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Background and Objectives: Laser tissue repair
usually relies on hemoderivate protein solders, based on
serum albumin. These solders have intrinsic limitations
that impair their widespread use, such as limited tensile
strength of repaired tissue, poor solder solubility, and brit-
tleness prior to laser denaturation. Furthermore, the re-
quired activation temperature of albumin solders (between
65 and 708C) can induce significant thermal damage to
tissue. In this study, we report on the design of a new
polysaccharide adhesive for tissue repair that overcomes
some of the shortcomings of traditional solders.
Study Design/Materials and Methods: Flexible and
insoluble strips of chitosan adhesive (elastic modulus
�6.8 Mpa, surface area �34 mm2, thickness �20 mm) were
bonded onto rectangular sections of sheep intestine using a
diode laser (continuous mode, 120� 10 mW, l¼ 808 nm)
through a multimode optical fiber with an irradiance of
�15 W/cm2. The adhesive was based on chitosan and also
included indocyanin green dye (IG). The temperature
between tissue and adhesive was measured using a small
thermocouple (diameter �0.25 mm) during laser irradia-
tion. The repaired tissue was tested for tensile strength by a
calibrated tensiometer. Murine fibroblasts were cultured in
extracted media from chitosan adhesive to assess cytotoxi-
city via cell growth inhibition in a 48 hours period.
Results: Chitosan adhesive successfully repaired intes-
tine tissue, achieving a tensile strength of 14.7� 4.7 kPa
(mean�SD, n¼ 30) at a temperature of 60–658C. Media
extracted from chitosan adhesive showed negligible toxi-
city to fibroblast cells under the culture conditions ex-
amined here.
Conclusion: A novel chitosan-based adhesive has been
developed, which is insoluble, flexible, and adheres firmly
to tissue upon infrared laser activation. Lasers Surg. Med.
36:193–201, 2005. � 2005 Wiley-Liss, Inc.
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INTRODUCTION

Laser-activated solders for tissue repair are traditionally
based on three proteins: albumin, fibrinogen, and collagen
[1–5]. The first two are blood-derived and therefore have an
intrinsic, although limited, risk of viral infection for the

host organism [6,7]. Albumin solders are the most investi-
gated and promising candidates for specific procedures in
urology, vascular surgery and microsurgery due to their
bonding characteristics [8–10]. Nevertheless, the use of
albumin solders, especially in the solid form, is limited by
their water solubility, lack of flexibility, and brittleness
before being irradiated by lasers. These disadvantages,
along with the potential thermal damage to tissue caused
by the laser, may compromise the safe and reliable appli-
cation of solders in surgical procedures [11,12]. It is not
surprising therefore, that clinicians and surgeons are
reluctant to routinely employ albumin solders for tissue
repair and wound closure.

In a recent study, the addition of a natural crosslink-
ing agent, genepin, to albumin based solders, resulted
in enhanced bonding strength. Despite this, the unique
albumin/genepin solder remained soluble and brittle [13].
Consequently, we have investigated alternative biopoly-
mers in the design of a new tissue adhesive that overcomes
shortcomings of currently used solders.

Chitosan is a polysaccharide derived from deacetylated
chitin and can be readily solvent cast in a film that has
excellent mechanical properties and low toxicity (Fig. 1)
[14–17]. Chitosan may also bind to collagen as demon-
strated by Taravel and Domard [18,19], who reported
hydrogen bonding and polyanionic-polycationic interaction
between these two biopolymers. In an attempt to improve
bonding strength, Ono et al. [20] modified chitosan with
lactobionic acid and p-azidebenzoic acid that was cross-
linked with ultra-violet (UV) light on mice skin. The authors
reported a maximum tensile strength of 3.1 kPa, signifi-
cantly higher than the tensile strength of specimens
bonded with fibrin (2.5 kPa). The same researchers showed
that full-thickness skin wounds in mice healed after 8 days,
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if repaired with the modified chitosan gel and UV light.
In contrast, untreated wounds healed slower, taking 11 days
for closure. This chitosan gel was unfortunately water
soluble prior to light crosslinking and therefore subject to
fluid dilution like albumin solders.

In the present investigation, a chitosan-based film has
been developed without UV-crosslinker modifications. The
novel film is insoluble, flexible, and adheres firmly to tissue
upon infrared laser activation.

MATERIALS AND METHODS

Chitosan Adhesive Film

Deacetylated chitosan (�85%) from crab shells (Sigma,
St. Louis, MO) was dissolved to a concentration of �2% w/v
in a water solution containing acetic acid (�2% v/v) and
indocyanine green (IG, �0.02% w/v). The gelatinous
chitosan solution (pH �4.0) was stirred for 6 hours before
spreading evenly (thickness �2 mm, surface area �12 cm2)
over a clean, dry, perspex plate. The film was then dried for
�6 days under clean conditions (atmospheric pressure,
258C). The resulting chitosan films were carefully detached
from the plate without damage and were insoluble in water
and did not appear to swell. A digital caliper was used to
measure the adhesive thickness, which ranged from 15 to
30 mm. Additional chitosan films without the dye IG were
prepared using the same method.

All films were thereafter cut in rectangular strips
(�7.5� 4.5 mm), placed between glass slides to preserve
their flat shape and stored in the dark at room temperature.

13C-NMR

Solid-state 13C-NMR spectra were acquired using a
Varian Inova-300 spectrometer operating at 75.45 MHz
with Chemagnetics 7.5 mm double air-bearing cross-
polarization (CP) probe. Samples of chitosan shells and
chitosan adhesive films (�200 mg) were packed as strips

and pieces into 7.5 mm od rotors made from partially-
stabilized zirconia and subjected to ‘‘magic-angle spinning’’
at 2–3 kHz. Spectra were acquired at 294 K using single-
contact cross-polarization experiments with high-power
1H decoupling during acquisition. The following para-
meters were found optimal: pulse width 5.2 mseconds
(908); contact time, 1 millisecond; recycle time, 5 seconds.
Free induction decays were acquired and zero-filled to 8K
prior to Fourier Transformation. Up to 10,000 scans were
collected for sufficient signal/noise. The Hartman–Hahn
match was set using hexamethylbenzene, which was also
used as a secondary external reference that gives the
methyl peak, dC¼ 17.3 ppm on the tetramethylsilane scale
(13C TMS¼ 0 ppm).

Thermogravimetric Analysis (TGA)

Chitosan adhesive films without IG dye were analyzed
using a Perkin Elmer Pyris 1 Thermogravimetric Analyser
to evaluate the water content and degradation tempera-
ture of the films in air (weight 10–15 mg). The temperature
was increased from 20 to 6008C at a rate of 408C/minute.
The mass of five samples was continuously recorded as a
function of temperature and the first derivative calculated
to assess the adhesive degradation (derivative minimum
peak) and water content (derivative¼ 0).

Contact Angle

The static contact angle of chitosan adhesives was
measured by the sessile drop method using the RHI system
(model 100-00-230, Landing, NJ). Six readings from dif-
ferent parts of the film surface were averaged to give the
mean contact angle.

Adhesive Attenuation

A UV-Visible spectrophotometer was used to measure
the laser attenuation at 808 nm within the films and to
observe the attenuation characteristics of the adhesive
due to the presence of IG. The wavelength of 808 nm
corresponds to the absorption peak of IG and to the laser
radiation used for laser tissue repair [2]. Adhesive films
were fixed inside a plastic cuvette and placed in the light
beam. The attenuation length (1/e attenuation) was
calculated by assuming the validity of Beer’s law: I¼ I0e�A,
where I0 is the incident beam intensity and A is the film
attenuation. The attenuation measurements were per-
formed with baseline subtraction.

Laser Tissue Repair (LTR)

Tissue repair was investigated in this study using a
GaAlAs diode laser (Qphotonics, L.L.C., VA), coupled with
a multimode optical fiber through an FC connector. The
fiberoptic cable was inserted in a hand-held probe to
provide easy and precise beam delivery by the operator
(fiber core diameter 200 mm, numerical aperture 0.22).
The laser emitted at 808 nm, with an output power
of 0.12� 0.01 W and beam spot size on the adhesive of
approximately 1 mm, corresponding to an irradiance of
�15 W/cm2. Because the laser is not eye safe (Class IV),
safety goggles were worn by all staff in the operating
theatre.

Fig. 1. Chemical structure of chitosan that is derived from

deacetylated chitin.
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The diode laser was used to irradiate the chitosan-based
adhesive strips to repair rectangular sections of sheep
small intestine (�2� 0.5 cm) under an operative micro-
scope (�20). Fresh intestinal tissue was harvested from
sheep immediately after euthanasia and stored at �808C.
Prior to use, tissue was immersed in deionized water for
15 minutes to defrost and hydrate at room temperature.
The serosa layer of intestine consists of connective tissue
that is rich in collagen and therefore suitable for testing the
tensile strength of laser adhesive repairs. Intestine is
abundant in the sheep body and a single animal can provide
enough tissue for several trials.

Intestine sections (2 cm) were bisected by a full thickness
incision with a #10 blade. The intestine was kept moist
using deionized water; excess water was absorbed with
sterile gauze or cotton tips prior to tissue repair. The
incision stumps were approximated end-to-end and a
chitosan strip was positioned across the incision on the
serosa layer with microforceps ensuring full contact with
the intestine. Thereupon, the surgeon irradiated the ad-
hesive by moving continuously the beam across its surface
at a speed of �1 mm/second and without charring or
ablating the adhesive (Fig. 2). Moderate tissue shrinkage
under the adhesive was observed during laser irradiation.
All tissue repairs were performed using fixed laser power
and solder surface area (Table 1). Control experiments for
tissue repair were carried out as described above, using
chitosan strips without IG and without the use of laser
light.

Tensiometer Measures

The intestine was tested 10 minutes after tissue repair
using a calibrated tensiometer (Instron Mini 55, Canton,
MA) to assess the tensile strength of the repaired wound.
Tissue was maintained in wet gauze after being repaired to
mimic in vivo conditions and avoid sample desiccation. A
specimen was clamped to the tensiometer using pneumatic
grips, separating at a rate of 22 mm/minute until the

adhesive failed. The maximum load under which the
adhesive failed was recorded by Merlin IX software.

Rectangular strips of chitosan adhesive without IG dye
and without laser activation were also tested alone by
the tensiometer to measure their Young’s modulus (E).
The strips were wet with water and fixed to the grips, which
moved apart until the repair failed. The software generated
a strain-stress plot and calculated E in the strain region
between 10% and 20%, assuming the strip thickness
remained constant throughout elongation.

Temperature Measures

The temperature of LTR was measured with an insulated
K-type thermocouple (diameter¼ 0.25 mm, response time¼
0.1 second) positioned between the intestine and adhesive
as illustrated in Figure 3. The thermocouple was connected
to a signal-conditioning unit (SCXI-1121) with 4 Hz low
pass analogue filter. Data were sampled at 10 Hz with a 12-
bit data acquisition board (PCI-6024E) controlled by
LabView1 (National Instruments, Austin, TX) The strips
were irradiated, as described previously, by moving con-
tinuously the beam across the adhesive surface; tempera-
ture data were recorded for 20 seconds while the beam was
directed on the thermocouple or in its proximity. After LTR,
the adhesive was detached using microforceps to ensure
that tissue adhesion occurred.

Cytotoxic Assay

A cell growth inhibition assay was used to assess the
cytotoxic potential of the chitosan adhesive films. Inhibi-
tion of cell growth in contact with extracts from these
samples was compared with untreated medium and
positive controls containing 7.5% ethanol. Murine L929
cells (Earle’s L Cells-NCTC Clone 929) were established at
�105 cells per 35 mm diameter petri dishes. Cells were
incubated at 378C for 24 hours in a 5% CO2 humidified
atmosphere using Earle’s minimum essential medium
(EMEM) supplemented with 10% fetal bovine serum. After
24 hours, a sub-confluent cell monolayer was established
and the medium was aspirated from the petri dishes. The
medium was replaced with either a medium extract of the
chitosan adhesives or with the controls.

All solder samples were g-radiated in sealed sterifilm1 at
a level of �2.4 kGy to ensure sterile conditions (0.1 kGy/
hour for 24 hours). Chitosan films with thickness of�45 mm
and surface area of�18 cm2 were extracted in 3 ml medium
(EMEM) in glass vials for 24 hours at 378C. The extract was
removed and placed directly on the cell monolayer for
48 hours. During this time any cytotoxic components
emanating from the test materials would have disrupted
the growth of cells in the culture dish. At the end of the test
period, cells were harvested, their numbers assessed
through flow cytometry and compared with untreated
cultures (null samples). Assessment via flow cytometry
was facilitated by the addition of propidium iodide (10 mg/ml),
which stains non-viable cells with a disrupted membrane.
Cells were harvested into a known volume and a known
number of �10 mm diameter polystyrene beads was added
to the cell suspension. The number of cells in suspension

Fig. 2. Schematic top-view of laser tissue repairing. A strip of

chitosan adhesive is applied across the incision then subse-

quently irradiated using a laser.
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was back calculated by comparing the ratio of cells to beads
acquired by flow cytometry. Viability staining, forward
scatter and side scatter evaluation by flow cytometry
provided a more sensitive indication of material toxicity
than inhibition alone.

Statistical comparison of means was made using ANOVA
one-way and Bonferroni’s multiple comparison tests at 0.05
level of significance; Excel 2000 generated the histograms.

RESULTS

13C-NMR

The solid-state 13C-NMR spectra of commercially avail-
able chitosan, and the chitosan adhesive are displayed in
Figure 4a,b respectively. No significant chemical change
occurred during the preparation of chitosan adhesive.
In both spectra there are the peaks expected for the
glucosamine moiety at �104(C1), 77(C3–5), 57(C2, C6)
ppm. In the commercial chitosan sample the peaks for the
residual acetate group from the unhydrolysed chitin at

�174(C=O) and 24(CH3) ppm could be readily observed,
while in that for the chitosan adhesive, the acetate peaks
are augmented by the acetic acid used in the preparation of
the adhesive [21]. The peaks are relatively broad reflecting
the amorphous nature of these materials.

TGA and Contact Angle

The TGA analysis showed an initial sample weight loss of
13.2%� 0.4% (mean�SD, n¼ 5) that remained constant
up to 211� 138C (Fig. 5). It is most likely that during this
phase water evaporated. The adhesive degraded and its
weight diminished to 37.4%� 1.5% at 317� 18C, the
temperature of maximum rate of weight loss (derivative
minimum peak).

The contact angle of the adhesive was 47� 48 (n¼ 6),
consistent with a moderately hydrophilic nature.

Temperature Measures

The temperature for LTR with chitosan adhesive was
57� 58C (Fig. 6). The laser output raised sporadically the
temperature to a maximum level of �658C and this always
resulted in charring of the adhesive. Moderate tissue
shrinkage under the adhesive was observed whenever
the thermocouple measured temperatures above 608C. The
irregular profile of the temperature plots in Figure 6 is a
reflection of the free hand use of the laser and is typical of
surgical procedures.

Tensiometer Measures

The laser-irradiated strips of chitosan fully bonded to
tissue and withstood a maximum load of 0.50� 0.15 N
(tensile strength¼ 14.7� 4.7 kPa, mean�SD, n¼ 30).
Strips without the laser irradiation step resulted in a
significantly lower bonding strength of 0.08� 0.04 N
(tensile strength¼ 2.4� 1.2 kPa, n¼ 30, P� 0.05, un-
paired t-test). The strips failed at the tissue interface,
without breaking, in both types of repair procedures (Fig. 7,
Table 1).

Young’s modulus for wet strips of adhesive, prior to laser
radiation, was 6.81� 1.26 MPa (n¼ 15). The adhesive not
only showed cohesive strength but also flexibility as it could
be flexed to �1608 without suffering macroscopic damage.
The tensile test results are summarized in Figure 8.

TABLE 1. Laser Parameters and Adhesive Characteristics (Mean � SD) Are Given for the Repairing of Rat

Intestine

Thickness (mm) Area (mm2) Power (W) Time (seconds)

Maximum

load (N)

Tensile

strength (kPa)

Chitosanþ laser

(N¼ 30)

20 � 5 34 � 4 0.12 � 0.01 147 � 7 0.50 � 0.15 14.7 � 4.7

Chitosan (N¼ 30) 20 � 5 34 � 4 NA NA 0.08 � 0.04 2.4 � 1.2

N, number of laser-adhesive repairs; thickness, adhesive thickness; area, averaged adhesive surface area in contact to the

intestine during laser repair; power, laser power during tissue repair; time, laser irradiation time; max load, maximum load in

Newtons under which the tissue repairs failed; tensile strength, maximum load divided by the surface area of the chitosan

adhesive.

Fig. 3. Photograph showing a strip of chitosan adhesive

bonded to the serosa layer of intestine. A thermocouple was

placed between tissue and adhesive to record the temperature

during LTR.
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Adhesive Attenuation

The attenuation length of the chitosan adhesive with and
without IG at 808 nm were respectively 5� 1 mm and
228� 72 mm (n¼ 3). Assuming insignificant scattering
and reflection, we may ascribe to IG the efficient absorption
of the laser energy inside the chitosan adhesive, which
prevented IR radiation to directly affect the thermocouple
and alter the temperature measures. In contrast, chitosan

adhesive without IG was virtually transparent to the laser
(Fig. 9, Table 2).

Cytotoxicity Tests

The chitosan adhesive appeared to induce negligible
cytotoxicity (Fig. 10). One-way variance analysis indicated
a significant difference between the controls and experi-
mental groups (P< 0.0001). In particular, there was no
statistical difference between the cell number of the null

Fig. 4. 13C-NMR spectra of chitosan shells (a) and adhesive (b). The glucosamine moiety at

�104(C1), 77(C3–5), 57(C2, C6) ppm, are present in chitosan shells and adhesive. The residual

acetate group from the unhydrolysed chitin, at�174(C=O) and 24(CH3) ppm are augmented in

the adhesive spectrum by acetic acid. No significant chemical changes occurred during the

preparation of the chitosan adhesive.
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(n¼ 3), blank (n¼ 6), and chitosan extracted samples
(n¼ 9, cell number > 280�103, P> 0.05, Bonferroni’s
post-test). The growth of cells treated with ethanol (n¼ 3)
was significantly inhibited when compared to the growth of
the chitosan extracted samples and negative controls (cell
number <55� 103, P< 0.001, Bonferroni’s post-test). Via-
bility of the cells cultured in the chitosan extract, null and
blank were greater than 95%, while cells cultured in the
7.5% ethanol control had a viability of 53%. Forward and
side scatter provided a qualitative evaluation of cell health;
cells cultured in chitosan extract appeared equivalent
to cells harvested from the blank or null. The addition of
7.5% ethanol to culture media resulted in a qualitative
changes to the cell shape, which was easily observed in their
forward and side scatter. This detailed evaluation allowed
for detection of toxic properties at doses lower than what
would be statistically detectable in growth inhibition and
confirmed the non cytotoxic properties of the chitosan
adhesive.

DISCUSSION

In this communication, we report on the development of a
novel light-activated adhesive that is insoluble in water
and has improved mechanical properties compared with
existing solders. The chitosan adhesive bonded to sheep
intestine with a high tensile strength (�14.7 kPa, maxi-
mum load �0.50 N) and also demonstrated a high E
modulus of �6.8 MPa, which resulted in all the adhesive
strips investigated detaching from the tissue without
breaking. When compared to conventional albumin-based
solders, the chitosan adhesive strips proved to withstand a
higher maximum load than that of albumin strips with
similar dimensions [13]. The laser-activated adhesive was
also stronger than the soluble chitosan gel, which was
modified with UV crosslinkers (tensile strength �3.1 kPa)
[20].

Chitosan adhesive strips demonstrated an initial adhe-
sion to tissue prior to laser irradiation (tensile strength
�2.4 kPa), in agreement with previous reports [22].

Fig. 5. The weight loss of chitosan adhesive is given as a

function of temperature. Water evaporated up to 2118C,

reducing the adhesive weight of 13% (first derivate¼ 0). The

adhesive burnt at�3178C, where the weight loss rate achieved

its maximum (minimum peak of the first derivative).

Fig. 6. Graph illustrating the temperature of the thermo-

couple, under the chitosan adhesive at tissue interface, as a

function of time. The mean temperature� standard deviation

(n¼ 15) is also provided to indicate the temperature range

during LTR.

Fig. 7. Histogram of acute tensile strength of chitosan ad-

hesive with and without the aid of laser radiation (mean�SD).

Fig. 8. Graph illustrating the stress and strain relationship for

wet chitosan adhesive. The E modulus (�6.8 MPa) was

calculated in the strain region between 10% and 20%, where

the adhesive shows its elastic behavior.
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Such adhesiveness was greatly enhanced by the laser as the
IG dye converted photons into heat that supposedly
diffused to the tissue interface, enhancing the bonding
between chitosan and tissue. The mechanism responsible
for this photo-adhesiveness is not clear yet, although we
may hypothesize that polyanionic-polycationic interactions
and hydrogen bonding occurred between chitosan and
collagen, as previously reported [18,19]. Specific studies are
necessary to elucidate the type of bonding responsible for
the adhesiveness of laser activated chitosan films.

No evident damage such as vacuoles or carbonization was
observed on the serosa beneath the adhesive, after laser
irradiation. These preliminary microscopical observations
were most likely due to the low levels of power and fluence,
which raised the average temperature at the tissue inter-
face from 57 to 628C. It should be noted that the tem-
peratures recorded by the thermocouple are an estimation
of the real temperatures of the tissue interface during LTR.
These measures were subjected to errors, mainly due to
the thermocouple mass and the limited surface area of
the adhesive probed by the thermocouple. The latter
error was due to the small diameter of the thermocouple
bed; this resulted in a significant temperature drop
whenever the laser beam was not in the thermocouple
proximity. The error due to the thermocouple mass was
estimated to be �28C. The above considerations indicate

that <T>þstandard deviation (�628C) should be the
closest estimation of the true temperature at the tissue
interface during LTR (Fig. 6). In addition, the mode-
rate tissue shrinkage observed during LTR indicated that
the tissue temperature might have ranged between 60 and
658C [23]. Such temperatures appear to be significantly
lower than the temperatures used for LTR with albumin
solders. In these cases, the albumin needs to be denatured
at 65–708C to create a strong, insoluble bond to tissue
[11,12,24]. In contrast, chitosan adhesives are stable up to
�2008C (Fig. 6) and do not denature, liquefy, or melt like
protein solders. One may assume that only the tissue
collagen has to denature at 60–658C prior to bonding to
chitosan and renaturing upon cooling to substantially
increase the initial adhesiveness of chitosan films [25–27].

It is very important that tissue glues, solders, and
adhesives are not altered or degraded by aqueous solutions
such as physiological fluids, which are often used to
maintain the moisture of exposed tissues at operated sites.
It was noticed during our experiments that the chitosan
adhesives swelled, curled, and dissolved in water, if not
dried thoroughly. Particular attention was therefore
necessary to dry the films until they became insoluble.

In contrast to albumin solders, chitosan adhesives not
only have the notable property of being insoluble but also
exhibit important mechanical properties such as high E
modulus and flexibility. Adhesives with �20 mm thickness
could sustain a stress of �14.7 kPa without breaking, had
an E modulus of 6.8 MPa and could be curved or deformed
over 1608, returning to their initial shape with no sign
of macroscopic damage. This flexibility of the chitosan
adhesive allowed the surgeon to manipulate tissue without
fear of it breaking or tearing. The adhesive did not fold or
breakdown when manipulated with forceps and appeared

TABLE 2. Attenuation Data of the Adhesive at a

Wavelength of 808; the Mean Value � the Standard

Deviation Are Given

l (nm) Thickness (mm)

Attenuation

length (mm)

Chitosanþ IG

(N¼ 3)

808 30 � 10 5 � 1

Chitosan (N¼ 3) 808 30 � 10 228 � 72

N, number of adhesive samples analyzed; attenuation length,

1/e attenuation of the chitosan adhesive, as calculated from

Beer’s law; thickness, thickness of chitosan adhesives.

Fig. 9. Typical attenuation spectrum of chitosan adhesive in

the visible-NIR region. A strong attenuation peak is localized

at 808 nm, corresponding to the well-known absorption

wavelength of indocyanin green (IG) dye.

Fig. 10. Histogram illustrating the number of cells recovered

as a function of media treatment (mean� standard deviation).

The chitosan adhesive extracts were not cytotoxic to fibroblasts

when compared to the null and blank. Solutions 7.5% ethanol

significantly inhibited cell growth (positive controls). Ethanol,

samples of cells exposed to media with ethanol at 7.5% con-

centrations (v/v). Null, sample of cells exposed to fresh media.

Blank, sample of cells exposed to media, which was incubated

for 24 hours in 5% CO2 air at 378C. Chitosan adhesive, samples

of cells exposed to media, which was incubated with chitosan

adhesive for 24 hours in 5% CO2 air at 378C.
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to be well suited for tissue repair. The application of the
adhesive chitosan films on tissue prior to laser activation is
also facilitate by its hydrophilic and adhesive properties.

Unlike fibrinogen and albumin based solders which are
derived from blood-based proteins, the chitosan adhesive is
based on a polysaccharide and consequently there are no
risks of viral infections associated to this novel adhesive.
Furthermore, Chitosan is widely accepted as a non-toxic
and biocompatible polysaccharide. Among other applica-
tions, chitosan is employed to develop skin grafts, tissue
scaffolds and dietary products [28–32]. Also of consi-
deration in tissue repair is the remarkable antimicrobial
properties of chitosan, which reduces potential infection
[16,33].

According to 13C-NMR, the laser-activated adhesive has
the same chemical composition of chitosan shells derived
from marine crustacean and therefore should retain the
above mentioned properties of biocompatibility and non
toxicity (Fig. 4). The results of cytotoxicity test support this
suggestion, with media extracted from the adhesive showed
negligible toxicity to fibroblasts [34].

Chitosan adhesives may degrade in the body and also act
as a delivery system at the repair site, with the potential of
incorporating therapeutic drugs such as growth factors,
antibiotics, or genes to guide and enhance the wound
healing process [35,36].

It has been shown that in vitro and in vivo degradation
of chitosan films occurred less rapidly as the film deacety-
lation became higher [37]. Chitin films were implanted
in the back of rats and degraded �25% in 2 weeks, while
chitosan films (85% deacetylated) degraded 20% in
12 weeks. Furthermore, lysozyme degradation of chitosan
has been reported [37,38]. For example, 10% of chitosan
films (85% deacetylated) degraded in 48 hours if incubated
in buffered aqueous solution (pH �7) with lysozyme (4 mg/
ml) at 378C [37].

Chitosan adhesives may be manufactured in a broad
spectrum of shapes and dimensions to suit the organ or
tissue characteristics where they are applied. Further
studies are currently in progress to assess the efficacy and
safety of chitosan adhesives in animal models.
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