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ABSTRACT: With the increasing volume of cardiovascular surgeries and the
rising adoption rate of new methodologies that serve as a bridge to cardiac
transplantation and that require multiple surgical interventions, the formation
of postoperative intrapericardial adhesions has become a challenging problem
that limits future surgical procedures, causes serious complications, and
increases medical costs. To prevent this pathology, we developed a
nanotechnology-based self-healing drug delivery hydrogel barrier composed
of silicate nanodisks and polyethylene glycol with the ability to coat the
epicardial surface of the heart without friction and locally deliver dexametha-
sone, an anti-inflammatory drug. After the fabrication of the hydrogel,
mechanical characterization and responses to shear, strain, and recovery were
analyzed, confirming its shear-thinning and self-healing properties. This
behavior allowed its facile injection (5.75 ± 0.15 to 22.01 ± 0.95 N) and
subsequent mechanical recovery. The encapsulation of dexamethasone within the hydrogel system was confirmed by 1H NMR, and
controlled release for 5 days was observed. In vitro, limited cellular adhesion to the hydrogel surface was achieved, and its anti-
inflammatory properties were confirmed, as downregulation of ICAM-1 and VCAM-1 was observed in TNF-α activated endothelial
cells. In vivo, 1 week after administration of the hydrogel to a rabbit model of intrapericardial injury, superior efficacy was observed
when compared to a commercial adhesion barrier, as histological and immunohistochemical examination revealed reduced adhesion
formation and minimal immune infiltration of CD3+ lymphocytes and CD68+ macrophages, as well as NF-κβ downregulation. We
presented a novel nanostructured drug delivery hydrogel system with unique mechanical and biological properties that act
synergistically to prevent cellular infiltration while providing local immunomodulation to protect the intrapericardial space after a
surgical intervention.
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■ INTRODUCTION

Intrapericardial adhesions secondary to surgical interventions
have become a serious medical problem with life-threatening
consequences that affect 7−9% of patients who undergo
multiple cardiac operations in the United States, and
adhesiolysis represents an estimated annual total cost of 2.3
billion for the US healthcare system.1−3 With the advent of
new procedures and technologies that require multiple surgical
interventions to treat cardiovascular pathologies or that serve
as a bridge to transplantation such as the implantation of left
ventricular assisting devices, the incidence of intrapericardial
adhesion cases with moderate and serious consequences has
increased.4 Patients that present this pathology report poorer
clinical outcomes, prolonged duration of hospitalization, and
higher medical costs.2,5

A multifactorial cascade of ischemia, inflammation, angio-
genesis, and tissue repair is responsible for the formation of
postoperative intrapericardial adhesions.1,6 During cardiac
surgical interventions, pericardial injury is produced with
subsequent loss of mesothelial lining, bleeding, and increased
vascular permeability.7 This results in the extravasation of the
fibrinogen-rich fluid from the injured surfaces to the exposed
sub-mesothelial connective tissue, where fibrin forms and
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inflammatory cells adhere.1,7,8 If fibrinolysis does not occur
within 5 days, the fibrin matrix will persist and gradually
become more organized as collagen-secreting fibroblasts
migrate and lead the adhesion formation at the injury site.6,9

From a clinical standpoint, the formation of postoperative
intrapericardial adhesions results in several negative implica-
tions, such as potential constrictive pericarditis and heart
failure due to tissue friction, inflammation, and subsequent
compromise of diastolic function.10 Other common con-
sequences include increased difficulty and duration of
subsequent surgical procedures, as the surgeon needs to
remove the fibrous tissue surrounding the mediastinal or
epicardial spaces with the risk of inadvertently injuring the
heart, great vessels, or other delicate anatomical structures.11,12

Several types of physical barriers in the form of films and
membranes have been designed for abdominopelvic surgical
procedures and translated to cardiovascular applications with
several limitations; however, no technology has been
exclusively designed for cardiovascular surgery, and several
technical aspects limit the application and efficacy of
traditional physical barriers in the pericardial space.13,14

Some of the elements that limit the effective use of film-
based physical barriers in cardiovascular surgery include
incompatibility with minimally invasive interventions, challeng-
ing applications to irregular surfaces and cavities such as the
mediastinal space, and potential fragility and disruption of the
films as a result of the mechanical stress exerted by the beating
heart.15,16 Other approaches for the prevention of intra-
pericardial adhesions such as the application of surgical
sealants or liquid-based solutions have been explored;
nevertheless, several clinical studies have shown low efficacy.17

Therefore, the development of novel technologies to solve
these clinical limitations is urgently needed.
The ideal technology to prevent adhesion formation in the

intrapericardial region should be designed to modulate the
local inflammatory response, resist mechanical stress, uni-

formly cover the epicardial surface, and protect areas with the
absence of mesothelial lining to impede infiltration of the
collagen secreting cells responsible for the development of
adhesions.
Based on these needs, self-assembling and self-healing

hydrogel formulations could be especially attractive substitutes
for commercially available barriers. In this study, we developed
a nanostructured non-Newtonian hydrogel barrier specifically
designed to prevent adhesions after cardiac surgery, and that
serves as a self-healing physical cardiac membrane capable of
withstanding the intrapericardial mechanical stress present
during continuous cardiac pulsation without causing any
friction. Additionally, the system has the capability to modulate
the local inflammatory response by releasing an anti-
inflammatory agent.
To design an efficient self-healing physical barrier, silicate

nanodisks (SNDs) of 25 nm × 0.92 nm in size were selected
for their unique mechanical properties that allow their self-
assembly into a fractal network that resembles a “house of
cards” superstructure and nanosized mesh to prevent the
passage of molecules. The unique physical configuration of
these nanostructures enables the formation of a non-New-
tonian hydrogel barrier system that provides continuous and
immediate mechanical recovery (self-healing) during pulsating
stress due to the electrostatic attraction of the positively
charged edges and negatively charged surfaces of SNDs.18

Polyethylene oxide (PEO) was introduced into the hydrogel
formulation to inhibit nonspecific protein adsorption and
cellular adhesion due to a surface steric exclusion mechanism,
protecting tissues from cellular infiltration and protein
deposition.14 Furthermore, we incorporated dexamethasone
(DEX) into the system, an insoluble anti-inflammatory drug
usually administrated in the perioperative period of cardiovas-
cular surgery to improve surgical outcomes.19

Based on this design, we envision a unique and versatile
nanoplatform that can be applied via multiple delivery methods

Figure 1. Fabrication and rheological analysis of drug-loaded self-healing hydrogel (DLSH) formulations. (a) Schematic representation of DLSH
synergistic components and the intrapericardial hydrogel application. (b) Hydrogel fabrication was performed by incorporating specific ratios of
SNDs, PEO, and DEX, and their inherent viscosity was obtained after rheological characterization.
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in a more practical and efficacious manner. We hypothesized
that this rationally designed nanostructured hydrogel technol-
ogy, composed of ingredients that act synergistically to provide
unique mechanical and biological features, will provide a novel
approach that can ultimately prevent the formation of
intrapericardial adhesions and overcome the current technical
limitations of other technologies.

■ RESULTS AND DISCUSSION

Hydrogel Rapidly Recovers Its Mechanical Integrity
after the Application of Stress, Strain, and Creep. The
development of intrapericardial technologies to protect the
heart after surgical interventions from fibrotic formations is an
attractive and clinically relevant approach to decrease
adhesion-associated morbidity and improve surgical outcomes.
With the advent of nanotechnology and the availability of
smart biomaterials that could serve as building blocks to
fabricate a self-healing physical barrier able to withstand the
shear generated by a beating heart, we envisioned the
formulation of a nanostructured hydrogel technology able to
coat the epicardial surface and continuously self-heal. The
system was designed to disassemble and reassemble to its
original physical state after every heartbeat, serving as a dual
functional hydrogel system that simultaneously serves as a
physical barrier and a drug delivery platform to prevent
adhesion formation.
To achieve these unique mechanical properties, a nano-

structured hydrogel was designed by incorporating biodegrad-
able SNDs with an average size of 25 nm and a total
electrostatic charge of −22.4 mV (Figure S1) in conjunction
with PEO and DEX. This combination resulted in the creation
of a drug-loaded self-healing hydrogel (DLSH) barrier (Figure
1a). The incorporation of SNDs into the hydrogel system
provides a shear-thinning behavior that, in conjunction with
the antifouling properties of PEO and the anti-inflammatory

effect of DEX, results in the formation of a robust and simple
platform for the formulation of a smart self-healing physical
barrier with drug delivery capabilities.
The shear-thinning and self-healing properties of DLSH

were confirmed by rheological analysis, as shear rate, strain
sweep, stress sweep, frequency, creep, and recovery tests were
performed. Three hydrogel formulations composed of SNDs
(S), SNDs with PEO (SP), and SNDs with PEO and DEX
(SPD) were fabricated and characterized to determine the
physical and mechanical effect of each individual component
(SNDs, PEO, and DEX) (Figure 1b).
Hydrogel formulations were exposed to different shear rates

(0.1−1000 s−1) to determine their viscosity and shear-thinning
capabilities. Figure 2a confirms the non-Newtonian behavior of
the hydrogel compositions as their viscosity decreased when
shear rate was increased. It was observed that the incorporation
of PEO into SP and SPD formulations caused a slight decrease
in the initial viscosity of the hydrogel systems without affecting
their shear-thinning properties. Furthermore, sweep strain
analysis was performed at a strain of 0.0001−1000% (1 Hz) to
determine the linear viscoelastic region (LVR) of the hydrogel
materials. The LVR was found to be between 0.0001 and 10.0
strain (%) as shown in Figure 2b. Once the LVR was known,
additional rheological experiments (stress sweep and frequency
sweep) were conducted within this range. A decrease in storage
modulus (G′) was observed after the LVR of the hydrogel
compositions; this decrease results from the disassembly of
SNDs when the physical crosslinking is disrupted by high
strain.20 Additionally, to evaluate the gel point [tan (δ) = 1] of
the hydrogel formulations, tan (δ) versus strain was recorded.21

The gel point was detected at ∼10 strain percentage for the
three hydrogel compositions. Higher elasticity was observed
when the strain percentage was below 10 (tan (δ) <1), and
when the strain percentage was higher than 10 [tan (δ) > 1],
viscosity increased (Figure 2c).

Figure 2. Rheological analysis of DLSH formulations. (a) Shear-thinning properties were confirmed as decreased viscosity was observed when
hydrogel compositions were exposed to increased amounts of shear rate. (b) Storage moduli (G′) vs strain (0.001−1000% at 1 Hz) was measured
to define the linear viscoelastic regions (LVRs) of the hydrogel compositions. (c) The gel point [tan (δ) = 1] was found at ∼10% strain, after tan
(δ) vs strain was quantified. (d) Storage moduli (G′) vs frequency (0.01−100 Hz at 1% strain) measurements confirmed hydrogel stability. (e)
Storage moduli (G′) vs stress (0.1−1000 Pa) test did not result in any significant mechanical changes of DLSH formulations. (f) During the
application of multiple strain cycles of low (1%) and high (100%) intensity to the hydrogel compositions, storage moduli (G′) was recorded. As
observed in the light gray regions of the plot, hydrogels presented a rapid recovery to their original modulus after each cycle. (g) The compliance vs
time plot demonstrates the viscoelastic properties of SPD formulation after the application of 10, 20, and 30 Pa. (h) The plot depicts a stable creep
response after exposing SPD formulation to expected physiological strain levels. Rheological characterization was measured in triplicate and
representative data are shown.
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To prove the stability of the hydrogel formulations, the
frequency of G′ was recorded at predetermined ranges (0.01−
100 Hz).22 In Figure 2d, it can be observed that the different
formulations remained intact during the frequency assessment.
The hydrogel composition that solely contained SNDs (S)
displayed the highest gel strength in comparison to other
nanocomposite formulations incorporated with PEO and DEX
(SP and SPD) that presented a decrease in G’. The decrease in
G′ of SP and SPD correlates with the weakening of the surface-
edge physical interaction between the SNDs as a consequence

of the addition of other components to the formulation (PEO
and/or DEX) and their subsequent adsorption and inter-
calation between the SNDs.23,24 A similar trend was observed
when the frequency was altered to stress sweep, where
formulation S (G’ ≈ 53717.5 Pa at 1 000 Pa) displayed the
highest storage modulus, followed by SP (G’ ≈ 25147.8 Pa at 1
000 Pa) and SPD (G’ ≈ 31860.2 Pa at 1 000 Pa) (Figure 2e).
However, all formulations maintained mechanical integrity as a
result of the intramolecular forces of SNDs and the other
components.25

Figure 3. DLSH application, swelling, and release kinetics. (a) The SPD hydrogel formulation can be observed after extrusion. (b) Scanning
electron micrograph of SPD formulation. (c) Schematic representation of the mechanical tester setup used to compress the syringe plunger and
record the extrusion force. (d) Extrusion force (N) vs time was recorded, and the plateau (arrow) indicates the maximum required force to extrude
the hydrogel formulation from the syringe. (e) Injection force of DLSH formulations was determined in 18G, 23G, and 26G needles; (f) schematic
representation of the compression system used to evaluate the spread area of DLSH formulations. (g) After compressing the DLSH formulations
for 5 min at 37 °C, SP and SPD hydrogels showed higher spreadability. (h) After phosphate-buffered saline (PBS) incubation at 37 °C, DLSH
compositions did not swell more than 5% of their original weight. (i) 1H NMR spectra of PEO, SNDs, and DEX were obtained. The 1H NMR
spectra confirmed the presence of each component of the SPD formula. (j) UV−vis absorbance of DEX (285 nm) in comparison to PEO and
SNDs absorbance. (k) DEX release kinetics from the SPD formula extended for 5 days, as plotted after UV−vis spectroscopy quantification. Data
analysis is presented as mean ± SD, n = 5 for (e). n = 3 for (g−k). P-values were obtained via Student’s t-test (ns: P > 0.05) and one-way analysis of
variance (ANOVA).
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The self-healing ability and recoverability of DLSH
formulations (S, SP, and SPD) were investigated by
monitoring G′ over multiple cycles of low (1%) and high
(100%) strain (inside and outside the LVR) at 1 Hz. Figure 2f
shows that over multiple strain cycles, the DLSH formulations
recovered their initial modulus and mechanical properties
demonstrating their high stability and self-recovery capacity.
To predict the behavior of DLSH compositions under the

high creep present in the intrapericardial space, rheological
determination of creep compliance was performed. The data
presented in Figures 2g and S2 confirmed that the viscoelastic
behavior of all DLSH formulations did not change over time.26

In this context, to determine the stability of DLSH
formulations, higher shear stress than the one found on
physiological conditions was used to mimic and surpass
biological systems such as the peripheral and cardiac
vasculature. The in vivo shear stress faced along the peripheral
vascular walls is generally in the range of 0.5−1.2 Pa depending
on the anatomical location.27,28 The behavior of DLSHs along
the cardiac vasculature was calculated by considering the
physiological vascular stress (1−7 Pa), and the expected creep
responses at lower stress values (1−5 Pa) were determined
following a published procedure.29,30 Creep compliance was
determined by applying a much higher creep range (up to 20
Pa) to DLSHs, and this was further employed to extrapolate
the expected physiological strain at 1−5 Pa; the mechanical
stability of SPD formulation was confirmed under these
conditions (Figure 2h), and a similar stability behavior was
observed for S and SP compositions (Figure S2).
These results are relevant from a cardiac perspective as

DLSH is expected to be under continuous mechanical stress as
a result of heart beating. The observed rheological and self-
healing properties of DLSH formulations are mainly caused by
the capability of SNDs to disassemble when shear stress is
applied and instantly reassemble to its original conformation
when shear stress is removed, a well-documented behavior of
this nanomaterial type.31

DLSH Presents Homogeneous Morphological Fea-
tures. Environmental scanning electron microscopy (eSEM)
was used to study DLSH morphological features and
determine its homogeneity after fabrication. The hydrogel
was placed and sectioned at the top of a substrate for
subsequent imaging. In Figure 3a,b, hydrogel extrusion from a
syringe can be observed, as well as electronic micrographs and
their magnifications, showing a homogeneous hydrogel surface
with smooth texture, flat surface, and sharp margins. These
results suggest that DLSH components are homogeneously
distributed within the hydrogel system, as neither aggregates
nor crystals were observed. A cohesive hydrogel structure
without any phase separation confirmed the adequate inter-
connectivity and electrostatic crosslinking between the SNDs,
PEO, and DEX.
Shear-Thinning Properties Enable DLSH Extrusion.

The invention of injectable adhesion barriers compatible with
minimally invasive interventions, such as thoracoscopy, could
benefit a broad population of patients with cardiac and other
thoracic related pathologies, as current film-based adhesion
barriers are incompatible with these types of procedures.
To demonstrate the injectability of DLSH and its potential

application in minimally invasive interventions, the injection
force required to extrude the hydrogels from syringes equipped
with needles that possessed different intraluminal diameters
(18G, 23G, and 26G) was evaluated (Table S1). A specialized

setup was used to determine the hydrogel extrusion force
during mechanical compression (2 mL/min) with a mechan-
ical tester instrument (Figures 3c and S3). The maximum
required force to extrude the hydrogels was detected after the
force linearly increased and reached a plateau (Figure 3d).
As shown in Figure 3e, the extrusion force correlated with

the needle size used was analyzed; needles with smaller
intraluminal diameters required higher force compared to
bigger sizes.
The force required to extrude the three different

formulations when 18G, 23G, and 26G needles (intraluminal
diameter: 0.84, 0.34 and 0.26 mm) were used was 5.75 ± 0.15
N, 11.51 ± 0.21 N, and 14.32 ± 0.55 N for S; 6.96 ± 0.14 N,
16.64 ± 0.36 N, and 20.24 ± 0.57 N for SP, and 6.57 ± 0.20
N, 15.53 ± 0.42 N, and 22.01 ± 0.95 N for SPD. Another
factor that increased the extrusion force was the incorporation
of PEO, as the formula that exclusively contained SNDs (S)
required less force to be extruded. Unlike PEO, the
incorporation of DEX into the formula (SPD) did not have
a significant effect in the required extrusion force.
These results confirm the development of an injectable

shear-thinning hydrogel that, from a mechanical perspective,
addresses current clinical limitations, as it can be administered
on injectable form, bypassing the physical and spatial
restrictions that film-based barriers present during minimally
invasive interventions.

DLSH Spreads as a Stable Barrier without Swelling.
Spreadability is an important parameter to determine the
intrapericardial coating capacity of DLSH. To assess the
spreading performance of these hydrogel systems, we used a
previously described method.32 One milliliter of three different
hydrogel formulas (S, SP, and SPD) was placed in the middle
of two glass plates and compressed using different masses
(125−1000 g) at 37 °C and at room temperature (Figure 3f).
After 10 min of continuous compression, the diameter of each
hydrogel formulation was measured, and the spreading area
was calculated using the following equation:

dSi
4

2 π= ×
(1)

Si accounts for the spreading area (cm2) achieved by each
hydrogel formulation after the application of different mass
ranges (g) and d represents the mean diameter (cm) reached
by the samples after compression. As shown in Figures 3g and
S4, SP and SPD groups show a superior spread area compared
to the S group. These data can be correlated with the results
obtained from the rheological characterization of these
formulations, as we can conclude that lower hydrogel
viscosities result in higher spreading areas. In this case, SP
and SPD formulas had lower viscosity and presented higher
spreading area when compared to S. It is important to highlight
that hydrogel formulations did not fracture under compression
(Figure S4a).
To understand the mechanical stability of DLSH, a

standardized procedure was used to determine the stiffness
of each composition with the obtained spread area.33 S, SP,
and SPD were classified as very stiff gels, as their spread
diameter was under 40 mm when a mass of 125 g was applied
(Table S2).
To study the swelling behavior of hydrogel formulations in

aqueous environments similar to the one present in the
intrapericardial space, S, SP, and SPD were incubated at 37 °C
on phosphate-buffered saline (PBS) and Dulbecco’s modified
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Eagle’s medium (DMEM). Swelling behavior was determined
at multiple timepoints over a 12 h period. Figure 3h shows that
all hydrogel groups incubated in PBS presented a stable state
with swelling below 5%. A similar behavior was observed when
hydrogels were incubated on DMEM (Figure S5a). This
evidence demonstrates that DLSH formulations can spread
without significant swelling and form a robust physical barrier
for intrapericardial administration and epicardial coating.
Degradation kinetics of the hydrogel formulations were

analyzed after incubating the samples in PBS at 37 °C. After 14
days, the total percentage of mass loss of S, SP, and SPD

formulations was 3.78% ± 0.98, 9.12% ± 1.09, and 6.92% ±
1.09, respectively (Figure S5b).
Other biomaterials could be used to create cohesive

hydrogel systems such as carboxymethyl cellulose and
hyaluronic acid; nevertheless, the superior self-recovery
properties of SNDs allow better modulation of the viscoelastic
properties of the hydrogel material and provide a more robust
molecular barrier due to the intrinsic nanonetworks that these
nanodisks create, preventing the passage of molecules like
fibrin that could stimulate the formation of intrapericardial
adhesions.34,35

Figure 4. Characterization of cellular adhesion and biocompatibility of DLSH compositions. (a) Schematic representation of the experimental
setup used to test cellular adhesion and morphological evaluation of 3T3 fibroblasts seeded under uncoated PS substrates and hydrogel-coated
substrates (S, SP, and SPD) for 24 h. (b) Cellular morphology was evaluated in each substrate (PS, S, SP, and SPD) via confocal microscopy.
Confocal micrographs showed limited cell membrane and pseudopodia expansion in SP and SPD groups compared to PS and S groups, where
cellular expansion was normal. Scale bar = 50 μm. (c) Cell area and aspect ratio were quantified as measurements of cellular adhesion by membrane
extension; it was determined that SP and SPD substrates presented a significantly reduced cell area and aspect ratio (light blue area) as a result of
low cell adhesion when compared to PS and S groups. Cytotoxic determination of DLSH formulas was performed on NIH 3T3 fibroblasts and
mIMCD-3 epithelial cells after 48 h of incubation on increasing hydrogel concentrations (0.001−1000 μg/mL); a slight decrease in cell viability
was observed when S (d), SP (e), and SPD (f) concentrations were in the range of 1000 μg/mL. The data in this figure are expressed as mean ±
SD, n > 60 for (c) and n = 5 for (d−f); P values were determined by using Student’s t-test.
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DLSH Can Effectively Capture and Release DEX. DEX
is a synthetic glucocorticoid used as an anti-inflammatory and
immunosuppressant drug that is commonly applied in
cardiovascular surgery.19 To control the acute inflammatory
response in the pericardial region after surgical intervention
and to prevent adhesion formation, DEX was incorporated in
the hydrogel formulation to immunomodulate the local
microenvironment of the intrapericardial space.
SNDs were selected as drug delivery vehicles as their surface

is suitable for molecular adsorption through hydrogen
bonding; additionally, their intercalated conformation with
interlayered spaces created after self-assembly can accom-
modate polar molecules and drugs such as DEX, tetracycline,
doxorubicin, and itraconazole.23,36−39 In Figure S6, it can be
observed that despite its hydrophobic nature, DEX was
solubilized in a SND solution after 12 h of stirring.
Proton nuclear magnetic resonance (1H NMR) was utilized

to verify the presence and incorporation of the different
hydrogel components used during its fabrication. The loading
capacity of DEX was confirmed to be 100%, as each
component (SND, PEO, DEX) was individually analyzed
and its respective spectra were employed to compare its
presence through alignment with the spectra generated by the
final hydrogel formulation (SPD). As depicted in Figure 3i and
Table S3, the SPD hydrogel spectra show the presence of a
peak corresponding to PEO (the protons bH in the PEO
structure at δ = 3.84−3.43 ppm, m) and the presence of three
protons (AH, BH, and CH at δ = 7.64−7.44 ppm, br s, 6.49−
6.33 ppm, br s, and 6.27−6.14 ppm, br s) and three methyl
protons (DCH3,

ECH3, and
FCH3 at δ = 1.72 ppm, s, 1.15 ppm,

s, and 1.05 ppm, s) corresponding to the DEX chemical
structure.40 Several studies have shown that anionic drugs,
such as DEX, are attracted into the positively charged SND
surface through hydrophobic interactions, hydrogen bonding,
cation exchange, proton transfer, cation bridging, and anion
exchange mechanisms.41,42

DEX release kinetics from SPD was studied by placing the
hydrogel system inside a dialysis filter and incubating it on PBS
(pH 7.4) at 37 °C under continuous shaking (Figure S7). At
predetermined timepoints, UV−vis spectroscopy was used to
determine the drug concentration of the dialysate, and the
DEX maximal absorbance peak was located at 285 nm (Figure
3j). PEO and SNDs did not cause any interference during the
spectroscopic detection. As shown in Figure 3k, the SPD
formulation presented a sustained release profile of DEX for
120 h (5 days). This period is of particular importance since it
corresponds to the initial phase of the acute inflammatory
response that is responsible for the adhesion formation after a
surgical intervention, longer release kinetics of DEX could
affect wound healing, something our system will avoid.43,44

DLSH Prevents Cell Adhesion and Inflammation
while Maintaining Its Biocompatibility. Cell−surface
interactions exert a strong influence over cell function, and
in the case of the pathophysiology of postoperative adhesions,
they play a fundamental role in the adhesion, infiltration, and
growth of fibroblasts.45

The characterization of cellular and material interactions is
essential for the development of antiadhesion technologies that
could limit adhesion formation. For this purpose, cellular
adhesion, morphology, and growth of NIH 3T3 fibroblasts
were evaluated on polystyrene (PS), S, SP, and SPD substrates
via confocal microscopy after 24 h of incubation (Figure 4a).
Cells seeded on PS (control) and S substrates presented a

fusiform shape, an indicator of surface adhesion and
pseudopodia expansion, as shown in the confocal micrographs
(Figure 4b). In contrast, when the hydrogel compositions
included PEO (SP and SPD groups), fibroblast morphology
was observed to be rounded without any pseudopodia or other
cellular membrane extensions, indicating poor attachment to
the hydrogel surface.
Further evaluation was performed via single-cell analysis,

fibroblast cytoskeleton was labeled, and confocal micrographs
were obtained for additional morphological quantification
(aspect ratio and cell area). The aspect ratio quantifies the size
and dimension of an individual cell based on its geometrical
shape and area, which are indicative of cell adhesion and
expansion. When cells fail to attach to the substrate, their
morphology will be spherical and the aspect ratio will be closer
to 1, compared to adherent cells that present membrane
expansion and irregular morphology and that result in an
aspect ratio higher than 1.
In Figure 4c, single-cell analysis of different groups was

performed. PS and S groups presented a significant difference
(p < 0.001) in aspect ratio and cell area when compared to
groups that contained PEO (SP and SPD). In contrast, SP and
SPD groups showed a similar distribution with low aspect ratio
and cell area due to the spherical shape of the cells, as a
consequence of limited cellular adhesion and pseudopodia
expansion. These results support the antiadhesion capabilities
of PEO within the formulation and confirm the importance of
antifouling materials for the design of self-healing physical
barriers.
To establish that the limited cellular adhesion to the

hydrogel compositions was not the result of a cytotoxic
response to the material, a biocompatibility study was
performed in 3T3 fibroblasts. Cells were incubated with
increasing concentrations (0.001−1000 μg/mL) of S, SP, and
SPD, and cellular viability was measured by spectrophoto-
metric analysis as previously reported.46 Minimal toxicity was
observed in response to any of the hydrogel compositions after
exposing the cells to high concentrations of these materials,
confirming excellent biocompatibility (Figure 4d−f).
As a non-steroidal anti-inflammatory drug, DEX can

attenuate acute inflammatory response and reduce immune
infiltration by downregulating intercellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1)
on endothelial cells after a surgical intervention.47 To mimic
the acute inflammatory response in vitro, endothelial cells
(bEnd.3) were seeded in different groups containing PBS,
DEX (50 mM), SP, and SPD (50 mM) and stimulated with
tumor necrosis factor alpha (TNF-α) (10 ng/mL). After 8 h of
incubation, the cells were fixed, and the upregulation of key
inflammatory adhesion molecules (ICAM-1 and VCAM-1)
that mediate leukocyte recruitment was analyzed by
immunohistochemistry and fluorescence microscopy.48

Figure 5a shows fluorescence micrographs of control (PBS),
DEX, SP, and SPD groups without TNF-α treatment; ICAM-1
expression could not be observed. In contrast, some TNF-α-
treated groups showed upregulation of ICAM-1 expression in
Figure 5b. The control and SP TNF-α-treated groups
presented higher upregulation of ICAM-1 compared to the
DEX and SPD groups; this behavior is expected as DEX- and
SPD-treated groups contain the anti-inflammatory compound,
limiting the cellular inflammatory response.
In Figure 5c, the absence of VCAM-1 expression in non-

stimulated endothelial cells can be observed; nevertheless, after
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TNF-α stimulation, VCAM-1 expression was upregulated in
control and SP groups as shown in Figure 5d. DEX and SPD
groups showed attenuated VCAM-1 upregulation after TNF-α
stimulation due to the anti-inflammatory effect from the drug
compound. These results demonstrate that the incorporation
of an anti-inflammatory drug such as DEX in the proposed
hydrogel technology can modulate and reduce the inflamma-
tory response of endothelial cells.49

Pericardial Adhesions Are Prevented after DLSH
Administration. Pericardial postoperative adhesions can
appear after cardiovascular surgical interventions.7 In this
study, we used an epicardial injury rabbit model to mimic the
pathophysiology of adhesion formation and test the efficacy of
DLSH as an intrapericardial physical barrier and drug delivery
system (Figure 6a). For this purpose, three experimental
groups were studied, a control group administered with saline
solution (n = 5), a group administered with Seprafilm (n = 5),
a commercially available physical barrier, and a group
administered with the DEX-loaded SPD (n = 5).
After accessing the mediastinal cavity and the intra-

pericardial region, four epicardial injuries on the anterior
ventricular wall were performed as previously reported.50

Saline solution (control), Seprafilm, and SPD were applied
inside the intrapericardial space of each group. After 7 days,
animals were euthanized, and the thoracic incisions were re-
opened to determine the formation of postoperative adhesions

(Figures 6b and S8). The excised hearts of the different groups
can be clearly observed; control group administered with saline
solution presented multiple adhesion formations in the
surrounding areas of the injury sites; in contrast, a slight
decrease in the formation of postoperative adhesions was
observed when Seprafilm was used. Nevertheless, SPD
formulation showed superior performance and efficacy as no
postoperative adhesions were observed in the injured sites or
the surrounding areas. When the excised hearts of the SPD
group were analyzed, no pericardial adhesions were formed in
the injury sites; instead, granulation tissue was found in
accordance to the repair stage of wound healing.51

Figure 6c shows the average percentage of injury sites that
developed fibrotic adhesions. Control and Seprafilm groups
presented 95% ± 5 and 15% ± 6, in comparison to the SPD
group that did not develop adhesions. The adhesion area was
measured for each group resulting in an average of 1.05 ± 0.12
cm2 for control, 0.2 ± 0.11 cm2 for Seprafilm, and 0.00 ± 0.00
cm2 for the SPD group (Figure 6d).
A modified version of the peritoneal adhesion index (PAI)

was adapted and used to clinically evaluate the grade and
severity of pericardial adhesions based on morphological
features such as vascularization, thickness, and strength
(Table S4).52 In Figure 6e, it can be observed that the average
adhesion score for the control group was around 9.4 ± 0.6,
compared to Seprafilm that presented 1.4 ± 0.7 and 0.0 ± 0.0
for the SPD group as no adhesions were detected.

Physiological Tissue Remodeling and Decreased
Immune Infiltration Observed after DLSH Administra-
tion. To determine tissue remodeling and investigate adhesion
formation 7 days after conducting the surgical procedure,
histopathological examination was performed on the excised
pericardial region where the injuries were created.
Hematoxylin and eosin (H&E) staining was used to study

morphological changes of the epicardium. As shown in Figure
7a, control and Seprafilm groups presented disruption of the
epicardial lining and the formation of dense disordered fibrotic
bands located in the intrapericardial region, more specifically in
the areas where the surgical injuries were created. In contrast,
the SPD group did not present fibrotic adhesion formations, as
epicardial lining can be observed.
Masson’s trichrome staining revealed the intrapericardial

presence of dense fibrous bands containing scarce cells,
adipose tissue, blood vessels, and collagen on the control
and Seprafilm groups, confirming the formation of post-
operative adhesions (Figure 7b). No intrapericardial collagen
depositions or formation of fibrotic bands related to post-
operative adhesions could be observed on the SPD group.
These histopathological observations correlate with the

macroscopic evaluations of the peritoneal adhesion index
(PAI) scoring system where adhesions in control and Seprafilm
groups were classified as grade 3, and the SPD group did not
present adhesion formations (grade 0). Based on these results,
it can be confirmed that the SPD hydrogel offered a robust
physical barrier by limiting cellular migration and collagen
deposition in the intrapericardial space.
Immunohistological examination was used to analyze

immune infiltration within the different experimental groups.
DEX exerts most of its anti-inflammatory effect by inhibiting
the NF-κβ pathway responsible of proinflammatory cytokines
activation and immune infiltration.53 Figure 7c,d shows the
infiltration of CD3-positive lymphocytes, CD68-positive
macrophages, and the upregulation of NF-κβ in the control

Figure 5. Cellular expression of inflammatory markers (ICAM-1 and
VCAM-1) during DLSH treatment. Immunohistological examination
of bEnd.3 endothelial cells stimulated with TNF-α was performed to
evaluate the anti-inflammatory effect of the hydrogel formulations. (a)
ICAM-1 expression was examined in control groups without TNF-α
stimulation, resulting in no expression. (b) Control and SP groups
treated with TNF-α showed increased upregulation of ICAM-1; in
contrast, no significant upregulation was detected on DEX and SPD
groups. (c) VCAM-1 expression was also determined in control
groups without TNF-α stimulation resulting in no expression. (d)
Similar to ICAM-1, VCAM-1 expression was attenuated when cells
were treated with DEX and SPD. In contrast, VCAM-1 upregulation
was detected on control and SP groups. Scale bar = 250 μm.
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and Seprafilm groups. These observations confirm the presence
of an inflammatory process that led to nascent fibrinous
adhesions. Compared to the control and Seprafilm groups, the
SPD-treated animals presented minimal immune infiltration
and attenuation of NF-κβ expression, as well as no progression
to fibrotic formations. Quantification of C-reactive protein
(CRP) and erythrocyte sedimentation rate (ESR) across the
different groups was performed, and no significant differences
indicative of a systemic inflammatory response were found
(Figure S9a,b). These results demonstrate local immunomo-
dulation of the postoperative acute inflammatory response
when SPD is administered.

DLSH Does Not Interfere with Cardiac Function.
Echocardiography was used to analyze cardiac function, as well
as the presence of adhesions and the location of SPD in the
intrapericardial space. Control, Seprafilm, and SPD groups
were monitored preoperatively (day 0) and postoperatively
(within the first hour and 7 days after the surgical procedure).
Figure 8a shows a preoperative echocardiographic image of

an intact heart, where the pericardium and epicardium are well
delimited and divided by the intrapericardial space without any
pathological anomaly. After 7 postoperative days, the non-
treated control group was echocardiographically reassessed; a
pathological thickening of the pericardium and an echolucent

Figure 6. Comparative study to determine the DLSH efficacy to prevent postoperative intrapericardial adhesions. (a) The schematic depicts the
administration of DLSH formulation to the injured intrapericardial space with the subsequent formation of a protective hydrogel coating in the
epicardium that prevents adhesion formation compared to a non-treated heart. (b) Representative photographs of the epicardial administration of
saline solution (control), Seprafilm, and SPD formulations to the injured sites. After 7 postoperative days, animals were euthanized and hearts were
extracted to determine adhesion formations; the presence of fibrous adhesions (orange arrows) connecting the epicardium with the pericardium in
control and Seprafilm groups was observed; in contrast, no adhesion formations were detected on the SPD group. (c) To determine the DLSH
efficacy to prevent adhesions, the average percentage of adhesion formations was calculated; attenuation and prevention of adhesion formation
were observed on Seprafilm and SPD groups, respectively. (d) The average adhesion area was measured; Seprafilm presented decreased adhesion
formations by area, and SPD did not present any quantifiable adhesions. (e) A modified version of the PAI scoring system applied to the
pericardium was used. The SPD group scored lower as no adhesion formations were found. The data in this figure are expressed as mean ± SD, n =
5 for (c−e). P-values were determined by using Student’s t-test (ns: P > 0.05).
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structure in the intrapericardial space were found and indicate
the presence of fibrotic adhesions (Figure 8b and Movie S1).
As a result of the inflicted pericardial and epicardial injury, an
animal from the non-treated control group presented an echo-
free signal that correlates with a pericardial effusion around the
left ventricle and left atrium (Figure 8c). The presence of SPD
in the intrapericardial space was confirmed after 1 h (Figure
8d) and 7 days (Figure 8e) of the surgical procedure. SPD was
present in both timepoints and can be observed as a
hyperechoic signal in the surface of the left ventricular
epicardium within the intrapericardial space. A slight SPD
deformation was observed during the echocardiographic study;
nevertheless, the hydrogel system was able to recover its
mechanical integrity and remain protecting the epicardial
surface (Movie S2). After 7 days, no signs of postoperative
adhesions were detected through echocardiography for the
SPD group (Figure S10).
The cardiac function of the different groups (control,

Seprafilm, and SPD) was assessed by echocardiographic
analysis. Compared to the preoperative echocardiographic
assessment (day 0), no significant differences in cardiac
function were observed across the different groups at day 7
(Figure 8f−i). Mean left ventricular ejection fraction (LVEF),
left ventricular internal diastolic diameter (LVIDd), left
ventricular internal systolic diameter (LVIDs), and fractional
shortening (FS) parameters were not impaired across the
groups. In conclusion, ventricular systolic and diastolic
function was preserved, and SPD did not restrict cardiac
performance.

■ CONCLUSIONS
A novel nanotechnology-based hydrogel system has been
introduced and characterized, it provides superior efficacy to
prevent the pathophysiological formation of postoperative
adhesions. This nanotechnology-based solution was developed
to synergistically function as a physical barrier and a drug
delivery system to prevent the onset of this disease.
Previously, several technologies composed of different

cellulose derivatives or polytetrafluoroethylene have been
developed with the aim of preventing the formation of
postoperative adhesions; however, the patch-based config-
uration of these implants limits their application to minimally
invasive interventions, and their poor mechanical properties
and incompatibility with the challenging cardiac environment
and anatomy result in low efficacy after cardiac surgery.54,55

The proposed hydrogel system in this article solves these
clinical limitations, as its unique shear-thinning and self-healing
mechanical properties allow its application in a wide variety of
challenging anatomies and surgical modalities such as
sternotomy, thoracotomy, and thoracoscopic procedures.
This mechanical versatility, in conjunction with its anti-
adhesion and anti-inflammatory effects, make this novel
platform ideal for sternotomy as well as for minimal invasive
procedures where the hydrogel can be applied through a small
incision in the intrapericardial space without the total exposure
of the heart or other mediastinal structures.

■ EXPERIMENTAL SECTION
Fabrication of a Self-Healing Drug Delivery Hydrogel.

Hydrogels were formulated by creating several blends of SNDs

Figure 7. Histological analysis of tissue remodeling and intrapericardial inflammatory response. (a) H&E stained micrographs from epicardial tissue
are presented (right column represents magnified tissue areas). In control and Seprafilm micrographs, the disruption of the epicardial lining and the
formation of disordered fibrotic bands (arrows) connected to the pericardial region can be observed; in contrast, no postoperative adhesions were
observed and preserved epicardial lining was found in the SPD-treated group. (b) Dense fibrotic bands composed of adipose tissue, blood vessels,
collagen, and cells were detected (asterisks) in control and Seprafilm groups after Masson‘s trichrome staining was performed; SPD micrographs
did not show intrapericardial adhesion formations or other types of collagen depositions. Immunohistological analysis of the different groups was
used to understand lymphocyte (CD3) (c) and macrophage (CD68) (d) infiltration, as well as NF-κB upregulation. It can be observed that
immune infiltration and NF-κB activation were observed in control and Seprafilm groups, compared to the DEX-loaded SPD hydrogel where
immune infiltration and NF-κB activation were attenuated. Scale bars in (a,b) are 1 mm for left column micrographs and 400 μm for magnified
insets (right column). Scale bars in (c,d) are 200 μm.
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(Laponite XLG, BYK, Wesel, Germany), poly(ethylene oxide) (PEO)
(average Mn 20,000) (Sigma-Aldrich, St. Louis, MO), and DEX
(Sigma-Aldrich, St. Louis, MO) at different percentages. DEX was
loaded into SNDs with a weight ratio of 1:10 by stirring (400 rpm)
both components on a water solution at room temperature for 12 h.
After a transparent solution was obtained, PEO was added to the
solution and stirred (400 rpm) for 30 min. Several hydrogel
formulations were fabricated for this study: S (11 wt % SNDs), SP
(11 wt % SNDs and 5 wt % PEO), and SPD (11 wt % SNDs, 5 wt %
PEO, and 0.05 wt % DEX).
Cell Culture Supplies. For the purpose of this study, NIH 3T3

fibroblasts and bEnd.3 mouse brain endothelial cells (ATCC,
Manassas, VA) were used and cultured in DMEM (Thermo Fisher
Scientific, Waltham, MA) containing 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA) under 5% CO2 at 37 °C,
and mIMCD-3 epithelial cells (ATCC, Manassas, VA) were used and
cultured in DMEM nutrient mixture F-12 (Thermo Fisher Scientific,
Waltham, MA) containing 10% fetal bovine serum under 5% CO2 at
37 °C. TNF-α (R&D Systems, Minneapolis, MN) (10 ng/mL) was
used to stimulate a cellular inflammatory state.

Rheological Analysis of Hydrogel Compositions. To perform
the rheological analysis of hydrogel compositions, an AR-G2
rheometer (TA instruments, New Castile, DE) was used. All tests
were performed on a 40 mm diameter conical plate (1° inclination
and 50 μm of gap height), and to prevent water evaporation, mineral
oil was placed around it. An equilibration time of 10 min followed by
the application of shear at 10 s−1 for 2 min was used. Frequency
sweeps (0.01−100 Hz at 1% strain), shear rate sweeps (0.1−1000−1
with 10 points/decade), stress sweep (0.1−1000 Pa), and strain
sweeps (0.0001−1000% at 1 Hz) were performed at a temperature of
37 °C. Recovery analysis was done by applying several cycles of strain
that were located inside (1%) and outside (100%) the value of the
linear viscoelastic range. Creep was measured by applying different
stress (σ) ranges (10, 20, and 30 Pa) to the hydrogel composition for
30 min, followed by a 30 min relaxation period and posterior analysis
of the resulting strain (ε).

Environmental SEM Imaging. An FEI/Philips XL30 FEG ESEM
(FEI/Phillips, Hillsboro, OR) was used to image hydrogels and
determine their morphological features on a hydrated state. Hydrogel
samples were longitudinally and transversely sectioned before the

Figure 8. Echocardiographic assessment of cardiac function. (a) Representative image of a normal echocardiogram before surgery (day 0);
pericardial and epicardial layers without any hypoechoic structures located in the intrapericardial region can be observed. (b) Representative image
of an intrapericardial adhesion detected by echocardiography as an echolucent structure (white arrow) during the seventh postoperative day of the
control group. (c) Pericardial effusion was detected in a non-treated animal (control group) after 7 days, as indicated by a white arrow that points
to an echo-free signal region located in the intrapericardial space. (d) The presence of SPD was confirmed by a hypoechoic liquid located in the
intrapericardial space after the first postoperative hour and (e) 7 days posterior to the surgical intervention (white arrows pointing the M mode and
2D mode). Cardiac systolic and diastolic function was measured and analyzed before surgery and 7 days after surgery in all animal groups. The
application of SPD into the intrapericardial space did not show a significant impact on (f) LVEF, (g) LVIDd, (h) LVIDs, and (i) fractional
shortening when compared to the other groups. Data are expressed as mean ± SD, n = 5 for (f−i). P-values were determined by Student’s t-test and
two-way ANOVA (ns: P > 0.05).
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analysis and mounted on a holder containing carbon tape for
posterior imaging.
Injection Force Characterization. To analyze the required

injection force to extrude the hydrogel formulations from a syringe, a
mechanical tester (Zwick/Roell Z010) (ZwickRoell, Kennesaw, GA)
was used. Hydrogel formulations were loaded and injected through 3
mL syringes (BD Biosciences, San Jose, CA) incorporated with three
needle sizes [intraluminal diameters of 0.838 mm (18G), 0.337 mm
(23G), and 0.260 mm (26G)] (BD Biosciences, San Jose, CA). The
lower housing of the syringe was fixed on the tensile grip of the
instrument to prevent any movement and the plunger was pressed by
the upper compression platen at a rate of 2 mL/min. To determine
the extrusion force, a 100-N load cell was used. All experiments were
performed in triplicate and analyzed using testXpert software
(ZwickRoell, Kennesaw, GA).
Spread Area and Stiffness Analysis. The spread area and

stiffness of hydrogel formulations were evaluated 48 h after their
fabrication. All hydrogel formulations were incubated for 1 h at 37 °C,
and after incubation, the studies were quickly performed at room
temperature. Hydrogel formulations were placed between two
horizontal transparent glass plates (Bio-Rad, Hercules, CA), and a
pre-determined mass (125, 250, 375, 500, 625, 750, 875, and 1000 g)
was placed on the upper plate. After 5 minutes, the weight was
removed, and the spreading diameter was measured. The spreadability
was quantified as the total area covered by the hydrogel within the
plates, and its fluidity and stiffness classified according to a previous
published work.32,33

Hydrogel Swelling and Degradation Test. To analyze the
swelling behavior of hydrogels, 1 mL of each hydrogel formulation
was incubated on 5 mL of PBS (Thermo Fisher Scientific, Waltham,
MA) and 5 mL of DMEM (Thermo Fisher Scientific, Waltham, MA)
at 37 °C on separate 35 mm Petri dishes (Thermo Fisher Scientific,
Waltham, MA). For a period of 14 days, hydrogels were weighed at
predetermined timepoints. Swelling rate was calculated by using the
following equation: (Wt − W0)/W0 × 100%, where W0 represents the
initial weight and Wt represents the weight measured during each
timepoint. Degradation of mass percentage was calculated by using
the following equation: Wt/W0 × 100%.

1H Nuclear Magnetic Resonance Analysis. For the 1H NMR
analysis, individual components as well as the finalized hydrogel
system were dissolved in deuterated methanol (CD3OD) (Sigma-
Aldrich, St. Louis, MO) and deuterium oxide (D2O) (Sigma-Aldrich,
St. Louis, MO) at a concentration of 30 mg/mL. The analysis of the
samples was performed at 25 °C on a Bruker AVANCE (400 MHz)
spectrometer (Bruker, Harvard, MA). The chemical shifts were
reported in ppm, and the solvent resonance resulting from incomplete
deuterium incorporation was employed as the internal standard
(CD3OD: δ = 3.31 ppm or D2O: δ = 4.79 ppm). The data were
processed using TopSpin 3.6.1 software (Bruker, Harvard, MA) by
comparing the hydrogel composition with the respective starting
materials, chemical shifts, and multiplicity (s = singlet, d = doublet, q
= quartet, br = broad, and m = multiplet).
DEX Release Kinetics. To determine the release kinetics of DEX,

3 mL of the drug-loaded hydrogel composition was placed inside a
Spectra/Por Dialysis Tube (Repligen Corporation, Waltham, MA)
and incubated on a PBS solution at 37 °C under rotatory shaking (70
rpm). At predetermined timepoints (1, 3, 6, 12, 24, 72, and 120 h),
the PBS solution outside of the dialysis membrane was analyzed via
UV−vis spectroscopy to determine the concentration of the released
drug.
Cellular Morphological Analysis. A morphological analysis

(aspect ratio and area) of cells seeded in different surfaces was
performed to determine their adhesion to different substrates. Briefly,
NIH 3T3 fibroblasts (10 × 104) were seeded on the surface of S, SP,
and SPD hydrogels and compared to cells seeded in a standard
polystyrene surface for cell growth (Corning Inc., Corning, NY). After
a period of 24 h, cells were fixed and Phalloidin (green) (Thermo
Fisher Scientific, Waltham, MA) staining was performed. Micrographs
were captured using a confocal microscope (Carl Zeiss LSM700,
Zaventem, Belgium) and analyzed via ImageJ (National Institutes of

Health, Bethesda, MD). The maximum orthogonal length, width, and
area of 60 individual cells were analyzed, and the aspect ratio was
calculated using these parameters as previously described.55

Cellular Viability Test. The cytotoxicity of hydrogel composi-
tions was evaluated by seeding NIH 3T3 fibroblasts (10 × 103) and
mIMCD-3 epithelial cells (10 × 103) in 96-well culture plates
(Corning Inc., Corning, NY) and incubating them with several
concentration ranges (0.001−1000 μg/mL) of S, SP, and SPD
hydrogels for 48 h. The PrestoBlue Cell Viability Assay (Thermo
Fisher Scientific, Waltham, MA) was used, and cytotoxicity was
measured via a microplate reader (Infinite M200 Tecan, Man̈nedorf,
Switzerland) and analyzed through the i-Control software (Tecan,
Man̈nedorf, Switzerland).

In Vitro Anti-inflammatory Assessment. To simulate the
protective anti-inflammatory response of DEX, mouse brain
endothelial cells (bEnd.3) were seeded into an eight-well chamber
slide (Thermo Scientific, Waltham, MA) at a density of 2 × 103 per
well. Three hours before performing TNF-α (10 ng/mL) stimulation,
free DEX (50 mM), SP, and the DEX-loaded (50 mM) hydrogel
(SPD) were added as pretreatments to the media of different groups.
After 8 h, cells were fixed, and immunohistochemistry was performed
to determine the upregulation of cellular inflammatory markers
(ICAM-1 and VCAM-1). Anti-ICAM-1 antibody (Abcam, Cam-
bridge, MA) and anti-VCAM-1 antibody (Abcam, Cambridge, MA)
were used to visualize cellular expression of these inflammatory
markers. Images were captured via confocal microscopy (Carl Zeiss
LSM700, Zaventem, Belgium) and analyzed via ZEN software (Carl
Zeiss, Zaventem, Belgium).

Intrapericardial Adhesion Animal Model. An intrapericardial
adhesion animal model was used to test the efficacy of the hydrogel
formulations. Four month old male Japanese white rabbits (body
weight 2−2.2 kg) were purchased from Huazhong Agricultural
University Laboratory Animal Center and divided into four groups
with five animals per group under controlled environmental
conditions (22−24 °C, 50−60% humidity) with standard diet. The
animal research protocol was approved by the Institutional Animal
Care and Use Research Committee of Tongji Medical College prior
to initiation of the study, and all animal experiments were conducted
according to the NIH Guidelines for the Care and Use of Laboratory
Animals. Rabbits were first anesthetized with 3% pentobarbital
sodium (1 mL/kg), and a costal sternotomy in the left side was
performed through a 4 cm incision at the level of the fourth
intercostal space. A sternal retractor was placed, and the anterior
pericardium was exposed and opened approximately 2 cm in length to
reveal the anterior surface of the heart. After opening the
intrapericardial space, superficial needle (23G) punctures in four
different areas of the left ventricular epicardium were performed
without perforating the muscular wall, as previously described in a
similar animal model.50 Before the surgical incision was closed,
different groups received a specific type of treatment administered in
the intrapericardial space, the control group received 0.1 mL of saline
solution, a positive control group received Seprafilm, and the last
group was administered with the DEX-loaded hydrogel (SPD).
Finally, the sternotomy was repaired by suturing the different
pericardial, muscular, and skin layers separately. Animals were kept
alive for 7 days before adhesion formation was assessed after
euthanasia.

Evaluation of Intrapericardial Adhesions. Intrapericardial
adhesions were assessed by a modified version of the PAI applied
to the pericardium to grade the severity of adhesions based on
morphological features such as vascularization, thickness, and
strength.52 The scoring system classifies adhesion grades as follows:
0no adhesion, 1filmy adhesion that needs blunt dissection, 2
strong adhesion that needs sharp dissection, and 3very strong
vascularized adhesion that needs sharp dissection with damage hardly
preventable. The four injury sites in the epicardial region were
individually graded, and the total score was calculated. The percentage
of adhesion formation and adhesion area was also calculated based on
the number of adhesions formed; each of the four injury sites were
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considered as 25% of the total surface area present in the injured
epicardium.
Histopathological Examination of Postoperative Adhe-

sions. After tissue extraction, H&E (Sigma-Aldrich, St. Louis,
MO), and Masson’s trichrome (Sigma-Aldrich, St. Louis, MO)
staining were performed in paraffin sections to evaluate tissue
morphology and fibrotic remodeling. Microscopic images were
captured via a Pannoramic SCAN II (3DHistech, Budapest, Hungary)
imaging system.
Immunohistological Analysis. Immunohistological staining was

performed by using CD3 (Abcam, ab135372, diluted 1:100), CD68
(Abcam 222914, diluted 1:100), and NF-KB (Bioss, Bs-0465R,
diluted 1:100) primary antibodies and 488-labeled anti-mouse
(Aspen, AS-1110, diluted 1:50) and CY3-labeled anti-rabbit (Aspen,
AS-1110, diluted 1:50) secondary antibodies. Nuclei were stained
using DAPI (Life Technologies, diluted 1:1000). Tissue sections were
imaged using a confocal microscopy system (Carl Zeiss LSM700,
Zaventem, Belgium), and ZEN software (Carl Zeiss, Zaventem,
Belgium) was used for image analysis.
Evaluation of Systemic Inflammation. Two milliliters of blood

were obtained from the auricular vein of the animals in two
timepoints, before performing the surgical procedure and after 7
postoperative days. ESR was measured by a specialized blood
sedimentation kit (Xin Kang Medical, Taizhou, China) according to
the Westergren method. The concentration of CRP was determined
by a sandwich ELISA kit (SEA821Rb 96T, Cloud-Cone Corp., Katy,
TX) according to manufacturer instructions.
Echocardiographic Evaluation. Echocardiographic studies were

performed to analyze the presence of postoperative adhesions as well
as the systolic and diastolic function of the heart before the surgical
procedure and 1 h and 7 days after performing the surgical
intervention. Anesthesia was administered via intraperitoneal injection
(3% pentobarbital, 1 mL/kg), and a transthoracic 2D guided M-mode
echocardiography system (DP-50Vet, Mindray, Shenzhen, China) was
used to analyze the cardiac cycle. The cardiac long axis (at the
papillary level) was used to measure mean LVEF, LVIDd, LVIDs, and
FS during five cardiac cycles.
Statistical Analysis. Statistical significance was determined by

using unpaired Student’s t-test and one-way ANOVA in all samples
and groups. All the results in this study are expressed as mean ± SD.
*P < 0.05 and **P < 0.01 are considered statistically significant.
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