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1. Introduction 

 

The unique properties of hydrogels are based on a three-

dimensional hydrophilic polymer network that swells but does 

not dissolve in aqueous medium due to the presence of chemical 

and/or physical cross-links
1
. Their large water-absorbing 

capacity, tissue-like soft properties, low friction surfaces, 

viscoelastic character, permeability, their expected 

biocompatibility and biodegradability fulfil the requirements of 

numerous biomedical applications such as wound dressing, tissue 

engineering or targeted cancer therapy
2
.  

Responsive hydrogels as a class of polymer hydrogels have 

gained particular research interest. These hydrogels exhibit a 

predetermined response – e.g. gel to sol transition or volume 

change – to certain environmental triggers such as the change in 

pH, temperature, redox potential or electromagnetic fields
3
. 

Responsive hydrogels can be employed at various fields of 

targeted and controlled drug delivery and regenerative medicine. 

Considering implantable materials, in situ forming hydrogels 

have become particularly important in medical uses because they 

allow for convenient surgical operation and the drugs, genes or 

cells can be very effectively encapsulated in comparison with 

conventional gelation resulting in the reduction of costs
4
.  

Temperature and pH are the most appealing external stimuli 

in biomedical uses, but additional environmental parameters must 

                                                 
1
  Tanaka F. Classical theory of gelation. In: Tanaka F, editor. Polymer 

Physics. Cambridge, UK: Cambridge University Press; 2011. 
2
  Park K, Okano T. Biomedical Applications of Hydrogels Handbook. New 

York, USA: Springer Science+Business Media, LLC; 2010. 
3
  Roy D, Cambre JN, Sumerlin BS. Future perspectives and recent advances in 

stimuli-responsive materials. Prog. Polym. Sci.. 2010;35:278–301. 
4
  Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in Biology 

and Medicine: From Molecular Principles to Bionanotechnology. Advanced 

Materials. 2006;18(11):1345-1360. 
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be employed to increase selectivity of targeting
5
. Recently, redox 

potential has earned great interest and a number of redox-

responsive vehicles have been designed as bioreducible drug and 

gene delivery system
6
. The utilization of thiol-disulphide 

transformation in polymer networks has the largest biological 

relevance because of the key regulating role of the thiol-

containing glutathione tripeptide in redox processes in 

mammalian cells
7
. Basically, the concentration of reduced 

glutathione differs significantly in the extra- and intracellular 

compartments, and the concentration changes during the lifetime 

of the cell. Typically, the intracellular concentration is 

approximately 10 mM, while the concentration is approximately 

0.002 mM in the extracellular compartments. The resultant redox 

gradient is the basis for several applications of redox-responsive 

delivery vehicles
8
. 

Several natural (chitosan, hyaluronic acid, cellulose, gelatine, 

collagen) and synthetic polymers (poly(acrylic acid)s) are used 

for the preparation of responsive polymer hydrogels. 

Nevertheless, using a synthetic polymer which is biocompatible 

and biodegradable has indisputable advantages over the earlier 

mentioned polymers. Poly(aspartic acid) (PASP) fulfils all the 

requirements
9
. PASP is considered biocompatible because it is 

synthesized of a natural amino acid, aspartic acid and proved to 

be biodegradable with a degradation rate depending on the 

                                                 
5
 Pasparakis G, Vamvakaki M. Multiresponsive polymers: nano-sized 

assemblies, stimuli-sensitive gels and smart surfaces. Polym. Chem. 

2011;2:1234–1248. 
6
 Meng FH, Hennink WE, Zhong Z. Reduction-sensitive polymers and 

bioconjugates for biomedical applications. Biomaterials. 2009;30:2180-2198. 
7
 Schafer FQ, Buettner GR. Redox environment of the cell as viewed through 

the redox state of the glutathione disulfide/glutathione couple. Free Rad. 

Biol. Med. 2001;30:1191–1212. 
8
 Kim T-i, Kim SW. Bioreducible polymers for gene delivery. React. Funct. 

Pol. 2011;71:344–349. 
9
 Joentgen W, Müller N, Mitschker A, Schmidt H. Polyaspartic Acids.  

Biopolymers Online: Wiley-VCH Verlag GmbH & Co. KGaA; 2005. 
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concentration and type of its side groups
10,11

. The precursor 

anhydride of PASP, polysuccinimide (PSI) can be easily reacted 

with primary amines even without any catalyst and PSI 

derivatives can be easily hydrolysed to the corresponding PASP 

polymers
12

. 

Our research activity focuses on PASP hydrogels for 

biomedical uses. A few papers already reported the synthesis of 

thiolated PASP through carbodiimide mediated reactions
13

. 

Nevertheless, the synthetic method chosen are expensive and 

require the large excess of the carbodiimide mediator. 

Furthermore, thiol groups were only used to stabilize the structure 

of the gels, thus the precise control of thiol content and the redox 

state of the thiol groups was not in the focus of the other groups. 

The synthesis of reducible PASP hydrogels was reported earlier, 

but reversible redox process was not performed inside the gel
14

. 

The aim of this work was to design redox-responsive PASP 

networks with reversible response to external redox stimulus for 

future medical uses. A particular emphasis was devoted to 

synthesize PASP derivatives with redox-induced sol-gel 

transition and PASP hydrogels with reversible response in their 

degree of swelling. The chemical structure of the chemically 

                                                 
10

 Roweton S, Huang SJ, Swift G. Poly(aspartic acid): Synthesis, 

biodegradation, and current applications. J. Environ. Polym. Degr. 

1997;5(3):175-181. 
11

 Lu Y, Chau M, Boyle AJ, Liu P, Niehoff A, Weinrich D, Reilly RM, Winnik 

MA. Effect of Pendant Group Structure on the Hydrolytic Stability of 

Polyaspartamide Polymers under Physiological Conditions. 

Biomacromolecules. 2012;13(5):1296-1306. 
12

 Gyenes T, Torma V, Gyarmati B, Zrínyi M. Synthesis and swelling 

properties of novel pH-sensitive poly(aspartic acid) gels. Acta Biomater. 

2008;4(3):733-744. 
13

 Shu S, Wang X, Zhang X, Zhang X, Wang Z, Li C. Disulfide cross-linked 

biodegradable polyelectrolyte nanoparticles for the oral delivery of protein 

drugs. New J. Chem. 2009;33(9):1882-1887. 
14

 Zrínyi M, Gyenes T, Juriga D, Kim JH. Volume change of double cross-

linked poly(aspartic acid) hydrogels induced by cleavage of one of the 

crosslinks. Acta Biomater. 2013;9(2):5122-5131. 
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cross-linked PASP hydrogels was analysed and we took the first 

steps to develop porous PASP hydrogels for applications in 

regenerative medicine. 

  

2. Materials and methods 

 

2.1.  Synthesis 

 

To prepare thiolated PASP, PSI was reacted with cysteamine 

hydrochloride in dimethyl formamide using dibutylamine as 

deprotonating agent in equimolar amount to cysteamine 

(Scheme 1). Thiol side chains of the cysteamine-modified 

polysuccinimides were oxidized into disulphide linkages by air. 

Water-swellable PASP hydrogels were prepared by the 

irreversible hydrolysis of the PSI gels at pH = 8. The hydrogels 

were reduced by dithiothreitol and the resultant thiolated PASP 

was purified by dialysis and lyophilisation. Cysteamine-modified 

polysuccinimide was cross-linked with 1,4-diaminobutane and 

hydrolysed to prepare PASP hydrogels with reversible response 

in the degree of swelling to redox stimulus. To prepare hydrogels 

with controlled morphology, PSI was cross-linked with 1,4-

diaminobutane in dimethyl sulfoxide significantly below the 

melting temperature of the solvent (-10 to -40 °C). 

 

2.2.  Characterization 

 

Nuclear magnetic resonance (NMR) experiments were used 

to identify and characterise polymers (Bruker Avance 300 

spectrometer, operating at 300 MHz). The thiol content of the 

polymers was determined by the derivatization of thiol groups 

with 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent). 

Absorption spectra were recorded using a UV-VIS 

spectrophotometer (Specord 200, Analytic Jena). N-acetyl-

cysteine was used for calibration. 
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The elastic modulus of the hydrogels was determined in 

uniaxial stress–strain measurements using cylindrical samples 

(Instron 5543 mechanical tester). The oxidation-induced gelation 

of thiolated polymers was followed by an oscillatory rheometer 

(Anton Paar Physica MCR 301) with cone-plate geometry 

(CP25-1). 

The morphology of PASP gels was characterized by 

scanning electron microscopy (SEM JEOL JSM 6380 LA, 

accelerating voltage 15 kV). The hydrogels were dropped into 

liquid nitrogen and freeze-dried prior to SEM imaging. Solid 

specimens were coated with gold. The permeability of the pore 

structure of PASP gels was tested by flow resistance model 

experiments.  
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Scheme 1 Synthesis of cysteamine-modified poly(aspartic acid) 
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The chemical structure of cross-linked PASP hydrogels was 

characterised by the measurement the conversion of cross-linker 

molecules. Unreacted cross-linker molecules were removed from 

the gels by washing with dimethyl sulfoxide. The concentration 

of pendant amine groups was determined by a colormiteric 

method using 2,4,6-trinitrobenzenesulfonic acid (TNBS). 

For drug release measurements, the dye molecule auramine 

was encapsulated into the hydrogel during gelation. The amount 

of released drug in the presence and in the absence of reducing 

agent was determined by UV-Vis spectroscopy.  

 

3. Results  

 

The synthesis of thiolated PASP was studied in the first stage 

of the research. The structure of the thiolated polymers was 

proven with NMR. Reversible thiol-disulphide transformation 

was demonstrated by the macroscopic sol-gel transition upon 

oxidation and reduction (Fig. 1).  

 

 
 

Fig. 1   Oxidation induced sol-gel transition of cysteamine 

modified PASP (left) in PBS resulting in bulk hydrogel 

(right). 
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Water-soluble model drug molecules were encapsulated into 

the hydrogels during oxidation-induced gelation of thiolated 

PASP. Only 20 % of the molecules were released in the absence 

of reducing agent over the whole time of measurement (Fig. 2). 

After a reductive stimulus a burst release occurred and practically 

the whole amount of the entrapped drug was released. These 

results proved that the redox environment controls the release 

profile of molecules from PASP hydrogels. 
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Fig. 2   Reduction-triggered release of model dye from disulphide 

cross-linked PASP hydrogels. 

 

 

The gelation process of thiolated PASP was characterised by 

oscillation rheology. Polymer concentration affects the gelation 

time and the final strength of the gels, but the concentration of 

oxidising agent affects only the gelation time in a well-defined 

concentration range (Fig. 3). Consequently, the aqueous solution 

of the polymer can be converted into a hydrogel with 
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predetermined strength in a controllable time interval which is 

useful in future application as injectable material. 
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Fig. 3   Gelation time (○) and storage modulus of the forming 

gels (■) as a function of concentration of the oxidizing 

agent.  

 

 

Redox-responsive PASP hydrogels showing reversible 

change in their degree of swelling upon redox stimuli was 

synthesized by cross-linking thiolated polysuccinimide with 

redox-inert diamine molecules. The change in the degree of 

swelling and the elastic modulus upon oxidation and reduction 

was reversible for several cycles. We proved by the quantitative 

determination of thiol groups that the thiol-disulphide 

transformation is responsible for the redox response and the 

cross-linking density is controlled by the oxidation and the 

reduction of functional groups. 
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The chemical structure of diamine cross-linked PASP 

hydrogels strongly affects the swelling behaviour of the gels, thus 

we developed a simple and reliable colorimetric method to 

determine the conversion of the cross-linker molecules during 

gelation. The conventional method based on the reaction of amine 

groups with TNBS could not be used for the analysis of polymer 

gels because of the hydrolysis of the reagent during analysis. We 

improved the accuracy of the method by replacing the solvent 

from water to dimethyl sulfoxide and the reaction mechanism 

was explored by NMR spectroscopy. Analytical performance of 

the developed method is satisfactory regarding linearity, accuracy 

and repeatability as well as the stability of the reagent in dimethyl 

sulfoxide is excellent. Results showed that practically each cross-

linker molecule reacts with the polymer chains, but the 

conversion of pendant amine groups to amide linkages strongly 

depends on the feed composition of the gels. 

 

 
 

Fig. 4 a) Morphology of macroporous PASP hydrogels; 

b) permeability of the macroporous and conventional 

PASP hydrogels 

 

 

Our research activity has been recently directed towards the 

development of porous matrices of PASP for further uses in 

regenerative medicine. We utilized solid-liquid phase separation 
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to prepare macroporous PASP hydrogels with an average pore 

size in the supermacroporous size range (5 to 200 µm) as shown 

in Fig. 4a. The size and shape of the pores could be controlled by 

the gelation temperature and cross-linking ratio of the gels. The 

interconnectivity of the pores was proven by large flow rate of 

aqueous buffer solution through the supermacroporous PASP 

hydrogels compared to the conventional PASP hydrogels 

prepared at room temperature (Fig. 4b). 

 

4. New scientific results 

 

1.  I developed a novel and simple synthetic method to produce 

thiolated poly(aspartic acid)s. I confirmed by analytical 

methods that the thiol content of the polymer can be 

controlled by feed composition. I reported the total NMR 

assignation of regular repeating units of this polymer for the 

first time [1,5]. 

2. I showed that thiolated poly(aspartic acid) can be oxidised to 

disulphide cross-linked hydrogel in aqueous medium and the 

sol-to-gel transition is reversible. I confirmed by Raman 

spectroscopy and Ellman’s assay that the gelation occurs due 

to the thiol-disulphide transformation between the side 

groups of the polymer. I am the first who prepared 

macroscopic poly(aspartic acid) hydrogels by in situ 

oxidation of an aqueous polymer solution [1,2]. 

3. The gelation time of the polymer solution and the storage 

modulus of the obtained hydrogels strongly depend on the 

composition of the precursor solution. I showed that gelation 

time can be controlled by the concentration of the oxidising 

agent without affecting the strength of the forming 

hydrogel [5]. 
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4.  I developed a redox-responsive poly(aspartic acid) hydrogel 

with significant change in the  degree of swelling and elastic 

modulus upon reduction and oxidation. I cross-linked 

thiolated poly(aspartic acid) with redox-inert, permanent 

cross-linker molecules to achieve the desired structure 

producing the first poly(amino acid) based gel in the 

literature which shows a reversible response to redox stimuli 

without dissolution of the gel [3]. 

5.  I determined the thiol content inside a permanently cross-

linked hydrogel for the first time, both in reduced and 

oxidized state. I determined the cross-linking density by 

fitting the modified Brannon-Peppas–Peppas model to 

experimental data of pH-dependent swelling of PASP 

hydrogels in reduced and oxidised state. Results of both 

methods confirmed that the cross-linking density can be 

controlled by the redox environment of the hydrogel [3]. 

6.  I developed a fast and accurate analytical method to 

determine the degree of chemical cross-linking in polymer 

gels. I showed that a negligible part of the cross-linker 

molecules remain unreacted in polysuccinimide gels cross-

linked with 1,4-diaminobutane and the conversion of pendant 

amine groups to amide linkages is large, but strongly 

depends on cross-linking ratio [4].  

7.  I was the first to synthesize chemically cross-linked 

macroporous poly(aspartic acid) gels. I pointed out that the 

shape and size of the pores strongly depends on the gelation 

temperature and cross-linking ratio and proved the 

interconnectivity of the pores [6]. 
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5. Application of the new scientific results in practice 

 

The stimuli sensitive properties, high water content and 

expected biocompatibility make disulphide cross-linked PASP 

hydrogels good candidates for human biological applications 

such as drug delivery systems and implants. In situ, oxidation-

induced gelation of thiolated PASP can be utilized in the 

development of injectable materials. The thiol groups of redox-

responsive PASP can interact with cysteine rich sites of mucosal 

membranes in the human body, which can be the basis for the 

good adhesion of the matrix and sustained release of encapsulated 

drugs from the gel. Consequently, the synthesized PASP 

polymers and hydrogels can be particulary useful in ophthalmic 

applications because short residence time in the eye and poor 

bioavailability can be overcome and therapeutic efficiency might 

be significantly improved by the developed polymers. 
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