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HIGHLIGHTS


Polyaspartamides with dialkylaminoalkyl and alkyl side groups were synthesized.



The polymers have glass transition temperatures around 25 °C and are thermally stable.



A correlation was established between the Tg and the polymer composition.



Dissolution kinetics of the polymers was determined by fluorescent labeling.

ABSTRACT
Polyaspartamides with dialkylaminoalkyl and short chain alkyl side groups were
synthesized and characterized in order to prepare polymer films. Their structure was confirmed
by nuclear magnetic resonance (1H NMR) and Fourier transform infrared (FTIR) spectroscopy
and their thermal decomposition temperature (Td) was determined by thermogravimetric
analysis. The composition of the polymers was adjusted to obtain polyaspartamides with glass
transition temperatures (Tg) at around room temperature and the relationship between the
structure and the properties was examined. The dissolution profile of polymer films made of
polyaspartamides was measured with the help of fluorescent marking to show that dissolution
rate of the films depends on the pH and can be controlled by the composition of the polymers.
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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 very 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(acrylic acid) and poly(methacrylic acid) with dialkylaminoalkyl side groups
(cationic polyacrylates), e.g. dimethylaminoethyl(meth)acrylate (Eudragit ® E, Eudragit® E PO)
[6–8] and diethyaminoethyl(meth)acrylate (Kollicoat® Smartseal 30 D) [2,9]. Solubility, rate
of dissolution, decomposition- and glass transition temperature can be controlled by the
copolymerization of properly chosen (meth)acrylic esters [5,10]. However, acrylate copolymers
have several disadvantages, such as moderate adjustment of their physico-chemical properties,
and relatively complex synthesis of the monomers and/or the polymers often requiring toxic
additives [10,11]. Additionally, polyacrylates are not biodegradable in general [10].
These drawbacks can be overcome by the application of polyaspartamides which can be
synthesized with large structural variety under mild reaction conditions because their precursor
polymer, polysuccinimide (PSI) exhibits high reactivity towards primary amines [12–15].
Moreover, due to their protein like structure, these polymers are expected to be biocompatible
[16] and biodegradable [17].
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A limited number of publications deal with the synthesis and characterization of cationic
polyaspartamides. Polymers [18,19] and gels [15,20] displaying temperature or pH sensitivity
or sol-gel transition [16] were prepared using (di)alkylaminoalkyl – e.g. isopropylaminoethyl
or dimethylaminopropyl – ligands as side groups. However, no attempts have been made to
determine the effect of side groups on the thermal properties and dissolution rate of these
polymers. Moreover, according to the best of our knowledge, polymer films have not been
prepared from polyaspartamides up to now.
Accordingly, our aim was to synthesize polyaspartamides with tertiary amine side groups
to adjust their glass transition temperature (Tg) to around room temperature. PSI was modified
with various dialkylaminoalkyl- and alkylamines and the chemical structure of the polymers
was confirmed by nuclear magnetic resonance (1H NMR) and Fourier transform infrared
(FTIR) spectroscopy. Thermogravimetric measurements were carried out to determine the
thermal stability of the polymers. Furthermore, we 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
was characterized by fluorescent tracking.

2.

EXPERIMENTAL

2.1

Materials
3-(dimethylamino)-1-propylamine

(DMP, 99%),

2-dimethylaminoethylamine

(DME, 98%), 2-diethylaminoethylamine (DEE, 99%), phosphoric acid (99%), L-tryptophan
methyl ester hydrochloride (T), triethyl citrate (TEC, ≥98%), D2O (99.9 atom% D, contains
0.05 wt% 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt (TMS)) and d6-DMSO
(99.96 atom% D, contains 0.03 vol% tetramethylsilane) were bought from Sigma-Aldrich.
L-aspartic acid (99%), 3-(diethylamino)-1-propylamine (DEP, ≥98%), n-propylamine (P, 99%),
dibutylamine (DBA, 99%), potassium chloride (99.5%), and dimethyl sulfoxide (DMSO,
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≥99.9%) were purchased from Merck. Hydrochloric acid (HCl, 35%) and ethyl acetate (EtAc,
99.89%) were obtained from LachNer. N,N-Dimethylformamide (99.9%), 2-propanol (99.9%),
n-hexylamine (H, 99%) and sodium hydroxide (NaOH, a.r.) were bought from Reanal. 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 m). Gastric fluid was simulated with an HCl solution (pH = 1.2), while saliva by
PBS buffer (pH = 6.8). The ionic strength of the solutions was adjusted to 0.15 M by the
addition of KCl. The pH of the buffer solutions was checked with a pH/ion analyzer (Radelkis
OP 271/1).
2.2

Synthesis and preparation

2.2.1 Synthesis of polysuccinimide
Polysuccinimide (PSI) was synthesized by the thermal polycondensation of L-aspartic
acid in a solvent free reaction. 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 to 200 °C
under vacuum using a rotary evaporator. The pressure was maintained at 10 mbar during the
reaction. A slightly brown product was formed after 5 h. PSI was purified by precipitation in
DMF–H2O (1:3) and dried in vacuum at 25 °C for 24 h. 1H NMR (300 MHz, d6–DMSO): 5.27
(1H, CO-CH-CH2-CO); 3.21 and 2.70 (2H, CO-CH-CH2-CO).
The viscosity average molecular weight of polysuccinimide ( Mv,PSI ) was determined by
viscometry. PSI was dissolved in 0.1 M LiCl/DMF solution, and samples with polymer
concentration between 0.004 and 0.02 g mL-1 were prepared for the measurement. The
experiment was carried out 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.
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M v , PSI was calculated from the intrinsic viscosity data using the Kuhn–Mark–Houwink

equation:

   KM v, PSI

(1)

where K = 1.32×10-1 and  = 0.76 for PSI were taken from the literature [21]. M v , PSI was
determined to be 29 kDa.
Poly(aspartic acid) (PASP) was synthesized by the hydrolysis of PSI. 1 g (0.01 mol) of
PSI was added to 200 cm3 0.1 M NaOH(aq) and the mixture was stirred for 5 h. The final solution
was dialyzed against ultrapure water and lyophilized. A slightly yellow product was obtained.
1

H NMR (300 MHz, D2O): 4.55 (1H, NH-CH-CO-CH2), 2.66 (2H, CO-CH-CH2-CO).

2.2.2 Synthesis of cationic polyaspartamides
PSI was functionalized with dialkylaminoalkyl and alkyl side groups by the nucleophilic
addition of various dialkylaminoalkyl- and alkylamines onto the imide groups of the polymer
chain (Scheme 1). A typical procedure was as follows (e.g. PSI modified with 90 mol%
3-(dimethylamino)-1-propylamine and 10 mol% propylamine; abbreviated as DMP90P10):
3.00 g of PSI (30.93 mmol of succinimide repeating units) was dissolved in 26 g of DMSO and
then 2.844 g of 3-(diethylamino)-1-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.
DMP90P10: 1H NMR (500 MHz, d6-DMSO, 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,
6

NH-CH2-CH2-CH2-N(CH3)2), 2.10 (6H, NH-CH2-CH2-CH2-N(CH3)2), 1.53 (2H, NH-CH2CH2-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 ( Amide II), 2944 (νasCH3,
νasCH2). 1H NMR and FTIR assignments of each synthesized polyaspartamide are displayed in
the Supplementary Information.

Scheme 1: Synthesis of cationic polyaspartamides

2.2.3 Synthesis of cationic polyaspartamides with a fluorescence marker
Fluorescent marking was used for the determination of the dissolution rate of the
polymers at the pH of the stomach (pH = 1.2) and the oral cavity (pH = 6.8). At first, PSI was
modified with the methyl ester of a fluorescent amino acid, L-tryptophan. 2.000 g (20.62 mmol)
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 described in the case of non-marked
polymers.
2.2.4 Abbreviations
Synthesized polymers were abbreviated as A%B%, where A and B respectively denote
the repeating units of the polymers modified with dialkylaminoalkyl and alkyl side groups,
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including

3-(diethylamino)-1-propyl

(DEP),

3-(dimethylamino)-1-propyl

(DMP),

2-dimethylaminoethyl (DME), 2-diethylaminoethyl (DEE), propyl (P) and hexyl (H) groups
while the subsequent numeric values refer to concentration ratio (mol%) of the side groups. For
instance, DMP90P10 means that PSI was modified first with 90 n/n% 3-(dimethylamino)-1propylamine (DMP) and subsequently 10 n/n% n-propylamine (P).
2.3

Characterization

2.3.1 Chemical structure
1

H NMR spectra of the polymers were recorded using a Bruker 500 MHz spectrometer

with 128 scans in D2O or 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.
2.3.2 Thermal decomposition of the polymers
Simultaneous thermogravimetric and differential scanning calorimetric analysis
(TG/DSC) and mass spectrometric (MS) evolved gas analysis were carried out on the polymer
samples using an STA 449 C Jupiter (Netzsch) thermoanalyzer coupled with a quadrupole
mass-spectrometer QMS 403 C Aeolos. The measurements were carried out as described
elsewhere [22,23]. Polymer powders of about 10 mg were weighted into aluminum crucibles
and then the samples were heated from 30 to 600 °C with a scanning rate of 10 °C min-1 under
Ar atmosphere (with a total flow rate of 75 ml min-1).
2.3.3 Calorimetric studies (DSC)
Free films were prepared from the polymers by the evaporation of the solvent, 2-propanol,
from their solutions. The samples were dried under vacuum at 25 °C for 24 h prior testing. The
glass transition temperature (Tg) of the synthesized polymers was determined by differential
8

scanning calorimetry (DSC). DSC curves were recorded by using a PYRIS Diamond
Differential Scanning Calorimeter (PerkinElmer). The measurements were performed on
~10 mg samples in N2 atmosphere with a heating rate of 10 °C min-1 between –60 and 120 °C.
DSC curves were used for determination of the glass transition temperature of the polymers.
2.3.4 Dissolution rate of the polymers
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 (Perkin Elmer LS55 fluorescence spectrometer,
λext: 280 nm; λem: 355 nm). Dissolution rate constant of the polyaspartamides at given pH was
calculated by the Noyes–Whitney equation [24]:
ct
 1  e  kt
c

(2)

where ct is the concentration of the dissolved polymer at time t and c is the 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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2.3.5 Cell viability
Human prostatic carcinoma cell line (PC-3) and human embryonic kidney cell line (HEK293) 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 cationic polymers synthesized was
evaluated by using MTT test performed as follows. Cells were collected from the culture flask
by treating 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 125 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 analyser
(Tecan) at wavelength 555 nm. Cell viability was calculated as a percentage of control cells
grown without polymers (100% viability)
2.3.6 Statistical analysis
Results of the dissolution tests were analyzed statistically with GraphPad Prism software
(version 5). Two-way ANOVA (with Bonferroni post-tests) analysis was applied. The values
are expressed as means ± standard deviation (SD). A level of
≤ 0.01 as very significant, and

≤ 0.05 was taken as significant,

≤ 0.001 as highly significant.
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3.

RESULTS AND DISCUSSION

3.1

Chemical structure
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. Together with dialkylaminoalkyl side groups, alkyl side groups were introduced onto
the polyaspartamide chains to adjust thermal properties and aqueous solubility of the polymers.
Using PSI enabled us to synthesize polyaspartamides with large chemical variety under mild
reaction conditions. The yield was high (>75%) independently of composition. The structure of
the polymers was confirmed by 1H NMR and FTIR spectroscopy (Fig. 1).
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Fig. 1: a) 1H NMR and b) FTIR spectra of PSI and the synthesized cationic poly(aspartamide)s
(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)

In the NMR spectra (Fig 1a), 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. Comparing the
12

spectra of polysuccinimide and the polyaspartamides one can observe that the peak 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”), 1.43 (d’), 3.05 ppm (c’)] are identified in the spectra of polyaspartamides.
The ratio of the dialkylaminoalkyl 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 calculated composition of polymers, i.e. the molar
ratio of n-alkyl side groups to the repeating units, ( X calc , Table 1) agrees well with feed
composition ( X feed , Table 1). The molar ratio of dialkylaminoalkyl side groups to the repeating
units is 1  X calc .
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Table 1 Composition, molecular weight and thermal properties of the synthesized cationic polyaspartamides
Sample name

Composition
Xfeed
Xcalc

Mv,PASPAm (kDa)

Td (°C)

Tg (°C)

DEP50P50

0.48

0.48

57.0

206

40.7

DEP90P10

0.11

0.11

66.6

201

27.5

DEP90H10

0.10

0.11

67.8

201

28.0

DMP90P10

0.09

0.09

58.9

197

20.6

DEE90P10

0.10

0.10

62.8

192

32.6

DME90P10

0.11

0.12

55.1

182

30.4

X feed : molar ratio of n-alkyl side groups to the repeating units as calculated from the composition of the reaction
mixture (the feed); X calc : molar ratio of n-alkyl side groups to the repeating units as calculated from the 1H NMR
data, the average error of 1H NMR measurements was ±2%; Mv, PASPAm : molecular weight of the polymers
calculated from intrinsic viscosity, the average error of viscometry measurements was ±2%; Td : thermal
decomposition temperature; Tg : glass transition temperature

According to FTIR results, 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
proving that ring-opening of the succinimide repeating units was complete as shown in Fig. 1b.
The absorption bands at 1648 cm-1 (Amide I) and 1541 cm-1 (Amide II) correspond to the amide
bonds of these polymers. 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.
Assuming that the degree of polymerization of PSI ( M PSI / M SI  DPPSI  300 ) does not
change during the modification reactions, molecular weight of the synthesized
polyaspartamides ( M v , PASPAm ) was calculated by the following equation:
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 n M A  m MB 
M v , PASPAm  M v , PSI  

M SI



(3)

where M A , M B and M SI are the molecular weight of the two different types of repeating units
in polyaspartamides and succinimide repeating unit, n and m are the mole fraction of the
repeating units calculated from the 1H NMR spectra (Table 1).
3.2

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.

Fig. 2: TG/DSC/MS analysis of a) PSI and b) DMP90P10. Ion thermograms of H2O (m/z = 18)
and CO2 (m/z = 44) are indicated. Heating rate was 10 °C min-1

In accordance with the literature [25], PSI decomposes in a single-stage process (Fig. 2a).
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
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polyaspartamides, DMP90P10 shows a much lower thermal decomposition temperature and a
multi-step process (Fig. 2b). Weight loss occurs at about 100 °C due to the elimination of
residual water content similarly to PSI, while a large mass loss and an endothermic peak at
197 °С indicate the beginning of 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 1, please see also the Supplementary
Information), 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) [26], thus cationic polyaspartamides can
be processed without chemical degradation.
3.3

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 (PSI), poly(aspartic acid)
(PASP) 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 3a). Polysuccinimide (PSI) is an amorphous material
[27], but the Tg of PSI cannot be detected below the decomposition temperature of the polymer
(Fig. 3b, Td ~400 °C). We have found similar results also in the literature [25]. Because of
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. 3b, the Tg of the PASP was found to be 85 °C
indicating the opening of the ring of the succinimide repeating units and thus the formation of
16

a much flexible polyamide backbone results in a dramatic decrease of Tg. Data obtained on the
sodium salt of poly(aspartic acid) derivatives modified with hexadecylamine [28] demonstrates
that not only the opening of the ring, but also the type and concentration of side groups have an
effect on Tg. Thus, we compared the Tg of unsubstituted PASP with several substituted
polymers to establish structure vs. Tg correlation.
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Fig. 3: a) General chemical formula and b-g) DSC temperature scans of PSI, PASP and the
cationic polyaspartamides synthesized
18

The Tg values of PASP and the polyaspartamides are detected at more than 300 °C lower
than the Td of PSI (Fig. 3, Table 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. 3c-g. Side groups act as internal
plasticizers by screening intermolecular interactions among the polymer chains. The magnitude
of 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. 3c) and Tg also decreases with increasing
chain length of the alkylene unit of the dialkylaminoalkyl side groups from ethylene to
propylene (Fig. 3d, DEE90P10 → DEP90P10; Fig. 3e, 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. 3f, 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. 3g, 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.
As Tg values of polyaspartamides were found 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
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of water uptake will be discussed in another paper. Here we demonstrate only the composition
and pH-dependent dissolution rate of the films.
3.4

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 and sensitive 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 grafted onto the
polymer chains to achieve a low limit of quantitation 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 [29,30], tryptophan can
react with PSI under mild reaction conditions [31].
Three of the synthesized polyaspartamides with the best film-forming properties were
labeled with TrpOMe (TDMP90P09, TDEP90P09 and TDEP90H09) and glass plates were
coated with their films (Fig. 4a, thickness of the films was 92 ± 11 µm). The dissolution rate of
the polymers was determined at the pH of the oral cavity (pH = 6.8, Fig. 4b) and the stomach
20

(pH = 1.2, Fig. 4c). Comparing the curves of Fig. 4b, 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. Dissolution of the polymers shows slight structure
dependence, as shown in Fig. 4b. There is no difference between the curves before reaching
1 min (p > 0.05), however dissolution profile of TDMP90P09 significantly differs from that of
TDEP90P09 and TDEP90H09 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 TDEP90P09 and
TDEP90H09 (1.25-2 min, p < 0.05). Dissolution rate constants calculated by the Noyes–
Whitney equation (Eq. 2) are in line with this observation ( kTDMP 90 P 09 = 0.9 min-1,

kTDEP90 P 09 = 0.6 min-1, kTDEP 90 H 09 = 0.5 min-1). The pH-dependence of the dissolution of cationic
polyaspartamides is much stronger, as shown in Fig. 4c. The chosen polymer, TDEP90H09
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 liberation 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 ( k pH 1.2 = 1 min-1, k pH  6.8 = 0.5 min-1 ). These results
indicate that cationic polyaspartamides synthesized have considerable potential as starting
materials of tablet coatings providing taste masking in the mouth and rapid liberation of the
drug in the stomach.
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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

3.5

Cell viability study
PC-3 and HEK-293 cells were used as model cells for primary assessment of

biocompatibility of polymers [32,33]. The effect of cationic polyaspartamide synthesized on
cell viability was studied by using MTT proliferation assay. Fig. 5 shows concentrationviability curves for DMP90P10, DEP90P10 and DEP90H10 analyzed in dissolution tests. Data
for other polyaspartamides DEP50P50, DME90P10 and DEE90P10 are shown in Figure S3 of
Supplementary Information. 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, an other
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 polyaspartamides synthesized [34]. Furthermore, an increase in cell proliferation
up to 30% appeared for some of our polymers similarly to that observed for PASP conjugate
with γ-amino butyric acid [35]. 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 [34].
22

Fig. 5: Effect of DMP90P10, DEP90P10 and DEP90H10 on viability of a) PC-3 and b) HEK293 cells determined by MTT assay, p < 0.05

CONCLUSION
A wide variety of cationic polyaspartamides with dialkylaminoalkyl and alkyl side
groups was synthesized. The structure of the polymers was confirmed by 1H NMR and FTIR
spectroscopy and the results demonstrated that the desired composition can be achieved with
complete conversion by our synthesis method. 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 dissolution kinetics of the cationic polyaspartamides synthesized. Owning to
their thermal and dissolution properties, as well as their low cytotoxicity on PC3 and HEK-293
cell lines, cationic polyaspartamides can serve as alternatives of polyacrylates in entero-soluble
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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 another paper.
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