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Chapter V 

U L T R A S T R U C T U R A L S T U D Y O F T H E L A S E R W E L D I N G P R O C E S S * 

T. Menovsky, M. van den Bergh Weerman, 
J.F. Beek, & M.J.C, van Gemert 

The choice of the laser system and laser settings used for t issue fusion is 
based on empirical data, as the mechanism of t issue welding is not yet fully 
understood. Several protein solders have been used to increase the tensile 
strength of the welded t issue, suggesting that the amount and availability of 
certain proteins play a role in the bonding mechanism (ClKRIT, 1990; POPPAS 
1992; see also Chapter IV). Understanding the mechanism responsible for 
the fusion could lead to an appropriate selection of laser wavelength, power 
density, pulse duration, spot size and type of solder for the part icular t issue 
to be welded. In this way, a combination of maximal tensile strength and 
minimal thermal damage can be achieved. 

The aim of this study was to elucidate the mechanism of CO2 laser t issue 
welding of dura mater and peripheral nerves, with emphasis on the ultra-
stuctural alterations in t issue morphology which occur during laser welding. 
Furthermore, the role of a protein solder in t issue welding was investigated. 
Welding of the tissues was performed both with and without the use of a pro
tein solder and the specimens were examined immediately after the experi
ments using scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). 

Materials and methods 

The study was approved by the local Animal Welfare Committee. Dura mater 
(n=10) and tibial nerves (n=10) of New Zealand white rabbits (weighing 1.9-
2.5 kg) of both sexes were used. All animals were used in other experiments 
and the tissue specimens were collected just before the animals were sacri
ficed. Each dura section and nerve was transected with a scalpel in two sec
tions of approximately the same size. 

The pieces of dura mater were welded together at 100 mW with five sing
le laser pulses of 1.0 s duration at the repair site, both with and without 
addition of a solder. In the solder group, the dura was first welded with one 
pulse of laser energy, which provided initial bonding, and then one drop of 
solder (egg white) was applied using a small spatula to the repair site. With 
the solder covering the repair site, the area was again irradiated with an addi
tional four pulses of laser energy to further bond the t issue. In the nerve wel
ding group, the opposite nerve ends were closely approximated, the epineur-
ium of one of the nerve sections was pulled over the other nerve section and 
welded to the underlying epineurium (Fig. 3.1a). In the solder group, the epi-

*based on MENOVSKI T, 1996A & 1997c. 
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neurium was welded as described in figures 3.1c. The laser settings used 
(100 mW, 1.0 s pulse duration) have previously been shown to produce the 
greatest tensile strength in vitro in LANR (Chapter IV). 

Several dura and nerve specimens were underexposed (0.5 s pulse dura
tion) and the same set of tissues were overexposed (2.0 s pulse duration) in 
order to compare these welds to the successful welds. The control group con
sisted of nonirradiated dura mater and nerves. The C 0 2 milliwatt laser used 
for the experiments is described in chapter IV. 

After the welding procedure, the specimens were fixed in Karnovsky's 
fixative. For the SEM study, the specimens were dehydrated in a graded ace
tone series, dried by the critical point drying process, mounted on alumini
um stubs with colloidal silver paint, and sputtered with gold-palladium. Both 
the surface of the tissues as well as cross sections through the welded site 
were examined using a scanning electron microscope (ISI-SS40, Japan). 

For the TEM study, the specimens were postfixed in osmium tetroxide, 
dehydrated in acidified 2,2-dimethoxypropane, and embedded in epoxy 
resin. Semi-thin sections were cut (1.5 um), and stained with toluidine blue 
for light microscopy. Areas of interest were selected, cut in thin sections (70 
nm), stained with tannic acid (DlNGEMANS, 1990), uranyl acetate, and lead 
citrate, and examined in a transmission electron microscope (Philips CM 10, 
Eindhoven, The Netherlands). Longitudinal as well as cross-sections through 
the welded site were studied. 

Results 

Adequate tissue bonding was observed only in the optimally irradiated spe
cimens (100 mW, 1.0 s pulse duration). Moreover, it was observed during tis
sue manipulation that the bonding of the tissues was much stronger in the 
solder group. In the underexposed and overexposed specimens, the tissues 
were inadequately bonded and some specimens did tear apart during prepa
ration for SEM and TEM. 

The appearance of the normal, nonirradiated dura mater and epineurium 
of the nerve is shown in figure 5.1 for SEM and in figure 5.5 for TEM. Both 
tissues appear as a fibrous mesh network consisting of mainly loose nono-
riented interweaving strands of collagen fibrils. The collagen fibrils are less 
than 70 um in diameter and are striated. Some elongated fibroblasts are also 
present. The epineurium is composed of connective tissue which is conden
sed at the surface of the nerve to form a definitive sheath. It consists of a 
loose meshwork of collagen fibrils and occasional elastic fibrils. Collagen 
fibrils predominate, are mainly longitudinally oriented, and are collected 
into bundles that interact in all directions to outline an irregular pattern. 
Like in the dura mater, some fibroblasts are present. 

Scanning electron microscopy 
LASER WELDING 

The dura mater and the epineurium of the nerve after welding had a specific 
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Ultrastructural Study of the Laser Welding Process 

Fig. 5.1. Scanning electron micrograph of the normal epineurium (left) and dura mater 
(right) (original magnification x 2.800 and 4,700). 

Fig.5.2. Scanning electron micrograph of die welded dura mater at the repair site (original 
magnification x 1,160). Note the homogenised and hardly recognisable collagen fibrils 

fused together 
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appearance which was present in all specimens. From the outside, the repair 
site was easily identified as a slightly depression in the specimen caused by 
the impact of the laser beam. 

At the repair site, the fine loose structure of the collagen fibrils was lost. 
The individual fibrils were hardly recognisable and appeared to be homoge
neously blurred and swollen (Fig. 5.2). The cutting edges of the tissue appe
ared to be merged by adherence and fusion of the collagen fibrils. Towards 
the periphery of the repair site, the individual fibrils were tightly packed 
together (Fig. 5.3). The diameter of the fibrils was enlarged by an average 
factor of 6. The nonoriented strands of collagen fibrils were parallelly alig
ned after laser irradiation (Fig. 5.3). At the border of the lesion, the occur
rence of these changes decreased and there was a transient shift to normal 
tissue. In several specimens, some coagulated tissue debris with a homoge
nous appearance adhering to the collagen fibrils was observed, suggesting 
that this tissue debris acted as a microsolder. In general, there was no morp
hological difference between the welded dura mater and the epineurium. 

SOLDER-ASSISTED LASER WELDING 

The solder became a solid glue after laser irradiation, covering the repair 
site. Therefore, the surface of the dura mater and peripheral nerve at the 
repair site was not visible. The coagulated solder appeared as a dense homo
genous mass, elevated from the surface. At the direct repair site, the coagu
lated solder clanged to the tissue, forming an outer cuff (Fig. 5.4). On cross 
sections, the solder was intimately fused with the collagen fibrils, the contact 
between the solder and the tissue being very close. 

Along the longitudinal interface of the solder and tissue, the solder had 
penetrated into the tissue and was fused on and between the collagen fibrils. 
The collagen fibrils at the periphery of the repair site showed the same char
acteristic changes as in welding without the solder. In the cross sections, 
some small air bubbles could be observed within the coagulated mass of the 
solder. 

Transmission electron microscopy 
LASER WELDING 

In general, there was no morphological difference between the welded dura 
mater and welded epineurium, hence these results will be described 
together. At the repair site, the fine loose structure and periodicity of the col
lagen fibrils was lost. The individual fibrils were hardly recognisable and 
appeared to be homogeneously blurred and swollen (Fig. 5.6). The diameters 
of the fibrils were enlarged by an average factor of two. The cutting edges of 
the tissue appeared to be merged by adherence and fusion of the collagen 
fibrils. Immediately next to the repair site, the collagen and the elastic fibrils 
were tightly packed together. More towards the periphery of the laser irra
diation site, the occurrence of these changes decreased and there was a 
transient shift towards normal tissue. In several specimens, a small zone of a 
dense homogenous mass, probably representing coagulated tissue debris 
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Ultrastructural Study of the Laser Welding Process 

Fig. 5.3. Welded dura mater at the periphery (original magnification x 870). Note the 
paked collagen fibrils, oriented mainly parallely. 

Fig.5.4. Longitudinal section through the welded peripheral nerve with the use of a (ori
ginal magnification x 410). Note the coagulated solder fused to the outer surface of the 

epineurium. 
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(lysed cells) was fused with collagen of the two adjacent cutting edges of tis
sue, again suggesting that this t issue debris acted as a microsolder. 

Areas with poor tissue-to-tissue apposition were inadequately and incom
pletely fused. In underexposed specimens, the changes described above 
were less prominent. In overexposed specimens, the tissue was disrupted and 
small air bubbles could be observed within the tissue. The repair site had a 
dense homogeneous appearance and the cellular structure was not recogni
sable anymore. 

SOLDER-ASSISTED LASER WELDING 

At the direct repair site, the coagulated solder was fused to the t issue, for
ming an outer cuff. On cross sections, the solder was intimately fused with 
the collagen fibrils, the contact between the solder and the tissue being very 
close. The collagen and elastin fibrils at the repair site showed the same 
characterist ic changes as in welding without the solder. However, the ther
mal damage to the tissue and especially at the periphery was much less. 

In underexposed specimens, the tissue and the solder were inadequately 
fused, and because the solder was not sufficiently coagulated, it was washed 
out during the preparation for TEM examination. In overexposed specimens, 
the observations were similar as in the laser welding group. Again, there 
were no morphological differences between the welded dura mater and epi-
neurium. The depth of thermal damage in t issue in optimal, under- and over
exposed welds is presented in table 5 .1 . 

Discussion 

In the past, the mechanism of tissue welding has been studied by light and 
electron microscopy (FLEMMING, 1988; KOPCHOK, 1988; POPPAS, 1988; 
W H I T E , 1988; TANG, 1 9 9 7 R & 1998) and by biochemical analysis (BASS, 
1991 ; TANG 1998). Especially TEM has enabled investigators to analyse the 
ultrastructural events associated with laser welding. However, few investiga
tors used SEM to investigate the three-dimensional changes of the tissue 
after C 0 2 laser welding. We have used dura mater and epineurium of the 
peripheral nerves as tissue model as these are mainly composed of collagen 
which is believed to play a vital role in laser t issue welding (NEBLETT, 1986). 
Moreover, both t issues have been successfully welded with the C 0 2 laser 
(FISCHER, 1985; HADLEY, 1988). Although we realise that uncut edges were 
apposed for welding instead of cut surfaces as described in other studies, we 
do not think that the mechanism of tissue welding essentially differ. During 
the procedure for TEM preparation, the tissues have been stained with tan
nic acid (DlNGEMANS, 1990) which greatly increases the electron density of 
collagen and elastin, and thus can be used for specific examination of these 
components . 

The mechanism of tissue welding is not yet fully understood as it is a pro
cess involving many variables. Furthermore, the alterations in tissue obser
ved after laser irradiation are not necessarily responsible for the fusion. 
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Fig. 5.5. Transmission electron micrograph of llie normal epineurium (left) and dura 
mater (right) (original magnifications x f2,400 and x 29,000 respectively). Both tissues 

consist of collagen fibrils with some elastin fibrils and some fibroblasts. 

Fig. 5.6. Transmission electron micrograph of welded epineurium of the nerve at the 
repair site (original magnification x 31,000). Note the homogenised collagen fibrils fused 

together. The arrows show the line of fusion between the two edges of tissue. 
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Although some authors have speculated that the mechanism may be in part 
wavelength dependent , it is considered to be primary a thermal rather than a 
photochemical effect. The temperatures at which welding occurs have been 
reported to range between 60 °C and 120 °C (EPSTEIN, 1986; KoPCHOK, 1988: 
VANCE, 1988; MARTINOT, 1994). These temperatures are all above the dena-
turation temperature of collagen (60 °C). Only KOPCHOK (1988) reported tem
peratures lower that 60 °C during argon laser welding, and thus suggested a 
possibly alternative mechanism (i.e. photochemical annealing of collagen 
fibrils). 

Some proposed mechanisms of laser t issue welding include denaturation 
of structural proteins (DEW, 1993; TANG, 1 9 9 7 B & 1998), dehydration of the 
proteins (FENNER, 1 9 9 2 A & 1 9 9 2 B ) , acceleration of natural fibrinogen poly
merisation (VALE, 1986), collagen-to-collagen fusion (GODLEWSKI, 1987; 
W H I T E , 1988), crosslinking of proteins ( W H I T E , 1988), formation of noncova-
lent bonds between collagen (BASS, 1992), and interdigitation of collagen 
fibres (SCHOBER, 1986). The results of this study show that in laser welds the 
collagen undergoes specific changes like swelling and reorganisation of the 
fibrils in one direction. This is in agreement with other studies using t rans
mission electron microscopy (SCHOBER, 1986; DECOSTE, 1992; POPPAS, 
1992). Although the fusion area of the t issues consisted of collagen-to-colla
gen bonds, the nature of these connections was neither elucidated in this 
study, nor were the changes of collagen as seen on the TEM and SEM the 
proof that these bonds form the welds. These connections may be just the 
effect of laser heating. We did not find any interdigitation of the collagen 
fibrils as an underlying mechanism of t issue welding as reported by SCHOBER 
(1986). Because the laser welding procedure was performed in a bloodless 
field, neither erythrocytes nor fibrin could attribute to the immediate bon
ding process, as proposed bv others (VALE, 1986; FLEMMING, 1988; VLASAK, 
1988; R E A U , 1993). 

There seems to be no doubt that a solder contributes to the tensile 
strength of the weld (ClKRlT, 1990; POPPAS, 1992; see also Chapter IV). In 
this study, egg white was used as a solder, as egg white has been shown to 
produce stronger welds in vitro than other solders, such as albumin suspen
sion, autologous fibrin glue, fibrinogen suspension, and red blood cells 
(Chapter IV). Egg white is composed mainly of water (88.1%), albumin 
(10.2%), and fat (0.05%) (LONG, 1961). It is most likely that proteins are the 
main components responsible for the welding process. In repair without sol
der the tensile strength seems to originate from the collagen-to-collagen con
nections and possibly from cellular debris acting as a microsolder. In the sol
dered specimens, the coagulated solder acts as a dense homogeneous cuff in 
which the collagen fibrils are embedded, acting both as an internal and an 
external glue. This explains the difference in the tensile strength of solder-
assisted repair and repair without a solder that was measured in chapter IV 

Despite the encouraging results achieved with solders, and with egg white 
in particular, there are some technical , practical, and theoretical problems. 
First, the thickness of the solder layer applied to the repair site determines 
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Table 5.1. Depth of thermal damage (in um) in tissue in optimal, under- and over-expo

sed welds 

Technique Exposure 

Underexposure Optimal Overexposure 

Laser welding < 50 um 100-125 um > 400# 
Laser welding plus solder* < 30 um 80-100 um > 400# 

*The depth of thermal damage in soldered specimens is measured excluding the layer 
of coagulated solder (measuring usually 10-20 um). 

#The thermal damage extends through the whole thickness of the dura mater. 

the outcome of the repair. A layer of solder which is too thick will result in 
superficial coagulation of the solder, without coagulation and adhesion to the 
underlying t issue, producing a weak bond. This is especially the case with 
the CO2 laser as the penetration depth of this laser light in tissue is small 
implying that the laser energy is absorbed mainly at the tissue surface. On 
the other hand, if the layer is too thin, the coagulated solder will not have the 
volume required to have any impact on the bonding process, resulting also in 
a relatively low tensile strength. Besides thickness as an important factor, the 
irradiance involved will have a substantial impact on the quality of the weld. 
High irradiances rates will ei ther vaporise the solder or, especially in com
bination with a thick solder layer, will create bubbles (vaporised water ins
ide the solder) which do not contribute to the strength of the weld and will 
weaken the repair site in the postoperative period. A low irradiance will not 
sufficiently coagulate the solder. Therefore, it is important to find an optimal 
irradiance for homogeneous coagulation of solder . In this view, lasers with a 
slightly larger light penetration depth than the CO2 laser might be better sui
ted for solder-assisted tissue welding. Preliminary experiments using the 
Ho:YAG milliwatt laser (k = 2 ,094 nm, penetration depth —335 um) 
showed a homogenous fusion between the solder and nerve (MENOVSKY, 
1 9 9 5 B ) . Another issue is the viscosity of the solder and the inherent penet
ration of the solder into the tissue. The more viscous the solder is, the less 
will be the penetration into the t issue, thus losing its role as an internal 
matrix upon coagulation. 

In chapter IV the practical and theoretical problems that may arise with 
the use of egg white in vivo are discussed such as the issue of sterility and 
scar tissue formation. 

In view of our results and review of the li terature, we hypothesise that col
lagen proteins undergo a thermal degradation and form new bondings upon 
cooling. These changes also occur in the cellular components of the t issue in 
which cell membranes are disrupted due to laser irradiation and the proteins 
of the cell are leaking, forming a microsolder of proteins which together with 
the denatured collagen results in t issue adhesion. It seems likely that the 
proteins undergo a thermal degradation of the bonds (disulfide and hydroxyl 
bonds) and form new molecular bonds upon cooling, in the same fashion as 
boiling of an egg, resulting in an adhesion of the proteins. It is logical that 
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these alterations in molecular configuration do not have the tensile strength 
of the original s tructure (GORISH, 1982). 

Depending on the precision of t issue apposition, several different welds 
can be dist inguished. In primary welds, there is an excellent t issue-to-tissue 
apposition resulting in close collagen-to-collagen bonds (FUJITANI, 1988; 
W H I T E , 1988; KUROYANAGI, 1991), allowing primary wound healing. In 
secondary welds, the tissue apposition is poor, resulting in a bond that is 
mainly formed by red blood cells , fibrin plug, and cell debris (FLEMMING, 
1988; ÜNNO, 1989; CHOW, 1990). It is this type of bonds that produce aneu
rysm formation in vessel welding. In both primary and secondary welds, 
there is thermal damage to the t issue. Tertiary welds are completed with the 
use of solders or other materials, in which the tissue is held together by a cuff 
of coagulated solder with minimal thermal damage. 

In conclusion, C 0 2 laser welds in dura mater and epineurial tissue con
sist of three different welds; i) welds in which collagen-to-collagen bonding 
is observed, ii) welds in which tissue debris forms a coagulated mass 
between the t issue interfaces, and Hi) welds in which coagulated solder is 
melted on and between the collagen fibrils which forms a solid mass and a 
matrix in which the tissue is embedded. Moreover, laser irradiation of the 
connective tissue of nerves and dura mater causes specific changes in the 
collagen structure. 
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