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1. Introduction 

Polymer hydrogels are cohesive colloidal materials with a three-

dimensional network of hydrophilic macromolecules held together 

by physical or chemical cross-links. They are able to take up and 

retain large amount of water without dissolving. The hydrophilic, 

soft, tissue-like nature and low-friction surface of hydrogels 

contribute to their biocompatibility. Responsive character, 

biodegradability or other favorable properties can be achieved by 

correctly selecting the types of the polymer backbone and the 

cross-links. These advantageous properties of polymer hydrogels 

enable their uses in various subfields of biomedicine e.g. as soft 

contact lenses, tissue engineering scaffolds, wound dressing 

materials, vehicles of controlled and targeted drug delivery or 

injectable implants.  

Versatile properties of hydrogels can be exploited in topical 

ophthalmic drug delivery as well. Low bioavailability of 

ophthalmic liquid formulations (i.e. eye drops) can be improved 

with mucoadhesive in situ gelling formulations. In situ gelling 

hydrogels, as a class of polymer hydrogels, exhibit sol-gel 

transition in response to a certain physical or chemical stimulus. 

They are easy to administer as a low viscosity liquid, however, the 

rapid increase in their viscosity and the developing cohesive 

polymer network complemented by mucoadhesive properties 

ensure the prolonged residence time of the formulation and a more 

efficient drug absorption. The reversed process, stimuli-induced, 

particularly enzyme-induced gel-sol transition of a hydrogel holds 

interesting possibilities as well. Changes in the expression or 

activity of the enzymes at certain disease sites can be exploited in 

tissue engineering scaffolds or drug delivery vehicles. 

The research interest of Soft Matters Group focuses on 

responsive polymers, especially chemically cross-linked 

poly(aspartic acid) (PASP) based materials. PASP has inherent 

pH-dependent property and it is biocompatible and biodegradable. 

Chemical versatility of its precursor polymer, polysuccinimide, 
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allow the synthesis of a wide range of PASP derivatives with 

precisely controlled chemical structure. Hence, PASP can 

successfully combine the benefits of most widely used synthetic 

and natural polymers offering convenient synthesis methods and 

diverse range of applications.  

In this thesis, we focused on the preparation of different 

poly(aspartic acid) derivatives with mucoadhesive properties for 

ophthalmic drug delivery. Thiol-containing derivatives with in situ 

gelling property (either by oxidation or thiol-disulfide exchange 

reaction) were synthesized and studied for the delivery of a water-

soluble ophthalmic drug, ofloxacin. These polymers were further 

modified with cyclodextrin for the encapsulation of a lipophilic 

ophthalmic drug, prednisolone. An emphasis was placed on 

structural characterization and sol-gel transition while 

mucoadhesion and drug release tests were also performed. 

Cationic poly(aspartic acid) derivatives were prepared to study the 

mechanism of mucoadhesive interactions with mucin 

glycoprotein. Design, synthesis method and the possible use in 

macromolecular drug delivery of an enzymatically degradable 

poly(aspartic acid) hydrogel is also discussed. 

2. Experimental 

2.1 Synthesis 

Thiolated poly(aspartic acid) (PASP-SH) was prepared by the 

modification of polysuccinimide (PSI) with cysteamine (in DMF, 

under N2 atmosphere) followed by hydrolysis of unreacted 

succinimide rings to aspartic acid residues in aqueous 

0.1 M NaOH (Figure 1-1). Polymers were prepared with various 

degrees of modification (XCEA-feed, nominal degree of modification, 

the feed molar ratio of cysteamine to succinimide repeat units) 

varying between 5 and 30%.  

Cyclodextrin-modified thiolated PASP (PASP-SH10-CD1) was 

prepared by the modification of PSI with 6-deoxy-6-monoamino-

β-cyclodextrin (MAβCD) (XCD-feed = 1%) in DMF, dibutylamine 
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(DBA) was used as deprotonating agent. Then, in a separate step, 

the polymer was modified with cysteamine (XCEA-feed = 10%) in 

DMF, under N2. As a final step, the uncreacted succinimide rings 

were hydrolyzed in pH = 8 buffer (Figure 1-2).  

S-protected thiolated PASP was prepared by the addition of a 

mercaptonicotinc acid group to the thiol groups of the thiolated 

PASP by the thiol-disulfide exchange reaction with 6,6’-

dithionicotinic acid. Aqueous solution of thiolated PASP 

(XCEA-feed = 5 %; 10 %; and 20 %) was added dropwise to the 

pH = 8 aqueous solution containing 4-fold excess of 6,6’-

dithionicotinic acid to thiol groups (Figure 1-1 and 3). 

Cationic polyasmartamides with primary (4-aminobutyl; DAB), 

secondary (N-ethyl-2-aminoethyl; EE) and tertiary (N,N-dimethyl-

2-aminoethyl; DME) amine pendant groups were synthesized by 

reacting polysuccinimide with 1,4-diaminobutane, N-

ethylethylenediamine or N,N-dimethylethylenediamine, 

respectively in DMF. In the case of EE and DME 1,5-fold excess 

of the reagent to the amount of succinimide rings was used. In the 

case of DAB, PSI was added to the 5-fold excess of 1,4-

diaminobutane to avoid cross-linking (Figure 1-4). 

PASP-FRFK hydrogel was prepared by cross-linking PSI with 

with the FRFK (phenylalanine-arginine-phenylalanine-lysine) 

tetrapeptide and the subsequent hydrolysis of the gel. FRFK 

peptide was synthesized by solid-phase methodology using Fmoc-

chemistry on 2-chlortrityl-chloride resin and 

diisopropylcarbodiimide and 1-hydroxybenztriazole (DIC/HOBt) 

as coupling reagent. PSI was cross-linked with FRFK (molar ratio 

of the peptide and the succinimide rings were 1 to 6) in DMSO 

using DBA as deprotonationg agent. After cross-linking, the 

uncreacted succinimide rings were hydrolyzed in pH = 8 buffer 

(Figure 1-5). 

Unmodified PASP (used as a reference in several experiments) 

was prepared by hydrolyzing plysuccinimide in 0.1 M NaOH. 
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Figure 1 Synthesis schemes of poly(aspartic acid) derivatives 

studied in the thesis. 

 

2.2 Characterization 

Nuclear magnetic resonance (NMR) experiments were used to 

identify and characterize polymers (Bruker Avance 300 

spectrometer, operating at 300 MHz).  
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In situ gelation of the aqueous solution of the polymers was 

monitored by oscillation rheology using an Anton Paar Physica 

MCR301 rheometer (cone-plate geometry). Gelation was initiated 

on the plate of the rheometer. In the case of PASP-SH sodium 

bromater was added to induce gelation. In the case of PASP-SS-

MNA gelation was induced my mixing with PASP-SH. Changes 

in the dynamic moduli was monitored in oscillatory mode at 

constant strain and angular frequency. After 20 min, the frequency 

dependence of the moduli of the resulting gels was also recorded.  

For the phase solubility study excess of prednisolone was added 

to aqueous solutions of either MAβCD or PASP-SH10-CD1, and 

the suspensions were agitated to reach the equilibrium. After 

separation, the optical absorbance spectra of the supernatants were 

collected with a UV-Vis spectrophotometer (Agilent Cary 60). As 

a background the corresponding MAβCD or PASP-SH10-CD1 

solutions were used. 

The interactions between mucin and cationic polyaspartamides 

were investigated by turbidimetric titration. Polymer solutions 

were added stepwise to mucin dispersion in a cuvette, and the 

turbidity (apparent absorbance) of the samples was measured after 

each step in an UV-Vis spectrophotometer at 500 nm. The turbidity 

values were recorded after reaching equilibrium. The particle size 

distribution of the mixtures with the same composition was 

measured by dynamic light scattering (Malvern Nano-ZS 

Zetasizer). 

For the swelling kinetics experiment of PASP-SS-MNA gels, 

the gels in preparation state were immersed in PBS and their 

masses were measured at specified time intervals. Relative degree 

of swelling of the gels were calculated compared to their masses in 

preparation state. 

Trypsin-induced degradation of PASP-FRFK gel was studied 

with a gravimetric method. The gel was immersed in trypsin 

solution and the changes in its mass was measured at specified time 
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intervals. The mass was compared to the equilibrium swollen mass 

of the gel in PBS. 

Release kinetics of ofloxacin or prednisolone (PR) from the in 

situ cross-linked hydrogels was studied in a vertical Franz 

diffusion cell (Hanson Microette Plus TM). Drug loaded precursor 

polymer solution was used as donor phase and the gelation was 

initiated on the Porafilm diffusion membrane. Samples were taken 

from the PBS acceptor phase at different times by the autosampler 

and replaced with fresh PBS. The drug released to the acceptor 

phase was measured by a UV-Vis spectrophotometer (Thermo 

Scientific Evolution 201). The release experiments were conducted 

at T = 35 °C. 

For the release measurement of the macromolecular model 

drug FITC-dextran (dextran modified with fluorescein 

isothiocyanate) from the PASP-FRFK gel, FITC-dextran was 

encapsulated into the hydrogel during gelation. The amount of 

released drug in the presence and in the absence of trypsin was 

determined with a fluorimeter (PerkinElmer LS 50 B).  
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3. Results 

3.1 Gelation and mucoadhesion of thiolated poly(aspartic 

acid) 

In the first stage of the research, the synthesis of thiolated PASP 

(PASP-SH) and its possible use as an in situ gelling mucoadhesive 

ocular drug delivery vehicle was studied. PASP-SH polymers with 

different, controlled thiol content (up to 30% of the repeating units, 

approximately 1600 µmol SH/g polymer) was prepared avoiding 

oxidation of the thiol groups during synthesis. The low-viscosity 

aqueous solutions of the polymers show oxidation induced sol-gel 

transition due to the oxidation of thiol groups to disulfide bridges. 

The gelation time and the stiffness of the gels can be controlled 

with the thiol content. Polymers with higher thiol content yields 

stiffer gels with a shorter gelation time (Figure 2). In all cases 

cohesive, chemically cross-linked gels formed with a frequency-

independent storage modulus. Thiolated formulations displayed 

considerable mucoadhesion on porcine conjunctiva.  
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Figure 2 Gelation time of the thiolated poly(aspartic acid)s and 

storage modulus of the resultant hydrogels as a function of thiol 

content (cpolymer = 10 wt%, cNaBrO3 = 0.1 M, in pH = 7.4 PBS). 

Tensile tests showed that the thiolation of PASP increases the 

work of adhesion and the increasing thiol content leads to 
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increasing adhesion force due to the cohesive gel network. The 

hydrogel provided sustained release of incorporated ofloxacin, a 

hydrophilic ophthalmic drug, compared to a conventional liquid 

formulation (Figure 3). 
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Figure 3 Release profile of ofloxacin from poly(aspartic acid) 

hydrogels with different thiol content (XCEA-feed = 10%; 20%; or 

30% degree of modification, cpolymer = 10 wt%, cofloxacin = 3 mg/ml, 

cNaBrO3 = 0.1 M in pH = 7.4 PBS, Reference: 3 mg/ml ofloxacin in 

pH = 7.4 PBS). 

 

3.2 Cyclodextrin-modified thiolated poly(aspartic acid) for 

enhancing the solubility of prednisolone 

Solubility of lipophilic ophthalmic drugs such as prednisolone 

can be improved by cyclodextrin inclusion complexes. To combine 

their advantages with the in situ gelling mucoadhesive 

formulations, thiolated PASP was functionalized with 6-deoxy-6-

monoamino-β-cyclodextrin (MAβCD). The cyclodextrin-

modified, thiolated poly(aspartic acid) (PASP-SH10-CD1) 

contained cyclodextrin moieties on 0.75% of its repeating units. 

Prednisolone was effectively solubilized with the polymer and the 

stability constant of the inclusion complex did not differ 

significantly from that of the equivalent amount of unbound 

MAβCD (Figure 4).  
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Figure 4 Phase solubility curve of prednisolone with MAβCD and 

PASP-SH10-CD1. 

The X-ray diffractograms showed that the prednisolone was 

amorphized successfully via the inclusion complex formation with 

the polymer. The polymer retained its in situ gelling property and 

the cohesive gel matrix and the chemical immobilization of the 

cyclodextrins lead to the sustained release of prednisolone (Figure 

5). 
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Figure 5 Release profile of prednisolone from PASP-SH10-CD1 

hydrogel (cpolymer = 10 wt%, cprednisolone = 0.1 wt%, cNaBrO3 = 0.1 M 

in pH = 7.4 PBS, Reference: 0.1 wt% prednisolone in 

pH = 7.4 PBS). 
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3.3 In situ gellable two-component ophthalmic formulation 

based on S-protected thiolated poly(aspartic acid) 

In the next step, properties of thiolated PASP were further 

improved by preactivating the polymer by attaching 6-

mercaptonicotinic acid groups onto the thiol pendant groups. 

PASP-SS-MNA polymers with up to 530 µmol/g S-protected 

moieties were synthesized. These S-protected groups are able to 

form disulfide bonds with the free thiols in a facile thiol-disulfide 

exchange reaction without the addition of an oxidant. It was shown 

that this reaction occurs with the thiol groups of mucin 

glycoproteins indicating mucoadhesive properties. The PASP-SS-

MNA can be used in an in situ gelling two-component ophthalmic 

drug delivery system, as its aqueous solution forms stiff, cohesive 

hydrogels upon mixing with PASP-SH with no additional reagent. 

Gelation experiments of PASP-SS-MNA polymers with 3 different 

amount of conjugated MNA (242, 341 and 530 µmol/g) were 

performed with PASP-SH containing 178 and 545 µmol/g thiol 

groups (Figure 6). The degree of modification of the polymers had 

a strong influence on the gelation time and the stiffness of the gels. 

It was also found that the hydrogels that contain no residual thiol 

groups after gelation (MNA:SH molar ratio > 1) are stable and 

reach their equilibrium swelling degree at physiological pH 

(Figure 7a), while the presence of free thiols (MNA:SH molar ratio 

< 1) causes the dissolution of the hydrogels as a result of a series 

of thiol-disulfide exchange reactions (Figure 7b). Biological safety 

of the PASP-SS-MNA and PASP-SH polymers and 6-

mercaptonicotinic acid was assessed on MDCK cell line and no 

harmful effects were found. The cohesive hydrogel matrix ensured 

the sustained release of ofloxacin compared to a liquid 

formulation. 
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Figure 6 Gelation time of and storage modulus of hydrogel 

compositions prepared by mixing aqueous solutions of PASP-SS-

MNA and PASP-SH. (a) MNA:SH molar ratio > 1 and (b) 

MNA:SH molar ratio < 1 as a function of conjugated MNA content 

(cpolymer = 10 wt% in pH = 7.4 PBS).  

 

 

a) 

b) 
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Figure 7 Swelling kinetics of hydrogel samples prepared by mixing 

aqueous solutions of PASP-SS-MNA and PASP-SH. (a) MNA:SH 

molar ratio > 1 and (b) MNA:SH molar ratio < 1 in pH = 7.4 PBS. 

(MNAxSHy: a hydrogel prepared by mixing the 10 wt% aqueous 

solutions of PASP-SS-MNA and PASP-SH containing x and 

y µmol/g 6-mercaponicotinic acid (MNA) and thiol groups, 

respectively).  

 

3.4 Mucoadhesive interactions of cationic polyaspartamides 

and porcine gastric mucin on the colloid size scale 

Apart from the covalent disulfide bonds, mucoadhesive 

properties are largely defined by the secondary interactions 

a) 

b) 
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between the mucin protein and the mucoadhesive polymers. In 

order to gain a deeper understanding, three cationic 

polyaspartamides were synthesized with primary (DAB), 

secondary (EE) and tertiary (DME) amine side groups, and their 

interactions with the colloidal dispersion of porcine gastric mucin 

were studied in comparison with those of poly(aspartic acid) and 

chitosan. According to turbidimetric titration, the cationic 

polyaspartamides and chitosan interact with mucin causing its 

particles to aggregate and disaggregate depending on the 

polymer/mucin mass ratio (Figure 8). Electrostatic interactions are 

dominant in the aggregation/disaggregation mechanism as they 

could be suppressed in the presence of sodium chloride. The 

strongest interaction was found in the case of the polyaspartamide 

with primary amine pendant groups comparable that of the 

chitosan.  
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Figure 8 Turbidimetric titration of 1 g/l porcine gastric mucin 

dispersion by 2 g/l DAB, EE, DME, chitosan and PASP. 

Dynamic light scattering confirmed the aggregation of mucin 

particles in the presence of polyaspartamides, followed by their 

disaggregation at larger polymer/mucin mass ratios (Figure 9). 
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Zeta potential measurements showed the charge reversal of the 

negatively charged mucin particles upon the addition of cationic 

polyaspartamides. 

10 100 1000 10000

0

5

10

15

20

25

30
In

te
n
s
it
y
 (

%
)

Size (nm)

 DME/mucin=0

 DME/mucin=0.05

 DME/mucin=0.2

 

Figure 9 Changes in the size distribution of mucin dispersion upon 

the addition of DME at different DME/mucin weight ratios. 

 

3.5 Poly(aspartic acid) hydrogel with enzymatically 

degradable cross-links 

In the last part of the thesis, enzyme-induced degradation (gel-

sol transition) of a PASP hydrogel was studied. A trypsin-

degradable PASP gel consisting exclusively of amino acids was 

prepared by cross-linking PSI with the FRFK tetrapeptide 

containing a cleavage site specific to trypsin (between its R and F 

amino acid residues). The gel is stiff, self-supporting with a ca. 

3 kPa frequency-independent storage modulus, and it is stable in 

PBS (reaches swelling equilibrium). It is degradable in the 

presence of trypsin while the reference gel (PASP cross-linked 

with cystamine – PASP-CA) remained intact (Figure 10).  
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Figure 10 (a) Changes in the relative mass of hydrogel samples as 

a function of time: PASP-FRFK gel in trypsin, PASP- FRFK gel 

without trypsin and PASP-CA gel in trypsin solution (b) Images of 

the degradation of PASP-FRFK hydrogel in PBS containing 

2 mg/ml trypsin 

 

Neither the polymer nor the cross-linker is cytotoxic and cytostatic 

according to in vitro tests on HepG2 cells. The encapsulated 

macromolecular drug is released from the gel in a sustained 

manner in the presence of trypsin, while the gel restrained the 

release of the drug in the absence of the enzyme (Figure 11). 

b) 

a) 
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Figure 11 Release of the macromolecular drug FITC-dextran as a 

function of time: PASP-FRFK gel in trypsin, PASP- FRFK gel 

without trypsin and PASP-CA gel in trypsin solution. 
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4. New scientific results 

1. I developed a new method to synthesize thiolated poly(aspartic 

acid) to avoid premature disulfide formation during synthesis. 

The method allows synthesizing polymer derivatives with a 

controlled and remarkably higher free thiol content compared 

to that of reported in the literature. The repeating units of the 

polymer were identified, and I confirmed that the oxidation of 

the thiol groups during synthesis was avoided. The sol-gel 

transition of the aqueous solutions of the polymers is triggered 

by chemical oxidation. I demonstrated that the gelation time of 

the gels shortens and their stiffness increases with increasing 

thiol content of the polymers. I proved that the thiolation 

increases the work and force of adhesion of the polymers 

measured on porcine conjunctive tissue owing to the formation 

of a cohesive gel matrix. [1] 

2. I synthesized a poly(aspartic acid) derivative that is modified 

with thiol and β-cyclodextrin moieties at the same time. I 

showed that the polymer is able to form an inclusion complex 

with lipophilic drugs such as prednisolone and the stability 

constant of the complex formation of the polymer do not differ 

significantly from that of the β-cyclodextrin small molecule. 

The β-cyclodextrin moieties did not hinder the sol-gel transition 

of the polymer. [2] 

3. I developed a synthesis method to prepare S-protected thiolated 

poly(aspartic acid) derivatives by the conjugation of free thiol 

groups of the polymer with 6-mercaptonicotinic acid. I proved 

that the polymer is able to form covalent bonds with mucin 

protein by thiol-disulfide exchange reaction. I showed that the 

aqueous solution of S-protected poly(aspartic acid) yields 

cohesive, chemically cross-linked hydrogels upon the addition 

of the aqueous solution of thiolated poly(aspartic acid) with no 

additional reagents. I found that the hydrogels that contain no 

residual thiol groups are stable and reach their equilibrium 
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swelling degree at physiological pH, while the presence of free 

thiols causes the dissolution of the hydrogels as a result of a 

series of thiol-disulfide exchange reactions [3]. I proved that 

ofloxacin as a water-soluble drug can be encapsulated into the 

poly(aspartic acid) hydrogel cross-linked with disulfides, and it 

is released with a sustained kinetics, which can be characterized 

with the Korsmeyer-Peppas model. The parameters of the 

model were found to be independent of the amount of chemical 

net-points [1,3]. 

4. I found that mucin particles aggregate in aqueous dispersion 

upon the addition of cationic polyaspartamides due to a bridging 

effect. Adding the cationic polyaspartamides in mass excess 

causes the disaggregation of the particles due to the cessation of 

polymer bridges between mucin particles and the complete 

coverage of the particles by polymer chains. I showed that the 

phenomenon is primarily caused by the electrostatic interaction 

between the positively charged side groups of polyaspartamides 

and mucin particles bearing a net negative charge. The strongest 

interaction was found in the case of the polyaspartamide with 

primary amine pendant groups. [4] 

5. I developed the synthesis of a poly(aspartic acid) hydrogel 

chemically cross-linked with a tetrapeptide. The hydrogel 

consists exclusively of amino acid residues. The cross-linker 

peptide contains a trypsin-specific cleavage site causing the 

degradation (gel-sol transition) of the hydrogel in the presence 

of trypsin resulting in the release of the macromolecular drug 

encapsulated in the hydrogel. By choosing the appropriate 

cross-linker peptide sequence, the enzyme-specific degradation 

of the hydrogel can be achieved. [5] 
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5. Application of the new scientific results 

Thiolated poly(aspartic acid) derivatives have a potential to be 

used as an excipient in ophthalmic formulations. The low-viscosity 

solutions of these in situ gelling polymers can be administered as 

an eye drop, and the rapid increase in their viscosity and the 

developing cohesive polymer network complemented by 

mucoadhesive properties ensure the prolonged residence time of 

the formulation and makes a more efficient drug absorption 

possible. The polymers can be tailored to encapsulate hydrophilic 

and lipophilic drugs as well.  

As cationic polyaspartamides form strong interactions with 

mucin on the colloid size scale, they have the potential to be used 

as mucoadhesive excipients. Further derivatization, higher 

molecular weight and/or a convenient method for cross-linking 

might be needed to realize mucoadhesion on a macroscopic scale. 

The colloidal methods used are useful tools for studying 

mucoadhesive interactions in the early stage of development of 

synthetic mucoadhesive materials. 

An enzyme-responsive poly(aspartic acid) gel can be the answer 

to many challenges when a specific and selective biological 

stimulus is needed to trigger a material response. The synthetic 

method described can be used to design degradable PASP 

hydrogels specific to any protease enzyme that can be exploited in 

various drug delivery and tissue engineering applications. 
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