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A novel thermoresponsive polypeptide: synthesis and characterization
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Polypeptide consisting of y-N-isopropyl glutamine and
glutamic acid (90:10, mol/mol) was synthesized by post-
polymerization modification of poly(y-methyl glutamate).
The obtained polypeptide exhibited thermoresponsive
properties with the lowest critical solution temperature in
the range of 41-54 °C depending on the medium and polymer
concentration.
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In the last two decades, a growing number of thermoresponsive
polymers have been reported for a variety of applications,
including drug delivery, cell technologies, tissue engineering,
membrane transfer, smart clothing, shape memory polymers,
etc.k* Among thermoresponsive polymers, poly(N-isopropyl-
acrylamide) (PNIPAM) has the lowest critical solution
temperature (LCST) at 32-33°C in aqueous media.> This
temperature is close to that of human body making PNIPAM
widely used for the development of thermosensitive biomedical
materials. In order to adjust the thermosensitive properties of
PNIPAM and to obtain thermoresponsive biomaterials, it was
copolymerized with other natural® and synthetic” polymers.
Besides PNIPAM, various polyoxazolines and their copolymers
are capable of thermosensitive behavior.®-1° Varying the
molecular weight and composition of the copolymers allows the
cloud point to be adjusted. For example, the LCST of copolymers
of 2-ethyl-2-oxazoline and 2-n-propyl-2-oxazoline could be
tuned from 25 to 100 °C.1? Similar to polyoxazolines, cloud
point of poly(oligoethylene glycol methacrylates) in water
solutions can be precisely controlled over a range of 20-90 °C
by the polymer length changing or by copolymerization of
different oligoethylene glycol methacrylate-based monomers.12

The above-mentioned thermoresponsive (co)polymers are
biocompatible and can be used as part of biomedical materials,
including drug delivery ones. The collapse of polymer coils at
LCST to globules promotes the enhanced drug release. This is a
result of the disorder in the hydrophilic/hydrophobic balance of
a copolymer in aqueous solutions at temperatures above LCST
leading to dehydration of the polymer, its phase separation and
drug excretion. The only disadvantage of these copolymers is
their non-biodegradable nature, which may limit their elimination
in insoluble form from the body when applied in vivo. In this
case, the use of biodegradable thermoresponsive polymers
is more favorable. Among biodegradable thermoresponsive
polymers, polypeptides'3'* and polypeptoids’® capable of
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degrading to water-soluble metabolites (free amino acids) are
one of the promising candidates for developing various drug
delivery systems (nanoparticle-based or implantable delivery
systems).16.17

Inthis study, we propose a synthesis of novel thermoresponsive
polypeptide and studies of its properties in different aqueous
media. Similar to PNIPAM, we reasoned that the presence of
isopropylamide moiety in the polypeptide main chain could lead
to dehydration of chains at heating and change the polymer
phase state. In addition, we hypothesized that the concentration
of the polymer in solution and the medium could allow the LCST
of the synthesized polypeptide to be regulated.

Ring opening polymerization (ROP) of N-carboxy anhydrides
(NCAs) of amino acids and their derivatives with the use of
primary amines as initiators is known to be one of the simplest
methods for the synthesis of polypeptides with low dispersity.17.18
Primary amines are inexpensive and provide the so-called normal
amine mechanism of ROP. In the absence of side reactions,
polypeptides with molecular weight close to a theoretical one
can be obtained. A limitation for the versatile synthesis of some
polypeptides by ROP NCAs is the unavailability of commercial
monomers since they generally have low stability due to their
high sensitivity to moisture. Because of the high sensitivity and
reactivity of NCAs, the synthesis of some monomers is
complicated by numerous side reactions (hydrolysis, deprotection
with HCl release, in situ polymerization initiated by the a-amino
group of an amino acid or some impurities, etc.) that drastically
reduce the product yield. Given this, an alternative way to obtain
some polypeptides is their post-polymerization modification!%20
provided the corresponding monomers synthesized in good
yields.

Here, the strategy for the synthesis of the target polypeptide
containing isopropylamide moieties in the side chains included
several steps (Scheme 1): (i) ROP NCA of glutamic acid
y-methyl ester 1 with n-hexylamine to synthesize poly(y-methyl
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Scheme 1 Reagents and conditions: i, n-CgH;3NH, (0.01 equiv.),

1,4-dioxane (for 4% solution of 1), 22 °C, 96 h; ii, NaOH (1 M in dioxane/
water, 6:1, v/v), 22 °C, 1 h, then dialysis; iii, HOBt/DCC/CO,H (2:1:1),
DMF (for 10% solution), 22 °C, 45 min; iv, PriNH, (4 equiv. per CO,H),
DMF, 22 °C, 20 h.

glutamate) 2; (ii) alkaline removal of methyl protective groups to
obtain poly(glutamic acid) 3; (iii) activation of the y-carboxylic
groups in 3 and their capping with isopropylamine to obtain y-N-
isopropy! glutamine units in the target polymer 4.

Monomer for ROP 1 was synthesized and purified prior to the
polymerization using acommon procedure?! (for all experimental
details, see Online Supplementary Materials). The obtained
polymer 2 was analyzed by size exclusion chromatography
(SEC). According to SEC, its number average molecular weight
(M, and dispersity (D) values were 8700 and 1.22, respectively."
After removal of the protective methyl group and capping of the
y-carboxy groups of 3 with PriNH,, the final substance 4 was
analyzed by static light scattering in dilute HEPES
[4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid] buffer
(pH 7.2). The weight average molecular weight (M,,) of modified
polymer 4 was found to be equal to 8200 (the hydrodynamic
radius R,p value was 1.1 nm).

All obtained polymer products 2-4 were analyzed by
Fourier-transform infrared (FTIR) and 'H NMR spectroscopy.
According to FTIR spectra, the bands at 2960 and 1732 cm~!
characteristic of methyl ester 2 disappeared after alkaline
hydrolysis. In the spectrum of polyacid 3, broad band with a
maximum at 3280 cm~1 for the OH vibrations of glutamic acid
moiety and the valence vibrations for the NH bond of the
amide group appeared. The shoulder at 1708 cm= is
characteristic of the C=0 vibrations of the glutamic acid group
while characteristic bands at 1650 and 1550 cm~! correspond
to the amide bond when the polypeptide chain exists in the
a-helical conformation. In comparison to spectrum of 3 [see
Online Supplementary Materials, Figure S2(b)], that for
substance 4 contains a band at 2960 cm™! corresponding to the
CHj; group of isopropylamide moiety [Figure S2(c)].

IH NMR spectroscopy indicated the disappearance of the
signal for the protective methyl group at 3.6 ppm (polymer 2)
and appearance of signals for isopropylamide group (polymer 4)
at 8 1.22 (CHy), 3.85 (CHMe,) and 7.71 (NHPr') (Figure S3).
According to the integral intensities of the characteristic signals,
the modification degree was 90%. Thus, the in fact synthesized
polypeptide 4 represents a copolymer of y-N-isopropyl glutamine
(90 mol%) and glutamic acid (10 mol%) (P[GIn(Pri)-co-Glu]).

T SEC was performed in DMF containing 0.1 mol dm= LiBr at 40 °C
using a Shimadzu LC-20 HPLC system (Japan) with refractometric
detection. Molecular weights were calculated regarding to calibration
plot built for poly(methyl methacrylate) standards.

The thermosensitive behavior of aqueous solutions of 4 was
investigated by light scattering and turbidimetry methods.* The
temperature and concentration dependences of the scattered light
intensity (1), optical transmittance (1*), and hydrodynamic radii
(R,) of scattering objects in solutions were determined. All the
results discussed below were obtained under the conditions of
the “‘equilibrium’ state of the system, i.e., when the characteristics
of the solutions do not change in time (for more details, see
Online Supplementary Materials).

With the aim to investigate the thermosensitive behavior of
polymer 4 depending on its concentration, the temperature
dependence of the polypeptide in deionized water (pH 6.0) was
measured at concentrations of 0.04 and 0.10 g dI-! throughout
heating. The dependence presented in Figure 1 is typical of a
termoresponsive polymer. At low temperatures, | and I* are
independent on concentration. At temperature Ty, the light
scattering intensity begins to increase with simultaneous
decrease in the optical density, which is due to the appearance of
large supramolecular structures in the solution (see Figure 1).
The value of I* reaches zero at temperature T,. Between T; and
T,, the values of hydrodynamic radius (R,) increase, reflecting
the growth of aggregates. Above T,, light scattering is not
classical (zone I11).

The determined phase transition temperatures are summarized
in Table 1. As can be seen, cloud point (T;) decreases and the AT
narrows with increase in the polymer concentration. The sharper
phase transition at higher polymer concentration can be explained
by the important role of hydrophobic interactions in the self-
organization of macromolecules during phase separation. An
increase in polymer concentration leads to the formation of more
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Figure 1 Dependences of (a), (c), (e) relative values of scattered light
intensity, optical transmittance and (b), (d), (f) hydrodynamic radius (R;)
on temperature for polypeptide 4 aqueous solutions under different
conditions. I, and 1§ are the values of scattered light intensity (1) and optical
transmittance (1*) at 20 °C; T, and T, are the temperatures of the beginning
and end of the transition. Conditions: (a), (b) deionized water, polypeptide
concentration is 0.10gdl%; (c), (d) deionized water, polypeptide
concentration is 0.04 g dI%; and (e), (f) 0.01 M HEPES buffer solution
(pH 7.2), polypeptide concentration is 0.10 g dlI-L.

* A Photocor Complex unit equipped with a Photocor-PD sensor for
recording the intensity of transmitted light was used for analysis.
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Table 1 Thermoresponsive properties of polypeptide P[GIn(Pr’)-co-Glu] 4
(90: 10, mol%) under different conditions.

Concen- Phase transition
Medium pH tration/ ——

gdt  T/°C T,/°C AT/°C
Deionized water 6.0 0.10 43 55 14

0.04 47 71 24
0.10 54 >70 >16
0.10 41 50 9

Deionized water + 0.1 M NaOH 9.7
0.01 M HEPES buffer solution 7.2

hydrophobic contacts between isopropylamide groups of the
polymer. As a result, phase separation in concentrated solutions
is faster than in the diluted polymer solutions.

Taking into account that polypeptide 4 contains about
10 mol% of carboxylic groups, it can be sensitive to pH of the
medium. Indeed, a study of the thermoresponsive behavior of the
polypeptide under basic conditions revealed an increase in cloud
point (see Table 1). This effect may be related to the improved
solubility of the polypeptide due to better ionization under
alkaline conditions. The rather wide phase transition region may
be a result of the non-uniform modification of polypeptide
chains with PriNH units affecting their different solubility/
insolubility in the medium.

In addition, the thermoresponsive properties of polypeptide 4
have been determined in the presence of salts, namely, in 0.01 M
HEPES buffer solution. In this solution, the temperature
dependence was similar to that in water but indicated a lower
cloud point (41°C, and the narrowest transition area, see
Figure 1). The faster phase transition in the buffer medium can
probably be attributed to the easier micellization of the
polypeptide in the presence of salts due to poorer thermodynamic
quality of the solvent for the polymer.

In conclusion, polypeptide P[GIn(Pr))-co-Glu] 4 (90:10,
mol%), synthesized by combination of ROP and post-
polymerization modification, exhibits thermosensitivity in the
close to neutral values of pH and undergoes a reversible phase
transition. At the same time, the phase transition temperatures
decrease with increasing the polypeptide concentration in the
solution. Increasing the concentration of salt in the buffer
solution also leads to a decrease in the T, and T, values and a
narrowing of the phase transition interval. The obtained
information is a necessary fundamental basis for consideration
of the new polymer in biomedical applications, e.g. as a drug
delivery system.

According to the literature, increasing the molecular weight
of the polymer or changing the nature of the side substituent can
decrease the phase transition temperature.!12 The synthetic
approaches used in this work, namely, ROP NCA accompanied
with post-modification by amines, allow varying the molecular
weights of polypeptides and their degree of modification by
amines with short aliphatic chains. All these issues require
further investigation for the polypeptide proposed in this study.
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Online Supplementary Materials
Supplementary data associated with this article can be found

in the online version at doi: 10.1016/j.mencom.2024.04.012.
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