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There is a significant medical need for tough biodegradable polymer adhesives that can recover from mechanical deformations while remaining strongly attached to the underlying tissue.[1] Although numerous tissue adhesives exist, presently none of them can withstand high tensile strength[2] or can be applied in a tape or sheet format with a programmable degradation rate that coincides with healing.[3] The materials would be particularly useful as replacement or support for sutures that are sometimes difficult to manipulate during laparoscopic or microscopic procedures, and/ or could be used as patches to aid in hemostasis and improve the visibility of the operative field. These advantages can potentially shorten operating time and tissue handling, as well as reduce surgical complications such as infection. 
In an effort to develop a tissue adhesive that satisfies the above requirements, we have turned to nature for inspiration, specifically, by mimicking the geckos’ ability to attach to vertical surfaces and support their weight. The mechanism of this biological phenomenon was recently elucidated;[4] nearly two millennia after Aristotle first reported it. The amazing adhesive properties of the gecko lie in the clever use of topographic patterns. Specifically, each gecko foot is covered with as many as 500,000 fine hairs or pillars, each tipped with hundreds of projections known as spatulae (~500 nm in diameter). These pillars of spatula allow the gecko foot to conform and adhere to a variety of rough terrain, hence, maximizing interfacial contact to enhance adhesion.  
Recent efforts have lead to the development of gecko-mimicking adhesives.[6,7] These adhesives share many properties to their natural counter-part. First, synthetic gecko-based adhesives are dry systems since they do not require glue to achieve adhesion. Since it is a solid-state device, the application of this material to an injury is straightforward and can potentially speed up operating times. Second, the fibrillar design of synthetic gecko adhesives enhances mechanical compliance for the interface and therefore provides good conformability to a variety of surfaces, thus improves contact with surfaces with various roughnesses such as tissue that is a non-planar interface. Given these advantages, the inspiration of the gecko design is particular interesting in terms of to the development of tissue adhesives. However, tissue adhesives for wet conditions require a separate set of design criteria; therefore, the dry, synthetic gecko adhesive alone is insufficient for application to tissue adhesion. These additional requirements include: 1) biocompatibility and biodegradability, 2) mechanical compliance, 3) incorporation of drugs, growth factors, or antibiotics, 4) strong adhesion under wet conditions and 5) minimal inflammatory immune response. 
Previously, we have developed a tough, biodegradable elastomeric polymer called poly(glycerol-sebacate) (PGS) prepared by polycondensation of glycerol and sebacic acid.[8] To facilitate nanopatterning of the polymer by molding methodologies, we chemically modified the PGS through the incorporation of acrylate side groups to form the linear poly(glycerol-sebacate-acrylate) (PGSA). To incorporate the hair-like protrusions of the gecko, we patterned our PGSA material by nanomolding (Fig. 1). First, the viscous PGSA polymer is deposited onto a silicon template to fill the features on the template. Next, the material is photocured by irradiation with ultraviolet (UV). This photocuring process occurs very rapidly and yields a nanopatterned material with elastomeric properties. Additionally, the mechanical properties of this elastomer can be tuned by adjusting the extent of acrylation, i.e. controlling the number of crosslinkable acrylate sites along the PGSA backbone.  

Since the gecko primarily relies on van der Waals attraction for adhesion, the nanopattern surface alone is insufficient in providing strong adhesion to wet tissue. Hence, to enhance adhesion to tissue, we have developed an aldehyde chemistry that is compatible to tissue and facilitates processing for the nanopatterned surface. Specifically, we coated the PGSA nanopatterns with a thin layer of oxidized Dextran (DextOx) (Fig. 1). As in other oxidized polysaccharides, the terminal aldehyde groups in DextOx react with protein amine groups forming a reversible imine bond. Furthermore, the aldehyde groups of DextOx can also form hemiacetal bonds with the free hydroxyl groups from the glycerol subunit on the PGSA polymer surface to improve adhesion to the underlying PGSA interface. The biocompatibility and biodegradation of DextOx has been evaluated recently, making this polymer an interesting tissue interfacing material. The coating process simply involves spin-coating DextOx onto the PGSA nanopattern surface (Fig.1) to yield the final nanopattern bioadhesive.  
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Figure 1: a) PGSA elastomer is nanopatterned by molding with a silicon template and cured with UV. To enhance adhesion to tissue, oxidized Dextran is coated onto the pillar surface. b) This approach results in an adhesive that mimics the properties of gecko feet.

Shear or sliding adhesion tests were used to determine the adhesion strength of the nano-patterned substrates (without chemical surface modification) to porcine intestinal tissue (Fig. 2a-d). This test mimics the shear forces that are applied to the tissue adhesive after surgical placement. We quantify the adhesion of the patterns by measuring the separation stress (force/macroscopic contact area) from the tissue. To allow comparison across different patterned PGSA (Fig. 2a), we normalized the adhesion strength of the patterned PGSA against the response for the non-patterned PGSA. In general, most of the nano-patterned surfaces (without DextOx coating) provided nearly a two-fold increase in adhesion (Fig. 2c). Additionally, the pattern dimensions play a significant role in the degree of enhanced adhesion. As a comparison, we relate tissue adhesion strength as a function of tip diameter to pitch length for the patterns with different pitch lengths to illustrate that this trend is observed across different pitch lengths. Of all the PGSA patterns tested (Fig. 2a), pattern 9 provides the highest tissue adhesion and is subsequently used for further development of the DextOx coated tissue adhesive. As Fig. 2d illustrates, a DextOx-coated nanopatterned surface provides an even greater enhancement in shear adhesion compared with the smooth PGSA surface (3 times increase in strength). This example illustrates the importance of tailoring both the surface chemistry and interfacial morphology to maximize the properties of the adhesive for interfacing with tissue. 
[image: image2.jpg](min)

10 30 60 90

Time

5

0

AN

O

porcine tissue

D)

tip dimeter, T

ot - -

(wn) yibua

=S
© 5 o
= —
o o = =
- O @ |
= 2 58
= Q o | ==
i 22|
< O -
R o
& R
© _ X
m | o
| —
el | v @ ! To)
- R _ (-
o 0 S o _ o
= < £ " B
G.H.W © | o
- - " X
m - " W.
o _
| | | | I D ﬂ | | | | | m 1
o~ — = ™ N o
UoISaypYy aAle|9y UoISaypy sAlje|9Y

base dimeter, B

Length (pum)1 2 3 Length (pm) 1 2 3

DXTA Concentration




Figure 2: a) Quantification of the nanopillar geometry for all the nanopatterned PGSA materials. b) Schematic of the shear adhesion test. c) Enhancement in adhesion (separation stress) of the nanopatterned PGSA compared with the non-patterned PGSA as a function of pillar dimensions. d) Effect of DextOX coating on the relative adhesion. e) Degradation profile of the nanopattern 9 (Fig. 2a) in 1N NaOH solution. The data bars correspond to the same color scheme as Fig. 2a. f) SEM of a degraded nanopatterned PGSA sample that underwent enzyme degradation.    
We have also carried out biodegradability of the nanopatterned PGSA material by measuring changes in pillar geometry in 1 N solution of sodium hydroxide by using time-lapsed optical profilometry to characterize the changes in pillar profiles (Fig. 2e). To investigate pattern degradation in more physiologically relevant conditions, we subjected the PGSA patterns to degradation in 1 U/ml of cholesterol esterase enzyme. We observed that the pillars remained intact while bulk degradation occurred after eight days of degradation (Fig. 2f). Finally, we are currently testing the biocompatibility of our bioadhesive in-vivo. Specifically, the bioadhesive is being assessed through implantation of 1 cm2 adhesive patches in the peritoneal cavity of rats. Based on our previous work, the PGSA polymer is biocompatible and biodegradable, therefore, we expect our findings to corroborate with our previous results and the aim of the in-vivo testing is to determine the effect of processed nanopatterned surfaces and the DextOx coating on tissue biocompatibility, tissue adhesiveness and cell proliferation.
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