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Thermosensitive interpenetrating gels were prepared by physically blending poly(N-isopropylacrylamide)
(PNIPA) as the matrix and the following polysaccharides as interpenetrating phases: chitosan oligosaccharides
(identified as QNAD and QNED) and soluble starch (STARCH). The molecular weight of the dispersed phase,
the free water/bound water ratio and the thermosensitivity (transition temperature: LCST) of the gels were
determined. It was found that these gels are pseudoplastic and that their viscosity depends on the molecular
weight of the dispersed phase. LCST transition occurred around 35–37 °C. The morphology of the porosity of
the freeze-dried samples was studied by Scanning Electron Microscopy (SEM). An in vitro test of cell hemolysis
on blood agar showed that these gels are noncytotoxic. According to the results obtained, these interpenetrating
gels show characteristics of an injectable material, and have a transition LCST at body temperature, which
reinforces their potential to be used in the surgical field and as scaffolds for tissue engineering.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Poly(N-isopropylacrylamide) (PNIPA) is a thermosensitive polymer
widely used to prepare smart hydrogels for themedical field, as it expe-
riences a phase change [1,2] due to a lower critical solution temperature
(LCST)of about 34–35 °C [1–3] and it has a huge potential to be used in
the development of drug release systems and to generate scaffold like
tridimensional structures for tissue engineering [4,5] (despite the fact
that it is not biodegradable). Due to this and due to the low biodegrad-
ability, it is of great interest to incorporate a phase that might improve
this condition [5,6].

Thus, natural biopolymers, such as chitosan [4], hyaluronic acid
[6–9], starch [10,11] and collagen [12], could be blended with this
interesting polymer. From the different types of hydrogels, those that
are biodegradable are preferably used in the biomedical field because
these materials can be reabsorbed by the body or can be metabolized
without any adverse reaction [5,7,13].

When one polymer (hydrogel matrix) is synthesized or blended in
the presence of another phase, the resulting system is known as an
interpenetrating polymer network (IPN). In current research works,
this kind of material is being frequently used in bioengineering applica-
tions [1,4,14,15]. On the other side, there have been developed
tridimensional structures called scaffolds that are used in tissue
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engineering. These structures have to meet a series of requirements,
such as that they have to be porous and that their pores must be
interconnected [13,16,17].

Therefore, one of the most important aspects to study in the devel-
opment of new hydrogels is the porosity (using electron microscopy
[16–18], for example) because it allows to evaluate the potential of a
new biomaterial, as well as its compatibility and, in some cases, how
this porosity may facilitate the fluid exchange processes; it also helps
to establish the mechanical properties of the material, as well as its
dimensional stability and biodegradability [20–22].

The pore size and the network interconnection determine how the
hydrogel–body interaction process will be [5,13,23]. When pores are
larger, there are more surfaces exposed to the biological medium. This
favors the interaction between the body and the biomaterial and, if
required, it allows cell proliferation to take place because the cells
may diffuse/migrate through this 3D structure [13]. Likewise, the
diffusion of all the organic substances constituting the organic fluids
which take part in physiological and/or metabolic processes depends
on this porosity [13,16,19].

Taking into consideration the foregoing, the general objective
of this research is to create a gel consisting of a matrix of poly(N-
isopropylacrylamide), PNIPA, and the following dispersed phases:
Soluble starch (STARCH) and chitosan oligosaccharides (Oligos-QN)
obtained by means of two different depolymerization techniques
(acid degradation, in the case of QNAD, and enzymatic degradation,
for QNED). These phases not only confer biocompatibility to the system,
but also can improve its biodegradability and the formation of 3D
structures which potential applications in tissue engineering.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2013.12.005&domain=f
http://dx.doi.org/10.1016/j.msec.2013.12.005
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2. Materials and methods

2.1. Materials

Ultra pure water (pH = 6.2 and conductivity = 18 MΩ/cm) was
used to prepare all the blends in solution. The following polymers
were blended and their viscosimetric molecular weight (Mv) was
determined using capillary viscometer. Poly(N-isopropylacrylamide)
from Sigma-Aldrich (Mv = 1.9 × 104); chitosan (extracted from
shrimp shells), fromwhich two oligosaccharide sampleswere prepared,
one by acid degradation (oligo-QNAD, with Mv = 5.6 × 103)
and the other one by enzymatic degradation (oligo-QNED, with
Mv = 8.0 × 103) according to the procedure reported by Cabrera
et al. [14]. The soluble starch was obtained from Químicas-RB company
(Mv = 1.6 × 105).
2.2. Gel preparation

Table 1 shows the formulations used to prepare 25 mL of the PNIPA
gels with STARCH, QNAD and QNED at a concentration of 5% (w/w)
relative to the amount of PNIPA in each formulation [24]. To completely
dissolve the PNIPA + STARCH blend and the PNIPA + QNAD and
PNIPA + QNED blends, they were stirred vigorously at room tempera-
ture for about 2 h. Then, also with stirring, samples were submitted to
heating/cooling cycles (every 10 min for 1 h): 20 °C → 40 °C → 20 °C
in order to integrate/disperse well the phases of each formulation due
to the thermal transition.
2.3. Freeze-drying

To freeze–dry the formulations, dulyweighedplastic vialswith 10 mL
of each formulation were placed in the freezer for 2 days at−15 °C and
then in the freeze-drier, a Labconco FreeZone 2.5 Freeze–Dry System, for
48 h, under a vacuum pressure of 7 Pa and a temperature of −45 °C.
After finishing the freeze-drying process, the solid material obtained
(xerogel, which looked like cotton wool) was weighed. To determine
the content of free water in these formulations, a known amount of
water was added to the already weighed xerogel; it was allowed to re-
dissolve, weighed, frozen again and freeze-dried according to the process
described above, but for 72 h, to ensure a better removal of the free
water.
2.4. Injectability of the blends

The rheological properties of the hydrogels were studied on a
Rheometrics Dynamic Analyzer RDA-II rheometer, using a plate–plate
geometrywith a diameter of 25 mm.Were carried out to study of viscos-
ity as a function of the shear rate at room temperature. Samples were
also submitted to frequency sweeps (ω) in the range of 0.1–100 rad/s
and at a constant strain (γ) of 20% (samples were in the linear viscoelas-
tic range at this strain) in order to study the shear storage modulus (G′),
the shear loss modulus (G″) and the complex modulus (G*).
Table 1
Formulations used to prepare the IPN-PNIPA gel blends.

Blend PNIPA (g) STARCH (g) QNED (g) QNAD (g)

PNIPA 0.6451 – – –

0.6354 0.0324 – –

PNIPA + 5% w/w 0.6462 – 0.0330 –

0.6447 – – 0.0323

Poly(N-isopropylacrylamide) (PNIPA).
Chitosan oligosaccharides acid degradation (QNAD).
Chitosan oligosaccharides enzymatic degradation (QNED).
Soluble starch (STARCH).
2.5. Differential scanning calorimetric (DSC)

Samples were tested in a Perkin-Elmer DSC 7 to determine their
lower critical solution temperature (LCST). Samples were prepared
as follows: after having been freeze-dried, 5.00 mg of each material
was weighed with one drop of distilled water in hermetically sealed
aluminum pans, using a Mettler Toledo A0249 analytical balance. After
calibrating with indium and obtaining the corresponding baseline
under inert N2(g), each sample (in duplicate) was submitted to a
heating scan: 20 °C → 50 °C at 3 °C/min.

2.6. Scanning electron microscopy (SEM)

A JEOL JSM6390 scanning electron microscope was used for the
morphological analysis of sample porosity. The samples studied were
those obtained after freeze-drying (xerogel) which were cryogenically
fractured in liquid N2 to ensure the morphological observation of the
inside of each sample. Then, they were coated with a thin layer of gold
in a Balzers-SCD 030 sputter coater. The voltage of the SEM equipment
was set to 15 kV.

2.7. Cytotoxicity test by cell hemolysis on blood agar

Agar gel was preparedwith 5% blood of healthymice. The bloodwas
mixedwith agar in a totally sterile medium andwas gelled for 2 h in an
oven at 37 °C. At the same time, the IPN-PNIPA gels werewashedwith a
phosphate buffer solution 1× (PBS), and the system was placed for
30 min in an oven at 37 °C (under a 5% CO2 flow). At this temperature,
the gels underwent a transition to a solid (as shown in Fig. 2), which
made the removal of the PBS solution easy. Once this solution was
removed, the gel was left to room temperature, recovering its gel-like
appearance. Then, the material was washed for the second and third
times with the PBS solution. Immediately thereafter, 1 mL of ethanol
was added on the top of each gel and the material was placed for
30 min in the laminar flowhood under UV exposure in order to sterilize
each sample. Then, the gels were washed for the fourth time with PBS
(under completely aseptic conditions). Once the gels were sterile, they
were brought into contact with aMEM culturemedium andwere trans-
ferred under sterile conditions to the surface of the blood agar gel and
then placed at 37 °C and a 5% CO2 flow in the oven for cell culture.
The surface around each gel sample was observed after 24 and 48 h
and was compared to the controls (negative control = a blood agar
gel which had not been in contact with any gel; another or positive
control = blood agar gel which had been in contact with a toxic
gel using PNIPA and the rest of NIPA monomer). Results were followed
as a function of time using a digital Sony camera (8.0 megapixels, 12×
zoom).

3. Results and discussion

3.1. Water content in gels

The water content of a hydrogel can determine the permeation of
nutrients and cell products from and to the gel [25]. A hydrogel used
as a matrix in tissue engineering must be highly hydrated. Because of
the environment it will be interacting inside the body, and the water
constituting this gel will be composed by (primary and secondary)
bound water as well as by free water [6,12,23–25]. It is very important
to determine the water content in hydrogels, as the biomedical and
pharmaceutical activities also depend on how the water molecules in-
teract with the polymer or the 3D network [5–8]. On the other hand,
the swelling characteristics of hydrogels are controlled by the chemical
nature of the polymer and water diffusion [1,15,18].

It has been reported in the literature that free water and secondary
water can be frozen at low temperatures and then be extracted by
sublimation, while primary water may not be frozen and therefore
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stays bound to the network even after the freeze-drying process. This
primary water could be responsible for the interaction processes
between the polymer network, the organic fluids and the cell culture
[23–26]. Table 2 shows the percentage of water removed from the
gels prepared.

One of the main factors to take into consideration to estimate the
amount of bound water in a hydrogel is the structure of the polymers
or phases; on the other hand, when a structure is more rigid and more
crosslinked, the mobility of water molecules becomes more restricted
[3,25,26]. Thematrix polymer, PNIPA, contains\NH and\C_O groups
which may interact with the water and increase the rigidity of the
network and, therefore, increase the amount of bound water, thanks
to the hydrogen bonds that may be formed [27]. This may explain
why, despite the structural and molecular differences between the
interpenetrating phases, the percentage of water retained is about
2.5% for all gels.

To explain this result it is necessary to consider the structure of the
polymers constituting the dispersed phase. The oligochitosaccharides
used have a chemically similar rigid structure which makes them less
hydrophilic. They are also more sterically hindered to create chemical
associations between them and PNIPA, or to form hydrogen bonds
with the environmental water [6]. On the other hand, the starch used
is soluble, which ensures a higher solubility of the resulting gel in
water and, despite the fact that it also has a rigid structure, it is branched
[10,11], andmay thus promotemoremolecular entanglementswith the
matrix.

Another aspect to be taken into consideration is that the gels
prepared in this work are physical gels; the strength of physically
crosslinked gels, i.e., gels formed due to entanglements, depends direct-
ly on the chemical properties of the constituent polymers such as their
molecular weight, as well as on the physical–chemical interactions
that may arise between them (hydrogen bonds, dipole–dipole interac-
tions, etc.) [1,13,28]. As is well known, depending on these interactions,
themolecules of two substancesmay form a homogeneous blend due to
the entropic tendency of molecules to distribute randomly. When the
molecularweight of one of the components is higher, the randomdistri-
bution not only implies that the different molecules occupy random
positions in the system volume, but also that each macromolecule,
also randomly, adopts any of the conformations of the macromolecular
chain. Fig. 1 shows, not only the thermosensitive behavior of the PNIPA
matrix, but also the possible LCST transition behavior of this polymer,
taking into account the entanglements and the random distribution of
the interpenetrating phases in the studied formulations.

It is important to point out that water represents 97.5% of the gel
weight, which means that these gels have a high swelling capacity.
This is a surprising characteristic of this kind of structures which
can be related to the behavior of the so-called aerogels, which are
micro or nanoporous solid materials with high surface area, which
show high thermal conductivity and have a very low density and are
constituted by a 90–98% of air [29]. In this case, the high water content
gives these formulations a great potential for the transportation and
retention of fluids required during the tissue regeneration processes
[5–8,23–25].
Table 2
Percentage of water removed from the gels after freeze-drying.

Gels % of water removed ±0.1

PNIPA 97.6
PNIPA + 5% STARCH 97.6
PNIPA + 5% QNAD 97.1
PNIPA + 5% QNED 97.4

Poly(N-isopropylacrylamide) (PNIPA).
Chitosan oligosaccharides acid degradation (QNAD).
Chitosan oligosaccharides enzymatic degradation (QNED).
Soluble starch (STARCH).
3.2. Thermosensitive nature of the gels determined by DSC

Table 3 summarizes the results obtained from the DSC thermograms
shown in Fig. 2. It can be seen that the PNIPA gels with the different dis-
persed phases show a LCST transition temperature at about 37 °Cwhich
is within the rangewhere the PNIPA transition is expected [1,3,4] and it
matches the human body temperature. At the top right of Fig. 2, two
flaskswhere an example of the physical change that suffers these blends
with temperature change are shown. At 25 °C there is a clear solution
PNIPA + STARCH (ie., single phase) and a white and viscous gel be
can seen upon reaching 40 °C. According to Table 3, the PNIPA + QNED
gel has the widest temperature range (T = 4.7 °C), followed by
PNIPA + STARCH, PNIPA + QNAD and PNIPA.

No differences are observed in the position of the LCST–T (onset or
peak) for the formulations with respect to the position of this tempera-
ture for PNIPA, although a slight change in the transition temperature of
this polymer would have been expected when blending these polysac-
charides with this polymer. However, the temperature at which
the transition ends shifts slightly as can be seen when comparing
the value of ΔT reported. This change in the temperature range in
which the transition occurs might be due to the hindrance created by
the polysaccharide chains on the mobility and the transition of the
PNIPA polymer chains as a consequence of the molecular entangle-
ments that were favored when these blends were formed (as already
evidenced in Fig. 1). Although the temperature changes are not signifi-
cant, the enthalpy values associated to this transition are.

In the case of these physical blends, despite the differences in
molecular weight and chemical structure of the dispersed phases,
none of the phases of the polysaccharides tested seem to change the
transition temperature. These results do not coincide with those previ-
ously reported in the literature [18], where some authors claim that an
increase or decrease in the LCST in PNIPA-containing systems is related
to the molecular weight and the hydrophobic or hydrophilic nature of
the dispersed phase or the block, if a copolymer is used [9,24].

The enthalpyΔH, expresses the amount of energy in J/g necessary to
induce a transition [30] and it is also related to the amount of energy
necessary to break the hydrogen bonds formed with the bound water
[3,25,26]. It is clear that the hydrogels with a dispersed phase and func-
tional groups that may form hydrogen bonds show a higher amount of
compromised bound water; this value also seems to be related to the
molecular weight of the dispersed phase and, thus, to the enthalpy of
the system. The results obtained show this relationship in the enthalpy
values, despite the fact that according to Table 1 above, the amount of
bound primary water (determined by freeze-drying) is the same for
all formulations. It does then seem that in this case themolecularweight
of the dispersed phase is indeed playing an important role in this LCST
transition from an energy point of view. Coronado et al. [9] reported
similar results when they studied the transition of the poly(N-isopropyl
acrylamide) synthesizedwith several concentrations of hyaluronic acid.

Hence, the gels obtained from chitosan oligosaccharides show a
lower ΔH value, either because they are hindered to associate with
the water due to their more hydrophobic nature or because of their
lower molecular weight,Mv, which is directly related to their solubility
in these systems. In the case of the soluble starch phase, which has a
higher molecular weight, it is possible that the molecular rigidity and
the presence of a branch (amylopectin) favor the formation of more
molecular entanglements, which manifest in the increase of the ΔH
necessary for this transition to happen.

3.3. Injectability of the gels

The rheological study is very important to determine the
injectability of these gels, because an ideal injectable gel should offer
low shear resistance once the plunger (of a syringe, for example) starts
to move, and as a consequence, the viscosity should decrease to allow
the gel to be injected with low energy consumption [12,13]. Therefore,



Fig. 1. Diagram of the induced LCST (lower critical solution temperature) transition for PNIPA (poly(N-isopropylacrylamide)) and IPN (interpenetrated)-PNIPA phases.
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in order to determine the flow resistance of the gel through a syringe,
the viscosity behavior (μ) was studied as a function of the strain rate
(γ) at 25 °C.

Fig. 3 shows that the viscosity of the formulations increases at low
strain rates when the dispersed phases (in this case 5% QNAD, QNED
and STARCH with respect to PNIPA) are included.

It can then be said that the increase in the viscosity of the gels at low
strain rates is related to the molecular weight of the polymers of the
interpenetrating phase [31,32]. For the formulation that contains starch,
both the higher molecular weight and the presence of the amylopectin
branchmay be the cause for this increase in μ, because there is a chance
to create more molecular entanglements with the PNIPA matrix
(thus ratifying the discussion of the enthalpy values obtained by DSC).
However, in the case of the QNED and QNAD oligosaccharides, the
viscosity dropped, but therewere no other differences in the rheological
behavior; these phases have lower Mv values, and they are linear and
structurally rigid.
Table 3
Onset and peak temperatures of the LCST (lower critical solution temperature), enthalpy
needed (ΔH) for transition and the associated temperature range for each IPN
(interpenetrated)-poly(N-isopropylacrylamide) gel.

Formulation LCST–T onset
(±0.1 °C)

LCST–T peak
(±0.1 °C)

ΔT (°C) ΔH
(J/g)

PNIPA 35.7 36.9 35.7–39.5 = 3.8 29.0 ± 3.9
PNIPA + 5% STARCH 35.8 36.9 35.5–40.0 = 4.5 32.9 ± 3.3
PNIPA + 5% QNAD 35.5 36.7 35.5–39.6 = 4.1 19.2 ± 3.5
PNIPA + 5% QNED 35.3 36.5 35.3–40.0 = 4.7 23.1 ± 3.0

Poly(N-isopropylacrylamide) (PNIPA).
Chitosan oligosaccharides acid degradation (QNAD).
Chitosan oligosaccharides enzymatic degradation (QNED).
Soluble starch (STARCH).
Fig. 3 also shows that the viscosity tends to decreasewith shear rate,
i.e. these systems showed a pseudoplastic or shear-thinning behavior,
which is very important for an injectable material [9,12,19,31,32]. It
can be seen that for shear rates above 400 s−1 the viscosity is the
Fig. 2. DSC curves for the IPN-PNIPA gels at a heating rate of 3 °C/min. The change in
the heat flow shows the LCST (lower critical solution temperature). (a) PNIPA (poly(N-
isopropylacrylamide)); (b) PNIPA + 5% STARCH (soluble starch); (c) PNIPA + 5%
QNAD (chitosan oligosaccharides acid degradation); (d) PNIPA + 5% QNED (chitosan
oligosaccharides enzymatic degradation).

image of Fig.�2


Fig. 3. Plot of μ vs. γ (25 °C) for poly(N-isopropylacrylamide) gels and 5% of the interpenetrating phases.
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same for all the systems and it approaches the value reported for water.
This means that these gels are injectable at the test temperature.

The complex modulus G* represents the combination of the effects
of G′ and G″ for a material. When the complex modulus plot was
compared with the curves of G′ and G″, it was evident that it shows
the same trend as G′. Thus, it could be said that for G* the main
Fig. 4. SEM of the freeze-dried IPN (interpenet
contribution comes from the elastic component and this is the reason
why only G′ was plotted. As can be seen in Fig. 3 (upper curve), the G′
curves show the same trend, where PNIPA has a higher complexmodu-
lus than the rest of the evaluated materials and PNIPA + 5% starch
show closer behavior to PNIPA homopolymer which is consistent with
the results shown before, and is due to the fact that PNIPA has the
rated)-poly(N-isopropylacrylamide) gels.

image of Fig.�3
image of Fig.�4
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highest degree of physical crosslinking or interactions compare with
the PNIPA/polysaccharide blends where these interactions diminish
between PNIPA molecules (as in hydrogel IPN systems) [9,11].
3.4. Study of gel morphology by SEM

The SEM study of the gels was performed at room temperature
because therewas no equipment available to test them at other temper-
atures. These experimental conditions are not the same than those the
gels will find when they could be injected into the human body, but
the images obtained by SEMmay help to understand their internalmor-
phology, their degree of porosity and the pore size and interconnectivity
(or not) [33], which is a determining factor to later decide the possible
applicability if each of these new biomaterials obtained.

In the literature reviewed [5,12,18,33], there were no works report-
ed in which SEM, for example environmental SEM, was used to study
the change in morphology (porosity) of the gel with temperature
(from 25to 40 °C); therefore, it is considered that the porosity obtained
for the freeze-dried gel (or xerogel) should not change when the gel is
hydrated.

Fig. 4 shows the SEM images of all the freeze-dried gels or xerogel. It
can be seen that the porosity of the PNIPA + STARCH formulation
is more homogeneous and continuous than the porosity shown by
PNIPA which is more heterogeneous and less ordered. STARCH seems
to make the 3D structure more continuous [34] although this natural
polymer cannot be detected as an interpenetrating phase in the micro-
graphs. On the other hand, the PNIPA + oligos-QN 5% blends seem to
show a lesser degree of porosity or rather show closed pores.

The form and themorphology of the pores can be seen in these SEM
micrographs, but it is also possible to have an idea of pore size [6,33,35],
as is summarized in Table 4 (only pore sizes which could be clearly
determined were included). It can be seen that pore size of the PNIPA
gel increases when starch is added as the dispersed phase.

Micrographs were similar for the PNIPA gels with chito-
oligosaccharides, both with QNED and with QNAD. Fig. 5 shows
that there is some kind of cluster or aggregate in the tridimensional
crosslinked network [10], which can be attributed to the interpen-
etrating phase of the oligosaccharide (detail shown in red circle). Addi-
tionally, no internal pores can be seen in themicrograph, because when
studying the cryogenic fracture surface, internal walls which seem to
divide one pore from another can be seen and the interconnection
between the polymers does not seem to be completely homogeneous,
creating this closed pore structure. Park et al. [12] published SEMmicro-
graphs of chitosan and pluronic (a terpolymer of poly(ethylene oxide)-
b-poly(propylene-b-poly(ethylene oxide)) gels and observed that
when increasing the concentration of pluronic and, therefore the
content of hydrophobic groups, the pore size decreased slightly. This
could serve as a reference to explain the observations of Fig. 5.

One way to explain these differences in morphology between the
samples with starch and those with chitosan may be by taking into con-
sideration the solubility parameters [δ] of these polymers. The solubility
parameter (δ) for each phase was reported based on values found in sci-
entific literature [35–39]. In the case of PNIPA, the solubility parameter
was found to be 23.2–23.5 cal1/2/cm3/2 [35], while for chitosan it is
δ = 9.0–9.5 cal1/2/cm3/2 [38] and for starch, δ = 15.2–18.6 cal1/2/cm3/2
Table 4
Average pore size for PNIPA and PNIPA + STARCH 5% gels.

Gel Average pore size (μm) Standard deviation
(±)

PNIPA 36 12
PNIPA + STARCH 5% 57 15

Poly(N-isopropylacrylamide) (PNIPA); soluble starch (STARCH).
[39]. The difference between these solubility parameters (Δδ) is ap-
proximately 16 for the oligos-QN and 6 cal1/2/cm3/2 for starch. In the
case of the oligosaccharides, this large difference between the solubility
parameters of PNIPA and QN might be the cause for these closed pore
morphologies and in the case of chitosan these clusters appear.

Fig. 6 shows that the gelwith starchhas an open porosity. Thematrix
cannot be differentiated from its interpenetrating phase (an extensive
scan was made to guarantee that this was true throughout the xerogel
structure studied by SEM). This morphology could be attributed to the
smaller Δδ=6 cal1/2/cm3/2 difference, which allows for a certain degree
of solubility and interconnectivity between the PNIPA and STARCH
phases,which favors the blending and the creationofmolecular entangle-
ments, which will in turn favor the formation of interconnected pores. It
can also be argued that the way these gels were prepared could have fa-
vored the morphology, as during the blending process the formulations
were subjected to thermal cycles (20 °C → 40 °C → 20 °C) during the
solubilization process (for 1 h) precisely to favor a good dispersion
between the phases.

In their work on the study of sodium alginate (a polysaccharide) and
PNIPA interpenetrating networks [18], Fu and Soboyejo showed a
significantly porous PNIPA structure and observed that when they
incorporated the alginate, the porosity of the IPN network improved
considerably. They observed improvements in the extension of the
xerogel matrix and an increase in the size and the interconnectivity of
the pores. The authors attributed this to the fact that the sodium algi-
nate significantly improved the balance of the swelling ratio between
the phases related to the LCST change experienced by that system.

This porosity is expected to improve the biocompatibility of the
PNIPA + STARCH gel, since, as is well known, the topography, the
surface charge and interconnected pores of scaffold like structures are
responsible for a good diffusion of the body fluids and also in ensuring
good cell migration, adhesion, and proliferation [40,41].
3.5. Cytotoxicity study

Fig. 7, shows the results after the gels have been 48 h in contact with
blood agar gel. As can be seen, after this time in contact with the gels, in
the positive control a whitish halo shows up around the samples
containing PNIPA and the rest of NIPA (N-isopropylacrylamide) mono-
mer, a cytotoxic organic compound [5,9]. Hemolysins are enzymes
that produce the lysis of red blood cells and they are produced after
Fig. 5. SEM of the PNIPA + 5% QNED (chitosan oligosaccharides enzymatic degradation)
xerogel and detail of a clustered region.

image of Fig.�5


Fig. 6. SEM of the PNIPA (poly(N-isopropylacrylamide)) + 5% STARCH (soluble starch)
xerogel. A continuous phase can be observed, as well as the presence of several planes be-
tween interconnected and open pores. A picture of the macro xerogel can be seen at the
top right of this figure.
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the cell decomposition. Then, the bacteria producing these enzymes
show a whitish halo due to the presence of these colonies resulting
from the lysis of red blood cells [9,42].

In this case, the possible diffusion of cytotoxic NIPA compound from
the surface of the tested positive control would induce the lysis of red
blood cells after a given time, evidenced by the appearance of a whitish
halo around the tested gel. When the IPN-PNIPA gels samples are ob-
served after 48 h in contact with these gels formulation and blood
cells, any evidence of lysis of the red blood cells was also observe. In
other words, the samples did not contain residual of unreacted organic
compounds from the preparation of the hydrogels, which makes them
non-cytotoxic under these conditions [43]. All these samples are not
showing the hemolysis effect; thus, this formulation seems to be a
non-toxic gels and potentially injectable.
Fig. 7. Results for cytotoxicity tests with blood rich agar using the PNIPA and IPN-
4. Conclusions

Physical blends in solution of smart hydrogels based in PNIPA and 5%
weight of dispersed biopolymer phases (starch and chitosan oligosac-
charides) were prepared and characterized, presenting characteristics
of interpenetrating polymer network (IPN). The smart nature of these
IPN gels is based on the LCST phase transition showed around
35–37 °C without significant differences between all formulations
prepared. Gels show a pseudoplastic behavior and viscosity increased
with the addition of the dispersed phase andwas proportional to starch
or chitosan oligosaccharide molecular weight. The xerogel morphology
of these IPN gelswas observed by SEM, and itwas found that the porosity
changed as a function of the structural hydrophobicity/hydrophilicity be-
tween phases and also with themolecular weight. Thus, the formulation
PNIPA + 5% starch gel showed a well-defined tridimensional structure,
with interconnected and larger pores. This research work opens an
important door to the study of this kind of noncytotoxic and injectable
gels aimed to be used as smart scaffolds for tissue engineering and in
other applications in the biomedical and surgical field.
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