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Chapter 1 
 

Introduction 
 

The employment of pH-responsive polymers in oral drug administration allows us 

to fabricate dosage forms providing drug release at the desired level of the gastrointestinal 

tract (GI) through exploiting the pH gradient occurring in the human body. Tablets 

bearing polymer film coatings with pH-dependent disintegration or dissolution are 

already of a great importance. These formulations can provide targeted and usually 

controlled drug release in the GI tract, and simultaneously protect the drug from 

environmental impacts and mask the unpleasant taste of the active pharmaceutical 

ingredient (API). In addition to polymer coatings, electrospun matrices fabricated from 

pH-responsive polymers are playing an increasingly important role since they combine 

the unique features of the nanofibers with the pH-responsive behavior resulting in drug 

delivery systems with tunable drug release profile. 

Several natural and synthetic polymers are used for the preparation of such 

polymer films and matrices, but (meth)acrylate copolymers are the market leaders. 

Their physico-chemical and thermal properties can be controlled within wide limits by 

their chemical composition and they exhibit extremely low batch-to-batch variations in 

contrast to polymers with natural origin, such as cellulose derivatives. 

However, poly(meth)acrylates have general disadvantages such as the lack of 

biodegradability and their difficult synthesis, which also implies considerable 

environmental pollution. I believe that these drawbacks can be eliminated by the 

application of aspartic acid based polymers that combine the beneficial features of 

synthetic and natural polymers. Contrary to the poly(meth)acrylates, derivatives of 

poly(aspartic acid) (PASP) can be synthesized under mild reaction conditions, and due to 

the protein-like structure, they are expected to be biocompatible and biodegradable. 

Soft Matters Group of the Budapest University of Technology and Economics has 

extensively studied poly(aspartic acid) and its derivatives and developed a wide variety 

of PASP based polymeric systems for pharmaceutical purposes. In this Thesis I focus on 

the synthesis and characterization of pH-responsive PASP derivatives having an immense 

potential in controlled and/or targeted drug delivery in the GI tract. A particular emphasis 

is placed on the structural, physico-chemical and thermal analysis of these polymers. 

Furthermore, I intend to provide detailed information on the preparation and 

characterization of polyaspartamide films and electrospun matrices. Their properties are 

discussed keeping in mind their future pharmaceutical applications. 
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1.1 Polymers 

 Applications of polymers in drug delivery 

Polymers have a long history in the pharmaceutical industry [1]. Many of them 

have been used from the outset in drug formulation processes, like tablet compression or 

spray coating. For instance, cellulose derivatives, such as microcrystalline cellulose 

(MCC) and hydroxypropyl methylcellulose (HPMC) along with synthetic polymers such 

as poly(ethylene glycol) (PEG) and poly(N-vinyl pyrrolidone) (PVP) are utilized as 

pharmaceutical excipients1 [1], such as tablet/capsule diluent, lubricant, viscosity 

enhancer, emulsion stabilizer, and coating agent [2,3]. Developments in polymer science 

and drug formulation have allowed polymers to be used not only as excipients aiding the 

processing of the formulation but they can play an important role in the controlled 

delivery of the API to the therapeutic site of action. Liechty et al. [4] categorized 

polymeric devices from a drug delivery point of view as follows: 

• diffusion-controlled systems where the drug is dissolved or dispersed in 

a polymer matrix which only acts as a carrier without any responsive 

behavior, or where an incorporated polymeric membrane is functioning 

as a diffusion barrier 

• solvent activated systems (swelling-or osmotically-controlled devices) 

where the polymer is soluble or swellable in aqueous solvent and the drug 

release triggered by the dissolution, disintegration or the swelling of the 

matrix 

• chemically controlled [(bio)degradable] systems providing drug release 

via (biological) degradation of the polymer 

• and, finally, externally-triggered (stimuli responsive) systems [5]  

Due to the fact that the majority of the aspartic acid based polymers discussed in this 

Thesis can be considered as stimuli responsive polymers, this category is presented in the 

next paragraph thoroughly. 

 Stimuli responsive polymer systems 

Emergence of potent and specific biological therapeutics has encouraged the 

development of intelligent, responsive delivery systems [4]. Responsive materials are 

able to respond to one or more environmental stimuli with a well-defined change at least 

in one of their physical properties [6]. The stimuli can be classified as physical 

(temperature, light, magnetic field), chemical (pH, redox potential), or 

biological/biochemical (concentration of a bioactive molecule, e.g., glucose) (Fig. 1.1), 

and the responses to them are very diverse too. In the case of polymers, the response can 

be the dissolution/precipitation, degradation, change in the hydration state, micellization, 

                                                           
1 All inactive ingredients can be defined as a pharmaceutical excipient that builds up the pharmaceutical 

formulation in addition to the active pharmaceutical ingredient (API). 
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etc., while polymer hydrogels2 can respond to the stimuli by swelling/collapsing or 

change in their shape [6]. The function of living systems is based on their inherent 

response to the changes of their biological environment, which inspired the development 

of a huge number of synthetic responsive materials [5,7,8]. From human biological 

perspective, the major stimuli are enzymatic effect, redox potential, temperature and pH. 

Thus, I discuss polymers responsive to these parameters in the next paragraphs with an 

emphasis on pH-responsive polymers which are the most important materials in terms of 

the scope of this Thesis. 

 

 

Fig. 1.1 Classification of the external stimuli (Reprinted with permission from Ref. 

[9], Copyright 2018, Polym. Chem.). 

 

Enzyme-responsive polymers are of great importance since overexpression of 

enzymes can frequently been observed in inflamed or tumor tissues, which allows 

enzyme-triggered targeted drug/gene delivery to the diseased sites by using enzyme-

responsive polymer systems. The common strategy for fabricating enzyme-responsive 

polymer-based assemblies is to covalently attach protein-specific ligands or enzymatic 

substrate moieties to amphiphilic copolymers [9].  

Redox responsive polymers have the ability to form reversible cross-links among 

each other, and this structural change is induced by the change of redox potential of the 

environment [10]. The redox-sensitivity of a polymer network can be achieved typically 

in two main ways: by using multivalent metal cations as a complexing agent or by 

                                                           
2 Polymer hydrogels are three-dimensional, hydrophilic polymer networks containing a large amount of water or 

aqueous solution. The polymer network might be formed either by physical and/or chemical interactions. 



Chapter 1 

 

 

14 

exploiting thiol-disulphide interconversion. From biomedical point of view, the 

thiol-disulphide exchange reactions are much more important because of their presence 

in biological processes [11]. An important application of thiolated polymers is the 

development of mucoadhesive drug formulations which form chemical interactions with 

mucin proteins [12,13]. Our research group has recently prepared thiolated poly(aspartic 

acid) derivatives with considerable mucoadhesion which can be utilized in several field 

from ophthalmic drug delivery [14] to tumor targeted medication [15]. 

In general, the solubility of the polymers in water depends on the temperature. 

Typically, these aqueous polymer solutions have an “upper critical solution temperature 

(UCST)” above which one phase exists, and below which a phase separation occurs [16]. 

Some polymer solutions have a so-called “lower critical solution temperature” (LCST) 

above their UCST, meaning that there is a temperature interval of complete miscibility, 

and partial miscibility can be observed at both higher and lower temperatures [17]. In 

most cases, LCST appears much higher than the boiling point of water (100 °C), thus it 

seems as the solubility of the macromolecules increases by increasing the temperature. 

However, the aqueous solution of some polymers display a phase transition temperature 

much below 100 °C at a given polymer concentration thus precipitation of these polymers 

can be induced by heating [6]. Thermoresponsive polymers are widely studied group of 

stimuli responsive systems. The most remarkable examples are poly(methyl vinyl ether) 

[PMVE], poly(ethylene oxide) [PEO], poly(propylene oxide) [PPO], poly(diethylamino-

ethyl-methacrylate) [PDEAEM.], and particularly, the poly(N-isopropylacrylamide) 

(PNIPAAm) [18]. The popularity of PNIPAAm is due to the fact that its aqueous solution 

has an LCST at around 32-35 °C near the normal temperature of human body, 

additionally, this temperature value can be tuned accurately by varying the polymer 

composition [19]. Thermoresponsive behavior of PNIPAAm allows us to prepare 

chemically cross-linked hydrogels with reversible swelling and deswelling. This 

thermally induced volume change of the network makes PNIPAAm gels suitable for a 

wide variety of biomedical applications including drug and gene delivery as well as tissue 

engineering [18].  

Polymers with ionizable and/or ionic pendant groups on their main or side chains 

are named as polyelectrolytes [20]. The degree of ionization of the side groups, and the 

resulting net charge of the macromolecules strongly determines the physico-chemical 

properties, such as the aqueous solubility of the polymers, viscosity of their aqueous 

solutions, and swelling degree of the polymer hydrogels. Several natural and synthetic 

macromolecules can be considered as polyelectrolytes. Examples include proteins and 

many polysaccharides along with certain organic (polyacrylates) and inorganic synthetic 

(polysiloxanes) polymers. pH-responsive polymer systems are the most remarkable group 

of polyelectrolytes, whose solubility, molecular conformation, etc. can be reversibly 

controlled by changes in the external pH [21]. These kinds of polymers consist of 

ionizable pendant groups that can accept and donate protons in response to the 

environmental change in pH. The ionization of these groups ensures polyelectrolyte 

character thus significantly different physico-chemical properties for these polymers in 

comparison with the neutral state. This alteration in the polymer structure can result in 

the precipitation of the polymer, or self-assembly, such as formation of micelles, and 

vesicles [21]. The degree of ionization in the polymer is dramatically altered at a specific 
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pH around their p K a
3. On the basis of the character of the ionizable groups included, 

three different types of pH-responsive polymers can be defined [5]. Weak polyacids 

contain acid functional groups, such as -COOH or -SO3H, which are deprotonated at the 

pH being above their p K a  value. Many compounds can be considered as polyacid such 

as the well-known poly(meth)acrylic acid and poly(amino acid)s, like poly(aspartic acid) 

and poly(glutamic acid) [21] (Fig. 1.2). The group of weak polybases involves polymers 

with basic side groups (generally –NH2, –NHX, –NX2). These functional groups ionize at 

low pH by protonation, thus the pH-dependent solubility profile of polybases is the 

opposite to that can be observed in polyacids. One of the most important representative 

of this category is chitosan, which is a natural polysaccharide obtained from the 

deacetylation of chitin [21] (Fig. 1.2). Finally, there are amphoteric macromolecules, 

which contain both acidic and basic repeating units. Similarity to proteins, at a given pH, 

these systems present in a special structural state called isoelectric point (IEP) where the 

net charge of the polymer is zero resulting in a minimum in the solubility. 

 

 

Fig. 1.2 a), b), c) Examples and d) typical pH-dependent solubility curves for the 

three main types of pH-responsive polymers. 

 

 

 

                                                           
3 pKa is the negative logarithm of the equilibrium constant for the ionization of an acidic group in water. 
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1.2 pH-responsive polymers as functional parts of drug 

formulations 

Although, the pH of the extracellular and intracellular fluid of the normal tissues 

and the blood is constant (7.4 and 7.2, respectively), the pH is different in several body 

sites and cellular compartments, such as the gastrointestinal tract (pH ranging from 1.2 to 

7.9), vagina (vaginal cavity: pH 4-5), skin (pH 4-7) and endosomal/lysosomal 

microenvironments (pH 4-6). Furthermore, the existing pH of a tumor tissue (in between 

6.5 and 7.2) is lower than that of normal tissues (pH 7.4) thus pH change has been 

considered as an ideal trigger for the selective release of anticancer drugs in tumor tissues 

and/or within tumor cells [6,21,22]. pH-responsive polymers allow us exploiting this 

“pH gradient” via fabrication of smart4 functional materials which can be utilized in 

various pharmaceutical and biomedical application, such as drug delivery, gene delivery, 

and tissue engineering [21]. The polyaspartamides introduced in this Thesis are planned 

to be used in per os5 formulations for gastrointestinal (GI) delivery, so I discuss this 

administration route hereafter.  

The most known pH gradient is occurring in the GI tract. A pH at around 6.8 can 

be found in the oral cavity, while in the stomach it reduces drastically down to pH 1.2, 

and finally, it alters to be more alkaline again in the small intestine and in the colon 

(pH ~5-8) [23]. In addition, the pH varies even within the intestinal system (Fig. 1.3). 

Intestinal absorption can be expected for the majority of the drugs taken orally. Hence, 

release of these APIs should take place in the appropriate intestinal section of the 

gastrointestinal tract in order to achieve higher absorption efficiency, and consequently, 

more efficient treatment. Besides, acidic environment of the stomach (pH 1-2) facilitates 

the degradation of acid-sensitive drugs by catalyzing their hydrolysis [24], thus direct 

contact with gastric juice should be prevented. Accordingly, dosage forms developed for 

GI-targeted drug delivery should be capable of hindering the drug release at the undesired 

part of the GI while ensuring the release of the API at the desired place. pH-responsive 

polymers can meet these requirements due to their pH-dependent solubility which can be 

controlled by copolymer composition [21]. Additionally, the masking of the unpleasant 

taste of the APIs can also be achieved by using these macromolecules. The utilization of 

such polymers as coatings for tablets or granules [25] prevents the bitter/unpleasant drugs 

to interact with taste buds of the tongue by acting as a physical barrier. Moreover, the 

ionizable groups allow these polymers to form complexes with oppositely charged drugs 

providing another option for taste masking [26]. The literature covers numerous reports 

where the pH-responsive property is employed to achieve controlled release and targeted 

delivery of the drug in the GI tract by producing micelles, vesicles, hydrogels, films, 

matrices, etc. [7,20–22]. I discuss only functional tablet coatings and electrospun matrices 

                                                           
4 Smart materials have the ability to respond with a large change in their properties to a very slight changes in 

the surrounding environment via a controlled manner. 

5 Per os is an adverbial phrase meaning literally from Latin "by opening" or "by way of the opening." 

The expression is used in medicine to describe a treatment that is taken orally. 
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made of pH-sensitive polymers, because these are the most important applications 

considering the topic of the dissertation. 

 

Fig. 1.3 Schematic picture of the human gastrointestinal (GI) tract and pH 

occurring at different parts of the GI system (Reprinted with permission 

from Ref. [23], Copyright 2015, Nat. Mater.). 

 

1.2.1 Tablet coatings made of pH-responsive polymers  

A film coating is a thin polymer-based coating (thickness is typically ranging from 

10 to 200 µm) applied on the surface of – mostly – orally administrated solid dosage form 

such as a tablet, granule or other particle [27]. Initially, the applications of pharmaceutical 

film coating were similar to those of sugar coating; i.e., to mask the unpleasant taste or 

odor of the drugs [28,29] and to prevent degradation of the API by environmental factors 

like moisture [24]. Beside, films coatings improves tablet chipping and dusting during 

handling and enhances the appearance of dosage forms [30]. However, the following 

findings triggered the development of polymer films with “functionalities”:  

1. there are active ingredients like aspirin, which irritates the gastric mucosa thus 

their direct contact with the gastric wall should be avoided to prevent the 

discomfort and injury;  

2. exposure of orally delivered, acid-sensitive drugs like diltiazem to strong 

gastric acid and presystemic enzymes may lead degradation thereby reduction 

of their bioavailability; 

3. in several cases the release of the active compound takes place at undesired 

parts of the gastrointestinal (GI) system, resulting in poor systemic absorption, 

limited bioavailability and considerable side effects.  

Nowadays a great emphasis is placed on the development of drug delivery systems 

which ensure taste masking of the drug along with its protection from environmental 

impacts and providing controlled drug release and targeted delivery in the GI [27,31]. All 

of these needs can be met simultaneously by the application of tablet coatings made of 
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pH-sensitive polymers. Polymer coatings available in the market are prepared from 

aqueous or organic solvent-based solution/suspension of polymers [27,32]. In a coating 

process the stock solutions are sprayed onto the surface of the dosage from and thereafter 

a continuous film is formed as a result of the solvent evaporation (Fig. 1.4) [3,33]. 

 

 

Fig.1.4 Film formation from organic polymer solutions on a particle surface in the 

coating process [33,34], the evaporation of the solvent induces an increase 

in the polymer concentration and inter-diffusion of the polymeric chains. 

The film adhesion is started to build up, gelation is occurred after reaching 

the corresponding concentration, then a solvent-free polymeric film is 

obtained upon the evaporation of the remaining solvent [35]. (Reprinted 

with permission from Ref. [34], Copyright 2020, Seppic). 

 

Nowadays, the aqueous coating process is much more preferred due to the 

environmental considerations, however this procedure cannot be used for moisture 

sensitive APIs with low thermal stability due to the presence of water and the long coating 

process carried out at relatively high temperature (60-90 °C) [32,36]. Therefore, the 

organic solvent-based coating process is still in use [31]. Nevertheless, beside the 

generally used batch coating, continuous film coating process is gaining more and more 

attention, since processing time, and, consequently, the (temperature and humidity) load 

of the tablet can be drastically reduced that leads to increased productivity and reduces 

the risk of degradation of sensitive tablet ingredients during the aqueous coating 

process [31]. Several further ingredients, like lubricants, colorants, pigments, etc. are 

incorporated into the pharmaceutical coatings but plasticizers have the key role [27,31]. 

Most of the polymers used for tablet coatings are very brittle in itself due to their quite 

high glass transition temperature6 (Tg ≥ 100 °C). These additives reduce the Tg of the 

polymer and consequently increase the deformability leading to improved mechanical 

resilience of the coating against external loads [37]. Moreover, the addition of a less 

hydrophilic plasticizer (e.g., citrate esters) can significantly reduce the moisture uptake 

                                                           
6 Glass transition temperature (Tg) characterizes the temperature range over which the amorphous materials 

undergo a glassy to rubbery state transition (glass transition). 
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of the polymer film [25]. Commonly used plasticizers are organic esters like triethyl 

citrate, diethyl phthalate, polyols like poly(ethylene glycol), glycerol and its esters [27].  

Pharmaceutical polymer coatings based on pH-responsive polymers can be 

classified into two main groups. Entero-soluble coatings provide taste masking in the 

mouth and rapid release of the drug in the stomach. For this purpose, polymers that are 

highly soluble at the gastric juice (pH ~ 1-2) and show moderate solubility at the pH of 

the oral cavity (pH ~ 6.8) are required. In general, polymers with basic side groups i.e., 

cationic polymers are applied [27]. Enteric coatings are protective at the acidic pH of the 

stomach (pH ~ 1-2) while providing controlled drug delivery in the intestines through 

dissolving easily at the elevated pH (pH = 5-8). In order to achieve this dissolution 

profile, enteric coatings are generally made of polyanionic polymers, particularly 

poly(carboxylic acids) [27]. Several polymers of natural origin, e.g., zein, shellac [38], 

and cellulose derivatives [39], such as cellulose acetate succinate and hydroxypropyl 

methylcellulose phthalate, are commonly used in enteric and entero-soluble coatings, but 

synthetic polyacrylates play a leading role in the market [40]. Raw materials with natural 

origin are very beneficial in terms of economic and environmental considerations, but the 

structure of these polymers is poorly reproducible, their quality can vary from batch to 

batch, and, – except some examples such as the hydroxypropyl methyl cellulose having 

quite low Tg at around ~ -4 °C –, these polymers often have pretty high Tg (≥120 °C) thus 

require high amount of plasticizer (≥30%) to reach sufficient coating flexibility and 

robustness, and to achieve complete film formation [30]. Furthermore, their precise 

functionalization is very difficult, therefore their physico-chemical properties cannot be 

tuned accurately [39]. In contrast, polyacrylates, (co)polymers of 

poly[(meth)acrylic acid]s and/or their esterified derivatives, are produced by introducing 

various monomers into the polymer chains. Consequently, their physico-chemical 

properties (aqueous solubility, glass transition temperature, etc.) can be tuned in a 

reproducible manner for various applications by choosing the proper combination of the 

acrylate monomers [41,42]. Poly(meth)acrylates show excellent film formation 

properties and the pharmaceutical coatings made of them can simultaneously provide 

controlled and/or targeted drug release, meet the demands of taste masking [40], and 

fulfill the general requirements of the pharmaceutical coatings, such as sufficient 

flexibility (ε ≥ 200-300%, and σ ≥ 2 MPa, respectively) [3], low moisture uptake 

(≤ 10 w/w%) [25], and almost neutral taste. EUDRAGIT® (Fig. 1.5) and Kollicoat® 

product families released by the companies Evonik and BASF, respectively, provide wide 

variety of tablet coatings based on copolymers of (meth)acrylic acid derivatives, 

including anionic, cationic and neutral polymers [40,43,44].  
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Fig. 1.5 The EUDRAGIT® product family. Evonik offers a wide variety of 

poly(meth)acrylate based pharmaceutical polymers coatings. Four broad 

classes can be defined: cationic Eudragit E (soluble below pH 5.5) for taste 

masking and immediate release (entero-soluble coatings); anionic 

Eudragit L and S (soluble above pH 6 and 7, respectively) for 

intestine/colon targeting (enteric coatings); neutral types Eudragit RL and 

RS (pH-independent solubility) as well as Eudragit NE and NM (swellable 

and permeable) for sustained drug release (Adapted with permissions from 

Ref. [45], Copyright Evonik). 
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1.2.2 Electrospun nanofibers made of pH-responsive polymers 

As highlighted in the previous section, use of polymer based film coatings on 

conventional dosage forms could result controlled drug release and/or targeted drug 

delivery. Recently, a considerable attention has been put towards electrospun polymer 

matrices with micro or nanofibrous morphology since these systems are capable of 

fulfilling simultaneously the carrier role and determine the drug release profile. 

Electrospinning is a fascinating method to prepare continuous fibers with 

diameters ranging from a few nanometers to microns. The fiber formation takes place 

from polymer solutions or melts, by using electrostatic forces [46–48]. Solution* and 

melt** electrospinning complement each other well because they have their own 

advantages (e.g., numerous processable polymers*; more uniform fibers**) and 

disadvantages (e.g., solvent residues*; limited number of processable polymers**, 

incompatibility with drugs having low thermal stability**) [49]. Fig. 1.6 demonstrates 

the laboratory setup for a single-needle electrospinning instrument. A high voltage is 

applied on the droplet formed at the tip of the needle and when the electrostatic repulsion 

forces become sufficiently strong to overcome the surface tension, first a conical object, 

a so-called Taylor cone is formed, and subsequently a jet is created in the direction of the 

collector. [46]. During its flight, this electrified jet undergoes a stretching and whipping 

process, leading to the formation of long and thin fibers, and finally a nonwoven web. In 

solution electrospinning – which process was used for the preparation of matrices 

included in this Thesis –, the shape, the diameter, and the morphology of the fibers can 

be tailored both through the properties of the polymers (polymer composition, molecular 

weight, etc.), the pre-cursor solution (polymer concentration, viscosity, surface tension, 

electrical conductivity, etc.) and the technological parameters of the electrospinning 

(applied voltage, flow rate, geometrical parameters of the electrospinning apparatus, etc.) 

[49–51]. Nanofibers and their matrices have small diameter (down to tens of nanometers), 

large specific surface area, infinite length, etc. [52] resulting in various uses in filtration 

[53], composites [54,55], sensors [56] fuel cells [57], and biomedical application such as 

wound dressing and healing [58,59], tissue engineering [60,61] and drug formulation 

[62]. Nanofibrous drug delivery systems have several advantageous features over the 

conventional dosage forms. Their drug release profile can be tailored by the morphology 

of the fibers and the composition of the polymers. Drug molecules can be loaded into the 

matrices in their amorphous state, which helps their rapid dissolution in aqueous medium. 

High surface area of the matrices also enhances the dissolution and offers high 

therapeutics loading capacity [63,64]. Finally, in contrary to sprays, suspensions or drops; 

the drugs can easily be administered in an exact dose from electrospun matrices. 
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Fig 1.6 Schematic illustration of the setup of an electrospinning apparatus in 

vertical mode and a sketch of the Taylor cone (Adapted with permissions 

from Ref [46], Copyright 2016, Mater. Horizons). Different types of fiber 

morphology/porosity can be achieved by varying the parameters of 

electrospinning process (Adapted with permissions from Ref. [52], 

Copyright 2017, Acc. Chem. Res.). 

 

The use of polymers with pH-dependent dissolution have been attracted a 

particular attention as nonwoven matrices for smart drug delivery [65]. The pH-triggered 

release of the drugs can take place through the dissolution of non-cross-linked fibers or 

swelling/collapsing of fibrous systems having permanent cross-links. The literature 

covers numerous studies wherein nanofibers made of pH-responsive polymers applied as 

drug delivery systems. 

Natural pH-responsive polymers like the cationic chitosan, and the anionic shellac, 

have a great potential in biomedical field, including electrospun matrices for drug delivery 

owning to their polyelectrolyte nature, biocompatibility and biodegradability. Jiang et al. 

[66] incorporated the anti-inflammatory drug ibuprofen into composite nanofibers of 

PLGA and PEG-g-chitosan by which sustained release of the drug could be provided. 

Ignatova et al. [67] electrospun nanofibrous matrices containing the antitumor drug 

doxorubicin hydrochloride (DOX) by using DOX/poly(L-lactide-co-D,L-lactide) 

(coPLA) and DOX/quaternized chitosan/coPLA solutions ,and the fibrous systems 

obtained showed high antitumor activity. Wang et al. [68] produced shellac nanofibers 

via coaxial electrospinning in order to achieve colon specific drug delivery by taking 

advantage of the pH-dependent dissolution of shellac. Although these polymers with 

natural origin have beneficial features in terms of biomedical application, their 

electrospinning is complicated. “Untreated” (not chemically modified) chitosan is only 

soluble in acidic media and poorly soluble in organic solvents, while single-fluid 
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electrospinning of shellac requires a high polymer concentration (~ 50 w/w%) to achieve 

bead-free fibers, which results in frequent clogging of the spinneret due to gelation of the 

solution. Therefore, in most cases, the use of corrosive (e.g. trifluoroacetic acid) and/or 

harmful (e.g. dimethylformamide) solvents, more complex electrospinning process 

(coaxial electrospinning, need of additional shell “fluid”) and/or a secondary polymer 

(PVA, PEO, etc.) are needed to improve the spinnability of these polymers.  

Electrospinning of synthetic pH-sensitive polymers, especially the corresponding 

poly(meth)acrylates can generally carried out in a much easier way and the resulted 

matrices can potentially be applied as drug delivery systems [69]. Vrbata et. al [70] 

incorporated sumatriptan succinate, naproxen and its sodium salt into nanofibrous 

electrospun matrices, e.g., into cross-linked poly(acrylic acid) fibrous network, from 

which the embedded drug was released at pH = 7.4. Yang et al. [71] prepared core–shell 

nanofibers using solution of esterified poly(methacrylic acid) (Eudragit S100) and 

phosphatidyl choline (PL)/diclofenac sodium (DS) for colon-targeted drug release. 

Nagy et al. [72] introduced the melt electrospinning of cationic poly(meth)acrylates by 

which ultrafast release of the encapsulated drug can be achieved at the pH occurring in 

the stomach (~pH = 1.2). Balogh et al. [73–75] electrospun different types of 

poly(meth)acrylates, including cationic and anionic ones. Due to the efficient 

amorphization of the poorly water-soluble model drugs, spironolactone and carvedilol, 

their dissolution was enhanced significantly, while thanks to the pH-dependent solubility 

of the polymers, controlled delivery of the incorporated active molecules in acidic or 

alkaline medium was achieved (Fig. 1.7).  

It can be concluded that poly(meth)acrylates are particularly important raw 

materials both for functional tablet coating and the electrospun matrices. However, beside 

the beneficial features of poly(meth)acrylates which I pointed out that in chapters 1.2.1 

and 1.2.2 − such as the adjustability of their chemical structure providing tailorable 

physcio-chemical properties, excellent film forming properties and good spinnability −, 

copolymers made of acrylic acid derivatives have some disadvantages discussed in the 

next chapter. 
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Fig 1.7 a) SEM pictures of neat electrospun fibers with fibers with Carvedilol 

(CAR) fabricated from ethanol-based solution of cationic (EPO) and 

anionic (L100) Eudragit® polymers. b) The X-ray diffractograms show 

that the essentially crystalline Carvedilol* presents in its amorphous state 

in the fibrous matrices**, and this amorphization strongly enhance the 

solubility of CAR both at c) acidic and d) alkaline pH (ACES: alternating 

current electrospinning; DCES: direct current electrospinning) (Adapted 

with permission from Ref. [73], Copyright 2015, Int. J. Pharm.). 

 

1.2.3 Polyacrylates: synthesis and biological activity 

Poly(meth)acrylates are synthetic (co)polymers prepared by the copolymerization 

of (meth)acrylic acid and/or its esterified derivatives. The majority of these monomers 

are flammable, volatile liquid [76]. Acrylic esters, especially on a laboratory scale, are 

prepared by the alcoholysis of the corresponding acid chlorides or via direct esterification 

reactions of (meth)acrylic acid. Methyl methacrylate (MMA) is commonly synthesized 

by reacting acetone cyanhydrine with water and methanol in the presence of concentrated 

sulfuric acid. Various (meth)acrylate monomers can be produced by transesterification 

reactions of methyl methacrylate [77] while polymethacrylates can also be functionalized 

after polymerization in this way [78]. However, most of these methods required catalyst 

(hazardous substances, e.g., 4-dimethylaminopyridine [78]) and/or harsh conditions [e.g., 

toxic organic solvents, such as 1,4-dioxane; relatively high reaction temperature 

(80-120 °C) [79] and results in the formation of various by-products (e.g., alcohols, 

HCl)]. Acrylic acid and its derivatives can polymerize spontaneously in highly 

exothermic reaction [80], thus these compounds are have to be stabilized by adding small 

amount of inhibitors, like hydroquinone monomethyl ether, and stored at low temperature 

[81]. Poly(meth)acrylates are produced mostly by radical polymerization using 
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conventional peroxides and azo derivatives as initiators [77]. The polymerization can also 

be initiated photochemically, by γ-ray, or by electron beams. Ionic polymerization of 

acrylates does not have industrial relevance [81]. Recently, other routes of polymerization 

providing enhanced adjustability of the polymer structure and molecular weight are 

gaining more and more attention, such as group-transfer polymerization (GTP) stable free 

radical mediated polymerization (SFRP), atom transfer radical polymerization (ATRP), 

reversible addition-fragmentation chain transfer (RAFT) polymerization. Nevertheless, 

these techniques do not play a major role at industrial scale [77]. Polymerization of 

acrylates can be proceeded via numerous methods, such as bulk, solution and suspension 

polymerization, but emulsion polymerization is the most important industrial process for 

producing polyacrylates and their copolymers. Polymers with high molecular weight can 

be obtained with short reaction time and the heat of polymerization can be dissipated in 

the aqueous phase [77]. Emulsion polymerization is generally performed at the 

temperature and the pH range of 50-85 °C and pH 2-7, respectively. Beside water, 

monomers and the initiators, emulsion polymerization requires other essential starting 

materials e.g., emulsifiers (e.g., anionic emulsifier such as ammonium salt of fatty acids), 

and if necessary, molecular mass modifiers (e.g., halogen-containing compounds, such as 

carbon tetrachloride) [82]. Thus, although polymerization proceeds almost quantitatively, 

residual monomers and additives have to be removed.  

Acrylic esters possess moderate toxicity, that decreases with increasing the 

number of carbon atoms in the alkyl side group (LD50 (rat, oral) [mg/kg]: methyl 

acrylate → 300; butyl acrylate → 3730) [80]. Methyl and ethyl acrylates, the most often 

used monomers for the preparation of polymers applied in drug formulation [40], severely 

irritate the skin and mucous membranes, their vapor cause eye irritation, and extremely 

irritating to the respiratory tract. Polyacrylates, being high molecular mass, are non-toxic 

and non-absorbable polymers. However toxicology of polyacrylates is not determined by 

the polymers themselves, but by the additives used in their synthesis (e.g., initiator 

residues, emulsifiers) and the residual monomer content [81]. Poly(acrylate)s lack 

biodegradability, which is particularly due to their C-C backbone whose cleavage is very 

challenging through biochemical pathways. Specific enzymes/microbes, harsh 

physical/chemical pretreatment, and/or incorporation of special co-monomers (which 

strongly alter the physico-chemical properties) [e.g., N-benzyl-4-vinylpyridinium 

chloride (BVP)] is required to achieve moderate biodegradability [83]. Biodegradation of 

poly(n-alkyl methacrylate)s is even more challenging owning to the quaternary carbons 

in the main chain [83,84]. Considerable biodegradability (≥70%) can be reached only for 

acrylic acid derivatives having molecular weight (MW below) 1 kDa [83], which is at 

least an order of magnitude lower than the MW generally required for film [27] and/or 

fiber formation [49]. 

Derivatives of the synthetic poly(amino acid), poly(aspartic acid) (PASP), bear the 

beneficial features of poly(meth)acrylates nevertheless they can be synthesized under 

mild reaction conditions without using any additives, and, due to their protein like 

structure they are expected to be biocompatible and biodegradable, thus I believe these 

natural amino acid based polypeptides can be considered as alternatives of meth(acrylic) 

acid based polymers. Therefore, synthesis and characterization of aspartic acid based 

polymers are discussed in detail in the next paragraph. 
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1.3 Poly(amino acid)s 

Nowadays, a pharmaceutical formulation has to meet very complex requirements. 

The ideal starting material for a drug delivery system is a biocompatible polymer with 

adjustable rate of degradation and tailorable chemical properties. Synthetic poly(amino 

acid)s and amino acid analogues can combine the benefits of natural polymers (i.e., 

biocompatibility, biodegradability, synthesis from renewable sources) [85] and synthetic 

polymers (i.e., reproducible structure and molecular weight, production in large 

volumes). Due to their protein like structure, these polymers are biodegradable, usually 

display low toxicity and their application causes minimal stimulation of the immune 

system. Therefore, synthetic poly(amino acid)s are attracted an increasing attention for 

their potential in biomedical and pharmaceutical applications, like delivery of drugs and 

biomolecules [85]. Natural poly(amino acid)s, including cyanophycin, poly(ε-lysine) and 

poly(γ-glutamic acid) are polymers of bacterial origin, i.e., can be produced by bacterial 

fermentation [86]. Numerous studies are dealing with the application of poly(γ-glutamic 

acid) utilized in drug delivery and tissue engineering, while poly(ε-lysine) is known about 

its antibacterial, antiviral and antitumor activity. Nevertheless, high polydispersity, 

difficult chemical functionalization and restricted availability of natural poly(amino 

acid)s limit their applications [85]. 

Chemical synthesis of the poly(amino acid)s provides much more defined 

molecular structure and weight for the polymers obtained which increases their relevance 

compared to the natural counterparts (Fig. 1.8). Poly(L-glutamic acid) [PGA] and 

poly(aspartic acid) (PASP), composed of naturally occurring L-glutamic acid and 

L-aspartic acid, respectively, linked together through amide bonds, and have found to be 

ideal candidate for a wide variety of human biological applications, such as drug and gene 

delivery or bioadhesive systems [86]. However, the direct functionalization of the 

carboxylic side groups of PGA and PASP can be done by the rather complicated and 

expensive carbodiimide chemistry in multiple reaction steps (amide formation mediated 

by water-soluble carbodiimides) [87,88], or the reaction of alkyl halides with the 

deprotonated form of the carboxyl acid group [89]. The peptide-like, biocompatible 

poly(2-oxazoline)s are also attracting increasing interest [90]. These polymers offer 

numerous different pendant groups by modifying the oxazoline monomer, which allows 

to prepare polymers for biomedical application. However, both monomer synthesis and 

polymerization require complex synthetic work as well. Current synthetic methods for 

the preparation of poly(amino acid)s, such as solid-phase peptide synthesis, ring-opening 

polymerization of the α-amino acid N-carboxy-anhydride (NCA) [91], still have 

limitations in their production capacity, atom economy and amino acid sequence 

regulation. A new technique, the chemo-enzymatic synthesis is in development. The 

principle is that amino proteases and peptidases can act as catalysts promoting the 

formation of peptide bonds between α-amino acid monomers. This synthetic pathway 

seems to be atom-economical, requires only mild reaction conditions and the yield can be 

over 90%, however, this method provides less control over the molecular weight [92]. 

In contrast to the above listed polymers, the pH-responsive poly(aspartic acid) 

(PASP) and its derivatives (aspartic acid based polymers) can be synthesized easily and 

under mild conditions through the nucleophilic addition reaction of polysuccinimide 

(PSI) functioning as a prepolymer. Therefore, PASP derivatives have recently attracted 

particular attention.  
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Fig.1.8 Poly(aspartic acid) has the advantages of other synthetics amino acid 

analogue polymers, poly(2-oxazoline) and poly(L-glutamic acid). 

 

1.4 Aspartic acid based polymers 

The most common way to prepare PASP is the functionalization of 

polysuccinimide (PSI), the anhydride of PASP by nucleophilic addition of hydroxide 

ions. PSI can be prepared from L-aspartic acid of natural origin by thermal 

polycondensation in the presence of phosphoric acid that acts as a catalyst and 

dehydrating agent. Synthesis of PSI is discussed in the next chapter in detail. PSI reacts 

easily with nucleophilic reagents, such as primary amines, and for this reason, aspartic 

acid based polymers with large chemical versatility can be synthesized [93]. These 

reactions are carried out under mild reaction conditions (at room temperature and 

atmospheric pressure) without the formation of by-products, and presence of additives, 

such as deprotonating agents [e.g., dibutylamine (DBA)], is required only in special cases. 

A limitation of these syntheses is the applied reaction media. Very polar and aprotic 

solvents such as DMF or DMSO are needed to dissolve PSI, thus only these solvents with 

high boiling point and difficult recovery are suitable as reaction medium [94]. Derivatives 

of PASP can also be synthesized by the polymerization of β-benzyl-L-aspartic acid 

N-carboxy-anhydride (BLA-NCA) and subsequent aminolysis of the resulted 

poly(β-benzyl-L-aspartate) [PBLA]. [95] (Fig. 1.9). This synthesis leads to polymers with 

high optical purity, however, it has several disadvantages over the PSI based method 

which limits its applicability.  

Although the molecular weight of PBLA can be controlled by this reaction 

pathway, the resulted MW7 is generally low [MW ≤ 10 kDa, gel permeation 

chromatography (GPC)] which restricts the applicability of these polymers [96]. 

                                                           
7 It has to be noticed that the molecular weight of these polymers is strongly dependent not only on the synthesis 

but also on the measurement method thus one has to be careful when comparing the MW data from different 

sources. In this section, only molecular weight values obtained by gel permeation chromatography (GPC) was 

highlighted and compared in order to demonstrate appropriately the effect of synthesis methods on MW. 



Chapter 1 

 

 

28 

Synthesis of PBLA requires a very expensive starting material β-benzyl-L-aspartic acid 

N-carboxy-anhydride (BLA-NCA), several reaction steps utilizes harmful solvents such 

as dichloremethane and dioxane, the method includes time- and energy-consuming 

dialysis and freeze-drying steps and the benzyl leaving groups appear as a waste product. 

Sodium salt of the pure PASP can be a starting material too in the synthesis of PASP 

derivatives, however it requires the application of the complicated carbodiimide 

chemistry [88], or the usage of alkyl halides [89], as it was pointed out in Chapter 1.3. 

(Fig. 1.10). 

 

Fig. 1.9 Synthetic procedures of poly[N-(N’,N’-

diisopropylaminoethyl)aspartamide] [PAsp(DIP)] by the subsequent 

aminolysis reaction of poly(β-benzyl-L-aspartate) [PBLA]. (Reprinted with 

permission from Ref. [95], Copyright 2007, React. Funct. Polym.). 

 

 

Fig. 1.10 Functionalization of poly(aspartic acid) through sodium polyaspartate 

using a) alkyl halides [89] and b) carbodiimide 

chemistry. (NHS: N-hydroxysuccinimide, EDS: 1-ethyl-3-[3-(dimethyl-am

ino)propyl]carbodiimide [88]. 
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In the light of these considerations, I used PSI as a precursor material for the 

preparation of PASP derivatives included into this Thesis. Consequently, I am going to 

discuss nucleophilic reactions of PSI and the properties of the obtained PASP derivatives 

in the next paragraphs. 

1.4.1 Polysuccinimide 

Polysuccinimide (PSI) is a reactive linear polyimide which can be readily prepared 

by thermal polycondensation of L-aspartic acid [97]. Reaction of maleic anhydride and 

ammonia also provides PSI, however the polymer obtained by this method has low 

molecular weight (MW ~ 1-3 kDa) thus its scientific and industrial relevance is low [94]. 

The thermal polycondensation can be performed in various ways. PSI can be synthesized 

simply by heating L-aspartic acid powder, however the polymer yielded has relatively 

low MW (~ 9 kDa) and a branched structure [98]. The presence of a catalyst, preferably 

phosphoric acid which also remove water during polycondensation, results in 

polysuccinimide with fewer main chain defects (e.g., ring opened units, branches) [99] 

and one order of magnitude higher MW (up to ~ 70 kDa) [97,98,100]. Additionally, 

polymers synthesized using phosphoric acid were reported to be completely 

biodegradable whereas, PSI prepared by thermal polymerization without the presence of 

H3PO4 did not biodegrade completely [101]. Two main methods are used for the 

preparation of PSI in the presence of phosphoric acid. PSI can be synthesized in the 

mixture of organic solvents with high boiling point, such as mesitylene and sulfolane, 

using a catalytic amount of H3PO4 [100,102] or without solvent, under reduced pressure, 

utilizing large amount of H3PO4 [97] (Fig. 1.11). Although, both the solvent based* and 

the solvent free** processes have the disadvantages (significant volume of organic 

solvents*; relatively difficult isolation of the product from the remaining phosphoric 

acid**), both of them are often used for the preparation of PSI because of the achievable 

high molecular weight of the final product (MW can range from 10 to 70 kDa by choosing 

the proper conditions) [93]. Additionally, these methods are cost-effective in comparison 

to other technologies such as biotechnological production or polymerization of 

N-carboxyl acid anhydride of aspartic acids [98]. The synthetic methods regarding PSI 

are discussed extensively by Jalalvandi et al.[94]. 

 

 

Fig. 1.11 Synthesis of polysuccinimide by thermal polycondensation of L-aspartic 

acid in a solvent based or in a solvent free reaction. 
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1.4.2 Synthesis of aspartic acid based polymers and their applications 

Succinimide rings of the PSI contains two reactive imide bonds, that can easily 

react with nucleophilic reagents [103]. These imide bonds differ in their chemical 

environment, hence the reaction may result in two types of repeating unit having 

difference in their constitution (constitutional isomers), namely α- and β-units 

(Fig. 1.12) [104]. The molar ratio of α- to β-units in the products is reproducible and 

determined mainly by the nucleophilic reagent itself [104]. In this Thesis, I do not 

characterize the α-β constitution of the repeating units, as it is beyond the scope of the 

work.  

PSI can react both with O- and N-nucleophiles (Fig. 1.13). The most important 

O-nucleophile reaction is its hydrolysis with hydroxide ion resulting in the 

poly(aspartic acid) (PASP). PASP is a synthetic poly(amino acid), a polyelectrolyte with 

pH-dependent solubility. Its polyelectrolyte character is based on the dissociation of 

aspartic acid repeating units in aqueous medium (pKa = 3.3 and 4.2 for α and β linkages, 

due to the dissimilar local chemical environment of carboxyl groups) [104]. Similarly to 

most of the other poly(amino acid)s, PASP is considered to be biocompatible and 

biodegradable because of its protein like structure, nevertheless the biodegradability of 

PASP has not been investigated extensively yet. Nakato et al. [98] studied the relationship 

between the chemical structure and the biodegradability of poly(aspartic acid) and found 

that the presence of a branched structure worsen the biodegradability of PASP. Juriga et 

al. [105] proved the biodegradability of PASP hydrogels at physiological conditions in 

the presence of different enzymes and cell culture media. The scientific and industrial 

potential of PASP is increasing continuously. It has already been utilized successfully as 

a dispersant, anti-scalent, surfactant and chelating agent, and has several uses as 

pH-responsive hydrogel [106]. 

 

 

Fig. 1.12 Nucleophilic addition reactions of polysuccinimide resulting in α and β 

units which are constitution isomers [104]. 
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Imide bonds of PSI can be attacked by other O-nucleophiles as well, however the 

rate and the conversion of these reactions are orders of magnitude smaller compared to 

the hydrolysis. For instance, methanolysis of the succinimide rings requires more than 

three days at room temperature. In contrast, reactions of PSI with N-nucleophiles can be 

performed with short reaction time and high conversion at mild conditions even in the 

case of bulky substituents. The reaction with amino-alcohols clearly demonstrates the 

difference between the nucleophilic character of the O and the N atom: reactions with 

these compounds performed at room temperature result in almost exclusively N-

hydroxyalkyl aspartamide repeating units [103]. Poly(N-hydroxyethyl-aspartamide) 

(PHEA) is a well-known aspartic acid based polymer synthesized by reacting the PSI with 

ethanolamine. Because of its favorable toxicological and physicochemical properties, 

PHEA can be used as a drug carrier [107,108] and as starting material for many other 

biomedical and pharmaceutical products [109,110]. Aqueous solubility of the synthesized 

polymers can be tuned by the length of the hydroxyalkyl side groups. Introducing long 

hydroxyalkyl side groups, such as 4-hydroxybutyl along with 6-hydroxyhexyl onto the 

PSI chain results in temperature sensitive polymers with an adjustable phase transition 

temperature between 12 and 45 °C [111]. Gu et al. [112] prepared doxorubicin-loaded 

nanoparticles from polyaspartamide with isopropyl and hydroxyalkyl side groups by 

dialysis method, and observed a temperature-responsive drug release behavior of the 

system. Takeuchi et al. [113] reacted polysuccinimide with a mixture of various amino 

alcohols and hexadecylamine which led to temperature sensitive polymers showing sol-

gel transition. These systems have a considerable potential as injectable formulations. 

 

 

Fig. 1.13 Nucleophilic addition reactions of polysuccinimide (PSI). Hydrolyses of 

the succinimide rings is performed in aqueous medium and takes several 

days. In contrast, reaction of PSI with primary amines are carried out in 

very polar aprotic solvents (DMF or DMSO) and full conversion can be 

reached less than 24 h even at room temperature. 
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Alkyl amines are one of the most important N-nucleophile type reactants of PSI. 

PSI can be modified with short chain (propyl, hexyl, etc.) [114] and/or long chain alkyl 

(dodecyl, hexadecyl, etc.) [115] amines at room temperature using DMF or DMSO as 

solvent, and complete conversion can be reached within 24 h in most cases, but the 

reaction time can be reduced significantly (down to 6-8 h) by increasing the temperature 

from 25 °C up to 100 °C [116]. Xu et al. [117] modified the PSI with n-hexylamine and 

these poly(N-hexyl aspartamide-co-succinimide) derivatives had the ability to form 

nanoparticles in aqueous medium. Reacting the succinimide repeating units partly with 

alkylamine and then hydrolyzing the residual rings to aspartic acid units leads to 

amphiphilic poly(N-alkyl aspartamide-co-aspartic acid)s, namely poly(aspartic acid) 

derivatives with alkyl side groups. The hydrophobic-hydrophilic balance of these 

polymers can be adjusted by the length and concentration of alkyl-aspartamide units. It 

was reported by Hsu et al. [115] that introduction of hexadecyl side groups onto the PASP 

chain results in polymers with pH-dependent self-assembly, while Suwa et al. [118] 

demonstrated the self-association behavior of PASP with dodecyl side groups. 

Wang et al. [119] introduced octyl side groups into the PASP chain and found the 

negatively charged PASP with octyl side groups can stabilize liposomes with positively 

charged surface (liposomes consisted of phospholipids with a positively charged choline) 

at pH 7.4, while initiate drug release at pH = 5 (Fig. 1.14). Most of the cited works proved 

that these biocompatible [120] polyanionic systems can be applied as intracellular drug 

delivery carriers triggered by small pH changes [119,121]. Moreover, Tomida et al. [116] 

showed that biodegradability of PASP derivative with alkyl side groups can be expected.  

 

 

Fig 1.14 a) pH triggered drug release from liposomes containing PASP derivative 

with octyl side groups (PASP-g-C8). At pH = 7.4, PASP-g-C8 is present in its 

deprotonated form thus capable to go electrostatic interaction with the 

positively charged surface of liposomes additionally, the alkyl side groups 

can integrate into the bilayer which stabilize the liposome. In contrast, at 

pH = 5, the polymer chain undergoes a collapse which results in the 

destabilization of the liposome and consequently triggers the release of the 

encapsulated drug. (Adapted with permission from Ref. [119], Copyright 

2014, Colloids Surfaces B Biointerfaces). 
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Like “anionic” PASP derivatives, aspartic acid based polymers with cationic 

moieties, i.e., cationic polyaspartamides have also attracted special attention in the last 

decade. These polymers are prepared by the functionalization of PSI with ionizable 

aminoalkyl-, alklyaminoalkyl- and dialkylaminoalkyl side groups in addition to neutral 

side groups, such as alkyl or hydroxyalkyl groups. Similarly to the reactions with 

alkylamines, modification of PSI with dialkylaminoalkyl type molecules does not require 

any additives and harsh reaction conditions, even in the case of bulky modifiers such as 

2-(diisopropylamino)ethylamine (40 °C, 24 h) [122]. Additionally, it has been proven 

that these macromolecules show very low cytotoxicity, thus can be qualified as 

biocompatible materials [122]. Owing to their biocompatibility and their high structural 

variety resulting in diverse physico-chemical properties, cationic polyaspartamides have 

a great potential in human biological applications such as drug and gene delivery [123]. 

Due to the presence of primary/secondary/tertiary amine ligands, cationic 

polyaspartamides can show pH-dependent solubility/self-assembly behavior [124]. 

Moon et al. [122,125,126] introduced various alkyl or hydroxyalkyl side groups beside 

N-isopropyl aminoethyl moieties onto the polyaspartamide backbone. The resulted 

amphiphilic polymers have pH- and temperature responsive behavior in aqueous solution 

which can be tuned by the polymer composition (Fig. 1.15). Moreover, LCST of these 

cationic polyaspartamides can be adjusted near to the room temperate [127], making them 

an ideal alternative polymer instead of poly(N-isopropylacrylamide) (PNIPAAm). 

Thanks to their pH-and/or temperature dependent self-assembly behavior, these systems 

can be good candidates in the design of smart nanocarriers, especially for anti-cancer drug 

delivery [122]. Moon et al. [128,129] also synthesized cationic polyaspartamides 

containing (isopropylamino)ethyl and dodecyl side groups that exhibit temperature 

dependent sol-gel transition. These polymeric systems can be applied as novel thermo-

sensitive injectable hydrogels for tissue engineering and drug delivery.  

 

 

Fig 1.15 a) pH responsivity of b) cationic polyaspartamides with 

diisopropylaminoethly and lauryl (dodecyl) side groups can be tuned by 

the molar ratio of repeating units (Adapted with permission from Ref. 

[122], Copyright 2011, Colloid Polym. Sci). 
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Because of their polycationic character, cationic polyaspartamides can form 

polyion complexes with negatively charged nucleic acids, such as plasmid DNA, siRNA, 

and mRNA and intensively studied for the treatment of different traumatic, degenerative 

and cancer diseases. Several cationic polyaspartamides were found to be promising 

carriers in non-viral gene delivery because they show as high transfection efficiencies as 

the well-known polyethylenimine (PEI) provides with much lower cytotoxicity and 

hemolytic activity than PEI [130–132].  

Reacting PSI with nucleophilic reagents containing two or more primary amine 

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

be hydrolysed into PASP gels. Due to the polyelectrolyte nature of PASP, its hydrogels 

can reversibly swell/shrink upon changing the pH. Deprotonation of the -COOH group 

resulted in an abrupt change in swelling degree. Gyenes et al. [133] reported the synthesis 

of PSI and PASP hydrogels using various diamines (DAB, lysine, etc.) as cross-linker. 

The gels shrink below the pKa values of PASP, and swell in their deprotonated form. 

Moon et al. [134] prepared hydrogels with pH-responsive swelling behavior by the cross-

linking of cationic polyaspartamides containing dialkylaminoalkyl, such as 

3-(diisopropylamino)propyl side groups. Due to the cationic side groups, these systems 

show swelling in acidic media and shrink above their pKa. Gyarmati et al. [135] prepared 

PASP gels with supermacroporous structure by performing the gelation of these systems 

under the freezing point of the solvent applied (cryogelation). Giammona et al. [109] 

modified poly(N-hydroxyethyl-aspartamide) (PHEA) with glycidyl methacrylate and 

thereafter cross-linked the system by UV radiation resulting in a superabsorbent hydrogel. 

Polyaspartamide gels have a great potential in many fields such as swelling-controlled 

drug delivery matrices and cell expander materials [123]. 

pH and redox sensitive PASP polymers with reversible sol-gel transition can be 

synthesized by the reaction of PSI with cysteamine and the residual succinimide rings 

were subsequently hydrolyzed (anionic polymers) [136] or opened with different 

diamines (cationic polymers with primary, secondary end/or tertiary amine side groups)) 

[137]. These systems show mucoadhesive behavior and their applicability in ocular drug 

delivery is already proven [14,137,138]. Gyarmati et. al [13] used permanent cross-linker 

molecules beside thioalkyl side groups, and the resultant hydrogels showed reversible 

pH- and redox-dependent swelling. Krisch et al. [15] cross-linked, redox-responsive gels 

with a diameter in the nanoscale, which are promising carrier systems in tumor targeted 

drug delivery. 

PSI can also be modified by amino acids or oligopeptides. Torma et al. [139] and 

Kim et al. [140] synthesized amino acid-conjugated PASP derivatives by reacting PSI 

with amino acid methyl ester hydrochlorides, such as glycine, serine, leucin, 

phenylalanine or valine. Szilágyi et al. [141] cross-linked PSI with a tetrapeptide and 

obtained a PASP hydrogel by alkaline hydrolysis. The resulted system provided enzyme-

responsive drug release. Lu et al. reported that a zwitterionic8 PASP derivative having 

high resistance for protein absorption, and therefore can be used as non-fouling material. 

                                                           
8 Zwitterion is a molecule that includes equal number of positively- and negatively-charged moieties. A polymer 

can be considered as zwitterionic if bearing the two type of ionizable moieties within the same side group. 

https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Functional_group
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These derivatives can be synthesized by modifying PSI wit L-histidine and L-lysine 

beside aminoethanol [142].  

In the last decade drug-conjugated polyaspartamides received great attention. 

Paolino et al. [143] grafted bisphosphonates into the PHEA in order to prepare bone-

targeted drug delivery system, while Di Meo et al. [144] prepared polyaspartamide-

doxorubicin conjugate for anticancer therapy. Nevertheless, dopamine-conjugated 

polyaspartamides have the greatest interest in this field. Dopamine was immobilized on 

PSI backbone along with other nucleophiles such as octadecylamine to produce 

polymeric nanoparticles for targeted drug delivery at the cellular and subcellular length 

scale [145]. Dopamine was also utilized to prepare polyaspartamides with excellent 

adhesive properties. Wang et al. [146,147] introduced hydrophobic (alkyl) and 

hydrophilic (hydroxyethyl) side groups on the polyaspartamide chain resulting in a novel 

and biocompatible polymer glue, which can be used as an adhesive for general industrial 

and medical purposes. 

As this chapter demonstrated, PASP derivatives are an attractive alternative of 

conventional non-biodegradable polymers, like the poly[(meth)acrylic acid] derivatives, 

in various industrial and biomedical fields, and the importance of these polymers increase 

year by year. In the next chapter, polypeptide-based polymer films and electrospun 

matrices will be discussed in particular on systems based on PASP derivatives. 

1.4.3 Polypeptides based free films and electrospun matrices and their application 

Although polymers based on peptide analogs is attracted an increasing attention in 

the biomedical researches, no study dealing with application of such polymers as base 

material of tablet coatings can be found in the literature. Even the number of the articles 

concerning polypeptide based free films is very limited. Due to their poorly reproducible 

structure, natural polypeptide based films have low pharmaceutical potential, their main 

application area is food packaging [148]. Ramos et al. [149] prepared edible whey protein 

films but high amount of plasticizer (≥30%) is required to reach sufficient elasticity. Cao 

et al. [150] studied the effect of different plasticizers [poly(ethylene glycol) (PEG) with 

different molecular weight, sorbitol etc.] on the mechanical properties of gelatin based 

films and obtained intact but stiff polymer films even in the presence of 20-30% 

plasticizer content. Similarly to the natural ones, synthetic polypeptides are also rarely 

used for preparation of free films. Sabbah et al. [151] prepared elastic films from poly-γ-

glutamic by adding only a small amount of glycerol as plasticizer, but the mechanical 

properties of the films were found to be highly dependent on the pH of the film forming 

solution. Films prepared at pH = 3 showed a tensile strength of 1.8MPa and an elongation 

of break of 14%, while films formed from pH = 3.5 solution showed values of 0.2 MPa 

and 450%. Abilova et al. [152] fabricated mixed chitosan and poly(2-ethyl-2-oxazoline) 

to prepare mucoadhesive films for ocular delivery, but the mechanical properties of the 

originally rigid chitosan was even worsen further in the presence of the amino acid 

analogue. To the best of my knowledge, no attempt has been made so far to fabricate 

polymer free films based on aspartic acid derivatives. 

In recent years, polypeptides have attracted particular attention in electrospinning 

technology, especially in electrospun matrices for biomedical applications [153]. Natural 

polypeptides, such as gelatin, collagen and silk have the benefits of preparation from 

renewable sources and excellent cellular compatibility [154,155]. However, the structure 
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of these polymers is variable and their chemical modification is difficult. Moreover, toxic 

and hazardous solvents (fluorinated alcohols and acids, dichloromethane) [156] and/or 

co-polymers (PEO, PCL) and additional polymers (PEO, PCL) are required to obtain 

uniform and bead-free fibers from polypeptides [157]. As it is pointed out in chapter 1.4, 

drawbacks of natural polypeptides can be overcome by employing synthetic 

poly(amino acid)s and analogues of polypeptides. In addition, synthetic polypeptides are 

usually easier to process by electrospinning than the natural ones and more likely to yield 

a controlled nanofiber morphology. Wang et al. [158] prepared fibrous poly(γ-glutamic 

acid) matrices with controlled fiber diameter and excellent biocompatibility, while 

Hochleitner et al. [159] fabricated fibrous poly(2-ethyl-2-oxazoline) scaffolds with melt 

electrospinning. These matrices can have a high potential in human biological 

applications, however, the synthesis and/or functionalization of these poly(amino acid)s 

are difficult, as I discussed previously. 

Even though these drawbacks can be overcome by the application of aspartic acid 

based polymers, only a few attempts have been made to prepare fibrous systems from 

PASP derivatives. Molnár et al. [160] prepared PASP based gel fibers for tissue 

engineering and drug delivery application by reactive electrospinning of cysteamine-

grafted PSI and via coaxial electrospinning of PSI and 2,2,4(2,4,4)-trimethyl-1,6-

hexanediamine [161] as a cross-linker. Jedlovszky-Hajdú et al. [162] prepared 

magnetically responsive scaffolds by incorporating magnetic particles into PSI fibers. 

These matrices can be applied in cell culturing or in magnetic hyperthermia as solid-like 

matrix. Pitarresi et al. [110,163] fabricated fibrillar scaffolds from PHEA-g-PLA 

copolymers, while Voniatis et al. [164,165] coelectropsun polysuccinimide/poly(vinyl 

alcohol) and polycaprolactone/polysuccinimide composite meshes which systems can be 

utilized for several biomedical purposes such as drug delivery and fast tissue regeneration. 

However, it has to be noted that all of these matrices were fabricated with ICH Class 2 

solvents9, dimethylformamide or dichloromethane, which should be limited in 

pharmaceutical applications [166].  

 

 

 

 

 

 

 

 

                                                           
9 ICH Q3C (R5) guideline describes levels considered to be toxicologically acceptable for some residual 

solvents in pharmaceuticals. ICH 2 solvents should be limited in pharmaceutical products because of their 

inherent toxicity. Permitted daily exposures are given to 0.1 mg/day, and concentrations are given to 10 ppm 

[82].  
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1.5 Scope 

As it has been pointed out, there is an increasing interest towards pharmaceutical 

film coatings and electrospun matrices made of pH-responsive polymers especially in the 

field of gastrointestinal (GI) drug delivery. Numerous attempts have been made to prepare 

such dosage forms from both natural and synthetic polymers, e.g., cellulose derivatives 

and poly(meth)acrylates, however, the most commonly used starting materials have some 

significant drawbacks, such as difficult synthesis, and/or functionalization, or lack of 

biodegradability. As discussed earlier, derivatives of poly(aspartic acid) (PASP) are 

expected to be biocompatible and biodegradable. Furthermore, PASP can be synthesized 

under mild reaction conditions thus these polymers exhibit great potential in the field of 

pharmaceutical formulations with pH-responsive behavior. Therefore, in this Thesis I put 

the focus on the synthesis and characterization of pH-responsive aspartic acid polymer 

derivatives as well as polymer films and nanofibrous matrices of them. Synthesis and 

general characterization methods for the polymers and the polymer systems are described 

in Chapter 2, while specific methods are summarized at the beginning of the given 

chapter. 

Polymers utilized as a starting material of pharmaceutical polymer matrices must 

have sufficiently high molecular weight, narrow molecular weight distribution and a 

well-designed chemical composition in order to achieve excellent film or fiber formation 

and to reach the desired physico-chemical properties. The synthetic strategy to meet these 

requirements is reported in Chapter 3. Detailed 1H NMR and FTIR analysis along with 

the molecular weight determination of the PASP derivatives is discussed to identify their 

structural properties. Fluorescent labeling used for monitoring the dissolution of aspartic 

acid based polymers is also included in this chapter. 

Pharmaceutical film coatings made of pH-responsive polymers can provide 

controlled release and/or targeted delivery of the drug via exploiting the pH gradient 

occurring in GI while simultaneously mask the unpleasant taste of the API and protect 

the active molecule from environmental impacts. Major goal of the Thesis was to design 

and characterize aspartic acid derivatives, which might be ideal candidates for future use 

as polymer tablet coatings. In Chapter 4, short alkyl chains were introduced into the 

PASP backbone to obtain polymers with controllable pH-dependent solubility and 

dissolution rate. I aimed to describe quantitatively the structure and pH-dependent 

solubility of the polymers using solubility models by considering its possible application 

as an enteric coating. pH-dependent dissolution rate and cytotoxicity of the polymers are 

also reported in this chapter. 

Chapter 5 focuses on the physico-chemical characterization of cationic 

polyaspartamides with structural variety by considering their future use as entero-soluble 

tablet coatings. Glass transition temperature largely influences the mechanical properties 

of polymer films thus relationship between the glass transition temperature and the 

chemical structure of the polyaspartamides were discussed in detail. pH- and structure 

dependence of the dissolution rate of the cationic polyaspartamides was also reported in 

order to confirm that the films are capable of masking the unpleasant taste of the drug 

molecule in the mouth while enable rapid drug release in the stomach. 

The goal of the work presented in Chapter 6 was to prepare polymer films from 

cationic polyaspartamides on the basis of the knowledge gained in the previous chapter. 
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Pharmaceutical film coatings should act as a moisture barrier to protect the drugs and 

possesses appropriate deformability to withstand external loads. Therefore, I 

characterized the moisture uptake and tensile properties of the films formed by focusing 

on the effect of the incorporated plasticizer on these properties. The electric tongue 

measurements of cationic polyaspartamides are also performed to determine the taste of 

the polymers. 

Nowadays electrospun matrices have attracted special attention because they can 

combine the benefits of the nano- or microfibrous structure (e.g., large specific surface 

area) and special physico-chemical properties of the polymers (e.g., pH-dependent 

solubility). In Chapter 7, I aimed to fabricate fast dissolving polyaspartamide matrices by 

electrospinning in ethanol with no additives. Both cationic and neutral polyaspartamides 

were electrospun to prove that these matrices can be tailored easily for different 

administration routes purposes by choosing the proper polymer composition. 

The dissolution kinetics of the polymer matrix and the drug release kinetics along with 

the morphological properties of the fibers were discussed in the chapter to demonstrate 

the possible application of the matrices as drug delivery systems.  

In the final chapter of the Thesis, in Chapter 8, I briefly summarize the main 

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

number of experimental results gained in this work supplied useful information and led 

to several conclusions, which could promote further research and support the 

development of biomedical devices from the synthesized polymers. 
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Chapter 2 
 

Experimental part 
 

General synthetic methods and experimental conditions used throughout the 

Thesis are summarized in the present chapter. Specific experiments are described in the 

corresponding chapters. 

 

2.1 Preparation 

2.1.1 Materials 

Imidazole (puriss), phosphoric acid (H3PO4, 85%), crystalline phosphoric acid 

(99%), L-tryptophan methyl ester hydrochloride (T), deuterated dimethyl sulfoxide 

(DMSO-d6, 99.96 atom% D, contains 0.03 vol% tetramethylsilane, TMS), 

3-(dimethylamino)propylamine (DMP, 99%), 2-(dimethylamino)ethylamine (DME, 

98%), 2-(diethylamino)ethylamine (DEE, 99%), 4-aminobutanol (HOB, 99.9%), vitamin 

B12 (95%) and triethyl citrate (TEC, 98%) were purchased from Sigma-Aldrich. 

L-aspartic acid (99%), dibutylamine (DBA, 99%), potassium chloride (99.5%), disodium 

hydrogen phosphate monohydrate (a.r.), potassium dihydrogen phosphate (a.r.), dimethyl 

sulfoxide (DMSO, 99.9%), mesitylene (for synthesis), sulfolane (for synthesis), 

3-(diethylamino)propylamine (DEP, ≥98%), n-propylamine (P, 99%), n-butylamine (B, 

99%) and sodium chloride (NaCl) were bought from Merck. Ethyl acetate (EtAc, 99.9%) 

and hydrochloric acid (HCl, 35%) were purchased from LachNer. 

N,N-dimethylformamide (DMF, 99.9%), ethanol (EtOH, 99.7%), 2-propanol (99.9%), 

n-hexylamine (H, 99%), sodium hydroxide (NaOH, a.r.), citric acid monohydrate 

(C6H8O7 · H2O, 99.5%), sodium L-glutamate monohydrate (99%), D-(+)-glucose 

monohydrate (C6H12O6 · H2O, 99%) and magnesium nitrate hexahydrate (Mg(NO3)2· 6 

H2O, a.r.) were bought from Reanal. Glycerol (anhydrous, 98%) and quinine hemisulfate 

salt monohydrate (C20H24N2O2 · 0.5 H2SO4 · H2O) were bought from Fluka. DMEM 

(Dulbecco's Modified Eagle Medium) cell culture medium, fetal bovine serum (FBS), 

L-glutamine, penicillin/streptomycin (PAA Laboratories), trypsin-EDTA solution 

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

reagent, Promega) were used for cytotoxicity tests. All of the reagents and solvents were 

used without further purification. Ultrapure water was used for all reactions and the 

preparation of aqueous solutions (Millipore Milli-Q Gradient, ρ > 18.2 Mcm). 

Experiments were done at 25 °C unless otherwise indicated.  

Buffer solutions for solubility measurements consisting imidazole (pH = 8, 

c = 0.15 M) and their pH was adjusted by adding 1 M HCl. The ionic strength of the 

solutions was adjusted to the desired value by adding KCl (I = 0.15 M). To obtain 1000 ml 

pH = 8 imidazole buffer solution, 10.385 g imidazole, 17.840 g KCl and cca. 10.73 ml 

1 M HCl was added to ultrapure water. The gastric fluid was simulated with an HCl 

solution (pH = 1.2) while the intestinal fluid and the saliva by a phosphate buffer 

(pH = 6.8 in both cases). 1000 ml of pH = 6.8 was prepared by dissolving 6.8 g KH2PO4 
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in ultrapure water and adding 144 ml 0.2 M NaOH to the solution. The pH of the 

phosphate buffer was adjusted by adding 0.2 M HCl or 0.2 M NaOH. The pH of the 

solutions was checked with a pH/ion analyzer (Radelkis OP271/1). 

2.1.2 Synthesis of polysuccinimide 

Polysuccinimide (PSI) was prepared by two different methods. First, an organic 

solvent-based synthesis was applied, which was performed as follows: PSI was 

synthesized by thermal polycondensation of L-aspartic acid in a mixture of mesitylene 

and sulpholane (weight ratio of the solvents was 7/3; concentration of L-aspartic acid in 

the reaction mixture was ~ 21.5 wt%) at 160 °C in the presence of 3 wt% phosphoric acid 

(by using 85% H3PO4). After 7 h, the resultant creamy off-white polymer was purified by 

precipitation with DMF–H2O (1:3), washed with water and MeOH and then dried in 

vacuum at 80 °C for 24 h. The chemical structure of PSI was confirmed by 1H NMR 

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

CO-CH-CH2-CO). This type of PSI was used for the preparation of "aspartic acid 

derivatives with alkyl side groups" discussed in Chapter 4. 

The solvent-based synthesis was replaced thereafter by the following solvent free 

method: 20.00 g (0.15 mol) of L-aspartic acid and 20.00 g (0.2 mol) of crystalline 

phosphoric acid were mixed in a rotary flask and the mixture was heated up to 200 °C 

under vacuum using a rotary evaporator. The pressure was set to 100 mbar for the first 

1 h then reduced to 10 mbar and maintained at this value for additional 4 h. A slightly 

brown product was formed after the sum 5 h (Fig. 2.1). PSI was purified by precipitation 

in DMF–H2O (1:3), washed with water and MeOH and then dried in vacuum at 80 °C for 

24 h. The chemical structure of PSI was confirmed by 1H NMR (300 MHz, DMSO-d6, δ) 

(ppm): 5.27 (1H, CO-CH-CH2-CO); 3.21 and 2.70 (2H, CO-CH-CH2-CO). PSI 

synthesized by the solvent free method was used for the preparation of polyaspartamides 

discussed in Chapter 5, 6 and 7. 

 

 

Fig. 2.1 Polysuccinimide obtained by the solvent free reaction 
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The viscosity average molecular weight of polysuccinimide ,v PSIM  was 

determined in 0.1 M LiCl/DMF with polymer concentration from 0.004 to 0.02 g/mL. 

using a rolling ball viscometer (Anton Paar Lovis 2000) at a tilting angle of 45°. 

Diameters of the capillary and the ball used were 1.6 and 1.5 mm, respectively. ,v PSIM  

was calculated from the intrinsic viscosity,    (cm3/g) data using the Kuhn-Mark–

Houwink (KMH) equation (Eq. 2.1): 

   ,v PSIKM =   (2.1) 

where K  = 1.32×10−2 and   = 0.76 for PSI were taken from the literature [1].  

Poly(aspartic acid) (PASP) was synthesized by the hydrolysis of PSI. 1 g 

(0.01 mol succinimide repeating unit) of PSI was added to 200 cm3 0.1 M NaOH(aq) and 

the mixture was stirred for 5 h. The solution was then dialyzed against ultrapure water 

and freeze-dried. A slightly yellow product was obtained. 1H NMR (300 MHz, D2O, δ) 

(ppm): 4.55 (1H, CO-CH-CH2-CO), 2.66 (2H, CO-CH-CH2-CO). 

 

 

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

 

2.1.3 Synthesis of poly(aspartic acid) derivatives with alkyl side groups 

PSI was functionalized with alkyl side groups by nucleophilic addition of 

n-butylamine or n-hexylamine onto the imide groups of the polymer (Scheme 2.2). A 

typical procedure was the following (e.g., PSI modified with 62.5 mol% n-hexylamine): 

2.000 g of PSI (20.62 mmol succinimide unit) was dissolved in 18.0 g of DMSO and then 

1.304 g (12.89 mmol) n-hexylamine was added dropwise to the PSI solution. The mixture 

was stirred at room temperature for 24 h and the polymer was precipitated by adding 

50 ml of 10-4 M HCl. The filtered precipitate was washed with water to reach close to 

neutral pH (pH = 6-7) and dried under vacuum at 25 °C for 24 h. Finally, a white solid 

was obtained (yield was between 75% and 85%). The polymers were stored at room 

temperature. 

1H NMR of PSI with 62.5 mol% n-butyl side group (500 MHz, DMSO-d6, δ) (ppm): 

5.03 (1H, CO-CH-CH2-CO, f), 4.55 (1H, CO-CH-CH2-CO, e), 3.02 (1H, 

CO-CH-CH2-CO, g; 2H, NH-CH2-CH2-CH2-CH3, c), 2.74 (1H, CO-CH-CH2-CO, g), 

2.62 (2H, CO-CH-CH2-CO, d), 1.35 (2H, NH-CH2-CH2-CH2-CH3, b’), 1.24 (2H, 
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NH-CH2-CH2-CH2-CH3, b), 0.85 (3H, NH-CH2-CH2-CH2-CH3, a). FTIR (KBr) (cm−1): 

3317 (νNH Amide), 1655 (ν, Amide I), 1541 (ν, Amide II), 2960 (νasCH3) 2930 (νasCH2), 

2860 (νs CH2, νs CH3) 

1H NMR of PSI with 62.5 mol% n-hexyl side group (500 MHz, DMSO-d6, δ) (ppm): 

5.02 (1H, CO-CH-CH2-CO, f), 4.52 (1H, CO-CH-CH2-CO, e), 3.01 (1H, 

CO-CH-CH2-CO, g; 2H, NH-CH2-CH2-CH2-CH2-CH2-CH3, c), 2.74 

(1H, CO-CH-CH2-CO, g), 2.62 (2H, CO-CH-CH2-CO, d), 1.36 (2H, 

NH-CH2-CH2-CH2-CH2-CH2-CH3, b’), 1.23 (6H, NH-CH2-CH2-CH2-CH2-CH2-CH3, 

b,b”,b’”), 0.85 (3H, NH-CH2-CH2-CH2-CH2-CH2-CH3, a). FTIR (KBr) (cm−1): 

3317 (νNH Amide), 1655 (ν, Amide I), 1541 (ν, Amide II), 2960 (νasCH3) 2930 (νasCH2), 

2860 (νs CH2, νs CH3) 

PASP derivatives were prepared by opening the residual succinimide rings of the 

modified PSI polymers via hydrolysis (Scheme 2.2). 2.50 g of modified PSI was added 

to 1000 cm3 of pH = 8 buffer (imidazole, I = 0.15 M) and the solution was stirred for 

168 h. Modified PASP was precipitated by adding 300 ml of 10-4 M HCl, the precipitate 

was filtered and washed with 2 x 10 ml water, then dried under vacuum for 24 h (a 

slightly yellow solid was obtained, ~80%). 

 

 

Scheme 2.2 Synthesis of aspartic acid based polymers 
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1H NMR of PASP with 62.5 mol% n-butyl side group (500 MHz, DMSO-d6,  ) (ppm): 

4.53 (1H, CO-CH-CH2-CO, e,e’), 3.03 (2H, NH-CH2-CH2-CH2-CH3, c), 2.62 

(2H, CO-CH-CH2-CO, d, d’), 1.35 (2H, NH-CH2-CH2-CH2-CH3, b’), 1.24 (2H, 

NH-CH2-CH2-CH2-CH3, b), 0.85 (3H, NH-CH2-CH2-CH2-CH3, a). 

1H NMR of PASP with 62.5 mol% n-hexyl side group (500 MHz, DMSO-d6, δ) (ppm): 

4.52 (1H, CO-CH-CH2-CO, e,e’), 3.01 (2H, NH-CH2-CH2-CH2-CH2-CH2-CH3, c), 2.62 

(2H, CO-CH-CH2-CO, d, d’), 1.37 (2H, NH-CH2-CH2-CH2-CH2-CH2-CH3, b’), 

1.23 (6H, NH-CH2-CH2-CH2-CH2-CH2-CH3, b,b”,b’”), 0.84 (3H, 

NH-CH2-CH2-CH2-CH2-CH2-CH3, a). 

2.1.4 Synthesis of cationic polyaspartamides 

PSI was functionalized with dialkylaminoalkyl and alkyl side groups by the 

nucleophilic addition of various dialkylaminoalkylamines and alkylamines onto the imide 

groups of the polymer chain (Scheme 2.2). A typical procedure was the following 

(e.g., PSI modified with 90 mol% 3-(dimethylamino)propylamine and 10 mol% 

propylamine; abbreviated as DMP90P10): 3.00 g of PSI (30.93 mmol succinimide 

repeating units) was dissolved in 26 g of DMSO and then 2.844 g of 

3-(dimethylamino)propylamine (27.83 mmol) was added dropwise to the solution. 

The mixture was stirred at room temperature for 24 h. Afterwards, 0.238 g of 

n-propylamine (4.02 mmol, in excess) was added to the solution and the mixture was 

stirred at room temperature for another 24 h. The polymer was precipitated by adding 

400 ml of ethyl acetate, the precipitate was filtered and washed four times with 50 ml of 

ethyl acetate then dried under vacuum at 25 °C for 24 h. A slightly yellow powder was 

obtained with an average yield of 75%. The polymers were stored at room temperature. 

1H NMR of DMP90P10 (500 MHz, DMSO-d6, δ) (ppm): 4.55 (1H, NH-CH-CO-CH2), 

3.06 (2H, NH-CH2-CH2-CH2-N(CH3)2; 2H, NH-CH2-CH2-CH3), 2.64 (2H, 

CO-CH-CH2-CO), 2.18 (2H, NH-CH2-CH2-CH2-N(CH3)2), 2.10 (6H, 

NH-CH2-CH2-CH2-N(CH3)2), 1.53 (2H, NH-CH2-CH2-CH2-N(CH3)), 1.43 (2H, 

NH-CH2-CH2-CH3), 0.82 (3H, NH-CH2-CH2-CH3); FTIR (KBr) (cm−1): 

3317 (νNH amide), 1653 (ν, amide I), 1538 (ν, amide II), 2965 (νasCH3), 2930 (νasCH2).  

2.1.5 Synthesis of neutral polyaspartamides 

PSI was functionalized with hydroxyalkyl and alkyl side groups by the 

nucleophilic addition of various hydroxyalkylamines and alkylamines onto the imide 

groups of the polymer chain (Scheme 2.2). A typical procedure was the following (e.g., 

PSI modified with 50 mol% 4-aminobutanol and 50 mol% butylamine; abbreviated as 

HOB50B50): 3.00 g of PSI (30.93 mmol succinimide repeating units) was dissolved in 

26 g of DMSO and then 1.379 g of 4-aminobutanol (15.04 mmol) was added dropwise to 

the solution. The mixture was stirred at room temperature for 24 h. Afterwards, 1.490 g 

of n-butylamine (20.10 mmol, in excess) was added to the solution and the mixture was 

stirred at room temperature for another 24 h. The polymer was precipitated by adding 

400 ml of ethyl acetate, the precipitate was filtered and washed four times with 50 ml of 

ethyl acetate then dried under vacuum at 25 °C for 24 h. A slightly yellow powder was 

obtained with an average yield of 75%. The polymers were stored at room temperature. 
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1H NMR of HOB50B50 (500 MHz, DMSO-d6, δ) (ppm): 4.57 (1H, NH-CH-CO-CH2), 

3.38 (2H, NH-CH2-CH2-CH2-CH2-OH), 3.03 (2H, NH-CH2-CH2-CH2-CH2-OH; 

2H, NH-CH2-CH2- CH2-CH3), 2.64 (2H, CO-CH-CH2-CO), 1.4 (4H, NH-CH2-CH2-CH2-

CH2-OH; 2H, NH-CH2-CH2-CH2-CH3), 1.25 (4H, NH-CH2-CH2-CH2-CH3); 0.84 

(3H, NH-CH2-CH2-CH2-CH3); FTIR (KBr) (cm−1): 3500 - 3000 (νOH hydroxyl and 

νNH amide), 1653 (ν, amide I), 1538 (ν, amide II), 2962 (νasCH3) 2928 (νasCH2). 

2.1.6 Fluorescent marking of aspartic acid based polymers 

Fluorescent marking was used for the determination of the dissolution rate of the 

polymers synthesized and the formulations made of them. At first, PSI was modified with 

the methyl ester of a fluorescent amino acid, L-tryptophan (Scheme 2.3). 2.000 g 

(20.62 mmol succinimide repeating unit) PSI and 0.053 g (0.207 mmol) tryptophan 

methyl ester hydrochloride were dissolved in 16.0 g of DMSO. When dissolution was 

complete, 1.0 g of 4 wt% H3PO4/DMSO solution and 0.103 g of DBA (0.79 mmol) were 

added dropwise, and the mixture was stirred at room temperature for 48 h. Further steps 

were carried out in the same way as will described in the case of non-marked, aspartic 

acid based polymers (Section 2.1.3, 2.1.4 and 2.1.5).  

1H NMR of PSI modified with 1 mol% tryptophan methyl ester hydrochloride (300 MHz, 

DMSO-d6, δ) (ppm): 7.46 (1H, H-Ph), 7.32 (1H, H-Ph), 7.18 (1H, H-Ph), 7.06 (1H, 

H-Ph), 6.98 (1H, H-Ph), 5.26 (1H, CO-CH-CH2-CO), 4.48 (1H, NH-CH-CO-CH2), 3.6 

(3H, CH3-O), 3.20 and 2.73 (2H, CO-CH-CH2-CO). 

 

 

Scheme 2.3 Fluorescent marking of polysuccinimide 
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2.1.7 Abbreviation of the aspartic acid based polymers discussed in the Thesis 

Polysuccinimide and poly(aspartic acid) derivatives with alkyl side groups were 

abbreviated as PSI B% and PASP B%, respectively. PSI derivatives contain succinimide 

rings in addition to the modified repeating units whereas in PASP derivatives succinimide 

rings are hydrolyzed to aspartic acid units. B denotes the repeating units modified with 

alkyl side groups including butyl (B) or hexyl (H); the subsequent numeric value refers 

to the molar ratio (mol%) of the alkyl side groups. Example: PSI H62.5 means that PSI 

was modified with 62.5 mol% hexylamine, while PASP 62.5 means that the remained 

succinimide rings were hydrolyzed to aspartic acid after the amine reaction. 

Cationic and neutral polyaspartamides were abbreviated as A%B%, where A and 

B respectively mark the repeating units modified with (dialkylamino)alkyl/hydroxyalkyl 

and alkyl side groups including 3-(diethylamino)propyl (DEP), 3-(dimethylamino)propyl 

(DMP), 2-(dimethylamino)ethyl (DME), 2-(diethylamino)ethyl (DEE), 4-hydroxybutyl 

(HOB), propyl (P), butyl (B) and hexyl (H); subsequent numeric values refer to molar 

ratio (mol%) of the side groups. Example: DMP90P10 means that PSI was modified first 

with 90 mol% 3-(dimethylamino)propylamine then with 10 mol% propylamine. 

Introduction of 1 mol% tryptophan methyl ester as a fluorescent marker into the 

polymer is represented by including a "T1" tag at the beginning of the abbreviated 

polymer name (e.g., T1DMP90P9).  

 

2.2 Characterization 

2.2.1 Proton nuclear magnetic resonance (1H NMR) and Fourier transformed 

infrared spectroscopy (FTIR) 

Proton nuclear magnetic resonance (1H NMR) and Fourier transformed infrared 

spectroscopy (FTIR) were used to confirm the structure of the aspartic acid based 

polymers synthesized. 1H NMR spectra of the polymers were recorded using a Bruker 

300 or 500 MHz spectrometer with 128 scans in DMSO-d6 (3 wt% polymer solution). 

TMS (0.03 vol%) was used as internal standard. FTIR spectra were recorded using a 

Bruker Tensor 27 FTIR spectrometer on KBr pellets (~1.5 mg polymer/250 mg KBr) 

from 4000 to 400 cm−1 with 128 scans and a resolution of 2 cm−1 for each sample. 

2.2.2 Size exclusion high performance liquid chromatography (SEC-HPLC) 

Size exclusion high performance liquid chromatography (SEC-HPLC) was 

performed on an UltiMate LC 3000 system (Dionex, USA) using GS-620 HQ column 

R103243 (molecular weight range to 2000 kDa, Shodex Asahipak, Japan). Polymers were 

eluted with 0.1 M KH2PO4/0.1 M Na2HPO4 buffer solution at flow speed of 0.5 mL/min 

and detected at 220 nm. 

2.2.3 Thermogravimetry (TGA) 

Thermogravimetric analysis of the polymers and the polymer matrices were 

performed using a PerkinElmer Simultaneous Thermal Analyser. Samples of about 10 mg 

heated from 25 to 600 °C with a scanning rate of 10 °C/min under N2.  
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2.2.4 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used to characterize the heat effects 

and phase transitions of the polymers and the polymer systems. The samples were dried 

under vacuum at 25 °C for 24 h prior testing. DSC traces were recorded by using a PYRIS 

Diamond Differential Scanning Calorimeter (PerkinElmer). Two heating and a cooling 

run were performed on ~10 mg samples using sealed aluminum pans (except polymers 

presented in Chapter 5 for which one heating run was recorded for Tg determination). 

The measurements were carried out in N2 atmosphere with a heating and cooling rate of 

10 °C min−1 between –60 and 120 °C. The first heating-cooling cycle was used to erase 

thermal history. DSC thermograms recorded in the second heating run were used for the 

determination of the glass transition temperature (Tg) of the polymers. 

2.2.5 Fluorescence spectroscopy 

The concertation of tryptophan labeled polymers was determined by fluorescence 

spectroscopy. The emission spectra were recorded from 
em  : 300 to 

em  : 420 nm by 

using a PerkinElmer LS55 fluorescence spectrometer with a scan speed of 300 nm/min. 

The excitation wavelength was chosen in between 
exc  : 270 and 

exc  : 280 nm depending 

on the composition of labeled polymer. The experiments were carried out at ambient 

temperature. 

2.2.6 Cell viability study 

Human prostatic carcinoma cell line (PC-3) and human embryonic kidney cell line 

(HEK-293) were obtained from ATCC. Cells were cultured in DMEM supplemented with 

10% FBS, 2 mM L-glutamine, 100 µg/mL streptomycin and 100 U/mL penicillin at 37 °C 

in humidified air atmosphere with 5% CO2. The cytotoxicity of the aspartic acid based 

polymers synthesized was evaluated by using MTT test performed as follows. Cells were 

collected from the culture flask by treating them with trypsin-EDTA solution, then seeded 

in a 96–well plate at a density of 1000 cells per well in DMEM and cultured overnight. 

Aqueous polymer solutions were prepared and sterilized using a syringe filter (pore size: 

0.2 µm). The culture medium in plate was replaced with fresh one and the polymer 

solutions were added to cells at final concentration between 0 and 200 µg/ml. Sterile 

water was added instead of polymer solutions as control.  

Cells were cultured in the presence of polymers in standard conditions for 72 h, 

then the medium was replaced by the fresh one containing MTT reagent at a concentration 

of 0.5 mg/ml. Cells were additionally cultured for 3 h to allow them to reduce MTT into 

water insoluble product (formazan) followed by the medium discarding and formazan 

dissolution with 100 μl of DMSO per well. The absorbance of formazan solution in each 

well, which is proportional to the number of viable cells, was measured using an Infinite 

M200 PRO microplate analyzer (Tecan) at the wavelength of 555 nm. Cell viability was 

calculated as a percentage of control cells grown without polymers (100% viability). 
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2.2.7 Statistical analysis 

Cellular viability, solubility and dissolution data were expressed as means 

± standard error of triplicate samples. The average error of 1H NMR integrals was ±2%. 

Results of the dissolution and release tests were analyzed statistically with GraphPad 

Prism software (version 5). Two-way ANOVA (with Bonferroni post-tests) analysis was 

applied. The results are expressed as mean values ± standard deviation (SD). A level of 

p ≤ 0.05 was taken as significant, p ≤ 0.01 as very significant, and p ≤ 0.001 as highly 

significant. 
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Chapter 3 
 

Chemical structure and the molecular weight of the 

aspartic acid based polymers1,2,3,4,5 

 

 

3.1 Results 

3.1.1 Structure confirmation of the poly(aspartic acid) derivatives with alkyl side 

groups 

PSI was reacted with short chain alkyl amines, n-butyl and n-hexylamine resulting 

in PSI derivatives with alkyl side groups, which were thereafter hydrolyzed in order to 

obtain the corresponding PASP derivatives. The chemical structure of the aspartic acid 

based polymers was confirmed by 1H NMR and FTIR spectroscopy. Fig. 3.1 shows the 
1H NMR spectra of PSI derivatives containing n-butyl (B62.5 PSI), and n-hexyl 

                                                           
1 Németh Cs, Gyarmati B, Abdullin T, László K, Szilágyi A. Acta Biomater. 2017; 49:486-494 

2 Németh Cs, Szabó D, Gyarmati B, Gerasimov A, Varfolomeev M, Abdullin T, László K, Szilágyi A. Eur. 

Polym. J. 2017;93: 805-814 

3 Balogh-Weiser D, Németh Cs, Ender F, Gyarmati B, Szilágyi A, Poppe L. InTech, 2018:135-147 

4 Németh Cs, Gyarmati B, Gacs J, Salakhieva D V, Molnár K, Abdullin T, László K, Szilágyi. Eur. Polym. J. 

2020;130: 109624 

5 Németh Cs, Szabó D, Gyarmati B, Szilágyi A. Polymer films based on cationic polyaspartamides, poster 

presentation, 16. Österreichise Chemietage, Innsbruck, Austria, 2015.  
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(H62.5 PSI) side groups. The methylene peaks (y) of succinimide repeating unit appear 

at ~2.74 and ~3.02 ppm as inequivalent methylene protons. The broad peak at ~5.02 ppm 

(x) corresponds to the methyne proton of the succinimide ring. The characteristic peaks 

of the n-butyl [Fig. 3.1, PSI B62.5: 0.85 (h), 1.24 (d”), 1.35 (d’) and 3.02 ppm (c’)] and 

the n-hexyl group [Fig. 3.1, PSI H62.5: 0.85 (h), 1.23 (d”, d’”), 1.36 (d’) and 3.01 ppm 

(c’)] are present in the spectra. The signal at ~4.52 ppm (a) is assigned to the methyne 

proton of the N-alkyl aspartamide units after the ring opening reaction.  

 

 

Fig. 3.1 1H NMR spectra of PSI with 62.5 mol% n-butyl (PSI B62.5) and n-hexyl 

(PSI H62.5) side group. The degree of modification (Xcal) was calculated 

from the integrated intensity of the peaks assigned to methyne protons of 

the succinimide unit (5.02 ppm, x) and to that of the methyne protons of the 

opened aspartic acid unit (4.52 ppm, a). The peaks in question highlighted 

with a circle in both spectra. 

 

The degree of modification (the molar ratio of alkyl side groups to the repeating 

units, Xcal) was calculated from the integrated intensity of the peaks assigned to methyne 

protons of the succinimide unit (5.02 ppm, x) and to that of the methyne protons of the 

opened aspartic acid unit (4.52 ppm, a). Good agreement was found between Xcal and the 

feed composition (feed ratio of alkylamine molecules to succinimide units, Xfeed) 

(Fig. 3.2). These results reveal that conversion of the reaction was complete in each case. 

Fig. 3.3 shows the FTIR spectra of PSI, PSI B62.5 and PSI H62.5. The 

characteristic absorption bands of the imide ring were detected in each spectrum: peak at 

1718 cm-1 belongs to the symmetric (νs C=O) while the absorption peak at 1791 cm−1 is 

attributed to asymmetric (νas C=O) vibration of the C=O bond [1]. Compared to the 

spectrum of PSI, new bands appeared at 1655 cm-1 (Amide I) and at 1541 cm−1 (Amide 

II) in the PSI B62.5 and PSI H62.5 spectra. The specific bands of the alkyl side groups 

were detected at 2860 cm-1 and 2960 cm-1, respectively (νs CH2, νs CH3 and νas CH2, 

νas CH3). 
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Fig. 3.2 Relationship between feed composition and the degree of modification of 

the PSI derivatives containing (○) n-butyl or (Δ) n-hexyl side groups. 

 

 

Fig. 3.3 FTIR spectra of PSI, PSI with n-butyl (PSI B62.5), and n-hexyl (PSI H62.5) 

side groups. 

 

As I discussed in Chapter 2, PASP derivatives were synthesized from their 

corresponding PSI derivatives through aqueous hydrolysis. Fig. 3.4 shows the 1H NMR 

spectra of PASP derivatives with n-butyl (PASP B62.5) and, n-hexyl (PASP H62.5) side 

groups. After the ring opening of succinimide groups, the methylene protons of the 

repeating units became equivalent (one signal at ~2.62 ppm (b, b’)). The broad peak at 

~4.52 ppm (a, a’) corresponds to the methyne proton of the aspartic acid and the 
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aspartamide repeating units. The broad peak at ~5.02 ppm (x) – corresponding to the 

methyne proton in succinimide rings (Fig. 3.1) – disappeared from the spectra of the 

PASP derivatives, indicating that the ring opening of the succinimide units was complete. 

The degree of modification of PASP derivatives was calculated by comparing the 

integrated area of the peak at ~0.85 ppm (h) assigned to the methyl protons of the alkyl 

groups with the peak at ~4.52 ppm (a, a’), which belongs to the methyne protons of the 

aspartic acid and aspartamide repeating units. The results indicate that the hydrolysis 

opened the succinimide rings, but had no effect on the amide bonds in the side groups, 

demonstrating their hydrolytic stability (e.g., PSI B62.5: Xcal = 64%, PASP B62.5: 

Xcal = 63%; PSI H62.5: Xcal = 65%, PASP H62.5: Xcal = 65%).  

 

Table 3.1 Composition and molecular weight of the PASP derivatives with alkyl side 

groups. 

Sample 

name 

Composition Mv,PASPAm 

(kDa) 

Sample 

name 

Composition Mv,PASPAm 

(kDa) Xfeed Xcal Xfeed Xcal 

PASP 

B12.5 
0.13 0.13 35 

PASP 

H12.5 
0.14 0.14 37 

PASP 

B25 
0.25 0.25 37 

PASP 

H25 
0.25 0.26 39 

PASP 

B37.5 
0.36 0.36 39 

PASP 

H37.5 
0.38 0.38 43 

PASP 

B50 
0.52 0.52 42 

PASP 

H50 
0.50 0.51 46 

PASP 

B62.5 
0.63 0.63 44 

PASP 

H62.5 
0.64 0.64 50 

PASP 

B75 
0.75 0.75 47 

PASP 

H75 
0.72 0.72 52 

Xfeed: molar ratio of n-alkyl side groups to the repeating units as calculated from the 

composition of the reaction mixture; Xcal: molar ratio of n-alkyl side groups to the 

repeating units as calculated form the 1H NMR data, the average error of 1H NMR 

integrals was ±2%; Mv,PASPm: molecular weight of the polymers calculated from intrinsic 

viscosity, the maximum error of viscometry measurements was ±0.5% 
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Fig. 3.4 1H NMR spectra of PASP with 62.5 mol% n-butyl (PASP B62.5) and 

n-hexyl (PASP H62.5) side group. 

 

3.1.2 Structure of the cationic and neutral polyaspartamides 

Cationic polyaspartamides were prepared by reacting PSI with 

dialkylaminoalkyl- and alkylamines. The structure of the polymers was confirmed by 
1H NMR and FTIR spectroscopy (Fig. 3.5, Table 3.2). In the NMR spectra (Fig. 3.5a), 

the methylene peaks (y) of succinimide repeating unit of PSI appear at ~2.70 and 

~3.21 ppm as inequivalent methylene protons, while the broad peak at ~5.27 ppm (x) 

corresponds to the methyne proton of the succinimide ring. The peak of PSI at 

~5.27 ppm (x) disappeared from the spectra of the polyaspartamides indicating that all of 

the succinimide rings were opened during modification. The broad peak at ~4.55 ppm (a) 

belongs to the methyne proton of the aspartamide units, while the signal at ~2.64 ppm (b) 

corresponds to the methylene protons. Signals assigned to dialkylaminoalkyl [0.92 (g), 

1.51 (d), 2.10 (j, m), 2.18 (i), 2.29 (l), 2.35 (e), 2.41 (f), 2.46 (n, o), 3.05 ppm (c), 3.11 

(k)] and n-alkyl side groups [0.83 (h), 1.23 (d”,d”’), 1.43 (d’), 3.05 ppm (c’)] are 

identified in the spectra of polyaspartamides. 

According to FTIR spectra, the characteristic absorption band of the imide ring is 

detected at 1718 cm-1 in the case of PSI, while it is not observable in the spectra of 

polyaspartamides supporting that ring-opening of the succinimide repeating units was 

complete as shown in Fig. 3.5b. The absorption bands at 1648 cm-1 (Amide I) and 

1541 cm-1 (Amide II) correspond to the amide bonds of the polyaspartamides. The band 

at 2965 cm-1 assigned to the asymmetric stretching of CH3 groups indicates the presence 

of the side groups introduced. The results of 1H NMR and FTIR analysis show that by 

our synthesis method cationic polyaspartamides can be synthesized with the desired 

structure at complete conversion. 

Polysuccinimide was reacted with hydroxyalkylamines and alkylamines in order 

to synthesize neutral (nonionic) polyaspartamides. The structure of the polymers was 

confirmed by 1H NMR spectroscopy (Fig. 3.6, Table 3.2). Similarly to the 1H NMR 
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spectra of the cationic polyaspartamides (Fig. 3.5b), specific peaks of PSI are not 

observable either, indicating that all of the succinimide rings were opened during 

modification. The broad peak at ~4.57 ppm (a) belongs to the methyne proton of the 

aspartamide units, while the signal at ~2.64 ppm (b) corresponds to the methylene 

protons. Signals assigned to hydroxyalkyl [1.4 (d), 3.03 ppm (c), 3.38 (r)] and n-alkyl 

side groups [0.84 (h), 1.25 (d”,d”’), 1.4 (d’), 3.03 ppm (c’)] are identified in the spectra 

of polyaspartamides.  

The ratio of the dialkylaminoalkyl/hydroxyalkyl and the n-alkyl aspartamide 

repeating units was calculated by comparing the integral area of the peak at ~0.83 ppm 

(h) assigned to the methyl protons of the alkyl side groups with the peak at ~4.55 ppm 

(a’) belonging to the methyne proton of aspartamide repeating units. The degree of 

modification of the polymers, i.e., the molar ratio of n-alkyl side groups to the repeating 

units, (Xcal, Table 3.2) are in good agreement with the feed composition (Xfeed, Table 3.2). 

The molar ratio of dialkylaminoalkyl/hydroxyalkyl side groups to the repeating units is 

1-Xcal.  

 

Fig. 3.5 a) 1H NMR and b) FTIR spectra of PSI and the synthesized cationic 

polyaspartamides: DEP90P10, DEP90H10, DMP90P10, DME90P10, 

DEE90P10; and c) chemical structure of succinimide, the aspartamide 

repeating unit and the side groups (each polymer contains two types of the 

presented side groups). 
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Table 3.2 Composition and molecular weight of the cationic and neutral 

polyaspartamides. 

Sample name 
Composition 

Mv,PASPAm (kDa) Xfeed Xcal 

DEP50B50 0.50 0.49 60 

DEP50P50 0.48 0.48 58 

DEP90P10 0.11 0.11 67 

DEP90H10 0.10 0.11 68 

DMP90P10 0.09 0.09 59 

DEE90P10 0.10 0.10 63 

DME90P10 0.11 0.12 55 

HOB50B50 0.50 0.50 54 

HOB50H50 0.49 0.48 58 

Xfeed: molar ratio of n-alkyl side groups to the repeating units as calculated from the 

composition of the reaction mixture; Xcal: molar ratio of n-alkyl side groups to the 

repeating units as calculated form the 1H NMR data, the average error of 1H NMR 

integrals was ±2%.; Mv,PASPm: molecular weight of the polymers calculated from intrinsic 

viscosity, the average error of viscometry measurements was ±0.5%. 

 

 

Fig. 3.6 1H NMR spectra of HOB50B50 and HOB50H50. 
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3.1.3 Fluorescent marking of aspartic acid derivatives 

As discussed in Chapter 2 (section 2.1.6), PSI was modified with the methyl ester 

of a fluorescent amino acid, L-tryptophan (TrpOMe) to determine the dissolution rate of 

the polymers and their solid formulations by fluorescence spectroscopy. The presence of 

TrpOMe side groups in the polymers was confirmed by 1H-NMR and fluorescent 

spectroscopy. Fig. 3.7 shows the 1H-NMR spectrum of PSI modified with 1 mol% 

TrpOMe. The presence of the characteristic methyne signal of the aspartamide unit at 

~4.5 ppm and the appearance of the specific peaks of TrpOMe (s: ~3.6 ppm, O-methyl 

group; v, v’, v”, v’” and w: ~6.9-7.5 ppm, indole group) demonstrate that the marker was 

successfully incorporated as a side group into the polymer chain (for 1H NMR signal 

assignment please see section 2.1.6).  

 

 

Fig. 3.7 1H NMR spectra of PSI modified with 1 mol% L-tryptophan methyl ester. 

Specific peak of TrpOMe are highlighted with red circles. 

 

The degree of modification was calculated from the integrated intensity of the 

peaks assigned to methyne protons of the succinimide unit (5.26 ppm, x) and to that of 

the methyne protons of the opened aspartamide unit (4.48 ppm, a). The calculated 

concentration of the TrpOMe side groups was found to be very close to the feed 

composition (0.8 mol% and 1 mol%, respectively). 

Fluorescent spectra of PASP and H50 PASP with 1 mol% TrpOMe side groups 

(T1H50 PASP) are shown in Fig 3.8. Despite the high polymer concentration 

(1000 mg/L), no peak is visible within the wavelength range of 300-400 nm in the PASP 

spectrum, while a strong and broad peak being specific for tryptophan [2] can be observed 

in the case of the T1H50 PASP at 344 nm. Fluorescent intensity could be measured for 

all derivatives from a polymer concentration as low as 1 mg/L. These results confirm the 

presence of the TrpOMe side groups in the polymer as well as prove that the amount of 
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the marked aspartic acid derivatives can be measured in aqueous solution within a broad 

concentration range. 

 

 

Fig. 3.8 a) Structure of tryptophan methyl ester marked PASP with n-hexyl side 

group, b) fluorescent spectra (
exc = 270 nm) of PASP and T1H50 PASP 

in simulated salivary fluid (phosphate buffer, pH = 6.8). 

 

3.1.4 Time dependence of the conversion 

The modification of PSI by primary amines followed by the alkaline ring-opening 

of remaining succinimide rings enabled us to synthesize poly(aspartic acid) derivatives. 

The reaction pathway chosen in this work can be performed at room temperature without 

any catalyst [1]. Two of the amines used for the preparation of poly(aspartic acid) 

derivatives discussed in this Thesis, n-hexylamine (H) and 3-(diethylamino)propylamine 

(DEP) (see Scheme 2.2), were chosen to demonstrate that 100% conversion can be 

reached within 24 h for the primary amine-PSI reactions (Fig. 3.9).  

PSI was reacted with 50 mol% of n-hexylamine (H) or 

3-(diethylamino)propylamine (DEP) following the synthesis procedure described in the 

Chapter 2, except that here the polymer is not reacted further with a second reagent. 

Samples were taken from the mixture at defined reaction times (then precipitated and 

dried as described in Chapter 2, Section 2.1.4) to be able to monitor the reaction progress. 

The degree of modification (the molar ratio of alkyl side groups to the repeating units) 

was calculated from the integrated intensity of the peaks assigned to methyne protons of 

the succinimide unit (~5 ppm) and to that of the methyne protons of the opened 

aspartamide unit (~4.5 ppm). Complete conversion (X = 100%) was assigned to 50% 

degree of modification in accordance with the total amount of the reactants added 

(50 mol%). Fig. 3.9 shows that both the reaction with the alkyl and the 
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(dialkylamino)alkylamine resulted in higher than 60% conversion already after the first 

hour (Fig. 3.9b) and the full conversion could be reached within 24 h (Fig. 3.9a and c). 

A second order kinetic model was fitted to the measured data to predict the reaction rates 

coefficients (k). 
DEPk  and 

Hk  were found to be 2*10-4 1/s‧M and 1.4*10-4 1/s‧M, 

respectively. These k values are comparable to what Vlasak et al. obtained for PSI-amine 

reactions (e.g. 7.5*10-5 1/s for 2-aminoethanol and 3.5*10-5 1/s for n-butylamine, 

respectively) [3]. The difference between the k values can be attributed to the different 

conversion calculation methods applied (residual amine content determination instead of 
1H NMR) and to the different kinetic model used (fist order instead of second). 

 

 

Fig 3.9 a) Conversion of PSI-amine reactions as a function of the reaction time: 
1H NMR peaks related to the succinimide ring and the N-hexyl-

aspartamide repeating unit after b) 1 h and c) 24 h reaction time. 
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3.1.5 Molecular weight and molecular weight distribution of the aspartic acid 

based polymers 

The average molecular weight (MW) of synthesized cationic polyaspartamides 

was calculated from the ,v PSIM  of PSI, determined by viscosimetry (Chapter 2). Fig. 3.10 

shows the reduced viscosity of the solutions of PSI synthesized by the organic 

solvent-based (PSIsb) and the solvent-free (PSIsf method, respectively, as a function of the 

polymer concentration. The intrinsic viscosity    is the intercept of the fitted linear 

curve in Fig. 3.10. On the basis of the Kuhn–Mark–Houwink equation (Eq. 2.1), ,v PSIM  

was determined to be 26.5 kDa for the PSIsb and 29.3 kDa for PSIsf. Degree of 

polymerization (DP) of PSIs can be calculated by dividing its molecular weight with the 

molecular weight of the succinimide repeating unit ( /PSI SI PSIM M DP= ) DP  was found 

as ~270 and ~300 for the PSIsb and PSIsf, respectively). Assuming that the DP  of PSI 

does not change during the modification reactions, molecular weight of the aspartic acid 

based polymers synthesized ( ,v PASPAmM ) was calculated by the following equation 

(Eq. 3.1): 

 , ,

A B

v PASPAm v PSI

SI

n M m M
M M

M

  + 
=  

 
  (3.1) 

where AM  and BM  are the average molecular weight of the different repeating units of 

the polyaspartamides, 
SIM  is the molecular weight of succinimide unit (97 g/mol), n  and 

m  are the mole fraction of the repeating units calculated from the 1H NMR spectra 

(Table 3.1 and 3.2). ,v PASPAmM values of aspartic acid based polymers synthesized ranges 

from 30 to 68 kDa.  

The molecular weight values obtained is comparable with that of the commercially 

available cationic and anionic poly(meth)acrylate polymers for tablet coating (Eudragit®: 

47-125 kDa) [4].  

Size exclusion chromatography (SEC) measurements were performed to 

characterize the molecular weight distribution (MWD) of the polymers synthesized. 

Due to the fact that there is no standard by which the hydrodynamic volume of 

polyaspartamides can be well approximated, SEC can only be used to characterize the 

MWD but cannot be used for the accurate determination of absolute MW. As shown in 

Fig. 3.11, the synthesized aspartic acid based polymers had a relatively narrow MW 

distribution, no additional peaks can be identified in either case. The almost monodisperse 

nature can be very beneficial for the further processing (supporting both fiber [5,6] and 

film formation [7,8]) of the polymers synthesized. 
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Fig. 3.10 Determination of intrinsic viscosity,    for solutions of PSI synthesized 

by the solvent-based (PSIsb) and the solvent-free (PSIsf) method. 

 

 

Fig. 3.11 Representative size exclusion HPLC chromatograms of cationic 

polyaspartamides: a) DMP90P10, b) DEP90P10, c) DEP90H10, d) 

DEP50B50. Retention times assigned to the peaks were highlighted in the 

spectra. 
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Chapter 4 
 

Poly(aspartic acid) with adjustable pH-dependent 

solubility1 
 

 

4.1 Introduction 

The use of conventional solid formulations can not only cause various side effects 

but also limit the bioavailability of drugs owing to the inability of these carriers to ensure 

targeted release of the active molecule in the gastrointestinal (GI) system [1]. The release 

of orally administrated drugs at the desired levels of the GI tract can be achieved by 

employing enteric tablet coatings based on pH-responsive anionic polymers [2,3]. 

Enteric coatings must be protective at the acidic pH of the stomach while dissolving easily 

at the elevated pH of the intestines. These coatings are generally made from 

polycarboxylic acids. The aqueous solubility of these polymers depends strongly on the 

pH because of the deprotonation of the dissociable groups above a well-defined pH [4]. 

Polymer films based on acrylate copolymers have a leading role in the market because 

their physico-chemical and thermal properties can be controlled within wide limits by 

their chemical composition [5,6]. However, there are general disadvantages of the 

polyacrylates such as the lack of biodegradability and their difficult synthesis, which may 

also imply considerable environmental pollution [7,8].  

As I discussed in Chapter 1, PASP is a biopolymer that is a potential alternative 

of poly(meth)acrylates in enteric coatings. Despite the chemical versatility of PASP, it 

has not been used for the preparation of polymers with controllable aqueous solubility, 

which is the crucial requirement for enteric coatings.  

The modification of PSI by primary amines followed by the alkaline ring-opening 

of succinimide rings enabled us to synthesize a family of PASP derivatives with alkyl 

side groups (the synthesis and the chemical characterization of anionic polyaspartamides 

are discussed in Chapter 2 and Chapter 3, respectively). The hypothesis that the 

                                                           
1 Németh Cs, Gyarmati B, Abdullin T, László K, Szilágyi A. Acta Biomater. 2017; 49:486-494 
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pH-dependent solubility of the polymers can be controlled by the type and concentration 

of side groups, i.e., the structure-property correlations, was carefully studied for these 

PASP derivatives. The Henderson–Hasselbalch (HH) [9] and the extended Henderson–

Hasselbalch [10] equations were applied to obtain a quantitative description of the pH-

dependence of the solubility of PASP polymers and to estimate their 
apK . The pH 

dependence of the dissolution rate and cytotoxicity were also determined to prove the 

potential of PASP derivatives as enteric coatings in controlled drug delivery in the GI 

tract. 

 

4.2 Experimental 

4.2.1 pH-dependent solubility of the poly(aspartic acid) derivatives synthesized 

pH-dependent solubility of the polymers was investigated by acid-base titration. 

Supersaturated solutions of the PASP derivatives were prepared in imidazole buffer 

(pH = 8, I = 0.15 M) by hydrolysis of the corresponding PSI (168 h, 25 °C). 

The supernatant used as stock solution was removed after sedimentation. 

Different dilutions were prepared and used as analyte during the titration. The volume of 

analyte was 10 cm3 for each measurement. 0.15 M HCl was used as a titrant and dosed 

by a Methrom Titrando 808 Dosing Unit (25 ± 2 °C). The endpoint was reached when the 

transparent solution became opaque. Solubility at a given pH [ S  (mg/100 g)] was 

determined as (Eq. 4.1): 

 max 0

0 b t

S V
S

V V V


=

+ +
 (4.1) 

where 
maxS  is the concentration of the polymer in the stock solution (concentration of the 

saturated solution at pH = 8), 
0V  is the volume of the stock solution (cm3), 

bV  is the 

volume of the diluent buffer (cm3) and 
tV  is the volume of the titrant (cm3). The polymer 

content of the stock solution was determined by the evaporating the solution to dryness 

(at 40 °C, under 100 mbar vacuum). The solid content was corrected for the mass of 

buffer components. 

4.2.2 Dissolution rate of polymer films 

The polymer of chosen composition (PASP T1H50) was dissolved in isopropyl 

alcohol at a concentration of 20 wt% and triethyl-citrate was used as plasticizer (20 wt% 

for the polymer). Subsequently an Erichsen BIRD 284 film applicator (applied gap height 

200 µm) was used to cast a polymer film from the solution onto a glass plate with a width 

of 2.4 cm (film area: 2.4 cm * 2.4 cm = 5.76 cm2). Prior to testing, the coated plate was 

dried at room temperature for 48 h. The thickness of the coating was measured with a 

micrometer. The coated plate was immersed in 20 ml HCl (pH = 1.2, I = 0.15 M) for 

120 min, then transferred into 20 ml of PBS (pH = 6.8, I = 0.15 M) and kept there for 6 h 

(T = 37 °C). The measurement was performed in a continuously stirred vessel (200 rpm). 

Samples of 2 ml were taken at predetermined time intervals, and replaced with 2 ml fresh 

buffer.  
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4.3 Results 

4.3.1 pH-dependent solubility of PASP derivatives with alkyl side groups 

The solubility of polyelectrolytes depends strongly on the pH owing to the 

presence of ionizable side groups. The carboxylic groups of polycarboxylic acids are 

deprotonated if the pH is above their 
apK  value, resulting in increased solubility. Below 

the 
apK , the carboxyl groups are mainly protonated and the solubility of the 

polycarboxylic acids is reduced due to the non-ionized state of the carboxyl groups. 

The solubility of PASP is excellent in the entire pH range, even in its protonated form 

( S  > 10000 mg/100 g at pH = 4). According to our hypothesis, the maximum solubility 

of the saturated solution of PASP at pH = 8, 
maxS  is reduced by the introduction of alkyl 

side groups into the polymer. 

The aqueous solubility of PASP derivatives was found to be much smaller than 

that of PASP (Fig. 4.1) and their solubility is quite limited even at alkaline pH (pH = 8). 

This moderate solubility of the PASP derivatives can be attributed to the incorporation of 

hydrophobic side groups. 
maxS  changes by almost an order of magnitude on increasing 

the concentration of n-butyl side groups from 37.5 to 75 mol% and n-hexyl side groups 

from 25 to 62.5 mol%. The close correlation between solubility and the degree of 

modification enable us to synthesize PASP derivatives with controlled 
maxS . 

 

 

Fig. 4.1 Correlation between the degree of modification and the maximum 

solubility of alkylamine modified PASP derivatives containing (○) n-butyl 

or (Δ) n-hexyl side groups at pH = 8 (dashed lines are guides for the eye). 
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Since the use of these polymers as enteric coatings requires adjustable pH-

dependent solubility, the solubility was determined as a function of the pH at each of the 

various compositions. A clear relationship was observed between the obtained solubility 

curves and the composition (Fig. 4.2). The maximum solubility decreases as the degree 

of modification increases, as shown also in Fig. 4.1. For each polymer a considerable 

change in solubility occurs over a narrow pH range (less than 2 units). The chemical 

structure of the polymers has a well-defined effect on the position of this significant 

transition. It shifts towards larger pH values with increasing degree of modification which 

can be explained by the presence of a hydrophobic molecular environment. 

The introduced alkyl side groups hinder the ionization of carboxylic acid groups and 

result in a decrease in their acidity [11]. Furthermore, the increase in the degree of 

modification reduces the solubility of the polymers in water, even in their deprotonated 

form. Thus a higher degree of ionization is required to achieve the same solubility for 

different polymers. These two effects together result in the distinct solubility profiles. 

The solubility profiles are basically determined by the length of the side groups. 

Introduction of n-hexyl side groups instead of n-butyl groups shifts of the characteristic 

pH–range towards higher pH values and reduces the solubility at a given degree of 

modification. These results are consistent with data obtained for modified linear 

polyacids [12] and poly(acrylic acid) gels modified by alkyl side groups [13]. 

 

 

Fig. 4.2 pH-dependent solubility of PASP derivatives with different amounts of a) 

n-butyl and b) n-hexyl side groups (dashed curves are guides for the eye). 

 

Although we proved that the pH-dependent solubility of PASP derivatives can be 

controlled by the type and concentration of the side groups, knowledge of a general 

relationship between the solubility profile and the chemical composition of the polymers 

would help enormously the efficient design of polymers with tailor-made aqueous 

solubility. We tested different models to describe the pH-dependent solubility of PASP 

derivatives. 
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For a carboxylic acid with a single ionizable group, the Henderson-Hasselbalch 

(HH) equation can be used to describe the pH-dependent solubility and to determine the 

apK  value. With the modified HH equation the 
apK  can be determined from the 

solubility data. If the solubility of the protonated form of the acid (
minS , 

intrinsic solubility) is much smaller than the solubility at a given pH (at least by two 

orders of magnitude), then 
minS  determines the solubility ( S ) of the acid in a wide pH 

range (Eq. 4.2) [9]:  

 min

,

min

loga HH

S S
pH pK

S

 −
= +  

 
 (4.2) 

where 
aHHpK  refers to the value of 

apK  calculated from the model and corresponds to 

the point of inflection of the solubility profile. In Eq. 4.2 S  is the solubility of polymer 

at a given pH and 
minS  is its intrinsic solubility, i.e., the solubility at a pH of which it is 

in its fully protonated form (in this study 
minS  is assigned to the smallest solubility of the 

polymer that can be determined by titration). The situation is more complex in the case 

of polyacids. Since the dissociation of each ionisable group is affected by its neighboring 

groups, the number of 
apK  values is equal to the number of repeating units. The 

apK  

value depends on the degree of dissociation because this latter is inhibited by the 

increasing charge of the polyelectrolyte and particularly by the presence of neighboring 

ionized groups. Thus, 
apK  increases with increasing degree of dissociation and the HH 

equation must accordingly be extended to describe this change in 
apK  (Eq. 4.3) [10]. 

 

 min

,

min

loga eHH

S S
pH pK n

S

 −
= +  

 
 (4.3) 

where n  depends on the chemical composition of the polymer and on the ionic strength, 

while ,a eHHpK  is an apparent 
apK . This model takes into account the pH dependence of 

apK , but ,a eHHpK  does not necessarily coincide with 
apK  at dissociation degree 50% – 

determined by potentiometric titration – because the value obtained at this point 

corresponds to the inflection of the solubility profile, which can be at different degrees of 

dissociation in the case of different polymer composition as investigated by Bae et al [14]. 

In our case, however, knowledge of apparent 
apK  values is more important in order to 

be able to prepare polymers with tunable pH-dependent solubility. 

The HH equation gives accurate result only for molecules of low molecular weight 

and for apK  values between 5 and 9 [9]. As described above, the extended HH equation 

gives a much better approximation in modelling the solubility of polyacids, and thus we 

can use this to describe the pH-dependent solubility of the synthesized PASP derivatives. 

However, there is a limitation of Henderson-Hasselbalch type equations, namely that 

these models are valid for compounds for which the solubility of the ionised form is at 

least 2-3 orders of magnitude larger than the solubility of the uncharged species. As 
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shown in Fig. 4.2, the synthesized PASP derivatives do not meet this requirement. It is 

expected that the pH-dependent solubility of our polymers cannot be described by this 

model above their 
apK . To eliminate this problem, we calculated the solubility based on 

the extended HH equation, and compared the value resulted with the maximum solubility 

(
maxS ) measured at high pH, and then report the solubility at a given pH ( S ) as the 

minimum of the two. This procedure allows us to describe the pH-dependent solubility 

of the PASP derivatives in the entire pH range. We refer to this thereafter as the extended 

HH equation with limited solubility. 

Measured solubility profiles were compared with the HH, the extended HH 

equation (Eqs. 4.2 and 4.3) and the extended HH equation with limited solubility. For 

the HH equation, an additional linearization step was required to determine 
aK  (Eq. 4.4.):  

 min

min

aK S
S S

H +


− =

  

 (4.4) 

where H +    is the proton concentration at a given pH. 
minS  was used as constants in 

Eqs. 4.2, 4.3 and 4.4. In Fig. 4.3 the pH-dependent solubility of PASP B62.5, which is 

representative of the other samples, is compared with the different models. Model fits of 

pH-dependent solubility of each PASP derivative with n-butyl or n-hexyl side groups are 

displayed in Fig. i and Fig. ii of the Appendix. The HH description of the solubility 

profiles is unsatisfactory. The extended HH equation yields better correlation and the 

fitted curves properly describe the solubility profiles of the polyacids investigated in this 

work. The accuracy of the fit can be attributed to the relatively simple structure (the acid 

groups plus side groups consisting of short linear alkyl chains) of these polyacids, which 

satisfies the requirements of the extended HH model [10]. However, the extended HH 

equation assumes infinite solubility of the fully deprotonated form. It follows that 

solubility cannot be determined above the calculated ,a eHHpK , i.e., this model is unable to 

describe the solubility over the entire pH range. The extended HH equation with limited 

solubility, by contrast, accurately models the solubility profile in the whole pH range 

investigated.  
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Fig. 4.3 pH-dependent solubility of a PASP derivative with 62.5 mol% n-butyl side 

group (PASP B62.5) modelled by the HH (Eq. 4.2, short dashed line, 1.), 

the extended HH (Eq. 4.3, dashed line, 2.) and the extended HH with limited 

solubility (dotted line, 3.). 

 

The apparent 
apK  values and n  factors are summarized in Table 4.1. As may be 

expected from the accuracy of the fits, the apparent 
apK  values calculated from the 

extended HH ( ,a eHHpK ) differ notably from the ,a HHpK  values determined by the HH 

equation. In addition, a clear difference in tendency as a function of the degree of 

modification is observed between the n  factor derived from the extended HH equation, 

particularly in the case of PASP derivatives with n-butyl side groups. The large 

concentration of hydrophobic alkyl groups effectively isolates the aspartic acid units, thus 

eliminating the effect of neighboring charged groups. As a consequence, the 

deprotonation of aspartic acid units is not inhibited by the other ionizable groups. Since 

the n  factor incorporates the effect of the neighboring groups, it decreases with increasing 

mole fraction of the side groups. For the case of PASP derivatives with n-hexyl side 

groups, only a loose correlation is observed between either n  and the degree of 

modification. A more complex situation is expected here because of possible micelle 

formation as a result of longer side groups. 
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Table 4.1 The apparent
apK  values and n factors of the PASP derivatives with alkyl 

side groups predicted by the HH equation and the extended HH equation 

PASP derivatives with n-butyl side groups 

Sample name calcX  ,a HHpK  ,a eHHpK  n  

PASP B37.5 36 2.5 3.2 0.33 

PASP B50 52 2.8 3.7 0.27 

PASP B62.5 63 3.2 4.1 0.21 

PASP B75 75 3.7 4.8 0.14 

 

PASP derivatives with n-hexyl side groups 

Sample name calcX  ,a HHpK  ,a eHHpK  n  

PASP H25 26 2.4 3.3 0.30 

PASP H37.5 41 2.9 3.7 0.35 

PASP H50 51 3.5 4.3 0.21 

PASP H62.5 65 4.0 4.7 0.30 

calcX : calculated degree of modification; ,a HHpK : the apparent
apK  from the HH 

equation; ,a eHHpK  : apparent 
apK  from extended HH equation; n : slope in the extended 

HH equation 

 

Fig. 4.4 presents the ,a eHHpK  values of PASP derivatives calculated from the 

extended HH equation as a function of the degree of modification. The correlation is 

linear, indicating the validity of a linear free energy–structure equation. These Hammet 

type equations [15] can generally be written in the form of (Eq. 4.5) 

 o o

substG G  =  +   (4.5) 

where  o

substG  is the free energy of the given reaction of the substituted compound, 
oG  

is that of the unsubstituted compound,   is the substitution, while   is the reaction 

constant. The reaction here is the pH-dependent dissociation, which can be defined by the 

apK  (Eq. 4.6): 

 ( ) 2.303o

aG dissociation RTpK =  (4.6) 
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Using Eqs. 4.5-4.6 a linear correlation can be established between the degree of 

modification (
calcX ) and 

apK  (Eq. 4.7): 

 
,0a a calcpK pK CX= +  (4.7) 

where ,0apK  is the extrapolated
 
value of 

apK  at zero degree of modification, and C  

characterizes the effect of side groups. A similar approach was used by Bae et al [14] in 

the case of various sulphonamides, but the effect of chain length was not investigated in 

that work. The identical slope of the linear fits is remarkable, and it seems reasonable to 

conclude that PASP derivatives with desired apparent 
apK  can be prepared by using 

different side groups in the proper concentration. Naturally, the validity of Eq. 4.7 is 

limited to the range investigated and cannot be used at low degrees of modification 

because the extrapolated ,0apK  values differ in the case of PASP derivatives with butyl 

and hexyl side groups, which contradicts the expectation. Moreover, since the 

observations are valid only for poly(aspartic acid)s with poor solubility, Eq. 4.7 is not 

relevant at small 
calcX  values. The results presented above demonstrate that pH-sensitive 

solubility of the PASP can be adjusted exactly by choosing the type and concentration of 

side groups, and these PASP derivatives with desired solubility profile can be modelled 

by using simple equations in a wide 
apK  range. 

 

Fig. 4.4 Correlation between the degree of modification and ,a eHHpK  values of the 

PASP derivatives with (○) n-butyl and (Δ) n-hexyl side groups. 
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4.3.2 Dissolution rate of a PASP derivative 

The performance of PASP derivatives as enteric coating is determined not only by 

their equilibrium solubility, but also by their rate of dissolution at physiologically relevant 

pH values. Polymer coatings with poor solubility and low rate of dissolution in acidic 

media can protect the drug from the strongly acidic environment of the stomach, while 

fast dissolution is required in the more alkaline intestinal fluid.  

The fluorescent L-tryptophan methyl ester (T) was immobilized onto the polymer 

chain at low concentration (1 mol%) in order to characterize the dissolution rate of PASP 

polymers. In this approach, we assume that the effect of alkyl groups is not influenced by 

the fluorescent ligands. To test the in vitro dissolution rate and the expected performance 

of the polymers as enteric coating, we chose a polymer with apparent 
apK  higher than 

the average pH in the stomach (pH = 1-2), but significantly lower than the pH in the 

duodenum (pH = 5.5-7). These requirements must be fulfilled to protect the drug in the 

stomach, but achieve fast dissolution of the coating in the intestines. Based on these 

considerations, PASP H50 marked with fluorescent ligands (PASP T1H50) was used in 

these experiments (
apK  = 4.3). 

Fig. 4.5 shows the dissolution kinetics of a PASP T1H50 film (thickness: 

31 ± 6 µm, p < 0.05). Less than 2% of the polymer was dissolved in acidic medium within 

120 min, and we therefore expect efficient protection of the active molecule in the gastric 

fluid as well as the protection of the stomach from an irritating drug. At pH = 6.8 the film 

disintegrated and dissolved rapidly. Complete dissolution was achieved within 

10 minutes, demonstrating the ability of the film to provide fast drug release in the 

intestinal tract. These results show that polymer films based on PASP derivatives are 

suitable for enteric tablet coatings.  

 

Fig. 4.5 PASP H50 practically insoluble at pH = 1.2 but dissolves quickly at 

pH = 6.8. 
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4.3.3 Cell viability study 

In our study, human prostate cancer cells (PC-3 line) were used as model cells to 

evaluate cellular compatibility of the PASP derivatives synthesized. An effect of medical 

materials on cell viability is a primary biocompatibility characteristic, which can be 

studied on different immortalized cells of cancer and embryonic origin, including PC-3 

cells with established and reproducible properties [16–18]. PC-3 cells are characterized 

by good surface adherence, contact inhibition and well-defined morphology, which make 

them convenient for cytotoxicity detection in a reproducible manner using conventional 

assays. The cell viability study was performed by MTT proliferation assay for PASP and 

PASP H50 used in dissolution tests. Neither polymer induced any significant decrease in 

cell viability upon culturing compared with control (100%) in the concentration range up 

to 200 mg/l (the maximum solubility of PASP H50) as shown in Fig. 4.6. These 

preliminary data indicate that the cytotoxicity of unmodified PASP is low and also no 

cytotoxic effect was found when n-hexyl groups are introduced into PASP backbone.  

 

 

Fig. 4.6 Effect of non-modified PASP and PASP H50 on PC-3 cells viability. 

MTT assay, p < 0.05. 

 

4.4 Conclusion 

PASP derivatives having n-butyl or n-hexyl side groups were synthesized to 

determine the effect of the type and the concentration of alkyl side groups on the pH-

dependent aqueous solubility of PASP. It was found that both the maximum solubility (

maxS ) and the apK  values of the modified polymers can be controlled precisely by the 

chemical composition. The HH equation gives a poor representation of the solubility 

profiles, while the extended HH equation with limited solubility accurately describes the 

pH-dependent solubility of the PASP derivatives. A strong correlation was found between 
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the degree of modification and the 
apK  values of the polymers. The results proved that 

the solubility of PASP can be tuned by proper selection of the type and concentration of 

side groups. Fluorescent marking was used to characterize the pH-dependent dissolution 

kinetics of a chosen PASP derivative. In acidic medium (pH = 1.2) only a negligible 

amount of the polymer dissolved, but dissolution was fast (~10 min) and complete at the 

pH values that prevail in the first tract of the small intestine, in the duodenum (pH = 6.8). 

This study shows that enteric coatings based on such PASP derivatives may be used in 

duodenum-targeted drug delivery. Moreover, targeted release into other parts of the 

gastrointestinal tract can be also achieved by the proper modification of PASP.  
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Chapter 5 
 

Effect of side groups on the properties of cationic 

polyaspartamides2 
 

 

5.1 Introduction 

A large amount of drug molecules have unpleasant taste which makes their oral 

administration uncomfortable [1,2]. The taste masking of pharmaceuticals used in the GI 

tract can be achieved with entero-soluble coatings, which have poor or moderate 

solubility in the mouth, but they are highly soluble at the pH of the stomach [2,3]. 

Polymers with tertiary amine side groups are used as starting materials for the coatings, 

because these side groups provide low solubility at neutral and slightly alkaline pH 

(pHsaliva ~7, [4]), but high solubility in acidic media (pHstomach ~1.2). Furthermore, the 

tertiary amine side groups act as internal plasticizers resulting in Tg values below the room 

temperature which provides large deformability for the film coatings prepared from these 

polymers [5,6]. The most commonly used polymers in entero-soluble film coatings for 

taste masking are derivatives of poly(meth)acrylic acid with dialkylaminoalkyl side 

groups (cationic poly(meth)acrylates), [2,6–9]. Solubility, rate of dissolution, 

decomposition- and glass transition temperature can be controlled by the 

copolymerization of properly chosen (meth)acrylic esters [5,10]. However, as I pointed 

out in Chapter 1, acrylate copolymers have several disadvantages, such as relatively 

complex synthesis of the monomers and/or the polymers often requiring toxic additives 

[10,11]. 

These drawbacks can be overcome by the application of cationic polyaspartamides 

which can be synthesized with large structural variety under mild reaction conditions as 

discussed in Chapter 1. Nevertheless, only a limited number of publications deal with the 

synthesis and characterization of cationic polyaspartamides [12–15], and no attempts 

have been made to determine the effect of side groups on the thermal properties and 

                                                           
2 Németh Cs, Szabó D, Gyarmati B, Gerasimov A, Varfolomeev M, Abdullin T, László K, Szilágyi A. Eur. 

Polym. J. 2017;93: 805-814 
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dissolution rate of these polymers. Moreover, to the best of my knowledge, polymer films 

have not been prepared of polyaspartamides up to now.  

Accordingly, in the present study, my aim was to synthesize polyaspartamides 

with tertiary amine side groups to adjust their glass transition temperature (Tg) to around 

room temperature. Polyaspartamides with tertiary amine side groups were prepared from 

polysuccinimide to obtain polymers with sufficiently low glass transition temperature for 

further use as tablet coating (for synthesis and chemical characterization of cationic 

polyaspartamides please see Chapter 2 and Chapter 3, respectively). Together with 

dialkylaminoalkyl side groups, alkyl side groups were introduced onto the 

polyaspartamide chains to adjust thermal properties and aqueous solubility of the 

polymers. Furthermore, I analyzed the relationship between the Tg and the chemical 

structure of the polyaspartamides. Polymer films were prepared by solvent evaporation 

and the dissolution rate of the various polyaspartamides at pH = 1.2 and pH = 6.8. 

 

5.2 Experimental 

5.2.1 Dissolution rate measurements 

Polyaspartamides marked with fluorescent tryptophan methyl ester were dissolved 

in 2-propanol at a concentration of 20 wt% and triethyl citrate was used as plasticizer 

(20 wt% based on the weight of the polymer). Subsequently the solutions were poured 

onto a glass plate bordered with a 1 mm stick silicone frame. Coated plates were dried at 

room temperature for 48 h before testing. The thickness of the coatings was measured 

with a micrometer. 

The coated microscopic plates were immersed into 20 ml of HCl solution 

(pH = 1.2, ionic strength, I = 0.15 M) or PBS (pH = 6.8, ionic strength, I = 0.15 M) and 

kept there for 20 min (T = 37 °C). The measurements were performed in continuously 

stirred vessels (V = 50 cm3), stirring rate was 200 rpm. Samples of 2 ml were taken at 

predetermined time intervals, and replaced with 2 ml of fresh buffer solution. The amount 

of dissolved polyaspartamides was determined by fluorescence spectroscopy 

(Chapter 2). Dissolution rate constant of the polyaspartamides at given pH was calculated 

by the Noyes–Whitney equation [16] (Eq. 5.1) 

 1 kttc
e

c

−



= −  (5.1) 

where tc  is defined as the amount film dissolved at time t , c  is concentration of 

dissolved polymer at infinite time, k  is the dissolution rate constant. Data points below 

60% of dissolution were used for the calculation. 
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5.3 Results 

5.3.1 Thermal decomposition 

The thermal decomposition of PSI, PASP and the cationic polyaspartamides 

synthesized was studied in the temperature range of 30-600 °C by simultaneous 

TG/DSC/MS technique in order to prove that they are stable even at the highest 

temperatures used in pharmaceutical processes, particularly in tablet coating. 

In accordance with the literature [17], PSI decomposes in a single-stage process 

(Fig. 5.1a). Weight loss recorded up to ~120 °C is attributed to the elimination of 

adsorbed water confirmed by the m/z = 18 ion signal and the endothermic heat effect 

appearing at ~100 °C. The sharp endothermic peak as well as the main peak of the 

m/z = 44 ionic signal correspond to the release of CO2 and the decomposition of PSI 

around 420 °C. As a representative example of polyaspartamides, DMP90P10 shows a 

much lower thermal decomposition temperature and a multi-step process (Fig. 5.1b). 

Weight loss occurs at about 100 °C due to the elimination of the residual water content 

similarly to the PSI, while a large mass loss and an endothermic peak at 197 °С indicate 

the beginning of the thermal degradation. Further analysis of the decomposition steps is 

beyond the scope of this paper, but we conclude that all the synthesized cationic 

polyaspartamides are stable to about 190-210 °С (Table 5.1, please see also Fig. iii and 

Fig. iv in the Appendix), which is important for the future application of the polymers as 

pharmaceutical coatings. Each temperature of decomposition (Td) is higher than the 

highest temperatures applied generally in the tablet coating step (~60 °C), and Td values 

are above temperatures at which dry heat sterilization is carried out (160-180 °C) [18], 

thus cationic polyaspartamides can be processed without chemical degradation. 

 

 

Fig. 5.1 TG/DSC/MS analysis of a) PSI and b) DMP90P10. Ion thermograms of 

H2O (m/z = 18) and CO2 (m/z = 44) are indicated (arbitrary scale). 

Heating rate was 10 °C/min. 

 

 



Chapter 5 

 

 

94 

5.3.2 Glass transition temperature 

Knowledge of the glass transition temperature (Tg) of the cationic 

polyaspartamides is essential for efficient film formation, moreover, the Tg also 

determines the usability of the final product as tablet coating. Accordingly, the Tg of 

polysuccinimide, poly(aspartic acid) and the cationic polyaspartamides synthesized was 

determined and compared to establish a correlation between the Tg and the chemical 

structure of the polymers (the general structure of the polymers is shown in Fig 5.2a). PSI 

is an amorphous material [19], but the Tg of PSI cannot be detected below the 

decomposition temperature of the polymer (Fig.5.2b, Td ~400 °C). We have found similar 

results also in the literature [17]. Because of the hindered bond rotation in the succinimide 

ring, the backbone of the PSI is very stiff and the activation energy of the segmental 

motion is larger than the dissociation energy of chemical bonds in the polymer chain, 

therefore the polymer decomposes before reaching its glass transition temperature. 

As shown in Fig. 5.2b, the Tg of PASP was found to be 85 °C indicating the opening of 

the ring of the succinimide repeating units thus the formation of a much flexible 

polyamide backbone results in a dramatic decrease of the Tg. Data obtained on the sodium 

salt of poly(aspartic acid) derivatives modified with hexadecylamine [20] demonstrates 

that not only the opening of the ring, but also the type and the concentration of the side 

groups have an effect on the Tg. Thus, we compared the Tg of unsubstituted PASP with 

several substituted polymers to establish a structure vs. Tg correlation. 

The Tg values of PASP and the polyaspartamides are detected at more than 300 °C 

lower than the Td of PSI (Fig. 5.2, Table 5.1). Consequently, this significant depression 

of Tg is mainly due to the opening of the succinimide rings. However, the Tg of the 

polyaspartamides (20-40 °C) is considerably lower than the Tg of PASP (85 °C) 

indicating that the side groups have a remarkable effect on the glass transition as shown 

in Fig. 5.2c-g. Side groups act as internal plasticizers by screening intermolecular 

interactions among the polymer chains. The magnitude of the internal plasticization 

depends on the type and the concentration of the side groups. Tg decreases with increasing 

concentration of dialkylaminoalkyl side groups at the expense of n-alkyl side groups 

(DEP50P50 → DEP90P10, Fig. 5.2c). This can be attributed to the larger 

dialkylaminoalkyl side groups which can more effectively keep apart the polymer chains 

from each other which hinders the formation of polymer-polymer interactions. Tg also 

decreases with increasing chain length of the alkylene unit of the dialkylaminoalkyl side 

groups from ethylene to propylene (Fig. 5.2d, DEE90P10 → DEP90P10; Fig. 5.2e, 

DME90P10 → DMP90P10). These results are consistent with those obtained on cationic 

polyacrylates [5]. In contrast, changing the N-methyl groups of dialkylaminoalkyl side 

groups to N-ethyl groups leads to an increase in Tg (Fig. 5.2f, DMP90P10 → DEP90P10) 

which can be explained by the fact, that the diethylaminoalkyl side groups is bulkier than 

the dimethylamino ones resulting in decreased chain mobility. Tg practically does not 

change when the chain length of the alkyl side groups increases from propyl to hexyl 

(Fig. 5.2g, DEP90P10 → DEP90H10). The length of the alkyl side groups is expected to 

affect the glass transition temperature of the polyaspartamides, but the results show that 

this effect is marginal at low alkyl side group concentrations. To conclude, the Tg of 

cationic polyaspartamides can be adjusted between 20 and 40 °C by the proper selection 

of its chemical structure. 



Effect of side groups on the properties of cationic polyaspartamides 

 

 

95 

As the Tg values of polyaspartamides were found to be close to the room 

temperature, only a small amount (~10 wt% for the polymer) of an external plasticizer is 

sufficient to prepare mechanically stable polymer films by solvent evaporation. The 

detailed characterization of the prepared polyaspartamide films, including thermal 

analysis, tensile testing, the determination of moisture uptake will be discussed in the next 

chapter. Here we demonstrate only the composition and pH-dependent dissolution rate of 

the films. 

 

Fig. 5.2 a) General chemical formula and b-g) DSC traces of PSI, PASP and the 

cationic polyaspartamides synthesized. 
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Table 5.1 Thermal properties of the synthesized cationic polyaspartamides 

Sample name Td (°C) Tg (°C) 

DEP50P50 206 40.7 

DEP90P10 201 27.5 

DEP90H10 201 28.0 

DMP90P10 197 20.7 

DEE90P10 192 32.4 

DME90P10 182 30.6 

dT : thermal decomposition temperature; 
gT : glass transition temperature 

 

5.3.3 Dissolution of cationic polyaspartamides 

The thermal stability and the controllable glass transition temperature of 

polyaspartamides make them promising candidates as film forming materials for tablet 

coatings. In addition to these properties, taste masking requires a moderate dissolution 

rate of the polymer film at the prevalent pH in the mouth (pH = 6.8). On the other hand, 

dissolution of the coating has to be as fast as possible at the acidic pH of the stomach to 

provide rapid drug release and therefore fast therapeutic action. Thus, the determination 

of the dissolution profile of polyaspartamides at pH = 6.8 and pH = 1.2 is an essential 

requirement for this application. Since a well-established method for monitoring the 

dissolution of such polymers does not exist, we developed a selective method to 

characterize the dissolution rate of polyaspartamides by the fluorescent marking of the 

polymers. The marker should not affect the solubility of the polymer, but must provide 

easy detection. Accordingly, we chose the methyl ester of the essential amino acid 

tryptophan (TrpOMe) as a fluorescent marker. Due to its relatively high quantum yield, 

only a small amount of TrpOMe must be immobilized onto the polymer chains, thus we 

expected that the effect of modification on the physicochemical properties of the polymer 

is insignificant. Moreover, contrary to the reaction of other fluorescent markers, e.g., 

3-amino-9-ethyl carbazole which can be introduced into the PASP chain by a complicated 

synthetic pathway [21,22], tryptophan can react with PSI under mild reaction conditions 

[23]. 

Three of the synthesized polyaspartamides with the best film-forming properties 

were labeled with TrpOMe (T1DMP90P09, T1DEP90P09 and T1DEP90H09) and glass 

plates were coated with their films (Fig. 5.3a, thickness of the dry films was 92 ± 11 µm). 

The dissolution rate of the polymers was determined at the pH of the oral cavity (pH = 6.8, 

Fig. 5.3b) and the stomach (pH = 1.2, Fig. 5.3c). Comparing the curves of Fig. 5.3b, less 

than 15% of the films dissolves in 30 seconds – the time at which the taste masking 

efficiency must be assessed [1] – thus we can expect, that tablet coatings based on these 

polyaspartamides can mask the unpleasant taste of drugs during the residence time in the 

mouth. 
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Fig. 5.3 a) Cationic polyaspartamide film on a glass plate and b) effect of the 

polymer composition and c) the pH on the dissolution profile of the 

polyaspartamide films. 

 

The dissolution of the polymers shows a slight structure dependence, as shown in 

Fig. 5.3b. There is no difference between the curves before reaching 1 min (p > 0.05), 

however dissolution profile of T1DMP90P09 significantly differs from that of 

T1DEP90P09 and T1DEP90H09 at the time interval of 1-2.5 min (p < 0.001) and a 

noticeable, but far less significant difference can be observed if we compare profiles of 

T1DEP90P09 and T1DEP90H09 (1.25-2 min, p < 0.05). Dissolution rate constants 

calculated by the Noyes–Whitney equation (Eq. 5.1) are in line with this observation (

1 90 09T DMP Pk  = 0.9 1/min, 1 90 09T DEP Pk  = 0.6 1/min, 1 90 09T DEP Hk  = 0.5 1/min). 

The pH-dependence of the dissolution of cationic polyaspartamides is much stronger, as 

shown in Fig. 5.3c. The chosen polymer, T1DEP90H09 dissolves much faster at pH = 1.2 

(~80% at 2 min) than at pH = 6.8 (~55% at 2 min) demonstrating that tablet coatings 

based on these polymers would not hinder the release of the drug at the pH of the stomach. 

A highly significant difference can be observed between the curves at the time interval of 

0.5-3 min (p < 0.001), and consequently, dissolution rate constants largely differ from 

each other ( 1.2pHk =  = 1 1/min, 6.8pHk =  = 0.5 1/min). These results indicate that cationic 

polyaspartamides synthesized have considerable potential as starting materials of tablet 

coatings providing taste masking in the mouth and rapid release of the drug in the 

stomach. 

5.3.4 Cell viability study 

PC-3 and HEK-293 cells were used as model cells for primary assessment of 

biocompatibility of polymers [24,25]. The effect of cationic polyaspartamide synthesized 

on cell viability was studied by using MTT proliferation assay. Fig. 5.4 shows 

concentration-viability curves for DMP90P10, DEP90P10 and DEP90H10 analyzed in 

dissolution tests. Data for other polyaspartamides DEP50P50, DME90P10 and 

DEE90P10 are shown in Fig. v of the Appendix. The cationic polyaspartamides did not 

decrease significantly the viability of both PC-3 and HEK-293 cells within the 

concentration range studied (up to 125 µg/ml) during 72-hour cell culturing. As 

previously shown, polyethyleneimine, a synthetic cationic polymer with similar 

molecular weight (25 kDa) induced 50% cell loss at the concentration as low as 2 µg/ml, 

indicating almost two orders of magnitude lower cytotoxicity of the cationic 
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polyaspartamides synthesized [26]. Furthermore, an increase in cell proliferation up to 

30% appeared for some of our polymers similarly to that observed for PASP conjugated 

with γ-amino butyric acid [27]. These preliminary data on biocompatibility support the 

further use of polymers synthesized while detailed study about structure-dependent 

biological characteristics of cationic polyaspartamides is reported elsewhere [26]. 

 

 

Fig. 5.4 Effect of DMP90P10, DEP90P10 and DEP90H10 on viability of a) PC-3 

and b) HEK-293 cells determined by MTT assay, p < 0.05. 

 

5.4 Conclusion 

A wide variety of cationic polyaspartamides with dialkylaminoalkyl and alkyl 

side groups was synthesized. The Tg of the polymers was adjusted to around room 

temperature by choosing the proper combination of side groups. Polyaspartamides 

obtained have good thermal stability, Td values of the polymers (~190-210 °C) were 

found to be significantly higher than temperatures applied in tablet coating processes 

(~60 °C). A method based on fluorescent labeling was developed to characterize the 

composition and pH dependence of the dissolution kinetics of the cationic 

polyaspartamides synthesized. Owning to their thermal and dissolution properties, as well 

as their low cytotoxicity on PC-3 and HEK-293 cell lines, cationic polyaspartamides can 

serve as alternatives of polyacrylates in entero-soluble film coatings due to their multiple 

advantages, such as easy functionalization and adjustable physical and chemical 

properties. Synthesis of polyaspartamide films and characterization of their properties 

from pharmaceutical point of view will be discussed in detail in Chapter 6. 
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Chapter 6 
 

Cationic polyaspartamide free films for taste masking5 
 

 

6.1 Introduction 

In Chapter 5, I demonstrated that cationic polyaspartamides have multiple 

advantages such as facile control over chemical and physico-chemical properties and 

biocompatibility. The glass transition temperature (Tg) of the polymers can be tailored to 

around room temperature by choosing the proper combination of the side groups. 

Sufficient thermal stability was observed for the polyaspartamides obtained, thermal 

decomposition temperature of the polymers (∼190–210 °C) were found to be 

significantly higher than temperatures applied generally in tablet coating processes (∼ 60 

°C). Results of cell viability test performed on HEK-293 and PC-3 cells confirmed the 

low toxicity of the cationic polyaspartamides synthesized [1]. Dissolution characteristics 

of the polymers displayed noticeable pH and structure dependence. Moderate dissolution 

rate was observed at the prevalent pH of the mouth (pH = 6.8), while the films dissolved 

readily at the acidic pH of the gastric juice (pH = 1.2) indicating that cationic 

polyaspartamides synthesized have considerable potential as starting materials of tablet 

coatings providing taste masking in the mouth and rapid release of the drug in the 

stomach.  

As discussed in Chapter 1, entero-soluble tablet coatings have to simultaneously 

provide taste masking by their limited solubility in aqueous medium at the neutral pH of 

saliva, provide rapid drug release in the stomach and meet the general requirements of 

pharmaceutical coatings, such as sufficient mechanical performance (elongation at break, 

ε ≥ 200−300%, and tensile strength, σ ≥ 2 MPa, respectively) [2], low moisture uptake 

(≤ 10 w/w%) [3], and almost neutral taste. 

                                                           
5 Németh Cs, Szabó D, Gyarmati B, Szilágyi A. Polymer films based on cationic polyaspartamides, poster 

presentation, 16. Österreichise Chemietage, Innsbruck, Austria, 2015.  
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In the present study, entero-soluble free films made of cationic polyaspartamides 

were prepared and characterized in detail including thermal analysis, moisture uptake, 

mechanical testing and taste analysis to identify compositions with real potential as 

coating material of tablets. 

 

6.2 Experimental 

6.2.1 Preparation of free films from cationic polyaspartamides 

The polymers were dissolved in 2-propanol. When the dissolution was complete 

(~1 h), plasticizer (triethyl citrate, TEC or glycerol) was added to the mixture, the final 

polymer concentration of the solution was 20wt%. Plasticizer content (PC) was quantified 

by the mass ratio of the plasticizer to the polymer and was varied between 0 and 30% 

(Eq. 6.1). 

 ( )% 100
plasticizer

polymer

m
PC

m
=   (6.1) 

1.5 g solution was stirred for another 15-20 min and then poured onto a Teflon 

plate bordered with a 1 mm thick silicone frame (surface area: 16 cm2). The solvent was 

evaporated for 24 h at ambient temperature (25 ± 2 °C) and the relative humidity was 

50 ± 10%. The films obtained were removed carefully from the substrate. Average 

thickness of the films was 80±10 µm. 

6.2.2 Moisture uptake 

Moisture uptake of the polymer films was determined as mass increase upon 

storing at a given relative humidity (RH). Polyaspartamides films dried under vacuum 

(1 mbar, 24 h) put into closed desiccators and stored there at room temperature for 2 

weeks at a given relative humidity (preliminary measurement proved that moisture 

saturation is reached within two weeks). The desiccators contained supersaturated 

aqueous solution of MgNO3 and NaCl used to maintain the 50% and 75% RH, 

respectively. Moisture uptake (MU) of the polymers was calculated with the following 

equation (Eq. 6.2),  

 
0

0

 (%) 100
m m

MU
m

−
=   (6.2) 

where m  is the weight of the samples at a given point in time and 
0m  is the weight of 

the dried sample. 

6.2.3 Tensile testing 

Polyaspartamide films with a TEC content of 0, 10, 20 and 30% were prepared 

and 3-3 specimens (dogbone geometry according to ISO 527-2-5B standard, 

thickness = 80 ± 10 µm) were cut from the films using a tensile test sample cutter. The 

probes were positioned and fixed firmly with tensile testing grips. Elongation at break, 

tensile strength and Young’s modulus of the polyaspartamide films were evaluated by 
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performing tensile tests using an Instron 5566 testing apparatus equipped with a 10 N 

load cell. Each test was carried out at gauge length of 20 mm and at cross-head speed of 

0.5 mm/min for the first 2% of strain then switched to 5 mm/min, at room temperature 

(25 ± 2 °C) and the relative humidity was 50 ± 10%.  

6.2.4 Taste analysis 

Polymers were analyzed with an Alpha ASTREE II potentiometric electronic 

tongue (Alpha M.O.S., Toulouse, France) equipped with a sensor array (#2) including 

seven chemically modified field-effect transistor (CHEMFET) sensors developed for 

pharmaceutical applications. Electrode potential of the sensors were recorded versus an 

Ag/AgCl reference electrode (Metrohm AG). The detailed description of the instrument 

and its starting procedure were introduced elsewhere [4].  

The taste characterization of PASP (0.4 g/L in water) was carried out using 

aqueous solution of chemicals providing basic tastes in concentrations about 10 times 

higher than those of the human sensory thresholds [5,6]: 0.001 M citric acid (for sour 

taste), 0.01 M NaCl (for salty taste), 0.001 M monosodium glutamate [MSG] (for umami 

taste), 0.083 mM quinine (for bitter taste) and 0.01 M glucose (for sweet taste). The taste 

characterization of DMP90P10, DEP90P10, DEP90H10 (aqueous solutions, 4 g/L) were 

performed in comparison to PASP (aqueous solutions, 4 g/L).  Chemicals of basic tastes 

were added to PASP solution to get two different concentration levels for each individual 

basic taste resulting in the following 10 samples: PASP + citric acid (0.001 M and 

0.0001 M), PASP + NaCl (0.01 M and 0.001 M), PASP + MSG (0.001 M and 

0.0001 M), PASP + quinine (0.083 mM and 0.0083 mM) and PASP + glucose (0.01 M 

and 0.001 M), where the lower level denoted as L and the higher one as H. 

The samples were measured in random order and each sample was tested nine 

times. The volume of the samples was 100 mL, duration of the analysis and the cleaning 

process with ultrapure water between the analyses lasted 120 s and 10 s, respectively. The 

average value of the last 10 s of every reading and sensor was calculated and used for 

further statistical evaluation. Principal component analysis (PCA) was used to detect 

patterns and outliers as well as to visualize data [7]. Multidimensional distance was 

calculated between the group centers of PASP and the tested aqueous solutions 

representing the five basic tastes using the Euclidean distance measure to determine 

which tastes are more relevant to characterize the taste of PASP. The statistical evaluation 

was performed by the R-project statistical software Ver. 3.4.0 [8]. 

 

6.3 Results 

6.3.1 Preparation of the polymer films 

In Chapter 3 and Chapter 5, [9] I reported the synthesis of cationic 

polyaspartamides with dialkylaminoalkyl and alkyl side groups and characterized their 

thermal properties and dissolution rate as a function of their compositions. To produce 

polymer films, various requirements must be considered. Polymers with a Tg at around or 

below room temperature are needed to achieve films with adequate mechanical 

performance even in the presence of a small plasticizer amount. For taste masking 



Chapter 6 

 

 

106 

purposes, polymer film coatings must be insoluble or poorly soluble at the pH of saliva 

(pH = 6.8) and should readily dissolve in the gastric fluid to provide fast drug release. 

According to our results reported in Chapter 5, cationic polyaspartamides with 90 n/n% 

of dialkylaminoalkyl and 10 n/n% of alkyl side groups (Scheme 6.1) can fulfill these 

requirements. Hence, I made an attempt to utilize these polymers as film forming 

materials. 

 

 

Scheme 6.1. Structure of the of cationic polyaspartamides used for film formation. 

 

It is essential to find the ideal solvent for the preparation. A polymer solution made 

of a given solvent can be considered as suitable if it has the ability to form continuous 

films after fast evaporation of the solvent. Additionally, it is important to use the highest 

possible polymer concentration (limited by the viscosity of the solution), i.e., the lowest 

solvent content, in order to reach a reasonable process time and minimize the waste [2]. 

Ethanol and 2-propanol (have low toxic potential to human; no health-based exposure 

limit is needed, ICH 3 Class6 solvents [10]) are often used for tablet coatings [11]. 

Cationic polyaspartamides were found to be freely soluble in both solvents, however, 

polymer films with uniform thickness can only be prepared by using 2-propanol at room 

temperature, possibly due its slower rate of evaporation resulting in the even spreading 

of the polymer solution on the surface during drying. Therefore, 2-propanol, was selected 

for the further experiments.  

The polymer concentration of the film forming solutions was varied between 5 

and 35 wt%. Continuous films could not be prepared at the polymer concentrations lower 

than 10 wt%. Film formation becomes easier with increasing polymer concentration and 

viscosity of the polymer solution. Dynamic viscosity of 10−20 wt% 2-propanol based 

solutions of the cationic polyaspartamides was found not higher than 15 Pa∙s, which is 

comparable with the viscosity data of commercially available, 2-isopropanol based film 

forming solutions of cationic poly(methacrylates) produced by Evonik (1−15 mPa∙s, 

[12]) and one order of magnitude lower than the experimental viscosity limit of coating 

from solutions (~ 300 mPa∙s, [11]). By further increasing the concentration, the polymer 

                                                           
6 ICH 3 includes no solvent known as a human health hazard at levels normally accepted in pharmaceuticals. 
Daily exposures of 50 mg/day and concentration of 5000 ppm can be acceptable without justification. Higher 

amounts may also be acceptable provided they are realistic in relation to manufacturing capability and good 
manufacturing practice [10]. 
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solution becomes too viscous at 30 wt% for spreading on glass surface and even gelation 

occurs at 35 wt%, which made the film formation infeasible. I experienced the same 

concentration-dependence of viscosity when using ethanol as solvent for the 

electrospinning of cationic polyaspartamides, this result are presented in Chapter 7 [13]. 

As a result, 20 wt% was chosen for film formation. 

Glass transition temperatures of the majority of the polymers applied as a 

pharmaceutical film coating is higher than room temperature therefore a coating made of 

them would be very brittle and could not withstand the mechanical loads properly at 

ambient conditions [11]. Plasticizers are often added to the film to lower the Tg, and 

consequently increase the elasticity and mechanical toughness of the film [14]. The most 

frequently used plasticizers in pharmaceutical tablet coatings, such as tributyl citrate 

(TBC), dibutyl sebacate (DBS), triethyl citrate (TEC), and glycerol [14,15], were tested 

for film formation of cationic polyaspartamides. Rigid films with heterogeneous structure 

were obtained in the case of TBC and DBS for each polymer in all tested compositions 

(10-30%) while flexible and transparent films could be prepared in the presence of TEC 

or glycerol (10-30%). Migration of TBC and DBS onto the surface, i.e., phase separation 

between the polymers and plasticizer proves their incompatibility with the cationic 

polyaspartamides tested [15]. We assume that polyaspartamides with hydrophilic 

dialkylaminoalkyl side groups in large concentration are more miscible with the 

hydrophilic, water soluble plasticizers, such as glycerol and TEC, compared to the less 

hydrophilic, water insoluble plasticizers, such as TBC and DBS.  

In conclusion, polyaspartamide films made of 20 wt% TEC or glycerol as a 

plasticizer in 2-propanol were chosen for further characterization. 

6.3.2 Effect of plasticizers on glass transition temperature 

Glass transition temperature (Tg) is a fundamental characteristic for polymeric 

systems. Tg indicates the temperature at which the amorphous polymers undergo a glassy 

to rubbery state transition (glass transition) resulting in a drastic change in the 

physico-chemical and mechanical properties of polymeric systems made of them. 

The brittle material become rubber-like when heated above its Tg due to the increase 

occurred in the chain mobility. Thus it is essential to determine the Tg of the polymer 

tablet coatings since the mechanical properties of the film are crucial to fulfill its function. 

Film coatings prepared from polymers with glass transition temperatures well below 

room temperature  generally exhibit sufficient flexibility in itself, whereas polymers with 

high Tg often require plasticizers to achieve the same mechanical properties [14]. 

Plasticizers reduce the Tg of the polymers by weakening the polymer-polymer interactions 

resulting in increased flexibility for the polymer film coating. As I reported in Chapter 5, 

Tg of several cationic polyaspartamides is around room temperature (20-40 °C) [9], thus 

it can be presumed that even a small amount of plasticizer is sufficient to prepare 

mechanically stable films at room temperature. The efficiency of TEC and glycerol on 

cationic polyaspartamide films were characterized by determination of Tg using DSC.  

Glass transition temperature values of the polymer films without plasticizer were 

found almost identical to the Tg values obtained previously on polymers with the same 

composition (Chapter 5, Table 5.1) [9]. The type and concentration of the plasticizers 

largely affect the glass transition of the polyaspartamides films as shown in Fig. 6.1. Tg 
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of each polyaspartamide decreases in the presences of both TEC and glycerol, however, 

the plasticization efficiency shows a clear structure dependence (Fig. 6.1a). Presumably, 

a small difference in the chemical structure of cationic polyaspartamides (e.g., length of 

inner alkyl and alkylene chains of the dialkylaminoalkyl side groups) can result in 

significant changes in the polymer-plasticizer interaction. DMP90P10 film was chosen to 

demonstrate the effect of the concentration of the TEC and glycerol on the Tg (Fig. 6.1b). 

Glycerol causes significantly larger Tg depression than TEC at the same plasticizer 

concentration within the whole concentrations range studied, as shown in Fig. 6.1b. This 

higher plasticization efficiency is probably due to the significantly higher concentration 

of -OH groups in glycerol. Polymer-polymer interactions are expected to be replaced by 

the polymer-plasticizer interactions since it is very favorable to form H bonds between 

the -OH groups of glycerol and the amide or dialkylaminoalkyl groups of the polymers 

resulting in increased chain mobility. On the other hand, glycerol is very hygroscopic, the 

moisture that might be absorbed from the air  during the sample preparation could also 

have plasticizing effect [16], which might enhance the impact of the glycerol. 

 

 

Fig. 6.1 a) Effect of (a) the type and (b) the concentration of the plasticizer on the 

glass transition temperature (Tg) of polyaspartamide films. 

 

6.3.3 Moisture uptake of the films 

Many of the drugs, such as aspirin, indomethacin, and benzodiazepines, have low 

hydrolytic stability, thus must be protected from ambient humidity [17]. Additionally, the 

moisture absorbed from the air can cause undesired changes in the mechanical properties 

of coatings (changes the Tg of the polymer and/or makes the coating sticky) and in the 

drug release characteristic of polymer based drug delivery systems [16]. Moisture uptake 

experiments are used to predict how effectively a film coating can act as a humidity 

barrier. Moisture uptake of pharmaceutical formulations is generally determined by 

measuring the weight increase of the solid dosage form at defined constant temperature 

and humidity conditions. Bley et al. [18] studied tablet coatings with moisture protection 

ability (Opadry®, Methocel® and Eudragit® E PO) as free films and found that their 

moisture uptake at room temperature and 75% RH is below 10% (these conditions are the 
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most frequently used for the characterization of the moisture uptake of tablet coatings 

[3,16,19]). Thus, moisture uptake of the plasticizer-free and the plasticized (containing 

10 wt% of glycerol or TEC) polyaspartamide films was determined at 50 and 75% RH 

(T = 25 °C) to predict the moisture protective ability of the films as a tablet coating.  

Neither the plasticizer-free nor the plasticized films exceed 10 wt% moisture 

uptake at 50% RH (most of them showed moisture uptake below 7 wt%), as shown at 

Fig. 6.2a. Structure-dependent moisture uptake of the plasticizer-free films is obvious at 

75% RH (Fig. 6.2b). Polymers containing dimethylaminoalkyl side groups (DMP90P10, 

DME90P10) absorbed significantly larger amount of water than polymers with 

diethylaminoalkyl side groups (DEP90P10, DEP90H10, DEE90P90). The amount of the 

absorbed water decreases with the increasing of the alkylene chain length (propyl to 

hexyl, DEP90P10 and DEP90H10). This structure dependence is in agreement with  that 

of their dissolution rate reported in Chapter 5, in which DMP90P10 showed faster 

dissolution at the pH of the saliva (pH = 6.8) than DEP90P10 and DEP90H10 [9]. 

Comparing the moisture uptake values of the plasticizer-free and the plasticized films at 

75% RH (Fig. 6.2b) shows that glycerol with high aqueous solubility 

(~ 100 g/100 ml) increase the amount of absorbed moisture, except in the case of 

DME90P10, which was found strongly hygroscopic even without plasticizer. In contrast, 

moisture uptake is reduced significantly in each case in the presence of TEC having more 

than one order of magnitude lower aqueous solubility (~ 6.1 g/100 ml) compared to 

glycerol. These observations correspond with the results performed on cationic 

poly(meth)acrylate films (Eudragit® E 100) where plasticizers with limited aqueous 

solubility, − e.g., diethyl phthalate, dibutyl phthalate, and tributyl citrate − induced much 

lower moisture uptake than triacetin having high affinity to water [20]. Among the TEC-

plasticized films, only DME90P10 showed significant moisture uptake, films made of the 

other cationic polyaspartamide absorbed around 10 wt% or less amount moisture at 75% 

RH (Fig. 6.2b), which is comparable to the values obtained on the cationic 

poly(meth)acrylate based moisture protective coatings (Eudragit® E PO) under the same 

conditions [3]. 

 

 

Fig. 6.2 a) Moisture uptake of the plasticizer-free and plasticized polyaspartamide 

films at a) 50% RH and b) 75% RH and 25 °C after 2 weeks. 
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6.3.4 Mechanical properties 

The mechanical performance of the polymer films used as tablet coatings is crucial 

as the mechanical stress during coating and tablet intake might deteriorate the integrity of 

coatings and thus affects drug release and protective functions.  

I observed that the surface of each film plasticized with glycerol had become sticky 

(already at 10% plasticizer content) after the commonly used solvent evaporation process 

(24 h at 25 ± 2 °C and 50 ± 10% RH) – probably because of the moisture absorbed and/or 

the migration of glycerol onto the surface –, while films made of DME90P10 and 

DEE90P10 were found very brittle, even in the presence of TEC. Consequently, tensile 

tests were performed on plasticizer-free and TEC-plasticized films of DMP90P10, 

DEP90P10 and DEP90H10. Considering that Tg of these polyaspartamides was found 

between 20 and 25 °C (Fig. 6.1a), and that TEC was found to be an effective plasticizer 

for these polymers (Fig. 6.1a and b), sufficient flexibility of their free films can be 

expected even in low plasticizer content. 

DEP90P10 was chosen as a representative to demonstrate the effect of TEC 

content on the mechanical properties of the polyaspartamide films, especially on the 

tensile strength (σ), elongation at break (ε) and Young’s modulus (E). Elongation at break 

of the films increases almost linearly with increasing the concentration of the plasticizer, 

while the tensile strength and Young’s modulus decreases with increasing the TEC 

content as shown in Fig. 6.3a. Shape of the stress-strain curves also changes significantly 

as a function of plasticizer content (Fig. 6.3b). Both the strength and especially the 

Young’s modulus of the sample prepared with the addition of TEC plasticizer is much 

smaller than those prepared without plasticizer. External plasticization, i.e., the partial 

replacement of secondary bonds between adjacent chains with secondary bonds between 

the plasticizer and the polymer, leads to a significant decrease in strength. 

The phenomenon called “strain hardening” can also be observed in the stress-strain curve 

of DEP90P10 containing 10% TEC, that is considered as the most appropriate 

stress-strain behavior for tablet coating applications [2]. By increasing the plasticizer 

content up to 30%, the mobility of the polymer chains increases leading to a considerable 

increase in the deformability of the DEP90P10 film and a reduction in its resistance to 

the external mechanical load [11]. 

Fig. 6.4 represents the tensile strength, the Young’s modulus and the elongation 

at break values of the plasticizer-free and TEC-plasticized DMP90P10, DEP90P10 and 

DEP90H10 films. A significant composition dependence was observed for both the 

plasticizer-free and plasticized films. DEP90H10 films without plasticizer were too brittle 

to clamp and therefore I could not test them. Plasticizer-free DEP90P10 films have a 

tensile strength of about 2,4 MPa and stiffness at around 170 MPa, while the plasticizer-

free film made of DMP90P10 shows the same level of tensile strength (~ 2.8 MPa), and 

just a bit lower modulus value (~ 100 MPa) but has significantly larger elongation at 

break (~ 360%) compare to the DEP90P10 film (~ 20%). Mechanical properties similar 

to that of the plasticizer-free DMP90P10 film (σ ≈ 2-3 MPa, E ≈ 40-60 MPa, ε ≈ 180-

250%) can be reached in DEP90P10 and DEP90H10 films containing 10% TEC, while 

the DMP90P10 film becomes significantly softer and show outstanding elongation at 

break values (nearly 2200%) in the presence of 10% TEC (Fig. 6.4-6.5). 
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Fig. 6.3 a) Effect of the plasticizer content on the Young’s modulus, the tensile 

strength, and the elongation at break of the DEP90P10 films (dashed 

curves are guides for the eye) and b) characteristic stress-strain curves of 

the DEP90P10 films with different TEC content. 

 

 

Fig. 6.4 Elongation at break of the plasticizer-free and plasticized cationic 

polyaspartamide films. 

 

 

Fig. 6.5 Approximately 1000% elongation of DMP90P10 film containing 10% of 

TEC. 
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The effect of plasticization and the chemical composition on the stiffness is 

demonstrated in Fig. 6.6, in which Young’s modulus was plotted against the glass 

transition temperature of the samples. As expected, the Young’s modulus decreases as 

the Tg drops to and below room temperature. If the Tg is depressed either by adjusting of 

chemical composition or by adding plasticizer, the polymers become rubbery at room 

temperature resulting in a significant decrease of the modulus value, as can be seen in the 

15−20 °C Tg range. The correlation between the Young’s modulus and the Tg values is 

clearly visible, an equation describing the structure property relationship might be built-

up in the future by adding new measurement points. 

 

Fig. 6.6 Correlation of the stiffness of the samples and their glass transition 

temperature. 

 

In light of these results and the literature data, it can be concluded that the cationic 

polyaspartamide films investigated have comparable mechanical properties than those 

cationic polyacrylate based films/coatings available on the market (Eudragit® E 100: 

σ ~ 2−4 MPa, ε ~ 200−400% [2,21]; Eudragit® E PO: σ ~ 0.3 MPa, ε ~ 100%; 

E ~ 41 MPa) [22]). Moreover, the results show that the mechanical properties of 

polyaspartamide films can be tuned with the polymer composition and the plasticizer 

content.  

6.3.5 Taste analysis of poly(aspartic acid)and the cationic polyaspartamides 

An essential requirement for tablet coatings that it should have almost tasteless. 

However, studies dealing with taste analysis of PASP and aspartic acid based polymers 

cannot be found in the literature. Hence, I performed an electric tongue analysis on PASP 

and the cationic polyaspartamides synthesized to identify their taste and to determine how 

the introduced side groups affect the taste of the polymers.  
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The results of PCA of the electronic tongue experiment conducted for the taste 

characterization of PASP are shown in Fig 6.7a. The first principal component (PC1) 

describing more than 68% of the total variance mostly presents separation between two 

main groups containing the aqueous solutions of PASP, citric acid (for sour taste) and 

glucose (for sweet taste) in one group, NaCl (for salty taste), MSG (for umami taste), and 

quinine (for bitter taste) in another group. Based on the multidimensional distances 

(calculated between the group centers of PASP and the other tested aqueous solutions) 

group of glucose was found the closest to PASP (distance 267) followed by citric acid 

(316), NaCl (651), quinine (729) and MSG (780). According to these findings PASP 

sample has rather sweet and sour taste and can be characterized less with salty, bitter and 

umami taste by the electronic tongue. 

Results of the taste characterization of the cationic polyaspartamides in 

comparison to PASP are presented in Fig 6.7b. Separation of the groups of PASP and 

cationic polyaspartamides can be observed based on PC1. Groups of PASP samples with 

added citric acid, NaCl and MSG have also separation from the group of pure PASP 

sample along PC1 presenting the increasing intensity of these tastes in opposite direction 

to the groups of cationic polyaspartamides. On the other hand, groups of PASP samples 

with added quinine and glucose have separation from the group of pure PASP sample 

based on PC2. These results suggest cationic polyaspartamide samples primarily have 

less intense sour, salty and umami taste than the PASP sample and do not differ 

significantly in bitter and sweet taste characters from PASP sample. It can be concluded 

that the cationic polyaspartamides do not have an intensive taste, and what is the most 

important, the bitter taste – being the most relevant for patient acceptance because of an 

extremely low threshold concentration [3] – is found to be not typical either for PASP or 

for the cationic polyaspartamides. 

 

 

Fig. 6.7 PCA score plot of the results of electronic tongue to compare a) the 

aqueous solution of PASP and the five basic tastes and b) PASP and 

cationic polyaspartamides. The “L” and the “H” mean that the "taste 

standard" is present in low or high concentrations in the polymer solution. 
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6.4 Conclusion 

Polymer films based on cationic polyaspartamides were prepared by evaporation 

using 2-propanol, as an ICH3 solvent. Triethyl citrate (TEC) and glycerol were used as 

plasticizers but stable films could be prepared even without plasticizers for some polymer 

compositions. Results of thermal analysis indicated that Tg of the cationic 

polyaspartamides can be reduced well below room temperature by using these 

plasticizers. Moisture uptake of the films was considerably low in the presence of TEC, 

while glycerol-plasticized films was found sticky after production due to the high 

moisture uptake and the migration of the plasticizer. Tensile tests confirmed that polymer 

films made of cationic polyaspartamides have comparable mechanical properties as 

commercially available cationic poly(meth)acrylate coatings. Taste analysis of the 

cationic polyaspartamides showed that the polymers have neutral taste which is 

advantageous for taste masking application. According to these results, I conclude that 

cationic polyaspartamides have the potential to be used as tablet coatings serving as 

alternatives of polyacrylates in entero-soluble formulations. 

6.5 References 

[1] D. Salakhieva, V. Shevchenko, C. Németh, B. Gyarmati, A. Szilágyi, T. Abdullin, 

Structure–biocompatibility and transfection activity relationships of cationic 

polyaspartamides with (dialkylamino)alkyl and alkyl or hydroxyalkyl side 

groups, Int. J. Pharm. 517 (2017) 234–246. 

https://doi.org/10.1016/j.ijpharm.2016.12.007. 

[2] G. Cole, J. Hogan, M.E. Aulton, Pharmaceutical coating technology, Taylor & 

Francis, London, 1995. 

[3] S. Joshi, H.U. Petereit, Film coatings for taste masking and moisture protection, 

Int. J. Pharm. 457 (2013) 395–406. 

http://dx.doi.org/10.1016/j.ijpharm.2013.10.021. 

[4] Z. Kovács, I. Dalmadi, L. Lukács, L. Sipos, K. Szántai-Kőhegyi, Z. Kókai, A. 

Fekete, Geographical origin identification of pure Sri Lanka tea infusions with 

electronic nose , electronic tongue and sensory profile analysis, J. Chemom. 24 

(2010) 121–130. https://doi.org/10.1002/cem.1280. 

[5] P.A.S. Breslin, Human gustation and flavour, Flavour Fragr. J. 16 (2001) 439–

456. https://doi.org/10.1002/ffj.1054. 

[6] R.S.J. Keast, J. Roper, A Complex relationship among chemical concentration , 

detection threshold , and suprathreshold intensity of bitter compounds, Chem. 

Seneses. 32 (2007) 245–253. https://doi.org/10.1093/chemse/bjl052. 

[7] K. V. Mardia, J.T. Kent, J.M. Bibby, Multivariate analysis, 1st ed., Academic 

Press Liimited, London, 1979. 

[8] R Core Team, R: A language and environment for statistical computing, (2017). 

https://www.r-project.org/. 

[9] C. Németh, D. Szabó, B. Gyarmati, A. Gerasimov, M. Varfolomeev, T. Abdullin, 



Cationic polyaspartamide free films for taste masking 

 

 

115 

K. László, A. Szilágyi, Effect of side groups on the properties of cationic 

polyaspartamides, Eur. Polym. J. 93 (2017) 805–814. 

https://doi.org/10.1016/j.eurpolymj.2017.02.024. 

[10] E.M. Agency, Impurities: Guideline for residual solvents Q3C (R5), 2011. 

[11] M.E. Aulton, K.M.G. Taylor, Aulton’s Pharmaceutics: The design and 

manufacture of medicines, 5th ed., Elsevier, London, 2018. 

[12] https://corporate.evonik.com/en/. 

[13] C. Németh, B. Gyarmati, J. Gacs, D. V. Salakhieva, K. Molnár, T. Abdullin, K. 

László, A. Szilágyi, Fast dissolving nanofibrous matrices prepared by 

electrospinning of polyaspartamides, Eur. Polym. J. 130 (2020) 109624. 

https://doi.org/10.1016/j.eurpolymj.2020.109624. 

[14] U. Operations, M. Properties, Pharmaceutical dosage forms - Tablets, CRC Press, 

2008. https://doi.org/10.3109/9781420020281. 

[15] E. Snejdrova, M. Dittrich, Pharmaceutically used plasticizers, in: Dr. Mohammad 

Luqman (Ed.), Recent Adv. Plast., 2012: pp. 45–68. 

https://doi.org/10.5772/2228. 

[16] O. Bley, J. Siepmann, R. Bodmeier, Importance of glassy-to-rubbery state 

transitions in moisture-protective polymer coatings, Eur. J. Pharm. Biopharm. 73 

(2009) 146–153. http://dx.doi.org/10.1016/j.ejpb.2009.05.001. 

[17] S. Yoshioka, V.J. Stella, Stability of drugs and dosage forms, Kluwer Academic 

Publishers, Boston, 2002. https://doi.org/10.1007/b114443. 

[18] O. Bley, R. Bodmeier, J. Siepmann, Characterization of moisture-protective 

polymer coatings using differential scanning calorimetry and dynamic vapor 

sorption, J. Pharm. Sci. 98 (2009) 651–664. https://doi.org/10.1002/jps.21429. 

[19] O. Bley, J. Siepmann, R. Bodmeier, Protection of moisture-sensitive drugs with 

aqueous polymer coatings: Importance of coating and curing conditions, Int. J. 

Pharm. 378 (2009) 59–65. https://doi.org/10.1016/j.ijpharm.2009.05.036. 

[20] S.-Y. Lin, K.-S. Chen, L. Run-Chu, Organic esters of plasticizers affecting the 

water absorption, adhesive property, glass transition temperature and plasticizer 

permanence of Eudragit acrylic films, J. Control. Release. 68 (2000) 343–350. 

https://doi.org/10.1016/S0168-3659(00)00259-5. 

[21] S.-Y. Lin, C. Lee, Y.-Y. Lin, Drug-polymer interaction affecting the mechanical 

properties, adhesion strength and release kinetics of piroxicam-loaded Eudragit 

E films plasticized with different plasticizers, J. Control. Release. 33 (1995) 375–

381. https://doi.org/10.1016/0168-3659(94)00109-8. 

[22] J. Hautala, J. Heinämäki, S. Hietala, A.M. Juppo, Development of novel flavored 

Eudragit®E films for feline minitablet coatings, J. Drug Deliv. Sci. Technol. 34 

(2016) 41–50. https://doi.org/10.1016/j.jddst.2016.03.003. 

 



 



Fast dissolving nanofibrous matrices prepared by electrospinning of 

polyaspartamides 

 

 

117 

Chapter 7 
 

Fast dissolving nanofibrous matrices prepared by 

electrospinning of polyaspartamides3,4 

 

 

7.1 Introduction 

Oral transmucosal (sublingual and buccal) drug delivery can substantially increase 

the bioavailability of drugs by their rapid absorption through the mucous membranes of 

the oral cavity [1,2]. Commercially available formulations do not exploit the full potential 

of the oral transmucosal route, which has directed considerable attention towards 

electrospun polymer matrices with micro or nanofibrous morphology [3–5]. The large 

specific surface area of electrospun matrices provides fast dissolution and rapid drug 

release, while the rate can be controlled by the morphology of the fibers. Drug molecules 

can be loaded into the matrices in their amorphous state, which further helps their rapid 

dissolution in aqueous medium [6–8]. 

As pointed out in Chapter 1, electrospun materials are mainly prepared from 

synthetic polymers such as poly(meth)acrylates, poly(vinyl alcohol), poly(vinyl acetate) 

and polyvinylpyrrolidone, but also from natural and natural based polymers such as 

cellulose derivatives and poly(lactic acid). The electrospinning of these polymers 

commonly requires the use of toxic or corrosive solvents, e.g., N,N-dimethylformamide, 

chloroform and dichloromethane [9,10], which should be avoided in pharmaceutical 

applications (ICH Class 2 solvents, concentration limit ~10 ppm) [11,12]. The problem 

can be overcome potentially by the use of aqueous medium or melt electrospinning [13], 

but these methods cannot be applied for hydrolytically or thermally unstable drugs as well 

as molecules with low aqueous solubility [14].  

                                                           
3Balogh-Weiser D, Németh Cs, Ender F, Gyarmati B, Szilágyi A, Poppe L. InTech, 2018:135-147 

4Németh Cs, Gyarmati B, Gacs J, Salakhieva D V, Molnár K, Abdullin T, László K, Szilágyi. Eur. Polym. J. 

2020;130: 109624 
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Ethanol, a green solvent (ICH Class 35, concentration limit: ~5000 ppm [11,15]), 

can extend the application of electrospinning for pharmaceutical purposes, however the 

range of available ethanol soluble polymers is quite limited. The proper derivatization of 

poly(meth)acrylates [16,17], polyvinylpyrrolidone [18,19], poly(ethylene oxide) [7][20], 

poly(vinyl acetate) [21] or hydroxypropyl cellulose [22] involves complex synthetic 

pathways. Consequently, the use of a biocompatible, biodegradable polymer with facile 

functionalization can open new possibilities in electrospinning from ethanol. 

In recent years, polypeptides have attracted particular attention in electrospinning 

technology, especially in electrospun matrices for biomedical applications [23]. Natural 

polypeptides, such as gelatin, collagen and silk have the benefits of preparation from 

renewable sources and excellent cellular compatibility [24,25]. However, the structure of 

these polymers is variable and their chemical modification is difficult. Moreover, toxic 

and hazardous solvents (fluorinated alcohols and acids, dichloromethane) [26] and 

additional polymers (PEO, PCL) are required to obtain uniform and bead-free fibers from 

polypeptides [27].  

Beneficial features of natural polypeptides and synthetic polymers can be 

combined and at the same time their disadvantages can be eliminated by employing 

poly(aspartic acid) derivatives. These polymers can be synthesized under mild conditions 

(see Chapter 1 and Chapter 3) and thus they can provide the chemical versatility needed 

for electrospinning in various solvents. As discussed in Chapter 5 and Chapter 6, cationic 

polyaspartamides are highly soluble in water over a wide pH range, including that of the 

oral cavity (pH = 6.8), and are also soluble in pharmaceutically accepted alcohols (ICH 

Class 3 [11,15]), such as ethanol and 2-propanol [28]. These polymers were proven to be 

low-toxic on different cell lines [29] and, owing to their polypeptide structure, they are 

expected to be biodegradable [30]. No attempt has been made yet to electrospin cationic 

polyaspartamides yet. The few reported fibrous matrices prepared from PASP derivatives 

were electrospun from toxic ICH Class 2 solvents, dimethylformamide or chloroform 

[31–37]. 

Consequently, in this work, my aim was to prepare polymer matrices with rapid 

dissolution at the pH of the oral cavity by electrospinning of cationic polyaspartamides 

from ethanol. The viscosity, the surface tension and the specific conductivity of the 

polymer solutions were determined to select the proper conditions for electrospinning. 

The morphology of the nanofiber matrices was investigated by scanning electron 

microscopy (SEM). The glass transition temperature (Tg) of the matrices was determined 

by differential scanning calorimetry (DSC), and the thermal decomposition temperature 

(Td) was characterized by thermogravimetric analysis (TGA). The dissolution kinetics of 

the polymer matrix and the drug release kinetics were determined to demonstrate a 

possible application of the matrix as a sublingual delivery system.  

                                                           
5ICH 3 includes no solvent known as a human health hazard at levels normally accepted in pharmaceuticals. 

Daily exposures of 50 mg/day and concentration of 5000 ppm can be acceptable without justification. Higher 

amounts may also be acceptable provided they are realistic in relation to manufacturing capability and good 

manufacturing practice [11]. 
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7.2 Experimental 

7.2.1 Fabrication of electrospun matrices 

Solutions of DEP50B50, HOB50B50 and HOB50H50 in ethanol were prepared at 

various concentrations (20, 25 and 30 wt%) for electrospinning, with the resulting 

matrices denoted as M20, M25 and M30. A homemade electrospinning instrument 

equipped with a high voltage DC supply (MA 2000 NT-35) was used to electrospin the 

DEP50B50 polymer. A grounded plate covered with aluminum foil was used as collector. 

The applied voltage was 20 kV, and the distance of the spinneret from the collector was 

15 cm in each case. The polymer solutions were filled in a syringe and dosed by a syringe 

pump (Harvard Apparatus). The volume rate was set to 0.5 ml/h. The product was a white, 

thin, random mesh. The experiments were carried out at ambient temperature and the 

relative humidity was 50%. The same conditions were applied during storage of the 

matrices. 

In vitro matrix dissolution and drug release in simulated salivary fluid (pH = 6.8) 

were studied by using the fluorescently marked polymer (T1DEP50B49) [28] and 

vitamin B12 as well as rifampicin (RIF) as a model drugs. Prior to electrospinning, 5 mg 

of vitamin B12 was dissolved in 0.71 g solution of T1DEP50B49 (25 wt% polymer in 

ethanol). Starting solution of rifampicin loaded matrices were prepared by first dissolving 

4 mg of rifampicin in 0,57 g ethanol and then adding 0,19 g HOB50B50 or HOB50H50 

to the solution. The matrices were prepared in the same way as those without the drug. 

10 mg of the final solid T1DEP50B49 matrices contained 250 µg vitamin B12.while the 

HOB50B50 (or HOB50H50) matrices included 210 µg rifampicin. 

Besides the electrospun matrices, free films based on T1DEP50B49 were prepared 

by evaporation of the ethanol from their solutions. The given solution was poured onto a 

glass plate bordered with a 1 mm thick silicone frame. The coated plate was dried at room 

temperature for 48 h under 50% relative humidity. Finally, the film was peeled off from 

the substrate. The concentration of the polymer was 25 wt% in its ethanol solution, while 

in the drug release study the final concentration of vitamin B12 in the solid film was the 

same as in the electrospun matrices. 

7.2.2 Physico-chemical characterization 

The density of the dry polyaspartamide, DEP50B50 was determined by helium 

pycnometry (Ultrapycnometer 1000, Quantachrome). This value was used for the 

calculation of the specific surface area (SSA) of the resulting matrices (for details please 

see the Appendix). The polymer solutions were characterized by measuring their 

viscosity, surface tension and conductivity. DEP50B50 was dissolved in ethanol at 

concentrations of 15, 20, 25, 30 and 35 wt%. The viscosity of the polymer solutions was 

determined with a rolling ball viscometer (Lovis 2000, Anton Paar) coupled with a 

density meter (DMA 4500 M, Anton Paar). The viscosity measurements were carried out 

at an angle of 45°. The diameters of the capillary and the ball used were 1.59 mm and 

1.5 mm, respectively. The surface tension of the solutions was determined by using a drop 

shape analysis system (DSA-30, Kruss). A pendant droplet of the solution was formed at 

the end of a syringe fixed vertically, and an image was taken at the moment when the 

drop snapped from the apex of the syringe. The surface tension was calculated from the 
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shape of the drop as described elsewhere [38]. A conductometer (inoLab Level 2, WTW) 

equipped with a conductivity cell (TetraCon 325, WTW) was used to determine the 

specific conductivity of the polymer solutions at 25 °C. 

7.2.3 Scanning electron microscopy 

The morphology of the samples was investigated with a Carl Zeiss Merlin field-

emission high-resolution scanning electron microscope (SEM). A conducting layer with 

a thickness of 15 nm was applied by cathode sputtering using a (80/20) Au/Pd alloy. 

Images were recorded with 5 kV accelerating voltage (300 pA). The characteristic size of 

the fibers was determined by JMicroVision V.1.2.7 image analysis software, the average 

value was calculated from at least 200 fibers per sample. Calculation of the specific 

surface area (SSA) of the matrices can be found in the Appendix.  

7.2.4 X-ray diffraction (XRD) 

Powder XRD patterns were measured by a PANalytical X’pert Pro MPD X-ray 

diffractometer (Malvern Panalytical Ltd.) using Cu K-α radiation (α1 = 1.5406 λ, 

α2 = 1.5444 λ). Each sample was scanned at 40 kV and 30 mA in the 2ϴ interval 5–65° 

at scanning rate 0.1°/s with step size 0.010°. 

7.2.5 Matrix dissolution and drug release studies 

A piece of the drug loaded matrix (10 mg) was immersed in 20 ml of SSF 

(pH = 6.8, T = 37 °C). The measurements were carried out in a continuously stirred 

vessel (V = 50 cm3, stirring rate: 200 rpm). Samples of 2 ml were taken at predetermined 

time intervals, and replaced with 2 ml fresh SSF. The amount of dissolved T1DEP50B49 

was determined by fluorescence spectroscopy (PerkinElmer LS55 fluorescence 

spectrometer; 
ext : 270 nm; 

em : 350 nm). The concentration of released vitamin B12 and 

rifampicin was measured by UV-Vis spectrophotometry (Jena Specord 200 UV-Vis 

spectrophotometer, 
12,abs B  = 361 nm [39], Fig. vi, Appendix; 

,abs RIF  = 330 nm,). 

Dissolution rate constant of the polyaspartamides at given pH was calculated by the 

Noyes–Whitney equation [40], (Eq. 7.1): 

 1 kttc
e

c

−



 
= − 

 
 (7.1) 

where ct is the concentration of the dissolved polymer at time t and c∞ is the concentration 

of the dissolved polymer at infinite time (20 min in our experiments), k is the dissolution 

rate constant. The Noyes–Whitney equation was also applied to describe the drug release 

profiles. 

Results of the dissolution and release tests were analyzed statistically with 

GraphPad Prism software (version 5). Two-way ANOVA (with Bonferroni post-tests) 

analysis was applied. The results are expressed as mean values ± standard deviation (SD). 

A level of 𝑝 ≤ 0.05 was taken as significant, 𝑝 ≤ 0.01 as very significant, and 𝑝 ≤ 0.001 

as highly significant. 
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7.3 Results 

7.3.1 Effect of the polymer composition 

The aim was to prepare electrospun matrices of polyaspartamides that provide 

rapid drug release in the oral cavity. Ethanol was chosen as a green and pharmaceutically 

accepted solvent [11], as an alternative to the toxic or hazardous solvents often used in 

electrospinning. Polar drug molecules with low aqueous solubility are often soluble and 

stable in ethanol [41], which has a relatively high dielectric constant and evaporates 

easily [6]. However, the use of ethanol with no additives for electrospinning has been 

reported only for a limited number of polymers [7,16,18–22,42]. Polyaspartamides were 

prepared by modifying PSI with dialkylaminoalkyl [2-(dimethylamino)ethyl, 2-

(diethylamino)ethyl, 3-(dimethylamino)propyl, 3-(diethylamino)propyl] groups to 

introduce cationic character into the polymer (for synthesis and chemical characterization 

of cationic polyaspartamides please see Chapter 2 and Chapter 3, respectively). The 

presence of dialkylaminoalkyl side groups ensures good solubility of the 

polyaspartamides in ethanol and in water over a wide pH range (pH 1-9) [28]. The large 

specific surface area (1-10 m2/g) facilitates the moisture uptake of the matrices, which 

can be reduced by introducing alkyl side groups. Accordingly, the polymers were 

modified with alkyl side groups (n-propyl, n-butyl, n-hexyl), in addition to cationic 

groups, to control the solubility and moisture uptake. The type and molar ratio of different 

side groups was selected by electrospinning of the polymer solutions and by the 

examination of the matrices produced (Fig. 7.1). The size of the fibers formed from 

polymers with n-propyl side groups varied over a wide range, while the aqueous solubility 

of the matrices prepared from polyaspartamides containing n-hexyl ligands was poor 

(Fig. 7.1d); for this reason, n-butyl side groups were used in further experiments. 

Polyaspartamides containing more than 75 mol% of alkyl side groups were poorly soluble 

at the pH of saliva (pH = 6.8), and moisture uptake decreased, but fibers stuck together 

and beads were observed (Fig. 7.1b). The type of cationic groups also had a significant 

effect on fiber formation and moisture uptake. Increasing the alkylene chain length from 

ethylene (DME, DEE) to propylene (DMP, DEP) the fiber formation improved. Fibers 

formed with smaller size (diameter or width and thickness) and narrower size distribution 

(Fig.7.1a). Moisture uptake of the matrix decreased with increasing the chain length of 

N-alkyl side groups (Fig. 7.1c) but matrices prepared from polyaspartamides containing 

more than 50 mol% (dimethylamino)alkyl side group (DME, DMP) or more than 

75 mol% (diethylamino)alkyl side group (DEE, DEP) were hygroscopic, which makes 

their storage difficult. Finally, polyaspartamide containing 50 mol% DEP and 50 mol% 

B groups (DEP50B50) was selected, as this polymer forms fibers in the range of a few 

hundred nanometers from which fast dissolution was expected. 

The chemical structure of PSI and DEP50B50 was confirmed by 1H NMR and 

FTIR spectroscopy (Chapter 3). The results of MTT proliferation assay performed on 

PC-3 cells (please see Fig. vii in the Appendix), along with our study on the 

biocompatibility of cationic polyaspartamides [29], are in support of human biological 

use of DEP50B50. 
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Fig. 7.1 Effect of the polymer composition on the fiber formation and the properties 

of the electrospun matrices: (a) increasing alkylene chain length, (b) 

incorporating alkyl side groups, (c) increasing N-alkyl chain length, (d) 

increasing alkyl chain length. 

 

7.3.2 Preparation of DEP50B50 fibers 

According to the literature data and our results, fiber formation strongly depends 

on the chemical structure of the polymer [10]. The morphology of the prepared fibers also 

depends on the properties of the polymer solution, especially the viscosity, the surface 

tension and the conductivity [43]. These characteristics were determined over a wide 

concentration range to find the optimal composition of the polymer solution for 

electrospinning (Fig. 7.2). The accelerating force of the electric field must permanently 

overcome the force arising from the surface tension of the solution to obtain fibrous 

morphology. The surface tension of the solution remains practically unchanged with 

increasing the polymer concentration (Fig. 7.2a) and is similar to that of the solvent 

(21.9 mN/m) [19]. Only a very slight increase was observed at large concentrations, and 

hence the polymer can be considered as capillary-inactive in ethanol. Similar behavior 

was observed for another polyamide type polymer, nylon 6 in formic acid [44]. The 

viscosity and conductivity depend strongly on the concentration of the polymer 

(Fig. 7.2b). The lowest concentration and corresponding dynamic viscosity suitable for 

electrospinning were found to be 20 wt% and 13 mPa∙s, respectively. The large specific 

conductivity at 15 wt% concentration should lead to jet formation [10], but the polymer 

fibers broke into droplets before reaching the collector because of the low viscosity and 

incomplete solvent evaporation. Increasing the concentration of the DEP50B50 polymer 

to 20, 25 or 30 wt% increases the viscosity of the solution, thereby making the 

electrospinning feasible, thus fibrous matrices were electrospun. At 35 wt% 

concentration, however, fibers did not form owing to the decreased conductivity, since 

the electrostatic force exerted by the electric field is insufficient to overcome the forces 
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from the surface tension and the greatly increased dynamic viscosity (35 wt%, 

279 mPa∙s). Although the conductivity can be increased by adding inorganic salts, we did 

not perform additional experiments at high polymer concentrations, since the use of an 

additive requires an undesirable removal step after fiber formation. As a result, in the 

subsequent experiments, DEP50B50 ethanol solutions with polymer concentrations 

between 20 and 30 wt% were used for electrospinning. The voltage of 20 kV and the flow 

rate of 0.5 ml/h were found to be appropriate for preparing fibers in the chosen 

concentration range. Details of the electrospinning and the solution parameters are listed 

in Table 7.1. 

 

 

Fig. 7.2 (a) Surface tension and (b) dynamic viscosity and specific conductivity of 

the ethanol solutions as a function of the DEP50B50 concentration (curves 

are to guide the eye).
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Table 7.1 Details of the preparation and the morphological properties of DEP50B50 fibers 

Sample 

code 

c a 

(wt%) 

ρ b 

(g/cm3) 

η c 

(mPa∙s) 

γ d 

(mN/m) 

κ e 

(µS/cm) 

U f 

(kV) 

V̇ g 

(ml/h) 

r h 

(cm) 

d i (nm) 
SSA j 

(m2/g) 

Tg
k 

(°C) width thickness 

M15 15 0.830 6 21.7 37.7 20 0.5 15 - - - 

M20 20 0.844 13 22.0 35.4 20 0.5 15 
397±179 

(cylindrical fibers) 
9.4 48 

M25 25 0.859 30 22.0 30.5 20 0.5 15 
743±112 335±71 

7.7 49 
(ribbons) 

M30 30 0.876 89 22.5 24.8 20 0.5 15 
1728±294 1007±171 

2.8 51 
(ribbons) 

M35 35 0.893 279 23.2 18.4 20 0.5 15 - - - 

a) concentration, b) density, c) dynamic viscosity, d) surface tension and e) specific conductivity of the DEP50B50 ethanol solutions at 25 °C; f) 

applied voltage g) flow rate, h) distance between the spinneret and the collector i) size (diameter or width and thickness) of the fibers with standard 

deviation; j) specific surface area of the matrices, ρDEP50B50 = 1.12 g/cm3; k) glass transition temperature 
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7.3.3 Morphology of the electrospun fibers 

The size and shape of the fibers vary considerably with polymer concentration, as 

shown in Fig. 7.3. Nanofibers electrospun from 20 wt% solution (M20) are stuck together 

and contain beads (Fig. 7.3a). This can be explained by incomplete evaporation of the 

solvent before the polymer reaches the surface of the collector [43]. Although the specific 

surface area of the M20 fibers is found to be quite large (9.4 m2/g, Table 7.1), the size 

distribution of the fiber diameter is rather wide [PDI: 0.22 (PDI: polydispersity index of 

fiber diameter, for calculation of PDI please see the Appendix)] and cylindrical fiber 

diameter varies between 100 nm and 1 µm (Fig. 7.3a). Electrospinning from a 25 wt% 

solution (M25) yielded ribbon-like fibers without beads having a submicron size with a 

narrow size distribution of the fiber thickness (mean size, d = 335±71 nm, PDI = 0.02) 

and width (d = 743±112 nm, PDI = 0.04) (Fig. 7.3b). The ribbon-like shape of the fibers 

can be explained by various factors, such as the high vapor pressure of the solvent 

employed (ethanol in the present case) [45], while the shape also depends on the polymer 

concentration, or on the structure of the polymer itself [45–47]. The specific surface area 

calculated (7.7 m2/g, Table 7.1) remained sufficiently large to provide rapid dissolution 

of the M25 matrix in an appropriate solvent.  

 

 

Fig. 7.3 SEM micrographs and fiber size distribution of matrices electrospun from 

DEP50B50 ethanol solutions at concentrations of (a) 20 wt% (M20), (b) 

25 wt% (M25) and (c) 30 wt% (M30), respectively. 
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Fibers electrospun from a 30 wt% solution (M30) also display ribbon-like 

morphology, but the thickness (d = 1007±171 nm) and the width (d = 1728±294 nm) of 

the fibers are larger than in the previous case (Fig. 7.3c). The increase in size can be 

explained by the high viscosity and the reduced specific conductivity (Fig. 7.2b). This 

microfibrous morphology yields a decreased specific surface area (2.8 m2/g, Table 1.). In 

conclusion, 25 wt% was found to be the ideal concentration of the DEP50B50 and 

T1DEP50B49 polymers for preparing fibers in the submicron size range with a narrow 

size distribution. It is important to emphasize that, contrary to the examples reported in 

the literature [46], the matrices were prepared with no additives. This can be explained 

by the high dielectric constant of the solvent, which prevents the formation of beads [48]. 

7.3.4 Stability and thermal properties of the matrices 

FTIR spectroscopy was used to characterize the effect of electrospinning on the 

chemical structure of the DEP50B50 polymer. Fig. 7.4a presents the FTIR spectra of the 

DEP50B50 polymer and the prepared M25 matrix. IR bands assigned to the polymer 

backbone (amide I.: 1648 cm-1, amide II.: 1541 cm-1) and to the side groups of 

DEP50B50 (νCH2: 2935 cm-1, νCH3: 2965 cm-1) attest to the presence of all the expected 

functional groups. Additionally, the characteristic absorption band of the imide ring at 

around 1718 cm-1 is not present in the spectra of polyaspartamides, proving that ring-

opening of the succinimide repeating units was complete [28]. More importantly, the two 

spectra match each other perfectly, showing that the polymer does not suffer chemical 

degradation during electrospinning. 

The thermal decomposition of the DEP50B50 and the M25 matrix was determined 

in the temperature range from 30 to 600 °C by thermogravimetric analysis (TGA). Weight 

loss occurs below 100 °C due to the elimination of solvents (residual ethanol, absorbed 

water, ~5-6 wt%). Both the polymer and the electrospun matrix decompose around 

200 °C (Fig. 7.4b). This relatively high thermal decomposition temperature (Td) enables 

us to process these polymers at high temperatures. For instance, the matrix can be 

sterilized using dry heat (commonly carried out in the temperature range of 160-180 °C), 

or polymer processing by melt extrusion or melt electrospinning can be also feasible 

without chemical decomposition. 

 

 

Fig. 7.4 (a) FTIR spectra and (b) TGA curves of the DEP50B50 polymer and the 

M25 matrix. 
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DSC measurements were made on the electrospun matrices (M20, M25, M30) and 

on a free film prepared from DEP50B50 (F25) and compared to each other (Fig. 7.5). 

As a reference, the DSC trace of vitamin B12 (B12) is also plotted indicating the absence 

of any peak or step in the temperature range of 0-80 °C. The glass transition temperature 

(Tg) of the polymers is detected in the temperature range of 48-52 °C for both the free 

film and the fibrous matrices. A slight suppression of the Tg with decreasing fiber 

diameter (and increasing specific surface area) was observed, which result corresponds 

to the theoretical and the experimental predictions of the literature [49,50]. Nevertheless, 

large size-dependent suppression in the Tg is typical in the case of polymer fibers with 

smaller diameter. In our case, the electrospinning does not have a significant effect on the 

Tg. The almost identical Tg of the M25T and M25 matrices prove that fluorescent marking 

does not affect glass transition temperature either. However, the Tg of the M25 matrix 

containing B12 (M25/B12) was slightly lower than that of the M25 matrix, but considering 

the wide temperature range of the glass transition the difference is not significant. Since 

the glass transition temperature of the electrospun matrices is higher than the room 

temperature (~50 °C), the matrices are in glassy state, i.e., the motion of chain segments 

is frozen at room temperature. The glassy state can hinder the crystallization of the loaded 

material, which is important for the future application of the matrix in the formulation of 

crystalline drugs. 

 

 

Fig. 7.5 DSC traces of DEP50B50 film (F25), DEP50B50 matrices (M20, M25, 

M30), a matrix made of T1DEP50B49 (M25T), DEP50B50 matrix loaded 

with vitamin B12 (M25/B12), and the pure vitamin B12 (B12). 
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X-ray diffraction is generally used to analyze the prepared matrices with respect 

to the crystallinity of the polymer and the loaded drug. In consistency with the results of 

the thermal analysis, no reflection peaks of a crystalline phase could be observed in the 

diffractograms (Fig. 7.6a), demonstrating that the vitamin B12, the pure DEP50B50 

matrix (M25), and the matrix loaded with the model drug (M25/B12, see photo in Fig. 7.6b 

of a T1DEP50B49 matrix loaded with vitamin B12) are amorphous. This property can 

ensure the fast dissolution of the matrix and rapid release of the model drug. 

 

 

Fig. 7.6 XRD patterns of the pure vitamin B12 (B12), M25 matrix (M25) and M25 

matrix loaded with vitamin B12 (M25/B12). 

 

7.3.5 Matrix dissolution and drug release 

Fast dissolution of the matrix is required to exploit the advantage of sublingual 

and buccal drug delivery. The dissolution profile of the T1DEP50B49 polyaspartamide 

matrix and the release of vitamin B12 were determined at the pH of saliva (6.8) and at 

physiological temperature (37 °C). T1DEP50B49 as a polymer labeled with fluorescent 

tryptophan methyl ester was used to monitor the dissolution of the matrix. This method 

was applied successfully earlier for poly(aspartic acid) derivatives with alkyl side groups 

[51] and cationic polyaspartamides [28]. We chose vitamin B12 as a model drug for 

several reasons: a) it is soluble in ethanol (≥1 g/L) [52], the solvent we used for 

electrospinning, b) vitamin B12 has high aqueous solubility (12-14 g/L) [53], c) its 

detection is easy by UV-VIS spectroscopy, and d) oral administration of vitamin B12 

(including sublingual) is widespread, especially in the treatment of vitamin B12 

deficiency [54]. As vitamin B12 is highly soluble in saliva and typically used in very low, 

1-1000 µg, doses in the formulations [54], the role of the polymer matrix is to facilitate 

the handling of the active compound for both the production and the patients as well as 

to ensure rapid release of incorporated vitamin B12. Vitamin B12 was incorporated in the 

fibers during electrospinning (Fig. 7.6b). As noted in Fig. 7.7a, more than 82% of the 

T1DEP50B49 matrix (M25T) was dissolved, while 90% of vitamin B12 (B12,M) was 

released in the first minute of the experiment, indicating that the fast dissolution of the 

matrix ( 25M Tk  = 2.2 min−1) is accompanied by the rapid release of vitamin B12(

12 ,B Mk  = 2.5 min−1) incorporated. To characterize the effect of formulation on the release 
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of vitamin B12, the dissolution profile of the pure vitamin B12 (B12) and the release of 

vitamin B12 incorporated in a T1DEP50B49 film (B12,F) were also determined at the pH 

of saliva (pH = 6.8). As shown in Fig. 7.7b, there is no significant difference between the 

dissolution profile of the pure vitamin B12 (B12) and the release profile of vitamin B12 

incorporated in the nanofibrous matrix (B12,M) (p > 0.05). However, the release of vitamin 

B12 entrapped in a film (B12,F) was significantly slower than that from the electrospun 

T1DEP50B49 matrix (B12,M) (p < 0.001, highly significant) over the entire time range. 

B12 and B12,M dissolves almost completely (≥ 90%) within one minute, while release of 

B12,F is only just above 50% in that time. Dissolution rate constants calculated by the 

Noyes–Whitney equation (Eq. 7.1) are in agreement with this observation (

12Bk  = 2.6 min−1, 
12 ,B Mk  = 2.5 min−1, 

12 ,B Fk  = 1.6 min−1). 

 

 

Fig. 7.7  (a) Dissolution of the T1DEP50B49 matrix (M25T) and rapid release of 

vitamin B12 from this matrix (B12,M), and (b) dissolution profile of the pure 

vitamin B12 (B12), and release profiles of vitamin B12 from  T1DEP50B49 

matrix (B12,M) and T1DEP50B49 film (B12,F) (SSF, pH = 6.8, 37 °C). 

 

7.3.6 Design of neutral polyaspartamide fibers: for ophthalmic drug delivery 

The interest in the development of novel ophthalmic drug formulations has 

increased considerably because of the low bioavailability (less than 5%) of drug 

molecules in the case of topically administered eye drops. Low therapeutic efficacy stems 

from a number of factors: the complex structure of the eye (the small absorptive surface, 

low permeability of the cornea, lipophilicity of corneal epithelium), metabolism, bonding 

of the drug to proteins in tear liquid, the loss of the active pharmaceutical ingredients 

(APIs) through the nasolacrimal duct, as well as protective mechanisms such as tear 

formation and blinking [55,56]. The main challenge in the development of ophthalmic 

drug formulations is to achieve the required drug concentration at the site of absorption 

and to prolong the residence time, which could contribute to a reduced frequency of 

administration [57,58]. Polymers are often used in ophthalmic formulations to increase 

the viscosity and thus the residence time of the formulation on the corneal surface, which 
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increases the bioavailability of the API. Drug penetration can also be improved by various 

additives such as chelating agents, surfactants, and cyclodextrins, this latter form 

inclusion complexes leading to increased solubility, permeability, and bioavailability of 

the poorly soluble drugs. Controlled release of the drug can also be achieved by novel 

formulations such as inserts, collagen shields, contact lenses, and in situ gels. These solid 

or semi-solid formulations provide controlled release and increasing bioavailability of the 

API due to the prolonged contact time with cornea.  

Rifampicin (RFP), an important antibiotic and antiviral agent, inhibits bacterial 

DNA dependent RNA synthesis; thus, it can be applied for the treatment of many 

infectious diseases such as tuberculosis and Hansen’s disease [59]. Although rifampicin 

has high efficiency, the scope of its applications is limited by its poor hydrolytic and 

thermal stability, and by its rather limited aqueous solubility [60]. Because of these 

difficulties and the inaccurate dosing of eye drops, development of a stable solid 

formulation of rifampicin could be really beneficial.  

It has already been proven in this chapter that matrices with submicron sized fibers 

having narrow size distribution can be electrospun from cationic polyaspartamides by 

using ethanol. Beside the fact that ethanol is a green solvent, its further major benefit is 

that degradation of drugs with low hydrolytic stability (e.g., rifampicin) can be avoided 

by its application. DEP50B50, whom excellent fiber forming properties were previously 

shown, is a good candidate for the preparation of a novel solid nanofibrous formulation 

to encapsulate rifampicin, however, concentrated aqueous solution of DEP50B50 are 

highly alkaline (pH~9-10) due to the ionizable 3-(diethylamino)propyl side groups. This 

is not a problem in sublingual drug delivery due to small polymer amount (5-10 mg), the 

quite high saliva secretion rate (~0.5 ml/min) [61] and continuous swallowing resulting 

in low polymer concentration. In contrast, in the eye, the permanent production of 

lachrymal fluid is 2-3 order of magnitude slower (~0.5-2.2 µl/min) [62] thus the same 

amount of DEP50B50 could shift the prevailing pH towards more alkaline and the high 

concentration of ionic groups can also change the osmolality in the eye. Therefore, the 

3-(diethylamino)propyl side groups was replaced with hydroxybutyl (HOB) side groups.  

50 mol% butyl (HOB50B50) or hexyl (HOB50H50) side groups were 

incorporated into the polymer in addition to the hydroxybutyl side groups to determine 

the effect of chemical structure of this type of “neutral” (nonionic) polyaspartamides” on 

release properties (for the synthesis and chemical characterization of neutral 

polyaspartamides please see Chapter 2 and Chapter 3, respectively). HOB50B50 and 

HOB50H50 matrices containing rifampicin (1.6 w/w%) were electrospun from their 

25 wt% ethanol based solution (Fig. 7.8c). The morphology of electrospun fibers was 

investigated by SEM and the results show that uniform nanofibers could be produced 

independently from the chemical composition. By using butyl side groups, the fiber 

diameter was ~ 800 nm, while in the presence of hexyl groups, the average diameter of 

the fibers was found as ~ 900 nm (Fig. 7.8a and b).  

The crystallinity of entrapped API largely affects its bioavailability, thus, X-ray 

diffractograms of the matrices and the pure drug were recorded. Comparing the X-ray 

diffractograms of the pure and the encapsulated rifampicin (HOB50B50 + RFP), it can 

be clearly seen that the originally crystalline and poorly water-soluble rifampicin became 
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amorphous during electrospinning, which can improve its solubility and, consequently, 

the bioavailability (Fig. 7.8d). 

 

 

Fig. 7.8 SEM micrographs of the (a) HOB50B50 and (b) HOB50H50 matrices 

loaded with rifampicin (RFP), (c) photograph of drug loaded HOB50H50 

matrix and (d) X-ray diffractograms of rifampicin, HOB50B50 electrospun 

matrix, and rifampicin entrapped in HOB50B50. 

 

The results of release experiments (Fig. 7.10a) show that rapid dissolution of the 

amorphized rifampicin can be reached by using neutral polyaspartamide matrices. 

Moreover, release profile of the RFP is found to be tunable by the polymer composition. 

Release of rifampicin is significantly faster in the case of HOB50B50 than for 

HOB50H50 matrices: RFP releases almost fully within 5 min from HOB50B50 fibers, 

while only ~ 40% drug release can be observed after 20 min in the case of HOB50H50 

matrix. These results correlate with the behavior of matrices in aqueous solution, that is, 

HOB50B50 matrix dissolves very rapidly (within 2-3 s), while HOB50H50 matrix do not 

dissolve but shrink which might result in diffusion-controlled drug release. Thus, the 

effect of chain length of alkyl side groups is the same as it has been experienced earlier 

for cationic polyaspartamide matrices (Fig. 7.2). 
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Fig. 7.9 Release of rifampicin (RFP) from HOB50B50 and HOB50H50 electrospun 

matrices at the pH of the lacrimal fluid (pH = 7.6, 37 °C). 

 

7.4 Conclusion 

Nanofibrous matrices were successfully prepared from cationic or nonionic 

polyaspartamides by solvent electrospinning using ethanol, a green and pharmaceutically 

accepted solvent (ICH 3 Class solvent). Matrices from cationic polyaspartamide 

containing 50 mol% 3-(diethylamino)propyl and 50 mol% n-butyl side groups were 

produced with no additives, and submicron sized fibers with a narrow size distribution 

were achieved with a polymer concentration of 25 wt%. Both the polymer and the fibrous 

matrices have a high thermal decomposition temperature (200 °C) and a glass transition 

temperature at around 50 °C. The matrix dissolved almost completely within one minute 

in simulated salivary fluid (pH = 6.8), which was accompanied by the rapid release of 

vitamin B12 incorporated. These results suggest the potential application of electrospun 

matrices of polyaspartamides in sublingual and buccal drug delivery. To expand the 

application of electrospun polyaspartamide fibers to ophthalmic delivery, neutral 

polyaspartamides were also prepared for electrospinning. Rifampicin was successfully 

encapsulated into neutral polyaspartamide fibers. The highly crystalline API was found 

amorphous in the electrospun matrices which strongly enhances its solubility and 

therefore its bioavailability. Rapid dissolution of the poorly water-soluble rifampicin was 

achieved by using neutral polyaspartamide matrices, furthermore release rate of RFP was 

found to be adjustable by polymer composition. These results might open up new 

possibilities for the improvement of therapeutic efficiency with solid ophthalmic dosage 

forms. 
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Chapter 8 
 

Summary 
 

Pharmaceutical formulations produced of or at least containing pH-responsive 

polymers have gained a particular attention since they could provide controlled release 

and/or targeted delivery of the drugs by utilizing the pH gradient occurring in the human 

body, especially in the gastrointestinal tract (GI). Furthermore, these polymer matrices, 

as tablet coatings or fibrous systems, are capable of protecting the active molecule from 

environmental impacts as well as mask the unpleasant taste of the active pharmaceutical 

ingredient (API) making the drug administration more efficient and comfortable. Many 

pH-responsive polymers are used for the fabrication of such dosage forms, however, 

synthetic polymers with tunable chemical and physical properties, particularly 

poly(meth)acrylates, are of much greater importance than natural polymers with poor 

structural reproducibility. Nevertheless, also the market leader poly(meth)acrylates have 

disadvantages namely their synthesis which often requires hazardous additives and lack 

of their biodegradability. Poly(aspartic acid) (PASP), a synthetic poly(amino acid) 

combines the benefits of natural and synthetic polymers as it is expected to be 

biocompatible and biodegradable as well as wide variety of poly(aspartic acid) 

derivatives can be synthesized under mild reaction conditions and their structures can be 

precisely controlled. On the basis of these advantageous properties and the experiences 

gained by the Soft Matters Group so far for PASP derivatives, I believe that these 

polymers can serve as potential alternatives of poly(meth)acrylates in the field of GI drug 

delivery. Therefore, the main goal of this Thesis was to synthesize and characterize pH-

responsive aspartic acid derivatives and polymer matrices made of them, especially 

polymer films for tablet coating and fibrous matrices by considering their future 

biomedical application. At the end of this chapter I highlight the most important new 

findings of this research in a few thesis points. 

The synthesis of the aspartic acid derivatives was studied in the first stage of the 

research. The chemical structure of the synthesized polymers was proven by 1H NMR 

and FTIR spectroscopy, while the molecular weight and the molecular weight distribution 

were investigated by rolling ball viscometry and size exclusion chromatography, 

respectively. The results confirmed that aspartic acid derivatives, including anionic, 

cationic and neutral polyaspartamides, can be synthesized with the desired structure at 

complete conversion by reacting polysuccinimide (PSI) with primary amines at room 

temperature without presence of any additives. The polymers showed sufficiently high 

molecular weight and narrow weight distribution which are beneficial for film and/or 

fiber formation. It was also proven that tryptophan methyl ester (TrpOMe) was 

successfully incorporated into the polymer chain and can be used to monitor polymer 

concentration in aqueous solution by fluorescence spectroscopy. 

As it was proven that the composition of the polymers can be adjusted in a 

controllable manner, my next goal was to synthesize aspartic acid derivatives with 

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

(anionic PASP derivatives) were synthesized to determine the effect of type and 
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concentration of alkyl side groups on the pH-dependent aqueous solubility of PASP. 

Strong correlation was found between the degree of modification and the apK  values of 

the polymers. The extended Henderson-Hasselbalch equation with limited solubility 

properly described the pH-dependent solubility of the PASP derivatives. The results 

demonstrated that the solubility of PASP can be tuned by appropriate selection of the type 

and concentration of substituents. Fluorescent marking was successfully applied for the 

determination of pH-dependent dissolution kinetics of a chosen PASP derivative. 

In acidic media (pH = 1.2) only a negligible amount of the polymer dissolved, but 

dissolution was very fast and complete at the pH values that prevail in the first tract of 

the small intestine, in the duodenum (pH = 6.8). The adjustable pH-dependent solubility 

and dissolution kinetics observed indicates that anionic PASP derivatives can be 

potentially applied as starting materials of enteric tablet coatings providing targeted 

release in various parts of the GI tract. 

One of the main goals of the pharmaceutical development is to produce tablet 

coatings for taste masking of the active compound in the mouth and to ensure a rapid 

release in the stomach. Therefore, I aimed to synthesize PASP derivatives that could meet 

these needs if applying them as a polymer film. Tertiary amine and alkyl side groups were 

incorporated into the polymer chain resulting in cationic polyaspartamides. 

Glass transition temperature is highly influencing the mechanical properties of the tablet 

coatings thus Tg of the polymers was adjusted to around room temperature by choosing 

the proper combination of side groups. Dissolution kinetics study showed that the films 

made of the cationic polyaspartamides dissolves less than ~15% in 30 s – the time at 

which the taste masking efficiency must be assessed – at the pH of the saliva (pH = 6.8), 

while more than 50% dissolution was observed within 1 min at pH the gastric fluid 

(pH = 1.2). 

The experience gained during the physico-chemical characterization of cationic 

polyaspartamides was utilized to prepare polymer films which can be used as entero-

soluble tablet coatings providing taste masking in the mouth and rapid release of the drug 

in the stomach. Free films were formed successfully from cationic polyaspartamides by 

solvent evaporation. Results of thermal analysis indicated that Tg of the cationic 

polyaspartamides can be reduced to well below room temperature by adding even a small 

amount of pharmaceutically accepted plasticizers, triethyl citrate (TEC) or glycerol. 

Moisture uptake of the films was reduced considerably in the presence of TEC proving 

their moisture barrier capacity. Polymer films made of cationic polyaspartamides showed 

similar mechanical properties as commercially available cationic poly(meth)acrylate 

coatings. Electric tongue measurement proved the neutral taste of the cationic 

polyaspartamides which is essential for taste masking application. According to these 

results, I conclude that the cationic polyaspartamides have the potential to be used as 

tablet coatings serving as alternatives of polyacrylates in entero-soluble formulations. 

Commercially available formulations do not exploit the full potential of 

administration routes, such as transmucosal delivery, thus a special attention is directed 

toward electrospun fibers with nano- and microfibrous morphology. Accordingly, in the 

last part of the Thesis I aimed to fabricate fibrous matrices from aspartic acid polymers 

by solution electrospinning. Cationic polyaspartamides were successfully electrospun 

without the need of any additives by using ethanol, a green and pharmaceutically accepted 
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solvent (ICH 3 Class solvent). Structure and molar ratio of the side groups had a major 

influence on spinnability of the polymers thus composition of cationic polyaspartamides 

had to be adjusted. Finally, matrices with submicron sized fibers with a narrow size 

distribution were obtained. Vitamin B12 was incorporated into the polyaspartamide fibers 

as a model drug. Owning to fluorescent marking of the polyaspartamides and the high 

UV absorbance of the B12, I was able to simultaneously follow the dissolution of the 

matrix and the release of the drug. The drug loaded matrix dissolved almost completely 

within one minute in simulated salivary fluid (pH = 6.8), which was accompanied by the 

rapid release of vitamin B12 incorporated. These results suggest the potential application 

of electrospun matrices of cationic polyaspartamides in sublingual and buccal drug 

delivery. To make fibrous polyaspartamide matrices suitable for other routes of 

administration e.g., ophthalmic delivery tertiary amine side groups were replaced by 

hydroxyalkyl moieties resulting in matrices with pH-independent aqueous solubility. The 

crystalline rifampicin (RFP) was successfully encapsulated into neutral polyaspartamide 

fibers and found amorphous in the electrospun matrices which strongly enhance its 

solubility and therefore higher bioavailability is expected. Furthermore, the release rate 

of the poorly water-soluble rifampicin can be controlled by polymer composition. These 

results add new possibilities for the improvement of therapeutic efficiency with solid 

ophthalmic dosage forms. 

 

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 successfully prepared poly(aspartic acid) derivatives with different 

concentration of alkyl side groups and found that their pH-dependent 

solubility can be described accurately by the extended 

Henderson-Hasselbalch equation with limited solubility. I showed that both 

their maximum solubility ( maxS ) and their apK  value determined from the 

solubility can be controlled by proper selection of the type and concentration 

of the alkyl side groups. [1]. 

2. I developed a selective method based on fluorescent labeling of poly(aspartic 

acid)s or polyaspartamides with tryptophan methyl ester (TrpOMe) to 

characterize the composition- and pH-dependence of dissolution kinetics of 

the aspartic acid based polymers. TrpOMe can be introduced into the 

polysuccinimide chain under mild reaction conditions. I showed that the 

dissolution of the polymer and the release of the drug can be studied 

simultaneously if the characteristic fluorescent peaks of the TrpOMe and 

visible absorption band of the drug do not overlap. [1,2,4]. 

3. I showed that glass transition temperature (Tg) of the cationic 

polyaspartamides can be reduced to around room temperature by choosing the 

proper combination of dialkylaminoalkyl and alkyl side groups. I am the first 

who determined the effect of the structure and the molar ratio of the 

introduced side groups on the Tg of the cationic polyaspartamides. I presented 

that pH dependent dissolution of these polymers can be adjusted by the 

polymer composition [2]. 
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4. I was the first to prepare polymer films from cationic polyaspartamides that 

can potentially be suitable to use as a tablet coating. I showed that polymer 

films having good mechanical performance, moderate moisture uptake and 

neutral taste can be prepared from cationic polyaspartamides [5]. 

5. I was the first to prepare nanofibrous matrices from cationic and neutral 

polyaspartamides by solvent electrospinning using ethanol, a green and 

pharmaceutically accepted solvent. I showed that the matrices having 

submicron sized fibers with a narrow size distribution can be produced with 

no additives [3,4]. 

6. I showed that drug molecules can be encapsulated into the polyaspartamide 

matrices and the release rate of the active molecules can be tuned by the 

polymer composition. I pointed out that the fast dissolution of the 

polyaspartamide matrix ensures the fast release for the amorphous and fast 

dissolving vitamin 12B . I proved that the crystalline rifampicin having limited 

solubility can be entrapped in the matrix in its amorphous form by 

electrospinning resulting in improved dissolution rate of the drug [3,4]. 
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Appendix 
 

Appendix for Chapter 4 

The pH-dependent solubility PASP derivatives 

 

Fig. i pH-dependent solubility of PASP derivatives with n-butyl side groups a) 

PASP B37.5, b) PASP B50, c) PASP B62.5 and d) PASP B75 modelled by 

the HH (short dashed line, 1.), the extended HH (dashed line, 2.) and the 

extended HH with limited solubility (dotted line, 3.). 
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Fig. ii pH-dependent solubility of PASP derivatives with n-hexyl side groups a) 

PASP H25, b) PASP H37.5, c) PASP H50 and d) PASP H62.5 modelled by 

the HH (short dashed line, 1.), the extended HH (dashed line, 2.) and the 

extended HH with limited solubility (dotted line, 3.). 
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Appendix for Chapter 5 

Thermal decomposition of PASP and the cationic polyaspartamides synthesized 

 

 

Fig. iii TG/DSC/MS analysis of PASP. Ion thermograms of H2O (m/z = 18) and 

CO2 (m/z = 44) are indicated (arbitrary scale). Heating rate was 

10 °C/min. 
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Fig. iv TG/DSC/MS analysis of a) DEP50P50, b) DEP90P10, c) DEP90H10, d) 

DMP90P10, e) DEE90P10 and f) DME90P10. Ion thermograms of H2O 

(m/z = 18) and CO2 (m/z = 44) are indicated (arbitrary scale). Heating 

rate was 10 °C/min. 
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Cell viability study 

 

Fig. v Effect of DEP50P50, DME90P10 and DEE90P10 on viability of a) PC-3 

cells and b) HEK-293 determined by MTT assay. 

 

Appendix for Chapter 7 

Calculation of the specific surface area (SAA) and the polydispersity index of the fiber 

diameter (PDI)s 

The specific surface area (SSA, m2 g-1) of the matrices was calculated using the 

following expression (Eq. i): 

 
fiber

polymer fiber

A
SSA

V

 
=  
  

 (i) 

where fiberV  is the volume, fiberA  is the surface area of the fiber, while polymer  is the 

density of DEP50B50. The surface area of cylindrical fibers was calculated as that of a 

cylinder (S20), while SSA of ribbon like fibers (S25, S30) was determined as that of a 

rectangular column taking into account that the length of the fibers is much larger than 

the cross-sectional sizes. 

Calculation of the surface area of the matrix with cylindrical fibers (
20SA ): 

 
4

polymer fiber

SSA
D

 
=  
  

 (ii) 

where fiberD  is the diameter of the fiber. 

Calculation of the surface area of the matrices with ribbon like fibers ( 25, 30S SA ): 
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2( )

polymer

a b
SSA

ab

 +
=  
  

 (iii) 

where a  and b  are the length of shorter (thickness) and the longer (width) side of the 

rectangular cross-section. 

It is important to note that density of DEP50B50 required for the calculation of the 

specific surface area of the matrices was not available in the literature. The density of the 

dry polyaspartamide, DEP50B50, was determined by helium pycnometry and was found 

to be 50 50DEP B  = 1.12 g cm-3. 

The polydispersity index of the fiber diameter was calculated by the following 

equation [1]: 

 

2

PDI
x

 
=  
 

 (iv) 

where   is standard deviation of the size (diameter or width or thickness) of the fibers, 

while x  is the mean size. For ribbon-like fibers the PDI was calculated both for the width 

and the thickness. 

 

Matrix dissolution and drug release 

 

Fig. vi UV-Vis spectra of vitamin B12 (0.25 g/L) and T1DEP50B49 polymer 

(10 g/L) in simulated salivary fluid (phosphate buffer, pH = 6.8). 

Concentrations were chosen according to the mass ratio of vitamin B12 and 

T1DEP50B49 in the electrospun matrix (1:40). 
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Cell viability study 

PC-3 cells were used as model cells for primary assessment of biocompatibility of 

DEP50B50. The effect of DEP50B50 on cell viability was studied by using MTT 

proliferation assay. The experiments were carried out as described in Chapter 2. 

DEP50B50 did not decrease significantly the viability of PC-3 cells within the 

concentration range studied (up to 125 µg/ml) within 72 h cell, as shown in Fig. vii. These 

preliminary data on biocompatibility support the further human biological use of 

DEP50B50. Detailed study about structure-dependent biological characteristics of 

cationic polyaspartamides including DEP50B50 can be found in our other paper [2]. 

 

 

Fig. vii Effect of DEP50B50 on viability of PC-3 cells determined by MTT assay. 
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