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e matrix proprieties and the
correlations with nanostructure aggregation
kinetics for siloxane-polyether/hydrogel
nanocomposites†

Mac-Kedson Medeiros Salviano Santos, *abc Marcelo Henrique Sousa ab

and Juliano Alexandre Chakerab

The influence of hydrogels on the nanostructural formation of siloxane-polyether nanocomposites was

examined. The nanostructure was studied with small-angle X-ray scattering (SAXS) to determine the

siloxane nanostructure aggregation mechanisms. The interactions between matrix and drug were

examined by infrared spectroscopy to verify the compatibility of the drug with the matrix. For in vitro

release tests Piroxicam was used as a model molecule. The variation of the different types of hydrogels,

bis-acrylamide (BIS), poly(acrylamide-co-acrylic acid) (PAM) and polyvinylpyrrolidone (PVP) can modify

the drug release profiles. The release behaviour was determined to be composed of two concomitant

release mechanisms. The first is in the early stages of drug release, governed by erosion, diffusion and

swelling and the second, in advanced stages of release, typical of diffusion through pores. These

dependencies were found to be correlated to the physical and chemical properties of the

nanocomposites, including the interactions disturbing polycondensation formation. The release rate

depends on intramolecular matrix–matrix and intermolecular drug–matrix interactions, as well as

a crystalline state of the matrix.
Introduction

Sustained drug delivery systems have become a fundamental
part of drug development. Drug excipient matrices and tablet
coatings are fundamental for delivery dosage control and they
drive the absorption of the drug. In particular, matrices for
dermal treatments have improved properties, associating the
sustained release of the active molecule with exibility, non-
occlusivity, and efficacy as a microbiological barrier and
wound healing capacity.1

Innovations in sustained drug release matrices have grown
enormously, and these advances take into account the devel-
opment of specic polymers to control release over long periods
of time, cyclical releases and concomitant delivery of hydro-
philic and hydrophobic drugs. Other aspects equally governed
by the molecular and structural characteristics of the polymers,
such as the potential for bioadhesion, water-insolubility and
swelling should ideally be adjusted to the nal properties.2–5
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Hybrid nanocomposite polymers offer the ability to manip-
ulate both organic and inorganic groups to produce a nal
compound with adjustable physical and chemical properties.6

The versatility of the colloidal method in the matrix release
preparations allows, for example, for modication of the poly-
mer side chain structure in order to tune the solubility, and
delivery kinetics of host from the matrix.7 It has been found in
the literature that drug release mechanisms are mainly gov-
erned by interactions between the host molecule and the
matrix, e.g., inter-chain crosslinking, intermolecular interac-
tions and matrix porosity. Besides, polymers with swelling and
relaxation characteristics are very suitable choices for hosting
hydrophilic drugs.8–11 In other cases, responsive polymers can
be used as stimuli release devices with a different pH, temper-
ature or light trigger.12–15

A special class of hybrid organic–inorganic nanocomposites
that has been studied as a hosting matrix for sustainable release
drugs, despite its unique properties, is derived from a nanoscale
bi-phased organic and inorganic nanocomposite. The organic
phase material prepared from polymer blend polypropylene
(PPO)–polyethylene (PEO) oxides induces exibility, wettability,
solubility and diffusion of hydrophilic and hydrophobic drugs
through the matrix. The inorganic phase, obtained from
a modied silane alkoxide, allows skin lm formation,
improving chemical and mechanical resistance, transparency
RSC Adv., 2021, 11, 3863–3869 | 3863
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Fig. 1 (a) Structure molecular of hybrid polymer and process of
hydrolysis and polycondensation. (b) Scheme represents multiscale
nanostructural description of polymeric nanocomposites. ds represent
the spatial correlation distance between the siloxane aggregates and
Lc represents the spatial correlation limit of these aggregates.
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and bioadhesion.16 The crosslinked siloxane nanoaggregates
are interconnected to each other through polymeric PPO–PEO–
PPO, resulting in a porous hybrid matrix in which the porosity
and the interactions of the host with the organic phase act
together in the kinetics of diffusion and release of the drug.
Some studies17,18 demonstrate the release of drugs from a hybrid
matrix of siloxane-polyether with PPO. However, the matrix
containing PPO has a more hydrophobic character compared to
polyethylene oxide PEO, and the combination with compounds
with more hydrophilic properties, such as hydrogels, has not
been well explored in the production of these release devices.19

Structurally, nanocomposite formation has inuenced their
capacity polycondensation reaction. Hydrogels can perturb the
three-dimensional arrangement of their molecules due to
interactions with drugs or other chemical groups. The extrem-
ities of these gels have hydroxyl groupings (–OH), carboxylic
acids (–COOH), amines (–NH) and other hydrophilic groups.20

The interaction between the matrix and the incorporated drug
determines the release prole and, depending on the material,
it may be governed by various release mechanisms.7 In addition,
hydrogels can interfere in the formation process of siloxane-
polyether matrices, resulting in hydrophilic and hydrophobic
chains and thus allowing the incorporation of different drugs.

Therefore, the objective here was to produce a hybrid
nanocomposite prepared with different hydrogels as an additive
in a hybrid siloxane-polyether matrix, in order to obtain new
materials for the drug release topical system and correlate the
inuence of polycondensation properties with a release mech-
anism. The nanocomposites were prepared with a sol–gel
process and used Piroxicam (4-hydroxy-2-methyl-1,1-dioxo-N-
pyridine-2-yl-1l6,2-benzothiazine-3-carboxamide) as the model
drug for release experiments. Piroxicam is an anti-inammatory
used in the treatment of osteoarthritis and rheumatoid
arthritis, but it is well known for its gastrotoxic and duodeno-
toxic effects when used orally.21

Experimental
Synthetic procedures

The synthesis procedure of siloxane-polyether nanocomposites
was adapted by protocols found in the literature.18,19,22 Firstly,
the hybrid polymer (SP) was obtained from the mixing of
a polyether (polypropylene oxide (PPO)) of molecular weight
(4000 g mol�1) with a silicon alkoxide (3-isocyanate propyl)
triethoxysilane in a molar ratio of 1 : 2. The reagents were stir-
red together in anhydrous ethanol (ETOH) under reux for 24 h.
The ETOH was removed by evaporation at 60 �C. The hybrid
polymer underwent hydrolysis and polycondensation through
the sol–gel process with different hydrogels for nanocomposite
formation. Mixtures of 200 mg of hybrid polymer were prepared
for each sample, with different volumes of hydrogel, bis-
acrylamide (BIS), poly(acrylamide-co-acrylic acid) (PAM) and
polyvinylpyrrolidone (PVP) solutions in volume ratio of 70 : 30
ethanol : water (v/v), with the anti-inammatory Piroxicam
(PRX) 1% (w/w) used with the following mass proportions: 25%,
15%, 5%, 2.5%, 1.5%, 0.5% and 0% (w/w). For each sample,
Triton X-100 (100 mL) was added, mixed, and stirred to form
3864 | RSC Adv., 2021, 11, 3863–3869
a homogeneous solution; HCl was added to the 0.05 M ethanol
solution (50 mL) to catalyze the hydrolysis and condensation
reaction. Aer 60 minutes, the formation of a monolithic lm
was observed by crosslinking the siloxane groups, resulting in
the samples of SP-BIS, SP-PAM, SP-PVP and SP. The process of
hydrolysis and polycondensation formation shows in Fig. 1(a).
The multi-scale scheme of the nanocomposites is shown in
Fig. 1(b).
Characterization
Molecular characterization

The chemical bonds formed by the interaction of hydrogels and
chemical groups present in the nanocomposite were evaluated
by vibrational spectroscopy in the infrared. For spectroscopic
analysis in the infrared region of the nanocomposites, the
measurements were performed in two steps: rst, for samples of
Piroxicam powder compressed into tablet form with KBr,
a Shimadzu spectrometer Model 21 IR Prestige was used. A
resolution of 4 cm�1 was used, and 32 scans were measured in
a range of 4000 to 400 cm�1. Second, for nanocomposites, the
spectra were obtained directly by diffuse reectance, in a tag
device Varian 640-IR model, measured in the range of 4000 to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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600 cm�1 with 16 scans and 4 cm�1 resolution. For these
measurements, the sample was divided transversely and
arranged to measure the interior of the monolith obtained.
Nanostructural characterization

The Small Angle X-ray Scattering (SAXS) measurements were
performed in the D11A beamline of the National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil). The beamline is
equipped with a side-bounce W/B4C multilayer (500 double
layers) monochromator on a silicon substrate that yields
a monochromatic (l¼ 1.54�A) and horizontally focused beam. A
Pilatus 2D detector operating in a single-photon-counting
mode, located at 540 mm from the sample, was used to
record the SAXS intensity, I(q), in a 172 � 172 mm2 pixels image
area as a function of the modulus of the scattering vector, q ¼
(4p/l)sin(x/2), with x the scattering angle. Because of the small
size of the incident beam cross-section on the detection plane,
no mathematical de-smearing of the experimental SAXS inten-
sity function was needed. The lm samples were led in a 1 mm
sample holder with Kapton windows. The scattering curve was
corrected for an empty sample holder contribution.
Crystallinity characterization

The X-ray diffraction (XRD) analysis was performed to verify the
crystallinity of the nanocomposites. The lm samples were
placed in an aluminium sample holder, and the measurements
were carried out from 5� to 35�, with step 0.02� and speed of 10�

per minute in Rigaku equipment, model Miniex 600.
Fig. 2 Infrared spectrum and deconvolution adjustments for nano-
composite samples SP-BIS 25% (w/w), SP-PAM 25% (w/w), and SP-PVP
25% (w/w).
Statistical analysis

A proper linear t to Porod power law was conducted, using
Origin Pro 7.0 soware, and an adjustment was made to
determine parameters such as radius gyration (Rg) and the
fractal dimension (df). The aggregates can be described as
fractal mass, and this phenomenon is observed in themeasured
samples. According to the mass fractal model, the fractal
dimension variant is$1 and#3 and is related to the size of the
dispersed object. Thus, for example, a cylinder dimension is
given as df ¼ 1, because it has only one dimension, length.
Likewise, for a disk and a ball the values are df ¼ 2 and 3,
respectively. The radius gyration (Rg) can be dened as the
mean square distance of the centre of gravity where the mass is
seen by the electron density.23 These parameters were obtained
by tting the experimental curve in accordance with the model,
using the SASt DLCAggregation program. The information
shown on the appearance of a peak correlation of samples was
taken using the PseudoVoigt Model 2, available from Origin Pro
7.0 soware, where one can extract parameters such as the
maximum q (qmax) of the correlation peak and the half-width
(W1

2). The ds values represent the distances between the
siloxane aggregate, which are correlated with the size of the
polyether chain of the hybrid precursor (SP); by being covalently
bonded, siloxane requires the distance between the aggregates.
© 2021 The Author(s). Published by the Royal Society of Chemistry
In vitro drug release studies (UV-vis absorption)

The inuence of the composite matrix composition of Pirox-
icam (PRX) on the drug release prole was performed by studies
of samples BIS-SP, SP-SP-PAM and PVP containing 25, 15 and
5% by weight of each of hydrogels. For measurement, spec-
troscopy in ultraviolet-visible (UV-vis) was used. The samples
were prepared inside a quartz cuvette of 10 mm, which adhered
to the time of 24 hours of gel processing. Aer gel processing,
3 mL of ultrapure water was added. Using a HITACHI U-3900H
spectrophotometer model the sample was measured in the
range of 200 to 410 nm, in 2 intervals of 2 minute cycles for 3
hours, and 30 minutes cycles for 45 hours at a controlled
temperature of 25 �C, thus determining the amount of Pirox-
icam released in a period of 48 hours. The release curves were
studied by the mathematical model postulated by Korsmeyer–
Peppas,24,25 since the curves obtained by the assay are similar to
those dened by the cited models.

Results and discussion

Fig. 2 shows the infrared absorption curves from 1200 to
800 cm�1 for siloxane-polyether hybrid polymer (SP) with
different hydrogels, bis-acrylamide (BIS), poly(acrylamide-co-
acrylic acid) (PAM) and polyvinylpyrrolidone (PVP), SP-BIS, SP-
PAM, and SP-PVP samples, and the bands' deconvolution.
Table 1 displays the deconvolution results for Si–O–Si asym-
metric stretching envelopes at 1086–1049 cm�1 and b Si–OH
b plane-symmetric stretching envelopes at 930–910 cm�1 range,
respectively.26

The relative contribution between the area of silanol Si–OH
and Si–O– in-plane stretching vibration modes is shown in
RSC Adv., 2021, 11, 3863–3869 | 3865
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Table 1 Curve-fitting results of nas Si–O–Si and n b Si–O regions in the
infrared spectra of SP, SP-BIS, SP-PAM, and SP-PVP

Attribution

Samples (area%)

SP SP-BIS SP-PAM SP-PVP

nas Si–O–SiLO mode 46.36 55.47 48.87 47.17
nas Si–O–SiTO mode 17.51 56.51 26.37 30.54
n b Si–O(Si–OH) 3.88 3.22 1.90 0.57
n b Si–O(Si–O–) N 0.37 1.01 1.63
Ratio nas Si–O–Si(LO mode/TO mode) 2.65 0.98 1.85 1.54
Ratio n b Si–O(Si–OH/Si–O–) N 8.66 1.88 0.35
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Table 1. The ratio, the area between Si–OH modes and Si–O–
modes reveals a higher Si–O–mode contribution for the SP-PVP
sample compared to the other samples, suggesting non-
polycondensed silanol groups as the major species. Further-
more, the relative contribution to the TO mode (transversal
optical) in the asymmetric stretching Si–O–Si absorption band
is higher compared to the LO mode (longitudinal optical) for
the same sample.26,27 These results indicate that the poly-
condensed reaction kinetics for the SP-PVP sample is less
pronounced.

In all spectra the presence of a band is observed at 879 cm�1,
referring to the aromatic stretch ring C–H for Piroxicam,
showing the presence of the drug in the matrices produced.
According to the Fig. S1 in ESI,† is it possible to observe the
aromatic C–H absorption peak at 879 cm�1 (dashed line).
However, it was not possible to observe other Piroxicam inter-
actions through infrared spectra. On the other hand, evidence
of interactions between the silanols and carbonyl groups of PVP
polymer has already been observed in other works,28 which
could explain the low polycondensation of silanol groups.

The nanostructural characterization by SAXS analysis was
performed in order to verify the nature of the nanocomposites
SP; SP-PVP; SP-PAM and SP-BIS regarding their nanostructural
organization. The experimental small angle X-ray scattering for
Fig. 3 The experimental curve of SAXS for sample SP with data fit.
Observed (a) fractal dimension (df) results; (b) radius gyration (Rg)
results for samples SP-BIS, SP-PAM and SP-PVP.

3866 | RSC Adv., 2021, 11, 3863–3869
the SP sample (open circles) in the range 0.05 # q # 2.70 nm�1

can be observed in Fig. 3. The SAXS curves for SP-BIS, SP-PAM,
and SP-PVP are not shown in the gure; nevertheless, in all of
them, three main regimes are observed: (I) for q # 0.18 nm�1

there is a linear regime due to larger particle domains; (II) in the
range 0.18# q# 0.8 mass their is fractal behaviour and (III) for
q $ 0.8 a correlation peak is seen, due to the scattering of
ordered siloxane aggregates.29 The solid lines represent the
theoretical adjustment for each SAXS model regime, and the
inset shows the results obtained from the experimental
adjustment of the regime (II). In general, the system is
described as biphasic, composed of particles of high electron
density, dispersed phase in a lower electron density. In such
a system, larger particles coexist with smaller particles in an
interconnected or non-aggregated form. The behaviour of the
nanostructure sample without hydrogel has already been
observed in similar composites containing organic pigments,30

or others like silica and titanium particles.23 In region (I), a q�4

slope can be adjusted with a linear function, which is described
as a smooth and dened interface between the larger and
smaller particles, as described by Porod's law.31

According to the model for region (II), the growth kinetics
can be established from the fractal dimension.32 The inset (a) in
Fig. 3 shows fractal dimension (df) values as a function of
hydrogel concentration. A df close to 3.0 is related to the typical
monomer-cluster limited by the reaction growth, and df close to
2.0 is related to growth limited by diffusion. In the rst case, the
growth kinetics of the aggregates generate dense and poorly
branched structures, while for limited diffusion growth results
in the formation of more open, branched and less dense
structures. The curve shows df values as almost invariant and
close to 3.0 for SP-PAM and SP-BIS. On the other hand, for SP-
PVP samples the df values decrease from 3.0 to 2.0 with PVP
hydrogel concentration. The results reveal different siloxane
aggregate growth mechanisms depending on the hydrogel type
utilized in the nanocomposites. The growth process can also be
veried with the radius gyration (Rg) variation, which increases
from 3.0 to 5.0 nm range.

The adjustment results from region (III), in Fig. 3, are dis-
played in Table 2. For all studied samples, the ds (correlation
distance) value remains constant, close to 5.0, and it represents
the chain length related to the organic polymer used in nano-
composite preparation.33 A decrease in Lc (correlation limit)
Table 2 Curve fitting results of region III, correlation peak, from the
SAXS experimental curves

Concentration
(%)

SP-BIS SP-PAM SP-PVP

Ds Lc Ds Lc Ds Lc

0.5 4.89 23.27 4.89 24.32 4.87 24.62
1.5 4.91 22.65 5.00 24.31 4.90 24.51
2.5 4.93 23.26 5.05 19.08 4.87 23.15
5 4.90 20.98 5.10 19.38 4.93 22.92
15 4.84 22.36 5.00 22.89 4.74 18.03
25 4.94 18.90 5.00 18.86 4.93 11.43

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values is observed with hydrogel concentration. This effect is
more pronounced in the SP-PVP sample and may be related to
the decrease of the nanostructure spatial correlation with
hydrogel concentration.
In vitro drug release studies with UV-vis absorption

The release prole (scatter) of the Piroxicammodel molecule for
all the samples and the adjustment (solid lines) according to the
Korsmeyer–Peppas release model is shown in Fig. 4. The curves
for SP-BIS, SP-PAM, and SP-PVP samples show kinetics release
behaviour that is dependent on hydrogel concentration (5%,
15%, and 25%), and the maximum concentration released is
between 1.88% for PVP samples and 6.88% for BIS samples.
However, for all samples, a sustained release of 48 hours is
observed. This result indicates the drug's affinity for the
hydrophobic matrix. The hydrophobic characteristic of Pirox-
icam limits its diffusion, due to possible interactions of
hydrophobic association with the polypropylene matrix.7

Additionally, for the SP-BIS and SP-PAM samples, an
increase in Piroxicam release with hydrogels concentration can
be observed. However, an opposite effect can be observed for SP-
PVP, i.e., the increase of hydrogel concentration results in
a lower release of Piroxicam. Some authors affirm that the
difference in the release pattern derives from drug-matrix
intermolecular interaction and also matrix viscosity.34 The
increase in intermolecular hydrogen bonding between amide or
carbonyl groups from PVP hydrogels with protonated pyridine
groups from Piroxicam could explain the decrease in the release
Fig. 4 Experimental curves release kinetics of SP-BIS, SP-PAM and
SP-PVP and the inset curves of the bi-logarithmic scale samples under
the linear adjustments according to the Korsmeyer–Peppas model.

© 2021 The Author(s). Published by the Royal Society of Chemistry
process with hydrogel concentration (5% > 15% [ 25%).34 We
cannot elucidate clearly but observing the interactions of Pir-
oxicam with the binding site of the proteins 3DY9, 4NZ2 and
2AYR reveal that the chemical groups SO2 and pyridine ring of
the drug interacts via hydrogen and pi-alkyl bonding respec-
tively.35 So, we can suggest that Piroxicam can interacts with: (1)
hydrogel: the –OH groups from hydrogel structure interacts by
hydrogen bonding with SO2 group from Piroxicam. (2) nano-
composite matrix: the non-hydrolyzed silanol –Si–OH as well
ether type oxygen of the PPO groups produces hydrogen bond
interactions with SO2 group of Piroxicam. Additionally, the
same interaction between the –OH and –SO2 groups in the
crystalline form of Piroxicam has been reported in the litera-
ture.36 It is also important to indicate that these interactions are
pH dependent, which indicates that the release process can be
modulated as a function of pH.

The BIS hydrogels possess an amide group in their compo-
sition; however, we suggest that in the bisacrylamide hydrogel
the carbonyl groups are not available to carry out interactions
with Piroxicam. This hypothesis is supported by XRD data.

As observed with the XRD results in Fig. 5 for the crystalline
pattern, in all samples, the presence of the extended peak
centred around 2q ¼ 22�, referring to the contribution of
amorphous siloxane aggregates.6 There are no crystalline peaks
referring to Piroxicam in the samples, indicating good solubility
of the active principle in the nanocomposites. However, it is
noted that for higher concentrations of bisacrylamide, the
presence of two peaks centred on 2q¼ 8.29� and 2q¼ 16.1� may
be related to the packaging of crystals of needle-shaped mole-
cules, due to the strong interactions of hydrogen formed
between the parts of the N–H amide or atoms of the carbonyl
groups in adjacent molecules, as proposed by other authors.37

Nevertheless, for the PAM and PVP samples, we observed that
crystallization did not occur.

The release process shown in the inset of Fig. 4 by the bi-
logarithmic release curves describes two distinct release
Fig. 5 XRD pattern of nanocomposites SP-BIS, SP-PAM, SP-PVP with
variation of 25%, 15% and 5% hydrogels concentration, SP and Pirox-
icam (PRX).

RSC Adv., 2021, 11, 3863–3869 | 3867
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Table 3 Release exponent according to the Korsmeyer–Peppas
model for polymeric drug release systems

Samples
n values
(rst period)

n values
(second period)

SP-BIS 25% 0.39 0.25
15% 0.38 0.20
5% 0.31 0.12

SP-PAM 25% 0.32 0.05
15% 0.34 0.05
5% 0.39 0.13

SP-PVP 25% 0.25 0.1
15% 0.32 0.1
5% 0.40 0.15

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
0/

19
/2

02
5 

9:
17

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
behaviour proles independently of the hydrogels used in
a preparation: (i) the rst period for log t < 6 h reveals fast
release kinetics and (ii) the second period for log t > 6 h shows
slower release kinetics.38,39 According to Korsmeyer–Peppas
models, the values of n obtained from a linear regression of bi-
logarithmic curves can be related to the release mechanisms.
The n values obtained for all samples are shown in Table 3.

The values presented show that all the samples respect the
same mechanisms of dissolution of porous materials with the
inuence of the dissolution and erosion of the hydrogels.25 In
the case of the values of the second period, it is observed that
the values of n are lower for all the samples, showing that aer
erosion and dissolution of the hydrogel in the receiving
medium, the preponderant release mechanism is the dissolu-
tion by pores. The swelling process of the nanocomposites can
be seen in the photos in Fig. S2(a) and (b) presented in the ESI.†
This result indicates that the nanocomposite is governed by
a dual-release mechanism, where the rst period is accompa-
nied by erosion of the hydrogel chains and the second period
through a dissolution by the polyether matrix of a more
hydrophobic character, limiting the release of Piroxicam.
Conclusions

We can conclude that nanocomposites with different hydrogels
have properties that can modulate molecular interaction,
nanostructural arrangement and release rate, under the same
dual-release mechanism. Likewise, it can be concluded that the
hydrogels are eroded and released in a subsequent step with the
drug. As expected, the nanostructure is directly affected by the
composition of the nanocomposite, as well as the mechanisms
of formation of the nanometric arrangements of the siloxane-
polyether matrix. The release rate is strongly dependent on
the intramolecular matrix–matrix and intermolecular drug–
matrix interactions, as well on the crystalline state of the matrix
but although these results are related to the erosion of the
matrix, further studies are needed regarding the inuence of
temperature, irradiation, and pH.
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