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Abstract

Moderate to weak mechanical properties limit the use of naturally-derived tissue sealants for
dynamic medical applications, e.g., sealing a lung leak. To overcome these limitations, we
developed visible-light crosslinked alginate-based hydrogels, as either non-adhesive methacrylated
alginate (Alg-MA) hydrogel controls, or oxidized Alg-MA (Alg-MA-Ox) tissue adhesive tissue
sealants, which form covalent bonds with extracellular matrix (ECM) proteins. Our study
investigated the potential for visible-light crosslinked Alg-MA-Ox hydrogels to serve as effective
surgical tissue sealants for dynamic in vivo systems. The Alg-MA-Ox hydrogels were designed to
be an injectable system, curable in situ. Burst pressure experiments were conducted on a custom-
fabricated burst pressure device using constant air flow; burst pressure properties and adhesion
characteristics correlated with the degrees of methacrylation and oxidation. In summary, visible
light crosslinked Alg-MA-Ox hydrogel tissue sealants form effective seals over critically-sized
defects, and maintain pressures up to 50 mm Hg.
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1. Introduction

For several decades, breakthroughs in medical technologies have improved patient care
while also reducing the invasiveness and recovery time for many procedures. In particular,
advances in laparoscopic surgery have allowed for internal procedures to be performed

through small incisions, decreasing the need for many open-body operations.[1-3] In these

minimally-invasive surgeries, common approaches to rejoin or seal tissues, such as sutures
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or staples, can be difficult to implement, may cause further damage to tissue, and often fail
to completely seal tissue resulting in the leakage of bodily fluids or air.[1, 4] An alternative
method for providing a simple, immediate seal for wound closure is the use of new
engineered tissue sealants, which are applied as a liquid and activated on demand to adhere,
cure, and bond in situ. [1, 5]

Tissue sealants are commonly formed using natural or synthetic polymers, or both. Synthetic
sealants, capable of higher mechanical strengths and tissue-bonding properties, are
potentially cytotoxic, may cause chronic inflammation, and exhibit low adherence to wet
tissues.[4] Natural based sealants are advantageous compared to their synthetic counterparts
due to heightened biocompatibility, degradability, sustainable derivation, and intrinsic
bioactive qualities.[6-11] The abundant resource, propensity for chemical modification, and
enhanced biocompatibility, degradability, and non-toxicity make alginate and alginate-based
hydrogels prime candidates for tissue sealant applications.[7, 8, 12] Alginate, derived from
brown algae, is desirable not only for those attributes already listed, but also for its relatively
low cost and historical use in drug delivery and tissue engineering.[7, 8] While alginate
hydrogels can form films in situ via calcium crosslinking, these materials are relatively weak
(i.e., low elasticity, toughness), and exhibit relatively quick degradation times.

Chemical modification of alginate and similar polysaccharides allows for designed physical
and mechanical properties of engineered alginate hydrogels through controlled covalent
crosslinking, thus addressing limitations associated with ionically crosslinked alginate
hydrogels.[7, 11, 13, 14] The methacrylation of alginate imparts an acrylate functional group
capable of covalent crosslinking with itself by free radical polymerization in the presence of
a photoinitiator.[7, 14, 15] While tradition photo-crosslinking mechanisms often employ
ultraviolet (UV) light activation, UV exposure is cytotoxic and degrades biological
molecules (e.g., drugs).[14, 16-20] As a safer alternative, methacrylated alginate (Alg-MA)
also covalently crosslinks upon exposure to visible light in the presence of the
photosensitizer, Eosin Y.[12, 15, 21-23] Furthermore, while alginate is inherently non-
adhesive, oxidation of the backbone structure [24, 25] will elicit functional aldehyde groups
capable of forming covalent bonds with amine groups present on tissue (i.e., imine bond
formation) like those found in extracellular matrix (ECM) proteins.[26-28]

Burst pressure testing is a useful means of analysis for tissue sealants, as it allows for
quantification of the sealant mechanical strength under characteristic loading conditions.
Burst pressures were collected following a modified standard (ASTM F2392), which
quantifies not only maximum burst pressures, but also the mode of failure (cohesive, i.e.,
material failure, versus adhesive failure) for the various hydrogel compositions.[29] In
addition, a video recording system may be employed to further characterize the mode of
sealant failure. Burst pressure and failure data analysis provides a direct comparison of
tissue sealant mechanical behavior and also enables indirect insight into the effects of
material integrity and tissue adhesion; burst pressure experiments and rheological
characterization of novel hydrogels provides insight into material structure-function
relationships, in order to optimize material properties for biomedical applications.
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This paper presents the fabrication and characterization of Alg-MA-Ox tissue sealants,
specifically for use in sealing damaged lung tissue. Our investigation seeks to quantitatively
assess the effect of modulating the degree of methacrylation and oxidation on adhesion and
burst pressure properties. The novelty of our approach lies in the implementation of both
methacrylation and oxidation chemistries to vary mechanics and adhesion, as well as our use
of visible light crosslinking to reduce the cytotoxic effects observed with UV-cured sealants.
We hypothesized that an Alg-MA-Ox hydrogel will form an effective seal over an air leak
upon exposure to visible light. Furthermore, we hypothesized that the Alg-MA-Ox
hydrogels would adhere to an ECM substrate and exhibit high burst pressures in a
physiologically-relevant environment. To test these hypotheses, a custom burst pressure
device was designed, fabricated, and implemented for the quantitative and repeatable
mechanical analysis of visible-light crosslinked alginate-based hydrogel tissue sealants.

2. Materials and Methods

2.1. Synthesis of methacrylated alginate (Alg-MA)

Alg-MA was synthesized using an aqueous-based reaction. One percent (w/v) sodium
alginate (Manugel, Mw ~ 200 kDa, FMC Biopolymer) solution, in deionized (DI) water,
was reacted with a 20-molar excess of methacrylic anhydride (Sigma Aldrich) for 12 hours.
[12, 15, 30-32] The reaction product was treated with sodium hydroxide and dialyzed in DI
water for 3 days. The degree of methacrylation (DOM), or ratio of methacrylate groups per
repeat unit of alginate, was determined using 1H-NMR spectroscopy (Bruker AVANCE 11
500 MHz high-field NMR spectrometer). Briefly, Alg-MA was dissolved in deuterium oxide
(D20) at 1% (w/v) solution and was analyzed at room temperature, spinning at 20 Hz for 16
scans. The DOM was determined by calculating ratios of methylene (6.1, 5.6 ppm) and
alginate methyl (1.9 ppm) peak integrations.[15] Alg-MA material with a single DOM was
used for subsequent rheological and mechanical analysis, and modification via oxidation.

2.2. Synthesis of oxidized methacrylated alginate (Alg-MA-Ox)

Alg-MA was reacted with sodium periodate (Sigma) to open the uronate residues, which
form the alginate backbone, creating an aldehyde group.[26, 33] One percent (w/v) alginate
solutions were prepared by dissolving sodium alginate or Alg-MA in DI water. Different
volumes of a 3% (w/v) sodium periodate solution were added to the alginate solutions and
reacted in the dark for 24 hours at room temperature to achieve distinctly different degrees
of oxidation (DOQ). The Alg-MA and sodium periodate solutions were mixed together and
stirred for 24 hours in a dark environment at room temperature. The product, Alg-MA-Ox,
was purified by dialysis in DI water (MWCO 6 kDa, Thermo-Fisher) for three days and
lyophilized. Theoretical DOO values were 10, 30 and 50% modification; experimental
values were determined by comparing the ratio of alginate methyl protons (5.5 and 5.0
ppm), to the newly formed methyl protons (5.0 ppm).[26] In addition, the DOM was
reassessed after the oxidation reaction (see methods above).

2.3. Polymer characterization and visible light crosslinking

Viscosity and shear stress, as functions of shear rate, were evaluated on Alg-MA and Alg-
MA-Ox hydrogel sealant precursor solutions (i.e., prior to photo-crosslinking). All
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measurements were carried out on a rheometer (AR2000, TA Instruments) equipped with a
Peltier plate maintained at 25°C, using a 40 mm diameter 1°59’47” hard anodized aluminum
cone geometry. Alginate and chemically-modified alginate powders were added to DI water
to form 3% (wi/v) alginate solutions of the following compositions: alginate controls, Alg-
MA (DOM = 77), Alg-MA-Ox (DOO = 10, 30, 50), and 50:50 polymer blends of Alg-MA
and Alg-MA-Ox materials. The control and modified alginate solutions were blended with
photo-activators to enable photo-crosslinking: 1 mM Eosin Y (photo-sensitizer), 125 mM
triethanolamine (photo-initiator), 20 mM 1-vinyl-2-pyrrolidinone (catalyst).[15, 21, 22]
Aliquots of 580 pL were placed within a 27 pum gap between the Peltier plate and cone
geometry. Shear sweeps were performed to determine the viscosity (Pa.s) and shear stress
(Pa) of the alginate-based solutions at 1% radial strain, 1-100 (1/s), over one min (n = 4).
Data was analyzed using analytical software (TA Data Analysis); data sets for various
samples within a single group are merged and sorted by shear rate, and plotted on the same
graph.

Oscillatory time sweeps at 10% radial strain and 1 Hz were conducted on alginate-based
hydrogel precursor solution during exposure to green light (525 nm, custom 9.84 cm
diameter LED ring, NFLS-G30X3-WHT, SuperBrightLEDs) over a period of 10 minutes
(600 seconds).[14] Data collection started upon the start of light exposure (i.e., photo-
crosslinking activation). Shear storage (G”) and loss (G”) moduli were calculated, and tan
delta (ratio of G” to G’) was analyzed using analytical software (TA Data Analysis).

2.4. Burst pressure testing and failure analysis

Burst pressure values were determined using ASTM F2392 as a guide.[29] Burst pressure
was recorded using a custom-designed pressure-chamber testing device according to the
ASTM standard (Figure 1). The main chamber was machined from polyether ether ketone
(PEEK) to provide low cost fabrication and fluid-related degradation resistance; it was
designed to be two sections fastened by two bolts with a fluoroelastomer o-ring to provide
an airtight seal, for easy specimen loading between the sections. A syringe pump (Harvard
Apparatus PHD 2000 Infusion) controlled the fluid injection rate into the chamber; for this
experiment we used air pressure. A pressure transducer (Omega PX-409-030AUSBH) was
connected to the pressure chamber through a NPT port, allowing for accurate, real-time data
acquisition via a connected computer (Figure 1).

Collagen substrates (collagen casing, The Sausage Maker Inc.) were hydrated in DI water
and tested on the pressure device before creating a defect (i.e., puncture) to ensure that the
substrate was intact and void of defects, and formed a leak-free seal. The substrates were
punctured with a 3 mm diameter biopsy punch and re-tested to ensure a through-thickness
defect was formed resulting in a drop in pressure (or the inability to hold pressure).
Punctured collagen substrates were clamped between a glass slide and a Teflon mold, with a
1.5 cm diameter hole, centered over the collagen puncture. Hydrogel precursor solution (0.5
mL) was deposited into the mold, over the collagen puncture, and photo-crosslinked for 10
minutes under visible green light (523 nm). The collagen substrate with the hydrogel sealant
was removed from the mold and loaded onto the burst pressure device. Air volume, via the
syringe pump, was increased at a constant air flow rate into the pressure chamber, until the
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seal failed; failure was defined as a loss in pressure due to a leak in seal (i.e., experimental
sample). All burst pressure tests were conducted at room temperature with compressed air at
an infusion rate of 75 mL/hr.

The hydrogel sealant failure mechanism, either hydrogel delamination from the collagen
substrate or hydrogel material failure (i.e., failure of the material under loading), was
assessed via visual inspection of the hydrogel materials and a digital microscope (Dino-Lite
Pro AM413TA, Dino-Lite Digital Microscopes) during and after testing. Video was
collected directly above the burst pressure device for the duration of the test. The digital
microscope was positioned 10-15 cm above the hydrogel sealant, and recording was
initiated just prior to the activation of the syringe pump and halted several seconds after
sealant failure (supplemental videos have been edited to show failure activity).
Delamination, i.e., adhesive failure, was classified as bond failure between the sealant and
substrate, whereas material failure was classified as bond failure within the material itself.

3. Results and Discussion

3.1. Rheology

The chemical modification of alginate, and other polysaccharides, may induce chain scission
and a reduction in molecular weight of the alginate backbone; polymer degradation depends
on the nature of the chemical reaction.[20, 26, 27, 33] Also, sequential chemical reactions
will affect the degree of modifications of various functional groups. Therefore, DOO and
DOM were calculated for each modified alginate formulation. All of the Alg-MA starting
materials had a DOM = 77; however, as evidenced by the DOM calculations performed on
the Alg-MA-Ox materials, the oxidation reaction slightly reduced the DOM, as shown in
Table 1.

Physical changes, such as a reduction in molecular weight, result in variable mechanical
responses. Thus, we quantified viscosity and shear stress after each chemical reaction; the
effects of shear rate on the viscosity and shear stress of 3% (w/v) alginate solutions are
shown in Figures 2A and 2B, respectively. Solution viscosities decreased exponentially with
increasing shear rates for all solutions tested. Compared to non-modified alginate solutions
(i.e., controls), the methacrylated alginate (Alg-MA) solution maintained high viscosities
(Figure 2A) and shear stresses (Figure 2B). In contrast, the oxidized and methacrylated
alginate (Alg-MA-Ox) solutions demonstrated much lower viscosities and shear stresses
when compared to alginate and Alg-MA solutions. Methacrylation chemistry is deleterious
to the alginate backbone, although this is more pronounced in Alg-MA-Ox materials.[26, 27,
33] During the oxidation reaction, alginate molecular weight was reduced, and resulted in a
> 100-fold reduction in viscosity. During the oxidation reaction, Alg-MA was exposed to
high concentrations of sodium periodate to open the uronate residues on the acidic repeat
units, rendering the polymer reactive with ECM proteins (i.e., imine formation) through the
introduction of aldehyde functional groups.[20, 34] Additionally, the oxidation of alginate
increases susceptibility to hydrolytic degradation, improving biodegradability of the sealant.
[33] Thus, tissue adhesion and in vivo degradation time can be controlled through the
optimization of the addition and creation of acrylate and aldehyde functionalities to alginate.
Adhesion may be further assisted through the formation of weak hydrogen bonds between
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the biomacromolecules comprising the sealant and the proteins present on the tissue surface.
[35]

To effectively seal a leak or damaged tissue, a liquid tissue sealant must display a relatively
high viscosity to maintain a film over a tissue defect during the gelation, or curing, process.
While the Alg-MA-Ox material is required to maintain adhesion to underlying tissue, the
requirements of the amount and/or degree of oxidation have not been studied. Thus, Alg-MA
was blended with Alg-MA-Ox materials to enhance the viscosity of the solutions and further
improve material properties. Alg-MA and Alg-MA-Ox blends (1:1) were created from the
same formulation of Alg-MA, and different Alg-MA-Ox polymers with varying degrees of
oxidation (10, 30 and 50%). Upon blending Alg-MA with Alg-MA-Ox, viscosity and shear
stress values were partially recovered compared to Alg-MA-Ox solutions. The viscosity and
shear stress values for all of the polymer blend solutions were similar, suggesting that the
properties of the Alg-MA polymer were dominant and served as an equalizing agent (see
Figure 2).

3.2. Visible light crosslinking and gelation time

Alg-MA and Alg-MA-Ox solutions, in the presence of photo-activators, were crosslinked
and formed into hydrogels upon exposure to green light. The gelation times of the hydrogel
solutions were determined from oscillatory time sweep plots (Figure 3A, C). The initiation
of gelation, i.e., gelation time, was determined to be at the inflection point of the delta versus
time curve. The Alg-MA solution and Alg-MA-Ox polymer blend solutions indicate a clear
inflection in the delta curve, indicative of successful photo-initiation and subsequent
crosslinking. The Alg-MA-Ox solutions with DOO = 30 failed to form a gel (i.e., photo-
crosslink) rheometry. The storage moduli curves versus time are a more reliable indicator for
terminal crosslinking as it plateaus and indicates no further crosslinking (Figure 3B, D).
Upon inspection of the G’ curves, a majority of the crosslinking was completed by 600
seconds, and increased by several orders of magnitude. Thus, an exposure time of 10
minutes (600 seconds) was used to form hydrogels for burst testing.

3.3. Burst pressure properties

To perform effectively, a tissue sealant must adhere to underlying tissue and exhibit material
strength exceeding physiological loading conditions. Burst pressure measurements and the
subsequent failure analysis quantified the ability for alginate-based hydrogels to perform as
tissue sealants under increasing pressure. Two modes of failure, delamination of the material
from the substrate, and material rupture due to a loss in strength, were determined via video
during experimentation (Figure 4A). Representative pressure versus time curves from burst
pressure testing are shown in Figure 4B.

While the Alg-MA hydrogel saw the highest individual burst pressure, it was also the only
material to fail by delamination. Burst volume measurements were calculated based on the
amount of air pumped into the device before failure. The burst pressure volumes relate to the
qualitative flexibility of the tissue sealant (Figure 4C). Comparing the 10 Alg-MA-Ox and
10 Alg-MA-Ox blend sample groups, the flexibility of the blend material resulted in a higher
burst pressure and burst volume.
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As the DOM decreases, the number of methacrylate functional groups available for covalent
crosslinking decreases. With less methacrylate groups available, the resulting polymerized
hydrogel is more loosely bound together than its highly methacrylated counterpart. Polymer
networks that are more loosely bound behave more as a viscous material rather than an
elastic material, and exhibit lower storage moduli, as shown in Table 1 (see above). Because
our polymer hydrogels rely more on elastic than viscous behavior, post-crosslinking, for its
application as a sealant, it is expected that storage modulus would correlate with burst
pressure. The relation between DOM, storage modulus, and burst pressure are highlighted in
Table 1.

Delamination, or adhesive failure, occurred when the hydrogel patch separated from the
substrate with no visible sign of material damage. Material failure was characterized as the
failure of the sealant material immediately above the puncture, and showing visible damage
to the material (Supplemental videos 1 and 2). The Alg-MA hydrogel sealants failed
exclusively through delamination, while the Alg-MA-Ox materials exhibited material
failure, with the exception of a single 10 DOO Alg-MA-Ox:Alg-MA blend experimental
group. Alginate is inherently non-adhesive, and there are few forces keeping the Alg-MA
hydrogel sealant adhered to the collagen substrate. However, the Alg-MA-Ox hydrogels and
blends interact with the collagen substrate through functional aldehyde groups, preventing
delamination before material failure. The only case of delamination outside the Alg-MA
group occurred in the blend with the lowest theoretical DOO, resulting in fewer aldehyde
groups to interact with the substrate, possibly explaining the delamination. In summary,
aldehyde functionality is required to ensure adhesion and the formation of a seal. However,
the optimum DOO required for maintaining tissue adhesion while exhibiting high burst
pressures has yet to be determined.

4. Conclusion

Alginate, a biomacromolecule derived from brown algae, was investigated as a hydrogel
tissue sealant. Chemical modifications were tuned to optimize the mechanical and adhesive
properties, which are essential in developing a tissue sealant. Specifically, methacrylation
resulted in acrylate groups that were photo-responsive in the presence of photo-activators
and visible green light. Alginate oxidation created aldehyde groups for sealant-substrate
interactions and increased adhesion to tissue matrix proteins. A custom-designed burst
pressure device was fabricated and implemented in the mechanical analysis of alginate-
based hydrogel sealants. While Alg-MA hydrogels were able to withstand high pressures
without mechanically failing, these materials delaminated from the substrate and failed
adhesively. Conversely, Alg-MA-Ox formed hydrogels that adhered to the substrate;
however, these materials failed at lower burst pressures. Alg-MA and Alg-MA-Ox polymer
blends benefited from the high mechanical strength of the Alg-MA and the adhesiveness of
the Alg-MA-Ox. Most notably, higher DOO Alg-MA-Ox did not result in improved
adhesion, which may also be the result of polymer degradation during the oxidation reaction.
Indeed, minimal oxidative degradation (1-5% DOOQ) is required to induce hydrogel sealant
adhesion while maintaining hydrogel network integrity.
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Figure 1.

Schematic illustration of experiment setup for mechanical burst pressure testing of alginate-
based sealants.

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Charron et al.

Viscosity (Pa-s)

o
=2

0.001

Figure 2.

o
e e

0.0, .06 0000
I%:m 2 iooicioi’ooi i%

25 50 75 100
Shear Rate (1/s)

e®Alginate

AAIg-MA

10 Alg-MA-Ox

©30 Alg-MA-Ox

010 Alg-MA-Ox blend
©30 Alg-MA-Ox blend

©50 Alg-MA-Ox

Shear Stress (Pa)

=

0.01

Shear Rate (1/s)

Page 11

®Alginate

AAIg-MA

10 Alg-MA-Ox

©30 Alg-MA-Ox

010 Alg-MA-Ox blend
©30 Alg-MA-Ox blend

@50 Alg-MA-Ox blend

(A) Viscosity (Pa.s) and (B) shear stress (Pa) values were collected for alginate-based tissue
sealant precursor solutions, including: Alg-MA, oxidized Alg-MA, and homogenous 50:50
blends of Alg-MA and Alg-MA-Ox. Representative plots for each control and experimental
group are shown as average values (n = 4).
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Gelation of alginate-based sealants were assessed using oscillatory time sweeps at 10%
radial strain and 1 Hz during exposure to green light (525 nm) over a period of 10 minutes.
(A, B) Alg-MA and oxidized Alg-MA, and (C, D) homogenous 50:50 blends of Alg-MA
and Alg-MA-Ox. Delta values decreased as crosslinking occurred via visible light exposure
to form hydrogels (A, C). Storage moduli values, G’, and loss moduli values, G”, were
collected during gelation (B, D). Representative plots for each control and experimental
group are shown as average values (n = 4).
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Figure 4.

Fa%lure analysis data of alginate-based tissue sealants using a burst pressure device and test
system. (A) High-speed video captured the qualitative mode of failure for a sealed 3 mm
diameter hole. The two modes of failure observed were delamination, D, and material
failure, M. (B) Burst pressure data is shown as strain to failure with time. While the pressure
input rate was constant, materials responded according to their elasticity. Burst pressure was
recorded as the highest pressure achieved. Vertical error bars represent burst pressure
standard deviation; horizontal error bars represent time to failure (n = 4). (C) Total air
volume retained in the device before failure was calculated; averages including standard
deviations are reported (n = 4).
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