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ABSTRACT: Developing biocompatible tissue adhesives with high adhesion properties is a highly desired goal of the tissue
engineering due to adverse effects of the sutures. Therefore, our work involves synthesis, characterization, adhesion properties,
protein adsorption, in vitro biodegradation, in vitro and in vivo biocompatibility properties of xylose-based semisynthetic
polyurethane (NPU-PEG-X) bioadhesives. Xylose-based semisynthetic polyurethanes were developed by the reaction among
4,4′-methylenebis(cyclohexyl isocyanate) (MCI), xylose and polyethylene glycol 200 (PEG). Synthesized polyurethanes (PUs)
showed good thermal stability and high adhesion strength. The highest values in adhesion strength were measured as 415.0 ±
48.8 and 94.0 ± 2.8 kPa for aluminum substrate and muscle tissue in 15% xylose containing PUs (NPU-PEG-X-15%),
respectively. The biodegradation of NPU-PEG-X-15% was also determined as 19.96 ± 1.04% after 8 weeks of incubation.
Relative cell viability of xylose containing PU was above 86%. Moreover, 10% xylose containing NPU-PEG-X (NPU-PEG-X-
10%) sample has favorable tissue response, and inflammatory reaction between 1 and 6 weeks implantation period. With high
adhesiveness and biocompatibility properties, NPU-PEG-X can be used in the medical field as supporting materials for
preventing the fluid leakage after abdominal surgery or wound closure.

KEYWORDS: xylose, polyurethane, tissue adhesive, biocompatibility, semisynthetic materials

■ INTRODUCTION

A problem increasing day by day is that millions of people
suffer from wounds including skin wounds, surgical or
traumatic disruption, intestine, connective tissue, muscles,
tendons and membranes that require closure.1,2 Although,
suture is still the main device to close the wounds, it has some
disadvantages such as granuloma formation, nerve damage,
leakages, inflammatory reactions, requiring anesthesia and scar
formation.3,4 Therefore, tissue adhesives have been good
alternatives as supporting materials.5 This fact is based on
their attractive properties including reduction of surgery time,
mitigation of infection, preventing leakages, easy application, no
removal requirements, less pain and great cosmetic results.6−8

Because of these characteristics of tissue adhesives, especially in
preventing leakages and acceleration of wound healing, they can

be used single or combined with sutures. Despite these
advantages, the currently available tissue adhesives still have
significant limitations and drawbacks such as low tensile
strength, biocompatibility and expensiveness.4

Surgical adhesives can be divided as biological, synthetic,
semisynthetic and biomimetic.9−14 Among the synthetic or
semisynthetic bioadhesives, polyurethanes have been consid-
ered as a promising adhesive material due to their
biocompatibility and biodegradability properties.4,6 UV curable
polyurethane adhesive based on polycaprolactone diol and 2-
isocyanatoethyl methacrylate was developed by Ferreira et al.
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According to their results, biodegradability was around 10%
after 6 weeks and material is slightly hemolytic.15 In the another
study, Ferreira et al. developed a biodegradable urethane-based
bioadhesive containing free isocyanate groups. In that research,
castor oil hydroxyl groups were modified with isophorone
diisocyanate. Hemolysis tests showed that the urethanes
presented a nonhemolytic character.6

In this study, semisynthetic polyurethane bioadhesives were
designed from the natural saccharide-based monomers for
surgical operations. We synthesized these polyurethanes from
nonaromatic and totally biocompatible monomer structures.
Nonaromatic monomer units were chosen as xylose for high
cross-linking, 4,4′-methylenebis(cyclohexyl isocyanate (MCI)
for enhancing biocompatibility and PEG groups for flexibility
and processability. These monomer compositions determine
most of the properties of adhesive such as adhesion, mechanical
properties, biocompatibility, biodegradability and toxicity of the
degradation products. In this polyurethane, xylose provides four
hydroxyl group and a formyl functional group on the polymer
chain structure, as suitable adhesive for tissue structure. Thanks
to hydroxyl units, it may form hydrogen bond between polymer
chains and tissue-to-tissue interfaces. Another important group
is also MCI units in the structure of the synthesized
polyurethane as diisocyanate. Especially, this unit provides
conformational flexibility, biocompatibility and mechanical
strength. In addition, injectable polyurethanes in body
conditions were obtained from adjusting the ratio and
molecular structure of PEG units. The synthesized polyur-
ethanes were subsequently characterized by Fourier transform
infrared spectroscopy (FT-IR), dynamic contact angle measure-
ment, atomic force microscopy (AFM) and thermal analysis
techniques. In addition, adhesive properties, biodegrability,
protein adsorption, in vitro cytotoxicity and in vivo biocompat-
ibility of the polyurethanes were studied in detail.

■ EXPERIMENTAL SECTION
Materials. 4,4′-Methylenebis(cyclohexyl isocyanate) (MCI) was

ordered from Fluka and dried in 4 Å molecular sieves before the
experiment. Sodium dodecyl sulfate, o-phthaladehyde, tetrahydrofuran
(THF), trimethylamine, hexadecyl trimethylammonium bromide
(HETAB), ethanol and KBr were supplied from Merck. THF was
also dried by vacuum distillation. Dimethyl sulfoxide (DMSO) and
dimethylformamide (DMF) were obtained from Carlo Erba. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from AppliChem. Other chemicals were ordered from
Sigma-Aldrich. All reagents were used as received without any further
purification. All other reagents used in this study were analytical grade.
Synthesis of NPU-PEG-X Polyurethanes. In this study, solution

polymerization techniques were applied in the synthesis of all
polymers. Xylose-based polymers (NPU-PEG-Xs) were produced
with MCI, xylose and PEG200 via polycondensation using THF:DMF
(9:1) as a solvent and triethylamine as a catalyst. NPU-PEG polymers
were also produced using exactly the same procedure without xylose.
The molar ratios based on functional groups of MCI:xylose:PEG200
units in the PUs were 1:0:1, 1:0.05:0.95, 1:0.1:0.9 and 1:0.15:0.85,
respectively. These materials were referred as NPU-PEG, NPU-PEG-
X-5%, NPU-PEG-10% and NPU-PEG-X-15%, respectively. First, MCI
was dissolved in THF:DMF mixture. Then, PEG200 and xylose were
added to the isocyanate solution at the previous rates. Different weight
ratios of NPU/PEG/X were prepared and reacted with 0.1 wt %
triethylamine under nitrogen atmosphere with mechanical stirring at
90 °C for 8 h. After cooling to room temperature, the resulting PUs
were obtained by removing of the solvent under vacuum. The PUs
were washed several times with ether for further use.
The reactions were followed with FT-IR. During the following

reactions, disappearance of the characteristic isocyanate peak at 2265

cm−1 was used to determine whether the reaction was terminated. It
was observed that the peak decreased in time and the reactions were
terminated when the peak disappeared.

Physicochemical Property Analysis. The structure of the PUs
was characterized by FT-IR. FT-IR was recorded on a PerkinElmer
283 spectrum in the wavelength range of 400−4000 cm−1.

Thermal behavior of the PUs was investigated precisely with
thermogravimetric analysis (Shimadzu 50) (TGA), differential thermal
analysis (Shimadzu 50) (DTA) and differential scanning calorimetry
(Shimadzu 60) (DSC). Thermal stability was determined by TGA and
DTA analysis in air atmosphere and glass transition temperature (Tg)
was determined by DSC. The analyses were carried out at a heating
rate of 5 °C/min under nitrogen atmosphere from 20 to 800 °C using
10 mg for TGA and DTA, and 5 mg for DSC of each sample. For DSC
analysis, nitrogen was used as the purge gas with a flow rate of 40 mL/
min.

The hydrophilicity of NPU-PEG-Xs was determined by dynamic
contact angle measurement. In order to measure of dynamic contact
angle, one part of the polyurethane solution was degassed in a vacuum
and then quickly transferred to a glass plate using a doctor blade (e = 2
mm). The solvent was evaporated at 100 °C for 3 h. The film was
removed from the glass plate by soaking it in cold water. These films
were transparent, homogene and flexible. During the analyses SEO
Phoenix-300 Automatic device was used and analyses were performed
using a Wilhelmy plate technique.

Atomic force microscopy (AFM) measurements were performed on
film prepared from NPU-PEG-X-15% using XE-100E (Park Systems
Corp., Suwon, Korea) in noncontact mode by NSC36/Cr−Au type
cantilevers with 0.5 Hz scanning speed. AFM measurements were
carried out at two different times as before and after adhesion tests. In
order to prepare PU films, NPU-PEG-X-15% were solved in ethanol
(2:1, w/v) and transferred to the aluminum substrate and dried in
incubator at 37 οC. These prepared films were used for AFM images of
NPU-PEG-X-15% before adhesive performance tests. The AFM
measurements were carried out under moisture controlled medium
in ambient conditions (22 ± 2 °C). Next, adhesion test were applied
NPU-PEG-X-15% by using aluminum substrates for 1 h curing time
and the AFM measurements were performed again. The surface
properties and topographies of the PUs were compared with the
before and after the adhesion test.

Adhesion Strength Analysis. Adhesion strengths tests of NPU-
PEG-Xs were performed using aluminum substrats (2 cm width x 5 cm
length) and muscle tissue. The aluminum substrats were polished by
grinding well and were cleaned after polishing by soaking for 10 min
each in ethanol and then water. The aluminum substrats were dried
overnight in air at room temperature. A 20 mm × 20 mm (4 cm2)
overlap area was used with 0.2 g adhesive samples dissolved in 50 μL
of absolute ethanol. After overlap, samples were incubated for 1 and 24
h cure at room temperature. Furthermore, adhesive strength tests of
NPU-PEG-Xs were performed using fresh muscle tissue for 24 h
curing time at room temperature. Fresh muscle tissues were fixed on
dried aluminum substrats (2 cm × 2 cm) using a commercial
cyanoacrylate glue. 0.2 g of NPU-PEG-Xs dissolved in 50 μL of
absolute ethanol were used for adhesion of overlap area. Bonding
surface of muscle tissues was the moist when NPU-PEG-Xs were
applied. After curing times, shear load-extension curves were obtained
with material strength testing machine (SYC-500, Sundoo, China).
The force applied to the fixture was measured with a 500 N load cell.
Samples were held in place in the testing and extended in the shear
direction at a speed of 40 mm/min. Adhesion force, in Newtons, was
determined by the maximum point of the distance versus force plot,
just prior to failure, after which the force dropped substantially.
Adhesion forces expressed in Pascals (Pa) were obtained by dividing
the shear force (in Newtons) by the adherend over lap area (in m2).
Each adhesion measurement was repeated at least five times. Results
were given as the mean ± standard deviation.

In Vitro Biodegradation Analysis. Biodegradation studies were
carried out according to the ASTM method F1635-04. Samples were
prepared as 1 cm diameter discs for the experiments. The starting mass
of the samples was 0.1 g. The degradation rates were determined from
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the weight loss of the PUs. In the experiment, samples were immersed
in a 50 mM phosphate buffer solution (PBS, pH 7.4) at 37 °C. At
predetermined time intervals (1, 2, 3, 4, 6 and 8 weeks), the samples
were taken out, washed with distilled water and dried at room
temperature for 2 days. Experiments were performed three repetitions
for each sample. Weight loss was calculated with the following
equation:

= × − W Wweight loss (%) 100 [1 ( / )]t 0

where W0 and Wt are the dry sample weight before and after
degradation, respectively.
In addition, degradation processes were followed by FT-IR at 0, 4

and 8 weeks. To observe the degradation type, SEM images of NPU-
PEG-X-10% were also scanned at 0 and eighth weeks.
Protein Adsorption Analysis. Protein adsorption tests were

performed according to the standard protocol7 with bovine serum
albumin (BSA) and fibrinogen proteins. For the protein adsorption
test, polymers were weighed 0.1 g and prepared using 1 cm diameter
discs. The prepared discs were first washed with PBS for 1 h and then
were immersed in 5 mL of BSA (0.32 μg/mL) or fibrinogen (0.03 μg/
mL) solution at 37 °C. Incubation times were 16 and 3 h for BSA and
fibrinogen solution, respectively. After this incubation, samples were
removed from the protein solution and were washed twice with PBS.
Then, to remove adsorbed protein from NPU-PEG-Xs the discs were
immersed in 1 mL of 1% sodium dodecyl sulfate (SDS)-water solution
for 3 h followed by ultrasonication for 5 min. Amount of the protein in
the SDS solution was determined by the o-phthaldehyde (OPA)
fluorospectrometric protein assay protocol. Results are given as μg
protein/cm2 for film area. All measurements were performed at least
three repetitions and results were statistically analyzed by using
GraphPad Prism 5.0 program.
Cytotoxicity Analysis by MTT Assay. MTT assay was used to

test the cytotoxicity of the PUs (ISO 10993-5). For the experiments,
0.2 g of PUs was placed into a sterile falcon tube. Then, 1 mL of
absolute ethanol was added to each tube followed by sterilization
under UV light for 1 h. Excess alcohol on the PUs was evaporated, and

samples were washed several times with sterile PBS (pH 7.4). For the
cytotoxicity assay, fresh cell culture media (MEM medium; containing
10% FCS and 1% L-glutamine) was added into the sample tubes.
Samples were incubated with medium for 72 h at 37 °C. While the
samples were being incubated, rat aortic endothelial cells (RAOEC)
were seeded into 96-well plates at a density of 2 × 103cells/well in 1
mL cell culture medium and allowed to attach for 24 h at 37 °C under
5% CO2 environment. At the end of the incubation time, culture
media was discarded and replaced by medium, incubated with samples
as 100 μL/well. Fresh medium was used as control and all samples
were incubated at 37 °C for 24 h. 100 μL of fresh medium containing
1% MTT (5 mg/mL, in PBS, pH 7.4) was pipetted to the wells. After
4 h, medium was aspirated and 100 μL of DMSO was pipetted to
dissolve formazan crystals. Afterward, the optical density was read on
an ELISA reader at 570 nm on the basis of linear absorbance to the
number of living cells in the culture.

Preliminary Animal Study For In Vivo Biocompatibility
Analysis. NPU-PEG-X-10% was used in animal studies for in vivo
biocompatibility test. Twenty-four adult male of Wistar rats were
divided into four groups (n: 6) as Group 1: Control (1 week), Group
2: NPU-PEG-X-10% (1 week), Group 3: Control (6 weeks) and
Group 4: NPU-PEG-X-10% (6 weeks). For experimental groups,
NPU-PEG-X-10% samples were weighed as 0.2 g discs, and were
sterilized by UV light for 1 h. During the surgical procedure, rats were
anesthetized and the samples were implanted subcutaneously in the
dorsal area of animals.8,17 PP (polypropylene) materials were applied
in the control group of animals. At the end of the application time, to
determine acute (1 week) and chronic (6 weeks) effects, surrounding
muscle tissue was removed and histological and biochemical
inflammation parameters were determined.

Histological Evaluation. For histological evaluation, surrounding
tissues of the material were taken and divided into 3−4 mm parts in
size. Subsequently, the tissues were fixed in 10% formaldehyde for 24 h
followed by placing into the plastic tissue cassettes. After the fixation,
the tissues were washed in running tap water for 24 h and then were
dehydrated in alcohol and embedded in paraffin followed by making
pellucid blocks with xylene. Five micron sections were taken from

Figure 1. FT-IR spectra of NPU-PEG and NPU-PEG-Xs.
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paraffin blocks by Leica RM2145 microtome. To observe the general
histological structure hematoxylin-eosin staining method, to distin-
guish macrophages PAS (Periodic Acid Schiff) staining method, to
distinguish mast cells methyl green pyronin staining method and to
investigate the collagen density Masson’s trichrome staining method
were applied to the sections. In the tissues which were around the
material, a 0−3 scoring was made by evaluating neutrophil,
lymphocyte and macrophage infiltration, the density of mast cells
and collagen in the connective tissue. They were grouped as Score 0:
normal, Score 1: mild (0−25% damage), Score 2: moderate (25−75%
damage), Score 3: severe (>75% damage).18 The specimens were
examined and scored by Leica DFC280 light microscopy and Leica Q
(Leica Micros Imaging solution Ltd., Cambridge, UK) image analysis
system and their photos were taken.
Biochemical Evaluation. Myeloperoxidase (MPO) activity and

nitrite oxide (NO) levels were determined in the tissue samples as
biochemical inflammation parameters.
Myeloperoxidase (MPO) Activity. Samples were weighed 0.1 g and

put into 1 mL of phosphate buffer (50 mM, pH 6) and all tissues were
homogenized under ice with a IKA-Werke T25 homogenizer. Then,
homogenates were centrifuged with Hettich Universal 320 micro-
centrifuge at 15000 G for 15 min at 4 °C. The pellets were separated
from the supernatant and added 500 μL of HETAB solution (0.5% w/
w in 50 mM, pH 6 phosphate buffer). The solutions were allowed
freezing-thawing twice and sonication for 15 s (Sonics VCX130).
Then, samples were centrifuged at 15000 G for 15 min. 25 μL of
supernatant and 200 μL of reaction mixture were added into 96-well
plates and the measurement was performed at a wavelength of 460 nm
with BioTek Eon Eliza microplate reader. MPO activity results were
given in unit per gram of wet tissue.
Nitric Oxide (NO) Assay. 0.1 g of muscle tissue was homogenized

and was sonified with an ultrasonifier by three cycles (20 s sonications
with a 30 s pause) in 5 volumes ice-cold PBS (pH 7.4). Supernatant
was obtained after centrifuge (15000g, 10 min, 4 °C) and was
subjected to NO assay, immediately. Nitric oxide levels were
determined by colorimetric method using Cayman Nitrite/Nitrate
Assay Kit based on Griess reaction. The Griess reaction is summarized
as the azo coupling between diazonium species, which are produced
from sulfanilamide with NO2, and naphthylethylenediamine. After
reaction, azo product was measured at 540 nm by using a BioTek Eon
Eliza microplate reader. NO levels were given in nmol/g of tissue.
Statistical Analysis. The one-way analysis of variance (ANOVA)

and Tukey’s multiple comparison tests were used to analyze the
significance of the differences between the experimental groups.
Results were considered to be significant when p < 0.05.

■ RESULTS AND DISCUSSION

Synthesized NPU-PEG-Xs with different monomer weight
ratios were characterized by FT-IR, DSC, DTA, TGA, contact
angle, adhesion strength, AFM measurement, biodegradation,
protein adsorption, in vitro cytotoxicity and in vivo biocompat-
ibility.
Chemical Characterization. Chemical structures of PUs

were confirmed by FT-IR spectroscopy. Figure 1 shows the FT-
IR spectrum of NPU-PEG and xylose-based PUs (NPU-PEG-
Xs). In the FT-IR spectra of NPU-PEG and NPU-PEG-Xs,
there is no free isocyanate peak at 2265 cm−1 and this indicates
that there is no residual MCI in the polymer structure. A
characteristic FT-IR peak is observed at 1733 cm−1, which is
belong to −CO ester groups in the NPU-PEG-Xs. In the FT-
IR spectrum, the −CH stretching frequencies for the
aliphatic −CH2− groups are relatively weak and observed at
∼2927−2890 cm−1. The peak at 3300 cm−1 is ascribed to the
NH stretching frequency. Moreover, the peaks at 1522 cm−1

belong to −NH and −CH stretching vibrations. These
results also indicate that both NPU-PEG and xylose-based PUs
were synthesized successfully. Increasing xylose ratio in the PUs

increases aliphatic −CH stretching vibration. Thus, excessive
branching and cross-linking also leads to a loss of film flexibility.

Thermal Properties. To investigate the structural and
stability effect of xylose, MCI and PEG units, thermal analysis
such as TGA, DTA and DSC were performed. First, the
thermal stabilities and thermal degradation properties of the
xylose-containing PUs were examined via TGA. Figure 2 shows

the comparison of TG curves depending on xylose ratios of
PUs. Three thermal degradation patterns were observed in
TGA thermograms of xylose containing PUs. The first thermal
degradation of the NPU-PEG-Xs resulted from the degradation
of xylose units. Second thermal decomposition was observed
corresponding to the degradation of the soft segment of PEG
and −CH2 groups of isocyanate units. The last thermal
degradation pattern resulting from the hard segment of cyclic
−CH2 groups of isocyanate units was observed as the last
thermal decomposition. All the thermal decompositions are
range from 150 to 300, 300−375 and 380−450 °C in the
thermograms, respectively. As expected, the thermal decom-
position of NPU-PEG polymer was characterized with two
distinctive steps, which correspond to the degradation of hard
and soft segments in polyurethane structure. These two thermal
degradation patterns were observed resulting from the PEG and
MCI units in the PUs. These results are correlated with thermal
degradation curves of other saccharide-based polyurethanes.19

The initial decomposition temperature and percentage of the
residue at 600 °C are higher in NPU-PEG-X-5% compared to
NPU-PEG-X-10% or NPU-PEG-X-15%. In Figure 2, the
thermal stability of PUs increased as parallel with molar ratios
of xylose. In addition to, with increasing xylose concentration,
the flexibility of PU chains is decreased due to the excessive
branching and cross-linking. The structure of NPU-PEG was
linear and generally quite packed. This structure had also low
free volume and high “initial decomposition temperature”.
NPU-PEG showed low char yield (∼3.2%). When compared to
NPU-PEG, char yield of the xylose-based polyurethanes
increased with increasing the amount of xylose. In TGA
analysis, char yields of NPU-PEG-X-5%, NPU-PEG-X-10% and
NPU-PEG-X-15% at 600 °C were 5.2%, 9.4% and 21.8%,
respectively. These data proved an increase in the thermal
stability of the structure by being increased the amount of
xylose. As a result, all the prepared xylose-based polyurethanes
may suitable for usage in medical tissue adhesive application in
term of high thermal stability.20

Figure 2. TGA thermograms of NPU-PEG and NPU-PEG-Xs.
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Thermal behaviors of PUs were also investigated by DTA
analysis and results were matched with TG analysis. Figure 3

shows the DTA thermograms of NPU-PEG, NPU-PEG-X-5%,
NPU-PEG-X-10% and NPU-PEG-X-15%. All thermograms of
the xylose containing PUs include four thermal decomposition
peak (first peak at about 150−310 °C belongs to − CH2 groups
of PEG, second peak at 310−380 °C belongs to cross-linking of
xylose, third peak at 400−500 °C belongs to bridge CH2 groups
of isocyanate and last peak at ∼500 °C belongs to cyclic CH2
groups of isocyanate). However, in the DTA thermogram of
NPU-PEG, three peaks were observed as different from xylose
containing PUs due to lineer structure. The thermal stability of
the polymers was increased by being increased of xylose
content due to the cross-linking of polymer chains. DTA
measurement results are compatible with the TGA results.
Figure 4 shows DSC thermograms of NPU-PEG and xylose-

based PUs samples. The Tg of the NPU-PEG was observed at

around −18.21 °C and is higher than NPU-PEG-Xs. NPU-PEG
has linear polymer chain structure. Thus, it forms a stacked
polymer chain structure more compact than NPU-PEG-Xs.
Crystallinity and cross-link degree are two important
parameters that affect the Tg of the polymers. In general,
increasing crystallinity and/or cross-linking in a polymer
structure cause an increase in Tg.

21 Intermolecular forces and

crystallinity are strong when the polymer chains pack together
in a regular way as in these linear polyurethanes. Therefore, Tg
of this stacked structure increases. On the other hand, Tg values
of PU-PEG-Xs increased with the xylose ratio of the
polyurethanes. The Tg values of PU−PEG-X-5%, PU-PEG-X-
10% and PU-PEG-X-15% were observed as −58.14, −41.73
and −24.83 °C, respectively. The Tg increased steadily with the
xylose content for all three types of PUs. The incorporation of
xylose into the PU structure leads to an increase in cross-link
density. The high cross-link density restricted main chain
motion and caused an increase in Tg.

Contact Angle Measurements. Contact angle is an
indicator of surface heterogeneity, roughness, permeation of
the water into the material and/or extending to which the
material surface reorients the drop. To determine the
hydrophilicity of PUs, dynamic contact angle measurements
were determined using Wilhelmy plate technique.22 Contact
angle results were obtained at 51.23 ± 1.46, 55.90 ± 3.06, 58.91
± 1.47 and 62.19 ± 3.34° for NPU-PEG, NPU-PEG-X-5%,
NPU-PEG-X-10% and NPU-PEG-X-15%, respectively (Table
1). Xylose ratio in polyurethane structure increased the contact

angle and decreased the hydrophilicity. However, changes in
the contact angle of samples were not in very large scales. In
addition, NPU-PEG and NPU-PEG-Xs have wettable surface
structure so they show high biodegradability.

Adhesion Strength Properties. Adhesive properties of
the xylose-based PUs were determined using lap shear adhesion
test in accordance with ASTM (F2255-03, “Test Method for
Strength Properties of Tissue Adhesives in Lap-Shear by
Tension Loading”) standards.23−25 Adhesion test results for 1
and 24 h and shear load-extension curves for 24 h of PUs were
given in Figure 5. Adhesion strength values of NPU-PEG-X-5%,
NPU-PEG-X-10% and NPU-PEG-X-15% were 79.6 ± 36.9,

Figure 3. DTA thermograms of NPU-PEG and NPU-PEG-Xs.

Figure 4. DSC thermograms of NPU-PEG and NPU-PEG-Xs.

Table 1. Water Contact Angles on the Surfaces of NPU-PEG
and NPU-PEG-Xs

sample name contact angle (deg)

NPU-PEG 51.23 ± 1.46
NPU-PEG-X-5% 55.90 ± 3.06
NPU-PEG-X-10% 58.91 ± 1.47
NPU-PEG-X-15% 62.19 ± 3.34

Figure 5. Adhesive strengths of PUs under various time conditions.
Data are expressed as mean SD (n = 5). * Significantly different from
NPU-PEG-X-5%, (p < 0.05).
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232.6 ± 52.0, 330.0 ± 10.4 for 1 h and 189.6 ± 23.4, 382.3 ±
16.9, 415.0 ± 48.8 for 24 h, respectively. Furthermore, adhesion
strengths statistically showed an increase (p < 0.05) in the
NPU-PEG-X-10% and NPU-PEG-X-15% compared with the
NPU-PEG-X-5% for 1 and 24 h curing times. Adhesion
strength increased with cross-linking ratio of polyurethane as
parallel with literature.26−30

In previous studies, for chlorogenic acid (CLA)-based
polyurethanes, the highest adhesion values were measured as
226.6 ± 35.2 kPa and 373.3 ± 47.5 kPa for 1 and 24 h curing
times in 10% of CLA containing PUs, respectively.9 According
to our adhesion test results, NPU-PEG-X-15% polymer showed
higher values than CLA-based PUs.
We also tested adhesive strength of NPU-PEG-X samples for

muscle tissue (Figure 6). For 24 h curing times, in parallel with

the concentration of xylose in PUs, adhesive strength values
were identified as 46.2 ± 25.2, 52.2 ± 24.0 and 94.0 ± 2.8 kPa,
respectively. In addition, adhesion strengths statistically showed
an increase (p < 0.05) in the NPU-PEG-X-15%, as compared
with the NPU-PEG-X-10% and NPU-PEG-X-5%. In previous
studies, gelatin, chitosan and fibrin-based adhesives were
measured at 12−20, 3 and 0.7−27 kPa as adhesive strength
after 24 h of curing, respectively.31−33 Especially, fibrin glue is
used quite often in surgical operations.7 According to our test
results, adhesion strength of NPU-PEG-Xs is very high
compared with the mentioned adhesives. Therefore, NPU-
PEG-Xs may find the area of application as medical tissue
adhesive.

AFM Images. AFM is the best method for investigating the
surface topography of the adhesive samples with high
resolution. Thus, before and after the adhesion test of NPU-
PEG-X adhesive materials, the surface morphologies were
investigated by AFM in noncontact mode using standard
noncontact cantilever with silicone tips. AFM images were
shown in Figure 7 with 3D.
Figure 7 shows surface topology of the adhesive material

before (A) and after (B) adhesive performance tests (shear
test). Uniform covering of adhesives on the surface of
aluminum metals is very important for its adhesive performance
in order to get equal adhesion strength in all directions.
Therefore, before adhesive performance test, the AFM
measurements of NPU-PEG-X-15% were carried out and the
surface topology of untreated adhesive material was seen as flat,
smooth and homogeneous (Figure 7A). However, after the
shear test, fibers and local adhesion zones were seen on the
adhesive material (Figure 7B). During the measurement of

Figure 6. Actual image of lap shear testing using muscle tissue surfaces
(on the right side) and adhesive strengths of PUs (on the left side). *
Significantly different from NPU-PEG-X-15% vs NPU-PEG-X-10%
and NPU-PEG-X-5%, (p < 0.05).

Figure 7. AFM images of NPU-PEG-X-15% before (A) and after (B) adhesive performance tests (shear test).
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adhesion properties, the surface properties and topographies of
the sample was changed and surface topology of NPU-PEG-X-
15% was shown as quite fractal, rough and fibrillary structure.
In Vitro Biodegradation Properties. Figure 8 illustrates

the weight loss of PUs during 8 weeks incubation time. The

highest value was 19.96 ± 1.04 in NPU-PEG-X-15% for 8
weeks incubation. Bulk degradations of all PUs were also
determined from FT-IR spectrum (Figure S1) and SEM images
(Figure 9). Generally, for all PUs three degradations were
observed resulting from hard segments (isocyanate groups),
soft segments (PEG groups) and cross-linking groups (xylose)
(Figure S1). Because of the degradation of CH2 groups in
isocyanate units, −COOH groups are formed and thus we can
observe an expansion in −OH stretching vibration at 3300−

3650 cm−1 in FT-IR spectra. Furthermore, there are no NH2

and isocyanate groups in FT-IR spectra during degradations so
we can say that toxic groups were not formed. In addition, at
1276 cm−1, we can observe a decrease in −CO stretching
vibration originated from degradation of xylose units.
Obviously, when PUs are compared with each other, the
percentage weight loss in PUs was increased with increasing in
the percentage of xylose. According to SEM images,
biodegradation of NPU-PEG-Xs was clearly seen after 8
weeks of incubation period (Figure 9).

Protein Adsorption Properties. Protein adsorption
results were separately shown as BSA and fibrinogen
adsorption. BSA, the most abundant protein in plasma, is a
very significant protein in terms of protein adsorption
properties of biomaterials.34,35 Hence, we measured the
adsorption of BSA on NPU-PEG-X polymer surfaces to
investigate protein resistance. Figure 10 shows BSA adsorption
on NPU-PEG-X surfaces. The amounts of adsorbed BSA were
8.06 ± 0.95, 11.99 ± 2.24 and 15.44 ± 2.48 μg/cm2 for NPU-
PEG-X-5%, NPU-PEG-X-10% and NPU-PEG-X-15%, respec-
tively. According to the results, it is so clear that the increase in
BSA adsorption is statistically significant (p < 0.05) with
increasing the concentration of xylose in PUs. The reason for
this was that the porous polymer structure was formed due to
increased branching in the polymer with increasing xylose ratio.
In the previous studies, BSA adsorptions of pMEMA poly(2-
methoxyethyl methacrylate), pHEMA poly(2-hydroxyethyl
methacrylate), pAAm poly(acrylamide), pMMA poly(methyl
methacrylate) and pSt poly(styrene) polymers were measured
as 1.5, 4.7, 5.7, 9.2 and 13.0 μg/cm2, respectively.36 BSA

Figure 8. Biodegradation profile of NPU-PEG-Xs versus time.

Figure 9. SEM images of the biodegradation process of NPU-PEG-Xs (A) at the beginning, (B) at the end of the 8 weeks.
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adsorption amounts of NPU-PEG-Xs were very similar to these
polymers.36

Fibrinogen is an important protein which works in blood
clotting mechanism. Therefore, fibrinogen adsorption studies
have an importance in terms of the interactions between blood
and biomaterials. Figure 10 also shows the results of fibrinogen
adsorption on PU surfaces. The amounts of adsorbed
fibrinogen were 4.81 ± 0.69, 5.67 ± 1.21 and 11.57 ± 2.76
μg/cm2 for NPU-PEG-X-5%, NPU-PEG-X-10% and NPU-
PEG-X-15%, respectively. These results were slightly high
compared to other polymers.36 According to the results,
fibrinogen adsorption is increased with increasing xylose ratio
in PUs. The underlying fact caused in increasing of branches in
the polymer is related to the increase of xylose ratios. The
porous polymer structure is formed and thus amount of
adsorbed protein is increased in PUs like BSA adsorption.
Figure 11A shows the relationship between water contact

angle and BSA adsorption on the PUs. BSA adsorption on
NPU-PEG-X-5%, the most hydrophilic surface, was smaller
than moderately hydrophilic surface of NPU-PEG-X-15%.
Tsukagoshi et al. examined the relationship between surface
wettability and protein adsorption for pMEMA, pHEMA,
pAAm, pMMA and pSt polymers. As parallel with our result,
they were found that high hydrophobicity caused with high
protein adsorption.36,37 Figure 11B shows the relationship
between water contact angle and fibrinogen adsorption on the
PUs. The adsorption was the least amount for the most
hydrophilic surface, NPU-PEG-X-5%. These findings are
consistent with the literature.6,36

Cytotoxicity Properties. A common concern in develop-
ing a biodegradable biomaterial for tissue applications is the
cytotoxic effect of degradation products. Structure and
properties of degradation products release from the polymer
to medium have an important role in term of biocompatibility
of polymer. Therefore, selection of monomers in the PUs
structure is very significant for biocompatibility.
It is one hypothesis of this study that xylose containing

nonaromatic PUs yield biocompatible adhesives and may help
overcome known compatibility problems of PUs which are
synthesized with aromatic isocyanetes. We carried out indirect
cytocompatibility test of NPU-PEG-Xs with a standard LIVE/
DEAD assay on RAOEC endothelial cells.38 The reduction of
cell viability by more than 30% is considered as a cytotoxic
effect for biomaterials according to ISO-10993-5.8 NPU-PEG-X

samples showed high cell viability (>86%) (Figure 12). These
results were also evaluated as grade 1 according to ISO-10993-5
and were revealed that synthesized NPU-PEG-X adhesives can
be assumed nontoxic.

In Vivo Biocompatibility Properties. NPU-PEG-X-10%
was selected for in vivo biocompatibility as acute (1 week) and
chronic (6 weeks) applications taking into consideration of
adhesion strength and cytotoxicity tests. Each polyurethane film
was placed on the back of the rat in similar sizes (Figure 13). At
the end of the implantation period, muscle tissue around the
sample in the animals was taken and it was subjected to
histological and biochemical examination.

Histological Assessment. In histological analysis, a 0−3
score was used by evaluating neutrophil infiltration, lymphocyte
infiltration, macrophage infiltration, mast cell density and
collagen density in the connective tissues. They were grouped
as Score 0: normal, Score 1: mild (0−25% damage), Score 2:

Figure 10. Protein adsorption (BSA and fibrinogen) amounts of NPU-
PEG-Xs. * Significantly different from NPU-PEG-X-15% vs NPU-
PEG-X-5%, (p < 0.05). # Significantly different from NPU-PEG-X-15%
vs NPU-PEG-X-10% and NPU-PEG-X-5%, (p < 0.05).

Figure 11. Relationship of water contact angle on NPU-PEG-Xs with
BSA adsorption (A) and fibrinogen adsorption (B) for NPU-PEG-X-
5% (△), NPU-PEG-X-10% (○) and NPU-PEG-X-15% (□).

Figure 12. Cell viability results of NPU-PEG-X extracts on RAOEC
cell line.
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moderate (25−75% damage), Score 3: severe (>75%
damage).18

To determine the inflammation that occurs after acute and
chronic application of NPU-PEG-X-10% hematoxylin-eosin
staining method was applied in the sections (Figure S2).
Neutrophil infiltration scores were identified as 0.05 ± 0.02 for
1 week and 0.06 ± 0.02 for 6 weeks in the control group and
0.26 ± 0.52 for 1 week and 0.05 ± 0.02 for 6 weeks in the
NPU-PEG-X-10% group (Table 2). By considering the results

scores for all groups were less than 1, so these results indicate a
mild inflammation histologically. Furthermore, in chronic
application scores were less than 0.5 and this indicates that
neutrophil infiltration developed around 10% of the section in
NPU-PEG-X-10% group. These results revealed that inflam-
mation were scarcely observed in NPU-PEG-X-10%.
To determine the inflammation that occurs after acute and

chronic application of NPU-PEG-X-10%, sections were applied
hematoxylin-eosin staining (Figure S3). Lymphocyte infiltra-
tions were identified as 0.06 ± 0.27 for 1 week and 0.05 ± 0.02
for 6 weeks in the control group and 0.46 ± 0.09 for 1 week
and 0.27 ± 0.05 for 6 weeks in the NPU-PEG-X-10% group
(Table 2). For the 1 and 6 weeks of the treatment groups,
scores were also less than 0.5 as in lymphocyte infiltration. The
infiltration of lymphocyte samples for the 6 weeks was
determined at the control level. Decreasing in the inflammation
and approaching the control values in the chronic period are
very important in terms of the applicability of the biodegradable
material.
In sections that were applied PAS staining method (Figure

S4) during acute and chronic periods macrophage infiltrations
were determined as 0.07 ± 0.29 for 1 week and 0.08 ± 0.03 for

6 weeks in the control groups and 0.17 ± 0.42 for both 1 and 6
weeks in NPU-PEG-X-10%.
Mast cells were stained as red in sections which were applied

methyl-green proline staining method (Figure S5). Mast cell
densities were 0.13 ± 0.03, 0.16 ± 0.04 in the control group
and 0.40 ± 0.05, 0.40 ± 0.05 in the NPU-PEG-X-10% group for
1 and 6 weeks, respectively.
In sections which were applied Masson’s trichrome staining

method (Figure S6) densities of the collagen were determined
as 0.07 ± 0.02 and 0.13 ± 0.38 in the control group and 0.25 ±
0.51 and 0.15 ± 0.40 in NPU-PEG-X-10% for 1 and 6 weeks,
respectively.
Host reactions following implantation of biomaterials first

consist of blood-material interactions and acute inflammation.39

The acute reaction is determined at the histological level by the
presence of polymorphonuclear leukocytes and macrophages,
and generally resolves within 1 week.40,41 However, if the
material persists in the tissue, the acute inflammation
transforms chronic. The number of polymorphs may decrease
and the presence of lymphocytes becomes more prominent,
together with macrophages present at the implant surface.39 In
this study, a comparison of the NPU-PEG-X group with the
control group, showed a significant increase in lymphocyte and
neutrophil infiltration by the first week, but the inflammation
was not severe. However, in terms of accumulation
inflammatory cells on the sixth week NPU-PEG-X group
showed more decline in the inflammation. We postulate that
inflammation may be reduced due to tissue regeneration.

Biochemical Evaluation. Biochemical point of view in terms
of important indicators of inflammation, myeloperoxidase
(MPO) and nitric oxide (NO) levels were determined during
acute and chronic periods in tissue samples which were taken
from the material. MPO and NO levels in tissues were given in
Table 3. MPO was performed in order to analyze inflammatory

cell infiltration into the implanted NPU-PEG-X. MPO, an
enzyme derived from activated neutrophils and lymphocyte, is
concerned in the production of reactive oxygen species and
nitric oxide-based oxidation.42 In regards to the MPO levels,
although there was an increase in 1 week samples compared to
the control group, there was no statistically significant
difference (p > 0.05). MPO levels are particularly associated
with the neutrophils and lymphocyte infiltration and according
to our studies the both results were quite parallel each other.
For 6 weeks samples, MPO levels were close or less than
control group and these results were parallel with histological
inflammation parameters. According to the MPO results, rat
tissues were not shown any inflammatory response against
NPU-PEG-X-10%.
As another important inflammation parameter, NO levels

were determined in tissue samples and results were given in
Table 3. NO produced by activated macrophages is an
important effector molecule in the inflammation to foreign
materials. Our results are consistent with both histological

Figure 13. In vivo appearance of NPU-PEG-X-10% 1 (A) and 6 (B)
weeks after implantation.

Table 2. Histological Findings of Muscle Tissues Following
1 and 6 weeks of NPU-PEG-X-10% Implantation

Histological Evaluation Scores

groups 1 week 6 weeks

neutrophil infiltration control (PP) 0.05 ± 0.02 0.06 ± 0.02
NPU-PEG-X-10% 0.26 ± 0.52 0.05 ± 0.02

lymphocyte infiltration control (PP) 0.06 ± 0.27 0.05 ± 0.02
NPU-PEG-X-10% 0.46 ± 0.09 0.27 ± 0.05

macrophage infiltration control (PP) 0.07 ± 0.29 0.08 ± 0.03
NPU-PEG-X-10% 0.17 ± 0.42 0.17 ± 0.42

mast cell density control (PP) 0.13 ± 0.03 0.16 ± 0.04
NPU-PEG-X-10% 0.40 ± 0.05 0.40 ± 0.05

collagen density control (PP) 0.07 ± 0.02 0.13 ± 0.38
NPU-PEG-X-10% 0.25 ± 0.51 0.15 ± 0.40

Table 3. Biochemical Results of Muscle Tissues Following 1
and 6 weeks of NPU-PEG-X-10% Implantation

MPO (U/g wet tissue) NO (nmol/g tissue)

groups 1 week 6 weeks 1 week 6 weeks

control (PP) 86.6 ± 27.9 114.8 ± 42.3 19.0 ± 2.9 26.1 ± 2.6
NPU-PEG-
X-10%

92.7 ± 27.1 93.1 ± 30.4 24.9 ± 3.0 33.4 ± 3.5
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parameters and MPO activity. There was no significant
difference between the control and NPU-PEG-X-10% groups
(p > 0.05). Furthermore, it is known that NO has an important
role in regulating inflammatory responses via mast cells. In this
respect, analogy between NO levels and mast cell density is
important.

■ CONCLUSION
We described an injectable tissue adhesive polyurethane based
on xylose, PEG200 and 4,4′-methylenebis(cyclohexyl isocya-
nate). The adhesion strengths of 15% xylose containing PUs
were measured with Lap-Shear test as 415.0 ± 48.8 and 94.0 ±
2.8 kPa for aluminum substrate and muscle tissue, respectively.
Adhesive properties of PUs increased depending on the xylose
ratio of NPU-PEG-X. This adhesion result is higher than
commercial tissue adhesives used in body. In addition, the
biodegradation range of synthesized polyurethanes was 10−
20% for 8 weeks of incubation. From indirect cytocompatibility
test of NPU-PEG-Xs, biocompatibilities were also evaluated as
grade 1 according to ISO-10993-5. In addition, NPU-PEG-X-
10% exhibited minimal inflammatory response in the in vivo
biocompatibility test. As a result, tissue adhesive was developed
for minimally invasive effect by focusing the novel aliphatic
semisynthetic polyurethanes that can be used in the medical
field.
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