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Chapter 1 

 

Introduction
1 

 

 Polymer hydrogels have been of exceptional interest in recent decades because 

of the immense number of their potential applications including biomedical uses, waste 

water treatment, separation of biomolecules or the development of culture media in 

agro-technological fields [1,2]. The unique structure of hydrogels is 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 and they contain a 

considerable amount of water (usually much above 90 % of their total weight). Their 

large water-absorbing capacity, tissue-like soft properties, low friction surfaces, 

viscoelastic character and permeability for influx and efflux of small-molecular 

compounds accompanied with biocompatible and, in several cases, biodegradable 

properties fulfil the requirements of numerous biomedical applications such as wound 

dressing, tissue engineering or targeted cancer therapy [3].  

 Responsive hydrogels as a class of polymer hydrogels have gained particular 

research interest. These hydrogels exhibit a predetermined response to the alteration of 

environmental parameters [4]. The response of the hydrogels can be very diverse such 

as gel-sol transition or significant change in the swelling of the hydrogel accompanied 

with the changes of mechanical, viscoelastic, optical and transport properties. 

Temperature and pH are the most appealing stimuli in biomedical uses [5]. Recently, 

variation in redox potential has earned great interest among external triggers and a 

number of redox-responsive vehicles have been designed recently as bioreducible drug 

and gene delivery system [6]. 

 The research activity of the Soft Matters Group concentrates on the 

development of responsive polymer hydrogels with potential applications in various 

biomedical and technical fields. A number of results have been obtained on acrylate 

based polymer gels with properties controlled by external magnetic or electric fields and 

temperature [7-9]. Our research interest widened in the last few years and considerable 

effort has been concentrated on the synthesis of responsive, chemically cross-linked 

poly(aspartic acid) (PASP) hydrogels [10]. The inherent pH-dependent properties of 

PASP and the chemical versatility of its precursor polymer, polysuccinimide, allow for 

an extremely wide range of future uses as therapeutic and diagnostic formulations and 

implants for regenerative medicine [11]. We have focused our attention on redox-

sensitive PASP hydrogels showing  a reversible response to external effects. A 

particular emphasis is placed on the chemical analysis and morphology of the polymers 

and cross-linked networks prepared during the work for a better understanding of the 

macroscopic response of the resultant hydrogels. This Thesis intends to provide general 

results on the design of chemically cross-linked, redox responsive poly(aspartic acid) 

derivatives and hydrogels and their properties are discussed keeping in mind future 

biomedical applications. 

                                                 
1This chapter is partly based on Gyarmati B, Némethy Á, Szilágyi A. Eur. Polym. J. 2013;49(6):1268-1286. 
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1.1. Gels 

1.1.1. Definition, classification and synthesis 

 Gels are three-dimensional networks made up of molecules, polymers, particles 

or colloids (micelles) which are connected by the interaction between functional or 

associative groups [1]. Gels can be classified by their continuous phase. Lyogels consist 

of liquid continuous phase and can be converted into xerogels by drying. Aerogels are 

usually prepared by the solid-phase association of particles, but lyogels dried 

supercritically are also considered as aerogels. Both xerogels and aerogels contain gas 

as continuous phase. Only lyogels are synthesized in the present study, which usually 

contain large amount of solvent, but show solid-like behaviour due to the presence of a 

physical or a chemical network. A particular attention is paid to hydrogels in bio-related 

applications [2,12-14]. Hydrogels are in the class of lyogels in which water or an 

aqueous solution is the continuous phase providing a good biocompatibility. Another 

classification of gels is based on their constitution. Although the gels consisting of 

micelles (e.g. association of soap molecules) or particles (e.g. any inorganic precipitate) 

is important in several applications and industries, their synthesis and properties lie 

outside the scope of this thesis. Each gel mentioned in the present work is chemically 

and/or physically cross-linked macromolecular network. 

 Both chemical and physical interactions might contribute to the permanent 

structure of a polymer gel [1]. The advantage of a physically cross-linked network is 

that the use of cross-linking agents can be avoided [15]. These agents can affect the 

supramolecular structure and activity of any entrapped molecule (e.g. protein) or might 

be toxic, thus must be removed after synthesis. The most important physical interactions 

utilized include hydrogen bonds, ionic and dipole interactions, complex formation, 

crystallisation, entanglement of long chains and self-assembly of amphiphilic block or 

graft polymers [1]. Supramolecular hydrogels are particularly useful as injectable 

materials because they can be easily prepared and their mechanical properties are 

usually sufficient for biomedical applications due to the specific interactions e.g. 

inclusion complexes of β-cyclodextrins or stereocomplexation [16]. However, chemical 

bonds must be often introduced into the polymer network to prevent dissolution of the 

gels and to achieve proper mechanical strength [15]. The controlled erosion of the 

hydrogels are also important in several cases, thus labile chemical bonds are frequently 

applied which are cleaved under well-defined physiological conditions  [15].  

 Chemically cross-linked polymer networks can be synthesized by two methods 

[12,15,17]. Radical polymerization or polycondensation of monomers results in a cross-

linked structure if the average functionality of monomers is larger than 2. 

Polymerization and cross-linking take place simultaneously in this case. However, there 

is a need to create hydrogels from naturally occurring polymers or from any water-

soluble polymer which is difficult to cross-link parallel to its polymerization. Hydrogels 

can be formed by cross-linking of complementary groups of polymer backbone and 

cross-linker molecules [12,15]. Some frequently used cross-linking reactions are the 

amide formation between amine and carboxylic groups, urethane formation between 

isocyanate and hydroxyl groups and Schiff base formation. Accordingly, di- and 

polyaldehydes, -amines, -carboxylic acids and -alcohols are generally used as cross-

linker molecules. 
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1.1.2.  Responsive polymer hydrogels 

 Responsive materials are able to respond to environmental stimuli with a well-

defined change at least in one of their physical properties [4,18,19]. The function of 

living systems is based on their inherent response to the changes of their biological 

environment, which inspired the development of a huge number of synthetic responsive 

materials at different length scales. We confine us to macroscopic responsive polymer 

gels and gellable polymers in this work, but responsive particles and surfaces also play 

an important role in a wide range of applications [5]. 

 

 

Fig. 1.1  Selective shrinkage of microgels cross-linked with bis-boronate complexes in 

the presence of glucose [20]  

 

 Thermoresponsive polymers are the most extensively studied and usually based 

on N-isopropylacrylamide (NIPA), hydroxypropyl acrylate or other acrylate derivatives 

[21,22]. For example, the aqueous solution of poly(N-isopropylacrylamide) (pNIPA) 

exhibits a phase transition temperature at around 32 °C resulting in the precipitation of 

the polymer upon heating and the shrinkage of the hydrogels comprising pNIPA above 

their lower critical solution temperature (LCST). The incorporation of weakly acidic or 

basic functional groups into the polymer network render pH-dependent properties to the 

hydrogel, e.g. the swelling behavior of poly(acrylic acid) or poly(metacrylic acid) 

hydrogels strongly depends on external pH [23]. Both temperature and pH have direct 

relevance in biomedical applications because targeted delivery of drugs can be triggered 

by the gradient of these physiological parameters inside the human body [16]. Building 

blocks of polymer hydrogels can be designed to respond several further stimuli e.g. 

light [24-26], electric [27] or magnetic field [28], chemical or biochemical stimuli 

[29,30]. Multiresponsive hydrogels that are sensitive to at least of two external stimuli 

are extremely useful in sensing, actuating and targeting since the selectivity of the 

response is drastically increased and the side effects of a biomedical therapy are 

decreased [5]. pH- and temperature sensitive, dual responsive devices are the most 

studied representatives of this area [16,31,32], but future challenges in medical areas 

can be answered by multiresponsive systems that are triggered also by bio-related 

stimuli, such as carbohydrate concentration (glucose-dependent insulin release) [20], 

increased enzyme levels [29] or altered redox conditions [26,27]. For a better 

understanding of the role of reponsive behavior in targeted release of drugs, we refer 



Chapter 1 

 

 

 

12 

 

here to the work of Ravaine et al. who developed a microgel with glucose-dependent 

swelling [20]. The shrinkage of the microgel was induced only by glucose while the 

presence of other saccahrides did not interfere because of the selective binding of 

glucose in its furanose form (Fig. 1.1). The prepared microgels are suitable to design 

glucose selective microvalves for controlled delivery of insulin.  

 

 

Fig. 1.2   a) Reversible sol-gel transition of temperature sensitive precursor polymer 

solution of PLGA-PEG-PLGA upon heating and cooling b) In situ gelation of 

the temperature sensitive PLGA-PEG-PLGA underneath the skin of a rat 

[33]  
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 In situ forming hydrogels has become a particularly important class of 

responsive hydrogels [34]. These hydrogels allow for convenient surgical operation and 

the drugs, genes or cells can be more effectively encapsulated in comparison with 

conventional gelation resulting in the reduction of costs [29,30]. For example, 

thermogelling poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid)-b-

poly(ethylene glycol) (PEG–PLGA–PEG) copolymers exhibit a reversible sol-gel 

transition (Fig. 1.2a) and a hydrogel forms after injection at body temperature 

(Fig. 1.2b) [33].  

 Since these hydrogels form from their precursor solution at the site of injection 

in the human body, the use of any toxic cross-linker molecule is avoided. Furthermore, 

it is desirable not to use any cross-linker molecule to ensure biocompatibility. 

Photopolimerisation is an attractive method to prepare hydrogels at the desired site of 

the body, but there is a limited range of starting materials and the available synthetic 

pathways is also limited by several requirements e.g. low light intensity, short 

irradiation time, physiological temperature and low organic solvent levels to protect the 

surrounding cells during gelation [24,25]. Enzymatic and redox induced gelation serve 

as good alternatives to photopolymerization, and the latter of which is described in 

detail in the present work in terms of gelation utilizing thiol-disulphide transformation. 

 

1.2.  Synthesis and characterization of redox-responsive polymers 

 and polymer gels 

 Variation of redox potential is an appealing external stimulus beside 

temperature and pH in biomedical applications [6,35]. There are numerous ways to 

render redox-responsive character to a specific polymer. A number of papers report the 

application of multivalent metal cations as redox-responsive moiety inside the polymer 

network [36-39]. However, these studies fall outside the scope of the Thesis. We 

discuss only the use of thiol-disulphide transformation in the polymer network to 

achieve redox-dependent properties due to its direct biological relevance [40]. 

 A large number of papers deal with bioreducible polymers and 

bioconjugates [6], but a significantly smaller number of studies discuss the synthesis of 

polymer networks with reversible cross-linking [39,41], which is in the focus of the 

Thesis. The formation of disulphide linkages can be utilised in chemical sol-gel 

transition, which allows for an effective and homogenous encapsulation of 

drugs [42,43]. Reversible thiol-disulphide transformation can be triggered to induce 

controllable changes in material properties (e.g., in the modulus of a hydrogel) in 

several cycles without the degradation of the matrix. This section highlights and 

emphasises the role of molecular structure in the determination of the macroscopic 

behaviour of hydrogels utilising thiol-disulphide transformation. 
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1.2.1.  Incorporation of disulphide bonds into polymer networks 

 A widely used method for the synthesis of reduction sensitive polymers is the 

building of disulphide linkages directly between the polymer chains [35]. Disulphide 

groups can be introduced into a polymer network during the radical polymerisation of 

the precursor monomers. Ravi et. al [44,45] synthesised acrylamide disulphide-

containing hydrogels by the free radical polymerisation of N,N’-bis-acryloylcystamine 

with acrylamide in aqueous ethanol (Fig. 1.3). The hydrogel was liquefied by the 

reducing agent dithiothreitol. The liquefied polymer was used as injectable material 

while in situ atmospheric oxidation caused the re-gelation of the polymer and proved 

the feasibility of its application as a gellable implant. The initial cross-linking step 

facilitated the removal of non-toxic monomers. The heat of polymerisation prohibits the 

application of a number of in situ forming networks in vivo because of the damage it 

causes to the surrounding tissues, but the heat of disulphide formation is significantly 

smaller enhancing the biocompatibility of the proposed polymer. 

 

 

Fig. 1.3   (A) Radical polymerization of acrylamide (AAm) and N,N’ 

bis(acryloylcystamine) (BAC) (B) Swelling, washing, and removal of 

unreacted AAm (black squares) and BAC (black circles); (C) Liquefaction 

using dithiothreitol (DTT); (D) Re-gelation using 3,3’-dithiodipropionic acid 

(DTDP) at pH 7 [44].  

 

 Hisano et al. [46] synthesised a similar redox-sensitive network by the co-

polymerisation of N,N’-bis-acryloylcystamine with acrylamide in water to obtain disul-

phide-containing poly(acrylamide). The aqueous solution of the polymer was liquefied 

by adding a strong reducing agent (dithiothreitol) and allowing it to be oxidised 

atmoshperically. Oxidation also proceeded in the presence of low-molecular-weight 

disulphides (e.g., cystamine, 2-hydroxyethyl disulphide, 3,3’-dithiodipropionic acid and 

glutathione disulphide). The authors demonstrated the reversibility of the process 

through the reliquefaction of the hydrogels by reducing agents (either glutathione or L-

cysteine).  

 The benefit of these synthetic methods was the easy removal of non-reacted 

monomers after the first cross-linking step, which reduced the cytotoxicity of the re-

gelled networks. This is an essential requirement for polymers produced from poten-

tially harmful precursor agents. Disulphide cross-linked polymers can also be synthe-

sised from natural polymers in the same manner; however, the modification of polymers 

with thiol groups is a more beneficial method as discussed in the following chapter. 
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1.2.2.  Synthesis of thiolated polymers 

 A general approach for introducing thiol groups onto polymer chains is demon-

strated here through the work of Bernkop-Schnürch et al. [47-50]. The principles of the 

synthetic route are shown in Scheme 1.1. The functional groups of the polycarboxylic 

acid are activated by a water-soluble carbodiimide, i.e. 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide at a controlled pH. In the second step, amide 

groups are formed between the repeating units of the polymer and an amine type, small-

molecular weight reagent, such as cysteine, to produce thiol-modified polyacid. 

Modified polymers are usually purified by dialysis and lyophilised. Gelatine and 

collagen are frequently used as precursors of thiolated polymers [42,43]. This synthetic 

strategy is generally useful for the preparation of any type of thiolated polymers, but it 

is inconvenient in the case of some polymers because of the poor conversion of 

carbodiimide mediated amide formation and a large excess of carbodiimide must be 

used which makes the synthesis expensive and the purification of the polymers by 

dialysis is time-consuming. 

CH3

N C N
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Scheme 1.1   Synthetic pathway for the covalent attachment of cysteine to 

polycarboxylic acids a) activation of the carboxal groups by 1-ethyl-3-(3-

dimethyl aminopropyl) carbodiimide b) amide formation between the 

amine group of L-cysteine and the activated carboxyl groups 

 

 Similarly to cysteine-containing polypeptides, thiol-modified polymers have a 

well-known ability to form intra- and intermolecular disulphide cross-links, which can 

be exploited at different levels of application. A cysteine-modified poly(acrylic acid) of 

high molecular weight could form disulphide cross-links, which improved the structural 

cohesiveness of the gel, while the remaining thiol groups in the network ensured 

exellent mucoadhesion [51]. The rheological characteristics of the hydrogel could be 
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controlled with the thiol content of the polymer backbone. In another application-

oriented work, a thiolated chitosan was synthesised by the same group to develop fast 

gelling material [52]. A high degree of thiolation was used; thus, the polymer could 

form a hydrogel within 30 minutes under physiological conditions. The mechanism of 

disulphide formation is discussed later in Chapter 1.2.4. 

 The huge advantage of the formation of disulphides from thiol groups over the 

direct incorporation of disulphide groups into the polymer chain is that the degree of 

thiolation can be precisely adjusted during synthesis (polymer concentration, thiol-to-

polymer molar ratio and pH), and the composition of the polymer can be determined 

quantitatively. Consequently, a polymer with a well-defined structure is converted into a 

gel, which increases the reproducibility of the gelation process. 

 

1.2.3.  Determination of thiol and disulphide content 

 Different analytical methods were developed to determine the concentration of 

thiol groups and/or disulphide linkages in polymers and polymer networks (Table 1.1). 

The sulphur content can be determined through the elemental analysis of the polymers 

[42]. However, the knowledge of the number of thiol groups or disulphide linkages is 

more important than the total number of sulphur atoms.  

 

Table 1.1  Commonly used reagents for the determination of thiol content. 

Reagent Solvent, pH Ref. 

5,5’-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) 
water, 

pH =7.5-8.5 
[53]  

ortho-phtal-dialdehyde 
water, 

pH = 7.5-10.5 
[54]  

monobromobimane  
water, 

pH = 8.0-8.5 
[54]  

N-(1-pyrenyl)maleimide acetonitrile [55]  

4,4’-dithiodipyridine  
water, 

pH = 2.5-7.0 
[56]  

diethylamino-3-(4′-maleimidophenyl)- 

4-methylcoumarin  

DMSO/water, 

pH = 7.4 
[57]  

  

Most papers focus on the determination of immobilised thiol groups [49]. 

Ellman’s assay is widely used because of its simplicity and reliable results [53]. 

Ellman’s reagent is converted into its reduced form in the presence of thiols and the 

concentration of the reduced, yellow form can be measured by UV-Vis spectrometry. 

However, a wide range of derivatisating agents is available for the determination of 
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thiol content, mostly in aqueous medium (Table 1.1). Most of these reagents are also 

used in high-performance liquid chromatography for pre-column and post-column 

derivatisation to analyse mixtures of thiols (e.g. endogenous compounds). The released 

products of reagents can be detected spectrophotometrically, but in the case of ortho-

phtal-dialdehyde, monobromobimane and N-(1-pyrenyl)maleimide or diethylamino-3-

(4′-maleimido phenyl)-4-methylcoumarin an increased selectivity can be achieved by 

using laser induced fluorescence [54].  

 When thiol groups are converted into disulphide linkages in the presence of an 

oxidising agent (chemical reagent or air), the decrease in thiol content can be 

continuously followed by Ellman’s assay [47]. Raman spectroscopy is also an effective 

method for detecting thiols and disulphides at the same time and no special sample 

preparation is needed prior to the measurement [44]. The decrease in the number of 

thiol groups is caused by the formation of intra- and intermolecular disulphide bonds.  

 Intermolecular disulphide linkages affect the viscoelastic properties of the 

thiolated polymers [58]. As the number of thiol groups decreases and these groups are 

converted into disulphides, the storage modulus increases significantly proving the 

intermolecular disulphide formation. The results of frequency-sweep measurements 

proved the disulphide formation among the polymer chains. Chemical and viscoelastic 

changes can be followed simultaneously, as shown in Fig. 1.4 [58]. Vlierberghe et al. 

[38] used rheometry to characterise the oxidation-induced increase in the storage 

modulus of thiolated gelatin. 

 
 

 

Fig. 1.4   Correlation between the increase of the storage G’ (○) and loss modulus 

G’’ (∆), and the decrease of free thiol groups (□) of chitosan-thioglycolic 

acid polymers at pH = 5.5. The increase in storage modulus is caused by 

disulphide formation [58]. 
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1.2.4.  Kinetics and reaction mechanism of thiol-disulphide transformation 

The kinetics of thiol-disulphide reactions is an essential issue during 

application. The gelation time of the injectable materials must be controlled from 

seconds to minutes. The reduction induced delivery of genes and proteins also demands 

knowledge of the factors that affect the rate of reduction.  

 The reduction of disulphides usually involves a thiol-disulphide exchange 

reaction because thiol-containing reducing agents are preferred in applications to mimic 

biological conditions (e.g., glutathione mediated drug delivery). A significant number of 

oxidation processes also involve thiol-disulphide exchange (e.g., using dithiopropionic 

acid as oxidising agent). The general reaction scheme is summarised by Eq. 1.1. 

 2 R-SH + R'-SS-R' R-SS-R + 2 R'-SH (1.1) 

The detailed reaction scheme is shown by Eq. 1.2. The key component in the 

exchange reaction is the deprotonated form of the thiol compound [59]. The 

concentration of thiolate anions is determined by the pH of the medium; therefore, the 

environmental pH plays a decisive role in the reaction rate of thiol-disulphide reactions. 

The pH-values under the pKa of the thiol impede the exchange reaction. 

 

R-SH + H2O R-S- + H3O+

R-S- + R'-SS-R' R-SS-R' + R'-S-

R-SS-R' + R-S- R-S-S-R + R'-S-

R'-S' + H3O+ R'-SH + H2O  

(1.2) 

 A number of reactive oxidising agents are generated in the different 

pathological states of cells, especially under oxidative stress [60]. Hydrogen peroxide, 

superoxide, hypochlorous acid and other oxyradicals are the most common species in 

human cells. Almost all these reagents can react only with the thiolate anion (except 

hypochlorous acid), therefore, disulphide formation is strongly affected by the pH under 

physiological conditions. The atmospheric oxidation of thiol groups also has a strong 

pH-dependence. The key step of oxidation is the formation of a thyil radical in a one-

electron transfer step [61] (Eq. 1.3).  

 

R-SH + H2O R-S- + H3O+

R-S- + .O2
. R-S. + O2

-

2 R-S. R-S-S-R  

(1.3) 
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In several cases, the mechanism involves a two electron transfer type step with 

the formation of sulphenic acid in the intermediate step [59]. The mechanism is 

determined by the oxidising agent, however, the pH-dependent character is observed in 

almost every case. Therefore, we discuss the effect of pH independently from the exact 

mechanism of disulphide formation. An excellent example of the influence of pH is 

reported by Bernkop-Schnürch et al. [47] for a cysteamine-conjugated polymer. 

Disulphide formation was practically inhibited in acidic medium, while the reaction rate 

increased at physiological pH (pH = 7.4). This phenomenon is especially important for 

the development of biomedical devices because in situ gelling and mucoadhesive 

characteristics must be optimal at the prevalent pH values of membranes in the oral 

cavities, in the gastrointestinal tract and in the vagina. 

 The type of oxidising agent also strongly affects the rate of disulphide 

formation. The control of gelation time was investigated in the work of Hisano et al. 

[46]. Atmospheric oxidation took 6 to 24 hours depending on the pH of the solution, 

while the application of chemical oxidising agents decreased the time of  gelation to 

seconds. Well-defined differences exist between various chemical oxidising agents as 

well. The gelation time was between 100 and 1000 s using 3,3’-dithiodipropionic acid, 

while the application of cystamine shortened the time of gelation to less than 10 s. We 

would like to emphasise that real biomedical applications or clinical trials usually 

involve oxygen or air as the oxidising agent instead of other potentially harmful 

chemicals. However, the rate of disulphide formation is unsatisfactory in several cases 

[57,62]. This drawback can be eliminitaed via Fenton-type reactions (i.e., the formation 

of hydroxyl and ferryl radicals from peroxides and iron(II) compounds or complexes) 

playing a crucial role in the physiological and pathological processes in biological sites. 

Goessl et al. [62] synthesised a thiol-modified, branched polyethylene glycol based 

polymer, and its reaction with oxygen was accelerated by the use of a Fenton-based 

catalyst.  

In addition to the thiol content, the rate of oxidation is determined by the 

concentration and molecular weight of the polymer. Thiolated chitosan of medium 

molecular weight (20 kDa) did not form a hydrogel, even with a high thiol content, but 

rapid gel formation occurred with a lower thiol content when the molecular weight was 

larger (300 kDa), as reported by Wua et al. [63]. Swelling and mechanical 

characteristics could be easily controlled and tuned to in vitro applications for protein 

delivery and cell encapsulation. 

 In conclusion, many methods exist to control disulphide formation. Material 

properties (molecular weight of the polymer and degree of thiolation) and reaction 

parameters (polymer concentration, pH, oxidising and reducing agents) can be at our 

service to adjust hydrogel characteristics depending on the proposed application. 
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1.3.  Application of thiolated polymers and disulphide cross-linked 

 hydrogels 

 Thiol-disulphide transformation is utilised in a number of synthetic strategies 

and is a key step in many biological reactions, such as protein folding or glutathione-

mediated redox processes [40]. Consequently, the redox-responsive behavior of 

hydrogels with their further benefits such as biocompatibility, controllable properties 

and high drug loading capacity can be exploited in various biomedical applications from 

regenerative medicine to the development of targeted drug delivery vehicles [6,64]. 

Redox-sensitivity can also contribute positively to the development of self-healing 

materials, as well as molecular and shape imprinting networks because thiol-disulphide 

transformation can be precisely controlled by the reaction conditions. These 

applications are not primarily related to biomedical uses thus we only refer here to some 

excellent papers in these topics [65-68]. 

1.3.1.  Injectable polymers with a sol-gel transition 

 Temperature and pH-gradients are utilised to induce sol-gel transitions in most 

cases [69,70]. Responsive polymers, which are sensitive to both triggers, can be 

particularly beneficial because clogging can be avoided, i.e. if the temperature elevates 

for any reason, it would not induce gelation. The exploitation of redox-sensitivity is 

mentioned only in a few papers [52,62], but redox-responsive behavior certainly have 

an emerging potential in the field. Several articles report the synthesis of chemically 

cross-linked hydrogels that can be chemically cross-linked and the formed hydrogels 

usually have advantageous mechanical properties over the physically cross-linked gels 

as discussed in Chapter 1.1.1. A general drawback of chemical cross-linking is that the 

cross-linking agent might be toxic prohibiting in vivo applications. A polymer network 

with chemical cross-links can be an ideal candidate only in those cases when the use of 

a small-molecular cross-linking agent can be avoided. Another particular requirement is 

that the heat of gelation should be sufficiently small so as not to damage the 

surrounding tissues or organs. Polymers with thiol moieties fulfil these requirements 

when an oxidising agent is applied to induce gelation [45]. 

 Anumolu et al. [71] developed a disulphide cross-linked hydrogel from an 8-

arm-poly(ethylene glycol) by oxidation with hydrogen-peroxide. The hydrogel could be 

reversibly dissolved in a reducing medium containing glutathione. The in situ gelling 

material was implanted to treat dermal wounds and the gel could be easily removed by 

reduction after the treatment. The in vivo wound healing efficacy was high in the case of 

doxycycline hydrogels compared to the nitrogen mustard-exposed, untreated skin and 

the skin treated with placebo hydrogels (Fig 1.5). 
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Fig 1.5   Histology of mouse skin a) 168 h post-exposure to nitrogen mustard caused 

extensive necrosis of the skin b) placebo hydrogels provided some protection 

c) a significant improvement in the skin was found in the case of post-

treatment with doxycycline-containing hydrogels [71].  

 

 An even more complex challenge is to design hydrogels for utilisation as 

artificial organs. Hisano and co-workers [46] prepared a reversible disulphide-

containing polyacrylamide hydrogel that impeded the aggregation of encapsulated islets 

and could be easily liquefied when there was a need for refilling the bioartificial 

pancreas. A relatively high concentration of polymer can be used, which prevents the 

permeation of immune components such as antibodies. Despite the lack of in vivo 

experiments, the hydrogel shows promise as a bioartificial pancreas in the future. 

 We can conclude that the controllable thiol-disulphide transformation has led, 

and surely will continue to lead, to a wide range of applications in injectable implants, 

cell growing media and tissue engineering.  

 

1.3.2.  Targeted drug and gene delivery 

 The role of glutathione is clear in the control of cell life through the folding of 

proteins [40]. Basically, the concentration of reduced glutathione differs significantly in 

the extra- and intracellular area, 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 [35]. The 

role of several other oxidising species (e.g., hydrogen peroxide, peroxynitrite and 

hypohalogenous acid) should also be considered [60]. However, the most abundant 

redox mediator, glutathione, is targeted for biomedical uses. Two representative 

examples are introduced here to demonstrate the utilization of redox-sensitive polymers 

in targeted drug delivery. 

 Wang et al. [72] synthesised chitosan-N-acetyl-L-cysteine nanoparticles to 

develop a nasal insulin delivery device. Nanoparticles were prepared via the ionic 

gelation of thiol-modified chitosan with tripolyphosphate; thus, cross-links did not form 

primarily by thiol-disulphide transformation. The main role of the incorporated thiol 
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groups was to improve mucoadhesion because the interaction was strongly improved by 

the thiol groups, and thiolation also enhanced the solubility of chitosan as well as the 

encapsulation efficacy of insulin. The mechanism of mucoadhesion is based on the 

formation of disulphide linkages between thiol groups of the polymer and the cysteine 

residues of the mucus layer. Mucoadhesion can sustain the delivery and increase the 

absorption of the drug. The results suggested that precise control over the concentration 

of thiol groups was needed to produce nanoparticles with good adhesive characteristics. 

In vivo experiments showed prolonged release of insulin, resulting in a significantly 

decreased blood glucose level in the rats, while orally administered insulin did not affect 

the glucose level. 

 Hahn et al. [73] prepared injectable hyaluronic acid microhydrogels for a 

controlled release formulation of erythropoietin (EPO), a red blood cell stimulating drug 

molecule. The microhydrogels were synthesised from thiolated hyaluronic acid by 

oxidation with sodium tetrathionate. Oxidation occurred in 30 minutes compared to the 

one day reaction time of air oxidation. In vitro measurements showed a burst release of 

EPO for 3 days and a sustained release for another 9 days. In vivo measurements in rats 

showed that the EPO formulation resulted in an elevated plasma concentration, and an 

efficient concentration of EPO could be maintained for up to 7 days. The drug molecule 

did not lose its biological activity, and the formulation did not show any adverse effects 

during the animal experiments. These results demonstrated that microhydrogels are 

promising injectable systems for the controlled administration of various drug 

molecules. 

 For further examples on targeted delivery based on disulphide groups, we 

recommend the work of Kim et al. [35] of bioreducible polymers. The application of 

redox-responsive polymer matrices has just begun to evolve and the benefits of 

degradable, easily cleavable and re-formable disulphide linkages will certainly be 

exploited to a greater extent in the future. 

 

1.4.  Poly(aspartic acid) hydrogels 

 Several natural polymers, e.g. chitosan, hyaluronic acid, cellulose, gelatine and 

collagen as well as synthetic polymers including poly(acrylic acid) are used for the 

preparation of responsive polymer hydrogels as described in previous sections. 

Nevertheless, using a synthetic polymer which is biocompatible and biodegradable has 

unquestionable advantages over the earlier mentioned polymers. Molecular weight and 

structure can be precisely controlled resulting in highly reproducible properties and 

environmental questions are also addressed because accumulation of the polymers can 

be avoided. 
 

 Poly(aspartic acid) (PASP) fulfil all these requirements [11,74,75]. PASP is 

usually prepared by the hydrolysis of its anhydride, polysuccinimide (PSI) [76]. PSI is 

synthesized by the acid-catalysed thermal polycondensation of aspartic acid [77]. In 

general, phosphoric acid is used as catalyst and the synthesis is conducted in a mixture 

of organic solvent with high boiling point or without solvent, under reduced 

pressure [76]. Both methods are cost-effective in comparison to other technologies such 
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as biotechnological production or polymerization of  N-carboxyl acid anhydride of 

aspartic acids resulting directly in PASP [76]. The molecular weight of PSI obtained in 

thermal polycondensation ranges from 10 to 70 kDa. 

  

Scheme 1.2   Synthetic pathways to prepare modified and/or cross-linked structures of 

poly(aspartic acid) a) carbodiimide mediated modification of 

poly(aspartic acid) b) modification of polysuccinimide (PSI) in a simple 

reaction under mild conditions and the hydrolysis of PSI to the 

corresponding poly(aspartic acid) derivative 
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PASP is considered biocompatible because it is synthesized of a natural amino 

acid, aspartic acid (Scheme 1.2) and proved to be biodegradable with a degradation rate 

depending on the concentration and type of its side groups [74,78,79]. PASP can be 

modified through carbodiimide mediated amide formation [80], but this pathway needs 

the large excess of the mediating agent, the conversion of amide formation is not always 

satisfactory and involves time-consuming purification steps (dialysis and 

lyophylisation). The precursor anhydride of PASP, PSI can be reacted with primary 

amines even without any catalyst to prepare poly(succinimide-stat-aspartamide) 

polymers, under mild reaction conditions [81]. PSI derivatives can be easily hydrolysed 

to the corresponding PASP [10,81]. The possible synthetic strategies are summarized in 

Scheme 1.2. The reaction between nucleophilic reagents (hydroxyl or amine groups) 

and succinmide rings may results in two types of repeating units depending on the 

number of bonds between two adjacent amide groups on the main chain, namely - and 

-units as represented in Scheme 1.2. The molar ratio of - to -units is reproducible 

and determined by the nucleophilic reagent [11].  

The addition of monoamines onto PSI results in a copolymer of succinimide 

and aspartamide repeating units showing amphiphilic properties, e.g. hexylamine 

modified polysuccinimide form stable micelles in aqueous medium [82]. The 

hydrophobic-hydrophilic balance of the polymer can be adjusted by the type and 

concentration of aspartamide units. Reaction of polysuccinimide with a mixture of 5-

aminopentanol and 6-aminohexanol produces temperature sensitive polymers with a 

phase transition temperature between 12 and 45 °C [83]. Considering the 

biodegradability of PASP, these polymers are good alternatives to non-degradable acryl 

based polymers. Similarly to pNIPAM, temperature sensitive PASPs are promising 

materials of responsive hydrogels. For example, the attachment of N,N-

diisopropylaminoethyl and hydroxyethyl pendent groups onto PSI results in temperature 

sensitive polymers which can be cross-linked through the hydroxyl groups by 

diisocyanates [84]. The resultant hydrogels exhibit a temperature responsive degree of 

swelling and the hydrophobic character of the polymer, thus the phase transition 

temperature can be controlled by the composition and by the pH because of the presence 

of tertiary amine groups in the side groups. 

The reaction of PSI and nucleophilic reagents bearing two or more amine 

groups results in cross-linked structures which are swellable in DMSO or DMF and can 

be hydrolysed into PASP gels. The polyelectrolyte nature of PASP renders pH-

dependent swelling character to PASP based hydrogels [10,85]. The pH-dependent 

character is based on the dissociation of aspartic acid repeating units in aqueous 

medium. At acidic pH values, repeating units are protonated. Around the pKa values of 

the repeating units (pKa = 3.3 and 4.2 for  and -linkages, due to the dissimilar local 

chemical environment of carboxyl groups) the concentration of deprotonated units 

gradually increases resulting in the larger solubility of the main chain which is 

expressed in the increased volume of the hydrogel. The model for thermodynamic 

interpretation of the pH-dependent swelling is developed earlier in our group [10] based 

on the model of Peppas and Brannon-Peppas [85].  
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The condition of the equilibrium between the hydrogel and its swelling 

solution is the equality of chemical potential of water in the solution (µ1,s) and the gel 

(µ1,g): 

 1,s 1,g
μ = Δμ

 
(1.4) 

The change of chemical potential of water in the gel is the sum of 3 terms: 

 1,g 1,mix 1,el 1,ionΔμ = Δμ + Δμ + Δμ
 

(1.5) 

The first term on the right side corresponds to the mixing of the polymer with the 

solvent, according to the Flory–Huggins-theory. The second one is the elastic term 

described by the Flory–Rehner-theory. The third term refers to the polyelectrolyte 

nature of the gel and describes the osmotic effect of ions inside the gels (µ1,ion = 0 for 

neutral gels). Thus, µ1,ion strongly depends on the degree of ionization determined by 

the external pH, and the dissociation also affects the ionic strength of the solution, thus 

µ1,s is also pH-dependent. Taking into account Eq. 1.4-1.5. without the detailed 

discussion of the deduction, the pH-dependence of degree of swelling is described by 

Eq. 1.6: 

 
 

2 2

1 2 2 2 s s

2 * -2/3 -1/3

2 2 2 1 0 2 2

V iρ / M Q + 4c - 2c  = 

        = ln (1 - 1/Q ) + 1/Q  + χ/Q  + ν V (Aq Q  - B/Q )

 
   

   (1.6) 

V1 is the molar volume of the solvent, i is the degree of ionization of PASP and 

can be calculated from the pH and the pka values of PASP, M2 is the molar weight of 

repeating units in the polymer, 2 is the density of the dried polymer, cs is the salt 

concentration in the surrounding solution, Q2 is the volume degree of swelling of the 

gel, A and B are the model parameters of Flory–Rehner-theory (1 and 0.5, respectively), 

q0 is the memory term (the degree of swelling of the gel in preparation state). 

Thermodynamic parameters,  and * can be determined by fitting the model to the 

measured pH-degree of swelling data pairs. The Flory-Huggins interaction parameter,  

characterises the interaction between the network and the solvent, while the cross-

linking density, * is the number of net points in a unit volume of dried gel. The 

modified Peppas–Brannon-Peppas [10] can be used to estimate cross-linking density 

from the measurement of degree of swelling as a function of pH, thus the cleavage or 

formation of cross-links can be proven from pH-dependence of swelling. 

Beside temperature and pH-responsive PASP derivatives, only a few papers 

report the synthesis of redox-sensitive PASP matrices. Reaction of PSI with cystamine 

produces reduction sensitive, disulphide cross-linked PASP hydrogels [86]. If redox-

inert, permanent cross-linker molecules are used simultaneously, then the obtained 

hydrogels show a reduction sensitive degree of swelling because of the cleavage of 

disulphide linkages upon reduction. The reversibility of the redox process is not 

reported in the cited paper. Thiolated PASP polymers are also reported in the literature 

and used to stabilize nanogels by the formation of disulphide linkages upon oxidation 

[87,88]. 
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1.5  Scope 

 As it was discussed earlier, interest towards responsive hydrogels is 

considerable and a gradually increasing number of papers deal with redox-responsive 

matrices. Many attempts have been made to immobolize thiol groups onto naturally 

occuring polymers and to incorporate disulphide linkages during the radical 

polymerization of synthetic materials. Nonetheless, synthetic polymers with expected 

biocompatibility and biodegradability have been utilised only to a small extent in this 

field. In this Thesis, we focus our attention on chemically cross-linked poly(aspartic 

acid) (PASP) gels. The general experimental methods and parameters are described in 

Chapter 2, while specific methods are summarized at the beginning of each further 

chapter.  

The aim of our research activity is to synthese and characterize of redox-

responsive PASP gels for biomedical uses. A few papers already reported the synthesis 

of thiolated PASP through carbodiimide mediated reactions. Nonetheless, 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 goal of this work was to design thiolated poly(aspartic 

acid)s that form macroscopic hydrogels upon external redox stimuli and the resultant 

hydrogels possess proper chemical and mechanical stability. The future application of 

such a hydrogel is an injectable material with predetemined response to different redox 

environment at various points of human body. The latter requirement also includes the 

need for the reversibility of the response, meaning that thiol groups must be able to 

transform into disulphide linkages and vice versa, at least for several cycles. The 

synthetic strategy to reach this goal is reported in Chapter 3 and it is accompanied by 

the analysis of the chemical structure of the polymer. Preliminary results of rheological 

measurements are also included in this chapter, focusing on the reversibility of the sol-

gel transition. Future application as redox-triggered drug delivery vehicle is 

demonstrated by an in vitro drug release experiment.  

Chapter 4 is closely connected to the previous chapter. Results reported here 

focus on the future application of thiolated PASP as injectable and gellable material. 

Detailed NMR analysis of thiolated PASP is discussed to identify the structural units of 

the polymer. The stability of thiol groups upon storage is determined to support the 

application. The effect of composition on gelation time and strength of the forming gels 

is determined to select optimal composition for the proposed application.  

The knowledge gained in Chapters 3 and 4 is utilised in the synthesis of redox-

responsive PASP gels with controllable degree of swelling to external redox stimuls. 

Contrary to the previous chapters, the hydrogels reported in Chapter 5 do not exhibit a 

sol-gel transition, but respond to the presence of reducing or oxidizing environment 

with a reversible change of degree of swelling, elastic modulus and related properties 

while maintaining the gel state. The reversibility of the response is a basic requirement 

in targeted drug delivery, because the hydrogels must be able to contract and stop the 

release of the drug in healthy cells. This type of hydrogel is synthesized by the 

simultaneous application of redox-cleavable and redox-inert (permanent) cross-linkers. 

The same method was applied in several bioreducible matrices, but only one-way 
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response was achieved. Consequently, the goal of this chapter is to introduce 

permanently cross-linked PASP gels with reversible redox-response. 

The development of permanently cross-linked PASP gels raised new questions 

regarding the conversion of the cross-linking reaction and thus, the reproducibility of 

the gelation process. Chemical cross-links basically determines the swelling behaviour 

and the mechanical strength of the hydrogels. Albeit a potentiometric method was 

reported earlier for the characterisation of chemically cross-linked PASP gels, we aimed 

to develop a faster and colorimetric method to determine the degree of cross-linking. 

The basic concept of the analysis is reported in Chapter 6 and a considerable research 

was done to increase accuracy. This work led to several questions on the mechanism of 

the colouring reaction during the analysis which was explored by NMR and served with 

general findings on this colorimetric method. 

Morphology has a particular effect on the swelling character and on the speed 

of response of the hydrogels. Supermacroporous hydrogels with an average pore size 

between 5 and 200 µm, preferably with an interconnected pore structure have an 

immense number of applications in regenerative medicine. The goal of the work 

presented in Chapter 7 was to design chemically cross-linked PASP hydrogels with 

controllable morphology and determine the correlation between the morphology and 

macroscopic properties. This part of the research work might seem to relate only loosely 

to the main idea of the Thesis. However, we must emphasize that the reason for using 

only redox-inert cross-linkers during this subproject was to simplify the chemistry of 

the gelation and gain some knowledge on the mechanism of the formation of porous 

structure. Several experiments were done to prove that the porous PASP hydrogels can 

be utilized as scaffolding material.  

In the final chapter of the Thesis, in Chapter 8, we briefly summarise the main 

results obtained during the work and list the thesis points of the work. The large number 

of experimental results obtained in the research supplied useful information and led to 

several conclusions, which can be used during further research and during the 

development of biomedical devices from the synthesized polymers.  
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Chapter 2 

 

Experimental part
 

 

 Synthetic methods and experimental parameters used throughout the entire 

Thesis are summarized in the present chapter. Specific experiments and parameters are 

described in the corresponding chapters. 

 

2.1.  Preparation 

2.1.1.  Materials 

Deuterium oxide (D2O, 99.9 % D, contains 0.05 wt. % 3-(trimethylsilyl)-

propionic-2,2,3,3-d4 acid, sodium salt as internal standard), 1,4-diaminobutane (DAB, 

99%), dimethyl sulfoxide-d6 (DMSO-d6, 99.9 % D, contains 0.03 % (v/v) 

tetramethylsilane as internal standard), Ellman’s reagent [5,5'-dithiobis(2-nitrobenzoic 

acid)] (98%), imidazole (puriss p.a.) and 2,4,6-trinitrobenzenesulfonic acid 

(picrylsulfonic acid, TNBS, 1 M aqueous solution, analytical reagent) were acquired 

from Sigma-Aldrich. L-aspartic acid (99%), cysteamine hydrochloride (97%), 

cystamine dihydrochloride (98%), dibutylamine (DBA, 99%), dimetyl sulfoxide 

(DMSO, analytical grade), dithiothreitol (DTT, for biochem.), glutardialdehyde (GDA, 

25 wt% solution in water for synthesis), mesitylene (for synthesis), methanol (MeOH, 

99.9%), polyvinyl alcohol (PVA, Mw = 60 kDa, fully hydrolysed, 98%),  potassium 

chloride (KCl, 99.5%), sodium bromate (NaBrO3, 99%) and sodium tetraborate 

decahydrate (a. r.), sulfolane (for synthesis) were purchased from Merck. Phosphoric 

acid (H3PO4, cc. 85%), hydrochloric acid (HCl, 35%) and dimethylformamide (DMF, 

pure) were purchased from Lach Ner. Citric acid monohydrate (99%) and sodium 

hydroxide (NaOH, a. r.) were obtained from Reanal (Hungary). De-ionised water (Milli-

Q reagent grade,  > 18.2 Ωm, Millipore, USA) was used for the preparation of aqueous 

solutions. All reagents and solvents were used without further purification. Synthesis 

and all the measurements were performed at 25 °C unless otherwise indicated. 

The aqueous buffer solutions were prepared of citric acid (c = 0.033 M, pH = 2 

to 6), imidazole (c = 0.1 M, pH = 6 to 8) and sodium tetraborate (c = 0.025 M, pH = 8 to 

12). The pH values were adjusted by adding 1 M HCl or 1 M NaOH. Ionic strength of 

the solutions was adjusted by the addition of KCl and ionic strength was 0.15 M unless 

otherwise indicated. The pH of the buffer solutions was checked with a pH/ion analyser 

(Radelkis OP-271/1, Hungary). 
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2.1.2.  Synthesis of polysuccinimide 

Polysuccinimide (PSI) was synthesized by thermal polycondensation of 

aspartic acid in a mixture of mesitylene and sulfolane at 160 °C (7 hours) according to 

the scheme in Scheme 2.1. The reaction was catalysed by 16 mol% phosphoric acid. PSI 

was purified by precipitation with DMSO-MeOH and dried in vacuum at 25 °C. Its 

chemical structure was confirmed by 
1
H NMR (300 MHz, DMSO-d6, δ): 5.10 (d, 1H, 

CH); 3.20 and 2.75 (s,s, 2H, CH2).  

 

 

Scheme 2.1   Synthesis of polysuccinimide and its hydrolysis to poly(aspartic acid) 

 

PSI was dissolved in pH = 9 buffer solution in a final concentration of 10 wt%. 

Dissolution was complete after 24 h and a solution of poly(aspartic acid) was obtained 

(Scheme 2.1). The latter solution was exhaustively dialysed against de-ionised water 

(cut-off Mw = 12-14 kDa)  and lyophylised. The average molecular weight of the 

resultant PASP was determined with HPLC size exclusion chromatography. Nucleogel 

GFC-300 column was used (molecular weight range of 1–100 kDa) with PBS eluent. 

Average molecular weight of PASP was Mw = 56.1 kDa, PDI = 1.07. 

 

2.2.  Characterisation 

2.2.1.  Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) experiments were used to identify and 

characterise polymers. Water-soluble polymers were dissolved in D2O, water-insoluble 

polymers were dissolved in DMSO-d6 in a concentration of approx. 2 wt% prior to the 

measurements.  

All spectra were recorded on a Bruker Avance 300 spectrometer (USA) 

operating at 300 MHz. 
1
H NMR spectra were recorded with 128 scans. 2D NMR 

technics were utilised in Chapter 4 and Chapter 6 for detailed analysis. DEPT 

(Distortionless Enhancement by Polarisation Transfer) spectrum was acquired with 

1024 scans. Homonuclear (
1
H-

1
H) COSY (Correlation Spectroscopy) spectrum was 

recorded with 16 scans, while heteronuclear (
1
H-

13
C) HSQC (Heteronuclear Single 
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Quantum Coherence) and HMBC (Heteronuclear Multiple-Bond Correlation) spectra 

were recorded with 64 scans. Evaluation of the spectra are detailed in the corresponsing 

chapters. 

 

2.2.2.  Measurement of degree of swelling 

The degree of swelling (Qm) was defined as the weight ratio of the swollen (ms) 

to the dried polymer gel (md) as shown by Eq. 2.1. 

 Qm=ms/md (2.1) 

Hydrogel pieces were immersed into the solution of a given composition and 

pH. The gel was kept there for at least 3 days and the solution was replaced with fresh 

solution of the same composition at least 3 times during the experiment.The gel was 

removed from the solution and the weight of the swollen polymer gel (ms) was 

measured after removal of the excess swelling solution from the surface of the gel with 

a filter paper. The weight of the dried polymer gel (md) was measured after removing 

the buffer components by washing the gels with de-ionised water several times and 

drying them for two days in vacuum at ambient temperature. 

The redox-sensitive degree of swelling was measured at constant pH (pH = 8) 

in the presence of the reducing agent dithiothreitol (DTT, c = 10 mM) or the oxidising 

agent sodium bromate (c = 10 mM). 

 

2.2.3.  Measurement of elastic modulus 

The elastic modulus of the hydrogels was determined in uniaxial stress–strain 

measurements using cylindrical samples (diameter and height of the samples were 

between  1.0 and 1.5 cm) (Instron 5543 mechanical tester, USA). The elastic modulus 

(G) was determined using the elasticity model of regular networks (Eq. 2. 2): 

 n = G (-
-2

) (2.2) 

where n represents the nominal stress and  is the relative deformation. 

Elastic modulus was calculated from the linear fit in the range of  = 0.9 to 1. 
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Chapter 3 

 

Redox- and pH-responsive cysteamine-modified 

poly(aspartic acid) showing a reversible sol–gel  

transition
1,2 

 

3.1.  Introduction 

 Recently, particular attention has been paid to multiresponsive polymers and 

hydrogels in order to achieve specific answers to environmental triggers and to 

approach the complex behaviour of living systems [1,2]. We focus on the exploitation 

of the changes in pH and redox potentials within the human body. pH-sensitivity can be 

achieved by application of polyionic polymers, while redox-sensitivity is designed by 

utilisation the thiol-disulphide transformation having direct biological relevance [3,4]. 

Two synthetic pathways may be employed to prepare thiolated polymers as 

discussed in the Introduction of the Thesis. Disulphide linkages can be directly 

incorporated into the polymer network and further reduced to thiol groups [5-7], but this 

method has serious drawbacks, such as slow and difficult removal of excess cross-

linkers, the large number of reaction steps (cross-linking reaction followed by washing 

steps and reduction) and the lack of precise control over thiol content on the polymer. 

These drawbacks might be overcome by the introduction of thiol groups onto the 

polymer chain [8-11]. However, this strategy usually involves a difficult reaction step 

that utilizes water-soluble carbodiimide to establish amide bonds between the repeating 

units of the polymer and the thiol precursor followed by dialysis and lyphyilisation of 

the polymers [12,13].  

The goal of the present work was to prepare thiol-modified polymers with 

reversible redox-response based on poly(aspartic acid) using a simple synthetic strategy. 

We designed thiolated poly(aspartic acid)s that are applicable to the formation of bulk 

hydrogels with improved mechanical stability via oxidation of the injectable solution. 

pH-sensitivity and reversible redox-induced sol-gel transition of the developed 

poly(aspartic acid)s are also demonstrated. 

 

3.2.  Experimental 

3.2.1.  Synthesis of cysteamine-modified poly(aspartic acid) 

 Polysuccinimide (PSI) was reacted with cysteamine hydrochloride in DMF 

using DBA as deprotonating agent in equimolar amount to cysteamine (Scheme 3.1, 

step 1). DBA activated the amine groups of cysteamine. Compositions of the prepared 

polymers are listed in Table 3.1. A typical procedure was as follows (sample code: B in 

                                                 
1Gyarmati B, Némethy Á, Szilágyi A. Eur. Polym. J. 2013;49(6):1268-1286 
2Gyarmati B, Vajna B, Némethy Á, László K, Szilágyi A. Macromol. Biosci. 2013;13(5):633-640. 
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Table 3.1): 0.485 g polysuccinimide (containing 5 mmol of succinimide repeating units) 

and 0.114 g cysteamine hydrochloride were dissolved in 9.272 g DMF under nitrogen 

atmosphere. Dibutylamine (170 µl, 0.129 g) was added dropwise to the solution. 

 

 

Scheme 3.1   Synthesis of cysteamine-modified polysuccinimide (PSI), disulphide cross-

linked PSI and disulphide cross-linked poly(aspartic acid) (PASP-SS). 
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Table 3.1  Feed composition of thiol modified polysuccinimides 

Sample 
cPSI

a
 

(wt%) 

XCYS,FEED
b
 

(%) 

 A  4.85  10 

 B  4.85  20 

 C  4.85  30 

 D  9.70  10 

 E  9.70  20 

 F  9.70  30 

 
a
cPSI: feed wt% of polysuccinimide in DMF; 

b
XCYS,FEED: feed ratio of 

cysteamine to succinimide repeating units during preparation. 

 

Thiol side chains of the cysteamine-modified polysuccinimides were oxidized 

into disulphide linkages by air (step 2). Thin (1.0 mm thick) disulphide cross-linked PSI 

gel films were cast. Water-swellable poly(aspartic acid) hydrogels (PASP-SS) were 

prepared by the irreversible hydrolysis of the PSI gels in an aqueous buffer solution of 

pH = 8 (step 3). PASP-SS gels were stored in PBS after hydrolysis. For chemical 

analysis, PASP-SH polymers obtained from PASP-SS hydrogels were purified by 

dialysis and lyophilization, but it should be emphasized that responsive features of the 

synthesized hydrogels can be exploited with no further purification step, thereby 

simplifying the preparation with respect to other thiol-grafted polymers. Unless 

otherwise noted, all further experiments were carried out in aqueous medium.  

 

3.2.2.  Characterisation of cysteamine-modified poly(aspartic acid)s by NMR  

Disulphide cross-linked PASP gels were dissolved in PBS (pH = 7.4) 

containing 10 mM of DTT as reducing agent. The dissolution was complete after 15 

minutes independently of the composition of the hydrogels. For further analysis the 

reduced cysteamine-modified poly(aspartic acid) was purified by dialysis (cut-off 

weight: 10 kDa) against Milli-Q water. Solid polymers were obtained after 

lyophilization. Keeping the polymer in the solid state and applying low temperature (-80 

°C) during lyophilization prevented the polymer from oxidation by air. 

The chemical structure was confirmed by 
1
H NMR. The evaluated 

1
H NMR 

signals were the following (500 MHz, D2O, δ): 4.95 (s, CH in succinimide rings); 4.68 

and 4.51 (s, CH in aspartic acid and cysteamine-modified succinimide rings); 3.38 (m, 

NH2CH2 in cysteamine side chains); 3.18 and 2.77 (s, s, CH2 in repeating units and 

CH2SH in side chains). The molar ratio of cysteamine side chains to the repeating units 

of PASP-SH (XCYS, NMR) was determined by quantitative 
1
H NMR. XCYS, NMR was 

calculated as the intensity ratio of methylene peaks of cysteamine side chains to the 

methylene peaks of the aspartic acid repeating units. 
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3.2.3.  Ellman’s assay of thiol-modified poly(aspartic acid)s 

Ellman’s assay [14] was used to determine the molar ratio of the thiol groups to 

the repeating units of PASP-SH (XSH). Calibration was obtained by measuring thiol 

concentration of cysteamine solutions of different concentrations. The experimental 

parameters were the following: 1800 µl of buffer solution (aqueous buffer solution at 

pH = 8: 0.1 M imidazole, 1 mM EDTA; nitrogen was bubbled through the solution to 

remove oxygen), 180 µl aqueous solution of cysteamine hydrochloride and 20 µl of 10 

mM aqueous solution of Ellman’s reagent were measured into a 2 ml Eppendorf tube. 

The tube was incubated at 37 °C for 15 min to complete the reaction. UV-spectra 

(Analytic Jena Specord 200 spectrophotometer, Germany) were recorded immediately 

after the reaction. The peak at 405 nm was used for further evaluation. (Equation of 

calibration curve: A = 1.161 CSH + 0.0447, R
2
 = 0.9988, n = 5). 

Purification of the thiol-modified poly(aspartic acid)s was carried out in the 

same manner as for NMR (see 3.2.2). Thiol concentrations in the polymer solutions 

were determined according to the same experimental procedure as for the calibration of 

Ellman’s assay. The thiol-modified poly(aspartic acid) concentration was about 6 mM. 

Assuming that the polymers contained only aspartic acid and thiol modified aspartic 

acid units, XSH was determined. 

 

3.2.4.  Raman spectroscopy 

Raman spectra were collected using a Horiba Jobin-Yvon LabRAM (France) 

system coupled to an external 633 nm He-Ne laser source in the spectral range 300-

3100 cm
-1

. Lyophilized polymer samples were measured in the solid state and hydrogels 

measured in the swollen state without further sample. The acquisition time was 20 s and 

the number of averaged spectra was 3 for each spectral window. Piecewise linear 

baseline correction was applied after acquisition using the same baseline points for each 

Raman spectrum. Spectra were normalized with respect to the peak of poly(aspartic 

acid) at 640 cm
-1

. 

 

3.2.5.  Oscillation rheometry 

All measurements were carried out with an oscillation rheometer (Anton Paar 

Physica MCR 301, Austria). Cone-plate geometry with a diameter of 25 mm was used 

(CP25-1). The sample gap was set to 0.049 mm. Oxidation-induced gelation was 

followed in time sweep mode with constant angular frequency ( = 10 s
-1

) and constant 

strain (1%) in the range of linear viscoelasticity. 100 µl polymer solution of sample E 

(10 wt% polymer in PBS) was mixed with 100 µl of oxidizing agent (1 M NaBrO3 in 

PBS). 80 µl of the solution was transferred onto the plate of the rheometer. Storage 

modulus was monitored as oxidation proceeded and finally, a cross-linked hydrogel was 

obtained between the plates of the rheometer. The gelation time was defined by the 

intersection of straight lines fitted to the increasing regime and the final plateau of the 

storage modulus. The hydrogel was re-dissolved with 0.020 g of solid DTT (reducing 

agent) to yield a polymer solution on the plate of the rheometer. A second oxidation 

step was carried out by the addition of 0.015 g of solid NaBrO3 to the polymer solution. 
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3.2.6.  Drug release measurements 

The model drug molecule auramine dye was loaded into the hydrogel and its 

release kinetics was studied to demonstrate the potential of the system in reduction 

induced drug delivery. The drug was dissolved in an aqueous solution of PASP-SH 

(sample E) (10 wt% polymer in PBS) at a concentration of 0.1 wt%. The drug-

containing polymer solution was oxidized into hydrogel by adding an aqueous solution 

of oxidizing agent (1 M NaBrO3 in PBS, volume ratio of polymer solution to bromate 

solution was 1 to 1). As the drug loaded gels were prepared by oxidation of the aqueous 

polymer solution in the presence of the dye we could avoid the difficult step of soaking 

the prepared gel in the concentrated solution of the drug. The amount of released drug 

was quantified by UV-Vis spectroscopy (Analytic Jena Specord 200, Germany). Since 

auramine and the reducing agent (dithiothreitol, DTT) have distinct absorption peaks in 

their UV-Vis spectra, they could be simultaneously quantified and there was no need to 

separate the released drug from DTT.  

Release kinetics was measured in PBS with DTT (1 mM) and without DTT to 

prove the redox-sensitivity of the prepared hydrogel. The rate of reduction was also 

monitored by UV Vis measurement of the oxidized form of DTT. 

 

3.3.  Results and Discussion 

3.3.1.  Characterization of cysteamine-modified polysuccinimides 

Cysteamine-modified polysuccinimides were converted in air into disulphide 

cross-linked polysuccinimides within 0.5 to 6 h, depending on their thiol content 

(Table 3.2). Cross-linked polysuccinimide gels could be dissolved into polymer 

solutions by the addition of the reducing agent (dithiothreitol) in a concentration of 1 

mM. Dissolution was complete within 15 min. The reduced polymer solutions could be 

re-gelled by the air within 4-6 hours. The process could be repeated several times in 

DMF, i.e., cysteamine-modified polysuccinimides displayed a reversible response to the 

redox environment. To the best of our knowledge, this is the first report in the literature 

of a modified polysuccinimide with reversible redox sensitivity.  

3.3.2.  Characterization of cysteamine-modified poly(aspartic acid)s 

Disulphide cross-linked poly(aspartic acid) hydrogels (PASP-SS) were yielded 

by the hydrolysis of cystamine cross-linked polysuccinimides. The swelling degree (Qm) 

of the prepared PASP-SS hydrogels in aqueous medium at pH = 8 showed a strong 

dependence on composition (Table 3.2). The swelling degree decreased with increasing 

initial polymer concentration and increasing modification ratio. After dissolution of 

PASP-SS hydrogels with DTT the molar ratio of thiol groups to aspartic acid repeating 

units in PASP-SH polymers determined by Ellman’s assay (XSH) and the molar ratio of 

cysteamine side-chains to the aspartic acid repeating units obtained from 
1
H NMR 

(XCYS, NMR) were in good agreement in each case. This proved that oxidation of thiols to 

disulphides could be avoided during lyophilization and the two independent methods 

were suitable for the characterization of the final composition of the polymer network. 

However, it should be noted that because the real degree of modification is significantly 
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smaller than the applied feed ratio, it is essential to determine the actual modification 

ratio of thiolated polymers. For further studies, we chose the sample E because 

hydrogels emanating from this polymer showed the highest mechanical stability in 

aqueous medium. Although the PSI gel with sample code F was prepared with the 

largest cysteamine and PSI content, it dissolved during the hydrolysis. This behaviour 

may be explained by the fast gelation in step 1 which hindered the modification reaction 

and led to a heterogeneous structure. It is confirmed by the large standard deviations of 

XCYS and XSH. 

 

Table 3.2  Gelation time of thiol modified polysuccinimide and properties of 

thiolated (PASP-SH) and disulphide cross-linked poly(aspartic acid) 

(PASP-SS) 

Sample 
tgel

a
 

(min) 

XSH
b
 

(%) 

XCYS,NMR
c
 

(%) 

Qm
d
 

(-) 

G
e
 

(kPa) 

 A  240  2.8  2.4  15 -
#
 

 B  150  3.0  2.6  12 -
#
 

 C  130  6.5  6.4  7 1.8 ± 0.1 

 D  53  2.9  2.6  9 -
#
 

 E  51  5.4  5.6  6 2.9 ± 0.2 

 F  25  2.0-3.5  1.5-3.5 dissolved -
#
 

 
a
tgel: gelation time of thiolated polysuccinimides by air in DMF; 

b
XSH: thiol-

grafting density of poly(aspartic acid)s from Ellman’s assay; 
c
XCYS,NMR: molar ratio of 

side groups to repeating units from quantitative 
1
H NMR; 

d
Qm: swelling degree of 

hydrogels in aqueous solution at pH = 8; 
e
G: elastic modulus of the re-gelled PASP-SS 

in water; 
#
not measurable 

 

3.3.3.  pH-dependent swelling of disulphide cross-linked poly(aspartic acid) gels 

Disulphide cross-linked poly(aspartic acid) hydrogels consist of polyelectrolyte 

networks with carboxylic acid groups in the repeating units. The pH-dependent swelling 

in aqueous medium of PASP-SS hydrogel (sample E) is illustrated in Fig. 3.1. The 

swelling degree exhibits a sudden increase at pH = 4.15. This value was determined 

from the 2nd derivative of the modified Peppas–Brannon-Peppas model [15]. At pH 

values larger than 4.15, the major part of the carboxylic groups are deprotonated, 

resulting in larger swelling degree. At acidic pH values, the repeating units are in their 

protonated form and, owing to the non-ionised PASP chains, the volume of the 

hydrogels decrease. This behaviour may be beneficial in pH-induced controlled drug 

delivery employing swelling-controlled release. 
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Fig. 3.1   pH-dependent degree of swelling of disulphide cross-linked PASP (PASP-SS) 

gels in aqueous medium (sample E); squares are measured data while 

continuous line is a model fit using the modified Peppas-Brannon-Peppas 

model. 

 

3.3.4.  Reversible redox-sensitivity of cysteamine modified poly(aspartic acid)s 

Disulphide cross-linked hydrogels (sample E) were dissolved in PBS by adding 

DTT at concentration 1 mM. Dissolution completed in 10 min. Re-gelation of the 

reduced PASP polymers (PASP-SH) was studied in PBS (pH = 7.4) using 1 M sodium 

bromate as oxidizing agent in a volume ratio 1:1 with respect to the reduced polymer 

solution (Fig. 3.2).  

Re-gelation of the polymers occurred for sufficiently large thiol concentrations 

of the polymer chains (Table 3.2). As shown in Fig. 3.2, the low viscosity polymer 

solution could be converted into a transparent bulk hydrogel by oxidation. The elasticity 

and mechanical stability of the hydrogels indicated the formation of a chemically cross-

linked structure. Elastic modulus of PASP-SS hydrogels yielded from sample C and 

sample E polymers could be determined (Table 3.2). 
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Fig. 3.2   a) Reaction scheme of reversible thiol-disulphide exchange in aqueous 

medium; b) Oxidation induced sol-gel transition of cysteamine modified 

poly(aspartic acid), sample E (left) in PBS resulting in bulk hydrogel (right). 

 

Redox-induced dissolution of PASP-SS hydrogels and re-gelation of aqueous 

PASP-SH polymer solutions were also monitored by Raman spectroscopy (Fig. 3.3). 

The disulphide peak, which corresponds to the oxidized state (PASP-SS) appeared at 

510 cm
-1

, and its intensity decreased in the reduced state (PASP-SH) while the thiol 

peak at 2573 cm
-1

 appeared only in the reduced state. The other characteristic thiol peak 

at 661 cm
-1

, which could also distinguish the redox states, partially overlapped a 

characteristic PASP peak at 640 cm
-1

. It could be concluded that the sol-gel transition of 

thiol/disulphide modified PASP networks was caused by redox reaction in aqueous 

media. 
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Fig. 3.3   a) Raman spectra of non-modified poly(aspartic acid) (PASP), cysteamine-

modified polyaspartic acid (reduced state, PASP-SH) and water-swollen 

disulphide cross-linked poly(aspartic acid) (oxidized state, PASP-SS); b) 

detailed spectra of reduced  and oxidized  state in the range 400-800 cm
-1

. 

Sample E was used for each measurement. 

 

Oxidation induced gelation was also observed by oscillation rheometry 

(Fig. 3.4). The storage modulus (G’) was measured as a function of time after adding 

oxidizing agent (1 M NaBrO3 in PBS) to the aqueous polymer solution of PASP-SH. 

The gelation time was calculated to be 120 ± 5 s. The hydrogel (PASP-SS) was 

dissolved into polymer solution via reduction by solid DTT. In the second oxidation 

step the gelation time was similar to that in the first case (110 ± 7 s), i.e., the sol-gel 

transition is reversible for at least two cycles. The results of Raman microscopy and 

rheological characterization confirmed the reversible redox response of the modified 

poly(aspartic acid)s in aqueous medium. 
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Fig. 3.4   Reversible redox-induced sol-gel transition of PASP-SH in PBS followed by 

oscillation rheometry (sample E). 

 

3.3.5. Reduction induced release of entrapped model drug 

Results of reduction-induced drug release experiments are shown in Fig. 3.5. In 

the first case release of model drug from PASP-SS hydrogels was examined without 

reducing agent. The observed release of the model drug was slow, with only 20 % of the 

molecules being released over the whole time of measurement. After a reductive 

stimulus – addition of DTT – a burst release occurred and the total amount of released 

dye was 5 times more than without DTT, practically the whole amount of the entrapped 

drug being released during the measurement time. Due to the sudden increase in 

swelling a large amount of the drug was released even before the  reduction-induced 

dissolution of the hydrogels was complete. These results proved that the redox 

environment controls the release profile. Further characteristics of release kinetics are 

still to be investigated in order to monitor the mechanism of drug delivery more 

precisely. 
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Fig. 3.5   Reduction-triggered release of model dye from PASP-SS hydrogels in PBS 

(sample E); drug release with and without reducing agent (dithiothreitol, 

DTT) and conversion of DTT a function of time. A large amount of the drug 

was released even before the complete reduction-induced dissolution of the 

hydrogels. 

 

3.4.  Conclusions 

 The synthesis of new cysteamine-modified polysuccinimide and poly(aspartic 

acid) polymers was reported in this chapter. Cysteamine-modified polysuccinimides 

shows reversible redox-response in organic medium (DMF), while cysteamine-modified 

poly(aspartic acid)s have multiresponsive character: reversible pH- and redox-

sensitivity in aqueous medium. The thiol-disulphide interconversion was confirmed by 

Raman spectroscopy while the macroscopic changes in the mechanical properties were 

monitored by rheometry. The stimuli sensitive properties along with the high water 

content and good mechanical stability make disulphide cross-linked PASP hydrogels 

good candidates for human biological applications such as drug delivery systems and 

implants, as well as for further applications in which in-situ gelation is beneficial. 

However, for further exploitation, gelation process must be studied. The detailed 

rheological characterisation is discussed in the following chapter.  
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Chapter 4 

 

In situ oxidation-induced gelation of poly(aspartic acid) 

thiomers
3 

 
 

4.1.  Introduction 

 The gelation of thiolated poly(aspartic acid)s, also referred to as PASP 

thiomers, was attributed to intermolecular disulphide formation between the pendant 

thiol groups [1]. The PASP thiomers have a considerable potential in injectable 

pharmaceutical applications for nasal, oral or vaginal drug delivery because the thiomer 

solution can be injected into the desired site while the prolonged residence time of the 

formulation is ensured by the formation of a cross-linked gel structure. The most 

important requirements for these injectable formulations are the following [2-5]: 1) the 

polymer and its solution must be free of any toxic compounds, 2) the precursor solution 

of the gel must be a flowable sol to provide easy administration, 3) the polymer must 

have sufficient stability upon storage prior to injection, 4) the gelation time must be 

long enough to mix the precursor solution and the oxidizing agent safely without 

clogging (e.g., in a two-chamber syringe), 5) the gel formation should be fast enough to 

ensure that the formulation remains at the desired site and 6) the formed hydrogel 

should display considerable mechanical strength. The thiol content of the polymer 

should not decrease significantly within 30 min after the dissolution in water to fulfil 

requirement 3. The gelation time must be in the range of 1 to 5 min to fulfil 

requirements 4 and 5. The storage modulus must be at least several hundred pascals 

after gelation to fulfil requirement 6.  

The goal of the present work is to prove the genuine potential of PASP 

thiomers in injectable formulations. The chemical structure of the water-soluble 

polymer is carefully investigated by NMR spectroscopy to confirm the presence of 

cysteamine side chains and exclude irregular moieties, which might affect the gelation 

time or gel strength. The chemical stability of the polymer solution is investigated under 

atmospheric conditions, and its rheological behaviour is analysed before and after the 

oxidation-induced gelation by oscillatory shear experiments. The effect of composition 

on gelation time and gel strength is discussed to find a suitable composition for the 

water-based PASP formulation for further application as an injectable material. 

                                                 
3Gyarmati B, Krisch E, Szilágyi A. Submitted. 
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4.2.  Experimental 

4.2.1.  Synthesis of PASP thiomers 

 PASP thiomers were synthesized by the modification of PSI with cysteamine 

hydrochloride in DMF using dibutylamine (DBA) as a deprotonating agent (Scheme 4.1 

and Table 4.1). A typical procedure was as follows (feed ratio of cysteamine to 

succinimide units, XCYS,FEED, of 20 %). First, 0.485 g of PSI (containing 5 mmol of 

succinimide repeating units) and 0.114 g (1 mmol) of cysteamine hydrochloride were 

dissolved in 9.143 g of DMF under a nitrogen atmosphere. Dibutylamine (340 µl, 0.258 

g, 2 mmol) was added dropwise to the solution. Solutions of thiolated PSIs were cast 

into sheets with a thickness of 1.0 mm and converted into disulphide cross-linked PSI 

gels by atmospheric oxidation. After 2 days of oxidation, the PSI gels were placed into a 

mildly alkaline buffer solution of pH = 8. Water-swollen transparent (PASP) gels were 

yielded after 3 days of hydrolysis. 

 

 

Scheme 4.1   Synthesis of cysteamine-modified polysuccinimide (PSI), disulphide cross-

linked PSI and disulphide cross-linked poly(aspartic acid) (PASP). 
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Table 4.1  Degree of modification and thiol content of the PASP thiomers 

Sample XCYS,FEED
a
 

(%) 

XCYS, NMR
b
 

(%) 

XSH+SS
c
 

(%) 

XSH
d

 

(%) 

XSH,ac
e
 

(%) 

A  5  2.4  2.3  1.2  2.2 

B  10  5.2  5.0  1.6  4.6 

C  20  17.1  16.4  4.1  13.4 

a
XCYS,FEED: feed molar ratio of cysteamine to succinimide units; 

b
XCYS, NMR: 

degree of modification determined by NMR; 
c
XSH+SS: sum of thiol and disulphide 

contents determined by Ellman’s assay; 
d
XSH: thiol content determined by Ellman’s 

assay (pH = 6 during dialysis); 
e
XSH,ac: thiol content determined by Ellman’s assay 

(pH = 4 during dialysis). 

 

PASP gels were dissolved by the addition of solid dithiothreitol (DTT) to 

prepare PASP thiomers. The molar ratio of DTT to thiol groups was 1:1. The 

dissolution of the gels was complete after 15 min. The reduced PASPs were dialysed 

(cut-off Mw = 12-14 kDa). The polymers were dialysed against either deionised water 

(pH  6) or a dilute solution of HCl (pH  4). The solid PASP thiomers were obtained 

by lyophilisation, and the polymers were stored at 8 °C for analysis and further use.  

 

4.2.2. Stability of thiol groups  

The thiol content of the polymers was determined by Ellman’s assay. First, 

20 µl of 10 mM Ellman’s solution was added to a reaction mixture of 180 µl of the 

sample solution (pH = 8, cthiomer = 0.05 w/v%) and 1800 µl of an aqueous buffer solution 

(pH = 8, containing 1 mM ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA) to avoid oxidation catalysed by traces of metal ions). The reaction was carried 

out at 37 °C for 20 min. Absorption spectra were recorded using a UV-VIS 

spectrophotometer (Specord 200, Analytic Jena, Germany). N-acetyl-cysteine was used 

as the standard for the calibration curve. The sum of the thiol and disulphide contents 

was determined by Ellman’s assay after the reduction of the thiomers by sodium 

borohydride (NaBH4). To this end, 100 µl of the polymer solution was diluted with 200 

µl of freshly prepared NaBH4 solution (10 w/v%, pH = 8), and the reaction mixture was 

incubated for 30 min. The excess of the reducing agent was decomposed by the addition 

of 500 µl of 1 M HCl to the solution, which was neutralized by 500 µl of 1 M NaOH 

after 30 min. The mixture was diluted to 2000 µl with pH = 8 buffer solution, and the 

thiol content was determined by Ellman’s assay as previously described. The chemical 

stability was characterized by the decrease in the thiol content of the polymer solutions 

exposed to atmospheric oxidation. The PASP thiomer (sample B) was dissolved in PBS 

(pH = 7.4) in different concentrations. Next, 20-µl samples were withdrawn at pre-

determined time intervals and diluted to 2000 µl, and the thiol content was determined 

by Ellman’s assay in the same way as described previously.  
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4.2.3 Rheology 

The PASP thiomers were dissolved in PBS, and the gelation was initiated by 

adding various amounts of 1 M aqueous solution of sodium bromate as a moderately 

strong oxidising agent. The precursor solutions of the hydrogels consisting of the PASP 

thiomer, PBS and sodium bromate were mixed on the plate of the rheometer. A total 

sample volume of 90 µl was used for each measurement. The delay time between the 

mixing of the solution and the start of the measurement was recorded. An oscillatory 

rheometer (Anton Paar Physica MCR 301, Austria) with cone-plate geometry (CP25-1) 

was used to follow the gelation. The sample gap was 0.049 mm, and the temperature 

was maintained at 25.0 ± 0.1 °C using the Peltier system included in the rheometer. All 

measurements were performed in the range of linear viscoelasticity (LVE) with a strain 

of 1% [1]. The mechanical spectra of the resulting hydrogels were recorded (ω = 1-100 

1/s) after 30 min of oxidation. The gelation time was also determined in Eppendorf 

tubes by visual observation. 

 

4.3. Results and Discussion 

4.3.1 Chemical characterization 

 

 

Scheme 4.2   Chemical structure of the PASP thiomers. 

 

The assumed structure of the PASP thiomers is presented in Scheme 4.2. The 

thiomers consist of aspartic acid, thiolated aspartamide and succinimide units. The 
1
H 

NMR peaks of the PASP thiomers can be divided into two distinct regions (Fig. 4.1). 

Chemical shifts in the range of 4.5 to 5.0 ppm are assigned to methyne hydrogens 

(nuclei 2, 9, 14, 19 and 22 in Scheme 2). The DEPT spectrum confirms the presence of 

methyne groups and the absence of methylene groups in this region (Fig. 4.2). The 

opening of the succinimide rings either by hydroxide ions to aspartic acid or by amines 

to aspartamide results in 2-2 linkages (α and β) in the main chain (Scheme 4.2) [6]. 

Consequently, four peaks corresponding to methyne groups might appear in the 
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1
H NMR spectrum, but these peaks could not be assigned due to the their partial 

overlap. The cross-peaks of methyne hydrogens (
1
H chemical shifts at 4.68 and 4.50 

ppm) and carbon atoms (
13

C nuclei 16 and 20) in the carboxylic groups in the HMBC 

spectrum (Fig. 4.3, 
13

C chemical shift at 177.0 ppm) prove the presence of α and β 

aspartic acid moieties. However, the same methyne hydrogens are coupled to the 
13

C 

nuclei of the amide groups (1, 4, 7, 10, 13 and 17) in the aspartamide units in HMBC 

(
13

C shift at 172.0 ppm). Consequently, the aspartamide and aspartic units cannot be 

analysed quantitatively using the integrals of the methyne peaks in 
1
H NMR. 

 
 

 

 

Fig. 4.1   
1
H NMR spectrum of PASP thiomers (sample B). 



Chapter 4 

 

 

 

56 

 

 

 

Fig. 4.2   
13

C DEPT spectrum of PASP thiomers (sample B). Substitution of the 

carbons atoms is indicated. 

 

 

Fig. 4.3   
1
H-

13
C heteronuclear HMBC spectrum of PASP thiomers (sample B). Cross-

peaks are shown between 
1
H and 

13
C nuclei with a distance of 2 or 3 bonds.
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Fig. 4.4   
1
H-

1
H homonuclear COSY spectrum of PASP thiomers (sample B). Cross-

peaks are indicated between 
1
H nuclei coupled by homonuclear through-

bond correlations. 

 

The assignment of methylene groups (chemical shifts between 2.5 and 3.5 ppm 

in 
1
H NMR confirmed by the DEPT spectrum, Fig. 4.2) is based on the COSY spectrum 

(Fig. 4.4). The 
1
H methyne peaks at 4.95 ppm (

1
H nucleus 22 in Scheme 4.2) are 

connected with the 
1
H methylene peaks at 3.18 and 2.80 ppm, which are also coupled to 

each other. These two nonequivalent, coupled hydrogens suggest the presence of 

succinimide rings (
1
H nuclei in position 23 in Scheme 4.2). The rest of the 1H methyne 

peaks (
1
H nuclei 2, 9, 14 and 19 with chemical shifts at 4.50 and 4.68 ppm) are only 

coupled to the 
1
H methylene peaks below 3 ppm. The results up to this point are 

consistent with the HMBC and HSQC spectra. According to the HSQC spectrum, 
13

C 

methyne peaks appear at 52 ppm, while 
13

C methylene peaks are observed at 36-38 ppm 

(Fig. 4.5). Cross-peaks in the HMBC spectrum between methylene hydrogens and 

adjacent methyne carbons and between methyne hydrogens and adjacent methylene 

carbons confirm this assumption (Fig. 4.3). 
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Fig. 4.5   
1
H-

13
C heteronuclear HSQC spectrum of PASP thiomers (sample B). Cross-

peaks are indicated between directly attached 
1
H and 

13
C nuclei. 

 

The incorporation of cysteamine into the polymer chain is indicated by the 

presence of additional peaks in the 1D and 2D spectra. A distinct 
1
H peak appears at 

3.38 ppm (Fig. 4.1), and 
1
H-

1
H coupling is observed in the COSY spectrum between 

peaks at 3.38 and 2.64 ppm, indicating the presence of two adjacent methylene groups 

(Fig. 4.4). The peak at 3.38 ppm is also coupled to the carbon atom of an amide residue 

(172 ppm) according to the HMBC spectrum (Fig. 4.3), proving the chemical 

connection of a side chain to the poly(aspartic acid) main chain. The observed signals 

clearly indicate that the moieties consisting of two methylene groups (
1
H nuclei 5, 6 and 

11, 12) are covalently attached to PASP. The methylene group next to the thiol group 

(
1
H nucleus 6 or 12 with a 

1
H shift at 2.64 ppm) is farthest from the polymer. The 

1
H 

and 
13

C peaks are summarized in Table 4.2. 
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Table 4.2  Peak assignment of the PASP thiomers (sample B) shown in Scheme 4.2 

based on 1D and 2D NMR spectra. 

Atom number 
1
H chem. shift 

(ppm) 

13
C chem. shift 

(ppm) 

22  4.95  53 

2, 9, 14, 19  4.68  53 

2, 9, 14, 19  4.50  53 

5, 11  3.38  43 

23  3.18  38 

23  2.80  38 

3, 8, 15, 18  2.77  38 

6, 12  2.64  24 

16, 20 -  177 

1, 4, 7, 10, 13, 17, 21 -  172 

24 -  177 

 

The integral ratio of the 
1
H methylene peaks of nuclei 3, 5, 8, 11, 15, 18, 23 

(chemical shifts between 2.40 and 3.25 ppm) to the peak of nuclei 6 and 12 (chemical 

shift of 3.38 ppm) were used to determine the molar ratio of cysteamine to the repeating 

units (also referred to as the degree of modification, XCYS, NMR). The amount of 

cysteamine side chains is in good agreement with the total amount of thiol and 

disulphide groups, confirming the absence of irregular structures in the thiomers. 

However, the thiol content is significantly lower than expected from the degree of 

modification if the thiomers are dialysed against water. In this case, a substantial 

proportion of the thiol groups can readily form disulphide linkages in aqueous medium 

in the presence of air during the time-consuming process of dialysis [7]. A moderately 

acidic pH (pH  4, HCl) was maintained during dialysis in further experiments to avoid 

oxidation during purification. As shown in Table 4.1, the formation of disulphides could 

be hindered, and increased thiol content was achieved. Consequently, the preparation 

and purification method can be applied for the synthesis of PASP thiomers with variable 

thiol content. The PASP thiomers prepared by dialysis against HCl were used for 

further experiments. 

 

4.3.2 Chemical stability 

PASP thiomers can be oxidized to disulphide cross-linked polymers in the 

presence of air in aqueous solutions of pH > 5 [7]. Disulphide formation can be slowed 

by storing the polymer in solid form at low temperature, and the polymer solution 

should only be prepared immediately before usage. However, the decrease of the thiol 

content in the polymer solution over time has a strong influence on its solubility and 

viscosity; thus, the stability of PASP thiomers is important at physiological pH. Sample 
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C was chosen for stability measurements because of its high thiol content (Table 4.1). 

The time-dependence of the thiol content was measured by Ellman’s assay. Thiol 

groups are partly deprotonated at pH = 7.4, which increases their affinity towards 

oxidation (Fig. 4.6). As shown in Fig. 4.6, a strong decrease in thiol content was 

observed as a function of time, and only 50 % of the initial thiols remained in their 

reduced form after 2 days. Solutions became opaque after one day, indicating the 

formation of a slightly cross-linked structure in the aqueous solution as a result of 

atmospheric oxidation. The thiomers displayed appropriate stability in the first 2 h 

independently of polymer concentration; thus, PASP thiomers can be used safely as 

injectable materials. 

 

 

Fig. 4.6   Decrease of the thiol content (XSH) of sample C in PBS as a function of time 

of atmospheric oxidation at different polymer concentrations: (▼) 3 wt%, (∆) 

5 wt%, (○) 7 wt%, (□) 10 wt%. Curves are indicated to guide the eye. 

 

4.3.3 Sol-gel transition of PASP thiomers 

A sol-to-gel transition is defined as the transition from a soluble polymer to an 

insoluble but swellable polymer matrix with infinite molecular weight [8]. The gelation 

time corresponds to the instant of the sol-to-gel transition. Because rheological 

behaviour is particularly sensitive to molecular weight, it is widely used to study 

polymerization and cross-linking processes. The sol-to-gel transition may be indicated 

by the increase of the viscosity to infinity. However, the steady shear viscosity cannot 

be measured accurately in the close vicinity of the gel point. Thus, oscillatory 

experiments are generally used for the characterization of gelation. The structural 
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change around the gel point, i.e., the increase of the molecular weight during the cross-

linking process, usually appears as an increase in both dynamic moduli, storage (G’) 

and loss (G”), with time. The increase in both moduli is observed in the oxidation-

induced gelation of PASP thiomers (Fig. 4.7.).  

 
 

 

Fig. 4.7   Simultaneous increase in the dynamic moduli around the gel point of 

oxidation-induced gelation of the PASP thiomer in PBS (sample B, 

cthiomer = 9 wt%, cNaBrO3 = 0.22 M, ω = 10 1/s ). Symbols: (□) storage (G’) 

and (■) loss modulus (G”). 

 

Nevertheless, an unusual behaviour is observed. Generally, the loss modulus is 

larger than the storage modulus in the initial part of the chemical or physical cross-

linking process [9]. In the case of the PASP thiomer, the storage modulus is larger than 

the loss modulus throughout the oxidation, which is explained by the entanglement of 

long polymer chains and the presence of a slightly cross-linked structure before the 

addition of any oxidising agent. Secondary interactions, mainly hydrogen bonds 

between thiol moieties and even a low concentration of disulphide linkages, may create 

a cross-linked structure prior to oxidation-induced gelation. The widely used method of 

determining the gelation time from the intersection of the elastic and loss moduli could 

not be applied for the above-mentioned reasons. Consequently, the gelation time was 

estimated from the time dependence of the storage modulus and defined as the inflexion 

point of the storage modulus – reaction time functions, as shown in Fig. 4.7.  

The reliability of the determination of the gel point was investigated by 

measuring the frequency-dependent dynamic moduli in the vicinity of the sol-to-gel 
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transition. The chemical oxidation of the PASP thiomers could not be quenched; thus, 

the entire gelation experiment was performed at different angular frequencies with 1% 

strain in each case. The changes in the storage modulus around the gel point are 

presented in Fig. 4.8. The change in the storage modulus during gelation decreases with 

increasing angular frequency because the storage modulus of a liquid material strongly 

depends on the angular frequency (for ideal liquids, G’~ω
2
) prior to the gel point, while 

the storage modulus of the solid-like material is frequency-independent after gelation 

[8]. Thus, the determination of the gel point of the PASP thiomer becomes difficult at 

higher frequencies (ω ≥ 100 1/s). However, the application of a small angular frequency 

deteriorates the reliability of the rheological measurement because of the small shear 

stress. Therefore, ω  = 10 1/s was used in the following experiments. 

 

 

Fig. 4.8   Change in storage modulus as a function of time around the sol-to-gel 

transition at different angular frequencies (sample B, cPASP = 8 wt%, 

cNaBrO3
=0.22 M); ω: (□) 1 1/s, (○) 10 1/s, (▼) 100 1/s. 

 

Winter et al. [8,9] showed that the frequency-dependent dynamic moduli 

around the gel point follow a power-law function in an ideal network: G’~G”~ ω
n
 with a 

critical exponent n of 0.5. The occurrence of the sol-to-gel transition coincides with that 

of the G’-G” crossover only in this specific case. The power law function was fit to the 

dynamic moduli of the PASP thiomers for the determination of the critical exponents 

(Fig. 4.8 and Table 4.3). The exponents before gelation indicated a liquid-like 

behaviour, although we observed small differences from those of an ideal liquid (nstorage 

= 2 and nloss = 1), which can be explained by the effect of chain entanglement and 
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secondary interactions, as mentioned previously. The exponents at the gel point were 

almost identical, nstorage  nloss  0.6. The values are not equal, but still close, to the 

values for an ideal network (n = 0.5), which has important consequences: the power law 

can be applied to the PASP thiomers, and the gelation times calculated from G’ are 

practically independent of angular frequency. The gelation time was 360 ± 10 s at the 

chosen polymer concentration at ω ≤ 30 1/s and could not be determined at ω = 100 1/s. 

The validity of the model proves that rheology is a reliable tool for following the 

gelation of PASP thiomers. 

 

 

Fig. 4.9   Frequency-dependence of the dynamic moduli (●) before the gelation and (■) 

at the gel point (sample B, cPASP = 8 wt%, cNaBrO3
=0.22 M). Empty symbols: 

storage modulus (G’), filled symbols: loss modulus (G”). 

 

Table 4.3  Critical exponents (n) for the storage and loss moduli around the sol-to-

gel transition. 

 Before gelation At the gel point 

nstorage  1.70  0.60 

nloss  0.81  0.64 

nstorage and nloss are the critical exponents calculated from the fit of a power law 

function to frequency-dependent storage and loss moduli, respectively. 
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The gelation time and the storage modulus after gelation strongly depend on 

the polymer concentration (Fig. 4.10). At the lowest applied concentration of the PASP 

thiomer (sample B) (7 wt%), gelation did not occur at all, while gelation time was only 

approximately 100 s at 11 wt%. The viscoelastic behaviour of the hydrogels after the 

oxidation-induced gelation of the PASP thiomers was characterized by their dynamic 

mechanical spectra (Fig. 4.11). The storage modulus strongly depended on the 

frequency at the lowest polymer concentration, corresponding to the liquid-like 

character of the polymer solution. The storage modulus was independent of frequency at 

polymer concentrations at or above 8 wt%, which is typical for chemically cross-linked 

gels. The gel strength is characterized by the storage modulus of the formed hydrogels 

at an angular frequency of 10 1/s and varied between ca. 30 and 1000 Pa. 

 
 

 

Fig. 4.10   Time-dependent evolution of the storage modulus as a function of reaction 

time at different thiomer concentrations in PBS (sample B, cNaBrO3
=0.22 M); 

cthiomer: (□) 7 wt%, (▼) 8 wt%, (○) 9 wt%, (∆) 10 wt%, (◊) 11 wt%. 
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Fig. 4.11   Frequency dependent storage modulus of the hydrogels after oxidation-

induced gelation of PASP thiomers. Symbols are the same as in Fig. 4.10. 

 

The gelation time and gel strength are summarized as a function of polymer 

concentration in Fig. 4.12. It is worth mentioning that the gelation times derived from 

rheological measurements are in good agreement with the values determined by visual 

observation. Control of the gelation time is a crucial issue for injectable applications. 

Fig. 4.12 shows that gel strength and gelation time cannot be controlled independently 

by varying the concentration of the PASP thiomer, as hydrogels with higher storage 

moduli formed at shorter gelation times.  
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Fig. 4.12   Gelation time (○ represents the values derived from rheology, while ∆ 

indicates the visually observed values) and (■) gel strength as a function of 

thiomer concentration (sample B, cNaBrO3
=0.22 M). Curves are indicated to 

guide the eye. 

 

Control of the gelation time with invariant gel strength would be beneficial. 

The gel strength is essentially determined by the polymer concentration; thus, it was 

kept at a constant value for further experiments. However, the gelation time could be 

controlled by the rate of disulphide formation. The kinetics of disulphide formation is 

determined by the excess of oxidizing agent, and the concentration of the oxidising 

agent was thus varied within a wide range (cNaBrO3
 = 0.11 M to 0.55 M). The dynamic 

mechanical spectrum of each hydrogel formed after oxidation displayed a frequency-

independent storage modulus, indicating the presence of a chemically cross-linked 

network (not shown). As shown in Fig. 4.13, the gel strength depended only slightly on 

the concentration of the oxidising agent (from 100 to 300 Pa) above a threshold 

concentration. However, the gelation time was influenced strongly by the concentration 

of oxidising agent. The gelation time could be readily adjusted between 120 and 400 s. 
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Fig. 4.13   Gelation time (○ represents the values derived from rheology, while ∆ 

indicates the visually observed values) and (■) gel strength as a function of 

concentration of the oxidizing agent (sample B, cthiomer = 9 wt%). Curves are 

indicated to guide the eye. 

 

The results proved that the rate of disulphide formation is influenced 

significantly by the concentration of the oxidising agent, while the gel strength was 

essentially only determined by the concentration of the thiomer and the thiol side 

groups. Consequently, PASP thiomers can be designed to possess pre-determined gel 

strengths after injection by varying PASP thiomer concentrations (8 wt% or higher) in 

the precursor solution, while the gelation time can be tuned by the concentration of the 

oxidizing agent, which can be maintained by the mixing ratio of the polymer and 

reagent solution in a two-chamber system attached to the syringe. 

 

4.4 Conclusions 

Thiol groups were immobilized onto poly(aspartic acid) (PASP) by the 

modification of polysuccinimide (PSI) with cysteamine followed by the hydrolysis of 

the PSI thiomer. The incorporation of cysteamine into the polymer was confirmed by 

NMR, and the degree of modification was determined after the complete assignment of 

the 
1
H and 

13
C peaks. The chemical stability of the thiol groups against atmospheric 

oxidation in aqueous polymer solution is appropriate, as the thiol content of the 

thiomers remains constant for 2 h after the dissolution of the solid polymer. Fast 

gelation of the low-viscosity thiomer solution is initiated by chemical oxidation of thiol 
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groups to intermolecular disulphide linkages. The formation of a chemically cross-

linked structure is confirmed by oscillatory rheology. The gelation time and gel strength 

are strongly dependent on the polymer concentration, but the gelation time can be 

controlled independently of the gel strength by varying the concentration of the 

oxidizing agent. The gelation time can be tuned between 2 to 6 min, making the PASP 

thiomer suitable for injectable drug delivery formulations. Future research will focus on 

the biocompatibility and mucoadhesive characteristics of the PASP thiomer to support 

the proposed application. 
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Chapter 5 

 

Reversible response of poly(aspartic acid) hydrogels to  

external redox and pH stimuli
4 

 

5.1.  Introduction 

 Responsive hydrogels are often utilised in the targeted delivery of drugs, 

proteins or genes with a degradation- or diffusion-controlled release [1]. The delivery of 

drugs through the complete degradation of the vehicle is not always satisfactory when a 

more complex release profile is needed. A typical solution to this challenge is on-

demand, diffusion-controlled release e.g. controlled delivery of insulin using a hydrogel 

with response to the concentration of glucose oxidase enzyme [2,3]. The reversible 

swelling and shrinking of the hydrogel allow for a long-term insulin release which is 

controlled by the current health state of the patient. 

 Redox potential has earned greatest interest among external triggers as 

discussed in the Introduction in the Thesis. The delivery systems utilising redox 

potential as external trigger are intended to degrade or disassemble in the cytosol where 

glutathione is present in a concentration of ca. 0.5-10 mM, contrary to the small 

glutathione concentration (2-20 µm) in the extracellular matrix [4,5]. Most of the redox-

responsive reported gels exhibited only a one-way response and disintegrated upon 

reduction [6-9]. Redox-responsive vehicles with a reversible macroscopic change in the 

degree of swelling via a redox reaction would have a large advantage over hydrogels 

exhibiting reduction induced disintegration: a modulated release that is controlled by the 

pathological state of the patient can be achieved.  

 The rational design of redox-responsive hydrogels that are applicable in 

biological environments demands the incorporation of thiol groups or disulphide 

linkages into the polymer network. Consequently, our main goal was to prepare a redox 

and pH responsive hydrogel of thiolated PASP in which the cross-linking density, and 

thus the degree of swelling, is regulated in a reversible manner by changing the external 

redox potential.  

 

5.2.  Experimental 

5.2.1.  Synthesis of cysteamine-modified polysuccinimides 

Polysuccinimide (PSI) was modified with cysteamine side chains to 

incorporate redox sensitive moieties into the polymer as described in Chapter 3. The 

feed compositions of cysteamine modified polymers are listed in Table 5.1. Cysteamine 

hydrochloride and PSI was dissolved in DMF at room temperature. Dibutylamine was 

added to the mixture drop wise to deprotonate the amine groups of cysteamine 

hydrochloride. The mixture was stirred at ambient temperature for 6 h to synthesise 

                                                 
4Gyarmati B, Némethy Á, Szilágyi A. RSC Adv. 2014;4(17):8764-8771. 
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cysteamine modified polymers (Scheme 5.1, I.). A nitrogen atmosphere was applied 

during the synthesis of thiolated polymers to hinder the oxidation of thiol side chains by 

air. 

 

5.2.2.  Synthesis of polysuccinimide gels 

Cysteamine-modified polymers could be cross-linked with 1,4-diaminobutane 

in the same reaction mixture without extracting thiolated PSI in solid form to simplify 

the synthesis because the presence of dibutylamine and unreacted cysteamine does not 

interfere with the cross-linking reaction (Scheme 5.1, II.). Polymer gels were moulded 

into sheets (10 x 10 x 0.2 cm) between two glass plates separated with a silicone spacer. 

 

Table 5.1  Composition (polymer concentration, molar ratio of thiol side chains and 

permanent cross-linkers to repeating units) and gelation time of 1,4-

diaminobutane cross-linked thiolated polysuccinimide gels; swelling 

degree of poly(aspartic acid) hydrogels after hydrolysis at pH = 8. 

Sample 
cPSI

a
 

(wt%) 

XCYS,FEED
b
 

(%) 

XDAB,FEED
c
 

(%) 

A  6.80  20  5 

B  6.80  20  10 

C  6.80  40  5 

D  6.80  40  10 

E  9.70  20  5 

F  9.70  20  10 

G  9.70  40  5 

H  9.70  40  10 

I  13.60  20  5 

J  13.60  20  10 

K  13.60  40  5 

L  13.60  40  10 

 
a
cPSI: feed wt% of polysuccinimide in DMF; 

b
XCYS,FEED: feed ratio of 

cysteamine to succinimide repeating units during preparation; 
c
XDAB,FEED: feed ratio of 

1,4-diaminobutane to succinimide repeating units during preparation. 



Reversible response of poly(aspartic acid) hydrogels  

 

 

 

71 

 

 

Scheme 5.1   Synthesis of thiolated polysuccinimide (I.) and 1,4-diaminobutane cross-

linked thiolated polysuccinimide gels (II.) 

 

5.2.3. Synthesis of  poly(aspartic acid) gels 

1,4-diaminobutane cross-linked, cysteamine-modified polysuccinimide gels 

were swollen in aqueous buffer solution of pH = 8. The swelling medium was replaced 

several times to remove DMF and residues of unreacted cross-linkers, and water-

swellable PASP gels were obtained as a result (Scheme 5.2). 

 

5.2.4. Ellman’s assay 

Ellman’s assay was used for the determination of the thiol content of PASP 

hydrogels cross-linked with 1,4-diaminobutane. The hydrogels were carefully washed 

with the buffer solution used in the Ellman’s assay before each measurement to remove 

any traces of oxidising or reducing reagents. Hydrogel pieces with m asses of 

approximately 100 mg were put into the solution of Ellman’s reagent (V = 5 ml, creagent 

= 0.5 mM, pH = 8) after the careful removal of oxygen by bubbling nitrogen through 

the solution. The reaction was performed for 6 h with the gentle stirring of the solution. 

The hydrogel pieces were removed and washed with buffer solutions to remove the 

reagent. The solutions were collected and the thiolated form of Ellman’s reagent was 

measured with an Analytic Jena Specord 200 spectrophotometer (Germany). 
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Scheme. 5.2   Synthesis of 1,4-diaminobutane cross-linked, cysteamine-modified PASP 

gels and thiol-disulphide transformation in PASP hydrogels 

 

5.3.  Results and Discussion 

5.3.1.  Characterisation of poly(aspartic acid) gels 

Cysteamine modified polysuccinimide (PSI) and its corresponding 

poly(aspartic acid) derivative (PASP) exhibited a reversible sol-gel transition induced 

by aerial or chemical oxidation and reduction by dithiothreitol as reported in Chapter 3. 

The cross-linking of the thiolated PSI with 1,4-diaminobutane as permanent cross-linker 

resulted in homogeneous transparent gels independently of the feed composition of the 

polymers. The gelation time increased with increasing thiol content (Table 5.2), which 

is explained by the presence of hydrogen bonds between the thiol side chains, resulting 

in loose physical cross-links that hinder the formation of chemical cross-links. 

Increasing the polymer concentration and increasing the molar ratio of the permanent 

cross-linker to the repeating units accelerated the gelation process. The effect of the 

cross-linker concentration is more pronounced at lower polymer concentrations. It is 

worth mentioning that gelation occurred within a reasonable gelation time over a wide 

range of network compositions (Table 5.2). The effect of the polymer concentration, the 

molar ratio of cysteamine to repeating units and the molar ratio of 1,4-diaminobutane to 

repeating units on properties of PASP hydrogels was studied and reported in the 

subsequent paragraphs. 
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Table 5.2  Composition (polymer concentration, molar ratio of thiol side chains and 

permanent cross-linkers to repeating units) and gelation time of 1,4-

diaminobutane cross-linked thiolated polysuccinimide gels; swelling 

degree of poly(aspartic acid) hydrogels after hydrolysis at pH = 8. 

Sample 
cPSI

a
 

(wt%) 

XCYS,FEED
b
 

(%) 

XDAB,FEED
c
 

(%) 

tgel
d
  

(min)
d
 

Qm
e
  

(-)
e
 

A  6.80  20  5  100 -
*
 

B  6.80  20  10  40  4.7  ± 0.3 

C  6.80  40  5  180 -
*
 

D  6.80  40  10  100 -
*
 

E  9.70  20  5  80 -
*
 

F  9.70  20  10  65  8.5  ± 0.2 

G  9.70  40  5  170 -
*
 

H  9.70  40  10  100 -
*
 

I  13.60  20  5  60  9.8  ± 0.4 

J  13.60  20  10  40  9.1  ± 1.5 

K  13.60  40  5  80  10.3  ± 0.1 

L  13.60  40  10  75  8.9 ± 0.5 

 
a
cPSI: feed wt% of polysuccinimide in DMF; 

b
XCYS,FEED: feed ratio of 

cysteamine to succinimide repeating units during preparation ; 
c
XDAB,FEED: feed ratio of 

1,4-diaminobutane to succinimide repeating units during preparation ; 
d
tgel: gelation time 

of thiolated polysuccinimide after addition of 1,4-diaminobutane as a permanent cross-

linker in DMF; 
e
Qm: the swelling degree of poly(aspartic acid) hydrogels in aqueous 

solution at pH = 8; 
*
not measured because of the dissolution of the hydrogels at pH = 8. 

 

Cysteamine modified polysuccinimide gels cross-linked with 1,4-

diaminobutane were hydrolysed in alkaline aqueous solution (pH = 8). The equilibrium 

degree of swelling of the resultant PASP hydrogels (Qm) was determined as a function 

of feed composition (Table 5.2). The correlation between the composition of the 

hydrogels and their equilibrium degree of swelling is rather complex. Gels with lower 

polymer concentrations (6.80 or 9.70 wt%) disintegrated in alkaline solution, except 

sample B and F, which were densely cross-linked with 1,4-diaminobutane. Their 

thiolation degree was 20 %. Gels with the highest polymer concentration (13.60 %) 

were stable in alkaline medium independent of their thiolation degree and the 

concentration of the permanent cross-linker. However, the latter gels exhibited 

considerably larger degrees of swelling in aqueous solution than sample B  and . The 

observed swelling behaviour could be explained by the steric hindrance of the side 

chains of the aspartamide repeating units as well as by the presence of chemical cross-
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links and second-order interactions (hydrogen bonds and chain entanglements). We 

assume that the high polymer concentration during the synthesis resulted in 

considerable entanglement of the polymer chains, resulting in a large net point density 

in DMF. Permanent cross-links prevent the disentanglement of chains; thus, the total 

number of physical and chemical net points is large at high polymer concentrations, and 

the gels do not dissolve. In addition to chain entanglement and chemical cross-links, 

hydrogen bonds formed between thiol groups must also be taken into account. The 

concentration of hydrogen bonds decrease in aqueous solution (pH = 8) because thiol 

groups are partially deprotonated and solvated by water. This latter effect might be the 

reason for the dissolution of hydrogels with low polymer concentration, i.e., the limited 

number of chain entanglement and the presence of chemical net points is not sufficient 

to prevent the dissolution of the hydrogels. Increasing the polymer concentration results 

in higher thiol concentrations further hindering the cross-linking reaction with 1,4-

diaminobutane because of the limited reactivity of the physically cross-linked network. 

The decreased reactivity results in a lower concentration of chemical net points in the 

PASP gels and an increase in the degree of swelling with increasing polymer 

concentration in aqueous media. The hydrogels with the highest initial polymer 

concentration (13.6 wt%) were chosen for further experiments to study the effect of the 

thiolation degree and the molar ratio of 1,4-diaminobutane to repeating units on redox 

response. 

 

 

Fig. 5.1   Ratio of the swelling degree of PASP gels in reducing medium (Qm(red)) to 

oxidising medium (Qm(ox)) for different compositions of the polymer network 
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5.3.2.  Redox response of the degree of swelling 

The thiol-disulphide transformation is hindered at pH values below 6 because 

of the protonation of the thiol groups (the pKa value of cysteamine is approximately 

8.35). Disulphide formation is preferred only in the presence of the thiolate anion; thus, 

it became favoured above pH = 6 [10]. Accordingly, the redox response of the 

hydrogels was studied at pH = 8. The hydrogels showed environmental response in their 

degree of swelling when immersed in aqueous oxidising (10 mM NaBrO3) and then 

reducing (10 mM DTT) solutions (Fig. 5.1). The degree of swelling decreased in 

oxidising medium due to the formation of disulphide linkages from thiol groups, while 

it increased in reducing medium because of the cleavage of the disulphide linkages. The 

change in degree of swelling was more significant in the case of a smaller number of 

permanent cross-linkers; thus, the magnitude of the redox response could be varied with 

composition. 

The reversibility of the redox-response is of great interest for potential 

applications, and it is demonstrated in the case of Gel-K. Several redox-induced 

swelling-shrinking cycles could be performed in a reversible manner as shown in Fig. 

5.2a. The swelling response could be adjusted by varying the ionic strength of the 

solution which extends even further the application possibilities of our redox-responsive 

hydrogel. As shown in Fig. 5.2b, the equilibrium degree of swelling of the hydrogel 

could be tuned with an ionic strength between 24 and 40 in reducing medium and 

between 17 and 34 in oxidising medium. 

 

 

Fig. 5.2   Reversible changes in the degree of swelling of PASP gels (Gel-K) in 

reducing and oxidising media a) with reduction (◊) and oxidation (○) as the 

initial redox step, respectively, at constant ionic strength (0.15 M); b) at 

different ionic strengths with reduction as the initial step. The oxidised states 

are denoted by + signs, reduced states by – signs. 
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The magnitude of the response, which is defined as the ratio of degree of 

swelling in reducing and oxidising media, is compared in Fig. 5.3. The redox-response 

is expressed more at lower ionic strengths, and the response is the weakest at the largest 

ionic strength. The phenomenon may be explained by the polyelectrolyte character of 

the polymer network. The dissociation of carboxyl groups in repeating units is impeded 

at large salt concentrations, leading to decreased swelling; thus, a stronger response 

needs a lower concentration of ions. The ionic strength varies over a wide range at 

physiological sites (between ca. 40 and 120 mM); thus, the importance of the ionic 

strength dependent response is clear, and the extent of swelling needs to be tuned by 

adjusting the composition according to the ionic strength of the site of the future 

application. 
 

 

Fig. 5.3   Ratio of the swelling degree of PASP gels in reducing medium (Qm(red)) to 

oxidising medium (Qm(ox)) at different values of ionic strength. 

 

5.3.3.  pH-dependent degree of swelling 

PASP hydrogels offer a reversible pH-responsive behaviour as reported 

earlier [11,12]. pH-sensitivity is explained by the polyelectrolyte character of the main 

polymer chain. A large number of carboxyl groups are present on the polymer chain 

even after modification and/or cross-linking. The environmental pH determines the 

ionisation degree of these dissociative groups, and the presence of ionised groups 

affects the equilibrium degree of swelling of the hydrogels. The degree of swelling of 

thiol-grafted, diamine cross-linked hydrogels was measured over a wide pH range (pH = 

2 to 9) to determine whether the pH-sensitive character was preserved in the polymer 

network after modification. A significant response was observed as a function of pH 
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(Fig. 5.4). The correlations of both the reduced and oxidised gels showed that the degree 

of swelling is as small as approximately 3 at pH < 3. The limited swelling can be 

explained by the fact that the limited solubility of the polymer determines the degree of 

swelling in acidic medium, and the effect of cross-linking density is not significant. A 

sharp increase is induced at approximately pH = 4 as a result of the gradual 

deprotonation of the carboxyl groups on the PASP chains. The degree of swelling 

reaches its final constant value at about pH = 6 in both cases. This pH-dependent 

behaviour is typical for PASP gels independently of the type of cross-linkers [11]. A 

significant difference exists in the degree of swelling of the hydrogels in the reduced 

and oxidised state, respectively, at alkaline pH values. A larger degree of swelling was 

achieved in the reduced form caused by the decreased number of chemical cross-links. 

This observation is in agreement with the prediction of the modified Peppas—Brannon-

Peppas model [11], namely, a smaller concentration of net points represents smaller 

elastic contribution in the total free energy of the polymer network-swelling agent 

system, and the relative increase in mixing and ionic terms results in an increased 

degree of swelling of the hydrogel.  

 

 

Fig. 5.4   pH-dependent swelling of poly(aspartic acid) gels (Gel K) in reduced (■) and 

oxidised (●) states (ionic strength was 0.25 M); the calculated cross-link 

density (ν
*
) values are indicated on the curves. 

 

The cross-linking density (ν
*
) was determined using the model (Fig. 5.4), and it 

shows that the cross-linking density can be controlled by the addition of oxidising or 

reducing agent to the hydrogels. This result confirms the assumed redox induced thiol-
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disulphide transformation inside the hydrogel. The dual-responsive – pH- and redox-

sensitive – behaviour of the proposed hydrogel may find various applications in 

biomedical areas considering the wide variety of pH- and redox- environments of 

human tissues. 

 

5.3.4.  The redox-response of the elastic modulus 

The redox stimulus affects not only the degree of swelling but also the 

mechanical properties of the hydrogels. The stiffness of the hydrogels decreases in the 

reduced state due to the cleavage of disulphide linkages, while it increases in the 

oxidised state because of the re-formation of chemical cross-links (Fig. 5.5). Repeated 

redox cycles showed reversible response and the gels preserved their mechanical 

stability for at least three cycles. The reversibility of the process proved to be 

independent of the type of initial redox state of PASP (reduced or oxidised). A change 

in stiffness could be easily observed even without an exact measurement of the modulus 

because the hydrogels became very soft in a reducing medium, and they became stiffer 

in the presence of an oxidising agent, i.e., oxidation enhanced the mechanical stability 

of hydrogels (Fig. 5.5b). It is worth noting that the standard deviation in the elastic 

modulus increased slightly with the number of cycles due to small cracks developing 

due to repeated redox reactions. However, the mechanical properties may be improved 

in the future by the application of long-chained cross-linkers or the homogeneous 

distribution of chain lengths. Such modifications may enhance the resilience of the 

hydrogels and increase the number of redox cycles without failure, which is absolutely 

necessary for uses as sensors and actuators. 
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Fig. 5.5   a) Reversible redox-response in the elastic modulus of PASP gels (Gel-K) 

with reduction (◊) and oxidation (○) as the initial redox step at constant ionic 

strength (0.15 M). The oxidised state is denoted by + signs and the reduced 

state by – signs. b) Photographs of cylindrical PASP gels under the load of a 

15 g weight in reduced (left) and in oxidised state (right). 

 

5.3.5.  Characterisation of thiol-disulphide transformation 

The redox-tunable reversible swelling-shrinking response, the variation of 

elastic modulus and the difference in pH-dependent swelling of reduced and oxidised 

hydrogels proved unambiguously that a reversible thiol-disulphide transformation 

occurs in reducing and oxidising media. Nevertheless, to obtain further direct proof, we 

intended to develop an analytical method to characterise the conversion of thiol groups 
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to disulphide linkages and vice versa. Ellman’s assay is widely used to determine the 

thiol content in modified polymers; however, the quantification of thiol groups in 

hydrogels has not been reported in the literature before most likely because of the 

difficulties in performing the assay. Ellman’s assay must be carried out in the absence 

of redox agents; thus, special care was taken to exclude oxygen during the analysis, and 

EDTA was used to inhibit the catalytic effect of traces of metal ions, which might have 

caused the partial oxidation of the reagent. A prolonged reaction time was necessary to 

determine the concentration of thiol groups in the side chains of the polymer network 

because of the diffusion-limited, decreased reaction rate inside the gels. However, 

swollen hydrogels permit the diffusion of the solution of the analyte, and a reaction time 

of 6 h was sufficient to determine the thiol content accurately as shown in Fig. 5.6. 

 

 

Fig. 5.6   Cyclic change in thiol content (XSH) of PASP gels determined using Ellman’s 

assay with reduction (◊) and oxidation (○) as the initial redox step. The 

oxidised state is denoted by + signs and reduced state by – signs. 

 

The standard deviation in the thiol content is small, proving the reliability of 

the measurement. The results of Ellman’s assay confirmed that a reversible thiol-

disulphide transformation occurs, which led to reversible macroscopic responses in 

swelling and elastic properties. As a consequence, grafting thiol groups onto PASP 

rendered redox controllable cross-linking density to our pH-responsive polymer 

hydrogels. 
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5.4.  Conclusions 

 Synthesis of poly(aspartic acid) hydrogels with a reversible response to 

external redox stimuli has not been reported in the literature. In this chapter, a unique 

synthetic method was presented. The precursor polymer of poly(aspartic acid), 

polysuccinimide, was modified with thiol-containing side-groups, then permanently 

cross-linked with a redox-inert cross-linker 1,4-diaminobutane. Poly(aspartic acid) 

hydrogels were obtained after subsequent alkaline hydrolysis. PASP hydrogels showed 

reversible pH-response in their degree of swelling because of the polyelectrolyte 

character of the network. Moreover, a reversible redox response was obtained when the 

hydrogels were immersed in reducing and oxidising media. The response was shown by 

the swelling behaviour and the elastic modulus of the hydrogels. Gel strength could be 

improved via oxidation as a consequence. We developed a new analytical method and 

proved that the macroscopic changes observed were induced by a thiol-disulphide 

transformation. The redox reaction could be repeated several times. The tunable dual-

responsive character of the gels makes them suitable for various future applications, 

such as sensors, actuators and various biomedical devices including redox-triggered, 

diffusion-controlled drug delivery vehicles. 

 

5.5.  References 

1. Vermonden T, Censi R, Hennink WE. Hydrogels for Protein Delivery. Chem. 

Rev. 2012;112(5):2853-2888. 

2. Traitel T, Cohen Y, Kost J. Characterization of glucose-sensitive insulin 

release systems in simulated in vivo conditions. Biomaterials. 

2000;21(16):1679-1687. 

3. Kang SI, Bae YH. A sulfonamide based glucose-responsive hydrogel with 

covalently immobilized glucose oxidase and catalase. J. Control. Release. 

2003;86(1):115-121. 

4. Schafer FQ, Buettner GR. Redox environment of the cell as viewed through the 

redox state of the gluthathione disulfide/gluthathione couple. Free Radical Bio. 

Med. 2001;30:1191–1212. 

5. Meng FH, Hennink WE, Zhong Z. Reduction-sensitive polymers and 

bioconjugates for biomedical applications. Biomaterials. 2009;30:2180-2198. 

6. Kim T-i, Kim SW. Bioreducible polymers for gene delivery. React. Funct. 

Polym. 2011;71:344–349. 

7. Legros C, De Pauw-Gillet M-C, Tam KC, Lecommmandoux S, Taton D. pH 

and redox responsive hydrogels and nanogels made from poly(2-ethyl-2-

oxazoline). Polym. Chem. 2013;4(17):4801-4808. 

8. Zheng C, Zhang XG, Sun L, Zhang ZP, Li CX. Biodegradable and redox-

responsive chitosan/poly(l-aspartic acid) submicron capsules for transmucosal 

delivery of proteins and peptides. J. Mater. Sci. Mater. Med. 2013:1-9. 

9. Cheng R, Feng F, Meng F, Deng C, Feijen J, Zhong Z. Glutathione-responsive 

nano-vehicles as a promising platform for targeted intracellular drug and gene 

delivery. J. Control. Release. 2011;152(1):2-12. 



Chapter 5 

 

 

 

82 

 

10. Bernkop-Schnürch A, Clausen AE, Hnatyszyn M. Thiolated polymers: 

synthesis and in vitro evaluation of polymer–cysteamine conjugates. Int. J. 

Pharm. 2001;226:185–194. 

11. 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. 

12. Némethy Á, Solti K, Kiss L, Gyarmati B, Deli MA, Csányi E, Szilágyi A. pH- 

and temperature-responsive poly(aspartic acid)-l-poly(N-isopropylacrylamide) 

conetwork hydrogel. Eur. Polym. J. 2013;49(9):2392-2403. 



Determination of degree of chemical cross-linking in polymer gels 

 

 

 

83 

Chapter 6 

 

A colorimetric method for the determination of degree of 

chemical cross-linking in aspartic acid based polymer gels
5
 

 

6.1.  Introduction 

 Swelling properties and mechanical strength of the hydrogels is determined by 

their cross-linking density which is the number of physical and chemical net points in a 

unit volume of the gel [1-3]. Although several theoretical models are available for the 

estimation of cross-linking density (e.g. Flory-Rehner swelling theory [4]), these models 

have several limitations and cannot distinguish chemical and physical net points. 

However, chemical net points are of particular importance because they are stable under 

physiological conditions and determine the maximum degree of swelling of hydrogels.  

Polysuccinimide (PSI) gels are obtained by the cross-linking of PSI with 

diamines and cross-linked PSI gels can be hydrolysed into poly(aspartic acid) (PASP) 

gels. Cross-linking ratio is calculated from the feed composition of the gel as the molar 

ratio of the cross-linker molecules to the repeating units of the polymer. The structure of 

the formed network can be characterized by the degree of chemical cross-linking which 

is the molar ratio of diamine molecules formed chemical cross-linking poins to the 

repeating units of the polymer. Basically, degree of chemical cross-linking is only equal 

to cross-linking ratio if the conversion of the reaction is 100%. The degree of chemical 

cross-linking of PASP gels was determined earlier by Torma et al. by aqueous acid-base 

potentiometric titration of the gels [5]. However, equilibration time can be long during 

every step of titration in the case of cross-linked polymers. This method is a very time-

consuming process because a large number of data points must be determined to obtain 

a reliable titration curve. A method which requires considerably less data points would 

be very beneficial. 

In the present method, degree of chemical cross-linking was determined using 

2,4,6-trinitrobenzene-sulfonic acid (TNBS) which is a well-known reagent for the 

quantitative determination of primary amine groups in chromatography [6-8]. In 

alkaline aqueous solution, TNBS reacts with amine groups in bimolecular aromatic 

nucleophilic substitution  resulting in yellow adduct with absorption maxima at 340 nm 

(trinitrophenyl amine) and 420 nm (Meisenheimer complex) [9-11]. Simultaneously, 

TNBS hydrolyses to picric acid having overlapping peaks with the main product, 

trinitrophenyl amine (Scheme 6.1) [12]. Reaction constant of the hydrolysis is one order 

in magnitude smaller than that of the main reaction, thus the side reaction does not 

interfere with the quantification of small molecules [13]. However, the side reaction is 

not negligible in slow reactions, thus the conventional TNBS assay cannot be applied 

directly for the determination of the concentration of amine groups in polymer gels. 

Moreover, the rate of the hydrolysis to picric acid strongly depends on the ionic strength 

[13] which is difficult to keep at a well-defined value in the presence of a 
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polyelectrolyte gel [14]. The dissimilar reaction rate of by-product formation in the 

analyte and in the blank solution might cause inaccuracy during the absorbance 

measurement and in the quantitative determination of amine groups. Some authors tried 

to solve this difficulty by the hydrolysis of the gels to small molecules in strongly acidic 

solution after the reaction with TNBS [15-18]. However, the degradation of the polymer 

might be difficult to control under the extreme reaction conditions resulting in poorly 

defined oligomers and other by-products. 

 

 

Scheme 6.1   Reaction of 2,4,6-trinitrobenzenesulphonic acid (TNBS) with A) primary 

amines and B) hydroxyl ions  

 

Consequently, we employed a new strategy to exclude the formation of picric 

acid by changing the solvent of the assay to DMSO and to perform the assay under mild 

reaction conditions. The reaction mechanism is proposed 
1
H by NMR measurements of 

model reaction of TNBS and the cross-linker molecules. Degree of chemical cross-

linking was determined as a function of cross-linking ratio. Analytical performance of 

the proposed method including stability of the reagent, accuracy, linearity and 

repeatibility is characterized. 

 

6.2.  Experimental 

6.2.1.  Synthesis of PSI-DAB and PASP-DAB gels 

 PSI-DAB gels were prepared by cross-linking PSI with 1,4-diaminobutane 

(DAB) (Scheme 6.2). Cross-linking ratio (XDAB, FEED) was varied according to Table 6.1. 

PSI was dissolved in DMSO in a final concentration of 9.70 wt% and the solution of 

cross-linker molecules (8.8 wt% in DMSO) was added dropwise to the polymer 
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solution. The precursor solution of gels was transferred into Eppendorf tubes 

(V  1 ml). Although the gelation could be visually observed after a few minutes 

(Table 6.1), the gels were kept in the tubes for 24 hours to finish the cross-linking 

process. The PSI-DAB gels were hydrolysed in aqueous buffer solution (pH = 8) to 

prepare PASP-DAB gels. The hydrolysis was complete after 3 days indicated by the 

transparency of the gels. The degree of swelling (Qm) of the PSI-DAB gels is defined as 

the mass ratio of the prepared gel to the dried gel, the latter was determined by 

immersing the gel of known weight into water to replace the solvent followed by a 

drying step in vacuum at 25 °C.  

 

 

Scheme 6.2   Synthesis of polysuccinimide (PSI) and poly(aspartic acid) (PASP) gels. 
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Table 6.1  Feed composition and properties of PSI-DAB gels 

Sample 
XDAB, FEED

a
 

(-) 

tgel
b
 

(min) 

Qm
c
 

(-) 

A  1/5  3-5  5.0 

B  1/10  5-8  7.2 

C  1/15  8-10  9.0 

D  1/20  18-20  9.3 

a
XDAB, FEED: moles of 1,4-diaminobutane per moles of the repeating units of 

polymer during preparation, 
b
tgel: gelation time of PSI-DAB gel determined by visual 

observation, 
c
Qm: the mass ratio of the prepared gel to the dried gel. 

 

6.2.2. Determination of degree of cross-linking of PASP-DAB hydrogels in water 

 Calibration curve of DAB concentration was determined in alkaline aqueous 

solution using an excess amount of TNBS (cTNBS = 7.310
-4

 M). The concentration range 

of DAB was 1.6 to 6.410
-5

 M. Reaction time was 30 min. Unreacted diamine molecules 

were removed from PASP-DAB gels (m  1 g) by washing the gels with 1000-1000 l 

of buffer solution (pH = 9.3) three times. The collected washing solution was diluted to 

5000 µl with buffer. 50 μl of TNBS (30 mM in water) was added to 2000 l of the 

diluted washing solution. Reaction time was 30 min. Absorbance of the analyte solution 

was measured against a blank buffer solution (pH = 9.3) containing TNBS in the same 

concentration as in the analyte. 

Pendant amine groups were quantified in PASP-DAB gels in aqueous medium. 

200 μl aqueous stock solution of TNBS was diluted with 1800 μl buffer (pH = 9.3) and 

a swollen piece of PASP-DAB gel (m  0.01 g) was added and reacted for 3 h at 25 °C. 

Unreacted TNBS was extracted from the gel by washing with 500-500 µl aqueous 

buffer solution (pH = 9.3) three times and the collected washing solution was diluted to 

5000 µl. Finally 50 µl DAB solution (8.8 wt%, pH = 9.3) was added to the washing 

solution. The concentration of unreacted TNBS was determined from its absorbance 

spectrum. 

 

6.2.3. Determination of degree of cross-linking of PSI-DAB gels in DMSO 

 Calibration curve of DAB was determined in excess TNBS in DMSO in the 

concentration range of 2.0 to 9.010
-4

 M (cTNBS = 7.310
-3

 M). Calibration curve of 

TNBS was determined in excess DAB in DMSO in the concentration range of 6.0 to 

48.010
-6

 M (cDAB = 25 mM). Reaction time was 30 min in both cases.  

 Unreacted DAB cross-linker molecules were removed from the PSI-DAB gels 

(m  1 g) by washing the gels with 1000-1000 l DMSO three times. Collected washing 

solvent was diluted to 5000 µl with DMSO. 50 μl of TNBS (300 mM in DMSO) was 

added to 2000 l of the diluted washing solution. Absorbance of the analyte solution 
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was measured against DMSO containing TNBS in the same concentration as in the 

analyte. 

The number of pendant amine groups was calculated in PSI gels swollen in 

DMSO. A piece of PSI-DAB gel (m  0.01 g) was immersed into 375 μl of TNBS 

(300 mM in DMSO). Reaction time was 1 day unless otherwise indicated. The 

unreacted TNBS was extracted from the PSI-DAB gel by washing three times with 500-

500 µl DMSO. The collected solution of TNBS was diluted with DMSO to 5000 µl. 

50 μl of DAB (8.8 wt% in DMSO) was added to 2000 l of the diluted solution of 

extracted TNBS and reacted for 30 min. The absorbance spectrum of the DAB solution 

was measured against DMSO containing DAB in the same concentration as in the 

analyte. 

 

6.2.4.  Evaluation of analytical performance 

 The developed method was not fully validated, however the most important 

characteristics of the analytical performance were determined to prove that the method 

fit for the purpose of our application. Definition and determination of performance 

parameters are briefly summarized here. 

 Linearity is defined as the ability to obtain analytical results which are 

proportional to the concentration of analyte in the range of measurement. Calibration 

curves are shown to demonstrate that the absorbance values are proportional with the 

concentration of the analyte (the amine groups). The coefficient of determination (r
2
) 

values are indicated on the calibration curves. 

 Repeatability (short-term precision) is defined as the closeness between a series 

of measurement and characterized by the standard deviation of the parallel 

measurements. Repeatability of the proposed method was determined by the parallel 

measurements of gel samples (6 of the same chemical composition, prepared on 2 

different days). 

 Accuracy is defined as the closeness between the concentration determined by 

the chosen method and the accepted value of concentration determined by a reference 

method. As a reference method for the determination of the number of pendant amine 

groups does not exist, we employed a method based on the determination of small 

molecules developing by the reduction of disulphide cross-linked PASP hydrogels 

because the TNBS assay for small molecular amines is a well-established method. The 

closeness of the two values was determined by statistical probe. For accuracy 

measurements, disulphide cross-linked PSI gels (PSI-CYS) were synthesized by the 

reaction of PSI and cystamine (CYS) (Scheme 6.2). 950 mg of polymer solution (PSI in 

DMF, 5.00 wt%) was diluted with 451 mg DMF and then 23 mg cystamine 

hydrochloride was dissolved in the same solution. 34 µl dibutylamine as deprotonating 

agent was added dropwise to the solution under continuous stirring. Finally, the solution 

was poured into Eppendorf tubes (V  1 ml) and kept there for 24 h to yield gels. The 

concentration of pendant amine groups in PSI-CYS gel was determined in DMSO. After 

careful removal of cystamine by washing with 0.1 M HCl, the aqueous medium was 

replaced with DMSO and pendant amine groups were reacted with TNBS. Measurement 
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of the unreacted TNBS concentration was done as described in the case of PSI-DAB 

gels. For the reference measurements, PSI-CYS gels were hydrolysed to disulphide 

cross-linked PASP (PASP-CYS) gels in the same way as PSI-DAB gels. A given 

amount (m  0.1 g) of PASP-CYS gel was put into a dialysis tube (cut-off molecular 

weight was 12 kDa) filled with 10 ml of a buffer solution (pH = 8) containing 10 mM 

dithiothreitol to reduce disulphide bonds inside the hydrogel (Scheme 6.3). Solution of 

the reduced polymer and cysteamine were dialysed against water. Cysteamine 

concentration in the outer solution was determined with TNBS after the addition of 

sodium bromate (c = 10
-4

 M). The calibration curve of cysteamine in excess TNBS 

(7.310
-4

 M) was determined in aqueous buffer in the presence of sodium bromate 

(c = 10
-4

 M) in the concentration range of 1.010
-5

 to 8.010
-5

 M (not shown, 

 = 420 nm,  = 11727 M
-1

cm
-1

, r
2
 = 0.9998).  

 

 

Scheme 6.3   Reduction of cystamine cross-linked poly(aspartic acid) (PASP) gels to 

cysteamine modified PASP and cysteamine. 

 

Stability of TNBS was determined in DMSO. A hydrogel not bearing amine 

groups was immersed into the solution of TNBS for 3 days followed by the removal of 

the reagent from the gel by washing steps. Stability was characterized by the molar ratio 

of TNBS extracted after 3 days to the initial amount of TNBS. For stability 

measurement, chemically cross-linked poly(vinyl alcohol) (PVA) gel was synthesized. 

12 g of PVA was dissolved in 88 g H2O at 85 °C under vigorous stirring and the 

solution was cooled down to 25 °C. 3.0 g from the solution of PVA was diluted with 1.7 

g of de-ionised water. Subsequently, 150 mg of 1 M GDA as cross-linker and 100 µl of 

20% HCl as catalyst were added to the solution under continuous stirring. The precursor 

solution was transferred into Eppendorf tubes and kept there for 24 h. Unreacted cross-

linker molecules were removed from the PVA gels by careful washing with de-ionized 

water. Finally, PVA hydrogels were immersed into DMSO and the solvent was changed 

several times to produce PVA gels swollen in DMSO. A piece of PVA gel (m  0.1 g) 

was immersed into 300 μl TNBS solution (5 mM in DMSO) and incubated for 3 days. 
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The gel was washed three times with 500 µl DMSO to extract TNBS. The collected 

solution of TNBS was diluted with DMSO to 5000 µl. 50 μl DAB solution (8.8 wt% in 

DMSO) was added to 2000 µl of the diluted solution of TNBS and reacted for 30 min at 

25 °C. The absorbance spectrum of the solution was measured against DMSO 

containing DAB in the same concentration as in the analyte. 

 

6.3. Results and Discussion 

6.3.1. Degree of chemical cross-linking of PASP-DAB gels in water 

The reaction product of TNBS and DAB in water showed two characteristic 

peaks in the absorbance spectra of which the peak at 420 nm corresponding to their 

Meisenheimer adduct was used for further evaluation (Fig. 6.1). The calibration curve 

was linear in the investigated range (r
2
 = 0.9956). The limit of detection was 1.2·10

-5
 M. 

Fig. 6.2a shows the absorption spectrum of the solution (pH = 9.3) of unreacted 

DAB removed from the PSI-DAB gel after the addition of TNBS (sample D, 

XDAB, FEED = 1/20). The characteristic peak at 420 nm could not be detected. Thus, the 

concentration of cross-linker molecules is under the detection limit of the method and 

we can conclude that less than 0.1% of the DAB molecules remain unreacted after the 

cross-linking process indicating the large reactivity of the diamine molecules and 

succinimide units in the polymer. Practically, each cross-linker molecule is attached to 

the polymer chain with at least one of its functional groups which is in agreement with 

the previous results [5]. Reactivity of the DAB was the same independently of the cross-

linking ratio. 

An excess amount of TNBS was added to PASP-DAB gel after the removal of 

unreacted cross-linker molecules to determine the moles of pendant amine groups inside 

the gels. The supernatant of PASP-DAB gel became yellow after 3 hours of reaction 

time and a broad peak can be identified at 357 nm in the absorbance spectrum of the 

solution (Fig. 6.2b). Since the supernatant must not contain amine groups confirmed by 

the absence of the peak of Meisenheimer adduct, we can assume that the yellow 

compound is the hydrolysed by-product of TNBS, picric acid. The side reaction might 

have larger reaction rate in the presence of the PASP gel indicated by the absence of 

yellow product in the blank solution after the same reaction time. The dissimilar 

reaction rate of hydrolysis of TNBS might be explained by the difference in ionic 

strength, i.e. PASP polyelectrolyte gels carry mobile counter-ions which have a poorly 

defined effect on reaction kinetics. As a consequence, the number of pendant amines 

can not be determined in aqueous medium so this reaction medium must be replaced to 

avoid side-reaction. 
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Fig. 6.1   a) Absorption spectrum of the reaction product of DAB and TNBS 

(CDAB = 12 µM) in aqueous solution (pH = 9.3) b) Calibration curve for 

TNBS assay of DAB in aqueous solution (pH = 9.3, cTNBS = 730 µM). 

 

 

Fig. 6.2   a) Absorption spectrum of the extracted swelling solution of PASP-DAB gel 

after the addition of TNBS in aqueous solution (pH = 9.3); b) Absorption 

spectrum of the supernatant of PASP-DAB gels after 3 h incubation with 

TNBS in aqueous solution (pH = 9.3). 

 

6.3.2. Reaction mechanism in DMSO 

The reaction of TNBS and DAB could not be employed in aqueous medium for 

the determination of the number of pendant amines inside PASP-DAB gels as discussed 

previously. Consequently, we replaced water with DMSO to avoid the hydrolysis of the 

reagent. TNBS reacts with amine groups also in DMSO, but several further aspects 

must be considered. Contrary to the protic character of water, DMSO is a polar aprotic 

solvent. TNBS is a strong acid and exists in its dissociated form in alkaline aqueous 

solutions, but its dissociation is hindered in DMSO, thus it remains protonated before 
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the reaction with amine groups which may affect the mechanism of adduct formation. 

The stability of Meisenheimer complex might be also different in DMSO [19]. 

We carried out a model reaction between TNBS and 1,4-diaminobutane in d6-

DMSO to propose the possible reaction mechanism. We confine our discussion only to 

two cases which are relevant to the present analysis: at first, a large excess of TNBS and 

secondly, a large excess of DAB is maintained (molar ratio of TNBS to DAB was 3 and 

1/3, respectively). 
1
H NMR spectra are used to indicate the dissimilar reaction products. 

In all probability, sulfonic acid and primary amine groups form a salt in the 

dipolar solvent at large excess of TNBS (Scheme 6.4, I) followed by the nucleophilic 

addition of the primary amine group onto TNBS (Scheme 6.4, II). The primary amine 

groups in the analyte can act as a base in the elimination of sulfonic acid group 

(Scheme 6.4, III). Accordingly, the conversion of TNBS into its amine substituted 

derivative needs an excess of primary amine groups. Finally, nucleophilic attack at the 

unsubstituted ring positions of TNBS may also occur in the large excess of primary 

amine groups (Scheme 6.4, IV) [11,19]. 

 

 

Scheme 6.4   Proposed mechanism of the reaction between TNBS and 1,4-

diaminobutane (DAB) in DMSO. 
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NMR spectra of the solutions were recorded after 8 hours of reaction and 

shown in Fig. 6.3. In large TNBS excess, the peak of the unreacted reagent appears at 

8.8 ppm (H-a nuclei). A relatively small peak at 8.9 ppm indicates the presence of the 

aniline derivative (Scheme 6.4, III, H-b nuclei) assuming that the reaction time of 8 

hours is sufficient to total conversion the Meisenheimer adduct (Scheme 6.4, II) to the 

corresponding aniline. The broad peak at 7.6 ppm can be assigned to the salt of TNBS 

and DAB (Scheme 6.4, I). The assumption is supported by the intensity integrals (I) of 

the peaks: I(H-c):I(H-d):I(H-e)=3:2:2. The integrals indicate that both amine groups of 

DAB are protonated as shown in Scheme 6.4. 

In large DAB excess, the NMR spectrum is basically different. The peak of 

TNBS (H-a) is decreased indicating that only a small amount of the reagent remained in 

the mixture. The peak of ammonium group (H-c) disappeared, thus we can assume that 

the equilibrium shifted towards the nucleophilic substitution of sulfonic acid group and 

the formation of aniline derivative. However, the peak of H-b nucleus is not observed, 

while new peaks appeared at 8.1 and 6.0 ppm indicating the formation of a new reaction 

product. The strong decrease in chemical shift suggests the presence an electron-rich 

chemical environment. The nucleophilic addition of primary amine group to the 

unsubstituted ring positions results in the formation of a σ-complex (Scheme 6.4, IV) 

which fits the NMR spectrum [11]. The presence σ-complex is confirmed by the 1:1 

intensity integrals of H-f and H-g nuclei. The asymmetric peaks at 2.7 and 1.5 ppm 

indicates the presence of methylene groups in dissimilar chemical environments in the 

σ-complex and in the unreacted DAB which is also present in large DAB excess. 

 

 

Fig. 6.3   
1
H NMR spectra of the reaction product of TNBS and 1,4-diaminobutane in 

DMSO 
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The results prove that different species are present simultaneously in the 

reaction mixture. However, a reliable analysis requires the large excess of either reagent 

to shift the equilibrium to well-defined products. Consequently, the molar ratio of 

TNBS to DAB was kept above 5 during the quantification of unreacted cross-linker 

molecules to yield only the product I (Scheme 6.4) instead of a mixture of product I, II 

and III. Similarly, DAB was used in a 4-fold excess to TNBS during the quantification 

of unreacted TNBS to yield only product IV (Scheme 6.4). 

 

6.3.3. Degree of chemical cross-linking of PSI-DAB gel in DMSO 

The reaction product of TNBS and DAB in the excess of TNBS showed a 

characteristic peak in the absorbance spectrum at 437 nm which was used for further 

evaluation (Fig. 6.4). The calibration curve was linear in the investigated concentration 

range (r
2
 = 0.9992). Similarly to the results obtained in aqueous medium, relevant 

absorption peak was not obtained in the spectrum of the extracted swelling solution 

(Fig. 6.5a) indicating that less than 0.1 % of the cross-linker molecules remain 

unreacted after the cross-linking process, independently of the cross-linking ratio. 

PSI-DAB gel was immersed into DMSO containing TNBS in excess to the 

maximum amount of pendant amine groups determined by preliminary experiments. 

The supernatant of the gel remained colourless and no characteristic peak was observed 

in its absorbance spectrum (Fig. 6.5b). The blank solution also remained colourless 

indicating that the formation of picric acid is excluded. Unreacted TNBS was extracted 

from the gel and its concentration was determined from the absorbance spectrum after 

the addition of DAB (Fig. 6.5b, calibration curve at DAB excess is shown in Fig. 6.6). 

The number of pendant amine groups was equal to the difference of feed number of 

TNBS molecules and the number of unreacted TNBS molecules. The reaction time 

between TNBS and pendant amine groups was varied between 1 to 5 days, but it did not 

affect the measured amount of unreacted TNBS, thus 1 day was chosen for further 

experiments. 

Properties of PSI-DAB gels, e.g. gelation time and degree of swelling are 

determined by the degree of chemical cross-linking which might be not equal to the 

cross-linking ratio applied during the preparation of the gels. We can assume that not 

the total amount of cross-linker molecules are attached to polymer chains with both of 

its amine groups, thus the conversion of pendant amine groups into amide linkages is 

smaller than 100% (Fig. 6.7a). Consequently, the degree of chemical cross-linking is 

smaller than its theoretical maximum value calculated from the total conversion of 

cross-linker molecules for each composition (Fig. 6.7b). 
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Fig. 6.4   a) Absorption spectrum of the reaction product of DAB and TNBS 

(CDAB = 500 µM) in DMSO; b) Calibration curve for TNBS assay of DAB in 

DMSO (cTNBS = 7.3 mM). 

 

 

Fig. 6.5   a) Absorption spectrum of the extracted washing solution of PSI-DAB gel 

after the addition of TNBS in DMSO. b) Absorption spectrum of the extracted 

TNBS in DMSO with and without the DAB 

 



Determination of degree of chemical cross-linking in polymer gels 

 

 

 

95 

 

 

Fig. 6.6   Calibration curve for the quantification of TNBS with DAB in DMSO 

(cDAB = 25 mM). 

 

Repeatability of the measurements is satisfactory indicated by the relatively 

small standard deviation values of the data points (below 5%). The difference between 

the degree of chemical cross-linking and its theoretical maximum (corresponding to 

100 % conversion of the amine groups of cross-linker molecules to amide linkages) is 

rather small, but we observed a clear tendency between the conversion and the cross-

linking ratio (Fig. 6.7a). Larger cross-linking ratio results in larger conversion, which 

apparently contradicts to the original expectation. However, the observed correlation 

can be explained by the network structure developing in the cross-linking process. 

Amine groups of the cross-linker molecules and succinimide repeating units 

have large reactivity, thus a slightly cross-linked structure with pendant amine groups 

must form in the first period of the cross-linking process. The presence of chemical 

cross-linking points results in the decrease of segmental mobility of the polymer which 

hindering the further formation of amide linkages, thus the structure in the initial part of 

the process basically affect the further reaction. In the case of large cross-linking ratio, 

the polymer chains are cross-linked densely which has a dual effect. First, the degree of 

swelling is significantly smaller than that of a less densely cross-linked gel (see the 

degree of swelling values in Table 6.1) because of the elastic effect of net points, and 

the increased polymer concentration inside the forming gel accelerate the reaction. 

Secondly, the densely cross-linked structure orients the pendant amine groups for amide 

formation with succinimide groups of adjacent polymer chains. Amide formation is 

supported by the fact that densely cross-linked polymer chains can be a favourable 

distance for the formation of additional chemical linkages and the orientation effect 
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might be further strengthened by hydrogen bonds between nearby pendant amine 

groups. All these effects are less significant in a loosely cross-linked network resulting 

in smaller conversion of the cross-linker molecules. Nevertheless, the conversion is 

remarkably high (> 70%) and the degree of chemical cross-linking is relatively large in 

the investigated range. 

 

 

Fig. 6.7   a) Conversion of pendant amine groups to amide linkages as a function of 

cross-linking ratio (XDAB, FEED) b) Correlation between the degree of chemical 

cross-linking and the cross-linking ratio. Diagonal line represents the 

conversion of 100%. Curves on both diagrams are used to guide the eye. 

 

6.3.4. Stability and accuracy 

The stability of TNBS assay was determined using PVA gels swollen in 

DMSO in the absence of primary amines. TNBS was incubated in PVA-GDA gels for 

3 days. 99.9 % of the feed amount of TNBS was recovered after careful washing of the 

gel. Consequently, the reagent is chemically stable in DMSO and long-term 

measurements can be carried out without the formation of interfering by-products. 

The accuracy of the TNBS assay was checked by comparison of the results 

with those of an independent method developed specially for PASP-CYS gel. This 

method is based on the quantitative determination of cysteamine molecules obtained by 

the reduction of pendant groups in cystamine cross-linked PASP gel (Scheme 6.3) and 

further referred to as reduction-based method. However, nucleophilic thiol groups of the 

unreacted reducing agent (DTT) and the cysteamine also react with TNBS. To avoid 

this concurrent reaction, sodium bromate was used to oxidize excess DTT after dialysis 

(Fig. 6.8). The addition of sodium bromate eliminated the interfering reaction and 

converted the cysteamine molecules to cystamine. Thus, cystamine was quantified 

during the assay. The number of pendant amine groups in PSI-CYS gel was determined 

also in DMSO with the developed TNBS assay. Results show that 8.0 ± 1.4 % of 

cystamine do not form chemical cross-links, while the reduction-based method gave the 

result of 11.3±1.8 %. According to F-test, reproducibility of the two methods is equal at 
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a significance level of 95% and paired t-test proved that the number of pendant amine 

groups obtained by the two methods is the same at a significance level of 95%. 

Consequently, the method developed for the quantification of pendant amine groups in 

DMSO has a satisfactory accuracy for chemically cross-linked aspartic acid based 

polymer gels. 

 

 

Fig. 6.8   Absorption spectrum of TNBS in the presence of dithiothreitol (DTT) with 

and without the addition of NaBrO3 as oxidizing agent 

 

6.4. Conclusions 

A novel method using 2,4,6-trinitrobenzensulfonic acid (TNBS) was developed 

to determine the degree of chemical cross-linking in aspartic acid based polymer gels. 

The conventional TNBS method is reliable for the quantification of small molecular 

amines in alkaline aqueous medium because the hydrolysis of the reagent does not 

interfere with the analysis if the reaction time is short. However, analysis of polymer 

networks bearing pendant amine groups is difficult in aqueous medium because of the 

formation of picric acid in a considerable amount. The TNBS assay was implemented in 

DMSO and the products of derivatizing reaction in DMSO was examined by 
1
H NMR. 

The formation of picric acid was excluded and the degree of chemical cross-linking of 

polysuccinimide gels was determined. Less than 0.1% of the cross-linker molecules 

remain unreacted because of the large reactivity of diamine molecules and the repeating 

units of the polymer. The conversion of pendant amine groups to chemical cross-linking 

points is large, but strongly depends on the cross-linking ratio of the gels. Stability of 

the reagent and linearity of calibration, repeatability and accuracy of the developed 
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method are satisfactory, thus it can be used to determine degree of chemical cross-

linking of PSI gels. Furthermore, this method can be extended to analyse other DMSO 

swollen polymer gels bearing pendant amine groups. 
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Chapter 7 

 

Supermacroporous chemically cross-linked  

poly(aspartic acid) hydrogels
6
 

 

7.1.  Introduction 

 In tissue engineering damaged tissues or organs are replaced by implantation of 

cell cultures seeded on a biomaterial in vitro, or by implantation of a porous substrate, 

scaffold to promote the self-repair of the injured tissues [1]. Scaffolding materials must 

meet some basic requirements that are independent of the proposed application: they 

must be biocompatible and possess high porosity with a pore size suitable for the 

accommodation of the cells [2]. The pore size should be between 5 and 200 µm 

depending on the type of cell, and the pore structure in this specific size range is 

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 [1]. In addition, in vitro cell seeding require easy 

control of cell adhesion and detachment by external stimulus (e.g. enzymatic treatment 

or temperature stimulus), while in vivo application of scaffolds requests the controlled 

biodegradability of the biomaterial [2]. Finally, proper mechanical strength is also a 

general requirement towards scaffolding materials [3]. Thermally induced phase-

separation from the liquid phase during polymerization and/or cross-linking is often 

used to prepare porous structures. Solid-liquid phase separation during polymerization, 

also called cryogelation in the case of hydrogels, is a well-established technique to 

create supermacroporous materials below the melting point of the solvent [2]. 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 [6,7]. The growing 

crystals of the solvent act as porogen for the interconnected pores forming after melting.  

 Considering the responsive character, biodegradability and biocompatibility of 

poly(aspartic acid) (PASP), various PASP based biomedical devices can be designed 

both on macro and nanoscale [4,5]. Nevertheless, PASP and its derivatives have not 

been exploited in tissue engineering, although PASP hydrogels can be suitable for 

applications in regenerative medicine. Accordingly, the goal of the present study was to 

to prepare supermacroporous poly(aspartic acid) (PASP) hydrogels by cross-linking 

poly(succinimide) (PSI) using cryogelation. The supermacroporous morphology of the 

PASP hydrogels is characterized by scanning electron microscopy and interconnectivity 

of the pores was determined by the measurement of flow resistance of the PASP 

hydrogels. Polyelectrolyte character of PASP gels is demonstrated by their pH-

dependent equilibrium degree of swelling. Stress strain curves are recorded to 

characterize mechanical properties of the hydrogels. 

                                                 
6Gyarmati B, Mészár EZ, László K, Szilágyi A. Submitted. 
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7.2.  Experimental 

7.2.1.  Synthesis of supermacroporous PASP gels 

 PSI was cross-linked with 1,4-diaminobutane in cryogenic conditions in 

DMSO significantly below the melting temperature (-10 to -40 °C) to induce phase 

separation. In a typical procedure of gel synthesis, the solution of the cross-linker 

molecules (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 which is defined as the 

molar ratio of cross-linker molecules to the repeating units of the polymer in the 

precursor solution (XDAB, FEED) varied between 4.0 and 9.0 %. After 30 s vigorous 

stirring at 25 °C the precursor solution was filled into the sample holders (cylinders or 

plates) and quickly put into a freezer. Temperature was continuously checked (deviation 

less than ± 2°C, TFS Klima Logger KVD-170 digital thermometer). 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). After 7 days of gelation, samples 

were dialyzed in buffer solution (pH = 8) at room temperature to remove unreacted 

chemicals and yield poly(aspartic acid) (PASP) hydrogels (Scheme 7.1). As a 

comparison, PSI gels were prepared also at room temperature (25 °C) and hydrolyzed to 

PASP gels, further referred to as conventional PASP hydrogels. 

 

 

Scheme 7.1   Synthesis of polysuccinimide and poly(aspartic acid) gels. 

 

7.2.2. Characterization 

The morphology of PASP gels was characterized by scanning electron 

microscopy (SEM) (JEOL JSM 6380 LA, accelerating voltage 15 kV). In order 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. Two characteristic sizes (longest and shortest) were determined for each gel 

from the micrographs and the aspect ratio was calculated. 
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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 pH-dependent response of PASP-DAB hydrogels was determined by 

swelling experiments. PASP-DAB hydrogel discs with a diameter of d0 = 10 mm were 

cut from the gel sheets 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 d0. 

The mechanical properties of the PASP-DAB hydrogels were characterized 

with uniaxial compression tests using an Instron 5543 mechanical tester with cell load 

of 5 N. The cylindrical samples were compressed into maximum 70% of their original 

height (h0). Force (F) and the extent of compression (h) were recorded during the 

measurements and nominal stress (n) and strain () was calculated using the following 

equations: n = F / A0 and  = h / h0, where A0 is the cross-sectional area of the 

undeformed hydrogel. Compression tests consisted of three main steps. A continuous 

compression with a constant deformation rate was applied in the first step, followed by 

10 s relaxation. Deformation was decreased to zero with the same deformation rate as in 

the first step. 

 

7.3.  Results and Discussion 

7.3.1. Synthesis of supermacroporous PASP hydrogels  

PSI was cross-linked with 1,4-diaminobutane using a solid-liquid phase 

separation technique, cryogelation, followed by hydrolysis of the PSI cryogels to yield 

supermacroporous PASP hydrogels. Although water is the most frequently used solvent 

in cryogelation, this time DMSO was used for the preparation of the 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 and the water soluble PASP must be activated by 

carbodiimide chemistry prior to cross-linking. DMSO is miscible in water, thus 

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 7.1). A cross-linking ratio of 4 % 

was necessary to prevent dissolution of the gels during hydrolysis. Thus hydrogels with 

XDAB, FEED = 4 to 9% were used in further experiments. Since the gels with the lowest 

cross-linking ratio are very soft and brittle, hydrogels with XDAB, FEED = 5 % were used 

in mechanical and flow-through tests. 
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7.3.2. Morphology 

Contrary to the conventional PASP hydrogels, cryogelation of PSI resulted in 

supermacroporous PASP hydrogels (representative examples are shown in Fig. 7.1a-e). 

Both cross-linking ratio and gelation temperature affect the morphology of the 

hydrogels. It is clearly demonstrated that lower gelation temperature and decreasing 

cross-linking ratio results in larger pore size (Table 7.1). 

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. 7.1 shows, porous morphology was observed even at -

10 °C in DMSO, which is not sufficiently low to prepare cryogels in aqueous medium 

[8]. Lower gelation temperatures resulted in larger pores  (Table 7.1), in agreement with 

Okay et al. [9]. The explanation is based on the thermodynamic interpretation of solid-

liquid phase separation. Lower temperatures yield larger crystals and a more limited 

reaction zone, which leads to formation of larger pores. The relatively large aspect ratio 

at the lower temperature (- 30 °C) (Table 7.1) indicates the alignment of the pore 

structure (especially in Fig. 1b). This internal “ladder-like” structure is a result of local 

temperature gradients that develop in the cryogenic conditions. 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 7.1). 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. 7.1f) confirmed the convective transport, and hence the 

interconnectivity of the pores. Nevertheless, the flow rate, instead of increasing, 

decreases with increasing hydrostatic pressure, apparently contradicting the primary 

expectations. However, the pores deform under load, and as a result some of the flow 

channels even may become totally blocked inside the gel. As a comparison, the flow 

rate through conventional PASP hydrogels is also shown (Fig. 7.1f). The buffer solution 

practically cannot flow through the conventional PASP gels because the fluid transport 

is diffusion-controlled. 
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Fig. 7.1   a-e) SEM micrographs of PASP gels freeze-dried after dialysis in water (Tgel 

and XDAB, FEED  are indicated in each micrograph), f) flow rate of the swelling 

agent through supermacroporous (Tgel = - 20°C, XDAB, FEED = 5 %) and 

conventional PASP hydrogels (Tgel = 25°C, XDAB, FEED = 5 %) as a function of 

hydrostatic pressure. 
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Table 7.1  Characteristic pore sizes and aspect ratio of supermacroporous PASP 

hydrogels as a function of gelation temperature and chemical 

composition. 

Tgel
a 

(°C) 

XDAB, FEED
b

 

(%) 

Shortest size 

(µm) 

Longest size 

(µm) 

Aspect 

ratio (-) 

 -30  6  66 ±  19  259 ±  193  4.0  ± 2.9 

 -30  7  12 ±  5  25  ±  17  2.1  ± 1.2 

 -10  6  17 ±  12  25 ± 17  1.6  ± 0.5 

 -10  7  9 ±  4  11 ± 4  1.3  ± 0.2 

a 
Gelation temperature

, b 
molar ratio of 1,4-diaminobutane to the repeating units 

of polymer. 

 

7.3.3. pH-dependent degree of swelling 

The degree of swelling of the conventional PASP hydrogels can be controlled 

by the pH due to dissociation of the aspartic acid repeating units above the pKa of the 

polymer [10]. 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. 7.2). The pH-

dependence at cross-linking ratio larger than 7% is not significant (not shown). 

 

 

Fig. 7.2   a) pH-dependent swelling of supermacroporous PASP hydrogels. 

Tgel = -20 °C, XDAB, FEED: □ 4 %, ○ 5 %, ∆ 6 %, ▼ 7 % b) pH-dependent 

swelling of conventional PASP hydrogels. Curves are to guide the eye. The 

reference diameter (d0) is measured at pH = 8. 
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The pH-dependence of degree swelling of the supermacroporous hydrogels 

showed a similar tendency as conventional PASP gels (Fig. 7.2). Degree of swelling 

increases significantly in the pH range 3 to 5 in both cases. The relative increase in 

degree of swelling upon increasing pH is slightly smaller at larger cross-linking ratio 

because of the larger number of chemical junction points per unit volume of the gel. The 

influence of pH is more pronounced in the case of supermacroporous gels. This might 

be explained by the smaller concentration of chemical junction points in 

supermacroporous hydrogels due to the lower gelation temperature. 

 

7.3.4. Mechanical properties 

Supermacroporous hydrogels can usually be compressed without mechanical 

destruction and they generally recover their original shape after the compression 

test [11]. A cylindrical sample was compressed with a maximum load of 5 kPa within 5 

s and the load was released in the subsequent 5 s. As Fig. 7.3 shows, the swelling agent 

is squeezed out during compression confirming the interconnectivity of the pores. As 

the load is released, the hydrogel recovers its original shape in contact with its swelling 

agent. The observed sponge-like behavior cannot be properly characterized by 

conventional unidirectional compression tests [11]. We used a 3-step compressive test 

to model the dynamic loading of the hydrogels in a continuously changing biological 

environment. The stress was recorded both at increasing and decreasing directions of 

the strain. 

 

 

Fig. 7.3   De-swelling and swelling of a supermacroporous PASP hydrogel 

(Tgel = - 20°C, XDAB, FEED = 5 %) during compression and relaxation.  

 

A representative stress vs. strain curve is shown in Fig. 7.4a. The 

supermacroporous hydrogels can be compressed without destruction 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-dissipation inside the 

network under stress [12]. The reason for this phenomenon is different in our case and 

can be explained by the concurring processes of swelling and deformation. The fluid 

released upon deformation cannot be taken up by the hydrogel if the rate of deformation 

is fast. The effect of rate of deformation on mechanical behavior is shown in Fig. 7.4b. 

Cross-linking ratio was 9%, because the gels with lower cross-linking ratio could not 
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withstand large deformation rates without mechanical destruction. We observed that 

both the stress and the size of the hysteresis loop significantly decrease with slower 

deformation rate because the hydrogel approaches its equilibrium degree of swelling 

during compression. 

 

 

Fig. 7.4   Stress-strain curves of PASP cryogels under cyclic mechanical load 

(deformation speed was 0.1 mm/s, XDAB, FEED = 5%, Tgel = -20 °C). Repeated 

measurements are indicated on the diagram, symbols: ○ 1
st
 run, □ 2

nd
 run, 

∆ 3
rd

 run. 

 

Results of the compression tests indicate the stress relaxation of the 

supermacroporous PASP hydrogels with swelling and de-swelling 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 

compressive modulus of soft tissues is 0.4 - 350 Mpa [13]. In vivo application 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. 

 

7.4. Conclusions 

Supermacroporous, chemically cross-linked poly(aspartic acid) (PASP) 

hydrogels were synthesized by cryogelation. DMSO was applied as solvent instead of 

the frequently used water because DMSO has several substantial benefits such as higher 

gelation temperature, 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 confirmed by small flow resistance. Compression 

tests indicated that the hydrogels released part of their swelling solution upon 

compression, which was taken up again upon release of the load. The supermacroporous 
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PASP hydrogels displayed pH-responsive swelling similarly to the conventional PASP 

hydrogels. Results indicate that the hydrogels developed can be suitable for in vitro cell 

seeding with pH-induced detachment of the grown cells. The feasibility of future 

biological applications is supported by the easy modification of the precursor polymer. 
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Chapter 8 

 

Summary
 

 

The scientific interest towards hydrogels have been increasing continuously 

because of their chemical versatility, large water-absorbing capacity, biocompatibility, 

biodegradability, adjustable surface characteristics and the almost infinite number of 

possible bio-related applications based on their beneficial properties. Intensive research 

is directed towards the synthesis of hydrogels with predetermined response to specific 

environmental triggers. Temperature and pH are the most frequently utilized stimuli in 

targeted drug delivery, but the need for hydrogels which are responsive to additional 

triggers have arised to increase the selectivity of the response. The redox potential 

dominating in different cell compartments seems to be an important physiological 

condition in targeting of drugs and it depends on the health state of the patient. There 

are a lot of open questions due to the complexity and interdiscipinarity of this field but 

the role of the thiol-disulphide transformation is crucial in the regulation of redox 

environment inside the cells and in the extracellular area, thus the efforts to synthesize 

polymers containing disulphide linkages and/or thiol groups have increased remarkably. 

Much research is done on natural materials, but the importance of reproducible 

chemical structure was also recognized, thus a significant number of researchers focus 

on the development of synthetic redox responsive materials. Since our research group is 

working with poly(aspartic acid) (PASP) as a synthetic polymer and we gained a 

considerable experience in the synthesis of PASP hydrogels, the main goal of this 

Thesis was to synthesize redox responsive hydrogels using poly(aspartic acid) and to 

utilize thiol-disulphide transformation in the synthesis and the application of the PASP 

hydrogels. At the end of this chapter we compile the most important new findings of 

this work in a few thesis points.  

The synthesis of thiolated polysuccinimide and poly(aspartic acid) was studied 

in the first stage of the research. The characterisation of the thiolated polymers was a 

key issue because only few reports exist in the literature and the development of reliable 

methods is crucial both for synthesis and future applications. Consequently, the general 

structure of the synthesized polymers was proven with NMR, while thiol content and 

the transformation of thiol groups into disulphide linkages were investigated in detail by 

using specific chemical analysis of the functional groups and by Raman spectroscopy. 

The results of the experiments confirmed that the reaction of polysuccinimide with 

cysteamine resulted in thiolated polysuccinimide which can be further converted into 

thiolated poly(aspartic acid). The thiol content could be varied in a controllable manner 

by feed composition. The thiol groups of the polymers form intermolecular disulphide 

linkages upon oxidation which is exhibited as a macroscopic and reversible sol-gel 

transition upon oxidation and reduction. Mechanically stable macroscopic hydrogels 

were obtained by chemical oxidation of thiol groups and the redox-responsive PASP 

gels can be further exploited as reduction sensitive delivery matrix of model drug 

molecules. 
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The research on thiolated poly(aspartic acid) continued with several 

experiments related to the future application of the polymer as injectable material for 

sustained release of therapeutic agents. 2D NMR studies proved that the polymer 

possesses the expected regular structural units and we were the first to report the 

complete identification of the side groups of thiolated poly(aspartic acid). Stability of 

thiol groups against aerial oxidation was measured in aqeuous solution and we showed 

that a considerable part of them oxidises into disulphide linkages, thus should be kept in 

solid form and should be dissolved only prior to application to avoid premature 

gelation. The gelation process of thiolated poly(aspartic acid) was characterised by 

oscillation rheology. The storage modulus was larger than the loss modulus even before 

the formation of disulphide linkages indicating the presence of a slightly, physically 

cross-linked structure. Consequently, the conventional and commonly used definition of 

gel point as the cross-over of the dynamic moduli could not be used, but the storage 

modulus was sufficient to characterise the gelation. Gelation times determined from 

time-dependent storage modulus were in good agreement with visually observed 

gelation times. 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. Consequently, the aqeuous solution of the polymer can be 

converted into a hydrogel with predetermined strength in a controllable time interval 

which is useful in future applications as injectable material. 

The experience gained during the synthesis of thiolated poly(aspartic acid) was 

utilised to develop hydrogels with reversible response of degree of swelling to external 

redox stimulus without the dissolution of the gel. Thiolated polysuccinimide was cross-

linked with redox-inert diamine molecules and the proper choice of thiol content and the 

concentration of permanent cross-linker molecules resulted in poly(aspartic acid) 

hydrogels with significant redox response. The change in the degree of swelling and the 

elastic modulus was reversible for several cycles which is useful in future applications 

as redox sensitive delivery vehicle with modulated release of the entrapped drug 

molecules. We proved that the thiol-disulphide transformation is responsible for the 

redox response and the oxidation and reduction of functional groups control the cross-

linking density. 

Although several studies are concerned with poly(aspartic acid) hydrogels 

cross-linked with diamines, the reliable determination of degree of chemical cross-

linking still lacks in the literature. We developed a simple colorimetric method to 

determine the conversion of the cross-linker molecules. However, the analytical method 

using 2,4,6-trinitrobenzenesulfonic acid had to be improved to increase accuracy. The 

conventional method for the determination of amine content of small molecules is used 

in alkaline solution, but it cannot be used for the analysis of polymer gels because of the 

hydrolysis of the reagent during analysis. Thus, water was replaced to DMSO and the 

reaction mechanism was explored by NMR spectroscopy. Analytical performance of the 

developed method is satisfactory regarding linearity, accuracy and repeatability and the 

stability of the reagent in DMSO 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 cross-linking ratio of the gels. 
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Our research activity has recently directed towards the development of porous 

matrices prepared from poly(aspartic acid) for further uses in regenerative medicine. 

The polymer was cross-linked by redox-inert diamine molecules to simplify the 

synthesis and morphology of the prepared hydrogels was in the focus. Porous structure 

was prepared by cryogelation. The average pore size of the hydrogels were in the 

supermacroporous size range (5 to 200 µm), and we determined the effect of gelation 

temperature and cross-linking ratio on the size and shape of pores. The interconnectivity 

of the pores was proven by the fast swelling of the hydrogels and small flow resistance 

of the gels.   

 

The most important conclusions of this thesis can be briefly summarised in the 

following points (the corresponding papers are indicated for each thesis point): 

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 hydrogels [5]. 

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]. 
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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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List of symbols and abbreviations
 

 

 molar extinction coefficient, UV Vis measurements (M
-1

cm
-1

) 

 strain, mechanical measurements (-) 

  relative deformation, mechanical measurements (-) 

 wavelength, UV Vis measurements (nm) 

ν
* 

cross-linking density (M) 

n nominal stress (Pa) 

 angular frequency (1/s) 

COSY Correlation Spectroscopy 

cPSI feed wt% of polysuccinimide  

CYS cystamine 

d diameter of the gel (m) 

d0 initial diameter of the gel (m) 

D2O deuterium oxide 

DAB 1,4-diaminobutane 

DBA dibutylamine 

DEPT Distortionless Enhancement by Polarisation Transfer 

DMSO dimethyl sulfoxide 

DMF N,N’-dimethyl formamide 

DTT dithiothreitol 

dV/dt flow rate (ml/min) 

EDTA Ethylenediamine tetraacetic acid 

EPO erythropoietin 

G elastic modulus (Pa) 

G’ storage modulus (Pa) 

G” loss modulus (Pa) 

GDA glutardialdehyde 

h0 originial height of the specimen (m) 

HMBC Heteronuclear Multiple-Bond Correlation 

HSQC Heteronuclear Single Quantum Coherence 

I ionic strength (M) 

LCST lower critical solution temperature 

LOD limit of detection (M) 

MeOH methanol 

NIPA N-isopropylacrylamide 

NMR nuclear magnetic resonance 

PASP poly(aspartic acid) 

PASP-CYS poly(aspartic acid) cross-linked with cystamine 

PASP-DAB poly(aspartic acid) cross-linked with 1,4-diaminobutane 

PASP-SH thiolated (cysteamine-modified) poly(aspartic acid) 

PASP-SS disulphide cross-linked poly(aspartic acid) 

PBS phosphate buffered saline 

PEG-PLGA-PEG poly(ethylene glcol)-b-poly(D,L-lactic acid-co-glycolic acid)-b-

poly(ethylene glcol) 

pNIPA poly(N-isopropylacrylamide) 
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PSI polysuccinimide 

PSI-CYS polysuccinimide cross-linked with cystamine 

PSI-DAB polysuccinimide cross-linked with 1,4-diaminobutane 

PVA polyvinyl alcohol 

Qm degree of swelling (weight ratio of swollen and dried gel) (-) 

SEM scanning electron microscopy 

tgel gelation time (min) 

Tgel  
 
temperature of gelation (°C) 

TNBS 2,4,6-trinitrobenzenesulfonic acid 

XCYS,FEED feed ratio of cysteamine to succinimide repeating units (%) 

XDAB,FEED cross-linking ratio or feed ratio of 1,4-diaminobutane to succinimide 

repeating units (- or %) 

XCYS, NMR molar ratio of cysteamine chains to the repeating units determined 

by NMR (%) 

XSH molar ratio of the thiol groups to the repeating units determined by 

Ellman’s assay(%) 

wt% weight percent 
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