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Abstract Background Photochemical tissue bonding (PTB) is a technique for peripheral nerve
repair in which a collagenous membrane is bonded around approximated nerve ends.
Studies using PTBwith cryopreserved human amnion have shown promising results in a
rat sciatic nerve transection model including a more rapid and complete return of
function, larger axon size, and thicker myelination than suture repair. Commercial
collagen membranes, such as dehydrated amnion allograft, are readily available, offer
ease of storage, and have no risk of disease transmission or tissue rejection. However,
the biomechanical properties of these membranes using PTB are currently unknown in
comparison to PTB of cryopreserved human amnion and suture neurorrhaphy.
Methods Rat sciatic nerves (n¼10 per group) were transected and repaired using either
suture neurorrhaphy or PTB with one of the following membranes: cryopreserved human
amnion, monolayer human amnion allograft (crosslinked and noncrosslinked), trilayer
human amnion/chorion allograft (crosslinked and noncrosslinked), or swine submucosa.
Repaired nerves were subjected to mechanical testing.
Results During ultimate stress testing, the repair groups that withstood the greatest
strain increases were suture neurorrhaphy (69�14%), PTB with crosslinked trilayer
amnion (52�10%), and PTB with cryopreserved human amnion (46�20%), although
the differences between these groups were not statistically significant. Neurorrhaphy
repairs had a maximum load (0.98� 0.30 N) significantly greater than all other repair
groups except for noncrosslinked trilayer amnion (0.51�0.27 N). During fatigue
testing, all samples repaired with suture, or PTBs with either crosslinked or non-
crosslinked trilayer amnion were able to withstand strain increases of at least 50%.
Conclusion PTB repairs with commercial noncrosslinked amnion allograft mem-
branes can withstand physiological strain and have comparable performance to repairs
with human amnion, which has demonstrated efficacy in vivo. These results indicate
the need for further testing of these membranes using in vivo animal model repairs.
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Peripheral nerve injuries cause anoften-debilitating reduction
inqualityof life for patients andpresent a significant challenge
for medical providers. Despite recent technological advance-
ments, surgical repair via suture neurorrhaphy remains the
gold standard of treatment. However, this is often unable to
restore full motor and sensory function, contributing to nega-
tive physical, psychological, and socioeconomic outcomes.1,2

Developing alternate techniques for nerve repairmay enhance
axonal regeneration, addressing this deficiency in treatment
outcomes. One emerging technique is photochemical tissue
bonding (PTB), inwhich photoactivated dye and light are used
to induce collagen crosslinking between tissues in a nonther-
mal process, with demonstrated effect in the repair of periph-
eral nerves, as well as other tissues such as skin, blood vessels,
tendons, and colon.3–7 In PTB repair of transected nerves,
amnion is wrapped around approximated nerve ends and
then bonded to the nerve epineurium; in addition to creating
a physical connection between nerve ends, the resulting seal
has been shown to reduce perineural adhesions and is theo-
rized to retain growth factors, prevent axonal escape from the
neurorrhaphy, and exclude scar tissue formation.7–9 Studies
using animal models have demonstrated enhanced functional
recovery between nerves repairedwith PTB and suture neuro-
rrhaphy, further supporting the use of this technique.8,10

Despite the successful use of PTB for in vivo nerve repairs,
the biomechanical properties of these repairs have yet to be
characterized. Moreover, de-epithelialized human amnion—
which has been used for animal model studies of PTB—has
several disadvantages for clinical use including difficulty of
storage, low availability, and risk of infectious disease trans-
mission. Dehydrated collagenous membranes from amnion
with andwithout chorion, aswell as those fromnonplacental
sources, may provide a viable alternative, but it is unknown
what types of collagen membranes are most suitable for PTB
nerve repair.

The aim of this study is to characterize the biomechanical
properties of PTB nerve repairs using a variety of commercial
collagen membranes from both placental and nonplacental
sources and to compare their performance against cryopre-
servedhumanamnion,whichhasdemonstratedefficacy invivo.

Methods

Sciatic nerves were harvested from male Lewis rats and
stored at �80°C until testing. For each experimental group
(n¼10), nerveswere transected and then repaired using one
of the following methods: neurorrhaphy using six 10–0
epineurial stay sutures, PTB with human amnion, or PTB
with one of five commercial collagen membranes. The com-
position of the five membranes was as follows: monolayer
human amnion (AmnioExcel, Integra LifeSciences, Princeton,
NJ), crosslinked monolayer amnion (Dryflex, Integra), tri-
layer amnion–chorion–amnion (Amnio Excel Plus, Integra),
crosslinked trilayer amnion–chorion–amnion (G3, Integra),
and swine intestinal submucosa (Oasis, Smith and Nephew,
London, United Kingdom). An additional group of nerveswas
not transected and utilized as a control group. Mechanical
testing was performed on the nerves to characterize strain at

fracture, maximum load, and behavior under repeated
strain.

Membrane Preparation
Human amnion was manually separated from human pla-
centa, de-epithelialized, and stored in a solution of 50:50
Dulbecco’s Modified Eagle Medium and glycerol with 1.5%
antibiotic/antimycotic (Sigma A5955, Sigma Aldrich, St.
Louis, MO) at �80°C. Commercial collagen membranes
were rehydrated in Dulbecco’s phosphate-buffered saline
(Sigma Aldrich) for 60 seconds prior to use. All membranes
were cut into rectangular pieces with dimensions 1 cm�0.7
cm. Immediately prior to nerve repair, each piece of mem-
brane was fully covered with 1mg/mL Rose Bengal solution
using a cotton-tipped applicator, then shielded from light for
4minutes to allow the dye to saturate themembranewithout
premature photoactivation of the dye. Finally, any excess dye
was removed from the membrane using a cotton-tipped
applicator.

Photochemical Tissue Bonding
The sciatic nerve was thawed, transected using a scalpel, and
the nerve ends approximated. The dyed membrane was
wrapped around the nerve ends ensuring that (1) the 1-cm
edgewas lengthwise along the nerve, (2) therewas a tight and
uniform connection to the nerve surface, and (3) after wrap-
ping the membrane had a 25 to 50% overlap with itself (any
excess membrane was removed using a scalpel) (►Fig. 1).
Finally, laser light with wavelength 532nm and intensity
0.5W/cm2 was applied to the nerve surface for 60 seconds, a
total of three times, with the nerve being rotated 120 degrees
between each lasering (►Fig. 1). This processwas repeated for
all specimens and types of membranes.

Note that in vivo PTB repairs in prior studies have used
two stay sutures to approximate the nerve ends before the
membrane is wrapped around the nerve ends; however, no
stay sutures were used in these in vitro repairs to character-
ize the PTB repair properties in isolation.

Suture Neurorrhaphy
In the euthanized rat, the sciatic nervewas transected using a
scalpel and the nerve ends approximated. Six evenly spaced
10–0 nylon sutures (Ethicon, Cincinnati, OH) were used to
perform a standard epineurial neurorrhaphy. The nerve was
then excised from the rat carcass. These repairs were per-
formed by a general surgeon with training in microsurgery.
The nerves were frozen at �80°C until day of testing.

Mechanical Testing
To prevent premature fracture of the nerve samples by the
tensiometer clamps, a scaffold was created to hold each
nerve during mechanical testing. After testing several scaf-
folds, it was found that the following design was able to
withstand the highest load without causing rupture at the
nerve–scaffold interface, thereby permitting an accurate
measurement of the strength of the nerve repair: 4–0 silk
suture (Ethicon) was passed through each nerve end and tied
in place, and then a drop of cyanoacrylate adhesive (Elmer’s,
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Columbus, OH) was placed on the knot (►Fig. 1). The suture
ends were glued to pieces of paper that could be placed
directly in the tensiometer clamps.

The cross-sectional area of each nerve repair was estimat-
ed as the product of the width and thickness of each nerve
measured at the site of repair using calipers. The length of
each nerve was measured as the distance between insertion
points into the silk suture scaffold.

Data from the tensiometer (ADMET, Norwood, MA) was
analyzed in RStudio (Posit, Boston, MA). Statistical tests were
performed in RStudio.

Linear Strain Testing
Half of each repair group (n¼5 nerves) was subjected to
linear strain testing. Each nerve was pulled apart at a
constant rate of 2mm/min, with the load and position
recorded by the tensiometer. The strain at fracturewas taken
to be the strain at maximum load.

Fatigue Testing
The other half of each repair group (n¼5 nerves) was
subjected to stepped fatigue testing meant to mimic the
repeated strain experienced by a nerve in vivo. Each nerve
was pulled out to a 10% strain increase at 6mm/min and held
for 30 seconds, returned to its original length at 6mm/min

and held for 15 seconds, pulled out again to 10% strain at
6mm/min and held for 30 seconds, then returned to its
original length at 6mm/min and held for 15 seconds. This
cycle was repeated for strain increases of 20, 30, 40, 50, and
60%, after which testing was stopped. Fracture was consid-
ered to be the point where upon re-extension to the same or
greater strain the nerve demonstrated a 50% or greater
reduction in load. A Kimtech wipe dampened with phos-
phate-buffered saline was draped over the nerve during
testing to prevent its premature dehydration.

Results

Linear Strain Testing
Upon a linear pull to fracture, suture-repaired nerves were
able to withstand the highest average strain, or relative
increase in length, before fracture (69�14%, comparable
to native nerves) (►Fig. 2A). Of the PTB-repaired nerves,
those using crosslinked trilayer amnion (G3) withstood the
highest strain (52�10%), followed by cryopreserved human
amnion (46�20%) and monolayer allograft amnion
(44�10%, AmnioExcel). The only statistically significant
difference between groups was that suture neurorrhaphy
repairs had significantly higher strains at failure than trilayer
amnion (35�3%, AmnioExcel Plus) and submucosa repairs

Fig. 1 (A–C) Nerve repair using photochemical tissue bonding of collagenous wraps. Membranes are saturated in 0.1% Rose Bengal dye,
then wrapped around approximated nerve ends ensuring a tight and even connection to the nerve surface. If a membrane has more than 25 to
50% overlap with itself, then excess membrane is excised. (D) Laser light with wavelength 532 nm and intensity 0.5W/cm2 is applied to the
nerve surface for 60 seconds, a total of three times, with the nerve being rotated 120 degrees between each lasering. (E) The membrane
may darken in color after lasering. (F) A scaffold is created to hold the nerve in the tensiometer clamps using 4–0 silk suture tied at the nerve ends
and with a drop of glue placed on the knot.
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(34�15%, Oasis) (p<0.05 for ANOVA [analysis of variance]
and t-tests with Bonferroni correction).

Previous studies have determined that the maximum
strain a nerve experiences in vivo is �30%, experienced by
the ulnar nerve during elbow flexion.11Nerves repairedwith
both trilayer amnion membranes (AmnioExcel Plus and G3)
and suture had a strain at fracture significantly higher than
30% (p<0.05 for log-transformed normal distribution with
Z-score of 0.3).

Linear strain testing also revealed that of all repair types,
those with suture had the highest maximum load before
failure (0.98�0.30N). Of the PTB repairs, those with trilayer
amnion (AmnioExcel Plus) withstood the highest load
(0.51�0.27N), while the other PTB repairs ranged from
0.28 to 0.37N (►Fig. 2B). Suture repairs were able to with-
stand significantly higher loads than all other repair groups
except trilayer amnion.

It is worth noting that the suture neurorrhaphy repair
sites had a greater cross-sectional area than the PTB repair
sites due to bunching of the epineurium or perineurium
during suturing. Therefore when normalizing maximum
load by cross-sectional area of the repair sites – in other

words, calculating maximum stress – the significant differ-
ences between repair groups disappear (►Fig. 2C).

Fatigue Testing
To mimic in vivo conditions nerves were repeatedly pulled
apart and then returned to baseline, starting at 10% strain
and increasing by steps of 10% up to 60% strain. The results of
this fatigue testing are shown in ►Fig. 3A.

All repairs with suture were able to withstand full fatigue
testing up to 60% strain, and all repairs with noncrosslinked
monolayer amnion (AmnioExcel) and trilayer amnion
(AmnioExcel Plus) were able to withstand testing at least
up to 50% strain. Of the other groups, only crosslinked trilayer
amnion (G3) had a sample that fractured before 30% strain.

To estimate the force appliedat the repair siteas thenerve is
stretched, the elastic modulus was calculated for each sample
(►Fig. 3B). This was done by finding the slope of the linear
section of the stress-strain curve for the first 30% strain step
during fatigue testing. The elastic modulus could not be
calculated for one G3 sample that fractured at 20% strain
increase. Native nerve had a significantly larger elastic modu-
lus (7.83�3.07 MPa) than all repair groups (p<0.05 for

Fig. 2 (A) Linear strain testing: average increase in strain at fracture by repair group, with standard deviations shown in brackets. Samples
were loaded into the tensiometer and pulled apart at 2mm/min until fracture. The horizontal dotted line at 0.3 represents maximum
physiological strain increase of 30%.11 �Of the repair groups, suture (69� 14%), PTB with trilayer amnion (35� 3%, AmnioExcel Plus), and PTB
with crosslinked trilayer amnion (52� 10%, G3) had strain increases significantly higher than 30% (p< 0.05 for Z-score of 0.3 in the log-
transformed normal distribution). (B) Linear strain testing: average maximum load by repair group, with standard deviations shown in brackets.
Suture repairs had a significantly higher maximum load than all other repair groups except for trilayer amnion (AmnioExcel Plus) (p< 0.05
for t-tests with Bonferroni correction). (C) Linear strain testing: average maximum stress by repair group, with standard deviations shown in
brackets. There were no statistically significant differences between repair groups. PTB, photochemical tissue bonding.
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ANOVA and t-test with Bonferroni correction), out of which
crosslinkedmonolayer amnion (3.26�1.50MPa, Dryflex) and
suture neurorrhaphy (3.23�1.55MPa) repairs had the largest
modulus. Repairs with cryopreserved human amnion
(1.51�0.82 MPa) and monolayer allograft amnion
(1.63�0.46 MPa, AmnioExcel) had the lowest modulus, indi-
cating that repairs with these membranes experienced the

smallest increase in force as thenervewas stretched.However,
these differences in elastic modulus between repair groups
were not statistically significant. It is worth noting that repair
sites with suture neurorrhaphy were wider than PTB repair
sitesduetobunchingof theepineuriumorperineuriumduring
the repair process; therefore, the true elasticmodulus of nerve
repaired with suture may be higher than calculated here.

Fig. 3 (A) Fatigue testing: strain increase of samples at fracture, by repair group. Samples were loaded into the tensiometer and pulled
apart at 6mm/min to strain increases of 10, 20, 30, 40, 50, and 60% (twice for each step, and returned to baseline between each increase).
The plot shows the strains at which samples fractured, organized by repair group. The red line shows maximum physiological strain increase of
30%, and the horizontal black line shows the 60% strain increase at which testing was stopped. (B) Fatigue testing: average elastic modulus
at first 30% strain increase by repair group, with standard deviations in brackets. Native nerve had a significantly higher modulus than all repair
groups (p< 0.05 for ANOVA and t-test with Bonferroni correction). There were no significant differences between PTB repair groups. PTB,
photochemical tissue bonding.
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Discussion

One of the goals of this studywas to compare themechanical
properties of PTB nerve repairs using a variety of collagenous
membranes, with the goal of understanding what properties
make a collagenous membrane ideal for use in PTB nerve
repair. All PTB repairs failed via the nerve “slipping out” of
themembranewrap rather than themembranewrap tearing
in half or unravelling, indicating that the limiting factor in the
strength of these repairs is the amount of collagen cross-
linking between the membrane and epineurium rather than
the intrinsic strength of the membrane. The main factors
required for effective bonding between a membrane and
epineurium are (1) ability of a membrane to contour to
irregularities in the epineurium surface, (2) ability of light
to penetrate through the membrane to the epineurium
surface to induce collagen crosslinking, and (3) collagen
composition that allows for a high number of covalent bonds
to form.

The mechanical testing results suggest that whether an
allograft amnion membrane is trilayer or monolayer has
minimal impact on the behavior of its PTB repairs. Linear
strain testing showed no statistically significant differences
in maximum strain, load, or stress between allograft repair
groups (►Fig. 2). Likewise, fatigue testing showed no signifi-
cant differences between membranes on the basis of being
monolayer or trilayer (►Fig. 3A). It was hypothesized that
trilayer amnion membranes may not permit sufficient light
to reach the epineurium–membrane interface, or that their
stiffness may prevent them from contouring to variations in
the epineurium surface; however, it appears that neither of
these factors significantly altered the strength of trilayer
amnion repairs.

In contrast, the mechanical testing results suggest that
prior crosslinking of an allograft amnion membrane nega-
tively effects the resulting PTB repair. During fatigue testing,
all samples in the two noncrosslinked allograft groups
fractured at strains of 50% or higher, while the two cross-
linked allograft groups contained samples that fractured at
strains of 30% or lower (►Fig. 3A). Crosslinking has been
shown to increase the stiffness of collagen films, and it is
possible that the crosslinked membranes were less able to
adapt to variations in the epineurial surface, leading to
decreased crosslinking during PTB.12,13 These stiffer mem-
branes may also have experienced higher stress on the
membrane–epineurium interface, which became apparent
during cyclical fatigue testing. Lastly, the chemical cross-
linking of these membranes during production may have
decreased the number of sites available for subsequent
crosslinking during PTB.

The intestinal submucosa (Oasis) membrane also per-
formed worse than the noncrosslinked amnion groups dur-
ing fatigue testing, as the samples fractured on average at
lower strain (►Fig. 3A). This may be due to differences in
collagen composition between submucosa and amnion, but
further studies are needed to confirm this.

Another goal of this study was to compare PTB repairs
with commercially available collagenous membranes to

those with cryopreserved human amnion, as human amnion
has demonstrated efficacy in previous animal model stud-
ies.10 Both the linear strain and fatigue testing results suggest
that noncrosslinked allograft amnion membranes and cry-
opreserved human amnion are able towithstand comparable
load and strain (►Figs. 2 and 3A). These results suggest that
further studies on the performance of these allograft mem-
branes in in vivo animal model repairs are warranted.

This study also included a suture neurorrhaphy repair
group for comparison with PTB repairs. It is important to
note that these in vitro PTB repairs did not use stay sutures to
approximate nerve ends as have been done in vivo, and that
therefore the PTB repairs in this study are likely less robust
than their in vivo counterparts. Linear strain testing showed
that suture repairs tended to have higher maximum strain
and load than PTB repairs (►Fig. 2). Notably, differences in
maximum load disappeared when normalized by the cross-
sectional area of the repair site (►Fig. 2C), but this was likely
due in part to an overestimation of the cross-sectional area of
the suture repair group from bunching of epineurium and
bulging of the endoneurial contents during neurorrhaphy
and does not represent a true equalization of stress between
repairs. Suture also performed well during fatigue testing,
with all repairs able to withstand strain increases of 60%
(►Fig. 3A). These results indicate that suture repairs are
likely able to withstand higher load and strain than PTB
repairs without stay sutures. However, the fact that PTB
repairs with several membranes were able to withstand
higher-than-physiological strain makes it unclear whether
the greater strength of neurorrhaphy repairs provides addi-
tional benefit in vivo. This is further supported by the fact
that in vivo PTB repairs using stay sutures have had better
outcomes than suture repairs.8,10 Furthermore, studies sug-
gest that transected nerves regain significant strength in as
little as 1 week after primary repair.14 Although further
studies would be needed, it is not unreasonable to expect
that the difference in strength between PTB and suture-
repaired nerves would diminish over time, especially given
that PTB repairs are able to accelerate regeneration.10,15

Another consideration in regard to the interpretation of
the biomechanical properties of the PTB repairs is where
the strain is placed along the nerve during stressing of suture
and PTB repairs. In suture repairs, the nerve directly attached
to either side of the repair site (<1mm) is stretchedwhen the
entire nerve is stretched. In contrast, in PTB repairs the
length of nerve covered by the 1-cm membrane (e.g., the
repair site) is only stretched to the degree permitted by the
(presumably stiffer) membrane wrap. This preserves a rela-
tively constant amount of tension, or lack thereof, at the
repair site, to the level determined during the initial repair.
Studies suggest that tensionless repairs generally have supe-
rior outcomes, and PTB may be able to ensure a low-tension
environment for the site of axon regeneration despite stretch
of the nerve as a whole.16–18

This study has several limitations. One limitation of the
mechanical testing setup is that the fracture load of the
tensiometer scaffold is lower than the fracture load for a native
(unaltered) nerve. Therefore, the strain and load at failure for
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native nerves likely represent a failure of the nerve–scaffold
interface rather than a true fracture of the nerve (►Fig. 2A, B).
However, all PTB-repaired nerves fractured at the site of
repair; this was confirmed visually. Another limitation of
this study is that it did not detect gapping between nerve
ends,which occurs before absolute failure of a repair and likely
has a negative effect on axon regeneration.14,19 It was not
possible to directly observe gapping in PTB repairs because
membrane wraps covered the repair site.

Conclusion

In conclusion, the results of this study suggest that PTB nerve
repairs with noncrosslinked amnion allograft membranes
can withstand physiological strain and have comparable
performance to repairs with cryopreserved human amnion,
which have demonstrated efficacy in vivo. Although suture
repairs withstood higher strain and load than PTB repairs,
the strength of PTB repairs for the majority of groups tested
demonstrated a range which would withstand normal phys-
iologic stress. These results suggest that PTB repair with
amnion allograft membranes merits in vivo animal model
study to assess its effects on nerve regeneration.
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