
 

 

 

Barnabás Áron Szilágyi 

PhD Thesis 
 

 

 

Functional poly(aspartic acid) derivatives − 

sol-gel transition for drug delivery 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Barnabás Áron Szilágyi, 2021 

Supervisor: András Szilágyi 

All rights reserved 

 

Published by Soft Matters Group 

Department of Physical Chemistry and Materials Science 

Budapest University of Technology and Economics 

H-1111 Budapest, Műegyetem rkp. 3. 



 

 

 

 

 

 

 

 

Functional poly(aspartic acid) derivatives − 

sol-gel transition for drug delivery 

PhD Thesis 
 

 

By 

Barnabás Áron Szilágyi 

 

 

Supervisor: 

András Szilágyi 

 
 

 

2021 

 

 

 
 

Soft Matters Group 

Department of Physical Chemistry and Materials Science 

Budapest University of Technology and Economics 



 

 

 



5 

 

 

Contents 

 

Contents 

 
LIST OF SYMBOLS AND ABBREVIATIONS ............................................................. 9 
 

Chapter 1 ...................................................................................................................... 13 
INTRODUCTION 

 
Gels  .............................................................................................................. 14 

1.1.1. Definition and classification ....................................................................... 14 
1.1.2. Swelling and elasticity, methods of characterization .................................. 15 
1.1.3. Hydrogels in controlled drug delivery ........................................................ 19 

1.1.3.1. Stimuli-responsive hydrogels .............................................................. 19 
1.1.3.2. In situ forming hydrogels .................................................................... 22 

 Mucoadhesive drug delivery .............................................................................. 24 
1.2.1. Structure of mucous membranes and mucins ............................................. 25 
1.2.2. Mechanism of mucoadhesion ..................................................................... 26 
1.2.3. Methods to study mucoadhesion ................................................................ 27 
1.2.4. Mucoadhesive polymers ............................................................................. 30 
 Synthesis of thiolated polymers.......................................................................... 32 

1.3.1. Thiolation by post-polymerization modification ........................................ 32 
1.3.2. Protection and preactivation of thiolated polymers .................................... 36 
1.3.3. Synthesis of thiolated polymers with one-step methods ............................. 37 
 Enhancing solubility with cyclodextrin inclusion complexes ............................ 38 
Derivatives of poly(aspartic acid) ...................................................................... 40 
Scope  .............................................................................................................. 44 
References .......................................................................................................... 46 

 

Chapter 2 ...................................................................................................................... 65 
EXPERIMENTAL 

 
 Preparation ......................................................................................................... 65 

 Materials ..................................................................................................... 65 
Buffer solutions .......................................................................................... 66 

 Characterization ................................................................................................. 66 
Nuclear magnetic resonance ....................................................................... 66 

 

Chapter 3 ...................................................................................................................... 67 
GELATION AND MUCOADHESION OF THIOLATED POLY(ASPARTIC ACID) 

 

3.1. Introduction ........................................................................................................ 67 
3.2. Experimental ...................................................................................................... 68 

3.2.1. Syntheses .................................................................................................... 68 
3.2.1.1. Polysuccinimide .................................................................................. 68 
3.2.1.2. Poly(aspartic acid) .............................................................................. 68 



6 

 

 

Contents 

3.2.1.3. Thiolated poly(aspartic acid) ............................................................... 68 
3.2.2. Rheology of gelation ................................................................................... 69 
3.2.3. Elmann’s assay ........................................................................................... 69 
3.2.4. Mucoadhesion ............................................................................................. 69 
3.2.5. Release of ofloxacin .................................................................................... 70 
3.2.6. Statistical analysis ....................................................................................... 71 

3.3. Results and discussion ........................................................................................ 71 
3.3.1. Synthesis and chemical characterization ..................................................... 71 
3.3.2. Oxidation induced gelation ......................................................................... 74 
3.3.3. Mucoadhesion tests ..................................................................................... 75 
3.3.4. Release of ofloxacin .................................................................................... 77 

3.4. Conclusions ........................................................................................................ 79 
3.5. References .......................................................................................................... 79 

 

Chapter 4....................................................................................................................... 83 
CYCLODEXTRIN-MODIFIED THIOLATED POLY(ASPARTIC ACID) FOR 

ENHANCING THE SOLUBILITY OF PREDNISOLONE 

 
 Introduction ........................................................................................................ 83 
Experimental....................................................................................................... 84 

 Syntheses .................................................................................................... 84 
Cyclodextrin-modified thiolated poly(aspartic acid) ........................... 84 
Thiolated poly(aspartic acid) ............................................................... 84 

 Phase solubility ........................................................................................... 84 
X-ray diffraction ......................................................................................... 84 
Rheology of gelation ................................................................................... 85 
Release of prednisolone .............................................................................. 85 

 Results and discussion ........................................................................................ 85 
 Synthesis and chemical characterization ..................................................... 85 
Phase solubility ........................................................................................... 88 
X-ray powder diffractometry ...................................................................... 89 
Oxidation induced gelation ......................................................................... 91 
Release of prednisolone .............................................................................. 91 

 Conclusions ........................................................................................................ 93 
References .......................................................................................................... 93 

 

Chapter 5....................................................................................................................... 95 
IN SITU GELLABLE TWO-COMPONENT OPHTHALMIC FORMULATION 

BASED ON THIOLATED POLY(ASPARTIC ACID) 

 Introduction ........................................................................................................ 95 
Experimental....................................................................................................... 96 

5.2.1. Synthesis ..................................................................................................... 96 
5.2.1.1. Polysuccinimide .................................................................................. 96 
5.2.1.2. Thiolated poly(aspartic acid) ............................................................... 96 
5.2.1.3. S-protected thiolated poly(aspartic acid) ............................................. 96 

5.2.2. Chemical characterization of the polymers ............................................ 97 



7 

 

 

Contents 

 

5.2.2.1. Thiol content of PASP-SH polymers (Ellman’s assay) ...................... 97 
5.2.2.2. Coupled mercaptonicotinic acid content of PASP-SS-MNA polymers

 ......................................................................................................................... 97 
5.2.3. Interaction between polymer and mucin ..................................................... 97 

5.2.3.1. Ellman’s assay of mucin ..................................................................... 97 
5.2.3.2. Evaluation of MNA release during interaction of mucin and S-

protected PASP ................................................................................................ 98 
5.2.4. Characterization of in situ forming hydrogels ............................................ 98 

5.2.4.1. Preparation of the hydrogel samples ................................................... 98 
5.2.4.2. Rheology of gelation ........................................................................... 98 
5.2.4.3. Swelling of the hydrogel samples ....................................................... 98 

5.2.5. Cytotoxicity assays of the polymers ........................................................... 98 
5.2.6.Release of ofloxacin .................................................................................... 99 
5.2.7.Statistical analysis ....................................................................................... 99 
Results and discussion ....................................................................................... 100 

5.3.1. Synthesis and chemical characterization of the polymers ........................ 100 
5.3.2. Interaction between polymer and mucin ................................................... 102 
5.3.3. Characterization of in situ hydrogels ........................................................ 103 

 Rheology of gelation ......................................................................... 104 
5.3.3.2. Swelling of the hydrogel samples ..................................................... 105 

5.3.4. In vitro cytotoxicity .................................................................................. 108 
5.3.5. Release of ofloxacin ................................................................................. 109 
 Conclusions ...................................................................................................... 110 
References ........................................................................................................ 110 

 

Chapter 6 .................................................................................................................... 113 
MUCOADHESIVE INTERACTIONS BETWEEN POLYASPARTAMIDES AND 

PORCINE GASTRIC MUCIN ON THE COLLOID SIZE SCALE 

 Introduction ...................................................................................................... 113 
Experimental .................................................................................................... 114 

Syntheses .................................................................................................. 114 
6.2.1.1. Synthesis of poly((4-aminobutyl)aspartamide) (DAB) ..................... 114 
6.2.1.2. Synthesis of poly((N-ethyl-2-aminoethyl)aspartamide) (EE) and 

poly((N,N-dimethyl-2-aminoethyl)aspartamide) (DME)............................... 114 
Preparation of mucin samples and polymer solutions .............................. 114 
Turbidimetric titration .............................................................................. 115 
Dynamic light scattering ........................................................................... 115 
Zeta potential ............................................................................................ 115 

 Results and discussion ...................................................................................... 115 
Synthesis and chemical characterization .................................................. 115 
Turbidimetric titration .............................................................................. 118 

6.3.2.1. Characterization of polymer-mucin interactions by turbidimetry ..... 118 
6.3.2.2. Screening the polymer-mucin interactions with additives ................ 119 

 Characterization of polymer-mucin interactions by dynamic light scattering

 ............................................................................................................ 122 
Zeta potential ............................................................................................ 123 



8 

 

 

Contents 

 Conclusion ........................................................................................................ 125 
References ........................................................................................................ 125 

 

Chapter 7..................................................................................................................... 129 
POLY(ASPARTIC ACID) HYDROGEL WITH ENZYMATICALLY DEGRADABLE 

CROSS-LINKS 

 
Introduction ...................................................................................................... 129 
Experimental..................................................................................................... 130 

 Syntheses .................................................................................................. 130 
Polysuccinimide ................................................................................ 130 
Poly(aspartic acid) ............................................................................. 130 
Tetrapeptide cross-linker ................................................................... 130 
Poly(aspartic acid) hydrogel cross-linked with the tetrapeptide cross-

linker  .................................................................................................... 130 
 Poly(aspartic acid) hydrogel cross-linked with cystamine ................ 132 

Enzymatic degradation of the PASP-FRFK hydrogel............................... 132 
In vitro cytotoxicity and cytostatic activity ............................................... 132 
Drug release measurements ...................................................................... 133 

 Results and discussion ...................................................................................... 133 
Synthesis and chemical characterization ................................................... 133 
Enzymatic degradation of PASP-FRFK hydrogel .................................... 136 
In vitro cytotoxicity and cytostatic activity ............................................... 137 
Release of a macromolecular model drug ................................................. 139 

 Conclusions ...................................................................................................... 140 
References ........................................................................................................ 141 

 

Chapter 8..................................................................................................................... 143 
SUMMARY 
 

LIST OF PUBLICATIONS.......................................................................................... 147 
 

ACKNOWLEDGEMENTS ......................................................................................... 151 
 

 
https://www.techrepublic.com/blog/microsoft-office/how-to-create-one-table-of-contents-from-multiple-documents/ 

 

 

 

 
 

 

 
 

 

 

 

 

 

 



9 

 

 

 

 

List of symbols 

 

List of symbols and abbreviations 

 

γ  shear strain (%) 

  molar extinction coefficient in UV-Vis spectroscopy (1/(M∙cm)) 

  wavelength (nm) 

ξ  zeta potential (mV) 

  angular frequency (1/s) 

A  work of adhesion (mN∙mm) 

Ac-Cys  acetylcyteine 

ANOVA  analyis of variance 

Arg  arginine 

Boc  tert-butoxycarbonyl 

CA  cystamine dihydrochloride 

CD  cyclodextrin 

CEA  cysteamine 

COSY  correlation spectroscopy 

DAB  poly((4-aminobutyl)aspartamide) 

DBA  dibutylamine 

DCM  dichloromethane 

DIC  N,N′-diisopropylcarbodiimide 

DLS  dynamic light scattering 

DME  poly((N,N-dimethyl-2-aminoethyl)aspartamide) 

DMSO  dimethyl sulfoxide 

DMF  N,N-dimethyl formamide 

DPBS  Dulbecco’s Phosphate Buffered Saline 

DTNA  6,6’-dithionicotinic acid 

DTT  dithiothreitol 

EE  poly((N-ethyl-2-aminoethyl)aspartamide) 

F  adhesive force (N) 

FRFK  tetrapeptide sequence of phenylalanine-arginine-phenylalanine-

lysine 

Fmoc  fluorenylmethyloxycarbonyl 

FITC  fluorescein isothiocyanate 

G’  storage modulus (Pa) 

G”  loss modulus (Pa) 

HOBt  1-hydroxybenzotriazole 

HPLC  high performance liquid chromatography 

I  ionic strength (M) 

k   kinetic constant 

n   release exponent 

Kc   equilibrium constant of the complexation 

MAβCD   6-monodeoxy-6-monoamino-beta-cyclodextrin 

MeOH   methanol 



10 

 

 

List of symbols 

 
MeCN   acetonitrile 

MDCK   Madin-Darby Canine Kidney cell line 

MNA   6-mercaptonicotinic acid 

MNAySHx   Hydrogel prepared by mixing the aqueous solutions of PASP-SS-

MNA with y µmol 6-mercaptonicotinic acid groups per gram 

polymer and PASP-SH with x µmol thiol groups per gram 

polymer 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

Mw  molecular weight (Da) 

NMR  nuclear magnetic resonance 

OD  optical density 

PASP  poly(aspartic acid) 

PASP-CA  poly(aspartic acid) cross-linked with cystamine 

PASP-FRFK  poly(aspartic acid) cross-linked with FRFK tetrapeptide 

PASP-SH  thiolated (cysteamine-modified) poly(aspartic acid) 

PASP-SHx  thiolated (cysteamine-modified) poly(aspartic acid) with a  

   -feed molar ratio of cysteamine to succinimide repeating units 

of x n/n% (Chapter3) 

   -µmol thiol groups per gram polymer (Chapter 5) 

PASP-SH10-CD1 Cyclodextrin-modified thiolated poly(aspartic acid) with a feed 

molar ratio of cysteamine to succinimide repeating units of 

10 n/n% and a feed molar ratio of MAβCD to succinimide 

repeating units of 1 n/n% 

PASP-SS-MNA S-protected thiolated poly(aspartic acid) 

PASP-SS-MNAy S-protected thiolated poly(aspartic acid) with y µmol 6-

mercaptonicotinic acid groups per gram polymer 

Pbf  2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 

PBS  phosphate buffered saline 

Phe  phenylalanine 

PR  prednisolone 

PSI  polysuccinimide 

PSI-FRFK  polysuccinimide cross-linked with FRFK tetrapeptide 

RT  retention time 

T   temperature (°C) 

t   time  

TIS   triisopropylsilan 

TFA   trifluoracetic acid 

UV-Vis   ultraviolet-visible 

XCD-feed   feed molar ratio of MAβCD to succinimide repeating units (n/n%) 

XCD-NMR  molar ratio of MAβCD units to the repeating units determined by 

NMR (n/n%) 

XCEA-feed   feed molar ratio of cysteamine to succinimide repeating units 

(n/n%) 

XCEA-NMR  molar ratio of cysteamine chains to the repeating units determined 

by NMR (n/n%) 

XMNA-NMR  molar ratio of MNA coupled repeating units determined by NMR 

http://www.sigmaaldrich.com/catalog/product/sial/09654


11 

 

 

 

 

List of symbols 

 
(n/n%) 

XMNA-UV  amount of MNA groups per gram polymer determined by UV-Vis 

spectroscopy 

XSH-Ellman  thiol content determined by Ellman’s analysis. Either given in 

µmol/g or as the molar ratio of thiol groups to the repeating units 

(n/n%) 

XSH-NMR  molar ratio of thiol groups to the repeating units determined by 

NMR (n/n%) 

XSu-NMR  molar ratio of residual succinimide rings to the repeating units 

determined by NMR (n/n%) 

wt%  weight percentage 

 

 

  



 

 

 



13 

 

 

Introduction 

Chapter 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 ensure their biocompatibility 

[1]. Responsive (smart) 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 led the scientific community to 

broaden both theoretical and practical knowledge on hydrogels and to exploit their 

potential in various subfields of biomedicine. Numerous publications have been released 

on uses of hydrogels such 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 degradation 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, 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, I 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 hydrophobic ophthalmic drug, prednisolone. An emphasis was placed on structural 

characterization and in situ gelling properties while mucoadhesion and drug release tests 

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

mechanism of mucoadhesive interactions using mucin particles. Design, synthesis 

method and the possible use in macromolecular drug delivery of an enzymatically 

degradable poly(aspartic acid) hydrogel is also discussed.  
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 Gels 

1.1.1. Definition and classification 

Gels are colloidal materials with a three-dimensional structure of macromolecules, 

inorganic molecules, clays or other particles acting as a dispersed phase in a fluid 

dispersion medium. The structure is held together by chemical or physical interactions. 

The medium can be a liquid (lyogels) or a gas (xerogels and aerogels). Depending on the 

method of removing liquid from a lyogel, xerogels or aerogels are formed. Supercritical 

evaporation results in aerogels which retain the structure of their solid network forming 

a “solid foam” and simple evaporation yields xerogels causing significant shrinkage of 

the material. Lyogels can be classified as organogels and hydrogels depending on the 

medium being an organic solvent or aqueous medium. As water is the relevant medium 

when researching bio-related applications, polymer hydrogels, water-swollen chemically 

and/or physically cross-linked macromolecular networks will be the subject of the present 

work. [2]  

Depending on the strength and the lifespan of the bonds holding the polymer network 

together, polymer hydrogels can be classified as physical and chemical polymer gels. The 

most important interactions in physically cross-linked hydrogels are hydrogen bonding, 

electrostatic interaction, van der Waals forces (dipole-dipole, induced dipole and 

dispersion interactions), metal-ligand complex formation. As a combination of such 

interactions, self-assembling, host-guest interactions or crystallization of 

macromolecular segments can also act as cross-links. Association of hydrophobic 

segments and the entanglements of polymer chains also lead to the formation of cross-

links. Physical gels are most often prepared by cooling or concentrating macromolecular 

solutions, but other specific techniques such as thermogelling, pH or salt-induced gelation 

are also reported. The preparation of physical gels does not require an externally added 

cross-linker which is beneficial in biomedical applications. Due to the reversible nature 

of their cross-links they usually exhibit shear-thinning behavior which is useful for the 

preparation of in situ gelling and injectable hydrogels, or, in specific cases, self-healing 

hydrogels, however, their poor mechanical properties limit their application in certain 

cases. [3,4] 

Chemically cross-linked polymer gels consist of macromolecules interconnected by 

covalent bonds forming a network of “infinite molecular weight” therefore they swell but 

do not dissolve in large amount of aqueous medium. Chemically cross-linked gels 

basically can be prepared by two methods. Polymerization of mixtures of monomers with 

an average functionality higher than two results in a cross-linked structure in a one-step 

reaction (e.g. N-isopropyl acrylamide hydrogel is prepared by reacting bifunctional N-

isopropyl acrylamide monomer along with a smaller amount of tetrafunctional 

methylenebisacrylamide cross-linker [5]). Polymer chains can be reacted with at least 

bifunctional cross-linker molecules provided that reactive functional groups are present 

on the polymer backbone (Figure 1.1a) [6]. Frequently employed reactions include amide 

formation between carboxylic acid and amine groups, Michael type addition, Schiff base 

formation, 1,3-dipolar cycloaddition between azides and alkynes. Polymers in solutions 

can be also cross-linked by coupling the pendant functional groups of the macromolecules 

referred to as zero-length cross-linking (Figure 1.1b). A common zero-length cross-

linking method is the oxidation of a thiolated polymer to form disulfide cross-links.[7] 
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Chemical cross-linking often requires a catalyst or a coupling agent but it can be easily 

tuned in order to control the properties of hydrogels. Covalent bonds provide a long-term 

connection usually resulting in a stiffer, but more brittle network compared to physical 

gels [3]. 

 

Figure 1.1 (a) Cross-linking a polymer solution with a bifunctional cross-linker molecule 

(b) Zero-length cross-linking of a polymer solution. 

 

Properties of multiple polymers can be combined by co-networks or interpenetrating 

networks. Co-networks are two-component networks of covalently interconnected 

polymers chains, considered to be cross-linked block copolymers [8]. Interpenetrating 

networks comprise of two or more networks that are at least partially interlaced on a 

molecular scale but not covalently bonded to each other and cannot be separated unless 

chemical bonds are broken [9]. Other special structures include topological gel prepared 

of cross-linked polyrotaxane. The cross-links of this gel slide along the polymer chain 

and minimize the local strain, reduce spatial inhomogeneity [10]. Nanocomposite gels 

are composed of an organic polymer and an inorganic clay acting as multifunctional 

cross-linker resulting in exceptional mechanical properties [11].  

1.1.2. Swelling and elasticity, methods of characterization 

The ability of chemically cross-linked hydrogels to absorb water arises from 

hydrophilic functional groups attached to the polymer network, while the cross-links 

between polymer chains prevents them from dissolution. To quantify swelling and 

understand its mechanism the following are defined: 

Net point: a point in the gel with at least three branches.  

Network strand: a section of a polymer chain between two net points. 

Mass degree of swelling (Qm): ratio of the mass of the swollen gel (mgel) and the dry 

gel (mdry gel) (Eq. 1.1). 

𝑄𝑚 =  
𝑚𝑔𝑒𝑙

𝑚𝑑𝑟𝑦 𝑔𝑒𝑙

 (1.1) 

a) 

b) 
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Volume degree of swelling (QV): ratio of the volume of the swollen gel (Vgel) and the 

dry gel (Vdry gel) (Eq. 1.2). 

𝑄𝑉 =  
𝑉𝑔𝑒𝑙

𝑉𝑑𝑟𝑦 𝑔𝑒𝑙

 

Theoretic discussions often use polymer volume fraction (Φ2), the reciprocal of 

volume swelling ratio (Eq. 1.3). 

𝛷2 =  
1

𝑄𝑉

 

Relative degree of swelling is the mass or volume of the gel compared to its earlier 

state (e.g. preparation state or state prior to a reaction). 

The swelling of a polymer network is influenced by the type of the solvent and the 

concentration of network strands in the gel. Degree of swelling is higher in a good 

solvent, but swelling is limited due to the presence of cross-links. The number of possible 

conformations of the network strands decrease as the end-to-end distance of the chains 

increases. Further swelling would rise the Gibbs free energy of the system. Increasing the 

number of network strands decreases degree of swelling. The condition of 

thermodynamic equilibrium is the equality of the chemical potential of water inside (μ1,g) 

and outside the gel (μ1,g) (Eq. 1.4): 

𝜇1,𝑠 = 𝜇1,𝑔 

The changes in the chemical potential of water inside the gel (Δμ1,g) is the sum of 

three factors: mixing term (Δμ1,mix), elastic term (Δμ1,el) and ionic term (Δμ1,ion). Mixing 

term arises from the mixing of the network strands and the water molecules lowering the 

Gibbs free energy of the gel due to the entropy of mixing. According to the Flory-Huggins 

theory [6,12], it can be written as follows (Eq. 1.5): 

𝛥𝜇1,𝑚𝑖𝑥 = 𝑅𝑇[𝑙𝑛(1 − 𝛷2) + 𝛷2 + 𝜒𝛷2
2] 

where R is the universal gas constant, T is the absolute temperature, Φ2 is the polymer 

volume fraction, and χ is the Flory-Huggins interaction parameter. At the same time, 

increasing volume of the gel deforms network strands, and decreases their conformational 

possibilities. According to Flory-Rehner theory [6,13] (Eq. 1.6): 

𝛥𝜇1,𝑒𝑙 = 𝐴𝜈∗𝑞0
−2/3

𝑉1𝑅𝑇𝛷1/3 − 𝐵𝜈∗𝑉1𝑅𝑇𝛷 

where q0 is a memory term (the degree of swelling of the gel in preparation state), ν* is 

the concentration of network strands, V1 is the partial molar volume of the solvent, A and 

B are model parameters. According to the Flory-Rehner theory, A = 1, and B = 0.5. [13] 

The mixing term is strongly influenced by the presence of mobile ions in 

polyelectrolyte gels. Swelling depends on the solvation and the charge of the polymer 

backbone, hence ionic strength and the pH. This, in a certain sense, can be included in 

the Flory-Huggins interaction parameter of the mixing term, or it can be expressed as a 

separate ionic term [6] (Eq. 1.7): 

(1.2) 

(1.3) 

(1.4) 

(1.5) 

(1.6) 
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𝛥𝜇1,𝑖𝑜𝑛 = −𝑉1𝑅𝑇 ∑ 𝐶𝑗,𝑔

𝑎𝑙𝑙 𝑖𝑜𝑛𝑠

𝑗

 

The presence of cross-links in a polymer hydrogel also defines its mechanical 

properties. Polymer gels, similar to dry rubbery elastic materials, deform reversibly to a 

large extent upon relatively small forces. The deformation is primarily defined by the 

configurational entropy of the polymer chains. Force-deformation relationship of a 

rubbery elastic material is discussed using the freely jointed model of polymer chains. 

The macromolecule is considered as an ideal chain assuming that the segments of the 

chain do not have a volume and there are no interactions between them. Using certain 

assumptions (see reference [14] for detailed discussion) equation of rubber elasticity for 

isotropic, elastic, and homogenous object in equilibrium is as follows (Eq. 1.8): 

𝜎𝑁 =
𝑓𝑥

𝐴0

= 𝜈∗𝑅𝑇(𝜆𝑥 − 𝜆𝑥
−2) = 𝐺(𝜆𝑥 − 𝜆𝑥

−2) 

where σN is the nominal stress, fx is the force acting on the x-axis, A0 is the area 

perpendicular to the x-axis, ν* is the concentration of network strands in the dry network, 

R is the gas constant, T is the absolute temperature, λx is the ratio of deformation and G 

is the elastic modulus. The elastic modulus and the concentration of network strands is 

determined by uniaxial compression or tensile test up to ca. 10% deformation [14]. 

In general, hydrogels show a viscoelastic character meaning both viscous and elastic 

response occurs upon time-dependent deformation. Viscoelastic character and sol-gel 

transition are characterized by oscillation rheology. In an oscillation rheology 

measurement, sinusoidal shear deformation is applied and the resulting stress is measured 

as a function of time. The main parameters of the experiment are the amplitude of 

oscillation (γ0) and the frequency of oscillation (ω, i.e., angular frequency). The 

correlation between strain (γ) and stress (σ) (Eqs. 1.9, 1.10): 

𝛾 = 𝛾0 sin(𝜔𝑡) 

𝜎 = 𝜎0sin (𝜔𝑡 + 𝛿) 

where t is time and δ is phase angle between stress and strain. The phase angle is the most 

important characteristic obtained in these measurements. The two extrema of phase angle 

corresponds to the Hookean solid (the stress and the strain are in-phase, δ = 0°) and to 

the Newtonian fluid (the stress and the strain are out-of-phase, δ = 90°). To ease the 

interpretation of oscillatory-shear experiment, storage (G’) and loss modulus (G”) are 

usually shown instead of phase angle. The moduli are defined in Eqs. 1.11 and 1.12:  

𝐺′ = (
𝜎0

𝛾0

) cos 𝛿 

𝐺" = (
𝜎0

𝛾0

) sin 𝛿 

where G′ (representing the elastic character) is proportional to the energy that is regained 

after the load is released in a deformation cycle. G″ stands for the viscous character and 

is proportional to the energy loss per deformation cycle. In some cases it is more 

convenient to plot the tangent of the phase angle (tan δ = G”/G’) because the tan δ can be 

(1.7) 

(1.8) 

(1.9) 

(1.10) 

(1.11) 

(1.12) 

https://www.sciencedirect.com/topics/chemistry/strain
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used for determining the glass transition temperature, the amorphous ratio of a semi-

crystalline polymer or the gel point (see later) [15]. 

When increasing strain is applied at a constant angular frequency, the materials show 

a constant, strain-independent response below a threshold value. The corresponding 

strain interval is called the range of linear viscoelasticity. A further increase in strain 

usually results in a drastic decrease of moduli indicating a breakdown of the structure that 

can be associated with the cleavage of cross-links or interactions in the material (Figure 

1.2a). 

The frequency dependence of the two moduli characterizes the viscoelasticity of the 

sample. The measurement must be performed with a strain in the range of the linear 

viscoelasticity. If the solid behavior dominates, the storage modulus is larger than the loss 

modulus and the frequency-dependence of storage modulus is negligible. Chemically 

cross-linked stiff hydrogels exhibit this solid-like behavior. The frequency-dependence 

of moduli is remarkably different in physically cross-linked networks with weaker 

interactions. The loss modulus dominates over storage modulus at low frequencies, the 

stress is in-phase with the strain. Both moduli strongly depend on angular frequency. The 

storage modulus usually passes the loss modulus at larger frequencies, and the crossing 

frequency is an important characteristic of the network. Larger crossing frequency usually 

considered corresponding to a „weaker” network. (Figure 1.2b).  

In the course of the measurement of the gelation of a polymer, initially, loss modulus 

dominates over the storage modulus indicating a viscous character. As the cross-linking 

reaction proceeds, both moduli increase, but at the end of the process, storage modulus 

will be orders of magnitude higher due to the elasticity of the cross-linked network. The 

sol- gel transition of a polymer gel can be found by performing rheological measurements 

with constant strain and different angular frequencies as a function of time (Figure 1.2c). 

The gel point is in the intersection of the tan δ – t curves where tan δ is independent of 

the probing frequency [16]. With certain restrictions a much simpler method can be used, 

the sol- gel transition can be defined as the crossover time of G’ and G” measured at only 

one frequency [17,18] (Figure 1.2d). 

  

https://www.sciencedirect.com/topics/chemistry/linear-viscoelasticity
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Figure 1.2 Typical curves of oscillation rheology measurements. (a) Strain (amplitude) 

sweep [11]. (b) Frequency sweep: stiff, cohesive networks (black), and lightly cross-

linked networks or polymer melts (red) [19]. (c) Definition of sol- gel transition by 

measuring tan δ as a function of time at different angular frequencies [16]. (d) Time 

sweep measurement with constant strain and frequency – gelation time is defined as the 

cross-over time of G’ and G” [20]. 

1.1.3. Hydrogels in controlled drug delivery 

1.1.3.1. Stimuli-responsive hydrogels  

Hydrogels are in the focus of biomaterial research due to their unique properties [21]. 

Biocompatibility, their resemblance to natural tissues and low-friction surface can be 

traced back to their high water content and the cross-linked polymer structure. These 

properties are exploited in marketed products such as soft contact lenses, hygiene 

products and wound dressings. Advanced applications such as tissue engineering [22,23] 

or controlled and targeted drug delivery [24–26] are based on their adjustable chemical 

and physical properties and hence the possibility to create smart hydrogels. Smart 

materials are able to significantly change their properties in a controlled manner in 

response to one or more external stimuli. Effective stimuli include but not limited to the 

changes in the pH value, temperature, redox potential, electromagnetic field (including 

visible light, UV and magnetic field) or the presence of certain biomolecules such as 

enzymes and glucose [25,27]. The most common response of a hydrogel to a certain 

a) b) 

c) d) 
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stimulus is the abrupt change in the degree of swelling accompanied by the change of all 

related properties such as mechanical, optical and transport properties. A specific 

response is the shape memory behavior of a hydrogel. In a broader sense, sol-gel or gel-

sol transition is also considered as a smart response. Every smart property of hydrogels 

arises from the abrupt change in either the interaction between the polymer chains and 

the swelling medium (the mixing and ionic term of chemical potential, Eqs. 1.5 and 1.7) 

or the number of chemical and/or physical netpoints (elastic term of chemical potential, 

Eq. 1.6). The most important stimuli and examples of their utilization in smart drug 

delivery is discussed in the following paragraphs with an emphasis of enzyme-responsive 

hydrogels. 

Temperature and pH have direct relevance in biomedical applications because smart 

response can be triggered by the change of these physiological parameters of the human 

body. The most extensively studied thermoresponsive polymer is 

poly(N-isopropylacrylamide) (pNIPA) exhibits a phase transition at around 32 °C. 

Hydrogels based on pNIPA hence shrink upon heating due to the phase separation of the 

polymer above its lower critical solution temperature [28]. Polyelectrolyte hydrogels such 

as cross-linked poly(acrylic acid) swell and shrink in response to the pH change due to 

the different solubility of the polymer in protonated and deprotonated state [6].  

Glucose-sensitive gels such as microgels with phenylboronic acid (PBA) moieties are 

suitable for the controlled delivery of insulin [29]. Glucose is able to bind to a PBA group 

shifting the equilibrium to the charged state of the moiety causing the reversible swelling 

of the hydrogel.  

The differences in the redox potential in normal cells and tumor cells is a promising 

opportunity for the targeted delivery of anticancer drugs with a low therapeutic index. 

Tumor cells often have an elevated level of glutathione (GSH), hence a more reductive 

environment compared to normal cells. Redox-sensitive nanogels of hyperbranched 

polyglycerol cross-linked with disulfide bonds were prepared by Zhang et. al. [30]. 

Doxorubicin was conjugated to the matrix via an acid labile hydrazone linker. Reduction 

of disulfides caused the disintegration of the carrier at high reducing conditions in the 

cancer cell, acidic conditions of the endosomal/lysosomal compartment facilitated the 

cleavage and release of doxorubicin.  

Enzymes catalyze a broad scale of biochemical reactions in the human body to 

control various nanoscale (e.g. protein expression, formation of cellular adhesion, signal 

transduction) and macroscale processes (e.g. cell movement, muscle contraction). The 

most important advantages of enzymes are their high specificity and selectivity for their 

substrates, catalytic efficiency, inherent biocompatibility and their availability at the site 

of action, i.e. they do not need to be added externally. As the presence and activity of 

enzymes are finely tuned to regulate biological processes, the imbalances of expression 

or activity of enzymes often occur in disease states can be utilized and translated into a 

suitable material response of a hydrogel. Enzymes typically catalyze bond formation 

(condensation, phosphorylation) or bond cleavage (hydrolysis, dephosphorylation), 

thereby incorporating substrates in a hydrogel matrix either in the polymer backbone, as 

cross-linker or as a dangling chain, the enzymatic reaction can be translated to swelling 

[31–34], gel-sol or sol-gel transition [35–40]. Various enzymes have been reported to 

induce such a response, e.g., dextranase [41], horseradish peroxidase [35,38,39] or 

proteases [37,42–59]. The hydrogels responsive to enzymes can be used as scaffolds with 
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controlled rate of degradation [37,42–44,52,59] or in controlled drug delivery exploiting 

the change in the expression or activity of the enzymes at certain disease sites [48–

50,55,56,60,61]. The degradation of polymer hydrogels can be classified into at least two 

different categories: the degradation of the polymer backbone [41,62] or that of the cross-

linkers [37,42–59,63]. The third possibility, cleavage of pendant groups from the 

backbone chains may or may not result in the dissolution of the hydrogel [64]. 

Enzymatically degradable hydrogels are often synthesized by the 

copolymerization of acrylated peptide derivatives [42,52–57]. Click reactions are also 

used such as the Michael addition of cysteine thiols with vinyl-sulfone [37,43,59], 

maleimide [44] or norbornene functionalized polyethylene glycol [45,58]. Copper 

catalyzed Huisgen cycloaddition of azido-terminated PEG and alkyne-terminated 

peptides [46] or alkynated PEG and peptide azides [47] can be used as well. The carboxyl 

groups of the polymer and the terminal amine groups of the peptides can be coupled by 

p-nitrophenyl ester activation [48] or carbodiimide chemistry [49–51,61]. The drawback 

of all these methods is that they require the derivatization of the polymer before the cross-

linking reaction, and the acrylate polymers are not biodegradable.  

The possibilities of enzymatically controlled drug delivery systems are demonstrated 

through the example of a thrombin-responsive hydrogel for heparin release to quench 

blood coagulation (Figure 1.3). The hydrogel is a starPEG-heparin system cross-linked 

by a thrombin-sensitive peptide sequence. Thrombin is the key protease enzyme of the 

coagulation cascade generated from prothrombin caused by the exposure of blood to 

foreign materials. Elevated levels of thrombin initiates the cleavage of the cross-linker 

peptide NH2-Gly-Gly-(D)Phe-Pip-Arg-Ser-Trp-Gly-Cys-Gly-CONH2 between arginine 

and serine. Heparin is released with the kinetics depending on the degree of cross-linking. 

Heparin catalyzes the complexation of thrombin with its plasma-based inhibitor, 

antithrombin resulting in the inactivation of thrombin. Removal of thrombin from the 

system terminates gel degradation and further heparin release. [49] 

Another notable example is an orally administered trypsin-responsive hydrogel for 

the delivery of human factor IX. It is aimed to improve current, invasive protein 

replacement therapies for haemophilia B as it is able to protect its payload in the stomach. 

The hydrogel is based on poly(methacrylic acid)-graft-poly(ethylene glycol) and an 

oligopeptide sequence of GRRRGK (G-glycin, R-arginine, K-lysine) was incorporated 

as cross-linker by coupling with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). 

The peptide sequence was selected for targeted cleavage by trypsin and resistance to 

degradation by pepsin. The hydrogel microparticles showed minimal release of factor IX 

under gastric conditions, and the release was triggered by enzymatic degradation under 

intestinal conditions. [50] 

Enzyme-responsive gels may find their application in the field of regenerative 

medicine as well. 3D polymer scaffolds that mimic the native extracellular matrix and 

promotes tissue regeneration can also be prepared by using oligopeptide cross-links that 

are responsive to enzymes secreted or locally activated by migrating cells such as 

different types of matrix metalloproteases. Hence, this biodegradable artificial 

extracellular matrix provides the opportunity of creating completely new natural tissue, 

and a residual scaffold does not remain that may impede the functional adaptation of the 

new tissue. [42,65,66] 



22 

 

 

Chapter 1 

 

Figure 1.3 Autoregulation of heparin release from thrombin-sensitive starPEG-heparin 

hydrogels. (a) Thrombin generation from prothrombin. (b) Thrombin cleaves the cross-

linker peptide, through this, heparin is released. (c) Released heparin causes inactivation 

of thrombin. (d) Removal of thrombin terminates further heparin release.[49] 

 

1.1.3.2. In situ forming hydrogels  

In situ forming hydrogels, as a class of smart hydrogels have been gained particular 

interest. In situ gels offer an easy, minimally invasive administration of the system to the 

site of action, a simple encapsulation of a payload and they can easily take on a complex 

shape, and adhere to the surrounding tissues. In situ gels form from their precursor 

solution at the site of action in the human body. Their benefits are significant, however, 

there are numerous requirements to ensure biological safety and the convenience of use 

as well. An aqueous precursor solution with a low viscosity must be used. The reaction 

of gel formation must be facile without significant heat effect. Cross-linkers or reagents 

that may be toxic or interact in any undesired way with the surrounding organs must be 

avoided. It can be convenient to completely avoid cross-linkers; photopolymerization, 

redox and enzymatically induced gelation can be promising alternatives. Physical 

methods, such as thermogelling, pH induced or ionotropic gelling are also common 

methods to ensure biocompatibility, however, physical gels often lack the sufficient 

mechanical strength and cohesiveness. Biodegradability of in situ gels after fulfilling 

their purpose is also very advantageous. In situ gels are often utilized as injectable devices 

(e.g. subcutaneous administration), either as tissue engineering scaffolds or for the 

delivery of drugs, genes, or cells. [7,67] 
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In situ gels can be also applied externally as topical drug delivery systems such as 

ophthalmic applications which is in the focus of this thesis. Drug delivery in the eye is 

extremely difficult as the area for absorption is limited, and the normal ocular clearance 

mechanisms (blinking and lacrimation) lead to the rapid precorneal elimination of the 

active pharmaceutical ingredient (API) and poor bioavailability. Bioavailability of 

ophthalmic drugs is increased by prolonging the contact time between the dosage form 

and the corneal or conjunctival epithelium and by slowing drainage. Ophthalmic in situ 

gelling systems are viscous liquids that, upon exposure to physiological conditions, shift 

to a gel phase, causing an increase in the ocular residence time via enhanced viscosity. 

The gelation occurs by changing the pH, the temperature or due to the presence of certain 

electrolytes in the tear film. In order to achieve sufficient increase in residence time, it is 

beneficial to complement in situ gelling with mucoadhesive property (see section 1.2). 

[68–70] 

The most important thermoresponsive polymers used in ophthalmic delivery are, 

xyloglucan, pNIPA and triblock copolymers of polyoxyethylene and polyoxypropylene 

(PEOn-PPOn-PEOn, Pluronics®, Poloxamers® etc.). Pluronic® F-127 (PF-127) is a 

12 KDa polymer with a PEO:PPO ratio of 2:1. Its 20-30 wt% aqueous solution is a 

transparent liquid at lower temperatures (4-5 °C) and it converts to a colorless, 

transparent gel above 35 °C [69]. Due to the strong concentration dependence of the sol-

to-gel transition, PF-127 is often combined with other polymers. For example, Mayol et. 

al. prepared mixtures of PF-127, PF-68 and hyaluronic acid (HA) formulated with 

acyclovir, a poorly water-soluble antiviral drug [71]. The addition of HA allowed the 

adjusting of thermosensitive and mucoadhesive properties, resulting in prolonged and 

controlled release of acyclovir for more than six hours. Sustained release of pilocarpine 

was investigated by Miyazaki et. al. with xyloglucan and PF-127 blends [72]. Hsiue et. 

al. prepared linear and cross-linked pNIPA nanoparticles with encapsulated epinephrine 

for glaucoma treatment [73]. The decreased pressure response lasted 6-8 times longer 

than that of conventional eye drops. 

The pH-responsive polymers most widely used are poly(acrylic acid) (PAA, often 

under the trade name Carbopol which is a loosely cross-linked form of PAA), chitosan 

and cellulose acetate phthalate. A 0.3% aqueous solutions of Carbopol 934P NF is less 

viscous at pH = 4 but undergoes a rapid gelation upon increase in pH to physiological 

value. The gel is thixotropic with a viscosity of 40 Pas at 1 1/s shear rate. This property 

was utilized for pilocarpine release in combination with PF-127 as well [74]. Wu et. al. 

prepared a formulation of Carbopol 974P and HPMC E4M (a type of hydroxypropyl 

methylcellulose) carrying baicalin, a flavonoid with anti-inflammatory and anti-cataract 

effects. Viscosity increased from 50 Pas at pH = 5 to 200 Pas at pH = 7 and the 

formulation enhanced the bioavailability of the drug. [75]  

Ionotropic or ion-activated polymers such as gellan gum and sodium alginate can 

undergo sol-to-gel transition in the presence of electrolytes of the tear fluid. Gelrite (a 

trade name of gellan gum) increased the ocular drug bioavailability of timolol. [76]  

Viscosity of in situ gelling ophthalmic systems should be around 0,05-50 Pas [69], 

however, the high viscosity by itself may not be efficient enough to reach a prolonged 

residence time, a cohesive gel is needed. The examples mentioned in this section are 

promising, but the mechanical properties of these non-cohesive physical gels are 

presumably not sufficient but they are difficult to evaluate because their rheology is not 
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thoroughly investigated. Measurements are often limited to viscosity, viscoelastic 

properties are rarely quantified. It is also important to note that too high viscosity can 

cause discomfort or blurred vision, while a stiff material may cause foreign body 

sensation. 

 Mucoadhesive drug delivery  

Bioadhesion means the continuous attachment of a material or a dosage form to the 

surface of a biological substrate by interfacial forces [77]. When the biological substrate 

is a mucous membrane, the term mucoadhesion is often used. Mucous membranes are 

moist surfaces lining various cavities such as respiratory, gastrointestinal, reproductive 

and oculo-rhino-otolaryngeal tracts. They are the primary barrier between the external 

world and the interior of the human body. The phenomenon of mucoadhesion is widely 

researched in the last few decades to achieve efficient site-specific drug delivery. Along 

with the API, mucoadhesive pharmaceutical formulations contain mucoadhesive 

hydrophilic polymers ensuring that the formulation adheres to the biological surface to 

achieve a longer residence time for localized drug delivery. As a result of intimate 

contact/continuous attachment, the residence time of the formulation is elongated at the 

delivery site and it provides a constant drug absorption and the possibility to lower 

administration frequency. The enhanced bioavailability enables the use of lower API 

concentrations for disease treatment, and dose-related side effects may be reduced. 

Significant advantage is that the first-pass metabolism is avoided. [78–80] 

Diverse types of mucoadhesive dosage forms have been developed for the controlled 

delivery of therapeutic agents to many mucosal membrane-based organelles. Gels, 

ointments, and films are used for buccal delivery which is a safe and easy method of drug 

utilization and it is often associated with high patient compliance [78,81]. Vagina 

provides a promising site for systemic drug delivery due to its large surface area, rich 

blood supply and high permeability, but poor retention due to the self-cleansing action of 

the vaginal tract is often problematic. Typical formulations are vaginal gels [78,82]. The 

pulmonary and nasal delivery has similar benefits and challenges to those of the vaginal 

route. Successful nasal delivery has been obtained using solutions, powders, gels [78,83]. 

High patient compliance makes oral ingestion the most preferable route of drug delivery. 

Despite a few notable exceptions, mucoadhesive drug delivery systems have to date not 

reached their full potential within oral drug delivery. The significant problem with large 

mucoadhesive solid dosage forms such as tablets is the poor adherence to mucosal 

surfaces due to the vigorous movement of the gastrointestinal tract. [78] 

As it was discussed in the previous section, ophthalmic drug delivery holds major 

challenges. Most conventional formulations such as eye drops, gels and ointments require 

high-frequency dosing and low patient compliance is also a concern. Various 

mucoadhesive dosage forms have been used to address these challenges. In liquid dosage 

forms, such as viscous eye drops, mucoadhesive performance is limited due to the lack 

of cohesiveness in the material. Semi-solid dosage forms such as ointments or in situ 

gelling devices provide better interactions and a longer residence time due to the 

increased polymer concentration and slightly better cohesiveness. One of the major 

concerns can be the non-specificity of the adhesion process. Mucoadhesive polymers 

would be expected only to attach to conjunctival mucus in vivo, but migration may result 

in causing deposition of semisolid within the corneal area, bringing with it a detrimental 
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effect on visual acuity. A cohesive, e.g. chemically cross-linked in situ gel could provide 

a better solution, however, it may cause blurred vision or patient discomfort. 

Mucoadhesive solid ocular inserts show good in vivo performance, and therapeutic drug 

concentrations are maintained for an extended period of time in the tear film and anterior 

chamber, but their rigidity can be greatly uncomfortable for patients. [69,70,78,84,85] 

1.2.1. Structure of mucous membranes and mucins 

Mucous membranes consist of one or more layers of epithelial cells overlying a layer 

of loose connective tissue [80,86,87]. The goblet cells in the columnar epithelium secrete 

mucus, a viscoelastic gel. Mucus serves as lubrication and also a protective barrier to 

pathogens and noxious substances but it is permeable layer for the exchange of gases and 

nutrients. Mucus is also the first barrier, enteric drugs must diffuse through to reach the 

circulatory system. Mucus is primarily composed of water (ca. 95%) and its main 

component that is responsible for its viscoelastic properties is the mucin glycoprotein. It 

also contains salts, lipid and proteins which serve defensive purposes. [80,86,87] 

There are two main types of mucins, membrane-bound and secreted (soluble) mucins. 

Soluble mucins are large glycoproteins with a molecular weight of 0.5-20 MDa. Mucins 

are composed of 500 kDa subunits (Figure 1.4) that are linked together by peptide 

linkages or intramolecular disulfide bridges. Each subunit consists of a protein core and 

oligosaccharide grafted chains. These oligosaccharide chains of 5-15 monomers are 

attached to the protein core by O-glycosidic bonds and arranged in a “bottle-brush” 

configuration around the protein core. They make up about 80% of the molecular weight. 

The remaining 20% of the molecular weight is the protein core that is arranged into two 

distinct regions. First, a central glycosylated region, which is comprised mostly of serine, 

threonine and proline (STP repeats) making up 60-70% of the amino acids. Second, 

located at the amino and carboxy terminals, and sometimes interspersed between the STP 

repeats, are regions with low glycosylation and high proportion of cysteine (>10%).  

 

Figure 1.4 (a) Schematic structure of procine gastric mucin subunit consisting of 

glycosylated regions flanked by regions with low glycosylation. (b) Symbols of different 

domains.[86] 

Most mucins carry a net negative charge due to the presence of carboxylate groups of 

sialic acid and ester sulfates at the terminus of some oligosaccharide side chains. As the 

pKa value of these acidic groups is 1.0-2.6 they are completely ionized under 

physiological conditions. [80,86,87] 

a) 

b) 
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The pH of the mucus varies depending on the site of the human body. In the lung and 

nasal cavity, it is close to neutral or slightly acidic (pH = 5.5-6.5) and in the eye it is 

slightly basic (pH ≈ 7.8). In the mouth, the pH ranges from 6.2-7.4. The gastric mucus 

shows wider pH variability. The luminal pH is 1.0-2.0 and the pH on the epithelial surface 

is ≈ 7.0. Mucus is a dynamic system that is reformed continuously through the secretion 

of mucins from the goblet cells. It has a relatively short life time, with a clearance period 

varying from 5.0–7.7 min in the eye, 10– 20 min in the respiratory tract to 4–6 h in the 

gastrointestinal tract. The thickness of the mucus layer ranges from 1 to 400 µm with a 

mean of 200 µm in humans. Toxic and irritating substances can stimulate mucus 

secretion, leading to its thickening and facilitating efficient removal of irritants from the 

epithelium. [80,86,87] 

1.2.2. Mechanism of mucoadhesion 

Mucoadhesion is a complex phenomenon and several approaches were proposed to 

explain its mechanisms. In most literature sources six basic concepts are listed which are 

the following: electron transfer, adsorption, diffusion, wetting, fracture, and mechanical. 

These concepts describe mucoadhesion from different perspectives, and not all of them 

fall into the same category. Electron transfer, adsorption, diffusion can be discussed 

together as they can be identified as the key processes occurring during the formation of 

an adhesive joint. 

If the adhering surfaces have different electronic band structures, an electron transfer 

will occur upon contact and an electrical double layer forms at the interface. This concept, 

however, caused controversy, as it is not clear that electron transfer is the cause or only 

the result of high joint strength [78,80,87]. Also, it must be noted, that no literature source 

was found where the occurrence of this process was observed and proven during 

mucoadhesion. 

The adsorption concept suggest that the adhesive joint is the result of various primary 

and secondary interactions between the mucus layer and the mucoadhesive polymer. 

Electrostatic interactions act primarily between negatively charged sialic/sulfuric acid 

residues localized at the termini of the oligosaccharide side-chains. The pKa of sialic acid 

is 2.0-2.6, hence they have negative charge in the majority of conditions (except gastric), 

and mucins are able to bind to positively charged molecules. Anionic molecules can also 

bind to mucins by the positively charged amino acids present in the terminal domains. 

Hydrogen bonding can involve both carbohydrate and naked protein domains. 

Association of hydrophobic domains may also play an important role in the case of 

amphiphilic polymers, however it is not considered as a distinct secondary bond. 

Chemisorption by covalent attachment also results in adhesion. [80,87,88] 

The diffusion concept considers the interdiffusion of mucoadhesive polymer chains 

and mucin glycoprotein chain network and they form physical entanglements. The 

process depends on the temperature, molecular weight, cross-linking density and chain 

mobility. The depth of interpenetration depends also on the the time of contact. [78,80,87] 

Wetting is, however, merely a macroscopic phenomenon through which the effect of 

the above mentioned processes can be observable specifically in the case of liquid 

formulations. The better ability of polymers to spread on the mucosal surface usually 

associated with stronger interactions on the interface, hence better mucoadhesive 
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properties. Wettability can be determined from solid surface contact angle measurements. 

[78,80,87] 

The fracture concept is a different approach, it defines the strength of the adhesive 

bonds as the force required to separate the mucous membrane and the dosage form, i.e. it 

describes a property of the adhesive joint and not the mechanism of its formation. 

[78,80,87] 

The mechanical concept considers the effect of surface roughness, which favors the 

adhesion due to an increased contact area [78,80,87]. Surface roughness is merely one 

factor that influences the efficiency of adsorption and diffusion, eventually the strength 

of the adhesive joint, and should not be discussed separately from other influencing 

factors (e.g. chemical structure and molecular weight of the mucoadhesive polymer). 

In a completely different approach, Smart identified two basic steps to describe the 

adhesive process of solid formulations. Step 1 is the contact stage when an intimate 

contact occurs between the mucoadhesive polymer and the mucous membrane. Step 2 is 

the consolidation stage when physicochemical interactions already discussed form to 

consolidate and strengthen the adhesive joint leading to prolonged adhesion. In the course 

of the process, interpenetration of the mucoadhesive polymer and the mucin glycoprotein 

and dehydration of the mucus gel layer by the swelling of the solid dosage form occur. 

[78,87,89] 

The process is slightly different in the case of semi-solid formulations. Semi-solid 

formulations include weak physical hydrogels and ointments consisting of powdered 

mucoadhesive polymer dispersed in a hydrophobic (paraffin) base. The efficiency of the 

semisolid adhesion is primarily defined by the wettability and the rheology of the 

formulation. Retention time depends on the environment and the stresses applied, but 

instead of adhesive failure of the bond, probably a cohesive failure of the semi-solid 

formulation will occur. [78,87,89] 

Mucoadhesive materials can be incorporated into aqueous solutions that can be used 

as drug delivery systems, such as eye drops or mouthwashes. A mobile liquid will be 

readily removed from the mucin surface, unless given highly viscous or gel-like 

rheological properties as described above. However, it is possible to get components of 

such a solution to deposit onto a surface. Chitosan and poly(acrylic acid) in dilute 

solutions were found to bind to buccal cells in vitro and to be retained in vivo for over 

two hours, although, the efficiency of drug delivery from such a system is questionable. 

[78,87,89] 

1.2.3. Methods to study mucoadhesion 

There is an obvious need for the evaluation of the performance of mucoadhesive 

formulations in order to promote their development. This task, however, is rather 

complex. The different types of mucous membranes in vivo, their heterogeneous surface 

on a vertical and a horizontal level, water content, continuously changing and vulnerable 

nature of the mucous gel layer on the surface makes difficult to implement standardized 

methods. Mostly in vitro methods with excised mucous membrane are used, which are 

suitable only for comparison of formulation within a single research work. Different 

experimental setups, measurement parameters and substrates makes the comparison 
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between results of different research groups difficult [80,90]. The substrates of in vitro 

(or ex vivo) methods are derived from either sacrificial animals or local slaughterhouses. 

The substrates have limited availability, poor reproducibility and short shelf life (e.g. 

freezing and thawing also have an effect on tissue characteristics). There are a few 

research results on developing reproducible synthetic substrates and mucous-mimetic 

materials but none of them is generally accepted [91,92]. However, there are a number 

of methods that are useful for the assessment of mucoadhesive performance.  

One of the most widespread methods is the tensile test as it is simple and no special 

equipment is needed. In the course of the test, the formulation is fixed on a probe and it 

is brought into contact with the substrate, then, the adhesive bond is broken, and the force-

displacement curve is recorded. A typical curve is shown in Figure 1.5. The peak of the 

curve is the adhesive force, the area under the curve is defined as the total work of 

adhesion. The tensile test only partially reproduces the detachment process as the tensile 

forces are rare, mostly shear forces or a combination of forces act on the adhesive bond, 

but it is good for assessing the relative performance of formulations or materials. Tensile 

tests are mostly used for solid formulations, tablets and discs, powders, granules. 

Semi-solid formulations can also be measured but special care must be taken as fixing 

the formulation on the probe is troublesome, and cohesive failure of the formulation often 

occurs which leads to false results. [80,90] 

 
Figure 1.5 (a) Typical force-displacement curve. A is the maximal detachment force, B 

is the total work of adhesion (area under the curve). (b) Illustration of the tensile test of 

a mucoadhesive tablet. [80] 

The rotating disc method is suitable for estimating the time of detachment, dissolution 

or disintegration of a solid formulation in a dynamic liquid environment, under vigorous 

flow conditions modelling the GI tract. The substrate is fixed on a cylindrical probe, the 

formulation is attached onto it, and then they are immersed in a medium at 37 °C and 

rotated at a given rate. The time of detachment, dissolution or disintegration is an 

indication of the mucoadhesive performance. [80,90,91] 

The flow-through method models regions of the body where formulation is affected 

by flow of a biological fluid that washes off the dosage form. Unlike the rotating disc 

method, flow-through is better for semi-solid formulations, non-cohesive materials. In 

the experimental setup a slide is covered with substrate, the formulation is attached, then 

a flow of a simulated biological fluid is maintained. The material washed-off is monitored 

a) b) 
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at the end by a suitable method, e.g. spectroscopic analysis [80,90,91]. Other methods, 

such as sliding parallel plate, Wilhelmy plate tests, peel tests, etc. appear sporadically in 

the literature. [90] 

These methods are mostly useful for evaluating a formulation, but it is also important 

to study the mucoadhesive interactions at smaller scale between the mucin and the 

mucoadhesive polymers to gain a deeper understanding of the phenomenon, promoting a 

more efficient material development. Interactions are studied with various in vitro 

physical techniques including rheology, optical spectroscopy, etc. They are most 

frequently performed with a colloidal dispersion of lyophilized porcine gastric mucin for 

increased reproducibility. Mucin dispersion has a negative surface charge (a zeta potential 

of -19.4 mV [93]), an average particle size of ca. 800 nm and a neutral pH. Turbidimetric 

titration is a common method to study the adsorption of a mucoadhesive polymer on 

mucin particles. Upon addition of mucoadhesive polymer such as chitosan to a mucin 

dispersion, mucin-polymer interactions lead to the aggregation of mucin particles due to 

a bridging effect. The aggregation causes increased turbidity. Further addition of the 

polymer results in disaggregation, as the polymer bridges cease and the chains cover the 

mucin particles. This is indicated by the decrease of turbidity. The process is shown in 

Figure 1.6. [93,94] 

 

Figure 1.6 Aggregation and disaggregation of mucin particles in the presence of a 

cationic polymer; (a) mucin dispersion; (b) mucin dispersion in the presence of a small 

portion of the polymer; (c) mucin dispersion in the presence of excess of polymer. [93] 

The turbidimetric titration can also be performed in the presence of different additives 

that inhibit a certain interaction, thus, the interactions that play a key role in the process 

can be identified including electrostatic interactions, hydrogen bonding or hydrophobic 

association. As the aggregation/disaggregation mechanism causes the shifting of the 

particle size distribution of the dispersion, dynamic light scattering (DLS) is also a 

feasible method to monitor it [93,94]. Comparing the interactions of different polymers 

is difficult by DLS due to the different initial size of the macromolecules. Mucin-polymer 

interactions also influence the surface charge of the mucin particles. According to zeta 

potential measurements, the addition of a cationic mucoadhesive polymer to the 

dispersion causes the change of surface charge to positive values due to the adsorption 

process, while the addition of the negatively charged polymer such as poly(aspartic acid) 

caused further accumulation of negative charge. [93,94] Presence of hydrogen bonds, or 

the spatial proximity of functional groups can be perceived by the shift of NMR and IR 

peaks. Isothermal titration calorimetry (ITC) is a relatively new method to study 

mucoadhesive interactions; binding enthalpy, binding constant and stoichiometry of 

b) c) a) 
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binding can be determined. [90] For example, poly(acrylic acid) with a molecular weight 

of 450 kDa has a -2.16 kJ/mol binding enthalpy and 1.56∙105 1/M binding constant 

towards porcine gastric mucin [94]. Surface techniques such as atomic force microscopy, 

surface plasmon resonance, X-ray photoelectron spectroscopy were also used to study 

interactions on a molecular level. [90] 

Rheological methods are also reported in the literature to study interactions and they 

could also be useful for evaluating semi-solid or liquid formulations [95]. In these reports, 

viscosities of the mixture of a polymer solution and mucin dispersion as the 

interpenetration layer is simulated to some extent. The hypothesis is that in case of strong 

interactions, the viscosities of the mixture is greater than the sum of the viscosities of the 

polymer solution and the mucin dispersion according to Eq. 1.13: 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑚𝑢𝑐𝑖𝑛 + 𝜂𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜂𝑚𝑢𝑐𝑜𝑎𝑑  

where ηmucin and ηpolymer are the viscosities of the mucin dispersion and the polymer 

solution, respectively, ηtotal is the viscosity of the mixture, and ηmucoad is a so-called 

synergistic parameter. The assumption of the additivity of the viscosities in case there is 

no mucoadhesive interaction expected is a very rough estimation and a vast 

oversimplification as the relationship of interactions can be more complex, furthermore, 

viscoelastic properties are also neglected in this approach. The reliability of this method 

is limited, and it must always be used in conjunction with other methods. 

1.2.4. Mucoadhesive polymers  

Mucoadhesive dosage forms are always prepared using a hydrophilic polymer that is 

responsible for their ability to adhere to mucosal membranes. Some general structural 

characteristics necessary for good mucoadhesion can be identified as follows: 1. Strong 

anionic or cationic charges, 2. Strong hydrogen bonding groups (e.g. carboxyl, amino 

groups), 3. High molecular weight, 4. Chain flexibility, 5. Surface energy properties 

favoring spreading on the mucus layer (This point is often listed, yet it is not an 

independent property but a consequence of the chemical structure), 6. Specific chemical 

binding sites (second generation). Not all of these characteristics must be possessed at 

the same time. Mucoadhesive polymers are classified as first and second generation 

materials. First generation polymers are typically materials that have already been used 

for a long time in the pharmaceutical industry and they meet with most of the previous 

requirements. Second generation mucoadhesive polymers are chemically modified 

(engineered) materials in order to achieve improved mucoadhesive properties. [78,80,87] 

First generation polymers are classified according to their charge. Mucoadhesive 

character of anionic poly(acrylic acid), poly(methacrylic acid), carboxymethylcellulose, 

sodium alginate and poly[(maleic acid)-co-(vinyl methyl ether)] is attributed to their 

ability to form hydrogen bonds with the oligosaccharide side chains of mucin. The 

strongest mucoadhesion is observed under acidic conditions as carboxyl groups can form 

hydrogen bonds in their protonated form. Cross-linking density is also found to be an 

important factor, a higher amount of cross-linker decreases chain flexibility and hinders 

the formation of an interpenetrating layer. Solutions of some Carbopols exhibit pH-

triggered in situ gelling properties upon increase of pH, which can be utilized in ocular 

dosage forms. [80]  

(1.13) 
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The most extensively studied cationic polymer is chitosan. Chitosan is a linear 

polysaccharide consisting of β-(1-4)-linked 2-amino-2-deoxy-D-glucose residues, 

synthesized by the alkali N-deacetylation of chitin. Chitosan has a number of favorable 

properties such as degradability by human enzymes, biocompatibility, low toxicity, 

wound healing properties and the ability to enhance penetration through the mucus layer. 

The mucoadhesive properties of chitosan is related to its cationic nature, therefore its 

ability to form electrostatic interactions with negatively charged mucins. Additionally, 

the hydroxyl and amino groups may interact with mucin via hydrogen bonding, and 

hydrophobic effects may also play a certain role. The amine group on the repeating units 

has a pKa value of 5.6-6.5 resulting in poor solubility at neutral and alkaline pH which 

limits its usage. At acidic condition it becomes soluble via the protonation of the amine 

group. Other cationic mucoadhesive polymers include some synthetic polymethacrylates 

and chitosan derivatives such as trimethyl chitosan, glycol chitosan, 

carboxymethylchitosan, half-acetylated chitosan or other semi-synthetic polymer such as 

aminated gellan gum [80,93,96–100].  

The most important second generation mucoadhesives are thiolated polymers. In 

addition to secondary interactions discussed in the case of first generation polymers, 

thiolated polymers are able to form covalent bonds with the cysteine-rich subdomains of 

the mucus gel layer through oxidation and thiol-disulfide exchange reactions leading to 

enhanced mucoadhesion as it is shown on Figure 1.7. [101–107] 

 

Figure 1.7 Formation of disulfide bonds between a thiolated mucoadhesive polymer and 

the cysteine-rich subdomains of the mucus gel layer. 

These reactions occur during the interpenetration process and disulfide bridges are 

connected within the thiolated polymer itself and lead to additional anchors by chaining 

up with the mucus layer. The mechanism can be described by penetration of the 

bioadhesive into the mucosal membrane followed by a stabilization process of the 

adhesive material [101]. Four to 250-fold improved mucoadhesive properties were 

achieved by thiolation compared to the non-modified polymers [78]. Thiolated polymers 

also improve absorption of drugs by inhibiting P-gp efflux protein and by permeation 

enhancing effect via the reversible opening of tight junctions between the cells [101,103]. 

Potential of thiolated polymers were demonstrated with micro- and nanoparticles, matrix 

tablets and liquid formulations for oral [108,109], buccal [110], nasal [111] and ocular 

drug delivery [112]. A thiolated chitosan based eye drop, Lacrimera® (Chroma-Pharm) 

has been released onto the European market as a daily treatment to dry eye syndrome 

providing lubrication for approximately 12 h [102].  
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Thiolated polymers are sensitive to atmospheric oxidation in aqueous media at a pH 

where sufficient amount of thiolate anions are present. The rate of the oxidation depends 

on the pKa of the thiol groups but the charge of the neighboring functional groups on the 

polymer also plays a significant role [107]. Thus, thiolated polymers, often show 

relatively low stability in solutions, as they are a subject of thiol oxidation at atmospheric 

conditions at pH above 6. On the other hand, disulfide formation at the site of action at 

physiological conditions is sometimes too slow unless an oxidizing agent is added 

externally. Therefore, thiol protected and at the same time preactivated derivatives were 

developed [113–115]. Conjugating thiol groups with a thiopyridyl substructure prevents 

their premature oxidation and facilitates disulfide formation at the site of action as pyridyl 

disulfides react very rapidly with thiol groups over a broad pH range because of the 

electron withdrawing effect of the π-system of the aromatic ring making the thiopyridyl 

group easy to be cleaved off. These polymers were proposed to be an excipient in tablets 

[113,116,117], semi-solid formulations [115] and nanoparticles [118].  

Most first generation polymers offer good biocompatibility and low toxicity as they 

have been known for a long time. Biological safety of novel thiolated polymers must be 

evaluated, however no adverse effects were found so far [119]. Special care must be taken 

in the case of S-protected polymers, as during the reaction of these materials with the 

mucin glycoprotein, the thiopyridyl protecting group is always released as a side-product 

of the thiol-disulfide exchange reaction. Thus, assessing biocompatibility not only of the 

polymer but of the protecting group is of utmost importance. 

According to Khutoryanskiy [80], it would be useful to have a further expansion of a 

range of thiolated polymers, particularly, the development of novel derivatization 

approaches to thiolate non-ionic polymers may offer an excellent way to improve their 

poor mucoadhesive performance. 

Other second generation mucoadhesive polymers are also reported in the literature. 

Poly(ethylene glycol) diacrylate is able to react with thiol groups of mucin through 

Michael addition under physiological conditions. Polymers containing phenyl boronate 

functional groups are capable to form reversible covalent complexes with the 

oligosaccharide side chains of mucin at pH = 9. [80] Lectins are carbohydrate-binding 

proteins that are highly specific for sugar groups of other molecules. They are able to 

recognize receptor-like structures of the cell membrane and therefore bind directly to the 

epithelial cells themselves (“cytoadhesion”) rather than to the mucus gel layer. This 

special characteristic can be exploited for designing cell- and site-selective delivery 

vehicles [120,121], but the high price of lectins limits their application.  

 Synthesis of thiolated polymers  

1.3.1. Thiolation by post-polymerization modification 

The most convenient method to prepare polymers with thiol functions is post-

polymerization modification. Thiolated polymers in mucoadhesive drug delivery are 

predominantly synthesized by this approach as they are based on conventional (non-

thiolated) mucoadhesive polymers. 

The most common reaction pathway is the carbodiimide mediated coupling of amine 

and carboxylic acid groups resulting in amide bonds. The general reaction mechanism is 
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shown in Figure 1.8. First, an activated O-acylisourea is formed between the 

carbodiimide and the carboxylic acid group of the ligand, then the amide group is formed 

with the primary amine group of the polymer meanwhile a urea type side product is 

released. The most commonly used coupling agent is 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), which is a water soluble compound typically used in the pH range 

of 4-6. Occasionally, EDC is used in combination of N-hydroxysuccinimide (NHS) to 

increase yields and decrease side reactions. EDC couples NHS to carboxyls forming an 

NHS active ester that is more stable and allows efficient conjugation to primary amines. 

Other carbodiimides such as diisopropyl carbodiimide and dicyclohexyl carbodiimide are 

mostly used in peptide synthesis.  

Both cationic and anionic polymers can be thiolated with carbodiimide method. 

Amine groups of chitosan can be thiolated with thioglycolic acid [111,122–124] or N-

acetylcysteine [125] to obtain mucoadhesive polymers. Carboxylic acid group bearing 

polymers such as poly(acrylic acid) [105,112,126–129], pectin [117], or alginate [130] 

can be performed with ligands with primary amines such as cysteamine or cysteine. 

 

Figure 1.8 Coupling of carboxylic acids and primary amines using carbodiimide 

chemistry. R−COOH: thioglycolic acid, N-acetylcysteine, cysteine and R”−NH2: 

chitosan or R−COOH: poly(acrylic acid), carboxymethyl cellulose, pectin, alginate and 

R”−NH2: cysteamine, cysteine. 

In the case of polymers with primary amine groups such as chitosan, it is an elegant 

method to perform thiolation with 2-iminothiolane (Traut’s reagent) yielding chitosan-4-

thiobutylamidine (Figure 1.9a) [104]. The reaction does not utilize coupling agent and no 

side product is generated. As 4-thiobutylamidine substructures turned out to be 

chemically unstable, isopropyl-S-acetylthioacetimide is preferred to be used instead. The 

reaction of chitosan and isopropyl-S-acetylthioacetimide yields chitosan-

thioethylamidine (Figure 1.9b) [131]. The same techniques can be applied for other 

amine-bearing polymer such as gelatine [132] polyallyamine [133].  
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Figure 1.9 Formation of amidine bonds by the reaction of primary amines either with (a) 

2-iminothiolane (Traut’s reagent) or with (b) isopropyl-S-acetylthioacetimide. 

Owing to the vicinal diols of polysaccharides, such as hydroxyethylcellulose, they are 

also accessible for thiolation. First, the vicinal diol moiety is cleaved by sodium periodate 

oxidation resulting in a dialdehyde, then the polymer is reacted with a primary amine 

(e.g. cysteamine) under reductive conditions in the presence of sodium cyanoborohydride 

resulting in a secondary amine group (Figure 1.10). [134–136] 

 

Figure 1.10 Periodate oxidation of vicinal diols of hydroxyethylcellulose followed by the 

reductive amination with cysteamine. 

Hydroxyl groups of hydroxyethycellulose (HEC) can be also converted to thiols. HEC is 

brominated with N-bromosuccinimide-triphenylphosphine in the presence of lithium 

bromide and N,N-dimethylacetamide (Figure 1.11). Nucleophilic substitution of 

hydroxylic groups with bromine takes place through the formation of 

alkoxyphosphonium salts followed by the attack of the ylide ion on the phosphonium 

a) 

b) 
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ester bonds. Then, the bromo-HEC intermediate is treated with thiourea to introduce the 

thiol groups [137]. 

 

Figure 1.11 Thiolation of hydroxyethylcellulose through bromination. 

Esterification of hydroxyls of pectin with thioglycolic acid was also reported [138]. 

Other thiolation methods that were not applied for mucoadhesive polymers include the 

functionalization of the amine groups of polyethyleneimine with methyltiirane, the 

hydroxyl groups of hyaluronic acid with ethylene sulfide [139]. 

The key to the successful synthesis of thiolated polymers using any of these methods, 

is that the disulfide formation during the synthesis must be avoided. Therefore, syntheses 

are conducted under inert conditions and purification by dialysis is conducted under 

acidic conditions. Acidic environment can efficiently hinder disulfide formation by 

atmospheric oxidation, as its mechanism requires thiolate anions that are present only at 

higher pH values (e.g. the pKa value of the thiol in cysteamine is 8.19 [140]), while thiol 

groups are present in their less reactive protonated form under acidic conditions. The 

mucoadhesive polymers that were prepared by these techniques, the amount of thiol 

groups that can be immobilized, the intended application and the changes in their 

mucoadhesive performance are summarized in Table 1.1. Drawback of most reactions 

listed in Table 1.1 is that they require a multi-step reaction and/or multiple reagents or 

coupling agents, while the conversion of the reaction is often not controlled. 

  



36 

 

 

Chapter 1 

Table 1.1 Synthesis of thiolated polymers for mucoadhesive applications 

Bond 

type Base polymer 

Thiolating 

agent Reaction 

Thiol 

content 

[µmol/g] Ref 

Amide 

Polyacrylic 

acid (diverse 

types), 

Carboxymethyl 

cellulose, 

pectin, alginate 

Cysteamine, 

cysteine 

EDC 

coupling 
50-500 

[105,112,117,126–

130] 

Amide 

Chitosan, 

modified 

chitosan, 

(chondroitin) 

Thioglycolic 

acid, cysteine, 

N-

acetylcysteine 

EDC 

coupling 
50-500 

[111,122–

125,141–143] 

Amidine 

Chitosan, 

gelatin, 

polyallylamine 

2-

iminothiolane 

Ring 

opening 

addition 

130-400 [104,108,132,133] 

Amidine Chitosan 

Isopropyl-S-

acetyl-

thioacetimidate 

Nuclophilic 

substitution 
140-230 [131,144] 

Amine 

Hydroxyethyl 

cellulose, 

alginate, 

xyloglucan, 

glycogen, 

starch 

Cysteamine, 

cysteine 

periodate 

oxidation 

and 

reductive 

amination 

1500-2000 
[134–

136,145,146] 

Ester 
Xyloglucan, 

pectin 

Thioglycolic 

acid, pectin 

acidic 

esterification 
100-600 [138,147] 

OH -> 

SH 

Hydroxyethyl 

cellulose 
- 

N-bromo-

succinimide, 

thiourea 

130 [137] 

 

1.3.2. Protection and preactivation of thiolated polymers 

In order to improve the stability of thiolated polymers while improving their reactivity 

at the site of action, thiol groups can be protected as an asymmetrical disulfide by 

attaching a thiopyridyl type protecting group. In order to attach a thiopyrydyl protecting 

group, thiolated polymers are reacted in a thiol-disulfide exchange reaction with the 

excess of the dimer of a thiopyridyl compound such as 2-mercaptonicotinic acid 

[113,115,135,148–154], 6-mercaptonicotinic acid [114] or 6-mercaptonicotinic amide 

[155,156]. However, the S-protected moieties are able to react with another free thiol 

during the reaction leading to the partial cross-linking of the polymer and decreasing 

conversion of the conjugation. This side reaction can be suppressed with the excess of 

the conjugating agent. Synthesis scheme of S-protected mucoadhesive polymers is shown 

in Figure 1.12.  
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Figure 1.12 Synthesis scheme of S-protected thiolated polymers. (a) Thiol groups of the 

polymer are reacted with 2,2’-dithionicotinic acid (2,2’-DTNA) in a thiol-disulfide 

exchange reaction. (b) Unreacted free thiol group is able to react with the S-protected 

moiety yielding cross-linking points and decreasing conversion of the conjugation. 

Another possible strategy is to prepare the S-protected grafting agent in advance, and 

subsequently incorporate it into the polymer backbone with a known method such as EDC 

coupling [116,117,157–161], or to create an S-protected co-monomer and perform 

polymerization afterwards in a one-step method [114,162]. As the protecting moiety is 

always released as a side product during application, its biocompatibility must always be 

ensured. However, as Müller et. al. demonstrated [106], when the protecting group is a 

bioactive agent such as thiopyrazole, one can combine mucoadhesion with drug delivery.  

1.3.3. Synthesis of thiolated polymers with one-step methods 

Synthesis of thiolated polymers is often more difficult with direct one-step methods 

(co-polymerization of monomers), and they are usually not employed for the synthesis of 

mucoadhesive polymers. As there is no theoretical obstacle, these methods are also 

briefly summarized. The biggest challenge is the high reactivity of thiol groups [139]. 

Radicals are able to cleave the hydrogen atom of the thiol yielding a thiyl radical. 

Thiyl radical reacts with carbon-carbon double bonds in a thiol-ene reaction, thus, free 

a) 

b) 
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radical polymerization of thiolated acrylates yield undefined products. Furthermore, 

thiols are used as chain transfer agents in free radical polymerization as thiyl radicals are 

able to start a new chain, and the molecular weight distribution can be controlled. Thiol 

groups also react through thiolate anions yielded by their deprotonation. The nucleophilic 

nature of thiolate anion may interfere anionic chain-growth polymerization as well as 

step-growth polymerization. The atmospheric oxidation of thiols to disulfides which also 

occurs with an anionic mechanism can also be problematic. The solution is either the 

utilization of a protecting group or the incorporation of the thiol groups after 

polymerization (indirect method). 

A wide variety of protecting groups and corresponding deprotection reactions have 

been reported in the literature depending on the polymerization technique and the 

intended application. A possible strategy is to protect thiol groups as an unsymmetrical 

disulfide using a thiopyridyl compound as it was shown in the previous section. The 

protecting group can be removed by reduction of the disulfide, but it is more important 

that new functional groups can be introduced on the thiol groups by a thiol-disulfide 

exchange reaction also shown in the previous section. Ruffner and co-workers 

synthesized the copolymer of N-[(2-pyridyl)dithio-]ethyl methyacrylamide 

(PDTEMAAm) and N-(2-hydroxypropyl) methyacrylamide by free radical 

polymerization. The polymer was then reacted with a cysteine terminal peptide or a thiol 

terminal oligonucleodite in order to form conjugates that can be used in anti-cancer 

therapy [162].  

Thiols can also be protected as thiolactones. Ring opening polymerization of a 

thiolactone can be initiated by a primary amine. Radical copolymerization of a styrene-

thiolactone monomer with methyl methacrylate or styrene followed by the aminolysis of 

the pendant thiolactone leads to thiolated polymers as well. Thiolated poly(2-oxazolines) 

were prepared by living cationic ring opening polymerization using 4-methoxy-

benzylsulfanyl moieties as protecting groups. Deprotection was performed with a mixture 

of trifluoroacetic acid and anisole. Other methods as well as the above mentioned ones 

have been recently reviewed by Le Neindre and Nicolay [139].  

 Enhancing solubility with cyclodextrin inclusion complexes 

Short residence time of drug formulations is only one of the major challenges to 

overcome. The majority of new drug candidates are more lipophilic, have a higher 

molecular weight, and have a poor water solubility which leads to a low bioavailability. 

About 40% of drugs with market approval and nearly 90% of molecules in the discovery 

pipeline are poorly water-soluble. [163] This is particularly problematic in the case of 

lipophilic ophthalmic drugs as the classic oil-based formulations (ointments) and 

suspensions are very uncomfortable to use and have a very low patient compliance.  

According to the Biopharmaceutics Classification System (BCS) [164], poor 

solubility means that the highest dose of the drug cannot be dissolved in 250 ml water in 

the pH range of 1-7.5. There are several strategies to improve the solubility of these drugs 

including the utilization of prodrugs, pH modification, salt formation, using a co-solvent 

or a surfactant, forming solid dispersions, co-crystals or polymer micelles, 

amorphization, nanonization [163]. One of the most useful methods is the formation of 

cyclodextrin inclusion complexes. Cyclodextrins (CDs) are cyclic oligosaccharides 
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consisting of α-D-glucopyranose units that are united via α-1,4-linkage. Three major types 

of CDs are α, β and γ, consisting of 6, 7 and 8 glucopyranose units, respectively. CDs are 

toroidal cone shaped molecules due to the lack of free rotation of the bonds connecting 

the glucopyranose units. The cone has a predominantly hydrophobic central cavity and a 

hydrophilic outer surface, the hydrophobic cavity is able to entrap a drug molecule while 

the outer surface makes the complex soluble in water [165,166]. The relative size of CD 

to the guest molecule, the presence of key functional groups on the guest molecule, and 

thermodynamic interactions between CD, guest molecule and solvent are the key factors 

that enable the formation of an inclusion complex. Different derivatives of cyclodextrins 

were synthesized to optimize the solubility enhancing effect for different drugs. 

Paclitaxel, for example, has a 4∙10-4 mM solubility in water that can be increased 13-fold 

by β-CD, and 99000-fold by 2,6-O-dimethyl-β-CD [165]. A few examples of marketed 

products include cefotiam hexetil or alprostadil complexed with α-CD, dexamethasone, 

nicotine with β-CD, 17β-estradiol with methylated-β-CD, diclofenac sodium with 2-

hydroxypropyl-γ-CD [166]. CDs are also used for drug stabilization, drug protection from 

light, thermal and oxidative stress, taste masking of drugs, and reduced dermal, ocular or 

gastrointestinal irritation.  

Higuchi and Connors [167] proposed phase-solubility diagram to describe the 

solubility profile and equilibrium constant of complex formation (Figure 1.13). In the 

case of Type A diagrams, the drug/CD complex is soluble in the aqueous complexation 

media. Positive (AP) and negative (AN) deviations from linearity (AL) may occur. Type 

B diagrams are observed when complex has limited solubility (BS) or insoluble (BI), 

therefore Type B profiles are not suitable for solubility enhancement of drugs. 

 
Figure 1.13 Phase-solubility profiles. A: water soluble drug/CD complex. Profile may be 

linear (AL) or have a positive (AP) or negative (AN) deviation. B: drug/CD complexes with 

limited (BS) or no (BI) solubility. S0: solubility of the drug without cyclodextrin. [168] 

One or more drug molecules can form a complex with one CD molecule and one or 

more CD molecules can form a complex with one drug molecule. However, if 1:1 

stoichiometry is assumed (AL on Figure 1.13), equilibrium constant (Kc) can be calculated 

according to Eq. 1.14: 
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𝐾𝑐 =
𝑎

𝑆0(1 − 𝑎)
 

where S0 is the solubility of the drug in the complexation medium, and a is the slope of 

the phase-solubility diagram [167]. The optimal range of Kc for the solubilization of 

hydrophobic drug is 200-5000 1/M proposed by Szejtli [169] as in case of low values, 

solubilization is insufficient, while in case of higher values the absorption of the drug is 

limited. 

The beneficial properties of cyclodextrins often utilized in mucoadhesive 

formulations either by simply mixing cyclodextrin in a formulation [170,171] or 

covalently attaching CD onto the chains of the mucoadhesive polymer [172,173]. As a 

results of covalent attachment, the stability of the complex can either increase or decrease. 

Prabaharan et. al. [172] grafted chitosan on carboxymethyl chitosan (CMC) backbone 

using carbodiimide coupling, then further grafted with cysteine methyl ester 

hydrochloride. According to the authors, the mucoadhesive performance of the new 

polymer was 5-fold higher compared to CMC, and it provided slower release of the 

hydrophobic model drug, ketoprofen. Asim et. al. [174] described a microwave assisted 

method to prepare tetradeca-thiolated cyclodextrin (all primary OH groups at C-6 

position and all secondary OH groups at C-2 position of β-CD was substituted by SH). 

The authors reported increased viscosity upon addition to mucus, and increased retention 

time in flow through experiment indicating promising mucoadhesive performance. 

 Derivatives of poly(aspartic acid) 

As we have seen in the earlier sections, several natural and synthetic polymers have 

been used to prepare hydrogels as drug delivery vehicles or other biomedical applications. 

Natural polymers such as chitosan, hyaluronic acid, gelatine, gellan gum are appealing 

choices as they are biocompatible and biodegradable and they are able to mimic the 

properties of living tissues. However, they have several drawbacks limiting their 

widespread use. Batch-to-batch variability and wide molecular weight distribution impair 

reproducibility and they are less versatile as their functionalization requires catalysts and 

coupling agents, their chemical structure is difficult to be adjusted to a certain application. 

Synthetic polymers, such as poly(acrylic acid) and its derivatives, on the other hand, can 

be synthesized in high chemical versatility with a precise control over molecular weight 

but their significant drawback is the lack of biodegradability.  

Poly(aspartic acid) (PASP) and its derivatives are able to combine the favorable 

properties of natural and synthetic polymers and they can be a promising alternative base 

material of hydrogels in biomedicine as they are biocompatible [175–178], biodegradable 

[179–185] and they can be synthesized easily and with a remarkable versatility. PASP is 

a water-soluble, synthetic poly(amino acid) synthesized by the hydrolysis of 

polysuccinimide. Polysuccinimide is prepared by thermal polycondensation of aspartic 

acid (Figure 1.14A). The reaction is conducted at high temperature in a solvent mixture 

with high boiling point (mesitylene and sulfolane) or with no solvent. Phosphoric acid 

catalysis and reduced pressure facilitate the removal of water. The succinimide rings of 

the polymer are reactive structural units that are susceptible to various nucleophilic agents 

even under mild conditions. Alkaline hydrolysis of polysuccinimide yields the salts of 

poly(aspartic acid), polyaspartates. As the succinimide rings are asymmetrical, hydrolysis 

(1.14) 
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yields a copolymer of α and β aspartic acid repeating units according to the reaction 

conditions and the type of the nucleophile. Due to the racemized chiral carbon in the 

structure, repeating units with both D and L configurations are present (Figure 1.14B) 

[186]. These structural features are rarely investigated, and often considered as 

reproducible for a given polymer derivative, hence, for the sake of simplicity, after Figure 

1.14, only α aspartic acid repeating units with undetermined chirality will be displayed in 

this thesis. PASP has an inherent pH-responsive property due to the carboxylic group on 

the polymer backbone. The pKa values of PASP are 3.3 and 4.5 for α and β aspartic acid 

[6], respectively. Industrial uses of linear, unmodified poly(aspartic acid) is based on its 

chelating ability. It is used as an anti-scaling agent in cooling water systems or waste 

water treatment as it inhibits the deposition of Ca salts [186]. 

 

Figure 1.14 Synthesis route of different poly(aspartic acid) derivatives. (A) Precursor 

polymer, polysuccinimide is synthesized by the thermal polycondensation of L-aspartic 

acid. (B) Alkaline hydrolysis results in linear poly(aspartic acid). (C) Modified 

poly(aspartic acid) can be synthesized with carbodiimide chemistry, but (D) ring opening 

nucleophilic addition of primary amines offers a more convenient way. One or more 

modifying agents can be employed consecutively. (E) Subsequent hydrolysis results in 

modified poly(aspartic acid)s. (F) Polyaspartamides are obtained when all succinimide 

rings are reacted with a primary amine. (G) Polysuccinimide can be cross-linked with 

bifunctional primary amines. (H) Subsequent hydrolysis results in poly(aspartic acid) 

gels. 
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The chemical modification of poly(aspartic acid) is possible by e.g. carbodiimide 

mediated coupling but it is highly impractical considering the multiple reaction steps and 

an excess of coupling agents needed for the reaction (Figure 1.14C). It is significantly 

more convenient to react the precursor anhydride, polysuccinimide, with primary amines 

yielding poly(succinimide-stat-aspartamide) types of compounds (Figure 1.14D). These 

reactions take place under mild reaction conditions without any catalyst and usually with 

a high conversion. Depending on the chemical structure of the amines and the ratio of 

different repeating units in the copolymers, numerous functional polyaspartamides and 

modified poly(aspartic acid)s can be synthesized providing unparalleled versatility. Wide 

variety of PASP-based responsive polymers and hydrogels have been reported in the 

literature. 

Partial opening of succinimide rings followed by hydrolysis yields modified 

poly(aspartic acid) derivatives (Figure 1.14E). The addition of monoamines results in 

alkyl-PASP derivatives with amphiphilic properties e.g. PASP with longer alkyl side 

chains (C16, C18) display micelle formation in aqueous medium [187,188]. Octylamine-

grafted PASP can be used for the modification of tumor targeting liposomes. The 

hydrophobic alkyl chains “anchor” the liposomes while the polyelectrolyte backbone 

stabilizes them at pH = 7.4 and retards drug release [189]. The solubility and pKa of PASP 

can be adjusted by the type and the grafting ratio of alkyl side-groups. Increasing grafting 

ratio and length of alkyl groups decreases solubility and shifts pKa to higher values. 

Considering the biodegradability of PASP, these derivatives can be useful for the 

preparation of enteric coatings as an alternative to non-degradable acrylic materials [176]. 

PASP with thiol pendant groups was prepared by reacting PSI with cysteamine. Cross-

linking by aerial oxidation results in a PSI gel, and hydrolysis and subsequent reduction 

yield the water-soluble thiolated PASP. The polymer shows redox-induced reversible sol-

to-gel transition in aqueous environment due to reversible thiol-disulfide transition [190]. 

Thiolated PASP nanogels prepared in water-in-oil miniemulsion degrade in reductive 

environment which can be exploited in targeted drug delivery [191]. Potential of thiolated 

PASP as a second generation mucoadhesive polymer was assessed in our group. It shows 

good adhesion strength on mucin due to its in situ gelling but derivatives with different 

thiol content were not investigated [192]. Swellable hydrogel matrix of thiolated PASP 

was prepared by reactive electrospinning. Due to its unique morphology, this matrix is 

promising as artificial extracellular matrix material [193].  

Succinimide rings of PSI can be reacted completely with one or, in consecutive way, 

more primary amines to obtain polyaspartamide homo- and copolymers (Figure 1.14E, 

F). Physical properties of these derivatives – glass transition temperature, solubility, 

gelation temperature – can be adjusted by the ratio of different repeating units. 

Amphiphilic polyaspartamides with dodecyl and hydroxyalkyl side chains show 

temperature dependent sol-to-gel transition potentially applicable as in situ gelling 

injectable system [194]. Cationic thermogelling derivatives with N,N-

diisopropylaminoethyl and dodecyl side-chains were found to be useful for chlorambucil 

release. Hydroxyl group of a polyaspartamide derivative with N,N-diisopropylaminoethyl 

and hydroxyethyl side chains can be cross-linked with diisocyanates yielding a pH and 

thermoresponsive hydrogel [182,195]. Polyaspartamides with a combination of 

alkylamino side chains and alkyl side chains are promising candidates as film forming 

materials for taste masking tablet coatings. These polymers have adjustable glass 

transition temperature and dissolution profile with slow dissolution rate at the pH of the 
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mouth and quick dissolution rate at the pH of the stomach [178]. Electrospun matrices 

prepared of cationic PASP-derivatives have a prompt dissolution due to the nanosized 

electrospun fibers which can be utilized in sublingual drug delivery [196]. Similar 

cationic derivatives can be used as gene-carriers as they form polyionic complexes 

(polyplexes) with negatively charged DNA and RNA molecules and effective cell 

transfection was achieved [197]. Poly{N′-[N-(2-aminoethyl)-2-aminoethyl]aspartamide} 

(Pasp(DET)) has also high transfection efficiency, moreover, as it is able to degrade under 

in vivo circumstances in a few days, its accumulation in the cells is prevented. It was 

found that the degradation is a self-catalytic reaction between the backbone and the side-

chain amide nitrogen. Possible application of Pasp(DET) in the treatment of spinal cord 

injury was demonstrated [181,198,199]. Transfection of small interfering RNA (siRNA) 

is challenging due to its low molecular weight. Thiol-modified siRNA can be covalently 

attached to Pasp(DET) with 2-(2-pyridinyldithio)ethyl side groups by thiol-disulfide 

exchange improving the stability of the polyplex and allowing efficient siRNA release 

under reductive conditions in the cytoplasm [200].  

The reaction of PSI and bifunctional or multifunctional amines in DMF or DMSO 

results in chemically cross-linked networks (Figure 1.14G). The PASP gels obtained by 

their hydrolysis (Figure 1.14H) have a pH-responsive swelling due to the polycarboxylic 

acid character. At acidic pH, the carboxyl groups of PASP are protonated, the swelling 

degree of the gel is low. Increasing the pH results in the gradual deprotonation of carboxyl 

groups accompanied by the abrupt increase of the degree of swelling due to the better 

solvation of negatively charged carboxylate anions [6]. PASP-based hydrogels are 

usually developed for cell culturing/tissue engineering applications. Supermacroporous 

PASP hydrogel cross-linked with 1,4-diaminobutane is prepared by conducting the cross-

linking reaction under the freezing point of DMSO [201]. The large pores and open pore 

structure of the gel is ideal for the accommodation of the living cells. Redox and pH 

responsive PASP gels are synthesized by employing a redox-inert and a redox-sensitive 

cross-linker. The gel swells reversibly in response to reduction and oxidation as the 

redox-sensitive cross-links break and reform but does not dissolve due to the redox-inert 

cross-links. The gel can be synthesized in a one-step method by cross-linking PSI with 

1,4-diaminobutane and cystamine [202] or in a consecutive method, where PSI is 

modified with cysteamine first, then in the second step, the polymer is cross-linked with 

1,4-diaminobutane [203]. These gels can support the survival, proliferation, as well as 

the migration of human osteoblast cells. It was shown that the significant increase of cell 

viablility is due to the presence of thiol groups in the gel [179].  
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 Scope  

The unique properties of polymer hydrogels make them excellent candidates for a 

wide range of biomedical uses such as in situ gelling and responsive drug delivery 

systems. Biocompatibility, biodegradability and chemical versatility of poly(aspartic 

acid) have driven us to choose it as a base polymer in this research. We aimed to prepare 

poly(aspartic acid) derivatives and hydrogels with different properties depending on the 

targeted application. Materials and experimental methods that were used throughout the 

entire research are summarized in Chapter 2, specific methods are described at the 

beginning of each further chapter.  

Drug absorption through mucous membranes can be improved by mucoadhesive drug 

delivery vehicles. These dosage forms provide a longer residence time and a more 

efficient absorption at the site of action. In particular, semi-solid and liquid mucoadhesive 

dosage forms can improve the low bioavailability of ophthalmic drugs. The 

mucoadhesive properties of the base materials of such dosage forms is enhanced by 

attaching thiol pendant groups onto the polymer backbone to provide covalent bonds 

between the dosage form and the cysteine-rich subdomains of mucin protein building up 

the mucus layer. Although the semi-solid and liquid ophthalmic formulations have the 

potential to form strong interactions with the mucus layer, the lack of cohesive properties 

in the dosage forms prevent them to achieve sufficiently long residence time. The answer 

to this challenge might be an in situ gelling polymer solution which can be chemically 

cross-linked through disulfide bonds. The solution of the hydrophilic polymer has a 

relatively low viscosity allowing easy application and good spreadability on the mucosal 

surface and effective interpenetration of the polymer and the mucin chains at the 

interface. Chemical net-points forming during the in situ gelling process cross-link the 

interpenetrating network of the mucin and the polymer and also ensures the cohesive 

structure of the hydrogel. Accordingly, one of the aims of this research work was to 

prepare a poly(aspartic acid) derivative that is able to fulfil these requirements. In 

Chapter 3, a novel synthesis method is reported to prepare thiolated poly(aspartic acid) 

with controllable and large thiol content. Oxidation induced in situ gelation was 

monitored with oscillation rheology and results on mucoadhesive properties are also 

reported. Sustained release potential of the gels is demonstrated with an in vitro drug 

release experiment using a water-soluble ophthalmic drug. The effect of the thiol content 

of the polymers was evaluated in each experiment.  

Poorly soluble ophthalmic drugs such as prednisolone are commonly administered as 

oily formulations or aqueous suspensions resulting in low bioavailability and patient 

compliance. The problem can be addressed by improving water solubility through 

cyclodextrin inclusion complexes. The possibility to combine the advantages of 

cyclodextrin complexes and mucoadhesive delivery is demonstrated in Chapter 4. The 

thiolated poly(aspartic acid) was further modified with β-cyclodextrin, the synthesis 

method and the analysis of the chemical structure is described. The properties of the 

inclusion complexes formed by prednisolone and the cyclodextrin-modified polymer 

were analyzed with a phase-solubility study and X-ray powder diffraction. The effect of 

the covalently attached cyclodextrin on the drug release was also evaluated. 

The results gained in Chapter 3 and 4 encouraged us to take a step further and aim to 

improve the properties of thiolated poly(aspartic acid) by preactivating the polymer via 
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attaching thiopyridyl type subunits onto the thiol pendant groups. These S-protected 

moieties are able to form disulfide bonds with the free thiols in a facile thiol-disulfide 

exchange reaction without the addition of an oxidant. In Chapter 5, the synthesis method 

and the chemical characterization of the S-protected thiolated poly(aspartic acid) is 

reported. In situ gelling properties and interaction with mucin were investigated. The 

properties of in situ gels were thoroughly examined in terms of stability, stiffness and 

drug release. In vitro cytotoxicity experiments were carried out to assess the 

biocompatibility of the polymers. 

Apart from the covalent disulfide bonds, mucoadhesive properties are largely defined 

by the secondary interactions between the mucin protein and the mucoadhesive polymer. 

Electrostatic interactions depending on the charge of the polymer backbone are 

particularly crucial. In Chapter 6, three cationic polyaspartamides were synthesized and 

their interactions with the colloidal dispersion of porcine gastric mucin were studied in 

comparison with those of poly(aspartic acid) and chitosan. A series of physicochemical 

methods was utilized in order to gain better understanding on interactions including 

turbidimetry, dynamic light scattering and zeta potential measurement. These findings 

can contribute to a better design of mucoadhesive polymers in the future such as 

combining the advantage of the cationic character with that of the thiolation or in situ 

cross-linking.  

The reversed process of in situ gelation, stimuli-induced degradation of a hydrogel 

holds interesting possibilities as well. Enzymes are particularly promising stimuli due to 

the substrate specificity which can be exploited when designing tissue engineering 

scaffolds or drug delivery vehicles. In Chapter 7, the synthesis of a trypsin-responsive 

poly(aspartic acid) hydrogel is described. The hydrogel utilizes a tetrapeptide cross-linker 

with a trypsin-specific cleavage site. Degradation by trypsin, enzyme-controlled drug 

release and preliminary biocompatibility tests are included in the chapter. In the future, 

the synthetic method can be extended to design degradable hydrogels that are responsive 

to any protease enzyme. 

In the final chapter of this thesis, in Chapter 8, the most important results of this 

research work are briefly summarized, and the thesis points of the work are listed. The 

experimental results obtained during this work led to several interesting findings, which 

will hopefully contribute to the future biomedical application of poly(aspartic acid) based 

materials. 
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Chapter 2 

Experimental 

Materials, synthetic procedures and experimental parameters used throughout the 

entire Thesis are summarized in this chapter. Specific experiments and parameters are 

described in the corresponding chapters. Syntheses and measurements were carried out 

at 25 °C unless otherwise noted. Measurements were carried out in triplicate and the 

results are presented as mean values ± standard deviation unless otherwise noted. 

 Preparation 

 Materials 

Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, 2-chlorotrityl-chloride 

resin, N,N′-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole (HOBt) 

triisopropylsilan (TIS) were purchased from IRIS Biotech GmbH. Piperidine and 

trifluoroacetic acid (TFA) were Fluka products. Acetonitrile (MeCN, HPLC-grade), 

cystamine dihydrochloride (CA, 98%), Ellman’s reagent (5,5’-dithiobis(2-nitrobenzoic 

acid), 98%), l-aspartic acid (puriss., 99.5%), monobasic potassium phosphate (KH2PO4, 

99.5%) sulpholane (99%), were purchased from Merck. Dimethyl sulfoxide (DMSO), 

dichloromethane (DCM), diethyl ether, and methanol (HPLC grade) were purchased from 

Molar Chemicals. Acetone, acetic acid (96%), ethyl acetate, calcium chloride hydrate 

(CaCl2·H2O) cysteamine (95%), Chitosan (Mw = 100-300 kDa) dibasic sodium phosphate 

monohydrate (Na2HPO4·H2O), dibutylamine (HPLC grade, 99%), 

ethylenediaminetetraacetic acid disodium salt dihydrate (Na2EDTA·2H2O), dithiothreitol 

(DTT, 99%), hydrochloric acid (HCl), imidazole (99%), mesitylene (99%), methanol, 

monobasic sodium phosphate dihydrate (NaH2PO4·2H2O, 99 %), magnesium chloride 

hexahydrate (MgCl2·6H2O), N,N-dimethylformamide (DMF), phosphoric acid (H3PO4 

85%), potassium chloride (KCl), sodium bromate (NaBrO3, 99%), sodium chloride 

(NaCl), sodium hydroxide (NaOH), sodium bicarbonate (NaHCO3) were purchased from 

Reanal Hungary. 96-well microtest plates were the products of Sarstedt. Deuterium oxide 

(D2O, 99.9 atom% D, containing 0.05 wt% 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt), 1,4-diaminobutane (99%), deuterated dimethyl sulfoxide (DMSO-d6, 

99.9 atom% D, containing 0.03 v/v% tetramethylsilane), Dulbecco’s Phosphate Buffered 

Saline (DPBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

FITC-dextran (Mw = 70 kDa; FITC:glucose = 1:250), gentamicin, 6-mercaptonicotinic 

acid (MNA, technical grade, 90%), N,N-dimethylethylenediamine (98%), 

N-ethylethylenediamine (98%), phosphoric acid (crystalline, 99%), porcine gastric mucin 

(type II, Mw ~640 kDa), ), RPMI-1640 medium, trypsin (from porcine pancreas, Type IX-

S, 13,000–20,000 BAEE units/mg protein), Triton X-100 were purchased from Sigma-

Aldrich. 6,6’-dithionicotinic acid (>98%) was purchased from TCI Chemicals. 6-

monodeoxy-6-monoamino-beta-cyclodextrin hydrochloride (MAβCD) was obtained as a 

gift from CycloLab Cyclodextrin Research and Development Laboratory Ltd. (Budapest, 

Hungary). The active agent prednisolone was obtained as a gift from TEVA Hungary Ltd. 

(Gödöllő, Hungary). All reagents were used without further purification and their quality 

http://www.sigmaaldrich.com/catalog/product/sigma/e6635


66 

 

 

Chapter 2 

was “for analysis” unless otherwise noted. Ultrapure water (𝜌 >18.2 MΩ cm, Millipore) 

was used for the preparation of aqueous solutions. 

 Buffer solutions 

Imidazole buffer 

Imidazole buffer (pH = 8; cimidazole = 0.1 M; I = 0.15 M) was prepared by dissolving 

6.81 g imidazole and 10.39 g KCl in 1 l of water, the pH was adjusted with 1 M HCl. 

Phosphate buffered saline (PBS) 

PBS solution of pH = 7.4 was prepared by dissolving 8 g NaCl, 0.20 g KCl, 1.44 g 

Na2HPO4·2H2O and 0.12 g KH2PO4 in 1 l water, the pH was adjusted with 0.1 M HCl.  

Phosphate buffer for Ellman’s analysis 

Phosphate buffer for Ellman’s analysis (pH = 8, c = 0.5 M) was prepared by 

dissolving 5.33 g (34.2 mmol) NaH2PO4·2H2O, 82.92 g (465.8 mmol) Na2HPO4·2H2O 

and 0.37 g (1 mmol) Na2EDTA·2H2O in 1 l water. 

Simulated lachrymal fluid  

Simulated lachrymal fluid of pH = 7.4 was prepared by dissolving 2.20 g NaHCO3, 

6.26 g NaCl, 1.79 g KCl, 96.4 mg MgCl2·6H2O and 73.5 mg CaCl2·H2O in 1 l water, 

the pH was adjusted with 1 M HCl.  

Citric acid buffer 

Citric acid buffer (pH = 2; ccitric acid = 0.033 M; I = 0.15 M) was prepared by 

dissolving 6.24 g citric acid and 10.39 g KCl in 1 l of water, the pH was adjusted with 

1 M HCl. 

The pH of the buffer solutions was checked with a Radelkis OP-271/1 pH/ion 

analyzer. 

 Characterization 

 Nuclear magnetic resonance 

The structure of the polymers was confirmed using 1H NMR spectroscopy. Solutions 

for the measurements were prepared by dissolving 25 mg of freeze-dried polymer in 

750 μL of D2O or deuterated DMSO. Spectra were recorded using a Bruker Avance 300 

MHz spectrometer with 128 scans 
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Chapter 3 

Gelation and mucoadhesion of thiolated poly(aspartic acid)1 

3.1. Introduction 

Semi-solid and liquid mucoadhesive dosage forms can improve the low 

bioavailability of ophthalmic drugs. The efficacy of mucoadhesive excipients are usually 

enhanced by attaching thiol pendant groups onto the polymer backbone. Since the thiol 

groups are able to form disulfide bonds with the cysteine-rich subdomains of the mucin 

protein, not only physical but also chemical interactions are provided between the dosage 

form and the mucus layer [1,2]. However, due to the lack of cohesive properties of such 

dosage forms, prolonged residence time cannot be achieved. A possible solution is to 

create an in situ gelling drug delivery system [3–5] utilizing a polymer derivative that can 

be cross-linked with disulfide bonds. The relatively low viscosity of the polymer solution 

provides easy application and good spreadability on the mucosal surface. The polymer 

and the mucin chains interpenetrate at the interface, and entanglements are formed. 

Chemical net-points forming during the in situ gelling process cross-link the 

interpenetrating network of the mucin and the polymer and ensures the cohesive structure 

of the hydrogel. Although numerous methods for the attachment of thiol groups were 

reported [6] utilizing a wide variety of polymers and reaction pathways, there is 

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

not controlled (for details see section 1.3). Previously, the thiol groups were attached to 

the polymer by multiple reaction steps and the conversion was rather low (< 40%). In 

spite of this, the aqueous solution of thiolated PASP showed self-crosslinking 

characteristics upon oxidation and it was possible to prepare stiff, cohesive hydrogels 

from low viscosity polymer solutions.[7–9] 

In this chapter, an improved method is introduced for the synthesis of thiolated PASP 

with controlled thiol content through the reaction of polysuccinimide (PSI) and 

cysteamine, followed by the alkaline hydrolysis of the polymer. The structure of the 

repeating units and the conversion of the reaction were determined by NMR spectroscopy. 

Free thiol content was also characterized by Ellman’s analysis. The effect of the thiol 

content of the thiolated PASP on oxidation induced in situ gelation as well as on its 

mucoadhesive strength was studied. Release profile of ofloxacin from the PASP 

hydrogels and from a conventional liquid formulation was determined to prove the 

sustained release of the drug from the cross-linked network.   

                                                           

 

 

1 B.Á. Szilágyi, B. Gyarmati, G. Horvát, Á. Laki, M. Budai-Szűcs, E. Csányi, G. Sandri, M.C. 

Bonferoni, A. Szilágyi, Polym. Int. 66 (2017) 1538–1545. 
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3.2. Experimental 

3.2.1. Syntheses  

3.2.1.1. Polysuccinimide  

Polysuccinimide (PSI) was synthesized by thermal polycondensation of L-aspartic 

acid in a solvent-free reaction. L-aspartic acid (20 g) and crystalline phosphoric acid 

(20 g) were reacted in a rotary evaporator at 10 mbar (1 kPa) and 180 °C for 7 h. The 

crude product was then cooled to room temperature and dissolved in 300 ml of DMF. PSI 

was precipitated in 600 ml of water and then the precipitate was washed with water and 

methanol. The resulting white product was dried overnight at 40 °C (yield: 95%). 

Chemical structure was confirmed using 1H NMR (300 MHz, DMSO-d6; 𝛿, ppm: 5.10 

(1H, CH); 3.20 and 2.75 (2H, CH2)). The molecular weight of the obtained PSI was 

31.5 kDa measured using a rolling ball viscometer (Anton Paar Lovis 2000; solvent: 0.1 

mol/l LiCl in DMF; Mark–Houwink constants [10]: a = 0.76, K = 1.32∙10−2 ml/g).  

3.2.1.2. Poly(aspartic acid) 

Poly(aspartic acid) was synthesized by the alkaline hydrolysis of PSI. 0.97 g of PSI 

(10 mmol succinimide unit) was dispersed in 150 ml of 0.1 M NaOH (15 mmol). The 

mixture was stirred for 24 hours, during which a transparent solution was obtained. The 

pH of the solution was neutralized by adding 1 M HCl, then dialyzed against water, 

concentrated in a rotary evaporator and freeze-dried. The chemical structure was 

confirmed by 1H NMR (300 MHz, D2O; 𝛿, ppm: 4.49, 4.70 (1H, CH); 2.78 (2H, CH2). 

3.2.1.3. Thiolated poly(aspartic acid) 

Thiolated poly(aspartic acid) (PASP-SH) was synthesized by the modification of PSI 

with cysteamine followed by the hydrolysis of unreacted succinimide rings of the polymer 

(Figure 3.1). Polymers were prepared with different degree of modification (XCEA-feed, 

defined as the feed molar ratio of cysteamine to succinimide repeating units) varying 

between 5% and 30%. The samples were named as PASP-SHx where x is XCEA-feed. In a 

typical procedure (XCEA-feed = 10%), 1.0 g PSI (10.3 mmol of succinimide repeating units) 

and 79.5 mg cysteamine (1.03 mmol) were dissolved in 9.0 g DMF in a glass vial and 

39.7 mg (0.26 mmol) DTT was added to avoid the premature oxidation. Nitrogen was 

bubbled through the reaction mixture for one hour and it was stirred for 72 h. The reaction 

mixture was precipitated in 100 ml of 1 M HCl and the precipitate was washed with 1 M 

HCl and finally with water until neutral pH. Nitrogen was bubbled through 150 ml of 

0.1 M aqueous NaOH for one hour. The precipitate was suspended in the NaOH solution 

and was stirred for 2 h with nitrogen bubbling, meanwhile a clear solution was obtained. 

The pH of the solution was neutralized using 1 M HCl. Finally, the solution was dialyzed 

against water for 4 days (molecular weight cut-off: 14 000 Da), concentrated in a rotary 

evaporator to 15 ml and freeze dried to obtain the final product. Average yield was 70%. 
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Figure 3.1 Synthesis of thiolated poly(aspartic acid): the modification of PSI with 

cysteamine followed by the hydrolysis of unreacted succinimide rings. 

3.2.2. Rheology of gelation 

Gelation of the aqueous solutions of the polymers was monitored by oscillation 

rheometry using an Anton Paar Physica MCR301 rheometer (Austria) with cone–plate 

geometry (CP-25-1; cone angle: 1°; sample gap: 0.049 mm). Precursor polymer solutions 

of the gels were prepared by dissolving 10 mg of freeze-dried polymer sample in 80 μl of 

PBS. The solution was then mixed with 10 μl of  1 M NaBrO3 solution on the plate of the 

rheometer to initiate gelation. The change of dynamic moduli was monitored in 

oscillatory mode at constant strain and angular frequency (𝛾 = 1%, 𝜔 = 10 rad/s). After 

20 min of gelation, the frequency dependence of the moduli (𝛾 = 1%, 𝜔 = 1–100 rad/s) of 

the resultant gels were also recorded. 

3.2.3. Elmann’s assay 

The thiol content of the polymers was determined by Ellman’s assay [11]. First, 200 µl 

of aqueous solution of the freeze dried polymer sample (nominal thiol concentration was 

0.5 mM) was diluted to 1800 µl with phosphate buffer. Then, 200 µl of 1 mM solution of 

Ellman’s reagent was added and the reaction was carried out at 37 °C for 20 min. Optical 

absorbance spectra of the solutions were collected using a Specord 200 

spectrophotometer (Analytik Jena, Germany). A calibration curve was determined using 

N-acetylcysteine standard in the concentration range of 0.02-0.10 mM 

(ε = 13880 l/(mol∙cm); R2 = 0.9999). 

3.2.4. Mucoadhesion 

The mucoadhesion of thiolated PASP was measured by tensile tests [12] performed 

with a texture analyzer (TA-XT Plus, Stable Micro Systems, United Kingdom) equipped 

with a 1 kg load cell and a cylinder probe with a diameter of 1 cm. Excised porcine 

conjunctiva was obtained from a slaughterhouse, freshly detached from the connective 

tissue and stored at −20 °C until the measurement. After the complete thaw, the 

conjunctiva was fixed to the lower probe of the texture analyzer and thermostated at 35 °C 

during the measurement. Filter paper wetted with 50 µl simulated lachrymal fluid was 

used for blank measurements. A filter paper wetted with 20 mg of polymer solution 
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(10 wt% polymer and 0.1 M oxidant dissolved in PBS) was attached to the upper cylinder 

probe and was allowed to react for 10 minutes. Experimental setup is shown in Figure 3.2.  

 

Figure 3.2 Experimental setup of mucoadhesion tests. 

The polymer sample and the conjunctiva were then brought into contact and a 2.5 N 

preload was applied for 3 min. The cylinder probe was moved upwards to separate the 

sample from the substrate at a prefixed speed of 2.5 mm/min. The adhesive force (F) was 

defined as the maximum of the force versus displacement curve, while the work of 

adhesion (A) was calculated as the area under the curve. Seven parallel measurements 

were performed. 

3.2.5. Release of ofloxacin 

Ofloxacin release measurements were performed by a vertical Franz diffusion cell 

system (Hanson Microette Plus™) [13,14], experimental setup is shown in Figure 3.3. 

 

Figure 3.3 Vertical Franz diffusion cell. [15] 

 

PASP-SH 

solution 
with 

oxidant 

porcine 

conjunctiva  
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Precursor polymer solution of the gels was prepared by dissolving 30 mg of solid 

polymer in 240 µl 3 mg/ml ofloxacin in PBS. 30 µl of 1 M oxidant solution was mixed 

with the precursor solution then the mixture was placed on a synthetic membrane (Porafil 

membrane filter, pore size of 0.45 µm) in the donor phase of the diffusion cell. The 

membrane was previously impregnated with PBS. The acceptor phase was also PBS, 

thermostated at 35 °C. Measurements were performed for 24 h. A sample of 0.8 ml was 

taken at given time intervals from the acceptor phase and replaced with fresh PBS by the 

autosampler. The amount of released ofloxacin was measured by UV-Vis 

spectrophotometer (Unicam Helios α Thermo Spectronic v 4.55, USA) at 287 nm.  

3.2.6. Statistical analysis 

Statistical analysis was carried out with Statistica (version 13.1) and IBM SPSS 

Statistics software (version 22). Adhesion tests were analyzed with two-way analysis of 

variance (ANOVA) followed by Bonferroni post-tests. Bartlett’s test showed that the 

assumption of the homogeneity of variances is violated (p < 10–6), thus, data were 

logarithmized (Box-Cox transformation) to fulfil the requirement of ANOVA. 

Drug release tests were analyzed with repeated measures ANOVA, followed by 

Bonferroni post-tests. Mauchly’s sphericity test showed that the assumption of sphericity 

is violated (p < 10–6), thus, Greenhouse-Geisser correction (ε = 0.196) was applied for the 

within-subject effects. A level of p ≤ 0.05 was taken as significant, p ≤ 0.01 as very 

significant, and p ≤ 0.001 as highly significant. 

3.3. Results and discussion 

3.3.1. Synthesis and chemical characterization 

Thiolated poly(aspartic acid)s with different thiol content were synthesized with an 

improved method without the addition of catalyst or coupling agent. The presence of 

atmospheric and dissolved oxygen along with relatively large concentration of thiolate 

anions at alkaline pH result in disulfide formation [16,17]. In our earlier works, disulfide 

formation and hence an increase of viscosity or even gelation result in steric hindrance 

for further modification causing small thiol content.[7,16]. Therefore, dissolved oxygen 

was eliminated from the solution by nitrogen bubbling and a nitrogen atmosphere was 

applied with a reductive environment (DTT) during modification reaction. Oxygen-free 

environment was maintained during hydrolysis as well. After hydrolysis, pH was adjusted 

to around 6 where thiolate concentration is small enough to avoid oxidation during the 

long process of dialysis.  

A typical 1H NMR spectrum and the expected structure of the thiolated PASP 

polymers are shown in Figure 3.4. 
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Figure 3.4 (a) 1H NMR spectrum and (b) chemical structure of thiolated PASP. 

 

The polymers consist of thiolated aspartamide and sodium aspartate units and may 

contain oxidized thiolated side groups as well. As the pKa values of aspartic acid repeating 

units are 3.3 (α-linkage) and 4.5 (β-linkage) [18], carboxyl groups are deprotonated in the 

final product. The assignment of peaks in the 1H NMR spectra is shown in Table 3.1.  

Table 3.1 Peak assignment of thiolated PASP 

Proton number Chemical shift (ppm) 

1 4.58 

2 2.81 

3 3.36 

4 2.64 

5 3.51 

6 2.85 

 

The peaks at 4.58 ppm and 2.81 ppm can be assigned to the methyne hydrogens (1 in 

Figure 3.4b) and methylene hydrogens (2), respectively, of both aspartic acid and 

thiolated aspartamide units. Chemical shifts at 3.36 ppm and 2.64 are assigned to the 

methylene hydrogens of cysteamine side groups terminated by free thiol groups (nuclei 3 

and 4 respectively). A small amount of oxidized side groups are also present indicated by 

a small intensity peak at 3.51 ppm (nuclei 5). To support this peak assignment, the 

aqueous solution of PASP-SH5 polymer was subjected to one week atmospheric 

oxidation, and the NMR spectrum was recorded again (Figure 3.5a).  After oxidation the 

peak at 3.36 ppm disappeared while the intensity of the peak at 3.51 ppm increased 

significantly. On the 1H-1H COSY spectrum (Figure 3.5b) of oxidized PASP-SH5, the 

peak at 3.51 ppm is coupled with a peak at 2.85 ppm which is assigned to nuclei 6 in the 

oxidized side-groups of the polymer. The polymers do not contain residual succinimide 

rings (no peaks at 3.20 ppm, 2.75 ppm and 5.10 ppm). The degree of modification (XCEA-

NMR) was calculated as the integrated intensity ratio of the peaks of the thiolated repeating 

a) b) 
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units (3.36 ppm (3) and 3.51 ppm (5) combined) to the peak assigned to the methylene 

protons present in every repeating unit (2.81 ppm (2)). The latter integral was corrected 

with the intensity of overlapping peaks of nuclei 4 and 6 (the intensities of which are 

equal to those of 3 and 5 respectively) (Eq 3.1).  

𝑋𝐶𝐸𝐴−𝑁𝑀𝑅 =
𝐴3.36 𝑝𝑝𝑚 + 𝐴3.51 𝑝𝑝𝑚

𝐴2.5−3.0 𝑝𝑝𝑚 − (𝐴3.36 𝑝𝑝𝑚 + 𝐴3.51 𝑝𝑝𝑚)
 

Amount of free thiol groups can be calculated as well by leaving the peak area of 

oxidized side groups (A3.51 ppm) from the numerator of the formula (Eq 3.2). 

𝑋𝑆𝐻−𝑁𝑀𝑅 =
𝐴3.36 𝑝𝑝𝑚

𝐴2.5−3.0 𝑝𝑝𝑚 − (𝐴3.36 𝑝𝑝𝑚 + 𝐴3.51 𝑝𝑝𝑚)
 

No irregular structures or contaminations are detected in the 1H NMR spectra and the 

calculated degrees of modification are in good agreement with the feed molar ratio of the 

components (XCEA-feed). Ellman’s assay was performed to confirm that the majority of 

sulfur atoms on the incorporated side groups are present as free thiols. The measured thiol 

content (XSH-Ellman) is in good correlation with the results calculated from NMR peaks 

(XSH-NMR) as well as the feed ratio of components (XCEA-feed), and oxidation occurred only 

to a small extent (Table 3.2). As a better comparison to thiolated polymers found in the 

literature [19], the thiol content is also given in µmol/g units (Table 3.2). The thiol content 

achieved here is considerably larger than that of several natural and synthetic polymers 

reported earlier furthermore the good conversion as well as the small extent of disulfide 

formation enable us to synthesize polymers with controlled thiol content. 

 

        

Figure 3.5 (a) 1H NMR spectrum of PASP-SH5 before (green) and after (maroon) 

oxidation (b) 1H-1H COSY NMR spectrum of oxidized PASP-SH5. 

 

 

 

(3.2) 

a) b) 

(3.1) 
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Table 3.2 Degree of modification of thiolated poly(aspartic acid)s 

Sample XCEA-feed 

[%] 

XCEA-NMR
a 

[%] 

XSH-NMR
a 

[%] 

XSH-Ellman 

[%] 

XSH-Ellman 

[µmol/g] 

PASP-SH5 5 5.3 2.4 2.1±0.05 149±3 

PASP-SH10 10 9.8 8.3 7.8±0.06 560±4 

PASP-SH15 15 12.9 10.7 11.2±0.14 790±10 

PASP-SH20 20 17.6 15.6 14.6±0.16 1025±11 

PASP-SH25 25 24.1 21.8 22.7±0.42 1562±27 

PASP-SH30 30 27.0 24.5 24.0±0.28 1646±18 

XCEA-feed: feed molar ratio of cysteamine to succinimide units; 

XCEA-NMR: degree of modification calculated by 1H NMR;  

XSH-NMR: free thiol content calculated by 1H NMR 
XSH-Ellman: free thiol content determined by Ellman’s assay 
athe average error of 1H NMR measurements was ±2% 

3.3.2. Oxidation induced gelation 

As an in situ gellable pharmaceutical delivery system, the viscosity of the aqueous 

solution of thiolated PASP must be low to ease its administration, but viscosity must 

increase rapidly on demand to have a cohesive material on the site of action and to achieve 

strong adhesion. As it was shown earlier [16], the aqueous solution of thiolated PASP is 

sensitive to atmospheric oxidation during the storage of a few hours. Accordingly, the 

thiolated polymers were kept in freezer until use and dissolved in PBS only prior to 

gelation experiments. The thiolated polymers dissolved rapidly (within 1 min) 

independently of their thiol content and homogenous, transparent solutions were 

obtained. The viscosities of the 10 wt% polymer solutions were close to the viscosity of 

water, below 10 mPas (rolling ball viscometry).  

The addition of an oxidizing agent to the solution of thiolated PASP induces the 

formation of intermolecular disulfide linkages between the thiol groups on the polymer 

backbone leading to the formation of a hydrogel. The kinetics of oxidation induced 

gelation (gelation time) and the viscoelastic properties (i.e. frequency dependent dynamic 

moduli) of the developing hydrogels can be conveniently monitored by oscillation 

rheometry. The rheological behavior of the polymers is demonstrated by the PASP-SH10 

sample.  

In Figure 3.6a dynamic moduli are shown as a function of time after adding the 

oxidant to the polymer solution. The time of gelation is usually defined at the equality of 

dynamic moduli, but according to our previous results, a loose network might exist even 

before chemical gelation [16] resulting in larger initial storage modulus (G’) than loss 

modulus (G”) in some cases, although the polymer solutions have low viscosity. Thus, 
the approach of Winter et al. to define the sol-gel transition as the G’-G” [20] cannot be 

always employed here. To overcome this problem, gelation time was defined as the 

inflexion point of the storage modulus curve. According to the frequency sweep 

measurements after gelation (Figure 3.6b), densely cross-linked chemical gels formed 
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proven by the fact that the storage modulus is independent of the frequency in a wide 

range.  
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Figure 3.6 Oxidation induced gelation of thiolated poly(aspartic acid) (XCEA-feed = 10%, 

cpolymer = 10 wt%, in pH = 7.4 PBS). Storage modulus (G’) and loss modulus (G”) as (a) 

a function of time and (b) frequency dependence of the moduli of the resulting hydrogels 

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

With increasing thiol content gelation time decreased from 291 s to 71 s and storage 

modulus of the formed hydrogels increased from 0.5 to 16 kPa at the same time 

(Figure 3.7). The large moduli indicate the strong cohesion of the gels, and adhesive 

failures are expected to be dominant over cohesive ones during mucoadhesive tests. 
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Figure 3.7 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%, in pH = 7.4 PBS). 

3.3.3. Mucoadhesion tests 

Tensile tests were performed to determine the effect of thiol content of PASP 

polymers on the strength of adhesion. The in situ oxidized polymer samples were brought 

a) b

) 

b) 
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into contact with porcine conjunctiva and the force and work needed to separate the 

surfaces were determined. As it was discussed earlier, disulfides form between the 

polymer chains during oxidation leading to the gelation of the polymer solution. 

However, if the tissue and the thiolated PASP were contacted prior to gelation, a complex 

network would form in the bulk reaction between thiol and disulfide groups of the 

polymer and the tissue, and interfacial interactions could hardly be investigated. Thus, to 

clarify the role of interactions, a gelation time of 10 minutes was applied prior to the 

contact of the surfaces.  

According to the test results, the work of adhesion (Figure 3.8a) is relatively large 

even in the case of non-thiolated PASP compared to the blank sample confirming the 

importance of secondary interactions and the interpenetration of the polymer and the 

mucin proteins during mucoadhesion. A highly significant (p = 0.0003) increase in 

adhesive work was observed for the polymer with 10% thiol content compared to non-

thiolated PASP indicating the role of disulfide formation. Although, the further increase 

of thiol content of PASP did not result in greater adhesive work. Furthermore, a rather 

slight reduction can be assumed at larger thiol contents, but statistical analysis revealed 

that this tendency is not significant (p > 0.9999 for all the pairwise comparisons between 

10 and 30%). Thus, the adhesive work is considered roughly independent of thiol content 

in the range of 10 to 30%. The results can be explained by two determining factors: the 

stiffness of the in situ forming gels and the number of thiol groups available on PASP for 

interaction with the surface of the porcine conjunctiva. The increase of thiol content 

accelerates gelation and results in larger storage modulus as discussed earlier (Figure 3.7). 

Larger modulus suggests the formation of a more densely cross-linked hydrogel and 

thereby shorter free chain length between cross-links, which result in limited 

interpenetration between the polymer and the mucin proteins. Increasing stiffness itself 

should decrease the work of adhesion.[21]  
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Figure 3.8 (a) Work of adhesion and (b) adhesive force as a function of the degree of 

thiolation on porcine conjunctiva and reference (cpolymer = 10 wt%, in pH = 7.4 PBS, 

T = 35 °C). 

b) a) 
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This effect does not dominate in this case, presumably because the increasing number 

of thiol groups accessible for covalent bonds on the surface compensates the effect of 

stiffness, and a considerable as well as a nearly composition-independent adhesive work 

is achieved. In turn, a constant increase of the adhesive force was observed between 10-

30% thiol content up to 2.5 N (Figure 3.8b). The tentative explanation of this tendency is 

based on the larger stiffness of the gels with higher thiol content which causes smaller 

displacement at the debonding of the surfaces. Smaller deformation with similar adhesive 

work inevitably brings larger adhesive force. However, this explanation on the role of the 

mucin-polymer disulfide formation needs further proof and deeper analysis of the 

mechanism of the adhesion, which is beyond the scope of this work. Nevertheless, the 

main conclusion is that the thiolation of PASP allows to increase both adhesive work and 

force, and the further increase of thiol content gradually increases adhesive force. The 

force needed for debonding is one order of magnitude larger for the thiolated PASP with 

the highest thiol content compared to non-modified PASP. In addition, thiolated PASP is 

a chemically cross-linked matrix after gelation, thus, it can be assumed that upon 

application the fracture and the viscous flow of the dosage form can be avoided.  

3.3.4. Release of ofloxacin 

During the application of a mucosal dosage form, continuous dilution and elimination 

of the formulation takes place. Depending on the mucosal site, the total elimination time 

can be very short, especially in the eyes, therefore fast action of the API is required. In 

the course of the application of a mucoadhesive formulation the residence time is 

elongated, which enables prolonged drug release. The aim of the release experiments was 

to examine the effect of the gel matrix and the thiolation degree on the diffusion profile. 

In the measurements ofloxacin was used as API which is a second generation 

fluoroquinolone antibiotic, and it is a commonly used first-line agent in bacterial 

conjunctivitis. Ofloxacin eye drops are effective against the most common bacteria in 

bacterial conjunctivitis such as the Gram-positive Staphylococcus epidermidis, 

Staphylococcus aureus, Streptococcus pneumoniae and the Gram-negative Haemophilus 

influenzae.[22,23]. The measurements were performed in a vertical Franz diffusion cell 

and the results are shown in Figure 3.9. Polymer solution containing ofloxacin was in situ 

gelated on the donor side of the membrane. The diffusion of the aqueous solution of 

ofloxacin through the membrane was measured as a reference. In the latter case a rapid 

diffusion rate was observed, almost 90% of the drug diffused to the acceptor side after 2 

hours. On the contrary, the entrapment of ofloxacin into the PASP-SH gel matrix 

considerably slowed the release of the drug. Only 50% of the ofloxacin diffused after 2 

hours and 90% was reached after around 8 hours. Compared to the simple solution of 

ofloxacin, the diffusion is prolonged but the final concentration is similar. However, no 

significant effect of the thiol content on the release profile appeared.  

The release kinetics was characterized with the Korsmeyer-Peppas model [24] 

suitable for one dimensional drug release from swellable polymeric devices. The equation 

is as follows (Eq. 3.3):  

𝑀𝑡

𝑀∞

= 𝑘𝑡𝑛 (3.3) 
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where Mt/M∞ is the fraction of drug released, k is the kinetic constant and n is the release 

exponent describing the mechanism of the release. The parameters were determined by 

fitting the equation to the first 60% (Mt/M∞ < 0.6) of the data (Table 3.3). The smaller 

kinetic constants of the hydrogel formulations confirm the sustained release compared to 

the liquid formulation. The release exponent values of around 0.5 suggest close to Fickian 

diffusion mechanism in every case. Statistical analysis also confirmed that there is no 

significant difference between the release profiles of the hydrogel formulations 

(p > 0.9999 for all the pairwise comparisons). However, the release profile of 

PASP SH20 hydrogel significantly differs from the reference sample (p = 0.02), while in 

the case of PASP-SH10 and PASP-SH30 the difference was found to be very significant 

(p = 0.004). 

The results proved the sustained release of ofloxacin from the polymer matrix which 

in conjunction with the adhesion ability of the polymer to biological surfaces makes 

thiolated PASP a promising excipient. 
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Figure 3.9 Release profile of ofloxacin from thiolated poly(aspartic acid) hydrogels 

(cpolymer = 10 wt%, in pH = 7.4 PBS, T = 35 °C).  

 

Table 3.3 Kinetic constants (k) and release exponents (n) according to the Korsmeyer-

Peppas model 

Sample k n 

Reference 118 ± 36 0.48 ± 0.05 

PASP-SH10 48 ± 10 0.52 ± 0.13 

PASP-SH20 59 ± 12 0.53 ± 0.09 

PASP-SH30 48 ± 8  0.55 ± 0.06 
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3.4. Conclusions 

A new synthesis method of thiolated poly(aspartic acid) (PASP) was reported in this 

chapter. The method allows to prepare polymers with controllable and large thiol content 

up to 30% of the repeating units (approximately 1600 µmol SH/g). The thiolation was 

quantitative and thiol groups were preserved in their free form during preparation. The 

low viscosity solutions of thiolated PASPs could be converted to stiff, cohesive 

hydrogels. Larger thiol content caused faster gelation and larger storage modulus of the 

gels. Thiolated formulations displayed considerable mucoadhesion on porcine 

conjunctiva. Mucoadhesive force increased with increasing degree of thiolation 

indicating the role of thiol groups in adhesion. The hydrogel provided sustained release 

of incorporated ofloxacin compared to conventional liquid formulation. Hence, thiolated 

PASP has the potential to be applied as an in situ gelling mucoadhesive excipient owing 

to the well controllable thiol content, strong mucoadhesion and sustained drug release. 

As the structure of the repeating units of PASP can be easily adjusted and other functional 

groups e.g. hydroxyl or ionic groups can be introduced to PASP simultaneously with 

thiols, chemistry of the polymer in the dosage form can be optimized for interacting with 

various mucosal membranes.  
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Chapter 4 

Cyclodextrin-modified thiolated poly(aspartic acid) for 

enhancing the solubility of prednisolone1 

 Introduction  

As we have seen in the previous chapter, thiolated poly(aspartic acid) has the potential 

to prolong the residence time and thus the release of hydrophilic ophthalmic drugs due to 

its mucoadhesive and in situ gelling properties. In the case of drugs with poor water 

solubility, providing a sufficient concentration and residence time in the precorneal area 

is even more challenging. Traditional lipophilic ophthalmic drugs are formulated as oil-

based eye drops, ointments, emulsions or aqueous suspensions. Oil-based formulations 

cause blurred and disturbed vision while aqueous suspensions provide even lower 

bioavailability along with significant eye irritation in both cases.  

Prednisolone is a corticosteroid type anti-inflammatory drug used in ocular therapy 

extensively for inflammation or its prevention following eye surgery such as cataract 

surgery or corneal operations. The poor aqueous solubility of prednisolone (0.22 mg/ml) 

and other lipophilic corticosteroids is enhanced by forming prodrugs such as prednisolone 

acetate, or using an aqueous ethanol suspension [1]. A more efficient strategy is to form 

cyclodextrin (CD) inclusion complexes that are able to enhance aqueous solubility, 

chemical stability and ocular bioavailability of ophthalmic drugs [2,3]. Better solubility 

means a higher concentration of the drug in the aqueous mucus layer leading to more 

efficient permeation through the lipophilic layers of the corneal epithelium without 

affecting the barrier function of the cornea [4].  

The aim of this work was to combine the advantages of cyclodextrins and thiolated 

poly(aspartic acid) (PASP-SH) by the chemical immobilization of β-cyclodextrin 

moieties onto the polymer (PASP-SH-CD). In this case, the covalently bonded drug-

cyclodextrin complex cannot diffuse and wash out with the lacrimal drainage from the 

adherent layer of the ocular gel, therefore the residence time of the formulation is 

increased, and an improved bioavailability of prednisolone is expected. In this chapter, 

the synthesis of PASP-SH-CD and its applicability as a mucoadhesive in situ gellable 

ophthalmic formulation of prednisolone is discussed.   

                                                           

1 M. Budai-Szűcs, E. L. Kiss, B.Á. Szilágyi, A. Szilágyi, B. Gyarmati, S. Berkó, A. Kovács, G. 

Horvát, Z. Aigner, J. Soós, E. Csányi, Polymers. 10 (2018) 199.  
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 Experimental 

 Syntheses 

 Cyclodextrin-modified thiolated poly(aspartic acid) 

Cyclodextrin-modified thiolated poly(aspartic acid) with an XCEA-feed = 10% and  

XCD-feed = 1% degree of modification (PASP-SH10-CD1). Polysuccinimide (PSI, 

Mw = 31.5 kDa), was synthesized from L-aspartic acid by thermal polycondensation with 

a solvent-free method (Section 3.2.1.1). PSI (1 g, 10.3 mmol) and 6-monodeoxy-6-

monoamino-β-cyclodextrin hydrochloride (MAβCD, 120.6 mg, 0.103 mmol – 

XCD-feed = 1%) were dissolved in dimethylformamide (10 ml) and 26.6 mg dibutylamine 

(DBA) (0.206 mmol) was added as a deprotonating agent to initiate the reaction. The 

solution was stirred for 24 h. Then, nitrogen was bubbled through the solution to remove 

dissolved oxygen and cysteamine (79.5 mg, 1.03 mmol - XCEA-feed = 10%) was added to 

the mixture. The solution was stirred for further 72 h under nitrogen atmosphere. It was 

poured into 500 ml phosphate buffer (0.5 M, pH = 8) and stirred for further 24 h under 

nitrogen atmosphere to partially hydrolyze the unreacted succinimide rings to aspartic 

acid repeating units. The solution was dialyzed against water and freeze-dried to obtain 

the final product.  

 Thiolated poly(aspartic acid) 

Thiolated poly(aspartic acid) with an XCEA-feed = 10% degree of modification 

(PASP-SH10) was prepared as described in Section 3.2.1.3, and used as a reference in 

rheology and drug release test (Section 4.2.4. and 4.2.5.). 

 Phase solubility 

Solubility studies were performed based on the Higuchi and Lach‘s method [5]. 

2.5 mg prednisolone was added to 0.5 ml of water containing different concentrations of 

either MAβCD (0 - 2.5 wt%) or PASP-SH10-CD1 (0 – 15 wt%). The suspensions were 

vortexed for 10 min, and then they were shaken for 72 h at room temperature to reach the 

equilibrium. Each sample was centrifuged at 13 500 g for 3 min and the supernatants were 

filtered through a 0.22 µm membrane filter. The optical absorbance spectra of the 

solutions were collected (Cary 60, Agilent, United States) after sufficient dilution of the 

samples. As a background the corresponding MAβCD or PASP-SH10-CD1 solutions 

were used. The concentration of the prednisolone was calculated using a calibration curve 

measured on a concentration range of 6.9-138.7 µM (λ = 247 nm; ε = 14 278 l/(mol∙cm); 

R2 = 0.9996). For the phase-solubility diagram, the equivalent cyclodextrin concentration 

was calculated from the ratio of different repeat units of the polymer determined by NMR. 

  X-ray diffraction 

The inclusion complexes were characterized by an X-ray powder diffractometer (D8 

Advance diffractometer, Bruker AXS GmbH, Billerica, MA, USA) using Cu K-α 
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radiation (λ = 1.5406 Å). Each sample was scanned at 40 kV and 40 mA in the interval 

3-40° 2 ϴ (at 0.1/s scanning speed and with 0.01° step size). Prednisolone, MAβCD and 

PASP-SH10-CD1 were measured as solid samples without further sample preparation. 

MAβCD -prednisolone and PASP-SH10-CD1-prednisolone complexes were measured as 

the freeze-dried supernatant of the suspensions prepared for the phase solubility study 

containing 2.5 wt% MAβCD and 10 wt% PASP-SH10-CD1, respectively. 

 Rheology of gelation 

Gelation of the aqueous solutions of the polymers was monitored by oscillation 

rheometry using an Anton Paar Physica MCR101 rheometer (Austria) with plate–plate 

geometry (sample gap: 0.100 mm). Three compositions were analyzed: PASP-SH10,  

PASP-SH10-CD1 without prednisolone, and with prednisolone (PASP-SH10-CD1-PR). 

Precursor polymer solutions were prepared by dissolving 15 mg polymer in 105 µl of 

PBS. In the case of PASP-SH10-CD1-PR 0.2 mg prednisolone was also dispersed in the 

PBS. The precursor polymer solutions were mixed with 30 µl 1 M NaBrO3 solution on 

the plate of the rheometer to initiate gelation. Storage modulus was monitored in 

oscillatory mode at constant strain and angular frequency (γ = 1%, ω = 10 rad/s). After 

20 min of gelation, the frequency dependence of the storage moduli (γ = 1%, 

ω = 1-100 rad/s) of the resultant gels were also recorded.  

 Release of prednisolone 

The drug diffusion profile of prednisolone was determined with a vertical Franz 

diffusion cell system (Hanson Microette Plus™). As a donor phase 30 mg of PASP-

SH10-CD1 was dissolved and 0.3 mg prednisolone was dispersed in 210 µl PBS. Then, 

60 µl 1 M NaBrO3 solution was added to initiate gelation and the mixture was placed on 

Porafilm diffusion membrane (pore size of 0.45 µm, previously impregnated with PBS). 

As a reference formulation the mixture of unbound MAβCD and PASP-SH10 was used. 

In this case 30 mg PASP-SH10 and 2 mg MAβCD was dissolved instead of PASP-SH10-

CD1 while the other components remained the same. As a second reference formulation, 

300 µl of 0.1 wt% prednisolone suspension in PBS was used. The acceptor phase was 7.0 

ml PBS and it was thermostated at the ocular surface temperature, 35 °C. The duration of 

the measurement was 24 h and three parallel measurements were carried out. Samples of 

0.8 ml were taken from the acceptor phase at different times by the autosampler and 

replaced with fresh acceptor phase. The prednisolone released was measured at 247 nm 

by a UV-Vis spectrophotometer (Thermo Scientific Evolution 201).  

 Results and discussion 

 Synthesis and chemical characterization 

Synthesis of cyclodextrin-modified thiolated poly(aspartic acid) (PASP-SH10-CD1) 

was performed in a three-step reaction. First, PSI was modified with 6-deoxy-6-

monoamino-β-cyclodextrin hydrochloride in the presence of dibutylamine in order to 
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deprotonate the amine group. In the second step, thiolation was performed by the addition 

of cysteamine under nitrogen atmosphere. Finally, the unreacted succinimide rings were 

partially hydrolyzed to aspartic acid residues in a mildly alkaline buffer solution. The 

chemical reaction is shown in Figure 4.1.  

 

Figure 4.1 Synthesis of cyclodextrin-modified thiolated poly(aspartic acid). 

The chemical structure was characterized with 1H NMR spectroscopy (Figure 4.2). 

The peaks at 4.63 and 4.46 ppm represent the methyne protons (nuclei 1) of the aspartic 

acid and modified aspartic acid repeating units, and the peak at 2.74 ppm is assigned to 

their methylene protons (nuclei 2). The methyne and methylene protons (nuclei 5 and 6) 

of the unreacted succinimide rings are at 4.92 and 3.14 ppm, respectively. Nuclei 6 gives 

a peak also at ca. 2.80 ppm that overlaps with the peak of nuclei 2 [6]. The methylene 

protons of cysteamine side groups are at 3.34 and 2.63 ppm (nuclei 3 and 4, respectively). 

The protons of the cyclodextrin rings being in an O-CH-O bond (nuclei B, 7 protons in 

each ring) give a peak at 5.04 ppm, and all other cyclodextrin protons (nuclei A, 42 

protons in each ring) have a chemical shift in the range of 3.5-4.0 ppm. The chemical 

shifts are summarized in Table 4.1. 
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Table 4.1 1H NMR peak assignment of PASP-SH10-CD1. 

Proton 
number 

Chemical shift 
(ppm) 

1 4.63, 4.46 

2 2.74 

3 3.34 

4 2.63 

5 4.92 

6 3.14, 2.80 

A 3.5-4.0 

B 5.04 

 

          

Figure 4.2 (a) 1H NMR spectrum and (b) expected chemical structure of PASP-SH10-

CD1. 

 

The ratio of the different repeating units was calculated based on the integral 

intensities of the characteristic NMR peaks. The degree of thiolation (XSH-NMR) was 

calculated by finding the ratio of the thiolated repeating units and the total number of 

repeating units according to Eq. 4.1. 

𝑿𝑺𝑯−𝑵𝑴𝑹 =
𝐴3.34 𝑝𝑝𝑚

𝐴2.5−3.0 ppm − 𝐴3.34 𝑝𝑝𝑚 + 𝐴3.14 𝑝𝑝𝑚

 

This formula is analogous to Eq 3.2; the thiolated repeating units are represented by 

the integrated intensity of nuclei 3. In the denominator, nuclei 2 represents all modified 

and hydrolyzed repeating units and to calculate its area, the area of nuclei 4 (which equals 

(4.1) 

a) b) 
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to nuclei 3, i.e. A3.34 ppm,) must be subtracted from the total area integrated between 2.3-

3.0 ppm (A2.5-3.0 ppm). The methylene peak area (nuclei 6) of unreacted succinimide rings 

at 3.14 ppm also needs to be added to the denominator (its other peak at ca. 2.80 ppm is 

already included in A2.5-3.0 ppm). The peak of oxidized side groups at 3.51 ppm (in 

comparison with Eq 3.1 and 3.2) is not included in the denominator due to peak 

overlapping with the peaks of β-CD. According to the spectrum, the amount of oxidized 

side groups is rather low, and based on the earlier calculations omitting those leads to an 

acceptable error. 

The number of cyclodextrin rings compared to the total number of repeating units 

(XCD-NMR) can be calculated by Eq. 4.2. Areas are normalized because A3.5-4.0 ppm 

represents 42 protons and the peaks in the denominator represent 2 protons each. 

𝑿𝑪𝑫−𝑵𝑴𝑹 =
𝐴3.5−4.0 ppm/42

(𝐴2.5−3.0 ppm − 𝐴3.34 𝑝𝑝𝑚 + 𝐴3.14 𝑝𝑝𝑚)/2
 

And the ratio of residual succinimide rings (XSu-NMR) was calculated with Eq. 4.3. In 

order to calculate the total area representing the unreacted succinimides, A3.14 ppm must be 

multiplied by two due to the other peak of nucleus 6 ca. at 2.80 ppm (equality of their 

areas is assumed): 

𝑿𝑺𝒖−𝑵𝑴𝑹 =
2 ∙ 𝐴3.14 𝑝𝑝𝑚

𝐴2.5−3.0 ppm − 𝐴3.34 𝑝𝑝𝑚 + 𝐴3.14 𝑝𝑝𝑚

 

XSH-NMR was found to be 8.0% and XCD-NMR was 0.75% The ratio of residual 

succinimide rings (XSu-NMR) was 35%. 

Unlike in the case of PASP-SH polymers described in Chapter 3, the alkaline 

hydrolysis of the polymer was not complete, and a rather large amount of residual 

succinimide rings remained in the product. The reasons for this are the milder alkaline 

hydrolysis that was applied (pH = 8 instead of pH = 13) in order to preserve the stability 

of cyclodextrin rings. In spite of the lower conversion of the hydrolysis, the solubility of 

the PASP-SH10-CD1 remained similar to that of PASP-SH10 in the concentration range 

used.  

 Phase solubility 

The phase solubility curves of the inclusion complexes of prednisolone formed with 

MAβCD and PASP-SH10-CD1 are plotted in Figure 4.3. The phase solubility profile is 

linear in both cases (Type A profile according to the classification of Higuchi and 

Connors [7]) which is common in the case of water soluble drug-CD complexes.  

(4.2) 

(4.3) 
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Figure 4.3 Phase solubility curve of prednisolone with MAβCD and PASP-SH10-CD1. 

 

The stability constant of the complexation (Kc) can calculated with Eq 1.14. The 

slopes of the fitted linear curves (a) and the Kc values are summarized in Table 4.1 

Table 4.1 Slopes (a) and stability constants (Kc) of the phase-solubility study 

Sample a Kc (1/M) 

MAβCD 0.5696 1728 
PASP-SH10-CD1 0.5203 1416 

   

The optimal range of Kc for the solubilization of lipophilic drugs is 200-5000 1/M 

proposed by Szejtli [8] as in case of low values, solubilization is insufficient, while in 

case of higher values the absorption of the drug is limited. In our case both the small 

molecule and the modified polymer have a Kc values in this favorable range. The fact that 

the Kc values are rather close to each other indicated that the complexation ability of 

MAβCD changed only slightly by its chemical immobilization onto the polymer.  

 X-ray powder diffractometry 

X-ray powder diffractometry is a useful tool for the detection of cyclodextrin 

complexation in solid state. In a true inclusion complex, the molecules of an otherwise 

crystalline material are individually dispersed in the cyclodextrin cavities making them 

unable to form crystalline structures. Diffractograms of prednisolone (PR), MAβCD, 

PASP-SH10-CD1, and the inclusion complexes of prednisolone and MAβCD (MAβCD-

PR), and prednisolone and PASP-SH10-CD1 (PASP-SH10-CD1-PR) were recorded 

(Figure 4.4). The diffractogram of pure prednisolone shows a crystalline structure, 

indicated by the high intensity sharp peaks at 13.91°, 15.20°, 16.37°, 18.08° along with 

smaller peaks [9]. MAβCD has less intense and wider peaks distributed in a broader range 

indicating a polycrystalline structure. Pure PASP-SH10-CD1 is completely amorphous, 
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there is no high intensity characteristic peak in the diffractogram. In the case of inclusion 

complexes, neither of the characteristic peaks of prednisolone can be observed in the 

pattern, the amorphous structure of PASP-SH10-CD1 and MAβCD dominates. Only a 

broad low intensity peak appears at 18° in both cases along with two smaller peaks at 

12°and 8° in the case of MAβCD-PR. The lack of the crystalline peaks of prednisolone 

suggests the amorphization of the drug by the formation of inclusion complexes. 
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Figure 4.4 X-ray powder diffractogram of prednisolone, MAβCD, PASP-SH10-CD1, and 

the inclusion complexes of prednisolone and MAβCD (MAβCD-PR), and prednisolone 

and PASP-SH10-CD1 (PASP-SH10-CD1-PR). 
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 Oxidation induced gelation 

The key property of thiolated PASP is the oxidation induced sol-gel transition of its 

aqueous solution, therefore it is important to clarify the effect of the immobilized 

cyclodextrin side groups and the presence of prednisolone on the gelation properties. 

Gelation was characterized by oscillation rheology. In Figure 4.5a the storage modulus is 

shown as a function of time after the addition of the oxidant. The rapid increase of the 

storage modulus (i.e. the elastic behavior of the sample) indicates gel formation in all 

cases. It can be concluded that the covalent attachment of MAβCD on the polymer did 

not hinder the gel formation. Similar gelation times were observed when the composition 

contained prednisolone as well. Frequency sweep measurement (Figure 4.5b) shows that 

the hydrogels have a storage modulus in the range of a few kPa independently of the 

chemical composition. The modulus was constant over the whole frequency range, 

indicating a coherent chemical gel structure in all cases. 
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Figure 4.5 Oxidation induced gelation of PASP-SH10, and PASP-SH10-CD1 with and 

without prednisolone. (a) Storage modulus as a function of time during gelation, (b) 

Storage modulus of the resulting gels as a function of angular frequency 

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

 

 Release of prednisolone 

In vitro release tests of prednisolone were performed in a vertical Franz diffusion cell 

with different formulations to compare the effect of complexation, the cross-linked gel 

matrix, and the chemical immobilization of the cyclodextrins in the rate of drug release. 

The results are shown in Figure 4.6. PASP-SH10-CD1 solution that contained 

prednisolone (PASP-SH10-CD1-PR) was gelated on the donor side of the membrane. As 

a reference, aqueous PASP-SH10 solution was mixed with MAβCD and prednisolone 

(PASP-SH10 + MAβCD-PR) and it was also gelated on the donor side. As another 

reference, an aqueous prednisolone suspension was used (PR suspension). The release 

b) a) 
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kinetics were characterized according to the Korsmeyer−Peppas model (Table 4.2) 

similar to Section 3.3.4. From the prednisolone suspension the drug diffused to the 

acceptor side much slower (k = 53) compared to the hydrophilic ofloxacin seen in 

Section 3.3.4 which is attributed to the low aqueous solubility of prednisolone. 

Eventually, the entire amount diffused through due to the constant dilution of the acceptor 

side. In the case of PASP-SH10 + MAβCD-PR the drug diffused to the acceptor side with 

a sustained release profile (k = 45) due to the presence of the cross-linked gel matrix. The 

profile is similar to those observed in Section 3.3.4., in the case of the release of ofloxacin 

from PASP-SH gels. The synthetic Porafil membrane is permeable for cyclodextrins, 

thus, it is assumed that in this case the complete inclusion complex diffused to the 

acceptor side and acted as a quasi-hydrophilic material. This behavior is not expected in 

vivo because the permeability of biological membranes are low for cyclodextrins. In this 

regard, the in situ gelling PASP-SH10-CD1 polymer that contains chemically 

immobilized cyclodextrin moieties gives a more reliable result. The diffusion of the 

complex is blocked, and only free prednisolone is able to diffuse to the acceptor side 

which means that the release of the prednisolone was hindered by its dissociation from 

the cyclodextrin complex. The cross-linked hydrogel matrix hindered the drug diffusion 

further. These two effects lead to a very slow release rate (k = 11), only ca. 66% of the 

drug was released in 24 h. The recovery of the eye surface typically occurs within 24 h, 

thus, complete release is not expected in vivo. However, considering the prolonged 

residence time and the efficient solubilization of the drug, a significantly higher 

bioavailability and lower irritation is expected compared to the current formulations on 

the market. 
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Figure 4.6 Release profile of prednisolone from different formulations (pH = 7.4 PBS, 

T = 35 °C). 
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Table 4.2 Kinetic constants (k) and release exponents (n) according to the Korsmeyer–

Peppas model. 

Sample k n 

PASP-SH10-CD1-PR 19 ± 11 0.44 ± 0.14 

Prednisolone suspension 53 ± 23 0.59 ± 0.08 

PASP-SH10 + MAβCD-PR 45 ± 10 0.41 ± 0.06 

 Conclusions 

In this study, we aimed to combine the advantages of the in situ gelling thiolated PASP 

seen in the previous chapter, and cyclodextrin inclusion complexes for the more efficient 

delivery of lipophilic ophthalmic drugs such as prednisolone. The synthesis method of a 

cyclodextrin-modified, thiolated poly(aspartic acid) is reported along with its complete 

chemical characterization; the polymer contained cyclodextrin moieties on 0.75% of its 

repeating units. Prednisolone was effectively solubilized with the cyclodextrin-modified 

polymer and the stability constant of the inclusion complex did not differ significantly 

from that of the inclusion complex prepared with equivalent amount of unbound 

cyclodextrin. 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. 
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In situ gellable two-component ophthalmic formulation 

based on thiolated poly(aspartic acid)1 

 Introduction 

It was established in the earlier chapters that thiolated poly(aspartic acid) can provide 

sustained release of ophthalmic drugs supported by their in situ gelation and 

mucoadhesive properties both of which is based on the disulfide formation at the site of 

action. Thiolated polymers are sensitive to atmospheric oxidation in aqueous media at a 

pH where sufficient amount of thiolate anions are present. The rate of the oxidation 

depends on the pKa of the thiol groups but the charge of the neighboring functional groups 

on the polymer also plays a significant role [1–3]. Thus, a thiol pKa, that promotes 

disulfide formation at the site of action at physiological pH, has a negative impact on the 

shelf-life of the material and vice-versa. In order to prevent such premature oxidation 

while improving reactivity, thiol groups can be protected as an asymmetrical disulfide by 

attaching a thiopyridyl subunit [4,5]. This kind of coupling facilitates disulfide formation 

with mucin thiols by fast thiol-disulfide exchange reaction because of the electron 

withdrawing effect of the π-system of the aromatic ring, thus the thiopyridyl group can 

be easily cleaved off [1]. 

The synthesis methods of S-protected polymers are summarized in Section 1.3. The 

most common strategy is to attach a thiopyridyl type protecting group to the thiol groups 

of a thiolated polymer. S-protected polymers can be excipients in tablets [6–8], semi-solid 

formulations [5,9] and nanoparticles [10]. In these applications the enhanced and 

mucoadhesive properties of these polymers was attributed to the thiol-disulfide exchange 

reaction with the thiols in mucin glycoproteins. The thiol-disulfide exchange reaction can 

also be utilized to prepare an in situ gelling material by mixing the aqueous solutions of 

an S-protected polymer and a polymer with free thiol groups. 

In this study, synthesis method of a thiol-protected, preactivated derivative of 

thiolated poly(aspartic acid) (PASP-SS-MNA) and its application as an in situ gelling 

mucoadhesive hydrogel system is reported. PASP-SS-MNA was synthesized by coupling 

thiolated poly(aspartic acid) (PASP-SH) with 6-mercaptonicotinic acid protecting group. 

Disulfide cross-linked hydrogels were prepared in situ without an oxidizing agent by 

mixing the aqueous solutions of PASP-SS-MNA and PASP-SH. 

The disulfide cross-linked PASP derivatives formed stable, cohesive chemical 

hydrogels, and the S-protected moieties of PASP-SS-MNA were able to readily react with 

the thiol groups of mucin proteins. Chemical structure, viscoelastic and swelling behavior 

of the hydrogels were thoroughly tested. Toxicity of the polymers and the 6-

mercaptonicotinic acid leaving group is also assessed by MTT assays performed on 

Madin-Darby Canine Kidney (MDCK) cells. Release profile of ofloxacin from the 

                                                           

1 B. Á. Szilágyi, B. Gyarmati, E. L. Kiss, M. Budai-Szűcs, M. S. Alavijeh, E. Csányi, A. 

Szilágyi Submitted 
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hydrogel matrices was studied to demonstrate the effect of the chemical network on the 

drug diffusion. 

 Experimental 

5.2.1. Synthesis  

5.2.1.1. Polysuccinimide 

Polysuccinimide (PSI) was synthesized by thermal polycondensation of L-aspartic 

acid in a solvent-free reaction as described in Section 3.2.1.1. 

5.2.1.2. Thiolated poly(aspartic acid) 

Thiolated poly(aspartic acid) (PASP-SH) was synthesized by the modification of PSI 

with cysteamine followed by the hydrolysis of unreacted succinimide rings of the polymer 

as described in Section 3.2.1.3 Polymers were prepared with XCEA-feed = 5% and 10% 

degree of modification (see Table 5.2). 

5.2.1.3. S-protected thiolated poly(aspartic acid) 

S-protected thiolated poly(aspartic acid) (PASP-SS-MNA) was synthesized by thiol-

disulfide exchange reaction of thiolated poly(aspartic acid) (PASP-SH) and 

6,6’-dithionicotinic acid (DTNA) (Figure 5.1). PASP-SH polymers with three different 

degrees of modification were prepared (XCEA-feed = 5%, 10% and 20%, see Table 5.2) with 

the method described in the previous section; after the neutralization, the PASP-SH 

solution was concentrated to ca. 5 ml. The DTNA solution was prepared by dispersing 

DTNA (4-fold excess of DTNA to the feed amount of thiol groups, which is 0.64 g 

(2.1 mmol), 1.27 g (4.1 mmol), and 2.54 g (8.2 mmol), respectively) in water (10, 20, 

40 ml, respectively), then 1 M NaOH was added dropwise, set the pH of the solution to 8 

and dissolve the DTNA. The PASP-SH solution was added dropwise to the vigorously 

stirred solution of DTNA using a syringe pump with a flow rate of 2 ml/h. After the 

addition of the polymer, the mixture was stirred for 12 h, then it was dialyzed against 

water, concentrated in a rotary evaporator and freeze-dried. 



97 

 

 

In situ gellable two-component ophthalmic formulation based on 

thiolated poly(aspartic acid)  

 

 
Figure 5.1 Synthesis of S-protected thiolated poly(aspartic acid) (PASP-SS-MNA). 

5.2.2. Chemical characterization of the polymers 

5.2.2.1. Thiol content of PASP-SH polymers (Ellman’s assay) 

The molar amount of free thiol groups per gram polymer was determined by Ellman’s 

assay as described in Section 3.2.3. 

5.2.2.2. Coupled mercaptonicotinic acid content of PASP-SS-MNA polymers  

The molar amount of covalently attached S-protecting mercaptonicotinic acid (MNA) 

groups per gram polymer (XMNA-UV) was determined by UV-Vis spectroscopy. A polymer 

solution with an MNA concentration of ca. 0.5 mM was prepared in PBS containing 100 

mM dithiothreitol. The solution was stirred for 4 h to reduce the disulfide groups resulting 

in the release of the MNA. Then, the solution was diluted ten times and the optical 

absorbance spectrum was collected (Cary 60, Agilent, United States). A calibration curve 

for MNA was determined with DTNA reduced with 100 mM DTT in PBS in the 

concentration range of 7.8 · 10-3−0.25 mM (λ = 343 nm; ε = 10 997 l/(mol∙cm); 

R2 = 0.9999). 

5.2.3. Interaction between polymer and mucin 

5.2.3.1. Ellman’s assay of mucin 

Thiol content of porcine gastric mucin was determined by Ellman’s assay. 100 mg 

mucin was dispersed in 9 ml phosphate buffer solution. Then, 1 ml of 1 mM solution of 

Ellman’s reagent was added and the reaction was carried out at 37 °C for 20 min. The 

resulting mixture was filled in a centrifuge tube and centrifuged for 10 minutes at 

13500 G. The supernatant was then removed and filtered with a syringe filter (0.22 µm). 

Optical absorbance spectra of the filtered solutions were collected with Cary 60 
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spectrophotometer (Agilent, United States). Thiol content was calculated based on the 

calibration curve in Section 3.2.3. 

5.2.3.2. Evaluation of MNA release during interaction of mucin and S-protected PASP 

Thiol-disulfide exchange reaction between the PASP-SS-MNA polymers and the 

mucin was proven by measuring the MNA groups cleaved off. 100 mg mucin was 

dispersed in 900 μl PBS, then 100 μl of 20 w/V% PASP-SS-MNA in PBS was added. 

The mixture was equilibrated for 30 min. 100 mg mucin was dispersed in 1 ml PBS as 

control sample. The samples were diluted to 10 ml, centrifuged (13500 G, 10 min) and 

filtered with a syringe filter (0.22 μm), then optical absorbance spectrum was collected 

using the control sample as background. The MNA content was determined based on the 

calibration curve in Section 5.2.2.2. 

5.2.4. Characterization of in situ forming hydrogels 

5.2.4.1. Preparation of the hydrogel samples 

Hydrogels were prepared in situ without an oxidizing agent by mixing the 10 wt% 

solutions of PASP-SS-MNA and PASP-SH prepared in PBS at 25 °C. The mixtures were 

poured into disc shape moulds (d = 6 mm; h = 1 mm) covered with a glass slide to prevent 

solvent evaporation and the gelation took for 12 h. 

5.2.4.2. Rheology of gelation 

Gelation was monitored by oscillation rheology using an Anton Paar Physica 

MCR301 rheometer (Austria) with cone-plate geometry (CP-25, cone angle: 1°, sample 

gap: 0.049 mm; T = 25 °C). 10 wt% solutions of the freeze-dried PASP-SS-MNA and 

PASP-SH polymers were prepared in PBS. 50 µl of the two solutions were then mixed 

on the plate of the rheometer to initiate gelation. The change of dynamic moduli was 

monitored in oscillatory mode at constant strain and angular frequency (γ = 1%, 

ω = 10 rad/s). After 20 min, the frequency dependence of the moduli (γ = 1%, 

ω = 1−100 rad/s) of the resulting gels was also recorded. 

5.2.4.3. Swelling of the hydrogel samples 

Gravimetric method was used to study the swelling behavior of the hydrogels. Mass 

of the hydrogel discs was measured after removing them from the moulds (preparative 

mass), then they were placed in the swelling medium buffer and their mass were measured 

at predetermined times. Relative degree of swelling was defined as the percentage ratio 

of the swollen mass of the hydrogels to the preparative mass. 

5.2.5. Cytotoxicity assays of the polymers  

Madin-Darby Canine Kidney (MDCK) cells were seeded on 48-well plates (Corning 

Incorporated Costar 3548, tissue culture treated plates) in a sterile lab and checked by an 

inverse optical microscope the day before the toxicity assay. Dulbecco’s Phosphate 

Buffered Saline (DPBS) was used as growth medium (500-500 µl for each well). 

Poly(aspartic acid), thiolated polymers and polymers with activated thiol groups as well 

as 6-mercaptonicotinic acid were tested. Triton X-100 was used as positive control while 

DPBS as negative control. All of the materials were dissolved in DPBS at a concentration 
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of 10 mg/ml. 50-50 µl of samples were added to each well and 6 parallels were used for 

each composition. Samples were incubated for 4 h at 37 °C in GalaxyR CO2 incubator 

from Wold Laboratories, then medium was removed from each well and replaced with 

500 µl of fresh DPBS. Finally 50 µl of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide]/DPBS solution (c = 5 mg/ml) was added to each well and 

plates were shaken for 5 min and incubated for 3 h at 37 °C. The medium from each well 

was aspirated carefully with a pipette and 500-500 µl of DMSO was added to dissolve 

formazan. Samples were shaken for another 10 min. Absorbance for all plates was 

measured at 560 nm and for reference at 670 nm by a plate reader (Tecan Safire 2 plate 

reader). 

5.2.6.  Release of ofloxacin 

Ofloxacin release measurements were performed using a vertical Franz diffusion cell 

system (Hanson Microette Plus™). Precursor polymer solutions of the gels was prepared 

by dissolving 15 mg of solid PASP-SS-MNA in 135 μl of 3 mg/ml ofloxacin in PBS and 

dissolving 15 mg PASP-SH in 135 μl of 3 mg/ml ofloxacin solution in PBS. The two 

solutions were mixed and the mixture was transferred onto a synthetic membrane (Porafil 

membrane filter, pore size of 0.45 μm, Macherey-Nagel GmbH) in the donor phase of the 

diffusion cell. The membrane was previously impregnated with PBS. The acceptor phase 

was also PBS, thermostatically controlled at 35 °C. Measurements were performed for 

24 h. A sample of 0.8 ml was taken at given time intervals from the acceptor phase and it 

was replaced with fresh PBS by the autosampler. 270 μl of ofloxacin (3 mg/ml) eye drop 

was used as reference sample. The amount of released ofloxacin was measured with a 

Shimadzu Nexera UHPLC/HPLC system using reverse phase HPLC method. The column 

was Phenomenex Gemini-NX C18 with dimensions of 5 µm, 250 * 4.6 mm, and used at 

25 °C. The separation was evaluated with isocratic elution using 7% acetonitrile and 15% 

methanol in 0.4 M citric acid solution. The injection volume was 20 µl and the flow rate 

was 1.2 ml/min. The time of analysis was 8 min, and the retention time of ofloxacin was 

4.5 min. The detection wavelength was 287 nm. The release kinetics was characterized 

according to the Korsmeyer−Peppas model [11] as described in Section 3.3.4. 

5.2.7. Statistical analysis 

Statistical analysis was carried out with GraphPad Prism 7 software. MNA release 

(section 5.3.2) was evaluated by ANOVA with Bonferroni post-tests. Drug release 

experiments (Section 5.3.5) were evaluated by repeated measures ANOVA, followed by 

Bonferroni post-tests. A level of p ≤ 0.05 was taken as significant, p ≤ 0.01 as very 

significant and p ≤ 0.001 as highly significant. 

The statistical analysis of cytotoxicity results was performed in three steps. First, the 

MDCK cell viability in the presence of the polymer samples was analyzed with multiple 

linear regression. Second, the cell viability results was compared by means of one-way 

ANOVA. Finally, planned comparisons were conducted between the negative control 

(DPBS) and MNA, as well as between negative control and the united group of polymers. 
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 Results and discussion 

5.3.1. Synthesis and chemical characterization of the polymers 

S-protected, preactivated derivative of thiolated poly(aspartic acid) (PASP-SS-MNA) 

polymers was successfully synthesized in a three-step reaction pathway. First, 

polysuccinimide was modified with cysteamine to incorporate thiol groups. In the second 

step, the unreacted succinimide rings were opened to aspartic acid units by alkaline 

hydrolysis. Finally, free thiol groups of the PASP-SH were coupled with MNA groups by 

thiol-disulfide exchange reaction with 6,6’-dithionicotinic acid, the dimer of MNA. The 

reaction steps and the proposed chemical structure of the products is illustrated in Figure 

3.1 and 5.1. The freeze-dried products were off-white, yellowish in color and odorless 

and they were easily soluble in water.  

Three PASP-SS-MNA polymers with different MNA content were prepared. The 

chemical structure of the polymers and the conversion of the reactions steps were 

characterized by 1H NMR spectroscopy and UV-Vis spectroscopy. The 1H NMR 

spectrum and the chemical structure of a PASP-SS-MNA sample is shown in Figure 5.2. 

The peaks at 4.50 and 4.72 ppm are assigned to the methyne protons of each repeating 

unit (nuclei 1 in Figure 5.2b).  

 

          
Figure 5.2 (a) 1H NMR spectrum and (b) chemical structure of PASP-SS-MNA. 

 

The peak of the methylene protons (nuclei 2) of each repeating unit is at 2.79 ppm. 

Peaks at 3.51 and 2.96 ppm are assigned to the methylene protons in the polymer side 

groups (nuclei 3 and 4, respectively). The 3 peaks in the aromatic region are correlated to 

the protons of the mercaptonicotinic acid group (7.91, 8.21 and 8.82 for nuclei 5, 6 and 

7, respectively). Peak assignments are summarized in Table 5.1.  

 

 

a) b) 
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Table 5.1 1H NMR peak assignment of PASP-SS-MNA polymers. 

Proton number Chemical shift (ppm) 

1 4.72, 4.50 

2 2.79 

3 3.51 

4 2.94 

5 7.91 

6 8.21 

7 8.82 
 

The molar ratio of cysteamine-modified repeating units to the all repeating units 

(XCEA-NMR) is calculated from the areas of corresponding NMR peaks (Eq. 5.1): 

𝑋𝐶𝐸𝐴−𝑁𝑀𝑅 =
𝐴3.51 𝑝𝑝𝑚

𝐴2.79 𝑝𝑝𝑚

=
𝐴3.51 𝑝𝑝𝑚

𝐴2.5−3 𝑝𝑝𝑚 − 𝐴3.51 𝑝𝑝𝑚

 

The molar ratio of MNA coupled repeating units to the all repeating units (XMNA-NMR) 

is calculated as follows (Eq. 5.2): 

𝑋𝑀𝑁𝐴−𝑁𝑀𝑅 =
(𝐴7.91 𝑝𝑝𝑚 + 𝐴8.21 𝑝𝑝𝑚 + 𝐴8.82 𝑝𝑝𝑚) 3⁄

𝐴2.79 𝑝𝑝𝑚 2⁄

=
(𝐴7.91 𝑝𝑝𝑚 + 𝐴8.21 𝑝𝑝𝑚 + 𝐴8.82 𝑝𝑝𝑚) 3⁄

(𝐴2.5−3 𝑝𝑝𝑚 − 𝐴3.51 𝑝𝑝𝑚) 2⁄
 

According to the results listed in Table 5.2, cysteamine addition took place with about 

80% conversion as XCEA-NMR were 3.8%, 8.2%, and 16.2% compared to the degree of 

modifications (XCEA-feed) of 5%, 10%, and 20%, respectively. In the final products, 3.5%, 

6.5%, and 10.0% MNA coupled repeating units are present (XMNA-NMR) meaning that a 

part of the incorporated free thiols could be coupled with MNA. 

Table 5.2 Chemical characterization of S-protected thiolated poly(aspartic acid) and 

thiolated poly(aspartic acid) polymers 

Sample 
XCEA-feed 

[%] 

XCEA-NMR 

[%] 

XMNA-NMR 

[%] 

XMNA-UV 

[μmol/g] 

XSH-Ellmann 

[μmol/g] 

PASP-SH178 5 4.0 - - 178 

PASP-SH545 10 8.6 - - 545 

PASP-SS-MNA242 5 3.8 3.5 242 0 

PASP-SS-MNA341 10 8.2 6.5 341 0 

PASP-SS-MNA530 20 16.2 10.0 530 0 

 
XCEA-feed: the feed molar ratio of cysteamine to succinimide repeating units 

XCEA-NMR: the molar ratio of cysteamine-modified repeating units to all repeating units based on the 

corresponding areas of NMR peaks (Eq. 5.1) 
XMNA-NMR: the molar ratio of MNA coupled repeating units to all repeating units based on the corresponding 

areas of NMR peaks (Eq. 5.2) 

XMNA-UV: the molar amount of MNA groups per gram polymer determined by UV-Vis spectroscopy 
XSH-Ellman: the molar amount of free thiol groups per gram polymer determined by Ellman’s analysis 

 

(5.1) 

(5.2) 
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The incomplete coupling of MNA to thiol groups indicates a side reaction between 

the MNA coupled groups and free thiol groups resulting in disulfide formation. PASP-SH 

was added slowly to a large excess of DTNA to exclude this side reaction but the presence 

of highly thiolated derivatives induced undesired thiol-disulfide exchange reactions 

causing a decreased conversion. The presence of this side reaction was supported by the 

decreasing conversion of MNA coupling with increasing thiol content. The conversion of 

MNA coupling was 92%, 79%, and 62% for PASP-SH polymers with XCEA-NMR of 3.8%, 

8.2%, and 16.2%, respectively. The ratio of coupled MNA was also analyzed by UV-Vis 

spectroscopy (XMNA-UV). The covalently attached MNA side groups were cleaved off the 

polymer backbone using a reducing agent, DTT and they were quantified 

photometrically. According to Table 5.2, the PASP-SS-MNA polymers contained 242, 

341, and 530 μmol MNA/g polymer, respectively. Samples without the addition of DTT 

did not display free MNA. Ellman’s analysis did not show any free thiols in the polymer 

meaning that during preparation every thiol group react either with DTNA to produce an 

MNA coupled disulfide or with an already coupled disulfide producing intra- or 

intermolecular disulfide bonds of polymers formed by two cysteamine groups (side 

reaction). 

5.3.2. Interaction between polymer and mucin 

Preactivated thiolated polymers can react with the free thiol groups of the mucin 

proteins forming disulfide bonds which can contribute to their mucoadhesive properties 

[1]. First, free thiol content of the lyophilized mucin particles was determined using 

Ellman’s assay to quantify thiol groups available for interaction with PASP-SS-MNA 

polymers. The mucin contains 1.79 μmol/g of free thiol groups (Figure 5.3).  
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Figure 5.3 Amount of released 6-mercaptonicotinic acid in the reaction of PASP-SS-

MNA polymers and mucin. Horizontal lines represent the free thiol content of mucin 

(solid line), and its standard deviation (dashed line) determined by Ellman’s assay. 
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The reaction between PASP-SS-MNA and mucin can be monitored by measuring the 

amount of MNA molecules released as a by-product of the thiol-disulfide exchange 

reaction. The amount of MNA should be equal to the amount of free thiol groups on 

mucin regardless the degree of modification of PASP-SS-MNA taking into account the 

large excess of preactivated thiol groups on the polymer compared to the thiol content of 

mucin. The results support the hypothesis that the amount of MNA formed in the reaction 

is approximately the same, and the difference is not significant (p > 0.999 in all cases). 

This proves that the thiol groups of the mucin formed disulfide bonds with the PASP-SS-

MNA polymers. The amount of released MNA is higher than the free thiol measured by 

Ellman’s analysis (p ≤ 0.01 in all pairwise comparisons) which might be due to the 

incomplete conversion of the Ellman’s reagent. 

5.3.3. Characterization of in situ hydrogels 

PASP-SS-MNA polymers were synthesized to serve as an in situ gelling drug delivery 

system. In situ gelling property without an oxidizing agent is ensured by the S-protected 

and activated polymer side groups. These MNA side groups can react with free thiol 

containing compounds in a quick thiol-disulfide exchange reaction in aqueous solution at 

pH 7.4. Hence, by mixing the aqueous solution of PASP-SS-MNA and PASP-SH, 

intermolecular disulfide bonds are formed without any oxidizing agent, and the low-

viscosity polymer mixture turns into a stiff cohesive hydrogel as it is shown in Figure 5.4.  

 

 

 

Figure 5.4 Cross-linking reaction of thiolated poly(aspartic acid) and S-protected 

thiolated poly(aspartic acid). 

PASP-SS hydrogel PASP-SH solution 

PASP-SS-MNA 

solution 
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PASP-SS-MNA polymers with three different MNA contents were prepared and each 

was reacted with PASP-SH with two different thiol contents (XSH-Ellman) to produce six 

different hydrogels as it is summarized in Table 5.3. In principle, three hydrogel samples 

have unreacted MNA groups (MNA:SH molar ratio > 1) while the other three have free 

thiol groups in the cross-linked matrix (MNA:SH molar ratio < 1). It was expected that 

all these compositions produce cohesive hydrogels but they show significantly different 

properties due to the different MNA:SH molar ratio. 

Table 5.3 Compositions of the hydrogel samples. 

Sample 
PASP-SS-MNA 

XMNA-UV [μmol/g] 

PASP-SH 

XSH-Ellman [μmol/g] 

MNA:SH 

molar ratio 

MNA242SH178 242 178 1.36 

MNA341SH178 341 178 1.92 

MNA530SH178 530 178 2.98 

MNA242SH545 242 545 0.44 

MNA341SH545 341 545 0.63 

MNA530SH545 530 545 0.97 

 Rheology of gelation 

The kinetics of gelation and the viscoelastic properties of the hydrogels listed in 

Table 5.3 were monitored by oscillation rheometry. As a representative example, in 

course of the gelation of MNA242SH545 (Figure 5.5a) both storage and loss moduli are 

low right after mixing, but as the chemical reaction proceeds, storage modulus increases 

by several orders of magnitude indicating the formation of cross-links, hence an elastic 

polymer hydrogel. On the frequency sweep tests (Figure 5.5b), the storage modulus found 

to be independent of frequency in the frequency range tested confirming the presence of 

a stiff, chemically cross-linked network. The nature of the resulting curves was similar in 

the case of all hydrogel compositions. Gelation time of the compositions was determined 

as the inflexion point of the time-dependent storage modulus [12] and the stiffness was 

characterized by the storage modulus determined after 20 min from the frequency sweep 

curves at 10 rad/s. These characteristic data of the hydrogels are summarized in 

Figure 5.6. In the case of the hydrogel samples which contain MNA groups in excess 

(MNA242SH178, MNA341SH178, MNA530SH178), the concentration of the netpoints 

is limited by the same thiol content of each gel (Figure 5.6a). This would lead to the 

formation of hydrogels with similar storage moduli. According to the results, storage 

modulus values are indeed in the same order of magnitude, however, a slight increase in 

experienced with increasing MNA content. Gelation time of these gels shortens 

remarkably with MNA content, because the larger concentration of MNA groups causes 

higher reaction rate. The larger concentration of MNA leads to increasing storage 

modulus. In the case of gel samples that contain thiol groups in excess (MNA242SH545, 

MNA341SH545, MNA530SH545), the reaction rate increases with increasing MNA 

content (Figure 5.6b), as expected, leading to decreasing gelation times, and storage 

modulus increases due to the larger concentration of netpoints.  
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Figure 5.5 Storage (G’) and loss (G”) modulus as a function of (a) time (γ = 1%, ω = 10 

rad/s) and (b) angular frequency (γ = 1%) (MNA242SH545, cpolymer = 10 wt% in 

pH = 7.4 PBS). 
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Figure 5.6 Gelation time of and storage modulus of hydrogel compositions with (a) 

MNA:SH molar ratio > 1  and (b) MNA:SH molar ratio < 1 as a function of MNA content 

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

 

5.3.3.2. Swelling of the hydrogel samples 

The poly(aspartic acid) hydrogels, in general, display pH-dependent swelling owing 

to the change of protonation of carboxyl groups around their pKa values [13]. First, the 

possible effect of coupled MNA and thiol groups on the kinetics of swelling was studied 

in PBS, in which high water uptake is expected due to the deprotonated state of repeating 

units. Hydrogel samples with an MNA:SH molar ratio > 1 (Figure 5.7a) reached their 

equilibrium degree of swelling within 6 h and they were stable in the buffer solution for 

at least two weeks. The degrees of swelling of these samples are approximately the same 

a) b) 

b) a) 
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due to the equal number of netpoints. Hydrogel samples with an MNA:SH molar ratio < 

1 (Figure 5.7b), show a markedly different kinetics of swelling. The gel with the highest 

thiol content (MNA242SH545) do not reach swelling equilibrium, but its degree of 

swelling gradually increased until the gel became so soft that its mass could not been 

measured and finally dissolved in about 8 h. MNA341SH545 gel shows a similar progress 

in the initial stage of swelling, but this sample finally reaches an equilibrium degree of 

swelling after one day. MNA530SH545 gel, which contains only a small amount of free 

thiol groups, reaches its equilibrium degree of swelling in about 8 h. The kinetics of 

swelling of these compositions (MNA:SH molar ratio < 1) is in strong correlation with 

the amount of residual free thiol groups in the samples. In PBS buffer (pH = 7.4) both 

thiol-disulfide exchange reaction and thiol oxidation occur at atmospheric conditions. We 

assume that the dissimilar kinetics of swelling of these gels is caused by a series of thiol-

disulfide exchange reactions (Figure 5.8).  
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Figure 5.7 Kinetics of swelling of hydrogel samples (a) MNA:SH molar ratio > 1 and (b) 

MNA:SH molar ratio < 1 in pH = 7.4 PBS (cpolymer = 10 wt%). 

 

 

 

Figure 5.8 Mechanism of the dissolution of hydrogels with a large excess of thiols 

through a series of thiol-disulfide exchange reactions. 

 

a) b) 
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Although the overall amount of disulfide bonds does not change in the process, 

intermolecular linkages can be converted into intramolecular ones reducing the 

concentration of chemical bonds between the different polymer chains and also chain 

entanglements. Ultimately, the concentration of effective netpoints decreases finally 

resulting in the dissolution of the gel. The entire process is driven by the high solubility 

of PASP chains in aqueous medium, and the thiol-disulfide exchange reaction rate is high 

due to the high concentration of thiolate anions at pH = 7.4. As a parallel reaction, a part 

of the thiol groups can be oxidized by air under the experimental conditions used 

preventing dissolution of gel samples with lower initial thiol content. To confirm this 

hypothesis, kinetics of swelling was also measured in pH = 2 citric acid buffer when no 

thiolate anions are present and thiol-disulfide exchange reaction occurs only to a minor 

extent (Figure 5.9). 

 

Figure 5.9 Kinetics of swelling of hydrogel samples with (a) MNA:SH molar ratio > 1 

and (b) MNA:SH molar ratio < 1 at pH = 2 (cpolymer = 10 wt%). 

 

It was found that every gel sample reached its equilibrium degree of swelling and was 

stable. The degree of swelling of every sample at pH = 2 is markedly lower than that of 

in PBS (pH = 7.4) due to the pH-responsive nature of the poly(aspartic acid) backbone 

[13]. Below the pKa values of PASP (3.3 and 4.5 for α and β repeating units, respectively 

[13]), the COOH pendant groups are in their protonated form making the polymer 

backbone less hydrophilic, and the gels shrink. Furthermore, kinetics of swelling of a 

stable gel sample with no residual thiol groups (MNA341SH178) was measured in the 

presence of 0.01 M acetylcysteine in PBS (Figure 5.10). In this case, the thiol groups were 

added externally and they also induced the dissolution of the gel further confirming that 

the dissolution is induced by cleavage of disulfide bonds. The degradation mechanism, 

however, is entirely different from that of MNA242SH545 in PBS (Figure 5.7b). In the 

case of MNA242SH545 a bulk erosion was observed, netpoints broke evenly in the entire 

volume of the hydrogel, which led to constantly increasing degree of swelling. 
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Figure 5.10 Kinetics of swelling of MNA341SH178 hydrogel in PBS and in 0.01 M 

acetylcysteine (Ac-Cys)/PBS (cpolymer = 10 wt%). 

The reason for this is that the thiol groups, which are responsible for the degradation, are 

inherently inside the hydrogel. When MNA341SH178 was examined in 0.01 M 

acetylcysteine solution (Figure 5.10), a surface erosion was observed, as the thiol-bearing 

molecules were in the swelling medium. The degradation of the material started from the 

surface, and the rate of the degradation was somewhat quicker than the rate of the 

diffusion of acetylcysteine into the sample.  

5.3.4. In vitro cytotoxicity  

In this study, MDCK cell line was used to determine the in vitro cytotoxicity. This in 

vitro toxicity assay provides a high-throughput cellular cytotoxicity model system to 

monitor acute toxicity for screening potentially harmful compounds. The cells were 

treated with thiolated polymers, polymers with activated thiol groups and the MNA 

leaving group. The in vitro cytotoxicity of the compounds were characterized by the 

MDCK cell viability as shown in Figure 5.11. As control samples, DPBS and Triton X-

100 were used for 100% and 0% viability, respectively. PASP without thiol- or disulfide-

containing functional groups was used as a biocompatible reference polymer [14,15], and 

exhibited a cell viability close to 100%. Polymers with free thiol groups also showed 

viability values around 100% regardless of thiol content. The cell viability values for 

polymers with activated thiol groups varied between 90 and 100% indicating they are not 

toxic to MDCK cells. MNA itself did not reduce cell viability indicating the absence of 

toxic effect when gel is formed by mixing of thiolated and MNA-containing polymers. 

According to the results of one-way ANOVA, no significant difference is found among 

the cytotoxicity results of DPBS, MNA and the united groups of the polymers 

(p = 0.9190). Compared to DPBS, cell viability did not significantly change in the 

presence of MNA or the polymers (p-values are 0.8730 and 0.8574, respectively). 
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Figure 5.11 Cell viability of PASP, thiolated PASP, polymers with activated thiol groups 

and MNA on MDCK cell line at a concentration of 1 mg/ml. 

5.3.5. Release of ofloxacin 

Application of an in situ gelling mucoadhesive dosage form enables prolonged drug 

release as the residence time is increased. Drug release measurements were conducted to 

determine the release profile of the in situ PASP hydrogels and the effect of a cohesive 

chemical hydrogel matrix on the rate of the drug diffusion. Hydrogels were prepared in 

situ (compositions can be found in Table 5.3) on the donor side of a Franz-diffusion cell 

by mixing PASP-SS-MNA and PASP-SH solutions containing ofloxacin. The release of 

ofloxacin from a commercially available eye drop was used as reference. According to 

Figure 5.12 and Table 5.4, the release of ofloxacin from the eye drop is substantially faster 

than that of from the hydrogels.  
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Figure 5.12 Release profile of ofloxacin from in situ forming PASP hydrogels 

(cpolymer = 10 wt%, in pH = 7.4 PBS, T = 35 °C).  
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In the case of the eye drop 90% of the ofloxacin diffused to the acceptor side in only 

2 h, while the hydrogels only released less than 60%. We can conclude that the presence 

of the hydrogel matrix slowed the diffusion of the drug, thus a sustained release profile 

was obtained. Statistical analysis confirmed that the reference significantly differs from 

the hydrogels in the first 12 h of the experiment (p < 0.001 for each pairwise 

comparisons). The calculations also show that the difference between the hydrogel 

formulations is not significant (p > 0.9999 for all pairwise comparisons) meaning that the 

different cross-linking densities or the presence of either MNA or free thiol groups (thus 

structural differences) in the hydrogels do not affect the release profile. 

Table 5.4 Kinetic constants (k) and release exponents (n) according to the Korsmeyer–

Peppas model. 

 

Sample k n 

MNA242SH178 39.4 ± 1.89 0.53 ± 0.03 

MNA341SH178 32.9 ± 3.67 0.65 ± 0.06 

MNA530SH178 40.9 ± 2.90 0.53 ± 0.02 

MNA242SH545 44.9 ± 6.08 0.53 ± 0.05 

MNA341SH545 37.3 ± 3.98 0.69 ± 0.03 

MNA530SH545 38.9 ± 2.75 0.60 ± 0.04 

 Conclusions 

In this study, a synthesis method of S-protected and preactivated thiolated 

poly(aspartic acid) (PASP-SS-MNA) was developed. PASP polymers with a large 

amount of S-protected moieties (up to 530 µmol/g) were prepared by coupling thiolated 

poly(aspartic acid) with 6-mercaptonicotinic acid group through thiol-disulfide exchange 

reaction. It was shown that because of the S-protected moieties, the polymer forms 

covalent disulfide bonds with the thiol groups of mucin glycoproteins indicating 

mucoadhesive properties. The PASP-SS-MNA can be potentially used as an in situ 

gelling ophthalmic drug delivery system, as its low viscosity aqueous solution forms stiff, 

cohesive hydrogels upon mixing with PASP-SH due to the disulfide formation between 

the polymers without the addition of any oxidizing agent. Gelation time and stiffness of 

the hydrogels can be controlled by the degree of modification of the polymers. Biological 

safety of the 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. Hence, the two component in situ 

gelling system of PASP-SS-MNA and PASP-SH has the potential for application in 

ophthalmic drug delivery. 
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Mucoadhesive interactions between polyaspartamides and 

porcine gastric mucin on the colloid size scale1 

 Introduction 

Mucoadhesion is often assessed on animal tissues in ex vivo experiments using tensile 

test, flow through method or rotating disc method, but the animal tissues have limited 

availability, their use raises ethical concerns, and the reproducibility of the results is often 

doubtful [1,2]. Therefore, mucoadhesion is often studied in in vitro experiments by 

investigating the possible interactions between the formulation and mucin on a molecular 

or colloidal scale to pre-screen the formulation prior to ex vivo tests and to gain insight 

into the mechanism of the mucoadhesion.  

Because of its limited solubility, colloidal dispersions of porcine gastric mucin can be 

prepared in aqueous medium at physiological pH values. The interaction of polymers and 

mucin particles could result in the formation of aggregates of different sizes, which can 

be characterized by turbidimetric titration and dynamic light scattering. The adsorption 

of polymers on mucin can result in a change of surface charge which can be studied by 

zeta potential measurements [3–7]. Earlier experiments with chitosan showed that the 

dominant interaction responsible for its mucoadhesive property is electrostatic but 

hydrogen bonding and hydrophobic effects play an important role as well [13]. 

Cationic polyaspartamides were already evaluated as film forming materials for tablet 

coatings  and gene-carriers since they form polyionic complexes with negatively charged 

RNA molecules [8–11]. They are expected to show mucoadhesive properties through 

electrostatic interactions similarly to chitosan. To prove this hypothesis, cationic 

polyaspartamides with primary, secondary and tertiary amine side groups were 

synthesized. The molecular weight and the degree of modification were kept constant in 

order to make relevant comparisons. Thus, the potential cross-effects of molecular weight 

and the presence of other functional groups were excluded. Mucoadhesive interactions 

were characterized by turbidimetric titration, dynamic light scattering and zeta potential 

measurements using commercially available porcine gastric mucin. Chitosan was used as 

a positive control with high mucoadhesive strength [2,3] and anionic poly(aspartic acid) 

was used as a negative control. The goals were to determine the relevance of the chosen 

experimental methods in the evaluation of interactions and to determine the effect of the 

types of functional group on mucoadhesive properties.  

  

                                                           

1 B.Á. Szilágyi, A. Mammadova, B. Gyarmati, A. Szilágyi, Colloids Surfaces B Biointerfaces. 194 

(2020) 111219.  
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 Experimental 

 Syntheses 

Polysuccinimide (PSI, Mw = 31.5 kDa), was synthesized from L-aspartic acid by 

thermal polycondensation with a solvent-free method (Section 3.2.1). Poly(aspartic acid) 

was synthesized by the alkaline hydrolysis of PSI as described in Section 3.2.1. PSI was 

functionalized with alkylamino side groups by the nucleophilic addition of diamines onto 

the succinimide rings of the polymer (Figure 6.1). 

 
Figure 6.1 Synthesis of cationic polyaspartamides from polysuccinimide (PSI). 

 

6.2.1.1. Synthesis of poly((4-aminobutyl)aspartamide) (DAB) 

0.97 g of PSI (10 mmol succinimide unit) was dissolved in 50 ml DMF and 50 mmol 

(4.41 g) 1,4-diaminobutane was dissolved in 50 ml DMF. PSI solution was added 

dropwise to the solution of 1,4-diaminobutane in 24 h (2.08 ml/h) using a syringe pump. 

100 ml water was added to the reaction mixture and the pH was neutralized by adding 

1 M HCl. The solution was dialyzed against water, concentrated in a rotary evaporator 

and finally freeze-dried. The average yield was 80%. 

6.2.1.2. Synthesis of poly((N-ethyl-2-aminoethyl)aspartamide) (EE) and poly((N,N-

dimethyl-2-aminoethyl)aspartamide) (DME) 

0.97 g of PSI (10 mmol succinimide unit) was dissolved in 10 ml DMF and 15 mmol 

(1.32 g) of either N,N-dimethylethylenediamine or N-ethylethylenediamine was added. 

The solution was stirred for 24 h, then precipitated in an excess of ethyl acetate (100 ml) 

and washed thoroughly with ethyl acetate (3x30 ml) and acetone (30 ml). The precipitate 

was dissolved in 50 ml water, and then the pH was neutralized by adding 1 M HCl. The 

solution was dialyzed against water, concentrated in a rotary evaporator and freeze-dried. 

The average yield for both polymers were 80%. 

 Preparation of mucin samples and polymer solutions 

The mucin dispersion was prepared by adding mucin to deionized water in a 

concentration of 1 g/l. The dispersion was stirred for 2 h, sonicated for 10 min, and finally 

centrifuged for 5 min at 170 g. The supernatant was used in further experiments. To reveal 
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the dominant interactions between mucin and the polymers (Section 6.3.2, Figures 6.4 

and 6.6), mucin was dispersed in aqueous solutions of either NaCl (0.2 or 1 M) or urea 

(8 M) instead of water. For zeta potential measurements (Section 6.3.4, Figure 6.8), KCl 

solution (1 mM) was used to prepare mucin samples. 

Synthetized polymers were dissolved in water at a final concentration of 2 g/l for each 

experiment. Chitosan solution at concentration 2 g/l was prepared by dispersing 20 mg of 

chitosan in 9 ml of deionized water, and then 12 µl of 96% acetic acid was added and 

stirred until complete dissolution. Finally, water was added to reach 10 ml total volume. 

 Turbidimetric titration 

The interactions between mucin and cationic polyaspartamides were investigated by 

turbidimetric titration. Polymer solutions were added to 2 ml of the mucin dispersion 

stepwise and the turbidity (apparent absorbance) of the samples was measured after each 

step in an Agilent Cary 60 (Agilent) UV-Vis spectrophotometer at 500 nm. The turbidity 

values were recorded after reaching equilibrium.  

To study the effect of NaCl concentration on turbidity (Section 6.3.2, Figure 6.5), 

polymer solutions were added to 2 ml of mucin dispersion to reach a polymer/mucin mass 

ratio of 0.1 and the as-prepared dispersion was titrated by adding 3 M NaCl. 

 Dynamic light scattering 

The effect of cationic polyaspartamides on the average particle size and particle size 

distribution of mucin dispersion was measured by dynamic light scattering. Polymer 

solutions (2 g/l) were added stepwise to 2 ml of mucin dispersion and the size distribution 

was measured after each step using a Malvern Nano-ZS Zetasizer (Malvern Instruments, 

UK). 

 Zeta potential 

The change in the surface charge density of mucin particles upon addition of cationic 

polyaspartamides was studied by zeta potential measurements. Polymer solution was 

added stepwise to 1.5 ml of mucin dispersion. After each step, the zeta potential was 

measured using a Brookhaven ZetaPALS analyzer (Brookhaven, USA). Measurements 

were performed with 10 runs and 10 cycles and the Smoluchowski model was used to 

evaluate the results.  

 Results and discussion 

 Synthesis and chemical characterization 

Cationic polyaspartamides were synthesized by the nucleophilic addition of diamines 

(N,N-dimethylethylenediamine or N-ethylethylenediamine) onto each succinimide repeat 

unit of polysuccinimide, thus reaching complete modification of the polymers. As only 

primary amine groups react with succinimide rings, polyaspartamides with either a 

secondary or tertiary amine pendant group could be synthesized. Polymers were 

neutralized during preparation; thus the pH of their aqueous solution was close to neutral, 
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which is important in evaluating interactions, since both the surface charge and particle 

size of mucin are strongly pH-dependent. The synthesis of polyaspartamide with a side 

group containing primary amine groups required a distinct pathway, since DAB has two 

primary amine groups that can potentially result in the formation of a cross-linked 

structure. To avoid this undesired cross-linking reaction, the dilute solution of PSI was 

added in large excess of 1,4-diaminobutane with a small flow rate. The chemical structure 

of the polymers was determined since these cationic polyaspartamides had not been 

studied previously. 1H NMR spectra and the structures of the polymers are shown in 

Figure 6.2 along with the peak assignments (Table 6.1).  

In the case of poly(4-aminobutyl)aspartamide (Figure 6.2a), the peak at 4.68 ppm is 

assigned to the proton of the methyne group on the polymer backbone (nucleus 1). The 

chemical shifts at 3.24 and 3.03 ppm are assigned to the methylene protons adjacent to 

the amide group and amine group (nuclei 3 and 6) in the aminobutyl side group, 

respectively. The peak at 2.84 ppm represents the methylene protons adjacent to the 

polymer backbone (nuclei 2). The overlapping peaks of nuclei 4 and 5 lie in the range 

1.50−1.70 ppm. These peaks include the signals of four protons, while the peaks in the 

range of 2.5−3.5 ppm include 6 protons, the ratio of their integrated intensity should thus 

be 1:1.5. As the actual values (1.00:1.51) deviate only very slightly from this value, it is 

concluded that cross-link formation occurred to a very small extent (ca. 2%) during the 

synthesis.  

The NMR spectrum of poly(N-ethyl-2-aminoethyl)aspartamide (EE) is shown in 

Figure 6.2b. The peak of the methyne group of the polymer backbone (nucleus 1) is 

present at ca. 4.80 ppm. However, it overlaps with the residual solvent (H2O) peak. The 

peak of nucleus 2 is at 2.89 ppm. Those peaks of the methylene protons of the 

N-ethyl-2-aminoethyl group are at 3.58 ppm (nuclei 3), 3.23 ppm (nuclei 4) and 3.13 ppm 

(nuclei 5), and the chemical shift of 1.31 ppm is assigned to the methyl protons (nuclei 

6). Integrated intensities of the peaks are in accordance with that of the expected chemical 

structure.  

The NMR spectrum of poly(N,N-dimethyl-2-aminoethyl)aspartamide (DME) is 

shown in Figure 6.2c. The peak of the methyne group of the polymer backbone, again, 

overlaps with the solvent peak (nucleus 1, ca. 4.80 ppm). The peak at 2.87 represents the 

methylene protons adjacent to the methyne group (nuclei 2). Protons of methylene groups 

of the N,N-dimethyl-2-aminoethyl side groups are at 3.64 ppm (nuclei 3) and 3.34 ppm 

(nuclei 4). The high intensity peak of the methyl group (nuclei 5) at 2.95 ppm overlaps 

with the peak of nuclei 2. As the peaks at 3.64 ppm and 3.34 ppm represent two protons 

each, and the peaks on the range of 2.5−3.0 ppm represent 8 protons, the ratio of 

integrated intensities is in good accordance with the theoretical values. 

The methyne proton of an unreacted succinimide ring has a peak at 4.92 ppm in D2O 

[12], slightly different from the chemical shift of the same proton in DMSO (5.10 ppm, 

see Chapter 3, Section 3.2.1). This peak, however, was not observed in the spectra of the 

cationic polyasmartamide derivatives suggesting 100% conversion. In conclusion, the 

polymers were synthesized with the expected chemical structure and complete 

conversion. 
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Figure 6.2 1H NMR spectra and chemical structure of cationic polyaspartamides: (a) 

poly((4-aminobutyl)aspartamide) (DAB) (b) poly((N-ethyl-2-aminoethyl)aspartamide) 

(EE), (c) poly((N,N-dimethyl-2-aminoethyl)aspartamide) (DME). 

 

Table 6.1 1H NMR peak assignment of cationic polyaspartamides. 

Proton number 
Chemical shift (ppm) 

DAB EE DME 

1 4.68 ~4.80 ~4.80 

2 2.73 2.89 2.87 

3 3.24 3.58 3.64 

4 1.50-1.70 3.23 3.34 

5 1.50-1.70 3.13 2.95 

6 3.03 1.31 - 

a) b) 

c) 
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 Turbidimetric titration 

6.3.2.1. Characterization of polymer-mucin interactions by turbidimetry 

Mucoadhesive interactions of cationic polyaspartamides were first studied by 

turbidimetric titration. As the interactions were studied at neutral pH, the majority of 

amine groups are protonated (pKa values estimated by ChemAxon Marvin 20.5 software 

are 9.9, 9.7 and 8.5 for DAB, EE and DME, respectively). Thus the formation of 

electrostatic interactions with the negatively charged mucin particles was expected and 

the presence of hydrogen bonds is less likely. Anionic poly(aspartic acid) is practically 

deprotonated at the same pH (Section 1.4, [13]), and hence hydrogen bonding or attractive 

electrostatic interactions with mucin particles also bearing a negative charge was not 

expected. Accordingly, the addition of PASP solution caused no increase in turbidity 

(Figure 6.3), but a gradual decrease was observed owing to the dilution of mucin 

dispersion, which indicates absence of any specific interactions. The addition of cationic 

polyaspartamides was accompanied by a steep increase of turbidity up to a 

polymer/mucin mass ratio of 0.1. These maxima are attributed to the aggregation of the 

mucin particles caused by polymer adsorption on their surfaces and polymer bridging 

effect [3–7], similar to the effect of chitosan. A further increase in the polymer/mucin 

mass ratio (0.1-0.3), reduced the turbidity to close to its initial value because of the 

disaggregation of the mucin particles, since in this concentration range the polymers can 

be assumed to coat separate particles. It is worthy of note that the aggregation and 

disaggregation of mucin particles do not occur immediately and the equilibrium value of 

turbidity was reached in ca. 8−10 min. Once the disaggregation is complete, further 

addition of the polymer solution results in a slight decrease of turbidity due to dilution. 

Although the aggregation-disaggregation mechanism was observed with each 

polyaspartamide and with chitosan, the shapes of the curves are notably different. The 

curves can be characterized by the turbidity maxima and the corresponding 

polymer/mucin mass ratio. The highest peak was observed for DAB with a maximum 

turbidity of 0.68 at polymer/mucin mass ratio 0.1. DAB is followed by EE and DME with 

a maximum of 0.54 and 0.53, respectively, at polymer/mucin mass ratio 0.05 and chitosan 

reached 0.50 at 0.075. It is also interesting that during the disaggregation process, in the 

case of DAB and chitosan the turbidity did not reach values as small as those of PASP, 

which indicates that some mucin aggregates are present even when the polymer is in 

excess. In conclusion, all cationic polyaspartamides interact with mucin particles, 

bringing about a turbidity increase that is comparable to or even slightly higher than that 

of chitosan. 
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Figure 6.3 Turbidimetric titration of 1 g/l porcine gastric mucin dispersion by 2 g/l DAB, 

EE, DME, chitosan and PASP. 

 

6.3.2.2. Screening the polymer-mucin interactions with additives 

The role of electrostatic interactions between the oppositely charged polymers and 

mucin was studied in the presence of NaCl, which screens the Coulomb forces. As shown 

in Figure 6.4, the turbidity of the mucin dispersion after addition of cationic polymers 

increased, even in 0.2 M NaCl, but to a lesser extent than measurements in water. A fairly 

high peak with a maximum of 0.52 was obtained for DAB, and the maximum shifted to 

a higher polymer/mucin mass ratio, suggesting a weaker interaction. The turbidity of 

dispersions containing EE or DME in 0.2 M NaCl increased only to around 0.3 with a 

less pronounced maximum, implying a weak interaction. In 1 M NaCl the peaks 

disappeared completely for each polyaspartamide, indicating that the electrostatic forces 

are mainly responsible for the polyaspartamide-mucin interactions. Chitosan, however, 

acted somewhat differently. The maximum value of turbidity was only slightly lower in 

0.2 M NaCl than in water, but shifted to a higher polymer/mucin mass ratio, similarly to 

DAB. Furthermore, the increase in turbidity was observed even at the highest salt 

concentration. The interaction could thus not be fully suppressed. These results confirm 

that chitosan forms not only electrostatic interactions with mucin but also hydrogen bonds 

[3]. The dissimilar molecular weight of chitosan might also have an effect on 

mucoadhesive strength. 
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Figure 6.4 Turbidimetric titration of 1 g/l porcine gastric mucin dispersion by 2 g/l (a) 

DAB, (b) EE, (c) DME, (d) chitosan in 0, 0.2 and 1 M NaCl. 

The turbidity curves demonstrate the presence of electrostatic interactions, but these 

values cannot readily be converted into quantitative data about the strength of the 

interactions [3,14]. To obtain some semi-quantitative information, polymer solutions 

were added to the mucin dispersion to form aggregates, then dispersions were titrated 

with a concentrated solution of NaCl. The turbidity curve for PASP decreases slightly 

with increasing salt concentration because of the dilution of mucin dispersion 

(Figure 6.5). The curves for polyaspartamides decrease monotonically due to the gradual 

disruption of the electrostatic interactions. The turbidities of EE and DME equalled that 

of PASP at 0.6 M NaCl concentration, meaning that the electrostatic interaction is 

suppressed at this salt concentration. In contrast, to completely diminish the interaction 

between DAB and mucin a salt concentration as high as 1 M was required. This result 

suggests that a stronger electrostatic interaction exists between mucin and the polymer 

with primary amine side groups than with secondary or tertiary amines. Interestingly, 

addition of only a small amount of NaCl increased the turbidity of the mucin-chitosan 

solution: the partial disruption of electrostatic forces thus apparently facilitates formation 

of hydrogen bonds. At higher salt concentrations, as expected, the turbidity decreased 

c) d) 

a) b) 
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constantly, and at 1 M NaCl, it was still slightly higher than that of the polyaspartamides, 

in accordance with previous findings. 
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Figure 6.5 Turbidimetric titration of 1 g/l porcine gastric mucin dispersion containing 

0.1 g/l DAB, EE, DME, chitosan or PASP by 3 M NaCl. 

To obtain a clearer picture of the interactions, turbidimetric titration was performed 

in an 8 M urea solution (Figure 6.6) because urea is able to break hydrogen bonds. The 

initial turbidity of the mucin dispersion was markedly lower in urea solution than in water, 

suggesting that the insoluble mucin particles are held together mostly by hydrogen bonds 

between the oligosaccharide side chains of the protein. The addition of cationic polymers, 

as already noted above, increases the turbidity. With DAB a strong increase up to 0.51 

was observed at higher polymer/mucin mass ratio (0.25) than without additives. This 

record is followed by chitosan (0.28 at a ratio of 0.2) then EE and DME with very similar, 

almost flat curves with a maximum of only ca. 0.15. These results indicate a stronger 

electrostatic interaction of primary amines (DAB and chitosan) with mucin. When 

hydrogen bonds are suppressed, only the DAB and chitosan are able to cause aggregation 

of the mucin particles, although a greater amount of polymer is required. However, 

secondary (EE) and tertiary (DME) amines, which induce weaker electrostatic 

interactions, give rise only to slight aggregation. In conclusion, turbidimetric assay is a 

useful tool in the initial assessment of possible interactions between cationic 

polyaspartamides and mucin. The change in particle size and surface charge as a result of 

polymer-mucin interactions are studied in detail by dynamic light scattering and zeta 

potential measurements.  
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Figure 6.6 Turbidimetric titration of 1 g/l porcine gastric mucin dispersion by 2 g/l DAB, 

EE, DME, chitosan and PASP in 8 M urea. 

  Characterization of polymer-mucin interactions by dynamic light 

scattering 

The change of the particle size due to aggregation and disaggregation of mucin 

particles was observed with dynamic light scattering measurements. According to 

Figure 6.7a, mucin has a bimodal size distribution with a population of smaller particles 

of around 100 nm and larger particles of 1000 nm, and with a Z-average of ca. 500 nm. 

The addition of DME (0.05 polymer/mucin mass ratio) shifts the distribution curve to 

larger sizes and eliminates the smaller population of particles with a Z-average of 

1296 nm. At polymer/mucin mass ratio 0.2, both smaller and larger particles are present 

during disaggregation, and the sizes are slightly larger than at polymer/mucin mass ratio 

zero, possibly due to polymer adsorption on the particle surface. 

Measurements with various mucin/polymer mass ratios are summarized for all the 

polymers in Figure 6.7b using the Z-average particle size. The trends are generally in 

accordance with those of turbidimetric titration, that is, a maximum of Z-average is 

observed at small polymer/mucin mass ratios followed by a decrease for cationic 

polyaspartamides. These results confirm that the changes in turbidity are related to the 

changes of particle size of the dispersion. The most significant increase was detected with 

EE and DME with a maximum Z-average of ca. 1300 nm, while with DAB aggregates of 

only 790 nm were formed. The order of the polymers differs from the results of 

turbidimetric titration, which indicates that particle size and turbidity are not directly 

correlated. Turbidity is correlated with scattering intensity, which depends on particle 

size, particle concentration, particle density as well as on the refractive index of the 

particles, which is not known and might be different for different polymer/mucin 

aggregates. Nevertheless, the peak maxima are in the same interval of polymer/mucin 

mass ratio as in turbidimetric titration proving that increased turbidity was caused by the 

formation of mucin aggregates. The addition of PASP did not result in the change of 

particle size independently of the mass ratio, supporting further the absence of strong 

interactions between PASP and mucin. The addition of chitosan, however, resulted in 

smaller Z-average than the initial dispersion, while it increased to a maximum of only 
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600 nm at larger mass ratios. It should be emphasized that very broad size distribution 

curves were obtained for chitosan/mucin dispersions, and accordingly a clear tendency 

cannot be observed for these samples by this method. In conclusion, all cationic polymers 

were shown by DLS measurement to interact with mucin, but the results should be 

evaluated carefully, as particle size distribution is affected by multiple factors as 

described above.  
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Figure 6.7 Dynamic light scattering measurements. (a) Changes in the size distribution 

of mucin dispersion upon the addition of DME; (b) Z-average of mucin dispersion as a 

function of polymer/mucin mass ratio (curves are guides to the eye). 

 Zeta potential 

The adsorption of macromolecules on mucin particles and changes in the surface 

charge density of the particles can be monitored by measuring their zeta potential [2]. 

Figure 6.8 shows the changes in the zeta potential upon the addition of cationic 

polyaspartamides, chitosan and poly(aspartic acid). The zeta potential of the mucin 

particles was −10 mV confirming their net negative charge at neutral pH. In all 

experiments performed with cationic polymers, the initial zeta potential increased, 

became positive, and then reached a plateau. Charge reversal of the mucin particles 

occurred around 0.03 polymer/mucin mass ratio, which corresponds to the positions of 

peaks in the turbidity and light scattering experiments. The experiment was performed 

with negatively charged PASP as well. As we have seen earlier, PASP does not change 

the turbidity of a mucin dispersion, and does not induce aggregation of the mucin 

particles, suggesting absence of strong interactions between PASP and mucin particles. 

It was therefore expected that the zeta potential of mucin particles would be unaffected. 

On the contrary, gradual addition of PASP caused the zeta potential of the sample to 

decrease further and reach a relatively large negative value. One might assume that the 

equipment detected not only the zeta potential of the mucin particles, but also that the 

unbound polymer molecules contributed to the values. To clarify the relevance of zeta 

potential values, measurements with PASP and DAB were repeated at a fixed mass ratio 

of 0.5. It was hypothesized that the majority of mucin particles should remain in the 

precipitate while unbound polymer molecules should be removed with the supernatant. 

a) b) 
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Figure 6.8 Changes in the zeta potential of mucin dispersions with addition of DAB, EE, 

DME, chitosan and PASP. 

The dispersions were centrifuged at 5000 G for 5 min and the supernatant was carefully 

removed by a pipette followed by the dilution of the sample to the initial volume by 

adding 1 mM KCl. Centrifugation was repeated three times. As shown in Figure 6.9a, the 

conductance of the first supernatant was comparable to that of the initial dispersion 

indicating that a large amount of charged polymer molecules (PASP or DAB) was 

removed, while conductance of the dispersion approximately halved. Subsequent steps 

reduced the conductance of the dispersion further accompanied by the gradual decrease 

of supernatant conductance. Finally, the conductance levelled off at the value of the 

background KCl solution, suggesting the most of unbound molecules were successfully 

separated from the dispersion. The zeta potential of the mucin dispersions remained 

unchanged both with PASP and DAB (Figure 6.9b), confirming the validity of 

measurements without removing unbound polymer molecules.  
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Figure 6.9 a) Conductance of mucin dispersions upon addition of DAB or PASP (mass 

ratio of 0.5) and conductance of supernatant of the same dispersions; b) zeta potential of 

mucin dispersions upon addition of DAB or PASP (mass ratio of 0.5) after mixing and 

centrifugation. 

a) b) 
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It is still surprising that the addition of PASP strongly altered the zeta potential of mucin 

in light of the results of turbidity and DLS measurements. It is worth noting that mucin 

particles can interact with polyacids, particularly with high molecular weight polyacids 

[3] such as Carbopol polymers despite the repulsive electrostatic forces [15]. 

Accordingly, the significant decrease in zeta potential can be explained by adsorption of 

PASP on mucin, but the polyanionic nature of PASP could result in weaker interactions, 

and the absence of bridging effect, such that no change in particle size was observed. In 

conclusion, special caution is required to rank mucoadhesive polymers by zeta potential 

measurements and the combination of different methods is recommended to determine 

the mucoadhesive performance of polymer excipients with distinct chemical properties. 

 Conclusion 

In this chapter, synthetic polyaspartamides were used to determine the role of 

functional groups in the formation of mucoadhesive interactions with porcine gastric 

mucin and both the molecular weight and the degree of modification was kept constant 

to exclude other effects on potential interactions. Three cationic polyaspartamides with 

primary, secondary and tertiary amine side groups as well as anionic poly(aspartic acid) 

were synthesized to probe the interactions. According to turbidimetric titration, the 

cationic polyaspartamides interact with mucin causing its particles to aggregate and 

disaggregate depending on the polymer/mucin mass ratio. The same phenomenon was 

observed for a well-known mucoadhesive polymer, chitosan. 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, 

despite the remarkably lower molecular weight of polyaspartamides. Dynamic light 

scattering confirmed the aggregation of mucin particles in the presence of 

polyaspartamides, followed by their disaggregation at larger polymer/mucin mass ratios. 

Zeta potential measurements showed the charge reversal of the negatively charged mucin 

particles upon the addition of cationic polyaspartamides. The net zero charge was 

recorded at around the same polymer/mucin ratio as the maxima in particle sizes and 

turbidity were observed. These results indicate the potential of cationic polyaspartamides 

as mucoadhesive materials. It can also be concluded that colloidal methods are useful 

tools for studying mucoadhesive interactions in the early stage of development of 

synthetic mucoadhesive materials, however, it is recommended to use them together with 

other methods to increase the reliability of the findings. 
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Poly(aspartic acid) hydrogel with enzymatically 

degradable cross-links1 

 Introduction 

One of the most attractive stimulus for biomedical applications of responsive 

hydrogels is the concentration gradient of inherently present enzymes in the human body. 

Hydrogels showing enzymatic response can be prepared by using peptide cross-linkers 

[1,2]. The peptide sequence can be designed for selective cleavage by a protease enzyme 

available at the chosen therapeutic site [3]. The presence of trypsin is a particularly 

attractive trigger for site-specific drug delivery systems. Trypsin belongs to the 

chymotrypsin superfamily of serine endopeptidases. Human trypsin is formed in the small 

intestine from its precursor trypsinogen synthesized in the pancreas. Its pH optimum is 

7.5-8.5 and it hydrolyses the peptide bonds at the C-terminal side of lysine or arginine 

units. Secondary binding sites on both sides of the scissile bond play only a minor role, 

although occupancy of these sites does affect the catalytic efficiency [4]. Trypsin-

degradable hydrogels  can be utilized for the protection of bioactive macromolecules such 

as therapeutic proteins [2,5] or small interfering RNA [6] in the stomach and for the 

release of them in the small intestine. Their synthesis methods include copper catalyzed 

Huisgen cycloaddition [7] and carbodiimide chemistry [2,5]. The drawback of the former 

is that it requires the derivatization of the peptide and polymer before reaction, while the 

latter utilizes a multi-step reaction and a non-biodegradable acrylate based polymer. 

In this work, a polymer hydrogel with trypsin-induced degradation was prepared 

exclusively from amino acids. The polymer backbone of the hydrogel is the 

biocompatible and biodegradable PASP. Since the precursor anhydride of PASP, PSI 

reacts with primary amines under mild reaction conditions, thus, it can be cross-linked by 

any peptide bearing amine groups at both termini, which means that no activation of the 

peptide is required before cross-linking. In the present work, a tetrapeptide, composed of 

phenylalanine (Phe, F), arginine (Arg, R) and lysine (Lys, K), abbreviated as FRFK, was 

used as trypsin-degradable cross-linker. Degradation, biocompatibility, and drug release 

properties of the hydrogel were studied in comparison with a non-degradable PASP 

hydrogel. 

  

                                                           

1 B.Á. Szilágyi, Á. Némethy, A. Magyar, I. Szabó, S. Bősze, B. Gyarmati, A. Szilágyi, React. Funct. 

Polym. 133 (2018) 21–28.  
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 Experimental 

 Syntheses 

 Polysuccinimide 

Polysuccinimide (PSI) was synthesized by the thermal polycondensation of aspartic 

acid in a mixture of mesitylene and sulpholane (7/3 weight ratio) at 160 °C with 85% 

H3PO4 as catalyst (the molar ratio of H3PO4 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 MeOH and dried at 80 °C. 

The chemical structure of PSI was confirmed by 1H NMR (300 MHz, DMSO-d6, δ, ppm: 

5.10 (d, 1H, CH); 3.20 and 2.75 (s, s, 2H, CH2)).  

 Poly(aspartic acid) 

PSI was hydrolyzed to poly(aspartic acid) (PASP) in a mildly alkaline solution (imidazole 

buffer, pH = 8, 24 h), the solution was dialyzed against water and the solid PASP was 

obtained by freeze-drying. The average molecular weight of the resultant PASP was 

determined by HPLC size-exclusion chromatography. A Nucleogel GFC-300 column was 

used (molecular weight range of 1-100 kDa) with PBS eluent. The average molecular 

weight of PASP was calculated to be Mw = 56.1 kDa with a polydispersity index of 1.07. 

 Tetrapeptide cross-linker 

Trifluoracetic acid (TFA) salt of a phenylalanine-arginine-phenylalanine-lysine 

(FRFK) tetrapeptide sequence was synthesized by solid phase methodology using Fmoc-

chemistry on 2-chlorotrityl-chloride resin [8] using diisopropylcarbodiimide and 

1-hydroxybenzotriazole (DIC/HOBt) as coupling reagent. The protecting group of 

arginine and lysine were 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) and 

tert-butyloxycarbonyl (Boc) groups, respectively. The tetrapeptide was cleaved off the 

resin in a solution containing 95% TFA, 2.5% water and 2.5% triisopropylsilane by 

stirring the solution for 2 h. The resin was removed by filtration, the filtrate was dropped 

into cold ether to precipitate the peptide. The ether was distilled three times to remove 

free TFA. The crude products were purified by semi-preparative reversed-phase high-

performance liquid chromatography (RP-HPLC) and the purified compound was 

characterized by analytical RP-HPLC (Linear gradient elution, Eluent A: 0.1% TFA/H2O; 

Eluent B: 0.1% TFA/MeCN; method: 5% B – 95 % B; 50 min, column: Phenomenex 

Jupiter 5μm C18 300 Å, 250 x 4.6 mm ) and electrospray ionization ion trap mass 

spectrometry (Bruker Esquire 3000+ Ion Trap Mass Spectrometer, solvent: 0.1% acetic 

acid in MeCN/water 1:1 (V/V), injection: 10 μl/min, ionization: electrospray ionization, 

voltage: 4.0 kV, orifice voltage: 40.0 V, range: 50-3000 m/z, scan rate: 13,000 u/s).  

 Poly(aspartic acid) hydrogel cross-linked with the tetrapeptide cross-linker 

The poly(aspartic acid) hydrogel cross-linked with the tetrapeptide (PASP-FRFK) 

was prepared by dissolving 14.6 mg (150 μmol) PSI and 20.6 mg (25 μmol) FRFK∙2TFA 

in 106.7 mg DMSO, then 8.1 mg (62.5 µmol) dibutylamine (DBA) was added to initiate 

gelation, and the solution was vortexed. The gelation was carried out overnight, then the 

gel was placed into imidazole buffer (pH = 8) to hydrolyze unreacted succinimide rings. 

http://www.sigmaaldrich.com/catalog/product/sial/09654
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The buffer was replaced daily for 3 days. PASP-FRFK was stored in PBS (pH = 7.4) for 

further experiments. The synthesis route of the PASP-FRFK hydrogel is shown in 

Figure 7.1. 

 

Figure 7.1 Synthesis of PASP-FRFK hydrogel: PSI was cross-linked with FRFK 

tetrapeptide, after that the PSI-FRFK gel was hydrolyzed to PASP-FRFK hydrogel in 

imidazole buffer (pH = 8); the scissors mark the cleavage site of the trypsin. 
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PASP-FRFK gel loaded with the model drug was prepared by dissolving PSI and 

FRFK in DMSO along with 2.91 mg FITC-dextran (20 wt% of the polymer) before the 

gelation. An oscillatory rheometer (Anton Paar Physica MCR 301, Austria) with plate-

plate geometry (PP25, measuring gap was set to 2.75 mm) was used to assess the 

mechanical properties of the hydrogel. Frequency sweep measurements were performed 

in the range of linear viscoelasticity with a strain of γ = 1% on the frequency range 

of 𝜔 = 1-100 rad/s.  

 Poly(aspartic acid) hydrogel cross-linked with cystamine 

The poly(aspartic acid) hydrogel cross-linked with cystamine (PASP-CA) was 

prepared by dissolving 14.6 mg PSI and 5.6 mg cystamine dihydrochloride in 123.3 mg 

DMSO, then 6.5 mg (50 μmol) DBA was added, and the solution was vortexed. After 

gelation, the gel was hydrolyzed in imidazole buffer (pH = 8). The buffer was replaced 

daily for 3 days, then PASP-CA was stored in PBS (pH = 7.4) for further experiments. 

PASP-CA gel loaded with model drug was prepared similarly, but 2.91 mg FITC-dextran 

was also dissolved in DMSO along with PSI and cystamine dihydrochloride before the 

cross-linking reaction. 

 Enzymatic degradation of the PASP-FRFK hydrogel 

A gravimetric method was used to study the degradation of the PASP-FRFK 

hydrogels. Hydrogel pieces swollen in PBS were weighed, then immersed into 5 ml 

trypsin solution prepared in PBS (c = 2 mg/ml). Hydrogels were weighed at 

predetermined time intervals. Relative mass was defined as the percentage ratio of the 

mass of the hydrogels at a given time to the initial mass. PASP-FRFK in PBS without 

trypsin and PASP-CA in PBS containing 2 mg/ml trypsin were used as reference samples. 

The samples were measured in triplicate. Experiments were carried out at 37 °C. 

Degradation was also followed by taking photographs of the gels under a commercial UV 

lamp (Philips TL-D 18W BLB).  

 In vitro cytotoxicity and cytostatic activity 

Before the in vitro cellular assays, PASP-FRFK hydrogel was digested by trypsin. 

The hydrogels (approximately 150 mg) were digested using 200 µl 2.5% trypsin solution 

for 4 h, 8 h, 24 h at 37 °C and were shaken every hour. The digestion was stopped by 

750 µl fetal bovine serum (FBS). As control samples, 2.5% trypsin solutions were 

incubated at 37 °C and were treated with FBS after 4 h, 8 h, 24 h. The supernatants of the 

samples were removed, freezed at –80 °C until the determination of their in vitro 

cytotoxicity and cytostatic activity.  

The in vitro cytotoxicity of PASP, FRFK and the degradation products of the digested 

PASP-FRFK hydrogel were determined by MTT assay. Adherent HepG2 human 

hepatoma (ATCC: HB-8065, [9,10]) cells were cultured in RPMI-1640 medium 

supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 160 μg/ml gentamicin. 

Cell cultures were kept at 37 °C in a humidified atmosphere with 5% CO2. The cells were 

grown to confluency and were placed into a 96-well plate with an initial cell number of 

5.0∙103 and initial volume of 100 μl per well. After 24 h incubation at 37 °C, cells were 

treated with a series of diluted solutions (100 μl each) of PASP, FRFK, or the supernatant 
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of digested PASP-FRFK gel, the final volumes were 200 μl. Cells were incubated for 

16 h. Control cells were treated with serum free medium (RPMI-1640, in the case of 

PASP and FRFK) or with trypsin-FBS solution (in the case of digestion products) at 37 °C 

for 16 h. The cells were washed three times by removing 135 μl of the supernatant and 

replacing it with 135 μl serum-free medium. After washing the cells, cell viability was 

tested using MTT test [11,12]. Briefly, 45 μl of MTT solutions were added to each well 

(2 mg/ml, dissolved in serum-free medium). After 4 h of incubation, the plates were 

centrifuged at 2000 rpm for 5 min, and the supernatant was carefully removed. The 

precipitated purple crystals were dissolved in 100 μl DMSO, and after agitation for 

10 min, the absorbance of the solutions was determined at λ = 540 nm and 620 nm using 

an ELISA plate reader (iEMS Reader, Labsystems). Cell viability was calculated with the 

following equation (Eq 7.1):  

cell viability (%) =
As

Ac

× 100 

where AS and AC are the absorbance of treated and control samples, respectively.  

The cytostatic activity of the samples was also determined. The cells were cultivated 

for additional 72 h after the washing steps with serum-free medium, as written above. 

Viability was determined by the MTT assay. 

 Drug release measurements  

The release of the FITC-dextran from PASP-FRFK hydrogels was studied in the 

presence of trypsin (Table 1). A piece of the gel was immersed into 20 ml of PBS 

containing 2 mg/ml trypsin. 2 ml samples were withdrawn and replaced with 2 ml fresh 

medium every 60 min. The total amount of encapsulated drug was determined after the 

complete degradation of the gels.  

PASP-FRFK in PBS without trypsin and PASP-CA in PBS containing trypsin 

(Table 1) were used as reference samples. As these gels were expected to be stable during 

the drug release measurement, the total amount of encapsulated FITC-dextran was 

determined by dissolving these gels after the experiment. 40 mg trypsin was added to the 

release medium of the reference PASP-FRFK gels and 31 mg solid dithiothreitol was 

added to the release medium (to reach 10 mM concentration) of the PASP-CA gels to 

achieve their complete dissolution. The concentration of FITC-dextran in the samples was 

measured with a fluorimeter (PerkinElmer LS 50 B, USA, λex = 490 nm; λem = 515 nm). 

Experiments were carried out at 37 °C. 

 Results and discussion 

 Synthesis and chemical characterization 

FRFK∙2TFA was synthesized by solid-phase peptide synthesis methodology. The 

HPLC chromatogram of the purified product (Figure 7.2) shows one major peak with a 

retention time (RT) of 22.5 min accompanied by a few smaller peaks of contaminants 

(RT = 25-30 min). The mass spectrum (Figure 7.3) of the main product has two peaks 

([M+2H+] at 299.4 Da and [M+H+] at 597.8) both representing an entity with a molecular 

(7.1) 
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mass of 596.5-596.8 Da which is in good agreement with the calculated molecular mass 

of 596.7 Da of the FRFK tetrapeptide. The results confirms that the intended amino acid 

sequence was synthesized with a purity of ca. 80 % calculated from the ratio of areas 

under the peaks of Figure 7.2. 
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Figure 7.2 HPLC chromatogram of FRFK tetrapeptide. 

 

 

Figure 7.3 Mass spectrum of the main peak of the HPLC chromatogram. 

MFRFK = 596.7 Da. 

A trypsin-responsive poly(aspartic acid) hydrogel consisting exclusively of amino 

acids was successfully prepared by cross-linking polysuccinimide with a tetrapeptide 

followed by the alkaline hydrolysis of the resultant gel. The FRFK tetrapeptide chosen as 

cross-linker in this study contains a trypsin-specific cleavage site between the second 

(arginine, R), and the hird (phenylalanine, F) amino acid residues. FRFK has free amino 
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groups at both ends of the molecule, which can react with succinimide rings in a 

nucleophilic ring-opening reaction. In this case, these are the α-amino group of 

N-terminal phenylalanine (F) and the ε-amino group of C-terminal lysine (K). The cross-

linking of polysuccinimide with the tetrapeptide was carried out in DMSO. As the 

synthesis of the tetrapeptide resulted in its TFA salt, DBA was used to obtain the free 

base. After gelation, the gel was immersed into imidazole buffer solution of pH = 8 to 

hydrolyze unreacted succinimide rings into aspartic acid residues. Finally, a stiff, 

transparent hydrogel formed. A representative image of the PASP-FRFK hydrogel is 

shown on Figure 7.4. According to the frequency sweep test shown in Figure 7.5 the 

storage modulus of the hydrogel is higher than the loss modulus on the entire frequency 

range probed. Its value was about 3 kPa with negligible frequency dependence indicating 

the formation of a chemically cross-linked hydrogel. 

 

 

Figure 7.4. PASP-FRFK hydrogel loaded with FITC-dextran in PBS. 
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Figure 7.5 Storage modulus (G’) and loss modulus (G”) of the PASP-FRFK hydrogel as 

a function of angular frequency (γ = 1%). 
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 Enzymatic degradation of PASP-FRFK hydrogel 

The cross-linker, FRFK, contains a cleavage site specific to trypsin, thus trypsin-

induced enzymatic degradation of the PASP-FRFK hydrogel was expected. A 

poly(aspartic acid) gel cross-linked with cystamine (PASP-CA) was used in a control 

experiment as cystamine cannot be cleaved by trypsin. The PASP-FRFK hydrogel 

completely dissolved in the presence of trypsin within ca. 6 h, as shown by the complete 

weight loss (Figure 7.6a) and disappearance of the gel (Figure 7.6b). PASP-CA gel did 

not degrade under the same conditions (constant mass shown in Figure 7.a). As these two 

gels differed only in the type of the cross-linker used, it was concluded that the 

degradation of the gel took place as a result of the enzymatic cleavage of the trypsin-

specific cross-linker, and the polymer backbone remained intact. The enzymatic cleavage 

is further supported by the stability of PASP-FRFK hydrogel in the absence of trypsin 

(Figure 7.6a). 

Surface and bulk erosion are the two main forms of degradation of a polymer 

hydrogel, however, surface and bulk erosion occur simultaneously for most materials. If 

surface erosion is prevalent, the polymer degrades from the exterior surface, resulting in 

size reduction over time, while the hydrogel maintains its bulk integrity. When bulk 

erosion is dominant, net points break evenly in the entire volume of the material, which 

leads to increasing degree of swelling in a significant part of the degradation, and the 

hydrogel splits into small fragments in the final stage of the process. In the first part of 

the experiment, the mass of PASP-FRFK hydrogel increased slightly (Figure 7.6a) which 

implies bulk erosion, however, the edge of the sample became blurred (Figure 7.6b) 

indicating that surface erosion occurs as well. After the second hour, the mass of the 

sample decreased at a constant rate (Figure 7.6a), indicating that surface erosion became 

dominant. At the end of the experiment a homogeneous, transparent solution was obtained 

(Figure 7.6b).  

The rate of the degradation of such hydrogel in an in vivo environment is influenced 

by the temperature and the concentration of the trypsin along the small intestine. The 

collected data is a good starting point for the proposed application, and the rate of the 

degradation can be tuned later by the degree of cross-linking and the sample size 

according to the transit time through the small intestine. 
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Figure 7.6 (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. (c) Images of PASP-CA gel in PBS containing 2 mg/ml trypsin. 

 

 In vitro cytotoxicity and cytostatic activity 

In vitro cytotoxicity and cytostatic (anti-proliferative) activity testing have become 

important and critical aspects of characterizing the potential of new chemical entities. The 

in vitro cytotoxic and cytostatic effect of the digested PASP-FRFK, and its building 

blocks, the FRFK peptide and PASP were determined by a classic colorimetric end point 

a) 

b) 

c) 
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MTT assay. The in vitro cytotoxicity and cytostatic activity of the compounds was 

measured using HepG2 human hepatoma cell culture.  

Tetrazolium type compounds such as MTT, are widely used and accepted for in vitro 

assessment of metabolic activity of cells; this is one of the most frequently used methods 

for measuring cytotoxicity and cell proliferation [13]. IC50 represents the concentration 

of the compound which is required for 50% inhibition. In the case of cytotoxicity, this 

value determines the concentration which destroys 50% of the cell population (direct 

killing), while in the case of cytostatic activity, it shows the concentration which inhibits 

the cell growth (proliferation) of 50% of the population. In this study, HepG2 cells have 

been used to determine in vitro hepatotoxicity because of their ability to sustain some 

liver-specific functions [14]. The data provide a starting point for further studies.  

The cells were treated with the FRFK peptide, PASP and the digested hydrogel 

solutions. The in vitro cytotoxicity and cytostatic activity of the compounds were 

characterized by the cell viability as shown in Figures 7.7 and 7.8. Based on the data, the 

building blocks of the hydrogel, PASP, and the FRFK peptide did not show cytotoxic 

(Figure 7.7a) or cytostatic effect (Figure 7.7b). Viability was much above 50% in the 

covered concentration range on HepG2 cells.  

In order to estimate the biocompatibility of the digestion products of the PASP-FRFK 

hydrogel, digestion by trypsin was aborted at different times, after 4, 8, and 24 h. As the 

process advanced, the supernatant contained increasing amounts of the digestion 

products, and finally, no undigested hydrogel was left in the test tubes. The maximum 

concentration of digestion products on the cells was approximately 1.45 mg/ml after 24 h 

digestion which is comparable to that of the PASP and FRFK solutions in the assays. In 

this experiment, cell viability is compared to that of the trypsin solutions incubated for 

the same amount of time. According to the results shown on in Figure 7.8, the digestion 

products of the hydrogel did not show cytotoxicity (Figure 7.8a) and cytostatic activity 

(Figure 7.8b) on HepG2 cell culture. Viability was much above 50%. 

According to these data, the PASP-FRFK hydrogel is a promising material for 

biomedical applications as neither its building blocks nor its digestion products show 

harmful effects on HepG2 cells, although in further studies comprehensive analysis of the 

interactions between the hydrogel and different human cell lines (derived from blood 

system etc.) is required. 
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Figure 7.7 (a) In vitro cytotoxicity (24 h) of poly(aspartic acid) and the FRFK peptide 

and (b) in vitro cytostatic activity (72 h) of poly(aspartic acid) and the FRFK peptide on 

HepG2 cell line. 
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Figure 7.8 In vitro (a) cytotoxicity (24 h) and (b) cytostatic activity (72 h) of the 

supernatant of the digested PASP-FRFK hydrogel on HepG2 cell line. 

 Release of a macromolecular model drug 

In vitro drug release measurement was carried out since the PASP-FRFK hydrogel 

was designed for trypsin-induced controlled drug delivery. The hydrogel would be 

suitable for the delivery of macromolecular drugs because in their case the gel matrix 

could hinder the drug release in the absence of the stimulus. Therefore, fluorescein-

isothiocyanate labelled dextran (Mw = 70 000 Da) was used as a macromolecular model 

drug. The labelling made it possible to selectively monitor the release. The model drug 

was encapsulated in the gels during the cross-linking process. 

The PASP-FRFK gel released the model drug as a result of the enzymatic degradation 

of the gel matrix. After 6 h the gel dissolved completely and a homogenous solution 

containing the total amount of the encapsulated model drug was obtained. As shown in 

a) b) 

a) b) 
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Figure 7.9, the gel released it in a sustained manner. The drug release followed zero-order 

kinetic, the kinetic constant was calculated from the slope of the linear curve fitted to the 

first 6 h of the measurement and it was found to be k = 0.164 1/h. The reference samples, 

PASP-FRFK gel in the absence of trypsin and PASP-CA gel in the presence of trypsin 

remained stable during the 8 h of the experiment, and a drug release of only 8% and 2%, 

respectively, was measured at the end of the experiment (the kinetic constants are 

summarized in Table 1). These results prove that the FITC-dextran is entrapped in the 

PASP-FRFK gel and its release can be triggered by the presence of trypsin.  
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Figure 7.9 Release of the macromolecular drug as a function of time: PASP-FRFK gel 

in trypsin, PASP- FRFK gel without trypsin and PASP-CA gel in trypsin solution. 

 

Table 7.1 Samples of the drug release measurement and the kinetic constants of drug 

release. 

Gel Medium Degradation 

Kinetic constant 

(1/h) 

PASP-FRFK trypsin/PBS yes 1.64·10-1 

PASP-FRFK1 PBS no 9.49·10-3 

PASP-CA1 trypsin/PBS no 2.17·10-3 

1Reference samples 

 Conclusions 

A trypsin-degradable polymer gel consisting exclusively of amino acids was prepared. 

A tetrapeptide was synthesized with a cleavage site specific to trypsin and was used to 

cross-link polysuccinimide. Poly(aspartic acid) hydrogel was obtained by alkaline 

hydrolysis. The synthesized hydrogel is degradable in the presence of trypsin and 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 
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sustained manner in the presence of trypsin, while the gel restrained the release of the 

drug in the absence of the enzyme. In light of the results, the gel can be made suitable for 

trypsin modulated release of drugs. The synthetic method can be extended to any peptide 

sequence with a free α-amine group at the N-terminus and a lysine with free ε-amine 

group on the C-terminus, thus degradable hydrogels can be designed that are specific to 

any protease enzyme. 

 

 References 

[1] B. V. Sridhar, J.L. Brock, J.S. Silver, J.L. Leight, M.A. Randolph, K.S. Anseth, 

Development of a cellularly degradable PEG hydrogel to promote articular 

cartilage extracellular matrix deposition, Adv. Healthc. Mater. 4 (2015) 702–713. 

https://doi.org/10.1002/adhm.201400695. 

[2] S.D. Horava, K.J. Moy, N.A. Peppas, Biodegradable hydrophilic carriers for the 

oral delivery of hematological factor IX for hemophilia B treatment, Int. J. Pharm. 

514 (2016) 220–228. https://doi.org/10.1016/j.ijpharm.2016.05.056. 

[3] M. Zelzer, S.J. Todd, A.R. Hirst, T.O. McDonald, R. V. Ulijn, Enzyme 

responsive materials: Design strategies and future developments, Biomater. Sci. 

1 (2013) 11–39. https://doi.org/10.1039/c2bm00041e. 

[4] A. Barrett, N. Rawlings, J. Woessner, Handbook of Proteolytic Enzymes, 

Academic Press, New York, 2013. 

[5] J.M. Knipe, F. Chen, N.A. Peppas, Enzymatic biodegradation of hydrogels for 

protein delivery targeted to the small intestine, Biomacromolecules. 16 (2015) 

962–972. https://doi.org/10.1021/bm501871a. 

[6] J.M. Knipe, L.E. Strong, N.A. Peppas, Enzyme- and pH-responsive 

microencapsulated nanogels for oral delivery of siRNA to induce TNF‑α 

knockdown in the intestine, Biomacromolecules. 17 (2016) 788–797. 

https://doi.org/10.1021/acs.biomac.5b01518. 

[7] M. van Dijk, C.F. van Nostrum, W.E. Hennink, D.T.S. Rijkers, R.M.J. Liskamp, 

Synthesis and characterization of enzymatically biodegradable PEG and peptide-

based hydrogels prepared by click chemistry, Biomacromolecules. 11 (2010) 

1608–1614. https://doi.org/10.1021/bm1002637. 

[8] K. Barlos, O. Chatzi, D. Gatos, G. Stavropoulos, 2-Chlorotrityl chloride resin. 

Studies on anchoring of Fmoc-amino acids and peptide cleavage, Int. J. Pept. 

Protein Res. 37 (1991) 513–520. 

[9] B.B. Knowles, C.C. Howe, D.P. Aden, Human hepatocellular carcinoma cell 

lines secrete major plasma proteins and Hepatitis B surface antigen, Science (80-

. ). 209 (1980) 497–499. 

[10] D. Simon, D.P. Aden, B.B. Knowles, Chromosomes of human hepatoma cell 

lines, Int. J. Cancer. 30 (1982) 27–33. 



142  

 

 

Chapter 7 

[11] Y. Liu, D.A. Peterson, H. Kimura, D. Schubert, Mechanism of cellular 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction, J. 

Neurochem. 6 (1997) 581–593. 

[12] T. Mosmann, Rapid colorimetric assay for cellular growth and aurvival: 

application to proliferation and cytotoxicity assays, J. Immunol. Methods. 65 

(1983) 55–63. https://doi.org/10.1016/0022-1759(83)90303-4. 

[13] F. Denizot, R. Lang, Rapid colorimetric assay for cell growth and survival, J. 

Immunol. Methods. 89 (1986) 271–277. https://doi.org/10.1016/0022-

1759(86)90368-6. 

[14] H.H.J. Gerets, K. Tilmant, B. Gerin, H. Chanteux, B.O. Depelchin, S. Dhalluin, 

F.A. Atienzar, Characterization of primary human hepatocytes, HepG2 cells, and 

HepaRG cells at the mRNA level and CYP activity in response to inducers and 

their predictivity for the detection of human hepatotoxins, Cell Biol. Toxicol. 28 

(2012) 69–87. https://doi.org/10.1007/s10565-011-9208-4. 

 



143 

 

 

 

Summary 

 

Chapter 8 

Summary 

In the recent decades, the scientific community showed increasing interest towards 

the biomedical application of hydrogels. However, the large potential of synthetic 

poly(amino acid)s such as poly(aspartic acid) has not been fully exploited so far. 

Poly(aspartic acid) is a biocompatible and biodegradable polymer, and its chemical 

versatility allows researchers to address many challenges. The focus of this research was 

to synthesize different poly(aspartic acid) derivatives with in situ gelling and 

mucoadhesive properties. An in situ gelling polymer with a relatively low viscosity is 

easy to administer as an eye drop, and the rapid increase in its 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.  

In the first part of the research, a new synthesis method was developed for the 

synthesis of thiolated poly(aspartic acid) based on the earlier experiences of the research 

group. A thorough chemical characterization was performed and it is concluded that the 

synthesis method enables us to prepare polymers with a thiol content up to 30% (molar 

ratio) of the repeating units (approximately 1600 μmol SH/g polymer) with a good 

conversion and the premature oxidation of the thiol groups is avoided as well. The low-

viscosity solutions of the polymers can be converted to stiff, cohesive hydrogels by 

oxidation. Larger thiol content causes faster gelation and larger storage modulus of the 

gels. Thiolation considerably increases the mucoadhesive work and force on porcine 

conjunctiva. The in situ hydrogels provided sustained release of ofloxacin, a hydrophilic 

ophthalmic antibiotic, compared to a conventional liquid formulation.  

In the next step the concept of in situ gelling poly(aspartic acid) matrices was 

extended for the encapsulation of lipophilic drugs, such as prednisolone, whose 

ophthalmic administration as emulsions or suspensions is especially challenging. In order 

to enhance the solubility of prednisolone, β-cyclodextrin was immobilized on thiolated 

poly(aspartic acid). It was found that the polymer forms inclusion complex with 

prednisolone with a stability constant similar to that of the β-cyclodextrin small molecule 

while it retained its in situ gelling property and provided sustained release of 

prednisolone. 

In order to avoid premature oxidation and the use of an oxidizing agent, the thiol 

groups of thiolated poly(aspartic acid) were protected and at the same time preactivated 

with 6-mercaptonicotinic acid. A synthesis method of S-protected poly(aspartic acid) was 

developed and polymers with different ratios of modification (up to 530 µmol protected 

thiol group/g polymer) were prepared. These derivatives are not susceptible to premature 

oxidation, but they are able to form disulfide bonds with free thiols without the addition 

of an oxidant. Therefore they can covalently attach to mucin, and they can be used as an 

in situ gelling system because they form cohesive hydrogels upon mixing with thiolated 

poly(aspartic acid). Gelation time and stiffness of the hydrogels can be controlled by the 

degree of modification of the polymers. Swelling experiments showed that hydrogels with 

no residual thiol groups are stable in phosphate-buffered saline at pH = 7.4 whereas the 

presence of free thiol groups leads to the dissolution of the hydrogel with a rate depending 
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on the excess of thiol groups. Biological safety of the polymers and 6-mercaptonicotinic 

acid was assessed and no harmful effects were found. Further supporting the earlier 

results, a prolonged release of ofloxacin was observed. 

Mucoadhesive properties are largely defined by the secondary interactions between 

the mucin proteins and the mucoadhesive polymers. A part of the thesis work was devoted 

to gain a deeper understanding of mucoadhesive interactions and to assess the potential 

mucoadhesive properties of cationic polyaspartamide derivatives. Three cationic 

polyaspartamides with primary, secondary and tertiary amine groups were synthesized 

and an array of physicochemical methods (turbidimetric titration, dynamic light 

scattering, zeta potential measurement) were used to probe the interactions with porcine 

gastric mucin. It was found that the addition of cationic polyaspartamides cause the 

aggregation of mucin particles similar to the well-known mucoadhesive chitosan 

indicating a strong interaction. Further addition of the polymers caused disaggregation of 

mucin particles. It was proven that electrostatic interactions are dominant in the 

aggregation-disaggregation mechanism, and the strongest interaction was found in the 

case of the polyaspartamide with primary amines. These findings might help the design 

of strongly mucoadhesive, cationic and thiolated PASP derivatives in the continuation of 

the work. 

The reverse direction of sol-gel transition, the stimuli-responsive degradation of the 

hydrogels also holds significant possibilities in the field of smart drug delivery and 

regenerative medicine. The presence of certain enzymes is a particularly promising 

stimulus due to their substrate specificity. A synthesis method was developed to prepare 

a trypsin-degradable poly(aspartic acid) hydrogel. The gel is chemically cross-linked by 

a tetrapeptide sequence containing a trypsin-specific cleavage site. The hydrogel degrades 

in the presence of trypsin and neither the polymer nor the cross-linker is cytotoxic 

according to the cellular assays performed. 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.  

 

 

The most important conclusions of this thesis can be briefly summarized in the following 

points (the corresponding papers are indicated for each thesis point): 

 

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 
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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 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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