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Surgical adhesives for laser-assisted wound closure

Diane E. Hodges

The University of Texas at Austin
Biomedical Engineering Laser Laboratory
Austin, Texas 78712

and

Motorola

Austin, Texas 78721

Karen M. McNally

Rose—Hulman Institute of Technology

Department of Applied Biology and
Biomedical Engineering

Terre Haute, Indiana 47803

Ashley ). Welch

The University of Texas at Austin
Biomedical Engineering Laser Laboratory
Austin, Texas 78712

Abstract. Solid protein solder-doped polymer membranes were de-
veloped for laser-assisted tissue repair. Biodegradable polymer mem-
branes of controlled porosity were fabricated with poly(L-lactic-co-
glycolic acid) (PLGA), poly(ethylene glycol) (PEG), and salt particles,
using a solvent-casting and particulate-leaching technique. The mem-
branes provided a porous scaffold that readily absorbed the traditional
protein solder composed of serum albumin, indocyanine green dye,
and de-ionized water. In vitro investigations were conducted to assess
the influence of various processing parameters on the strength of tis-
sue repairs formed using the new membranes. These parameters in-
cluded PLGA copolymer and PLGA/PEG blend ratios, membrane pore
size, initial albumin weight fraction, and laser irradiance used to de-
nature the solder. Altering the PLGA copolymer ratio had little effect
on repair strength, however such variations are known to influence
the degradation rate of the membranes. The repair strength increased

with increased membrane pore size and bovine serum albumin con-
centration. The addition of PEG during the membrane casting stage
increased the flexibility of the membranes but not necessarily the re-
pair strength. Typically, the repair strength increased with increasing
irradiance from 12 to 18 W/cm?. The new solder-doped polymer
membranes provided all of the benefits associated with solid protein
solders including high repair strength and improved edge coaptation.
In addition, the flexible, moldable nature of the new membranes of-
fers the capability of tailoring the membranes to a wide range of clini-
caIIy relevant geometries. © 2001 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1412436]

Keywords: poly(L-lactic-co-glycolic acid) (PLGA); albumin protein solder; indocya-
nine green dye; diode laser; laser-tissue welding.

Paper JBO-20026 received June 29, 2000; revised manuscript received April 5,
2001; accepted for publication May 3, 2001.

to enhance the adhesion of the adjacent tissue edges. The
Fesulting denatured solder is nonimmunogé&hémd is gradu-
ally absorbed in the normal wound healing procéssMore-

1 Introduction
Laser-tissue welding techniques have proven advantages ove

conventional mechanical wound closure techniques when su- ) -
turing or stapling techniques are difficult or impossible to per- over, the presence of the solder coagulum increases the initial
laser weld strengthICG has a maximum absorption coeffi-

form. These advantages include reduced suture and needle

1 : _ cient at 805 nm o2 x 10° mg*cm™ ! and binds preferentially
trgumg, reduped f'ore.lgn. body respon%e.edqced bleed!ng with serum proteirt® ensuring that heat is efficiently trans-
with immediate liquid-tight anastomosis intraoperatively,

- | ) Y» ferred to denature the protein solder. Since tissue absorption at
faster healing, and the potential for simpler methods of mini- i \avelength is minimal, the amount of collateral thermal
mally invasive and endoscopic wound clostiespite these  gamage to the tissue by direct laser light absorption is mini-
obvious advantages and the extensive research completed ifyized.

this area, laser-assisted tissue repair has yet to gain wide- Use of a biodegradable polymer scaffolding to hold the
spread clinical acceptance. Experiments have shown unreli-solder during laser repair is an emerging technique shown to
able fusion strengtf;® poor repeatability, thermal damage to improve the success rate and repeatability of the solder tissue
the tissué, and technical difficulties associated with tissue welds’ Solid protein solder-doped membranes eliminate
apposition. The addition of endogenous and exogenous mate-‘runaway” associated with less viscous, free running liquid
rials to be used as solders and the use of laser wavelengthsolders. The solder-doped polymer membranes are also less
specific choromophores have improved the weld strength andbrittle and more flexible than solid solder-only strips. This
repeatability of laser repairs while reducing tissue thermal technique is ideal for clinical applications requiring the solder
damage. The combination of serum albumin and indocyanine Mmaterial to be modeled or shaped into various geometries.
green dye(ICG) has shown promising resuft€- The albu- The aim of this study was to determine the optimal param-

min solder is denatured at the repair site during laser welding &ters for laser-assisted wound closure using a surgical adhe-
sive consisting of a polymer membrane doped with solid pro-
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tein solder. Anin vitro study was performed to investigate the duced the laser power by 77%. Diode powers of 212, 265, and
influence of various processing parameters on the strength of318 mW, calibrated with a power metékMolectron EPM
tissue repairs made with the new adhesives denatured by ar2000e and a thermopile detectdiMolectron PM30, were

805 nm diode laser at a range of laser irradiances. delivered to the surgical adhesive surface resulting in irradi-
ances of approximately 12, 15, and 18 Wfcnespectively. A
2 Materials and Methods translation stagéOriel Corp) moved the specimen under the

21 Sursical Adhesive P i beam at a scanning speed of 0.3 mm/s. Each scan went ap-
: urgica esive Freparation proximately 0.5 mm beyond the end of the strip. Total irra-

Liquid protein solder solutiorwas prepared from bovine se-  diation time for four passes was 80 s.

rum albumin(BSA) (Sigma Chemical C9.(25% and 50%

and ICG dye(Becton Dickinson (0.25 mg/mL that was 2.4 Surgical Procedure

mixed in de-ionized water. The protein solder was stored in a

lightproof vial at 4°C until needed. Solution remaining after

10 days was discarded.

Biodegradable polymer membranesre fabricated with
poly(L-lactic-co-glycolic acigl (PLGA) (Sigma Chemical Co.
(85:15 and 50:50 copolymer rajiand polyethylene glycol
(PEGQ (Sigma Chemical C¢.(PLGA/PEG blend ratios of
100:0 and 70:3D using solvent-casting and particulate-
leaching techniques. Dry PLGA and PEG powders were dis-
solved in dichloromethanéSigma Chemical Co.and com- . .
bined with sodium chloride =106 and 106-15qum, 70 2> Strength/Breaking Load Analysis _

Wt %) to control the size and number of pores in the final Stréngth testing was performed on each specimen after the
membrane. The mixtures were cast in covered 60 mm PetriiNCision was repaired. The specimen was mounted horizon-
dishes and left overnight in a fume hood to allow the dichlo- tlly in the grips of a gravity based weld strength-measuring

romethane to evaporate. The following day, the membranesdevice:® On one end, the specimen grip was fixed, while the
were submersed into filtered, de-ionized water to leach the Other end was free to slide in a track. A cup was suspended
salt particles from the polymer, resulting in a porous polymer from the free end.and water was ad.ded.to the cup at a constant
membrane. The membranes were left to soak in the water forate of 450 mL/min. When the repair failed, the two halves of
12 h. During this period, the water was changed four to five the tissue separated and the flow of water was stopped. The
times. The membranes were then air dried and cut into rect- force required to break the repair was computed using the
angular strips having nominal dimensions1o8x 5 mn?. total mass of the cup plus the waténe mass that was needed
Membrane stripsvere doped by soaking them in the liquid to overcome friction in the sliding mechanism and to initiate
solder mixture for 2 h. By capillary action, the solder was Mmotion of the free end of the specimen grips was measured
drawn into the membrane pores. The strips were removed fOr €ach specimen and subtracted from the breaking mass
from the excess solder and allowed to dry on pieces of poly- Ten specimens were tested for each combination of membrane
film. Dried strips were stored in lightproof glass vials at room COMposition(PLGA copolymer ratio, PLGA/PEG blend ra-
temperature until needed. The resulting thickness of the fi0), membrane pore size, albumin weight fraction, and laser
solder-doped polymer membranes, determined by measurelrradiance used to denature the solder. A total of 480 speci-
ment with precision calipers, wastO= 6 um. Strips that re- ~ Mens were repaired and tested during this study.
mained after 10 days were discarded.

Before use, the aortas were thawed and cut into rectangular
specimens with approximate dimensions 2% 1 cn?. The

intima side of the aorta was used as the repair surface. A full
thickness incision was cut through the specimen width using a
scalpel and opposing ends were placed together. The strip of
adhesive was placed perpendicularly across the junction of the
served aorta specimen. A weld was created by denaturing the
protein solder with four passes of the diode laser output.

3 Results

The breaking load of the tissue repairs as a function of adhe-
Bovine thoracic aortas were obtained from a local slaughter- sjye processing parameters and laser irradiance is shown in
house(Taylor Meat Company, Taylor, TX Fat and excess  Figures 1-4. The small and large membrane pores refer to
adventitial tissue were removed to obtain an aorta thickness of membranes fabricated usirgl06 and 106—15@m salt par-

approximately 1 mm. The aortas were soaked in phosphateticle sizes, respectively. Figures 1 and 2 show the results of
buffered saline(0.01 M phosphate buffer, 0.137 M sodium  experiments conducted on PLGA only membranes at the two
chloride, pH 7.4) (Sigma Chemical Compaiyor 15 min to copolymer ratios investigated, 85:15 and 50:50, respectively.
remove blood from the tissue surface. The aortas were thenFigures 3 and 4 show the results of experiments conducted on

2.2 Tissue Preparation

wrapped in saline soaked gauze and stored-20°C until PLGA/PEG membrane§0:30 at the two PLGA copolymer
required:® Unused tissue was discarded after 7 days. ratios investigated. The breaking load and standard deviation
for each value of laser irradiance and adhesive parameters
2.3 Laser System were determined from an average of 10 repairs. Extreme
A GaAlAs semiconductor laser diode with a nominal output mathematical outliers were calculated using the box and whis-
power of 5 W and wavelength of 805 n{@pto Power Corp. ker method, and were removed from the mean and standard

was used to denature the protein solder. The laser radiationdeviation calculations.

was focused through a series of optical polarizers onto the The dehiscence rate was 1.7% for adhesives containing
specimen, which was held at a fixed position. The diode was 25% BSA. The dehiscence rate was 5.0% for adhesives con-
operated in continuous mode with a spot size at the tissuetaining 50% BSA. Two different failure mechanisms were ob-
surface of 1.5 mm. Losses through the optical polarizers re- served in the tissue repairs: cohesive failure and interfacial
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Fig. 1 Breaking load of tissue repairs formed using PLGA only mem-
branes with 85:15 copolymer ratio.

failure. These terms are based upon Comyn’s representation
of single lap joint fracture modé&8.Cohesive failures occur
when the adhesive strip breaks into two halves, but each re-
mains attached to the tissue. Interfacial failures occur when
the strip remains intact but detaches from the tissue. Only
3.5% of the failures were cohesive. The strength of the cohe-
sive failures was typically lower than that of the interfacial
failures, however there are a few distinct cases in which the
strength of the cohesive failures were significantly higher than
the interfacial failures. Due to the dominant breaking mecha-
nism being that of interfacial failures, breaking load measure-
ments are more appropriate for comparing the various adhe-
sive parameters than tensile strength calculations. Finally, the
breaking strength of the adhesive alone, without tissue or laser
irradiation, was significantly high€218.4+15.6 g than that
of the tissue repairs formed using the adhesi&l.6
+8.60.

Several trends are evident from Figures 1-4.

(i) The strength of the tissue repairs generally in-
creased with increased irradiance for the values
tested. For one cag®5:15 PLGA with 50% BSA
and large pores in Figure increasing the intensity
from 15 to 18 W/cr lowered the strength of the
repair as statistically proven with a 0.05 level of
significance Student T test.
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Fig. 2 Breaking load of tissue repairs formed using PLGA only mem-
branes with a 50:50 copolymer ratio.
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Fig. 3 Breaking load of tissue repairs formed using 70% PLGA and
30% PEG membranes with a 85:15 PLGA copolymer ratio.

(i)

Increasing the BSA concentration from 25% to
50% improved repair strength.

Increasing the pore size of the membranes gener-
ally improved the repair strength except for one

case, 85:15 PLGA, 25% BSA adhesives irradiated
at 18% W/cr shown in Figure 1.

In general, the addition of PEG to the initial poly-
mer mixture did not affect the final repair strength.
Student T tests show the strengths were statistically
the same for 21 of the 24 different comparisons.
The tree variant comparisons had decreased repair
strength when 30 wt% PEG was added to adhe-
sives consisting of 85:15 PLGA, large pore mem-
branes, and 25% BSA solder when irradiated with
12 or 18 W/cm, as shown in Figure 1.

(iii)

(iv)

The maximum breaking load achieved for tissue repairs

using laser-activated surgical adhesive Was+ 8.6 gfor the
106—-150um large pore, 85:15 PLGA only membranes doped
with 50% BSA solder irradiated at 15 W/ém

The strength of repairs formed using the lower irradiance

of 12 W/cn? was not significantly better than that formed
using traditional liquid25% BSA) protein solders without the
polymer membrane as a backbdi34.8+ 3.8 g(refer to Table

1)]. While the repair strength improved with increased irradi-
ance, the strength of repairs formed using irradiances of 15
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Fig. 4 Breaking load of tissue repairs formed using 70% PLGA and
30% PEG membranes with a 50:50 PLGA copolymer ratio.
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Table 1 Breaking strength of the native aorta and strongest repairs volume ratio. The porous adhesive will support cell differen-
formed using liquid solder (Refs. 21 and 22), solid solder (Refs. 21 and tiation by mimicking the extra cellular matrix of tissue. Addi-
22), and solder-doped membranes. tionally, larger membrane pores result from the use of larger
salt particles during fabrication of the membrane. Larger
Iradiance  Breaking strength pores allow more solder to penetrate the membrane. The in-

Solder type (W/em?) (9) crease in solder may be the reason for the stronger repairs
noted with adhesives processed with the larger salt particles.
Liquid solder (25% BSA) 127 34.8x3.8 In general, no statistical significant difference was ob-
Solid solder (60% BSA) 6.4 01 5+42 served for the adhesives fabricated with PEG determined us-
ing a student T test with a 0.05 level of significance. However,
Solder-doped membrane 15.0 81.6+8.6 the rationale for the addition of PEG was not to improve the
(50% BSA, 85:15 PLGA) adhesive strength, but to improve the material flexibility and
Native fissue 804447 possibly decreasen vivo immunological responses. Due to

PEG’s water solubility, most of the PEG is leached from the
membrane when submersed in water and leaves
micropores’*? The micropores improve the membrane flex-
ibility needed forin vivo applications with unique geometries.
Additionally, it is well documented that modifying material
surfaces with PEG can suppress or eliminate protein absorp-
tion and platelet adhesion while improving interfacial
chemistry?®?” Thus, the small amount of PEG remaining in
the adhesive may improve biostability and synergistic blood
. . compatible effect$®*°

4 Discussion Finally, increasing the BSA concentration of the solder
The irradiance of 15 Wi/chfor the maximum strength is  from 25% to 50% increased the repair strength of the adhe-
much higher than previously reported for liquid or solid sSives(Figures 1-4 This observation supports the results of
solderst’?%?2This increase is believed to be due to scattering previous tissue soldering experiments, which showed that the
of the laser light in the adhesive and the packing density of tensile strength of repairs was improved with the use of in-
the soldef. Sacrificing some of the tissue repair strength for creased protein concentratiofs?

increased adhesive control and flexibility can be advantageous

in surgical procedures with irregular geometries. Additionally,

maximum repair strength may not be the ideal procedure end5 Conclusion

point because it may be associated with an unacceptableThe features of the new laser-activated surgical adhesives pre-
amount of thermal injury. Surgeons generally look for visible sented could greatly improve the future of clinical applica-
signs of the tissue being denatured, such as discoloration, asjons of laser—solder wound closure. The properties of the
markers of the end point of welding procedures. This is a adhesives can be easily tailored to meet the specific require-
highly subjective and qualitative indicator. In this study, ments of a range of clinical applications including vascular
bonds formed at iradiances where no color change was ob-anastomoses, urethral reconstructions, and spleen and liver
served. Perhaps visual indicators of tissue denaturation shouldacerations. The reinforcing materials might additionally serve
be replaced with the use of predetermined irradiance and ex-as carriers for antibiotics, growth factors, or other drugs to aid
posure times. This is feasible with these surgical adhesivesj, healing. In the future, it may be possible to use large
because of their uniform charact_erist?és. patches of this adhesive in the field as a simple and effective
PLGA was selected for the biodegradable membrane be- yethod by which to stop bleeding and repair wounds quickly
cause this hydrophilic polymer and its individual constituents i, emergency situations. The results obtained in ihisitro
(polylactic acid and polyglycolic acjdare commercially  stydy are encouraging for the future of laser-assisted tissue
available, and are already FDA approved for surgical proce- repair. Further studies in &an vivo setting will be required to
dures. These polymers gradually degrade into lactic acid andgygjyate the postoperative recovery rate, the effects of the

glycolic acid which are found in the human body. However, |aser and adhesive on surrounding tissue, neovascularization,
these acids will lower thepH of the local cell environment.  anq tension on the repair site.

Semicrystalline L-polylactic acid was selected for increased
mechanical strength and toughness.

For most combinations, altering the PLGA copolymer ratio
had little effect on repair strength, however such variations
are known to influence the degradation rate of the adhesives.The authors thank Dr. Christine Schmidt and Terry Hudson,
The copolymer has a significantly higher degradation rate Dept. Of Chemical Engineering, The University of Texas at
than the individual polymers due to the alternating chain Austin; Dr. Antonios Mikos, Cox Laboratory for Biomedical
structure that reduces crystallinity. The 50:50 copolymer ratio Engineering, Rice University; and John Mendenhall, Cell Re-
will degrade faster than the 85:15 ratios and can be easily search Institute, The University of Texas at Austin, for their
altered to match the rate of tissue regeneratiorivo. The helpful discussions. This work was supported in part by the
porous structure of the polymer membrane will further in- Texas Advanced Technology Program, Grant No. 003658-
crease the degradation rate due to the high surface area t®53, the U.S. Office of Naval Research, the FEL Program,

W/cn? to activate the adhesives was still inferior to that
achieved using traditional solib0% BSA protein solders
[91.5+4.2 g (refer to Table 1]. However, the strength of re-
pairs formed using the adhesives denatured at 15 Aom-
pared favorably with the strength of the native adi8.4
+4.7 g (refer to Table 1].
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