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Abstract
Polymer hydrogels are ideal scaffolds for both tissue engineering and drug delivery. A great advantage of poly(amino acid)-based
hydrogels is their high similarity to natural proteins. However, their expensive and complicated synthesis often limits their application. The use of poly(aspartic acid) (PASP) seems an appropriate solution for this problem due to the relatively cheap and simple
synthesis of PASP. Using amino acids not only as building blocks in the polymer backbone but also as cross-linkers can improve
the biocompatibility and the biodegradability of the hydrogel. In this paper, PASP cross-linked with cystamine (CYS) and lysinemethylester (LYS) was introduced as fully amino acid-based polymer hydrogel. Gels were synthesized employing six different
ratios of CYS and LYS. The pH dependent swelling degree and the concentration of the elastically active chain were determined.
After reduction of the disulfide bonds of CYS, the presence of thiol side groups was also detected. To determine the concentration
of the reactive cross-linkers in the hydrogels, a new method based on the examination of the swelling behavior was established.
Using metoprolol as a model drug, cell proliferation and drug release kinetics were studied at different LYS contents and in the
presence of thiol groups. The optimal ratio of cross-linkers for the proliferation of periodontal ligament cells was found to be
60−80% LYS and 20−40% CYS. The reductive conditions resulted in an increased drug release due to the cleavage of disulfide
bridges in the hydrogels. Consequently, these hydrogels provide new possibilities in the fields of both tissue engineering and controlled drug delivery.
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Introduction
The number of medical applications of polymer hydrogels increased substantially during the last decades due to their similarity to soft tissues [1-3]. Polymer hydrogels possess properties of solid materials such as deformability and rigidity, but at
the same time they are permeable for small molecules. One of
the most beneficial properties of polymer hydrogels is that they
are sensitive to alterations of the local environmental conditions, such as the pH value or temperature. Polymer hydrogels
can change their swelling degree depending on the changing
environmental conditions. Therefore, hydrogels can be used as
drug delivery systems [4], implants [5,6], coatings [7,8] or scaffolds for tissue engineering [2,3,9,10]. Besides these stimuliresponsive properties, the chemical and physical structure, the
mechanical properties [10] as well as biocompatibility and
biodegradability are also fundamental features of polymers developed for numerous medical applications [11,12].
Polymer hydrogels are capable of releasing physically
entrapped drug molecules. The release kinetics of the loaded
drug molecules depend significantly on the swelling degree of
the polymer matrix [13-16]. Recently, smart hydrogels showing
strong and abrupt responses (changes in their swelling degree)
to small changes of the environmental conditions have been the
subject of extensive research [17-22].
The composition of the polymer backbone determines almost
all of the properties of the hydrogels. For biological applications, in general, the polymer backbone and its degradation
products have to be biodegradable and biocompatible [11,23].
In contrast to many synthetic polymers, the degradation products of poly(amino acid)s, which are mainly built from only one
or two types of amino acids, are biocompatible nutrients. In addition, poly(amino acid)s have enormous structural diversity
and they supposedly lack immunogenicity [24,25]. In summary,
the use of poly(amino acid)s has practically only one disadvantage: their synthesis is usually complicated and expensive [3].
Recently, various types of polymer-based hydrogels have been
developed for purposes of tissue engineering and regenerative
medicine [26]. Most of these polymers try to mimic or recreate
the natural environment of the cells, namely the extracellular
matrix (ECM) [27]. Among them, synthetic, amino acid-based
polymers attract particular attention due to their tunable properties and the structural similarity to the native ECM [26]. The
poly(amino acid)s being tested for biomedical applicability can
be classified into three groups: anionic, cationic and neutral
poly(amino acid)s [28,29]. The effect of poly-ʟ-lysine, which
has a cationic character, on the cell behavior has been widely
studied in the field of tissue engineering [30,31], while among
the anionic poly(amino acid)s, poly(glutamic acid) is typically

used for the development of hydrogel scaffolds [32]. Moreover,
our research group demonstrated previously that hydrogels
based on the anionic poly(aspartic acid) (PASP) are also wellsuited for tissue engineering purposes [25].
Another field of potential biomedical applications of poly(amino acid)s is drug delivery. Poly(amino acid)-based microcarriers can improve the pharmacological and therapeutic properties of various drugs [28]. By applying such microcarriers, the
drug release kinetics can be controlled. Among the anionic
amino acids, glutamic acid was previously used for the preparation of polymer-based microcarriers [33]. However, there are
only sporadic data available regarding PASP-based drug
delivery systems [34-37].
Although the preparation of most types of poly(amino acid)s is
expensive, the synthesis of PASP can be relatively cost-efficient, and it does not require extreme conditions, as we described previously [25,37-40]. In the last decades, the interest of
scientists in PASP-based hydrogels increased significantly due
to their potential applications in medical, pharmaceutical and
environmental fields [25,34,41-44]. Several publications can be
found concerning different types of cross-linkers to prepare
PASP-based hydrogels [22,34,45]. However, the number of
studies describing the use of pure amino acids or amino acid derivatives as cross-linkers is limited [22,46]. For hydrogels made
of fully amino acid-based polymers, biodegradability as well as
biocompatibility could be improved due to their specific chemical composition. In our previous publications, we presented the
synthesis of PASP and several preparation methods of PASPbased hydrogels based on cross-linking with diaminobutane
(DAB) and CYS in two-step reactions [21,22,25]. The chemical [22], swelling [13], mechanical and responsive properties
[21] of these gels as well as their applicability as scaffolds for
osteosarcoma cells (MG-63) [25] have been investigated. We
showed that MG-63 cells can proliferate on PASP-based hydrogels [25], which led to the idea that similar fully amino
acid-based gels may also support the growth of untransformed
cells.
In the present study, derivatives based exclusively on amino
acids, namely, on lysine-methylester (LYS) and CYS, were
used as cross-linkers for preparing PASP-based hydrogels. CYS
is biologically active and can provide free thiol groups under reductive conditions, while the advantage of LYS is that it can
partially decrease the anionic character of aspartic acid. In addition, LYS also facilitates the electrostatic interaction between
anionic plasma membrane sites and cationic polymer sites.
Therefore, it supports cell adhesion and proliferation [47]. The
swelling, mechanical and degradation properties of the gels
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containing LYS and CYS at different ratios were investigated
since these attributes are crucial for biomedical applications.
The swelling degree was determined at different pH values and
under redox conditions. For biocompatibility studies, cell
viability tests were carried out using primary cultures of human
periodontal ligament-derived cells (PDLCs) instead of the previously used tumor cell line. Periodontal ligament as a source of
stem-like cells is easily accessible during surgical removal of
wisdom teeth [48]. PDLCs hold great promise for application in
the field of tissue engineering [49]. Cell viability was assessed
using the WST-1 reagent [2-(4-iodophenyl)-3-(4-nitrophenyl)5-(2,4-disulfophenyl)-2H-tetrazolium] (Roche, Switzerland),
while the cell morphology was observed under a two-photon
microscope. Moreover, the release kinetics of the model drug
metoprolol were also examined under various environmental
conditions.

Experimental
Materials
Following materials have been used in this study: ʟ-aspartic
acid (CAS: 56-84-8, Aldrich, ≥98%), orthophosphoric acid
(CAS: 7664-38-2, Aldrich, ≥99%), dimethylformamide (CAS:
68-12-2, VWR, ≥99.9%) cystamine dihydrochloride (CAS:
56-17-7, Fluka, ≥98%), lysine methyl ester dihydrochloride
(CAS: 26348-70-9, Bachem, 97%), dimethyl sulfoxide (CAS:
67-68-5, VWR, ≥99%), dibutylamine (CAS: 111-92-2, Aldrich,
≥99.5%), citric acid monohydrate (CAS: 5949-29-1, VWR,
100%, normapur), imidazole (CAS.288-32-4, Sigma-Aldrich,
≥99.5%, puriss), sodium chloride (CAS: 7647-14-5, SigmaAldrich, puriss), sodium hydroxide (CAS: 1310-73-2, Reanal,
puriss), borax (CAS: 1303-96-4, Hungaropharma, ≥99.5%),
disodium hydrogen phosphate (CAS: 7558-79-4, SigmaAldrich, ≥98%), trisodium phosphate (CAS: 10101-89-0,
Sigma-Aldrich, ≥98%), phosphate-buffered saline (PBS)
tablet (Sigma), ᴅʟ-dithiothreitol (CAS: 3483-12-3, Sigma,
≥99%).

Synthesis of poly(succinimide)
Poly(succinimide) (PSI) was synthesized by thermal polycondensation of the mixture of ʟ-aspartic acid and orthophosphoric

acid. The mixture was loaded into a 1 L flask and inserted into a
rotary evaporator (IKA). The temperature was increased to
180 °C while the pressure was decreased to 5 mbar. After 7 h,
brown foam was gained, which was dissolved in dimethylformamide (DMF). Subsequently, the solution was precipitated,
washed with distilled water and finally dried at 40 °C. Details
of this method were published previously [25,37,38].

Simultaneous cross-linking of PSI by CYS
and LYS
PSI was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 25 wt % and mixed with the cross-linker solution,
which contained cystamine dihydrochloride (CYS·2HCl) and
lysine methyl ester dihydrochloride (LYS·2HCl) at different
ratios in DMSO (Table 1). During cross-linking, the free primary amino groups of the cross-linkers react with the imide groups
of the succinimide rings in a nucleophilic addition reaction
(Figure 1, step 1). Dibutylamine (DBA) was added to the reaction mixture in order to adjust the pH value.
The mixture was loaded into glass frames in order to prepare
gel films. After 24 h, the gelation occurred and every sample
had a PSI content of 15 wt % at a theoretical degree of 20 crosslinks. The degree of cross-links is defined as the molar ratio of
monomers and cross-linking agents. The reaction of the gel formation is shown in Figure 1, step 1.
Six gel types were prepared with different ratio of the crosslinking agents (Table 1). The number in the name of the samples indicates the molar percentage of CYS of the total amount
of cross-linking agents. For example, PSI-100CYS-LYS
contains only CYS while in the case of PSI-0CYS-LYS, only
LYS was used as cross-linking agent.

Preparation of PASP-based hydrogels
PASP-based hydrogels were formed by mild alkaline hydrolysis of the PSI gels. The gels were immersed into an imidazolebased buffer (pH 8, concentration c = 0.1 M, ionic strength
I = 0.25 M). The buffer was changed daily for four days. The
reaction is depicted in Figure 1, step 2.

Table 1: The applied amounts of the various components during the gel synthesis.

Gel sample

PSI solution (mg)

CYS·2HCl (mg)

LYS·2HCl (mg)

DMSO (μL)

DBA (μL)

PSI-100CYS-LYS
PSI-80CYS-LYS
PSI-60CYS-LYS
PSI-40CYS-LYS
PSI-20CYS-LYS
PSI-0CYS-LYS

600
600
600
600
600
600

17.4
13.9
10.4
7.0
3.5
0.0

0.0
3.6
7.2
10.8
14.4
18.0

325.5
325.4
325.3
325.1
325.0
324.9

26.1
26.1
26.1
26.1
26.1
26.1
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Figure 1: Synthesis of the simultaneously cross-linked and thiolated PSI and PASP gels.

To prepare thiolated PASP-based hydrogels, 0.1 M dithiothreitol (DTT) solution was used, prepared with the same
imidazole buffer that was mentioned previously. The cleavage
of the disulfide bonds leads to the formation of cysteamine molecules in the polymer matrix, which is indicated by CYSE
instead of CYS in the nomenclature. The reaction is shown in
Figure 1, step 3.

stress–strain behavior during unidirectional compression. The
temperature and the volume of the gels were constant during
deformation, therefore, the Neo–Hooken law could be used to
describe the deformation of the gels [21]:

Effect of the pH value on the equilibrium
degree of swelling

where σN is the nominal stress and λ is the deformation ratio,
which can be calculated as the ratio of the actual height and the
initial height of the cylinder. G can be expressed as:

To determine the pH value-dependent degree of swelling of
both the PSI- and the PASP-based gels, gel disks of three different diameters (6, 10 and 14 mm) were prepared. The weight of
the disks was measured after reaching the equilibrium swelling
degree in DMSO (for the PSI-based gels) or in an imidazole
buffer of pH 8 (for the PASP-based gels). After that, the gel
disks were immersed in buffers with different pH values
(2.3–13.8) but the same ionic strength (c = 0.1 M, I = 0.25 M)
for two days. Then, the buffers were changed, and the weight of
the disks was measured two days later, following that the liquid
had been carefully sponged up from the outer surface of the
gels. Finally, the gels were dried at 40 °C, and the degree of
swelling was calculated as the quotient of the weight of the
swelled and the dried gel (mdried). Three parallel measurements
were carried out for each gel diameter.

Determination of the concentration of the
elastically active chains by mechanical
measurements
To measure the elastic modulus (G), gel cylinders of 1 cm in diameter and height were prepared with the same constitution as
described above. G was assessed by vertical stress–strain measurements using an Instron 5942 (Intest kft., Hungary) mechanical tester, and its exact value was calculated by determining the

(1)

(2)

where R is the gas constant, T is the temperature, Φ represents
the polymer volume fraction of the gel, v* is the concentration
of the elastically active chains in the dry network (expressed in
moles), and q0 denotes the so-called memory term, by which
the network “remembers” its initial state. The molecular interpretation of q0 is controversial for networks prepared in solution. A is a model-dependent parameter. According to the Flory
theory A = 1, while in the James–Guth and Staverman theories
A = 0.5 [50,51]. For the present experiments, the parameter of
the Flory theory was used. The value of ν* was calculated using
Equation 2.

Swelling of the PASP hydrogels in DTT
solution
Different PASP-XCYS-LYS gel disks of 6 mm in diameter
were prepared and immersed in a 0.1 M DTT solution at pH 8.
Changes of the concentration were avoided during the measurements by using a large amount of the solution in relation to the
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gel disks. The swelling kinetics were monitored under an Alpha
ScopeTek STO-3 light microscope. Pictures were taken every
5 min during one day and the ScopePhoto program was used to
measure the diameter of the gel disks. In each case, three
parallel measurements were carried out. The relative degree of
swelling (Qrel) was calculated as a ratio of the volume of the
gels (QV) after and before the DTT treatment.

(3)

To study the effect of the DTT concentration on the swelling
degree of the gels, PASP-20CYS-LYS gels were immersed in
DTT solutions of pH 8 at different DTT concentrations
(0.001−1.6 mmol/mL). In order to avoid the oxidation of DTT,
the samples were rinsed with nitrogen gas. The weight of the
gel disks was measured before and after being treated with DTT
over five days. For all samples, two parallel measurements were
carried out. The kinetic evaluation is based on the Tanaka–Fillmore–Peters–Candau (TFPC) theory [13].

Cell viability assay
Before performing the cell viability assay, the PASP-based gel
disks of different constitutions were incubated in the abovementioned growth medium for 3 h with a medium change after
1.5 h. After incubation, the gel disks were placed into low cellbinding plates (96-well plates, Nunc TM Dishes, St.Louis,
Missouri) and sterilized by UV radiation for 1 h. Subsequently,
20,000 PDLCs were seeded on each gel disk in 200 μL medium and cultured for one or three days. Afterwards, each well
was washed with PBS (37 °C) to remove swimming or loosely
attached cells. To measure the cell viability, a colorimetric
assay was performed using the cell proliferation reagent WST1. The reagent was diluted (1:20) with αMEM containing no
phenol red (Gibco, USA). Then, 200 μL solution was applied in
each well. After incubation for 2 h at 37 °C, 150 μL of the
supernatant solution was transferred from each well into an
empty 96-well plate. The absorbance was measured at 450 nm
using a microplate reader (Model 3550, Bio-Rad Laboratories,
Japan) with a reference wavelength of 655 nm. Gel disks without cells were used as background controls.

Microscopic study of the cells
Isolation and culturing of tooth-derived cells
The PDLCs originated from human wisdom teeth, which were
surgically removed from healthy young adults at the Department of Dentoalveolar Surgery, Semmelweis University (according to the ethical guidelines set by the Ethical Committee
of the Hungarian Medical Research Council). This study was
approved by the Semmelweis University Regional and Institutional Committee of Science and Research Ethics. The number
of the ethical permission is: 17458/2012/EKU. After extraction,
the teeth were immediately placed into a sterile cell culture medium. The viable periodontal fibers were removed from the
tooth surface, put into a sterile box with a sterile blade and
digested in 1 mL collagenase I solution (1 mg/mL, SigmaAldrich, St. Louis, Missouri) for 1 h at 37 °C. The samples
were vortexed every 10 min. After digestion, the fibers were
mechanically loosened with needles (21G and 18G) and were
centrifuged for 5 min at 250g.
The PDLCs were maintained in a humidified incubator (Nuaire,
USA) in 100 mm tissue culture dishes (Orange Scientific,
Belgium) under standard culture conditions (37 °C, 5% CO2,
100% humidity). The growth medium of the PDLCs was the
following. Eagle’s Minimal Essential Medium Alfa (αMEM)
(Gibco, USA) was supplemented with 10% fetal bovine serum
(FBS, Gibco, USA), 2 mM ʟ-glutamine (Gibco, USA),
100 units/mL penicillin and 100 mg/mL streptomycin (Gibco,
USA). When the cell culture became subconfluent, it was
passaged at a ratio of 1:20 using a 0.05% trypsin/EDTA solution.

To visualize the PDLCs, the cells were labelled with a vital dye
called Vybrant DiD (Molecular Probes, USA) before seeding.
Gel disks of 5 mm diameter were placed into 48-well plates,
and 40,000 cells per well were seeded in 400 μL medium. After
1 or 3 days, the wells were washed with PBS (37 °C) and fixed
in 4% paraformaldehyde (in PBS) at room temperature for 2 h.
The fixed samples were washed twice and then stored in PBS at
4 °C. The examination was carried out under a two-photon
microscope (Femto2d, Femtonics, Hungary). A SpectraPhysics
DeepSee laser was used at a wavelength of 800 nm to excite the
photoactive dye. Images were taken with a 10x objective by the
MES4.4v program. The cells can be seen in red color, while
green indicates the autofluorescence of the PASP-based gels.

Statistical analysis
To assess the cell viability, PDLC cultures derived from five
different patients were used, and five parallel measurements
were carried out for each culture. The arithmetic mean and the
standard error of the mean (SEM) are indicated in the diagrams.
The statistical evaluation of the data was performed by the
STATISTICA 10 software applying the Kruskal−Wallis
nonparametric ANOVA test followed by a median test. A
derived difference was regarded as statistically significant if the
probability value is smaller than 0.05 (p < 0.05).

Drug release measurement
For the drug release measurement metoprolol was used as a
model drug. Gel disks with a thickness of 0.75 mm and a diameter of 6 mm were swelled in physiological saline solution to
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reach the equilibrium swelling degree. After that, they were
immersed in 100 mg/mL metoprolol tartrate (Sigma-Aldrich)
solution for three days, and then the solution was carefully
sponged up from the gel surface prior to the measurement. The
release of the metoprolol was measured in 20 mL physiological
saline solution (cNaCl = 9 g/L, pH 5.5) and in 20 mL 0.1 M DTT
(in physiological saline solution). The drug release was followed by a JASCO V-650 spectrophotometer at 274 nm with an
optical fiber probe. The concentration of the released metoprolol was calculated using the calibration line (Supporting
Information File 1, Figure S1). The mass of the gel disks was
measured before the experiment. The concentration was divided
by the corresponding mass of the gel to compensate for variations of the gel mass during the parallel measurements.

Results and Discussion
Influence of the pH value on the equilibrium
degree of swelling of PSI and the
PASP-XCYS-LYS hydrogels
For applications in the field of tissue engineering, the swelling
behavior of the amino acid-based hydrogels needs to be determined. Ideally, the swelling properties of the hydrogel scaffold
should not change during the application. However, different
cell types require scaffolds with different swelling properties
(and also different stiffness). The PSI-based gels show a low
swelling degree at pH 8 due to the hydrophobic character of the
PSI backbone (Figure 2a). Since PSI is insoluble in water, the
Huggins interaction parameter increases in an aqueous medium,
hence, the gels shrink. Between pH 6 and 8, the swelling
degrees abruptly rise as the polymer networks are hydrolyzed.
The successful hydrolysis was proved by FTIR spectroscopy
(Supporting Information File 1, Figure S2). This kind of abrupt

change was described in previous articles, where other molecules or only LYS were applied as cross-linkers [21,22,34]. Between pH 8 and 11, the swelling degrees remain approximately
constant, as has been observed for other types of PASP-based
hydrogels [21,22,34]. However, for pH values larger than 11, a
further increase in the swelling degree is observed (Figure 2a).
This increase is due to the cleavage of the disulfide bonds in
CYS, as we described in our previous article for DAB and CYS
cross-linked hydrogels [21]. Another reason for the swelling
can be the hydrolysis of the ester bond in LYS, which increases
the concentration of negatively charged groups in the polymer
matrix. The PSI-0CYS-LYS gel shows a significantly higher
swelling degree at every pH value due to the smaller reactivity
of the amine groups in LYS, which leads to a lower amount of
cross-links [21].
Regarding the mass swelling degree of the PASP-based hydrogels, two groups can be observed which differ in the ratio of the
LYS and the CYS cross-linkers (Figure 2b). The gels with a
lower ratio of LYS cross-links (100, 80 and 60CYS-LYS) have
a lower swelling degree than the gels with higher LYS concentration (40, 20 and 0CYS-LYS) at every pH value, which also
proves the lower reactivity of LYS. The highest swelling degree
was measured around pH 6, except for PASP-100CYS-LYS, in
which every carboxyl group on the side chains of the aspartic
acid monomers is deprotonated. By simultaneously using DAB
or DAB/CYS as cross-linking agents, the degree of swelling is
increasingly sharp in the range of pH 3–5 [22]. However, the
use of LYS causes a monotonic increase of the swelling degree
in the acidic pH range due to the free amine groups in the LYS
side chain. Protonation of the free amine groups in CYS and
LYS results in a decrease of the swelling degree between pH 6
and 10. However, for the DAB cross-linker, the degree of

Figure 2: The dependence of the mass swelling degree of (a) the PSI- and (b) the PASP-based gels on the pH value.
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swelling remained constant at alkaline pH values as we
published in our previous paper [21,22,45]. The further increase
of the swelling degree at pH values larger than 12 is the consequence of the cleavage of the disulfide bond of CYS and the
hydrolysis of the ester group in the LYS cross-linkers. These
findings are in a good agreement with our previous study. Yet,
the LYS cross-linker shows a rather different dependence on the
pH value than the DAB cross-linker, which could enhance the
applicability of these hydrogels as scaffolds for cell culturing
[25].

Swelling kinetics of PASP gels in the
presence of DTT
The disulfide bonds in the PASP-based hydrogels are sensitive
to the redox potential of the local environment [21,34,45].
Therefore, in the presence of a reductive agent such as DTT, the
disulfide bonds can be cleaved and the gel can swell in the same

way as it can happen under physiological conditions or in vitro.
In this section, we demonstrate the results of the swelling
kinetics in the presence of DTT (Figure 3).
Figure 3a and Figure 3b show the changes of the relative
volume degree of the swelling (Qrel) of the gels dissolved in
0.1 M DTT at pH 8. The 0CYS-LYS gel is not sensitive to the
DTT solvent because it does not contain any disulfide bonds.
Due to the polyelectrolyte character of PASP, the small but fast
increase of Qrel for PASP-0CYS-LYS is most likely caused by
the small change of the ionic concentration of the solution
(Figure 3a and Figure 3d) [52]. The swelling degree of the
20CYS-LYS gel increases significantly (73%) in the presence
of DTT within 2 h, which proves the cleavage of the disulfide
bonds in the CYS cross-linkers. Due to the higher cross-linking
ability of CYS compared to LYS, Qrel increases almost by a
factor of two in these gels although CYS represents only 20%

Figure 3: (a) Swelling and (b) dissolution kinetics of different PASP-XCYS-LYS gels in 0.1 M DTT solution at pH 8. (c) Description of the swelling
kinetics by THB theory [12] and (d) images of the gels before and after swelling.

2585

Beilstein J. Nanotechnol. 2019, 10, 2579–2593.

of the total cross-linker molecules. For other permanent crosslinkers, such as DAB [21] or poly(ethylene glycol) diglycidyl
ether [34], the reduction of the disulfide bonds leads to a lower
swelling degree, which also proves the previously mentioned
theory. Upon increasing the density of the CYS molecules
further, the gels abruptly degrade and dissolve after a few
minutes (8–10 min), since the cross-linking density reaches the
critical value at which the osmotic pressure bursts the polymer
matrix [53].
To describe the swelling kinetics of the 0CYS-LYS and
20CYS-LYS samples, the TFPC theory was used as has been
shown in our previous article [13] (Table 2).
Table 2: Swelling kinetics data of the different gels.

Sample

Final Qrel r(0) (mm) r(∞) (mm) τ (min)

0CYS-LYS 1.09
20CYS-LYS 1.72

5.95
5.95

6.24
7.15

8.69 ± 0.7
41.67 ± 2.1

The swelling of the two hydrogels is based on different processes. The swelling of the 0CYS-LYS hydrogel occurs due to
changes of the ionic strength, while the swelling of the 20CYSLYS hydrogel is induced by the cleavage of the disulfide bonds.
The change of the ionic strength is a faster process, therefore,
the relaxation time determined for the 0CYS-LYS hydrogel is
smaller than that of the 20CYS-LYS hydrogel.

Dependence of the swelling degree of the
PASP-20CYS-LYS gels on the amount of
DTT in the environment
In order to investigate whether every disulfide bond in the gel
disks has been cleaved in the previous experiment and to get a

better view of the fate of the scaffold during possible future
therapeutic applications, the changes of the swelling degree
were measured in the presence of different amounts of DTT.
The amount of disulfide bonds was determined in the PASP20CYS-LYS gels (Figure 4).
The relative swelling degree (Qrel) shows a monotonic increase
with the increasing amount of DTT up to about 0.03 mmol
(Figure 4). Elevating the amount of DTT, no further changes in
Qrel can be seen. In order to determine the amount of disulfide
bridges in the gel, a linear regression line was fitted to the first
part of the measurement points (0−0.03 mmol DTT) and the
constant part (0.03−1.6 mmol DTT) (Figure 4b). The x-coordinate of the intersection point of the two lines gives the
minimum amount of DTT (0.025 mmol) that can cleave the
total amount of the disulfide bridges. Hence, this amount it is
equal to the molar amount of the disulfide bonds in the gel
matrix. According to these data, the amount of disulfide bonds
in the cross-linkers of the PASP-20CYS-LYS hydrogels is
around 0.025 mmol, which is equal to the amount of CYS
cross-linkers applied in the synthesis (see above). These results
prove that each disulfide bond in the PASP-20CYS-LYS hydrogels has been cleaved by DTT in the described experiments
(Figure 3). Due to the dissolution of the hydrogels containing
higher amounts of CYS cross-linkers, this method cannot be
used to determine the amount of disulfide bonds in these gels.
It is a challenging task to determine the cross-linking density in
a polymer matrix. Usually, stress–strain measurements are used
for this purpose. However, their results are influenced not only
by the density of the chemical cross-links but also by the physical interactions between the polymer matrix and the swelling
agent as well as other thermodynamic parameters [21,50,51,5456]. Consequently, the swelling behavior of different hydrogels

Figure 4: Dependence of the relative swelling degree of the PASP-20CYS-LYS gel on the amount of DTT a) between 0 and 1.6 mmol DDT and
b) between 0 and 0.04 mmol DTT.
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needs to be investigated in depth, and the relation between the
swelling and other thermodynamic parameters is still to be determined. However, such measurements are difficult and require
expensive equipment. By the presented method, the number of
chemical cross-links can be determined by cleaving the sensitive bonds in the cross-linkers. The changes of the swelling
degree as a function of the concentration of the reactant reveal
the density of the sensitive bonds. This method is not reported
in the literature about polymer gels. Thus, it can be regarded as
a novel protocol for the determination of the amount of the
sensitive cross-linkers in hydrogels.

Relationship between the mechanical
properties and the chemical constitution of
the gels
The stiffness of the hydrogel scaffold is a key parameter in the
field of tissue engineering. It was described previously that different cell types prefer gels of different stiffness for proliferation [57]. In this section, the mechanical properties of the amino
acid-based hydrogels of different chemical constitutions will be
explained in detail.
As shown in Figure 3, the swelling properties of the PASPbased gels significantly depend on the chemical constitution of

the gels. Consequently, the mechanical properties presumably
depend on it as well. The relationship between the molar ratio
of the two cross-linking agents (nCYS/nLYS) and the mechanical properties such as the elastic modulus (G) and the concentration of the elastically active chains (v*q0–2/3) can be seen in
Figure 5.
Upon increasing the CYS/LYS molar ratio, both G and ν*
monotonically increase in every solvent (Figure 5). This linear
increase provides evidence that CYS has a higher cross-linking
ability than LYS during the gel synthesis. Namely, larger
amounts of cross-links in the polymer matrix lead to higher
values of G and ν* [21]. This indicates that a larger amount of
CYS molecules reacts with two amine groups cross-linking the
polymer chains. The strong electron withdrawing character of
the carboxyl group of the amino-acid group decreases the electron density of the alpha amine group, resulting in a weaker reactivity of LYS. Supposedly, most LYS molecules react only
with their side chain amine groups, and the gelation time is
longer if the ratio of LYS cross-linkers is higher. This behavior
can also contribute to the characteristic dependence of the gel
swelling on the pH value (see above). The cross-linking ability
of LYS can be improved by phosphoric acid catalysis as was
shown by Gyenes and co-workers [22]. However, this method

Figure 5: Dependence of the elastic modulus G (black squares, blue triangles) and the concentration of the elastically active chains v*q0−2/3 (red
dots, green triangles) on the CYS/LYS molar ratio in a) DMSO, b) imidazole buffer (pH 8, c = 0.1 M, I = 0.25 M) and c) PBS (pH 7.4, I = 0.15 M).
d) Gel cylinders before and after DTT treatment.
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cannot be used in our case because phosphoric acid precipitates
CYS immediately.
Upon hydrolysis, the ν* values increase only very slightly,
while the G values decrease (Figure 5a and Figure 5b). Neither
of these two parameters changes when replacing the imidazole
buffer (pH 8) with PBS (Figure 5b and Figure 5c). The ν*
values depend on the swelling degree of the gels (Equation 2),
which is changing during hydrolysis (Supporting Information
File 1, Table S1). Yet, the swelling degree is not influenced by
the change of the buffer from imidazole to PBS since the concentration of ions remains the same in both buffer solutions.
This may explain the different values of G and ν* in DMSO
(Figure 5a) but both values are similar after hydrolysis. These
findings are in accordance with our previous findings [21].
When cleaving the disulfide bonds using DTT, all gels except
for the 20CYS-LYS gel turned very soft or dissolved completely (Supporting Information File 1, Figure S2). However, the
20CYS-LYS gel did not dissolve (Figure 5d) but only swelled
and turned moderately softer after the DTT treatment. The
values of G and ν* decreased significantly (blue and green tri-

angles in Figure 5b and Figure 5c). A similar decrease has been
observed for other PASP-based CYS containing hydrogels in
which another type of nonsensitive cross-linker was applied simultaneously with CYS [21,34,45].

Application of the PASP-XCYS(E)-LYS gels
for cell cultivation
In addition to the elaborate characterization of the swelling and
the mechanical properties as well as the thiol content, our aim
was to study the applicability of the amino acid-based hydrogels as scaffolds for cell cultivation.
At first, the viability of the growth of PDLCs on the different
hydrogels was tested (Figure 6a). After one day of cell growth,
the highest cell viability index (referring to the highest cell
adhesion) was measured on the 100CYS-LYS gel, which does
not contain any LYS at all, only the redox sensitive cross-linker
CYS. On day one, the cell viability index was lower for the
20CYS-LYS gel and the 40CYS-LYS gel than for the 100CYSLYS gel. Still, for both gels, it had doubled after three days of
cell growth suggesting that a lower CYS concentration favors
cell proliferation. This result is presumably related to the en-

Figure 6: a) Viability of the PDLCs measured one and three days after seeding. The average viability value measured on the 100CYS-LYS gel on day
one was considered as 100%. The cell viability indices are given as arithmetic mean ± SEM. * indicates p < 0.05 compared to the value of 100CYSLYS at the corresponding time. + indicates p < 0.05 compared to the value of 100CYS-LYS on day one. b) Two-photon microscopic images of the
PDLCs on the different hydrogels after three days. The scale bar indicates 200 μm. Each photomicrograph was taken at the same magnification.
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hanced elastic modulus of the hydrogels (see above) as well as
the relatively low LYS concentration. These results are in
accordance with our previous work where we demonstrated that
exchanging half of the CYS cross-linkers by DAB improved the
proliferation of osteosarcoma cells [25]. However, the aim of
the present study is to prepare gels composed of amino acids
exclusively and test their biocompatibility on healthy cells. The
disulfide bonds in the polymer matrix were supposedly cleaved
in the cell medium during the three days of incubation which
results in the formation of thiol groups in the hydrogel. The
presence of thiol groups supports cell adhesion and proliferation as we showed previously. Therefore, the higher the density
of CYS in the polymer matrix, the higher is the viability of the
cells [25]. In the literature, several articles can be found about
the effect of poly-ʟ-lysine on cell adhesion and proliferation
[30,58,59]. It was elucidated that this advantageous feature of
poly-ʟ-lysine is concentration-dependent, and the amount of
poly-ʟ-lysine should be optimized to reach the highest cell
viability [30]. In our hydrogels, LYS is not polymerized but
present as a monomer and plays a role as a cross-linker. This
function of LYS in scaffolds, which is related to cell proliferation, has not been investigated before. Nevertheless, the positive effect of LYS is highly concentration-dependent. According to the literature, a high amount of LYS has a cytotoxic
effect, while a lower amount supports cell adhesion and proliferation. Moreover, the effect of LYS can be diverse depending
on whether poly-ʟ-lysine is applied in water-soluble form [58]
or as a built-in element in scaffolds [30]. On the other hand,
LYS is a permanent cross-linker which is important to maintain
the stability of the hydrogel during the cell experiments. Based
on our results (Figure 6), the highest viability increase from day
one to day three was found for the 20CYS-LYS and 40CYSLYS gels, suggesting that cross-linker ratios of 60−80% LYS
and 20−40% CYS yield the highest proliferation rate of PDLCs.
The viability of cells on the 0CYS-LYS gel as well as on the
20CYSE-LYS gel, for which the disulfide bonds were previously created using the reductive agent DTT, decreased slightly
from day one to day three. The similar behavior of the cells on
these two hydrogels can be explained by the similar gel structure. Neither of these two gels contains CYS as a cross-linker,
but only LYS cross-links the polymer chains. As given in
Table 1, the initial concentration of LYS in our gels was between 0 and 1.8 wt %. A significant increase of the cell
viability from day one to day three was measured for the
40CYS-LYS gels (LYS concentration around 1.5 wt %) which
correlates with the findings of Datta et al., who found that the
addition of 1.5 wt % of LYS significantly increases the cell
viability [30].
The two-photon microscopic images (Figure 6b) confirm the
results of our viability assays. Since the cells show a red fluo-

rescence due to the vital stain applied, while the PASP-based
hydrogels show a green autofluorescence [25], the gel matrix
and the cells are easily distinguished. On day three, only few
PDLCs showed a healthy fibroblast morphology on the 0CYSLYS hydrogel, while the other cells had a rounded shape
suggesting that they were unable to adhere to these gels. By increasing the ratio of the CYS cross-linking agents in the gel
matrix, the proportion of the viable cells became elevated. The
highest amount of PDLCs with fibroblast morphology can be
observed on the 100CYS-LYS gel, which correlates well with
the viability results.
According to the literature, various forms of lysine-containing
scaffolds are able to enhance both the adhesion and the proliferation of stem cells. The most commonly used scaffolds are
based on poly-ʟ-lysine [30,59,60] and poly-ᴅ-lysine [61]. However, LYS was applied as a cross-linker only in a few cases.
The corresponding gels are not fully composed of amino acids
or have other disadvantages compared to our gels, for example,
expensive preparation methods [62,63].

Drug release kinetics in isotonic and
reductive medium
In addition to the possible applications in tissue engineering, the
applicability of the amino acid-based hydrogels in drug delivery
is very important. Therefore, the second aim of our work was to
investigate the potential of the scaffolds as drug carriers. To get
a better understanding of the fate of the drug in the living
system, the release kinetics were determined not only in an
isotonic but also in a reductive medium. Metoprolol was chosen
as a model drug because it does not chemically interact with the
polymer backbone, but ionic interactions can occur between the
polymer matrix and the metoprolol molecules. Hence, theoretically, the only limiting factor of the release of metoprolol is
diffusion. Moreover, metoprolol can be measured easily beside
DTT by UV–vis spectroscopy.
The kinetics of the metoprolol release from the different PASPXCYS-LYS gels was studied in both physiological saline
(NaCl) and DTT solution (Figure 7). The graph depicts the released concentration of metoprolol normalized to the initial
mass of the gel disk (cmet) as a function of release time.
The drug release kinetics show a similar behavior for all gel
samples in the physiological saline solution (Figure 7, black
squares). The released metoprolol reaches the saturation concentration after ca. 50 min in every measurement. The saturation concentration is highest for the PASP-100CYS-LYS sample reaching a concentration of 11 g/L∙ggel in physiological
NaCl. Upon decreasing the density of CYS cross-links in the
hydrogels, the saturation concentration is reduced to around
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Figure 7: Metoprolol release from the different PASP-XCYS-LYS gels (cmet) in physiological saline solution (black squares) and in 0.1 M DTT/physiological saline solution (red circles).

7.5 g/L∙ggel for the 20CYS-LYS and the 0CYS-LYS hydrogel.
A possible explanation of this phenomenon is the following.
Metoprolol has a secondary amino group, which is protonated
under these conditions leading to a weak interaction with the
negatively charged PASP. As we demonstrated in previous experiments, hydrogels with increasing density of CYS crosslinkers have a higher polymer content (higher elastic modulus).
Therefore, gels of higher CYS content can take up more metoprolol molecules from the solution. Consequently, a higher
amount of CYS in the gel can result in a higher saturation concentration of metoprolol in the liquid. The kinetics curves are
very similar to normal kinetics curves of drug release indicating a burst effect [15].

The presence of DTT leads to a higher saturation concentration
of metoprolol presumably due to the cleavage of the disulfide
bonds. The dissolution of the PASP-100CYS-LYS gel in the reductive medium is a continuous process. Therefore, the concentration of the released metoprolol in the DTT solution was
higher than in the physiological salt solution at each measurement point. For the 40CYS-LYS, the 60CYS-LYS and the
80CYS-LYS gels, the metoprolol concentration increases faster
compared to the 0CYS-LYS and the 20CYS-LYS gels in the
first 20 min of the metoprolol release, which is presumably
caused by the dissolution of the gels (Figure 3b). Although the
dissolution of the 40CYS-LYS, the 60CYS-LYS, the 80CYSLYS and the 100CYS-LYS gels occurs already after 10 min in
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DTT solution (Figure 3b), the concentration of metoprolol
reaches the saturation concentration only after 20 min. The
ionic interaction between the polymer backbone and metoprolol could slow down the dissolution of the gels, which can
cause such a difference. A higher degree of swelling leads to a
higher diffusion coefficient in the gel matrix and consequently
to a faster drug release. A similar observation was described in
the case of another PASP-based gel and different other types of
hydrogels [34]. For the PASP-20CYS-LYS gel, the drug release
kinetics do not differ significantly for the reductive medium and
the physiological solution during the first 20 min of release.
Thus, the cleavage of the disulfide bonds in PASP-20CYS-LYS
seems to be slower. After 20 min, this gel already swelled significantly and the metoprolol concentration increased in DTT
solution. The saturated concentration reached a higher value in
the DTT solution than in the physiological saline solution by
the end of the measurement. The observation that DTT had no
influence on the drug release in the case of 0CYS-LYS
(Figure 7) is in line with the findings of our study of the
swelling kinetics, i.e., that this gel type lacks disulfide bonds
making it insensitive to the reductive environment (Figure 3a).

Conclusion
In this work, we tested the suitability of different fully amino
acid-based hydrogels for tissue engineering and drug delivery
applications. The influence of the chemical constitution of these
hydrogels on the swelling and the mechanical properties was
studied under different conditions. To prepare PASP-based
hydrogels, LYS and CYS were used as cross-linkers at different molar ratios. Whereas LYS acts as a permanent cross-linker
in the polymer matrix, CYS is sensitive to changes of the redox
potential in the environment. Thus, the redox response of the
hydrogels significantly depends on the ratio of the two crosslinkers. By increasing the CYS content, the swelling of the
hydrogels becomes faster in different media. According to the
mechanical tests, LYS has a lower cross-linking ability than
CYS due to the ester group in LYS (lysine methylester). Therefore, a higher LYS content results in a lower elastic modulus
and a lower concentration of elastically active chains in the
hydrogels. The cleavage of the disulfide bonds leads to a significant decrease of the concentration of the elastically active
chains for the 20CYS-LYS gel, which highly influences the
release of metoprolol from the gel. Using different amounts of
DTT as a reducing agent, the amount of CYS as the reactive
cross-linker could be determined precisely. Human PDLCs
were used to assess the biocompatibility of the hydrogels. Their
viability also proved to depend on the ratio of the two crosslinkers. In summary, PASP-based hydrogels are promising materials for both medical and pharmaceutical applications which
can be designed by tailoring the chemical structure of the
hydrogels.

Supporting Information
Supporting Information File 1
Additional experimental information.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-249-S1.pdf]

Funding
This study was supported by the Hungarian Human Resources
Development Operational Program (EFOP-3.6.2-16-201700006). Additional support was received from the Excellence
Program of the Ministry for Innovation and Technology in
Hungary within the framework of the therapy thematic program
of the Semmelweis University. This work was funded by the
National Research, Development and Innovation Office –
NKFIH FK 124147, the OTKA 115259, the János Bolyai
Research Scholarship of the Hungarian Academy of Sciences
and by the ÚNKP-19-4-SE-04 new national excellence program
of the Ministry for Innovation and Technology.

ORCID® iDs
Dávid Juriga - https://orcid.org/0000-0003-2655-5584
Gábor Varga - https://orcid.org/0000-0002-5506-8198
Krisztina S. Nagy - https://orcid.org/0000-0002-4942-2947
Angéla Jedlovszky-Hajdú - https://orcid.org/0000-0003-2720-783X

References
1. Drury, J. L.; Mooney, D. J. Biomaterials 2003, 24, 4337–4351.
doi:10.1016/s0142-9612(03)00340-5
2. Fedorovich, N. E.; Alblas, J.; de Wijn, J. R.; Hennink, W. E.;
Verbout, A. J.; Dhert, W. J. A. Tissue Eng. 2007, 13, 1905–1925.
doi:10.1089/ten.2006.0175
3. Lee, K. Y.; Mooney, D. J. Chem. Rev. 2001, 101, 1869–1880.
doi:10.1021/cr000108x
4. Li, J.; Mooney, D. J. Nat. Rev. Mater. 2016, 1, 16071.
doi:10.1038/natrevmats.2016.71
5. Brunner, C. A.; Groner, R. W. Can. J. Plast. Surg. 2006, 14, 151–154.
doi:10.1177/229255030601400302
6. Al-Kinani, A. A.; Zidan, G.; Elsaid, N.; Seyfoddin, A.; Alani, A. W. G.;
Alany, R. G. Adv. Drug Delivery Rev. 2018, 126, 113–126.
doi:10.1016/j.addr.2017.12.017
7. Annabi, N.; Selimović, Š.; Acevedo Cox, J. P.; Ribas, J.;
Afshar Bakooshli, M.; Heintze, D.; Weiss, A. S.; Cropek, D.;
Khademhosseini, A. Lab Chip 2013, 13, 3569–3577.
doi:10.1039/c3lc50252j
8. Lu, Y.; Wang, D.; Li, T.; Zhao, X.; Cao, Y.; Yang, H.; Duan, Y. Y.
Biomaterials 2009, 30, 4143–4151.
doi:10.1016/j.biomaterials.2009.04.030
9. Cavalcanti, B. N.; Zeitlin, B. D.; Nör, J. E. Dent. Mater. 2013, 29,
97–102. doi:10.1016/j.dental.2012.08.002
10. Abdallah, M.; Martin, M.; El Tahchi, M. R.; Balme, S.; Faour, W. H.;
Varga, B.; Cloitre, T.; Páll, O.; Cuisinier, F. J. G.; Gergely, C.;
Bassil, M. J.; Bechelany, M. ACS Appl. Mater. Interfaces 2019, 11,
32623–32632. doi:10.1021/acsami.9b09337

2591

Beilstein J. Nanotechnol. 2019, 10, 2579–2593.

11. Nair, L. S.; Laurencin, C. T. Prog. Polym. Sci. 2007, 32, 762–798.
doi:10.1016/j.progpolymsci.2007.05.017
12. Duncan, R.; Vicent, M. J. Adv. Drug Delivery Rev. 2013, 65, 60–70.
doi:10.1016/j.addr.2012.08.012
13. Varga, Z.; Molnár, K.; Torma, V.; Zrínyi, M. Phys. Chem. Chem. Phys.
2010, 12, 12670–12675. doi:10.1039/c0cp00527d
14. Park, K. J. Controlled Release 2014, 190, 3–8.
doi:10.1016/j.jconrel.2014.03.054
15. Lee, P. I. J. Controlled Release 1985, 2, 277–288.
doi:10.1016/0168-3659(85)90051-3
16. Brandl, F.; Kastner, F.; Gschwind, R. M.; Blunk, T.; Teßmar, J.;
Göpferich, A. J. Controlled Release 2010, 142, 221–228.
doi:10.1016/j.jconrel.2009.10.030
17. Gyarmati, B.; Némethy, Á.; Szilágyi, A. Eur. Polym. J. 2013, 49,
1268–1286. doi:10.1016/j.eurpolymj.2013.03.001
18. Kurland, N. E.; Ragland, R. B.; Zhang, A.; Moustafa, M. E.;
Kundu, S. C.; Yadavalli, V. K. Int. J. Biol. Macromol. 2014, 70,
565–571. doi:10.1016/j.ijbiomac.2014.07.036
19. Ahn, S.-k.; Kasi, R. M.; Kim, S.-C.; Sharma, N.; Zhou, Y. Soft Matter
2008, 4, 1151. doi:10.1039/b714376a
20. Gupta, P.; Vermani, K.; Garg, S. Drug Discovery Today 2002, 7,
569–579. doi:10.1016/s1359-6446(02)02255-9
21. Zrinyi, M.; Gyenes, T.; Juriga, D.; Kim, J.-H. Acta Biomater. 2013, 9,
5122–5131. doi:10.1016/j.actbio.2012.08.046
22. Gyenes, T.; Torma, V.; Gyarmati, B.; Zrínyi, M. Acta Biomater. 2008, 4,
733–744. doi:10.1016/j.actbio.2007.12.004
23. Ulery, B. D.; Nair, L. S.; Laurencin, C. T.
J. Polym. Sci., Part B: Polym. Phys. 2011, 49, 832–864.
doi:10.1002/polb.22259
24. Pitarresi, G.; Saiano, F.; Cavallaro, G.; Mandracchia, D.;
Palumbo, F. S. Int. J. Pharm. 2007, 335, 130–137.
doi:10.1016/j.ijpharm.2006.11.012
25. Juriga, D.; Nagy, K.; Jedlovszky-Hajdú, A.; Perczel-Kovách, K.;
Chen, Y. M.; Varga, G.; Zrínyi, M. ACS Appl. Mater. Interfaces 2016, 8,
23463–23476. doi:10.1021/acsami.6b06489
26. Park, K. M.; Shin, Y. M.; Kim, K.; Shin, H. Tissue Eng., Part B 2018,
24, 327–344. doi:10.1089/ten.teb.2018.0027
27. Naahidi, S.; Jafari, M.; Logan, M.; Wang, Y.; Yuan, Y.; Bae, H.;
Dixon, B.; Chen, P. Biotechnol. Adv. 2017, 35, 530–544.
doi:10.1016/j.biotechadv.2017.05.006
28. Hu, W.; Ying, M.; Zhang, S.; Wang, J. J. Biomed. Nanotechnol. 2018,
14, 1359–1374. doi:10.1166/jbn.2018.2590
29. Zhang, X.; Peng, X.; Zhang, S. W. Biodegradable medical polymers.
Science and Principles of Biodegradable and Bioresorbable Medical
Polymers; Woodhead Publishing, 2017; pp 1–33.
doi:10.1016/b978-0-08-100372-5.00001-5
30. Datta, S.; Barua, R.; Sarkar, R.; Barui, A.; Chowdhury, A. R.; Datta, P.
IOP Conf. Ser.: Mater. Sci. Eng. 2018, 402, 012113.
doi:10.1088/1757-899x/402/1/012113
31. Crompton, K. E.; Goud, J. D.; Bellamkonda, R. V.; Gengenbach, T. R.;
Finkelstein, D. I.; Horne, M. K.; Forsythe, J. S. Biomaterials 2007, 28,
441–449. doi:10.1016/j.biomaterials.2006.08.044
32. Matsusaki, M.; Yoshida, H.; Akashi, M. Biomaterials 2007, 28,
2729–2737. doi:10.1016/j.biomaterials.2007.02.015
33. Manocha, B.; Margaritis, A. Crit. Rev. Biotechnol. 2008, 28, 83–99.
doi:10.1080/07388550802107483
34. Krisch, E.; Gyarmati, B.; Barczikai, D.; Lapeyre, V.; Szilágyi, B. Á.;

35. Aderibigbe, B. A.; Ray, S. S. J. Drug Delivery Sci. Technol. 2016, 36,
34–45. doi:10.1016/j.jddst.2016.09.006
36. Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Chem. Rev. 2016,
116, 2602–2663. doi:10.1021/acs.chemrev.5b00346
37. Juriga, D.; Laszlo, I.; Ludanyi, K.; Klebovich, I.; Chae, C. H.; Zrinyi, M.
Acta Biomater. 2018, 76, 225–238. doi:10.1016/j.actbio.2018.06.030
38. Molnar, K.; Juriga, D.; Nagy, P. M.; Sinko, K.; Jedlovszky-Hajdu, A.;
Zrinyi, M. Polym. Int. 2014, 63, 1608–1615. doi:10.1002/pi.4720
39. Molnar, K.; Jedlovszky-Hajdu, A.; Zrinyi, M.; Jiang, S.; Agarwal, S.
Macromol. Rapid Commun. 2017, 38, 1700147.
doi:10.1002/marc.201700147
40. Jedlovszky-Hajdu, A.; Molnar, K.; Nagy, P. M.; Sinko, K.; Zrinyi, M.
Colloids Surf., A 2016, 503, 79–87. doi:10.1016/j.colsurfa.2016.05.036
41. Kim, M.; Shin, S. W.; Lim, C. W.; Kim, J.; Um, S. H.; Kim, D.
Biomater. Sci. 2017, 5, 305–312. doi:10.1039/c6bm00763e
42. Németh, C.; Gyarmati, B.; Abdullin, T.; László, K.; Szilágyi, A.
Acta Biomater. 2017, 49, 486–494. doi:10.1016/j.actbio.2016.11.065
43. Gong, C.; Lu, C.; Li, B.; Shan, M.; Wu, G. J. Mater. Sci. 2017, 52,
955–967. doi:10.1007/s10853-016-0391-9
44. Yavvari, P. S.; Awasthi, A. K.; Sharma, A.; Bajaj, A.; Srivastava, A.
J. Mater. Chem. B 2019, 7, 2102–2122. doi:10.1039/c8tb02962h
45. Krisch, E.; Messager, L.; Gyarmati, B.; Ravaine, V.; Szilágyi, A.
Macromol. Mater. Eng. 2016, 301, 260–266.
doi:10.1002/mame.201500119
46. Szilágyi, B. Á.; Némethy, Á.; Magyar, A.; Szabó, I.; Bősze, S.;
Gyarmati, B.; Szilágyi, A. React. Funct. Polym. 2018, 133, 21–28.
doi:10.1016/j.reactfunctpolym.2018.09.015
47. Samal, S. K.; Dash, M.; Van Vlierberghe, S.; Kaplan, D. L.; Chiellini, E.;
van Blitterswijk, C.; Moroni, L.; Dubruel, P. Chem. Soc. Rev. 2012,
7147–7194. doi:10.1039/c2cs35094g
48. Seo, B.-M.; Miura, M.; Gronthos, S.; Mark Bartold, P.; Batouli, S.;
Brahim, J.; Young, M.; Gehron Robey, P.; Wang, C. Y.; Shi, S. Lancet
2004, 364, 149–155. doi:10.1016/s0140-6736(04)16627-0
49. Kadar, K.; Kiraly, M.; Porcsalmy, B.; Molnar, B.; Racz, G. Z.;
Blazsek, J.; Kallo, K.; Szabo, E. L.; Gera, I.; Gerber, G.; Varga, G.
J. Physiol. Pharmacol. 2009, 60 (Suppl. 7), 167–175.
50. Flory, P. J.; Rehner, J., Jr. J. Chem. Phys. 1943, 11, 512–520.
doi:10.1063/1.1723791
51. Dušek, K.; Prins, W. Structure and elasticity of non-crystalline polymer
networks. Fortschritte Der Hochpolymeren-Forschung; Springer: Berlin,
Germany, 1969; pp 1–102. doi:10.1007/bfb0051042
52. Osada, Y.; Gong, J. Prog. Polym. Sci. 1993, 18, 187–226.
doi:10.1016/0079-6700(93)90025-8
53. Ricka, J.; Tanaka, T. Macromolecules 1984, 17, 2916–2921.
doi:10.1021/ma00142a081
54. Brannon-Peppas, L.; Peppas, N. A. Chem. Eng. Sci. 1991, 46,
715–722. doi:10.1016/0009-2509(91)80177-z
55. Menzel, C.; Olsson, E.; Plivelic, T. S.; Andersson, R.; Johansson, C.;
Kuktaite, R.; Järnström, L.; Koch, K. Carbohydr. Polym. 2013, 96,
270–276. doi:10.1016/j.carbpol.2013.03.044
56. Moe, S. T.; Elgsaeter, A.; Skjåk-Bræk, G.; Smidsrød, O.
Carbohydr. Polym. 1993, 20, 263–268.
doi:10.1016/0144-8617(93)90098-o
57. Santos, E.; Hernández, R. M.; Pedraz, J. L.; Orive, G.
Trends Biotechnol. 2012, 30, 331–341.
doi:10.1016/j.tibtech.2012.03.005
58. Lu, H.; Guo, L.; Kawazoe, N.; Tateishi, T.; Chen, G.

Ravaine, V.; Szilágyi, A. Eur. Polym. J. 2018, 105, 459–468.

J. Biomater. Sci., Polym. Ed. 2009, 20, 577–589.

doi:10.1016/j.eurpolymj.2018.06.011

doi:10.1163/156856209x426402

2592

Beilstein J. Nanotechnol. 2019, 10, 2579–2593.

59. Zheng, S.; Guan, Y.; Yu, H.; Huang, G.; Zheng, C. New J. Chem. 2019,
43, 9989–10002. doi:10.1039/c9nj01675a
60. Shih, I. L.; Van, Y. T.; Shen, M. H. Mini-Rev. Med. Chem. 2004, 4,
179–188. doi:10.2174/1389557043487420
61. Tian, W. M.; Hou, S. P.; Ma, J.; Zhang, C. L.; Xu, Q. Y.; Lee, I. S.;
Li, H. D.; Spector, M.; Cui, F. Z. Tissue Eng. 2005, 11, 513–525.
doi:10.1089/ten.2005.11.513
62. Ma, L.; Gao, C.; Mao, Z.; Zhou, J.; Shen, J.
J. Biomed. Mater. Res., Part A 2004, 71, 334–342.
doi:10.1002/jbm.a.30170
63. Liu, S.; Xie, R.; Cai, J.; Wang, L.; Shi, X.; Ren, L.; Wang, Y. RSC Adv.
2015, 5, 46088–46094. doi:10.1039/c5ra07036h

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.
The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)
The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.10.249

2593

