model indicate that the
monitoring of tissue hydration and interfacial liquid exchanges
greatly improves the discriminating power of bioadhesion mea-
surements. Moreover, the possibility of imparting adhesiveness to
tissues and enhancing hydrogel adhesion through local dehydration
brings forward a lever to tailor the fixation of hydrogel-based de-
vices and implants. Our ex vivo and in vivo results show that this
effect can be sustained for at least 1 h, which is of immediate in-
terest for bioadhesive applications in perioperative conditions.
More generally, combining this understanding with other bio-
adhesive approaches using specific binding functions (7-9, 17, 19),
adsorption effects (11, 18), or roughness and mechanical anchoring
(10) opens a route for more functional strategies where adhesion
strength and durability can be adjusted to the targeted applications
and to the microanatomy of the tissues of interest.

Materials and Methods

Details about the hydrogel synthesis, the tissue preparation, the character-
ization of fluid transport, and the protocols for ex vivo and in vivo adhesion
testing are given in SI Appendix, SI Materials and Methods. Calculations to
model interfacial fluid transport are also described in detail in S/ Appendix,
Sl Materials and Methods.
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