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Abstract

The microdiscectomy used for the treatment of intervertebral disc disorders leaves an open incision in the annulus

fibrosus that must be sealed to avoid re-herniation and other subsequent degenerations. In this study, we developed an

injectable and in situ polymerizable polyurethane adhesive as a long-term post-surgical annulus fibrosus repair strategy.

It was investigated the chemical structure of the urethane-based adhesive and its physico-chemical, viscoelastic, kinetic,

and in vitro cytotoxic properties. The adhesive formulated from the polycarbonate diol with the highest molar mass was

the one that exhibited a compressive behavior closest to the intervertebral disc outer region, and therefore, the most

suitable for restoration. This adhesive showed 18-day stability under moisture and required a preparation time of 10 h at

60�C before use. The material also adhered covalently to gelatin (without catalyst or initiator) and positively impacted

cell proliferation after its polymerization, which are essential requirements for clinical translation. These findings con-

firmed the ability of the polyurethane adhesive to act as an annulus fibrosus sealant, although further improvements in its

formulation are necessary.
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Introduction

Lumbar discectomy is a spinal surgery that plays a vital

part in the relief of pain symptoms and motor deficit

caused by intervertebral disc (IVD) herniation regard-

less of it is often linked to postoperative complica-

tions.1 Re-herniation events are an unfavorable

evolution of discectomy appearing in 5–15% spinal

decompression surgeries that highlight the disc struc-

ture restoration is essential for annulus fibrosus (AF)

and nucleus pulposus (NP) functionality.2 These struc-

tures have specific mechanical characteristics and

exhibit viscoelastic behavior to allow and control the

movement of the functional vertebral bodies.3

However, IVD itself is structurally avascular and has

a precarious nutritional pathway,4 which makes the

regenerative potential of the AF and NP tissues some-

what limited. During the structural collapse of the
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IVD, parts of the NP can move to defective outer parts
of the AF, compressing the adjacent spinal nerves and
causing inflammation. The degenerate portion of the
disc can be removed through a small surgical incision
(3–4mm in diameter) in the AF, but the unrepaired
defect can create changes in biomechanics and the
microenvironment of IVD.5 Therefore, sealing the
compromised AF can help to restore the physiological
function of the herniated IVD and prevent painful con-
ditions for the patient.

Non-injectable AF repair approaches include sutures
that do not restore intradiscal pressure6 and plugs that
have a risk of NP extrusion.7 Injectable solutions for AF
closure seem to be more promising than rigid implants
since they do not require anchoring to the vertebral
body, besides easily handling, nonetheless, all injectable
sealants developed so far showed mechanical limitation
or biological incompatibility.8,9 Mechanical resistance
and biodegradability were the two structural require-
ments for AF-engineered materials in most of the regen-
eration devices reported in the literature.7,9 An AF
repair device should be mechanically designed to pro-
vide flexibility, maintain intradiscal pressure, and with-
stand the daily loads experienced by the IVD.10 The
implant biodegradability, however, is a controversial
requirement since it does not always meet the specificity
of the application. Considering the avascular nature and
slow self-repair capability of the AF microenvironment,
a scaffold material with a low rate of degradation is
more technically feasible.4 Also, spine devices will
remain in situ for extended periods of time, and long-
term chemical stability should be guaranteed.

For an AF-engineered adhesive or sealant to be a
promise of clinical delivery, it must be injectable and
polymerizable under physiological conditions and
present strong tissue adherence, cytocompatibility,
minimal swelling, a mechanical performance compara-
ble to the native AF, and long shelf life.11 Initial
attempts to develop tissue adhesives involved the use
of cyanoacrylates, fibrin, albumin-glutaraldehyde,
epoxy resins, methacrylate-based systems, but these
materials were inappropriate due to their low bonding
strength, degradability or high infection rates.5 Among
semisynthetic tissue adhesives, urethane-based ones
have called the attention of researchers by their
mechanical robustness, controlled degradation, and
cell affinity. In addition, these materials provide adher-
ence to the biological tissue through covalent bonds.12

The wide variety of polyurethane (PU) components
and processing conditions allow tailoring the adhesive
formulations for the designed use. Unfortunately, only
biodegradable PU sealants are thoroughly discussed in
the literature.11 PU adhesives based on the functional-
ization of isocyanate with oxidized dextran13 and
polyether/polyester copolymers14–16 were developed,

but none proved to be suitable for AF repair.
Contributions from specialists in biomaterials, biolog-
ical, and clinical areas are necessary to create a con-
struct which will, upon implantation, provide
immediate closure of the defect and maintain the
mechanical properties of the disc. Only an interdisci-
plinary approach can address the highly complex prob-
lem of providing an intra-operative procedure which
could lead to reduced re-herniation of repaired AF
tissue and decrease long-term pain for patients.8

This work aimed to develop a PU-based adhesive
capable of mechanically sealing small AF injuries
from discectomy surgical procedures. Specifically, this
study comprised the production of an injectable and in
situ polymerizable sealant and the validation of its per-
formance through physicochemical (surface free energy
and swelling), solid viscoelastic, mechanical, thermal,
rheological, and biological (in vitro cytotoxicity)
assays. These materials present interesting characteris-
tics and will contribute to the newly emerged tissue
adhesive technology. The focus of this work was to
propose a sealant capable of providing mechanical sta-
bility during the AF closure, and not offering a regen-
erative therapy for a functional remodeled AF tissue.

Materials

The polyols Eternacoll PH50 (500 g/mol), PH100
(1000 g/mol), and PH200 (2000 g/mol), based on a mix-
ture of 1,5-pentanediol and 1,6-hexanediol, were used
as the aliphatic polycarbonate diol (PCD) and were
supplied by UBE Corporation Europe (Spain); 1,6-
Hexamethylene diisocyanate (HDI, 99þ% purity) was
purchased from Vencorex Chemicals (France). The
commercial gelatin was supplied by Gelnex (Brazil).
VERO (kidney epithelial cells, African green monkey)
and NIH/3T3 (murine fibroblast) cell lines were pur-
chased from The American Type Culture Collection
(ATCC-Rockville, Maryland, USA). All solvents
were of analytical grade, and all other chemicals were
used as received.

Methods

Synthesis and structure of urethane-based materials

The urethane-based polymers were produced in the
absence of organic solvents by reacting stoichiometric
amounts (1.0 NCO/OH molar ratio) of HDI and PCD
of different molar masses (500, 1000, and 2000 g/mol).
The urethane-based prepolymers were produced by
reacting PCD of 2000 g/mol with an excess of HDI
(1.2–5.0 NCO/OH molar ratio). The reaction was per-
formed by stirring PCD and HDI in a round-bottomed
flask under a nitrogen atmosphere. The product was
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kept in an oven at 60�C under vacuum for at least 24 h.

The materials were formulated with 1.0–5.0NCO/OH
molar ratios to optimize the viscoelastic requirements

for AF repair (Table 1). Only samples produced with

an excess of isocyanate groups (–NCO) or prepolymers

will exhibit adhesive characteristics. Fourier Transform
Infrared spectroscopy in attenuated total reflectance

mode (ATR-FTIR) confirmed the chemical structure

of the urethane-based materials. The ATR-FTIR meas-
urements were performed in a Perkin Elmer Impact 400

spectrometer from 4000 to 400 cm�1, with 32 scans and

4 cm�1 resolution (diamond crystal at 45�).
The molecular weight of the polymers (U500-1,

U1000-1, and U2000-1) was determined by size exclu-

sion chromatography (SEC) in a Perkin Elmer series
200 chromatograph using dimethylformamide with

1% of BrLi as the eluent, a sample concentration of

10mg/mL, 1mL/min flow rate, an injected volume of

10 lL, columns temperature of 35�C, and polystyrene
standards for the calibration curve.

Dynamic mechanical analysis

The viscoelastic response of the fully polymerized

urethane-based samples establishes if the synthesized
materials can support conditions similar to the native

IVD. The dynamic mechanical properties of the solid

polymers U500-1, U1000-1, and U2000-1 samples were
evaluated using a DMA 242C (Netzsch, Germany) in

compression mode. Specimens with cylindrical shape

(15mm diameter and 4mm thickness) were tested.
The measurements were performed at 37�C in the

linear viscoelastic region, under constant strain ampli-

tude (�30 lm) in the 0.1–10 Hz frequency range. The

experiments were repeated three times for each condi-
tion. The measurements were confined to the early

stages after PU-adhesive formation; long-term cycling

of loads was not considered.

Polymerization reaction: Kinetics parameters

and rheology

Since the adhesive is intended to be applied in therapy,

it becomes essential to know its: (i) preparation time

and (ii) final viscosity when the entire limiting reagent
(–OH groups from PCD) is consumed after polymeri-
zation. The adhesive preparation time was simulated by
monitoring the polymerization kinetics of samples
U500-1, U1000-1, and U2000-1 using differential scan-
ning calorimetry (DSC). The DSC experiments were
performed with �10mg of sample in a DSC-50
Shimadzu instrument under nitrogen atmosphere
(50mL/min). The materials were sealed in aluminum
crucibles and heated from 25 to 180�C under noniso-
thermal conditions, using four different heating rates
(5, 10, 15, and 20�C/min). The kinetic parameters of
the reactions were computed using “Netzsch
Thermokinetics: A Software Modulus for the Kinetic
Analysis of Thermal Measurements”. The activation
energy (Ea(T)) values were determined through integral
and differential model-free isoconversional methods.
The Flynn–Wall–Ozawa (FWO),17 Friedman (FR),18

and Kissinger–Akahira–Sunose (KAS)19 methods
were used to establish the Ea(T) dependence with the
conversion degree, a(T). The corresponding kinetic
parameters were evaluated by a “Multivariate Non-
linear Regression” program, which uses a hybrid
Marquardt–Levenberg approach. The best kinetic
model was chosen by the least squares and F-test
method. The kinetics model equations employed by
the software are shown in supplementary files
(Table S1).

The rheological profiles of the U2000-1 and U2000-2
materials were investigated in an Anton Paar MCR301
rheometer coupled with plate-plate geometry (diameter
25mm, gap 1mm). The isothermal experiments were
performed within the linear viscoelastic regime (small
stress 50 Pa) under dynamic oscillation mode using a
1.0 Hz frequency at 37.5 and 60�C.

PU–collagen adhesion strength

The adhesion strength tests determine how strongly the
sealant adheres to collagen tissue and can be character-
ized by its resistance to traction when glued between
two gelatin sheets.20 The adhesiveness of urethane-
based prepolymers was evaluated by tensile strength
tests using a Universal Testing Machine Emic

Table 1. Description of the formulated polyurethane samples.

Samples NCO/OH molar ratio PCD molar mass (g/mol) Consistency of the materials

U500-1 1 500 Solid

U1000-1 1 1000 Solid

U2000-1 1 2000 Solid

U2000-1.2 1.2 2000 Adhesive gel

U2000-2 2 2000 Adhesive gel

U2000-3 3 2000 Adhesive gel

U2000-5 5 2000 Adhesive gel
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DL2000. The U2000-1.2, U2000-2, U2000-3, and
U2000-5 samples were applied to the tip of gelatin
sheets (7 cm� 2 cm) using a spatula, covering an area
of approximately 4 cm2. The gelatin sheets were pre-
pared by a solution casting method (10 g of gelatin
dissolved in 100mL of distilled water) at room temper-
ature. The tips of the bonded sheets were then pressed
together at 37.5�C for 36 h to allow attachment and
polymerization of the adhesive to the substrate. The
system was subjected to traction using a 12mm of
grip-to-grip separation and a 20mm/min crosshead
speed. Gelatin-adhesive interfacial failure was quanti-
fied via uniaxial tensile tests on gelatin-adhesive-gelatin
constructs. The possible reactions and intermolecular
interactions between gelatin and urethane-based pre-
polymers were investigated by ATR-FTIR. The surface
of the gelatin sheets in contact with the adhesive was
immersed in dimethyl sulfoxide (DMSO) solvent to
remove the urethane phase. The solvent treatment
only extracted the non-bonded PU materials. Thus,
the functional groups (urea and amide) formed by the
reaction between the PU and collagen were identified
by means of ATR-FTIR.

Physicochemical properties

The surface free energy of the urethane-based adhesives
and gelatin sheets was determined by the Owens–Wendt
method, which is based on contact angle measurements
conducted with certain standard liquids.21 The wettabil-
ity behavior of the solid specimens provides a better
understanding of adhesion phenomenon and biocom-
patibility. The contact angle measurements were carried
out in an SEOVR Phoenix100 (Korea) instrument, and
four probe liquids were employed at 23� 2�C: distilled
water (cL

P¼ 51.0mJ/m2, cL
D¼ 21.8mJ/m2, and

cL¼ 72.8mJ/m2), glycerin (cL
P¼ 29.7mJ/m2, cL

D¼
33.6mJ/m2, and cL¼ 63.3mJ/m2), DMSO (cL

P¼
8.0mJ/m2, cL

D¼ 36.0mJ/m2, and cL¼ 44.0mJ/m2),
and hexadecane (cL

P¼ 0.0mJ/m2, cL
D¼ 27.6mJ/m2,

and cL¼ 27.6mJ/m2); where cL
P, cL

D and cL represent
the polar component, the dispersive component, and the
surface free energy of the liquids, respectively.22 The ses-
sile drop method was adopted using 2lL drops. The
contact angle was measured at least 10 times at different
sites on the surface for the consideration of the aver-
age value.

Information about the swelling behavior of the
adhesive is needed to prevent any damage to the sur-
rounding tissues due to a volume variation. The
U2000-1 sample was primarily dried until constant
weight at 60�C under vacuum conditions (Ws being
the weight of the dry sample) to assess its water sorp-
tion capacity. The dried sample was then placed in a
container with a saturated solution of pentahydrated

copper sulfate and weighted at different times (Wd)

until reaching a maximum weight. The water uptake

(WU) was calculated using equation (1)23

WU ¼ Ws �Wd

Wd

� �
� 100% (1)

Since the adhesives containing isocyanate end

groups present the ability to react with air moisture,

it is crucial to determine how their reactivity will influ-

ence the manipulation or storage events. The stability

of the –NCO groups was evaluated by maintaining the

U2000-2 sample in a sealed container under a water

saturated atmosphere. The ATR-FTIR band at

2260 cm�1 was monitored at different intervals until

the –NCO groups were no longer detected, attesting

the end of the reactivity of the material.

General cell culture protocols

VERO (kidney epithelial cells, African green monkey)

and NIH/3T3 (murine fibroblast) cell lines were pur-

chased from American Type Culture Collection

(ATCC-Rockville, Maryland, USA). The cells were cul-

tured in Dulbecco’s Modified Eagle Medium with 10%

fetal bovine serum, 100 U/mL penicillin and 100 mg/mL

streptomycin, at a temperature of 37�C, a minimum rel-

ative humidity of 95%, and an atmosphere of 5% CO2

in air. PU biomaterials were disinfected with 70� ethanol
and exposed to UV light for 30min each side, in a

class II safety cabinet. The cell lines were seeded

at 3–5� 103 cells per well in 96-well plates, or

15–20� 103 cells per well in 24-well plates, depending

on the experimental protocol. All experiments were per-

formed in triplicate and repeated three times.

In vitro cytotoxicity

For adhesives to be used in vivo, its presence should

not elicit any deleterious effect on cells functions. To

assess cell viability, the VERO and NIH/3T3 cell lines

were evaluated by their metabolically active mitochon-

dria using an MTT assay. The cell lines were incubated

with U2000-1 and U2000-2 samples by elution methods

(3 cm2/mL), as recommended by ISO 10993 (2009). The

results are expressed as the percentage of cell viability

in relation to the positive control. The experiments

were analyzed by one-way analysis of variance

(ANOVA) followed by Bonferroni’s post-hoc test,

using Graph-Pad Software (San Diego, USA).

Results are reported as the mean� standard deviation

(scanning electron microscopy (SEM)). P< 0.05 was

indicative of statistical significance.
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Nuclear morphology and mitotic index

The 40,6-diamino-2-phenylindole (DAPI) staining was

carried out to establish the mitotic index as a parameter

of cell proliferation. Briefly, VERO and NIH/3T3 were

seeded in 24- and 96 well plates and incubated with the

polymer materials for 24 h. After incubation, the

cells were washed three times in PBS, and fixed with

4% formaldehyde at room temperature, for 15 min.

The fixed cells were then washed with PBS, permeabi-

lized with 0.1% Triton X-100 in PBS and stained with a

300 nM DAPI solution (Santa Cruz, CA, USA) at

room temperature, for 10 min. The nuclear morpholo-

gy of the cells was examined under a fluorescent micro-

scope (Carl Zeiss MicroImaging GmbH, Germany).

DAPI staining delineates mitotic figures and enables

mitotic index determination for each automatic cell

count. The mitotic index was calculated as the

number of mitotic events in 10 fields per well, three

times in triplicate. The experiments were analyzed

by ANOVA followed by Bonferroni’s post-hoc test,

using Graph-Pad Software (San Diego, USA).

The results were reported as the mean� standard

deviation (SEM). P< 0.05 was indicative of statisti-

cal significance.

Polymer-cell morphology

To verify polymer-cell morphology, the materials were

held in a deep 24-well plate, and the NIH/3T3 cells

were seeded on the U2000-2 materials at a density of

15–20� 103 cells per well, and cultured for 24, 48, and

72 h. The topology of the systems was assessed by field

emission gun scanning electron microscopy (FEG-

SEM; Mira 3 Tescan, Czech Republic) and DAPI

staining under fluorescence microscopy (Carl Zeiss

MicroImaging GmbH, Germany). Before FEG-SEM

evaluation, the materials were fixed with 2.5% glutar-

aldehyde, sequentially dehydrated in increasing con-

centrations of ethanol (50, 70, 85, 95, and 100%),

and then coated with gold using a plasma sputtering

apparatus. To evaluate cell presence by DAPI staining,

the cells were fixed with 4% formaldehyde and stained

with a 300 nM DAPI solution (Santa Cruz, CA, USA)

at room temperature for 10 min.

Results and discussion

Urethane-based materials production and

characterization

The polymers (U500-1, U1000-1, and U2000-1) and

prepolymers (U2000-1.2, U2000-2, U2000-3, and

U2000-5) were produced from PCD and HDI mono-

mers using an stoichiometric amount in the case of the

polymers, or an excess of –NCO groups (1 � NCO/OH
�5) in the case of prepolymers to ensure that part of
them was free to react with biological tissue (see
Scheme S1 in supplementary files). The prepolymer
structure was qualitatively examined by ATR-FTIR
technique (see Fig. S2 in supplementary file). The for-
mation of the adhesive was confirmed by the decrease
in intensity of the isocyanate (2261 cm�1) and the dis-
appearance of the hydroxyl (3489 cm�1) bands. When
the adhesive loses its reactivity, which can be attested
by the disappearance of the 2260 cm�1 band, new peaks
appear around 3328 cm�1 (N–H stretching), 1242 cm�1,
and 1581 cm�1 referring to the urethane group. The
band at 1242 cm�1 (C–O stretching from carbonate
group) is also found on the PCD spectrum.24,25

The molecular weights (Mw) of samples U500-1,
U1000-1, and U2000-1 determined by SEC were
15,2150, 17,8251, and 16,5022 g/mol, respectively. The
polydispersity index (Mw/Mn) of all samples was
�1.59. No gel formation was observed for the samples.
Thus, regardless of the molecular weight of the polyols,
the PUs reached high molecular weight when stoichio-
metric amounts of hydroxyl and isocyanate groups are
used, demonstrating that the polymerization occurred
efficiently and was completed in the reac-
tion conditions.

PU-based adhesive as an annulus fibrosus sealant

Dynamic mechanical response. The mechanical perfor-
mance of the materials was evaluated through the com-
pressive modulus, by simulating slightly higher efforts
than typical physiological loading. Figure 1 shows the
storage modulus of the PU polymers synthesized from
different polyols as a function of frequency. Frequencies
at 1� 10Hz are usually observed in common daily activ-
ities.26 All samples showed a linear increase of storage
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Figure 1. Storage modulus for U500-1, U1000-1, and U2000-1
solid samples.
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modulus with frequency and also a pseudo-solid like
behavior in these experimental conditions. This behavior
concerning storage curves has already been reported for
an ex vivo sheep model at 0.1–10 Hz frequency range.27

The average compressive modulus for the samples
U500-1, U1000-1, and U2000-1 was 12.4� 3.6MPa,
5.0� 2.4MPa, and 3.1� 2.3MPa, respectively.
Clearly, the compressive modulus increases with
the increase in urethane groups (or decrease in
PCD length) in the polymer. These values are superior
to similar tests performed on native IVD tissue.26 The
compressive modulus of U2000-1 sample was the clos-
est to the IVD outer region (0.22� 0.54 MPa)28 and
thus, the most adequate for restoration. PU-based
materials have the versatility of being compositionally
tuned to acquire mechanical properties close to those of
native AF. From now on, only sample U2000-1 will be
characterized, since it proved to be the most adequate
in terms of mechanical properties.

Reactivity with collagen tissue. An AF repair sealant must
firmly adhere to the native tissue to resist stresses gen-
erated from IVD intradiscal pressures during physio-
logical loading. This adhesiveness is an essential
requirement for clinical translation. The tensile
strength results were not dependent on the NCO/OH
molar ratio of the prepolymer and consequently on the
amount of free –NCO groups. As a result, no clear
difference could be discerned between the formulations
tested. A tensile strength magnitude of 21.31�
3.06MPa was reached in the rupture of gelatin sheets
by fracture, not by detachment. This indicated that the
adhesive strength of PU-based materials to gelatin was
stronger than their cohesive strength (strength of adhe-
sive–adhesive bonds). Here, gelatin was used to simu-
late the living tissue.20,29 In all tests, the glued area in
the specimens remained intact, which indicates the
excellent adhesive capacity of the materials. A cohesive
failure then prevailed in the mechanical test and the
gelatin sheets fractured, but PU-based adhesive was
still present on the surfaces of the detached pieces.
For a sealant to be effective in restoring the AF, it
must have a tensile strength of about 4.0–8.0 MPa
and an adhesion force of 177 kPa.30,31

Free –NCO contents higher than NCO/OH¼ 1.2
did not contribute to adhesiveness because gelatin
itself has limited reactivity. Gelatin contains approxi-
mately 31� 35 free amine groups and 77� 118 carbox-
ylic acids per 1000 amino acids depending on the
pre-treatment received during its production.32,33

Besides increasing toxicity, high concentrations of
free –NCO groups also significantly affect the visco-
elastic behavior of the material. Low concentrations
of free –NCO produce high viscosity prepolymers,
which make the gel penetration difficult in the incision

to be sealed. Prepolymers produced with high –NCO
contents, however, have low viscosity and flow through
AF adjacent tissues. The U2000-2 proved to be the
most appropriate sample when the parameters inject-
ability and adhesiveness were considered.

To advance tissue adhesive technology, understand-
ing the physicochemical interactions at the collagen/
biomaterial interface is indispensable. From ATR-
FTIR spectroscopic evaluation, the probable bonding
mechanism between the polymer and collagen func-
tional groups can be monitored.34 It is assumed that
the free isocyanate groups of the adhesive will react
with the –NH2, –OH, –COOH or –NHCO� groups
present in sulfated glucosaminoglycans IVD tissue,
yielding urethanes, ureas, and amides groups, as well
as biuret and allophanates secondary products.20,35

Figure 2 shows the spectra of gelatin, U2000-2 adhe-
sive, and the gelatins surface in which the glued PU was
solvent extracted. The spectroscopic results corroborat-
ed previous evaluations of the collagen/PU bonding
chemistry.32,36,37 Figure 2 attests the reaction of the
carboxylic group of collagen by the narrowing of the
broad 3700� 2500 cm�1 region (related to the carbox-
ylic group asymmetric stretching) in the spectrum of
the extracted gelatin sheet.38 The gelatin sheets were
previously dried to remove any traces of moisture.
Bands at 3326, 1620, 1570, 1242, 732� 790, and
620 cm�1 corresponding to urea and amide groups,
namely N–H stretching vibration, amide I, amide II,
amide III, amide IV, and amide V, respectively, were
detected.32 The C¼O groups of the urethane bonds
appear at about 1730 cm�1 and 1740 cm�1 in the adhe-
sive and extracted gelatin sheet spectra, respectively.39

Since there is no peak at 2260 cm�1, it may be said that
all free –NCO groups from the adhesive have reacted.40

Therefore, these results prove the presence of urea and
amide functional groups on the gelatin/adhesive glued

COOH
C=O

CONH2
CONH2

C-O

NH

CH2

4000

(a)

(b)

(c)

3500 3000 2500
Wavenumber (cm–1)

2000 1500 1000 500

Figure 2. ATR-FTIR spectra of: (a) U2000-2, (b) gelatin, and
(c) extracted gelatin sheet.
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interface.37 Only a strong covalent bond between gela-
tin and adhesive could explain the sheets breakage
rather than its detachment when subjected to traction.

Behavior when in contact with water. Figuring out how a
biomaterial behaves in an aqueous environment is
essential to predict its stability under physiological con-
ditions. The affinity of biological molecules for an
implanted scaffold is profoundly affected by the
nature of the biomaterial surface. Increased adhesive
wettability also improves implant tissue integration.
The Owens–Wendt theory determines the polar and dis-
persive contributions to the surface free energy of a solid
using the known polar and dispersive components of the
probe liquids and their contact angles with the solid.21

The higher the surface free energy value, the higher the
adhesiveness and bioactivity of a biomaterial.20 The
adhesive and the collagen sheet presented total free sur-
face energies of 61.8 and 46.2mN/m, respectively (Table
2), which is in agreement with the literature values.20,24

The surface tension of blood assessed in a group of 150
healthy people (72 men and 78 women aged from 20 to
65 years) by the drop-weight method at a temperature of
22�C was 63.8 mN/m.41 As these substrates present a
very close surface energy values, it can be inferred that
the adhesive will present an acceptable spreadability
when in contact with the biological tissue. The polar
component of the PU-based adhesive is significantly
higher than its dispersive element, which explains the
weak cohesion forces in this polymer, and why the adhe-
sion forces are preferred.20

An excessive volume increase of the material when
in contact with the physiological environment may
damage the surrounding tissues. Structural changes of
the adhesive can also compromise its mechanical prop-
erties. The adhesive presented a low swelling ratio of
approximately 1.03� 0.06%, which suggests that there
will not be a significant volume increase capable of
preventing its use. However, the adhesive will continue
to present some hydrophilicity, which ensures its bio-
compatibility through interactions between the hydrat-
ed network and tissue proteins.20

Analyzing the stability of –NCO groups under
humidity conditions is of paramount importance
when considering the ability of urethanes to favor the

adhesion with living tissues. When exposed to a satu-
rated water atmosphere, the free isocyanate end groups
of the pre-polymer react with moisture, leading to the
formation of an unstable carbamic acid that decom-
poses to carbon dioxide and an amine group.35

Further reactions with additional –NCO groups result
in urea groups and their secondary reaction products.42

Although this moisture reaction phenomenon will nec-
essarily occur in the living tissues, it is essential to avoid
it while the adhesive is only being manipulated or
stored. The stability of the –NCO groups was moni-
tored by ATR-FTIR technique, through the
evolution of the peak at 2260 cm�1 relative to the free
isocyanate. After 24 h under moisture atmosphere,
almost 10mol% of the –NCO groups reacted. On the
seventh day, this percentage increased to 51 mol%. The
conversion rate of the –NCO group decelerates over
time. Initially, few monomers are polymerized, and
the viscosity of the reactional medium is rather low,
which allows reactants to flow and mix quickly. As
the polymerization progresses, the medium becomes
more viscous, and the reaction rate decreases. The
total reaction of the isocyanate groups with water
occurred after 18 days. When in contact with the
living tissues, however, it is expected that in situ poly-
merization of the adhesive occurs much faster since the
isocyanate reactivity with amines (–NH2) is 1000 times
faster than its reactivity with water and a primary
hydroxyl group. Moreover, the reaction between
–NCO and amino groups is thermodynamically favor-
able at ambient temperature and does not need to be
catalyzed.38

Preparation conditions for clinical use. Here we discuss two
parameters involved in the preparation of adhesives:
(a) time between intended use and application, which
was simulated by mathematical modeling of the DSC
measurements and (b) viscosity, which is directly relat-
ed to the injectability of the prepolymer. Concerning
the time of preparation, it is essential to consider the
type of clinical procedure to which the adhesive’s appli-
cation is linked. Microdiscectomy, because it is an elec-
tive procedure, allows for planned and previous
preparation of the adhesive. The polymerization kinetic
mechanism indicated in the DSC results determined the

Table 2. Contact angles (h, �C) and surface free energy (cS) of the solid surfaces, including dispersive (cS
D) and polar (cS

P)
contributions.

Contact angle (h, �C) Surface free energy (mN/m)

Solid surfaces Water Glycerin

Dimethyl

sulfoxide Hexadecane ÇS ÇSD ÇSP R2

U2000-1 74.8� 0.8 88.6� 0.8 44.6� 0.8 13.9� 0.8 61.8 10.5 51.3 0.9872

Collagen sheet 87.1� 0.8 80.7� 0.8 51.3� 0.8 17.2� 0.8 46.2 6.4 39.9 0.9935
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adhesive preparation time. Figure 3 shows the depen-

dence of the Ea(T) vs. a(T) for U2000-1 material. Ea(T)

values were determined using the FWO, FR, and KAS

isoconversional model-free methods and presented a

practically constant value of �49 kJmol�1. These

results are in agreement with the literature for polymer-

izations reactions of PU-based prepolymers.43 The con-

stant behavior of Ea(T) vs. a(T) curves suggests that

polymerization is limited by a single step process.44

Also, the Ea(T) values provided by the FWO, FR, and

KAS methods were quite close, proving the accuracy of
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Figure 3. Dependence of the Ea(T) vs. a(T) for U2000-1 sample.

Table 3. Nonisothermal kinetic parameters obtained from
nonlinear regression method.

f(a)
Ea(T)
(kJ mol–1)

log A

(s–1)

Correlation

coefficient (r) F test

Bna (n¼ 1.2042,

a¼ 0.3485)

49.39 4.20 0.9867 1.00

CnB (n ¼1.5372,

log Kcat¼ 0.6678)

50.21 3.78 0.9830 1.35

Fn (n¼ 1.0715) 64.89 5.97 0.9759 2.24

F2 90.11 9.33 0.9442 3.60

An (n¼ 1.2915) 48.39 3.84 0.9805 1.49

F1 62.60 5.67 0.9762 2.19

C1B (log Kcat¼ 6.83E-3) 51.70 4.14 0.9768 2.05

D3 132.76 13.43 0.8202 10.76

D3F 131.04 13.05 0.8053 11.23

D1F 112.47 10.88 0.7982 12.79

R3 51.80 3.74 0.9596 3.44

A2 33.50 1.90 0.8853 4.72

R2 46.80 3.24 0.9316 4.95

D4 124.27 12.29 0.7675 14.13

D2 98.74 9.73 0.5243 26.55

A3 23.89 0.65 0.6470 13.53

D1 103.85 10.45 0.5591 25.76

B1 –1.40 0.00 –0.5799 37.44
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Figure 4. Model prediction of U2000-1 polymerization reaction
using Prout–Tompkins (Bna) n-th order approach. The different
heating rates (in �C/min) employed at DSC experiments were
indicated in each curve.
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the models. The Ea(T) values found for the U500-1 and

U1000-1 remained between 55 and 60 kJ mol�1.
Then, the nonisothermal kinetic parameters were

investigated through multivariate non-linear regres-

sion (see Table S1) using the DSC data obtained at

different heating rates. The accuracy of the 18 kinetics

models adopted for determining the kinetic parame-

ters was validated using F statistical test. Considering

the correlation coefficient (r) and F-test values given

in Table 3, it could be concluded that the model pro-

posed by Prout–Tompkins (Bna mechanism) was the

most appropriate for describing the polymerization

mechanism. This model presented r and F-test

values close to 1, and an activation energy (Ea(T))

values nearest to those found in the FWO, FR, and

KAS models.
Figure 4 shows a comparison between results

obtained experimentally by DSC and those simulated

mathematically by the Bna model. An almost perfect

overlapping between experimental and theoretical

data was observed, suggesting that Bna model can sat-

isfactorily describe the polymerization kinetics of the

adhesive. It is not surprising that this model has been
the most appropriate since it is known in the literature
for describing autocatalyzed (sigmoidal shape) reac-
tions.43 The polymerization of urethane materials is
based on an equilibrium reaction of isocyanate and
alcohol chemical groups that has an autocatalyt-
ic behavior.43

The non-isothermal results obtained from Bna model
were then used in simulations to predict an isothermal
polymerization behavior. Figure 5(a) shows the effect
of temperature on the reactional conversion and, con-
sequently, on the preparation time of the adhesives. It
can be observed that U2000-1 sample needs �600 min
at 60�C to reach a full conversion. In this condition, the
material displays a viscosity of 461.3 Pa�s (liquid like
behavior, Figure 5(b)) and can be injected using a
needle-free syringe of 12.34mm inner diameter.
Sample U2000-2 was expected to be less viscous than
sample U2000-1, which was not observed. This sample
may have reacted with the humidity in the rheometer,
decreasing the number of free –NCO groups on the
adhesive.35 At 37�C, the U2000-1 material polymerizes
slowly, and a 461.3 Pa�s viscosity is only achieved
within 1097 min of the reaction (results not shown).

In vitro cytocompatibility. The cytotoxic effects of the
adhesives were evaluated by MTT assay using NIH/
3T3 and VERO cell lines. The U2000-1 (non-reactive
sample) and U2000-2 (adhesive, reactive sample) mate-
rials were tested, and the influence of free –NCO
groups on cell response evaluated. The solid U2000-1
did not display any cytotoxicity in fibroblast NIH/3T3
and VERO lineages in up to 72 h, as shown in Figure 6
(a). When the sample containing reactive isocyanate
end groups was added to the medium, significant cyto-
toxicity was observed for VERO cells, being this effect
less pronounced for NIH/3T3 cells (Figure 6(b)).
Interestingly, this cytotoxic response coincides with
the time required by the prepolymer to react, as
showed in the kinetic analysis. During polymerization,
the pH of the biological environment drops due to the
formation of carbamic acid, negatively impacting
cell viability.36,45 The CO2 generated during the
in situ reaction might also harm cell survivability.
Guo et al.46 cytoprotected cells during polymerization
by encapsulating them in alginate beads to provide a
barrier to CO2 diffusion. Cells survived the polymeri-
zation at >70% viability, and rapid dissolution of algi-
nate beads after the scaffold cured created
interconnected macropores that facilitated cell adhe-
sion to the biomaterial in vitro. Moreover, any residual
monomer released from the underpolymerized material
is incorporated into the lipid bilayer of the cell mem-
brane, causing its solubilization and death.45,47

Nevertheless, enhancement of cell viability after 48 h
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Figure 6. Effect of incubation with (a) U2000-1 and (b) U2000-2
on cell viability of NIH/3T3 fibroblast and VERO cells after 24, 48,
and 72 h. Each column represents the mean� SEM. *p< 0.05 vs.
control (C).
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was denoted for both VERO and NIH/3T3 lineages, a
phenomenon already reported earlier in the
literature.40,48

To reinforce the biological compatibility, a prolifer-
ative cell profile by the mitotic index was determined.
Both non-reactive (U2000-1) and reactive (U2000-2)
biomaterials markedly reduced the mitotic index in

VERO cells in the first 24 h after exposure, confirming

that polymerization interacts negatively in a cell cycle-

dependent manner for this cell type. However, the mor-

phological profile of this cells might indicate just a

downregulation on cell-cycle progression (stoped

between G0/G1) as a protective mechanism, since

quickly after 48 h post-exposure the frequency of
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Figure 7. Frequency of mitotic cells as a parameter of cell proliferation after (a,b) 24 h and (c,d) 48 h of incubation with U2000-1 and
U2000-2. The mitotic index was established for NIH/3T3 and VERO cell lines. Each column represents the mean� SEM. *p< 0.05 vs.
control (C). Representative images of VERO cells showing mitotic figures (yellow circles marking) in late anaphase with the
appearance of two discs migrating toward opposite poles of the cell on 24 h of (e) control, (f) U2000-1, (g) U2000-2 and 48 h of
(h) control, (i) U2000-1, (j) U2000-2 (magnification 20�).
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mitotic cells seems to be initially restored (Figure 7). It
is known that reversible protein phosphorylation
events play a crucial role in intracellular check-point
signal pathways that regulate cell-cycle progression
and, consequently, the proliferative potential. Of
note, the NIH/3T3 cells exposed to U2000-1 and
U2000-2 showed a frequency of mitotic events similar
to the negative control group (Figure 7), confirming
that the cellular response is metabolism dependent.
Representative images of mitotic events are shown in
Figure 7, considering only late anaphase events, with
the appearance of two discs migrating toward opposite
poles of the cell.

DAPI staining is also a tool that provides nuclear
morphological features (area, eccentricity, and solidity)
and might be related to several mechanisms that affect
cell survival processes. The VERO cells exposed to

reactive U2000-2 for 24 h presented raised morpholog-
ical signs of apoptosis with disintegrated nuclei which is
due to the presence of cytoplasmic blebs (bubble for-
mation, Figure 8). After 48 h, nuclear irregularities
were no longer seen in both VERO and NIH/3T3
cells exposed to U2000-1 and U2000-2. All the cells
analyzed from this time presented a round shape and
a well-defined and regular nuclear surface, without
signs of nuclear fragmentation and not suggesting
pro-apoptotic effects. Although the non-polymerized
adhesive initially moderately affects cell viability,
once the in situ polymerization occurs, this toxicity
tends to disappear. As no direct relationship between
the excess of isocyanate and adhesiveness was experi-
mentally observed, the use of lower levels of this mono-
mer will be preferable to ensure cell survival
and growth.

The cell affinity to the U2000-2 prepolymer was
investigated in 24, 48, and 72 h post-seeding NIH/
3T3 fibroblasts deposited onto the material surfaces
by FEG-SEM (Figure 9) and DAPI staining
(Figure 10). In the first 24 h of culture, the fibroblast
showed a rounded morphology (di¼ 1.04� 0.1 mm) and
some adherent contact points with the adhesive sur-
face.22 Favorable cell affinity and growth pattern
toward the adhesive were observed for 48 and 72 h,
either by SEM or fluorescence results, with extensive
cell spreading and releasing of extracellular matrix
(ECM).22,48 This biological mechanism is linked to
the chemical nature and surface properties of the PU
substrate, which confirms the surface free energy
results. The high superficial energy from the polar
chemical groups on the PU-based adhesive surface
favors fibroblast affinity and attachment.49,50

Moreover, the PU surface supports cell spreading due
to the presence of polar urethane groups, which are

(a)

(b)

Figure 8. VERO cells exposed to reactive U2000-2 for 24 h.
Representative images of morphological signs of apoptosis
((a) magnification 20�, (b) magnification 40�) with disintegrated
nuclei and the presence of cytoplasmic blebs (red arrow).
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Figure 9. Fibroblasts NIH/3T3 morphology in U2000-2 at (a) 24, (b) 48, and (c) 72 h (FEG-SEM magnification 20.0k�)
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distributed throughout the soft domains. The high elas-
ticity of the PU microstructure can tolerate the tension
forces imposed by the cells.51

Conclusions

A PU-based tissue adhesive for AF repair has been
evaluated through physicochemical, mechanical, ther-
mal, rheological, and biological assays. The outstand-
ing features of U2000-2 prepolymer result from its
dynamic compress behavior, excellent adhesiveness to
gelatin, minimum swelling, and injectability. This adhe-
sive bounded gelatin covalently without the use of a
catalyst or initiator. The U2000-2 formulation pre-
sented a shelf life stability of 18 days and required
10 h of preparation time at 60�C before use. This mate-
rial also showed a moderate cytotoxic effect for NIH/
3T3 fibroblasts in the first 24 h, which disappeared after
polymerization. Favorable cell adhesion and prolifera-
tion toward the adhesive were observed after 48 h of
culture. Although current findings provide preliminary
evidence of the U2000-2 suitability, we agree that fur-
ther research is needed, mainly to better understand the
mechanical behavior of this adhesive. PU-based mate-
rials were relatively rigid, suggesting tunability of the
compressive modulus. The results motivate future
investigation to assess the performance with in situ bio-
mechanical testing and in vivo biocompatibilty analy-
ses, thus, evaluating these materials in more clinically
relevant conditions. The sterility of these materials is
being investigated. Such an interdisciplinary approach,
requiring contributions from the biological and

engineering areas, will continue to be necessary for

the development of new clinical methods for AF repair.
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