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Abstract
Marine and freshwater mussels are notorious foulers of natural and manmade surfaces, secreting
specialized protein adhesives for rapid and durable attachment to wet substrates. Given the strong
and water-resistant nature of mussel adhesive proteins, significant potential exists for mimicking
their adhesive characteristics in bioinspired synthetic polymer materials. An important component
of these proteins is L-3,4-dihydroxylphenylalanine (DOPA), an amino acid believed to contribute to
mussel glue solidification through oxidation and crosslinking reactions. Synthetic polymers
containing DOPA residues have previously been shown to crosslink into hydrogels upon the
introduction of oxidizing reagents. Here we introduce a strategy for stimuli responsive gel formation
of mussel adhesive protein mimetic polymers. Lipid vesicles with a bilayer melting transition of 37
°C were designed from a mixture of dipalmitoyl and dimyristoyl phosphatidylcholines and exploited
for the release of a sequestered oxidizing reagent upon heating from ambient to physiologic
temperature. Colorimetric studies indicated that sodium-periodate-loaded liposomes released their
cargo at the phase transition temperature, and when used in conjunction with a DOPA-functionalized
poly(ethylene glycol) polymer gave rise to rapid solidification of a crosslinked polymer hydrogel.
The tissue adhesive properties of this biomimetic system were determined by in situ thermal gelation
of liposome/polymer hydrogel between two porcine dermal tissue surfaces. Bond strength
measurements showed that the bond formed by the adhesive hydrogel (mean = 35.1 kPa, SD = 12.5
kPa, n = 11) was several times stronger than a fibrin glue control tested under the same conditions.
The results suggest a possible use of this biomimetic strategy for repair of soft tissues.

1. Introduction
The human body is able to repair soft and hard tissue wounds in many cases when the injured
tissue edges are securely held in close proximity to each other. Often this is achieved by
mechanical fastening of tissues by methods such as sutures or staples [1]. In certain surgical
situations, suturing and stapling are not ideal approaches for tissue approximation, for example
where suturing may cause bleeding or damage to the surrounding tissue or where a tight seal
is required to prevent the leakage of body fluids. These shortcomings as well as the desire for
convenient and rapid tissue adhesion have led to the development and use of liquid tissue
adhesives as alternatives to sutures and staples. Three families of tissue adhesives are most
frequently used [2]: cyanoacrylates, gelatin resorcinol and fibrin-based glues. Gelatin
resorcinol and cyanoacrylates in particular have favorable mechanical properties, but both are
known to have cytotoxic effects due to the breakdown of cyanoacrylates into formaldehyde
and the use of formaldehyde as a curing agent in the gelatin-resorcinol system [3,4]. Several
labs have reported on efforts to lower cytotoxicity of these systems [5–7]. The fibrin glues, on
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the other hand, are generally considered highly biocompatible and adhesive to tissue surfaces
but have very low cohesive strength [8,9]. The use of blood components in the production of
fibrin glues remains a concern as it introduces a risk of disease transmission. While autologous
fibrin tissue adhesives can be produced, this approach is impractical or prohibitively expensive
in many situations.

With these limitations in mind, our group is currently undertaking the development of new
biomaterials for use in tissue adhesion, drug delivery and tissue reconstruction. Like others
[10], we are inspired by biological adhesives, in particular the adhesive proteins secreted by
aquatic organisms for secure attachment to wet substrates [11]. Freshwater and marine mussels,
in particular, have long been recognized for their wet adhesive abilities. The amino acid L-3,4-
dihydroxylphenylalanine (DOPA) has been found in high concentrations in glue proteins
secreted by mussels [12,13]. The liquid protein glues harden rapidly after secretion due to
crosslinking of reactive species formed as a result of oxidation of DOPA residues. The ability
of the mussel protein glues to harden rapidly from a liquid precursor and achieve adhesion to
both organic and inorganic surfaces in the presence of water [14] has captured the interest of
several groups as a useful model system from which to undertake the design of new adhesive
polymers [11,13,15–17].

Unfortunately, relatively few tissue adhesion studies have been performed using mussel
adhesive proteins (MAPs) or polymer mimics of these proteins. In one recent study, a highly
concentrated paste of purified MAPs was applied to pig skin tissue surfaces and the bond
strength determined mechanically [18]. The results of this study suggest potential use as an
adhesive, although the curing time of the MAP glue was too slow for possible clinical use and
under most conditions the adhesive strength of MAP-bonded tissue was similar to or lower
than fibrin glue. Chemically synthesized polypeptide analogues of MAPs have also been
investigated in tissue adhesion experiments, and in one notable case [19], in vitro tissue
adhesion to pig skin was clearly enhanced in polypeptides containing tyrosine, which was
converted to DOPA and presumably further oxidized during curing of the adhesive. An in
vivo pig skin tissue adhesion study was also performed using these polypeptides; however, no
mechanical performance data were reported [20].

Our group has focused on the modification of biocompatible polymers such as poly(ethylene
glycol) (PEG) with DOPA in an effort to impart adhesive qualities to the polymers [21–24].
Although PEG itself is not adhesive, it represents a good building block for a synthetic tissue
adhesive because of its high water solubility, low immunogenicity and toxicity, and availability
with endgroup chemistries suitable for facile modification with amino acids and peptides
[25]. Previously, we synthesized several linear and branched PEG molecules with endgroups
modified by DOPA residues and characterized their oxidation-induced crosslinking to form
robust hydrogels [22]. Under optimal conditions, aqueous solutions of these polymers formed
rigid hydrogels within 30 s of mixing with an appropriate chemical (periodate) or enzymatic
(tyrosinase or peroxidase enzyme) oxidizing reagent [22]. Although rapid solidification is
desired for intended use of the material as a surgical adhesive, this property presents new
challenges for storage, mixing and handling of the precursor solution.

In this paper we report the use of thermally triggered release of an oxidizing reagent from
liposomes to rapidly form adhesive hydrogels from a soluble DOPA-modified PEG polymer.
The approach exploits the sequestering ability of liposomes to segregate reactants (NaIO4 and
DOPA-modified PEG) during storage and manipulation of the polymer solution at ambient
temperature, and allows for the release of entrapped NaIO4 at body temperature to afford rapid
hydrogel formation. UV/vis spectroscopy was used to detect the thermal release of NaIO4,
dynamic rheology performed to measure gelation and elastic properties of the crosslinked PEG-
DOPA hydrogel, and lap shear adhesion experiments were carried out to demonstrate the
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suitability of the material to function as a tissue adhesive. PEG-DOPA gels achieved shear
bond strengths approximately five times greater than commercial fibrin surgical adhesive,
suggesting potential use of these polymers as medical adhesives.

2. Materials and methods
2.1. Materials

4-arm DOPA-modified PEG (PEG-DOPA4, figure 1) was synthesized as previously described
[22], starting from a branched PEG polymer (10 kDa, SunBioUSA, Orinda, CA). 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, >99%) were obtained from Avanti Polar Lipids. Phosphate buffered
saline (PBS), chloroform, NaIO4, CaCl2, L-DOPA, sodium citrate, Triton 100X, PEG (8 kDa)
and NaI were obtained from Sigma. Ethanol was obtained from Pharmco. Petroleum jelly was
obtained from VWR. Fresh full thickness porcine skin was obtained from T&J Meat Packing,
Chicago Heights, IL, USA.

2.2. Liposome preparation
Thermally responsive NaIO4-filled liposomes were prepared by a slight modification of a
previously described method [26]. Briefly, a dry thin film of phospholipids (90 mol% DPPC
and 10 mol% DMPC) was hydrated with aqueous NaIO4 in PBS pH 6 (42 mM NaIO4; 357m
osm) in a round bottom flask for 15 min at 50 °C. The resulting vesicle suspension was sonicated
at 50 °C until optically clear using a probe-type ultrasonicator to form small unilamellar
vesicles. The vesicle suspension was centrifuged to remove metal particles released from the
probe tip, and 100% ethanol was added with vortexing to achieve a final ethanol concentration
of 4M. After incubation at room temperature for 15 min, the suspension was heated to 50 °C
and bubbled with N2 gas for 30 min to remove EtOH, yielding periodate containing vesicles
(PCVs). All subsequent manipulations of liposomes were performed at 20 °C to prevent the
thermal release of entrapped NaIO4. Unentrapped NaIO4 was removed from the liposome
suspension by washing with iso-osmotic PBS (pH 6), centrifuging at 20 000 × g, and decanting
the supernatant. This process was repeated a minimum of five times or until NaIO4 could not
be detected in the supernatant, using a standard spectrophotometric method [27]. CaCl2-
entrapped liposomes (CCVs) used for control experiments were prepared by the reported
method [26].

All liposomes were stored at 20 °C until use. NaIO4 concentration was determined
spectrophotometrically as follows [27]. Standard solutions containing 0–72 mM NaIO4 were
prepared with surfactant and citrate buffer solutions (2 mL 0.1M citrate, pH 6, 2 mL 0.01%
Triton) and deionized water added to 9 mL total volume. Sodium iodide (1 mL) was added
with vortexing and then incubated for 3 min. The absorbance of the solution was then measured
at 352 nm (Hitachi U-2010 UV/VIS spectrophotometer) and a linear standard curve was
produced. The concentration of periodate in the liposome suspension was measured by
substituting 15 μL PCVs in place of aqueous NaIO4 in the method above. Calculations based
on the calibration curve yielded an average concentration of 33.4 mM NaIO4 in the liposome
suspension.

2.3. Thermal release of NaIO4
Temperature-dependent release of NaIO4 was observed spectrophotometrically by heating
PCVs suspended in an isoosmotic solution containing either L-DOPA or PEG-DOPA4. The
release of periodate from the liposomes was detected by rapid oxidation of both L-DOPA and
PEG-DOPA4, yielding a color change that is readily detectable by UV/vis spectroscopy [22].
The release of periodate in the presence of L-DOPA was first determined by diluting 15 μL of
NaIO4 liposomes into 5 mL osmotically balanced PBS (pH 6) containing 50 μM L-DOPA. A
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portion of this solution was placed in a cuvette, and a water bath and heat exchanger were used
to increase the temperature of the suspension from 25 °C to 50 °C at a rate of 1 °C min− 1. The
release of periodate was followed by measuring the absorbance of the liposome suspension at
320 nm corresponding to the oxidation of L-DOPA [22]. The thermal release of periodate and
subsequent oxidation of PEG-DOPA4 was detected using the same method by replacing L-
DOPA with PEG-DOPA4 (2.75 mg mL− 1).

2.4. Thermally triggered gelation of the PEG-DOPA4 hydrogel
Hydrogels were obtained by heating an equivolume mixture of PEG-DOPA4 (300 mg mL− 1)
and PCVs to 37 °C. Rheological measurements of the gelation process were made using a Paar
Physica modular compact rheometer 300. Measurements of storage modulus, G′, and loss
modulus, G″, versus time and temperature were made using a 50 mm diameter stainless steel
cone and plate geometry with a cone angle of 1° respectively. 600 μL of solution was placed
on the thermostated plate prior to repositioning of the cone. The hydrogel was maintained in
the hydrated state during measurement by placing the rheometer’s cover over the sample and
filling an area above the cone with water as intended by design. Approximately, 2 min elapsed
between the application of the sample and beginning of data collection. Measurements were
taken at 0.1 Hz and 1.0% strain over a 70 min period. During the first 10 min, the temperature
was maintained at 25 °C. The temperature was then ramped to 37 °C over the next 10 min and
then maintained at 37 °C for the remaining 50 min. At the completion of the gelation
experiment, both strain (0.04–1.0% strain at 0.1 Hz) and frequency sweep (1.68–10.0 Hz at
1.0% strain) experiments were performed.

2.5. Shear stress tensile measurements of the PEG-DOPA4 hydrogel on porcine tissue
Lap-shear tensile stress measurements were performed on porcine tissue following the
procedures described in ASTM standard F 2255-03 [28]. Slight modifications to the protocol
were used when appropriate. Aluminum test fixtures of dimensions 4 cm long, 2.5 cm wide
and 2 mm thick were used. Fresh porcine skin was obtained from the slaughterhouse and then
frozen for later use. A small piece of thawed skin was cut into rectangular sections slightly
larger than 2 cm × 2.5 cm and then placed onto the cryotome stage and allowed to refreeze to
− 25 °C. 120 μm thick slices were then cut using the microtome and placed in PBS for immediate
use. Porcine tissue slices were adhered to the aluminum fixtures with gel-type cyanoacrylate
glue and PBS-soaked gauze placed over the skin to maintain the hydration of the tissue. A mark
was placed 1 cm from the edge of the substrate and petroleum jelly spread on the tissue beyond
this line to limit the area of adhesive overlap between the two tissue surfaces.

For each tissue adhesion experiment, PEG-DOPA4 was first dissolved in PBS to a
concentration of 300 mg mL− 1 by vortexing for 2 min. PEG-DOPA4 adhesive precursor fluid
was prepared by mixing equal parts of the PEG-DOPA4 solution with PCVs to a final PEG-
DOPA4 concentration of 150 mg mL− 1. 100 μL of adhesive precursor fluid was applied at
room temperature to one surface of the aluminum-backed tissue substrate. Two copper wire
spacers (250 μm) were placed one at each end of the overlap area to create a space between
the two tissue surfaces as described by Yu and Deming [29]. A second aluminum-backed tissue
substrate was then placed on top of the first while being careful to ensure that the proper overlap
area was maintained. Saturated gauze and a 200 g weight were then placed on top of the test
pieces and placed into a container with PBS such that the ends of the gauze strips were
immersed into the solution to maintain hydration throughout the duration of the cure time. The
entire container was covered to avoid water evaporation and placed into a 37 °C oven for 24
h. The elapsed time between applying adhesive to the first surface and placing the test pieces
into the oven was approximately 10 min. For comparison purposes, tissue surfaces adhered
together using a commercial fibrin surgical adhesive (Baxter Tisseel) were prepared according
to the manufacturer’s directions with a slight modification of the above protocol to account for
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the absence of liposomes. The tissue surfaces were immediately approximated after the
application of adhesive to the tissue surfaces.

Lap-shear tensile strength was measured using an Instron machine. Test pieces were removed
from the container after curing for 24 h and allowed to equilibrate to room temperature for 15
min. The bonded fixtures were loaded until failure at a cross-head speed of 5 mm min− 1. A
minimum of ten samples per group were tested using this approach.

3. Results
Processing of PCVs yielded an average of 33.3 ± 4.2 mM NaIO4 from a starting concentration
of 42 mM, equating to an entrapment efficiency of 78%, which is similar to our previous results
for entrapment of aqueous salt solutions [30]. The PCVs were stable for at least 24 h of storage
at room temperature without appreciable release of entrapped NaIO4. Liposome suspensions
were tested for their ability to release NaIO4 upon heating by colorimetrically (320 nm)
monitoring oxidation of either L-DOPA or PEG-DOPA4. Mixtures of PCVs and L-DOPA
heated from 25 to 45 °C exhibited a marked increase in absorbance at roughly 37 °C (figure
2), indicating a rapid escape of NaIO4 from the PCVs and oxidation of L-DOPA. Similar results
were obtained for mixtures of PCVs and PEG-DOPA4 (figure 3), indicating that both release
of NaIO4 from the liposome interior and subsequent oxidation of polymer bound DOPA were
unaffected by the presence of PEG. Oxidation of the PEG-DOPA4 solution in this case did not
give rise to gelation due to the low polymer concentration used in the UV/vis experiments.

At higher polymer concentration, hydrogel formation was observed upon heating of the PEG-
DOPA4/PCV adhesive precursor fluid. This was studied by performing cone and plate
rheological measurements in which a solution containing one part PEG-DOPA4 in PBS and
one part PCVs was placed in the rheometer at ambient temperature. After an initial equilibration
period at 25 °C, the temperature was increased at a constant rate to 37 °C and was then held at
this temperature for an extended time. During the ambient temperature equilibration and the
initial portion of the heating curve, a slight change in storage modulus (G′) occurred (figure
4), indicating that the material remained fluid during this time. Upon reaching approximately
37 °C, G′ increased to over 1 kPa in less than 5 min, indicating that rapid gelation occurred.
Over the final 45 min of the experiment, G′ continued to increase, eventually rising to greater
than 6 kPa in the first 50 min after reaching 37 °C. Frequency and strain sweeps were both
performed at the completion of the gelation experiment. These experiments revealed <6%
change in G′ across the range of frequency and strain tested (data not shown), indicating that
an elastic gel had formed.

The tissue adhesive properties of PEG-DOPA4/PCV gels were studied on porcine dermal skin
surfaces. After curing the adhesive for 24 h at 37 °C, the PEG-DOPA4/PCV gels exhibited a
mean lap shear strength of 35 kPa (SD = 12.5 kPa, n = 11) (figure 5). Inspection of the tissue
surfaces after failure indicated a PEG-DOPA4/NaIO4 gel film on both tissue surfaces, which
is indicative of cohesive failure as opposed to adhesive failure at the tissue-adhesive surface.
Control experiments in which calcium-loaded liposomes [30] were used in place of PCVs, or
in which PEG-DOPA4 was replaced with unmodified PEG, showed no signs of adhesion as
all specimens failed before or during attempts to load into the mechanical test machine. Fibrin
adhesive yielded a mean lap shear strength of 6.9 kPa (SD = 3.2 kPa, n = 11) (figure 5), which
is within the range of strengths reported by our group and others for fibrin adhesives [2,10,
31]. Failure of the fibrin glue bound samples was noted to be of the cohesive type.
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4. Discussion
The barrier properties of liposome membranes are temperature dependent, having low
permeability to ions and small molecules at most temperatures but high permeability to these
species at temperatures near the lipid chain melting transition [32]. Thus at most temperatures
liposomes function as effective sequestering structures, giving rise to their well-known ability
to entrap biologically active molecules and therapeutic agents [33]. The concept of the thermal
release of reagents for medical applications was introduced many years ago by Yatvin and
coworkers, who sought to exploit intravenously administered liposomes for delivery of
therapeutics to tissues under the influence of mild external heating [34]. More recently, several
studies in our lab demonstrated the use of stimuli responsive liposomes to trigger the rapid
formation of biomaterials by warming from ambient to body temperature [35]. By using a
combination of DPPC (90%) and DMPC (10%), a phase transition temperature of
approximately 37 °C was achieved such that entrapped Ca2+ could be released through
temperature control to activate calcium-dependent reactions leading to polymer hydrogel,
mineral and mineral/polymer composite formation [30,36–40]. In the experiments described
here, NaIO4 instead of calcium was entrapped within liposomes and used as an oxidation
reagent to polymerize the PEG-DOPA4 solution into a rigid hydrogel suitable for use as a tissue
adhesive.

UV/vis experiments were designed to detect the temperature at which entrapped NaIO4 was
released during heating, relying upon the redox reaction between the periodate and the catechol
side chain of DOPA to form colored products absorbing in the visible range. The 320 nm
wavelength used in this experiment was selected based on the results of prior UV/vis studies
involving oxidation of DOPA-modified PEG polymers by NaIO4 and other reagents [22]. The
NaIO4 release data shown in figure 2 indicate that the PCVs behave as anticipated, exhibiting
a sharp increase in absorbance between 36 and 38 °C, reflecting the release of sequestered
periodate at the lipid chain melting temperature. Similar results were obtained when DOPA
was present in the form of a dilute PEG-DOPA4 solution, indicating that the presence of a PEG
polymer does not affect either the temperature of liposome release or the subsequent oxidation
reaction. In both cases a slight further increase in absorbance was observed at approximately
41°C, which is likely attributed to NaIO4 release from a small population of lipid vesicles
enriched in DPPC [30].

When PCVs were mixed with PEG-DOPA4 at high concentration, heating of the suspension
gave rise to rapid solidification into a hydrogel. This process was captured by oscillatory
rheology experiments, as is shown in figure 4. A good correlation between the spectroscopic
release data (figures 2 and 3) and the onset of gel formation was found, confirming that the gel
formation was directly correlated to the thermal release of NaIO4 from lipid vesicles. The
crosslinking reactions were studied in detail in a previous publication [22] and involve the
formation of quinone species which react via aryl coupling reactions or by a quinone tanning
pathway. In this way polymer chains become crosslinked together, with rapid gelation aided
by the branched architecture of the PEG-DOPA4 molecule. The maximum storage modulus
achieved was lower than reported previously for NaIO4 crosslinked PEG-DOPA4 [22], which
may be explained by the presence of liposomes entrapped within the hydrogel matrix.

To measure the tissue adhesive properties of the PEG-DOPA4 hydrogel, we chose a protocol
based on an ASTM lap shear method so that the results could be readily compared to the existing
and future studies of tissue adhesives. The use of appropriate controls and commercial fibrin
adhesive for comparison allows us to make some judgments about the tissue adhesive potential
of PEG-DOPA4 using this method. The results shown in figure 5 demonstrate that oxidation
by NaIO4 as well as the presence of DOPA on the PEG polymer are necessary requirements
for developing a strong adhesive bond. The PEG-DOPA4/PCV hydrogel yielded impressive
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shear strength results compared to fibrin adhesive, with mean shear strengths of 35 kPa and
6.9 kPa, respectively.

The strength of the existing medical adhesives such as cyanoacrylate, fibrin and gelatin
resorcinol is relatively well known and has been reviewed [2,10]. The loading environment
existing across an adhesively bonded soft tissue joint depends on the tissue type and anatomical
location, and protocols used for testing tissue adhesion vary widely among research groups.
Although it is difficult to directly compare literature values for tissue adhesives due to the
variety of methods and tissues used, Chivers and Wolowacz in their review of tissue adhesives
[2] stated as a general rule that typical tissue adhesive strengths are on the order of 1000 kPa
for cyanoacrylates, 100 kPa for gelatin resorcinol and approximately 10 kPa or less for fibrin
glues.

Our experimentally determined value for fibrin adhesive strength to porcine skin is therefore
consistent with the literature values described above, supporting our conclusion that the PEG-
DOPA4 hydrogel mechanically outperforms fibrin. We speculate that the improved mechanical
properties observed with the PEG-DOPA4 hydrogel reflect significant differences in the
composition and solidification mechanism compared to the fibrin adhesive. Fibrin adhesive
solidifies through noncovalent self-assembly of fibrin molecules into an insoluble fibrillar
network [41], which is subsequently rigidified through crosslinking of fibrin α and γ chains by
activated factor XIII (FXIIIa) enzyme [42]. The solidification of the PEG-DOPA4 hydrogel,
on the other hand, relies on covalent bond formation between soluble polymers to form a
crosslinked polymer network with a small mesh size [22]. It is noted that the storage modulus
of the PEG-DOPA4 hydrogel (~6000 Pa after 50 min) is considerably greater than that of a
fibrin clot (~50–500 Pa after 2 h [43]), which likely impacts the bulk mechanical (cohesive)
performance.

As for adhesive interactions that contribute to shear bond strength, both fibrin and PEG-
DOPA4 hydrogel are capable of forming covalent bonds at the interface with tissue, albeit via
very different mechanisms. In the case of fibrin adhesive, covalent bonds to tissue can arise
through FXIIIa catalyzed isopeptide bond formation between fibrin and extracellular matrix
proteins [44]. On the other hand, oxidation of PEG-DOPA4 gives rise to reactive quinone
species that are reactive toward amines and other residues present in proteins and can yield
covalent bonds to tissue surfaces [14].

Although we consider the current results highly favorable for the use of PEG-DOPA4 as a
surgical adhesive, additional refinement of the approach described in this study could give rise
to further improvements in adhesive strength. In this respect it is interesting to note that the
PEG-DOPA4 polymer used in this study has a DOPA content of only 6% by weight, whereas
mussel adhesive proteins have DOPA contents as high as 30% [45]. Thus, in the future it may
be possible to improve the adhesive performance by increasing the DOPA concentration in
these polymers. The observed shear strength is also interesting in view of our estimate that
over 30% of the volume of the adhesive hydrogel is occupied by liposomes, which presumably
contribute little to force transmission within the gel and may even be considered weakening
elements. If it is determined that liposomes weaken the adhesive, an alternative approach
involving a double barrel syringe device could be implemented to facilitate the mixing of
polymer and NaIO4 reagents just prior to use.

The use of NaIO4 to induce the gelation of PEG-DOPA4 hydrogels is a potential source of
concern for eventual clinical use due to its oxidizing properties [46,47]. Although the local and
systemic biological effects of periodate can only be determined through future in vivo studies,
we can make a few comments based on what we know about the redox reactions giving rise
to gel formation [22]. In the presence of a suitable species, consumption of electrons by an
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oxidation reaction will be accompanied by the reduction of periodate ion to iodate ion, which
in turn can be further reduced to iodide ion as follows [48]:

(1)

(2)

In the crosslinking system described here, the catechol side chain of DOPA is ultimately
oxidized to quinone and then further reacts to give rise to crosslinking of PEG-DOPA4. It is
important to note that DOPA exists in greater than threefold excess over periodate in the
reactions described here. Therefore, it is possible that most or all periodate is reduced to iodate,
a less toxic ion [49], and some iodate may even be further reduced to iodide. Nevertheless,
more detailed studies on the fate and biological effects of the oxidizing reagent are needed.

5. Conclusions
In this paper we describe a novel tissue adhesive that with further study could prove to be
valuable as an alternative to current solutions for tissue adhesion. By utilizing liposomes to
compartmentalize an oxidizing reagent in the same suspension with PEG-DOPA4, a liquid
adhesive precursor was created that can be stored at room temperature and then activated at
the wound site to form a rapid gel simply through warming to body temperature. The PEG-
DOPA4 gel produced lap shear strength to porcine dermal tissue, five times higher than that
of fibrin adhesive. With further research into the optimization of the polymer composition and
structure, the oxidizing reagent and method of delivery, it may be possible to create a mussel
adhesive mimetic polymer tissue adhesive that outperforms the existing surgical adhesives.
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Figure 1.
Chemical structure of the PEG-DOPA4 polymer used in this study. The average value of n is
55.
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Figure 2.
Thermally triggered release of NaIO4 from PCVs as detected by the oxidation of L-DOPA.
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Figure 3.
Thermally triggered oxidation of dilute PEG-DOPA4 by release of NaIO4 from PCVs.
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Figure 4.
Storage modulus and temperature versus time for thermally triggered gelation of the PEG-
DOPA4/PCV mixture. (This figure is in colour only in the electronic version)
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Figure 5.
Lap shear strength of porcine dermal tissue surfaces adhered for 24 h at 37 °C with mixtures
of PEG-DOPA4/PCVs, PEG-DOPA4/PCVs, PEG/PCVs and commercial fibrin adhesive. The
sample size for each group was n = 11.
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