
 
 Poly(aspartic acid) hydrogels and composites for 

the encapsulation of bioactive compounds 
 

 

Thesis Book 

 

 

 

Author: Enikő Molnárné Krisch 

Supervisor: András Szilágyi 

 

 

 

 

 
 

Soft Matters Group 

Department of Physical Chemistry and Materials Science 

Budapest University of Technology and Economics 

 

 

2018 

 



Ph.D. Thesis 

 
 

1 

1. Introduction 

Polymer hydrogels are gaining more and more attention in 

the field of biomedicine and materials science due to their large 

water content, porous structure and controllable viscoelastic 

properties.
1,2

 Their unique structure makes them not only similar 

to the human soft tissues, but also ensures a high capacity for the 

entrapment of molecules (e.g. bioactive compounds, such as 

drugs, DNS or enzymes). Hydrogels are used in clinical practice 

and experimental medicine for a wide range of applications, 

including drug delivery, regenerative medicine or diagnostics.
3,4

 

Hydrogels, that are designed to respond to one or more external 

stimuli, such as pH, temperature, light or redox potential are even 

more interesting, as they show sol-gel transition or significant 

change in the degree of swelling of the hydrogel accompanied by 

the changes of mechanical, viscoelastic, optical and transport 

properties, which can be utilized for example in drug delivery.  

Beside macroscopic hydrogels, nanogels are also in the 

focus of drug delivery studies, as they combine the beneficial 

properties of the hydrogels and the nanoparticles (they can be 

injected intravenously and thus reach the targeted tissues or cells 

from the blood stream). One of the most studied fields of 

nanosized drug carriers is the field of oncology. Tumor-targeted, 

intracellular release can be obtained using nanoparticulate drug 

formulations as they tend to accumulate in tumor cells due to the 

                                                 
1
 Hoffman, A. S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 

54, 3–12 (2002). 
2
 Peppas, N. A., Hilt, J. Z., Khademhosseini, A. & Langer, R. Hydrogels in 

Biology and Medicine: From Molecular Principles to 

Bionanotechnology. Adv. Mater. 18, 1345–1360 (2006). 
3
 Calo, E. & Khutoryanskiy, V. V. Biomedical applications of hydrogels: A 

review of patents and commercial products. Eur. Polym. J. 65, 252–

267 (2014). 
4
 Peppas, N. A. & Van Blarcom, D. S. Hydrogel-based biosensors and sensing 

devices for drug delivery. J. Control. Release 240, 142–150 (2016). 
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enhanced permeability and retention in tumor cells (called EPR 

effect). Selectivity of nanocarriers caused by EPR effect can be 

further improved using stimuli reponsive nanogels, as they can 

release their payload as they respond to the different chemical 

environment in tumors, e.g. different pH and redox potential 

compared to healthy cells and tissues. 

Several natural and synthetic polymers have been used for 

the preparation of responsive polymer gels and nanogels, but 

future challenges can only be answered by biocompatible and 

biodegradable polymers with easily controlled chemical structure. 

Synthetic poly(aspartic acid) (PASP) is a biocompatible polymer, 

which fulfils all these requirements.
5
 A wide range of PASP 

derivatives can be readily synthesized by the reaction of its 

anhydride, polysuccinimide (PSI) and primary amines followed 

by a mild hydrolysis of the remained succinimide rings to the 

corresponding PASP polymer.
6
  

In this work I focused on the preparation of pH and/or 

redox responsive PASP nanogels, that have a great potential in 

the design of smart delivery systems since the pH and redox 

environment triggered drug release allows the drug to be liberated 

from the nanogels at the targeted tissue or cells. Preliminary 

studies were carried out on the chemical cross-linking of PASP 

and on the resulting macroscopic hydrogels to optimize the 

physicochemical and responsive properties of the nanogels to be 

prepared.  

Beside drug delivery application there are still many 

unexploited fields, where advantages of PASP can be utilized. 

One of these is biocatalysis, where polymer composites are 

widely used for the immobilization of enzymes, thus I also aimed 

                                                 
5
 Joentgen, W., Müller, N., Mitschker, A. & Schmidt, H. in Biopolymers 

Online: Wiley-VCH Verlag GmbH & Co. KGaA (2005). 
6
 Gyenes, T., Torma, V., Gyarmati, B. & Zrínyi, M. Synthesis and swelling 

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

Biomater. 4, 733–744 (2008). 
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to prepare PASP composites for the entrapment of enzymes that 

can be used as biocatalyst in synthetic chemistry. 

2. Experimental 

Poly(aspartic acid) nanogels were prepared by inverse 

emulsion method. pH-responsive PASP nanogels were prepared 

in dimethyl sulfoxide-n-dodecane non-aqueous emulsion by 

cross-linking PSI with 1,4-diaminobutane, then hydrolyzing the 

PSI nanogels into PASP nanogels. Redox-responsive, disulphide 

containing PASP nanogels were prepared in water/n-octane 

emulsion either by the oxidation of the thiol groups of thiolated 

PASP (PASP-SH) (Figure 1) or by cross-linking of PASP-SH 

with a non-cleavable bisepoxy cross-linker (poly(ethylene 

glycol)diglycidyl ether, PEGDGE) (Figure 2). Size distribution of 

nanogels was measured by dynamic light scattering (DLS) and 

their surface charge was determined by zeta potential 

measurements. 

For the encapsulation of lipase B from Candida antarctica 

(CaLB), PASP beads with a diameter of 2-3 mm were prepared 

(Figure 3). Aqueous suspension of sodium alginate, PASP-SH 

and CaLB adsorbed on silica particles was added dropwise into 

zinc chloride solution. Following the formation of physical 

alginate network in zinc chloride solution, covalent bonds were 

established between the thiol groups of PASP-SH, the amine 

groups on the silica gel particles and/or the accessible 

nucleophilic groups (amine, thiol and hydroxyl groups) of CaLB 

using a bisepoxy cross-linker (PEGDGE) to avoid leakage of the 

enzyme. Biocatalytic activity of the CaLB containing PASP-

beads was studied in kinetic resolution of racemic-1-

phenylethanol. 
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Figure 1 Schematic representation of the preparation of 

disulphide cross-linked poly(aspartic acid) nanogels 

in inverse miniemulsion 

 

 

Figure 2 Cross-linking of thiolated poly(aspartic acid) with 

poly(ethylene glycol)diglycidyl ether (x = 7-8) 
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Figure 3 Preparation of poly(aspartic acid) beads for the 

immobilization of Lipase B from Candida Antarctica 

(CaLB) 



Ph.D. Thesis 

 
 

6 

3. Results 

In the first stage of the research 1,4-diaminobutane cross-

linked PASP hydrogels (PASP-DAB) were studied. Gelation 

time, swelling and mechanical properties of PASP hydrogels with 

different compositions (cross-linking ratio and polymer 

concentration) were determined, and the proper composition with 

sufficient mechanical stability and short gelation time was chosen 

for nanogel synthesis. Nanogels were prepared by inverse 

emulsion method in a non-aqueous dimethyl sulfoxide-n-

dodecane emulsions in the size range of 200-400 nm. The size 

and zeta potential of the PASP nanogels showed strong pH 

dependence (Figure 4). 

 

Figure 4 a) Diameter and b) zeta potential of 1,4-

diaminobutane cross-linked PASP nanogels as a 

function of pH 

 

Afterwards, I aimed to develop PASP nanogels that show 

not only pH, but also redox responsive characteristics. Disulphide 

cross-linked PASP nanogels (PASP-SS) were prepared by the 

oxidation of PASP-SH in the nanosized droplets of an inverse 

emulsion. In this case nanogel preparation was done in water-in-

oil emulsion, since PASP-SH is water soluble, which made the 

emulsion more stable. Two high energy methods, ultrasonication 

a) b) 
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and high pressure homogenization (HPH) were used for the 

emulsion preparation. Nanogels prepared by HPH method 

showed narrow size distribution with a diameter of 100-150 nm, 

depending on the environmental conditions (Figure 5 a).  

Drug-loaded nanogels were also prepared, and the 

reduction induced drug release measurements suggest, that the 

PASP-SS nanogels could be candidates for tumor-targeted drug 

delivery, where the drug release can be facilitated by the reducing 

environment of cancer cells (Figure 5 b). 

 
Figure 5 a) Size distribution of the disulphide cross-linked 

poly(aspartic acid) nanogels measured in saline (red 

line) and in water (black line). b) Evolution of the 

release of a model drug, fluorescent dextran from the 

disulphide cross-linked poly(aspartic acid) nanogels 

in reducing medium (red spheres) and in redox-inert 

medium (black squares) 

 

PASP nanogels based on thiolated PASP disintegrated in 

reducing environment due to cleavage of the disulphide bonds. 

My next goal was to synthesize redox sensitive PASP hydrogels 

that show reversible volume change upon redox stimulus. To 

prohibit the total disintegration of the polymer network, PASP 

hydrogels were synthesized by using a non-redox sensitive cross-

linker molecule together with disulphides, and thus in reducing 

a) b) 
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environment only the disulphides got cleaved and the hydrogels 

swelled due to the decreasing amount of cross-links. Disulphide 

bonds can be built again by the oxidation of the thiol groups, 

which results in the shrinking of the hydrogel (Figure 6 a). The 

synthesis of such macroscopic hydrogels (PASP-SS-DGE 

hydrogels) was carried out in aqueous medium, which enabled us 

to synthesize nanogels of the same composition in water-in-oil 

emulsion. The swelling and the mechanical properties of the 

macroscopic hydrogels were studied to choose the composition 

which had remarkable redox response and good mechanical 

stability to encapsulate a model drug. The drug release profile 

was determined in both redox-inert and reducing medium to 

prove the existence of redox-modulated release kinetics 

(Figure 6 b).  

 
Figure 6 a) Degree of swelling of poly(aspartic acid) 

hydrogels containing both disulphide and redox-inert 

cross-links hydrogels upon alternating 

reduction/oxidation starting with a reduction step 

(red circles) or an oxidation step (black squares). b) 

Amount of released drug, fluorescent dextran, from 

poly(aspartic acid) hydrogels containing both 

disulphide and redox-inert cross-links in reducing 

medium (red circles), and at first in redox inert 

medium, then reducing medium (black squares)  

a) b) 
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Figure 7 Size distribution of poly(aspartic acid) nanogels 

containing both disulphide and redox-inert cross-

links in water and in reducing medium 
 

In the last part of the Thesis I aimed to develop a new 

formulation for biocatalysis by utilizing the easy 

functionalization of PASP. I developed silica 

gel/alginate/poly(aspartic acid) composite beads for the 

immobilization of lipase B enzyme from Candida antarctica 

(CaLB). The biocatalytic activity of CaLB in the beads was 

comparable to that of CaLB physically adsorbed on silica gel 

particles (Figure 8 a). The composite beads were easy to recover 

after use and no loss of biocatalytic activity was observed even 

after five test reaction cycles (Figure 8 b).  
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,  

Figure 8 a) Comparison of specific activity of CaLB adsorbed 

on silica gel (green column) with CaLB entrapped in 

composite beads cross-linked with PEGDGE (red 

column) or without cross-linking (black column) in 

the kinetic resolution of racemic 1-phenylethanol. b) 

Activity of composite beads with different thiol 

content of PASP-SH (10%:black column 30%:red 

column, 50%: blue column) and of the CaLB 

physically adsorbed on silica gel (green column) in 

consecutive cycles of reactions 

 

a) b) 
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4. New scientific results 

1. I developed a synthetic method to cross-link polysuccinimide 

in a non-aqueous inverse emulsion by using dimethyl 

sulfoxide, a good solvent of the polymer, as the polar phase 

and n-dodecane as the apolar phase. The cross-linking reaction 

took place in the droplets of the emulsion and the resultant 

polysuccinimide nanogels were hydrolyzed to poly(aspartic 

acid) nanogels in the size range of a few hundred nanometers. 

I showed that the pH-responsive character of poly(aspartic 

acid) was preserved in the nano size range and the 

hydrodynamic diameter as well as the surface charge of the 

nanogels are controlled by the external pH. [1] 

 
2. I synthesized chemically cross-linked poly(aspartic acid) 

nanogels in water-in-oil emulsion without the need of a cross-

linking agent by the oxidation of thiolated poly(aspartic acid). 

The nanogels were stable in aqueous medium but could be 

dissolved on demand by the reduction of disulphide cross-

links. I showed that a macromolecular model drug can be 

entrapped in the nanogels during cross-linking with reasonable 

encapsulation efficiency. The release of the encapsulated drug 

is triggered by reduction. [2] 

 

3. I developed a synthetic method in aqueous medium for the 

preparation of poly(aspartic acid) hydrogels showing 

reversible volume change upon redox stimulus. Hydrogels 

were synthesized by the cross-linking of thiolated 

poly(aspartic acid) with a non-cleavable, epoxy-terminated 

cross-linker. The hydrogels were stable in both oxidizing and 

reducing solution while their degree of swelling and elastic 

modulus were controlled by the redox environment in a 

reversible manner. I showed that the magnitude of the 

response is controlled by thiol content and cross-linking 

ratio. [3] 
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4. I showed that a macromolecular model drug can be 

encapsulated with outstanding efficiency in poly(aspartic acid) 

hydrogels cross-linked with both disulphide and permanent 

cross-links. The release kinetics of the drug can be controlled 

by a reducing agent because of the redox-dependent degree of 

swelling of the gels. I proved that the release of the 

macromolecular drug is strongly limited in the oxidized state 

of the hydrogels while an immediate increase in release rate 

can be triggered by the addition of a reducing agent. [3] 

 
5. I synthesized pH and redox responsive poly(aspartic acid) 

nanogels in water-in-oil emulsion by the permanent cross-

linking of the thiolated polymer. I confirmed the redox-

responsive character of the nanogels by the increase of their 

hydrodynamic diameter upon reduction. The pH-responsive 

character of the nanogels was confirmed by the abrupt change 

of their zeta potential around the pKa value of poly(aspartic 

acid). [3] 

 

6. I prepared composite beads of silica gel, alginate and 

poly(aspartic acid) for the immobilization of lipase B enzyme 

from Candida antarctica (CaLB). Spherical beads in the size 

range of a few millimeters were successfully synthesized by 

the ionic cross-linking of alginate while the use of an epoxy-

terminated cross-linker provided the chemical stability of the 

composite. I proved that the activity of the enzyme was 

preserved while reusability was increased significantly in 

comparison with CaLB physically adsorbed on silica gel 

particles. The thermal stability of the immobilized enzymes 

was significant. [4] 
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5. Application of the new scientific results 

Synthesized poly(aspartic acid) (PASP) hydrogels and 

nanogels are good candidates for human biological applications, 

especially for drug delivery systems due to their multiresponsive 

characteristics, biocompatibility and biodegradability. 

Macromolecular drugs were successfully loaded into redox-

sensitive PASP gels, and their reduction induced drug release 

indicates their possible use as redox-controlled drug delivery 

systems due to the redox gradient in the body. 

 

The Candida Antarctica lipase B (CaLB) containing 

composite beads of silica gel, alginate and PASP showed good 

biocatalytic activity and they are stable and easy to handle. 

Furthermore, their reusability and thermal stability are 

significant, which indicate the potential application of this 

formulation of CaLB as a biocatalyst on laboratory or even on an 

industrial scale. 
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