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ABSTRACT

In the present work, N-substituted glutamic acid, polyethylene and polypropylene glycols have
been used to design biocompatible copolyesters via Steglich reactions. Due to the presence of
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alternating hydrophilic and hydrophobic blocks in their structures, these copolyesters are able to

form self-stabilized nanoparticle dispersions in aqueous media. The lipophilic core of these nano-
particles can solubilize poorly water-soluble compounds and release them into a model of lipids
in a human body. Moreover, the obtained copolyesters possess no cytotoxic effects over a wide

KEYWORDS

Glutamic acid; polyesters;
polyethylene glycols;
steglich reaction

concentration range. Thus, we conclude that obtained copolyesters show significant promise for

further development as drug delivery systems.
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1. Introduction

The development of new therapeutic agents is an expensive
process and is currently being worked on by a large number
of scientists around the world. There is a growing drive to
develop new drug delivery systems for existing therapeutic
agents, to improve their efficacy, and to treat different dis-
eases. Drug delivery systems need to be safe, transport drugs
within the body, and release the bioactive species only at the
specified target site. This improves the pharmacokinetic and
pharmacodynamic properties of the therapeutic by increas-
ing the circulation period in blood, increasing therapeutic
enzyme stability, increasing the solubility of low molecular
weight pharmaceuticals, and introduces the potential to tar-
get drug delivery to the site of interest’' ). Particular classes
of polymers are excellent candidates for drug delivery sys-
tems since they possess many characteristics that make them
ideally suited for these applications. At the time of
writing, polymers based on polyethylene glycol (PEG),
poly(D,L-lactide-co-glycolide) (PLGA), poly(lactic acid)
(PLA), poly(glutamic acid) (PGA), poly(caprolactone) (PCL),
N-(2-hydroxypropyl)-methacrylate (HPMA) copolymers, and

Lipid ayer

poly(amino acids) are widely reported and used in various
medical applications'*. These polymers have already been
shown to be able to transport bioactive species, can be non-
toxic, do not trigger an immune response, and are bio-
degradable or controllably biodegradable!>®'.

BASF have reported the development of “Pluronics”, a
new class of ABA triblock copolymers. These copolymers
consist of a hydrophilic polyethylene oxide (PEO) block (A),
and a lipophilic polypropylene oxide (PPO) block (B).
Pluronic copolymers form well dispersed micelle-like struc-
tures in aqueous media that are able to solubilize and stabil-
ize pharmaceuticals. The therapeutic agent is in the
lipophilic core and surrounded by the hydrophilic shell,
which protects the therapeutic agent from cells and proteins.
It is important that the chemical and physical properties of
the system can be easily modified by changing the ratio of
hydrophilic and hydrophobic blocks in the polymer struc-
ture”®. This approach has the potential to be used for the
synthesis of new copolymers for the delivery of various
drugs. Pluronic-based systems have been utilized to deliver
drugs: to the central nervous system across the blood-brain
barrier™), in anticancer therapy"''*, via oral drug

CONTACT Nataliia Fihurka @ nataliia.fihurka@angstrom.uu.se @ Division of Nanotechnology and Functional Materials, Department of Materials Science and

Engineering, Uppsala University, Uppsala, SE-75121, Sweden.
© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted

Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/00914037.2023.2274591&domain=pdf&date_stamp=2024-07-03
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/00914037.2023.2274591

1208 N. FIHURKA ET AL.

delivery'"”); as well as having been used in cosmetics as sur-
factants, emulsifiers, and solubilizing agents''®!.

Pluronic molecules have been shown to be able to pene-
trate cell membranes and affect intracellular mechanisms
such as: ATP synthesis, apoptotic signal transmission, gene
expression, etc.)'”). This improves the transport of thera-
peutic drugs across the intestine and blood-brain barrier
and enhances the efficiency of cancer drugs.

However, the use of Pluronics in biomedical applications
is not without limitations or drawbacks. PEO-PPO-PEO
structures are not biodegradable, this fact significantly limits
the molecular weight of Pluronics that can be used for drug
delivery applications, since non-biodegradable polymers
need to be excreted from the body via glomerular filtration.
As a general rule, polymers with molecular weights in the
range of 30-50kDa can be removed via glomerular filtra-
tion, although the molecular conformation and chemical
properties of the polymer can alter this!’. Polymers whose
size and chemistry prevent their removal by glomerular fil-
tration and can avoid capture by macrophages can circulate
in the body for a long time and accumulate in organs!'®!.
Although PEG is the most widely used polymer for in vivo
and in vitro biomedical applications, and has been approved
by the FDA for such systems''®); PEG does have a degree of
immunogenicity and toxicity in certain organs[zo’zz].

As the molecular weight of the polymer is reduced it is
more rapidly removed from the body. Experiments on ani-
mals revealed that 20% of Pluronic-188 was excreted in their
urine 1h after intravenous injection, and 40% was excreted
within 24h. Assessment of the excretion and safety profile
of Pluronics indicates their fairly rapid excretion from the
body in urine, as well as some accumulation in the lung,
liver, brain, and kidney!'”). These results significantly limit
the utilization of Pluronics for drug delivery systems.

This work aimed to develop a new class of polymers
forming pseudomicellar structures in aqueous media, similar
to Pluronic micelles but possessing controllable biodegrad-
ability. The block copolyesters presented in Figure 1 were
found to meet these requirements, to a certain extent.

The ester bond, unlike the ether bond in Pluronics, is bio-
degrable; therefore, the proposed polyesters should be biodegrad-
able. The connecting fragment in the proposed structure is an
N-alkanoyl derivative of glutamic acid Glu(Alk), which is highly
lipophilic. Combining Glu(Alk) fragments with hydrophilic PEG
fragments and weakly lipophilic PPG fragments (or without
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Figure 1. Structure of the polyesters created with N-derivatives of L-glutamic
acid (Glu(Alk)), polyethylene glycol (PEG), and polypropylene glycol (PPG).

them) in one block provides surface-active properties for separ-
ate blocks and the entire macromolecule. Regulation of the sur-
face-active properties can be obtained by changing the molecular
weight of any of the three constituent monomers (PEG, PPG,
Glu(Alk)). The incorporation of a-amino acids by non-peptide
bonds makes the proposed class of polymers similar to pseudo-
poly(amino acid)s — a class of polymers extensively studied for
medical applications. Polymers constituting amino acids com-
bined by non-peptide bonds acquire pyrogenic properties, do
not cause an immune reaction when introduced into the body,
and their biodegradation does not result in toxic products'>*~**!
as expected biodegradation products of proposed polyesters are
building blocks of amino acid derivatives and PEG and/or PPG
fragments. The residence time for these delivery systems can be
controlled by tuning their molecular weight and knowing the
rate of their biodegradation. Furthermore, the products of the
degradation are either compounds inherent in the human body
(derivatives of amino acids) or PEG and PPG molecules with a
molecular weight not exceeding 1.5-2.0kDa, the removal of
which from the body are known to be facile. Moreover, recently
we have confirmed the increased efficiency of oxytetracycline in
a complex with Glu(Alk)/PEG based copolyesters***”),

2. Materials and methods
2.1. Materials

Glutamic acid and polyoxyethylene/polyoxypropylene diols were
obtained from Sigma-Aldrich and further dried. Glutamic acid
was dried over P,Os under a vacuum. Polyoxyethylene/polyoxy-
propylene diols were dried by refluxing in benzene with the
azeotropic removal of water. Stearoyl chloride, thionyl chloride,
triethylamine, and solvents were obtained from Sigma-Aldrich
and used as received. N,N’-Dicyclohexylcarbodiimide (DCC),
and 4-dimethylaminopyridine (DMAP) were obtained from Alfa
Aesar and used as received.

2.2. Synthesis

N-derivatives of L-glutamic acid (GluSt, GluL) were synthe-
sized using the procedure described in Ref. [28, 29].

Dicopolyester and tricopolyester synthesis was carried out
as follows: the glutamic acid derivative (Glu(St) or Glu(L))
(10 mmols), glycol, or a mixture of two different glycols (11
mmols) and a solvent (dimethylformamide/dichloromethane
mixture) were loaded into the reactor. Then DCC (21
mmols) and a catalyst — 4-dimethylaminopyridine (DMAP)
(1.25 mmols), in solution, were added using a drop funnel
at a temperature of 7°C. After the addition of the reagents
was complete the mixture was sequentially held at 15°C for
3h and 35°C for 3h. Finally, a side product of the reaction,
dicyclohexylurea (DCU), was filtered off and the reaction
mixture was evaporated.

Reactive blocks with terminal carboxyl groups were syn-
thesized using the procedure described in Ref. [30].

Block copolyester synthesis was carried out as follows:
First, reactive blocks with terminal carboxyl groups
Glu(Alk)-PPG-Glu(Alk) (10 mmols), glycol (PEG) (11
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mmols), and solvent (dimethylformamide/dichloromethane
mixture) were loaded into the reactor. Then a solution of
DCC (21 mmols) and catalyst — 4-dimethylaminopyridine
(DMAP) (1.25 mmols) was added using a drop funnel at a
temperature of 7°C. After the addition of the reagents, the
mixture was held at 15°C for 3h and then at 35°C for 3 h.
Finally, the side product of the reaction, dicyclohexylurea
(DCU), was filtered off and the reaction mixture evaporated.

2.3. Characterization

2.3.1. "H NMR spectroscopy

Monomer and copolymer samples were dissolved in the cor-
responding deuterated solvent (deuterobenzene, deutero-
chloroform, deuterated water). '"H NMR spectra of the
samples were recorded using JEOL’s ECA Series Nuclear
Magnetic Resonance (NMR) Spectrometer at a frequency of
400 MHz in automatic scanning mode.

FTIR spectroscopy was conducted with KBr pellets or in a thin
layer using a Thermo Scientific Nicolet 8,700 spectrometer. IR
spectra were recorded in transmittance mode within the wave
number range of 500-4,000 cm™" with 4 cm ™" resolution.

2.3.2. Determination of molecular weight

The average MW of the copolymers was determined using a
WatersCorporation chromatograph with a Waters 2,410
refractive index detector, a Waters 515 HPLC pump,
and an UltrahydrogelTM 500 7.8 x300mm column.
Tetrahydrofuran was used as the eluent. The consumption
rate was 0.1 ml/min. Calibration curves of the molecular
weight were measured according to low polydispersity poly-
styrene standards of the Polymer Laboratories (USA) type.

2.3.3. Determination of particle size

Determination of the effective hydrodynamic radius of self-stabi-
lized micellar structures in polyester solutions was conducted by
dynamic light scattering (DLS). Particle charge was measured on
a Zeta Sizer Nano-ZS90 (Malvern) instrument at 20°C. The
polyester concentration was 0.1-1wt% in deionized water (pH =
6.6-6.8). All measurements were made in triplicate.

The surface tension of pseudo-poly(amino acid) water sol-
utions was measured at 20°C and pH = 6.6-6.8 using the
Du Noily ring method. All measurements were made in
triplicate and averaged.

The solubilization of water-insoluble dyes (Sudan III) by
polyester dispersions in water was studied by spectrophotom-
etry. First, the calibration dependence of the different dyes (in
acetone) in the presence of different, appropriate, concentra-
tions of the polyesters were obtained. Then a constant amount
(0.01g) of dye was added to aqueous dispersions of the poly-
esters with concentrations between 0.002 and 4g/L. These

OH* 0
NH;*

O (0]
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Figure 2. Esterification of glutamic acid esters using hydrogen chloride.

systems were stirred at room temperature for 24h. The excess
dye was filtered off and the resulting solutions were diluted
with acetone. The optical density (D) was measured using a
photoelectrocolorimeter LMP-72M using light filter No. 4
(A=490nm) and cuvettes with a thickness of 10.18 mm. Using
the obtained calibration dependences, the “S” value (g/g) corre-
sponding to the weight of the dye (g) solubilized by 1 gram of
the polyester was determined. All measurements were made in
triplicate and averaged.

The release of the dye into the model lipophilic medium of
I-octanol was determined using a Yuniko 1,201 spectropho-
tometer. Aqueous dispersions containing solubilized Sudan
III and 1-octanol were stirred in a cuvette with a thickness
of 5.11 mm at a speed of 120 rpm, preventing the formation
of an emulsion. The content of Sudan IIT in 1-octanol was
determined spectrophotometrically according to the calibra-
tion curve obtained in octanol. All measurements were
made in triplicate and averaged.

2.3.4. Cytotoxicity

To investigate the cytotoxicity of the copolyesters, they were
each dispersed in deionized water before being added to a
solution of bull sperm in a citrate-yolk diluent (in a ratio of
1:6). 10puL, 25pL, and 50pL of a 1% polymer dispersion
was added to 1 ml of diluted sperm. The survival time (pro-
gressive movement of sperm) was recorded visually under a
microscope (x200) in comparison with a control sample of
sperm without the addition of polymer dispersion. The time
(hours) from the moment the polymer dispersion is intro-
duced into the diluted sperm until the sperm motility stops
(m) was taken as the duration of sperm survival. All meas-
urements were made in 5 replicas and averaged.

3. Results and discussions

The polymers presented in Figure 1 are polyesters that can
be synthesized via the polycondensation of N-alkanoyl sub-
stituted glutamic acid, polyethylene and/or polypropylene
glycols. E. Fisher developed a method of synthesizing amino
acid esters in solution. Using this approach, high yields of
esters can be obtained by adding high concentrations of
hydrogen chloride (10 times greater than the alcohol con-
centration). One peculiar property of dicarboxylic amino
acids is the unequal reactivity of the two carboxyl groups.
This accounts for the scarcity of scientific publications on
polyester synthesis using this approach.

According to the literature, esters of glutamic and aspartic
acid can be obtained via selective activation of the w-carboxylic
group by hydrochloric acid at room temperature®'). The dica-
tions, formed by the protonation of carboxyl group 2 (Figure 2)
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Figure 3. Formation of an ester bond when using the DCC activator, with the participation of N-alkanoylglutamic acid.

are more stable, as the atoms bearing positive charges are located
further away from each other.

Ester formation on carboxyl group 1 (a-carboxyl group)
could be achieved at elevated temperatures (100-140°C).
However, the temperature at which this reaction can be per-
formed is limited by the thermolability of dicarboxylic
amino acids. In this work, the reaction between N-alkanoyl
dicarboxylic amino acids, polyethylene and polypropylene
glycols (in benzene/toluene media) was performed with
equimolar ratios on the reactants. This was done to assess
the possibility of polyesterification occurring by the Fisher
reaction. Significant tarring of the mixture was observed and
several products were identified after the reaction. The most
abundant product of the reaction was an ester formed by a
single PEG molecule binding to the w-carboxylic group.
Thus, it was concluded that the Fisher method is not a
promising synthetic approach for N-alkanoyl dicarboxylic
amino acid polyester formation.

Won et al.**! have reported being able to modify the Fisher
reaction, to obtain polyesters based on the N/derivatives of
aspartic acid and polyethylene glycols, with molecular weights
between 200 and 2,000 Da. This synthesis was conducted in
four steps, via the formation of an intramolecular amino acid
anhydride. In said work, the authors conclude that their
multistep, high-temperature synthetic approach only leads to
the formation of polyester with PEG-200 with the average poly-
condensation degree 4,5-6; for samples containing PEG-600 or
PEG-2000 the degree of polycondensation was only 2-3.

The low degrees of polycondensation presented in this
work confirm that the synthesis of esters and polyesters
based on dibasic a-amino acids are limited due to: (1) the
decarboxylization and cyclization processes that can occur at
high temperatures, (2) the unequal reactivity of carboxyl
groups located at different distances from the amino group.
Thus, approaches of direct esterification, re-esterification,
and migration polymerization should not be considered as
promising methods. Therefore, the synthesis of the desired

polyesters should be conducted under mild conditions using
coupling agents.

One promising method of esterification is the Brenner
reaction, which is widely used for the synthesis of polyesters
from dibasic acids and diols. This reaction occurs in mild
conditions and could conceptually be used to synthesize
dibasic amino acid-based polyesters. However, this reaction
is performed in different solvents, over a wide temperature
range, and with different reagent stoichiometries. When we
tried this method, we found that it led to the tarring of the
reaction mixture without polyester formation. However, a
small quantity of the carboxyl groups was consumed during
the reaction. Further investigation revealed the formation of
reactive blocks with terminal carboxyl groups - Glu(Alk)-
PEG(or PPG)-Glu(Alk)?%. Thus, we have developed a con-
venient approach to amino acid diester synthesis under mild
conditions (45 °C) with a yield of 85-88%.

Irreversible polycondensation via the Steglich reaction
occurs under mild conditions (between —20°C and +50°C)
and results in the formation of an ester bond between the
hydroxyl group and carboxyl group activated by N,N-dicyclo-
hexylcarbodiimide (DCC). An additional advantage of this
activator is the insolubility of the reaction byproduct (dicyclo-
hexylurea, DCU) in the majority of organic solvents. Thus,
DCU can easily be removed after the reaction has been com-
pleted. The Steglich reaction on o-amino acids can only be
conducted if the amino group is protected, as the activated
carboxyl group (I) reacts with the amino group faster than
with the hydroxyl group. We have previously investigated the
Steglich reaction using amino acids with different N-substitu-
tions, including temporary protecting groups. In this paper
only N-alkanoyl derivatives are discussed, as they not only
protect the amino group, but also influence the hydrophilic-
lipophilic nature of the macromolecular products.

The general mechanism of ester bond formation via the
Steglich reaction of N-alkanoylglutamic acid is presented in
Figure 3.
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According to the scheme shown in Figure 3, the forma-
tion of an ester bond occurs via the nucleophilic attack of
the DCC activated carbonyl carbon shown as intermediate
(II) When the ratio of dicarboxylic acid to diol is close to
equimolar, and a high degree of conversion (more than 95-
97%) is achieved; the given reaction should lead to the for-
mation of polyesters with the structure shown in Figure 1.
However, the reaction of the activated carboxyl group (II,
Figure 3) with the hydroxyl occurs at a rate comparable
with that of the rearrangement of the activated carboxyl
group into the passive N-isoacylurea (III), according to the
scheme in Figure 4. This rearrangement reaction can be
inhibited by using an excess of alcohol.

Since an excess of one of the reagents is not suitable for
polycondensation reactions, tertiary amines are used as
nucleophilic agents to promote polyesterefication. In this
senario, the nucleophilic agent reacts with the activated
carboxyl group (II, Figure 3) forming an intermediate com-
pound with strong acylating properties.

The rearrangement occurs with the incorporation of the
DCC fragment into the structure of the passive product and,
therefore, leads to a decrease in DCU yield. Therefore, the
efficiency of the nucleophilic agent could be evaluated by

N
HN o0—cC
T

11 1

Figure 4. Rearrangement of the activated carboxyl group (Il) into a less reactive
form, which is unable to participate in the Steglich reaction.

the quantifying the amount of DCU that could be isolated
after the reaction. When 4-dimethylaminopyridine was used
as a nucleophilic agent, it provided a DCC conversion of
98% or greater, whereas DMAP yielded a 5-6% DCC con-
version (Figure 5a).

GPC data confirmed that the nucleophilic agent not only
leads to an increased DCC conversion, but also leads to an
increased degree of polycondensation (Figure 5b). The intro-
duction of DMAP (12.5-15% mol.) results in a high degree
of conversion in the polyesterification of N-alkanoyl deriva-
tives of glutamic acid, PEG and PPG diols. The structure of
the polyesters obtained was confirmed by NMR and FTIR
spectroscopy (see SI).

Since the polymers described were developed for biomed-
ical applications, in particular for drug delivery, a set of
experiments were designed to establish the colloidal and
cytotoxic properties of these polymers.

Using the synthetic approach developed, three types of
copolymers were synthesized and investigated: (1) copoly-
mers based on N-substituted glutamic acid and one alco-
hol (PEG or PPG diol, labeled dicopolyesters); (2)
copolymers based on N-substituted glutamic acid and two
different alcohols (PEG and PPG diols, labeled tricopo-
lyesters); (3) copolymer blocks with terminal carboxyl
groups that had been pre-synthesized via the Brenner
reaction and PPG diols (block copolyesters). Stirring for
15 minutes or ultrasonication of the copolyesters obtained
(in an aqueous medium) led to the formation of disper-
sions without the need for additional stabilizers or emulsi-
fiers. The aggregate stability of such dispersions largely
depends on the composition of the polyesters (ratio of
Glu(A), PEG, and PPG fragments), their structure, and
the synthetic approach used.

Formation of the dispersion is accompanied by a decrease
in the surface tension at the water-air interface, this was
attributed to the presence of hydrophilic PEG fragments and
lipophilic alkyl fragments in the N-substituent of glutamic
acid in the polyesters. The data in Figure 6 compares the

DCU yield, %

T T r—r—T
10.00 12,00 14,00
Minutes

GPC Results

T
0,0 0,1 0,2 0,3

Retenton Time| Mn | Mw | MP | Mz | Mz+1 | Polydispersity

DMAP/DCC ratio

1 15.680 | 11633 | 21402 | 14420 | 36487 | 64455 1.763454

o

18.409 1838

Figure 5. (a) Dependence of DCU yield on the ratio of DCC and DMAP; (b) molecular weight of the copolyester co-Glu(St)-co-PEG600 synthesized at a DCC/DMAP

ratio 1:0.125.
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Figure 7. Histograms of particle size distribution for the aqueous dispersions of tricopolyester co-Glu(St)-co-DPG-co-PEG1000 (blue line) and block copolymers co-
(Glu(St)-DPG-Glu(St))-co-PEG1000 (red line) at concentrations of 0.02% % (a) and 0.1%(b) (20°C, pH = 6.6-6.8).

surface tension of water dispersions containing the different
copolyesters synthesized in this work. The surface tension
spans a relatively wide range of values, from 30 to 60 mN/m
and primarily correlates to the composition and structure of
the copolyesters.

As would be expected, the molecular weight of the poly-
oxyethylene fragment significantly influences the ability of
polyesters to decrease the surface tension of the water (com-
paring bars 2 and 3, and bar 4 with bar 5). A less significant
factor is the molecular weight of the alkyl moiety in the N-
substituent of glutamic acid (bar 3 compared to bar 4). The
combination of these two factors makes it possible to
achieve a large decrease in surface tension (bar 5). As
expected, the sample with a short polyoxypropylene frag-
ment of dipropyleneglycol (DEG) (bar 1) does not possess
any surface-active properties.

The tricopolyesters, samples 6-9, were obtained via the
simultaneous addition of both polyoxyethylene and dipropy-
lene glycols into the reaction mixture in an equimolar ratio.
The introduction of dipropylene glycol fragments into the
polyester structure, instead of half of the polyoxyethylene
fragments, contributes to a significant decrease in surface
tension (samples in bars 6-9 compared to samples repre-
sented by bars 2-5). It is worth noting that NMR studies
confirm a close to the equimolar ratio of these monomers in

the polyester structure. However it should be stressed that
this synthetic approach does not guarantee a regular alterna-
tion of the different fragments (-Glu(St)-PEGn- and
-Glu(St)-PPGm-), their frequency and spacing in the macro-
molecules is statistically random.

The most significant decrease in surface tension was
observed for the block copolyester samples, obtained via the
copolymerization of pre-synthesized blocks (-Glu(St)-PPGn-
Glu(St)-) with polyethylene glycols of different molecular
weights (bars 10-14). The -Glu(St)-PPGn-Glu(St)- blocks are
“triblocks” with terminal carboxyl groups, detailed studies of
these blocks are presented in the literaturel**), Polyesters syn-
thesized by this method have a strict repeating structure of
alternating -Glu(St)-PEGn- and -Glu(St)-PPGm- fragments.
Such regularity of the polyester chemical structure provides
the most favorable macromolecule conformation for surface
tension reduction. Moreover, increasing the molecular weight
of polyoxypropylene glycol fragments leads to a decrease in
surface tension, which confirms the afore mentioned
conclusion.

Thus, both the composition and the structure of the
copolyesters determine their ability to reduce surface tension
by aqueous dispersions. The surface active properties of the
copolymers correlate well with their ability to form self-sta-
bilized aqueous dispersions. Copolyesters possessing surface
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Figure 8. Dependence of the amount of solubilized Sudan (lll), per unit mass of
polyester, on the concentration of polyester in the aqueous dispersion.
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Figure 9. Release of Sudan Ill from the aqueous micellar phase into octanol for
various copolymer structures (phase ratio water:octanol-1-2.5:1).

tensions above 55mN/m do not form aqueous dispersions
at all. Copolyesters with surface tensions between 48 and
55mN/m were found to form sedimental suspensions, or
dispersions with low aggregate stability. In most cases, dico-
polyesters do not form stable dispersions, with the exception
of  co-Glu(St)-ko-PEG1000 and co-Glu(L)-co-PEG1000
which lowered the surface tension below 48 mN/m, and
form relatively stable aqueous dispersions. The majority of
tricopolyesters and block copolyesters form colloidally stable
aqueous dispersions.

Surface activity is not the only factor that determines the
ability of polyesters to form stable dispersions over wide con-
centration ranges. This fact is best evidenced by the
stability of aqueous tricopolyester dispersions of co-Glu(St)-
co-DPG-co-PEG1000 and the block copolyester co-(Glu(St)-
DPG-Glu(St))-co-PEG1000, which have the same monomer
composition but different structures. Both copolyesters

Table 1. Study of the cytotoxic effect of the copolyester co-(Glu(St)-PPG1000-Glu(St))-co-PEG400.

% of survival compared

Study duration, h

to control samples

Survival time, h

72 96 120 144 168 192

48

24

Volume of dispersion added, pL

Sample no

100
100
125
125
100
100
100
100
100
57,1
100
100
100
120
100

96+ 4
96+ 4
120 + 5%
1205
96+ 4
96+ 4
96+ 4
72+6
1686
168+7
96 + 6*
168+7
1207
1207
144+ 7%
1207

+ 11+

L+ 41 ++

| ++++++++

+++++++

e e

R i A s e

e e A

++++++ A+

Control sample
Control sample
Control sample
Control sample

“+": translational motion of spermatozoa is observed; “—": no motion of spermatozoa is observed.

*The result is statistically significant p < .05.
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exhibit a significant decrease in surface tension at the air-
water interface (bars 9 and 12 in Figure 6), and form particles
of approximately the same size at a concentration of 0.02%
(98 and 168 nm, respectively, Figure 7a). However, the size of
the block copolyesters was seen to increase as their concentra-
tion within the dispersion increased. This is particularly well
exemplified by the co-(Glu(St)-DPG-Glu(St))-co-PEG1000
sample, which had a particle diameter of 110 nm, Figure 7b;
and for tricopolyesters, where a 5-fold increase in the size of
the dispersed phase is observed (co-Glu(St)-co-DPG-co-
PEG1000- 587 nm, Figure 7b) at higher concentrations. Strict
alternation of hydrophilic and lipophilic fragments in block
copolyester structures ensures their stability at higher
concentrations.

The ability to solubilize and release lipophilic compounds
from the copolymer composition is one of the main require-
ments for materials under consideration of being used for
drug delivery systems. In this work, the ability of the
copolymers to solubilize lipophilic molecules was studied
using poorly water-soluble dye Sudan III. Figure 8 shows
the solubilization capacity (g of dye per 1 ml of polymer dis-
persion) of block copolyesters. The optimal concentration
values lie across a narrow range of low concentrations,
beyond these values the curves plateau. The maximum
amount of Sudan III solubilized varies between 0.6 and
0.9mg of dye per 1ml of dispersion and depends on the
copolyester composition.

The release patterns of solubilized Sudan III were studied
by assessing the octanol-water partition coefficient. Figure 9
displays release rate curves for copolyesters with different
polyoxyethylene fragment lengths. Copolyester co-(GluSt-
DPG-GluSt)-co-PEG-300 releases the dye with the highest
rate — 75% of the solubilized dye passes into the lipophilic
phase after 10min. For the copolyester, co-(GluSt-DPG-
GluSt)-co-PEG-1000, only 50% of solubilized Sudan III is
released after 25 min and 75% - after 140 min.

Finally, we evaluated the cytotoxicity of the dispersions
using the spermatozoa survival method, it is convenient and
effective in vitro system for studying acute lethality to
cells™***. Typically, the sperm survival rate is quite long,
2-10dP***, Table 1 presents the results of the cytotoxic
evaluation of spermatozoa survival treated with a different
copolyesters dispersions.

The data presented indicates that copolyesters based on
the N-substituted glutamic acid, PEG and PPG diols do not
inhibit sperm survival over the concentration range tested,
and in some cases even extend survival. It can therefore be
concluded that are not cytotoxic toward these spermatozoa.

4, Conclusions

In summary, nonionic surface-active polymers, suitable
for use in biomedical applications, can be synthesized
from N-substituted glutamic acid, PEG, and PPG diols.
As demonstrated in this study, the most promising
approach to synthesizing this type of polyester under mild
conditions is the Steglich reaction. Although this is a rela-
tively well-known esterification reaction, polyesterification

via the Steglich reaction has been limited due to its low
degrees of polycondensation. However, this work has
revealed that, under optimized conditions, this approach
can be used for the preparation of glutamic acid and
PEG/PPG-based copolyesters.

Copolyesters obtained via the proposed method are able
to: form self-stabilized water dispersions, form nanoscale
disperse phase particles, solubilize poorly water-soluble com-
pounds in their lipophilic cores and release them into an
octanol phase as a model of a lipid bilayer. Furthermore, N-
substituted glutamic acid and PEG/PPG copolyesters possess
no cytotoxic effects against spermatozoa across a wide con-
centration range.

The synthetic approach developed allows the synthesis of
copolyesters with different compositions and structures,
which can be tuned in the intelligent design of flexible drug
delivery systems with optimized specified capacities, stabil-
ities, and release parameters. In conclusion, aqueous disper-
sions of obtained copolyesters possess properties necessary
for potential application as polymer systems for passive drug
delivery.
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