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1. Introduction

The wuse of pH-responsive polymers in oral drug
administration allows us to fabricate dosage forms providing drug
release in the desired region of the gastrointestinal tract (Gl)
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. 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.

| 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.
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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 | 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, | 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.

2. Materials and methods
2.1. Synthesis of the aspartic acid based polymers

Poly(aspartic acid) derivatives with alkyl side groups were
prepared by reacting polysuccinimide (PSI) with n-butylamine or
n-hexylamine and subsequently opening the residual succinimide
rings of the modified PSI polymers via hydrolysis (imidazole
buffer, pH = 8) (Fig. 1).

PSI was functionalized with dialkylaminoalkyl and alkyl side
groups by nucleophilic addition of various
dialkylaminoalkylamines or amino alcohols and alkylamines onto
the imide groups of the polymer chain to obtain cationic and
neutral polyaspartamides, respectively (Fig. 1).
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2.2. Preparation of polymer matrices

Fibrous polyaspartamide matrices were electrospun from their
ethanol-based solutions by using a homemade electrospinning
instrument equipped with a high voltage DC supply (MA 2000
NT-35; applied voltage: 20 kV), the solutions were supplied by a
syringe pump (Harvard Apparatus; dosing rate: 0.5 ml/h).

Polyaspartamide films were prepared by pouring their
2-propanol-based solutions onto a teflon plate bordered with a
silicone frame and then evaporating the solvent.

2.3. Characterization

Proton nuclear magnetic resonance (*H NMR) and Fourier
transformed infrared spectroscopy (FTIR)

'H NMR spectra of the polymers were recorded using a Bruker
500 MHz spectrometer while FTIR spectra were recorded using a
Bruker Tensor 27 FTIR spectrometer.

Differential scanning calorimetry and thermal decomposition

DSC traces were recorded by using a PYRIS Diamond
Differential Scanning Calorimeter (PerkinElmer). Simultaneous
thermogravimetric and differential scanning calorimetric analysis
(TG/DSC) and mass spectrometric (MS) evolved gas analysis were
carried out using an STA 449 C Jupiter (Netzsch) thermoanalyzer
coupled with a quadrupole mass-spectrometer QMS 403 C Aeolos.

Characterization of polymer solutions for fiber formation

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 surface tension of
the polymer solutions was determined by using a drop shape
analysis system (DSA-30, Kruss) while specific conductivity of
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the polymer solutions was characterized by applying a
conductometer (inoLab Level 2, WTW) equipped with a
conductivity cell (TetraCon 325, WTW).

Scanning electron microscopy (SEM)

The morphology of the electrospun matrices was investigated
with a Carl Zeiss Merlin field-emission high-resolution scanning
electron microscope (SEM).

pH-dependent solubility

pH-dependent solubility of the polymers was investigated by
acid-base titration using a Methrom Titrando 808 Dosing Unit. The
change of turbidity was followed by visual observation.

Polymer matrix dissolution and drug release studies

The measurements were carried out in a continuously stirred
vessel by using a piece of a polymer film or a drug loaded matrix.
The amount of dissolved polymers was determined by
fluorescence spectroscopy (PerkinElmer LS55 fluorescence
spectrometer). The concentration of released vitamin Bi» and
rifampicin  was measured by UV-Vis spectrophotometry
(Jena Specord 200 UV-Vis spectrophotometer).

Tensile testing

Tensile testing of the polymer films was performed by using
an Instron 5566 testing apparatus equipped with a 10 N load cell.

Moisture uptake

Moisture uptake of the polymer films was determined as mass
increase upon storing at a given relative humidity (RH) using a
desiccator.

Taste analysis

Polymers were analyzed with an Alpha ASTREE Il
potentiometric electronic tongue (Alpha M.O.S.) equipped with a



Thesis 5

sensor array including seven chemically modified field-effect
transistor (CHEMFET) sensors developed for pharmaceutical
applications.

Cell viability

Cytotoxicity of the polymers were evaluated by MTT method
using human prostatic carcinoma cell line (PC-3) and human
embryonic kidney cell lines (HEK-293).
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Fig. 1 Synthesis of aspartic acid based polymers
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3. Results

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 HNMR and FTIR
spectroscopy and 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 PSI with primary amines at room
temperature without presence of any additives (Fig. 2a).
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Fig. 2 a) Relationship between feed composition and the

degree of modification (molar ratio of the side groups
to the repeating units, calculated from *H NMR) of the
PSI derivatives containing (o) n-butyl or (4) n-hexyl
side groups, b) fluorescent spectra (Zexc = 270 nm) of
PASP and T1H50 PASP in simulated salivary fluid in
comparison with non-fluorescent PASP (phosphate
buffer, pH = 6.8).
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The polymers showed sufficiently high molecular weight
(~30-60 kDa) 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 (Fig. 2b).

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
concentration of alkyl side groups on the pH-dependent aqueous
solubility of PASP. The extended Henderson-Hasselbalch
equation with limited solubility properly described the pH-
dependent solubility of the PASP derivatives. Strong correlation
was found between the degree of modification and the pK, values

of the polymers deduced from the solubility model (pKa, eHH)
(Fig. 3a).

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 medium (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) (Fig. 3b). 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 Gl tract.
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Fig. 3 a) Correlation between the degree of modification and

PK, . Values of the PASP derivatives with (o) n-butyl

and (4) n-hexyl side groups and b) pH-dependent
dissolution of TLH50 PASP.

One of the important 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, | 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 largely affects the mechanical
properties of the tablet coatings thus T4 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) (Fig. 4).
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Fig. 4 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 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 T 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 (Fig. 5). 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.
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Fig. 5 a) Effect of the plasticizer content on the Young'’s
modulus, the tensile strength, and the elongation at
break of the DEP90P10 films and b) characteristic
stress-strain curves of the DEP90P10 films with
different TEC content.

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, | aimed to fabricate fibrous matrices from aspartic
acid polymers by solution electrospinning.  Cationic
polyaspartamides were successfully electrospun with no additives
by using ethanol, a green and pharmaceutically accepted 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 (Fig 6a). Vitamin B> was incorporated
into the polyaspartamide fibers as a model drug. Owning to
fluorescent marking of the polyaspartamides and the high UV
absorbance of the B, | 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
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simulated salivary fluid (pH = 6.8), which was accompanied by the
rapid release of vitamin B2 incorporated (Fig 6b and c).
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Fig. 6 a) SEM micrographs and fiber size distribution of
matrices electrospun from 25 wt% DEP50B50 ethanol
solution. b) Dissolution of the TIDEP50B49 matrix
(M25T) and rapid release of vitamin B> from this
matrix (Bi2,m), and c) dissolution profile of the pure
vitamin B12 (B12), and release profiles of vitamin By
from T1DEP50B49 matrix (Bi2,m) and TIDEP50B49
film (B12F).

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
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resulting in matrices with pH-independent aqueous solubility. The
crystalline rifampicin was successfully encapsulated into neutral
polyaspartamide fibers and found amorphous in the electrospun
matrices which strongly enhance its solubility. 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.
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New scientific results

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 (S,

) and their pK, value determined from the solubility can be

controlled by proper selection of the type and concentration of
the alkyl side groups. [1].

| 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].

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. | 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].

I was the first to prepare polymer films from cationic
polyaspartamides that can potentially be suitable to use as a
tablet coating. |showed that polymer films having good
mechanical performance, moderate moisture uptake and
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neutral taste can be prepared from cationic polyaspartamides
[5].

5. | 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. | 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 B,,. | 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].

5. Application of the new scientific results in practice

The synthesized aspartic acid based polymers are good
candidates for human biological applications especially for drug
delivery systems due to their easy functionalization under mild
reaction conditions, tunable physico-chemical properties and
expected  biocompatibility.  Owningto the  adjustable
pH-dependent solubility and dissolution rate of aspartic acid based
polymers, they can be potentially used as functional parts of drug
delivery system providing controlled and/or targeted delivery in
the gastrointestinal tract.

Polyaspartamides show good film forming ability and the
polymer films obtained have similar properties to polyacrylate
based pharmaceutical film coatings available on the market, which
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indicates the potential of the synthesized polymers in field of tablet
coatings.

Electrospun matrices made of polyaspartamides are fabricated

by using ethanol-based solutions therefore these systems are
potential candidates for encapsulation of hydrolytically instable
drugs and/or drugs with low aqueous solubility. By choosing the
proper combination of side groups, polyaspartamide matrices
could provide different types of release profiles such as immediate
or sustained drug release.
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