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A B S T R A C T

Fistulas are abnormal connections between two body parts that can impair the quality of life. The use of biological
glues represents the least invasive procedure to fill the fistula; however, it is limited by the need of multiple
injections, the persistence of infection and the failure in the treatment of high-output fistulas. We describe herein
the use of an injectable nanocomposite hydrogel that is able to form in situ a tissue-mimicking matrix as an
innovative material for the treatment of esophageal fistulas. Injectable hydrogels that have the dual advantage of
being implantable with a minimally invasive approach and of adapting their shape to the target cavity, while the
introduction of mesoporous silica nanoparticles opens the possibility of drug/biomolecules delivery.

The hydrogel is based on hyaluronic acid (HA), the crosslinking process occurs at physiological conditions
leading to a hydrogel made of >96% by water and with a large-pore micro-architecture. The kinetic profile of the
hydrogel formation is studied as a function of HA molecular weight and concentration with the aim of designing a
material that is easily injectable with an endoscopic needle, is formed in a time compatible with the surgical
procedure and has final mechanical properties suitable for cell proliferation. The in vivo experiments (porcine
model) on esophageal-cutaneous fistulas, showed improved healing in the animals treated with the hydrogel
compared with the control group.
1. Introduction

Gastrointestinal (GI), and in particular, esophageal fistulas (EFs) are
defined as a pathological epithelialized communication between the GI
tract and the surrounding compartments and/or organs. Associated
morbidity and mortality rates are substantial, especially in case of
development of septic complications, nutritional deficits, and concomi-
tant comorbidities [1–3]. Medical treatment, including GI rest,
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parenteral nutrition, and correction of electrolytes impairments is the
current gold standard of treatment, with a success rate up to 70% after a
mean time of 8 weeks [1,2,4]. Conversely, major surgery (i.e. esoph-
agectomy) is reserved in case of no responsiveness to the conservative
treatment. The role of radiology is very important for drainage of EF with
infected collections. With the improvement of flexible endoscopic tech-
nology, new tools have been introduced for the minimally invasive
management of GI fistulas. Among them, the use of biological glues
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gradually increased in the last two decades [5–7]. Their composition,
made of fibrinogen and thrombin, stimulate the expression of growth
factors that induce the healing of the anatomical defect, while the clot
formed after injection is lately reabsorbed after a mean time of two weeks
[8,9]. Although the success rate has been reported up to 86.6% [10], the
use of biological glues is limited by the uniformity of the techniques
described in literature, the need of multiple injections, the persistence of
infection and the failure in the treatment of high-output fistulas. These
weak points, of such a promising technique, may be mainly related to the
physical properties of most biological sealants, namely, the lack of a
sufficient viscosity, the absence of an antimicrobial or anti-inflammatory
activity and the low adhesiveness. A suitable material for the treatment of
fistula is supposed to be characterized by low viscosity during injection,
to be able to sustain its own weight after injection, to avoid percolation
outside the injection site, and to form in situ a soft solid material able to
promote the cicatrization process. Some of these properties are often
present in hydrogels, three-dimensional polymeric structures able to
entrap large amount of water, which upon an appropriate design can be
injectable, forming in situ a tissue mimicking matrix. For example, the use
of a chitosan based hydrogel has been reported to promote the healing of
intestinal fistula in a rat model; however daily applications of the ma-
terial were necessary [11]. In a clinical study, Krause et al. investigated
the possibility to use a commercially available injectable polyacrylamide
hydrogel in the treatment of vaginal fistula. The proposed material is
however used only as a bulking agent to prevent the leak of biological
fluids and it is not designed to induce a cicatrization process of the fistula
[12]. In the development of injectable hydrogels [13] it is fundamental
not only to consider the final mechanical properties of the material but all
the kinetic profile of gel formation. The crosslinking process must occur
in a time scale compatible with the surgery. If the gelation occurs too fast
(e.g.< 5min) there is the risk of needle clog, if the gelation takes too long
(e.g. >1 h) the clinical application of the material will not be possible for
practical reasons. Each cell type requires a specific range of substrate
stiffness to grow, the elastic modulus of the final hydrogel must therefore
be within this range. Epithelial cells, involved in the healing processes,
for example, proliferate in scaffolds with 1–2 kPa elastic modulus [14].
Furthermore, in vivo applications require the material to be deformable
without getting damaged.

Hyaluronic Acid (HA) is a glycosaminoglycan present in the human
body where its molecular weight (MW) ranges from disaccharide units up
to 106–107 Da polymers [15,16]. High MW HA has the function of space
filler in the extracellular matrix (ECM) where it lubricates and hydrates
the tissue while having anti-angiogenic, anti-inflammatory and immuno-
suppressive activity [15,16]. In mammals HA is degraded by the hyal-
uronidase enzymes with tetra-saccharides as predominant end-products.
During the wound healing process, high MW HA is deposited and it binds
to fibrinogen, opening up tissues spaces and allowing leukocytes to
remove dead tissue, debris and bacteria [15]. The fragmentation of HA
during the catabolic pathway generates products with size-specific bio-
logical activities. Fragments in the order of 20 kDa induce the synthesis of
inflammatory cytokines, the angiogenesis and the endothelial recognition
of the injury that stimulates fibroblast proliferation. Oligomers in the
6–20 kDa MW range interact with cell receptors in a monovalent manner
allowing multifragment binding and stimulating cell signaling cascades
that induce inflammatory gene expression in dendritic cells [15,17]. HA
tetra-saccharides inhibit apoptosis and stimulate the expression of heat
shock proteins [15]. In solution, HA forms an entangled 3D network
whose rate of formation/disruption influence its rheological response.
When the material undergoes a high shear (e.g. during injection) the
predominance of the rate of entanglement-disruption imparts thinning
behavior to the solution [18]. The shear-thinning behavior of HA solution
has been exploited, for example, by Mao and coworkers to 3D-print
hydrogel scaffolds that after being loaded with stem cells and implanted
in vivo promoted the neovascularization in damaged tissue [19]. A large
number of possible chemical modifications of HA have been reported in
literature, the modification targets are the carboxylic group, the hydroxyl
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group, or less frequently the N-acetyl group [20,21]. The use of HA-based
hydrogels for biomedical applications has been recently reviewed
[22–24].

Mesoporous silica nanoparticles (MSNs) are characterized by an
extraordinarily high surface area-to-mass ratio and have been used for
the controlled delivery of cargos ranging from small molecules up to
proteins [25–27]. The particles protect the payload from the surrounding
environment and control its release improving the pharmacokinetics.
Our group has shown that the incorporation of MSNs in a poly(amido-
amine) hydrogel can be exploited for the release of a chemokine able to
direct the proliferation of mesenchymal stem cells in the material [28].

Herein, we present an injectable nanocomposite hydrogel based on
hyaluronic acid (HA) with the aim of filling a model esophageal
fistula and of investigating its long-term ability to promote healing. HA is
one of the Nature’s most versatile and fascinating macromolecules, being
an essential component of natural extracellular matrix. The natural role
of HA in wound healing, its strong shear thinning behavior and the wide
range of possible chemical modifications, motivated us to choose this
polymer for the preparation of an injectable hydrogel with application in
the treatment of fistula. The hydrogel was optimized testing different HA
concentration and molecular weight (MW) of HA to obtain a material
that fulfils all the requirements: injection, kinetics of gelation, and me-
chanical properties of the final material. Mesoporous silica
nanoparticles are introduced in the network with the potential function
of drug (e.g. anti-inflammatory) and biomolecule (e.g. connective tissue
growth factors) delivery system.

2. Materials and methods

2.1. Materials

5 kDa HA (4659 Da Hyaluronic acid sodium salt) was purchased from
abcr GmbH, 100 kDa HA (80–100 kDa Hyaluronic acid sodium salt) was
purchased from abcr GmbH, 470 kDa HA (intrinsic viscosity 1.02 m3/kg)
and 810 kDa HA (intrinsic viscosity 1.51 m3/kg) were purchased from
CONTIPRO, 1700 kDa HA was purchased from HTL Biotechnology and
provided by Qventis GmbH. Dithiothreitol, methacrylic anhydride, tet-
raethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB),
(3-Mercaptopropyl)trimethoxysilane and Hyaluronidase type IV-S from
bovine testes were purchased from Sigma Aldrich. HeLa cells were pur-
chased from ATCC. High glucose DMEM, AlamarBlue®, Phalloidin Alexa
Fluor™ 647 and DAPI (40,6-Diamidino-2-Phenylindole, Dihydrochloride)
were purchased from Thermofischer.

2.2. Rheological measures

The rheological measurements were performed with a Thermofisher
HAAKE Mars 40 rheometer equipped with a Peltier temperature module.
The measuring geometry and the parameter used are specified in each
experiment. For the kinetic studies the solution containing all the re-
agents was placed in the cup of the instrument right after reagent
mixture. The measurements are done using a coaxial cylinder geometry
and the hydrogel is covered on the top surface with paraffin oil to prevent
water evaporation. The linear viscoelastic range of the material was
measured right after the end of the kinetic experiments.

In Fig. S1 are reported the viscosity measures of HA with different
molecular weight as a function of the shear stress.

2.3. HA methacrylation

To a 1% wt solution of hyaluronic acid (HA) in water, 10 equivalents
of methacrylic anhydride were added under stirring in an ice-bath. The
pH was adjusted to 8 with NaOH 5 N. The solution is stirred for 24 h in
the ice-bath and the pH is periodically adjusted to 8 with NaOH 5 N. The
obtained product was precipitated pouring the solution in ethanol. The
precipitate was collected and dialyzed (6–8 kDa regenerated cellulose
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membrane) for 2 days. The product was freeze-dried for 2 days to give a
white powder.

2.4. Mesoporous silica nanoparticle synthesis

60 mg of triethanolamine and 600 mg of cetyltrimethylammonium
bromide (CTAB) were dissolved in 20 mL of H2O and stirred at 350 rpm
at 95 �C for 1 h 1.5 mL of tetraethyl orthosilicate (TEOS) where then
added drop by drop and the mixture was kept at 95 �C for 1 h. The
particles were washed three times by centrifugation in ethanol. The
CTAB template was removed refluxing overnight the particles in a solu-
tion of ethanol and HCl. The particles were collected by centrifugation
(35 krpm, 15 min, 20 �C), washed three times in water/ethanol, and
dried under vacuum.

2.5. Mesoporous silica nanoparticles thiol-functionalization

100 mg of Mesoporous Silica Nanoparticles (MSNs) were suspended
in 40 mL of ethanol with 75 μL of NH3 (28% aqueous solution) and
0.6 mmol of (3-Mercaptopropyl)trimethoxysilane and the mixture was
stirred overnight at 60 �C. The particles were washed three time in
ethanol, collected by centrifugation (35 krpm, 15 min, 20 �C) and then
dried under vacuum.

2.6. Characterization of the MSNs

The prepared MSNs are spherical and uniform in size (Fig. S2a, b)
with an average diameter of 45 � 10 nm. Transmission electron micro-
scopy (TEM) imaging showed the presence of pores in the MSNs,
(Fig. S2c). The N2 adsorption/desorption profile (Fig. S2d) is a type IV
isotherm with H1 hysteresis loop typical for cylindrical mesopores open
at both ends [29]. The MSN surface area is 506.6 � 1.5 m2/g with total
pore volume of 0.5 cm3/g and average pore size of 3.8 nm. The presence
of a second pore size peak at 6 nm could indicate that the pores are
slightly cone-shaped; the pore volume for pores bigger than 10 nm is
attributed to the intraparticle space. The ordered structure of the MSNs
was characterized by small-angle x-ray scattering (SAXS) (Fig. S2f). The
pattern presents a single broad signal at the scatting value of
q ¼ 0.9 nm�1 attributed to the (1 0 0) Bragg peak. The absence of the
additional (1 1 0) and (2 0 0) typical Bragg peaks of hexagonally arranged
pores indicates the lack of long-range order [30]. The
thiol-functionalization of MSN-SH was confirmed both by X-ray photo-
electron spectroscopy (XPS) (atomic ratio Si:S ¼ 97:3) and by thermog-
ravimetric analysis (TGA) (1.1∙ 10�3 mmol of thiol groups for mg of
particles corresponding to an atomic ratio Si:S of 95:5) (Fig. S3a-d).

2.7. Nanocomposite HA hydrogel preparation

The hydrogels are prepared starting from a PBS solution of meth-
acrylated hyaluronic acid (Me_HA) in the concentration and MW speci-
fied each time. Thalo-functionalized MSN (MSN-SHs) are sonicated to
obtain a homogeneous suspension in a small volume of PBS and are
added to the Me_HA solution to have a final concentration of MSN of
1 mg/mL. The dithiothreitol crosslinker is dissolved in a small amount of
PBS and added to the solution to obtain a molar ration between the thiol
groups and the methacrylate groups of Me_HA of 1:1 -the molar con-
centration of thiols groups (from the crosslinker) is equal to the molar
concentration of methacrylate groups (attached to the HA)-.

2.8. In vitro cell culturing

HeLa cells are grown in Dulbecco's Modified Eagle Medium (DMEM)
medium and kept in 75 cm2 culture flasks (Corning Inc., NY, USA) at
37 �C with a controlled atmosphere of 5% CO2 until reaching 80–85% of
confluence. Then, they were washed twice with PBS and treated with
trypsin/ ethylenediaminetetraacetic acid (EDTA) solution to detach them
3

from the flask surface. Cells were split every 2–3 days; the medium was
changed daily.

2.9. Cell viability study

HEK293 cells were plated at 10000 cell/well in a 96 well plate con-
taining the hydrogel or nothing (control). After 24 h or 48 h, the DMEM
was removed and 40 μL of trypsin were added. Cells were collected and
centrifuged at 8500 rpm for 8 min. The pellet of cells was resuspended in
50 μL of PBS. 10 μL of cell suspension were mixed with 10 μL of Trypan
blue solution (0.4%, from Thermo Fisher) and then 10 μL of the final
mixture were counted using the LUNA™ automated cell counter. All the
tests were repeated in triplicate.

2.10. Cell fixation and staining

Cells were fixed on top of the hydrogel samples with 4% para-
formaldehyde (PFA) for 15 min. Samples were then washed three times
with PBS and kept in Triton X-100 (0.1% in PBS) for 10 min and then in
1% bovine serum albumin (BSA) in PBS for 20 min. Cells were stained
with Phalloidin Alexa Fluor® 647 for actin staining for 20 min in the dark
at room temperature following the manufacturer protocol, then washed
three times with PBS. The nuclear region was stained with 4',6-Dia-
midino-2-Phenylindole (DAPI) (300 nM) for 5 min and then the material
was washed again with PBS three times. DAPI was excited at 405 nm,
while Phalloidin Alexa Fluor® 647 was excited at 650 nm.

2.11. HA hydrogel degradation kinetics with hyaluronidase

A quantity of 5 mL of HA hydrogel was prepared as described before
and incubated at 37 �C for 24 h to ensure the completion of the cross-
linking process. Pieces of around 200mgwere weighted and incubated at
37 �C, 5% CO2 with 2 mL of phosphate buffered saline (PBS), 2.5–10U/
mL hyaluronidase enzyme (Hhase), 12.5–50 U/mL Hhase or 25–100 U/
mL Hhase. At each measuring time, the weights of three different pieces
of gel for each solution were evaluated and the solutions were replaced.

2.12. In vivo experiments

The study was approved by the Ethical Commitee of Universit�a Cat-
tolica del Sacro Cuore di Roma and the Italian Ministry of Health
(number: 822/2019-PR). All the procedures were conducted according to
the European Community Council directives and the Italian laws on the
animal use and care.

2.13. Creation of the fistula model

Under general anesthesia through a right cervicotomy, the cervical
esophagus was identified. A convenient spot on the anterolateral cervical
esophagus 30 cm from the dental arches was identified by trans-
illumination using the light of the gastroscope. Using a modified Sel-
dinger technique, the esophageal wall was punctured with an introducer
needle and a 9-Fr T-tube (Coloplast, Humleb.k, Denmark) was negotiated
into the esophageal lumen over a guidewire under endoscopic view. The
external part of the catheter was then tunneled subcutaneously in the
neck and secured to the skin to prevent dislodgment and migration. The
same procedure was performed on both sides of the esophagus.

3. Results and discussion

3.1. Formulation of the nanocomposite hydrogel

In the development of the hyaluronic acid-based hydrogel, the se-
lection of the crosslinking reaction, the thiol-Michael addition, was
dictated by the desired reaction kinetics (gelation in few minutes), the
possibility to occur at physiological conditions, without the addition of
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an initiator and without generating any by-product. This reaction has
already been widely exploited for the preparation of HA-based hydrogels
for biomedical applications [31–33]. Among the different possible di-thiol
molecules, we choose to use dithiothreitol (DTT) as crosslinker because of
its high level of water solubility, and because it is considered non-toxic (LD
oral, rat ¼ 400 mg/kg). Methacrylated hyaluronic acid (Me_HA) was
prepared following the procedure already reported in literature [34,35].
The methacrylation was confirmed by proton nuclear magnetic resonance
(1H NMR) and by attenuated total reflectance–Fourier transform infrared
(ATR-FTIR) spectroscopy (Fig. S4). The methacrylation degree is
expressed as the percentage of HA units in which the hydroxyl group has
been converted in a methacrylate group; it is calculated from the 1H NMR
spectra, comparing the integral of the peak at 5.98 ppm with the board
peak in the range 3–4 ppm. Themethacrylation degree for 5 kDa, 100 kDa,
470 kDa and 810 kDa was 100% (i.e. all the hydroxyl groups have been
converted in methacrylate groups) while the methacrylation of 1700 kDa
gave a batch-to-batch variability with degree between 50% and 100%.
Viscosity tests (Fig. S5a) confirmed that the methacrylation process did
not significantly reduce the length of HA chains, as observed by other
authors [36], and that the introduction of methacrylate groups did not
alter the ability of the system to entangle via hydrogen bonding giving an
elastic response at high frequency and low shear stress (Fig. S5b and c).
The nanocomposite hydrogel is prepared in PBS (pH 7.4, 0.01 M) by the
covalent crosslinking of Me_HA with stoichiometric amount of dithio-
threitol (DTT) (thiol-Michael reaction) in presence of mesoporous silica
nanoparticles (MSN) functionalized on the external surface with thiol
groups (Fig. 1). The presence of thiol groups on the outer surface of the
MSN is expected to guarantee the covalent linking of the particles to the
polymeric structure and to avoid their sedimentation over time.

The incorporation of MSN in hydrogels with the function of struc-
tural agents and biomolecule delivery system has been reported by our
group [28].

Spherical MSN with homogeneous size were prepared following the
procedure reported in literature [37] and functionalized with (3-Mer-
captopropyl)trimethoxysilane (Fig. 1a). The MSNs are spherical and
uniform in size (Fig. 1b) with an average diameter of 45 � 10 nm. The
materials have been fully characterized, see methods section. The syn-
thesis of the hydrogel occurs at physiological pH and temperature,
without releasing any by-product (Fig. S6); the product is a transparent
soft solid material (Fig. 1c and d).

In order to select the optimal formulation for the fistula treatment
(gelation time in the range 5–60 min, elastic modulus of around 1–2 kPa
and high deformability of the final hydrogel), we have investigated the
Fig. 1. a) Synthesis of the thiol-functionalized mesoporous silica nanoparticles. b) sc
(scale bar 200 nm). c) Synthesis of the nanocomposite hydrogel. d) The obtained tr
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effect of HA molecular weight, its concentration, and the modulation of
the kinetics of hydrogel formation and of the final mechanical properties
upon incorporation of different amounts of MSNs. The kinetic curves
obtained for HA hydrogels prepared using different MWs of HA and
concentrations are reported in Fig. 2.

The process of hydrogel formation can be divided in three phases:
Phase 1: t < tc, phase 2: tc < t < tp and phase 3: tp < t < tf. Where: tc is
critical time; tp is percolation time; tf is final time. During phase 1, the
nucleation of aggregates occurs and covalent bonds are formed at con-
stant rate as described by the Smoluchowski model (Fig. S7) [38]. In
phase 2, all the samples show a sigmoidal growth of G0, consistent with
the Rouse-like percolation that describes the behavior of interconnected
polymers [38]. After tp, the hydrogel obtained from 810 kDa HA at 1%
concentration reaches a plateau, indicating that the crosslinking process
is completed. All the other samples, on the other side, show a G0 increase
between tp and tf indicating that a second mode of growth is occurring.
This later might be ascribed to the coarsening of interpolymer bonds
[38]. The evolution of the viscous modulus G00 over time gives informa-
tion about the formation of clusters and their connection to the perco-
lating cluster [39]. At time zero, G00 is an indicator of the viscosity of the
starting system; at t > t0, an increase of G00 shows either that clusters are
being formed and the viscosity of the system is increasing or that inef-
fective structures (dangling ends and loops) are being formed. On the
other side, a decrease in G00 suggests that the clusters are connecting to
the network [39]. When G00 reaches a plateau, a balance of the above
mentioned events is achieved. The hydrogel obtained from the 100 kDa
HA, 2% concentration (Fig. 2a), presents a monotonic increase of G00 over
the measurement time. This indicates that clusters are continuously
being formed in the system. On the contrary, the hydrogel obtained from
1700 kDa HA at 3% concentration (Fig. 2d), shows after an initial time in
which G00 is constant, a monotonic decrease of the viscous modulus. This
profile suggests that there are no free clusters in solution and that the
system is more likely a single growing network. A third possible case is
found in the hydrogel formed from the 470 kDa HA at 2% concentration
(Fig. 2b); in this sample, G00 at first increases showing the formation of
clusters in solution then it decreases indicating that the clusters are
getting incorporated in the network. The G00 maximum is at the perco-
lation time. Fig. 2e and f show the effect of MW and concentration on the
time of hydrogel formation and on the final elastic modulus of the ma-
terial. The effect of increasing the concentration is, in all the samples, an
increase on the G0 modulus both of the starting solution and on the final
hydrogel. The effect of the MW, on the contrary, is not trivial as reported
also by Tabatabai et al. [38] The gel time is significantly decreased
anning electron microscopy (SEM) image of the mesoporous silica nanoparticles
ansparent material.



Fig. 2. Kinetics of HA hydrogel formation. 37 �C,
γ ¼ 5%, f ¼ 1 Hz, coaxial cylinder geometry
(10 mm). Solid line: G0, dashed line: G00, red line:
concentration 1%, blue line: concentration 2%,
green line: concentration 3%. a)100 kDa HA, no
data are reported for the 1% concentration
because the sol-gel transition was not observed in
this case. b) 470 kDa HA, c) 810 kDa HA, d)
1700 kDa HA. e) Effect of MW and concentration
on the gel time (n ¼ 2); f) effect of MW and
concentration on the elastic modulus (n ¼ 2).
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passing from 100 kDa HA to 470 kDa HA or 810 kDa HA but it rises again
if the MW is increased to 1700 kDa. G0 increases significantly, in the
hydrogels obtained at 2% concentration, passing from 100 kDa HA to
470 kDa HA or 810 kDa HA and it decreases again if the MW is increased
to 1700 kDa. The polymer’s molecular weight (MW) determines the
viscosity of the solution before gelation and the number of effective
crosslinking reactions required to the formation of a three-dimensional
network and a solid hydrogel. Low MW polymers generate lower vis-
cosity solution in which the molecular mobility is higher and the cross-
linking reactions are faster. On the other side, low MW polymers require
higher number of crosslinking (CL) reactions to obtain a hydrogel while
for high MW polymers a smaller number of CL reactions are enough for
the formation of the percolating cluster. It is important to underline that
the crosslinking reactions can be either effective (e.g. the crosslinking
occurs between two different polymeric molecules) or ineffective
(intramolecular reactions that bring to the formation of loops) and only
the formers contribute to the formation of the 3D network. The hydrogel
formation with 100 kDa HA required a very high number of CL reactions,
therefore the gelation process is slower and the final material is soft.
1700 kDa HA solutions are characterized by high viscosity that slowdown
the reaction process. We hypothesize that the reduction in G’ modulus
passing from 470 kDa to 1700 kDa HA is due to the higher probability in
high MW polymer to have intramolecular ineffective CL reactions.

The ability of the obtained hydrogels to sustain deformation without
being damaged can be evaluated by measuring their linear viscoelastic
5

range (LVR). The LVR of all the materials tested mirrors the sample
stiffness (Figs. S8 and S9). The LVR of 1700 kDa HA hydrogels is wider
(up to γ > 150% at 2% concentration) compared to 470 and 810 kDa
(γ< 20%, for both at 2% concentration), and this is ascribed to the lower
CL degree and to the preservation of the intermolecular mobility. The
polymer concentration reduced the LVR in all the samples (Fig. S9). The
introduction of thiol-functionalized MSN (MSN-SH) in the hydrogel did
not affect either the mechanical properties of the material (Fig. S10a) or
the gelation time (Fig. S10b). The observed data are in accordance with
literature [40].

By a detailed analysis of all the rheological data and kinetics of for-
mation, for the different MW of HA, and considering that we should
mimicking the tissue where the fistula is going to be created, our choice
went to 1700 kDa HA. Indeed, such solution before gelation at 3% con-
centration is characterized by strong shear thinning character that makes
it behave as a low viscous fluid during injection and a solid at rest
(Fig. S5); the hydrogel is formed in 16 min, the obtained hydrogel has a
G’modulus of 2.2 kPa with a wide LVR (up to γ > 30%) (Figs. 2 and S8).
MSN in concentration 1 mg/mL were moreover introduced in the ma-
terial to evaluate the possibility to obtain a delivery system, with
different release time, that does not perturb the rheological properties of
the hydrogels. We evaluated the ability of the solution before preparation
of hydrogel (1700 kDa HA, 3%) and of the crosslinked hydrogel to sustain
their ownweight when deposited on an explanted porcine esophagus and
exposed to gravity (Fig. S11). The solution before gelation, owing to its
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high viscosity, showed the ability to sustain its own weight and it was
maintained after hydrogel formation. The morphological characteriza-
tion was done by cryo-SEM imaging. This technique, unlike traditional
SEM that requires the lyophilization of the sample, allows to observe the
pristine structure of the material that conserves the entrapped water
(Fig. 3a, b, c, d). The cryo-SEM showed the high porosity of the material
with pores in the range 10–50 μm (Fig. 3e). The presence of pores in the
size range of cells is of fundamental importance to allow cell proliferation
in the material [41] as already shown by Liu et al. with an in vivo study.
[42] Fig. 3a shows both the pristine frozen sample (bottom left) and the
plane where the sample was fractured (top right). Fig. 3b and d are en-
largements of the fracture plane showing the ordered pore structure of
the sample. The bottom of the pores is filled with ice so it is not possible
from these images to estimate the deepness of the pores. The white dots
in these pictures are probably ice crystals and not the MSN that are way
too small to be observed in these images. Fig. 3c shows an enlargement of
the pristine frozen sample where the pores are filled with ice. In Fig. 3f is
Fig. 3. Cryo-SEM of the nanocomposite hydrogel. a) The top-right part shows the frac
the sample. b) Enlargement of the fracture-plane. c) Enlargement of the pristine o
distribution obtained from the cryo-SEM images (software ImageJ). f) SEM of a lyop
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reported a traditional SEM image of the same sample that underwent the
lyophilization process; it is evident that the pores have been enlarged and
altered by the freeze-drying process.

3.2. Interaction of epithelial cells with the HA based hydrogel

The cytocompatibility of the developed material was evaluated on
human epithelial cells (HEK293). The cells were seeded on the surface of
the hydrogel and cultured in presence of culture media. Trypan blue
assay indicated that the majority of cells are viable in the material both at
24 h and at 48 h from seeding (Fig. S12). High MW HA (>1000 kDa) is
known to inhibit the cellular proliferation [15,16]; however, the pres-
ence in mammals of the hyaluronidase enzyme (Hhase) degrades the
polymer generating oligomers that have on the contrary the ability to
promote cellular adhesion and growth in the material [15]. We investi-
gated the effect of the presence of HA oligomers (5 kDa), in the nano-
composite hydrogel, on the ability of HeLa cells to adhere to the material.
ture-plane made in the sample. The bottom-left part shows the external surface of
uter surface of the sample. d) Enlargement of the fracture-plane. e) Pore size
hilized hydrogel (scale bar 400 μm).
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HA hydrogel with different HA oligomer content (5%, 10%, 15%) were
prepared and tested for human epithelial cell adhesion (Fig. 4, S13). In
absence of oligomers, cells are partially adherent to the hydrogel but they
tend to form aggregates and the spreading is reduced (Fig. 4a); the cell
spreading was enhanced with the introduction of 5% or 10% oligomers
(Fig. 4b and c). A further increase of oligomer concentration (15%) gave
the opposite effect with the cells being round shaped and aggregated
between each other, probably due to a decrease of the elastic modulus
associated to a decrease in the concentration of high molecular weight
(MW) hyaluronic acid (HA) polymer (Fig. 4d). These results are of
particular interest because they suggest that the in vivo application of
pure high MW HA hydrogels could give cell adhesion due to the natural
presence of hyaluronidase enzyme (Hhase) that generates HA oligomers
without the need of introducing integrin-binding peptides.

We evaluated the kinetics of HA hydrogel degradation in presence of
different concentrations of Hhase within the human physiological range
Fig. 4. Confocal imaging of HeLa cells on the surface of HA hydrogels containing a) 0
cellular nucleus stained with DAPI, Actin filaments were labeled with Alexa Fluor®6
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(from 0.006 U/mL in the plasma to 38.5 U/mL in the ovaries) (Fig. S14)
[43]. During the first three days a burst partial mass-loss was observed
and it is attributed to the degradation of non-covalently linked HA
and/or of dangling ends of the polymer. Indeed, the control experiment
using only PBS, showed only a minor mass loss. The enzymatic process
then slows down with the hydrogel being completely degraded after
more than 30 days. The observed progressive mass loss of the HA
hydrogel in presence of Hhase over the 32 days period suggests that the
degradation of the material in vivo can occur in parallel with the fistula
healing process.

3.3. Application of the nanocomposite hydrogel in a porcine model of
esophageal fistula

We evaluated the therapeutic effects of the nanocomposite hydrogel
in a clinically relevant porcine model of esophageal fistula. The hydrogel
% oligomers, b) 5% oligomers, c) 10% oligomers, d) 15% oligomers. In blue the
47 Phalloidin. Images in lambda mode. Scale bars: 50 μm



Fig. 5. Time line of the in vivo experiment.
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precursors were mixed in the surgical room prior of material injection. A
total of 4 minipigs (adults, males and females, 35–40 kg) were included
in the study. Two esophageal fistulas were created, as previously
described [44], for each pig for a total of 8 fistulas obtained at time
0 (post-operative day (POD) 0) (Fig. 5). The animals were kept in the
animal facility at the Catholic University of Rome, Italy and they had
water and food ad libidum. The animals were fastened the day of the
procedure. The process for obtaining a persistent and realistic fistula
model last 24 days. The presence and the persistence of the internal and
external orifices of the fistulas, was confirmed performing clinical,
endoscopic and radiological analysis (at POD 24). Under the clinical
point of view, all minipigs maintained a stable weight and did not present
any complication after the procedure. Three of the persisting fistulas
constituted the control group (CG), while the remaining fistulas
(hydrogel filled) constituted the hydrogel group (HG). The CG was un-
treated, while in the HG a mean value of 6.7 (�3.2) mL of gel was
injected in the internal fistula orifice by means of an endoscopic
approach (#23 gauge needle). The endoscopic injection process is illus-
trated in Fig. S15. The complete filling of the cavity with the hydrogel
Fig. 6. a, b) Macroscopical aspect of the external orifice of the fistulas (red circles) at
closure in the HG. c, d) Endoscopic aspect of the internal orifice of the fistulas (red c
complete closure in the HG.
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was confirmed by the leaking of a droplet of material from the external
fistula orifice.

At POD 39 (corresponding to 15 days after the hydrogel injection), a
further clinical, endoscopic, and radiological evaluation was performed
(Fig. S16). Macroscopically, in the CG the external fistula orifice was still
persistent with a concomitant local inflammation (Fig. 6a). Conversely,
in the HG all external fistula orifices were appropriately closed in 5 out of
5 cases (Fig. 6b). The endoscopic re-evaluation similarly demonstrated a
persistence of the internal orifice in all the fistulas of the CG (Fig. 6c) and
an appropriate closure of the internal orifices in all the fistulas of the HG
(Fig. 6d).

After the clinical, endoscopic, and radiological re-evaluation, all
minipigs were sacrificed and a specimen for each pig including esoph-
agus, fistula tract and the corresponding muscular, subcutaneous, and
cutaneous layers were removed for histopathological analysis (Fig. 7 and
S17). In this last regard, a significant inflammatory response was evi-
denced in the HG with a high concentration of gigantocellular elements,
both in the internal and external orifices of the fistulas (Fig. 7a and c).
These microscopical aspects demonstrate an appropriate cicatrization
time 2 (POD 39): a) persistence and local inflammation in the CG, b) appropriate
ircles) at time 2 (POD 39): c) persistence of the internal orifice in the CG and d)



Fig. 7. Histopathological aspect of the a-b) internal (esophageal) and c-d) external (cutaneous) orifices at time 2 (POD 39): inflammatory response with a high
concentration of gigantocellular elements (arrow) in the HG (a and c) and aspecific chronic inflammatory response without gigantocellular elements (arrow) in the CG
(b and d).
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process. Conversely, an aspecific chronic inflammatory response was
documented in the CG, both in the internal and external orifices of the
fistulas (Fig. 7b and d). The absence of gigantocellular elements micro-
scopically confirms the inappropriate tissue cicatrization process. Based
on these macroscopical andmicroscopical results, we can assume that the
injection of hydrogel may induce and accelerate an appropriate healing.
The improved cicatrization obtained with the hydrogel suggests that
epithelial cells were able to populate the hydrogel. It is possible to hy-
pothesize that the physiologically present hyaluronidase enzyme
degraded the injected matrix generating HA oligomers stimulating the
cell proliferation (Fig. S14). The degradation of the matrix in parallel
with cell growth allows cells to modulate the matrix improving their
ability to proliferate and consequently the healing process [45]. The
highly porous structure of the material (Fig. 3) is also thought to have
played a crucial role in allowing the cell colonization of the hydrogel.

4. Conclusion

A hybrid hyaluronic acid-based hydrogel was designed to be easily
injectable, to form in situ, in a time compatible with the surgical pro-
cedure, and to have mechanical properties able to stimulate the healing
process of a fistula. The gelation process occurs at physiological condi-
tions via a thiol-Michael reaction and it gives a large-pore micro-archi-
tecture that is thought to play a crucial role in the healing process. In vitro
tests showed that the incorporation in the hydrogel scaffold of HA olig-
omers can promote cell adhesion without the need of introducing
integrin-binding units. This result is encouraging considering the ability
of the naturally present hyaluronidase enzyme to degrade high MW HA
generating HA oligomers. Mesoporous silica nanoparticles were intro-
duced in the hydrogel and the material was tested in vivo in a clinically
relevant porcine model as a filling material for the treatment of esoph-
ageal fistula. The hydrogel was easily injectable with an endoscopic
needle, after injection it stayed in position without percolating and it
formed in situ a hydrogel that was completely filling the fistula and
promoting cell proliferation and the consequent cicatrization process
compared with the control group.
9

The material obtained is an interesting alternative of the bioglues that
are currently used in the treatment of all types of fistula involving the GI
tract. The gelation time and the mechanical properties of the proposed
hydrogel can be easily adapted to the surgery needs to obtain materials
that mimic the target tissue.
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