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Due to their effect of vasodilatation, isosorbide nitrates represent one of the most
important and most used solutions for angina pectoris. Unfortunately, these compounds
have multiple dose-related adverse drug reactions such as headache, weakness, mild
dizziness, and occasionally heart rate changes, nausea, vomiting, and sweating. The
main aims of this research were to obtain and to evaluate new polyurethane (PU)
structures that can be used as a proper transmembrane carrier with an improved release
kinetic. Chitosan-based PU structures were obtained by a polyaddition process between
hexamethylene diisocyanate and a mixture of chitosan, butanediol, and polyethylene
glycol in the presence of caffeine as a synthesis catalyst. The obtained samples (with and
without isosorbide nitrates) were characterized regarding the encapsulation and release
rate (UV-Vis spectra), chemical composition (FTIR), thermal stability (thermal analysis),
morphology changes (SEM and SANS), and in vivo irritation tests. These methods
revealed no significant differences between the two sample structures. Multipopulational
structures with sizes between 73 and 310nm, with an increased tendency to form
clusters and a high resistance to heat (up to 280°C), were obtained. This study presents
an alternative administration of isosorbide derivatives based on a PU carrier with a high
biocompatibility and a prolonged release.

Keywords: chitosan, drug delivery, polyurethane, skin irritation, microstructural characterization

INTRODUCTION

Nitrate medications (nitroglycerin, sodium nitroprusside, isosorbide derivatives, etc.) are
pharmaceutical agents with vasodilator effect (Polakowska et al., 2016). Thus, medication with
isosorbide nitrates as active compounds is often used to prevent angina attacks and in the
prophylactic treatments of angina pectoris (Yao et al., 2015). They can be also used in combination
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FIGURE 5 | The size distribution of structures from sample PU_O.

FIGURE 6 | The size distribution of structures from sample PU_1.

to secondary products as allophanate (-NH-CO-NR-CO-O-),
biuret (-NH-CO-NR-CO-NH-), and urea (-NH-CO-NH-).
Figure 9 presents the overlapped IR spectra obtained for the
two samples.

SANS Analysis

SANS method was used to evaluate the microtextural properties
of chitosan-based PU structures. Figure 10 presents comparative
information about the synthesized samples. The calibrated SANS
data curves were described with a power-law type scattering,
according to the Porod approximation (see Equation 1), used for
large scattering objects (where QR >> 1, R being a characteristic,
average size of the scattering particles).

I(Q=A4Q"+B (1)

A is a constant containing instrumental attributes and sample
physical characteristics, and B is the incoherent background
scattering. In this Q vector range, SANS did not give information
about the size of the scattering particles/pores/inclusions;
however, it characterized their surface. The value of the

p power was characteristic to rough, fractal-like surfaces
and interfaces.

In vivo Evaluations

Animal and human skin models are often used to evaluate
the irritation effects of new compounds. Modern and non-
invasive techniques were developed to assess the skin parameters
such as skin pH, transepidermal water loss (TEWA), melanin
and erythema, the level of stratum corneum hydration, sebum,
etc. Figures11l, 12 present the changes of transepidermal
water loss and erythema levels as main indicators of any
irritation effect.

DISCUSSION

In the present synthesis of the PU structures, HDI was used
as a diisocyanate instead of aromatic compounds often used
in industrial applications for their better mechanical properties.
Studies on PU materials degradation revealed that the main
raw materials (polyols and isocyanates) were usually obtained
during their decomposition (Bolcu and Borcan, 2005); thus, in
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FIGURE 7 | Aspect of structures from sample PU_O at different magnifications.
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the present study, an aliphatic diisocyanate has been chosen in
order to avoid the introduction of certain aromatic compounds in
the human body. Caffeine was used as synthesis catalyst instead
of other tertiary amines [1,4-diazabicyclo(2.2.2)octane], tin,
or bismuth organic compounds (dibutyl-tin-dilaurate, bismuth
neodecanoate; Guhl, 2008); this natural cardiac and central
nervous system stimulant was chosen because of its low toxicity.
Chitosan has been chosen as a crosslinking agent based on the
information about its natural source, ability to swell, capacity to
absorb water, and grafting efficiency.

The prolonged release of isosorbide derivatives was obtained
by using polyethylene glycol as raw material instead of any other
ester polyol that has a faster hydrolysis (Hajnal et al., 2016) and
by using a mixture of mono- and di-nitrates (Figure 13): IS-DN
does not contain any active hydrogen and it is just physically
entrapped inside the polymer matrix, while IS-2-MN and IS-5-
MN contain a hydroxyl group and an important part of their
amount is covalently bound to the PU chains. Literature describes
the extended release as a slower delivery of the entrapped drugs
at therapeutic level for 8-12 h while a prolonged release indicates

a delivery over a longer and delayed period; Korsmeyer-Peppas
model is often used to describe the drug release from polymeric
systems (Kakar et al., 2014). Mathematical models have a key role
in the interpretation of release profiles; the trend of the present
release can be described by the equation y = 2.496x—3.5833
(R?> = 0.9756), which is specific to a better release than those
described in the case of three nano-fibrous scaffolds based on
Nylon 6 or polycaprolactam and used as carrier for Cetirizine
(Saadatmand et al., 2019).

Bolcu and Borcan (2005) have reported that PU materials
are thermally stable up to 300-320°C depending on the
aliphatic/aromatic character of diisocyanates. The insertion of
chitosan in the synthesis and the appearance of allophanates in
the reaction between PUs’ -NH- and an isocyanate, substitute
biuret structures in the reaction between -NH, and two
isocyanate molecules, amides (carboxylic with isocyanate
groups), and urea groups in the reaction between primary
amines and one isocyanate group, lead to a decreased
thermal stability (the degradation begins at 260-280°C,
Figure 4).
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FIGURE 8 | Aspect of structures from sample PU_1 at different magnifications.
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The polydispersity, or size heterogeneity of the samples,
measured as PDI is a representation of the distribution of
different particle populations; PDI is a number between
0.0 for perfectly homogeneous samples and 1.0 for highly
heterogeneous samples with multiple particle populations.
Carriers with high PDI were extensively employed to enhance
the drugs’ bioavailability and their release. Danaei et al. (2018)
explained a few advantages of drug delivery systems with bigger
PDI: the particles of a polydisperse system reach the targeted
receptor at different moments and the accumulated effects
specific to monodisperse carriers are thus avoided; particles
with different sizes have a different capacity to entrap drugs
and different degradation and release rates. The Zetasizer
measurements confirm the obtaining of multipopulational
PU structures that were observed in SEM images
(Figures 7, 8), too.

The main functional groups of PU present the following
positions of their vibrations in the FTIR spectra: free hydroxyl
(3,610-2,870 cm™1), -NCO (2,280-2,260 cm 1), urethane groups

(1,715-1,650 cm™1'), and allophanate at 1720 cm™! (Bolcu
and Borcan, 2005). FTIR spectra of our samples PU_0 and
PU_1 (Figure9) are quite similar with a few little differences.
This similarity is due to the good isolation of encapsulated
isosorbide derivatives on the one hand and to a good wash
of free un-encapsulated raw materials during the last step
of the synthesis on the other hand. Specific signals of N-H
stretching vibrations can be observed at 3,341-3,339 cm™!,
stretching vibrations of -CH,- and -CH3 at 2,932-2,862 cm L,
stretching vibrations of C=0 from urea and urethane groups
at 1,629-1,572 cm ™!, -CH,- deformations at 1,471-1,377 cm ™},
stretching vibrations of urethane C-O at 1,260-1,256 cm~! and
of ether C-O-C between 1,110 and 1,070 cm ™!, while the other
signals correspond to deformation vibration of urethane CO-
O bonds. There were no observed specific signals of free -NCO
(stretching vibrations at 2,260 cm~!) and C = O of isocyanurate
rings (1,690 cm™1).

The significant absorption bands of isosorbide nitrate
FTIR spectra were already described in literature (Silvieri
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FIGURE 9 | Comparative FT-IR spectra of empty and drug-loaded PU
capsules.
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FIGURE 10 | Comparative SANS analysis.

and DeAngelis, 1975): stretching vibrations of aliphatic C-H
(2,950-2,850 cm™!), stretching vibrations of asymmetric NO,
(1,665 and 1,635 cm™!), scissoring vibrations of methylene
(1,460 cm™Y), stretching vibrations of symmetric NO,
(1,285-1,270 cm™1!), stretching vibrations of asymmetric
C-0O-C (~1,100 cm~!) and stretching vibrations of O-NO,
(865 cm™1).

The surface fractal-like character of the studied PU samples
nanostructure in the available Q scattering vector [Q = (47/)\)
sin®; X\, neutron wavelength; 20, scattering angle] range
(0.006-0.300 A~1) has been shown by SANS. The small-
angle scattering curves of both (loaded and unloaded) samples
showed power exponents: pjoaded = 3.3 £ 0.1 and punloaded
= 34 &£ 0.1 (see raw data and fitted models in Figure 10)
corresponding to a network-like three-dimensional porous

PU skeleton constructed of units with sizes larger than the
nanometric scale range, having a rough surface and thus a
large surface area. Complementary to the results obtained by
SEM, where the texture of the material has been studied
on a micrometric level, SANS evidenced surface fractal-like
character for both samples at a smaller size scale (size range
approximately 20-1,000 A) in the whole studied volume. This
proves that the PU nanostructure was not affected by the
drug encapsulation.

The evaluation of skin irritation potential represents a
new alternative method to assess the hazard of a new
synthesized compound. The skin sensitivity is a very good
and fair parameter used in many toxicity assays on new
cosmetics, but it can be generally used in the evaluation of
any chemicals. The changes of skin parameters (especially
the level of transepidermal water loss and erythema) are fast
and directly proportional with the irritation potential of the
compounds (Kose et al., 2018). The visual observations were
replaced by modern, more accurate, credible and non-invasive
techniques. In this 2-week experiment, TEWA differences
around 6 g/h/m? were observed after the application of multiple
samples, and according to Oestmann et al. (1993), these
changes were inside a normal range. Erythema measurements
indicated an increase by about 70 units after 15 days; increases
of erythema levels were seen in every experiment done in
our Phyto-science Research Center either in mice or in
human skin experiments in the last 8 years due to the
skin sensitivity.

Sodium lauryl sulfate (SLS) is often used as control sample
in these irritation potential tests. V.G. Gurita (Ciobotaru) and
her team have reported increases of TEWA around 11 g/h/m?
and of erythema index approximately 90 units using the same
instruments in a 25-h experiment on the skin of healthy
human volunteers (Gurita (Ciobotaru) et al., 2019). In another
study of our team, SLS solution was used as reference in an
assessment of the toxicological profile of betulin entrapped in
a PU carrier (Borcan et al., 2018c¢); they presented comparative
values of TEWL and erythema between the PU samples and
SLS at 6 days, and important increases were found in the
case of the well-known irritative agent (around 4 g/h/m? for
the transepidermal water loss and more than 175 units for
erythema index).

In conclusion, PU structures were developed by using
a polyaddition process between chitosan, an aliphatic
isocyanate, and an ether polyol as main raw materials.
The obtained polydisperse carrier, consisting of structures
between 104 and 310nm, presents good encapsulation
efficiency of isosorbide derivatives (around 70%), a
very slow release, and a good stability against thermal
degradation. The carrier structures possess low values of
their surface charge, which indicates a high tendency to
form clusters, confirmed by SEM images; their maximum
absorption was recorded at 345-360nm. The skin irritation
potential of samples, measured on human volunteers as
transepidermal water loss and erythema level, did not
show important modifications of these parameters in a
15-day experiment.
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