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jugation on the properties of macromolecules. Bioconjugation, including polymers, has been intensively
studied in the last years. Initially polymer bioconjugates have been developed to be used exclusively
for biomedical applications. However, within the last few years, it was shown that this novel class of
macromolecules is of high importance in many other rapidly developing areas of material science. Among
them, the conjugates of biomolecules with thermoresponsive polymers are of high importance. The pres-

gfg:;‘;giséates ence of biological entities influences the phase transition temperature of the bioconjugates, whereas
Thermoresponsive polymers thermoresponsive chain may increase the activity and solubility of the biological entiety. The ability of
Mesoglobules the thermoresponsive polymers to self-assemble allows for controlled aggregation of the bioconjugate
Polymer-peptide conjugates molecules. Such aggregate formation opens novel routes to the biocarrier of controlled parameter.

Polymer-protein conjugates © 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer-peptide/protein conjugates have been of great interest
for many years. They are widely studied because of their possible
use in medicine, biotechnology and nanotechnology [1]. The high
potential of this compound group is illustrated by the number of
reviews and papers dedicated to this field [2-8].

Biomedicine, which has begun to dynamically develop in recent
years, involves the use of biomolecules, such as proteins, peptides
or nucleic acids, for therapeutic or in vivo diagnostic purposes
[9,10]. Peptides and proteins have a major role in the treatment
of diseases and have fast become an important class of therapeutic
agents with the potential to replace many of the existing classic
pharmaceuticals. However, the usage of these biomolecules has
some limitations, such as very short half-lives in body fluids, fast
enzymatic degradation and excretion from the organism [11-18].
These limitations have motivated scientists to improve the sta-
bility and prolong the activity of these biomolecules, along with
controlled release of the biological species.

The conjugation of proteins [3,19-26] and peptides
[20,21,25,27-30] with synthetic polymers endows a number
of benefits to the resulting hybrid structures. The bioconjugates
can merge the properties of their building components and at
the same time, overcome the disadvantages of each of them. For
example, when proteins are conjugated, they can maintain or
even increase their biological functions, such as enzymatic activity
and receptor recognition. Furthermore, the polymer can suppress
the surface activity of the protein to prevent its degradation by
proteolytic enzymes. The increase in solubility and improvement
of the biodistribution of the protein, as a result of its conjugation,
are also desirable properties.

An excellent example of improving the pharmacokinetics of a
protein by its conjugation to a polymer is the well-known PEGyla-
tion, which leads to a significant elongation of the protein’s half-life,
extending its circulation in the body and increasing its activity
[31,32].

The use of stimuli-responsive polymers for the formation of
conjugates [18,33-37] receives particular attention because of the
similarity of these bioconjugate properties to biomolecules. The
response to stimuli is a common process in living systems. Stimuli-
responsive polymers respond to different environment stimuli,
such as pH or temperature, resulting in reversible changes in their
physical or chemical properties [37-41]. Therefore, this class of
polymers has been found to be extremely suitable for conjugation
with natural molecules.

This review is focused on conjugates containing polymers that
respond to temperature. Thermoresponsive polymers have the
unique property of undergoing a reversible coil-to-globule transi-
tion in response to small changes in temperature [42,43]. Systems

involving thermoresponsive polymers are not restricted to aqueous
solvent environments, but only aqueous systems are of interest for
biomedical applications. Thermoresponsive polymers are soluble
in water at low temperatures, but start to collapse at temperatures
above the cloud point temperature (Tcp) due to dehydration caused
by hydrophobic interactions and hydrogen bonding. The minimum
on a phase diagram of a polymer solution is called the lower criti-
cal solution temperature (LCST). Thermoresponsive polymers form
aggregates in dilute solution which are colloidally stable, well-
defined and narrowly distributed spherical nanoparticles called
“mesoglobules” [44-46]. After cooling below the Tcp, the particles
dissolve into individual macromolecules.

In this review, the synthetic routes for obtaining thermorespon-
sive bioconjugates will be discussed. Their properties in solution
will be thoroughly examined. The main emphasis of the review
will be placed on the behaviour of the bioconjugates of thermore-
sponsive polymers in solution and on surfaces.

Two groups of thermoresponsive polymers, poly(N-
isopropylacrylamide) (PNIPAM) and poly(oligo(ethylene glycol)
methacrylates) (POEGMAs), are mainly used in conjugations. The
most widely studied thermoresponsive polymer, PNIPAM [47],
is often applied for conjugation because its LCST is close to the
physiological temperature (around 32°C). The critical solution
temperature of conjugates can be controlled by copolymerisation
of NIPAM with other monomers. It is well known that the addition
of a small amount of hydrophilic component to PNIPAM increases
its Tcp [2]. In this way, the solution properties of conjugates, and
the stability and activity of biomolecules, can be controlled.

POEGMAs have gained considerable interest over the past
few years [3,4]. Oligo(ethylene glycol) methacrylates (OEGMAs)
are easily polymerisable using techniques such as atom transfer
radical polymerisation (ATRP) [5-7] and reversible addition-
fragmentation chain transfer polymerisation (RAFT) [8,9]. ATRP
and RAFT of OEGMAs allow us to obtain a broad range of
linear (homo, random and block), branched, dendritic and
star (co)polymers [6,10-12]. In their structure, POEGMAs con-
tain hydrophilic oligo(ethylene glycol) (OEG) side chains and a
hydrophobic methacrylate backbone. When the side chains length
is shorter than nine ethylene glycol units, the amphiphilic charac-
ter of the POEGMAs induces their thermoresponsiveness in water
solutions. The T¢p of POEGMAs in water solutions can be precisely
controlled over a wide range of temperatures (20-90 °C) by simply
changing the length of the OEG side chains or by copolymerisa-
tion of different OEGMA monomers [14,15]. The main advantages
of POEGMAs include the lack of Tcp hysteresis, the small effects
of external factors (e.g. salts and surfactants) on the value of the
Tcp and a very narrow temperature range for the phase transition
[16,17]. As a result of biocompatible OEG pendant groups in the
monomers, POEGMAs may be used for biomedical purposes [13].
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