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The hydrolysis and condensation reactions involved in synthesis of ureasil-polyether films influence the film formation time and
the number of chemical groups able to form hydrogen bonds, responsible for the bioadhesion, with the biological substrate.
The objective of this work was to study the influence of the use of an acid catalyst (hydrochloric acid) and a basic catalyst
(ammonium fluoride) in the hydrolysis and condensation reactions on the time formation and bioadhesion of ureasil-polyether
films. The toxicity of the films was evaluated. The MTT assay has shown cell viability of human skin keratinocytes higher than
70% of all analyzed materials suggesting low cytotoxicity. The bioadhesion of the films is strongly dependent on the viscosity
and hydrophilic/hydrophobic balance of the polyether chains used to synthetize the hybrid molecules. The use of acid catalyst
promotes the formation of less viscous filmswith higher bioadhesion.Thehybrids formed bymore hydrophilic PEO chains aremore
bioadherent, since they can interactmore efficiently with the water present in the stratum corneum increasing the bioadhesion. Due
to their low toxicity and high bioadhesion, the ureasil-PEO films obtained by using HCl as catalyst agent are good candidates for
application to the skin as bioadhesive films.

1. Introduction

Several types of polymeric materials have been studied over
the last decade, in order to form bioadhesive films for
controlled release of drugs through the skin [1, 2]. These
devices can improve the bioavailability of drugs that suffer
presystemic hepatic metabolism when administered orally
and consequently optimize the pharmacotherapy, since they
can maintain the correct concentration in the plasma, thus
not requiring multiple daily administrations [3]. Bioadhesive
films can be applied to a variety of drugs, are of low cost
and easy to apply, and allow immediate discontinuation of
treatment for some side effect.

For polymeric materials to be employed as films for
cutaneous applications, they must show bioadhesion, which
is the property of adhering and remaining in contact with the
skin for an extended period of time [4, 5]. Bioadhesive film
formers can also be used to control drug release and for this

purpose thematerialsmust have the following characteristics:
(a) sufficient chemical groups capable of forming hydrogen
bonds (OH and COOH, e.g.) to the biological substrate;
(b) high molecular mass, which is related to the size of
the polymer chain; (c) high flexibility of the polymer chain,
because low flexibility leads to wrinkling of the film on the
skin, decreasing its bioadhesiveness; and (d) suitable surface
tension to induce the diffusion of the drug through the layer
of epithelial tissue [6, 7].

Many polymers have been investigated for use as
mucoadhesive systems, but there are few reports in the
literature about the mechanisms involved in the process of
bioadhesion when the biological substrate is skin. A study
involving materials based on polyethylene oxide demon-
strated that functional groups such as COOH are strongly
correlated with the bioadhesive process on the oral mucosa,
since highmoisture at the site favours the formation of hydro-
gen bonds between water and COOH groups, which increase
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Figure 1: The structural formulas of the molecules of ureasil-PEO and ureasil-PPO hybrid materials and the possible sites of bonding with
the biological substrate, highlighted in the blue circles.

bioadhesion. However, the oral mucosa is very different from
the skin [8]. The stratum corneum has a natural moisture
factor (NMF) caused by water-soluble compounds that have
the property of absorbing water from the atmosphere and
holding it in the deeper layers of stratum corneum, to keep it
hydrated [9]. This water in the stratum corneum could also
make hydrogen bonds with the COOH groups, promoting
bioadhesion.

The ureasil-polyether hybrid materials are polymers
that are constituted by poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) chains and by siloxanemoieties.
The structural formulas of the molecules of ureasil-PEO
and ureasil-PPO hybrid materials are shown in Figure 1,
revealing the presence of sufficient chemical groups able to
form hydrogen bonds (-OH, -COOH) with the biological
substrate. The possibility of modifying the molecular weight
to control the size and flexibility of the polymer chain
makes the ureasil-polyether hybrids a good candidate to form
bioadhesive films.

Previous studies [10–12] showed that these ureasil-
polyether hybrid materials are usually obtained by hydrolysis
and condensation reactions of a functionalized polyether
based on PEO or PPO, catalyzed by hydrochloric acid (HCl).
However, reports in the literature also show the possibility
of using basic catalysis to produce these materials. The type
of catalysis used can alter the structural organization of the
film, leading to changes in the bioadhesive forces and in the
aesthetic characteristics of the film [13].

The objective of this work was to control the hydrol-
ysis and condensation reactions during the formation of
biocompatible films composed of ureasil-PPO and ureasil-
PEO hybrid materials, with the aim of producing strongly
bioadhesive systems to act as skin and wound protectors and
potential drug delivery systems for dermal application. For
this purpose four different polymers (2 hydrophilic and 2
hydrophobic) with differing molecular weights were used to
assess the influence of hydrophilic/hydrophobic balance on
the characteristics of the bioadhesivematerials.The influence
of the type of catalysis on the visual characteristics and
bioadhesive properties of the films was assessed by using
hydrochloric acid (HCl 2M) and ammonium fluoride (NH

4
F

0.1M) as catalytic agents.

2. Materials and Method

2.1. Preparation of Ureasil Hybrid Materials. The ureasil-
polyether hybrid materials were synthesized by the well-
known sol-gel process [15, 16]. Aprecursorwas prepared from
a functionalized polyether, based on poly(ethylene oxide)
(NH
2
-PEO-NH

2
) (Mw500–1900 gmol/L) and poly(propylene

oxide) (NH
2
-PPO-NH

2
) (Mw 400–2000 gmol/L), adding

a modified alkoxide, 3-(isocyanatopropyl)-triethoxysilane
(IsoTrEOS) (molar ratio of the polymer : alkoxide = 1 : 2).
The sources of these materials were obtained from Sigma-
Aldrich. This solution is normally made up in tetrahy-
drofuran (THF) [10, 11], but in this study ethanol was
used as solvent, to minimize toxic effects, and the solution
remained under reflux for 24 h at a temperature of 60∘C
[17], to promote the formation of the hybrid precursor
(EtO)

3
Si-(CH

2
)
3
NHC(=O)NHCHCH

3
CH
2
-(polyether)-

CH
2
CH
3
CHNH(O=)-NHC(CH

2
)
3
Si(OEt)

3
[10]. Subsequently

the solvent was removed by heating under reduced pressure
to form the hybrid precursor. This hybrid precursor was
subjected to hydrolysis and condensation reactions [18], pro-
moted by adding ethanol and water and catalyst. Two
catalysts were tested, HCl at a concentration of 2M and
NH
4
F at a concentration of 0,1M. During these reactions

the OH groups were progressively eliminated, leading to
the formation of the films (ureasil-PPO and ureasil-PEO),
in which the inorganic-organic networks were joined by
covalent bonds [19]. These reactions are shown in Scheme 1.

2.2. Formation of Bioadhesive Films. To investigate the influ-
ence of the nature of the catalytic process on the appearance
and formation of the films, the precursor hydrolysis and
condensation reactions were catalyzed by using two different
agents as described in item preparation of ureasil-polyether
hybrid materials. 150 𝜇L of the ureasil hybrid solutions was
applied to the porcine skin with a micropipette. The ureasil-
polyether hybrid solutions were also spread on a Teflon-
coated acrylic plate with the assistance of a metal spreading
device (slot cavity of 0.254mm).

2.3. Cytotoxicity Assay. A material in contact with human
tissues should not liberate any component that may be toxic
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Scheme 1: Scheme for obtaining hybrid materials (adapted from the study by Santilli et al. 2009 [10]).

or have an adverse effect on healing. The cytotoxicity tested
described in this work follows the International Standards
Organization (ISO/EN 10993) [20] guidelines for testing
biomedical materials. The cell viability was assessed by the
MTT assay.Human skin keratinocytes (2× 105) were cultured
in DMEM (Dulbecco’s Medium Eagle Modified) containing
10% FBS (fetal bovine serum) in 96-well microplates and
exposed to a conditioned medium. The conditioned media
were obtained by immersion of the ureasil-polyether hybrid
films in DMEM for 24 h. Thereafter, the plates were cen-
trifuged, the supernatants were replaced withMTT dissolved
in phosphate buffered saline (PBS), and the cells were incu-
bated in the dark for 4 h. Finally, the medium was aspirated
and the MTT reduction product, formazan, was dissolved

in isopropyl alcohol and determined spectrophotometrically
at 540 nm. The cell concentration was measured against a
calibration curve made for the cell line tested with the MTT
staining method and the results were expressed as a percent-
age of the control (untreated cells). All data were expressed as
the mean ± SD of three independent experiments.

2.4. Adhesion Strength Analysis. The tensile strength test was
used to assess the bioadhesion of the ureasil-polyether films.
The measured resistance to the removal of samples from
biological tissue was taken as the bioadhesive strength [21].
In this test a TA.XT Plus Texture Analyser equipped with a
Mucoadhesive Test Ring and a 10mm diameter cylindrical
probe was employed.The biological substrate was porcine ear
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skin, dissected from pigs at a slaughterhouse. To maintain
a uniform thickness of substrate a dermatome (Nouvag
TCM300, Goldach, EUA) was used, set at 500 𝜇m thickness.
The skin was then wrapped in a packaging film coated on
aluminum foil and frozen at −2∘C for a maximum of 30 days.
Before the test, the hair was removed with scissors.

The test was performed placing the biological substrate
stretched over the top of an acrylic holder and fixed with an
acrylic ring, which was fastened with 4 screws. Thereafter,
150 𝜇L of the ureasil hybrid solutions was applied to the
porcine skin with a micropipette. As soon as the solutions
were applied, the cylindrical probe was then lowered at a
speed of 1mm/sec until reaching the skin, where it remained
in contact with the solution under a downward force of 0.5N
for 300 seconds. Then, the probe was removed at a speed of
1mm/sec and the tensile force negative to remove it from
the polymeric film formed on the pig skin was measured.
According to previous studies [22], 300 seconds were enough
for the films to become dried, so when the probe was
withdrawn on the skin surface, the film was already formed,
and so the force of detachment measured was between the
skin and the film on dry state. The values of bioadhesion
obtained were compared to commercial polymers tested by
Souza et al. [14].

2.5. Rheological Measurements. Rheological measurements
were made in the oscillatory shear mode with the Carri Med
AR 2000 EX Rheometer, employing cone-plate geometry
(40mm diameter). The tension was 40 Pa, the frequency was
fixed at 0,5Hz, and the test continued for 5min.

2.6. Statistical Analyses. All results obtained in this study are
presented as means and standard deviations (SD).The results
were compared by ANOVA and post hoc Tukey test. The
significance level (𝑃) adopted was 0.05. Statistical analyses
were performedwith the program Instat forWindows (Graph
Pads software, San Diego, USA).

3. Results and Discussions

3.1. Cytotoxicity Assay. A bioadhesive film-forming system
for cutaneous application has to adhere to the skin and
not to show cytotoxicity. Cytotoxicity is important since the
precursor is used directly on the skin andmust not harm it, so
the catalyst used to promote film formation cannot increase
its toxicity.

Therefore the first step in this study was to assess the
cytotoxicity employing the MTT reduction test, which is
widely used to test the cytotoxicity of biomaterials. Figures 2
and 3 show the cell viability, calculated as described in
Section 3.2. The data in Figures 2 and 3 confirm that all
ureasil-polyether hybrid materials showed a cell viability
greater than 75% over a period of 24 hours. There was no
statistical difference between the values of cell viability of
ureasil-PPO and ureasil-PEO hybridmaterials catalyzed with
NH
4
F and HCl. Therefore these materials can be considered

safe to use, and ureasil-PPOhybridmaterials proved to be the
less cytotoxic. These results suggest that, although the HCl
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Figure 2: Cytotoxicity assay with human skin keratinocytes cells for
ureasil-PPO. Results are expressed as the mean ± SD of triplicates
(𝑛 = 3).
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Figure 3: Cytotoxicity assay with human skin keratinocytes cells for
ureasil-PEO. Results are expressed as the mean ± SD of triplicates
(𝑛 = 3).

catalyst leads to a pH more acidic than NH
4
F, both can be

used for the formation of films on skin because they caused
no cytotoxicity to human skin keratinocytes.

3.2. Formation of Bioadhesive Films. The catalysts influence
both, the speed and the mechanism of film formation.
Differentmechanisms can change the speed of drying process
involved in the film formation resulting in structural modifi-
cations that can be responsible to irregular film resulting for-
mations [13].The appearance of the films producedwhenHCl
and NH

4
F are used as catalysts is shown in Figures 4 and 5,
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Figure 4: The visual appearance of films produced with HCl as
catalyst agent.

Figure 5: The visual appearance of films produced with NH
4
F as

catalyst agent.

respectively. It can be seen in the photos that the catalyst
influences homogeneity of the films.

The catalyst NH
4
F led to the formation of an irregular

film, whereas HCl favored the formation of homogeneous
and transparent films.

This can be explained by the kinetics of the reactions pro-
moted by the catalyst.When the hydrolytic and condensation
step is promoted by basic catalysis, it leads to nucleophilic
substitution, where Si-OH is the nucleophilic moiety and
the H

2
O is removed. Thus, the Si-OH group determines

the reaction kinetics and results in the formation of more
branched chains at the beginning of the process [23, 24].
The presence of more branched chains leads to a decrease
in the rate of hydrolysis and condensation, causing slow and
irregular formation films, whereas in hydrolysis and conden-
sation promoted by acid catalysis, the initial reaction of the
process leads to the formation of longer and less branched
chains [23, 24]. The acid catalysis reaction is preceded by
rapid protonation of the substituents OR or OH attached to
the Si, increasing the speed of reaction and resulting in a
tendency to produce a more linear network, which results
in more homogeneous films (15mm wide and 0.5mm thick)
[23, 24]. Thus the catalyst NH

4
F did not form the film with

the expected homogeneity within an acceptable time.
The THF solvent was replaced by ethanol in the hybrid

precursor synthesis step (see Section 2.1) because ethanol is
biologically and environmentally more appropriate, besides

being more cost effective. However, a protic solvent such as
ethanol, different from THF, can undergo hydrogen bonding
with the catalysts, thus changing the catalytic activity. In this
case, with NH

4
F, the presence of ethanol decreases the speed

of reaction while it increases the speed of reactions catalyzed
by HCl. These factors also influence the visual aspect of the
films, as seen in Figures 4 and 5.

3.3. Adhesion Strength Analysis and Rheological Measure-
ments. Thus modifying the reactions of hydrolysis and con-
densation by changing the type of the catalyst used can
lead to a change in the structure of the hybrid polymeric
chains, which can affect the bioadhesion of the films on the
skin. Table 1 shows the values of work of bioadhesion force
(Wad) for hybrid materials ureasil-PPO and ureasil-PEO
with various molecular weights produced with the catalysts
HCl and NH

4
F. It was observed that the molecular weight

of the polymer chain is not a factor that determines the
adhesive strength of polymers of the same chemical type.The
measured adhesion force did not differ statistically between
the ureasil-PPO hybrid materials (400 and 2000 gmol−1),
or between the ureasil-PEO hybrid materials of 500 and
1900 gmol−1. However, when the strength of bioadhesion
was compared between ureasil-PEO and ureasil-PPO hybrid
materials with similar molecular weight, it was observed that
the value of Wad was significantly greater for ureasil-PEO,
irrespective of the catalyst used. This result can be explained
by the fact that ureasil-PEO hybrids are more hydrophilic
than ureasil-PPO hybrids, since they can interact more
efficiently with the water present in the stratum corneum
increasing the bioadhesion [9]. Evidently, the bioadhesion
force is higher formaterials with amore hydrophilic behavior
[25].

It can also be observed in Table 1 that replacement of the
HCl catalyst by the NH

4
F catalyst decreased considerably the

adhesion strength.
Thismay be due to the fact that bioadhesion also depends

on the viscosity of the material. To investigate the influence
of the catalyst on the viscosity of the films, rheological tests
were performed. Figure 6 shows that the viscous modulus
(G󸀠󸀠) was greater than the elastic modulus (G󸀠) throughout
the interval time that is considered ideal for film formation
(between 120 and 300 s), proving that there was no gel or film
formation in samples in which the catalyst NH

4
Fwas used. In

Figure 7 up to 192 s it can be observed that the elasticmodulus
G󸀠 is similar to the viscous modulus G󸀠󸀠; this time is referred
to as gel time or time of film formation.These results confirm
the influence of the catalyst on the time profile of the viscosity
of materials.

Themechanism involved in the hydrolysis and condensa-
tion reactions in the presence of NH

4
F led to the formation

of more branched chains, which resulted in changes in the
viscosity of the polymer, resulting in lower bioadhesion [26].
However, comparing thesematerials with the results obtained
by Souza et al. [14] (Table 2), it can be concluded that all
materials based on ureasil-PEO used in this study showed
significantly greater or similar values of adhesive strength
than commercial polymers.
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4. Conclusions

Thecontrol of the hydrolysis and condensation steps involved
in ureasil hybrid film formation is important for the appear-
ance and skin bioadhesivity of the films. The ureasil hybrid
films assessed in this study will lead to a potent new
technological platform for cutaneous application, since they
are able to produce transparent and highly adhesive thin films
that are capable of drying quickly and have no cytotoxicity
effects. These characteristics meet the requirements for aes-
thetic attractiveness for this novel approach to drug-delivery
systems.

Table 1: Values of work of adhesion (𝑊ad), for the hybrid ureasil-
polyether materials, produced with catalysts HCl and NH4F. Results
are expressed as the mean ± SD for 𝑛 = 5 (replicates).

Ureasil-polyether
hybrid material

(𝑊ad) Catalyst HCl,
2M

(𝑊ad) Catalyst NH4F,
0,1M

PPO 400 3.16 ± 0.28 0.51 ± 0.06
PPO 2000 2.88 ± 0.21 0.011 ± 0.00
PEO 500 5.15 ± 0.48 1.02 ± 0.09
PEO 1900 4.96 ± 0.51 4.85 ± 0.53

Table 2: Values of work of adhesion (𝑊ad) for commercial film-
formingmaterials or adhesive products. Results are expressed as the
mean ± SD for 𝑛 = 8 (replicates) [14].

Polymer 𝑊ad (N)
New-Skin 0.82 ± 0.03
Band-Aid Liquid Bandage 0.94 ± 0.02
Band-Aid Tough-Strips 2.02 ± 0.05
Band-Aid Flexible Fabric 0.92 ± 0.03
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