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ABSTRACT: Hydrogels studied in this investigation,
synthesized starting from agarose and Carbomer 974P,
were chosen for their potential use in tissue engineering.
The strong ability of hydrogels to mimic living tissues
should be complemented with optimized degradation
time profiles: a critical property for biomaterials but
essential for the integration with target tissue. In this
study, chosen hydrogels were characterized both from a
rheological and a structural point of view before studying
the chemistry of their degradation, which was performed
by several analysis: infrared bond response [Fourier trans-
form infrared (FT-IR)], calorimetry [differential scanning
Calorimetry (DSC)], and % mass loss. Degradation behav-

iors of Agar-Carbomer hydrogels with different degrees
of crosslinkers were evaluated monitoring peak shifts and
thermal property changes. It was found that the amount
of crosslinks heavily affect the time and the magnitude
related to the process. The results indicate that the degra-
dation rates of Agar-Carbomer hydrogels can be con-
trolled and tuned to adapt the hydrogel degradation
kinetics for different cell housing and drug delivery appli-
cations. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123:
398-408, 2012
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INTRODUCTION

Tissue or organ transplantation is severely limited by
the problems of donor shortage and immune rejec-
tion from receiving patients. Developments and
recent achievements on tissue engineering allow the
transplantation of cells from a patient’s own tissue to
regenerate damaged tissues or organs, avoiding
adverse immune responses."” Several recent
researches point towards the combined use of cells
together with specific drugs to enhance regenerative
therapeutic effects.’* In this framework, three-dimen-
sional (3D) biomaterial-made scaffolds were first
developed as a temporary substrate to grow cells in
an organized fashion, before performing the trans-
plantation of such combined structures.” Direct injec-
tion of in vitro cultured cells is one attractive alterna-
tive,® but it sees deep concerns emerging as trials are
performed: injected cells very often leave the zone of
injection, as they are not confined by any support,
and easily get into the circulatory torrent migrating
all over the body towards a rather uncertain fate.
Thus, not only scientific literature but also regulatory
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supranational directives (e.g., EU668/2009 and 47/
2007/EC) are now pointing towards the combined
approach of cells and adequate support structures,
specifically to avoid migration of cells outside the tar-
get area. As a result, strong attention on polymers is
confirmed as they can be used not only to fabricate
3D scaffolds but also to develop injectable systems
for tissue engineering.”'! Indeed, in the wide field of
biomaterials, one of most suitable classes for these
purposes is surely represented by hydrogels.”*"'*'3
They can be designed as temporary structures having
desired geometry and physical, chemical, and me-
chanical properties adequate for implantation into
chosen target tissue. Nevertheless, care must be taken
not only to ensure complete biocompatibility of both
intermediate and final degradation products but also
to provide a degradation kinetic compatible with
host tissue integration, to allow proper and viable tis-
sue regenerative processes.'*'® Here, where drugs
and cells are loaded for local delivery purposes,
attention must be paid to hydrogel chemical structure
because a premature degradation might lead to
excessively fast drug release and to cell escape earlier
than adequate tissue formation; on the other hand, a
delayed degradation may result in insufficient nutri-
ent transport and/or physical space that impede for-
mation of a fully competent tissue, together with a
too slow drug delivery.'*!”'8
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In this framework, this work regards a particular
kind of hydrogels (here briefly indicated with the
AC acronym) synthesized by copolymerization
between two polymers: the first being agarose, a
commonly used natural polysaccharide,'® whereas
the second being Carbomer 974P," a highly
branched synthetic polyacrylic acid commonly used
in biomedical and pharmaceutical applications. Pre-
vious investigations suggested that by tuning cross-
linkers concentrations obtained hydrogels can be ei-
ther promising scaffolds for cell housing,
particularly for cells of the central nervous system
(CNS) and stem cells,***! or suitable carriers for
pharmacological treatments.””> Moreover in vivo
investigations confirmed very high biocompatibility.
These preliminary studies also allowed to state that
AC hydrogels can be injected into spinal cord paren-
chyma for local therapies achieving in situ gelation
that is an essential feature for regenerative
medicine.”

The aim of the present work was to study the deg-
radation of AC hydrogels and its fine control**?: it
was monitored via Fourier transform infrared (FT-
IR) spectroscopy measurements, by differential scan-
ning calorimetry (DSC) analysis, and % mass
loss.**?***” Moreover, the hydrogel inner morphology
and its nanometric nature were investigated by
transmission electron microscopy (TEM). As
described,® AC gels can be considered a “material
library,” and thus, investigations were here per-
formed only on AC1 and AC6 samples, because they
represent the two limits, lower and upper, respec-
tively, of the explored crosslinkers ratios range.

MATERIALS AND METHODS
Materials

Materials used for hydrogel preparation were the
following: Carbomer 974P (CAS 151687-96-6, Fagron,
The Netherlands), triethyl-ammine (aliass TEA, CAS
121-44-8, high purity preparation by Sigma-Aldrich,
Germany), propylene glycol (CAS 504-63-2, by
Sigma-Aldrich, Germany), glycerol (CAS 56-81-5, by
Merck Chemicals, Germany), and agarose (CAS
9012-36-4, by Invitrogen Corp., Carlsbad, CA).20 The
solvent used was Dulbecco’s Phosphate-Buffered
Saline (pH = 7.4) solution (alias PBS, Sigma-Aldrich,
Germany) which allowed us to keep gelation under
strict control.?® All materials were used as received.

Hydrogel synthesis

Hydrogels were synthesized by bulk reaction in PBS,
at about 80°C. Polymeric solution was achieved by
mixing polymer powders in the solvent, adding a
mixture of crosslinking agents made of propylene

glycol and glycerol along with TEA. The reaction pH
was kept neutral. The onset of gelation was achieved
by means of electromagnetic (EM) stimulation.
Indeed, these groups constitute the crosslinking sites,
particularly those of propylene glycol and glycerol,
to be reacted with those of Carbomer and agarose,
altogether giving rise to the 3D matrix. Effective ge-
lation and reticulation were achieved applying EM
(500 W irradiated power) heating in ratio of 1 min
per 10 mL of polymeric solution.®® Gelation was
achieved during cooling down to room temperature
in a 48-multiwell cell culture plate (Corning Costar,
Corning, NY). As said, only AC1 and AC6 gels were
investigated; the composition in terms of weight for
ACI are: 98.52% PBS, 0.49% Carbomer 974P, 0.49%
agarose, and 0.5% TEA; whereas for AC6 are: 67%
PBS, 0.49% Carbomer 974P, 0.49% agarose, 30.3%
propylene glycol, 1.22% glycerol, and 0.5% TEA. The
difference between the two formulations investigated
regards crosslinkers, present only in AC6 formula-
tion, which affects not only the chemistry of
polycondensation but also the macroscopic charac-
teristics. Acronyms of hydrogels (i.e., AC1, AC6) are
harmonized with previous studies where differences
in terms of physical properties (mesh size, average
molecular weight between two following crosslinks,
and crosslinking density) and rheological behavior
were analyzed. The interest in, at least two different
formulations, is due to their different characteristics
which make the first one (AC1) more suitable in low
viscosity applications, e.g., in controlled drug deliv-
ery applications (i.e., 6-48 h),”> whereas the second
one (AC6) is more adequate for hosting cells for
longer time frames (i.e., 4-5 weeks) as CNS applica-
tions might require.?!**

Swelling behavior and degradation

The hydrogel samples were first immersed in PBS
for about 24 h, then freeze-dried, weighted (W), and
poured in excess PBS or DMEM (Dulbecco’s modi-
fied eagles medium) to achieve complete swelling at
37°C in 5% CO, atmosphere; such conditions were
considered because typical of in vitro experiments.
The swelling kinetics was measured gravimetrically.
The samples were removed from the solvent at regu-
lar times. Then, hydrogel surfaces were wiped with
moistened filter paper to remove the excess of sol-
vent and then weighed (W,). Swelling ratio is
defined as follows:

swelling ratio = Wi 100 1)
Wi

where W, is the weight of the wet hydrogel as a
function of time and W, of the dry one. Degradation
of hydrogels was also examined with respect to
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weight loss. Weight loss of initially weighed hydro-
gels (Wp) was monitored as a function of incubation
time in PBS at 37°C in 5% CO, atmosphere. At speci-
fied time intervals, hydrogels were removed from
the PBS and weighed (W,). The weight loss ratio
was defined as: 100% x (W, — W,)/W,.

Mesh size: Flory—Rehner theory

According to the Flory-Rehner equation, swelling
data can be used to evaluate some important struc-
tural parameters of the hydrogel such as: (a) the aver-
age molecular weight of the chain between two fol-
lowing crosslinks, M, (g/mol), (b) the crosslinkage
density v (mol/cm?), expressed by the ratio between
the number of moles between two following cross-
links and the volume of dry polymer, and (c) the mesh
size { (nm), defined as the length of the polymer chain
between two following crosslinks.'>*®* When a poly-
mer network is swollen, its chains achieve elongated
conformation; such elongation is contrasted by an op-
posite elastic force, thus limiting the chain stretching.
On the other hand, the polymer-solvent mixing
increases the system entropy, thus favoring the hydro-
gel swelling towards lower free energy configurations.
At equilibrium, such opposite forces are balanced,
and the maximum swelling extent is achieved.

Using a simplified version of the Flory—Rehner
equation,'*?® the average molecular weight Mc was
evaluated as a function of the volumetric swelling
ratio, Qy as:

vV, -M
V=t 05— ) @)
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.*?° Q, was evaluated from the
mass swelling ratio (Qp) through the following
equation:

QV:1+%'(QM—1) 3)

S

where p, is the density of the dry polymer and p;
that of the solvent.
The crosslinkage density was determined as>":

V=— (4)

and the swollen hydrogel mesh size was calculated
using the following equation®:

(=Q¥* /1 5)
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where L/r'% is the root main square distance between
crosslinks.

Rheological properties

Rheological analysis was performed at 37°C using a
Rheometric Scientific ARES instrumentation (TA
Instruments, New Castle, DE, US) equipped with 30
mm parallel plates, with a 4 mm gap between them.
Typical body temperature was selected to be consist-
ent with the biomedical application. Oscillatory
responses (G, elastic modulus and G”, loss/viscous
modulus) were determined at low values of strain
(0.02%) over the frequency range 0.1-100 rad/s.

Transmission electron microscopy

TEM experiments were performed using a CM200
microscope (Philips BV, The Netherlands) at 200 kV
accelerating voltage. Samples were immersed in a
20-fold solution of pure ethanol, as a very volatile
solvent, and stirred vigorously.> A 5 uL drop of the
resulting suspension was then applied onto a carbon
coated polyvinyl formal (Formvar) grid. Grid was
blotted after 60 s and left to air dry. A 5 uL drop of
2% (wt/vol) uranyl acetate (Agar Scientific, UK)
water solution was subsequently placed on the grid,
blotted after 30 s, and air dried. The obtained sam-
ples were then examined by TEM."*>** Moreover,
to observe the network structure without the pres-
ence of vitrified ice within the AC matrix, water was
allowed to sublimate (at pressure corresponding to
the vacuum of the TEM column) by in situ freeze-
drying of the samples.***

Analytical methods

Fourier transform infrared spectroscopy

Hydrogel samples were immersed for 24 h in excess
of PBS. Samples were then freeze-dried and lami-
nated directly with potassium bromide.*® Infrared
spectra were then recorded using the TENSOR
Series FT-IR Spectrometer (Bruker, Germany). For
each sample, scans were recorded between 4000 and
500 cm ™.

Experiment 1.. Hydrogel samples were first freeze-
dried for about 24 h, then immersed in excess of
PBS to swell, and then degrade, being kept at 37°C
in a 5% CO, atmosphere typical of biological in vitro
experiment. Samples were removed from PBS (after
1,2, 3,7, 14, and 28 days) and compared with dry
samples, i.e., those that were freeze-dried but not
immersed in PBS. All these samples were analyzed
using FT-IR instrument collecting the transmittance
signal.
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Experiment 2.. Hydrogel samples were synthesized
and then immediately immersed in excess of PBS,
being kept at 37°C in a 5% CO, atmosphere, thus
allowing swelling kinetic and degradation by hydro-
lysis to occur immediately after synthesis. They
were then extracted (after 1, 2, and 4 weeks) and
freeze-dried for 24 h. In the end, they were analyzed
using same FI-IR instrument collecting the transmit-
tance signal.

DSC

Hydrogel samples were synthesized and then imme-
diately immersed in excess of PBS, being kept at
37°C in a 5% CO, atmosphere, thus allowing swel-
ling kinetic and degradation to occur immediately
after synthesis. They were then extracted (immedi-
ately and after 4 weeks) and freeze-dried for 24 h
before undergoing thermal analysis which was per-
formed in a Perkin-Elmer DSC (Pyris software 3.81):
samples were heated from 25 to 1000°C at a heating
rate of 10°C/min.

Statistical analysis

Data were analyzed using t-test for differences.
Results are reported as mean * standard deviation.
The significant level was set as P < 0.05."7

RESULTS AND DISCUSSION
Hydrogel synthesis and characterization

Hydrogels here investigated were synthesized start-
ing from a branched polyacrylic acid (Carbomer
974P) and agarose, a common polysaccharide. The
condensation reaction was microwave assisted to
obtain a chemically crosslinked hydrogel, as verified
with FT-IR analysis.”> Within the unirradiated solu-
tion, polymer chains are not overlapped, and thus,
segmental mobility is high. At low irradiation doses,
intramolecular links and chain scissions are favored.
The decrease, in segmental mobility, allows intermo-
lecular crosslinks to be formed and thus giving ori-
gin to local 3D networks, also known as “microgels.”
Increasing irradiation, intermolecular crosslinking,
and chain scission are massively privileged, thus
giving origin to macroscopic gels.”® Nevertheless,
crosslinked gels are not truly homogeneous because
clusters of molecular entanglements, hydrophobi-
cally domains, or ionically-associated ones can create
local heterogeneities. Chemical interactions would
statistically bring polymer chains together and,
indeed, the formation of a stable structure occurs
through junction zones between chains (as simplified
by Scheme 1). The presence of hydroxyl groups
(hereinafter indicated by letter A, present in agarose,

HO.

HO,

m

Scheme 1 Scheme of the three-dimensional network
formed by statistical polycondensation between Carbomer
974P (blue), agarose (red), and crosslinking agents in phos-
phate buffer saline solution (green). Esterification, hydro-
gen bonding and carboxylation bring statistically closer
the polymer chains, thus creating a stable heterogeneous
structure. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

glycerol, and propylene glycol) and carboxyl ones
(hereinafter indicated by B, present in Carbomer
974P) suggests that main interactions occur via ester-
ification and hydrogen bonding (chemical hydrogel),
as confirmed by FT-IR analysis. The esterification
takes place between Carbomer 974P and either aga-
rose or glycerol or propylene glycol. Moreover, PBS
salts freely solvated in water cause salt carboxylates
formation. Due to these reactions, AC hydrogels are
quite anionic and this electrostatic nature, confirmed
by mass equilibrium swelling at different pH,*
influences the ability and the kinetics involved in
drug delivery.”® Theoretical generic structure of AC
hydrogel, considered as an ideal network, is
sketched in Scheme 1. This idealized structure
allows understanding and rationalizing of degrada-
tion mechanisms.

ATR spectra of the compared physical and chemi-
cal hydrogels, i.e., before and after microwave irradi-
ation, were already presented in previous study™:
the differences between the two spectra were in
peaks corresponding to symmetric (1406 cm ') and
asymmetric CO, stretches (1560 cm ™), due to the
esterification.

AC hydrogels can be rightfully considered a “ma-
terial library” where dissimilarities lie in different
amount of crosslinkers involved in polycondensa-
tion, identified, and briefly described through the ra-
tio between hydroxyl and carboxyl groups (A/B).
Accordingly, AC6 presents a higher A/B ratio, which
affects not only its microchemistry but also its physi-
cal properties. The swelling kinetics of the hydrogel
studied in PBS, kept at 37°C and 5% CO, atmos-
phere, are presented in Figure 1 (typical controlled
environment used for in wvitro biological experi-
ments). All samples exhibited fast swelling kinetics,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Swelling behavior of AC hydrogels in phosphate
buffer solution at 37°C and 5% CO, atmosphere: the less
crosslinked hydrogel AC1 (blue) exhibits a higher ability
to retain water within it with respect to the highly cross-
linked AC6 (red). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

and they reached swelling equilibrium within the
first hour.

Compared with the hydrogel with larger amounts
of reacting groups (AC6), hydrogels with smaller
amounts of A groups (ACI) displayed higher swel-
ling ratio at equilibrium. The differences, experimen-
tally observed, can be attributed to a higher ability
to retain water when the amount of crosslinkers is
smaller. Indeed, increasing A/B ratio, water mole-
cules cannot easily diffuse into the hydrogel net-
work, leading to a reduced volumetric expansion
and therefore resulting in a denser network.

Figure 2 shows a Dynamic Frequency Sweep test
(DES) spectra performed at 37°C for both gels. In
both cases, storage modulus (G') is found to be
approximately one order of magnitude higher than
the loss modulus (G”), indicating an elastic rather
than viscous material. Furthermore, both G’ and G”
of each gel are essentially independent from fre-
quency over the entire investigated range, thus indi-
cating dominant viscoelastic relaxations of networks
at lower frequencies. This means that network relax-
ation time, T, is rather long (t ~ 2000 s). Such rheo-
logical behavior matches the characteristic signature
of a solid-like gel, confirming this nature for both
AC type gels. The values obtained for G’ (~ 600 Pa
for AC1 and ~ 750 Pa for AC6) are of the same order
of magnitude as the modulus reported in the litera-
ture for other biopolymers and hydrogels.”> As
expected, AC6 behaves as a more rigid network than
AC1, and this is in perfect agreement with structural
differences due to the presence of crosslinkers, as
also shown by swelling studies.

Complete FT-IR spectra of raw polymers and both
AC1 and AC6 gels are plotted in Figure 3. Both spec-
tra show a broad peak around 3450 cm ™', which is
due to the stretching vibration of O—H bonds,
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Figure 2 Mechanical spectra of ACI (in blue) and AC6
(in red) gels at room temperature with small oscillatory
shear in the linear viscoelastic regime: G’ and G” are fre-
quency independent, indicating dominant viscoelastic
relaxations at lower frequencies. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

whereas peaks around 2940 cm™' are due to the
C—H stretch. According with our hypothesis, the
formation of ester bonds is visible in peaks corre-
sponding to symmetric (around 1600 cm™') and
asymmetric (around 1400 cm ') CO, stretches.
Moreover, the presence of TEA inside the network,
related to C—N vibration, is confirmed by the peaks
around 1080 cm™'. Spectra also show, in the range
900-1000 cm ™', peaks related to C—O—C stretch
vibration that represents the glycosidic bond

8
2940
1630
1060
980

Carb 974P ‘

o
=
(=

2
&

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm )

Figure 3 Fourier transform infrared (FT-IR) spectra for
both AC1I (blue plot) and AC6 (red plot) gels plotted versus
spectra of polymers involved in the reaction (Carbomer
974P and agarose, both in black plots): hydrogels share
analogies and show some differences compared with bare
polymers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE I
Hydrogel Physical Characteristics Estimated Through the
Flory—Rehner Theory (s.d. = 2.5%)

Samples € (nm) M, (g/mol) v (mol/cm?)
AC1 90 15,540 113
AC6 28 3450 506

between monosaccharides (typical of agarose struc-
ture) and ester groups.

The building blocks, or subunits, of macromole-
cules form a stable structure made up mostly of
C—C bonds, usually referred as the “carbon skele-
ton.” C—C and C—H bonds are said to be nonpolar
and thus tend to be lowly reactive and sometimes
behave inertly at our degradation conditions. Build-
ing blocks of macromolecules act as discrete subu-
nits because their internal structure consists of C—C
bonds; the links between the subunits are made by
C—O and/or C—N bonds: indeed, degradable bonds
generally involve oxygen or nitrogen atoms. Here,
the obtained FT-IR results allow stating that the
most important groups in the studied gels are:
—OH, C—H, CO, (i.e., carboxylates), vinyl, C—N,
and C—O—C.

The chemical characterization of hydrogels is well
known for being a difficult task; this is mainly due
to the casual chemical rearrangement of the network
structure and the random crosslinks occurring dur-
ing gelation.” In Table I, the estimated values of the
mesh size ({), average molecular weight between
two following crosslinks (M,), and crosslinking den-
sity (v) are summarized. The effect of the cross-
linkers (increasing from ACI to AC6) was to make
more compact the hydrogel structure: as a matter of
fact, estimated mesh sizes decreased from 90 nm
(AC1) to 28 nm (AC6). Moreover, if we consider an
increase in mesh size, corresponding decrease in

crosslinking density and increase in molecular
weight M, are found. This is reasonable because, in
hydrogels with higher mesh size values, two follow-
ing crosslinks are farther from each other: therefore,
the molecular weight between two following cross-
links is higher and crosslinking density lower. With
reference to the values of A/B ratio, it is now useful
to re-examine how crosslinking agents influence
physical characteristics. Due to the bonds between
the hydrophilic groups, the whole gel network is
more compact, and less water is absorbed when
hydroxyl groups prevail on carboxyl ones (A/B >>
1): mesh sizes decrease as the ratio increases. Lower
ability to retain water corresponds to lower mesh
size and average molecular weight values.

These studies were completed by direct observa-
tion of the gel 3D network by means of TEM imag-
ing. This allowed investigation on how polymers
arranged themselves during the gelation process:
imaging was performed immediately after gelation,
thus providing both information on state of the
hydrogel before degradation (t = 0) and a detailed
snapshot of the local morphology at the nanoscale. It
is worth to point out here that the importance for
biomaterials of being “nanostructured” is widely
discussed in the literature®?’: cells are in the scale
of microns, but extracellular matrices (ECMs) have
intimate structures in the nanoscale ,and biomateri-
als for cell housing shall indeed mime the various
kind of ECMs. The use of TEM imaging allowed us
to analyze dried samples which have the same 3D

polymeric configuration of wet ones®: the experi-

mental result in terms of average mesh size
appeared directly comparable with theoretically cal-
culated one.

From image (a) in Figure 4, a chaotic and not
regular state of matter is evident in an ACI sam;le:
this structure is 228

typical of solid-like gels.

Figure 4 Transmission electron micrographs of hydrogel AC1 at two magnifications, where the scale represents: (a) 200

nm and (b) 50 nm.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 DSC thermograms of gel samples ACI (blue)
and AC6 (red), both taken immediately after gelation (t¢).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Nevertheless, if gelation is properly controlled,
Flory-Rehner theories provide powerful tools to
describe hydrogel structure by means of mean val-
ues per volume unit: mean mesh size being one of
the most relevant and meaningful parameters. The
mean mesh size resulted about 90 nm. Micrograph
in Figure 4(b) shows the detail of a mesh in an ACI
sample, having diameter in the range of 100nm. This
mean value is respected in all the micrographs col-
lected along other different focal planes. Here, for
sake of clarity, only a global overview and a particu-
lar mesh are presented [Fig. 4(a,b)].

Coherently with ACI data, including rheological
data presented above and from previous studies,
AC6 samples were expected to be, and indeed were,
much tighter than ACI samples, and AC6 samples
should exhibit much smaller mesh size, of about 25
nm in average. This indication was indirectly con-
firmed by TEM as technical sample manipulation
limits did not allow achieving a clear image of AC6
meshes.

Thermal properties were obtained through DSC
analysis and are presented in Figure 5, where the
differences between the two hydrogels are under-
lined: glass transition temperature (T,) of the synthe-
sized hydrogels increases, from 237 to 245°C, with
the increasing of A/B ratio, indicating that chain
flexibility decreases. This is due to the higher pres-
ence of crosslinks that involves the formation of
intermolecular connections through chemical bonds
that necessarily results in a reduction of chain mobil-
ity and of the free volume. Figure 5 also shows a
very visible peak at around 400°C: it corresponds to
the oxidative degradation: 462°C for ACI and 469°C
for AC6. In general, above T, the mobility of the
polymeric network increases, and residual acrylic
acid monomer is released. Then, thermal degrada-
tion (from 400°C) is characterized by the complete
mass loss which is largely due to oxydative degrada-
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tion in terms of depolymerization. It starts with the
shortest polymer chains (400°C for ACI and 408°C
for AC6) and subsequently, following this increasing
trend with the others, with the average-long poly-
mer chains value (462°C for ACI1 and 469°C for
AC6). The residual mass loss thus corresponds to the
longest chains that are degradated at 539°C for ACI
and 550°C for AC6.*>*! This peak values increase as
crosslinking density increases, indicating that ther-
mal stability increases with mechanical and physical
properties of the 3D network. Thus, the smaller the
mesh size, the higher the material stability.

Hydrogel degradation

As discussed above, the study of statistical polycon-
densation allows to simplify the polymeric network
of AC gels as a C—C backbone, from Carbomer
974P, esterified with agarose, propylene glycol, glyc-
erol, and salt present in PBS. During the hydrolysis
reaction, esters become carboxylic acid with the con-
sequent crosslinking loss, following the proposed
reaction:

RCO,R’ + H, O — RCO,H + R'OH

Spectra for ACI gel before and during hydrolytic
degradation are presented in Figure 6.

Starting from the dry sample (day 0), the follow-
ing aspects can be observed: —OH peak stretch
(3247 cm '), asymmetric C—H stretch (2943 cm '),
asymmetric CO, stretch (1638 cm Y, symmetric CO,
stretch (1385 cm™), asymmetric C—0O—C (1080
cm '), C—N bend (1042 cm™'), vinyl group (990
cm '), and symmetric C—O—C stretch (892 cm ™).
Considerable information can be drawn from these
plots. First, the —OH peak stretch is common in this
type of materials because of the large amount of
hydroxyl groups present and, as the hydrolysis
starts, its contribution increases, and the area thus
becomes larger and rounded. From the plot, it is
visible that, increasing the time of exposure to PBS,
the —OH peak in the polymer becomes similar to
the —OH peak present in a classic FT-IR water spec-
trum. Secondly, the C—H stretch peak (2943 cm™ )
shows that the C—H bond is not easily degradable
because of its low polarity. Nevertheless, its shape
apparently changes during degradation, but the
peak maximum remains at the same wave number
value thus confirming that it is not affected by deg-
radation. This peak shape is different because the
proximity with the —OH region seems to cover it, in
fact this peak is not visible in a wet sample. Third, it
is also possible to observe a region between 2250
and 2000 cm ™' where both present peaks and their
area increase during degradation. This wave number
region is typically present in water spectrum and it
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Figure 6 (a) FT-IR spectra of ACI (blue) before and after
2 and 4 weeks of degradation in PBS (black). (b) FT-IR
spectra of dried ACI hydrogel (blue line) before and after
2 and 4 weeks of degradation in PBS (black plots). Peak
shift describes the degradation of the three-dimensional
network. The absence of water allows a better resolution
and rationalization: particularly the —OH stretch increases
its area due to ester bonds hydrolysis. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

presence, increasing during time, means that the
macromer concentration decreased. Next to this last
region, there are two peaks corresponding to CO,
(carboxylates) stretches. Fourth, one of most impor-
tant peak in water spectrum is around 1600 cm ',
As hydrogel degradation proceeds, this peak
becomes more evident, and it progressively covers
the asymmetric CO, stretch. Peak maximum, as deg-
radation proceeds, moves toward lower wave num-
bers, more pronouncedly in hydrogels with short
chains, which confirms their faster degradation due
to lower hydrophobicity. This behavior indicates a
reduction in bonds number within the hydrogel,
being due to degradation. Fifth, the two peaks
reflecting C—O—C stretch and C—N bonds show the
same trend, with decreasing peak maximum, thus
meaning that they are being hydrolyzed. Sixth, other
well detectable peaks correspond to vinyl group and
symmetric C—O—C stretch; this last is obscured by

water contribution signal. On the other hand, the
vinyl group disappears rapidly because its hydrata-
tion is thermodynamically enhanced, and its product
is an alcohol, which contributes to increase the —OH
stretch peak area, as expected.

It is evident that degradation takes place mostly
between the first and the second week, widely in
agreement with mean medical requests for a resorb-
able hydrogel for tissue engineering. It could allow a
complete and efficient drug delivery capability,
maintaining also adequate mechanical properties for
tissue scaffolding functions.'*

The presence of water produces a strong and wide
IR signal, covering significant information. It is
therefore necessary to carry out experiments on dry
samples, to extract more detailed information
(Experiment 2). Relevant AC1 spectra taken on dried
samples before and during degradation are pre-
sented in Figure 6(b).

Spectra achieved during this second experiment
showed the presence of all meaningful peaks during
the whole degradation process, from day 0 through
all time points. This data enable a better hydrolysis
rationalization and a more detailed understanding of
all phenomena involved. However, also in absence
of water, the first —OH stretch peak (around 3400
cm ™) increases its area from time to time following
the ester hydrolysis trend: as explained above the
products are carboxylic acids and alcohols.

From spectra reported in Figure 6(b) ,the presence
of a substantial amount of carboxylates can be
observed. This bond type is well hydrolysable
because of the high electronegative difference
between the carbon and oxygen atoms involved.
Indeed, during time, the two peaks expression of
ester hydrolysis, i.e.,, C=0O (1700 Cmfl) and C—0O
(1310 cm™ ') stretches of carboxylic acids, become
visible.

As degradation proceeds, peaks maxima move to-
ward lower wave numbers, an effect that is very
pronounced in hydrogels with short chains, confirm-
ing their faster degradation due to their lower
hydrophobicity. Similarly, the two peaks reflecting
C—0O—C stretch and C—N bonds show the same
trend, with decreasing peak maximum meaning they
are being hydrolyzed during degradation. The first
one is extremely important as it indicates the poly-
saccharidic fraction hydrolysis that occurs through
ester bond cleavage.

It can be immediately noted that C—H stretches
show a constant trend during time, which reflects
the bond apolar nature. Oppositely, other stretches
and bonds show different but decreasing trends,
each one reflecting the differences of their hydroliz-
ability. From these data, it is also evident that degra-
dation plays a key role between the first and second
weeks, being an indication of suitable behavior for

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 (a) Trend of stretching peaks shift (relative per-

centage) during degradation for ACI hydrogels. The deg-
radation plays a key role between the first and the second
week. (b) Peaks shifts during AC6 hydrolysis: C—H
remains constant due to its apolarity, CO, decreases
because of ester hydrolysis and C—O—C degrades through
glycosidic bond cleavage.

drug delivery applications. In particular, carboxy-
lates are decreasing for the reasons discussed above,
and at the same time also the C—O—C stretch is
decreasing.

Moreover, always considering ACI samples,
results of DSC measurements conducted both before
and after 4 weeks of degradation in PBS, are
assessed. The key parameter studied is T, glass
transition temperature, which reflects chain mobility
and consequently networks arrangement. Changes
on T, of both ACT and AC6 samples during degra-
dation are presented in Figure 5. It is evident that
during hydrolysis T, decreases from 237 to 234°C.
The decrease in T, values on degradation might be
due to the loss of ester units via hydrolysis and, cor-
respondingly, to the increase of pure polymer frac-
tion of the 3D network with a consequent increase
of chain mobility and free volume.****

Effect of crosslinks on hydrogel degradation

Relative peak shift values for AC6 degradation
(Experiment 2) are presented in Figure 7(b). At a
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first glance, it can be noted that all patterns are com-
parable with those of ACI gels, reported in Figure
7(a).

Nevertheless, it has to be underlined that the
time scale of degradation is similar for both gels
but, when considered in deeper details, AC6
hydrogels, being a more compactly crosslinked
gel, degrade slower than ACI samples. Indeed, it
has to be precisely observed that AC6 starts to
degrade during first week, similarly to ACI, but
then the following trend is much slower with
respect to ACI. This behavior is justifiable
because, as degradation occurs, the hydrolytically
labile bonds in the network are cleaved through-
out the entire hydrogel at a rate controlled by the
reaction kinetics for their hydrolysis. This ongoing
cleavage of labile bonds within the hydrogel sys-
tematically decreases the crosslinking density of
the overall structure. Moreover, the higher and
quicker ester hydrolysis in ACI is also due to the
lower viscosity of the polymeric network, com-
pared with AC6 where the high amount of pro-
pylene glycol and glycerol influence its value. The
lower viscosity indeed allows higher chain mobil-
ity and diffusion and, consequently, a faster deg-
radation. Following the degradation of those
bonds, the AC6 gel structure will degrade too,
but it will still be more compact during time
with respect to ACI gel that was shown to have
a much lower crosslinks density (lower A/B).
Consequently, AC6 could be useful for different
longer time applications in medicine than AC1.*
Degradation of hydrogels was monitored also as a
function of weight loss during incubation time in
PBS at 37°C, as shown in Figure 8. The ratio of
crosslinkers had a significant influence on weight
loss. The hydrogels with a lower ratio showed a
significantly faster weight losing rate due to less

B @ o
o o 8 o
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o
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time [d]

Figure 8 Degradation of ACI (blue) and AC6 (red)
hydrogels in PBS at 37°C with respect to weight loss.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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crosslinking. They lost their weight steadily up to
28 days (Fig. 8). At day 28, the weight remaining
ratio of ACI1 and AC6 hydrogels was 65% and
78%, respectively.

Lastly, the higher stability of AC6 gel is also evi-
dent from thermal analysis. Its higher T, and T,
values provide further confirmation of its more
compact nature. During hydrolysis, as for ACI, a
decrease of T, (from 245 to 242°C) can be
detected, being probably due to the loss of esters
bonds and consequently loss of network
01’ganiza’cion.26

CONCLUSIONS

Hydrolytic degradation of Agar-Carbomer based
hydrogels was here studied, providing a better
chemical understanding of all involved mecha-
nisms and moieties, aiming at satisfying the grow-
ing request of finely controllable, biocompatible,
and biodegradable polymeric systems for cell and
drug delivery applications. Two sets of hydrogels,
from the same material library, were investigated:
their main compositional differences being related
specifically to the amount of crosslinkers. Several
works and reviews underlined how important it is
for a scaffold to be nanostructured and conse-
quently to mimic the natural environment to pro-
vide a better host response. Here, indeed, TEM
observations confirmed the nanostructured nature
of both gels and the effects of crosslinker on their
intimate structure: their weighted presence pro-
duced a much tighter and tough matrix, in agree-
ment with rheological and calorimetric data. FT-IR
analysis provided a relevant insight on degradation
that in both cases occurred via bulk hydrolysis,
being water diffusion into gel matrix much faster
than hydrolysis itself. Indeed, as degradation
occurs, hydrolytically labile bonds are cleaved
throughout the entire network. The speed of cleav-
age depends on the degree of crosslinking present
in the matrix: by increasing it, degradation starts
earlier due to higher concentration of hydrolyzable
bonds but it lasts for a longer period due to the
higher viscosity within the polymeric network. On
the other hand, decreasing crosslinking density,
degradation starts lately but it is less intense due
to the lower compactness and viscosity of the
network.

The present study underlines the role of polymers,
crosslinkers, and their mutual ratio in hydrogel syn-
thesis. It also provides an insight on how material
properties are thereof affected, both during gelation
and during degradation, in terms of time and mag-
nitude, by chemically controlling the intimate 3D
structure of the hydrogel. This information repre-
sents the required knowledge and the operative tool

for the development and tuning of specific hydro-
gels as cell carriers and drug delivery systems for
different specific tissue engineering applications,
with the great practical advantage of sharing the
same macromeric components.
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