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Abstract In this study, an hydrogel was synthesized from the monomer N-iso-
propylacrylamide (NIPA), generating the poly(N-isopropylacrylamide) (PNIPA)
and other formulations were synthesized in the presence of 1, 2, and 3% hyaluronic
acid (HA) for obtain an interpenetrating polymer network. For all the obtained
hydrogels, the thermo-sensitive response was studied since the lower critical solu-
tion temperature (LCST) and was analyzed by differential scanning calorimetry
(DSC), nuclear magnetic resonance (NMR), and oscillatory rheology at constant
frequency as a function of temperature. The LCST transition temperature (7t onset)
was found between 34.4 and 35.5 °C. By scanning electron microscopy (SEM)
PNIPA-HA formulations showed a porous morphology. The applicability of the
hydrogels as injectable and non-toxic materials was verified, respectively, by rhe-
ology results and by cytotoxicity studies through an in vitro test of cell hemolysis on
blood agar.
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Introduction

Hydrogels are defined as hydrophilic polymers which, due to their structural
network, can absorb water without being soluble under physiological conditions of
temperature, pH, and ionic strength. Crosslinks can be formed by covalent,
electrostatic, or hydrophobic bonds, or dipole—dipole interactions [1]. Hydrogels
may be classified as synthetic, natural, smart, and biodegradable; and depending on
their preparation method, hydrogels are classified as crosslinked by free-radical
polymerization, crosslinked by irradiation, and crosslinked by physical interactions
[1-3].

Finally, they are known as smart or conventional hydrogels depending on the
capability they have to show significant dimensional changes as a response to
applied stimuli or changes in pH, temperature, electric field, etc. [4], and they
deserve to be in a class of their own. What is most interesting is that these changes
are reversible once the stimulus is removed [3, 4]. In the case of thermally sensitive
smart polymers in solution, the stimuli-induced changes are related to a lower
critical solution temperature or LCST, a specific temperature at which the polymer
solution shows phase separation to result in a polymer-rich phase and a solvent-rich
phase [5, 6]. In hydrogels, which are crosslinked structures, the LCST system
describes the thermodynamic equilibrium for the polymer chains between cross-
linking points, which are insoluble and infusible.

Poly(N-isopropylacrylamide) PNIPA (Fig. 1a) is non-biodegradable polymer
which has a LCST phase transition at about 32 °C when dissolved in water and the
which corresponds when the hydrogel forms two phases (at temperatures equal or
higher than this transition temperature LCST) [2, 4]. Due to its phase transition at
said temperature, this material is of great interest for the study and development of
applications in the biomedical field, since once it is in the body, this environment
would provide the stimulus needed to induce the phase change in the hydrogel
(average body temperature = 37.4 °C). On the other hand, hyaluronic acid
(Fig. 1b), also known as hyaluronan, is a high molecular weight polysaccharide
found in the extracellular matrix, especially in the soft connective tissue [7], and it is
a glycosaminoglycan. It is constituted by disaccharide repeating units having the
[p-glucuronic acid (1-f-3) N-acetyl-p-glucosamine (1-f-4)]n structure [4, 7], and it
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Fig. 1 Molecular structure of a PNIPA, b hyaluronic acid salt
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can be obtained from different natural sources such as the vitreous humor of the
eyes, the joint fluid, the rooster’s comb, the umbilical cord, among others [7].

A great amount of the research on PNIPA hydrogels is focused on the hydration
kinetics, because this kind of hydrogel is aimed to the controlled release of drugs,
being the hydration kinetics a key element for this application [8]. However, there
were found only a few research works on interpenetrating networks (IPN). In this
regard, it is worth mentioning the study of Kim et al. [9] who evaluate hyaluronic
acid—poly(ethylene oxide) hydrogel, showing the capabilities of these materials as
biomaterials to the point of being able to create cartilage tissue.

Although nowadays there is a large amount of works on the use of PNIPA [2, 4,
5, 10-17], as well as on HA [7, 18-20], we have found few research works related to
the synthesis of this polymer in the presence of the naturally occurring hyaluronic
acid (HA) polymer in the reviewed literature. Ohya et al. [17] studied poly(N-
isopropylacrylamide)-grafted hyaluronan (PNIPAM-HA) and PNIPAM-grafted
gelatin (PNIPAM-gelatin), and these materials exhibit sol-to-gel transformation at
physiological temperature, and they were applied as control of post-surgical tissue
adhesions. Also these researchers publish about interrelationship between micro-
scopic structure and mechanical property of surface regions and cell adhesiveness
[21].

For that reason, this research work focuses on establishing what kind of
biomaterial is obtained, when NIPA monomer is synthesized in the presence of HA
for to obtain an interpenetrating polymer network PNIPA-HA. Study its charac-
teristics and properties, when combining both polymers, using different well-known
characterization methods, to see if it might be used as an injectable material.

Experimental procedure
Materials

The hydrogels were synthesized using ultra pure water (pH 5.6 and 17.3 MQ/cm) as
the solution medium. For the polymerization of PNIPA, N-isopropylacrylamide
(NIPA) monomer bought from Sigma-Aldrich with a molecular weight of 113.2
g/mol was used as the starting material; ammonium peroxydisulfate (AP) as the
initiator; N,N-tetramethylenediamine (TEMED) as an accelerator; and N,N'-
methylenebisacrylamide (BIS) as the crosslinking agent in this system. The
hyaluronic acid (HA) used was a purified umbilical HA purchased from Sigma-
Aldrich in the form of the acid salt.

Procedure
Preparation of the hydrogels
NIPA polymerization was carried out in the presence of different concentrations of

HA: 1, 2, and 3% (HA wt% based on the amount of NIPA). The different
formulations are summarized in Table 1.
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Table 1 Formulations prepared

for synthesis of PNIPA + HA Material PNIPA PNIPA + PNIPA + PNIPA +

1%HA 2%HA 3%HA

hydrogels
Ultra pure water (ml) 17.0 17.0 17.0 17.0
NIPA (mg) 833.0 824.7 816.34 808.0
BIS (mg) 1.40 1.40 1.40 1.40
PA (mg) 6.60 6.60 6.60 6.60
TEMED (ul) 67.0 67.0 67.0 67.0
HA (mg) 0 8.33 16.7 25.0

Formulations were chosen using the methodology proposes by Stile et al. [10] as
a reference. These researchers prepared a PNIPA and PNIPA/acrylic acid hydrogel
with few crosslink to obtain a material which had the rheological properties needed
to be used as an injectable hydrogel.

Formulations were synthesized in a 50-mL glass reactor under an N,(g) inert
atmosphere. First, 17 mL of ultra pure water was added; then, the minority
component of each formulation (HA) was added in the corresponding proportions.
The system was submitted to low-speed magnetic stirring at 25 °C for about 30 min
until all the HA was dissolved. Thereafter, the NIPA monomer was added to each
formulation and submitted to stirring for another 40 min until it was dissolved. After
the complete dissolution of these components, the crosslinking agent (BIS), then the
initiator (AP) and finally the accelerator (TEMED) were added and the sample was
left under stirring at an inert atmosphere reacting at room temperature for 19 h.

For to remove residual monomer NIPA (a neurotoxic monomer [6]) and any
other unreacted chemicals, a dialysis process was used as sterilization step (using a
Cellu-sep membrane dialysis). Thereafter, the obtained hydrogel was transferred to
a container and sealed to avoid the loss of humidity.

Freeze-drying

A Labconco Freeze-Dryer 12 was used for the lyophilization process. All the
hydrogel formulations were placed in sample containers, frozen and later freeze-
dried for 5 days to constant weight. The hydrogels were then removed and were
kept hermetically sealed in the container tubes. The weight was recorded before and
after the freeze-drying, and the amount of water removed through the dehydration
process was calculated.

Infrared spectroscopy (FTIR)

All the samples were analyzed with Fourier Transformed Infrared Spectroscopy
(FTIR) using a Nicolet Magna-IR 750 spectrometer. In all cases, spectra were
obtained collecting 32 scans with a 4 cm ™' resolution, and were analyzed with the
help of the Omnic software. In order to obtain each infrared spectrum, an aliquot of
the freeze-dried hydrogel (some blends contained a small portion of water) was
spread on a pre-manufactured barium fluoride (Ba,F) disk, as this material is not
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affected by the remaining water. In the case of samples whose water content could
not be removed completely, a part of the hydrogel was prepared to form a film,
which was directly exposed to the infrared beam of the spectrometer.

Nuclear magnetic resonance (NMR)

A Bruker Avance 500 NMR spectrometer ('H at 500.13 MHz) with a 30° pulse
(3.67 ps) and a pulse delay of 1 s, 128 scans per spectrum, was used to obtain the
'"H-NMR spectra. The samples analyzed were previously freeze-dried. Once
dehydrated, deuterated water (D,0) was added to the hydrogels and they were left to
hydrate and reach equilibrium, forming a very viscous solution. Essays were carried
out at 25 °C for all hydrogel formulations; and for the PNIPA and PNIPA + 3%AH
hydrogels the spectra were obtained at four different temperatures, below and above
the transition temperature (25, 30, 35, and 40 °C).

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to study the porous structure of the
hydrogels PNIPA and PNIPA + AH. The freeze-dried samples were cryogenically
fractured in liquid N,, and later gold coated on Sputter-coater Balzers-SCD-030
unit, and then examined using a Phillips-S500 electron microscope, with an
acceleration voltage of 20 kV.

Differential scanning calorimetry (DSC)

About 10.0 £ 0.1 mg of each formulation were weighed and placed in hermetically
sealed aluminum pans. A Perkin-Elmer DSC-7 calorimeter with an ultra high purity
N, (g) inert environment was used. The scanning temperature range was from 20 to
50 °C at a heating rate of 3 °C/min, as recommended in previous studies [10, 22], to
effectively verify the LCST transition. The DSC-7 was calibrated with an indium
and hexatriacontane standards. Freeze-dried and rehydrated samples were used, and
two samples for each formulation were analyzed for to check reproducibility.

Rheology

The rheological properties of the hydrogels were studied on a Rheometrics Dynamic
Analyzer RDA-II rheometer, using plate—plate geometry with a diameter of 25 mm
at 25 °C. Samples were submitted to frequency sweeps (w) in the range of
0.1-100 rad/s and at a constant strain (y) of 20% (samples were in the linear
viscoelastic range at this strain) to study the shear storage modulus (G’), the shear
loss modulus (G”), the complex modulus (G*), and the complex viscosity (17%).
Furthermore, dynamical temperature ramp rheological tests were carried out from 25
to 50 °C on a Rheometrics Dynamic Analyzer RDA-II rheometer (using the dynamic
rheology temperature ramp mode) setting the following parameters: Frequency =
10.0 rad/s, initial temperature = 22.0 °C, final temperature = 50.0 °C, tempera-
ture ramp rate = 5.0 °C/min, time per measurement =5 s, strain = 20.0%,
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transducer = Number 1. Any drying process was observing during the rheology
measurements.

Cytotoxicity test by cell hemolysis on blood agar

Agar gel was prepared with 5% blood of healthy mice. At the same time, the
hydrogels (coming from lyophilization process) were washed: they were placed in a
cell culture well, 5 ml of a phosphate buffer solution 1x (PBS) was added, and the
system was placed for 10 min in an oven at 37 °C (under a 5% CO2 flow and 95%
humidity). At this temperature, the hydrogel underwent a transition to a solid, which
made the removal of the PBS solution easy. Once this solution was removed, the
hydrogel was left to cool to room temperature, recovering its gel-like appearance
(gelling and transparent). Then, the material was washed for a second and a third
time with the PBS solution. Immediately thereafter, 1 mL of ethanol was added on
the top of the hydrogel and the material was placed for 30 min in the laminar flow
hood under UV exposure to sterilize each sample. Then, the hydrogel was washed
for a fourth time with PBS (under completely aseptic conditions). Once the
hydrogels were washed and sterile, they were brought into contact with a MEM
culture medium and were transferred under sterile conditions to prepare the Agar
blood-PNIPA gels. The blood was mixed with agar in a totally sterile medium and
was gelled for 30 min, after that some grams of PNIPA and PNIPA + HA was
added in the center of each gel where agar was not still solid, so the gelling was
continued for another 90 min. All these processes for cytotoxic test were conducted
at 37 °C using an cell culture oven (5% CO, flow and 95% humidity). Finally, the
surface around each hydrogel sample was observed after 12, 24, and 36 h and was
compared to the control (a blood agar gel which had not been in contact with any
hydrogel). Results were followed as a function of time and a digital Sony camera
(6.0 megapixels, 12x zoom) was used to take pictures.

Results and discussion
Synthesis

PNIPA hydrogel synthesis mechanism observed is the expected mechanism
proposed by Stile et al. [10]. But in this case, the NIPA monomer could act as a
macro-radical in the presence of HA (see Fig. 1), as it has active points on the chain
(such as carboxylate groups, RCOO™) where the polymerization of the NIPA
monomers may be started (or stopped) [21, 22], considerer that both NIPA and HA
are highly soluble in water. Once the polymerization has started, it would propagate
through a chain polymerization mechanism as was previously explained in the
literature [10, 23] for the synthesis of pure NIPA. In the cases where hyaluronic acid
is present, the activation of chain ends with —OH groups is expected to happen or the
HA fraction may simply act as an interpenetrating phase without chemical
interactions (see Scheme 1).
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Scheme 1 Propose of general reaction for synthesis of PNIPA + HA, under experimental conditions
used in this study

Therefore, different PNIPA molecular weights could be expected for different
concentrations of HA, and an interpenetrating network-like structure (IPN) could be
created, as the one proposed on Fig. 2.

Nuclear magnetic resonance

"H-NMR spectra were obtained to characterize and identify the elements of the
formulations.

Figure 3 corresponds to NMR spectrum of the synthesized PNIPA used as a
control. This "H-NMR spectrum shows peak 1 at 1.03 ppm (methyl group —CH;
present on the isopropyl group); peak 2 at 1.47 ppm (protons —CH,— group on the
backbone); peak 3 at 1.90 ppm (proton —CH- located on the backbone); and peak 4
at 3.79 ppm (proton of the -CH- group on the isopropyl) [10, 12, 24, 25].

The integration ratio of peaks 1, 2, 3, and 4 should correspond to a 6:2:1:1 proton
ratio, which defines the structure of NIPA and confirms the structure of PNIPA [25].
The best defined peaks correspond to impurities present in the system, since the
peaks belonging to the polymers normally are wider due to the characteristics of the
material [10].
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Peaks at 2.28 and 2.61 ppm are not assigned accurately in the literature. These
peaks do not appear in the spectra of the pure components; thus, they are associated
to possible isomeric structures and/or chain end groups (due to the different types of
possible chain ends) [8, 10, 24]. The peak corresponding to the proton of the
molecule of the crosslinking agent (BIS) shows up at 4.5 ppm in the spectrum of
the pure compound, and it is hidden under the peak of water in the spectrum of the
PNIPA which has the same chemical shift [8].

Figure 3 (in a detail) shows the peak of NH, located at 8.22 ppm, which is
assigned to the crosslinking agent BIS [8, 12, 24]. Normally, this peak does not
show up, because this is one of the protons that exchanges easily with D,O (as does
the hydroxyl group, —OH). However, the fact that it only shows up on the PNIPA
spectrum indicates that the PNIPA network is more rigid, and hence the diffusion of
molecules toward the interior is harder. As a consequence, when this hydrogel is
diluted in D,0, the proton exchange with deuterium does not occur as easily
throughout the whole structure. This is true if, and only if, the structure of the
hydrogel can be rigid enough to hinder the free diffusion of the D,O to the interior.

The only apparent peaks in the spectra of PNIPA + 1%AH, PNIPA + 2%AH,
and PNIPA + 3%AH are those which correspond to the protons of PNIPA. This is
because at these concentrations the signals which correspond to HA are not
significant when compared to those of the protons in PNIPA.

"H-NMR spectra were obtained at different temperatures (25, 30, 35, and 40 °C,
ensuring that temperatures both above and below the LCST transition of PNIPA
were included) to study the structural changes of the hydrogel resulting from the
temperature-induced phase change (see Fig. 4). It is well known that PNIPA/water
solutions show a LCST phase separation process at around 32 °C [8, 10-12].
However, the conformational change has not yet been well explained [8, 12, 24]. In
this case, the phase change was evident because the solutions turned cloudy at
temperatures higher than 34 °C.

There is an explanation which seems to be the most appropriate to describe the
configurational changes of the PNIPA hydrogel: In a first step, the polymer chains
collapse individually, and then aggregate into larger final structures constituted by
aggregates [8, 12, 24]. This first stage would be characterized by the conformational
transition of the polymer chains from coil to globule which was studied by Fujishige
[26], who measured the radius of gyration and the “Stokes” radius of PNIPA. This
researcher concluded that all the chains collapse before the system becomes
thermodynamically unstable.

After this collapse and after the so-called globules are formed, they join together
to create aggregates of molecules [27]. At a molecular level, when the PNIPA
hydrogel exceeds the LCST temperature, a new compact structure is formed due to
the displacement of the water molecules, and obstructs the internal rotation of the
PNIPA chains; thus reducing the intensity of the peaks, because as the temperature
rises, the material starts to behave more like a solid. Hence, the pulse '"H-NMR
technique in solution becomes less useful and, to obtain a better resolution at
temperatures higher than the LCST, it is necessary to use solid state NMR.
However, in this case, thanks to the pulse technique in solution it was possible to
study the changes of spectra with the increase of temperature in detail.
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Fig. 4 "H-NMR spectra for q02C
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The '"H-NMR peaks of the PNIPA can be divided in two families: the first one,
due to the functional group located at the sides of the chain as a branch (isopropyl
group [8]); and the second one, due to the protons of the backbone. Both the
families of peaks decrease in intensity as the temperature increases.

Figure 4 also shows that, when the temperature exceeds the LCST, all the peaks
shift slightly to higher fields and become broader. This happens because the peak of
water shifts slightly to higher fields (to the right) as it is very susceptible to
temperature changes.

Previous studies [8, 26] have shown that the changes in the intensity of the peak
(which corresponds to the proton of the methyl) are proportionally larger than those
of the protons of the backbone, which implies that during the phase change
the conformational changes of the isopropyl group are more significant than the
conformational changes of the backbone. These studies also state that during the
phase change the intensity of the peak which corresponds to the proton of water
increases as the temperature rises, while the intensity of the peak which corresponds to
the proton in the isopropyl group decreases with the increase of the temperature,
suggesting that part of the water molecules is apparently released from the hydrated
structure of the polymer chains to become part of the water solution that does not
interact with the polymer. For this reason thanks to the changes in the signal of the
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protons associated to the isopropyl, "H-NMR results let us observe how the water is
released from the structure after the phase transition.

Figure 5 (which is a detail of Fig. 4) shows how the chemical environment of the
protons of the isopropyl (~ 1 ppm) changes considerably; not only does the integral
become smaller, but also the form of the peak changes; a single peak becomes two
low intensity doublets. These doublets become more defined with the increase in the
temperature. One of them is attributed to the isopropyl group whose movement is
hindered due to the carbonyl-amide hydrogen bonds. This peak was less perceptible
before and now shows a higher intensity due to the transition. The second doublet is
attributed to a number of isopropyl groups, which due to their random configuration,
are now no longer hindered. This shows that the isopropyl protons are in a different
chemical environment when no water is around.

The same trend described earlier for the peaks of PNIPA can be seen in the
PNIPA + 3%AH formulation spectra (Fig. 6), i.e., it is impossible to detect the HA
peaks in any of the temperature ranges studied. It is therefore that basically the same
spectra are obtained for formulations with 1%HA and 2%HA, showing exactly the
same LCST transition characteristics observed around the isopropyl groups and
supporting the previously provided explanation.

Fourier transformed infrared spectroscopy (FTIR)

FTIR spectra were obtained to determine the chemical structure of the hydrogels
(see Figs. 7 and 8). However, not many indications were found to support the
proposed explanation, mainly because, as happened with the "H-NMR spectra, the

'l
40°C m " Jl 3.12

350C J\\]\\/\’\* = 846

30°C /\ =72.25

S5eC | - I f=73.99

T T
1.15 1.10 105 1.00 085 0.90 085 ppm

Fig. 5 Detail of "H-NMR spectra for synthesized PNIPA hydrogel at different temperatures
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Fig. 6 'H-NMR spectra for synthesized PNIPA + 3%HA hydrogel at different temperatures.
Conformational changes are observed around of the isopropyl group in function of temperature

HA percentages are so low that signals which do not correspond to PNIPA are hard
to observe. Each spectrum showed the characteristic IR bands of PNIPA in
agreement with the results of different published research works [12-14, 25].

In the cases in which PNIPA was reacted with HA, there appeared a
characteristic signal which differentiates the spectra of these materials from PNIPA
(see Fig. 8). There is the band at about 1080 cm™' which corresponds to the ether

PNIPA+1%HA

Absorbance —»

1140 1120 1100 1080 1060 1040 1020
Wavenumber (cm™)

Fig. 7 FT-IR spectra around -C-O-C- functional group (~ 1076 cm™ ) for synthesized PNIPA +
1%HA hydrogel
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Fig. 8 FT-IR spectra around carbonyl group (~ 1740-1800 cm™") for synthesized PNIPA + 1% HA
hydrogel

group (—-C-O-C-), present in the chemical structure of the minority component of
the hydrogels [9]. Likewise, there is also an ester group (COOR) in the minority
component (~1750 cm™') as a polysaccharide [14, 28, 29] of the PNIPA/AH
formulation, which is not present in the PNIPA.

For the synthesis of the hydrogel with HA, it has been proposed that the NIPA
monomers might be activated and would initiate their polymerization from active
carboxylate centers (COO-) of the HA in its acid salt form. After deconvoluting the
PNIPA hydrogel/HA FTIR spectrum, the presence of the —-COOR group (absent in
the PNIPA hydrogel) was detected. This signal splits into three peaks, which
evidence three different chemical environments for the carbonyl of the ester group
formed during the synthesis (see Fig. 8).

The three different chemical environments for the —-COOR group confirm that in
addition to the group in its original salt form (-COO—) which gives rise to a weak
signal at 1597 cm™" (not found in the spectrum), there are other signals arising from
this group. The first signal corresponds to the interaction with the water (-COOH);
the second signal is the one related to the groups attached to possible PNIPA chains
(-COOR); and the third signal would be related to the neighbor groups. These
signals appear at about 1740, 1769, and 1795 cm_l, respectively. The presence of
these bands help to infer that the presence or formation of new vibrational modes of
the —COOR group is the result of the possible interaction between the carboxylate
group of the HA and the growing NIPA chain which is propagating from this group
(explained before, and for to create a IPN network as was propose in Fig. 2).
Although this evidence is necessary to infer the possible presence of covalent bonds
between the PNIPA and the HA, it is not enough to confirm it. It might, however,
prove that the interpenetrating phase of the hydrogel, i.e., the HA molecules,
interacts with the polymer network.
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Water in the hydrogels

The nature of the water in the hydrogel can be determined through the permeation of
fluids, nutrients, or cell products through this gel. When a dry hydrogel starts to
absorb water, the first water molecules penetrating the gel matrix will hydrate the
more hydrophilic and polar complexes of the system, leading to the creation of the
so called primary bound water [30, 31].

After the polar groups are hydrated (primary bound water), the network starts to
swell and, thanks to this swelling, the macromolecular chain disentangles and the
molecules have more space to move, thus exposing the hydrophobic groups which also
interact with the water molecules leading to the “bound water—hydrophobic group”
interactions called “secondary bound water”. Into scientific literature it is common to
encompass and simplify the terms “primary bound water” and “secondary bound
water” under the terms “total bound water” or “associated water” [30].

After the polar groups have interacted with the water molecules and the
hydrophobic groups are structurally forced to interact with them, another amount of
water is soaked by the network due to the osmotic force which takes the chains of
the gel network to infinite dilution. This additional swelling is restricted by the
covalent or physical bonds, thus creating an elastic retractile force in the network
and the hydrogel reaches a state of equilibrium for a specific swelling. After the gel
is saturated with water which interacts with the ionic, polar, and hydrophobic
groups, an additional group of molecules penetrates the gel and swells it. This water
is called “free water” and it is assumed that it fills the spaces between the network
chains and/or the areas of large pores, macropores, or voids [30].

It is important to remark that a hydrogel used as a matrix in tissue engineering
would never dehydrate complete thanks to the highly hydrated environment that
would interact with it inside of the human body, and the water composing this gel
will be composed by bound water, as well as by free water.

DSC and NMR are the most used methods to measure free and bound water,
although they are rather controversial [30, 32]. In this study, we used freeze-drying
also and compare with DSC and NMR results. If we assume that the free water and
the bound water are equally distributed throughout the gel and only the free water can
be frozen (crystallized) and, therefore, released during the freeze-drying process, the
frozen free water can be removed by lyophilization, and some ideas about
polymerization process of NIPA in presence of HA can be extracted from this result.

Samples were weighed before and after being submitted to freeze-drying during
1 week. Figure 9 shows the percent weight change for the removed and/or free
water and it clearly shows the associated water content and the free water content
for PNIPA hydrogels and PNIPA hydrogels with different proportions of HA.

As PNIPA molecules are present in a higher proportion than those of HA, there is
a higher amount of associated water due to the direct interactions of water with the
—NH and C=O groups present in the N-isopropylacrylamide structure [10]. The
other fundamental aspect to be considered when analyzing the effects of associated
water and the results of the freeze-drying process is that the more rigid and more
crosslinked a network is, the harder the movement of water will be. This, in turn,
favors the interaction with the associated water, because the water is structurally
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Fig. 9 Relation of associated or bond water/free water for synthesized PNIPA + HA hydrogels

being forced to stay inside the network. The initial network (PNIPA) is the most
rigid and most crosslinked sample. These characteristics hinder the diffusion of
water and its later removal, and this only get worse when the HA is included.

Then, it can propose that a higher amount of HA in the formulation might be
interfering with the free growth of the PNIPA network during the polymerization
process. As a consequence, the network looks less continuous and could have HA
molecules embedded in the structural network of the PNIPA formed. This might
confirm the NMR and FTIR evidences regarding the formation of an interpene-
trating network IPN rather than the formation of covalent bonds between the PNIPA
chain and the HA (grafting for example).

Thermal properties: differential scanning calorimetry

The solubility of PNIPA depends on the temperature [2, 3, 32]. For that cause, the
study of the thermal properties of this polymer is of great interest. The transition
temperature, 7, (LCST), was determined by DSC by studying the net energetic
changes in the form of heat that happen during the LCST transition of the hydrogel.
The transition could not be clearly identified when using a heating rate of 10 °C/
min; therefore, it was reduced to 3 °C/min. This time, a transition temperature
associated to a LCST type transition could be clearly seen. For the DSC results, as
well as for the rheological tests which will be discussed later, the onset temperature
(T, onset) was considered to be the transition temperature, as it theoretically
represents the temperature at which the LCST transition starts.

DSC thermograms showed an endotherm. This heat flow is the heat energy
absorbed by the hydrogel due to the disappearance of the polymer—water interactions.
This transition occurred for all the samples and appeared at an average temperature of
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T, = 35+£1 °C which falls into the expected range similar to results obtained in
previous studies [33, 34].

It is important to emphasize that it is possible to shift the transition temperature to
higher or lower values by adding a new component to the PNIPA [16]. Normally,
the addition of hydrophilic components to PNIPA shifts the 7, to higher
temperatures, while the presence of hydrophobic components results in the opposite
behavior [2]. The 7, will change depending on the nature of the secondary
component to PNIPA, its proportion and the way it is incorporated into the system.
It is even possible that the ability of the polymer to undergo an LCST transition
might be jeopardized.

The DSC results obtained when adding different proportions of HA are shown in
Fig. 10, where the transition can be clearly seen.

The endotherms show a slightly logical sequential pattern for the PNIPA,
PNIPA + 1%AH, PNIPA + 2%AH, PNIPA + 3%AH formulations when the
position of T; is compared. This pattern, however, does not hold for the area under
the endothermic peak (AH). There is only a slight difference in the position of Tj;
this slight shift may reflect the hindrance caused by the HA molecules (starting at
2%) to the mobility and the transition of the PNIPA polymer chains. As was
described before, this behavior is expected: when adding a hydrophilic compound
(such as the HA) to the PNIPA [35], the transition is shifted toward slightly higher
temperatures. On the other hand, this slight temperature shift might be within the
experimental detection error of the DSC-7 equipment (£2 °C). These results are
summarized in Table 2.

The enthalpy factor (AH), determines the amount of energy, in joules per grams
of sample, needed for the transition. Furthermore, as the transition is related to the
amount of energy necessary to break the hydrogen bonds of the associated water, it
might be concluded that the higher the AH value, the more the associated water in
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Fig. 10 DSC heating thermograms for synthesized PNIPA + HA hydrogels. LCST transition is clearly
observed
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Table 2 Transition temperature

T, onset extracted from DSC Formulations T, onset (°C) AH (J/g) £ 10%
thermograms for synthesized
PNIPA and PNIPA + HA PNIPA 347 3003

PNIPA + 2%AH 355 1.4+0.14
Enthalpy values AH associated PNIPA + 3%AH 35.3 1.020.1

to this LCST transition

the hydrogel. This corresponds perfectly with the results of the freeze-drying: the
more HA in the formulations, the lower the amount of associated water [15, 30], as
can be seen when checking the values of AH obtained when the HA content is >2%.

Additionally, it can be seen that the addition of 1, 2, and 3% of HA does not
modify the general LCST transition range when compared with the PNIPA control
formulation. They stay within an error range of only £2 °C, which suggests that the
composition of hyaluronic acid into each formulation only just shifts the LCST
thermal transition (7}) of the LCST hydrogel systems when compared to the PNIPA
control, but are still below the level of body temperature.

Rheological properties of PNIPA + HA hydrogels

The complex modulus G* represents the combination of the effects of G’ and G” for
a material. When the complex modulus plot is compared with the curves of G’ and
G", it is evident that it shows the same trend as G’. Thus, it could be said that for G*
the main contribution comes from the elastic component and this is the reason why
G’ was plotted. On the other hand, the complex viscosity reflects the stress necessary
to mobilize the polymer chains as the dynamic strain rate increases in the
0.1-100 rad/s range.

As can be seen in Fig. 11, the G’ curves show the same trend as the other
rheological elements. PNIPA has a higher complex viscosity than the rest of the
evaluated materials, which is consistent with the results shown before and is due to
the fact that it has the highest degree of crosslinking and the highest molecular
weights of the samples studied [36-38].

As can be seen in Fig. 12, the complex viscosity, n*, of the studied hydrogels
falls as the strain rate increases. This is because the entanglements and crosslinks
break as they are submitted to a higher stress and thus the movement of the chains
increases. These crosslinks and entanglements are easily lost because the
interpenetrating phase of HA hinders the continuous polymerization of PNIPA,
thus limiting its molecular weight and crosslinking density, as was mentioned before
(and shown in the diagram in Fig. 2).

There are very few research works [17, 35] using a dynamic temperature
rheological ramp to measure the LCST phase transition for PNIPA hydrogels. This
method considers the chain mobility as the temperature rises and how it changes, to
establish the transition temperature.

As can be seen in Fig. 13, a fast and significant change in G’ (over one order of
magnitude) indicates the phase transition. This evidences a sudden structural change
at a temperature which lies within the reported LCST transition temperature range.

@ Springer



118 Polym. Bull. (2011) 67:101-124

—=—PNIPA
| —A—% (PNIPA+HA1%) [T T T
| —v— % (PNIPA+HA2%) ]
—&— % (PNIPA+HA3%)

100

G’ [Pa]

% HA

0,1 1 10 100
o [rad/s]

Fig. 11 Rheological behaviour (G) for synthesized PNIPA and PNIPA + HA hydrogels at T = 25 °C.
Inset G' values around 0.1 rad/s obtained for these hydrogels
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Fig. 12 Complex viscosity (n*) behaviour for synthesized PNIPA and PNIPA 4+ HA hydrogels at
T=25°C

As is well known, at temperatures below the 7 the PNIPA hydrogel chains are
surrounded by water. This means that, when being submitted to strain, water could
act as a lubricant or plasticizer between the chains, making molecular mobilization
easier and thus reducing the value of G’, because the material will be behaving more
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as a liquid than as a solid. As the temperature increases, this hydrophilic nature will
change and water will be displaced. Now that water is no longer present, a higher
stress is necessary to mobilize the chains, which shows as an increase in the elastic
component of the modulus, G', as the material starts to behave more like a solid.

As with DSC, and according to the rheological tests results presented, the
PNIPA + 2%AH and PNIPA + 3%AH hydrogels show a T; just a few degrees
higher than the transition temperature for the neat PNIPA and the PNIPA + 1%AH.
This shows that at HA concentrations >2%, it is a little harder for PNIPA molecules
to move and the LCST phase transition needs more energy, but without loss their
condition of viscous flowing material or soft hydrogel.

Morphology of the freeze-dried hydrogels by SEM

Although the conditions the hydrogels were exposed to are not exactly the same
they will find in the human body, the porous morphology study by SEM is very
useful to investigate their behavior. It is important to pint out that this analysis is for
to relate porous morphology with possible application of these materials, because all
formulations shown flowing behavior in contact with water at room temperature. At
body temperature (37.4 °C), PNIPA hydrogels will have a structure of a hydrogel at
T > LCST, which is different from the structure it shows at 7' < LCST, as the
temperatures at which they were observed by SEM.

The structural difference of PNIPA hydrogels at 7 < LCST and those at
T > LCST by SEM has not been reported before. However, it is expected that the
studied trends would keep at both temperature ranges, especially the differences
observed when comparing the different hydrogel formulations. Then, it is expected
that the porosity of the dehydrated hydrogel will be kept by the wet one. Structural
characteristics such as the porosity, topography, and chemical nature of hydrogels
are responsible for the success of their compatibility and performance as a
biomaterial [17, 21]. Besides pore size, the interconnection of the network is another
very important variable: if there are interconnected channels in a 3D network,
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liquids could flow faster and the aqueous medium (hence nutrients) could penetrate
deeper into the hydrogel [6, 21, 30].

As can be seen on the micrographs in Fig. 14, both the PNIPA and the
PNIPA + HA samples are porous. However, the sample with HA shows a much
higher porosity than the pure PNIPA. SEM micrographs for the samples containing
1 and 2% of HA are shown a small porosity structure is proportional to the HA
content, i.e., they have morphologies in between those of PNIPA and PNIPA +
3%HA. This result lets us associate the morphology with the water loss data. At a
higher porosity, water removal is easier and for this reason could show a specific
orientation. Also, as is propose, less crosslink in PNIPA network could induce to
create large porous, and for these reason for 2% HA a continuous porous structure is
observed with oval shape that with only increasing in 1% HA this oval shape
becomes an elongated shape and uniform. It can also be seen from another
perspective: the higher water removal could have left a trail of larger pores, as also
was observe by Fu and Soboyejo [39] a similar porous structure for PNIPA.

It is expected that the higher porosity shown by the PNIPA + 3%HA
formulation will affect the biocompatibility in a positive way, because this will
improve the diffusion of fluids and nutrients that will help the interaction of the
hydrogel with the recipient organism [4, 22]. This adds to the fact that this is the
formulation which has the most injectable behavior, as evidenced by the dynamic
rheology results.

Cytotoxicity studies

Cytotoxicity tests using blood-rich agar allow verifying the degradation resulting
from the actions of the cytotoxic components present in a given substance [40—43].
Hemolysins are enzymes that produce the lysis of red blood cells and they are

produced after the cell decomposition. The bacteria producing these enzymes show
a whitish or transparent halo due to the presence of these colonies resulting from the

| PNIPA + 3%

3.~

PNIPA + 2% [ b-i o

Fig. 14 SEM micrographs for dehydrated hydrogels: PNIPA and PNIPA + HA
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lysis of red blood cells. Figure 15 shows the results after the hydrogels have been
36 h in contact with blood agar gel.

In this case, the possible diffusion of cytotoxic compounds from the tested
hydrogels PNIPA + HA would induce the lysis of red blood cells after a given time
(if there is cytotoxicity), and this would be evidenced by the appearance of a whitish
halo around of or close to the surface contacting the studied hydrogel. As can be
seen, after 36 h in contact with the hydrogels, a whitish halo shows up around the
samples containing 1% AH. This indicates that the hydrogel samples of this
formulation even after a dialysis process and lyophilization, and after a series of
rinses with PBS solution and MEM culture medium still release substances to the
medium which are producing the lysis of the red blood cells. Therefore, when
the cell membrane breaks, they leave the whitish halo or trace. In other words, the
samples could still contain unreacted monomer from the synthesis of the hydrogels
[17, 21, 40, 41], and for all the complex IPN network created, which makes them
cytotoxic when 1% was use. But for the sample with 3% HA not showing the
hemolysis effect; thus, this formulation seems to be a non-toxic, potentially
injectable hydrogel.

Fig. 15 Results for cytotoxicity
tests with blood-rich agar using
the synthesized PNIPA and
PNIPA + HA hydrogels, after
36 h at 37 °C and a 5% CO,
flow in the oven for cell culture
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Conclusions

We were able to synthesize smart PNIPA-based hydrogels in the presence of
hyaluronic acid (HA), a natural biopolymer. The smart nature of these hydrogels is
based on the LCST phase transition of these materials showed a 7; onset around
34.4-35.5 °C.

The amount of associated and of free water in the samples could be estimated
through freeze-drying technique. Those hydrogels showed a clear trend, more rigid,
and crosslinked structures limit water removal and, therefore, samples with these
characteristics show a higher content of associated water than the structures with
higher HA content, which weakens the gel network.

The functional groups of the hydrogel were identified by FTIR and 1H-NMR.
FTIR provided non-conclusive evidence for a possible interaction of the HA with
the PNIPA through the appearance of some small bands around the ester group
(~COOR). 1H-NMR, DSC and a rheological temperature ramp helped to study the
LCST phase transition, which remained at the same temperature even after the
inclusion of the HA biopolymer.

Rheological studies also showed how the PNIPA + HA interpenetrating gels
might be weakening the structure of the PNIPA hydrogel. The results allow to
conclude that as the HA content increases, the elastic character represented by de
storage modulus (G’) and the complex viscosity (1*) of the hydrogel decrease, thus
showing characteristics of a viscoelastic system.

All results and including the cytotoxic studies show the greatest potential to be
used as a non-toxic injectable hydrogel is the PNIPA + 3%HA formulation.

This research work opens an important window to the study of these hydrogels as
biomaterials in the biomedical field.
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