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Chemically cross-linked poly(aspartic acid) (PASP) gels were prepared by a solid-liquid phase separation
technique, cryogelation, to achieve a supermacroporous interconnected pore structure. The precursor
polymer of PASP, polysuccinimide (PSI) was cross-linked below the freezing point of the solvent and
the forming crystals acted as templates for the pores. Dimethyl sulfoxide was chosen as solvent instead
of the more commonly used water. Thus larger temperatures could be utilized for the preparation and the
drawback of increase in specific volume of water upon freezing could be eliminated. The morphology of

gg V'(/:Srdz:rtic acid) the hydrogels was characterized by scanning electron microscopy and interconnectivity of the pores was
Hygrong proven by the small flow resistance of the gels. Compression tests also confirmed the interconnected por-

ous structure and the complete re-swelling and shape recovery of the supermacroporous PASP hydrogels.
The prepared hydrogels are of interest for several biomedical applications as scaffolding materials
because of their cytocompatibility, controllable morphology and pH-responsive character.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(aspartic acid) (PASP), a synthetic poly(amino acid), has
gained remarkable attention recently for multiple reasons. PASP
is biocompatible because of its chemical structure [1,2]. It is proved
to be biodegradable, but its degradation rate depends on the type
and degree of substitution [3]. Its precursor anhydride, polysuccin-
imide (PSI), reacts with primary amines under mild reaction condi-
tions even without catalyst [1,4]. As PSI derivatives can be easily
hydrolyzed to the corresponding PASP, a wide range of PASP
derivatives can be synthesized including responsive PASP polymers
and hydrogels [5-9]. All these benefits have initiated the fabrica-
tion of PASP-based biomedical devices both on macro and nanos-
cale [7-10]. Including aspartic acid repeating units makes
possible the conjugation with N-terminated biomolecules via the
carboxyl groups. The controllable ionic charge of this repeating
unit was already utilized in the fabrication of biomimetic materials
[11]. Nevertheless, the use of cross-linked PASP hydrogels has not
yet been explored in tissue engineering, although several charac-
teristics, e.g. large water uptake, externally controlled properties,
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or soft characteristics, make PASP hydrogels suitable for applica-
tions in regenerative medicine.

In tissue engineering, damaged tissues or organs are replaced by
implantation of cell cultures seeded on a biomaterial in vitro, or by
implantation of scaffolds to promote the self-repair of the injured
tissues [12]. Scaffolding materials must meet some basic require-
ments that are independent of the proposed application: they must
be biocompatible and possess high porosity with a pore size suit-
able for the accommodation of the cells [13]. The pore size should
be between 5 and 200 um depending on the type of cell, and the
pore structure in this specific size range is also referred to as
supermacroporous morphology. A further requirement is the
interconnectivity of pores to provide sufficient flow of the nutrient
solution between the cells and the environment. The biomaterial
must possess functional groups to enable facile modification of
the surface with recognition sites, growth factors and ligands for
control of the cell-scaffold interactions [12]. In addition, in vitro cell
seeding and harvesting require easy control of cell adhesion and
detachment by external stimulus (e.g. enzymatic treatment or
temperature stimulus), while in vivo application of scaffolds
demands controlled biodegradability of the biomaterial [14].
Finally, proper mechanical strength is also a general requirement
towards scaffolding materials [15].

Thermally induced solid-liquid phase-separation during
polymerization and/or cross-linking - also called cryogelation -
is used to prepare porous structures. In the case of hydrogels, it
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is a well-established technique to create supermacroporous
hydrogels below the melting point of the solvent [13]. The major
part of the solvent is frozen during cryogelation, while the reaction
occurs in the liquid phase, which is a concentrated solution of the
polymer [16,17]. The growing crystals of the solvent act as
templates for the interconnected pores forming after melting.
Here we report the synthesis of supermacroporous PASP hydrogels
by cryogelation in DMSO. Additionally the pore morphology, pore
interconnectivity and mechanical properties of prepared hydrogels
were investigated.

2. Experimental section
2.1. Materials

1,4-diaminobutane (DAB, 99%), imidazole (puriss) and
2,4,6-trinitrobenzenesulfonic acid (picrylsulfonic acid, TNBS, 1 M
aqueous solution, analytical reagent) were obtained from Sigma-
Aldrich. Dimethyl sulfoxide (DMSO, dried, max. 0.025% H,0),
L-aspartic acid (99%), methanol (MeOH, 99.9%), potassium chloride
(99.5%), sodium tetraborate decahydrate (a.r.), mesitylene (for
synthesis) and sulfolane (for synthesis) were acquired from
Merck. Phosphoric acid (cc. 85%) and hydrochloric acid (HCI, 35%)
were purchased from Lach Ner. Citric acid monohydrate (99%)
and sodium hydroxide (NaOH, a.r.) were bought from Reanal
(Hungary). For cytotoxicity tests Eagle’s minimum essential
medium (MEM; Gibco), fetal bovine serum (Lonza), Na-piruvate
(Gibco), XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra-
zolium-5-carboxanilide inner salt, Roche) and cytotoxicity detec-
tion kit measuring LDH (lactate dehydrogenase) release (Roche),
96-well and 24-well cell culture plates (Orange, UK) were used.
All reagents and solvents were used without further purification.

The aqueous buffer solutions used were prepared from citric
acid (¢=0.033 M, pH=2 to 6), imidazole (c=0.1 M, pH=6 to 8)
and sodium tetraborate (c=0.025M, pH=8 to 12). pH was
adjusted by the addition of 1 M HCl or 1 M NaOH. Ionic strength
of the solutions was adjusted to 0.15 M by the addition of KCI.
The pH of the buffer solutions was checked with a pH/ion analyzer
(Radelkis OP-271/1).

2.2. Methods

2.2.1. Synthesis
The PSI polymer was synthesized by the acid-catalysed thermal
polycondenzation of aspartic acid in a mixture of mesitylene and
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sulfolane at 160 °C (7 h) [8]. PSI was purified by precipitation in
methanol and dried in vacuum at 25 °C. Its chemical structure
was confirmed by 'H NMR (300 MHz, DMSO-dg, §): 5.10 (d, 1H,
CH); 3.20 and 2.75 (s,s, 2H, CH,). After hydrolysis the average
molecular weight of the resultant PASP was determined by HPLC
size exclusion chromatography (SEC). A Nucleogel GFC-300
(Macherey-Nagel) column was used (molecular mass range
1-100 kDa) with phosphate buffered saline (PBS, pH = 7.6) eluent.
The average molecular mass of PASP was 56.1 kDa with polydis-
persity index of 1.07.

PSI was cross-linked with 1,4-diaminobutane under cryogenic
conditions in DMSO significantly below the melting temperature
(=10 to —40 °C) to induce phase separation (Scheme 1). In a typical
procedure of gel synthesis, the solution of the cross-linker
(8.8 wt.% DAB in DMSO) was added to the solution of PSI (final
concentration of 9.70 wt.% in DMSO). The cross-linking ratio
(Xpap defined as the molar ratio of cross-linker molecules to the
repeat units) in the precursor solution varied between 4.0% and
9.0%. After 30 s vigorous stirring at 25 °C the precursor solution
was filled into the sample holders and quickly placed in a freezer.
For the swelling experiments and SEM measurements gel sheets
with thickness of 2 mm were prepared, while for the mechanical
characterization and flow experiments samples were prepared in
cylindrical molds (diameter ~ height ~ 1.5 cm). The temperature
was continuously controlled (deviation less than 2 °C). After
7 days gelation time, the sample holders containing PSI-DAB gels
were quickly immersed into room temperature aqueous buffer
solution (pH = 8) to yield the PASP-DAB gels.

2.2.2. Characterization

The conversion of the cross-linking reaction was characterized
by the number of unreacted cross-linker molecules, which is deter-
mined by a method developed earlier [18]. After cryogelation, the
swelling solution of PSI-DAB gels were reacted with TNBS at
pH=9. The concentration of unreacted cross-linker molecules,
and hence the conversion, was determined by the UV-Vis spec-
trophotometric assay of the TNBS adduct of DAB (details in
Supplementary Data).

Cytotoxicity and viability tests were made on human intestinal
epithelial Caco-2 cells [19]. The PBS solutions in which the PASP
hydrogels were swollen during sterilization were used in the bio-
logical tests. The negative control group received culture medium
diluted with PBS while the positive control group was treated with
1% Triton X-100 detergent. Viability was determined by measuring
the cellular conversion of XTT dye, whereas cytotoxicity was
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Scheme 1. Synthesis of PSI and PASP gels. Additional cross-linking in water is prohibited after cryogelation of PSI.
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Fig. 1. Cellular viability after (a) 8 h and (b) 24 h and cytotoxicity after (c) 8 h and (d) 24

were sterilized.

Table 1

Characteristic pore sizes and their aspect ratio in supermacroporous PASP hydrogels.
Tger (°C) Xoas” (%) Shortest Longest Aspect

size (um) size (um) ratio (-)

-30 6 66+ 19 259 +193 40+29
-30 7 12+£5 25+17 21+12
-10 6 17 £12 25+17 1.6+05
-10 7 9+4 11+4 1.3+0.2

2 Gelation temperature.
 Molar ratio of 1,4-diaminobutane to the repeating units of polymer.

characterized by the LDH release of the cells after predetermined
time intervals (details in Supplementary Data).

The morphology of PASP gels was characterized by scanning
electron microscopy (SEM, JEOL JSM 6380 LA, accelerating voltage
15 kV). To preserve their porous structure, after dialysis in water,
the hydrogels were dropped into liquid nitrogen and freeze-dried
prior to SEM imaging. Solid specimens were coated with gold.
Micrographs were always taken from the bulk material to avoid
edge effects. Two characteristic pore sizes (longest and shortest)
were determined for each gel from the micrographs and the aspect
ratio of the pores was calculated.

The permeability of the PASP-DAB gels was tested by flow
resistance model experiments. A cylindrical sample was put into
a plastic syringe with an inner diameter of 10 mm. The flow rate
of a buffer solution (pH =8) passing through the hydrogel was
controlled by changing the height of the reservoir containing the
buffer solution. The lower and the upper limits of the hydrostatic
pressure were determined by the geometric barrier of the
reservoir.
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h treatment of human epithelial cells with PBS solution in which the PASP hydrogels

The pH-dependent response of PASP-DAB hydrogels was
determined by swelling experiments. PASP-DAB hydrogel discs of
diameter dy =10 mm were cut from the gel sheets (equilibrated
at pH=8, ambient temperature) and transferred into buffer
solutions of various pH values ranging from 2 to 12 for 12 h. The
degree of swelling was defined as the ratio of the diameter d of
the gel at the given pH to the initial diameter d,.

The mechanical properties of the PASP-DAB hydrogels were
characterized with uniaxial compression tests using an Instron
5543 mechanical tester with cell load of 5N. The force (F) and
the extent of compression (Ah) of the cylindrical samples were
recorded during the measurements, and the nominal stress (g,,)
and strain (¢) were calculated using the following equations:
o,=F/Ap and &= Ah [ hy, where Aq is the cross-sectional area of
the undeformed hydrogel and hy is the original height. The maxi-
mum strain ¢ did not exceed 30%. The compression tests consisted
of three main steps. A continuous compression with a constant
deformation rate was applied in the first step, followed by 10s
relaxation. Deformation was decreased to zero with the same
deformation rate as in the first step. Moduli were determined from
the linear fit to the stress-strain function between 0% and 10%
strain (in the direction of increasing strain).

2.2.3. Statistical analysis

Cellular viability, toxicity, the pore size of the gels and flow rate
data are expressed as the mean + standard error using Student’s
t-test with a significance level of p < 0.05. The statistical difference
of pore sizes and degree of swelling were analyzed by the unpaired
t-test (p < 0.05).
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Fig. 2. (a)-(e) SEM micrographs of PASP gels (T, and Xpag are indicated in each micrograph), (f) flow rate of the swelling agent through supermacroporous (Tge = —20 °C,
Xpas = 5%) and conventional PASP hydrogels (Tge = 25 °C, Xpag = 5%) as a function of hydrostatic pressure.

3. Results and discussion

Water-swellable macroporous PASP hydrogels was synthesized
by cross-linking PSI with DAB below the freezing point of DMSO
and the subsequent hydrolysis of PSI gels. The high reactivity of
succinimide rings of the polymer and the amine groups of the
cross-linker molecules results in high conversion. In PASP gels
prepared at room temperature the molar ratio of unreacted amines
compared to their feed amount is negligible (smaller than 1%) after
the cross-linking reaction [5,18]. Nonetheless, the decreased
temperature of cryogelation might significantly affect the reactiv-
ity, so we employed an analytical method using TNBS to determine
the conversion of the cross-linker molecules during cryogelation.
We observed that a measurable amount of cross-linker molecules
remained unreacted, but below 2% independently of the cross-
linking ratio. Consequently, the cross-linking density is smaller in
gels prepared by cryogelation, but we can expect sufficient
chemical stability from the cryogels because of the high conversion
values. The reduced reactivity at low temperatures is indicated by
the dissolution of cryogels at pH = 8 obtained after 1 day reaction
time. A gelation time of 7 days was therefore chosen to prepare
cryogels that were stable over several weeks at pH = 8.

The biocompatibility of PASP hydrogels is a prerequisite for any
future application as surfaces or scaffolds for cell seeding and
proliferation. Accordingly, the cytotoxicity of PASP matrices was
investigated by XTT and LDH tests [7,19]. The negative control,
which consisted of the culture medium diluted two-fold with
sterile PBS, showed 100% cellular viability (Fig. 1(a) and (b)) and
practically 0% cellular toxicity (Fig. 1(c) and (d)). Cells treated with
Triton X-100, the positive control for cellular toxicity, were killed
in all tests (indicated by the low viability in Fig. 1(a) and (b) and
by the large LDH release in Fig. 1(c) and (d)). PASP hydrogels
showed similar values to negative control groups in both the
LDH release and XTT assays (p <0.05) after both 8 and 24 h.
These results indicate that no compounds that are toxic to cultured
human cells were released from PASP gels, which lends support to
biological applications of the hydrogels.

Controlled pore structure of PASP hydrogels was achieved by
using cryogelation. Although water is the most frequently used

solvent in cryogelation, this time DMSO was used for the prepara-
tion of the macroporous gels for several reasons. The thermal
expansion of DMSO upon freezing is considerably smaller than that
of water. Also, the freezing point of DMSO is higher (19 °C), and
therefore the phase separation can be induced already at higher
temperature than in water. PSI can be readily cross-linked in
DMSO without any catalyst contrary to water, which is a poor
solvent of the precursor polymer. DMSO is miscible in water, and
for this reason unreacted chemicals and the solvent could be easily
removed by aqueous buffer solution (pH = 8). Since water is a poor
solvent of PSI, additional cross-linking of PSI after cryogelation is
hindered at room temperature and the hydrolysis results in PASP
gels with the same cross-linking ratio as PSI gels (Scheme 1). A
minimal cross-linking ratio of 4% was necessary to prevent dissolu-
tion of the gels during hydrolysis. Thus hydrogels with Xpap =4 to
9% were used in further experiments. As a comparison, PSI gels
were prepared also at room temperature (gelation temperature,
Tge1 =25 °C) and hydrolyzed to PASP gels, subsequently referred
to as conventional PASP hydrogels. Contrary to the conventional
PASP hydrogels, cryogelation of PSI resulted in supermacroporous
PASP hydrogels (representative examples are shown in Fig. 2(a)-
(e)). Both cross-linking ratio and gelation temperature affect the
morphology of the hydrogels (pore sizes are statistically different
as a function of Tge and Xpag, p < 0.05). It is clearly demonstrated
that lower gelation temperature and decreasing cross-linking ratio
results in larger pore sizes (Table 1).

Temperature plays a crucial role in the cryogelation process. It
must be far below the freezing point of the pure solvent, partly
because of the freezing point depression in the presence of solutes,
partly because of the overcooling phenomenon, i.e., the solvent
may be in a metastable state directly below its freezing point.
The uncertain temperature profile during overcooling and freezing
results in poor control of the cryogelation process. As Fig. 2 shows,
porous morphology was observed even at -10 °C in DMSO, which is
not sufficiently low to prepare cryogels in aqueous medium [20].
Thus, in practice, we have a wider temperature range to prepare
cryogels in DMSO than in water, which may provide better control
over morphology and make available a wider range of pore sizes.
Lower gelation temperatures resulted in larger pores (Table 1), in
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agreement with Okay et al. [21]. The explanation is based on the
thermodynamic interpretation of solid-liquid phase separation.
Lower temperatures yield larger crystals and a more limited reac-
tion zone, which leads to formation of larger pores. The relatively
large aspect ratio at the lower temperature (—30 °C) (Table 1) indi-
cates the alignment of the pore structure (especially in Fig. 2(b)).
This internal “ladder-like” structure is a result of local temperature
gradients that develop during cryogelation. Elevated temperatures
(=10 °C) favor a random pore structure with aspect ratio close to 1.

Feed composition also affects the morphology of the gels. Larger
cross-linking ratios accelerate gelation, and the formation of the
chemical network can hinder the crystal growth of the solvent,
resulting in smaller average pore sizes (Table 1). Thus, the average
pore size is controlled by the reaction kinetics, which is also
influenced by the temperature.

The interconnectivity of the pores was investigated by flow-
through measurements. The considerable flow rate measured
through supermacroporous PASP hydrogels (Fig. 2(f)) confirmed
the convective transport, and hence the interconnectivity of the
pores. Nevertheless, the flow rate decreases with increasing hydro-
static pressure, in apparent contradiction to intuitive expectation.
However, the pores deform under load, and as a result some flow
channels even may become totally blocked inside the gel. As a
comparison, the flow rate through conventional PASP hydrogels
is also shown (Fig. 2(f)). The buffer solution practically cannot flow
through the conventional PASP gels because the fluid transport is
diffusion-controlled.

The degree of swelling of the conventional PASP hydrogels
can be controlled by the pH, owing to dissociation of the
aspartic acid repeating units above the pK, of the polymer [8].
Supermacroporous PASP hydrogels are also expected to exhibit
pH-dependent swelling. Preliminary experiments showed that
the effect of the gelation temperature on the degree of swelling
is negligible, suggesting that the temperature does not strongly
influence the final composition of the network. Consequently, the
effect of cross-linking ratio on pH-dependent swelling is well
defined (Fig. 3). The pH-dependence at cross-linking ratio larger
than 7% is not significant (not shown). The pH-dependence of
degree swelling of the supermacroporous hydrogels showed a
similar tendency as conventional PASP gels (Fig. 3). The degree of
swelling increases significantly in the pH range 3-5 in both cases.
The relative increase in degree of swelling upon increasing pH is
slightly smaller at larger cross-linking ratio (the difference of the
curves at acidic pH values is confirmed by the unpaired t-tests of
the degree of swelling at pH = 2.5 (p < 0.05)) because of the larger
number of chemical cross-links per unit volume of gel. The influ-
ence of pH is more pronounced in the case of supermacroporous
gels. This may be explained by the smaller concentration of
chemical junction points in supermacroporous hydrogels because
of the lower conversion of cross-linking molecules at the gelation
temperature.

The mechanical properties of PASP hydrogels were investigated
for the gelation temperatures —20 and —10°C because lower
values of Ty resulted in poorly defined pore structures (Fig. 2).
PASP hydrogels prepared at -10 °C could not withstand deforma-
tions as large as 20%, in contrast to the large deformability of gels
prepared at —20 °C. Accordingly, the uniaxial compression modu-
lus measurements were made on these gels and the moduli are
listed in Table 2. The prepared hydrogels are very soft matrices
with compression modulus between 0.1 and 1 kPa, which is rela-
tively small and can be explained by the lower conversion of
cross-linker molecules under cryogenic conditions. The gels with
4% cross-linking ratio are strongly deformed even under their
own weight, which determines the lower limit of the cross-linking
ratio. The gels with 9% cross-linking ratio did not display the
sponge-like behavior, suggesting absence of the interconnected
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Table 2
Compression modulus of macroporous PASP hydrogels as a
function of cross-linking ratio (Tge = —20 °C).

Xpag (=) Compression modulus (Pa)
5 1101

7 224+10

9 740+ 13

pore structure. Xpag=5% was chosen because of the excellent
reproducibility of the properties of these gels, including small vari-
ation of the modulus. The deformability of these gels was always
above 25% for several cycles. Larger cross-linking ratios resulted
in fracture of the gel under a deformation of 20% after a few defor-
mation cycles.

As we have seen, supermacroporous PASP hydrogels with prop-
erly chosen cross-linking ratio can be compressed without
mechanical destruction and they generally recover their original
shape after the compression [22]. A cylindrical conventional PASP
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shown in (b)-(d).

and a supermacroporous hydrogel sample were compared in a cyc-
lic mechanical test, in which they were compressed to a relative
deformation of 30% within 5 s and the load was released in the sub-
sequent 5 s (test profile is shown in Fig. 4(a)). As Fig. 4(b) shows,
the conventional PASP gel did not withstand the large deformation
and a crack developed in the specimen. However, the supermacro-
porous PASP hydrogel recovered its original shape without cracks.
Furthermore, the swelling agent of the gel is squeezed out upon
compression, confirming the interconnectivity of the pores. As
the load is released, the hydrogel reaches its initial degree of swel-
ling in contact with its swelling agent. The observed sponge-like
behavior cannot be properly characterized by conventional unidi-
rectional compression tests [22]. We used a 3-step compressive
test to model the dynamic loading of the hydrogels in a continu-
ously changing biological environment. The stress was recorded
both with increasing and decreasing strain.

A representative stress vs. strain curve is shown in Fig. 5(a). The
supermacroporous hydrogels can be compressed without destruc-
tion and the gel recovers its original shape after the load was
released. The curves corresponding to increasing and decreasing
strain do not overlap. This type of hysteresis is often observed for
highly stretchable or tough gels and explained by the energy-dissi-
pation inside the network under stress [23]. The reason for this
phenomenon is different in our case and can be explained by the
concurring processes of swelling and deformation. A part of the
swelling agent released upon compression cannot be taken up by
the hydrogel if the rate of expansion is fast. The effect of rate of
deformation on mechanical behavior is shown in Fig. 5(b)-(d).
The cross-linking ratio was 9%, because the gels with lower
cross-linking ratio could not withstand large deformation rates
without mechanical destruction. We observed that both the stress
and the size of the hysteresis loop significantly decrease with
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slower deformation rate because the hydrogel approaches its equi-
librium degree of swelling during compression.

Results of the compression tests indicate the stress relaxation of
the supermacroporous PASP hydrogels with swelling and de-swel-
ling processes due to the interconnected pore structure. However,
the supermacroporous PASP hydrogels prepared were very soft, as
shown by the low maximum stress upon compression. The com-
pressive modulus of soft tissues is 0.4-350 MPa [24]. In vivo appli-
cation of hydrogels demand similar moduli, otherwise any
deformation ruptures the biomaterial. Consequently, reinforced
supermacroporous PASP hydrogels have to be developed for future
in vivo applications.

4. Conclusion

In conclusion, supermacroporous, chemically cross-linked
poly(aspartic acid) (PASP) hydrogels were synthesized by cryogela-
tion. DMSO was employed as the solvent instead of the more com-
monly used water, because DMSO has several substantial benefits
such as higher gelation temperature, a smaller thermal expansion
upon freezing, and the simple synthetic pathway. The pore sizes
of the resultant PASP hydrogels were in the supermacroporous
range and could be controlled by the gelation temperature and
the cross-linking ratio. Interconnectivity of the pores was con-
firmed by small flow resistance. Compression tests indicated that,
upon compression, the hydrogels released part of their swelling
solution, which was taken up again upon release of the load. The
supermacroporous PASP hydrogels displayed pH-responsive swel-
ling similarly to the conventional PASP hydrogels. Results indicate
that the hydrogels developed can be suitable for in vitro cell seed-
ing with pH-induced detachment of the grown cells. The easy mod-
ification of the precursor polymer and the cytocompatibility of the
PASP hydrogels argue in favor of the feasibility of future biological
applications.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 3-5, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2015.
04.033.
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