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ABSTRACT: The role of the crosslinking agents was
studied for a series of agarose—carbomer-based hydrogels,
specifically developed for tissue engineering applications,
and was quantified using the most typical polycondensa-
tion parameter; the ratio between the reacting moieties,
i.e., hydroxyl (A) and carboxyl (B) groups. Because of the
bonds among hydrophilic groups, as A/B ratio was
increased, the gel network showed higher compactness
and less ability to swell. The role of crosslinkers was also
further analyzed using environmental scanning electron
microscopy (E/SEM) and rheological measurements. SEM
analysis underlined the presence of different structures as
well as the erosion due to the presence of cosolvents in

hydrogel synthesis. Rheological measurements showed the
dependence of crossover strain value and yield stress
upon the ratio of hydroxyl/carboxyl groups and, gener-
ally, a clear pseudoplastic behavior. Such detailed charac-
terizations were essential to investigate the design of an
optimized formulation capable of being a proper hosting
environment for glial cells, which were here used as they
are a promising cell type in several central nervous system
repair strategies. © 2011 Wiley Periodicals, Inc. ] Appl Polym
Sci 123: 2211-2221, 2012
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INTRODUCTION

Tissue engineering, briefly the smart combination of
cells and materials to replace damaged or missing
parts of living tissues, is widely accepted as being
the future in medicine and health care.'” Recent
highlights* suggest the combined use of cells and
materials together also with specific, and appropri-
ate active agents (drugs, antibodies, peptides).>®
Among all known and used materials,””’ emerging
strategies of the last few years*'’ confirm a very
strong interest in hydrogel as great candidates for
both cell housing and drug delivery,"'™** allowing to
build water-based systems with cells directly
included inside gel and drugs solved within the
water contained in the polymeric network.'*'?
Hydrogels are three dimensional networks of
hydrophilic polymers linked together by chemical
bonds, such as covalent bonds, and cohesive forces,
like hydrogen bridges, ionic bonds, or hydrophobic
associations.*'®!"  Generally, ~being hydrogels
obtained by random walk reactions, the three most
typical parameters for their characterization are the
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following: (1) the network mesh size expressed in
nm, {, (2) the number average molecular weight
between two following crosslinks, Mc, in g mol
and (3) the crosslinking density, v, in mol cm 21617

In general their high adaptability makes hydrogel
extremely suitable for different medical needs, but
the possibility to use a large amount of monomers
and reagents could be very critical and expensive,
especially from an industrial point of view. Hence,
the study and development of a unique tunable
library synthesized starting from the same reaction
system could be the winning point.'"®'® Moreover,
the possibility to address different medical applica-
tions, maintaining the same polymeric skeleton,
facilitates chemical and material studies on one side
and reduces costs on the other.

This present work, indeed, regards a library of
hydrogels (here briefly indicated with the ACn acro-
nyms) synthesized by copolymerization between
two polymers. The first being agarose,” a commonly
used natural polysaccharide, while the second being
carbomer 974P,*" a highly branched synthetic polya-
crylic acid commonly used in its aqueous solution
for ophthalmic applications. As well known, the
combined use of both natural and synthetic poly-
mers appears to be a good combination to enhance
biocompatibility on one side and designing possibil-
ities on the other.*** Previous investigations proved
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TABLE I
Composition of Agarose-Carbomer Hydrogels and Hydroxyl (A) Versus Carboxyl (B)
Group Ratios (A/B) for AC Hydrogel Samples

Hydrogel components AC1 AC2 AC3 AC4 AC5 AC6
PBS (mL) 99.5 99 98.2 97.5 95.5 68.5
Carbomer 974P (g) 0.5 0.5 0.5 0.5 0.5 0.5
Propylene glycol (mL) 0 0 0.3 0 3 30
Glycerol (mL) 0 0.5 1 2 1 1
Triethylamine (mL) 0.5 0.5 0.5 0.5 0.5 0.5
Agarose (g) 0.25 0.25 0.25 0.25 0.25 0.25
A/B 2 10 11 20 40 100

that this kind of hydrogels are promising 3D scaffold
for cell housing, particularly for cells of the central
nervous system (CNS) and stem cells,**?* and carrier
for pharmacological treatments.'>*

Here, starting from swelling kinetics, the charac-
teristic Flory-Rehner parameters were evaluated and
then gel morphology and rheological pro%oerties
were studied considering crosslinkers’ role.'® The
ability to carry cells was analyzed with respect to
hydroxyl/carboxyl groups ratio, to underline the
tuning possibilities that make agarose—carbomer
hydrogels an extremely adaptable material library
for tissue engineering applications.

MATERIALS AND METHODS
Materials

The materials used were: carbomer 974P (MW = 1
MDa, CAS 151687-96-6, Fagron, The Netherlands),
triethyl-amine (alias TEA, CAS 121-44-8, high purity
preparation by Sigma-Aldrich, Germany), propylene
glycol (CAS 57-55-6, by Sigma-Aldrich, Germany), glyc-
erol (CAS 56-81-5, by Merck Chemicals, Germany), and
agarose (MW = 200 KDa, CAS 9012-36-6, by Invitrogen
Corp.). The solvent utilized in this work is PBS, Dul-
becco’s phosphate-buffered saline solution by ¢c-Aldrich
(pH = 7.4). All materials were used as received.

Hydrogel synthesis

Hydrogels were prepared by bulk reaction in phos-
phate buffered saline solution (PBS)* at about 80°C,
where polymeric solution was achieved by stirring
polymer into the selected solvent, adding a mixture
of crosslinking agents primarily made of propylene
glycol and glycerol [along with triethyl-amine (TEA)
for pH neutralization]. Reaction pH was indeed kept
neutral. Effective gelation and reticulation were
achieved by microwave heating for 1 min per 10 mL
of polymeric solution.”” The key parameter to tune
the formulation was the amount of free hydroxyl
groups. Mixing reactor was kept closed to avoid any
eventual loss of solvent vapors and the gelation was
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achieved in a 48 multiwell cell culture plate (0.5 mL
each and with the cylinder diameter of 1.1 cm) where
the gelling solution was poured during cooling. The
hydrogel compositions of the tested formulations are
collected in Table I, which also presents the hydroxyl
versus carboxyl groups ratios (A/B values).

The library was investigated by experimental anal-
ysis on six different gels having as differences only
the crosslinkers concentrations: propylene glycol
with a 0:1:10 : 100 ratio while glycerol witha 0 : 1
: 2 one (as can be seen from Table I). Proportions
used were indeed chosen to allow a deep under-
standing of each component effect on %el structure
and thus on macroscopic gel behavior.'>*®

The stability of those materials is quite high; they
remain stable for weeks before significant degrada-
tion, by hydrolysis,* takes place. Since such charac-
teristic time is much larger than the experimental
time, degradation reactions are fully neglected in
this work.

Physical characterization

Fourier transform-infrared (FT-IR) spectra

Hydrogel samples, after being left to soak for 24 h in
excess of solvent, were freeze-dried and laminated
with potassium bromide. FT-IR spectra were
recorded within the polymeric network using a
Thermo Nexus 6700 spectrometer coupled to a
Thermo Nicolet Continuum microscope equipped
with a 15x Reflachromat Cassegrain objective.

Measurement of swelling kinetics and equilibrium

The hydrogel samples were first immersed in PBS
for about 24 h, then freeze-dried, weighed (W,), and
poured in excess PBS to achieve complete swelling
at 37°C in 5% CO, atmosphere.®® The swelling
kinetics was measured gravimetrically. The samples
were removed from PBS at regular time points.
Hydrogel surfaces were then gently wiped with
moistened filter paper to remove the excess of sol-
vent and then weighed (W,). Swelling ratio is
defined as follows:
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W
Swelling ratio = —L %100, D)
Wa

where W, is the weight of the wet hydrogel as a
function of time and W, that of the dry hydrogel as
evaluated after freeze-drying.">**?! The equilibrium
of swelling is the plateau value reached by the
kinetics."®

Flory-Rehner theory

According to the Flory-Rehner description, as said,
swelling data can be used to evaluate some important
structural parameters of the hydrogel such as: (a)
mean mesh size { (nm), (b) average molecular weight
between two following crosslinks M. (g mol ™), (c)
mean crosslinkage density v (mol cm?)."'% Using
a simplified version of the Flory-Rehner equa-
tion,'%!%!¢ the average molecular weight M was eval-
uated as a function of the volumetric swelling ratio,

Qy, as:

Vp x M
V= x (05— @
1

in this equation, V, is the specific volume of dry
polymer, V; the specific volume of the solvent (PBS),
and y the Flory interaction parameter between poly-
mer and solvent obtained from literature.**° Q
was evaluated from the mass swelling ratio (Qu)
through the following equation:

Qv:1+%x(QM—1), 3)

S

where p, is the density of the dry polymer, obtained
by pycnometry, and p; that of the solvent.
The crosslinking density was determined as™:

L
V= Me (4)

and the swollen hydrogel mesh size was calculated

using the following equation™”:

(= Q%//3 x \/% =~ (0.1707 x (MC)1/2 % (Qv)l/a 5)

where \/% is the root main square of the end-to-end
distance between crosslinks on unperturbed distance
considering the most concentrated polymer present
that is agarose.'>*3*

Polycondensation

According to generally accepted Flory’s model,
hydrogel synthesis was here studied as a conven-

tional polycondensation; the two condensing groups
are the hydroxyl ones (Group A), present in propyl-
ene glycol, glycerol, agarose, and carbomer 974P,
and the carboxyl groups (Group B) present in
carbomer 974P. To evaluate the A/B ratio (presented
in Table I), the following equation can be used:

N
m;
Group-:E ——— X f (6)
I Mmw; Y

In this equation m; is the mass of the generic ith
component (corresponding percentages shown in Ta-
ble I) MW; its molecular weight, f; its functionality'®
with respect to group j and N the number of compo-
nents containing jth group. If A and B have exactly
the same value, there’s a perfect balance between
carboxyl and hydroxyl groups (stoichiometric formu-
lation). If not, unreacted groups remain at the end of
the reaction; the larger the value of A/B is, the
larger amount of A unreacted groups. The A/B
values for the gel samples studied are presented in
Table L.

Morphological studies: Environmental scanning
electron microscopy (E/SEM) analysis

Environmental scanning electron microscopy analy-
sis was performed on gold sputtered samples at
10 kV with Evo 50 EP Instrumentation (Zeiss, Jena,
Germany). To preserve the actual morphology of the
hydrogel under complete swelling, freeze-drying
(24 h) was applied to remove all the liquid phase by
sublimation. Because of the low operating values of
temperature and pressure, the polymer chains were
expected to retain the same conformation they had
in wet conditions.'>?® Comparative evaluation of the
superficial and internal morphology of two largely
different materials was carried out, to understand
the dependence of A/B on macro scale; samples
AC1 and AC6 were considered because they repre-
sent the lower and upper limits, respectively, of the
explored A/B ratios range.

Rheological characterization

The rheological behavior was studied at 37°C using
a Rheometric Scientific ARES (TA Instruments, New
Castle, DE) equipped with parallel plates of 30.0
mm of diameter with a 4-mm gap between them.
Room temperature was selected because our materi-
als contain substantial amounts of water and higher
temperatures could significantly affect their charac-
teristics, especially at long times. Oscillatory
responses (G/, elastic modulus, and G”, loss/viscous
modulus) were determined at low values of strain
(0.02%) over the frequency range 0.1-500 rad s~ '.%*%°

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 (a) Scheme of the three-dimensional network formed by statistical polycondensation between carbomer 974P
(1), agarose (2) and crosslinking agents [propylene glycol (3) and glycerol (4)] in phosphate buffer saline solution. Esterifi-
cation, hydrogen bonding, and carboxylation bring statistically closer the polymer chains, thus creating a stable heteroge-
neous structure. (b) Fourier transform infrared spectra of AC1 sample. The most important groups in the studied gels are

—OH (3450 cm ™), C—H (2960 cm ™), CO, (i.e., carboxylates, symmetric around 1560 cm -1

-1, C—N (1080 cm 1), and C—O—C (840 cm ).

Dynamic Strain Sweep tests were also performed at
frequency of 20 rad s ' over the strain range of
0.01-100%. Pseudoplastic behavior was also investi-
gated and the behaviors of shear stress and viscosity
as a function of shear rate were examined. The line-
arity of all viscoelastic properties was verified for all
samples.

Standard glial line cell 3D culture

Standard glioma derived U87MG cell line were cul-
tured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) (Sigma, Germany), 2 mM L-glutamine (Sigma),
100 U mL™" penicillin (Sigma), 0.100 mg mL ™" strep-
tomycin (Sigma), 1% sodium pyruvate (Sigma), 1%
HEPES buffer (Sigma), at 37°C and 5% CO,. A solu-
tion of suspended cells (density of 0.8 x 10* cells per
mL) was added to the gelating samples (at T =
37°C) in 1 : 1 volume ratio, and then homogenized
into 48-multiwell cell culture plates.*>** Each sample
of the so obtained biohybrid structures was topped
with cell culturing medium and kept in cellular
incubator under 5% CO, at 37°C. At Day 7, cells
were mechanically extracted using a Pasteur pipette
with fresh and warm (37°C) medium.??® The
obtained cell suspension (100 pL) was diluted at the
1 : 1 ratio using the Trypan Blue (CAS 72-57-1,
Sigma, Germany) staining solution and live cells
were counted by a hematocytometer.*>?**

Statistical analysis

Experimental data were analyzed using Analysis of
Variance (ANOVA). Statistical significance was set
to P value < 0.05. Results are presented as mean
value *+ standard deviation.*'

Journal of Applied Polymer Science DOI 10.1002/app

and asymmetric around 1420

RESULTS AND DISCUSSION
Physical characterization

The polycondensation reaction® between high mo-
lecular weight branched polyacrylic acid (carbomer
974P) and agarose was microwave assisted to obtain
a chemically crosslinked hydrogel, as verified with
FT-IR analysis (Fig. 1).'* The solvent used was phos-
phate buffered solution and its role in hydrogel
chemistry was already described.”® Briefly, being
carbomer 974 P high pH-sensitive,*® the buffered na-
ture of the solvent allowed the possibility to control
and tune the reaction. Moreover, its relevant role
was observed also with respect to cell housing inside
such hydrogels; living cell counts showed higher
amount of cells surviving the latency period of
inclusion in hydrogel when PBS was used as sol-
vent, while only very few of them survived in a
deionized water based gel.”® Hence, PBS role both in
fine control of hydrogel preparation and in material
tuning is essential; this latter being a feature of pri-
mary importance when applying hydrogels as cell
carriers in regenerative medicine applications.

Before polymeric solution irradiation, polymer
chains are not overlapped and segmental mobility is
high. Increasing irradiation doses, intramolecular
links and chain scissions are favored. Thereby the
decrease of segmental mobility, allows intermolecu-
lar crosslinks to be formed and thus give origin to
local 3D networks, also known as “microgels.” The
further irradiation increase privileged intermolecular
crosslinking and chain scission, giving origin to
macroscopic gels."! In general, chemical interactions
would statistically bring polymer chains together
and, indeed, the formation of a stable structure
occurs through junction zones between chains
[scheme in Fig. 1(a)]. The presence of hydroxyl
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Figure 2 Swelling kinetic of the hydrogels with different
amounts of crosslinkers in PBS at 37°C of AC1(¢), AC2([0),
AC3(A), AC4O), AC5(%), AC6(M). The equilibrium was
reached in the first hour and maintained for 7 days. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

groups and carboxyl ones suggests that main inter-
actions occur via esterification and hydrogen bond-
ing (chemical hydrogel), as confirmed by FT-IR
analysis [Fig. 1(b)].'* The esterification takes place
between carbomer 974P and either agarose or gly-
cerol or propylene glycol and PBS salts freely sol-
vated in water cause salt carboxylates formation.
Moreover, the presence of propylene glycol and
glycerol is necessary not only to increase crosslink-
ing possibilities but it also influences solvent viscos-
ity. As explained above, microgels formation is due
to segmental mobility that decreases as the solvent
viscosity, in which polymers are dissolved,
increases. Thus, tuning solvent viscosity shorter-
range bonds (high viscosity) or longer-range bonds
(low viscosity) can be tailored. Figure 1(b) shows the
FT-IR spectra of AC1 gel; the spectrum shows a
broad peak of around 3450 cm ', which is due to
the stretching vibration of O—H bonds, while peaks
around 2960 cm ™' are due to the C—H stretch. The
formation of esteric bonds is visible by peaks corre-
sponding to symmetric (around 1560 cm™') and
asymmetric (around 1420 cm™') CO, stretches.
Moreover, peaks around 1080 cm™' are related to
C—N vibration, confirming the presence of TEA
inside the network. Spectra also show peaks related
to C—O—C stretch vibration (840 cm™') which repre-
sents the glycosidic bond between two following
monosaccharide units (typical of agarose structure).
Because of these reactions, AC hydrogels are quite
anionic and this electrostatic nature, confirmed by
mass equilibrium swelling at different pH,26 influen-
ces the ability and the kinetics involved in drug
delivery.'” AC hydrogels can be rightfully consid-
ered a “material library” where dissimilarities lie in
different amount of crosslinkers involved in poly-
condensation, identified and briefly described
through the ratio between hydroxyl and carboxyl

groups (A/B) in Table I. AC6 presents a higher A/B
ratio, which affects not only its microchemistry
but also its physical properties, oppositely to what
happens on AC1.

The ability to absorb and retain water, within their
3D polymeric network, is the key feature for a
hydrogel system; swelling is thus the first character-
istic to investigate. Figure 2 shows the swelling
kinetic and the equilibrium of the hydrogel samples
with different amount of crosslinkers in PBS at 37°C
and 5% CO, atmosphere. All samples exhibited fast
swelling kinetics and they reached equilibrium of
swelling within the first hour maintaining this state
for a week® (values presented in Table II) before the
start of hydrolytic degradative reactions. Compared
to the hydrogels with larger amounts of crosslinkers
(A/B ratio in Table I), the hydrogels with smaller
amounts of A groups exhibited higher values of
swelling equilibrium. The differences experimentally
observed are due to a higher ability to retain water
when the amount of crosslinkers is smaller. How-
ever, increasing A/B ratio, water molecules cannot
easily diffuse into the hydrogel network, making the
hydrogel network denser with consequent reduced
volumetric expansion.

When a polymeric network is swollen, its chains
achieve an elongated conformation; such elongation
is contrasted by an opposite elastic force, thus limit-
ing chains stretching on one hand. On the other
hand, the polymer-solvent mixing increases the sys-
tem entropy, thus favoring the hydrogel swelling
toward lower free energy configurations. At equilib-
rium, such opposite forces are balanced and the
maximum swelling extent is achieved. Starting from
these statements described by Flory-Rehner theory
several hydrogel features, such as {, M, and v, can
be readily evaluated following the simplified Flory-
Rehner egs. (2)—(5). Estimated values of these three
parameters are summarized in Table II for all the
examined hydrogel samples, along with the corre-
sponding equilibrium swelling ratio (1) values.

The effect of crosslinkers was to make more com-
pact the hydrogel structure; as a matter of fact, esti-
mated mesh sizes decreased from 90 nm (ACI1) to
28 nm (AC6). Moreover, if an increase in mesh size

TABLE II
Physical Characteristics for Hydrogel Samples
Swelling
equilibrium 4 M, v t*
Samples (%) (nm) (g/mol) (pumol/ em®)  (min)
AC1 4500 90 15540 113 16.6
AC2 3200 61 8735 200 8.6
AC3 3100 59 8300 210 8.6
AC4 2350 42 5210 334 4.6
AC5 2050 36.5 4280 407 2.6
AC6 1200 28 3450 506 1.6

Journal of Applied Polymer Science DOI 10.1002/app
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is considered, a decrease in crosslinking density and
an increase in molecular weight M, are consequently
found. Indeed, in hydrogels with higher mesh size
values, two following crosslinks are further from
each other; therefore, the molecular weight between
two following crosslinks is higher and crosslinking
density correspondingly lower. The crosslinkers
involved in this polycondensation were propylene
glycol and glycerol; they play the role of —OH sour-
ces but they are also responsible for the increase in
system viscosity, propylene glycol specifically. On
one side their influence on final physical properties
depends on their functionalities £.'® An increase on
functionality, that is three for glycerol and two for
propylene glycol, corresponds to a major effect on
the three characteristic structural parameters studied
in this work. This is due to the increasing crosslink-
ing possibilities during gelation. On the other side,
the viscosity increase due to their presence as cosol-
vents is responsible of a general reduction in chains
mobility inside gelling solution causing; crosslinking
reactions to occur on a shorter range, self crosslink-
ing along carbomer chains, thus smaller meshes are
obtained and, in the end, microgels formation is
thus preferably promoted. With reference to A/B ra-
tio, it was useful to deeply examine how crosslink-
ing agents influence physical characteristics. Because
of the presence of bonds between the hydrophilic
groups, the whole gel network was more compact
and less water was absorbed when hydroxyl groups
prevailed on carboxyl ones (A/B > 1). Table II
shows that mesh size decreases as A/B increases; as
explained above, this trend is fulfilled also by swel-
ling equilibrium values and swelling behavior.
Indeed, lower ability to retain water corresponds to
lower mesh size and average molecular weight val-
ues on one side.

Moreover, the trend of M, (i.e., average molecular
weight between two following crosslinks) is similar
to what explained before for mesh size, decreasing
from 15,450 to 3445 g mol . Similarly, crosslinking
density increases as hydroxyl groups prevails on
carboxyl ones; a lower ability to absorb water corre-
sponds to a more compact and stiff network.

To summarize, an increase in A/B value corre-
sponds to lower values of mesh size and average
molecular weight between two following crosslinks,
thus to higher values of crosslinking density. From
swelling kinetics presented in Figure 1, it can be
noted that hydrogels reached the equilibrium of
swelling (plateau) very quickly but with different
kinetics; the time needed to establish the equilibrium
of swelling, t*, is shown in Table II as a function of
the A/B ratio. As the network is swelling by solvent
absorption, the chains between network junctions
are stretched, i.e., they assume elongated configura-
tions, and a contrasting force due to rubber elasticity

Journal of Applied Polymer Science DOI 10.1002/app
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develops in opposition to such process of volume
increase. As swelling proceeds, this force increases
and an equilibrium situation is finally established.
This behavior is fully consistent with the data trends
(Table II); by increasing the mesh size, the ability to
retain water increases. Contemporaneously, the time
needed to reach the equilibrium of swelling,
between attractive and repulsive forces, increases
due to the bigger distance between polymeric
chains. In sample AC6, interconnection forces are
larger; as a result, such material hinders water diffu-
sion better than the other samples and equilibrium
conditions are achieved very quickly, at small swel-
ling equilibrium values.

Morphological studies (E/SEM)

To preserve the actual morphology of the hydrogel
under complete swelling, freeze-drying was applied
to remove all the liquid phase by sublimation.
Because of the low operating values of temperature
and pressure, polymer chains were reasonably
expected to retain the same conformation they had
in wet conditions.*! The morphological characteriza-
tion was carried out on the two “limit” samples,
AC1 and AC6.

Figure 3 presents micrographs corresponding to
surface (a,b) and internal morphologies (c,d) of AC1
and AC6 samples. From surface micrographs,
smooth and glassy morphology is visible for both
formulations with high degree of irregularity and
heterogeneities. Among them, AC6 exhibits more
irregularities due to higher crosslinking degree (A/
B) on one side and the presence of cosolvents on the
other. As explained above, cosolvents influence
bond distance, decreasing polymeric chain mobility
during polycondensation. Moreover, both systems
seem to be extremely close packed and thick, thus
impeding the evaluation of mean pore size. Even if
E/SEM cannot show network nano-details such as
mesh size for nanostructured materials, sample AC1
exhibits a more defined network structure while
AC6 is a more compact and stiff one.

Rheological characterization

Figure 4 shows dynamic frequency sweep test (DFS)
spectra performed at 37°C for ACl and AC6 gel
samples. For both formulations storage modulus (G')
was found to be approximately one order of magni-
tude higher than the loss modulus (G”), indicating
an elastic rather than viscous material. Furthermore,
both G' and G” are essentially independent from fre-
quency over the entire investigated range, thus indi-
cating dominant viscoelastic relaxations of networks
at lower frequency values. This means that network
relaxation time, t, is rather long (1 ~ 2000 s); this
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Figure 3 E/SEM micrographs of AC hydrogels. (a, b) surface morphology of AC1 and AC6 samples, respectively, (x2
magnification); (¢, d) internal morphology of AC1 and AC6 samples, respectively, (x150 magnification). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

long reorganization time is required by the system
to reach complete equilibrium and form a well-
defined network structure. This characteristic time is
larger than typical values reported for other Carbo-
pol based gels** and it is most probably effected by
cosolvent system, glycerol-propylene glycol added
to PBS; indeed, this system exhibits a much larger
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Figure 4 Frequency-dependent properties of AC1 (G
(@), G" (©)) and AC6 (G' (W), G” (O)) hydrogel samples.

viscosity than that of the classical phosphate buf-
fered saline solution. Such rheological behavior
matches the characteristic signature of a solid-like
gel, confirming this nature for both AC type gels.
Moreover, the value obtained for G' (750 Pa for
AC6) are of the same order of magnitude as the
modulus reported in literature for other biopolymers
and hydrogels.**

The results of the dynamic strain sweep test (DSS)
are shown in Figure 5; it is clearly visible that
hydrogel behavior is dominated at low strain values
by the elastic modulus.

With the increase of strain values, the elastic struc-
ture of the network breaks down and the elastic
modulus decreases steeply. The crossover strain (y.)
can be readily identified as the value at which the
contribution of tan(d) is predominant with respect to
G’ (y. = 0.6 in AC6 case). The trend of G/, at low val-
ues of strain, indicates the presence of a close
packed polymeric network. In addition, the pseudo-
plastic behavior of AC samples at high shear rates is
presented in Figure 6(a,b).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Dynamic strain sweep experiments of AC1 (G’
(®) and tan(d) (¢)) and AC6 (G' (M) and tan(d) (1)) at
constant frequency.

Moreover, to widen the investigations previously
carried out on injectability,'>** yield stress can be
readily calculated from data in Figure 7. To fulfill
the requirements for injectable matrices, yield stress
should be high enough to prevent flow out of the
container due to sample weight when the container
is placed in upside down position. On the other
hand, the same stress cannot be too high, because
this could cause problems during application and

a) 10000 4

1000 ’ °°°°D%b%
%%Q% .

viscosity [Pa s]
=]
o

o
10 s, Dq‘ﬁz%
<
0000%% Q.
<
1 r T T 5
0,01 0,1 1 10 100
shear rate [1/s]
b)
500 -
400 poooP
=}
g e
E”o' e unun“nw
E o
»
@ 200 4 °
2 4
w o0
< 2 ®
100 o o o o 0oos0EE®
©
0 T T 1
1 10 100 1000

shear rate [1/s]
Figure 6 Determination of pseudoplasticity for AC1 (<)

and AC6 ([J): (a) viscosity versus shear rate and (b) shear
stress versus shear rate.
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injection.*! For sample AC6, the value of yield stress
as measured by oscillatory sweep test, was ~ 40 Pa
(Fig. 7).

Rheological characterization: The role of crosslinkers

The dependence of the rheological behavior upon
the amount of crosslinker was analyzed again by
comparing the results collected with the two limit
samples, in terms of A/B ratio, ACl and ACS,
respectively. As expected, AC6 behaves as a more
rigid network than AC1 and this is in perfect agree-
ment with structural differences due to the presence
of crosslinkers, as also shown by swelling studies.
The data in the same three plots already com-
mented above (dynamic strain sweep experiment,
experiment for pseudoplasticity, and oscillatory
measurement of yield stress strain) were considered.
In Figure 4, the results of the dynamic strain sweep
test were shown; for both hydrogel samples, the
elastic modulus (G') dominates at low values of
strain corresponding to 750 Pa for AC6 and 600 Pa
for AC1. Above the crossover strain (y.), the contri-
bution of tan(d) is larger than the elastic one. From
the results in Figure 5 it is also evident that cross-
over strain decreases at increasing A/B ratio (extent
of crosslinking), ranging from 0.30 for AC1 to 0.60
for AC6. The values of G’ are larger for AC6, which
proves the more compact nature of this material and
the larger amount of crosslinks. On the other hand,
the behaviors of tan(d) are very similar, thus indicat-
ing very similar, liquid-like behaviors. In Figure
6(b), data of viscosity at increasing shear rate are
shown demonstrating pseudoplastic behavior; as
expected, higher viscosities are found increasing
crosslinking density. The last comparison between
the two formulations can be done in terms of yield
stress (Fig. 7), showing a decrease from AC6 to AC1.
Therefore, in terms of crosslinks, an increase in net-
work entanglements corresponds to an increase in
strength that must be applied for start flowing.
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Figure 7 Measure of yield stress of AC1 (<) and AC6
(O) by oscillatory experiments.
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Figure 8 (a) E/SEM image of US87MG cell within AC6 hydrogel matrix at Day 1 (yellow circle); (b) Optical microscopy
image showing the US7MG cells morphology at Day 7 included in gel <i>ACS6; (c) percentage of live extracted US7MG
line cells from hydrogel matrices (A/B in legend). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

3D cell culture within agarose carbomer hydrogels

Glial cells recently gained very high attention for
their potential use in regeneration of damaged CNS
tissue™** as far as their neurophysiological role is
being more widely understood. Furthermore, glial
line cells, i.e., glioma-derived immortalized cells, are
commonly used as test cells also because they are
also a reference for biocompatibility assessments in
materials for CNS applications. Inclusion of glial
cells within a hydrogel matrix was shown to be an
effective approach for tissue engineering.*

Results of cell viability within AC hydrogel sam-
ples were presented in Figure 8, where every AC
formulations showed ability to carry living cells also
after 7 days of encapsulation. This is highly signifi-
cant, considering that the final aim of these biohy-
brid systems is not to be growth scaffolds for cell
proliferation but to keep cells viable in good percent-
age and able to proliferate once placed in the target
tissue.”>*® From a qualitative point of view [Fig.
8(a)], the presence of U87MG included inside gel
was observed through electron microscopy that evi-

denced part of cell membrane of emerging US7MG
cells within the hydrogel matrix. Moreover, confir-
mation of such data came from optical microscopy
regarding US7MG cells 7 days after hydrogel inclu-
sion [Fig. 8(b)]; cellular elements appear as isolated
glial elements with classic shape in a granular ma-
trix due to agarose component of hydrogel. Cell
morphology after 1 week of latency is comparable
with the ones cultured in vitro.

In addition, preliminary cell tests resulted positive
in terms of viability [Fig. 8(c)]; at various time points
from inclusion, cells were mechanically extracted
and the living ones were counted via Trypan Blue
live/dead stain.

Moreover, it has to be underlined that the extrac-
tion procedure implies the mechanical destruction of
the gel matrix and, consequently, this surely results
in the killing of several living cells. The counts per-
formed are thus certainly minimum values.”**® The
quantitative results of the Trypan Blue hematocy-
metric cell count are presented in Figure 8(c); after 1
week, viability is high, once more in agreement with
the literature.** The cell culture trend is in
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agreement with literature for this kind of devices*
showing decreasing number of living cells extracted
from the polymeric matrix during time and this ob-
servation might be mainly due to the difficult per-
meation of nutrient and oxygen through hydrogel-
medium interface.

The key result is that biocompatibility, in terms of
living cells after extraction, increases as A/B
increases. It is thus possible to claim that a more
nanostructured and compact environment is pre-
ferred by these cells since it best mimics the extracel-
lular matrix, as expected in an in wvivo context.
Indeed, according to literature, smaller, denser, and
nanometer scaled matrices”’ are the most suitable
materials for hosting cells for tissue engineering
applications because they are best able to mimic
their natural environment.

CONCLUSIONS

Using the Flory-Rehner theory, mesh size ({), aver-
age molecular weight between two following cross-
links (Mc) and crosslinking density (v) were eval-
uated, investigating the role of crosslinkers effects
on agarose—carbomer library developed for tissue
engineering applications. The use of crosslinks with
different functionalities, f in Flory notation, under-
lines the key importance of this parameter in poly-
mer gelation and its contribution was considered
where hydroxyl (A) versus carboxyl (B) groups ratio
was used as control parameter. On one hand, mesh
size and average molecular weight between two fol-
lowing crosslinks showed decreasing trend at
increasing A/B values while crosslinking density
showed increasing trend. On the other hand, swel-
ling kinetic was studied and again related to A/B ra-
tio; an increasing of crosslinking density in the 3D
network, that is also visible from E/SEM analysis,
corresponds to a faster swelling kinetic according to
the quicker balance between attractive and repulsive
forces involved, and wice versa. The viscoelastic na-
ture suggested that such hydrogels could be useful
as topical materials for cell housing systems. Rheo-
logical parameters are indeed among essential issues
to build a framework for designing optimal cell
housing systems for in vivo applications.

In the end, acting on microchemistry of hydrogel
library and following a multi scale approach, it was
possible to manage macro properties. Moreover, bio-
compatibility assays confirmed a behavior previ-
ously and commonly reported in the literature;
nanostructured matrices enhance viability of
included cells. Indeed, it was observed that viability
increases with the decrease of matrix mesh size.
Thus, the smaller the mesh, the better the cell
viability.

Journal of Applied Polymer Science DOI 10.1002/app

ROSSI ET AL.

NOMENCLATURE

Mc average molecular weight between two
following crosslinks (g mol )

W, weight of wet hydrogel (g)

Wy weight of dry hydrogel (g)

W weight of the swollen hydrogel (g)

Qv volumetric swelling ratio (%)

Vi specific volume of solvent (cm” g™

V, specific volume of dry polymer (cm® g ™)

Qum mass swelling ratio (%)

m; mass of the ith component (g)

MW; molecular weight of the ith component
(g mol )

fi functionality of the ith component

A/B ratio between hydroxyl and carboxyl groups

t* time necessary for reach the equilibrium of
swelling

Greek symbols

d mesh size (nm)

\% crosslinking density (mol cm ™)

% interaction parameter between polymer and
solvent

T, relaxation time (s)

R crossover frequency (rad s

Ye crossover strain (%)

The authors thank Dott. Sacchi for having provided pharmal
grade Carbomer 974P. Special thanks to Dr. Hua Wu (ETH
Zurich) for his help with the rheological measurements and
useful discussions.
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