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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) 

μE  electrophoretic mobility 

ν*
  

cross-linking density (M) 

ξ  zeta potential (mV) 

n  nominal stress (Pa) 

  angular frequency (1/s) 

Alg  sodium alginate 

CaLB  Lipase B from Candida Antarctica 

CaLB/gSG  silica gel particles with immobilized CaLB 

CaLB/gSG/Alg/PASP-SH silica/alginate/poly(aspartic acid) biocatalyst containing CalB 

CEA  cysteamine 

cPSI  feed wt% of polysuccinimide  

CYS  cystamine 

d  diameter of the gel (m) 

d0  initial diameter of the gel (m) 

dH  hydrodynamic diameter (nm) 

D2O  deuterium oxide 

DAB  1,4-diaminobutane 

DBA  dibutylamine 

DLS  dynamic light scattering 

DMSO  dimethyl sulfoxide 

DMF  N,N’-dimethyl formamide 

DTT  dithiothreitol 

dV/dt  flow rate (ml/min) 

E  enantiomeric ratio 

ee  enantiomeric excess 

EPO  erythropoietin 

FITC-Dx  fluorescein isothiocyanate-dextran (Mw = 40 kDa) 

FTIR  Fourier-Transform Infrared Spectroscopy 

G  elastic modulus (Pa) 

G’  storage modulus (Pa) 

G”  loss modulus (Pa) 

GDA  glutardialdehyde 

h0  originial height of the specimen (m) 

HLB  hydrophilic-lipophilic balance 

HPH  high pressure homogenization 

I  ionic strength (M) 

KR  kinetic resolution 

MeOH   methanol 

MTBE  t-butyl-methylether 

NIPA  N-isopropylacrylamide 

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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NMR  nuclear magnetic resonance 

PASP  poly(aspartic acid) 

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 

PDI  polydispersity index (-) 

PEGDGE  poly(ethylene glycol) diglycidyl ether 

PSI  polysuccinimide 

PSI-CYS  polysuccinimide cross-linked with cystamine 

PSI-DAB  polysuccinimide cross-linked with 1,4-diaminobutane 

PVA  poly(vinyl alcohol) 

Qm  degree of swelling (weight ratio of swollen gel to the dried 

gel) (-) 

qloading  drug loading efficiency (%) 

rac-1  racemic-1-phenylethanol 

SEM  scanning electron microscopy 

SPAN 80  sorbitan monooleate, non-ionic surfactant 

SS-DGE  thiolated poly(aspartic acid) cross-linked with poly(ethylene 

glycol) diglycidyl ether 

TEM   Transmission Electron Microscopy 

tgel  gelation time (min) 

Tgel   
 
temperature of gelation (°C) 

THF  tetrahydrofuran 

TRIS  tris(hydroxymethyl)aminomethane 

U  biocatalytic acitivity (µmol/min) 

US  ultrasonication 

XSH(theoretical)  feed molar ratio of cysteamine to succinimide repeating units 

(n/n%) 

XDAB  cross-linking molar ratio of 1,4-diaminobutane to succin-

imide repeating units (n/n%) 

XSH (NMR)  molar ratio of cysteamine chains to the repeating units deter-

mined by NMR (n/n%) 

wt%  weight percentage 
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Chapter 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.
1–3

 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). Furthermore, 

hydrogels can be formulated in a variety of physical forms, including slabs, 

microparticles, nanoparticles, nanofibers, coatings or films. As a result, hydrogels are 

used in clinical practice and experimental medicine for a wide range of applications
4,5

, 

including drug delivery, regenerative medicine or diagnostics. Therapeutic efficiency 

can be increased by the use of responsive hydrogels, that are designed to respond to one 

ore more external stimuli, such as pH, temperature, light or redox potential as they show 

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

accompanied with the changes of mechanical, viscoelastic, optical and transport 

properties. 

Nanogels are also in the focus of drug delivery studies, as they combine the 

beneficial properties of the hydrogels (tissue like structure, high drug loading capacity, 

response to external stimuli) and the nanoparticles (they can be injected intravenously 

and thus reach the targeted tissues or cells from the blood stream). Several natural and 

synthetic polymers have been used for the preparation of responsive polymer nanogels, 

but future challenges can 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.
6
 A wide range of PASP 

derivatives can readily be 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.
7
 

In the last decade the Soft Matters Group has extensively studied the possible 

uses of PASP, mostly in pharmaceutical fields.
8–14

 In this Thesis we focused on the 

preparation of pH and 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 targetted 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 we also aimed to prepare PASP composites for the entrapment of 

enzymes that can be used as biocatalyst in synthetic chemistry. This Thesis intends to 

give detailed information on the preparation and on the properties of the aforementioned 

nanogels and composites to foster the development of their future application.  
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1.1 Hydrogels 

1.1.1 Definition, structure and synthesis 

Polymer hydrogels are three dimensional, hydrophilic polymer networks 

containing a large amount of water or aqueous solution. The polymer network might be 

formed either by physical and/or chemical interactions.
15

 Physically cross-linked 

hydrogels are built up with the aid of molecular entanglements and/or secondary forces 

such as ionic, hydrogen or Van der Waals bonds. Physical hydrogels can be dissolved 

by changing the environmental conditions, such as temperature or ionic strength of the 

solution. Chemically cross-linked hydrogels contain covalent bonds between the 

polymer chains that prevent dissolution of the gels and help to achieve proper 

mechanical strength. The structure of chemically cross-linked hydrogels always 

contains physical interactions as well, which must be always taken into consideration. 

Synthesis of chemically cross-linked hydrogels includes two main routes.
15,16

 

Cross-linked polymer networks can be prepared by direct polymerization or by the 

cross-linking of polymers. In the first case, polymerization and cross-linking take place 

simultaneously and the average functionality of monomers must be larger than 2. In the 

second case, hydrogels are synthesized by cross-linking of polymer chains either by a 

cross-linker molecule or by the reaction of reactive functional groups on the polymer 

chains (Fig. 1.1).
15,16

 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, -alcohols and epoxides are generally used as 

cross-linker molecules. Hydrogels can consist of one or more polymers. Examples for 

the latter includes co-networks, where the different type of polymer chains are 

connected covalently and considered to be cross-linked block copolymers, or 

interpenetrating networks that comprising two or more networks, which are interlaced 

on a microscopic scale but not covalently bonded. This system can be prepared by 

polymerization and cross-linking of one complete polymer network, followed by 

polymerization and cross-linking of a second in the presence of the first network. The 

networks can be synthesized simultaneously if the type of initiation is different.
1,17

 

Hydrogels can be synthesized from both natural and synthetic polymers, some 

of the most commonly used polymers include synthetic polymers like poly(ethylene 

glycol) (PEG), poly(vinyl alcohol) (PVA), or poly(2-hydroxyethyl methacrylate) 

(PHEMA), and natural based ones like agarose, alginate, chitosan, collagen or 

hyaluronic acid. A huge drawback of natural polymers is their poorly reproducible 

structure, including their molecular weight, which depends on the source of the 

polymer. Synthetic polymers, however, provide better reproducibility and control over 

molecular weight and structure, but are not inherently biocompatible (e.g. toxicity of 

poly(N-isopropylacrylamide) (pNIPA) due to remaining monomers) or biodegradable 

(e.g. limited biodegradability of polyacrylates
18

).  
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Figure 1.1 Reaction schemes for hydrogel formation. The selection of functional groups 

depends on the application of interest, including the desired initiation 

mechanism, the specificity and rate of the reaction, and the stability of the 

resulting bond under various conditions
19
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Hydrogels tend to take up a large amount of water, resulting in the volume 

increase of the network. The degree of swelling (𝑄
𝑚

, 𝑄
𝑉
) is defined as the ratio of the 

mass or volume of the swollen gel (𝑚𝑠, 𝑉𝑠, respectively) to the mass or volume of the 

dry gel (𝑚𝑑, 𝑉𝑑, respectively) (Eq. 1.1 and 1.2). 𝑄𝑚 =
𝑚𝑠

𝑚𝑑
  (1.1) 

 𝑄𝑉 =
𝑉𝑠

𝑉𝑑
  (1.2) 

The swelling of the hydrogels required is determined by the proposed 

application. The driving force of swelling is the increase of entropy upon mixing the 

polymer with the solvent, while the swelling is limited by the chemical cross-links in 

the network. In thermodynamic equilibrium the chemical potential of the water inside 

(𝜇1,𝑔) and outside (𝜇 1,𝑠) of the hydrogel is equal.  

 ∆𝜇1,𝑔 = ∆𝜇1,𝑠 (1.3) 

There are two terms contributing to the change in the chemical potential of the 

water in the hydrogel (∆𝜇1,𝑔) during swelling: the osmotic term caused by the mixing of 

the water molecules with the polymer chains (∆𝜇1,𝑚𝑖𝑥) and the elastic term arising from 

the deformation of the polymer chains due swelling (∆𝜇1,𝑒𝑙). In the case of 

polyelectrolyte networks, the osmotic term is affected by the presence of ions which is 

usually described by a third term. (∆𝜇1,𝑖𝑜𝑛).  

According to the Flory–Huggins theory
20

 mixing term can be expressed as follows: 

 ∆𝜇1,𝑚𝑖𝑥 = 𝑅𝑇[ln(𝜙1) + 𝜙2 + 𝜒𝜙2
2] (1.4) 

where 𝜙1denotes the volume fraction of the solvent, 𝜙2denotes the volume fraction of 

the polymer in the swollen gel, 𝜒 denotes the Flory–Huggins interaction parameter, 

which characterizes the interaction between the polymer and the solvent, R is the 

universal gas constant and T is the absolute temperature. 

According to the Flory–Rehner theory
21

 term of elasticity can be written as 

 Δ𝜇1,𝑒𝑙 = 𝐴𝜈∗𝑄0
−2/3𝑉1𝑅𝑇𝜙2

1/3 − 𝐵𝜈∗𝑉1𝑅𝑇𝜙2 (1.5) 

where 𝑄0 refers to the degree of swelling of the gel in preparative state, 𝜈∗represents the 

moles of elastically active network chains in a unit volume of the dry gel. 𝑉1 stands for 

the partial molar volume of the solvent, and A and B are the model parameters of Flory–

Rehner-theory (1 and 0.5, respectively)
21

. 

The ionic term inside the gel, Δ𝜇1,g,𝑖𝑜𝑛depends on the concentration of all the ions (i) in 

the gel and can be approximated as 

 Δ𝜇1,𝑔,𝑖𝑜𝑛 =̃− 𝑉1𝑅𝑇 ∑ 𝑐𝑗
𝑔𝑖

𝑗 , (1.6) 

where 𝑐𝑗
𝑔

 is the concentration of the number j ion in the gel. 
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The change in the chemical potential of the water inside the gel is the sum of these 

contributions: 

 ∆𝜇1,𝑔 = ∆𝜇1,𝑚𝑖𝑥 + ∆𝜇1,𝑒𝑙 + ∆𝜇1,𝑔,𝑖𝑜𝑛 (1.7) 

The change in the chemical potential of the water in the electrolyte solution is Δ𝜇1,𝑠 =

Δ𝜇1,s,𝑖𝑜𝑛 due to the presence of mobile ions. Similarly to Eq. 1.6: 

 Δ𝜇1,𝑠,𝑖𝑜𝑛 =̃− 𝑉1𝑅𝑇 ∑ 𝑐𝑗
𝑠𝑖

𝑗 , (1.8) 

where 𝑐𝑗
𝑠 is the concentration of the number j ion in the solution. 

According to Eq. 1.3 the condition for equilibrium can be expressed as follows: 

 ∆𝜇1,𝑠,𝑖𝑜𝑛 = ∆𝜇1,𝑚𝑖𝑥 + ∆𝜇1,𝑒𝑙 + ∆𝜇1,𝑔,𝑖𝑜𝑛 (1.9) 

Taken Eq.s 1.3-1.9 into account, without the detailed discussion of the 

deduction, the pH-dependence of degree of swelling can be expressed according to the 

modified Peppas-Brannon-Peppas equation (Eq. 1.10).
7
 

 𝑉1 (√[
𝑖𝜌2

𝑀2𝑄2
]

2

+ 4𝐶𝑠
2 − 2𝐶𝑠) =  

 ln (1 −
1

𝑄2
) +

1

𝑄2
+

𝜒

𝑄2
+ 𝜈∗𝑉1 (𝐴𝑞0

−
2

3𝑄2
−

1

3 −
𝐵

𝑄2
) (1.10) 

where 𝑉1is the molar volume of the solvent (approximation), 𝑖 is the degree of 

ionization, 𝑀2 is the molar weight of repeating units in the polymer, 𝜌2 is the density of 

the dry polymer, 𝐶𝑠 is the salt concentration in the surrounding solution, 𝑄2 is the 

volume degree of swelling of the gel. Thermodynamic parameters, 𝜒 and 𝜈∗ can be 

determined by fitting the model to the measured pH-degree of swelling data pairs. The 

modified Peppas–Brannon-Peppas can be used to estimate cross-linking density from 

the measurement of degree of swelling as a function of pH. 

Mechanical properties of hydrogels depend on the cross-linking ratio as well as 

on the environmental conditions. Cross-linking ratio is defined as the ratio of the 

number of the repeating units to the number of the cross-links. Determination of the 

mechanical properties of a hydrogel is very important as they can limit its future 

application. In biomedical fields hydrogels should have similar elastic modulus as the 

tissues, which ranges from the very soft brain or muscle tissues (10
3
-10

4
 Pa) to the 

considerably hard bone tissues (~10
9
 Pa). The easiest way to study the mechanical 

strength is to determine the relation between a uni-directional force and the deformation 

it caused. Since both the force and the deformation are size-dependent it is necessary to 

define size-independent parameters, such as the nominal stress (𝜎𝑁), which is defined as 

the force (𝑓) acting on unit cross-section surface area of the sample (𝐴𝑠): 

 𝜎𝑁 =
𝑓

𝐴𝑠
 (1.11) 

The deformation can be expressed either with the relative deformation or strain (𝜀), 
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which is the ratio of the deformation in the direction of the force (Δ𝐿) to the initial size 

(𝐿0) or with the deformation ratio (𝜆), which is the ratio of the actual size (𝐿) to the 

initial size (𝐿0). The connection between 𝜀 and 𝜆 can be written as follows: 

  𝜀 =
Δ𝐿

𝐿0
=

𝐿−𝐿0

𝐿0
= 𝜆 − 1 (1.12) 

According to Hooke’s law – if the deformation is small and enthalpy elastic - the 

relationship between the nominal stress and the strain is linear, and the ratio of the 

nominal stress to the strain is the Young modulus: 

 𝐸 =
𝜎𝑁

𝜀
 (1.13) 

However, for highly swollen polymer networks, which can be described by 

entropic elasticity, deviation from Hooke’s law appears and the fundamental stress-

strain relation provided by both molecular- and phenomenological theories can be 

written as follows
20

: 

 𝜎𝑁 = 𝐺(𝜆 − 𝜆−2) (1.14) 

where G is the elastic modulus of the sample. Elastic modulus can be determined by 

uni-directional stress-strain measurement according to Eq. 1.14, where the slope of the 

linear fitted on 𝜎𝑁– (λ − λ−2) data pair gives the elastic modulus. Mechanical stiffness 

of different hydrogels or other materials can be compared with the aid of their elastic 

moduli. On the basis of molecular theory of rubber elasticity the elastic modulus can de 

expressed as follows: 

 𝐺 = 𝜌
𝑅𝑇

𝑀𝑐
= 𝜐∗𝑅𝑇 (1.15) 

where T is the absolute temperature, R is the gas constant, 𝜌 denotes the density, 𝑀𝑐 

means the average network chain molecular mass and 𝜐∗is the concentration of 

elastically active chains in the dry network. Eq. 1.14 is most important mechanical 

expression of rubber elasticity and was found to be valid for the highly swollen 

networks and make good approximation at relatively small strains but significant 

deviation in the case of dry rubbery network and filled rubber vulcanizates has been 

observed.  

1.1.2 Application of hydrogels 

Owing to their unique, tissue-like structure and biocompatibility hydrogels are 

used in several biomedical applications. As shown by the considerable number of 

patents and commercial products, the main areas of hydrogel applications are contact 

lenses, hygiene products, wound dressing, tissue engineering and drug delivery. These 

fields are covered in more details in the recent review of Khutoryanskiy.
4
 As in my 

work I mainly focused on the development of hydrogels for drug delivery, this topic 

will be discussed in another chapter (chapter 1.3.2). 
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In 1960 Wichterle and Lim were the first to describe a poly(2-hydroxyethyl 

methacrylate) (PHEMA) based hydrogel as a synthetic biocompatible material 

applicable as contact lens.
22

 PHEMA contact lenses were approved later, in 1971 by the 

Food and Drug Administration (FDA), and since then a number of hydrogel based soft 

contact lenses has been developed with improved properties such as physical strength 

and oxygen permeability, along with colored contact lenses for both cosmetic and 

medical purposes.  

Superabsorbent hydrogels showing excellent water absorption are widely used 

in agricultural and diaper industry. The first commercially used superabsorbent 

hydrogel was cross-linked starch-g-polyacrylate for the production of feminine hygiene 

products in Japan in 1978.
23

 Since then a number of commercial products are on the 

market based on superabsorbent hydrogels, with the diaper being the most frequently 

used among them. Although disposable diapers have undoubted advantages, e.g. 

excellent water absorption, easy usage and hygiene, the huge amount of waste 

production is problem that must be taken into consideration. Therefore an innovative 

solution has recently been proposed, which involves the use of cellulose-based 

hydrogels, which are completely biodegradable.
24

 

Hydrogels were proven to be useful in the field of wound dressing as well.
25

 

Although the widely used gauze is certainly cheap, readily available and suitable for a 

lot of wounds, in the last decades the need for improved wound dressing materials has 

arisen. Advanced dressings are designed to maintain a moist environment at the site of 

application, allowing the fluids to remain close to the wound but not spread to 

unaffected, healthy areas. Such dressings are represented by hydrogels or hydrocolloids.  

Tissue engineering (or regenerative medicine) is a more recent field for the 

application of hydrogels, in which they can be applied as space filling agents, delivery 

vehicles for bioactive substances or as three-dimensional structures that organize cells 

and present stimuli to ensure the development of a required tissue.
26

 Hydrogel scaffolds 

have also been applied to transplant cells and to engineer many tissues in the body, 

including cartilage, bone, and smooth muscle.
27

 Synthetic materials capable of forming 

hydrogels suitable for tissue engineering include poly(ethylene oxide), poly(vinyl 

alcohol), poly(acrylic acid), poly(propylene fumarate-co-ethylene glycol), and 

polypeptides. On the other hand agarose, alginate, chitosan, collagen, fibrin, gelatin, and 

hyaluronic acid are naturally derived polymers that could be used for this purpose.
28

  

1.1.3 Responsive polymer hydrogels  

Depending on the structure, hydrogels may undergo volume change or sol-gel 

transition upon certain changes in environmental conditions.
29,30

 Hydrogels, which are 

able to respond to one or more environmental stimuli are so called responsive or 

“smart” hydrogels. Many physical and chemical stimuli have been applied to induce 

responses: physical stimuli include the change in temperature, solvent composition, 

light
31

, electric
32

 and magnetic fields
33

, while the chemical or biochemical stimuli
34

 

include the change in pH and redox potential or the presence of ions and enzymes. 

Temperature and pH sensitive hydrogels are the most extensively studied as 

targeted delivery of drugs can be triggered by the gradient of these physiological 
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parameters inside the human body.
29

 Thermoresponsive hydrogels are usually based on 

polymers exhibiting a critical solution temperature (CST), which causes the hydrogels 

to undergo a sol-gel transition or volume change when the temperature reaches their 

CST. Poly(N-isopropylacrylamide) (pNIPA) and its derivatives are the most frequently 

used, since they have the CST close to the temperature of the human body (around 

32°C) making them particularly interesting in bio-related fields.
35

 Hydrogels can be 

neutral, cationic, anionic, or ampholytic, depending on the molecular structure of the 

polymer network. Most ionic gels exhibit pH dependent swelling behavior, since the 

hydrogels’ network charge and consequently its degree of swelling strongly depends on 

the pH of the surrounding medium.
36

 Carboxylic acid pendant groups are commonly 

used to impart anionic properties to a hydrogel (e.g. poly(aspartic acid) hydrogels, 

chapter 1.1.4) , while amine pendant groups are commonly used for imparting cationic 

properties
37

.  

Hydrogels can be designed to respond to not just one stimulus, but two or even 

more stimuli. These so called multiresponsive hydrogels could be useful in sensing, 

actuating and targeting since the selectivity of the response can be drastically increased 

while the side effects of the therapy decreased.
38

 pH- and temperature sensitive, dual 

responsive devices are the most studied representatives of this area
8,39

, 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)
40

, increased enzyme levels
41

 or altered redox conditions
42,43

. 

The redox state of physiological sites is intensively studied and there are some 

evidences on the difference in the glutathione level in the reducing state of cytosol and 

oxidized state of extracellular milieu.
44

 Therefore, the 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.
45

 

1.1.4 Poly(amino acid)s, chemistry of poly(aspartic acid) 

Poly(amino acid)s are widely studied in biomedical fields including 

regenerative medicine and drug delivery due to their excellent biological functionality, 

such as target specificity and biodegradability. On the other hand, a major drawback of 

poly(amino acid)s is that their functionalization is limited. Current synthesis techniques 

for the synthesis of polypeptides and poly(amino acid)s, such as solid-phase peptide 

synthesis and recombinant DNA techniques, still have limitations in their production 

capacity, atom economy and sequence regulation.
46

 In contrast, poly(aspartic acid) 

(PASP) is a pH-responsive, cross-linkable poly(amino acid), that can be synthesized 

easily and without the need of activating agent (in contrast to its analoge, poly(glutamic 

acid) 
47,48

). Furthermore, PASP is considered to be biocompatible and biodegradable 

because of its chemical structure.
49

 However, biodegradability of PASP has not been 

investigated extensively. First Alford et al., then Nakato et al.
50

 studied the relationship 

between the chemical structure and the biodegradability of PASP and suggested that 

both the synthesis method and the existence of the branched structure in PASP should 

cause a difference in their biodegradability. Juriga et al.
51

 studied the biodegradation of 

PASP hydrogels at physiological conditions in vitro and their biodegradability were 
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proven in the presence of different enzymes and cell culture media by swelling and 

stress-strain measurements.  

PASP is usually synthesized from its anhidrid, polysuccinimide (PSI), by 

hydrolysis. PSI can be prepared from aspartic acid, a natural amino acid by acid 

catalyzed thermal polycondensation.
52

 In general, phosphoric acid is used as catalyst 

and also for water distraction and the synthesis is carried out in a mixture of organic 

solvent with high boiling point (e.g. mesitylene and sulfolane) or without solvent, under 

reduced pressure.
50

 Both methods are cost-effective compared to other technologies 

such as biotechnological production or polymerization of N-carboxyl acid anhydride of 

aspartic acids resulting directly in PASP. However, solvent-free process should be 

favored if we take the environmental factors into consideration. Depending on the 

synthesis the molecular weight of PSI obtained in thermal polycondensation ranges 

from 10 to 180 kDa.
13,50,52–54

  

The succinimide rings in the repeating units of PSI can easily react with 

nucleophilic reagents (e.g. primer amines), thus PASP derivatives and cross-linked 

PASP can be synthesized in various ways.
7–10,12,13,53,55,56

 The reaction between 

nucleophilic reagents 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 α- and β-units. The molar ratio of α- to β-units is reproducible and 

determined to be 1:3 for the reaction with hydroxide ions.
6
 Cross-linking of PSI with a 

multifunctional primary amine in DMF or DMSO leads to the formation of PSI gel, 

which can easily be hydrolised into PASP hydrogel (Figure 1.2). There is no need for 

activating agents e.g. carbodiimides during synthesis, which simplifies the synthesis and 

purification. First Gyenes et al.
7,57

 published the synthesis of PSI and PASP hydrogels 

using different diamines (e.g. DAB, lysine, cystamine) as cross-linker. Gyarmati et al.
10

 

synthesized PASP hydrogel with supermacroporous interconnected pore structure by a 

solid–liquid phase separation technique, cryogelation using diaminobutane as a cross-

linker. Molnár et al.
58

 prepared PASP hydrogel nanofibers by coaxial electrospinning, 

where PSI was used as shell polymer and 2,2,4(2,4,4)-trimethyl-1,6-hexanediamine was 

used as cross-linker in the core of the nozzle. Cross-linking of PSI took place as the two 

solutions are mixed at the tip of the nozzle. Then PSI nanofibers were hydrolyzed into 

PASP fibers, which were studied as potential artificial extracellular matrix.  

Another approach for the preparation of PASP hydrogels is to first synthesize 

linear PSI derivatives, then with their hydrolysis water-soluble PASP derivatives are 

prepared. The reactive functional groups on PASP can react with each other (e.g. thiol-

groups) or with a cross-linker molecule (e.g. thiol or amine groups with bisepoxy cross-

linker) and form PASP hydrogels. Examples have already been published for the first 

approach, where first thiolated PASP was synthesized and PASP hydrogels were 

prepared by oxidation of the thiol groups into disulphide linkages (Figure 1.3). 

Gyarmati et al.
9,42

 prepared thiolated PASP that showed reversible sol-gel transition 

upon oxidation and found it a promising candidate for biomedical applications, where in 

situ gelation is beneficial, e.g. drug delivery or implants. An undoubted advantage of 

using water soluble PASP derivatives for the preparation of PASP hydrogels is that it 

enables the cross-linking in aqueous media.  
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Figure 1.2 Synthesis route for the preparation of poly(aspartic acid) (PASP) 

hydrogels: cross-linking of polysuccinimide (PSI) with 

diaminobutane(DAB) followed by its hydrolysis to PASP-DAB hydrogel 
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Figure 1.3 Synthesis route for the preparation of disulphide cross-linked 

poly(aspartic acid) (PASP-SS) hydrogels: modification of PSI with 

cysteamine (CEA) followed by its hydrolysis to thiolated PASP (PASP-

SH). PASP-SH undergoes a reversible sol-gel transition upon oxidation 

and forms PASP-SS hydrogel  
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However, no approach has been published for the cross-linking of such PASP 

derivatives in water with a non-cleavable cross- linker molecule yet. Using a permanent 

cross-linker molecule establishes a stable polymer network regardless of the redox 

environment, thus the gel will not dissolve upon redox effects. These systems would be 

useful in the field of drug delivery, where the release of the entrapped drug is controlled 

by the swelling-shrinking mechanism of the hydrogel. 

Aqueous solubility of PASP depends strongly on the pH because of the 

dissociation of aspartic acid repeating units. At acidic pH values, repeating units are 

protonated. Around the pKa values of the repeating units (pKa = 3.3 and 4.2 for α and β-

linkages) the concentration of deprotonated units gradually increases resulting in the 

larger solubility of the main chain. Németh et al.
12

 showed that pH-dependent solubility 

of PASP can be adjusted by PASP derivatives having significant concentrations of n-

butyl or n-hexyl side groups. PASP derivatives with adjustable pH-dependent solubility 

were prepared by modifying PSI with short chain alkylamines (n-butylamine or n-

hexylamine), then opening the residual succinimide rings to yield the corresponding 

PASP derivatives. Studying the effect of the type and concentration of the side groups 

on the pH-dependent solubility of PASP showed that solubility can be adjusted by 

proper selection of the chemical structure. PASP hydrogels also show pH-dependent 

swelling character due to the polyelectrolyte nature of PASP.
7,59

 The pH-dependent 

swelling is based on the pH-dependent solubility of PASP, which is expressed in the 

volume change of the hydrogel. The model for thermodynamic interpretation of the pH-

dependent swelling is developed by Gyenes et al.
7
 based on the models of Peppas and 

Brannon-Peppas
59

 (Figure 1.4). 

 

 

Figure 1.4 pH-dependent swelling of disulphide cross-linked PASP gels in aqueous 

medium; red squares are measured data while continuous line is a model 

fit using the modified Peppas–Brannon-Peppas model
42
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1.2 Application of thiol-disulphide chemistry in hydrogels 

There are a number of studies focusing on the redox gradient caused by the 

difference in the glutathione (GSH) level in the reducing state of cytosol and oxidized 

state of extracellular milieu.
60–62

 This redox gradient can be exploited for example to 

modulate the drug release from a formulation. Therefore, altering the redox potential is 

an emerging external stimulus in biomedical applications, beside pH and temperature. A 

large variety of chemical moieties, e.g., ferrocenyl,
43

 nitroxyl, phenoxyl, carbazol, 

quinones, viologens or hydrazyl groups were utilized to synthesize redox-responsive 

polymer networks; however, their application in biomedical fields is rather limited 

because of their toxicity. The rational design of redox-responsive hydrogels that can be 

applied in biological environments demands the incorporation of thiol groups or 

disulphide linkages into the polymer network, therefore these will be in the focus of the 

following chapters.
63

 However, it is worth mentioning that redox-responsive hydrogels 

and polymer micelles containing diselenide bonds were developed recently for drug 

delivery purposes.
64

 Diselenide bonds are cleavable upon reduction (GSH) or oxidation 

(hydrogen peroxide) and have a lower bond energy compared to disulphide bonds, thus 

presenting a possible alternative for disulphide linkages.  

1.2.1 Synthesis of redox responsive hydrogels 

There are two different approaches for the preparation of disulphide containing 

hydrogels: they can be either synthesized in the present of disulphide bonds (either by 

direct polymerization of disulphide containing monomers or by cross-linking of 

polymer chains with a disulphide containing cross-linker molecule) or by the oxidation 

of thiolated polymers. As an example for the former method Ravi et al.
65,66

 can be 

mentioned, who synthesised disulphide containing hydrogels by free radical 

polymerisation of acrylamide and N,N’-bis-acryloylcystamine. Furthermore, in his 

recent review Hennink et al.
45

 discussed examples for the incorporation of disulphide 

bonds by cross-linking of the polymer chains with disulphide containing cross-linker 

molecules (Figure 1.5), such as the cross-linking of polyethylenimine with 

dithiobis(succinimidylpropionate) and dimethyl-3,3’-dithiobispropionimidate, or the 

preparation of cross-linked poly(amido amine)s and poly(amino ester)s with cystamine 

and bisacrylamide cystamine.  

 

Figure 1.5 Disulphide containing cross-linker molecules 
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The second approach for the preparation of disulphide containing hydrogels is 

the oxidation of thiolated polymers (thiomers). Bernkop-Schnürch et al. 
67–69

 reported 

the preparation of several different polymers modified with thiol-containing agents for 

biomedical applications, mostly for mucoadhesive formulations. Furthermore, there are 

several examples in the literature for the preparation of redox sensitive hydrogels based 

on thiomers of different polymers, such as gelatin
70

, collagen
71

, chitosan
72

 or hyaluronic 

acid
73

. The most general way of modification is the activation of carboxyl groups of the 

polymer by a carbodiimide, i.e. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

at a controlled pH then reaction with a small molecular weight amine reagent - that 

provides the thiol group - by forming amide bond. Thiol content of these synthesized 

polymers were between 30-500 µmol thiol groups per gram polymer (µmol SH/g).
74,75

 

However, 1600-3000 µmol SH/g was also achieved, although here the concentration of 

EDC was larger and another activating agent, N-hydroxisuccinimide (NHS) was also 

added 
76

. Modification with the aid of EDC is most effective at pH 4.5, and must be 

performed in buffers devoid of extraneous carboxyls and amines, for example in MES 

buffer (4-morpholinoethanesulfonic acid).
77

 Although the reaction can be done in 

phosphate buffers at neutral pH (up to 7.2), but the efficiency would decrease and must 

be compensated with increasing amount of EDC in the reaction mixture. Although 

attachment of thiol groups was applied on a wide variety of polymers, there is 

practically no record on the conversion of these reactions and the thiol content is usually 

not controlled.Therefore, this synthetic strategy is useful for the preparation of thiomers 

in some cases, but the generally poor conversion and the need of large excess of 

carbodiimide would make the synthesis expensive and the purification time-consuming. 

1.2.2 Sol-gel transition and volume change upon redox stimulus 

The reduction of disulphides usually involves a thiol-disulphide exchange 

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

natural reducing agents. The most important of those is GSH, which is a natural 

tripeptide contributing to the reducing environment in animal cells.
44

 A significant 

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

dithiopropionic acid as oxidising agent), however oxidation by molecular oxygen must 

be also mentioned. Thiol-disulphide exchange reaction can be summarized as follows: 

  (1.16) 

The concentration of the deprotonated form of the thiol compound, therefore, 

the environmental pH plays an important role in the reaction rate of thiol–disulphide 

reactions.
78

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

while increasing the pH accelerates it. The detailed reaction is shown by the following 

equations: 
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  (1.17) 

Disulphide containing hydrogels undergo either gel-sol transition or volume 

change upon reduction, due to cleavage of the intermolecular disulphide bonds. 

Hydrogels, containing only disulphide bonds completely disintegrate in reducing 

environment resulting in a polymer solution, while those containing other – non redox 

sensitive or permanent – chemical cross-links beside the disulphides, swell upon 

reduction as the number of the cross-links decreases in the polymer network. Zrínyi et 

al.
56

 reported the preparation of disulphide containing PASP hydrogels showing volume 

change upon redox-stimulus by using both disulphide containing (cystamine) and non-

redox sensitive (diaminobutane) cross-linker at the same time. Gyarmati et al.
55

 

prepared cysteamine modified PSI as the first step then cross-linked it with a permanent 

cross-liker (diaminobutane) to prepare PSI gels and afterwards with its hydrolysis PASP 

gels were prepared. Both synthesis routes led to the preparation of redox-sensitive 

PASP hydrogels showing volume change, however, only the system prepared by 

Gyarmati showed reversible response upon redox stimulus (Figure 1.6). In both cases 

the authors suggested the potential benefits of the synthesized PASP hydrogels in 

biomedical fields, such as for controlled drug delivery.  

Disulphide containing hydrogels showing sol-gel transition has also a great 

potential in medicine, they mostly studied as potential injectable materials. 
13,65,79

 As an 

example Ravi et al.
65

 synthesized acrylamide hydrogels with only disulphide containing 

cross-links by free radical polymerization and the gel was liquefied by reduction with 

dithiothreitol (DTT). The thiolated polymer solution was injected into empty lens 

capsular bags and re-gelled in situ by oxidation either by air or by 3,3′-dithiodipropionic 

acid (Figure 1.7 a). Injected hydrogel can be re-liquefied by reduction if needed for 

facile extraction. In contrast to several in situ gelling systems, where the heat of 

polymerization can limit in vivo application as the increased temperature can cause 

damage to the surrounding tissues, heat of thiol-disulphide exchange reaction is 

significantly smaller, thus enhancing the biocompatibility of the injected implant. 

Injectable implants need a physical barrier at the place of use to define the final shape of 

the gel. In the absence of physical barriers hydrogel implants with shape memory could 

be used to allow the hydrogel to gain its final form at the site of action. Hydrogel 

containing both redox sensitive and permanent cross-links have the possibility to show 

shape memory. Greytak et al.
80

 reported the preparation of acrylamide hydrogels for 

shape imprinting that contained a large amount of disulphide cross-links (N,N’-

bisacryloylcystamine) along with a smaller amount of permanent cross-links (Figure 

1.7 b). After preparation the disulphide bonds were cleaved due reduction and a softer 

gel was obtained as the number of cross-links decreased. This gel was folded in a new 
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macroscopic shape and re-oxidized, when new disulphide bonds formed, which fixed 

the new shape of the gel. The hydrogel shown in Figure 1.7 was originally molded as a 

rod, then reduced and furled around a glass rod. As the gel was re-oxidized it adopted 

the curly shape permanently.  

Disulphide containing hydrogels showing either sol-gel transition or volume 

change has the potential to be applied for the encapsulation and the reduction induced 

release of bioactive compounds, such as small molecular weight drugs or 

macromolecular therapeutic agents including proteins, peptides, hormones or vaccines. 

Since the goal of my research is to develop responsive hydrogels for the encapsulation 

of drugs or enzymes, these applications are discussed in more details in the next chapter 

(Chapter 1.3).  

 

Figure 1.6 Thiol-disulphide transformation in thiolated and permanently cross-

linked PASP hydrogels
55
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Figure 1.7 a) Surgical procedure for endocapsular in situ acrylamide hydrogel 

formation.
65

 (1) excision of the cornea and retraction of the iris, followed 

by the removal of lens content by phacoemulsification and aspiration, (2) 

refilling of the empty lens capsular bag with re-gelation material, (3) in 

situ endocapsular gelation., b) Acrylamide hydrogel containing both 

disulphide and permanent cross-links with adapted curly shape, that was 

originally molded as a rod
80

 

1.3 Application of hydrogels as reservoirs of bioactive compounds 

1.3.1 Theoretical considerations 

Hydrogels possess a large capacity for the encapsulation of a desired cargo, 

which can be either small molecules, macromolecules, cells or even 

nano/microparticles.
81

 There are two methods for drug loading into hydrogels: the first 

one is in situ loading, when the hydrogel is synthesized in the presence of the drug, and 

thus the drug molecules get trapped inside the polymer network; while the second one is 

called post-loading and in this case the absorption of drugs is achieved by swelling the 

hydrogel in the solution of the drug after the hydrogel network is formed. Post loading 

provides poor drug-loading efficiency, and thus it is not advantageous financially in 

larger volumes. Although with post-loading the possible harmful effects of the hydrogel 

synthesis can be avoided, the synthesis of hydrogels in most cases does not require 

extreme conditions (it is usually carried out at ambient temperature) and organic 

solvents are rarely required, which enables the encapsulation of most of the drug 

molecules during preparation and the drug must be used only in the necessary amount 

since high encapsulation efficicency can be achieved. With this method the drug 

molecules are physically entrapped in the network and their release by diffusion is 

hindered and thus controlled drug delivery system can be synthesized, where the drug 

release is induced by an external stimulus. In addition, polyelectrolyte hydrogels are 

especially ideal for the entrapment of biomacromolecules, such as proteins, DNA, etc. 

as they are able to form polyion complexes by electrostatic interactions, which leads to 

the sustained release of these therapeutic agents.
1,82
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The structure of the polymer network determines the type of molecule it is able 

to entrap (including its size and solubility), as well as the mobility and the rate of 

diffusion of the entrapped molecules within the swollen hydrogel matrix. The mesh size 

of the network (also known as correlation length), which is the average distance 

between consecutive cross-links
83

, can be directly compared with the hydrodynamic 

radii of the molecules to be encapsulated (Figure 1.8). Typical mesh sizes reported for 

biomedical hydrogels range from 5 to 100 nm in their swollen state.
84,85

 These size 

scales are much larger than most small-molecule drugs and therefore diffusion of these 

drugs are not significantly retarded in swollen hydrogel matrices. However, the release 

of macromolecules such as peptides or proteins can be sustained from swollen 

hydrogels due to their significant hydrodynamic radii and the rate of their diffusion can 

be controlled by the structure and mesh size of the hydrogel network. Controlled release 

of small molecules could be achieved as well by controlling the degree of swelling or 

the degradation of the hydrogel by an external stimulus if specific interactions occur 

between the drug and the polymer.  

 

Figure 1.8 Schematic drawing of the change in mesh size of a polymer network upon 

swelling/shrinking 

 

Another approach could be to bond the desired cargo in the hydrogel 

covalently instead of physical entrapment. Thus, the immobilized payload can function 

either after released from the hydrogel due cleavage of the covalent bond or while being 

attached to the polymer network. In the first case the covalent bond between the carrier 

and the payload must be cleavable upon a certain stimulus, such as reduction
86

 or the 

presence of an enzyme, then the cargo can be released via diffusion. Nostrum et al.
86

 

prepared dextran nanogels and immobilized a model antigen, ovalbumin in the nanogels 

via disulphide bonds (Figure 1.9). These nanogels were designed for intracellular 

antigen delivery, as disulphide bonds are stable in the extracellular environment but are 

reduced in the cytosol due to the presence of GSH. Results showed that the antigen was 

not released at pH = 7 in the absence of GSH, whereas rapid release of ovalbumin 

occurs once the nanogels are incubated in buffer with GSH due to cleavage of the 

disulphide bonds in the reducing environment. In the other case, when the immobilized 

cargo is not detached from the polymer network, the reactants must be able to enter to 

the hydrogel and the products must be able to exit from the hydrogel by diffusion. 

Kondo and Fukuda
87

 prepared thermo-sensitive magnetic microgels by co-polymerizing 
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N-isopropylacrylamide (NIPA), methacrylic acid (MAA) and N,N’-methylene-bis-

acrylamide (MBA) in the presence of magnetite particles for enzyme immobilization. 

Trypsin was covalently immobilized in the magnetic microgels and their activity was 

measured. Relative activity, which is the ratio of the specific activity of immobilized 

trypsin to the free trypsin, increased with increasing amount of trypsin immobilized and 

it could reach 0.9 with the highest amount of trypsin, 65 mg/g. Furthermore, reusability 

studies of the microgels showed, that even after 10 cycles over 95% of the initial 

activity was retained, which results together indicate the potential use of these microgels 

as materials for enzyme immobilization. Although so far not many attempts were 

published about covalently immobilized drugs or enzymes in hydrogels, this synthetic 

strategy must be kept in mind as a promising solution for drug entrapment. 

 

Figure 1.9 Preparation of dextran nanogels and loading/release of model antigen
86

 

 

Different models were developed to describe the release mechanism of the 

entrapped molecule from hydrogels. The most widely used model is the diffusion-

controlled mechanism due to the high permability of hydrogels.
88

 In a polymer network, 

where the drug is uniformly dispersed throughout the matrix, unsteady-state drug 

diffusion in a one-dimensional slab-shaped matrix can be described using Fick's second 

law of diffusion: 

 
𝑑𝐶𝐴

𝑑𝑡
= 𝐷

𝑑2𝐶𝐴

𝑑𝑥2 , (1.18) 
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where 𝐷 is the drug diffusion coefficient and 𝐶𝐴 is the concentration of the drug, t is 

time and x is the position (length). Modelling diffusion-controlled drug delivery from 

hydrogels relies largely on empirically determined diffusion coefficients. Once the 

diffusion coefficient is determined, Eq. 1.18 can be solved and with proper initial and 

boundary conditions drug concentration profiles and thus the release kinetics can be 

described. Although this simple solution applies to many diffusion-controlled drug 

release systems, the model gets more complicated if other mechanisms, such as 

polymer–drug interactions occur or when non-spherical drugs are used.  

Another empiric equation developed by Peppas et al. assuming a time-

dependent power law function goes as follows: 

 
𝑀𝑡

𝑀∞
= 𝑘 ∙ 𝑡𝑛 (1.19) 

where 𝑀𝑡 is the cumulative amount of drug released at time t, 𝑀∞ is the absolute 

amount of drug released at infinite time (which should be equal to the absolute amount 

of drug incorporated within the system at time t = 0), k is a structural/geometric 

constant for a particular system and n is designated as release exponent representing the 

release mechanism. However, this solution is too simple to offer a robust prediction for 

complicated release phenomena.  

Swelling-controlled release occurs, when the diffusion of the drug is faster than 

the swelling of the hydrogel. Time of drug diffusion and time of polymer chain 

relaxation are two key parameters determining drug delivery from hydrogels. In 

diffusion-controlled delivery systems, the time-scale of drug diffusion is the rate-

limiting step while in swelling-controlled delivery systems the time-scale for polymer 

relaxation is the rate-limiting step. The Deborah number (De) is used to compare these 

two time-scales. In diffusion-controlled delivery systems De≪1, while in swelling-

controlled delivery systems De≫1 and the rate of molecule release depends on the 

swelling rate of the polymer network.  

The empirical power law (Eq. 1.19) with a modification that takes both the 

drug diffusion and polymer relaxation into account can also be used comprehensively in 

swelling-controlled delivery systems (Eq. 1.20). 

 
𝑀𝑡

𝑀∞
= 𝑘1 ∙ 𝑡𝑚 + 𝑘2 ∙ 𝑡2𝑚, (1.20) 

where 𝑘1, 𝑘2, and m are constants and the two terms on the right side represent the 

diffusion and polymer relaxation contribution to the release profile, respectively. The 

release of many small molecule drugs from hydroxypropyl methylcellulose hydrogel 

tablets is described by this model. For example, Dow Chemical Company’s 

methylcellulose based Methocel® matrices are commercially available for the 

preparation of swelling-controlled drug delivery formulations exhibiting a broad range 

of delivery timescales.
89

  

Chemically-controlled release model can be used, when the release of the 

entrapped molecule is induced by chemical reactions occurring in the polymer matrix 
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and the chemical reaction is the rate limiting step. The most common reactions are the 

cleavage of polymer chains via hydrolytic or enzymatic degradation or reversible or 

irreversible reactions between the polymer network and releasable drug. 

1.3.2 Hydrogels in drug delivery 

Hydrogels, as they are able to encapsulate bioactive molecules and also 

biocompatible, are ideal materials for the development of drug delivery systems. Some 

hydrogel drug formulations are already commercially available or reached the phase of 

clinical trials.
2,4,90

 Endo Pharmaceutical is present on the market with hormone-releasing 

poly(methyl methacrylate) (PMMA) hydrogel implants for the treatment of prostate 

cancer (Vantas®) or central precocious puberty (Suprelin® LA) and is conducting 

clinical trials on octreotide implants for the treatment of acromegaly and carcinoid 

syndrome.
90

 Although they are well-tolerated and biocompatible, Endo’s implants are 

non-biodegradable and the removal of the exhausted device is consequently adds to the 

cost of treatment not to mention the inconvenience caused for the patient. The first 

injectable, in situ forming hydrogel under clinical trial is presented by Protherics Salt 

Lake City Inc. named ReGel®, which is a thermosensitive hydrogel made of the 

triblock copolymer, poly(D,L-lactide-co-glycolide)−poly(ethylene glycol)−poly(D,L-

lactide-co-glycolide) (PLGA-PEG-PLGA).
90

 The most advanced application of ReGel 

is the delivery of paclitaxel for the local management of breast and esophageal cancer, 

but recently the use of ReGel got extended to protein delivery with two registered 

products, Cytoryn® and hGHD-1®, that have yet to undergo clinical trials. H.P. Acthar 

Gel® by Questcor is a depot formulation of the adrenocorticotropic hormone (ACTH) 

in 16% porcine gelatin to provide a prolonged release after intramuscular or 

subcutaneous injection.
90

 The formulation is currently approved in the United States for 

the treatment of acute exacerbations of multiple sclerosis, nephrotic syndrome, infantile 

spasms, and other diseases and disorders. Acthar is administered every 24 or 72 h and 

provides a longer circulation time for ACTH, which is normally eliminated in 

approximately 15 min.  

Responsive hydrogels are even more interesting regarding this matter, as their 

volume
7,91

 (hence their diffusion and optical properties) or sol-gel state
92,93

 can be 

changed upon demand and consequently these hydrogels are able to control the release 

of their payload.
17,29,30

 With the aid of such smart delivery systems drugs can be 

administered in a way that matches the physiological needs at the proper site and at the 

proper time, thus the shortcomings of the conventional drug formulations (such as burst 

release or poor bioavailability) could be overcome. For instance a great progress could 

be achieved in treating diabetes with glucose sensitive hydrogels that swell or shrink 

according to the glucose concentration, hence deliver insulin doses adapted to the 

glucose level.
94

 With temperature-sensitive hydrogels drug release can be obtained 

specifically at inflamed tissues or in case of fever.
95,96

 However, for oral administration 

pH-sensitive hydrogels have been most frequently used as controlled release 

formulations.
97,98

 The pH in the stomach is quite different from the neutral pH in the 

intestine or in the mouth, and such a difference is large enough to elicit pH-dependent 

behavior of polyelectrolyte hydrogels. Redox sensitive hydrogels are gaining more and 

more attention as well, since they are able to respond to the redox gradient in the body 

caused by the different GSH concentrations in the cytosol (0.5–10 mM) and in the 
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extracellular matrix (2–20 µM).
99–101

 With the aid of redox responsive hydrogels GSH 

mediated drug delivery can be achieved triggered by the reducing environment of the 

mammalian cells as an internal stimulus.
45,102

 

Beside macroscopic hydrogels, nanogels (with diameter of a few hundred 

nanometers) also gained a considerable attention in the field of drug delivery, as they 

possess all the advantages of the hydrogels and also, due to their small size, they can be 

injected intravenously and thus reach the targeted tissues or cells from the blood stream. 

However, nanogels must fulfill some indispensable criteria to be used as drug delivery 

vehicles.
103

 First, they have to be stable for prolonged circulation in the blood stream. 

Furthermore, they must be recognizable by the targeted cells, thus proper ligands must 

be grafted onto their surface. Another criterion is that the diameter of the nanogels 

should be sutiable to cross biological barriers as well as to avoid uptake in the liver or 

filtration in the spleen. Size range of 100-200 nm is suggested to fullfill these 

requirements as a general rule but several factors affect the uptake and circulation time 

of nanoparticles.
17,104

 And last, but not least, nanogels should be biocompatible and 

biodegradable. Biodegradation not only modulate the release of drugs for a desired 

period of time, but also enables removal of the empty carrier after drug release. The 

surface charge of nanogels also plays an important role both in vitro and in vivo.
105

 The 

positively charged nanogels can easily be internalized by cells, since they can bind 

electrostatically with the negatively charged cell membranes. However, positively 

charged nanogels often interact strongly with serum components, which cause severe 

aggregation and rapid clearance from circulation and limits their in vivo application. In 

contrast, the negatively charged carriers show potential for protein resistance and also 

exhibit prolonged circulation time for in vivo applications. 

A huge effort has been made in the development of stimuli responsive nanogels 

for targeted drug delivery, such as temperature- pH-, redox-, light- or even magnetic 

field
87

 sensitive nanogels, and these attempts were recently summarized in a number of 

excellent reviews.
17,103,106–110

 In the case of temperature sensitive nanogels the elevated 

temperature of inflamed tissues triggers the drug release. For example, Zha et al.
111

 

prepared temperature responsive hollow pNIPA nanogels and fluorescein 

isothiocyanate, as a model drug, was trapped in the nanogel. The drug release was then 

controlled by the external temperature change. Controlled release from pH responsive 

nanogels based on the differences between the pH values in different compartments and 

tissues within the body. Chang et al.
112

 synthesized pH-sensitive glutaraldehyde cross-

linked pectin nanogels and in vitro drug-release from the nanogels was carried out in 

three different media: simulated gastric-, intestinal- and colon fluid. The release of the 

model drug, paracetamol, exhibited a faster release at a high pH and was further 

accelerated in the presence of pectinolytic enzyme, indicating a potential application for 

colon-specific drug delivery.  

One of the most studied fields of nanosized drug carriers is the field of 

oncology.
113–116

 Although FDA approved anticancer drugs, such as paclitaxel or 

doxorubicin (DOX), can be highly effective in destroying cancer cells but they may also 

damage normal cells resulting in intolerable side-effects. It is a never-ending struggle to 

find balance between efficacy and toxicity in the treatment of cancer. A long-term goal 
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of the pharmaceutical industry is to develop therapeutic agents that can be selectively 

delivered to tumor cells and maximize the therapeutic index. As a possible solution, 

tumor-targeted, intracellular release can be obtained using nanoparticulate drug 

formulations as they tend to accumulate in tumor cells due to their enhanced 

permeability and retention in tumor cells (called EPR effect, Figure 1.10).
117,118

 This 

phenomenon is only associated with cancer cells, never with healthy cells and is 

generally explained as follows (Figure 1.10). As tumor cells grow quickly, they must 

stimulate the production of blood vessels with the aid of growth factors, such as 

endothelial growth factor (VEGF). These newly formed tumor vessels usually have 

abnormal form and architecture: they are poorly aligned defective endothelial cells with 

wide perforations. Endothelium is a type of tissue, that lines the interior surface of 

blood vessels and lymphatic vessels, forming an interface between circulating blood or 

lymph in the lumen and the rest of the vessel wall. Vascular permeability factors such as 

nitric oxide (NO), bradykinin (BK), carbon monoxide (CO) or cytokines (CKs) are 

abundant in tumor tissues, which open up the endothelial gaps, and thus extravasation of 

nanoparticles from the blood stream occurs excessively. Furthermore, tumor tissues 

usually lack effective lymphatic drainage, which would filter out nanoparticles, and thus 

it leads to increased retention of such particles. All of these factors lead to abnormal 

molecular and fluid transport dynamics, especially for macromolecular drugs and 

nanomedicines. Therefore, this phenomenon is referred to as the “enhanced 

permeability and retention (EPR) effect” of macromolecules and nanoparticles in 

tumors.  

 

Figure 1.10 Schematic drawing of enhanced permeability and retention effect. 

Vascular permeability factors such as nitric oxide, bradykinin, carbon 

monoxide, cytokines and vascular endothelial growth factor were 

abundant in tumor tissue, which open up the endothelial gaps, thus 

extravasation of nanomedicine from the blood stream occurs excessively. 

In contrast, narrower endothelial gaps in the normal tissue prevent the 

extravasation of nanomedicine. Furthermore, nanomedicine in normal 

tissue is efficiently cleared by the functional lymph vessels
118
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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. Extracellular pH in most tumors is more acidic 

(pH = 5.8–7.2) than the surrounding normal tissues (pH = 7.4) and also in vivo research 

has demonstrated that tumor cells exhibit a more reducing milieu compared to healthy 

cells, due to their elevated GSH level, which is at least 4-fold higher than that of the 

normal tissue.
44

 Synthesis of dual, pH- and redox- sensitive nanogels were reported 

recently in a few paper.
119–121

 Legros and co-workers have prepared nanogels from 

poly(2-ethyl-2-oxazoline) in water-in-oil emulsion in the size range of 120-150 nm.
119

 

Nanogels swelled in acidic environment caused by their cationic nature and 

disintegrated in reducing milieu due to the cleavage of disulphide bonds (Figure 1.11). 

Although drug encapsulation and drug release measurement were not carried out, the 

authors suggested the possible application of these nanogels in tumor targeted drug 

delivery by swelling or erosion controlled delivery. 

 Wang et al.
120

 synthesized disulphide containing poly(methacrylic acid) 

(PMAA)-based nanogels loaded with DOX and studied the drug release in acidic 

(pH = 5) and reducing environment (10 mM DTT or GSH). They experienced 

accelerated drug release in both environment, compared to extracellular conditions of 

healthy tissues (non-reducing media, pH = 7.4). Additional studies on cytotoxicity, 

biodegradability and biocompatibility suggested that these nanogels are promising 

candidates for the delivery of anti-cancer drugs. Although, some nanoformulations of 

anti-cancer drugs are already studied in clinical trials
116

, the outstanding properties of 

responsive nanogels are yet to be explored and utilized in the field of chemotherapy.  

 

 

Figure 1.11 Dual responsivity of poly(2-ethyl-2-oxazoline) nanogels: swelling in 

acidic environment and chemically cleaved in reducing medium
119
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1.3.3 Enzyme immobilization in polymer networks 

Besides biomedical areas – where mostly the release of bioactive compounds 

from the hydrogel is exploited – other fields must be also taken into consideration when 

seeking new utilizations of hydrogels as reservoirs. Synthetic chemistry is one of these, 

as they tend to use more and more enzymatically catalyzed reactions both on the 

laboratory and on the industrial scale. The use of new biocatalytic methods is a rapidly 

developing area of synthetic chemistry because biocatalysts are selective and 

environmentally friendly. However, industrial application is often hampered by a lack 

of long-term operational stability and difficult recovery and re-use of the enzyme. These 

drawbacks can often be overcome by immobilization of the enzyme.
122,123

 Nowadays 

several enzyme immobilization techniques have been developed based on physical or 

chemical interactions between the enzymes and solid supports. The simplest ways can 

be categorized into three main groups as cross-linking of enzyme aggregates (CLEAs) 

or crystals (CLECs), binding the enzyme to a support (simple adsorption or covalent 

binding onto a solid carrier) or entrapment of the enzyme within organic (such as a 

polymer network) or inorganic matrices (Figure 1.12).  

 

Figure 1.12 Methods for enzyme immobilization 

 

CLEAs and CLECs are usually prepared in the absence of any carrier and then 

cross-linking of the aggregates or crystals formed by a multifunctional cross-linker such 

as glutaraldehyde. Their advantages are improved specific and volumetric activity 

compared to most of the carrier-based immobilized enzyme preparations and easy 

recovery and reuse. On the other hand they are soft with poor mechanical stability. The 

difference between the other two methods are often not clear, but we can say that 

binding the enzyme to a support means the immobilization of the enzyme to a 

prefabricated carrier either physically or covalently, while in the case of entrapment the 

polymer matrix is prepared in the presence of the enzyme, thus the enzyme gets trapped 

in the network physically.  
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Typical supports for the former type of enzyme immobilization include 

synthetic polymers, such as acrylates. Various porous acrylic resins are used to 

immobilise enzymes via simple adsorption. For example, the widely used enzyme, 

lipase B from Candida antarctica (CaLB), is commercially available in immobilised 

form as Novozym 435, which consists of the enzyme adsorbed on a macroporous 

acrylic resin. A disadvantage of immobilisation in this way is that the enzyme can be 

leached from the support in an aqueous medium because it is not covalently bound. To 

avoid leaching, surface-modified acrylic raisins are used to covalently attach the 

enzyme, such as in the case of Eupergit
®
 C, which is a macroporous copolymer of N,N-

methylene-bi-(methacrylamide), glycidyl methacrylate, allyl glycidyl ether and 

methacrylamide. Eupergit
®
 C is highly hydrophilic and both chemically and 

mechanically stable in the pH-range from 0 to 14. Recently pNIPA, exhibiting a critical 

solution temperature (LCST) around 32 °C, has been studied also for the immobilization 

of enzymes. The biotransformation can be performed under conditions where the 

enzyme is soluble, thereby minimizing diffusional limitations and loss of activity owing 

to protein conformational changes on the surface of a support. As a consequence, 

raising the temperature above the LCST causes the precipitation of the immobilized 

enzyme, thus facilitating its recovery and reuse. For example, penicillin G amidase was 

immobilized by condensation with a copolymer of NIPA containing active ester groups. 

The resulting polymer – enzyme conjugate exhibited hydrolytic activity close to that of 

the free enzyme.
124

 Several naturally occurring polymers, mainly water-insoluble 

polysaccharides such as cellulose, starch, agarose and chitosan
125,126

 and proteins such 

as gelatin and albumin have been also widely used as supports for immobilising 

enzymes. The first industrial application of an immobilized enzyme in a 

biotransformation is the Tanabe process, where the enzyme was immobilized by ionic 

adsorption on cellulose modified with diethylaminoethyl functionalities and the process 

was performed in continuous operation in a fixed-bed reactor.
127

 A variety of inorganic 

solids (e.g. zeolite
128

 or silica
129

) are used for enzyme immobilization as well. 

Mesoporous silicas, or nanosilicas, for example are widely used as supports as they 

have several advantages, such as uniform pore diameter (2–40 nm), very high surface 

area (300–1500 m
2
/g) and pore volume (ca. 1 ml/g). Moreover, they are inert and stable 

even at high temperatures and their surface can be easily functionalised.  

For enzyme immobilization by entrapment, when the support is not 

prefabricated, usually either silica sol-gels or poly(vinyl alcohol) (PVA) hydrogels 
130–

133
 are used. Enzymes, such as lipase from Candida rugosa

131,132
, Pseudomonas 

aeruginosa
133

, or amyloglucosidase from Aspergillus niger
130

 were trapped in PVA 

matrixes of different shapes, including beads
131,133

, microfibers
132

 or films
130

. PVA 

beads were synthesized with the aid of sodium alginate, while microfibers were 

prepared via electrospinning. Although these PVA biocatalysts possessed good 

mechanical strength and biocatalytic activities, PVA lacks functional groups that could 

be used for attaching the entrapped enzymes covalently in the polymer matrix. Only 

physical entrapment of free enzymes in such matrixes is often results in the leakage of 

the enzyme due to their small size and the lack of covalent bonds. One possible way is 

to increase the molecular weight of the corresponding enzyme by cross-linking, 

although that could lead to activity loss, as – among others – Vorlop et al. reported.
134
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Another solution is to establish covalent bonds between the polymer matrix and the 

enzymes. This approach would require a polymer that can be easily functionalized with 

reactive groups that enables the covalent binding. PASP derivatives could be used for 

enzyme entrapment since they can be tailor-made to possess various properties, e.g. 

bearing reactive functional groups (e. g. thiol groups 
9
) or having controllable 

solubility
12

 or degradability. Since up till now no study has been published on the 

preparation of PASP based enzyme carriers the aim of my research was to develop a 

PASP hydrogel for the covalent entrapment of enzymes by a novel immobilization 

method. 

Lipases are one of the most frequently used class of enzymes as they are able 

to catalyze a wide range of reactions including esterification, transesterification, 

aminolysis, polymerization under mild conditions and with good selectivity without 

external cofactors.
135

 As lipase enzymes are designed in nature to operate at an oil-water 

interphase, they are generally compatible with organic solvents. In addition to their 

biological function in bacteria, fungi, plants and higher animals, lipases have received a 

great deal of attention as biocatalysts in numerous industrial processes ranging from 

producing biofuels, leather and paper processing, food ingredients, cheese making to 

enantioselective synthesis of enantiopure active pharmaceutical ingredients. Kinetic 

resolution of racemic mixtures is one of the most important applications of lipases. 

Lipases occur widely in nature, but only microbial lipases are commercially significant. 

The most important lipase-producing microorganisms are the Aspergillus, the Mucor, 

Pseudomonas, Rhyzopus and Candida.  

The basidomycetous yeast Candida antarctica produces two different lipases. 

named A and B.
136

 Both lipase A and B have been purified and characterized and they 

were found to be very different. Lipase A is calcium dependent and highly thermostable 

while lipase B is a little less thermostable but calcium independent. Furthermore, the 

substrate specificity differs between the two lipases. Although the optimal pH for 

catalysis is 7 the enzyme is stable in aqueous media in the range of pH 3.5-9.5. The 

denaturation temperature varies between approximately 50°C and 60°C depending on 

the pH: the higher denaturating temperature is found in the lower pH region. However, 

in most of the studies, where CaLB was applied as a biocatalyst the enzyme was 

immobilized on a carrier to increase its stability and also to simplify its recovery. When 

immobilized, CaLB is highly thermostable and can be used in continuous operation at 

60-80°C without any significant loss in activity even after several thousand hours in 

use.
137

 Lipase B from Candida antarctica (CaLB) is a widely used biocatalysts, thus an 

ideal candidate for immobilization engineering. Hence, CaLB was chosen in our 

experiments to design a PASP based enzyme carrier. 
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1.4 Scope 

The unique structure of hydrogels, consisting of a large amount of water, not 

just ensures a huge capacity for the entrapment of bioactive molecules that they are able 

to protect in hostile environment (e.g. the presence of enzymes and low pH in the 

stomach), but also promotes their biocompatibility. These properties together make 

them on one hand ideal candidates for the development of drug delivery systems and on 

the other hand possible carriers for the immobilization of enzymes to be used as 

biocatalysts in synthetic chemistry. The latter aspect is still in its infancy, but a great 

attention was focused on hydrogel as drug delivery systems, especially on responsive 

hydrogels, as they are able to release their payload upon a certain biological stimuli in 

the body. The choice of the polymer building up a hydrogel defines most of the 

properties of the hydrogel, e.g. mechanical strength, responsivity, biodegradability or 

biocompatibility. Poly(aspartic acid) (PASP), a synthetic poly(amino acid) is a well-

known representative of biocompatible and biodegradable, pH-responsive, cross-

linkable material thus it is a promising candidate for the preparation of hydrogels for the 

aforementioned utilizations. Therefore, we aimed to prepare PASP hydrogels with 

different properties depending on the targeted application, such as reduction and/or pH 

induced drug delivery systems or enzyme immobilization for synthetic chemistry. The 

the general characterization methods for PASP hydrogels and nanogels are described in 

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

chapter. 

Beside macroscopic hydrogels, nanogels also gained a considerable attention in 

medical fields as they can combine the benefits of the hydrogels and the nanoparticles 

(e.g. they can be injected directly to the blood stream and reach the targeted tissues). 

One of the most studied fields of nanogels is oncology, where the targeted delivery of 

drugs to cancer cells is essential to decrease side-effects. Both pH and redox responsive 

delivery systems are excessively studied as they are able to release the chemotherapy 

drug selectively in the tumor due to the different chemical environment of the cancer 

cells and tissues. Therefore, after synthezis and characterization (swelling and 

mechanical properties) of macroscopic PASP hydrogels, our goal was to prepare PASP 

nanogels. Synthesis and characterization of PASP hydrogels and nanogels with different 

composition and properties are discussed in the thesis. In Chapter 3 pH responsive 

PASP hydrogels are studied, then nanogels are prepared by inverse emulsion method in 

a non-aqeous emulsion. The cross-linking of polysuccinimide (PSI) took place in the 

droplets of the emulsion and the resultant PSI nanogels were hydrolyzed to PASP 

nanogels. In Chapter 4 we aimed to develop PASP nanogels, that show not only pH, 

but also redox responsive characteristics. Disulphide cross-linked PASP nanogels were 

prepared by the oxidation of thiolated PASP in inverse emulsion. In this case nanogel 

preparation was enabled in water-in-oil emulsion, since thiolated PASP is water soluble, 

which made the process easier and the emulsion more stable. In Chapter 5 our 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 environment only the disulphides got 
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cleaved and the hydrogels swelled due to the decreasing amount of cross-links. Drug 

loading and reduction induced drug-release measurements were carried out in the case 

of redox responsive PASP gels to determine their possible application as drug delivery 

systems.  

Biocatalysis is a growing field in synthetic chemistry, where developement of 

biocatalysts using immobilized enzymes is an alredy existing trend. Considering all the 

beneficial properties of PASP (easy functionalization, biodegradability) we attempted to 

prepare a PASP based biocatalyst containing a chosen enzyme, that shows good 

catalytic activity, nevertheless, that is easy to use and stable under various conditions. 

Chapter 6 shows the immobilization of Lipase B from Candida Antartcia (CaLB) in 

PASP polymer matrix by covalent bonding and their biocatalytic performance.  

In the final chapter of the Thesis, in Chapter 7, we briefly summarise the main 

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

of experimental results supplied useful information and led to several conclusions, 

which can be used in further research and during the development of biomedical or 

catalytic devices from the synthesized PASP matrices. 
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Chapter 2 

 

Experimental 

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 

L-aspartic acid (99%), dibutylamine (99%), cysteamine hydrochloride (98%), 

cysteamine (98%), potassium chloride (>99.5%), potassium dihydrogen phosphate 

(>99.5%), sodium bromate (99%), dithiothreitol (for biochem.), mesitylene (for 

synthesis), sulfolane (for synthesis), n-hexane (96.5%), n-heptane (99.5%), n-decane 

(99.5%), n-undecane (99%), n-dodecane (99%), t-butyl-methylether (), 2-propanol and 
SPAN 80 were purchased from Merck. Phosphoric acid (cc. 85%), dimethyl sulfoxide 

(99%), dimethylformamide (for analysis.), hydrogen chloride (37%) and potassium 

chloride (99.8%) were purchased from Lach-Ner. Diaminobutane (98%), n-octane (for 

analysis), poly(ethylene glycol) diglycidyl ether (Mn = 500), fluorescein isothiocyanate–

dextran (Mw = 70 kDa), sodium tetraborate (for analysis.), disodium hidrogen phosphate 

(>99.5%) tris(hydroxymethyl)aminomethane, racemic-1-phenylethanol, vinily acetate 

and zinc chloride, sodium alginate were purchased from Sigma Aldrich. Imidazole 

(>99%) was purchased from Acros Organics. Citric acid (puriss) was purchased from 

Molar Chemicals. Aminopropyl/phenyl-grafted (ratio: 1:3) mesoporous silica gel 

(irregular shape, diameter: 40-60 µm, average pore size: 25 nm) was obtained from 

SynBiocat Ltd. Lipase B from Candida antarctica (CaLB) was purchased from c-LEcta 

GmbH as freeze dried powder. All reagents and solvents were used without further 

purification.  

Deionised water (Milli-Q reagent grade, ρ > 18.2 MΩcm, Millipore, USA) was 

used for the preparation of aqueous solutions. 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. Phosphate buffered saline (PBS, pH = 7.6, I = 0.15M) 

was prepared of Na2HPO4 and KH2PO4. Ionic strength of the buffer solutions was 

adjusted by the addition of KCl. Ionic strength of the buffer solutions used in Chapter 3 

was 0.25 M, while in Chapter 4, 5 and 6 0.15 M. The pH of the buffer solutions was 

checked with a pH/ion analyser (Radelkis OP-271/1, Hungary). The synthesis and all 

experiments were carried out at 25 °C unless otherwise indicated. 

2.1.2  Synthesis of polysuccinimide 

Precursor polymer of poly(aspartic acid) (PASP), polysuccinimide (PSI) was 

prepared by thermal polycondensation of L-aspartic acid. Reaction was carried out in 
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two ways. In the first case PSI was synthesized by the thermal polycondensation of 

aspartic acid in amixture of mesitylene and sulpholane (7/3 weight ratio) at 160 °C with 

85% phosphoric acid as catalyst (the molar ratio of phosphoric acid to aspartic acid was 

16%). After 7 h the resultant polymer was filtered and dissolved in DMF, then 

precipitated with excess amount of water. The precipitate was washed with water and 

methanol and dried at 80 °C. According to the other synthesis route 20 g of L-aspartic 

acid and 20 g of phosphoric acid was mixed in a 1 l boiling flask. The mixture was then 

heated up to 200 °C on a rotary evaporator, and rotated at 180 rpm for 7 hours at 

10 mbar. Resulted PSI was dissolved in 250 ml of DMF, then precipitated and washed 

with a large amount of water, finally dried at 40 °C for 2 days. The molecular weight of 

the obtained PSI was 31.3 kDa and 36.1 kDa, prepared by the first and the second 

synthesis method, respectively, measured by a rolling ball viscometer (Anton Paar 

Lovis 2000, solvent: 0.1 M LiCl in DMF, Mark-Houwink constants: a = 0.76; 

K = 1.32·10
-2

).In both cases chemical structure of PSI was confirmed by 
1
H NMR (300 

MHz, DMSO-d6, δ: 5.12 ppm (1H, CO-CH-CH2-CO); 3.22 ppm and 2.74 ppm (2H, 

CO-CH-CH2-CO)).  

PSI, synthesized by the first method was used in experiments described in 

Chapter 3 and 4, while PSI synthesized by the second method was used in Chapter 5 

and 6.  

2.2 Characterization 

2.2.1 Nuclear magnetic resonance (NMR)  

Chemical structure of the polymers was confirmed by means of 
1
H NMR 

spectroscopy. 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.  

2.2.2 Measurement of degree of swelling  

Degree of swelling (𝑄𝑚) was defined as the mass ratio of the swollen (𝑚𝑠) to 

the dried hydrogel (𝑚𝑑): 

 𝑄𝑚 =
𝑚𝑠

𝑚𝑑
  (2.1) 

The weight of the swollen hydrogel (𝑚𝑠) was measured at equilibrium state 

after removing the excess swelling solution from the surface of the gel. The weight of 

the dried polymer gel (𝑚𝑑) was measured after removing the components of the 

swelling medium by immersing the gels into large amount of deionised water for 3 days 

with daily change of the water, finally drying them for two days in vacuum at ambient 

temperature. To determine the pH-dependence of degree of swelling, PASP hydrogels 

were swollen for two days in large excess of aqueous buffer solutions. In the case of 

redox responsive hydrogels, degree of swelling was also measured in phosphate 
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buffered saline (PBS, pH = 7.6) 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 compressive elastic modulus (𝐺) of the hydrogels was characterized with 

uniaxial compression tests using an Instron 5543 mechanical tester (USA) with cell load 

of 5 N. The force (𝐹) and the extent of compression (∆ℎ) of the cylindrical samples 

were recorded during the measurements, and the nominal stress (𝜎𝑛) and deformation 

ratio (𝜆) were calculated using the following equations: 𝜎𝑛 =  
𝐹

𝐴0
 and 𝜆 =

Δℎ

ℎ0
, where 

(𝐴0) is the cross-sectional area of the undeformed hydrogel and (ℎ0) is the original 

height. The maximum deformation was 10% of the original height and samples were 

compressed in a stepwise measurement with 0.1 mm deformation in each step followed 

by a relaxation time of 8 s. The compressive elastic modulus was calculated by Eq. 2.2. 

Moduli were determined from the linear fit to the stress-strain function between 0 and 

10% strain. 

 𝜎𝑛 = 𝐺(𝜆 − 𝜆−2) (2.2) 

2.2.4 Characterization of PASP nanogels 

PASP nanogels were studied by transmission electron microscopy (TEM). One 

drop of the aqueous dispersion of PASP nanogel was deposited onto a copper grid 

coated with carbon membrane (Formvar/carbon 200 Mesh Cu(50), Agar Scientific). 

Phospotungstic acid was stained to increase the contrast after the PASP nanogels were 

deposited on the TEM grid. The grid was observed with a FEI Tecnai Biotwin (120 kV) 

instrument.  

Size distribution and polydispersity of PASP nanogels were determined by 

dynamic light scattering (DLS). In Chapter 3 dialyzed sample solutions were filtered 

through a nylon membrane filter with a pore size of 0.45 μm. To determine pH 

dependent size distribution, pH of the dialyzed sample solutions was adjusted by the 

addition of 1 M HCl or 1 M NaOH. In Chapter 4 and 5 the re-dispersed nanogel 

samples were diluted 25-fold in water or in 0.1 M DTT aqueous solution (polymer 

concentration: ~0.035 wt%). Particle sizes were determined by dynamic light scattering 

(DLS) using a Zetasizer Nano ZS (Malvern Instruments) apparatus operating with a 

HeNe laser at 173° (back scatter method) on 633 nm. Measurments took 2 minutes and 

were carried out in a square glass cuvette. The hydrodynamic diameters, 𝑑𝐻 , were 

calculated from diffusion coefficients using the Stokes–Einstein equation. All 

correlogram analyses were performed with software supplied by the manufacturer using 

the non-negative least squares (NNLS) analysis. The standard error of the measurements 

was calculated out of six measurements each time. The Z-average hydrodynamic 

diameter and polydispersity index (PDI) were calculated by the cumulant analysis of the 

software. The cumulant analysis gives two values, a mean value for the size (called the 

z-average size or cumulants mean) and a width parameter known as the polydispersity 

index (PDI). It is important to note, that this mean size is intensity mean. It is not mass 
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or number mean, because it is calculated from the signal intensity.  

In Chapter 3 electrophoretic mobility of PASP nanogels was measured by a 

Brookhaven Zeta Potential Analyzer using the Zeta PALS (Phase Analysis Light 

Scattering) method. pH of the dialyzed sample solutions was adjusted by the addition of 

1 M HCl or 1 M NaOH. Smoluchowski equation (Eq. 2.3) was used to calculate the zeta 

potential: 

 ξ =
μEη

ε
 (2.3) 

where 𝜉 is the zeta potential, 𝜇𝐸 is the electrophoretic mobility, 𝜂 is the viscosity of 

water and 𝜀 is the permittivity of water. The standard error of the measurements was 

calculated out of 5 runs each time, and each run consisted of 10 cycles. 

The zeta potential of PASP nanogels in Chapter 4 and 5 was measured with 

Zetasizer Nano ZS (Malvern Instruments). Re-dispersed samples were diluted 5-fold in 

1 mM KCl aqueous solution and the pH was adjusted with 1 M HCl or NaOH. 

Measurments took 2 minutes and were carried out in a disposable, solvent resistant 

micro cuvette. Zeta potential was calculated from the nanogel’s electrophoretic mobility 

using Smoluchowski equation (Eq. 2.3). 
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Chapter 3 

 

Preparation of pH-responsive poly(aspartic acid) nanogels 

in inverse emulsion
1
 

3.1  Introduction 

Hydrogels are often commercialized as bulk materials but their application in 

targeted drug delivery needs the synthesis of nanogels (with a typical diameter of a few 

hundred nanometers) 
1–3

 since they not only have a large capacity for the entrapment of 

bioactive molecules but can also be taken up by the cells if proper ligands (e.g. 

recognition factors) are immobilized onto their surface. 
4,5

 Well-known approaches for 

preparing nanogels include photolithographic and micromolding methods, 

microfluidics, free radical heterogeneous polymerization in dispersion, 

nanoprecipitation and emulsion techniques.
1,6–8

 Water-in-oil (inverse) emulsion 

technique is the most widely used since it does not require any complicated equipment 

and the size of the resultant nanogels can be easily controlled. The first step of this 

method is the emulsification of the solution of the precursor polymer or monomer in a 

continuous apolar phase with an oil-soluble surfactant. The stability of the emulsion 

against coalescence or Ostwald ripening plays an important role in controlling the size 

distribution of the forming nanogels. The second step is the chemical cross-linking of 

the precursor polymer trapped inside the droplets of the emulsion (or direct 

polymerization of the monomers). Cross-linking can be achieved with a suitable cross-

linking molecule or by the reaction of functional groups of the polymer chains (e.g. 

intermolecular disulphide formation by the oxidation of thiol-groups
9
). Several 

examples are summarized in recent reviews of Matyjaszewski,
1
 Li

7
 and Landfester

10
 for 

the preparation of nanogels in the size range of 100-500 nm by inverse emulsion 

technique. In all cases the polar phase was water, while the most common apolar phases 

were hexane, cyclohexane or dichloromethane and emulsions were stabilized usually 

with sorbitane monooleate (Span 80).  

Recently nanogels have been prepared mostly from natural polymers, e.g. 

chitosan, hyaluronic acid and alginate, although they are expensive and their structure 

and molecular weight is variable. Synthetic polymers have the advantage of a well-

defined structure but their biocompatibility and biodegradability is usually questionable. 

Poly(aspartic acid) (PASP) as a synthetic poly(amino acid) is a well-known 

representative of biocompatible and biodegradable, pH-responsive polymer, which 

makes PASP ideal for nanogel preparation.
11

 The drawback of PASP, however, is that 

its precursor polymer, polysuccinimide (PSI) is soluble only in dimethyl sulfoxide 

(DMSO) and dimethylformamide (DMF). Therefore, this problem must be overcome in 

the nanogel synthesis. According to the studies of Imhof et al.
12

, emulsions containing 

DMF can be hardly stabilized in contrast to emulsions with DMSO, thus I chose DMSO 

                                                 
1 E. Krisch, B. Gyarmati, A. Szilagyi, Preparation of pH-responsive poly(aspartic acid) nanogels 

in inverse emulsion Periodica Polytechnica Chemical Engineering, 61, 19-26, 2017. 
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for the preparation of PASP nanogels. Only a few articles have reported the application 

of PASP in nanogel synthesis. Wu et al.
13

 synthetized nanogels made of quaternized 

chitosan and PASP by ionotropic gelation technique for protein delivery. Li et al.
14

 also 

reported the preparation of a novel nanogel system based on water-soluble chitosan, 

PASP and poly(ethylene glycol) by a coagulation method. Sumerlin et al.
15

 synthesized 

nanogels from amphiphilic PASP derivatives by nanoprecipitation method for site-

specific delivery in agriculture. In these cases nanogel formation was the result of ionic 

interactions, and nanogels were not stabilized with chemical cross-links. Chemically 

cross-linked poly(ethylene glycol)-block-poly(aspartic acid) (PEG-PASP) core-shell 

nanogels in the size range of 90-140 nm were prepared by Kim et al.
16

 for pH-sensitive 

insulin delivery based on the self-assembly of PEG-PASP amphiphilic copolymers. Lee 

et al.
17

 prepared lysosome-selective PEG-PASP nanogels for antitumor drug-delivery. 

Both cases the synthesis of the precursor polymers complicated the nanogel preparation 

and required the use of activating agents (e.g. carbodiimide) as well. Thus, there is still 

a need of a simple method to yield cross-linked PASP nanogels. The posterior cross-

linking allows control over the concentration of net points in the polymer network, 

therefore over the swelling behavior.  

In this chapter we show a simple synthetic route to prepare pH sensitive PASP 

nanogels starting with the chemical cross-linking of its precursor polymer, PSI. The 

widely used inverse emulsion technique was chosen for the nanogel preparation. 

Nanogels were prepared in a DMSO/dodecane emulsion to overcome the problem of 

solubility of PSI that is a technique without precedent in the literature.  

3.2  Experimental 

3.2.1  Preparation of diaminobutane cross-linked poly(aspartic acid) hydrogels and 

nanogels 

In the synthesis of bulk gels PSI was cross-linked with diaminobutane (DAB) 

in dimethyl sulfoxide (DMSO) and subsequently the PSI gels were hydrolyzed to the 

corresponding PASP hydrogel at pH = 8 (Fig. 3.1). Hydrogels were prepared with 

different polymer (6, 8 and 10 wt%) and cross-linker concentrations. The molar ratio of 

DAB to the repeating units of PSI (cross-linking ratio, XDAB) was changed from 5 to 

20%. Samples were named according to their composition, e.g. in the case of PASP-6-

DAB-10 the hydrogel was prepared with a polymer concentration of 6 wt% and XDAB of 

10%. In a typical procedure (PASP-6-DAB-10 hydrogel) 0.3000 g PSI was dissolved in 

4.3905 g DMSO and 0.3095 g of 8.8 wt% DAB (in DMSO) solution was added to yield 

DAB cross-linked PSI gels. Samples were prepared in cylindrical molds (diameter ≈ 

height ≈ 1.5 cm) for mechanical characterization and discs with diameter of 10 mm 

were cut from PSI gel sheets with thickness of 2 mm for swelling experiments. Gelation 

time was determined for gels prepared in 2 ml plastic vials. PSI gels were then 

hydrolyzed in a large excess of imidazole buffer solution (pH = 8, I = 0.25 M) for 2 

days to yield PASP hydrogels.  
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Figure 3.1 Synthesis route of PASP hydrogels cross-linked with 1,4-diaminobutane 

 

PSI nanogels were prepared in inverse emulsion with PSI concentration of 

6 wt% and molar ratio of DAB to the repeating units of PSI of 10% (PSI-6-DAB-10). 

DMSO (polar phase) contained the PSI and the DAB, while dodecane (apolar phase) 

contained the surfactant (Span 80). 10 ml of dodecane was measured into a 250 ml 

boiling flask and 0.5 g (5 w/V%) of Span 80 was added. Afterwards 10 ml of gel 

precursor solution was added to the dodecane. The resultant emulsion was stirred by an 

overhead stirrer at 500 rpm for 4 hours at room temperature, then poured into 500 ml of 

aqueous imidazole buffer solution (pH = 8, I = 0.25 M) and stirred for additional 2 days 

to yield PASP nanogels (PASP-6-DAB-10). Dodecane was removed after phase 

separation using a separatory funnel. Nanogels were purified from buffer components 

by dialysis against water (cut off: 6-8 kDa). 
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3.2.2 Gelation time of bulk PSI hydrogels  

The gelation time of bulk PSI gels was determined by visual observation using 

tilting method in 2 ml Eppendorf tubes and by oscillation rheometry using an Anton 

Paar Physica MCR 301 Rheometer. For rheometry measurments cone-plate geometry 

with a diameter of 25 mm (CP25) was used and the sample gap was set to 0.049 mm. 

100 μl of the precursor solution containing PSI and DAB in DMSO was placed on the 

bottom plate of the rheometer immediately after mixing the solution. The temperature 

was set to 25.0 °C and controlled by a Peltier system (PTD200). Applied angular 

frequency (𝜔) was 10 rad/s with a deformation (𝛾) of 1%. Storage and loss moduli 

were followed over time and gelation time was defined as the equality of the two 

moduli. 

3.2.3  Emulsion stability 

The stability of emulsions was characterized as a function of the chemical 

quality of apolar phase, concentration of the surfactant in the apolar phase and the PSI 

concentration in the polar phase. DMSO was the polar phase and hydrocarbons with 

different chain length were tested as apolar phase, such as n-hexane, n-heptane, n-

decane, n-undecane and n-dodecane. The volume ratio of polar to apolar phase was 1:1 

in each case, and experiments were done in Wassermann tubes with 2 ml sample 

volumes. As water-in-oil (W/O) emulsions can be stabilized by surfactants with low 

HLB (hydrophilic-lipophilic balance) number, a widely used surfactant, Span 80 

(HLB = 4.3) was chosen.
4
 The concentration of the surfactant in the apolar phase varied 

between 1 and 20 w/V%. Emulsions were shaken for 60 s intensively and their stability 

was characterized by the time when the height of the separated upper phase reached 

10% of the height of the emulsion. The average error of emulsion stability tests was 

± 2 s. 

3.3  Results and Discussion 

3.3.1  Characterization of bulk poly(aspartic acid) hydrogels 

To find the suitable gel composition for the synthesis of nanogels, first bulk 

PASP hydrogels with different polymer concentration and cross-linking ratio were 

studied. The gelation time of bulk PSI gels was determined by oscillation rheometry. 

Storage (𝐺′) and loss (𝐺′′) moduli were followed over time as shown in Fig. 3.2 a, and 

gelation time was defined as the equality of the two moduli.
18

 The gelation times 

derived from rheological measurements are in good agreement with the values 

determined by visual observation. Gelation time varied in a wide interval from one 

minute to half an hour and was highly dependent on the composition: it decreased 

sharply with increasing cross-linker concentration, XDAB and decreased with increasing 

PSI concentration (Fig 3.2 b). The minimum cross-linking ratio at the lowest polymer 

concentration was 6.7%.  
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Figure 3.2 a) Simultaneous increase in the dynamic moduli around the gel point of 

the PSI in DMSO (PSI-6-DAB-10), gelation time was defined as the 

equality of the two moduli and b) gelation time of DAB cross-linked PSI 

bulk gels as a function of cross-linker concentration, XDAB at various PSI 

concentrations determined by both rheometry and visual observation 
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Figure 3.3 a) Determination of compressive elastic modulus (sample PASP-6-DAB-

10) and b) compressive elastic modulus of PASP-DAB hydrogels with 

different composition 
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Fig. 3.3 a shows the nominal stress during the compression of PASP-6-DAB-

10 hydrogel. The curves fit to an almost straight line in all cases, the compressive elastic 

modulus was calculated from the slopes. The elastic moduli of PASP hydrogels as a 

function of polymer concentration and cross-linking ratio are shown in Fig. 3.3 b. 

Stiffness of PASP hydrogels increased with increasing the PSI concentration and/or 

XDAB. Mechanical properties could easily be controlled by the composition of the 

polymer network and the elastic modulus could be changed in wide interval from 

~3 kPa (very soft) to ~120 kPa (rather stiff). According to our experience, PASP 

hydrogels with elastic modulus larger than 5 kPa are self-standing and mechanically 

stable (Fig 3.3 b). Hydrogel could not be obtained with the lowest PSI concentration 

(6 wt%) and XDAB (5%). PASP hydrogel with the highest PSI concentration (10 wt%) 

and XDAB (20%) was rigid and fragile. It broke during the compression test, thus no 

elastic modulus was determined. 

In order to prove the pH responsive character, the degree of swelling of PASP-

10-DAB-10 hydrogel was measured as a function of environmental pH (Fig. 3.4). The 

degree of swelling had an abrupt change at around pH = 4, this value is close to the pKa 

values of α and β aspartic acid (3.25 and 4.35 respectively
19

). In this interval the 

concentration of deprotonated repeating units increases dramatically, resulting in better 

water-solubility of the polymer thus in higher degree of swellings. We expected similar 

pH-dependent properties from nanogels regarding swelling behavior and surface charge.  

 

Figure 3.4  Degree of swelling of PASP-10-DAB-10 hydrogel as a function of pH (red 

line is only indicatedto guide the eye) 
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3.3.2.  Synthesis and characterization of nanogels 

PSI nanogels were prepared in an inverse emulsion. Prior to the preparation of 

nanogels stability of emulsions were studied as a function of the chemical quality of 

apolar phase, concentration of the surfactant in the apolar phase and the PSI 

concentration in the polar phase. DMSO was chosen to be the polar phase, since PSI 

only soluble in DMSO and DMF, and emulsions containing DMF were hardly 

stabilized.
12

 Linear hydrocarbons with different chain length were tested as apolar 

phase. The emulsions were stabilized with Span 80. The effect of the chain length of the 

n-alkanes of the apolar phase and the concentration of the surfactant on the emulsion 

stability were tested with emulsions containing DMSO without PSI as the polar phase 

(Fig. 3.5 a). Emulsion stability increased with increasing chain length of the n-alkanes. 

The most stable emulsion was obtained with 5 w/V% Span 80 and above this 

concentration the stability did not show any improvement. To make the cleaning 

process easier the surfactant concentration must be kept as low as possible. Dodecane 

with 5 w/V% Span 80 was chosen as the apolar phase for the preparation of the PSI-

DAB nanogels. Afterwards the effect of PSI concentration on the rate of phase 

separation was studied. The time of phase separation in the case of 6, 8 and 10 wt% PSI 

concentration were 41, 34 and 32 s, respectively, so we can conclude, that emulsions 

with higher PSI concentrations were less stable (Fig. 3.5 b). Thus, the lowest polymer 

concentration, 6 wt% was chosen for the preparation of nanogels, as below this polymer 

concentration gelation did not occur in bulk experiments. If we compare these results 

with the mechanical data obtained from bulk PASP hydrogels, in the case of PSI 

concentration of 6 wt%, the minimum cross-linking ratio is 10% to obtain hydrogel with 

satisfying stiffness (G > 5 kPa), thus nanogels with the composition of PASP-6-DAB-10 

hydrogels were prepared. 

Monodisperse PASP nanogels in the size range of 200-400 nm (Fig. 3.6 a) 

were successfully prepared. This size range enables the nanogels to be internalized by 

cells via endocytosis.
20

 PASP-6-DAB-10 nanogels – similarly to bulk hydrogels – 

showed characteristic pH dependent degree of swelling (Fig. 3.6 b), due to 

polyelctrolyte character of the polymer main chain. Carboxyl groups are protonated 

below the pKa value of aspartic acid repeating units (pKa = 4.2) and deprotonated above 

it. At acidic pH values the repeating units are neutral, consequently the volume of PASP 

nanogels is smaller. Accordingly, diameter of the nanogels changed abruptly between 

pH = 3 and 4, as shown in Figure 3.6 b.  
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Figure 3.5  Determination of emulsion stability: a) Stability of the emulsions 

increased as a function of the chain length of the hydrocarbons applied as 

apolar phase and the concentration of Span 80; b) PSI concentration in 

the DMSO slightly affect the stability 
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Figure 3.6 a) Size distribution and b) average hydrodynamic diameter of 

PASP-6-DAB-10 nanogels as a function of pH 
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The surface charge of nanogels plays an important role both in vitro and in 

vivo.
21

 Their surface charge influences their cellular uptake mechanism, their 

interactions with proteins and also their stability and circulation time in vivo. It is 

suggested, that the positively charged nanoparticles could easily be internalized by cells, 

while the negatively charged carriers exhibit prolonged circulation time. Zeta potential 

of PASP nanogels was negative in almost the entire pH range as shown in Fig. 3.7. 

Below pH = 4 the zeta potential was close to zero, because of the protonated, neutral 

form of carboxylic groups. Above pH = 4 zeta potential decreased abruptly and showed 

a strongly negative value (-20 – -30 mV) as the carboxylic groups became deprotonated. 

The strongly negative zeta potential of PASP nanogels at the pH range of the human 

cells (6.8 ≤ pH ≤ 7.4) and blood (7.2 ≤ pH ≤ 7.6) can be beneficial for the possible in 

vivo applications. 

 

Figure 3.7  Zeta potential of PASP-6-DAB-10 nanogels as a function of pH 

3.4  Conclusions 

In this chapter first the gelation time of PASP hydrogels cross-linked with 

diaminobutane (PASP-DAB) were determined. The hydrogels showed sufficient 

mechanical stability and their stiffness varied depending on the composition. Proper 

composition for nanogel preparation was chosen by a minimum criterion of stiffness. 

Prior to nanogels preparation stability of emulsions with different compositions was 

studied. Given the solubility of PSI, DMSO was chosen as the polar phase. Based on the 

emulsion stability tests, n-dodecane was selected as the apolar phase for the nanogels 

synthesis. The PASP-DAB nanogels were prepared by inverse emulsion method in the 

size range of 200-400 nm proven by dynamic light scattering. The size of the PASP 

nanogels showed strong pH dependence, similarly to the bulk PASP hydrogels. Zeta 

potential of the PASP nanogels at the pH range of the human body was strongly 
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negative, which can be beneficial for in vivo applications. However, a synthetic method 

without the use of DMSO, an organic solvent with a very high boiling point, would be 

preferred because of environmental aspects. 
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Chapter 4 

 

Redox- and pH-responsive nanogels based on thiolated 

poly(aspartic acid)1 

4.1  Introduction 

The redox gradient present in the body caused by the varying glutathione level 

can be exploited to modulate the drug release from drug formulations.
1–4

 Various 

bioreducible delivery systems have already been reported which disintegrate upon 

entering the reducing environment of the cytosol.
5–8

 The rational design of such redox-

responsive hydrogels used in biological environments requires a biocompatible polymer 

network with redox-sensitive functional groups incorporated
9
, therefore, we chose 

poly(aspartic acid) (PASP) for the preparation of redox responsive nanaogels and redox 

responsive properties were incorporated into the polymer network via the thiolation of 

the polymer. 

A commonly used method to prepare nanogels from hydrophilic polymers is 

their modification with hydrophobic groups to induce self-assembly in aqueous 

solution.
10

 The drawback is the need of significant chemical modification, which might 

alter the characteristic properties of the polymers. A more convenient method is to 

confine the hydrophilic polymer in aqueous nanocontainers generated in water-in-oil 

(W/O or inverse) miniemulsions. The methods for the production of these inverse 

miniemulsions with a nanoscale droplet size can be categorized into high-energy 

methods, e.g., ultrasonication
11

 and high pressure homogenization
12

 or low-energy 

methods, e.g., phase inversion temperature emulsification.
13

 Using low energy methods 

the parameters and the composition have to be adjusted very precisely for each system, 

depending on the required temperature of emulsification and use. On the contrary, high-

energy methods are more popular since they make use of mechanical devices, which are 

easy to operate and capable of generating intense forces to disrupt the water phase into 

small droplets with narrow size distribution. 

In this chapter we describe our approach in the synthesis of uniformly cross-

linked nanogels by inverse miniemulsion method using ultrasonication or high pressure 

homogenization. We aimed to replace DMSO as polar phase (see Chapter 3) with water, 

thus the synthesis was done from water-soluble thiolated PASP, which can be cross-

linked in aqueous solution. Size distribution and zeta potential of the dual responsive 

PASP nanogels were studied as a function of pH and redox potential. We demonstrate 

that the degradation of the PASP nanogels and the subsequent release of the 

encapsulated drug, fluorescent dextran, can be triggered by an environmental reductive 

stimulus. 

  

                                                 
1
 E. Krisch, L. Messager, B. Gyarmati, V. Ravaine, A. Szilágyi, Redox- and pH-responsive 

nanogels based on thiolated poly(aspartic acid) Macromolecular Materials and Engineering, 301, 

260-266, 2016. 
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4.2 Experimental 

4.2.1  Synthesis of thiolated poly(aspartic acid) 

PSI was reacted with cysteamine hydrochloride (24 h, 25 °C) in 

dimethylformamide (DMF) using dibutylamine (DBA) as deprotonating agent in 

equimolar amount to cysteamine (Fig. 4.1, step 1). The feed molar ratio of the 

cysteamine to the polymer repeating units was 20%. Thiol groups of the cysteamine-

modified PSI (PSI-SH) were oxidized into disulphide linkages by air (Fig. 4.1, step 2) to 

form thin (1.0 mm thick) disulphide cross-linked PSI (PSI-SS) gel films. Bulk water-

swellable poly(aspartic acid) hydrogels (PASP-SS) were obtained by the irreversible 

ring opening of the succinimide rings of PSI gels after 3 days of hydrolysis in an 

aqueous phosphate buffer solution of pH 8 (Fig. 4.1, step 3). PASP-SS gels were 

dissolved by the addition of solid dithiothreitol (DTT) to prepare PASP-SH polymer 

solution (Fig. 4.1, step 4). The molar ratio of DTT to thiol groups was 1:1. The 

dissolution of the PASP-SS gels was complete after 15 min. The reduced PASP-SH 

polymers were dialysed (cellulose membrane, cut-off Mw = 12-14 kDa, Sigma-Aldrich) 

against water (pH  6). The solid PASP-SH polymers were obtained by lyophilisation, 

and the polymers were stored at 8 °C for further use.
14

 The degree of modification was 

found to be 10% (according to NMR analysis, 300 MHz, D2O, δ: 4.58 ppm (1H, CO-

CH-CH2-CO); 2.81 ppm (2H, CO-CH-CH2-CO) 3.36 ppm (2H, NH-CH2-CH2-SH), 

2.64 ppm (2H, NH-CH2-CH2-SH), 3.51 ppm (2H, NH-CH2-CH2-S-S-CH2-CH2-NH) and 

2.85 ppm (2H, NH-CH2-CH2-S-S-CH2-CH2-NH)). Since the PASP-SH might be partly 

oxidized while stored, it was dissolved in aqueous solution of DTT (10 mM DTT for 

10 wt% PASP-SH concentration and 30 mM for 15 wt% PASP-SH concentrations). 

4.2.2 Preparation of PASP-SS nanogels 

The disulphide cross-linked PASP (PASP-SS) nanogels were prepared using 

the nanosized droplets in a water-in-oil miniemulsion as a template. In a typical 

procedure (synthesis of the PASP-SS-15), the PASP-SH was dissolved in saline 

(15 wt%). The solution of PASP-SH was added to n-octane containing sorbitan 

monooleate (Span 80, 8 wt%) as the surfactant to reach a volume fraction of 10%. This 

heterogeneous mixture was mixed under magnetic stirring for 15 min to get a crude 

emulsion. The PASP-SH emulsion was then further homogenized either by 

ultrasonication method (US method) or by high pressure homogenization method (HPH 

method). The duration of US method was twice 20 min in ice bath (Branson Sonifier 

250, operating at 20 kHz and 90% output energy). Using the HPH method (M-110S 

Microfluidizer® Processor, operating at 600 kPa) samples were homogenized for 50 

passes and cooled to 8 °C between passes. This procedure took less than one minute. 

The stability of the resulting PASP-SH inverse miniemulsion was checked by visual 

inspection and by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern 

Instruments) to follow the evolution of the droplet size over time. 
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Figure 4.1 Synthesis route of thiolated poly(aspartic acid) (PASP-SH) 
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PASP-SH was cross-linked in the droplets of the miniemulsion by oxidation of 

the thiol groups (Fig. 4.2). Sodium bromate (NaBrO3) was used as the oxidizing agent. 

Samples were cross-linked by the addition of 1 M NaBrO3 aqueous solution to the 

miniemulsion (in a volume ratio of 0.5%) and stirred for 24 h on magnetic stirrer. In the 

case of HPH method, a different cross-linking process was applied as well, where a 

water/n-octane inverse miniemulsion containing 10 vol% of 0.1 M NaBrO3 and 90 vol% 

n-octane containing Span 80 (8 wt%) was prepared without any polymer by 

HPHmethod as described earlier. Then, the PASP-SH miniemulsion and the 

miniemulsion containing the oxidizing agent were mixed in 1:1 volume ratio and kept 

for 24 h under magnetic stirring. 

As a washing procedure, 50 ml THF was added to 15 ml of the PASP-SS 

nanogel dispersion and the sample was centrifuged for 1 h at 16000 g. Supernatant THF 

containing the unnecessary surfactant and n-octane was removed. The procedure was 

repeated 4 times and centrifuged for 30 min each time at 16000 g. Afterwards, the 

sample was dried at room temperature under vacuum overnight. Finally, nanogels were 

re-dispersed in water. As a control to prove that the cross-linking was successful, the 

whole preparation procedure was carried out without oxidant, as well. 

 

 

Figure 4.2 Schematic representation of the preparation of PASP-SS nanogels in 

inverse miniemulsion. 
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4.2.3 Preparation of drug-loaded PASP-SS nanogels 

For the reduction induced drug release measurements fluorescent dextran 

(FITC-Dx)-loaded PASP-SS nanogels were prepared. PASP-SH was dissolved in PBS 

(10 wt%). FITC-Dx (Mw = 70 kDa) was added to the PASP-SH solution to yield a final 

concentration of 3 g/L. This homogeneous solution of PASP-SH and FITC-Dx was 

added to n-octane –containing Span 80 (8 wt%) as the surfactant – to reach a volume 

fraction of 10%. The heterogeneous mixture was mixed under magnetic stirring for 15 

min to get a crude emulsion. This emulsion was further homogenized by a high pressure 

homogenization method (M-110S Microfluidizer® Processor, operating at 600 kPa) to 

yield a miniemulsion with nanosized droplets. The samples were homogenized for 50 

passes and cooled to 8 °C between passes. PASP-SH was cross-linked by the addition of 

1 M NaBrO3 aqueous solution to the miniemulsion (in a volume ratio of 0.5%) and 

stirred for 24 h on magnetic stirrer to yield the PASP-SS nanogels. As a washing 

procedure, 50 ml THF was added to 15 ml of the PASP-SS nanogel dispersion and 

sample was centrifuged for 1 h at 16000 g. The supernatant THF containing the 

unnecessary surfactant and n-octane was removed. The procedure was repeated 4 times 

and centrifuged for 30 min each time at 16000 g. Afterwards, the sample was dried at 

room temperature under vacuum overnight. They were finally re-dispersed in PBS 

(pH = 7.4) for 12 h. The success of the preparation of FITC-Dx-loaded PASP-SS-10 

nanogels was proven by DLS. The total amount of FITC-Dx in the PASP-SS nanogel 

dispersion (the amount encapsulated in the nanogels and the amount non-encapsulated) 

was determined by fluorescence spectroscopy (CARY Eclipse spectrophotometer, λex = 

495 nm, λem= 518 nm). Then, PASP-SS nanogels were separated from the continuous 

phase thanks to a centrifugation cycle through Amicon® Ultra-0.5 mL, MWCO 100 

kDa and amount of FITC-Dx in the filtrate was determined by fluorescence 

spectroscopy. The fluorescence of the filtrate (If0) corresponds to the non-encapsulated 

amount of FITC-Dx. The encapsulated amount of FITC-Dx was calculated as the 

difference of the total amount of FITC-Dx and the amount of non-encapsulated FITC-

Dx. The encapsulation efficiency was 45%. 

FITC-Dx loaded PASP-SS nanogels were incubated at 37 °C in the presence of 

various amounts of DTT (0, 10 or 100 mM) and the FITC-Dx release from the 

PASP-SS nanogels was monitored over time. To follow FITC-Dx release, aliquots of 

PASP-SS nanogel dispersions were five-fold diluted with PBS and centrifuged for 5 

min (Amicon® Ultra-0.5 mL, MWCO 100kDa). The resulting filtrate was assayed by 

fluorescence spectroscopy. The cumulative release curve was calculated from the 

change of the FITC-Dx concentration in the filtrate over time. 

4.3 Results and discussion 

4.3.1 PASP-SS nanogel preparation 

In order to prepare nanogels from linear polymers they have to be cross-linked 

in small, defined and discrete volumes. In the case of disulphide cross-linked 

poly(aspartic acid) (PASP-SS) nanogel preparation, the cross-linking of thiolated 

poly(aspartic acid) (PASP-SH) took place in the nanosized droplets of an inverse 

miniemulsion. While the dispersed phase consisted of aqueous solution of PASP-SH, 
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the continuous phase was n-octane, which contained the surfactant. To reduce the 

coalescence of the droplets, thus increasing the emulsion stability, the right choice of 

surfactant is highly important. We used a lipophilic surfactant, sorbitan monooleate 

(Span 80, HLB value of 4.3) at a concentration of 8 wt% in n-octane. These conditions 

were previously established for the preparation of methacrylated hyaluronic acid 

nanogels in water-in-oil miniemulsions.
12

  

Figure 4.3 depicts a typical inverse miniemulsion prepared either by 

ultrasonication method (US method, Fig. 4.3 a) or by high pressure homogenization 

method (HPH method, Fig. 4.3 b). The miniemulsions were successfully prepared by 

both methods but the HPH method resulted in less turbid miniemulsion. It displayed 

bluish glints, arising from the Tyndall effect and typical of monodisperse 

miniemulsions, indicating a smaller size of droplets in the case of HPH method. Indeed, 

the droplets had an average hydrodynamic diameter (𝑑𝐻̅̅̅̅ ) of 149 nm and the distribution 

was narrow with a polydispersity index (PDI) of 0.106 (Fig. 4.4). The miniemulsion 

prepared by US method showed a narrow size distribution as well, but bigger droplets 

were obtained (𝑑𝐻̅̅̅̅  = 315 nm) and the PDI was larger as well (0.230) (Fig. 4.4). The 

stability of the resulting miniemulsions was investigated over time. After 24 h, both 

types of miniemulsion were stable and neither the diameter nor the PDI changed 

significantly. Since the PASP-SH was cross-linked within 24 h after the preparation of 

the emulsions, the stability is sufficient for the synthesis of PASP-SS nanogels by both 

US and HPH methods. The PASP-SS nanogels were prepared by the cross-linking of 

PASP-SH through chemical oxidation of the thiol groups by addition of NaBrO3.  

 

 

Figure 4.3 Typical appearance of the stable and slightly turbid inverse 

miniemulsions containing PASP-SH as prepared by a) US method and b) 

HPH method. 

1 cm 1 cm 
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Figure 4.4 Size distribution of the inverse miniemulsions containing PASP-SH 

(15 wt%) prepared by HPH (black line) and by US method (red line) 

 

A control experiment was performed without oxidizing agent to prove the 

necessity and the success of cross-linking of PASP-SH. In this case the same washing 

and the drying procedure was applied. However, a bulk gel instead of nanogels was 

yielded after re-dispersion of precipitated PASP-SH in water because of the 

uncontrolled atmospheric oxidation of thiol groups. The control experiment proved that 

oxidation in the droplets is a key step in the formation of cross-linked PASP-SS 

nanogels. 

The degree of swelling of PASP-SS nanogels can be tuned by changing the 

composition of the gels such as the initial PASP-SH concentration or the environmental 

conditions, such as the ionic strength. Thus the PASP-SS nanogels were prepared with 

two different initial PASP-SH concentrations (PASP-SS-10 with 10 wt% and 

PASP-SS-15 with 15 wt%) and the size of the resulting PASP-SS nanogels was 

measured in water and also in saline (ionic strength: 0.15 M) by DLS.  

The DLS measurement showed multiple peaks in the size distribution of the 

PASP-SS nanogels prepared by US method in both water and saline (Fig. 4.5 a). The 

presence of various populations of nanogels was confirmed by TEM characterization, 

although the TEM images confirmed the successful preparation of spherical 

PASP-SS-10 and PASP-SS-15 nanogels (Fig. 4.5 b). Due to the polydispersity of the 

PASP-SS nanogels prepared by the US method, we choose another method to produce 

monodisperse nanogels. HPH method was applied to create the miniemulsion template. 

Previously, we successfully optimized this method for hyaluronic acid nanogels.
12
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Figure 4.5 Characterization of PASP-SS nanogels prepared by US method. a) DLS 

results of PASP-SS-15 nanogels measured in water (black line) and in 

saline (red line). b) TEM images of PASP-SS-15 nanogels. 

 

Two cross-linking processes were considered for the PASP-SS nanogel 

preparation by HPH method. In the first process, NaBrO3 solution was added directly to 

the inverse miniemulsion. In the second process, a miniemulsion containing only 

NaBrO3 was prepared and mixed with the miniemulsion of PASP-SH. The two 

processes were compared. No significant difference was observed in the average 

hydrodynamic diameter of PASP-SS nanogels cross-linked by the two processes, as 

shown on Fig. 4.6 a. The PASP-SS nanogels prepared by the HPH method showed 

narrow size distribution (Fig. 4.6 a,b). The effect of ionic strength was investigated by 

DLS (Fig. 4.6 b). The PASP-SS-15 nanogels shrank in saline due to the increased ionic 

strength. Their swelling behaviour in saline was dependent on the initial PASP-SH 

concentrations. Both PASP-SS-10 (Fig. 4.7 a) and PASP-SS-15 (Fig. 4.7 b) nanogels 

had the typical characteristics of dried nanogels, being spherical and exhibiting a rough 

contour which was confirmed by TEM analysis. The size distribution of PASP-SS-10 

and PASP-SS-15 nanogels were measured by DLS (Table 4.1). At higher initial 

PASP-SH concentration a smaller size was achieved in water due to the higher density 

of cross-linking points. This trend was similar to the one observed for PASP-SS 

nanogels prepared with the US method. The results indicate that the degree of swelling, 

thus the size of PASP-SS nanogels can be controlled by the environmental ionic 

strength and the composition of the nanogels. Regarding the fact that PASP-SS 

nanogels with narrower size distribution were achieved by HPH method, it was chosen 

and used for sample preparation in further experiments.  
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Figure 4.6 Characterization of PASP-SS nanogels prepared by HPH method: a) Size 

distribution of PASP-SS-15 nanogels in saline cross-linked by either 

sodium bromate solution (red line) or sodium bromate miniemulsion 

(black line). b) Size distribution of PASP-SS-15 nanogels measured in 

saline (red line) and in water (black line). 

 

 

a) 

b) 
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Figure 4.7 TEM images of c) PASP-SS-10 nanogels and d) PASP-SS-15 nanogels 

prepared by HPH method. 

 

Table 4.1 Results of the DLS measurements of PASP-SS nanogels prepared by HPH 

method 

Initial 

PASP-SH 

concentration 

wt% 

PASP-SH 

miniemulsion 

template 

PASP-SS nanogels in 

water 

PASP-SS nanogels 

in saline 

𝑑𝐻̅̅̅̅  (nm) PDI 𝑑𝐻̅̅̅̅  (nm) PDI 𝑑𝐻̅̅̅̅  (nm) PDI 

10  193±2 0.084 168±29 0.353 96±17 0.348 

15  174±3 0.086 142±7 0.423 99±2 0.358 

 

4.3.2 Effect of pH on the size and surface charge of PASP-SS nanogels 

PASP-SS nanogels are expected to show pH-dependent properties because of 

the polyelectrolyte character of the polymer chain. Carboxyl groups are protonated 

below the pKa value of aspartic acid repeating units (pKa = 4.2) and deprotonated above 

it. Figure 4.7 shows the change in the diameter of PASP-SS nanogels as a function of 

pH. At around pH = 4 the size increases sharply. At acidic pH values the repeating units 

are neutral, consequently the volume of PASP-SS nanogels is small. This pH-dependent 

behaviour can be beneficial in targeted drug delivery employing diffusion-controlled 

release. 

a) b) 

0.4 µm 
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Figure 4.7 Size change of PASP-SS nanogels prepared by HPH method as a function 

of pH 

 

Figure 4.8 Zeta potential of PASP-SS nanogels prepared by HPH method as a 

function of pH 

 

 

 



 Chapter 4 

 

 

 

 

76 

It has been reported that the surface charge of nanoparticles plays an important 

role both in vitro and in vivo.
15

 Their surface charge influences their cellular uptake 

mechanism, their interactions with proteins and also their stability and circulation time 

in vivo. It is suggested, that the positively charged nanoparticles could easily be 

internalized by cells, while the negatively charged carriers exhibit prolonged circulation 

time. The zeta potential of PASP-SS nanogels was determined as a function of pH, at 

constant ionic strength (1 mM) in KCl solution. The zeta potential was negative 

throughout the studied pH scale as shown in Figure 4.8 indicating their prolonged 

circulation time when used in future in vivo applications. Below pH = 4 the zeta 

potential decreased strongly with increasing pH while above pH = 4 became 

independent of the pH and showed a strongly negative value (from -30 to -40 mV). As a 

consequence, the zeta potential had a significant change around the pKa value of 

aspartic acid repeating units and surface charge could be controlled by the 

environmental pH. 

4.3.3 Redox sensitivity of PASP-SS nanogels: redox induced drug release 

The redox sensitivity of PASP-SS nanogels could be highly relevant in future 

drug delivery applications. Glutathione – a natural antioxidant in the human body – is 

present in different concentrations in the intra- and extracellular matrices, thus there is a 

significant difference in redox potential. Furthermore, there is an even larger difference 

in glutathione level of cancer and healthy cells, in cancer cells it can exceed 10 mM.
16,17

 

The disulphide bonds can easily be broken by reducing agents through the thiol-

disulphide exchange reaction. To prove the redox sensitivity of PASP-SS nanogels upon 

the presence of various concentrations of reducing agents, dithiothreitol (DTT) was 

added to the PASP-SS-10 nanogel dispersion at two different concentrations (10 and 

100 mM) and the degradation kinetics was monitored by DLS. As shown in 

Figure 4.9 a, the scattering intensity decreased over time, due to the degradation of the 

PASP-SS nanogels. In strong reducing milieu (100 mM DTT), significant disruption 

was detected during the observation time. The disruption was moderate and only a small 

signal decrease was observed in a mild reducing milieu (10 mM DTT). 

PASP-SS-10 nanogels loaded with model drug, fluorescent dextran (FITC-Dx), 

were prepared to study the reduction induced drug release. FITC-Dx was added to the 

precursor PASP-SH solution before forming the PASP-SS network by oxidation of the 

thiol groups. The amount of encapsulated FITC-Dx was calculated and was found to be 

45% of the initially added FITC-Dx. The FITC-Dx-loaded PASP-SS nanogels were 

incubated at 37 °C in the presence of varying amounts of DTT (0, 10 or 100 mM) and 

the FITC-Dx release from the PASP-SS nanogels was monitored over time (Fig. 4.9 b). 

Whereas no release was observed without DTT, the total release was achieved after 2 

days in the presence of 100 mM DTT. In the presence of 10 mM DTT, an intermediate 

behaviour was observed. A delayed release started after 24 h. The results correlate with 

the decrease of the scattering intensity: in the first 15 h the disruption of the PASP-SS 

nanogels was significant and almost complete in the case of stronger reducing 

environment, and was moderate in mild reducing milieu. These results confirm that 

PASP-SS nanogels can be used as a potential carrier for redox inert hydrophilic drugs, 

whose erosion-controlled release can be triggered by the presence of reducing agents.  
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Figure 4.9 a) Decrease of the scattering intensity upon reduction of the PASP-SS-10 

nanogels. (red squares: in 100 mM DTT, black spheres: in 10 mM DTT) 

b) Evolution of FITC-Dx release from the PASP-SS nanogels in time as a 

function of DTT concentration (red squares: 100 mM, black spheres: 

10 mM and blue triangles: 0 mM DTT).  

 

  

a) 

b) 
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4.4 Conclusion  

In this Chapter, we presented the preparation of a novel redox responsive nanogel 

by the oxidation of thiolated poly(aspartic acid) in water-in-oil miniemulsion. Two high 

energy methods, ultrasonication and high pressure homogenization (HPH), were 

compared and we found that HPH method is suitable for the preparation of nanogels 

with narrow size distribution. Nanogels prepared by HPH method showed narrow size 

distribution with a diameter of 100-150 nm, depending on the environmental conditions 

(ionic strength, pH). The redox induced drug release measurements suggest, that the 

PASP-SS nanogels could be candidates for tumour-targeted drug delivery, where the 

drug release can be facilitated by the reducing environment of the cancer cells.  
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Chapter 5 

 

Poly(aspartic acid) hydrogels showing reversible volume 

change upon redox stimulus1 

5.1 Introduction 

Reported bioreducible delivery systems are usually disintegrate upon entering 

the cytosol
1–4

 and there are only few examples of hydrogels that preserve the gel state in 

both the oxidized and the reduced states. These hydrogels would have the large benefit 

of providing modulated release depending on the redox state of the body site, if long 

circulating times in blood can be achieved.
5,6

 PASP nanogels based on thiolated PASP 

disintegrated in reducing environment as we showed in Chapter 4, which enables only 

one-off release from the gel as a drug delivery system. To prohibit the complete 

disintegration of the polymer network due to cleavage of the disulphide bonds PASP 

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

together with disulphides. Although such PASP hydrogels that show volume change 

upon redox stimulus have already been published
7,8

, their use as drug formulation is 

limited as the synthesis was done in non-aqueous medium, which makes the 

encapsulation of drugs and the preparation of nanogels difficult
9
. Drug encapsulation 

and release were not studied in those papers. 

The aim of this study is to present a new synthesis route for PASP hydrogels 

showing reversible swelling upon redox stimulus. The synthesis of the macroscopic 

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 

macromolecular drug, fluorescein labelled dextran. The drug release profile was 

determined in both oxidizing and reducing medium to prove the redox-modulated 

release kinetics. Following the experiments on macroscopic hydrogels, PASP nanogels 

were prepared in water-in-oil emulsion to study the redox-dependent properties of the 

nanogels. 

  

                                                 
1
 E. Krisch, B. Gyarmati, D. Barczikai, V. Lapeyre, B. Á. Szilágyi, V. Ravaine, A. Szilágyi, 

Poly(aspartic acid) hydrogels showing reversible volume change upon redox stimulus, European 

Polymer Journal, 105, 459-468, 2018. 
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5.2 Experimental 

5.2.1 Synthesis of thiolated poly(aspartic acid) (PASP-SH) 

For the preparation of PASP-SH, PSI was reacted with cysteamine (CEA) in 

DMF under nitrogen atmosphere for 3 days (Fig. 5.1). The feed ratio of the cysteamine 

to the polymer repeating units was 10, 20, 30, 40 or 50 n/n%. Afterwards, DMF based 

solution of thiolated PSI was poured into a large excess (10-fold) of pH = 8 buffer 

solution (imidazole, I = 0.15 M) and stirred for 3 days (Figure 5.1). To prevent 

oxidation of thiol groups DTT (1/2 equivalent to thiol groups) was added to the buffer 

solution. Due to alkaline environment, thiolated poly(aspartic acid) (PASP-SH) was 

obtained via hydrolysis of the remaining succinimide rings. PASP-SH was purified with 

dialysis against deionised water (cut off: Mw = 12-14 kDa), until the specific 

conductivity of water decreased below 10 µScm
-1

, followed by lyophilisation. Resulting 

dry polymer was kept under argon and stored at 4°C.  

 

Figure 5.1 Synthesis route for the preparation of thiolated poly(aspartic acid) 

(PASP-SH) by the modification of polysuccinimide with cysteamine 
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5.2.2  Synthesis of PASP hydrogels 

PASP-SH was dissolved in 0.25 M NaOH at a concentration of 15 g 

polymer/100 ml solution. An aqueous solution of poly(ethylene glycol) diglycidyl ether 

(PEGDGE) (1 M) was added to the PASP-SH solution to obtain poly(aspartic acid) (SS-

DGE) hydrogels cross-linked with PEGDGE (Fig. 5.2). The permanent cross-linking 

ratio, which is the molar feed ratio of the permanent cross-linker, PEGDGE to the 

repeating units of PASP-SH varied between 5 and 15 n/n% (Table 5.1). Hydrogels were 

named according to their composition, for instance in the name of SS50-DGE5 hydrogel 

the first number refers to the thiol content of PASP-SH (50 n/n%) and the second 

number refers to the molar feed ratio of the permanent cross-linker to the repeating units 

(5 n/n%). As an example, the SS50-DGE5 hydrogel was prepared by dissolving 0.15 g 

PASP-SH50 (1.038 mol repeating unit) in 948 µl 0.25 M NaOH, then permanently 

cross-linked with 52 µl 1 M PEGDGE solution (0.052 mol). In this case 20% of the 

thiol-groups were reacted with PEGDGE to establish a permanent network and 80% of 

the thiol groups are able to form reversible disulphide linkages. To determine the effect 

of pH on gelation time, the same synthesis was done with replacing a certain amount (0-

200 μl) of 0.25 M NaOH with 1 M HCl, and accordingly, the pH of the polymer 

solution varied between 6.0 and 10.5. Gelation time was determined by visual 

observation using the tilting method. Hydrogels were cast in different shapes: discs 

(diameter ≈ 10 mm, thickness ≈ 2 mm) were prepared for swelling experiments, while 

cylinder shaped hydrogels (diameter ≈ height ≈ 1 cm) were prepared for mechanical 

testing. 

 

Figure 5.2 Cross-linking of PASP-SH with poly(ethylene glycol) diglycidyl ether 

(x = 7-8) 
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Table 5.1 Sample codes and composition of SS-DGE hydrogels 

sample 

polymer  
ψpermanent 

 

a
ψ 

100% 

PEGDGE 

stock solution 

(1 M) 

0.25 M 

NaOH 

thiol 

content 

(n/n%) 

m (g) 

 

 (%) 

 

(%) 

 

V (μl) V (μl) 

SS10-DGE5 10 0.15 5 100 62 938 

SS20-DGE5 20 0.15 5 50 59 941 

SS30-DGE5 30 0.15 5 33 57 943 

SS30-DGE6.5 30 0.15 6.5 43 73 927 

SS30-DGE8 30 0.15 8 53 90 910 

SS30-DGE10 30 0.15 10 66 113 887 

SS40-DGE5 40 0.15 5 25 54 946 

SS50-DGE5 50 0.15 5 20 52 948 

SS50-DGE7.5 50 0.15 7.5 30 78 922 

SS50-DGE10 50 0.15 10 40 104 896 

SS50-DGE12.5 50 0.15 12.5 50 130 870 

SS50-DGE15 50 0.15 15 60 156 844 

a
ψ: conversion of the thiol groups, calculated from the feed composition 

 

The chemical structure of PASP (SS50-DGE5) hydrogels both in the oxidised 

and the reduced state was studied by means of FTIR spectroscopy. Prior to the 

measurement, the samples were immersed into phosphate buffered saline (PBS, 

pH = 7.6) either in the presence of the reducing agent dithiothreitol (DTT, c = 10 mM) 

or the oxidising agent sodium bromate (c = 10 mM) for 24 hours to obtain the reduced 

or oxidised form of the hydrogel. Afterwards, samples were washed in a large excess of 

distilled water under nitrogen atmosphere for 24 hours, and then lyophilized. 1.5 mg of 

dried PASP hydrogel was grinded with 250 mg KBr and a translucent pellet was formed 

by a mechanical press. FTIR spectra were recorded using a Bruker Tensor 27 

spectrometer (USA). 64 scan were recorded from 4000-400 cm
-1

, with the resolution of 

2 cm
-1

. 

5.2.3 Synthesis of nanogels 

PASP nanogels were prepared using nanosized aqueous droplets in a water-in-

oil (W/O or inverse) miniemulsion.
10

 0.2250 g PASP-SH50 was dissolved in 1.200 ml 

of 0.25 M NaOH, then the pH was adjusted to 8 by the addition of 0.222 ml of 1 M 

HCl. Prior to emulsification 78 µl of 1 M PEGDGE solution was added to the PASP-
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SH50 solution (like in the case of SS50-DGE5 gel) and shaken vigorously for 30 

seconds. Then 1.5 ml of the solution was added to 13.5 ml of n-octane containing 

sorbitan monooleate (Span 80, 8 wt%) as surfactant. The mixture was emulsified by 

high pressure homogenization (M-110S Microfluidizer® Processor, operating at 

600 kPa). The emulsion was homogenized for 50 passes and cooled to 8 °C between 

passes. This procedure took less than one minute. After that, the emulsion was stirred on 

a magnetic stirrer for 24 hours to complete the cross-linking reaction within the 

droplets. Thereafter, 50 ml THF was added to the dispersion and the sample was 

centrifuged for 1 h at 16000 g. Supernatant THF containing the unnecessary surfactant 

and n-octane was removed. The washing procedure was repeated four times and the 

dispersion centrifuged for 30 min each time at 13000 rpm. Afterwards, the sample was 

dried overnight at room temperature under vacuum. Finally, nanogels were re-dispersed 

in 30 ml of water (polymer concentration ~0.87 wt%).  

5.2.4 Drug loading and release  

SS50-DGE5 hydrogels containing fluorescein isothiocyanate-dextran (FITC-

dextran, Mw = 70 kDa) were prepared to study redox induced drug release. FITC-

dextran in the concentration of 1.7 mg/ml was added to the polymer solution of PASP-

SH50 before the addition of PEGDGE as permanent cross-linker. Hydrogel discs with 

the diameter of 10 mm and height of 2 mm were prepared. The hydrogels containing 

FITC-dextran were placed into 2 ml of sodium bromate solution (c = 1 M, prepared 

with PBS) for 3 hours to obtain the oxidized form. The hydrogels were then leached 

twice with 20 ml of PBS for 1 hour each. The FITC-dextran content of the sodium 

bromate solution and the PBS used for washing was determined by a fluorimeter 

(PerkinElmer LS 50 B, 𝜆𝑒𝑥 = 490 𝑛𝑚, 𝜆𝑒𝑚 = 518 𝑛𝑚) and the drug loading efficiency 

(𝑞𝑙𝑜𝑎𝑑𝑖𝑛𝑔) was also calculated.  

 𝑞𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑚𝑑𝑟𝑢𝑔,𝑡𝑜𝑡𝑎𝑙−𝑚𝑑𝑟𝑢𝑔,𝑙𝑒𝑎𝑐ℎ𝑒𝑑

𝑚𝑑𝑟𝑢𝑔,𝑡𝑜𝑡𝑎𝑙
∗ 100% (5.1) 

where 𝑚𝑑𝑟𝑢𝑔,𝑡𝑜𝑡𝑎𝑙 is the total amount of FITC-dextran in the precursor solution and 

𝑚𝑑𝑟𝑢𝑔,𝑙𝑒𝑎𝑐ℎ𝑒𝑑  is the amount of FITC-dextran removed by washing steps in PBS prior to 

drug release experiments. 

For the drug release measurements, FITC-dextran containing gel discs were 

placed into 20 ml of PBS or 20 ml of PBS containing 10 mM DTT and at certain time 

intervals 2 ml of the medium was removed and replaced with fresh solution (either PBS 

or PBS containing 10 mM DTT). After 92 hours, DTT was added to the PBS as well, to 

reach the concentration of 10 mM. Three parallel measurements were carried out in both 

media. The concentration of FITC-dextran in the removed solutions was determined by 

fluorimetry. 
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5.3 Results and discussion 

5.3.1 Characterization of PASP-SH 

Chemical structure of PASP-SH was confirmed by 
1
H NMR (300 MHz, D2O, 

δ: 4.58 ppm (1H, CO-CH-CH2-CO); 2.81 ppm (2H, CO-CH-CH2-CO) 3.36 ppm (2H, 

NH-CH2-CH2-SH), 2.64 ppm (2H, NH-CH2-CH2-SH), 3.51 ppm (2H, NH-CH2-CH2-S-

S-CH2-CH2-NH) and 2.85 ppm (2H, NH-CH2-CH2-S-S-CH2-CH2-NH)) (Fig. 5.4 and 

Fig. 5.5). Thiol content (XSH) was calculated as the integrated intensity ratio of the 

peaks of the thiolated repeating units (3.38 ppm (c) and 3.51 ppm (e) combined) to the 

peak assigned to the methylene protons present in every repeating unit (2.81 ppm (b, 

b’)) (Eq. 5.2). The latter integral was corrected with the intensity of overlapping peaks 

of nuclei d,d’ and f (the intensities of which are equal to those of c, c’ and e 

respectively) along with the intensity of the peak corresponding to the unreacted 

succinimide rings (3.18 ppm (h)). Theoretical and calculated thiol contents of PASP-SH 

polymers are shown in Table 5.3 and they are in close correlation indicating the high 

conversion of the reaction between cysteamine and polysuccinimide. 

 𝑋𝑆𝐻(𝑁𝑀𝑅) =
𝐴3.38+𝐴3.51

𝐴2,5−3,0−(𝐴3.38+𝐴3.51)+𝐴3,18
 (5.2) 

 

 

Figure 5.4 a) Chemical structure and b) NMR peak assignment of PASP-SH  

 

 

a) b) 
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Figure 5.5 NMR spectra of PASP-SH with thiol contents of 10%, 20%, 30%, 40% 

and 50% 

 

Table 5.3  Theoretical and calculated thiol content of PASP-SH  

polymer 
XSH(theoretical) 

[n/n%] 

XSH(NMR) 

[n/n%] 

PASP-SH10 10 6.6 

PASP-SH20 20 18.2 

PASP-SH30 30 25.5 

PASP-SH40 40 35.6 

PASP-SH50 50 39.4 

5.3.2 Synthesis of the hydrogels 

pH responsive PASP hydrogels with reversible response to redox stimuli were 

designed by using thiol groups as biologically relevant redox-susceptible moiety. 

Thiolated PASP as a water-soluble, pH and redox-responsive polymer was cross-linked 

with PEGDGE in aqueous solution to obtain hydrogels providing redox modulated 

delivery of encapsulated macromolecular compounds. Because of the good reactivity of 

epoxy groups toward thiol groups, poly(ethylene glycol) diglycidyl ether was used to 

form redox-inert cross-links, these ensure the chemical stability of the gels both in the 

reduced and the oxidized state (Fig. 5.6). Mechanically robust hydrogels were obtained 

in a wide range of permanent cross-linking ratio (from 5 to 15 n/n%) independently of 

the thiol content of PASP-SH. 
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Figure 5.6 Scheme of PASP hydrogel with a reversible volume response to external 

redox or pH stimuli without the dissolution of the gel 

 

The effect of pH on gelation time was investigated in detail because 

controllable gelation is a requirement for the subsequent preparation of nanogels in 

water-in-oil emulsion. At pH = 10.5 the gelation time of SS50-DGE5 hydrogels was 

faster than 1 min. The concentration of reactive thiolate anions strongly depends on pH, 

thus we expected that the decrease of the pH would increase the gelation time of PASP 

hydrogels. Accordingly, the gelation time increased to more than one hour upon 

decreasing the pH to 7 (Fig. 5.7). The degree of swelling in PBS measured after 24 

hours of gelation (Fig. 5.7) was constant at pH values of preparation between 7.5 and 

10.5, but increased sharply at smaller pH values indicating that gelation is complete 

within 24 hours only between pH 7.5 and 10.5. As a result, it is recommended to keep 

the pH above 7.5 during the cross-linking reaction and further adjustment of pH 

depends on the gelation time needed for the method of gel preparation. During the 

preparation of bulk hydrogels, the pH was kept at 10.5. 

5.3.3 Reversible redox-response  

PASP hydrogels were designed to exploit the in vivo redox gradient available 

in the human body. As a simple approach, intracellular milieu is generally more 

reductive than the extracellular environment because of the large concentration 

difference of glutathione between the two sites, but it should be added that further redox 

differences exist in subcellular parts, which must also be considered in future 

application.
11

 Contrary to the vast variety of bioreducible drug carriers already 

reported 
1,12

, we prepared hydrogels with reversible response to redox stimuli (Fig. 5.8), 

which allows for drug release in multiple “on-off” cycles. The thiol-disulphide 

exchange reaction is utilized in the PASP gel synthesized. The pH was kept at 7.4 in 

each experiment, which is biologically relevant and ensures that the majority of thiol 

groups are in their active, thiolate form (the pKa value of cysteamine is approximately 

8.35
13

). The hydrogels remained stable both in reducing and oxidizing solution because 

of the presence of non-cleavable cross-linkers (Fig. 5.9). The thiol-disulphide 
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transformation was proven by FTIR spectroscopy. A peak at 2550 cm
-1

 corresponding 

to thiol groups appears in the spectrum of the reduced hydrogel, but disappears in 

oxidized state (Fig. 5.10). The thiol-disulphide transformation in the PASP hydrogels 

strongly affects the concentration of cross-links in the reduced and oxidized states, 

which was expected to control the swelling and mechanical properties as well as the 

release of encapsulated molecules. To demonstrate the redox-responsive character of the 

hydrogels, the degree of swelling of the SS50-DGE5 gels was determined in reducing 

(10 mM DTT) and then oxidising (10 mM NaBrO3) solutions as a function of time. The 

degree of swelling increased in reducing medium because of the cleavage of the 

disulphide linkages, while decreased in oxidising medium due to the formation of 

disulphide linkages from thiol groups (Fig. 5.11). The hydrogels discs (with a thickness 

of 2 mm) reached their equilibrium degree of swelling within half a day thus in further 

experiments the equilibrium degree of swelling was determined after 24 hours. 

 

 
Figure 5.7 The gelation time (red circles) and the degree of swelling (blue squares) 

of SS50-DGE5 gels in PBS as a function of pH of preparation 
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Figure 5.8 Reversible reduction/ oxidation of SS-DGE hydrogels 

 

 

Figure 5.9 Reduced and oxidised forms of the SS50-DGE5 hydrogels 
 

 
Figure 5.10 FTIR spectra of dried SS50-DGE5 hydrogel in the reduced (red line) and 

the oxidised form 



Poly(aspartic acid) hydrogels showing reversible volume change  

upon redox stimulus 
 

 

91 

 
Figure 5.11 Degree of swelling of the SS50-DGE5 hydrogel upon reduction/oxidation 

 
The reversibility of the response is required to obtain hydrogels for on-demand, 

on-off type drug release. The rate of drug release is generally controlled by the mesh 

size available for the molecular payload, which correlates to degree of swelling. 

Accordingly, the swelling properties of PASP hydrogels were studied in repeating 

oxidising and reducing steps. Redox induced volume change was proven to be 

reversible in a wide composition range (thiol content or cross-linking ratio) and it has 

no effect on swelling, whether the starting step is oxidation or reduction (Fig. 5.12). The 

extent of redox sensitivity was characterised by the relative degree of swelling (𝑄𝑚,𝑟𝑒𝑙) 

which is defined as the ratio of the degree of swelling in the reduced state to the 

oxidised state in the first redox cycle. The relative degree of swelling increased with 

increasing thiol content (permanent cross-linking ratio was fixed at 10%) as seen in 

Fig. 5.13 a, and decreased with increasing permanent cross-linking ratio (Fig. 5.13 b). 

We can conclude that the magnitude of the redox response could be controlled with the 

composition in a reversible manner, which enables us to use the gels for controlled 

release of encapsulated materials in the response to the change in the redox 

environment.  
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Figure 5.12 Degree of swelling of a) SS30-DGE5 and b) SS50-DGE5 hydrogels, 

respectively, upon alternating reduction/oxidation starting with a 

reduction step (red circles) or an oxidation step (black squares) 

a) 

b) 
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Figure 5.13 a) Relative degree of swelling of SS-DGE5 hydrogels as a function of 

thiol content and b) relative degree of swelling of SS30-DGE and SS50-

DGE hydrogels as a function of permanent cross-linking ratio 

  

a) 

b) 
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Changes in the redox state of the environment affected the stiffness 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. In accordance with the results of swelling 

experiments, repeated redox cycles showed reversible response and the gels preserved 

their mechanical stability (Fig. 5.14). The relative elastic modulus (𝐺𝑜𝑥/𝐺𝑟𝑒𝑑), which 

was defined as the ratio of the elastic modulus in the oxidised state to the elastic 

modulus in the reduced state in the first redox cycle, thus the redox sensitivity of elastic 

modulus increased with increasing thiol content (Fig. 5.15 a) and decreased with 

increasing permanent cross-linking ratio (Fig. 5.15 b). 

 
Figure 5.14 Elastic modulus of SS50-DGE5 hydrogel responding to alternating 

oxidation/reduction. 
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Figure 5.15 Relative elastic moduli of SS-DGE hydrogels as a function of a) thiol 

content and b) permanent cross-linking ratio 

  

a) 

b) 
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5.3.4 pH responsive swelling  

A precise control of drug release can be achieved by the design of dual or multi 

responsive hydrogels, which can simultaneously respond to different external stimuli. 

As we have shown, the synthesized hydrogels respond to redox stimuli, but PASP also 

has an inherent pH-responsive character, because of its polyelectrolyte chain. A large 

number of carboxyl groups, i.e. at least 50% of the repeating units, are present in the 

PASP hydrogels, which promote the pH-sensitive swelling of the gels. Accordingly, a 

significant response in the degree of swelling was observed as a function of pH 

(Fig. 5.16). Degree of swelling of SS50-DGE5 hydrogels was measurend in aqueous 

buffer solutions 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), with ionic strength of 0.15 M. 

The swelling curves of both the reduced and oxidised form of SS30-DGE5 gels showed 

that the degree of swelling is about 3 at pH < 3. The small degree of 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 disulphide content is not significant. A 

sharp increase is observed at approximately pH = 4 as a result of the deprotonation of 

the carboxyl groups on the PASP chains in both the reduced and the oxidised state. The 

degree of swelling reaches a constant value at about pH = 5 in both cases. A significant 

difference exists in the degree of swelling of the hydrogels in the reduced and the 

oxidised state at pH 6-8. A larger degree of swelling was achieved in the reduced form 

caused by the decreased number of chemical cross-links. The dual – pH- and redox – 

responsive behaviour of the these hydrogels may find various biomedical applications, 

and further adjustment of pH-dependent swelling by the introduction of other functional 

groups into the polymer and the control of redox-dependent properties enable us to 

design hydrogels with a highly selective response to the local environment of the 

hydrogels. 

5.3.5 Redox-dependent drug release  

As a proof of concept on redox-modulated drug release of PASP hydrogels, we 

demonstrate the release of a macromolecular model drug, fluorescein isothiocyanate-

dextran (FITC-dextran, Mw = 70 kDa) from SS50-DGE5 gels. The encapsulation was 

done during the cross-linking reaction with an efficiency as high as 96%. Drug-loaded, 

oxidised hydrogel discs were placed into reducing (10 mM DTT in PBS) and redox 

inert (PBS) medium, and the amount of released drug was followed over time with 

fluorimetry (Fig. 5.17). Reducing media imitates the reducing intracellular environment, 

while PBS models the physiological state of the human blood (pH = 7.4
14

). 

Approximately 80% of the entrapped drug is released within 3 days in the reducing 

solution, while only 33% of the drug was released from gels in the oxidised state. We 

added the reducing agent (DTT) to the PBS solution after 4 days to mimic the 

intracellular pathway, and an additional drug release was observed, which prove the 

redox-switchable drug release from the gels. We verified that a reducing environment 

promotes the drug release from the PASP hydrogels and the release of the encapsulated 

molecules is controlled by the swelling of the hydrogels. In the further work, the 

selectivity of drug release needs to be improved, i.e. the leakage must be stopped in the 

oxidised state. We demonstrated the responsive properties and the drug release on bulk  
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Figure 5.16 Degree of swelling of SS30-DGE5 hydrogels as a function of pH in the 

reduced (red circles) and in the oxidised (black squares) state 

 
Figure 5.17 Amount of released FITC-dextran from SS50-DGE5 hydrogels in 

reducing medium (10 mM DTT in PBS, red circles), and at first in redox 

inert (PBS) medium, after 4 days in reducing medium (10 mM DTT in 

PBS, black squares)  
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hydrogels, but future use may demand the formulation of gels on smaller length scales. 

The nanogels have potential use in intracellular drug delivery. 

5.3.6 Redox-response of nanogels 

Responsive nanogels gained a considerable attention in the last decade in the 

field of targeted drug delivery, since these matrices possess all the beneficial properties 

of hydrogels – e.g. biocompatibility, responsiveness and high drug-loading capacity – 

and due to their small size they can be injected directly to the blood-stream.
15

 In order to 

prepare nanogels from linear polymers they have to be cross-linked in small, defined 

and discrete volumes.
9
 Thus the cross-linking of thiolated poly(aspartic acid) 

(PASP-SH) took place in the nanosized droplets of an inverse miniemulsion.
16

 While 

the dispersed aqueous phase contains the aqueous solution of PASP-SH and 

poly(ethylene glycol) diglycidyl ether as the cross-linker, the continuous phase was n-

octane, which contained the surfactant. To prepare a stable emulsion and to reduce the 

coalescence of the droplets, the right choice of surfactant is very important. We used a 

lipophilic surfactant, sorbitan monooleate (Span 80, HLB value of 4.3 at the 

concentration of 8 wt%). The pH of the precursor polymer solution was adjusted to 

pH = 8 to increase gelation time to more than 15 min, which is sufficient for 

emulsification. The technique was published earlier for the preparation of redox PASP 

nanogels showing gel-sol transition upon reduction. 
16

  

PASP nanogels were successfully prepared using the composition of the SS50-

DGE5 hydrogel, which showed the strongest redox sensitivity in bulk experiments 

(Fig. 5.12). A TEM study confirmed the preparation of spherical nanogels with diameter 

between 130 and 150 nm in the dried state (Fig. 5.18). This size range was also 

confirmed by DLS measurements showing an average hydrodynamic diameter (𝑑𝐻
̅̅̅̅ ) of 

141 nm with moderate width of size distribution (PDI = ~0.5) (Fig 5.19).  

 

  
Figure 5.18 TEM images of SS50-DGE5 nanogels  

a) b) 
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Figure 5.19 Size distribution of SS50-DGE5 nanogels in water and in 0.1 M DTT 

solution 
 

The volume response of the nanogels was investigated in reducing medium to 

confirm that they swell, but do not dissolve due to the presence of non-cleavable cross-

links, and to demonstrate their redox-dependent swelling. The average hydrodynamic 

diameter increased to 216 nm in a reducing solution (0.1 M DTT) with a similar size 

distribution (PDI = ~0.5) to that of gels prior to reduction (Fig. 5.19). The zeta potential 

was negative throughout the studied pH scale as shown in Fig. 5.20. It predicts protein 

resistance and prolonged circulation time of PASP nanogels when used in future in vivo 

applications. Around the pKa values of aspartic acid repeating units (3.25 and 4.35
17

) the 

zeta potential decreased strongly with increasing pH, while above pH ~5 the zeta 

potential became independent of pH and showed a strongly negative value (–45 mV). 

The pH interval of the abrupt change in the zeta potential is in good correlation with that 

of the pH dependent degree of swelling of SS50-DGE5 hydrogel (Fig. 5.16). All these 

characteristics suggest that PASP nanogels are promising for use in redox-controlled, 

systemic delivery of macromolecular compounds to the targeted site of the human body.  
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Figure 5.20 Zeta potential of SS50-DGE5 nanogels as a function of pH 

 

5.4 Conclusion 

In this chapter we showed, that dual, redox- and pH-responsive hydrogels can 

be prepared in aqueous solution by cross-linking thiolated poly(aspartic acid) (PASP) 

with a non-cleavable cross-linker, poly(ethylene glycol) diglycidyl ether, through the 

thiol groups of the polymer. After the cross-linking reaction thiol groups remaining in 

the polymer network could be converted reversibly into disulphide linkages upon 

oxidation. The presence of cleavable linkages enabled us to control the degree of 

swelling and the stiffness of bulk gels using reducing and oxidising media, while the 

permanent cross-links maintained the gels as cohesive materials. A chosen 

macromolecular model drug was entrapped into the gel with high encapsulation 

efficiency and was released in reducing medium at considerably faster rate than in 

oxidising medium. The combination of the redox-responsive character of the gels and 

the inherent pH-dependent properties of PASP makes these hydrogels suitable for pH- 

and redox-dependent, modulated drug release as implants or nanogels. Spherical PASP 

nanogels were also prepared successfully in a water-in-oil emulsion as proven by TEM 

and DLS. PASP nanogels were stable in reducing media and swelled similarly to their 

macroscopic counterparts, which makes them suitable for use in redox-controlled, 

systemic delivery of macromolecular compounds to the targeted site of the human body. 
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Chapter 6 

 

Composite beads of silica gel, alginate and 

poly(aspartic acid) for the immobilization of enzymes 1 

6.1 Introduction 

In the previous chapters we showed that poly(aspartic acid) (PASP) has a great 

potential in biomedical fields, especially in drug delivery. However, there are other 

unexploited fields where advantages of PASP can be utilized, such as biocatalysis, 

where polymer composites are widely used for the immobilization of enzymes. 

Biocatalysts (e.g. enzymes) are selective, cost-effective and environmentally 

friendly, although on the other hand they are tend to be sensitive to extreme conditions, 

such as high temperature or extreme pH and they are difficult to recover from the 

reaction mixture and then re-use. These drawbacks can be overcome by the 

immobilization of the enzymes that can be classified into three main groups, cross-

linking, binding to a support (carrier) and entrapment (encapsulation).
1,2

  

In this chapter a combined enzyme immobilization method is proposed using 

surface-grafted silica gel as solid support followed by entrapment in a polymer matrix 

and fixing by bisepoxide cross-linking for efficient immobilization of Candida 

antarctica lipase B (CaLB). CaLB was selected due to its extensive utilization in 

organic syntheses as a biocatalyst, and also because CaLB is industrially relevant.
3
 

Mesoporous silica gel particles were chosen for the physical adsorption of the enzyme 

molecules because a large surface area must be available for the bioactive molecules to 

achieve a high reaction rate. To ensure easy recovery and re-use, the particles should be 

embedded in larger beads, thereby facilitating the separation from the reaction mixture. 

Alginate (Alg) was used to form beads of regular shape. Finally, thiolated poly(aspartic 

acid) (PASP-SH) provided reactive groups for subsequent chemical stabilization. 

PASP-SH was chosen for the composite support because the concentration of reactive 

groups in the polymer matrix can be varied easily, while the activity of CaLB is 

expected to remain high, as conformational changes of the enzyme molecules are not 

limited due to the flexible structure of PASP. In addition, the presence of thiol groups 

enables us to establish covalent bonds with bisepoxide cross-linker molecules under 

mild reaction conditions, particularly at mild pH values, which is important for 

preserving the activity of entrapped enzyme molecules. The biocatalytic performance 

including biocatalytic activity, reusability and thermostability were investigated as a 

function of the CaLB content of the composite beads and the thiol content of PASP-SH. 

  

                                                 
1
 E. Krisch, D. Balogh-Weiser, B. Gyarmati, L. Poppe, A. Szilágyi, Composite beads of 

silica gel, alginate and poly(aspartic acid) for the immobilization of enzymes, Express 

Polymer Letters, 2018, accepted. 
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6.2 Experimental 

6.2.1 Immobilization of lipase in silica/alginate/PASP composite beads 

First, CaLB (4.0 g of freeze dried powder) was adsorbed from its solution in 

TRIS buffer (500 ml, 100 mM, pH = 7.5) on aminopropyl and phenyl grafted silica gel 

(gSG, 20.0 g), resulted in CaLB adsorbed on gSG (CaLB/gSG).
4
 The CaLB-silica 

suspension was incubated at 4◦C for 18 h. The resulting CaLB/gSG was filtered through 

a glass filter (G4), washed with 2-propanol (2 × 5 ml) and hexane (5 ml), dried for 2 h at 

room temperature and stored at 4◦C.
4
 PASP-SH with thiol content of 10, 30 and 

50 n/n% was prepared according to Chapter 5.2.1 and characterized according to 

Chapter 5.3.1. Then, a suspension was prepared from PASP-SH, sodium alginate (Alg) 

(30 wt% and 5 wt%, aqueous solution, respectively) and CaLB/gSG by strong mixing 

with magnetic stirrer (at 750 rpm for 30 min at ambient temperature). Afterwards, the 

suspension (3.0 g) was loaded into a 5 ml syringe and added dropwise into aqueous 

solution of ZnCl2 (200 ml, 24.5 g/l) by syringe pump (the flow rate was 5 ml/h). The 

spherical beads formed were stirred on a magnetic stirrer (30 min, at 250 rpm), then 

washed twice with water (20 ml). The silica content of the beads varied between 36 and 

85 wt%, while thiol content of PASP-SH was 10, 30 or 50 n/n%. 

Finally, the formed composite beads were shaken in an aqueous solution of 

poly(ethylene glycol) diglycidyl ether (PEGDGE, 200 ml, 20 g/l at pH = 9.0 adjusted 

with 1 M NaOH, ambient temperature) for 24 h, then washed twice with water (50 ml) 

and once with isopropyl alcohol (20 ml). The resulted composite beads were dried at 

room temperature overnight and stored at 4 °C until further use. Composite beads not 

cross-linked with PEGDE were the control samples. 

Compositions of the synthesized biocatalysts are abbreviated as 

CaLB/gSGX/Alg/PASP-SHY in the later sections of this chapter. CaLB was adsorbed on 

grafted silica gel (CaLB/gSG), which were entrapped into the interpenetrating network 

of PASP-SH and alginate cross-linked by zinc ions (Alg). Various contents of 

CaLB/gSG particles were immobilized, X = 35, 53 or 70 wt% shows the mass fraction 

of CaLB/gSG in the dried CaLB/gSG/Alg/PASP-SH beads. The thiol content of PASP-

SH (10, 30 and 50%) is shown by „Y“, which is the feed molar ratio of the cysteamine 

to the repeating units of PSI. Figure 6.1 shows the immobilization process. 
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Figure 6.1 Immobilization of CaLB in cross-linked CaLB/gSG/Alg/PASP-SH 

composite beads  
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6.2.2 SEM analysis 

PASP beads were analyzed by JEOL JSM-5500LV scanning electron microscope 

(SEM) in high vacuum at accelerating voltage of 25 kV. For better imaging the samples 

were coated with gold. 

6.2.3 Density measurements 

Density of composite beads was determined using a helium pycnometer 

(Ultrapycnometer 1000, Quantachrome, Germany). Samples were kept under vacuum 

for 24 h prior to measurements. Measurements were carried out for 5 minute at 17 PSI 

(117,21 kPa). Average density of PASP bead CaLB/gSG53/Alg/PASP-SH50 was 

determined with ultrapycnometer (Ultrapycnometer 1000, Quantachrome, Germany, 

He, 117.21 kPa) from 5 parallel measurement and found to be 1.69 g cm
-3

. 

6.2.4 Degree of swelling  

The degree of swelling (𝑄𝑉) is defined as the volume ratio of the swollen (𝑉𝑠) 

to the dried composite beads (𝑉𝑑). Vacuum dried (4 h, 25 °C, < 1 mbar) composite 

beads were immersed in the mixture of hexane/MTBE (2/1 V/V). After given times the 

diameter of the composite beads was measured with a calliper. 𝑄𝑉 was calculated using 

Equation 6.1. 

 Q𝑉 =
Vs

Vd
=

𝑑𝑠
3

𝑑𝑑
3  (6.1) 

 

The diameters of the swollen (𝑑𝑆 ) and the dried (𝑑𝑑  ) beads were the average of 

three measurements. The degree of swelling was calculated by using at least three 

beads. 

6.2.5 Kinetic resolution of racemic 1-phenylethanol 

Biocatalytic activity of the CaLB biocatalysts (CaLB/gSG or 

CaLB/gSG/Alg/PASP-SH beads) was studied in kinetic resolution of racemic 1-

phenylethanol (rac-1) (Fig. 6.2). In a typical test, ~10 mg (the mass of one bead) was 

added into a sealed vial (4 ml) containing hexane/MTBE (1 ml, 2/1 V/V), vinyl acetate 

(90 µl) and rac-1 (45 µl) and the resulted mixture was shaken at 40 °C. Samples (50 µl, 

diluted with 1 ml of ethanol) were taken after 2 h from the reaction mixture and 

analyzed with gas chromatography.  
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Figure 6.2 CaLB catalysed kinetic resolution of racemic 1-phenylethanol (rac-1) to 

(R)-1-phenylethyl acetate [(R)-2] and (S)-1-phenylethanol [(S)-1] 

 

The reaction mixtures were analyzed on an Agilent 4890 GC instrument 

equipped with flame ionization detector (FID). A Hydrodex β-6TBDM column 

[25 m × 0.25 mm, with a heptakis-(2,3-di-O-methyl-6-O-t-butyl-dimethylsilyl)-β-

cyclodextrin containing film of thickness 0.25 μm] was used for the separation at 

120 °C. The injector and the FID were used at 250 °C, with H2 as carrier gas (head 

pressure 12 psi, split ratio 1:50). The area of the peaks (A) at the retention times – (S)-

1-phenylethyl acetate, (S)-2: 3.9 min; (R)-1-phenylethyl acetate, (R)-2: 4.3 min; (R)-1-

phenylethanol, (R)-1: 5.5 min; (S)-1-phenylethanol, (S)-1: 5.8 min – were determined. 

The enantiomeric excess of the product (ee(R)-2) was calculated using Equation 6.2.
5
 

 

 𝑒𝑒(𝑅)−2 =
𝐴(𝑅)−2−𝐴(𝑆)−2

𝐴(𝑅)−2+𝐴(S)−2
 (6.2) 

 

The conversion of racemic substrate (c) was calculated using Equation 6.3
4
, where f is 

molar response factor (1.23). 

 

 𝑐 =

𝐴(𝑅)−2+𝐴(S)−2

𝑓
𝐴(𝑅)−2+𝐴(S)−2

𝑓
+𝐴(𝑅)−1+𝐴(S)−1

 (6.3) 

 

The specific activity (UB, µmol min
-1

 g
-1

) and activity (U, µmol min
-1

) of the biocatalyst 

were calculated from Equation 6.4 and 6.5, respectively.
4
 

 

 𝑈𝐵 =
𝑛𝑟𝑎𝑐−𝟏∗𝑐

𝑡∗𝑚𝐵
 (6.4) 

 

 𝑈 =
𝑛𝑟𝑎𝑐−𝟏∗𝑐

𝑡
 (6.5) 

 

where 𝑛𝑟𝑎𝑐−𝟏 (µmol) is the amount of racemic 1-phenylethanol, 𝑡 (min) is the reaction 

time and 𝑚𝐵 (g) is the total mass of the biocatalyst. 
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6.2.6  Stability of the lipase biocatalysts 

The reusability of the biocatalysts was investigated in consecutive tests of 

biocatalytic activity in the kinetic resolution of rac-1 (as described in section 6.2.5). 

After each cycles (one cycle lasted 20 h, samples being taken after 6 hours), the 

biocatalyst was removed from the reaction mixture by centrifugation (2200 g, 15 min, 

8 °C, CaLB/gSG) or by decantation (CaLB/gSG/Alg/PASP-SH beads), the supernatant 

decanted and the residual biocatalyst was washed two times with hexane and dried for 4 

h under vacuum (25 °C, < 1 mbar). Afterwards, the biocatalyst was added to fresh 

reaction media and the reaction was repeated under the same conditions. The residual 

activity of the biocatalysts was determined after each run. 

To test the thermal stability of the biocatalysts, the samples (~10 mg) were 

placed into 1-1 ml of toluene and kept in oil bath at constant temperature for 16 h (at 40, 

50, 60, 70, 80 or 90 °C). Afterwards, specific activity of the biocatalysts was measured 

according to section 6.2.5. 

 

6.3 Results and discussion 

6.3.1 Immobilization of lipase in silica/alginate/PASP composite beads 

Our goal was to immobilize CaLB enzyme in a solid composite support to 

achieve good catalytic activity, reusability and thermal stability. For the immobilization 

the combination of different immobilization methods was used. CaLB was first 

physically adsorbed onto aminopropyl and phenyl grafted mesoporous silica support of 

high surface area (~300 m
2
 g

-1
). Functionalised mesoporous silica particles are able to 

adsorb enzymes and the presence of phenyl and aminopropyl groups provided strong 

interactions with the functional groups of CaLB.
4
 Silica gel particles (gSG) visualized 

with scanning electron microscopy (SEM) were found to have irregular shape with 

particle size of around 40-60 µm.  

Next, CaLB/gSG particles were mixed with the aqueous solution of thiolated 

PASP (PASP-SH) and sodium alginate. Sodium alginate was applied to obtain beads 

with regular shape and controlled size, whereas PASP-SH had a key role in the physical 

entrapment and chemical immobilization of the CaLB/gSG particles. The precursor 

suspension was added dropwise into ZnCl2 solution. Due to replacement of the 

monovalent Na
+
 of alginate by divalent Zn

2+
 ions, an interpenetrating network was 

formed almost instantaneously. Based on pre-experiments, which focused on the shape 

and the mechanical integrity of the beads, the mass ratio of sodium alginate to PASP-

SH (wt%) in the composite beads was chosen to be 1:6 to yield uniform spherical beads 

in ZnCl2 solution. Chemical links were formed by the addition of bifunctional epoxy 

cross-linker, PEGDGE. The epoxy groups of the cross-linker can react easily with the 

thiol groups of PASP-SH, the amine groups of the silica gel particles and the functional 

groups of CaLB (–NH2, –SH, –OH), which ensures stability for the biocatalyst through 

chemical interactions. 
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The properties of composite beads were investigated as a function of 

CaLB/gSG content (the mass fraction of CaLB/gSG in the dried CaLB/gSG/Alg/PASP-

SH beads varied between 36 and 85 wt%) and the thiol content of PASP-SH (10, 30 and 

50 mol%). The beads, regardless of the composition, were uniformly shaped spherical 

beads of diameter around 3-4 mm (Fig. 6.3). 

 

 

Figure 6.3 CaLB/gSG53/Alg/PASP-SH50 composite beads 
 

Control samples were prepared without using PEGDGE to demonstrate the role 

of chemical cross-linking. The control samples were expected to dissolve in the 

presence of excess Na
+
 ions, due to re-formation of water-soluble sodium alginate 

polymer chains as a result of disruption of physical cross-links of alginate by Zn
2+

 ions. 

Both the control samples and the composite beads with chemical linkages were shaken 

for one day in PBS and as expected, control samples disintegrated, while the beads with 

chemical linkages kept their original size and shape (Fig. 6.4). The experiment proved 

that chemical cross-linking is a key step in the formation and stabilization of the 

CaLB/gSG/Alg/PASP-SH beads.  

The swelling properties of the biocatalyst are important if they are used as 

filling materials, e.g., for columns in flow reactors. Swelling of the biocatalyst used in a 

flow reactor can hinder the continuous stream of the eluent by narrowing the 

microchannels or even plugging the column. The degree of swelling of the 

CaLB/gSG53/PASP-SHY cross-linked composite beads was studied in the mixture of 

hexane and MTBE in the volume ratio 2:1 (this mixture was used in the evaluation of 

biocatalytic performance). The degree of swelling was almost constant over the whole 

experiment and was approximately 1.0. Thus we can conclude that CaLB/gSG53/PASP-

SHY composite beads do not swell in the chosen solvent mixture (Fig. 6.5) and they can  
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Figure 6.4 Chemically non-cross-linked control samples (left side bottle) and 

chemically cross-linked (right side bottle) composite beads a) before and 

b) after 1 h shaking in sodium phosphate-buffer (pH = 7.6, I = 0.15 M) 
 

 
Figure 6.5 Degree of swelling of the CaLB/gSG53/PASP-SHY composite beads as 

a function of time in the mixture of hexane and MTBE in the volume ratio 2:1 

(CaLB/gSG53/PASP-SH10: squares, CaLB/gSG53/PASP-SH30: circles, 

CaLB/gSG53/PASP-SH50: triangles) 

 

a) b) 
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be conveniently stored in their dried state prior to use. The small deviation of diameter 

values proves the spherical shape of the beads. Composite beads preserved their 

mechanical integrity throughout the experiment. 

SEM images were taken of the surface (Fig. 6.6 a-c) and the cross-section (Fig. 

6.6 d-f) of the composite beads at different magnifications. Since silica gel particles can 

be clearly seen on the cross-sectional images, we may conclude that silica gel particles 

with 40-60 µm are successfully embedded into the polymer matrix of the composite 

beads. Furthermore, free volume among the silica gel particles can be observed 

(Fig. 6.6 f). This structure facilitates diffusion of the substrate to the enzyme molecules. 

6.3.2 Biocatalytic activity of lipase biocatalysts 

CaLB/gSG/Alg/PASP-SH composite beads were studied as enantiomer-

selective biocatalyst in the enzymatic resolution of racemic 1-phenylethanol (rac-1) by 

vinyl acetate in hexane/MTBE (Fig. 6.2). Catalytic properties, such as enantiomeric 

excess (ee), enantioselectivity (E), conversion (c) and biocatalytic activity (activity, U 

or specific activity, UB) of the different composite beads were compared to determine 

the effect of thiol content of PASP-SH and CaLB/gSG content of the beads on catalytic 

performance.  

Specific activity (UB) of CaLB/gSG/Alg/PASP-SH composite beads is shown 

in Figure 6.7. Specific activity of chemically non-cross-linked composite beads (control 

samples, black columns) is significantly lower, than those of cross-linked composite 

beads (red columns). The most likely reason for this phenomenon is that the CaLB/gSG 

can be washed out from the polymer matrix due to absence of chemical bonds. The huge 

difference in the activities of the control and the cross-linked composite beads confirms 

the need of chemical cross-links in the CaLB/gSG/Alg/PASP-SH composite beads. The 

specific activity of the composite beads increased largely with increasing CaLB/gSG 

content, due to increasing enzyme content. The thiol content of PASP-SH, however, 

seems to have a less significant effect on the catalytic performance. In some cases, the 

specific activity of the composite beads approached, or even surpassed, the specific 

activity of the non-entrapped CaLB/gSG particles (green columns), despite the fact that 

the enzyme content was lower in the beads and the polymer matrix partially hindered 

the substrate diffusion. This suggests the importance of chemical interactions with the 

polymer matrix, which may help to keep the active tertiary structure of the enzyme. 

Enantiomeric excess (ee(R)-2) of the product was >99% in all experiments. A conversion 

between 10% (lowest CaLB/gSG content) and 25% (highest CaLB/gSG content) was 

achieved at the reaction time of two hours. 
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Figure 6.6 Structure of the CaLB/gSG53/Alg/PASP-SH50 bead, a-c) the surface and d-

f) the cross-section of the bead at different magnifications 

  

a 

b 

d 

c 

e 

f 
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6.3.3 Reusability of lipase biocatalyst 

Reusability of biocatalysts is a key parameter in both environmental and 

economic aspects. CaLB biocatalysts were tested in 5 consecutive cycles to follow the 

change in their catalytic performance. Although the cross-linked CaLB/gSG/Alg/PASP-

SH composite beads with higher CaLB/gSG content showed larger biocatalytic activity, 

the composite beads with 70 wt% or more CaLB/gSG content disintegrated during the 

second cycle in the reusability test. The composite beads with a CaLB/gSG content of 

36 and 53 wt% were mechanically stable, and the reusability tests were carried out with 

the samples showing better specific activity (CaLB/gSG content of 53 wt%). In the 

aspect of reusability the activity (U) of the biocatalyst is the most important property, 

which depends on the mass of the biocatalyst recovered after the cycles. Activities of 

the CaLB/gSG53/PASP-SHY composite beads after the different cycles are shown in 

Figure 6.8 a. While activity of the composite beads remains the same even after 5 

cycles, silica particles show significant decrease in their activity. The relatively low 

activity of CaLB/gSG53/PASP-SH10 in the first cycle can be explained by the residual 

water left in the beads after drying. In organic media the residual water can reduce the 

activity of the lipase.
6
 Due to poor recoverability, the decreasing activity of CaLB/gSG 

is caused primary by the significant mass loss (Fig. 6.8 b). By contrast, the composite 

beads of diameter around 3-4 mm could be recovered completely due to their easy-to-

handle form and only negligible mass loss was observed. 
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Figure 6.7 Comparison of specific activity of CaLB adsorbed on silica gel 

(CaLB/gSG, green column) with CaLB entrapped in 

CaLB/gSG/Alg/PASP-SH beads cross-linked with PEGDGE (red column) 

or without cross-linking (black column) in the kinetic resolution of 

racemic 1-phenylethanol at different compositions: a) 

CaLB/gSGX/Alg/PASP-SH10; b) CaLB/gSGX/Alg/PASP-SH30; c) 

CaLB/gSGX/Alg/PASP-SH50 

 

 

a) b) 

c) 
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Figure 6.8 a) Activity (U) and b) change in relative mass of the cross-linked 

composite beads with different thiol content of PASP-SH: 

CaLB/gSG53/PASP-SH10 (black column), CaLB/gSG53/PASP-SH30 (red 

column), CaLB/gSG53/PASP-SH50 (blue column) and the CaLB/gSG 

(green column) 

 

 

a) 

b) 
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6.3.4 Thermal stability of lipase bioctalysts 

Thermal stability of the CaLB/gSG53/PASP-SHY composite beads with 

different thiol content of PASP-SH (10, 30 and 50%) and that of CaLB/gSG were 

tested. The specific activity (UB) was calculated to show the potential activity loss due 

to denaturation of the enzyme upon heating. The biocatalysts were kept in toluene at a 

certain temperature (40–90 °C) for 16 h and then their specific activity was determined 

and compared to the value of UB after storage at 40 °C (relative specific activity, UB/UB, 

40 °C). As seen on Figure 6.9 the composite beads suffered only slight loss in activity 

upon heating in contrast to the CaLB/gSG biocatalyst. The polymer network may better 

preserve the active structure of the enzyme through the first order interactions. 

 
Figure 6.9 Change in the specific activity (UB) of the biocatalysts as a function of the 

temperature of pre-treatment of 16 h, (CaLB/gSG53/PASP-SH10: black 

column, CaLB/gSG53/PASP-SH30: red column, CaLB/gSG53/PASP-SH50: 

blue column and CaLB/gSG: green column) 
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6.4 Conclusion 

 In this chapter we showed a new method for the immobilization of Candida 

antarctica lipase B (CaLB) by the entrapment of CaLB loaded silica gel particles in a 

polymer matrix. CaLB was first adsorbed into aminopropyl/phenyl grafted mesoporous 

silica gel (gSG) followed by the entrapment of the enzyme-loaded particles in the 

interpenetrating network of thiolated poly(aspartic acid) (PASP-SH) and sodium 

alginate cross-linked by Zn
2+

 ions to obtain spherical beads. Finally, the enzyme and the 

particles were stabilized by covalent cross-linking with a bisepoxide cross-linker, 

poly(ethylene glycol) diglycidyl ether, which established chemical bonds between the 

thiol groups of PASP-SH, the amine groups on the silica gel particles and the functional 

groups of the CaLB. The biocatalysts developed were tested in the kinetic resolution of 

racemic 1-phenylethanol. Despite of the diffusion path length and the covalent 

immobilization the biocatalytic activity of the enzyme in the CaLB/gSG/PASP-SH 

beads did not decrease and approached that of the non-entrapped CaLB/gSG. 

Furthermore, the CaLB/gSG/PASP-SH beads (3-4 mm) were easy to recover from the 

reaction mixture, in contrast to the CaLB/gSG particles (40-60 µm). The 

CaLB/gSG/PASP-SH composite beads, contrary to the CaLB/gSG particles, did not 

suffer considerable activity loss even after five cycles of test reaction. In addition, the 

biocatalytic activity of the CaLB-PASP beads was stable up to 90 °C. These results 

indicate the potential application of this formulation of CaLB as a biocatalyst on 

laboratory or even on an industrial scale. 
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Chapter 7 

 

Summary
 

 

A great scientific interest has been arisen towards responsive nanogels in 

biomedical fields, especially in drug delivery, as these nanogels possess not only the 

beneficial properties of hydrogels (biocompatibility, high drug loading capacity) but 

also those of the nanoparticles (intravenously injectable), which make them ideal for the 

preparation of a smart delivery system. Nanoparticulate drug delivery systems are 

widely studied, however, the selectivity of these nanocarriers could be further improved 

with the use of responsive polymers, which release the drug only when the targeted cell 

is reached and the release is triggered by the different chemical environment 

(temperature, pH, redox potential, etc.) of the body compartments. As there are still a lot 

to discover regarding responsive drug carriers, preparation of such nanogels was in the 

focus of the first part of my Thesis. Many polymers are used for the preparation of 

nanogels, however, regardless of their source – synthetic or natural – they should be 

biocompatible and easy to modify to meet the requirements of biomedical uses. 

Poly(aspartic acid) (PASP), a synthetic poly(amino acid), fulfils these requirements as it 

is inherently biocompatible and a wide variety of derivatives can be synthesized through 

its precursor polymer, polysuccinimide (PSI). Since our research group has been 

working with poly(aspartic acid) for years and thus have a great deal of experience in 

the synthesis of PASP derivatives and responsive PASP hydrogels, we chose PASP for 

the preparation of responsive nanogels. 

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

hydrogels (PASP-DAB) were studied. PASP hydrogels were prepared by a two-step 

reaction: first PSI was cross-linked with 1,4-diaminobutane in DMSO, then the resulting 

PSI gels were hydrolysed in mild alkali buffer solution to the corresponding PASP 

hydrogels. Gelation time, swelling and mechanical properties of PASP hydrogels with 

different compositions (cross-linking ratio and polymer concentration) were determined, 

and the proper composition was chosen for nanogel synthesis. Nanogels were prepared 

by inverse emulsion method in a non-aqueous DMSO-in-n-dodecane emulsions in the 

size range of 200-400 nm. The size of the PASP nanogels showed strong pH 

dependence, similarly to the bulk PASP hydrogels. 

Afterwards, we aimed to develop PASP nanogels, that shows not only pH, but 

also redox responsive properties. For this purpose first the synthesis of thiolated PASP 

(PASP-SH) with controllable thiol-content was developed in our research group. 

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

PASP-SH in the nanosized droplets of an inverse emulsion. The preparation of nanogels 

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

process easier and the emulsion more stable compared to the emulsions with DMSO. 

Two high energy methods, ultrasonication 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 (ionic strength, pH). These nanogels completely disintegrated 
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in reducing environment due to the cleavage of disulphide bonds. Drug-loaded nanogels 

were also prepared, and the reduction induced drug release measurements suggest, that 

the PASP-SS nanogels could be candidates for tumour-targeted drug delivery, where the 

drug release can be facilitated by the reducing environment of cancer cells. 

Several delivery systems have already been reported, which disintegrate upon 

reduction when entering the cytosol, but there are quite few examples of hydrogels that 

preserve the gel state in both the oxidized and the reduced states. These hydrogels 

would have the large benefit of providing modulated release depending on the redox 

state of the body site, if long circulating times in blood can be achieved. PASP nanogels 

based on thiolated PASP disintegrated in reducing environment due to cleavage of the 

disulphide bonds, so our 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 

redox inert cross-linker molecule together with disulphides, and thus in reducing 

environment only the disulphides were cleaved and the hydrogels swelled due to the 

decreasing amount of cross-links. The synthesis of such macroscopic 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 oxidizing and reducing medium to prove the 

existence of redox-modulated release kinetics. Following the experiments on 

macroscopic hydrogels, PASP nanogels were prepared in water-in-oil emulsion using 

the aforementioned high pressure homogenization method. Nanogels were stable in 

reducing media and swelled similarly to their macroscopic counterparts, which makes 

them suitable for use in redox-controlled, systemic delivery of bioactive molecules. 

In the last part of the Thesis we aimed to expand the applications of PASP and 

studied its applicability in the field of biocatalysis. Silica gel/alginate/poly(aspartic acid) 

composite beads were designed for the immobilization of lipase B enzyme from 

Candida antarctica (CaLB). CaLB was first adsorbed on functionalized mesoporous 

silica gel particles, which were then entrapped in the interpenetrating network of 

thiolated poly(aspartic acid) and alginate, cross-linked by zinc ions. Finally, the beads 

were chemically stabilized by poly(ethylene glycol) diglycidyl ether, a bisepoxide 

cross-linker. In this manner, spherical biocatalysts with a diameter of 3-4 mm were 

prepared and their biocatalytic performance was tested by kinetic resolution of racemic 

1-phenylethanol. The activity of CaLB in the beads was comparable to that of CaLB 

physically adsorbed on silica gel particles. The composite beads were easy to recover 

after use and no loss of biocatalytic activity was observed even after five test reaction 

cycles. Furthermore, the CaLB in the composite beads showed sufficient thermal 

stability up to 90 °C, contrary to CaLB adsorbed only on silica gel particles. Hereby we 

showed that there are still many unexploited fields, where advantages of PASP can be 

useful, biocatalysis being just one of them.  
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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 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] 

 

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] 
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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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