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Abstract

This doctoral thesis is focused on the synthesis and characterization of novel hybrid
polysaccharide-based polymers applicable for biomedicine, specifically for a conceptually
new bimodal cancer treatment — immunoradiotherapy. For this purpose, polysaccharides
B-glucan from Auricularia auricula-judae and x-carrageenan from Kappaphycus alvarezii,
exhibiting immunostimulatory and anticancer activities, were chosen to be grafted
with thermoresponsive  poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s (POXs)
(with different graft lengths and grafting densities) that induced a lower critical solution
temperature of the final polymers. The thermoresponsive behavior of resulting polymers was
studied with temperature-dependent light scattering methods, fluorescence measurements and
also nuclear magnetic spectroscopy to select a polymer material with the most suitable
properties for the intended application, aiming at a polymer depot formation after the injection
of a polymer solution into the body. The chosen polymer, B-glucan-graft-POX with graft
length of 2500 Da, was then modified to bear 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid and a fluorescent dye Dyomics-615 at the graft ends and tested first in vitro
to investigate its immunostimulatory properties and also the cellular uptake. Subsequently,
the polymer was radiolabeled with yttrium-90(III) and used in the in vivo antitumor efficiency
experiment on mice with EL4 lymphoma, demonstrating an extraordinary treatment success
(~ 50 % cured mice), which was probably caused by a considerable synergistic effect of using
immunoradiotherapy compared to separate use of immunotherapy or radiotherapy.

Furthermore, a special attention was dedicated to the characterization of k-carrageenan-grafi-
POXs, which showed except for the above mentioned desired biological properties also
a sensibility to the presence of potassium cations and an interesting “schizophrenic”
thermoresponsive behavior with both lower and upper critical solution temperatures

in aqueous environment.

Keywords: B-glucan, k-carrageenan, poly(2-alkyl-2-oxazoline), multimodal cancer therapy,

immunotherapy, radiotherapy.



Abstrakt

Tato disertacni prace je zaméfena na syntézu a charakterizaci novych hybridnich polymernich
materidld  vyuzitelnych pro biomedicinalni aplikace, konkrétné pro koncepéné novou
bimodalni 1é¢bu rakoviny — imunoradioterapii. Pro tento ucel byly vybrany polysacharidy
B-glukan z Auricularia auricula-judae a x-karagenan z Kappaphycus alvarezii, vykazujici
imunostimulacni a protirakovinné ucinky, pii¢emz tyto polymery byly nasledné¢ roubovany
termoresponzivnim poly(2-izopropyl-2-oxazolin-co-2-butyl-2-oxazolin)em (POX) (s riznymi
délkami a hustotami graftl), ktery zptisobuje tzv. dolni kritickou rozpoustéci teplotu roztoku.
Termoresponzivni chovani vyslednych polymert bylo nasledné¢ studovano pomoci teplotné
zavislych meéfeni rozptylu svétla, fluorescence a také nuklearni magnetické rezonance,
pfi¢emz pro zamyslenou aplikaci byl vybran polymer s nejvhodnéjSimi termoresponzivnimi
vlastnostmi, schopny po intratumoralni injekci polymerniho roztoku vytvofit v misté vpichu
polymerni depo. Vybrany polymer B-glukan-graft-POX s délkou graftii 2500 Da byl poté
modifikovan tak, aby na konci jednotlivych grafti byla skupina 1,4,7,10-
tetraazacyklododekan-1,4,7,10-tetraoctova kyselina nebo fluorescenéni barvivo Dyomics-615.
Imunostimulacni vlastnosti a rychlost endocytézy takto modifikovaného polymeru byly
testovany in vitro. Poté byl vybrany polymer oznacen radioaktivnim ytriem-90(IIl) a pouzit
v in vivo experimentu, zkoumajicim protinadorovou uc¢innost. Tento experiment demonstroval
neobycejny uspech 1é¢by pomoci imunoradioterapie — cca 50 % mysi, majicich ptivodné¢ EL4
lymfom, bylo zcela vyléCeno. Tento vyjimecny uspéch byl pravdépodobné zpiisoben
vyznamnym synergickym u¢inkem imunoradioterapeutické 1€¢by v porovnani s 1é€bou pouze
radioterapeutickou nebo imunoterapeutickou.

Navic, specialni pozornost v této praci je vénovana polymertim k-karagenan-grafi-POX, které
kromé& pozadovanych biologickych vlastnosti vykazuji také responzivitu na piitomnost
draselnych kationti a jeSté velmi zajimavé ,,schizofrenni” termoresponzivni chovani
ve vodnych roztocich, nebot’ u nich byla pozorovana dolni 1 horni kriticka rozpoustéci teplota

roztoku.

Klicova slova: [-glukan, «x-karagenan, poly(2-alkyl-2-oxazolin), multimodalni Iécba

rakoviny, imunoterapie, radioterapie.
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1. Introduction

Biopolymers and synthetic polymers have been previously investigated in relatively separated
research areas. Such a distinction is justified because these polymer classes differ in many
basic aspects. In general, biopolymers have a well-defined structure optimized within
the billion years of evolution, involving especially their precise chemical structure, their
sequences order, their supramolecular structure and also their exact number of monomer units
incorporated in one chain, making many biopolymers molecularly uniform. By contrast,
majority of synthetic polymers have much simpler and more random structure but chemically
much more diverse. However, several decades ago, these separate research areas partially
merged and created a new research sector of hybrid polymers (also known as polymer
bioconjugates), composed of both natural and synthetic polymers. These polymers were first
extensively studied and used in the field of pharmaceutical chemistry.'? Nevertheless, recent
explosion of developments in nano- and biotechnology has contributed to the fact that the use
of polymeric bioconjugates far exceeds the pharmaceutical field and involves also many other
areas, such as biosensors, artificial enzymes, biometrics, photonics or nanoelectronics.®*

The hybrid polymers combine the advantages of both bio- and synthetic polymers, and thus,
the motivation for their preparation can be driven by numerous reasons. The general outlook
on the primary motivations, lying behind polymer bioconjugates, is illustrated in Fig. 1.
The biological systems used for polymer bioconjugate preparation can be conformationally
organized in various hierarchical level structures — from oligomers up to the highly organized
supramolecular structures. Therefore, oligonucleotides or oligopeptides are conjugated with
the synthetic polymers due to their extraordinary tendency for self-organization, allowing
to prepare e.g., highly organized hybrid nanomaterials. However, the particles with higher
level of complexity (e.g., proteins or enzymes) are exploited mainly because of their
biological properties rather than for their self-assembling abilities. Moreover, utilized
synthetic polymer plays a crucial role in the final bioconjugate properties because it exhibits
a spectrum of exceptional characteristics and a considerably wider chemical diversity
compared to biopolymers.

This thesis is focused on the class of polymer bioconjugates based on polysaccharides —
glycoconjugates, which are mainly used for biomedical application, especially for drug
delivery and tissue engineering.’ In general, glycoconjugates can exhibit a pallet of various
properties because polysaccharides themselves have extremely diverse properties. In contrast

with other biopolymers, polysaccharide monomeric units may be linked to each other
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by different types of glycosidic bond, while the bond type has a significant effect

on the polysaccharide properties and on its supramolecular structure.

e

3
o
|

»

w
Monomers Oligomers Macromolecules Supramolecular assemblies Highly o nized bio-systems
Amino acids, Oligopeptides Nucleic acids, Polypeptides,  Proteins, DNA, Enzymes, Cells, Bacteria,
Nucleotides, Sugars Oligonucleotides Palysaccharides Protecglycans Viruses

Bioconjugation

Biodegradability Stimuli-sensitivity Biocompatibility Conductivity Mechanical strength
i ¢ Lo
o H N N, .
W’PK( Hn/\OJf e o~ OO
e Y ; ;
Fig. 1. The concept scheme of bioconjugation. The figure was adopted from ref.’.

1.1 The synthesis of polymer glycoconjugate

1.1.1 The resources of polysaccharides

Although the study of polymer glycoconjugates is an important research area nowadays,
the preparation of polysaccharides is relatively complicated. This is mainly caused by the fact
that there is no simple automated system for the oligosaccharide synthesis unlike for proteins
and nucleic acids (Table 1), despite that many efforts have been done in the area.
The explanation of this research failure lies in the structure of the polysaccharides themselves.
While the chemical synthesis of oligopeptides involves the repetitive formation of a peptide
bond between e.g., one activated carboxyl group and free amine, the chemical synthesis
of oligosaccharides requires several suitably modified hydroxyl groups with similar
reactivities to obtain the final product with desired regio- and stereoselectivity. Therefore,
such synthesis often includes laborious manipulation with protecting groups and extremely
long synthetic pathways. The central dogma of molecular biology (deoxyribonucleic acid —

ribonucleic acid — protein) is applied for the living organisms® but unfortunately it is not



related to polysaccharides. They are rather biosynthesized by the post-translational processes,
while their final structure is influenced by a number of factors — enzyme competition for one
substrate, enzyme substrate specificity and also substrate availability. Thus, polysaccharides,

including glycoproteins, are typically non-uniform molecules.’

Table 1. The general methods to obtain biopolymers.®

Biopolymer Methods to obtain

extraction from biological material, automated peptide synthesis,
proteins native peptide ligation, gene overexpression, protease-catalyzed
peptide synthesis
extraction from biological material, automated oligonucleotide
nucleic acids ) ) ]
synthesis, polymerase chain reaction
extraction from biological material, chemical synthesis, enzymatic

polysaccharides :
synthesis

One of the methods to obtain polysaccharides for polymer glycoconjugate synthesis is
chemical synthesis (Table 1), although this method is very challenging due to their structure.
The formation of glycosidic bond by chemical synthesis is realized by a nucleophile
(“glycosyl acceptor” ) which attacks an activated mono/oligosaccharide with anomeric center
(“glycosyl donor”). However, for reacting the desired hydroxyl group(s) only, the other
hydroxyl and amine groups have to be masked by the protecting agents (Fig. 2). The size,
electronic properties and conformation of the protecting groups have an enormous impact
on the final glycosidation reactivity and stereoselectivity; the same holds for the used solvent,
temperature and activator. To improve the efficiency and stereoselectivity of glycosidation,
a number of leaving anomeric groups have been developed, e.g., glycosyl halides’, glycosyl
imidates'’, thioglycosides'' or glycosyl phosphates.'? In addition, the development of novel
glycosylation agents caused a progress in sequential "one-pot" synthesis, demanding a proper
combination of individual building blocks'’, while even hexasaccharides were successfully
prepared by this method."* Nowadays, a hot topic in this field is the concept of automatic
oligosaccharide solid phase synthesis, known as Glyconeer 2.1, which allows so far

the synthesis of various oligosaccharides containing up to 6 units in the chain."



OPG OPG OPG OPG

0 0 activator 0 0
PGO LG+ HO OPe T emt | PGO 0 OPG
PGO PGO solven PGO

PGO
OPPG OPG temperature OPPG OPG
activated mono/oligosaccharide nucleophile
“glycosyl donor” “glycosyl acceptor”
Fig. 2. The general scheme of glycosylation by chemical synthesis (PG — protecting

group, LG — leaving group, PPG — “participating” protecting group). The stereochemistry
of the final product depends on the nature of protecting groups, activator, solvent and
temperature. Here, as an example the preparation of PG-protected disaccharide D-glucose-f3-

(1—4)-D-glucose is illustrated.

Another way to obtain oligo/polysaccharides is enzymatic synthesis, which exploits
glycosyltransferases and glycosidases as valuable regio- and stereoselective glycosidic bond
catalysts. Glycosyltransferases are responsible for the synthesis of the most glycans
on the mammalian cell surface, where they transfer saccharide moieties from a corresponding
“glycosyl donor* (activated nucleotide sugar) to a “glycosyl acceptor®, having specific
nucleophilic groups, the most often hydroxyl ones (Fig.3A).'"® A large number
of glycosyltransferases has already been successfully replicated and have been found to
exhibit excellent binding and substrate specificity with very good yields. However, enzymatic
synthesis has also some disadvantages, including the higher financial cost of nucleotide sugars
as well as the fact that nucleoside diphosphate (NDP), generated during the glycosylation
reaction, is an effective inhibitor of glycosyltransferase. Therefore, a multi-enzyme
glycosylation method has been developed'’, requiring only a catalytic amount of nucleotide
sugar because it is produced in situ from low-cost starting materials (Fig. 3B). In addition,
the generated NDP is subsequently transformed into nucleotide sugar, and thus, the reaction
inhibition by the product is prevented. There is still one disadvantage of enzymatic synthesis
using glycosyltransferase which is its poor availability. Although many commercial
glycosyltransferases are available on the market today, nevertheless, there is still a lack
of their specific types for production of certain desired glycosidic linkages.

As mentioned above, in addition to glycosyltransferases, glycosidases are also used
for the same purpose. In living organisms, the glycosidases are mostly responsible
for the cleavage of glycosidic bonds, however, under the controlled conditions they can be

used to create these linkages (Fig. 3C). The glycosidase substrates are inexpensive compared
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to the non-economic nucleotide sugars, and moreover, the glycosidases themselves are
inexpensive and stable. Nevertheless, their only disadvantage is a poor regiospecificity,

leading to the formation of undesired products.®

GLYCOSYLTRANSFERASE GLYCOSIDASE
A) clasical glycosylation C) reverse hydrolysis

0 0
mOR + mOH

HO HO
acceptor donor

fosfatase i
NDP-sugar NDP ————— N +2P, glycosidase

B) multi-enzyme glycosylation

0
0 %OR
0
HO
HO

glycosyltransferase

NDP-sugar NDP

PP

NDP-sugar kinase

fosforylase co,

NTP

sugar-1-phosphate
o)

Fig. 3. The general schemes of glycosylation by enzymatic synthesis using:
A) glycosyltransferase, B) glycosyltransferase and other enzymes — a multi-enzyme
glycosylation and C) glycosidase (N — nucleoside, NDP — nucleoside diphosphate, NTP —

nucleoside triphosphate).

The simplest and the most studied way to obtain polysaccharides is an extraction
from biomaterial, although, this method quite often does not produce a sufficient amount
of material with a satisfactory quality. Polysaccharides obtained by extraction are in many
cases structural components of cell walls, especially of fungi, bacteria or algae. The choice
of the best extraction method depends on the cell wall structure, e.g., fungal cell walls
contains two types of polysaccharides: fibrillar chitin (or cellulose) and water-soluble
B-glucans, o-glucans and glycoproteins.'® In the case of fungal polysaccharides, the majority
of extraction methods includes at first an elimination of low-molecular weight substances

using 80% ethanol solution, followed by three extraction steps using aqueous, ammonium
11



oxalate and sodium hydroxide solutions. The aqueous solution extraction leads
to the production of water-soluble polysaccharides, which are present on the outer layer
of cell walls (exopolysaccharides), protecting them against external mechanical damage.
Onthe other hand, alkaline solution extraction produces rather water-insoluble
polysaccharides, which form the inner layer of cell walls (endopolysaccharides).'” The exact
extraction method for the particular polysaccharide may differ from the general procedure
described above, depending on its structure and water solubility, nevertheless, it is always
necessary to disrupt the cell wall structure using appropriate extraction conditions (pH and
temperature).”” Moreover, the obtained polysaccharides are further purified by different
techniques, e.g., precipitations, affinity chromatography or ion-exchange chromatography. In
this thesis, polysaccharide extraction was also performed to obtain the starting material for a
glycoconjugate synthesis, specifically to obtain B-glucan from Auricularia auricula-judae and

Kk-carrageenan from Kappaphycus alvarezii.*

1.1.2 The synthesis of graft copolymers

The most frequently studied type of glycoconjugates are their graft copolymers, which can be
prepared using three different synthetic strategies (Fig. 4): grafting “from”, grafting “onto”
and grafting “through™; the first two mentioned approaches are more often used in practice.”’
In general, the method grafting “from” is used when a higher grafting density is required.
In this technique, the initiator groups are firstly introduced within the polysaccharide main
chain to form a macroinitiator, and then, the graft chain growth is initiated from
the polysaccharide surface in the presence of the desired monomer (Fig. 4A). Grafting “from”
techniques is most often used for radical polymerization, where the first radicals are generated
along the main polysaccharide chain by radiation or chemical initiation. Nevertheless,
the disadvantages of this method are a frequent degradation of polysaccharide chains and
avery limited control of the graft molecular weight and dispersity. To improve
the polymerization control, special radical polymerization techniques (nitroxide-mediated
polymerization””, atom transfer radical polymerization® and reversible addition-
fragmentation chain-transfer polymerization®*) were developed. These controlled radical
polymerizations are more tolerant to common impurities and moisture and also are compatible
with a large number of functional groups. The principle of these techniques is to significantly
reduce the concentration of the propagating radicals, thereby the possibility of irreversible

terminations is also rapidly minimized. Becasuse the recombination rate of the radical centers
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is proportional to the second power of their concentration, while the propagation rate is only
directly proportional to the radical concentration, it is possible to obtain polymers with narrow
molecular weight distributions in the systems with a very low amount of radical centers.

In contrast, by using the grafting “onto” technique, the living polymer chains are at first
created separately and subsequently terminated by the functional groups within
polysaccharide main chain (Fig. 4B). This technique is advantageous because the side chain
polymerization proceeds apart from the polysaccharide, and thus, it does not cause any
possible degradation effect. The next advantage of grafting “onto” is the opportunity to easily
and precisely characterize only polymer grafts separately from the grafted polysaccharide (it
is realized by a termination of the part of polymerization mixture by a low-molecular weight
agent and subsequent investigation). However, this approach typically results in lower
grafting densities compared to the grafting “from” approach, primarily due to the steric
effect”® In this thesis, the grafting “onto” approach was exploited to synthesize
polysaccharide-graft-poly(2-alkyl-2-oxazoline)s (for detailed information see 3./ Polymer
design and synthesis).

The least-used technique for the synthesis of grafted polysaccharides is the grafting “through”
approach (Fig.4C). Here, a polymerizable group (most commonly a double bond) is
introduced at one end of the oligo/polysaccharide chains, while these groups are then

polymerized forming a main chain of the final polymer.

A) Grafting ,,from”

initiator monomer

N~ ~—— S AN_d N~ o > ¢ <& o
polysaccharide macroinitiator
B) Grafting ,,onto”
N~ ~—— —> T~ _— o <o
functional groups polymer with

polysaccharide functional groups

S // / —  / ) ( f \

polysaccharide ended
by polymerizable group

Fig. 4. The synthetic approaches for the grafted polysaccharides: A) grafting “from”,
B) grafting “onto” and C) grafting “through”.
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1.1.3 The synthesis of block copolymers

Surprisingly, only very few publications deal with the synthesis of block
oligo/polysaccharide-based copolymers. The first such block copolymer was poly(ethylene
oxide)-block-oligosaccharide prepared by the end groups “coupling” in 1984.%° Since then,
the copolymers having a synthetic block coupled to oligo/polysaccharide have been also
prepared by radical’’ and enzymatic polymerization.” In the case of radical polymerization,
a functional group is introduced at the end of the polysaccharide chain, and this group
subsequently takes part in the controlled polymerization of the synthetic block. In contrast,
within the enzymatic synthesis the synthetic block is firstly prepared by a conventional
method, modified to bear a functional group at the end and then polymerized using enzymes

(e.g., potato phosphorylase®).

1.2 The choice of the polymers
The choice of both natural and synthetic polymers significantly influences the properties of
final glycoconjugate, and thus, it plays a key role within the glycoconjugate design as well as

the proposed polymer architecture.

1.2.1 The nature of the polysaccharide part

Polysaccharides consist of simple sugars (i.e., monosaccharides), which are covalently linked
together by O-glycosidic linkages in either linear or branched configuration.
The polysaccharide containing only one type of monosaccharide 1is called
homopolysaccharide (sometimes homoglycan), in contrast to the others, which are named
as heteropolysaccharides (heteroglycans). In nature, they can be served for many different
purposes, while the most important are a storage of energy (e.g., glycogen) and a structural
component (e.g., cellulose). Therefore, these polysaccharides are useful for the preparation
of glycoconjugates applicable especially as materials without any specific biological
functions, e.g., glycogen-graft-poly(acrylic acid) was successfully used as adsorbent for
selective uptake of lead ions from aqueous solutions.”” Moreover, these polysaccharides are
also used for the preparation of hybrid polymers demanding biodegradable and biocompatible
material backbone, e.g., glycogen-graft-poly(2-alkyl-2-oxazoline)”® or glycogen-graft-
poly(ethyl cyanoacrylate)’' were prepared to exhibit such properties, where the second one

was specifically prepared for tissue engineering.
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In general, polysaccharides display diverse biological functions. Some of them are known
to exhibit immunostimulatory and anticancer properties, and these polysaccharides are most
often found in mushrooms. Interestingly, in traditional Chinese medicine, mushroom extracts
have been used as medicinal anticancer agents for centuries, however, it was only recently
discovered that the efficient ingredients in these extracts are, except others, in particular
polysaccharides.’”” These mushrooms almost exclusively belong to the class
of Basidiomycetes, which have been successfully cultivated. The structure of antitumor
polysaccharides and their physical properties greatly differ from each other, while, in general,
polysaccharides possess high potential structural variability, resulting in their high capacity
to carry biological information. Sometimes, they are bound together with peptides to form
a polysaccharide-peptide complex with an increased potential antitumor activity.”

The most popular and studied antitumor polysaccharides are listed in Table 2. One class
of efficient immunostimulatory polysaccharides are P-glucans®, which are composed
of glucose units linked together by 1—3 B-glycosidic bonds (Fig. 5). They differ in the chain
length and in the branching structure, most often they contains also 1—6 B-branching.”
Furthermore, in Japan, B-glucan from Lentinula edodes is already approved as an effective
drug for gastric cancer therapy, used especially in the combination with fluoropyrimidines.*®
Therefore, the glycoconjugates prepared from [-glucans can be used for cancer therapy
as well. The special attention must be paid to the fact that the carried chemical modifications
could change the biological properties of the polysaccharide. In this thesis, B-glucan from
Auricularia auricula-judae was exploited due to the above described immunostimulatory and

antitumor activities.

B-1,3-glucan

Fig. 5. The general structure of B-1,3-glucans (illustrated without any branching).
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Table 2. The chosen bioactive polysaccharides with their source and bioactivity.

Source mushroom Polysaccharide Main bioactivity Reference
' immunomodulating, antitumor, 27
Lentinula edodes lentinan (B-glucan) __
antiviral
Auricula immunomodulating, antitumor, 3
B-glucan o
auricularia-judae anti-inflamatory
Ganoderma ' immunomodulating, antitumor. 29
B-glucan, glycopeptide - _ _
lucidum antioxidant, anti-decrepitude
Pleurotus tuber- hepatoprotective, anti-breast 20
B-glucan
regium cancer
Schizophyllum schizophyllan _ . _ a1
antitumor, antiviral, antifungal
commune (B-glucan)
grifolan (B-glucan), immunomodulating, antitumor, "
Grifola frondosa o '
proteoglycan, antiviral, hepatoprotective
pleuran (B-glucan), ' - "
Pleurotus ostreatus antitumor, antioxidant
proteoglycan,

The biologically active polysaccharides are also found in other plants. The polysaccharides
extracted from macroalgae and their products are applicable in diverse areas of usage
(e.g., pharmaceutics, biomedicine or cosmetics) because they are known to be antiallergic,
gastroprotective, neuroprotective and also antiviral*. Furthermore, the sulfated
polysaccharides extracted from macroalgae also exhibit immunomodulatory properties®,
nevertheless, the exact principle of how they influence the immune system has not been yet
fully clarified.*® Carrageenans are sulfated linear polysaccharides, synthesized by red
seaweeds, which consist of sulfated or non-sulfated galactose and 3,6-anhydrogalactose units
linked together by 1—3 a- and 1—4 B-glycosidic bonds.*” We distinguish many different
types of carrageenans depending on the position and number of sulfate groups in a monomeric
unit because they significantly differ in their fundamental properties. The most studied and
commercially used carrageenan types are x, 1, and A (Fig.6). The main source
of x-carrageenan is the red macroalgae Kappaphycus alvarezii, 1-carrageenans is extracted
from Euchema spinosum and A-carrageenan is found in Gigartina and Chondrus sp.*® They
are soluble in aqueous environment and form gels in specific pH and temperature, and thus,

they are widely used as gelling agents in food industry, cosmetics, and pharmaceutics.*
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Interestingly, even though they are approved as food additives®’, they may cause undesirable
intestinal effects, connected probably with ulcerations and tumors.”’ In this thesis,
K-carrageenan from Kappaphycus alvarezii was exploited due to the known

immunostimulatory and antitumor activities.’>

K-Carrageenan I-carrageenan )\-carrageenan
0804 0505 OH 0505°
CH,OH CH,OH CH,OH 0 0.
[0] [0}
9 o Lo - 9 o o T o 080"
B o~ - O~ -
OH n OH n 080y n
OH 080y HO
Fig. 6. The structures of «, 1, and A-carrageenans.

Another biologically active polysaccharide attracting attention for glycoconjugate synthesis is
mannan which consists of mannose units linked together by 1 —6 a-glycosidic bonds, forming
amannan backbone. The mannans vary in their branching structure, while they contain
a diverse percentage of o-1,2 and a-1,3 side chains of different composition.”® In living
organisms, they bind to the mannose receptors, a part of multilectin receptor proteins, which
secures a connection between innate and adaptive immunity.* Thus, mannan is
predominantly accumulated in immune cells overexpressing the DC-SIGN (Dendritic Cell-
Specific Intercellular adhesion molecule-3-Grabbing Non-integrin) receptors.”> This

phenomenon is widely exploited in various biomedical applications.

1.2.2 The nature of the synthetic polymer part

In general, hybrid polymers contain both bio- and synthetic polymeric parts. As it was
discussed above, both parts have a crucial influence on the final product properties.

For glycoconjugate synthesis, there is a wide range of used synthetic polymers. Poly(ethylene
oxide) (PEO) is probably one of the most widely used. It is typically synthesized using
anionic ring-opening polymerization of ethylene glycol, resulting in low polymer
dispersities.”® PEO is biocompatible, non-toxic and water-soluble, even if it has a high molar
mass.”’ Moreover, it is an approved substance by Food and Drug Administration to be used in
food, cosmetics and pharmaceuticals.”® In biomedical field, PEO is widely exploited to
decorate bioactive molecules, protecting them from unspecific interactions with other

bioactive objects.”” This process is predominantly used to prolong a circulation time
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in the bloodstream for various formulations.®” However, several negatives of PEO have to be
mentioned. It tends to accumulate in specific organs, especially with its increasing polymer
molar mass.®’ Furthermore, PEO can cause an immune response because it activates
the complement system, leading to hypersensitive reactions and subsequently
to the anaphylactic shock.®* Although PEO has been for a long time identified to be non-
antigenic, the existence of antibody against PEO was found in approximately 20 % of Europe
healthy population, resulting in the need of this antibody determination to consider
an appropriate drug dosing strategy or an usage of free-PEO drugs.®

Recently, poly(2-alkyl-2-oxazoline)s have attracted increasing attention due to their
biocompatibility and non-immunogenicity. Due to this convenient combination of properties
they are predicted to be used and sometimes are already used instead of PEO in biomedical
applications.** However, similarly like PEO, poly(2-alkyl-2-oxazoline) is not biodegradable.
They are synthesized by a living cationic ring-opening polymerization of 2-alkyl-2-oxazolines
using various initiation and termination agents to tune the end-groups (Fig. 7).
The microwave-assisted synthesis was applied to optimize POXs preparation not long time
ago, shortening the reaction time from days to minutes.®® The final polymer properties can be
easily fine-tuned within the limits of tolerated functionalities during the polymerization
by the choice of alkyl substituent. Poly(2-methyl-2-oxazoline) is soluble in aqueous
environment. If the alkyl substituent has 2 or 3 carbons (i.e., ethyl, propyl and propan-2-yl),
the resulting macromolecules are water-soluble with a lower critical solution temperature
(LCST), which makes these polymers suitable for applications demanding such
thermoresponsivity. On the other hand, the longer substituents produce rather hydrophobic
macromolecules.®® The achievable molar mass strongly depends on the used monomer.
Furthermore, poly(2-ethyl-2-oxazoline) is approved by the Food and Drug Administration
asa food contact agent since 2016.°7 Inthis thesis, poly(2-alkyl-2-oxazoline)s were
extensively exploited for syntheses of new hybrid polymers, because, except for the above
mentioned advantages, they are also relatively radioresistant, and thus, are suitable for the use

in delivery systems that experience radiation exposure.®®
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Fig. 7. The general mechanism of cationic ring-opening polymerization of 2-alkyl-2-

oxazolines to form poly(2-alkyl-2-oxazoline)s.

Another frequently used polymer class, which exhibits responsivity to external stimuli, is
poly(N-acrylamide)s. Although, the polymers are found to be non-toxic, their common use
in pharmaceuticals is limited due to the possible presence of some severely toxic monomers.”
However, the majority of monomers is classified to be not harmful. The most frequently
studied and applied polymers are poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) and
poly(N-isopropylacrylamide) (PNIPAm).”” PHPMA is biocompatible, chemically stable,
hydrophilic polymer, whose hydroxyl groups allow a further easy modification. It could be
prepared by a free radical polymerization of N-(2-hydroxypropyl)methacrylamide’,
by techniques of controlled radical polymerization’* or by a post-polymerization reaction
of poly(pentafluorophenyl methacrylate), containing activated ester side chains, with 1-

amino-2-propanol.”

PNIPAm is one of the most intensively studied thermoresponsive
polymers because its homopolymer displays LCST around 33 °C in aqueous environment,
i.e., close to the body temperature, making it suitable for biomedical applications.”* Such
polymer is water-soluble at temperatures lower than LCST and insoluble at temperatures
higher than LCST; this phase separation is connected with the interruption of polymer—water
hydrogen bonds.” Unfortunately, PHPMA as well as PNIPAm have not been yet approved
by Food and Drug Administration, despite the considerable research interest and studies

focused on them.
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1.3. Glycoconjugates studied and used in practice

In the matter of the fact, the first commercially used glycoconjugate Celluloid, nitrocellulose
mixed with camphor, was prepared in the Hyatt Manufacturing Company in 1870.”° Since that
time, a huge progress has been done in this research area. Nowadays, the applied cellulose
modifications are numerous, including cellulose esters, ethers or copolymerized products
of allyl and vinyl cellulose esters with maleic esters, which were probably the first
synthesized graft copolymers of cellulose.”” Another example of these copolymers is a cation-
initiated grafting of the cellulose substrate with isobutylene and o-methyl styrene. Here,
the initiator was formed in situ by the reaction of cellulose hydroxyl groups (Lewis base) and
boron trifluoride (Lewis acid). Furthermore, cellulose was also grafted with
poly(acrylonitrile), poly(methacrylonitrile) and poly(methyl methacrylate), using cellulose
alcoholates as initiators.”®

Hyaluronic acid (HA) is a linear nonsulfated glycosaminoglycan, containing 1,4-B-D-
glucuronic acid and 1,3-B-N-acetylglucosamine. It was discovered in the cattle eye in 19347,
however, later it was found that HA 1is distributed throughout the body, especially
in the extracellular matrix and synovial fluids.*® The pure HA promotes angiogenesis and also
helps in wound healing, which led to its massive use in cosmetics and pharmaceuticals.®'
Furthermore, the use of HA as a biomaterial for long-terms implants was considered,
nevertheless, its application is problematic due to the rapid enzymatic degradation in the body
(in the human body it is degraded up to 5 g/day™). This is why its further modification
with synthetic polymers was needed in order to reduce the degradation rate. For this purpose,
HA was functionalized to bear free thiol groups and subsequently crosslinked by Michael
addition with poly(ethylene glycol) diacrylate.*> The created material is applicable for
the controlled release of anti-inflammatory drugs, to increase a reepithelialization within
wound healing, to stimulate a capillary growth by cytokine release™ or as a substitute for fatty
tissue.*” Furthermore, poly(lactic-co-glycolic acid) was grafted onto HA, and the resulting
copolymer nanoparticles were used for the targeted transport of antitumor drugs.*
The conjugation of HA methacrylate with the diacrylate of Pluronic® F127 was also
investigated using photocrosslinking effect. The formed hydrogels exhibited an interesting
thermoresponsivity, showing a rapid loss of the water content in their structure with
increasing temperature. This was exploited for the controlled release of human growth factors
and deoxyribonucleic acid (DNA) plasmids, inducing in vitro transfection.®” Similar

hydrogels were produced by conjugation of HA methacrylate with the amino-functionalized
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Pluronic® F127, followed by photocrosslinking with acrylate cell-adhesion domains.
The subsequent encapsulation of chondrocytes by these hydrogel structures caused in vitro
increased production of extracellular matrix proteins, especially collagen .Y

Chondroitin sulfate (CS) is a linear polysaccharide containing 1,3-B-N-acetylgalactosamine
and 1,4-B-glucuronic acid, while N-acetylgalactosamine is sulfated in the chain at position
4 or 6 (chondroitin-4-sulfate or chondroitin-6-sulfate). CS was discovered by G. Fischer and
C. Boedeker®™ in 1861, but its structure was elucidated in the beginning of the 20™ century.
The commercially available CS is obtained by the extraction from various natural sources,
e.g., cartilages of cattle, pigs or sharks. CS plays the important role in articular cartilages,
where many CS chains are conjugated to one protein chain, creating a charge gradient, which
reinforces the cartilage and also increases its ability to absorb burden.*” This natural role has
directed CS use in tissue engineering for the cartilage treatment. Specifically for this
application, CS was first modified with glycidyl methacrylate and subsequently
photocrosslinked with poly(ethylene glycol) diacrylate. Moreover, the material created
by the modification of CS to have aldehyde or succinimidyl succinate groups, followed
by the crosslinking with poly(vinyl alcohol-co-vinylamine), is used as an adhesive for corneal
surgery because it exhibits minimal inflammatory responses and simultaneously it is resistant
to high pressure damage.”® This material was also studied in wound healing, and the produced
hydrogel film was applied to the surface of murine wounds and also to internal injuries
of the rabbit mucosa. In both cases, the treatment with these hydrogels showed a significant
healing acceleration compared to the control group.” Another used glycoconjugate of CS is
CS-graft-polylactide, which produces in aqueous environment the micelles suitable
for chondrocyte encapsulation and targeted drug delivery.”!

Heparin belongs to a glycosaminoglycan family of carbohydrates, consisting of variably
sulfated 1,4-a,B-uronic acid and a-D-glucosamine residues. It was discovered in 1916, and
since 1935 it has been clinically used as an anticoagulant.”> Heparin is synthesized
as a proteoglycan contained in the mast cells (60— 100 kDa), which is then cleaved into
smaller fragments by endoglycosidases (5 — 25 kDa).”” Commercially, heparin is produced
by an extraction of various tissues (e.g., porcine or bovine intestinal mucosa) followed
by numerous purification processes. The high negative charge of heparin can cause many
ionic interactions with a number of proteins (growth factors, proteases, chemokines), and it
has been demonstrated that such interactions can result in the structure stabilization against

especially denaturation for numerous growth factors, e.g., basal fibroblast growth factor
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(bFGF) or vascular endothelial growth factor (VEGF). Furthermore, these interactions also
increase the affinity of this complex for cellular receptors.”* Heparin was also conjugated with
polystyrene to produce material with the increased activity of growth factors VEGF and
bFGF. Conjugated of heparin with PEO was used to investigated the differentiation and
phenotypic response of mesenchymal stem cells and valvular interstitial cells by the capture
of growth factors and other proteins binding to heparin.”

P-Glucans were in detail described in the section 1.2.1 The nature of polysaccharide. They
are used as stiffening agents in food and cosmetic industry. Anyway, they are generally
known to have a beneficial effect on human health. For example, the intake of at least 3 g
of oat B-glucan per day decreases the level of low-density lipoprotein-cholesterol and thus
assists to reduce the risk of cardiovascular diseases.”® Because p-glucans are known for their
immunostimulatory and anticancer activities, also the modified B-glucans are widely studied
as potential antitumor drugs. Curdlan (B-1,3-glucan), produced by fermentation
of Agrobacterium biobar, was grafted with PEO, and the subsequently produced nanoparticles
carrying the chemotherapeutic agent doxorubicin were successfully used for combined
immuno- and chemotherapy.”” A similar concept of exploiting p-glucan was used in this
thesis to combine both immuno- and radiotherapy (see section 3. Results and discussion).
Moreover, the k-carrageenan was utilized for the same purpose in this thesis.

The properties and structure of w-carrageenan were already described in the section
1.2.1 The nature of polysaccharide. «-Carrageenan-graft-polyvinylpyrrolidone forms
in aqueous environment a hydrogel, which exhibits an enhanced ability to absorb water
despite of a weaker gel strength compared to the corresponding control polysaccharides.”
Moreover, «k-carrageenan was also modified to produce pH-responsive hydrogels,
K-carrageenan-grafi-poly(methacrylamide)s, which are designed for a controlled delivery
of bioactive  substances.”  Similar system, a pH-responsive polymeric network
of «-carrageenan-grafi-polyacrylamide and sodium alginate was successfully used for
the controlled delivery of ketoprofen (a non-steroidal anti-inflammatory drug with analgesic
and antipyretic effects) into the intestines.'” Carboxymethyl derivatives of k-carrageenan are
applicable for wound healing because they are able to absorb water and exhibit antimicrobial
activity. It was discovered that the substitution degree strongly affects the final wound healing

ability — the higher substitution degree, the better healing results were observed.'"'
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1.4 Cancer treatment

All over the world, cancer is the second leading cause of death, which is estimated to be
responsible for 9.6 millions deaths in 2018.'%* In fact, it corresponds to that 1 from 6 deaths is
caused by cancer. In the past, cancer was treated mainly by surgery, however, understanding
of fundamental biological processes has made a revolution in cancer treatment. Nowadays,
there is a number of different treatments, including chemotherapy, radiotherapy, targeted
therapy or immunotherapy. These treatment methods are relatively successful, nevertheless, it
is still necessary to develop and improve their efficiency, patient survival time and also a
quality of life.

This thesis is focused on the polymers designed for a conceptually new cancer treatment
approach, exploiting a possible synergistic effect of both immunotherapy and radiotherapy
(specifically brachytherapy). Therefore, the following sections are focused only on these

methods, although the cancer treatment is generally a voluminous topic.

1.4.1 Radiotherapy

Radiotherapy utilizes an ionizing radiation to kill cancer cells by a destruction of their DNA
that leads to the cellular death. In general, radiation is not specific for cancer cells and,
unfortunately, also damages the healthy tissue. Radiotherapy treatments are divided into two
groups according to the position of the used radiation source. External beam radiotherapy uses
the radiation source outside the body, while the radiation source of internal radiotherapy
(brachytherapy) is placed precisely in the area requiring a treatment.

External beam radiotherapy is the most commonly used method of radiotherapy. To at least
partially protect the normal tissues within the external radiotherapy treatment, the radiation
beams are aimed from different exposure angles in order to intersect at the tumor site,
resulting in a much higher absorbed radiation dose of tumor area compared to surrounding
healthy tissues. Depending on the used radiation energy, it is possible to exploit external
radiotherapy for skin cancer treatment as well as to treat deep-seated tumors (e.g., prostate,
bladder or brain).

As it was said above, brachytherapy exploits a localized radiation source, which is placed
inside or very close to the site requiring a treatment (the word “brachy” means in Greek
“for short distance”). This allows using significantly higher radiation doses because
radioactivity is located only at the tumor site, and thus, the whole-body radiation exposure is

minimized.'” Therefore, brachytherapy procedure can be successful in shorter time than other
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radiotherapy techniques, increasing a patient survival chance.'®*

Moreover, the majority
of patients are able to tolerate treatment side effects very well. Brachytherapy is most often
used for solid tumor treatment. It can be realized by surgical implant, demanding two surgical
interventions to place implant in and out, or by an injection of radioactive thermoresponsive
polymer, which is soluble at room temperature and concurrently creates a polymer depot
at the injection site due to the body temperature.'®® For this purpose, the polymers with cloud
point temperature (CPT, i.e., the temperature at which they start to precipitate at the given
concentration) around 32 °C are suitable to use because it is guaranteed that the polymer is
completely precipitated at 37 °C. The depot formation was investigated in numerous studies,
e.g., polymers based on poly(N-isopropyl acrylamide) with CPTs of approximately 33 °C,
were injected intratumorally to mice and remained at the injection site for more than

10 days.'” The brachytherapy approach utilizing a thermoresponsive polymer with CPT was

exploited in this thesis.

1.4.2 Immunotherapy

Another therapy attracting interest nowadays is immunotherapy which exploits body's own
immune system to eradicate tumors and also metastasis. The reason why the immune cells do
not recognize and eliminate cancer cell is that in the tumor microenvironment these immune
cells are rendered to be nonfunctional because tumors produce a number
of immunosuppressive factors (e.g., prostaglandin E2, inhibitory cytokines and others).'"’
There are two main treatment strategies — passive and active immunotherapy. The success
of passive therapy follows the ability of administrated anticancer monoclonal antibodies or
donor Tcells to cause an immediate immune reaction against cancer, bypassing
the requirement of endogenous immunity activation'®®, which is known to control the tumor
growth.'” Nowadays, nine monoclonal antibodies are approved drugs for the solid and
hematological malignancies treatments, when they target cancer-associated proteins (EGFR,
VEGF, HER2, CD20, CD52 and CD33).'” In contrast to passive immunotherapy, the active
treatment, stimulating the immune system to cause a durable antitumor immunity, seems to be
still elusive. The first attempts in this field were done a long time ago, in 1891, by William
Coley. He injected intratumorally live and also inactivated bacteria of Streptococcus pyogenes
and Serratia marcescens to cause a spontaneous sarcoma remissions, which he had discovered
in the cancer patients having erysipelas as well.'"” ‘Coley’s toxins’ probably acted to

stimulate antibacterial phagocytes, which then might kill tumor cells. In the following
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40 years, some considerable immune responses were observed, however, the treatment
success was rather sporadic and not reproducible. Therefore, the oncologists started to rely
on surgery and also on the other newly developed methods, especially radiotherapy and
chemotherapy, and the history of immunotherapy was decelerated for a while. The key role
in the immune system activation is played by Toll-like receptors (TLRs), which are expressed
on the leukocyte membranes, predominantly on macrophages, dendritic cells, natural killer
cells and also the adaptive immunity cells (T and B lymphocytes). In general, it is believed
that one ofthe promising approach in cancer immunotherapy could be the harnessing
of TLRs'", while this approach was applied in this thesis using polysaccharides, which
trigger TLRs.
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2. Aims of the thesis

1. Preparation and characterization of the novel hybrid polymers polysaccharide-graft-
poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s differing in graft length and grafting
density. For this purpose, B-glucan from Auricularia auricula-judae and k-carrageenan from

Kappaphycus alvarezii were chosen as the used polysaccharides.

2. Study of thermoresponsive and potassium responsive (only for k-carrageenan)
behavior of the prepared polymers and selection of the most suitable materials for the further
biomedical application from the view of thermoresponsivity (polymer has to be soluble

at room temperature and to be phase-separated at 37 °C).

3. Modification of the most suitable polymer to bear at the graft ends a fluorescent dye

and the moieties able to complex radioactive yttrium-90(III).

4. Fundamental in vitro and in vivo experiments of the most suitable polymer

conjugate(s), studying its potential use in the immunoradiotherapy.
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3. Results and discussion

3.1 B-Glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
3.1.1 Polymer design and synthesis

We have designed a conceptually new bimodal cancer treatment, immunoradiotherapy,
to exploit the possible synergistic effect of both immunotherapy and radiotherapy (Fig. 8).
The theoretical treatment principle is as follows: the polymer solution is injected into
the tumor and, because of the its thermoresponsivity, the depot is created at the injection site,
while the local action of the contained radioactivity kills the cancer cells. After
the radionuclide decays, the polymer immunostimulatory part activates the immune system
against the cancer cells. The increased concentration of the immune cells at the same place as
the dead cancer cells (tumor debris) would lead to the recognition of the cancer cells as
extraneous cells of the body. Therefore, the stimulated adaptive immunity would be able

to kill the other cancer cells and metastases.
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Fig. 8. A) The theoretical treatment principle of bimodal immunoradiotherapy

(radiation kills the tumor cells; after the radionuclide decays, the immunostimulatory polymer
part enhances the following immune response against the remaining cancer cells and

metastases). B) Structure of the polymer designed to be used in immunoradiotherapy.
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The polymer, B-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)
(B-glucan-graft-POX) bearing a fluorescent dye Dyomics-615 and the complex of 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) with yttrium-90(III) at the graft ends
(Fig. 8B), was designed to be used in such cancer treatment because it combines the known
immunostimulatory and anticancer properties of p-glucan from Auricularia auricula-judae®®
with the POX thermoresponsivity. Yttrium-90(II) was chosen as a radiation therapy source
because it has a therapeutically convenient half-life (77, =64.1h) and predominantly
undergoes short-distance effective B decay. Therefore, the polymer depot labeled with
yttrium-90(I1I) has a smaller impact on the whole body because the radiation is effective only
at the depot site. Moreover, POXs are relatively radioresistant compared to the other
thermoresponsive polymers, and thus, they are suitable to be used in this system.®

The graft length has a crucial impact on the final polymer properties; therefore, four samples
of B-glucan-graft-POXs with a maximum achievable grafting density, differing in the graft
length (G1 with the theoretical graft length 500 Da, G2 1000 Da, G3 2500 Da and
G4 5000 Da), were prepared and their thermoresponsive behavior in the aqueous environment
was studied.

The first step of polymer synthesis was an extraction of B-glucan from the bodies
of Auricularia auricula-judae according to a known procedure.”” The purified p-glucan was
then grafted by a simple one-pot, two-step reaction (Fig.9B) with POXs, which were
separately synthesized by cationic ring-opening polymerization of 2-isopropyl-2-oxazoline
and 2-butyl-2-oxazoline using allyl bromide as an initiator. Allyl bromide was selected
because it brings double bonds at the graft ends, enabling further modifications, e.g., radical
crosslinking/copolymerization or thiol-ene click chemistry. Thereafter, the living POX ends
were terminated with sodium B-glucanate, prepared separately before, to give B-glucan-grafi-
POXs. Furthermore, to study the graft properties apart, POX living ends were additionally
terminated with water (instead of sodium [B-glucanate) to obtain only corresponding POXs

with —OH end-groups.

28



A)

=D \

B)

R

)§ NN, R\(O R)\
O\—/N 70°C, CHCN ~ N\/—];;\/)O —2 .

R=isopropyl/butyl=75/25 mol/mol N—<

3_/ O
X0

120y ) —o°

G1-G4

Fig. 9. A) Structure of the isolated B-glucan; B) general scheme for G1 — G4 synthesis.

The successful grafting procedure was confirmed by nuclear magnetic resonance (NMR) and
by Fourier-transform infrared (FTIR) spectroscopies. The "H-NMR spectra of B-glucan-grafi-
POXs exhibited peaks, which correspond to the POX groups (POX region in Fig. 10B) and
also tothe p-glucan backbone (B-glucan region in Fig. 10B). The peak intensity in
the B-glucan region decreased from Gl to G4, demonstrating the decreasing amount
of B-glucan in the particular samples. The similar phenomenon was observed from the FTIR
spectra of the grafted p-glucans (Fig. 10A). The peak at 1624 cm™' corresponds to an amide
C=0 stretching vibration of the POX, confirming its presence in the final polymers.
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Fig. 10. A)FTIR and B) NMR spectra of the G1 — G4 polymers.

29



The weight-average molecular mass of grafts and of the grafted polymers was determined
using size-exclusion chromatography (SEC) with multiangle light scattering (MALS)
detectors (Table 3). The theoretical monomer ratio in the polymer grafts was selected to be
N-isopropyl-2-oxazoline / H2-butyl-2-oxazoline = 3/1 mol/mol. According to our previous experiences,
POX with this monomer ratio, grafted onto polysaccharide, displays the most appropriate
cloud point temperature (CPT) for biomedical application (CPT between room and body
temperatures), which allows an injection of the polymer solution and a subsequent formation
of the polymer depot in the organism. In this case, the depot formation is caused by the self-
assembling process of the thermoresponsive polymer.''” The actual monomer ratio
Misopropyl/Mbutyl 10 the prepared POX grafts was calculated from the ratio of the corresponding
NMR peaks (integral intensities), and the obtained values were very close to the theoretical
one 75/25 (Table 3).

Because the extracted B-glucan contained less than 0.1 wt. % nitrogen, the POX content
in the synthesized polymers was calculated using the nitrogen weight content, which was
determined by elemental analysis (CHN). The found POX content corresponded to the graft
length (Table 3), the longer grafts, the higher POX content. Moreover, the POX chains were
in a high excess within the grafting procedure, which probably resulted in the maximum
achievable grafting density. In general, the maximum achievable density is given
by the molecule conformational structure. The used B-glucan has a comb-like shape, which,
interestingly, causes that the maximum achievable grafting density of shorter grafts is

comparable with the one of longer grafts (from 6 to 9 glucose units per graft, Table 3).

Table 3. Characterization of the prepared grafted polymers.

Theor. graft  Found graft  nmipropy/ POX content M, (Da)l Dispersity  Glucose units

length (Da) length (Da)' nhmylz (wt. %) per graft
G1 500 590 70/30 26 3.7x10° 1.64 9.3
G2 1000 1140 74/26 47 6.4x10° 1.64 7.2
G3 2500 2290 74/26 70 7.5x10° 1.49 6.0
G4 5000 4180 73/27 80 1.6x10’ 3.70 59

! Determined by SEC-MALS,

2 Tisopropyl/Mbutyl 1S the molar ratio of 2-isopropyl-2-oxazoline to 2-butyl-2-oxazoline incorporated in the POX grafts,

determined by NMR. The theoretical one was 75/25.
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3.1.2 Thermoresponsive polymer behavior

The thermoresponsive behavior of polymers G1 —G4 was studied using dynamic light
scattering (DLS) in order to get detailed information about a depot formation after
the polymer solution injection into the body, when using in cancer therapy.

For all polymers, the CPTs were determined in the concentration range from 1 to 25 mg/mL
in phosphate-buffered saline (PBS) using DLS measurement (Fig. 11A, B), which showed
a dependence of polymer hydrodynamic radius R}, on the temperature. As supposed, the CPT
of the prepared polymers crucially depends on the graft length — for the shortest grafts,
the CPT of G1 was even not detected up to 65 °C. On the other hand, the sample G4 with
the longest grafts precipitates even at room temperature. Moreover, the CPTs for a given
sample decrease with the increasing concentration, while the difference between CPTs
through the concentration range is influenced by the graft length. For G4 with longest grafts
(M grafi(found) = 4180 Da), the difference between the CPT at c¢=1mg/mL and the CPT
atc =25 mg/mL is 8 °C, while G2 (M, grafi(found) = 1140 Da) exhibited the difference of only
4 °C. Furthermore, these measurements revealed that the most suitable polymer for a depot
formation after intratumoral injection of polymer solution is the sample G3 with the grafts
0f 2290 Da. The polymer G1 is not suitable because it did not show any thermoresponsivity
up to 65 °C, G2 is also not useful due to the CPTs higher than 37 °C at lower concentrations,
which could end in a fast dissolution of the created depot. On the other hand, the polymer G4
has too low CPTs.
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Fig. 11. A) The temperature dependence of the hydrodynamic radius R, of G2

at concentration ¢ =1 mg/mL in PBS; B) CPTs of the synthesized polymers in PBS (CPT
of G1 was not detected up to 65 °C).
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The thermoresponsive behavior of the most suitable polymer G3 was further studied using
temperature-dependent  fluorescence  measurements to get information about
the microenvironment hydrophobicity during phase transition. This measurement exploits
the aggregation-induced emission caused by a fluorescent probe, which does not emit any
fluorescence in the molecularly dissolved state but it is highly fluorescent in the aggregated
state (hydrophobic environment). In this case, 8-anilino-1-naphthalenesulfonic acid
ammonium salt (¢ = 0.25 umol/mL, A, = 388 nm) was used as a fluorescent probe. At lower
temperatures, the solution of polymer G3 (¢ =10 mg/mL in PBS) exhibited only a weak
fluorescence signal (Fig. 12), which could probably correspond to the formed aggregates from
isopropyl and butyl moieties of one or very few macromolecules. However, the fluorescence
intensity significantly increased at 22.5 °C, suggesting that the content of hydrophobic
domains increased as well. This result is in good agreement with the result of DLS
measurement, which detected the CPT of this system to be 21.5°C. Furthermore,
the fluorescence intensity was then increasing with the elevated temperature up to 32.5 °C,
displaying the increasing content of hydrophobic domains and also an inter/intramolecular
reorganization of the self-assembled architectures in this temperature zone. Thereafter,
the fluorescence intensity was not rising with the increasing temperature, and it remained

almost constant.
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Fig. 12. A, B) The temperature-dependent fluorescence of the polymer G3
(c=10mg/mL in PBS) with a fluorescent probe (8-anilino-1-naphthalenesulfonic acid

ammonium salt, ¢ = 0.25 pmol/mL, 1 = 388 nm).
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The thermoresponsive behavior of G3 was also characterized by high-resolution 'H-NMR
spectroscopy (Fig. 13). The intensity of signals corresponding to POX groups decreased with
the increasing temperature. This phenomenon is a typical behavior for the thermoresponsive
polymers, connected with the decreased mobility of POX chains at the elevated temperature,
which is in analogy to literature.'”> The quantity of p-fraction is, in general, very useful
for the temperature-dependent NMR spectra because it enables to quantitatively compare
the changes that occur within the heating and cooling processes. The p-fraction can be

calculated according to the equation (1)

p=1-UD)/[LTo) - (To/ DI} (1)

where /(7) is the integrated intensity of a signal in the spectrum at the temperature 7 and /(7))
is the integrated intensity of the same signal in the case when no phase separation occurs
(below CPT). The p-fractions were calculated for POX groups (Fig. 13B). For all POX proton
groups of G3 the phase transition begins at approximately 24 °C (¢ =10 mg/mL in D,0),
which is in good agreement with the results obtained by other methods. The final p-fraction
value (pmax) gives a quantitative information about the amount of the groups that participate
in a phase transition. The pma.x value was 0.69 for group “a” from the POX main chain and
0.76 and 0.67 for the isopropyl units “b” and “c”, respectively, meaning these groups
influence the phase transition similarly. However, the py.x values of protons from 2-butyl-2-
oxazoline unit were calculated to be slightly lower, suggesting that these sections are probably
more flexible in the aggregated state.

The more detailed description of B-glucan-grafi-POXs syntheses and their thermoresponsive

behavior can be found in the Appendix 1 (see section 6. Appendixes — attached publications).
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Fig. 13. A) High-resolution 'H-NMR spectra of the polymer G3 (c=10 mg/mL
in D,0O) measured at 12 °C, 37 °C and 57 °C; B)the temperature-dependent p-fractions
of the polymer G3 — proton groups of poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)
(¢ =10 mg/mL in D,0).

3.1.3 Polymer modification

The most suitable polymer in the terms of thermoresponsive behavior (for a depot formation
after the polymer solution injection) was selected to be the sample G3 with the graft length
0of 2290 Da. This polymer was further modified (Fig.14) to bear at the grafts ends
a fluorescent dye Dyomics-615, permitting to track the polymer fate with fluorescence
imaging, and DOTA moiety, enabling its radiolabeling with yttrium-90(III) and thus its
subsequent use in therapeutic experiments. The first step of such modification was
incorporation of cysteamine at the graft ends using a thiol-ene click reaction (Fig. 14)
to obtain G3-1I with —NH, groups at the graft ends. Their amount was determined to be
0.17 mmol —NH, groups/g, using a 2,4,6-trinitrobenzene-1-sulfonic acid (TNBSA) assay''*.
Thereafter, -NH, groups at the graft ends were exploited to introduce the Dyomics-615 and
DOTA, using the reaction with their N-hydroxysuccinimidyl esters (NHS-esters). The content
of Dyomics-615 in the final polymer G3-III was determined spectrophotometrically
(Aabsorption = 621 nm, & =200 000 L/mol-cm) to be 0.1 wt %, and the DOTA content was
detected by the chelation with Gd(III) followed by the energy-dispersive X-ray spectroscopy
to be 1.72 %, meaning 0.11 mmol DOTA/g.

Similarly, the corresponding POX of length 2290 Da was modified to bear DOTA moieties
at the polymer ends as well.
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Fig. 14. The scheme of further modification of the polymer G3.

3.1.4 In vitro studies

To use the synthesized polymer G3-III in further in vivo experiments it must have firstly been
successfully tested in vitro.

The polymer cytotoxicity was investigated on different cell lines (macrophages RAW 264.7,
MCF7 and EL4 cancer cells) using an AlamarBlue assay, and it was found to be almost
negligible for all tested cell lines, meaning the non-toxicity of the polymer G3-III.

The next in vitro experiment was oxidative burst response of the leukocytes assay which gives
information about the polymer immunostimulatory properties. The leukocyte response after
the polymer stimulation was indirectly detected using the viability decrease of Staphylococcus
(S.) aureus, added within the experiment. The assay was done using leukocytes isolated from
human whole blood, and the original non-grafted B-glucan was used as a control sample.
The polymer G3-III showed the enhanced response of the leukocytes (Fig. 15A), which is
demonstrated by the decrease of the S. aureus viability at the polymer concentrations
corresponding to 1 and 10 ug/mL of B-glucan in the tested solutions (¢ = 3.4 and 34 pg/mL).
Significant differences compared to the control group (no immunostimulatory properties)
were statistically confirmed (c= 3.4 ug/mL, P <0.0065; c= 34 ug/mL, P <0.0007).
The polymer G3-III exhibited similarly strong response of the leukocytes as [B-glucan,
considering the same amount of B-glucan. This means that grafting of f-glucan by POX does
not decrease the polymer immunostimulatory properties.

B-Glucan from Auricularia auricula-judae enhances the production of tumor necrosis factor a
(TNF-a)), which is a multifunctional cytokine, playing a key role in the regulation of immune
cells and influences many other actions, such as apoptosis or cell survival.'> TNF-a was
named for its antitumor properties, and it is nowadays widely studied for its potential use

in cancer therapy. The production of TNF-a induced by the polymer G3-III was tested using
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an enzyme-linked immunosorbent assay (ELISA) on leukocytes isolated from human whole
blood (Fig. 15). The increased production of TNF-a was observed after the leukocyte
stimulation with the polymer G3-III at the concentrations corresponding to 1 and 10 pg/mL
of B-glucan (¢ = 3.4 and 34 pg/mL). The control group was stimulated with phorbol myristate
acetate (PMA) (c=2 uM), which is an activator of phagocytosis. Significant differences
in TNF-o production by G3-III and PMA were statistically confirmed (c=3.4 ug/mL,
P <0.00033; ¢ = 34 ng/mL, P <0.0012). This observation indicates an optimistic prognosis

for the prospective cancer treatment by the prepared polymer.
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Fig. 15. A) The cell viabilities of S. aureus after the stimulation by B-glucan and
the polymer G3-III at the concentrations corresponding to 1 and 10 pg/mL of B-glucan (for
B-glucan ¢= 1and 10 pg/mL and for G3-III ¢= 3.4 and 34 pg/mL). They correspond
indirectly to the oxidative burst response of the leukocytes. B) The production of tumor
necrosis factor o (TNF-a) induced by phorbol myristate acetate (PMA) as the control,
B-glucan and the synthesized polymer G3-III at concentrations corresponding to 1 and
10 pg/mL of B-glucan (for PB-glucan c¢= 1and 10 ug/mL and for G3-III ¢= 3.4 and
34 pg/mL).

Thereafter, the polymer cellular uptake into macrophages and MCF7 cancer cells was studied
using confocal laser scanning microscopy. The microscopy experiments revealed that
the polymer G3-III was internalized into both cell lines (uptake into macrophages is
visualized in Fig. 16A), while the data denoted that G3-III is internalized even better than

the original non-grafted -glucan that is even more pronounced after shorter incubation times
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(15 min and 4 h). Therefore, the cellular internalization kinetics into the MCF7 cancer cells
for B-glucan and for the polymer G3-III (B-glucan-graft-POX) was performed using flow
cytometry (Fig. 16B). Anyway, MCF7 cancer cells were used because they represent a good
model for drug cellular internalization in vitro. The observed data implies that G3-III is
internalized in the cancer cells almost twice faster compared to the internalization
of the original B-glucan, indicating the good cell-internalization properties of the prepared
conjugate G3-IIL

The in vitro experiments demonstrated very promising properties for cancer
immunoradiotherapy, and thus, the experiments in vivo were subsequently performed (see

below).
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Fig. 16. A) The confocal microscopy images of B-glucan and G3-III after their

incubation at the concentrations corresponding to 150 pg/mL B-glucan at 15 min, 4 h and 24 h
with RAW cells. The organelle staining is shown in green (CellMask Green, cell membrane)
and blue (Hoechst 33342, nucleus), the polymers are in red (Dyomics-615 dye). The scale bar
is 20 um. B) Polymer cellular uptake in the cancer cells after up to 48 h of incubation

at the concentration corresponding to 50 ug/mL B-glucan.

3.1.5 Polymer radiolabeling and radiostability
For the performance of in vivo antitumor efficiency experiment using the prepared polymer
G3-I1I, this polymer must be first labeled with yttrium-90(III), which, as it was said above,

predominantly undergoes B decay, effective to the short distances (up to 1 cm in aqueous
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tissue). Therefore, the created radiation operates only locally and, furthermore, its half-life
time is therapeutically convenient (7', = 64.1 hours). The polymer G3-III was labeled
by a chelation of DOTA groups using yttrium-90(III) chloride in ammonium acetate buffer
and purified on a Sephadex® G-25 column to obtain the labeled polymer G3-III-Y with
sufficient radioactivity for a subsequent therapy treatment (4 = 5 MBg/mg).

In the organisms, there is a variety of different ions which can compete with yttrium-90(III)
and replace it in the formed complex. Such competing ions are especially Ca*" and Zn*".
Moreover, in the living organism, there are also phosphates, which can complex yttrium-
90(III). Therefore, the radiostability of the prepared complex DOTA-yttrium-90(I1I) (G3-III-
Y) was studied by its incubation in the environment containing ions at the concentrations as
in blood plasma (cca+=1.0 mmol/L, czn+=0.0153 mmol/L and cphosphates = 1.0 mmol/L).
After a given time, the aliquot sample from the incubation mixture was taken out, and it was
studied on a Sephadex® G-25 column in the comparison to yttrium-90(III) chloride.
A significant leak of yttrium-90(IIl) from the polymer complex was not observed even after
48 h at 37 °C (Fig. 17), which predicts the high radiostability of the radiolabeled polymer G3-
III-Y in the blood.
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Fig. 17. The radiostability test of the polymer G3-III-Y, which was incubated

for1,15and 48 h wunder the ion concentrations as they are in blood plasma

(ccaz+ = 1.0 mmol/L, ¢zn2+ = 0.0153 mmol/L and cphosphates = 1.0 mmol/L).

3.1.6 In vivo study
The in vivo study was performed after the successful in vitro study and also a successful
radiolabeling of the prepared polymer G3-III with yttrium-90(III).
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At first, the test of immune response induction was carried out. The solution of G3-III was
injected into the thigh muscles of healthy mice (n =3), and after 7 days the mice were
sacrificed. The histological evaluation of the injection sites showed an extensive inflammation
caused by the formed polymer depot (Fig.18). It was represented by the round-cell
inflammatory cellularization in the adipose and loose connective tissue as well as
by the phlegmonous mixed inflammatory cellularization (Fig. 18A, C, D). Furthermore,
a dystrophic calcification of the muscle fibers (Fig. 18A,C,D) was also observed
at the injection sites that denotes a considerable inflammation. Thus, the polymer G3-III
induces a non-specific immune system response, similarly as the original B-glucan. It was
again discovered that grafting of the B-glucan backbone by POX chains does not significantly

decrease its immunostimulatory properties (see above the section 3.2.4. In vitro studies).

Fig. 18. Histological evaluation of the injection sites (7 days after an administration

ofthe polymer G3-III): A)phlegmonous mixed inflammatory cellularization with
the predominance of granulocytes (original magnification 200x), B) dystrophic calcification
of the muscle fibers (blue arrows, original magnification 200x), C) round-cell inflammatory
cellularization in adipose tissues near the nervous and vascular plexus. The nerve (red arrows)
is edematous with round-cell infiltrates (original magnification 100%), D) round-cell
inflammatory infiltration in the loose connective and adipose tissue reaching the dystrophic

muscle fibers (red).

The antitumor efficiency of a proposed conceptually new cancer treatment —
immunoradiotherapy — was studied in vivo using the synthesized radiolabeled polymer

G3-1II-Y, labeled with yttrium-90(IIl). For this purpose, the syngeneic murine model —
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C57BL/6N mice with murine lymphoma EL4 — was exploited. To be able to confirmed
a possible synergistic effect of immunoradiotherapy, the mice were separated into four groups
as follows (Fig. 19A): 1) control group (no treatment), 2) IMMUNOtherapy (treated with
B-glucan-graft-POX — G3-I1I), 3) RADIOtherapy (treated with radiolabeled POX chains with
the same lengths as grafts) and 4) IMMUNORADIOtherapy (treated with radiolabeled
B-glucan-graft-POX — G3-III-Y). Moreover, the drug dose in the particular groups was
designed to be corresponding to each other — 0.3 mg of B-glucan, 0.7 mg of POX chains and
radioactivity of 4 MBq per a mouse. Thus, the dose for IMMUNORADIO group was 1 mg
G3-11I-Y/4 MBg/mouse, for IMMUNO group was 1 mg G3-IlI/mouse and for RADIO group
was 0.7mg of the corresponding POX/4 MBg/mouse. To avoid apotential polymer
precipitation in the needle that could have brought inhomogeneities in administration,
the polymers were administrated as their DMSO solutions (50 pL DMSO/mouse) because
they are soluble in DMSO without exhibiting a phase transition at elevated temperature.
Moreover, this approach promotes faster polymer precipitation and a subsequent depot

formation in the aqueous environment due to the cononsolvency effect.

The corresponding
amount of DMSO was injected intratumorally also in the control group to exclude its possible

effect on the tumor growth.

1) control group 2) IMMUNO 3) RADIO 4) IMMUNORADIO
- no treatment - B-glucan-graft-POX - POX labeled with Y *° - B-glucan-graft-POX labeled with Y%
1 mg / mouse 0.7 mg / 4 MBq / mouse 1 mg /4 MBq / mouse

Fig. 19. A) The design of antitumor efficiency experiment, B)a mouse from

IMMUNORADIO group after the polymer intratumoral administration.
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The tumor growth was suppressed in all treated groups (Fig.20B), and the statistically
significant difference of populations (a = 0.05) was observed between IMMUNORADIO and
control groups on day 3 and between RADIO and control groups on day 10. Moreover,
growth of the primary tumor was almost blocked in the IMMUNORADIO group. Despite
the fact that the difference between IMMUNO and control groups was not statistically
confirmed (a = 0.05) up to day 20, the mean value of the tumor volume was lower from
day 14.

The important quantity, informing about the treatment success, is a survival time which was
also studied (Fig.20A). All treated groups exhibited prolonged survival times
in the comparison with the control group (24.7 + 3.5 days). However, only a slight growth
was monitored in the mean survival time in IMMUNO group (26.9 + 4.9 days). On the other
hand, two mice from RADIO group were entirely cured (treatment success: 12 %), and
the mean survival time of the uncured mice from this group was considerably extended
(29.8 + 8.4 days). The treatment success in IMMUNORADIO group was significantly better
because 12 mice from a total of 15 mice were observed to be cured (no trace of tumor)
on day 13, nevertheless, primary and metastatic tumors again appeared in some of them.
Finally, 7 mice (treatment success: 47 %) were completely cured in this group, and the mean
survival time of the uncured mice was considerably prolonged (39.0 + 6.9 days).

All the results of the antitumor efficiency experiment imply the synergistic effect of using
immunoradiotherapy compared to separately used immunotherapy or radiotherapy. This
phenomenon could be described by a therapy cooperation as follows: the polymer therapeutic
radiation kills the cancer cells, while after the radionuclide decay, the polymer depot enhances

the immune responses against remaining cancer cells.
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Fig. 20. The treatment effect on the: A) survival time and B) primary tumor growth.

The polymer biodistribution was studied simultaneously with the antitumor efficiency
experiment (Fig. 21). The particular images were done by composition of X-ray images (all
groups), fluorescence images of the dye Dyomics-615 (IMMUNO and IMMUNORADIO
groups) and Cherenkov radiation images of yttrium-90(II) (RADIO and IMMUNORADIO
groups).

The polymer G3-III-Y (IMMUNORADIO) formed a depot after the administration, staying
at the injection site almost 16 days, which corresponds to 6 half-lives of yttrium-90(III).
Furthermore, the presence of polymer was not observed in kidneys, livers or other body parts,
confirming the theory that the polymer is slowly degraded by glycosidases into the oligomers,
which are shorter than the renal threshold and gradually removed from the body. The similar
observation was detected for non-radiolabeled polymer G3-III (IMMUNO). The POX
polymer with the corresponding length was found at the injection site until day 5. Thereafter,
the normalized Cherenkov radiaton intensity was not observed at all, confirming that the POX

polymer was completely removed from the body.
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Fig. 21. The polymer biodistribution in IMMUNO, RADIO and IMMUNORADIO

groups. The particular images were done by composition of X-ray images (all groups),
fluorescence images of the dye Dyomics-615 (IMMUNO and IMMUNORADIO groups) and
Cherenkov radiation images of yttrium-90(III) (RADIO and IMMUNORADIO groups).

The more detailed description of the modification, radiolabeling, in vitro and in vivo testing
of B-glucan-graft-POX can be found in the Appendix 2 (see section 6. Appendixes — attached

publications).

3.2 k-Carrageenan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-
oxazoline)s

3.2.1 Polymer design and synthesis

Due to the extraordinary in vivo results of the previous antitumor efficiency experiment, we
have decided to broaden this study and investigate the effect of particular polymer
architectures of polysaccharide-grafi-POXs on the treatment success. Therefore, we have
designed K-carrageenan-grafi-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s.
k-Carrageenan was selected due to its interesting biological activities, specifically its
considerable influence on the immune system. In general, carrageenans are frequently used
as agents for the induction of experimental inflammation."'” Moreover, they show antitumor
activity and inhibition of cancer metastasis.''®

Considering the thermoresponsive behavior of k-carrageenan (known for gel formation

119

at lower temperatures ) and POX, we supposed a kind of ,,schizophrenic* thermoresponsive
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behavior of «-carrageenan-graft-POXs with both lower and upper critical solution
temperatures. In other words, they would form a gel at lower temperatures (due to
k-carrageenan backbone) and precipitate at temperatures higher than CPT (due to POX
grafts). Furthermore, the original non-grafted k-carrageenan typically creates a large helices
structure in the presence of potassium cations, and thus, the potassium responsivity is also
expected to be observed in the prepared polymer solutions.

Twelve different samples of carrageenan-grafi-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-
oxazoline)s, varying in the graft length (1000 Da — C1-C4, 2500 Da — C5-C8 and 5000 Da —
C9-C12) and density, were successfully synthesized according to a procedure illustrated
in Fig. 22. The polymer grafts were first prepared by cationic ring-opening polymerization
of 2-isopropyl-2-oxazoline and 2-butyl-2-oxazoline using methyl p-toluenesulfonate
as the initiator. The living polymer ends were terminated by sodium carrageenanate, while
the part of living polymer ends were terminated with water to be able to study

the corresponding grafts properties separately from the grafted polymer.
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Fig. 22. A) The k-carrageenan structure, B) general synthetic procedure for C1 — C12.

The presence of POX in the prepared grafted polymers was confirmed by NMR and elemental
analysis. The weight-average polymer molecular mass was determined using SEC-MALS
(Table 4). The theoretical monomer ratio in the polymer grafts was again chosen to be
N2-isopropyl-2-oxazoline/ M2-butyl-2-oxazoline = 3/1 mol/mol,  exhibiting the most convenient CPT
for the polymer depot formation after an injection into the body. The found monomer ratio
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in the prepared POX grafts was calculated using integral intensities of the corresponding
peaks in NMR spectra, and they were very close to the theoretical ratio 75/25 (Table 4).
Thereafter, the POX content in the prepared polymers was determined using the results
of CHN elemental analysis, while the POX content accurately followed the theoretical
grafting density and graft length (Table 4), the higher graft length, the higher POX content

at the same grafting density.

Table 4. Characterization of the prepared grafted polymers.

Theor. graft Found graft  niprepy POX content Glucose units X 5
M, (Da) CPT" (°C)

length (Da)  length (Da)' /nbmyl2 (wt. %) per graft
C1 34 9.3 23x10° X
C2 26 13.5 1.7x10° X
1000 860 71/29 )
C3 18 21.8 2.0x10 X
C4 8 55.0 1.0x 10° X
Cs5 65 5.9 45x10° 32
C6 60 7.2 2.0x 10° 30
2500 1950 72/28 ]
C7 35 20.5 1.2x10 30
C8 15 59.6 9.5x 10° X
C9 81 5.6 6.3 x 10° 31
C10 74 8.3 5.4x10° 30
5000 4350 73/27 S
C11 28 60.8 9.1x10 26
C12 15 132.1 53x10° 26

! Determined by SEC-MALS,

2 Tisopropyl/ Mibutyt 1S the molar ratio of 2-isopropyl-2-oxazoline to 2-butyl-2-oxazoline incorporated in the POX grafts, determined
by NMR, the theoretical one was 75/25,

*at¢=2.5 mg/mL in 0.15 M NaCl.

3.2.2 Thermoresponsive polymer behavior

The thermoresponsive behavior of the prepared polymers C1 — C12 was investigated using
DLS in order to study the effect of graft length and grafting density on the final polymer
properties, while the cooling scans of the polymers C1, C4, C6, C8, C10 and C11 (graft length
of 860 Da for C1 and C4; of 1950 Da for C6 and C8 and of 4350 Da for C10 and C11;
grafting density of 7 to 9 glucose units per graft for C1, C6 and C10 and of 55 to 61 glucose
units per graft for C4, C8 and C11) were chosen to represent these effects (Fig.23).
For the shortest grafts, no polymer thermoresponsive behavior was detected, disregarding
the grafting density (Fig. 23 — C1 and C4). It denotes an existence of a minimum graft length,

which is essential to launch the self-association process. Nonetheless, the thermoresponsivity
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effect is more pronounced with the increasing graft length. The CPTs for all prepared
polymers are shown in Table 4. Additionally, the effect of grafting density on the final
properties could be also derived from Fig.23, where the decrease in density (increase
in glucose units per graft) significantly eliminates the sharpness of the phase transition,
considering samples with the same graft length. This could be caused by the decreased local

concentration of POX chains that form the phase-separated microdomains.

increasing grafting density
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Fig. 23. A) The temperature dependences of the scattered light intensities
for the polymers with different graft length (C1 and C4 — 860 Da; C6 and C8 — 1950 Da; C10
and C11 — 4350 Da) and grafting density (C1, C6 and C10 — 7 to 9 glucose units per graft; C4,
C8 and C11 — 55 to 61 glucose units per graft); ¢ = 2.5 mg/mL in 0.15 M NaCl.

To study the microenvironment hydrophobicity/hydrophilicity within a phase transition,
the temperature-dependent fluorescence measurements of the polymers with the highest

grafting density (C1, C5 and C9) were performed (Fig. 24). As it was explained in the section
46



3.1.2 Thermoresponsive polymer behavior, this technique utilizes the effect of aggregation-
induced emission caused by a fluorescent probe, which emits fluorescence only
in the aggregated state (hydrophobic environment). Again, 8-anilino-1-naphthalenesulfonic
acid ammonium salt (ANSAAS, ¢ =0.25 pmol/mL, A = 388 nm) was used as a fluorescent
probe. The measurements were done in the 0.15 M NacCl solutions to eliminate any possible
effect of K ions. The polymer C5 exhibited a weak fluorescence intensity at 10 °C
(Aem,max = 489 nm), corresponding probably to formed hydrophobic domains of isopropyl and
butyl moieties from one or very few macromolecules. The peak intensity very slightly
declined with the increasing temperature up to 30 °C, indicating that the content
of hydrophobic domains decreased as well. At 30 °C (Fig. 24A, B) the peak intensity
increased very sharply, exhibiting the CPT of the monitored system. The rapid increase
continued up to 50 °C, demonstrating inter/intramolecular reorganization of the self-
assembled structures. Moreover, the microenvironment hydrophobicity increase was
confirmed by the peak maximum shift from 489 nm at 10 °C to 479 nm at 60 °C. In addition,
the B-glucan-graft-POX, G3, showed the shift even to 473 nm at 60 °C, meaning the higher
hydrophobicity of phase-separated state compared to k-carrageenan-based polymers (see
Fig. 12). The sample C9 exhibited a similar temperature dependence as the sample C5
(Fig. 24B), only the CPT was observed at lower temperature (22 °C). On the other hand,
the thermoresponsivity was not detected for C1 (Fig. 24B). All these observations are in good

agreement with the DLS measurements.
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Fig. 24. A) The temperature-dependent fluorescence of C5 (¢ =2.5 mg/mL in 0.15M

NaCl with a fluorescent probe ANSAAS), B)the temperature-dependent fluorescence

of k-carrageenan, C1, C5 and C9 emitted at 480 nm under the same experimental conditions.
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To study the thermoresponsive polymer behavior in more detail, the temperature-dependent
high-resolution "H-NMR spectra of the original k-carrageenan and polymers with the highest
grafting density (Cl, C5 and C9) were carried out (Fig.25). The solution of original
K-carrageenan (¢ = 2.5 mg/mL in D,0) exhibited the increasing peak intensities with elevated
temperature, and the observed broad signals at 10 and 35 °C are related to the reduced chain
mobility (Fig.25A), which is the typical behavior of «-carrageenan gel at lower
temperatures.120 Nevertheless, the next temperature elevation resulted in an increased mobility
of the polysaccharide chains, causing a break of the respective physical network structures.
The prepared polymers exhibited similar thermoresponsive behavior as k-carrageenan,
moreover, at elevated temperature they showed the self-assembled structures caused by POX
thermoresponsivity. The NMR spectra of C9 with the longest grafts of 4350 Da (Fig. 25B)
showed also the two contradictory phenomena with increasing temperature: an intensity
enhancement of the «-carrageenan signals (discussed in the previous paragraph) and
an intensity decrease of all signals corresponding to the POX chains. In this case, the POX
mobility declined so much that the peaks were no more observed in high-resolution 'H-NMR
spectra at 70 °C.

To quantify the changes occurring within the heating process, the p-fractions were calculated
according to the equation (1) for all protons which were not overlapped by the water signal.
In general, the p-fraction gives a quantitative information about group mobility at the chosen
temperature compared to the highest mobility of this group through the whole measured
temperature range. High value of the p-fractions (= 0.95) was observed for all signals
in the solution of original k-carrageenan at lower temperatures (Fig.26A), while it was
rapidly decreasing to the value around 0 in the temperature range of 30 —40 °C,
demonstrating the significantly increased mobility of the «-carrageenan chains.
In macroscopic scale, this indicates the gel/solution transition. The polymer C9 exhibited
a similar trend for p-fractions of all protons signals related to the k-carrageenan structure
(Fig. 26B). Additionally, for C9, p-fractions of POX signals are around 0 at lower
temperature, however, they started to considerably increase at 25 °C, depicting a formation
of polymer aggregates (Fig.26B). The observed pm.x values (final value of p-fraction)
for the POX groups were highly similar to each other (= 0.98), meaning that all POX groups
have similarly limited mobility, and they participate in the aggregate formation with

the elevated temperature in like manner.
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Fig. 25. 'H-NMR spectra of: A) the original k-carrageenan at 10, 35 and 40 °C and

B) C9 at 10, 30 and 70 °C measured under the same conditions (¢ = 2.5 mg/mL in D,0).

To quantitatively compare the thermoresponsive behavior of the original k-carrageenan and
the chosen carrageenan-graft-POXs (C1, C5 and C9), their temperature-dependent p-fractions
of the DA H2 carrageenan signals (Fig. 26C) and POX main chain protons “a” (Fig. 26D)
were selected to study because these peaks are visible through the whole temperature range.
Considering the p-fractions of the DA H2 protons (Fig. 26C), the values of polymers C1, C5
and C9 at 10°C were significantly lower than the value of original x-carrageenan,
demonstrating that POX grafting of k-carrageenan causes a partial prevention of gel structure
formation, probably due to the steric reasons. However, the samples forms a gel at 10 °C,
while with the increasing temperature the p-fraction of the grafted polymers decreased as well
up to ca 25 °C (10 °C less than for k-carrageenan). Thereafter, the p-fraction values were
slightly increasing with the elevated temperature, copying the trend of x-carrageenan.
On the other hand, the contradictory behavior was found for signals corresponding to the POX
chains of the synthesized polymers (Fig.26D). Their p-fractions started to increase,
dependently on the POX amount — the higher POX amount, the higher final p-fraction value
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at the same temperature and the sharper transition trend. Interestingly, DLS scans did not
detect any temperature-dependent behavior for C1. However, p-fraction of the POX main
chain protons “a” for Cl was only slightly increasing with the elevated temperature
(Fig. 26D). Probably, within heating process the polymer size do not rapidly change,
nevertheless, the POX mobility decreases, which probably could be caused by interactions

between the hydrophobic POX groups within one macromolecule.
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Fig. 26. A) Temperature-dependent p-fractions for all protons of «-carrageenan;

B) temperature-dependent p-fractions for all protons of C9 (signals corresponding
to k-carrageenan are in green and to POX in red); C) temperature-dependent p-fractions for
DA H2 protons of carrageenan in the solution of «x-carrageenan, C1, C5 and C9;
D) temperature-dependent p-fractions for POX main chain protons “a” in the solution of CI,

C5 and C9.

In general, the interactions between carrageenan units (C1, C5 and C9) predominated at lower

temperatures (Fig. 27), forming a gel structure, while at elevated temperature the polymer
50



interactions with water predominated (molecular solution) up to the CPT, when the strong

hydrophobic interactions of isopropyl and butyl groups occurred, and the solution started to
be turbid.
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Fig. 27. The illustration of k-carrageenan-grafi-POX “schizophrenic” thermoresponsive

behavior — a gel structure at lower temperature, while at elevated temperature it forms
a polymer solution, which, at the temperature higher than the cloud point, is subsequently

temperature transformed into a cloudy solution.

3.2.3 Polymer responsivity to potassium

Because the original k-carrageenan is highly sensitive to potassium cations and in their
presence forms the self-assembled structures'?', the potassium responsivity of the synthesized
K-carrageenan-graft-POXs was studied in their aqueous salt solutions with the same ionic
strength but different potassium concentration.

The temperature-dependent DLS measurements displayed a relatively sharp phase transition
of the polymer C10 in 0.15 M NacCl solution in comparison with its PBS solution (Fig. 28).
Interestingly, PBS solution contains, besides the others, 4.5 mmol/L potassium cations and
145.5 mmol/L. sodium cations, and thus, it can be said that a little amount of potassium
cations changes the temperature-dependent behavior of C10. Furthermore, the DLS scan
for the same polymer in 0.15 M KCI exhibited the presence of very big particles through
the whole temperature range (Fig. 28), implying a formation of the self-assembled structures,
known for the original k-carrageenan, as it was said above. The polymer C11, having
the same graft length and lower grafting density compared to C10, exhibited an analogous
potassium-dependent behavior, while the difference is that the phase transition is not so steep

as for C10.
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Fig. 28. The temperature dependences of the scattered light intensities for the polymers
C10 and CI11 (same graft length but various grafting densities) in 0.15 M NaCl, PBS and

0.15 M KCI (¢ = 2.5 mg/mL).

The observed polymers responsivity to potassium cations was further studied in aqueous, salt
and buffer solutions at room temperature using atomic force microscopy (AFM) (Fig. 29).
The obtained data was compared to behavior of the original k-carrageenan: typical formation
of intramolecular secondary structures in the presence of potassium cations.'?' The sample
C10 with the longest grafts and grafting density of 8 glucose units per one graft exhibited the
presence of random coils in aqueous environment and in the solution of 0.15 M NaCl
(Fig. 29). Interestingly, a little amount of potassium cations in the solution of PBS
(c=4.5mM K" ions) caused a formation of self-assembled structures, denoting that POX
grafting does not influence the typical k-carrageenan responsivity to the presence of K ions.
The polymer C10 showed very similar intermolecular structure formation in the solution
of 0.15 M KCl (Fig. 29).

The potassium reponsivity could be wuseful in specific biomedical applications,
e.g., the injection of potassium-free polymer solution into the potassium-containing
environment in the organism that can rapidly enhance the body temperature-driven phase

transition.
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Fig. 29. The AFM height images of C10 in solutions of water, 0.15 M NaCl, PBS and
0.15 M KCI at room temperature (transferred onto mica). The scale and color bars apply to all

images.
The more detailed description of k-carrageenan-grafi-POXs syntheses and their thermo- and

potassium responsive behavior can be found in the Appendix 3 (see section 6. Appendixes —

attached publications).
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4. Conclusions

Within this work novel hybrid polysaccharides-based polymers as a potential drug system
for a conceptually new bimodal immunoradiotherapy were prepared.

Specifically,  B-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s  and
K-carrageenan-grafi-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s, varying
in the graft length (500 — 5000 Da) and grafting density (5 — 60 glucose units pet one graft),
were successfully synthesized using pB-glucan extracted from Auricularia auricula-judae and
K-carrageenan from Kappaphycus alvarezii. Their thermoresponsive behavior in the aqueous
environment was studied in the context of their graft length, demonstrating an easy
adjustment of the cloud point temperature by the polymer graft length choice. Moreover,
K-carrageenan-graft-POXs showed a potassium responsivity and also an interesting
“schizophrenic” thermoresponsive behavior with both lower and upper critical solution
temperatures, which were thoroughly studied in this work as well. Thereafter, the prepared
polymer with the most suitable thermoresponsive properties for a depot formation after
the injection of its solution was selected for the further study.

The chosen polymer (B-glucan-graft-POX with a maximum achievable grafting density and
M, grafi = 2500 Da ) was modified to bear a fluorescent dye Dyomics-615 and DOTA moiety
at the graft ends. The in vitro study of this polymer showed its non-toxicity, the active cellular
uptake in the cancer cells and macrophages, the oxidative burst of the leukocytes that confirm
its immunostimulatory properties, and also a TNF-a production induced by the polymer. All
these results motivated us to start in vivo experiments.

For the in vivo antitumor efficiency experiment on mice with EL4 lymphoma, the modified
polymer was first radiolabeled with yttrium-90(III) and subsequently intratumorally
administrated to form a polymer depot at the injection site, which remained at the same place
for more than 12 days (polymer was gradually degraded and excluded from the body through
the kidneys). The group treated with the chosen radiolabeled polymer — IMMUNORADIO
group — showed a tumor growth inhibition at the treatment beginning and, furthermore, 7 out
of 15 mice from this group were completely cured (treatment success: 47 %).The other mice
from this group exhibited a rapidly prolonged survival time in the comparison with control
group and also with the RADIO and IMMUNO groups. The in vivo experiment revealed
a significant synergistic effect of immunoradiotherapy compared to treatment by radiotherapy

or immunotherapy only.
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ARTICLE INFO ABSTRACT

Keywords: We describe a family of thermoresponsive hybrid biodegradable peptidoglycan-like polymers, (-glucan-graft-
B-glucan poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s, in the context of their physical, chemical and biological
Polyoxazoline properties. Four polymer samples, differing in the polyoxazoline graft length (500-5000 Da), were synthesized
Multimodal cancer therapy using PB-glucan extracted from Auricularia auricula-judae, which is known for its anticancer and im-
Thermoresponsivity

munomodulatory activities. The thermoresponsive behaviour of the prepared polymers were thoroughly studied
using dynamic light scattering, fluorescence and magnetic resonance measurements, demonstrating an easy
adjustment of the cloud point temperature by the graft length. Moreover, all samples show nontoxicity in vitro.
The assay of oxidative burst of the polymorphonuclears established that the polymer immunostimulatory
properties are not significantly influenced by their graft length considering the same amount of -glucan. Thus,
we showed that the desired immunostimulatory properties are not decreased by the polyoxazoline grafting of f3-
glucan, even they are not influenced by the graft length of the polyoxazoline chains. Therefore, for the intended
application the final graft length can be chosen considering the polymer thermoresponsive properties only, while

not influencing their immunostimulatory properties.

1. Introduction

Hybrid polymers composed of natural and synthetic building blocks
attract increasing interest due to their outstanding functional proper-
ties. These polymers combine the advantageous properties of natural
polymers (biodegradability, sustainability and environmentally friendly
nature) with those of synthetic polymers (tailorability, processability
and economical synthesis) [1]. An important class of such polymers
includes polysaccharide-based materials, which are widely used in drug
delivery and tissue engineering because of their biocompatibility, bio-
degradability and bioactivity. Moreover, polysaccharides have a diverse
range of physico-chemical properties based on their monosaccharide
constituents, composition and their source [2].

An easy way to obtain hybrid polysaccharide-based polymers with
controlled material properties is by the grafting of synthetic monomers/
polymers onto a polysaccharide chain; for example, the amphiphilic
copolymer curdlan-graft-poly(ethylene oxide) was prepared for delivery
of the chemotherapeutic drug doxorubicin [3], and methoxy poly
(ethylene oxide)-graft-chitosan was prepared for wound healing [4].
Furthermore, novel stimuli-responsive grafted polysaccharides, which

* Corresponding author.
E-mail address: mhruby@centrum.cz (M. Hruby).

https://doi.org/10.1016/j.eurpolym;j.2018.07.004

possess a lower critical solution temperature (LCST), were prepared by
grafting of poly(N-isopropylacrylamide) onto O-carboxymethyl-O-hy-
droxypropyl guar gum [5] or by grafting of a thermoresponsive
polymer onto glycogen [6]. These types of polymers exhibited re-
versible and rapid phase transitions, applicable for temperature-re-
sponsive drug release systems.

In general, B-glucan polysaccharides are subjects of numerous re-
searches because of their immunomodulatory and anticancer properties
[7]. Moreover, in Japan, licensed B-glucans extracted from Lentinula
edodes (lentinan) are already used as effective drugs in gastric cancer
therapy, usually in combination with fluoropyrimidines [8]. B-Glucan
from the mushroom Auricularia auricula-judae shows anticancer prop-
erties as well and, interestingly, it exhibits a unique self-assembly be-
haviour in the aqueous environments, forming hollow nanofibers [9]. It
was identified that this -glucan contains (3-1,3- and (3-1,6-glycosidic
bonds, and has a comb-like shape with short branches. The branches are
hydrophilic, allowing good solubility in water, but relatively hydro-
phobic nature of —OH side of C2 of glucose main-chain units causes the
formation of the closed triangular hydrogen-bonding network [9].

Recently, the cancer immunoradiotherapy was successfully
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demonstrated on mice bearing EL4 tumour using thermoresponsive
polysaccharide-based system — [3-glucan-graft-polyoxazoline [10]. This
treatment was designed to exploit a potential synergistic effect of both
therapies, while the in vivo study demonstrated such effect with very
promising treatment success. However, for deeper understanding of this
synergy, a detailed research is needed. The aim of this work was to
investigate the properties of B-glucan-graft-polyoxazolines in the con-
text of the graft length, especially their thermoresponsivity, which has
an influence on the correct drug administration, and their im-
munostimulatory properties, which play a crucial role in the final
treatment success. We have synthesized four 3-glucan-graft-poly(2-iso-
propyl-2-oxazoline-co-2-butyl-2-oxazoline)s with various graft lengths
(500-5000 Da) and maximum achievable grafting density. The ther-
moresponsive properties of these samples were studied using dynamic
light scattering, nuclear magnetic resonance and aggregation-induced
emission. Moreover, the immunostimulatory properties of prepared
polymers were studied using oxidative burst of the polymorphonuclears
assay in the context of their graft length, which is extremely important
for a dose design of a treatment.

2. Materials and methods
2.1. Materials

B-Glucan was extracted from the bodies of Auricularia auricula-judae
according to Ref. [9]. The isolated pB-glucan exhibited the molecular
weight M,, = 2.5 X 10°Da (I = 1.85). 2-Butyl-2-oxazoline and 2-iso-
propyl-2-oxazoline were synthesized according to Ref. [11]. Diethyl
ether, dimethyl sulfoxide, sodium chloride and toluene were purchased
from Lachner Ltd. (Neratovice, Czech Republic). 2,4,6-Trinitrobenzene
1-sulfonic acid (TNBSA) solution was purchased from Thermo Fisher
Scientific (Prague, Czech Republic). Spectra/Por dialysis membranes
(molecular weight cut-off, MWCO, 6-8 kDa) were purchased from P-
LAB (Prague, Czech Republic). All other chemicals were purchased
from Sigma Aldrich Ltd. (Prague, Czech Republic). The chemicals were
used without further purification unless stated otherwise.

2.2. Polymer synthesis

2.2.1. Preparation of p-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-
butyl-2-oxazoline), theoretical molecular weight of polyoxazoline (POX)
grafts My, grqie = 500 Da (G1)

2-Isopropyl-2-oxazoline (1.000 mL, 8.4 mmol), 2-butyl-2-oxazoline
(0.367 mL, 2.8 mmol) and allyl bromide (0.242 mL, 2.8 mmol) were
mixed with 2 mL anhydrous acetonitrile, and the reaction mixture was
stirred overnight at 70 °C under argon atmosphere. 3-Glucan (0.20 g)
was dissolved in 12 mL anhydrous dimethylsulfoxide, and the solution
was azeotropically dried by the multiple addition of anhydrous toluene
(10 mL). Sodium hydride (0.34g of 60% dispersion in mineral oil,
8.4 mmol) was added to the B-glucan solution, and the mixture was
stirred for 3h at 70°C. Both solutions were then mixed, except for
0.2 mL of the POX solution. The resulting mixture was stirred overnight
at 70 °C. Water (10 mL) was added to the reaction mixture, which was
then washed twice with diethyl ether to remove the mineral oil. The
aqueous layer was dialyzed (MWCO 6-8kDa) against water for 72h
and freeze-dried to give the desired product G1 (yield 175.1 mg).

The remaining 0.2 mL POX solution was mixed with 0.1 mL water
and purified on a Sephadex® LH-20 column using methanol as the
mobile phase, followed by evaporation of the solvent to obtain only the
corresponding polymer grafts terminated with —OH groups.

'H NMR of POX grafts (300MHz, CD,CN), & (ppm): 0.89
(—CH,—CH,—CH,—CH3), 1.02 (—CH—(CHa3)»), 1.31
(—CH,—CH,—CH,—CH3), 1.51 (—CH,—CH,—CH,—CH3), 2.35
(—CH,—CH,—CH»—CH3), 2.76 (—CH—(CHs),), 3.40 (—N—CH>—CH>—,
CH,=CH—CH»—POX-), 5.17 (CHy;=CH—CH,—POX-), 5.85
(CH,=CH—CH,—POX—). Size-exclusion chromatography (SEC) of POX
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grafts: M, = 590 Da, I = 1.06.

'H NMR of Gl (300MHz, D,0),
—CH,—CH,—CH,—CH3), 1.06 (POX: —CH—(CH3),), 1.30 (POX:
—CH,—CH,—CH,—CH3), 1.52 (POX: —CH,—CH,—CH,—CHj3), 2.37
(—CH,—CH,—CH,—CH3), 2.7-2.9 (—CH—(CH3),), 3.3-5.2 (POX:
—N—CH,—CH,—, glucose). **C NMR of G1 (75 MHz, D,0, 4,4-dimethyl-
4-silapentane-1-sulfonic acid, DSS, as standard), § (ppm): 16, 21, 32,
41, 48, 63, 68, 69, 72, 76, 79, 81, 103, 107, 179, 184. Elemental
analysis of G1: C 42.01%, H 6.22%, N 2.32%. Infrared spectroscopy (IR)
of G1 (KBr): 3312 (vo_pn), 2922 (vo_p), 1611 (vco), 1422, 1363,
1033, 897. SEC of G1: M,, = 3.7 x 10°Da, I = 1.64.

According to the procedure described above, we prepared four types
of 3-glucan-graft-polyoxazolines differing in graft length, starting from
500 Da (sample G1) up to 5000 Da (sample G4).

§ (ppm): 0.89 (POX:

2.2.2. Preparation of f-glucan-graft-poly(2-isopropyl-2-oxazoline-
co-2-butyl-2-oxazoline), theoretical molecular weight of POX grafts
M, gros = 1000 Da (G2)

The general procedure is described in Section 2.2.1 Preparation of -
glucan-graft-poly (2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline), theore-
tical molecular weight of POX grafts My, gran = 500 Da. Here, the starting
mixture contained allyl bromide (0.121 mL, 1.4 mmol), 2-isopropyl-2-
oxazoline (1.000mL, 8.4 mmol) and 2-butyl-2-oxazoline (0.367 mL,
2.8 mmol). The resulting polymer was denoted G2 (yield 235.2 mg).

'H NMR of POX grafts (300 MHz, CDs;CN), & (ppm): 0.89
(—CH,—CH,—CH,—CHs), 1.02 (—CH—(CH3)5), 1.30
(—CH,—CH,—CH,—CH3), 1.50 (—CH,—CH,—CH,—CH3), 2.35
(_CHZ_CHZ_CHZ—CHg), 252 (_CH_(CH(;)Z), 346 (_N_CHZ—CHZ_,
CH,=CH—CH,—POX-), 5.19 (CH,=CH—-CH,—POX-), 5.79
(CH,=CH—CH,—POX-). SEC of POX grafts: M, = 1140 Da, I = 1.11.

'H NMR of G2 (300MHz, D,0), &(ppm): 0.89 (POX:
—CH,—CH,—CH,—CH3), 1.06 (POX: —CH—(CH3),), 1.31 (POX:
—CH,—CH,—CH,—CHs), 1.51 (POX: —CH,—CH,—CH,—CHs), 2.36
(—CH,—CH,—CH,—CH3), 2.7-2.9 (—CH—(CHj3),), 3.3-5.2 (POX:
—N—CH,—CH,—, glucose). *C NMR of G2 (75MHz, D,0, DSS), §
(ppm): 16, 21, 30, 32, 35, 41, 46, 48, 62, 68, 69, 72, 75, 76, 79, 80, 105,
107, 122, 179, 183. Elemental analysis of G2: C 49.03%, H 7.95%, N
5.51%. IR of G2 (KBr): 3340 (vo_g1), 2965 (Ve—_g), 2933 (Ve_p), 2871
(ve—mn), 1630 (vc=0), 1472, 1422, 1380, 1363, 1235, 1200, 1156, 1034,
897. SEC of G2: M, = 6.4 x 10°Da, I = 1.64.

2.2.3. Preparation of f-glucan-graft-poly(2-isopropyl-2-oxazoline-
co-2-butyl-2-oxazoline), theoretical molecular weight of POX grafts
M, gros = 2500 Da (G3)

The general procedure is described in Section 2.2.1 Preparation of -
glucan-graft-poly (2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline), theore-
tical molecular weight of POX grafts My, grqpe = 500 Da. Here, the starting
mixture contained allyl bromide (48 puL, 0.56 mmol), 2-isopropyl-2-ox-
azoline (1.000mL, 8.4mmol) and 2-butyl-2-oxazoline (0.367 mL,
2.8 mmol). The resulting polymer was denoted G3 (yield 315.1 mg).

'H NMR of POX grafts (300 MHz, CDsCN), & (ppm): 0.88
(—CH,—CH,—CH,—CH3), 1.02 (—CH—(CH3),), 1.30
(—CH,—CH,—CH>—CH3), 1.50 (—CH,—CH,—CH,—CH3), 2.31
(—CHy—CH,—CH,—CHs), 2.68 (—CH—(CHs)5), 3.39 (—N—CH,—CH,—).
SEC of POX grafts: M, = 2290 Da, I = 1.19.

'H NMR of G3 (300MHz, D,0),
—CH,—CH,—CH,—CH3), 1.06 (POX: —CH—(CH3),), 1.31 (POX:
—CH,—CH,—CH,—CH3), 1.51 (POX: —CH,—CH,—CH,—CH3), 2.36
(—CH,—CH,—CH,—CH3), 2.7-2.9 (—CH—(CH3),), 3.3-5.2 (POX:
—N—CH,—CH,—, glucose). '*C NMR of G3 (75MHz, D,0O, DSS), §
(ppm): 16, 21, 25, 29, 33, 35, 45, 46, 49, 68, 69, 72, 76, 78, 81, 106,
179, 183. Elemental analysis of G3: C 52.50%, H 8.32%, N 6.91%. IR of
G3 (KBr): 3365 (vo—n), 2965 (vc—m), 2933 (vc—n), 2871 (vc_n), 1631
(ve—o), 1472, 1423, 1380, 1362, 1236, 1200, 1158, 1085, 1037. SEC of
G3: My, = 7.5 x 10°Da, I = 1.49.

S (ppm): 0.89 (POX:
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2.2.4. Preparation of p-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-
butyl-2-oxazoline), theoretical molecular weight of POX grafts
M grase = 5000 Da (G4)

The general procedure is described in Section 2.2.1 Preparation of -
glucan-graft-poly (2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline), theore-
tical molecular weight of POX grafts M, grqp: = 500 Da. Here, the starting
mixture contained allyl bromide (24 pL, 0.28 mmol), 2-isopropyl-2-ox-
azoline (1.000mL, 8.4mmol) and 2-butyl-2-oxazoline (0.367 mL,
2.8 mmol). In contrast to the general procedure, dialysis was performed
at 10 °C (the CPT in this case is below room temperature) to maximize
the purification efficiency. The resulting polymer was denoted G4
(yield 451.8 mg).

'H NMR of POX grafts (300 MHz, CDsCN), & (ppm): 0.88
(—CH,—CH,—CH,—CH3), 1.01 (—CH—(CH3)y), 1.29
(—CH,—CH,—CH,—CH3), 1.49 (—CH,—CH,—CH,—CH3), 2.33
(—CH,—CH,—CH,—CHj), 2.55 (—CH—(CH>),), 3.39 (—N—CH,—CH,—).
SEC of POX grafts: M, = 4180 Da, I = 1.20.

'H NMR of G4 (600 MHz, dimethyl sulfoxide, DMSO), § (ppm): 0.89
(POX: —CH,—CH,—CH,—CH3), 1.02 (POX: —CH—(CH3),), 1.30 (POX:
—CH,—CH,—CH,—CHj3), 1.50 (POX: —CH,—CH;—CH,—CH3), 2.36
(—CH,—CH,—CH,—CHj3), 2.7-2.9 (—CH—(CHj3),), 3.3-5.2 (POX:
—N—CH,—CH,—, glucose). 1*C NMR of G4 (150 MHz, DMSO), 8 (ppm):
14, 20, 22, 27, 29, 32, 34, 43, 45, 46, 60, 65, 69, 73, 76, 104, 173, 177.
Elemental analysis of G4: C 52.50%, H 8.32%, N 6.91%. IR of G4 (KBr):
3400 (vo—n), 2965 (vc—n), 2933 (vc—n), 2871 (vc—n), 1632 (vc=0),
1472, 1420, 1380, 1363, 1236, 1198, 1158, 1086, 1039. SEC of G4:
M,, = 1.6 x 10" Da, I = 3.70.

2.3. Polymer characterization

'H NMR and '*C NMR spectra were obtained on a Bruker Avance
DPX-300 spectrometer and on a Bruker Avance Il 600 spectrometer
(both Bruker Co., Austria). Fourier transform infrared (FT-IR) mea-
surements were carried out on a Perkin-Elmer Paragon 1000PC spec-
trometer (Perkin-Elmer Co., USA) equipped with a Specac MKII Golden
Gate single attenuated total reflection (ATR) system (Perkin-Elmer Co.,
USA). Elemental analysis was performed on a Perkin-Elmer Series II
CHNS/O Analyzer 2400 (PE Systems Ltd., Czech Republic) instrument.

The molecular weights of the grafts were determined by SEC, which
was composed of a Deltachrom SDS030 pump (Watrex Co., Prague,
Czech Republic), an autosampler MIDAS (Spark HOLLAND B.V.,
Netherlands), two PL gel MIXED-B-LS (10 um) columns and an eva-
porative light-scattering detector ELS-1000 (Polymer Laboratories,
USA). N,N-Dimethylformamide was used as the mobile phase, and
commercial alkyne-terminated poly(2-ethyl-2-oxazoline)s served as the
calibration standards. The molecular weights of the prepared polymers
were also determined using the same SEC arrangement with dual de-
tection by an Optilab t-rEX refractive index detector and DAWN Heleos
II multiangle light-scattering (MALS) detectors (both Wyatt Technology
Corporation, USA). Dimethyl sulfoxide was used as the mobile phase.
To compare the measured molecular weights of the products, static
light scattering (SLS) was performed as well. SLS was carried out on an
ALV instrument equipped with a 30 mW He—Ne laser (vertically po-
larized light at A = 632.8 nm) in the angular range of 30-150°. The
Zimm plot procedure was used for M,, determination.

The CPTs of the polymers were determined in phosphate-buffered
saline (PBS) solution over a concentration range of 1-25 mg/mL using
the dynamic light scattering (DLS) technique. The temperature depen-
dence of the polymer hydrodynamic radius (R) (volume mean) was
measured on a Zetasizer Nano-ZS, Model ZEN3600 (Malvern
Instruments, UK) at the scattering angle 6 = 173° from 5 to 65 °C with a
heating rate of 1 °C/min (using the DTS software — version 6.20 for data
evaluation). After each heating step, three R;, measurements were
performed. The CPTs were also studied using fluorescence measure-
ments on a RF 5302 Shimadzu spectrofluorometer (Shimadzu, Japan).
The temperature-dependent behaviour of the polymers in aqueous
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solution was also studied by 'H NMR measurements recorded on a
Bruker Avance III 600 spectrometer (Bruker Co., Austria) operating at
600.2 MHz with a width of 90°, pulse of 10 ps, relaxation delay of 10,
acquisition time of 2.18 s, and 16 scans. The integrated intensities were
determined with the spectrometer integration software with an accu-
racy of = 1%. Before measurement, the samples were equilibrated at
the given temperature for at least 10min. The temperature de-
pendences of the 'H spin-spin relaxation times T, of HDO and the co-
polymer blocks were measured using the CPMG pulse sequence
90°; — (tqg— 180°y — tg)s-acquisition [14]. The relaxation delay between
scans was 100s, the acquisition time was 2.84s, and 2 scans were
performed. The relative error of T, did not exceed = 5%. The polymer
phase transition was also studied using differential scanning calori-
metry (DSC). DSC analyses were carried out on a Perkin Elmer DSC
8500 calorimeter with nitrogen purge gas (20 cm® min ~1). The analyses
were performed in a cycle heating/cooling — heating from 5 °C to 55 °C
at 3°C/min 1.

Samples for atomic force microscopy (AFM) characterization were
prepared on freshly cleaved mica. The polymer was dissolved in water
(1 mg/mL) and equilibrated at temperatures 15 and 37 °C. A drop of the
sample solution was placed on the mica substrate and quickly dried
under vacuum. All images were acquired using a Dimension ICON
atomic force microscope (Bruker Co., USA) under air in Peak Force
Tapping mode: 256 x 256 pixel topography scans were taken using
etched MPP silicon tips (TAP150A, Bruker Co., USA) with a typical
spring constant k = 5N/m, Peak Force frequency of 2kHz and scan
rates in the range of 0.5-0.9 Hz. The Nano Scope Analysis software
(Bruker Co., USA) was used for image processing.

2.4. Biological studies

2.4.1. Cell lines and isolated white blood cells

Murine BALB/C monocyte macrophage cell line J774A.1 (Sigma
Aldrich, Prague, Czech Republic) was cultured in Dulbecco's modified
Eagle medium (DMEM) supplemented with 100 unit of penicillin and
100 ug/mL streptomycin, 2 mM glutamine and 10% fetal bovine serum
(all from Thermo Fisher Scientific, Prague, Czech Republic). The cell
line was cultivated in a humidified incubator at 37 °C with 5% CO,.

White blood cells were isolated from the human whole blood
(kindly provided by Military Hospital, Prague, Czech Republic) after
the lysis of erythrocytes according following protocol: the whole blood
(1 mL) was mixed with the Lysis solution (14 mL; 1.5 M NH4Cl, 100 mM
NaHCO3, 10 mM ethylenediaminetetraacetic acid, pH = 7.3) for 10 min
at room temperature (RT). The mixture was centrifuged (300 X g,
5min, RT), and the pellets were washed with ice cold PBS (5mL) fol-
lowed by next centrifugation (300 X g, 5min, 8 °C). The cells were re-
suspended in Hank‘s balanced salt solution (HBSS) Ca®*/Mg®*
(0.137M NaCl, 54mM KCl, 0.44mM KH,PO,, 5.55mM glucose,
0.34mM Na,HPO,, 0.8mM MgSO,;, 1.26mM CaCl,, 4.17 mM
NaHCO3).

2.4.2. Cytotoxicity

Cell viability was determined using Alamar Blue® cell viability re-
agent (Life Technologies, Prague, Czech Republic) on monocyte mac-
rophage cell line according to the manufacturer protocol. Cells J774A.1
were seeded into 96-well plates (in triplicates, density: 10* cells/well)
in 100 pL of media 24 h prior to the treatment. The medium was then
replaced by 100 L of serial dilution of polymers (G2 — G4) in complete
cell culture medium. The cells were subsequently incubated for 24 h in
5% CO-, at 37 °C. Then, 10 uL of Alamar Blue reagent was added to each
well and incubated for 4 h in 5% CO,, at 37 °C. Resazurin (Alamare Blue
reagent) is metabolized in viable cell to the high fluorescent compound
resorufin, which was measured using the Synergy Neo plate reader (Bio-
Tek, Prague, Czech Republic) at 570nmg,/600nmg,,. Non-treated cells
were used as a positive control and the cells killed by 0.03% hydrogen
peroxide were used as negative control. Each concentration was
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measured in triplicates in three independent experiments.

2.4.3. Oxidative burst assay

The white blood cells were seeded into 96-well plate in 100 uL. HBSS
in the density of 150,000 cells per well immediately after the isolation.
The samples G2, G3 and G4 were added at the concentrations corre-
sponding to 100 and 10 pg/mL R-glucan. Original R-glucan was used as
a control. The change in hydrogen peroxide concentration was mea-
sured by the detection of luminol chemiluminescence (150 uM) on
MicroBeta2 (PerkinElmer, Prague, Czech Republic) after the stimula-
tion with phorbol 12-myristate 13-acetate (PMA, 10 pg/mL) or no sti-
mulation, respectively. The procedure was repeated in three in-
dependent experiments in duplicates.

The statistical analysis of data was conducted using Origin® 9
software (OriginLab Corporation, MA, USA) using ANOVA test at the
significance level of a = 0.05.

3. Results and discussion

B-Glucan-graft-polyoxazolines combine the thermoresponsivity and
the biocompatibility of POXs with the biodegradability, self-assembled
structure, bioactivity and immunostimulatory properties of (3-glucan.
Because of these exceptional properties, we have designed them to be
used in cancer immunoradiotherapy, while the successful treatment,
showing synergistic effect, of both therapies was demonstrated in vivo
[10]. However, a detailed study of these polymers is necessary, espe-
cially the relation between the thermoresponsivity (needed for the
correct administration — a formation of the polymer depot after the
intratumoural injection of polymer solution) and their bioactivity (for
the knowledge of the expected treatment success). The polymer im-
munostimulatory properties can be influenced by the POX chains,
namely, by a possible steric hindrance of the active moieties. Therefore,
these crucial immunostimulatory properties were studied in the context
of graft length and the thermoresponsive properties on four samples of
B-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
with a maximum achievable grafting density — G1 with the theoretical
graft length 500 Da, G2 1000 Da, G3 2500 Da and G4 5000 Da.

3.1. Synthesis and characterization

The initial 3-glucan was extracted from Auricularia auricula-judae
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according to Ref. [9]. The grafted polymers were prepared using this f3-
glucan by a simple one-pot, two-step synthesis (Fig. 1B). At first, all
polymer grafts were synthesized by the cationic ring-opening poly-
merization of 2-isopropyl-2- oxazoline and 2-butyl-2-oxazoline using
allyl bromide as an initiator, as the use of allyl bromide introduces a
double bond at the graft ends, allowing further modifications, e.g,
thiol-click chemistry or radical crosslinking/copolymerization. Sec-
ondly, the living graft ends were terminated with sodium p-glucanate to
give  [B-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazo-
line). Additionally, the living ends were terminated with water to ob-
tain the corresponding POX grafts with —OH groups at the ends, al-
lowing us to study the graft properties.

The successful grafting procedure was confirmed by "H NMR spec-
troscopy as well as by infrared spectroscopy. The nuclear magnetic
resonance (NMR) spectra of the grafted B-glucans show peaks corre-
sponding to POX chains consisting of 2-isopropyl-2-oxazoline units and
2-butyl-2-oxazoline units (POX region in Fig. 2B) as well as peaks
corresponding to the P-glucan backbone (polysaccharide region in
Fig. 2B). The NMR intensity decrease in the polysaccharide region from
Gl to G4 demonstrates the decreasing content of P-glucan in the
sample. Moreover, all grafts have allyl groups at the ends (from the
initiator), while in the sample G1, the presence of allyl groups was
confirmed by NMR. However, in the spectra of polymers G2, G3 and G4,
the signals corresponding to the allyl groups were weak (longer grafts
contain comparably fewer end groups). In the IR spectra of the grafted
B-glucans (Fig. 2A), the peak at 1624 cm™ corresponds to an amide C=
O stretching vibration of the POX grafts. In addition, the peak at
3320 cm™ corresponds to the —OH groups of the B-glucan moiety. This
peak intensity decreases from G1 to G4, indicating that the -glucan
content in the samples decreases as well.

The graft lengths were determined using SEC. Aliquots of the
polymerization mixtures were quenched with water instead of the B-
glucanate solution to study only the corresponding grafts (Table 1). The
graft lengths are close to the desired theoretical values. Moreover, the
dispersity is also acceptable; in all cases, it is lower than 1.20.

The theoretical molar ratio of the monomers in resulting polymer
grafts was selected to be nisopropyloxazoline/nbutyloxazoline =3/1 1‘[101/1'1‘101
because, according to our previous experience, this monomer ratio
exhibits the most appropriate CPT to obtain a material that has a CPT
between room and body temperatures, ie., allowing injection of the
molecular solution and subsequent formation of the self-assembled

G1-G4

Fig. 1. (A) Structure of the isolated B-glucan; (B) general synthetic procedure.
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Fig. 2. (A) FT-IR spectra and (B) NMR spectra of polymers G1 — G4.

Table 1
Characterization of the POX polymers, representing the grafts contained in the
prepared polymers.

Sample M theor (Da) M, founa (Da) Dispersity TMbutyl/ Mpropyl”
G1 graft 500 590 1.06 70/30
G2 graft 1000 1140 1.11 74/26
G3 graft 2500 2290 1.19 74/26
G4 graft 5000 4180 1.20 73/27

? Mputyl/Mpropy! is the molar ratio of 2-isopropyl-2-oxazoline to 2-butyl-2-ox-
azoline incorporated in the POX grafts, determined by NMR.

structures in organism due to the thermoresponsive behaviour of the
material [12]. Moreover, the presence of 2-butyl-2-oxazoline in the
grafts prevents the crystallization of homopolymer poly(2-isopropyl-2-
oxazoline) after heating, which could results in an insoluble non-ther-
moresponsive product [13]. The actual ratio of monomeric units in the
resulting POX grafts was calculated according to Eq. (1):
nisopropyl/nbutyl = (15=1,02ppm/6)/(15=1.31ppm/2) (1)
where Migopropyl/Mbuty! is the molar ratio of 2-isopropyl-2-oxazoline to 2-
butyl-2-oxazoline incorporated in the POX grafts; Is—1.02 ppm is the in-
tensity of the peak at 1.02 ppm, corresponding to the —CH—(CH3),
group of 2-isopropyl-2-oxazoline and Is—1.31 ppm is the peak intensity at
1.31 ppm corresponding to —CH,—CH,—CH,—CHj3 group of 2-butyl-2-
oxazoline. The theoretical ratio nisopropyl/Mbuty1 for all grafts was sup-
posed to be 75/25, and the obtained ratios are very close to the theo-
retical ones (Table 1).

To eliminate the presence of unbound POX grafts, the polymer so-
lutions were dialyzed using cellulose membranes with a molecular
weight cut-off of 6-8kDa, that is well above the maximal molecular
weight of the prepared grafts. The dialysis of G4 was performed at
lower temperature (10 °C) to ensure the solubility of unbound longer
POX grafts with a CPT lower than room temperature. Because the
starting (3-glucan contained less than 0.1 wt% nitrogen, the content of

Table 2
Characterization of the prepared grafted polymers.

POX in the prepared polymers could be calculated using the weight
content of nitrogen, determined by elemental analysis (CHN). The
weight content of POX wpoyx in the resulting polymer was calculated
according to Eq. (2):
Wpox = (Wn/Wn,0x) X 100% (2)
where wy is the content of nitrogen in the resulting polymer and wy ox is
the theoretical content of nitrogen in the corresponding POX grafts. The
weight content of POX nicely corresponds to the graft length (Table 2).
During the grafting procedure, POX chains were added in high excess,
resulting in the maximum achievable grafting density. In general, the
grafting limit is determined by the spatial and conformational proper-
ties of the B-glucan structure. The number of glucose units per graft was
calculated to be the same for all samples (from 6 to 9 glucose units per
graft), and therefore, the maximum achievable grafting density was
reached for all samples. Interestingly, the comb-like shape of (3-glucan
causes the maximum achievable grafting density of longer grafts to be
comparable with the maximum grafting density of shorter grafts. In
other words, a significant difference in the maximum achievable
grafting density for different graft lengths, ranging from 500 to
5000 Da, was not found.

To determine the weight-average molecular weight of the prepared
polymers, SEC-MALS and SLS measurements were performed (Table 2).
According to SEC-MALS, the increasing weight-average molecular
weight of the prepared polymers correspond to the increasing weight
content of the POX grafts, from 3.7 X 10°Da for G1 up to 1.6 X 10” Da
for G4. The weight-average molecular weight of the initial (non-
grafted) B-glucan was found to be 2.5 X 10°Da, which is in good
agreement with the literature (f-glucan, denoted as AF1, in DMSO,
M,, = 2.07 x 10°Da) [9]. The theoretical molecular weights of the
polymers were calculated by considering the M,, of B-glucan and the
particular weight content of POX grafts (Table 2), and these values
correspond well to the molecular weights found by SEC-MALS for all
samples. The chromatograms showed unimodal curves of the prepared
polymers and no presence of unreacted POX grafts (Fig. S1 in the

POX content (wt%) My, theor (Da)” M found (Da)" Dispersity My, founa (Da)" Glucose units per graft
G1 26 3.4 x 10° 3.7 x 10° 1.64 4.0 x 10° 9.3
G2 47 4.7 x 10° 6.4 x 10° 1.64 5.2 x 10° 7.2
G3 70 8.3 x 10° 7.5 x 10° 1.49 7.5 x 10° 6.0
G4 80 1.3 x 107 1.6 x 107 3.70 1.9 x 107 5.9

@ Theoretical value calculated from the weight content of POX.
> Determined by SEC-MALS.
¢ Determined by SLS.
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Fig. 3. (A) Temperature dependence of the Ry, (volume mean) of G2 polymer particles in solution at a concentration ¢ = 1 mg/mL in PBS; (B) CPTs of the prepared
polymers (CPT of G1 was not detected up to 65 °C). The standard deviation of 3 independent measurements was below 5%. (C and D) The temperature-dependent
fluorescence of G3 at the concentration ¢ = 10 mg/mL in PBS. The standard deviation of 3 independent measurements was below 5%.

Supplementary Figures). The dispersity for all samples was found to be
~1.5, which is typical for polysaccharides isolated from biomaterials,
with an exception of G4, where the dispersity was measured to be ca
3.70. SLS measurements showed that the weight-average molecular
weight increased from 4.0 x 10°Da for G1 up to 1.9 x 107 Da for G4
(Table 2), confirming the increase of weight content of the POX grafts.
These results are in good agreement with the M, obtained by SEC-
MALS.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.eurpolym;j.2018.07.004.

3.2. Thermoresponsive polymer behaviour

The polymer hydrodynamic radius (Ry,) as a function of temperature
was measured using DLS to determine the CPT of the solution at a given
concentration. The R;, was measured for all prepared polymers in the
concentration range from 1 to 25 mg/mL in PBS. As an example of these
measurements, the temperature dependence of the Ry, (volume mean) of
G2 at a concentration of 1 mg/mL in PBS (Fig. 3A) shows that the
polymer volume average Ry, in the solution (below CPT) is approxi-
mately 30 nm, while at 43 °C, the Ry, begins to increase (at CPT). All
observed CPTs of the grafted B-glucans at different concentrations
(1-25mg/mL in PBS) show a significant dependence of the solution
behaviour on the graft length (Fig. 3B). For the shortest grafts (G1 with
M, grafifoundy = 590 Da), the CPT was even not detected up to 65 °C. On
the other hand, the sample with the longest grafts (G4 with
M, grafifound) = 4180 Da) precipitates at room temperature (20 °C),
even in relatively low concentrations. As expected, the CPTs of the
prepared polymers decrease with increasing concentration, which, for a
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given sample, corresponds to the POX content in the solution as much
as to the increasing content of hydrophobic alkyl groups. It can also be
seen that the concentration dependence of the CPT is influenced by the
graft length. For G2 (M grafi(founay = 1140 Da), the difference between
the CPT at ¢ = 1 mg/mL and the CPT at ¢ = 25 mg/mL is approximately
8°C, while the sample with the longer grafts, G4
(M graficfounay = 4180 Da), showed a difference of only 4 °C in the CPTs
at the same concentration values. Therefore, the influence of longer
grafts on solution behaviour of whole final macromolecule is more
pronounced than in case of the shorter grafts.

In terms of polymer suitability for body administration (formation
of the polymer depot after the intratumoural injection of polymer so-
lution), sample G1 is not suitable because it did not show any ther-
moresponsive behaviour (up to 65°C). The polymer G2 is also not
suitable due to CPT higher than 37 °C at lower concentrations, which
could result in not creating of polymer depot or its faster dissolution. G3
and G4 are suitable for polymer depot formation. However, G4 has
quite low CPT, which, on the other hand, causes its precipitation even
at room temperature at high concentration. Therefore, the best candi-
date for administration is G3 with grafts of 2500 Da.

The R}, measurement provides the information about the particle
sizes, nevertheless, it does not inform about hydrophobicity of the
microenvironment before, during and after a transition. Therefore, the
temperature-dependent fluorescence was measured to determine the
formation of hydrophobic domains in the solution of the polymer G3
(c = 10 mg/mL in PBS) (Fig. 3C and D). This measurement utilizes the
aggregation-induced emission caused by a low-fluorescent probe in the
molecularly dissolved state and a highly fluorescent probe in the ag-
gregate state in a hydrophobic environment. 8-Anilino-1-
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naphthalenesulfonic acid ammonium salt (c = 0.25pmol/mlL,
Aex = 388 nm) was used as a probe. No difference in fluorescence in-
tensity was observed at lower temperatures (below CPT, Fig. 3C and D),
indicating that the hydrophobic domains come from the isopropyl and
butyl moieties of one macromolecule (or very few). At 22.5°C, the
fluorescence intensity significantly increased, which indicates that the
content of hydrophobic domains increased as well. This fact is in good
agreement with the DLS measurement, which determined the CPT of
this system (G3, ¢ = 10 mg/mL in PBS) to be 21.5°C. Moreover, the
fluorescence intensity increased up to 32.5°C, indicating a higher
content of hydrophobic domains and possible inter/intramolecular re-
organization of the self-assembled structures in this temperature region.
Thereafter, the fluorescence intensity remained constant, and no
change in fluorescence intensity was revealed with further increases in
temperature (above 32.5°C). In addition, the peak maximum in the
fluorescence spectrum shifted to shorter wavelengths (from 480 to
473 nm) during the temperature elevation, confirming the increase in
the microenvironment hydrophobicity.

The temperature-dependent behaviour of the polymer G3 was also
characterized by NMR. The high-resolution 'H NMR spectra of G3
(c = 10 mg/mL in D,0) were measured over a temperature range from
12 to 57 °C (Fig. 4A). Peak assignments of the various types of protons
in POXs are shown in the spectrum measured at 12 °C. The chemical
structure of the polymer is shown in the same figure on the right of the
spectra. The broad unmarked signals between § = 3-4.5ppm and
& = 5ppm are related to -glucan protons. The signal “a” is related to
the —N—CH,— groups of poly(2-isopropropyl-2-oxazoline-co-2-butyl-2-
oxazoline), which form the graft main chain. The protons present in the
—CO—CH—(CHj3), and —CO—CH—(CHj3), groups of the 2-isopropropyl-
2-oxazoline monomeric unit are marked as “b” and “c”. The —CO—©®
CH,—CH,—CHy—CHa, —CO—CH,—CH,—CH,—CH, —CO-©
CH,—CH,—CH,—CH3 and —CO—CH,—CH,—CH,—CH3 groups of the 2-
butyl-2-oxazoline monomeric unit correspond to the peaks “d”, “e”, “f”
and “g”, respectively. The main change observed in the spectra is that
the intensity of the signals related to POXs decreases with increasing
temperature. The broadening and disappearance of the peak, corre-
sponding to the thermoresponsive polymer, are connected with the
decreased mobility of the POX chains under increasing temperature in
analogy to Ref. [14]. To quantitatively characterize the changes that
occur during the heating and cooling processes, the p-fraction of groups
with significantly reduced mobility was calculated from the integrated
intensities in the "H NMR spectra using the following Eq. (3): [14]
p = 1-{I(T)/[I(Tp)-(To/ T)1} 3

where I(T) is the integrated intensity of a given polymer signal in
the spectrum at a given temperature T and I(T,) is the integrated
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intensity of this signal when no phase separation occurs (below the
transition). The calculated p-fractions for particular POX groups in G3
(c = 10 mg/mL in D,0) at various temperatures are shown in Fig. 4B.
The phase transition begins at 24 °C for all POX protons, which is in
good agreement with other methods. The final p-fraction values (pax)
give quantitative information about the amount of the groups that
participate in a phase transition. The py,,, value was 0.69 for group “a”
from the POX main chain and 0.76 and 0.67 for the isopropyl units “b”
and “c”, respectively. Therefore, the —N—CH,— groups of the POX main
chain and the isopropyl groups influence the phase transition similarly.
However, the p,.x value of “d” protons in the butyl monomer unit was
calculated to be 0.81, while for “e”, the value was 0.54, for “f”, 0.20
(this value may be affected by the broadening of signal “c”), and for
“g”, 0.48. The higher p.x values for the POX main chain and for the
side groups of the 2-isopropyl-2-oxazoline unit suggest that these sec-
tions of the polymer are less mobile in the hydrophobic center of the
formed nanoparticles, while the side groups of the 2-butyl-2-oxazoline
unit are probably more flexible. A comparison of the heating and
cooling processes for the “a” protons in the POX main chain (—N-
—CHy—) is shown in Fig. S2 in the Supplementary Figures. The fully
reversible behaviour is confirmed by the nearly identical phase transi-
tion curves and corresponding CPTs for the heating and cooling pro-
cesses. Such comparison for the other groups in POX confirm the same
reversibility of the phase transition processes (data is not shown).

The signals of the polysaccharide section remain unchanged,
showing that only the poly(2-alkyl-2-oxazoline) section participates in
the temperature-induced phase separation, with a negligible effect on
the hydrophilic polysaccharide section. However, the polysaccharide
section influences the thermoresponsive behaviour of the poly(2-alkyl-
2-oxazoline) section, especially when the grafts are short (see above).

Consequently, NMR relaxation measurements were performed to
provide information about the water behaviour and polymer-solvent
interactions (hydration) during the phase transition. It is well known
that the spin-spin relaxation times T, of water (HDO protons or D,O
deuterons) are especially useful in this respect [15]. Fig. S3 in the
Supplementary Figures shows the temperature (full circles) and time
dependence (full squares) at 57 °C of the 1H spin-spin relaxation time T,
of the HDO in G3 D,O solution (¢ = 10mg/mL). The low T, value
(0.56 s at 12°C) of HDO molecules gives information about the strong
interactions (H-bonding) between the solvent and polymer G3, which
reduce the solvent mobility. Further T, value increase under the tem-
perature elevation is connected to the phase separation, increasing of p-
fraction, reduced POX mobility and a microenvironment change from
hydrophilic to hydrophobic. With increasing p-fraction, more POX
chains break the hydrogen bonds with water, increasing mobility.
Furthermore, keeping the sample at 57 °C for 12h causes almost no

0,6

p-fraction
o
»
1

0,2

0,0

40

temperature (°C)

Fig. 4. (A) High-resolution "H NMR spectra of G3 (¢ = 10 mg/mL in D,0) measured at 12°C, 37 °C and 57 °C; (B) temperature-dependence of the p-fraction for
various proton groups in the poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline) unit of G3 (c = 10 mg/mL in D,0) — during the heating process. The standard

deviation of 3 independent measurements was below 5%.
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change in T,, suggesting that the polymer system is stable during this
period.

All the methods used for solution behaviour and CPT characteriza-
tion are in good agreement for the G3 sample at ¢ = 10 mg/mL. Both
DLS and fluorescence measurements were performed in PBS, while
NMR was measured in D,0, and thus, the higher ionic strength in PBS
could slightly influence the results. This fact was confirmed by CPT
measurements of this sample (c = 10 mg/mL) using DLS at both sol-
vents — deuterium oxide and PBS (see Fig. S4 in the Supplementary
Figures). Overall, the CPT of G3 at ¢ = 10 mg/mL was determined to be
21.5°C using DLS, 22.5°C using fluorescence measurement with an
aggregation-induced emission probe and 24°C using NMR. DLS evi-
dently shows the CPT as a point of aggregate formation based on the
hydrodynamic radius, and fluorescence measurement exhibits the CPT
as a point of aggregate formation based on the formation of hydro-
phobic domains, through it is possible that the formed small aggregates
are still soluble. On the other hand, NMR shows the CPT as a point at
which the aggregates begin to be insoluble, which is why the CPT de-
termined by this technique for the same sample and concentration
could be slightly higher.

The polymer phase transition was also investigated using differ-
ential scanning calorimetry. However, the transition was not observed
for all polymers because the energy released/needed during the phase
transition was probably negligible in comparison with the energy
needed/released for the temperature change of water (see Fig. S5 in the
Supplementary Figures).

3.3. Self-assembled polymer structures

The shape change during the phase transition of G3 was in-
vestigated by atomic force microscopy (AFM) in comparison to original
B-glucan. The samples were transferred from 15°C and 37 °C water
solutions onto freshly cleaved mica substrates and characterized under
the ambient conditions (Fig. 5). B-Glucan from Auricularia auricula-
judae showed the presence of the typical fibres in their aqueous solu-
tions, which is in good agreement with literature [9], and it also

15°C

B-glucan | . -

FE

R

25.0 nm

5
G3 .
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exhibited no significant difference in the structure within the tem-
perature Change (RRMS,15°C =1.2nm; RRMS,37”C =1.5 nm). The G3
sample prepared at 15°C exhibited a distinct, almost homogenous
pattern with a root-mean-squared roughness Rryvs = 0.5nm and a
particle size of approximately 50 nm, which is in good agreement with
the DLS measurement. In addition, a small portion of larger particles
(approximately 100 nm) was observed, which can be attributed to the
aggregates of a few macromolecules. On the other hand, the sample
prepared at 37 °C had an increased surface roughness (Rpms = 2.9 nm)
and an enlarged ellipsoidal particles (approximately 500 nm). Such
particles correspond well to the polymer aggregates at higher tem-
peratures. Therefore, the poly(2-alkyl-2-oxazoline) grafts disturb the
formation of typical nanofibers of the original (-glucan in aqueous
solution, most likely due to the steric hindrance preventing the for-
mation of intermolecular hydrogen bonds, which are essential for the
nanofiber formation.

3.4. Biological studies

The sample G1 was not included in the following in vitro study be-
cause it did not show any thermoresponsive properties up to 65 °C, and
thus, this polymer is completely unusable for intended application
(formation of a polymer depot after injection from a polymer solution)
because, interestingly, B-glucan administrated intratumourally is more
anticancer efficient due to its close contact to tumour cells [16]. The
cytotoxicity of the other prepared polymers (G2 — G4) was studied on
murine BALB/C monocyte macrophage cell line J774A.1 using an
AlamarBlue assay. The polymer cytotoxicity values were detected to be
negligible at low concentrations for this cell line. Moreover, the half
maximal inhibitory concentration (ICso) was not found for all polymers
up to the concentration ¢ = 0.5mg/mL (see Fig. S6 in the Supple-
mentary Figures), which is, in general, sufficiently high concentration
for biomedical application (it corresponds approximately to 2.5g of
polymer dissolved in the blood of an average adult).

The oxidative burst response of the polymorphonuclears, isolated
from human blood, upon the incubation with the synthesized polymers

37°C

25.0 nm

50mm

200nm

Fig. 5. The AFM topography images of B-glucan and G3 transferred from aqueous solutions at 15 °C and 37 °C onto fresh mica.
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Fig. 6. The oxidative burst response of the polymorphonuclears upon the incubation with the polymers at their concentrations 10 and 100 pg/mL: (A) with no further
stimulation and (B) with further stimulation by phorbol 12-myristate 13-acetate (PMA). Produced hydrogen peroxide was indirectly measured by addition of luminol,
which was determined by chemiluminescence. NT is a non-treated control and PMA is a positive control.

was studied using the chemiluminescent detection of produced hy-
drogen peroxide by luminol. The oxidative burst response was studied
with and without further addition of PMA as a stimulating agent for the
burst, respectively. Regarding to the no further stimulation (no addition
of PMA), all samples induced the oxidative burst response at the con-
centrations that correspond to 100 pg/mL B-glucan (Fig. 6A). The in-
duced oxidative burst was statistically confirmed to be significant in
comparison with the non-treated (NT) controls (for G2 P < 0.00026,
for G3 P < 0.00619 and for G4 P < 0.00231). Moreover, G2 induced
the statistically significant oxidative burst also at the concentration that
corresponds to 10 ug/mL B-glucan (P < 0.00452). At this lower con-
centration, the samples G3 and G4 did not cause statistically significant
oxidative burst compared to NT controls. However, the oxidative burst
of G3 and G4 is in absolute values comparable with those of G2.

The oxidative burst response at concentration 10 pg/mL B-glucan is
measurable but not significant compared to NT cells and there is a
potential for further stronger stimulation. Therefore, the assay was
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done again using further PMA addition (Fig. 6B), while only samples at
the concentration 10 pug/mL [-glucan showed a strong response to
PMA. The samples stimulated with G2, G3 and G4 at the concentration
100 pg/mL B-glucan showed no further burst increase, suggesting that
the polymorphonuclears already reached their maximum response only
by B-glucan stimulation. This observation could be helpful in future
determination of an ideal therapeutic concentration of the polymers.
Anyway, B-glucan-graft-polyoxazolines (G2 - G4) displayed the
slightly higher oxidative burst than the non-grafted (-glucan con-
sidering the same amount of 3-glucan. Moreover, G4 (the longest grafts)
showed the highest oxidative burst (Fig. 6), however, these differences
were observed only in absolute values but they were not statistically
significant. Therefore, it can be said that the graft length did not in-
fluence significantly the caused oxidative burst by polymer considering
the same amount of B-glucan. Thus, in vitro study demonstrated that the
immunostimulatory properties of -glucan-graft-polyoxazolines, firstly
intended for immunoradiotherapy, but also usable in a wide range of
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biomedical applications, are not significantly influenced by the graft
length of POX chains considering the same amount of -glucan. In other
words, the grafting of B-glucan by POX could cause a steric hindrance of
active f-glucan moieties, and thus it could have an influence on the
final polymer immunostimulatory properties, which are crucial for the
treatment success. However, this phenomenon was not observed.
Therefore, for the intended application the final graft length can be
chosen only considering the polymer thermoresponsive properties in-
dependently of their ability to stimulate the immune system.

4. Conclusion

We have successfully synthesized B-glucan-graft-poly(2-isopropyl-2-
oxazoline-co-2-butyl-2-oxazoline)s differing in the polyoxazoline graft
length (500-5000 Da, maximum achievable grafting density) using -
glucan extracted from Auricularia auricula-judae by a one-pot, two-step
synthesis. Such polymers are biodegradable, thermoresponsive and can
be easily chemically functionalized due to the presence of allyl group at
the graft ends. The thermoresponsive properties of the prepared poly-
mers were studied in the context of graft length, denoting an easy ad-
justment of the solution behaviour by the graft length variation.
Moreover, all samples show nontoxicity in vitro. The assay of oxidative
burst of the polymorphonuclears established that the polymer im-
munostimulatory properties are not significantly influenced by their
graft length, considering the same amount of -glucan. Therefore, the
required immunostimulatory properties are not decreased by the
polyoxazoline grafting of B-glucan, even they are not influenced by the
graft length of the polyoxazoline chains. Thus, for the intended appli-
cation the final graft length can be chosen only considering the polymer
thermoresponsive properties independently of their ability to stimulate
the immune system. This result is very important not only for the dose
design in immunoradiotherapy treatment.
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ARTICLE INFO ABSTRACT

Keywords: A conceptually new bimodal immunoradiotherapy treatment was demonstrated using thermoresponsive
B-glucan polymer [-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline) bearing complexes of 1,4,7,10-tet-
Polyoxazoline raazacyclododecane-1,4,7,10-tetraacetic acid with yttrium-90(III) at the graft ends. The behavior of this ther-
Multimodal cancer therapy moresponsive polymer in aqueous solutions was studied, and it showed the appropriate cloud point temperature
g‘;gzzﬁj’:&e;;py for brachytherapy applications. The polymer was tested in vitro, and it exhibited nontoxicity and active uptake

into cancer cells and macrophages with colocalization in the lysosomes and macrophagosomes. Moreover, the
observed oxidative burst response of the leukocytes established the immunostimulatory properties of the
polymer, which were also studied in vivo after injection into the thigh muscles of healthy mice. The subsequent
histological evaluation revealed the extensive immune activation reactions at the site of injection. Furthermore,
the production of tumor necrosis factor a induced by the prepared polymer was observed in vitro, denoting the
optimistic prognosis of the treatment. The biodistribution study in vivo indicated the formation of the polymer
depot, which was gradually degraded and excluded from the body. The radiolabeled polymer was used during in
vivo antitumor efficiency experiments on mice with EL4 lymphoma. The immunoradiotherapy group (treated
with the radiolabeled polymer) demonstrated the complete inhibition of tumor growth during the beginning of
the treatment. Moreover, 7 of the 15 mice were completely cured in this group, while the others exhibited
significantly prolonged survival time compared to the control group. The in vivo experiments indicated the
considerable synergistic effect of using immunoradiotherapy compared to separately using immunotherapy or
radiotherapy.

1. Introduction

Cancer immunotherapy has recently gained increasing interest be-
cause it has great potential for systemic eradicating tumors and me-
tastases exploiting the body's own immune system. The advantages of a
such treatment include fewer and less severe side effects compared to
other types of treatment [1]. So far, cancer immunotherapy has ex-
hibited a limited therapeutic efficiency; the immune response is, except
for a few cases, weak and short-lived because cancer in its advanced
stages has tools to avoid the immune reactions [2]. In other words, the
immune cells could theoretically recognize and eliminate the cancer
cells but the tumor produces a wide range of immunosuppressive fac-
tors (e.g., prostaglandin E2 and inhibitory cytokines) [3], and thus, in
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the tumor microenvironment, the immune cells have very limited ef-
ficiency [4]. One of the promising approaches in immunotherapy is the
targeting tumor cells via monoclonal antibodies, which is well-tolerated
treatment modality for many tumor patients but the clinical trials re-
vealed quite disappointing results, mainly due to their low efficiency
[5]. To improve the efficiency, the bispecific antibodies (BiAbs) tar-
geting both cancer and T cells were designed, combining the specifi-
cities of two antibodies into a one molecule [6]. This approach allowed
them to redirect and stimulate T-cells against antigen expressing tumor
cells, in contrast with the conventional antibodies, which are not able to
do that because T cells lack Fc receptors [7]. Several examples using
these types of BiAbs have been reported, however, more clinical trials,
which would show the therapy efficiency, are needed. Moreover, the
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disadvantage of BiAbs is their significantly challenging production and
very strict storage conditions [7]. Anyway, a special role in the immune
system is played by Toll-like receptors (TLRs), and the harnessing of the
immune cells via TLRs could be another promising approach in im-
munotherapy [8].

In traditional Chinese medicine, mushroom extracts are used as a
medicinal agent for cancer treatment. The most efficient extract com-
ponents are immunostimulatory polysaccharides, especially -glucans
[9]. All B-glucans are composed of glucose units linked together by 1 —
3 B-glycosidic bonds, and they vary in their branching structure and
chain length [10]. Many of them show anticancer and
munomodulatory activities [11]. Previous in vitro studies have de-
monstrated that -glucans trigger immune cells via receptors TLR-2/6
and Dectin-I [12]. Moreover, in Japan, licensed B-glucans extracted
from Lentinula edodes (lentinan) already exist as effective drugs in
gastric cancer therapy, usually used in combination with fluoropyr-
imidines [13]. Interestingly, B-glucan administered intratumorally is
more anticancer efficient probably due to its close contact to tumor
cells resulting in local immune responses and the nonspecific killing of
tumor cells [14]. However, the therapeutic efficiency of -glucan still
needs to be improved.

Brachytherapy is a commonly used method for the treatment of
solid tumors. Unlike standard radiation therapy, it allows using much
higher radiation doses because the drug is delivered only to the tumor
site; therefore, the whole-body radiation exposure is minimized [15].
Previous studies have shown that thermoresponsive polymers are ad-
vantageous carriers of radiation emitter due to their behavior in aqu-
eous solutions [16]. Such polymers are soluble in aqueous solutions at
lower temperatures, while they precipitate at higher temperatures (i.e.,
above the cloud point temperature — CPT). Our previous in vivo study
proved that the depots formed after the polymer solution injection
(polymers based on poly(N-isopropyl acrylamide)), exhibiting a CPT of
approximately 33 °C, remained at the site of application for > 10 days
[17], and thus, these polymers are appropriate for brachytherapy ap-
plications instead of that time used implants, which must be surgically
embedded and also removed after the radionuclide decay. Highly de-
fined polymers with analogous tunable thermoresponsive properties are
poly(2-alkyl-2-oxazoline)s (POXs). They have attracted attention due to
their biocompatibility, bioinspired polypeptide-like structure and tun-
able polymer properties [18]. Moreover, POXs are relatively radio-
resistant; therefore, they are suitable for use in delivery systems that
experience radiation exposure [19]. The weak point of brachytherapy is
its inability to kill metastases. Thus, the development of multimodal
treatments is necessary.

We designed a conceptually new bimodal immunoradiotherapy
treatment using the thermoresponsive immunostimulatory radiolabeled
polymer. The principle of the treatment is as follows: radiation kills the
tumor cells, and after the radionuclide decays, the immunomodulator
enhances an immune response against the tumor cell debris and me-
tastases. Such treatment exhibits following advantages: non-surgical
drug administration by the polymer solution injection, the local ra-
diation therapy with minimal radiation exposure to the rest of the body
and the enhanced local immunotherapy with harnessing T cells against
cancer cells and metastases. Moreover, the polymer is degradable in the
body because the glycosidases convert it into metabolites that are
smaller than the renal threshold (~45 kDa [20]) and are thus exclud-
able by kidneys. As an immunoradiotherapeutic, the novel B-glucan-
graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline) polymer
bearing complexes of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA) and yttrium-90(III) at the graft ends
(M, graft = 2500 Da, with a maximum achievable graft density) was
synthesized using f-glucan extracted from the bodies of Auricularia
auricula-judae. The thermoresponsive polymer behavior in aqueous so-
lutions was studied, and its biological properties (cytotoxicity, oxida-
tive burst response of the leukocytes, production of tumor necrosis
factor a, cellular uptake) were tested in vitro. The polymer
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biodistribution and anticancer efficiency experiment, which indicates
the effectiveness of the immunoradiotherapy, were studied in vivo using
mice with EL4 tumors. Moreover, to study the effect of the im-
munoradiotherapy in comparison with using only radiotherapy, a
polymer that was analogous to the grafts was prepared and used in the
same in vivo anticancer efficiency experiment. The excellent synergy of
the immunoradiotherapy was demonstrated, curing ~50% of the mice
in the immunoradiotherapy group without any significant side effects.

2. Materials and methods
2.1. Materials

2-Butyl-2-oxazoline and 2-isopropyl-2-oxazoline were synthesized
according to ref. [21]. B-Glucan was extracted from bodies of Aur-
icularia auricula-judae as described in ref. [22]. Diethyl ether, dimethyl
sulfoxide, sodium chloride and toluene were purchased from Lachner
Ltd. (Neratovice, Czech Republic). 1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester (DOTA-
NHS-ester) was purchased from Macrocyclics, Inc. (Plano, USA). Dyo-
mics-615-NHS-ester was purchased from Dyomics GmbH (Jena, Ger-
many). 2,4,6-Trinitrobenzene 1-sulfonic acid (TNBSA) solution was
purchased from Thermo Fisher Scientific (Prague, Czech Republic).
Dialysis membranes Spectra/Por (molecular weight cut-off (MWCO)
6-8 kDa) were purchased from P-LAB (Prague, Czech Republic). All
other chemicals were purchased from Sigma Aldrich Ltd. (Prague,
Czech Republic). The chemicals were used without further purification
unless stated otherwise.

2.2. Synthesis and preparation

2.2.1. Preparation of p-glucan-graft-poly(2-isopropyl-2-oxazoline-co-2-
butyl-2-oxazoline) with a theoretical molecular weight of POX grafts
My grase = 2500 Da (G-I and POX-I)

Allyl bromide (96 puL, 1.12 mmol) was added to a solution of 2-
isopropyl-2-oxazoline (2.000 mL, 16.8 mmol) and 2-butyl-2-oxazoline
(0.734 mL, 5.6 mmol) in 4 mL of anhydrous acetonitrile, and the re-
action mixture was stirred overnight at 70 °C under an argon atmo-
sphere (POX solution). 3-Glucan (0.20 g, M,, = 2.5- 10°Da, I = 1.85)
was dissolved in 12 mL of anhydrous dimethyl sulfoxide, and this so-
lution was then azeotropically dried using anhydrous toluene.
Thereafter, sodium hydride (0.30 g of a 60% dispersion in mineral oil,
4.5 mmol) was added to the B-glucan solution, and the mixture was
stirred for 3 h at 70 °C. One half of a POX solution was mixed with the
B-glucanate solution, and the resulting mixture was stirred overnight at
70 °C. Water (10 mL) was added to the reaction mixture, and it was
twice washed with diethyl ether to remove the mineral oil. The aqueous
layer was dialyzed (MWCO 6-8 kDa) against water for 72 h and freeze-
dried to give the desired product marked as G-I (315.1 mg).

The second half of the POX mixture was mixed with water (0.5 mL),
purified on a Sephadex® LH-20 column using methanol as the mobile
phase and evaporated to give polymer POX-I (1.32 g).

'H NMR of POX-I (300MHz, CDsCN), & (ppm): 0.88
(—CH,—CH,—CH,—CHg3), 1.02 (—CH—(CH3);), 1.30 (—CH,—CH,
—CH,—CH;), 1.50 (—CH,—CH,—CH,—CH3), 2.31 (—CH,—CH,

—CH,—CH3), 2.68 (—CH—(CH3)3), 3.39 (—N—CH,—CH,—). Size-exclu-
sion chromatography (SEC) of POX-I: M,, = 2290 Da, I = 1.19.

'H NMR of G-I (300MHz, D,0), § (ppm): 0.89 (POX:
—CH,—CH,—CH,—CH3), 1.06 (POX: —CH—(CHs3)), 1.31 (POX:
—CH,—CH,—CH,—CH3), 1.51 (POX: —CH,—CH,—CH,—CHs), 2.36
(—CHy—CH,—CH,—CH3), 2.7-2.9 (—CH—(CHs3),), 3.3-5.2 (POX:

—N—CH,—CH,—, glucose). '*C NMR of G-I (75 MHz, D,0, 4,4-di-
methyl-4-silapentane-1-sulfonic acid (DSS) as standard), § (ppm): 16,
21, 25, 29, 33, 35, 45, 46, 49, 68, 69, 72, 76, 78, 81, 106, 179, 183.
Elemental analysis of G-I: C 52.50%, H 8.32%, N 6.91%. IR of G-I (KBr):
3365 (Vo_11), 2965 (vc_1), 2933 (vom), 2871 (ve_rp), 1631 (ve—o),
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1472, 1423, 1380, 1362, 1236, 1200, 1158, 1085, 1037. SEC of G-I:
M,, = 7.5-10°Da, I = 1.49.

2.2.2. Cysteamine incorporation on the graft ends of G-I (G-II)

G-I (250 mg, 0.22 mmol/g of allyl groups) was dissolved in water
(17 mL) containing cysteamine (250 mg, 3.25 mmol) and hydrochloric
acid (36%, 265 pL, 3.25 mmol). The solution of 2-hydroxy-2-methyl-
propiophenone (50 pL dissolved in 150 pL of ethanol) was added, and
the reaction mixture was cooled to 0 °C and irradiated using a UV lamp
(TESLA RVK 6 x 125 W) for 60 min. The solution of sodium carbonate
(10%, 17 mL) was added, and the aqueous layer was washed with
diethyl ether, dialyzed (MWCO 6-8 kDa) against water for 48 h and
freeze-dried to give the product G-II (172 mg). The content of the —NH,
groups was determined using a TNBSA assay according to ref. [23]
(0.17 mmol/g of —NH, groups).

'H NMR of G-I (600 MHz, DMSO), & (ppm): 0.84 (POX:
—CH,—CH,—CH,—CH3), 0.96 (POX: —CH—(CH3),), 1.25 (POX:
—CH,—CH,—CH,—CH3), 1.43 (POX: —CH,—CHy—CH,—CHj3), 2.29
(—CH,—CH,—CH,—CH3), 2.66 (—S—CH,—CH,—NH,), 2.8-3.1 (POX:
—CH—(CH3),, —S—CH,—CH,—NH,), 3.3-5.2 (POX: —N—CH>—CH,—,
glucose). *C NMR of G-II (150 MHz, DMSO), § (ppm): 14, 20, 22, 25,
27, 29, 31, 43, 45, 46, 66, 70, 73, 76, 104, 173, 176. Elemental analysis
of G-II: C 53.20%, H 8.35%, N 6.57%, S 0.87%. IR of G-II (KBr): 3345
(l/ofH), 2964 (l/CfH)y 2930 (l/CfH)’ 2871 (l/CfH); 1630 (l/czo), 1472,
1422, 1382, 1362, 1239, 1201, 1158, 1037. SEC of G-I
M,, = 6.7-10°Da, I = 1.45.

2.2.3. Conjugation of Dyomics-615 and DOTA with the amino groups of G-

II (G-1IT)
The G-I sample (150mg, 0.026 mmol of —NH, groups),
Na,HPO,-12 H,O (0.707g, 1.98 mmol) and KH,PO,; (45 mg,

0.33 mmol) were dissolved in water (11 mL), and the solution was
cooled to O0°C. Dyomics-615-NHS-ester was added (0.75mg,
0.0011 mmol), and the mixture was stirred for 1 h at 0 °C. Thereafter,
DOTA-NHS-ester (32 mg, 0.050 mmol) was added, and the reaction
mixture was stirred overnight at room temperature. The crude product
was twice purified on a Sephadex® G-25 column using ice water as the
mobile phase and freeze-dried to give product G-III (132 mg).

'H NMR of G-I (600MHz, DMSO), § (ppm): 0.79 (POX:
—CH,—CH,—CH,—CH3), 0.90 (POX: —CH—(CH3),), 1.19 (POX:
—CH,—CH,—CH,—CH3), 1.37 (POX: —CH,—CH,—CH,—CHj3), 2.23
(—=CHy—CH,—CH,—CH3), 2.53 (—S—CH,—CH,—NH-), 2.7-3.3 (POX:
_CH—(CHg)z, _S—CHZ_CHZ—NH_), 3.4-5.2 (POX: _N—CHZ—CHZ_,
glucose). 3C NMR of G-III (150 MHz, DMSO), & (ppm): 14, 20, 22, 27,
29, 31, 43, 45, 46, 60, 66, 70, 73, 76, 103, 173, 177. IR of G-III (KBr):
3287 (I/OfH)y 2966 (l/CfH); 2932 (l’CfH); 2871 (l’CfH): 1630 (I/C:o),
1474, 1419, 1381, 1362, 1240, 1200, 1156, 1037, 978. SEC of G-III:
M, = 8.8-10°Da, I = 1.38.

The content of Dyomics-615 was determined spectro-
photometrically to be 0.1wt%  (Aapsorption = 621 nm  and
e = 200,000 L/mol-cm). To determine the content of the DOTA moi-
eties, the product G-III was chelated with Gd(III) according to the fol-
lowing procedure: product G-III (12 mg), ammonium acetate (40 mg,
0.52mmol) and gadolinium(Ill) chloride hexahydrate (8 mg,
0.52 mmol) were dissolved in water (1 mL), and the reaction mixture
was stirred overnight at room temperature. The crude product was
twice purified on a Sephadex® G-25 column using ice water as the
mobile phase and freeze-dried to obtain G-III-Gd (10 mg). The content
of GA(IIT) was determined to be 1.72% using energy-dispersive X-ray
spectroscopy (EDS), meaning that the DOTA content in the polymer G-
III was 0.11 mmol/g.

2.2.4. Modification of POX-I (POX-II and POX-III)

The POX-I polymer (0.50 g) was dissolved in water (10 mL) with
cysteamine (0.50 g, 6.5 mmol) and hydrochloric acid (36%, 530 pL,
6.5 mmol). The solution of 2-hydroxy-2-methylpropiophenone (100 pL
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dissolved in 300 pL of ethanol) was added, and the reaction mixture
was cooled to 0 °C and irradiated with a UV lamp (TESLA RVK 6 x 125
W) for 15 min. The solution of sodium carbonate (10%, 34 mL) was
added, and the aqueous layer was washed with diethyl ether and freeze-
dried. The crude product was purified on a Sephadex® LH-20 column
using methanol as the mobile phase and evaporated to give the product
POX-II (330 mg).

The content of the —NH, groups was determined using a TNBSA
assay [23] (0.08 mmol/g of —NH, groups).

'H NMR of POX-II (600MHz, CH,OD), & (ppm): 0.92
(—CH,—CH,—CH»—CH3), 1.08 (—CH—(CH3)5), 1.34 (—CH,—CH,—CH,
—CH3), 1.55 (—CH,—CH,—CH,—CHj3), 2.40 (—CH,—CH,—CH,—CH3),
2.7-3.1 (—CH—(CHs),, —S—CH,—CH,—NH,, —S—CH,—CH,—NH,),
3.51 (-N—CH,—CH,—).

Polymer POX-II (100mg, 0.006 mmol of -NH, groups),
Na,HPO,-12 H,O (1.081g, 3.03mmol) and KH,PO, (67 mg,
0.49 mmol) were dissolved in water (5mL), and the solution was
cooled to 0 °C. DOTA-NHS-ester (35 mg, 0.055 mmol) was added, and
the reaction mixture was stirred overnight. The crude product was
twice purified on a Sephadex® LH-20 column using methanol as the
mobile phase, followed by solvent evaporation to obtain product POX-
III (91 mg).

'H NMR of POX-II (600MHz, CH3OD), & (ppm): 0.87
(—CH,—CH,—CH,—CH3), 1.03 (—CH—(CHj3),), 1.31 (—CH,—CH,—CH,
—CH3), 1.51 (—CH;—CH,—CH,—CHj3), 2.37 (—CHy—CH,;—CH,—CH3),
2.7-3.1 (—CH—(CHaj);, —S—CH,—CH,—NH—, —S—CH,—CH,—NH-),
3.46 (—N—CH,—CH,—). '*C NMR of POX-III (600 MHz, CH5OD), §
(ppm): 14, 20, 23, 28, 31, 33, 44, 45, 47, 176, 179, 180. SEC of POX-III:
M, = 2330 Da, I = 1.16.

To determine the DOTA content, POX-III was chelated with Gd(III)
according to the procedure as described above in the Section 2.2.3.
Conjugation of Dyomics-615 and DOTA with amino groups of G-II (G-III).
The DOTA content in polymer POX-III was found to be 0.07 mmol/g.

2.2.5. Preparation of the f-glucan conjugate with Dyomics-615 (B-III)

B-Glucan (250 mg, 1.40 mmol glucose units, M, = 2.5- 10° Da,
I = 1.85) and sodium hydroxide (125 mg, 3.13 mmol) were dissolved
in water (20 mL), and the mixture was cooled to 0 °C. Allyl bromide
(80 uL, 0.924 mmol) was added, and it was stirred for 10 h at 0 °C,
followed by stirring overnight at room temperature. Acetic acid
(458 pL, 8.00 mmol) was added, and the solution was dialyzed (MWCO
6-8 kDa) against water for 48 h and freeze-dried to give product B-I
(230 mg).

'H NMR of B-I (600 MHz, D,0), § (ppm): 3.10-4.80 (glucose), 5.23
(glucose), 5.51 (—CH=CH,), 5.93 (—CH=CH,).

The degree of functionalization (f, number of allyl moieties per p-
glucose unit) was calculated from the "H NMR spectrum according to
the following equation: f=I5_ 593 ppm/Is = 5.203 ppm,» Where
Is — 503 ppm is the peak integral belonging to the —CH=CH, at
8 = 5.93ppm and Is — 523 ppm is the peak integral belonging to the
acetal hydrogen on position 1 of the p-glucose unit at § = 5.23 ppm.
Here, f is 0.27, meaning that polymer B-I contains, on average, 0.27
allyl moieties per p-glucose unit.

Polymer B-I (200 mg) was dissolved in water (20 mL) containing
cysteamine (250 mg, 3.25 mmol) and hydrochloric acid (36%, 265 pL,
3.25 mmol). The solution of 2-hydroxy-2-methylpropiophenone (50 pL
dissolved in 150 pL of ethanol) was added, and the reaction mixture
was cooled to 0 °C and irradiated using a UV lamp (TESLA RVK 6 x 125
W) for 60 min. The solution of sodium carbonate (10%, 15 mL) was
added, and then the aqueous layer was washed with diethyl ether,
dialyzed (MWCO 6-8 kDa) against water for 48 h and freeze-dried. The
dried product was purified on a Sephadex® G-25 column using water as
the mobile phase and freeze-dried to give the product B-II (140 mg).

The content of the —NH, groups was determined using a TNBSA
assay [23] (0.33 mmol/g of —NH, groups).

'H NMR of Bl (600MHz, 2.64

D,0), & (ppm):
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(—=S—CH,—CH>—NH,), 2.93 (—S—CHy—CH,—NH,), 3.10-4.80 (glu-
cose), 5.23 (glucose).

Polymer B-II (100 mg, 0.033 mmol of -NH, groups), Na,HPO, - 12
H,0 (0.470 g, 1.31 mmol) and KH,PO, (30 mg, 0.22 mmol) were dis-
solved in water (15 mL) and the solution was cooled to 0 °C. Dyomics-
615-NHS-ester was added (1 mg, 0.0015 mmol) and the mixture was
stirred overnight at room temperature. The crude product was twice
purified on a Sephadex® G-25 column using water the mobile phase and
freeze-dried to give product B-III (88 mg). The amount of Dyomics-615
was determined spectrophotometrically (0.05 wt%,
621 nm, ¢ = 200,000 L/mol-cm).

'H NMR of B-II (600MHz, D,0), & (ppm): 2.57
(—=S—CH,—CH>—NH-), 2.91 (—S—CH,—CH,—NH-) 3.30-4.80 (glu-
cose), 5.23 (glucose). *C NMR of B-III (600 MHz, D0, DSS), § (ppm):
63, 68, 72 75, 76, 78, 80, 106. SEC of B-III: M,, = 2.6-10°Da,
I=1.70.

A‘absorption =

2.3. Characterization

The 'H NMR and !*C NMR measurements were carried out on a
Bruker Avance DPX-300 spectrometer and on a Bruker Avance III 600
spectrometer (both Bruker Co., Austria). Fourier transform infrared (FT-
IR) spectra were obtained on a Perkin-Elmer Paragon 1000PC spec-
trometer (Perkin-Elmer Co., USA) equipped with the Specac MKII
Golden Gate single attenuated total reflection (ATR) system (Perkin-
Elmer Co., USA). The elemental analysis was performed on a Perkin-
Elmer Series II CHNS/O Analyzer 2400 (PE Systems Ltd., Czech
Republic) instrument.

The molecular weight of the POXs was determined using SEC; the
system contained a Deltachrom SDS030 pump (Watrex Co., Prague,
Czech Republic), a MIDAS autosampler (Spark HOLLAND B.V.,
Netherlands), two columns (PL gel MIXED-B-LS, 10 uym) and an ELS-
1000 evaporative light-scattering detector (Polymer Laboratories,
USA). N,N-Dimethylformamide was used as the mobile phase, and
commercial alkyne terminated poly(2-ethyl-2-oxazoline)s were used as
the calibration standards. The molecular weight of the prepared p-
glucan-based polymers was determined using the same SEC system with
dual detection: an Optilab t-rEX refractive index detector and DAWN
Heleos II multiangle light-scattering detectors (MALSs) (both from
Wyatt Technology Corporation, USA). Dimethyl sulfoxide was used as
the mobile phase.

The polymer cloud point temperatures (CPTs) were determined in
their phosphate-buffered saline (PBS) solutions at a polymer con-
centration ¢ = 1 mg/mL using a dynamic light scattering (DLS) tech-
nique. The temperature dependence of the polymer hydrodynamic ra-
dius (Ry,) was measure from 5 to 65 °C with a heating rate of 1 °C/min at
a scattering angle of 6 = 173° on a Zetasizer Nano-ZS, Model ZEN3600
(Malvern Instruments, UK), using DTS software (version 6.20) for data
evaluation. After each heating step, three measurements were per-
formed.

2.4. In vitro studies

2.4.1. Cell lines and cell culture

The mouse macrophages RAW 264.7 (kindly provided by Zderika
Syrové, PhD., First Faculty of Medicine, Charles University, Prague,
Czech Republic), mouse lymphoma EL4 cells (ATCC, Lomianki, Poland)
and human mammary gland adenocarcinoma MCF7 cells (kindly pro-
vided by Institute of Biotechnology AS CR, Prague, Czech Republic)
were cultured according to the ATCC protocol in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum,
100 u of penicillin and 100 ug/mL of streptomycin (all from Thermo
Fisher Scientific, Prague, Czech Republic). Staphylococcus aureus cells
(kindly provided by Karel Holada, PhD., First Faculty of Medicine,
Charles University, Prague, Czech Republic) were incubated on Luria
broth (LB) agar (Sigma Aldrich, Prague, Czech Republic). White blood
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cells were isolated from human whole blood (kindly provided by
Military Hospital, Prague, Czech Republic) after the lysis of ery-
throcytes as follows: the whole blood (1 mL) was mixed with the Lysis
solution (14 mL; 1.5 M NH,4Cl, 100 mM NaHCOj3, 10 mM ethylenedia-
minetetraacetic acid, pH = 7.3) for 4 min at room temperature (RT).
The mixture was centrifuged (300 X g, 5 min, RT), and the pellets were
washed with cold PBS (5mL) followed by centrifugation (300 X g,
5 min, 2 °C). The pellets were then suspended in Roswell Park Memorial
Institute (RPMI) medium (Gibco, Invitrogen, California, USA), re-
presenting the white blood cells.

2.4.2. Cytotoxicity

After overnight incubation of the RAW 264.7, EL4 and MCF7 cells on
96-well plates, the polymer G-III was added in a concentration range from
0.049 up to 100 ug/mL (3 wells for each cell line and each concentration),
and the cells were incubated at 37 °C for 72 h. The cell viability was de-
termined using an AlamarBlue Assay (ThermoScientific, Prague, Czech
Republic) following manufacturer's instructions. The half maximal in-
hibitory concentration (ICso) was calculated from the dose-response curves.

2.4.3. Microbicidal assay

A microbicidal assay was used to estimate the oxidative burst of the
leukocytes upon incubation with polymers G-IIT and B-III. White blood
cells isolated from human whole blood were seeded in a 96-well plate
(50,000 cells/well). Phorbol 12-myristate 13-acetate as a positive
control (PMA, ¢ = 2 uM) and polymers G-III and B-III were added to the
wells (3 wells for each sample and each concentration) at concentra-
tions corresponding to 1 and 10 pg/mL B-glucan (¢ = 3.4 and 34 ug/m
G-III, ¢ = 1 and 10 pg/mL B-III). The plate was incubated for 30 min at
37 °C. The overnight culture of Staphylococcus aureus was added to the
cells at the multiplicity of infection (MOI) of 5. The samples were fur-
ther incubated for 60 min at 37 °C. The growth colonies of surviving
bacteria were enumerated, and the bacterial viability was calculated
from the colony counts. The untreated sample was established as a
reference value. This assay was repeated three times.

2.4.4. Engyme-linked immunosorbent assay (ELISA)

The defrozen white blood cells isolated from human whole blood
were seeded in a 96-well plate (40,000 cells/well), and the prepared
polymers G-III and B-III were added to the wells (2 wells for each
sample and each concentration) at concentrations corresponding to 1
and 10 ug/mL B-glucan (¢ = 3.4 and 34 pg/mL G-III, ¢ = 1 and 10 pg/
mL B-III). PMA (c = 2 uM) was used as a control. The plate was in-
cubated for 2h at 37 °C. Lipopolysaccharide (LPS) derived from
Escherichia coli 026:B6 (eBioscience, ThermoFisher, Prague, Czech
Republic) was added to all wells (¢ = 1 ug/mL), and the plate was
further incubated for 16 h at 37 °C. Tumor necrosis factor-a (TNF-a)
was detected using an ELISA (Invitrogen, California, USA) assay, which
was performed according to the manufacturer's instructions. The TNF-a
concentration in the samples was calculated by extrapoling to the
standard curve plotted from the dilution of the TNF-a standard. The
statistical analysis of the data was conducted using Origin® 9 software
(OriginLab Corporation, MA, USA). The variance analysis (ANOVA)
calculations were performed at the significance level of a = 0.05.

2.4.5. Cellular uptake measured using flow cytometry

MCF7 cells were seeded in 24-well plates (7000 cells/cm?) in tri-
plicates and left to attach overnight. The conjugates G-III and B-IIl were
added to the cells at concentrations corresponding to 50 pug/mL -
glucan (¢ = 167 pg/mL G-III, ¢ = 50 pg/mL B-III) and incubated with
the cells for 0.25, 4, 24 and 48 h in a volume of 1 mL. The cells were
then detached and suspended in 0.5% bovine serum albumin for ana-
lysis in a BD FACSverse™ flow cytometer (BD Biosciences, San Jose,
USA). The fluorescence of the Dyomics-615 (Aemission = 641 nm) was
detected in the APC channel and a minimum of 10,000 cells was
measured.
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2.4.6. Cellular uptake studied using microscopy

The MCF7 (12,000 cells/cm?) and RAW (33,000 cells/cm?) cells
were seeded at the bottom of a polylactide-coated 4-chamber glass dish
and left to adhere overnight. For the time-dependent uptake study, the
cells were incubated with the conjugates G-III and B-III at a con-
centration corresponding to 150 pg/mL 3-glucan (¢ = 500 pg/mL G-III,
¢ = 150 pug/mL B-III) for 0.25h and at a concentration corresponding
to 50 pg/mL B-glucan (¢ = 167 pg/mL G-III, ¢ = 50 pug/mL B-III) for 4
and 24 h. The cells were then washed and cooled on ice, stained briefly
with Hoechst 33342 and CellMask™ Green (both purchased from
Molecular Probes, Eugene, USA) at 4 X of the recommended working
concentration (see the manufacturer's protocol) and fixed in 3% for-
maldehyde solution. The cells were imaged using an Olympus FV 10
confocal laser scanning microscope (Olympus Czech Group, s.r.o,
Prague, Czech Republic) using a 60 x oil objective. The signal detection
was observed in channels Ch1 (Hoechst 33342, exc. 405 nm, em. 450/
50 nm), Ch2 (CellMask™ Green, exc. 488 nm, em. 550/100 nm), and
Ch3 (Dyomics-615, exc. 635 nm, em. 700/100 nm).

For lysosome colocalization visualization, RAW cells were in-
cubated for 4 h with conjugate G-III at a concentration corresponding to
50 ug/mL B-glucan (¢ = 167 ug/mL G-III). The cells were then in-
cubated for 10 min with 1 uM Lyso Sensor Blue/Yellow (purchased
from Molecular Probes, Eugene, USA). During the last 2 min of in-
cubation, Hoechst 33342 and CellMask™ Green were added. The RAW
cells were visualized rapidly without fixation. Two separate scans, for
the lysomarker (Lyso Sensor Blue/Yellow, exc. 458 nm, em. 630/
100 nm) and for the other dyes (see above, Ch1-Ch3), were conducted.

To investigate the energy-dependence of the internalization process,
the RAW cells were deprived of energy by incubation at low tempera-
ture. The cells were preincubated for 20 min at 4 °C prior to the addi-
tion of G-III at a concentration corresponding to 50 ug/mL (B-glucan
(c = 167 pg/mL G-III) and incubated for 45 min at 4 °C. The cells were
then stained, fixated and visualized as described above.

2.5. Radiolabeling and radiostability

2.5.1. Radiolabeling of G-IIl and POX-III with *°YCl; (G-II-Y and POX-III-
Y)

The polymer G-III (45mg) was dissolved in 0.5M ammonium
acetate (1 mL) and yttrium-90(III) chloride solution (7.5 pL in 0.05 M
hydrochloric acid, A = 207 MBq, M.G.P. spol. s r.o., Zlin, Czech
Republic) was added. The reaction mixture was incubated for 2 h under
continuous shaking at 20 °C. The labeled polymer was purified on a
Disposable PD-10 Desalting Column (GE Healthcare, BioTech a.s.,
Prague, Czech Republic) using ice water as the mobile phase and freeze-
dried to obtain product G-III-Y (25mg, A = 127 MBq). The radio-
activity measurement was performed on a calibrated ionizing chamber
BQM-4 (Konsorcium BQM, Prague, Czech Republic).

Similarly, the POX-III polymer (25 mg) was dissolved in 0.5M
ammonium acetate (1 mL) and yttrium-90(III) chloride solution (5 pL in
0.05M hydrochloric acid, A = 138 MBq) was added. The reaction
mixture was incubated for 2 h under continuous shaking at 20 °C. The
labeled polymer was purified on a Sephadex® LH-20 column using
methanol as the mobile phase, followed by an evaporation process to
produce POX-III-Y (16.8 mg, A = 123 MBq).

2.5.2. In vivo stability estimation of the G-III-Y polymer in a metal ion
solution representing blood

Polymer G-III-Y (5mg, A = 25 MBq) was dissolved in 0.5M am-
monium acetate (1.6 mL), and the competing ion solution (400 uL of
aqueous solution containing NaCl 750 mmol/L, MgSO,4 50 mmol/L,
CaCl, 5.0 mmol/L, KH,PO, 5.0 mmol/L and ZnSO,4 0.0765 mmol/L)
was added. The reaction mixture was incubated for 48 h at 37 °C. After
1, 15 and 48 h, successively, the samples (500 pL) were taken out and
cooled down, and the polymer samples were purified on a Disposable
PD-10 Desalting Column using ice 0.5 M ammonium acetate as the
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mobile phase. The particular fractions (1.5 mL) were collected, and
their radioactivities were measured as described above. The identical
separation process (on a Disposable PD-10 Desalting Column using ice
0.5M ammonium acetate as the mobile phase) was performed with
yttrium-90(III) chloride solution (0.1 pL in 0.05 M HCl, A = 10 MBq) in
0.5 M ammonium acetate (500 puL) and the radioactivity of particular
fractions (1.5 mL) was measured as well.

2.6. In vivo experiments

The experiments described below were performed in the accordance
with The Law of Animal Protection against Cruelty (Act No. 359/2012)
of the Czech Republic, which is fully compatible with the corresponding
European Union directives.

All in vivo experiments were performed using C57BL/6N strain fe-
male mice (8 weeks old, purchased from AnLab Ltd., Prague, Czech
Republic). They were housed in accordance to the approved guidelines
(in individually ventilated cages with the sterilized bedding, 12:12h
light-dark cycle at temperature 22 *= 1 °C and humidity 60 * 5%),
food and water were given ad libitum.

2.6.1. Immune response induction test

Polymer G-III (1 mg in 50 pL. DMSO) was injected into the muscles
of healthy mice (n = 3). The mice were sacrificed 7 days after appli-
cation, and the injection sites were histologically evaluated.

2.6.2. Antitumor efficiency and biodistribution

The antitumor efficiency of (3-glucan-graft-poly(2-alkyl-2-oxazoline)
labeled with yttrium-90(III) was evaluated using mice with syngeneic T
cell mouse lymphoma. The precultivated EL4 mouse lymphoma cells
(purchased from First Faculty of Medicine, Charles University, Prague,
Czech Republic) were applied subcutaneously (10° cells per animal) in
a mixture with BD Matrigel™ (I.T.A.-Interact, Ltd., Prague, Czech
Republic) into the shaved area above the right leg of the mouse to
produce continuously growing tumors.

When the tumor sizes had reached the diameter of approximately
5 mm (after 5 days), the mice (n = 49) were randomly divided into 4
groups — control and groups called the immunotherapy group
(IMMUNO), radiotherapy group (RADIO) and immunoradiotherapy
group (IMMUNORADIO) - and the therapeutic treatment regimen was
started. In the control group (n = 10), DMSO was administered in-
tratumorally (50 uL. of DMSO per mouse); in the IMMUNO group
(n = 7), the polymer G-III was administered intratumorally (1 mg of G-
I11/50 pL. of DMSO/mouse); in the RADIO group (n = 17) the polymer
POX-III-Y was administered intratumorally (0.7 mg of POX-III-Y/
4 MBq/50 uL. of DMSO/mouse) and in the IMMUNORADIO group
(n = 15), the polymer G-III-Y was administered intratumorally (1 mg of
G-III-Y/4 MBq/50 pL of DMSO/mouse). The tumor sizes were regularly
measured using a caliper in two perpendicular diameters, and the
tumor volume (V) was calculated according to the following equation:
V = wab?/6 (a = longer diameter, b = shorter diameter). The survival
time was regularly scored. The data statistical evaluation was con-
ducted using OriginPro 8.1 software (OriginLab Corporation, MA,
USA). The calculation of variance analysis (ANOVA) was performed at
the significance level of a = 0.05.

The polymer biodistribution was studied simultaneously with the
antitumor efficiency experiment. Two mouse were randomly chosen
from each group IMMUNO, RADIO, IMMUNORADIO), and the screens
of X-ray imaging (all groups), fluorescence imaging for dye Dyomics-
615 using excitation filter 630 nm and emission filter 700 nm (groups
IMMUNO and IMMUNORADIO) and Cherenkov radiation imaging for
yttrium-90(III) (groups RADIO and IMMUNORADIO) were completed
using the Xtreme In Vivo Imaging System (Bruker BioSpin, Ettlingen,
Germany) on days 1, 2, 3, 5, 7, 9, 12 and 16. The study was performed
in anesthesia of 2% isoflurane (Aerrane, Baxter, UK) in air. As a back-
ground the image of an X-ray screen for all mice was used. The X-ray
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dose from a single short exposition was negligible and couldn't affect
the tumor growth. The image merge and analysis were done using Fiji
software [24].

During the antitumor efficiency experiment, the important blood
parameters of mice, especially the white blood cell parameters, were
monitored to evaluate their health conditions. Three mice were ran-
domly chosen from each group, and their blood samples were collected
as follows: the first samples were taken before the EL4 cells application
(ie., from healthy mice), the second samples before the start of a
treatment (i.e., from the mice with growing tumors), and the sub-
sequent samples were taken twice a week for the next two months. All
blood samples (~ 100 pL) were collected using a retro-orbital bleeding
technique with a capillary containing saturated ethylenediaminete-
traacetate solution (~3 pL). The whole blood cell staining technique
was used. The blood cells (50 pL of a blood suspension) were stained
with the mixture of fluorochrome-conjugated antibodies: anti-CD45
(panleukocyte marker), anti-Macl + /Grl + (marker of granulocytes/
monocytes), anti-B220 (marker of B-lymphocytes), anti-CD4 and anti-
CD8 (markers of T-lymphocytes); all antibodies were purchased from
Biolegend (San Diego, USA). Thereafter, the blood cell solutions were
incubated with the antibodies for 20 min at 0 °C in the dark, and they
were analyzed using a FACS Canto II flow cytometer (BD Biosciences,
San Jose, USA). Flow cytometry data were analyzed and evaluated
using FlowJo software (Tree Star, Oregon, USA). The gating strategy is
shown in Fig. S7 (see in the Supplementary material).

3. Results and discussion

A conceptually new bimodal cancer treatment was designed to ex-
ploit the synergistic effect of immunotherapy and radiotherapy. The
theoretical treatment principle is shown in Fig. 1. After injecting our
polymer solution into the tumor, the polymer depot is created, and the
local action of the radioactive polymer kills the cancer cells. After the
radionuclide decays, the immunostimulatory part of the polymer acti-
vates the immune system against the cancer cells. Theoretically, the
increased concentration of immune cells at the same place as the tumor
debris (dead cancer cells) would lead to the recognition of the cancer
cells as extraneous cells in the body, and thus, the stimulated adaptive
immunity would be able to kill the remaining cancer cells and metas-
tases.

The structure of the final polymer product (G-III-Y) — 3-glucan-graft-
poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline) bearing Dyomics-
615 and complex DOTA-yttrium-90(III) at the graft ends (Fig. 2) — was
designed for use in immunoradiotherapy. For this purpose, the resulting
polymer was required to be immunostimulatory and thermoresponsive
and to contain a therapeutic radiation source. As an im-
munostimulatory backbone, (-glucan extracted from Auricularia aur-
icula-judae was chosen because it is widely known for its im-
munostimulatory and anticancer activity [25]. Poly(2-isopropyl-2-
oxazoline-co-2-butyl-2-oxazoline) was chosen as a thermoresponsive
moiety because, according to our previous experiences, when grafted
onto polysaccharides, it exhibits the most appropriate CPT [26]. Fur-
thermore, POXs are relatively radioresistant compared to the other
thermoresponsive polymers, and thus they are suitable for use in this
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Fig. 2. The structure of the polymer G-III-Y, designed for use in immunoradiotherapy.

system [19]. As a radiation therapy source, yttrium-90(III) was chosen
because it dominantly undergoes B~ decay, which is only effective at
short distances, and has a relatively short half-life (T;,, = 64.1 h).
Therefore, when used as a part of the polymer depot it causes a smaller
impact on the whole body because the radiation is localized only at the
site of this depot.

3.1. Synthesis, preparation and characterization

The schemes of all synthetic procedures are illustrated in Fig. 3. The
used B-glucan was first extracted from Auricularia auricula-judae ac-
cording to ref. [22]. The polymer grafts were synthesized using cationic
ring-opening polymerization of 2-isopropyl-2-oxazoline and 2-butyl-2-
oxazoline using allyl bromide as the initiator. The use of allyl bromide
provides double bonds at the graft ends, allowing further modifications.
The theoretical monomer molar ratio of the resulting polymer grafts
was chosen to be Nisopropyloxazoline/Mbutyloxazoline = 3/1 and the theore-
tical polymer length was chosen to be M, grafi(theoreticany = 2500 Da be-
cause this monomer ratio and graft length exhibited the most appro-
priate CPTs after grafting onto the polysaccharides [26]. The living
ends of the POX grafts were terminated with sodium [-glucanate to
produce the desired polymer P-glucan-graft-poly(2-alkyl-2-oxazoline)
(G-D), and in addition, they were terminated with water to obtain POX
polymer (POX-I) that have the same length as the POX grafts of the
polymer G-L.

First, POX-I, representing the polymer grafts, was characterized. To
determine the number-average molecular weight, size-exclusion chro-
matography (SEC) measurements were conducted using N,N-di-
methylformamide as the mobile phase. The molecular weight of the
POX-1 was My grafifound) = 2290 Da, which was very close to the

Fig. 1. The principle of bimodal immunoradiotherapy: ra-
diation kills the tumor cells; after the radionuclide decays,
the immunomodulator enhances the following immune re-
sponse against the remaining cancer cells and metastases.
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Fig. 3. A) The structure of the isolated B-glucan, B) the synthetic procedure for POX-III and G-III, C) the synthetic procedure for B-IIL

theoretical value of 2500 Da; the dispersity was found to be 1.19. To
determine the monomer ratio of the POX-I, 'H NMR spectroscopy was
used, and the monomer ratio was calculated according to Eq. (1):

1 L
Misopropyl _ g *0=1.02 ppm

1
Pbutyl 2'15:1.31 ppm

(€)]
where Njsopropyl/Mbutyt i the molar ratio of 2-isopropyl-2-oxazoline and
2-butyl-2-oxazoline incorporated in the POX-I, Is - 1.02 ppm is the peak
integral at 1.02 ppm corresponding to the —CH—(CH3z), group coming
from 2-isopropyl-2-oxazoline and I5 — 131 ppm is the peak integral at
1.31 ppm corresponding to the —CH,—CH,—CH>—CHj3 group from 2-
butyl-2-oxazoline. The monomer ratio for POX-I was determined to be
Nisopropyl/Mbutyl = 74/26, that was very close to theoretical value of
Nisopropyl/ Mbutyl = 75/’ 25.

The successful grafting process of B-glucan, which resulted in
polymer G-I, was confirmed using '"H NMR spectroscopy. Because the
starting composition of (-glucan contained < 0.1 wt% nitrogen, the
weight content of the POX grafts in sample G-I could be calculated
using the weight content of nitrogen determined from the elemental
analysis (CHN). The POX weight content, wpox, in the polymer was
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calculated according to Eq. (2):

W

Wpox = -100%

(2)

Wn,POX

where wy is the nitrogen content in the resulting polymer and wy pox is
the theoretical nitrogen content in the POX graft. The weight content of
POX in G-I was determined to be 70%, which corresponded to the
density of one graft per 5.5 glucose units. This was the maximum
achievable grafting density because the grafting process was performed
in a high molar excess of POX grafts. In general, the grafting limit was
established by the spatial and conformational limitations of the [-
glucan structure. According to the SEC-MALS measurements (using
dimethyl sulfoxide (DMSO) as the mobile phase), the weight-average
molecular weight of G-I was measured to be M, found = 7.5" 10° Da,
which was in good agreement with the theoretical value
My theory = 8.3 - 10° Da, calculated considering the weight content of
POX in polymer (70%) and the molecular weight of the starting (non-
grafted) B-glucan My founa = 2.5-10° Da (consistent with literature
[22], in which B-glucan extracted from Auricularia auricula-judae had
M,, = 2.07 - 10° Da in DMSO).

To study the temperature-dependent behavior and CPTs of both
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Fig. 4. Temperature-dependence of the hydrodynamic radius, Ry, (volume mean) of POX-
I and G-I at ¢ = 1 mg/mL in PBS.

polymers (G-I and POX-I), dynamic light scattering was measured at the
concentration of ¢ = 1 mg/mL in phosphate-buffered saline (PBS)
(Fig. 4). According to the measured intensity (attenuator index: 11) and
size, POX-I was practically molecularly dissolved below the CPT, while
at 24 °C, the average hydrodynamic radius, Ry, (volume mean) of POX-I
began to increase sharply (CPT). Similarly, the average Ry, of G-I was
approximately 100 nm, while the CPT occurred at 27 °C when it started
to increase. The difference between CPTs is in a good agreement with
the theory because G-I was composed of 70% POX grafts (represented
by POX-I) and 30% of the 3-glucan backbone, and thus, the CPT of POX-
I should have been lower than the CPT of G-I at the same concentration.
Moreover, the temperature-dependent phase transition of G-I did not
occur as rapidly as that of POX-I, which was caused by the hydrophilic
polysaccharide backbone present in the G-I sample. In conclusion, both
polymers (G-I and POX-I) have CPTs lower than ca 33 °C (¢ = 1 mg/
mL) and they are completely insoluble at 37 °C. Therefore, they are
suitable for use in brachytherapy based on their temperature-dependent
behavior.

Due to their appropriate CPTs, both polymers were modified to bear
Dyomics-615 and DOTA moieties at the graft ends. First, cysteamine
was incorporated at the graft ends using a thiol-ene click reaction
(Fig. 3) to obtain polymers G-II and POX-II with -NH, groups at the
graft ends. The content of the -NH, groups was determined using a
2,4,6-trinitrobenzene-1-sulfonic acid (TNBSA) assay [23] (G-II -
0.17 mmol/g of —NH, groups, POX-II — 0.08 mmol/g of —NH, groups).
After, the Dyomics-615 and DOTA were introduced at the graft ends
using the reaction between their N-hydroxysuccinimidyl ester (NHS-
ester) and —NH, groups at the graft ends to obtain G-III and POX-III
(only with DOTA). The content of Dyomics-615 was detected spectro-
photometrically (Aapsorption = 621 nm, & = 200,000 L/mol-cm) to be
0.1 wt% for G-III (POX-III was conjugated only with DOTA-NHS-ester).
The DOTA content in the polymers was determined using chelation
with Gd(III) followed by energy-dispersive X-ray spectroscopy EDS. The
content of Gd(III) in polymer G-III was measured to be 1.72%, in-
dicating 0.11 mmol/g of DOTA, and 1.16% in POX-I, indicating
0.07 mmol/g of DOTA.

The presence of DOTA in the resulting polymers was necessary be-
cause it enabled polymer complexation with the radioactive yttrium-
90(III) for subsequent use in therapeutic in vivo experiments. The
fluorescent dye, Dyomics-615, was incorporated into the resulting
polymer in order to study the polymer in vitro and in vivo.

Moreover, a (3-glucan conjugate (B-III) with Dyomics-615 was syn-
thesized (Fig. 3) as a control sample for in vitro testing. First, the hy-
droxyl groups of (-glucan were alkylated with allyl bromide in an
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alkaline aqueous solution. The degree of functionalization, f, (number
of allyl groups per p-glucose unit) was calculated from the 'H NMR
spectrum according to Eq. (3):

3

where I5 — 593 ppm is the peak integral at § = 5.93 ppm corresponding
to —CH=CH, and Is - 523 ppm is the peak integral at § = 5.23 ppm
corresponding to the acetal hydrogen on position 1 of the p-glucose
unit. Here, f is 0.27, meaning that polymer B-I contains, on average,
0.27 allyl moieties per p-glucose unit. After, cysteamine was in-
corporated to produce B-II (0.33 mmol/g of —NH, groups). Finally, B-II
was reacted with Dyomics-615-NHS-ester to produce polymer B-III
containing 0.05 wt% Dyomics-615 (determined spectro-
photometrically: Aqpsorption = 621 nm and ¢ = 200,000 L/mol-cm).

f = Is=s593 ppm/15=5423 ppm

3.2. In vitro study

3.2.1. Cytotoxicity

The cytotoxicity of polymer G-III was studied on different cell lines
(macrophages RAW 264.7, MCF7 and EL4 cancer cells) using an
AlamarBlue assay. The polymer cytotoxicity was detected to be nearly
negligible at low concentrations for all cell lines. Moreover, the half
maximal inhibitory concentration (ICso) of G-III was calculated to be
relatively high (354.12 pg/mL for the RAW cells, 427.79 pug/mL for the
MCF7 cells and 152.5 pg/mL for the EL4 cells), denoting the non-
toxicity of polymer G-IIL

3.2.2. Oxidative burst response of the leukocytes

The oxidative burst activation caused by polymer G-III was tested
using leukocytes isolated from human whole blood, while polymer B-III
was used as a control that represented non-grafted p-glucan. The re-
sponse of the leukocytes after polymer stimulation was indirectly de-
termined using the viability decrease of Staphylococcus (S.) aureus,
which was added during the experiment. Both polymers showed the
enhanced response of the leukocytes (Fig. 5A). The non-grafted (-
glucan (B-III, ¢ = 1 and 10 pg/mL) exhibited the decreased viability of
S. aureus up to 45% compared to the control group (¢ = 1 pg/mL,
P < 0.0001; ¢ = 10 ug/mL, P < 0.016). Furthermore, the grafted -
glucan (G-1II, ¢ = 3.4 and 34 pg/mL) demonstrated an even higher
decrease in the S. aureus viability at polymer concentrations corre-
sponding to the same amount of B-glucan in the tested solutions, while
the differences compared to the control group were statistically con-
firmed (¢ = 3.4pug/mL, P < 0.0065; ¢ = 34 pug/mL, P < 0.0007).
Polymer G-III exhibited slightly stronger immune activation compared
to non-grafted B-glucan (B-III), considering the same amount of con-
tained B-glucan. This result was attributed to their significantly dif-
ferent sizes at 37 °C, since the non-grafted -glucan (B-III) had similar
Ry, as that at 20 °C (~60 nm, ¢ = 1 mg/mL), and the grafted B-glucan
(G-III) formed macroscopic phase-separated aggregates that were a few
times bigger than the non-grafted B-glucan aggregates.

3.2.3. Production of tumor necrosis factor a (TNF-a)

The TNF-a production induced by the prepared polymers (B-III and
G-III) was tested using an enzyme-linked immunosorbent assay (ELISA)
on the leukocytes isolated from human whole blood (Fig. 5B). Both p-
glucan (B-III) and grafted P-glucan (G-III) at concentrations corre-
sponding to 1 and 10 pg/mL of B-glucan increased the TNF-a produc-
tion compared to the control group containing phorbol 12-myristate 13-
acetate (PMA) (c = 2 uM), an activator of phagocytosis. The significant
differences in the TNF-a expression were detected by comparison of the
samples activated by B-III or G-III with the samples activated by PMA
(B-III, ¢ = 1pg/mL, P < 0.029; ¢ = 10 ug/mL, P < 0.0038; G-III,
¢ = 3.4ug/mL, P < 0.00033; ¢ = 34 ug/mL, P < 0.0012).

Generally, TNF-a is a multifunctional cytokine that plays a key role
in many functions, such as apoptosis or cell survival. TNF-a was named
for its antitumor properties, and for cancer therapy, it is currently used
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Fig. 5. A) The cell viabilities of S. aureus after the stimulation of polymers B-III and G-III at concentrations corresponding to 1 and 10 pg/mL of B-glucan; the cell viabilities correspond
indirectly to the oxidative burst response of the leukocytes, B) the tumor necrosis factor a (TNF-a) production induced by phorbol 12-myristate 13-acetate (PMA) as the control and by the
prepared polymers (B-III is B-glucan with the fluorescent dye and G-III is B-glucan-graft-POX with the fluorescent dye).

in the regional treatment of locally advanced soft tissue sarcomas and
metastatic melanomas [27]. Therefore, the observed TNF-a production
induced by the prepared polymer indicates an optimistic prognosis for
cancer treatment.

3.2.4. Cellular uptake measured using flow cytometry

To compare the cellular internalization kinetics between 3-glucan
(B-III) and P-glucan-graft-poly(2-alkyl-2-oxazoline) (G-III) in the cancer
cells, both polymers were added to the cancer cells (MCF7) for up to
48h at a concentration corresponding to 50 pug/mL f-glucan
(c = 167 pg/mL G-III, ¢ = 50 pg/mL B-III), and the cellular uptake was
measured using flow cytometry (Fig. 6). In general, MCF7 cells are a
good model for representing a drug cellular internalization into cancer
cells in vitro. The obtained flow cytometry data indicated that the
polymer G-III internalized in the cancer cells (MCF7) with more than
doubled efficiency compared to that of the non-grafted pB-glucan B-IIL.
This result demonstrates the good cell-internalization properties of the
prepared conjugate G-III.

3.2.5. Cellular uptake study using microscopy

The conjugates (B-III and G-III) were visualized inside the RAW cells
(macrophages) and MCF7 (cancer) cells using a confocal laser scanning
microscope after incubation times of 15 min, 4 h and 24 h. The mi-
croscopy studies showed that both B-III and G-III were internalized in
the macrophages (Fig. 7A) and MCF7 cells (Fig. 7B). The data indicated
that the carrier system (G-III) was internalized better in the cell lines
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Fig. 6. Polymer cellular uptake in the cancer cells (MCF7) after up to 48 h of incubation
at a concentration corresponding to 50 pg/mL B-glucan (¢ = 167 pg/mL G-III, ¢ = 50 ug/
mL B-III). The given data was based on 3 independent experiments (n = 3) and nor-
malized to the same fluorescence intensity for both polymers.

than the non-grafted B-glucan (B-III) and was especially visible after
shorter incubation times (15 min and 4 h). This finding is in good
agreement with the flow cytometry data, which also showed a higher
uptake of G-III. Significant differences between the intracellular dis-
tribution patterns were not observed. The cellular uptake in the mac-
rophages was very high and exceeded the uptake in the MCF?7 cells. This
behavior can be explained by the phagocytic activity of RAW cells as
specialized macrophages.

3.2.6. Microscopy colocalization of G-III in the RAW cells

For a better view of the interactions between G-III and the macro-
phages, a marker for acidic organelles was applied to visualize the
colocalization of the G-III conjugate in the macrophagosomes. The RAW
cells were incubated for 4 h with G-III and imaged after staining the
macrophagosomes (Fig. 8). The colocalization experiment showed that
the vast amount of the detected Dyomics-615 fluorescence colocalized
with the lysosensor signals, indicating that polymer G-III indeed accu-
mulated in the lysosomes and macrophagosomes. Energy-independent
insertion of G-III in the cells via an endocytosis-independent process
was not observed, which would have resulted in a large amount of
freely distributed G-III polymer in the cytoplasm.

To further disprove the cell-inserting activity of the polymers (B-III
and G-III) the RAW cells were incubated at 4 °C under the deprivation
of energy (Fig. S4 in the Supplementary material). This experimental
setup excludes the fact that the strong internalization in the RAW cells
was supported by the energy-independent cell-penetrating activity of
both polymers. After 45 min of incubation at 4 °C, internalization of
both B-III and G-III in the RAW cells was not detected, confirming that
the high uptake rate of both polymers (G-III and B-III) in the RAW cells
was predominantly an active internalization process that occurred via
macrophagocytosis and the lysosomal pathway, as indicated by the
lysosensor staining.

3.3. Radiolabeling and radiostability

Polymers labeled with yttrium-90(III) were utilized because yt-
trium-90(III) dominantly undergoes B~ decay, which is only effective
up to short distances (up to 1 cm in water tissue), and thus, the radia-
tion acts only locally. Moreover, it has a therapeutically convenient
half-life (T;,2 = 64.1h). Both polymers B-III and G-III were labeled
with yttrium-90(III) in ammonium acetate buffer, and the products
were purified on a Disposable PD-10 Desalting Column (Sephadex® G-
25, G-III-Y) and on a Sephadex® LH-20 column (POX-III-Y). The se-
paration process of the radiolabeled polymers from the uncomplexed
yttrium-90(III) chloride was effective (see Fig. S5 in the Supplementary
material). The radiolabeled polymers were prepared with sufficient
radioactivity for therapy treatment: G-III-Y (25 mg, A = 127 MBq) and
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Fig. 7. The confocal microscopy images of polymers G-II
RAW ce"s MCF7 Ce"s and B-III after incubation at concentrations corresponding
B-lll G-lll B-Ill G-lll to 150 pg/mL B-glucan (¢ = 500 pg/mL G-III, ¢ = 150 yg/

15 min 15 min

4h

24 h

POX-III-Y (16.8 mg, A = 123 MBq).

However, in living organisms, there are many various ions that can
compete with yttrium-90(III) and replace it in the DOTA complex. The
most risky competing ions are Ca®>* and Zn®* (which can be com-
plexed with DOTA) and phosphates (which can complex yttrium-
90(111)), and thus, the stability of the radiolabeled G-III-Y was studied in
an environment containing ions at concentrations similar to their con-
centrations in blood plasma (ccaz+ = 1.0 mmol/L,
Czn2+ = 0.0153 mmol/L and cphosphates = 1.0 mmol/L, for further ex-
perimental details see the Section 2.5.2). The radiolabeled polymer was
incubated with the ion solution mentioned above at 37 °C, and the
polymer radiostability was investigated using SEC (the standard de-
viation of radioactivity measurement was not > 5%). The polymer
fractions showed approximately same relative radioactivity after the
incubation of 1, 15 and 48 h. Therefore, a significant leakage of yt-
trium-90(III) from the labeled polymer was not detected even after 48 h
at 37 °C, that predicted the high stability of the yttrium-90(III)-labeled
polymer (G-III-Y) in the blood environment.

3.4. In vivo study

The experiments described below were performed in accordance
with The Law of Animal Protection against Cruelty (Act No. 359/2012)
of the Czech Republic, which is fully compatible with the corresponding
European Union directives.

3.4.1. Immune response induction test
The biological behavior of polymer G-III in the context of immune
response induction was studied in vivo after its injection into the thigh

Dyomics-615

Lysosensor

Combined

mL B-III) at 15 min, 4 and 24 h with A) RAW cells; B) MCF7
cells. For both images, organelle staining is shown in green
(CellMask Green, cell membrane) and blue (Hoechst 33342,
nucleus), and the polymers are in red (Dyomics-615 dye).
The scale bar is 20 pm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)

muscles of healthy mice. The histological evaluation was performed
7 days after the polymer injection (Fig. 9). The created polymer depot
caused considerable inflammation at the site of injection, as re-
presented by the phlegmonous mixed inflammatory cellularization and
the round-cell inflammatory cellularization in the loose connective and
adipose tissue. Moreover, dystrophic calcification of the muscle fibers
(Fig. 9B) was found at the injection sites, denoting the extensive in-
flammation. Therefore, it could be said that polymer G-III induced a
similar non-specific immune system response as the non-grafted f3-
glucan. Hence, the grafting procedure probably did not significantly
reduce the immunostimulatory properties of the 3-glucan backbone,
which is in good agreement with the results from assay of the oxidative
burst response of the leukocytes, tested in vitro (see above the Section
3.2.2. Oxidative burst response of the leukocytes).

3.4.2. Antitumor efficiency and biodistribution

The anticancer efficiency of the prepared G-III-Y polymer, which
represented its immunoradiotherapy ability, was evaluated in the syn-
geneic lymphoma mouse models — C57BL/6N mice with mouse lym-
phoma EL4. Moreover, the synergistic effect of the im-
munoradiotherapy (treatment with radiolabeled B-glucan-graft-POX) in
comparison with only immunotherapy (treatment by B-glucan-graft-
POX) and radiotherapy (treatment by radiolabeled POX chains having
the same lengths as grafts) was studied. Thus, the polymer dose in
particular groups was designed to be consistent, corresponding to a
dose of 0.3 mg of B-glucan, 0.7 mg of POX chains and a radioactivity of
4 MBq per a mouse. Therefore, the dose in the IMMUNORADIO group
was 1 mg of G-III-Y/4 MBg/mouse, the dose in the IMMUNO group was
1 mg G-III/mouse and the dose in the RADIO group was 0.7 mg of POX-

Fig. 8. The confocal microscopy images of G-III in the RAW
cells after incubation at a concentration corresponding to
50 pg/mL B-glucan (¢ = 167 pug/mL G-III) for 4 h. From left
to right: the fluorescence of the Dyomics-615 dye re-
presenting the G-III polymer (red) and the lysosensor lo-
calized macrophagosomes (yellow). On the right, the
combined image of the G-III polymer (red), macrophago-
somes (yellow), nucleus (blue, Hoechst 33342) and cell
membranes (green, CellMask™ Green) is shown. The scale
bar is 10 um. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. Histological evaluation of the G-III polymer in the
muscle tissue (7 days after the administration): A) phleg-
monous mixed inflammatory cellularization with the pre-
dominance of granulocytes (original magnification 200 X );
B) dystrophic calcification of the muscle fibers (blue ar-
rows, original magnification 200 x); C) round-cell in-
flammatory cellularization in adipose tissues near the ner-
vous and vascular plexus. The nerve (red arrows) is
edematous with round-cell infiltrates (original magnifica-
tion 100 X ); D) round-cell inflammatory infiltration in the
loose connective and adipose tissue reaching the dystrophic
muscle fibers (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)

11I/4 MBg/mouse. All polymers were administered in their DMSO so-
lutions (50 pL of DMSO/mouse) because these polymers are generally
soluble in DMSO without exhibiting any CPT (no precipitation at higher
temperatures). This approach avoids possible polymer precipitation in
the injection needle during the application, which could have resulted
in administered inhomogeneities in the study. However, the use of
DMSO instead of water did not change the desirable polymer properties
[16]. Furthermore, DMSO promotes polymer precipitation in the aqu-
eous environments of the organisms due to the cononsolvency effect
[28]. To exclude any possible effects of DMSO on the tumor growth,
DMSO was also administered intratumorally in the control group (50 pL
of DMSO/mouse).

During the antitumor efficiency experiment, the polymer biodis-
tribution was studied in all treated groups. The images (Fig. 10) were
composed using screen superposition with the X-ray images (all
groups), fluorescence images of the Dyomics-615 dye (in the IMMUNO
and IMMUNORADIO groups) and Cherenkov radiation images of yt-
trium-90(III) (in the RADIO and IMMUNORADIO groups). The G-III-Y
polymer (IMMUNORADIO) created a polymer depot immediately after
its injection, while the polymer remained at the site of injection > 12
days (12 days correspond to ca. 4.5 half-lives of the yttrium-90(III)).

[A]

Day 1

IMMUNO RADIO

IMMUNORADIO

88

However, a presence of the polymer G-III-Y at the injection site was
found to be negligible on day 16. Moreover, the presence of the polymer
in other parts of body was not detected, even in the kidneys or livers,
meaning that polymer G-III-Y slowly degraded and was consequently
removed from the mouse body. This result is in good agreement with
the theory because G-III-Y was designed to be gradually decomposed by
glycosidases into oligomers shorter than the renal threshold in order to
be excluded by kidneys. As expected, the similar biodistribution result
was observed for polymer G-III (IMMUNO), confirming that in this case,
radiation did not significantly influence the polymer biodistribution
(comparing G-III-Y and G-III). A different situation was monitored for
polymer POX-III-Y (RADIO) which was observed at the site of injection
only until day 5. Thereafter, Cherenkov radiation (normalized for the
half-life of yttrium-90(III)) was not detected in the mouse body, in-
dicating POX-III was fully removed from the body on day 6. Interest-
ingly, POX-III exhibited a lower CPT than G-III, while the created
polymer depot of POX-III-Y was eliminated from the body after a
shorter time than that of G-III-Y. This fact was probably caused due to
the considerably lower molecular weight of POX-III (POX-III
M, = 2290 Da; G-IIl M,, = 7.5 10° Da).

Regarding the tumor growth, growth inhibition was observed in all

Fig. 10. Biodistribution of the polymers: A) G-III adminis-
tered in the IMMUNO group (the composed images were
made superimposing screens from the X-ray imaging and
fluorescence imaging of the Dyomics-615 dye); B) POX-III-Y
administered in the RADIO group (the composed images
were made superimposing screens from the X-ray imaging
and Cherenkov radiation imaging of yttrium-90(1II)); C) G-
III-Y administered in the IMMUNORADIO group (the com-
posed images were made superimposing screens from the X-
ray imaging, fluorescence imaging of the Dyomics-615 dye
and Cherenkov radiation imaging of yttrium-90(III)).
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Fig. 11. The in vivo effects of the particular treatments on the: A) primary tumor growth
and B) survival time. The treatment doses were as follows: control group — 50 pL of
DMSO/mouse, IMMUNO group — 1 mg of G-III/50 uL. DMSO/mouse, RADIO group —
0.7 mg of POX-III/4 MBq/50 uL. DMSO/mouse and IMMUNORADIO group — 1 mg of G-III-
Y/4 MBq/50 pL. DMSO/mouse. The green asterisk (A) marks the time from when the
populations of control and IMMUNORADIO groups were statistically different (day 3),
and the blue asterisk (A) denotes the time from when the populations of control and
RADIO groups were statistically different (day 10). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

treated groups compared to the control group (Fig. 11A), while the
primary tumor growth was almost stopped in the IMMUNORADIO
group. The substantial difference in the tumor volumes at the sig-
nificance level of a = 0.05 was detected between the control and IM-
MUNORADIO groups on day 3 and between the control and RADIO
groups on day 10. However, between the control and IMMUNO groups,
the tumor growth inhibition was not statistically confirmed at the sig-
nificance level of a = 0.05 up to day 20, but the mean value of the
tumor volume was lower compared to the control group on day 14
(Fig. 11A).

The survival time was also monitored for all groups (Fig. 11B). In
general, the treated groups demonstrated longer survival times com-
pared to the control group (24.7 + 3.5 days). In the IMMUNO group,
only a slight increase in the average survival time was observed
(26.9 = 4.9 days). In contrast, in the RADIO group 2 mice (from a total
of 17 mice, treatment success: 12%) were completely cured on day 13,
while the average survival time of the uncured mice (15 mice) was
prolonged to 29.8 + 8.4 days. The situation was considerably better in
the IMMUNORADIO group because 12 cured mice (from a total of 15
mice) without any evidence of tumors were observed on day 13. Un-
fortunately, the primary tumors appeared again in 2 mice, and
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metastatic tumors appeared in armpits of 3 originally cured mice.
Therefore, 7 mice (from a total of 15 mice, treatment success: 47%)
were completely cured in the IMMUNORADIO group and the average
survival time of the uncured mice (8 mice) was significantly prolonged
to 39.0 + 6.9 days.

During the antitumor efficiency experiment, the important blood
parameters of mice, especially a composition of the white blood cells
(WBCs), were monitored to evaluate their health conditions within the
experiment (Fig. 12). The blood samples of 3 randomly chosen mice
from each group were taken before the cancer cells injection (i.e., from
healthy mice), before the start of a treatment (i.e., from the mice with
growing tumors) and then during a treatment. The lymphoma growth
resulted in a transient decrease of the WBC count during the initial
tumor growth process (ca 5 days after the cancer cell injection), fol-
lowed by a significant increase until reaching a maximum count, which
was a few times higher than a WBC count of healthy mice, and this
maximum count was observed close to the mouse death. Moreover, the
CD4 and CD8 T-lymphocytes decreased their blood percentage amount
with the tumor growth, however, this decrease was not significant in
the absolute count but it resulted from a considerable increase of
granulocytes and monocytes, observed during the tumor growth. The B-
lymphocyte absolute count decreased to the approximately one half of
the original value during an early tumor growth (within first week), and
then they remained at the same low level. Anyway, no significant dif-
ferences in the WBC parameters were indicated between the control and
the treated mice with the tumors. Nevertheless, the mice that cured the
tumors in the IMMUNORADIO group were clearly distinguishable from
the others due to their normalization of the blood counts (Fig. 12). The
further blood parameters related to the red blood cells and platelets
were not affected by the tumor growth and the treatment (see Fig. S6 in
the Supplementary material).

All the results of the in vivo anticancer efficiency experiments in-
dicate the synergistic effect of immunoradiotherapy. This synergy could
be explained using a hypothesis of the cooperating therapies as follows:
the therapeutic radiation of the polymer kills the cancer cells, and after
the decay of the radionuclide, the polymer causes stronger immune
responses against cancer cells at the tumor site. Thus, the combined
immunoradiotherapy brings better prognosis in the healing process.
More detailed biological studies are needed to further understand the
principles of the observed synergistic effect.

4. Conclusion

A novel thermoresponsive polymer p-glucan-graft-poly(2-isopropyl-
2-oxazoline-co-2-butyl-2-oxazoline) (maximum achievable graft den-
Sity, Mpgrae = 2500 Da) bearing complexes of DOTA-yttrium-90(III)
and the fluorescent dye Dyomics-615 at the graft ends was successfully
prepared, using (3-glucan extracted from Auricularia auricula-judae, as a
potential drug system for a conceptually new bimodal
munoradiotherapy treatment. The thermoresponsive polymer behavior
was studied in aqueous solutions and demonstrated the appropriate
CPT for polymer depot formation after injection into the body. The in
vitro tests exhibited the non-toxicity of the polymer and its active cel-
lular uptake into cancer cells and macrophages with colocalization in
lysosomes and macrophagosomes. Furthermore, the oxidative burst of
the leukocytes and the in vivo immune response induction experiments
confirmed the immunostimulatory properties of the polymer.
Additionally, the production of TNF-a induced by the polymer (G-III)
was detected in vitro. The in vivo antitumor efficiency and polymer
biodistribution were characterized using mice with EL4 lymphoma. The
polymer (G-III-Y) created a depot after injection, and the depot re-
mained at the site > 12 days. However, after 16 days, a presence of the
polymer G-III-Y at the injection site was found to be negligible, and
thus, the polymer was gradually degraded and excluded from the body
through the kidneys. The immunoradiotherapy group (treated with the
radiolabeled polymer) demonstrated the complete inhibition of the

im-
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Fig. 12. The white blood cell counts and their composition (B-lymphocytes, CD4 T-lymphocytes, CD8 T-lymphocytes and granulocytes/monocytes) in the blood before and during each
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experimental group (four mice from the IMMUNORADIO group) were monitored. The curves completed earlier correspond to the death of the animal during the experiment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tumor growth during the beginning of the treatment. Furthermore, 7
out of the 15 mice were completely cured in this group, while the others
exhibited a significantly prolonged survival time compared to the

control group. Interestingly, the tested blood parameters of the mice
that cured the tumors in the immunoradiotherapy group revealed their
blood count normalization, and therefore, these mice were clearly
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distinguishable from the others.

Importantly, the in vivo experiments indicated the considerable sy-
nergistic effect of using immunoradiotherapy compared to using only
immunotherapy or radiotherapy.
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Abstract

Multiresponsive hybrid biodegradable systems of k-carrageenan-graft-poly(2-isopropyl-2-oxazoline-
co-2-butyl-2-oxazoline)s with unique combination of responsivities to external stimuli were
synthesized and studied. The polymer thermoresponsive behavior proved the existence of both lower
and upper critical solution temperatures in aqueous milieu, forming gel at lower temperature,
molecularly dissolved solution at room temperature and cloudy nanophase-separated dispersion at
elevated temperature. The limit temperatures can easily be adjusted by the polyoxazoline grafts length
and grafting density. Moreover, the polymer behavior is additionally dependent on the concentration
of potassium ions. The polymers behave similarly as the original k-carrageenan, and thus, the poly(2-
alkyl-2-oxazoline) grafts do not decrease the ability of the x-carrageenan to form the self-assembled
structures. Molecular principles beyond this multistimuli-responsive behavior were elucidated with the
use of dynamic light scattering, magnetic resonance and fluorescence measurements as well as atomic
force microscopy. These polymers could be used in a wide range of biological applications demanding
thermo- and potassium-responsivity.

Keywords: carrageenan; polyoxazoline; LCST; UCST; potassium responsivity

CPT  cloud point temperature

DLS  dynamic light scattering

LCST lower critical solution temperature
NMR  nuclear magnetic resonance

PBS phosphate-buffered saline

POX  poly(2-alkyl-2-oxazoline)

SEC  size-exclusion chromatography
SLS static light scattering

UCST upper critical solution temperature
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1. Introduction

Adaptive materials, represented by responsive gels, shape-memory polymers or elastomers, have been
actively developed nowadays due to their high application potential in material science, medicine or
biology (Stuart et al., 2010),(Ma, Guo, Anderson, & Langer, 2013). Here in many cases, diverse
environment-sensitive polymeric nanoparticles are used. Such particles can precipitate, dissolve or
swell as a response to an external or internal stimulus (e.g. temperature, pH, light or specific ion
concentration) (Meng, Zhong, & Feijen, 2009). For instance, the pH-responsive polymers are designed
to release a drug inside the tumor, exploiting the fact that the solid tumor tissue shows slightly acidic
environment (pH 6.5 —7.2) in comparison to the blood and the normal tissues (physiological pH 7.4)
(Chen, Meng, Li, Ji, & Zhong, 2009). Another example of environment-sensitive polymers is
thermoresponsive polymers, which are envisioned in a wide range of biological applications,
exploiting the temperature difference of a body and its surroundings, e.g. controlled drug delivery and
release (Hruby et al., 2005), smart surfaces (Hatakeyama, Kikuchi, Yamato, & Okano, 2007) or
bioseparation processes (Shamim, Hong, Hidajat, & Uddin, 2007).

The thermoresponsive polymers exhibit sudden changes in their solubility at either a lower critical
solution temperature (LCST) or an upper critical solution temperature (UCST), while those with the
LCST behavior in the aqueous solutions are in abundance. Such behavior is based on the extensive
hydrogen bonding interactions between polymers and surrounding water molecules at lower
temperatures, while upon heating, the hydrogen bonds with water are disrupted and the intra-
/intermolecular bonding and hydrophobic domain interactions become more preferable, resulting in a
transition in their solubility (Fujishige, Kubota, & Ando, 1989). The -earliest report of
thermoresponsive phase transition of poly(N-isopropylacrylamide) (PNIPAM) is dated to 1967 (Priest,
Murray, Nelson, & Hoffman, 1987), however, nowadays various polymers are known to possess such
property. One of these polymer classes attracting increasing interest is poly(2-alkyl-2-oxazoline)s
(POXs). They are highly defined polypeptide-like polymers with easily tunable thermoresponsive
properties (Hoogenboom & Schlaad, 2011). Moreover, POXs are biocompatible and relatively
radioresistant in comparison with other thermoresponsive polymers (Sedlacek et al., 2016).

On the other hand, also the polymers that exhibit reduced solubility upon cooling (those with UCST)
are a topic of increasing interest last years. An interesting example of such polymers is polysaccharide
carrageenan, which is present in a random coil conformation in hot solutions, while upon cooling it is
transformed into a gel due to the formation of rigid helical rods (Funami et al., 2007). Moreover, the
helices of k-carrageenan further aggregates in the presence of K' ions form a stable gel (Gulrez, Al-
Assaf, & Phillips, 2011). Additionally, the carrageenans are commonly known to show interesting
biological activities, especially they can influence the immune system. Therefore, they are often used
as agents for the induction of experimental inflammation (Morris, 2003), and they exhibit antitumor
activity, inhibition of cancer metastasis and complement activation (Campo, Kawano, da Silva, &
Carvalho, 2009). k-Carrageenan oligosaccharides from Kappaphycus striatum and their different
chemical modifications were successfully tested on S180-bearing mice, showing the antitumor and
immunomodulation effects (Yuan, Song, Li, Li, & Liu, 2011).

We have designed a novel thermoresponsive and potassium-responsive system — K-carrageenan-grafi-
poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline), which would combine the UCST behavior and
potassium responsivity of carrageenan and LCST behavior of poly(2-isopropyl-2-oxazoline-co-2-
butyl-2-oxazoline). Such polymers would be usable in a wide range of applications demanding
thermo- and potassium responsivity as well as the described above biological properties of k-
carrageenan. To study them and understand their behavior is a crucial point for their subsequent
applications. In this study, the thermoresponsive properties of k-carrageenan-graft-poly(2-isopropyl-2-
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oxazoline-co-2-butyl-2-oxazoline)s were studied in the context of their grafting density and length
using dynamic light scattering, nuclear magnetic resonance, fluorescence measurement and atomic
force microscopy to elucidate molecular interaction background beyond the observed phenomena of
stimuli responsivity. The main aim of this article is the elucidation of the principles and structure-
solution behavior relationships of stimuli-dependent «-carrageenan-grafi-poly(2-isopropyl-2-
oxazoline-co-2-butyl-2-oxazoline)s that should allow to fine-tune the responsivity of such systems to
temperature and potassium ion concentration changes as needed in a more general applicable manner.

2. Experimental

2.1 Materials

Diethyl ether, dimethyl sulfoxide, sodium chloride and toluene were purchased from Lachner Ltd.
(Neratovice, Czech Republic). Dialysis membranes Spectra/Por (molecular weight cut-off (MWCO)
6 —8 kDa) were purchased from P-LAB (Prague, Czech Republic). 2-Butyl-2-oxazoline and 2-
isopropyl-2-oxazoline were synthesized according to ref. (Seo et al., 2015). All other chemicals were
purchased from Sigma Aldrich Ltd. (Prague, Czech Republic). The commercial k-carrageenan was
purchased from Sigma Aldrich Ltd. (catalogue number: C1013, CAS: 9000-07-1). Its molecular
weight was determined using static light scattering to be M,, =543 kDa £ 15% and the radius of
gyration to be R, =107 nm. The type composition of this commercial k-carrageenan was checked
using both nuclear magnetic resonance (NMR) and Fourier-transform infrared spectroscopy (FTIR)
(Turquois, Acquistapace, Vera, & Welti, 1996), showing the composition is 84 % k-carrageenan and
16 % 1-carrageenan (see Fig. S1 in the Supplementary Material). The chemicals were used without
further purification unless stated otherwise.

2.2 Synthesis of carrageenan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
- Mn,theor,grafts =1000 Da.

2.2.1 Sample C1

Methyl p-toluenesulfonate (2.0005 g, 10.8 mmol) was added to a solution of 2-isopropyl-2-oxazoline
(7.000 mL, 61.9 mmol) and 2-butyl-2-oxazoline (2.616 mL, 20.6 mmol) in 10 mL of anhydrous
acetonitrile, and the reaction mixture was stirred overnight at 70 °C under an argon atmosphere. This
solution was named as POX-1000 solution. The POX-1000 solution (1 mL) was mixed with water
(1 mL), and the crude product was purified on a Sephadex® LH-20 column using methanol as the
mobile phase and evaporated to give polymer POX-1000 (385 mg).

Carrageenan (0.50 g, M,, = 5.4 x 10° Da) was dissolved in 35 mL of anhydrous dimethyl sulfoxide,
and this solution was then azeotropically dried using anhydrous toluene. Sodium hydride (0.50 g of
60% dispersion in mineral oil, 16.7 mmol) was added to the carrageenan solution, and the mixture was
stirred for 3 h at 70 °C. The POX-1000 solution (7.00 mL) was then mixed with the carrageenan
solution, and the resulting mixture was stirred overnight at 70 °C. Water (35 mL) was added to the
reaction mixture, and it was twice washed with diethyl ether to remove the mineral oil. The aqueous
layer was dialyzed (MWCO 6 — 8 kDa) against water for 72 h and freeze dried to give the desired
product C1 (546 mg).

'"H-NMR of POX-1000 (600 MHz, acetone), o (ppm): 0.88 (—CH,—CH,-CH,—-CHj3;), 1.03
(-CH—(CH3;),), 1.32 (-CH,—CH,-CH,-CHj,), 1.53 (-CH,—CH ,—CH,—CH3), 2.33
(-CH,-CH,-CH,—CH;), 2.7-2.9 (-CH—(CHj),), 348 (-N-CH,—CH,-). Size-exclusion
chromatography (SEC) of POX-1000: M, = 860 Da, /= 1.08.

'H-NMR of C1(600 MHz, dimethyl sulfoxide — DMSO),  (ppm): 0.85 (-CH,~CH,—~CH,—CHj), 0.97
(-CH—(CH;),), 1.23 (—-CH,—-CH,-CH,—CH;), 1.45 (-CH,—CH,—CH,—CHs), 2.25
(—CH,—CH,—CH,—CH;), 2.63-2.97 (—-CH—(CHs;),), 3.25 (G4S: H2 — for the proton peaks assignments
see Fig. 4B), 3.38 (-N-CH,—CH,-), 3.52 (G4S: H6), 3.66 (G4S: H3), 3.82 (DA: H2, H6), 4.14 (DA:
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H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of C1 (600 MHz,
DMSO), ¢ (ppm): 13.87, 19.80, 21.93, 27.00, 28.95, 31.49, 44.90, 59.92, 68.88, 69.90, 70.74, 73.84,
75.90, 78.67, 94.66, 103.41, 172.56, 176.78. Elemental analysis of Cl: C 41.03 %, H 6.51 %, N
3.93 %. SEC of C1: M, =2.3 x 10° Da, I = 1.94.

2.2.2 Sample C2

The general procedure is described above in the section 2.2.1 Sample CI. Here, the POX-1000
solution (5.00 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C2
(438 mg).

'H-NMR of C2 (300 MHz, DMSO), J (ppm): 0.85 (~CH,—CH,~CH,~CH5), 0.96 (-CH—(CH5),), 1.23
(-CH,—-CH,-CH,—CHj;), 1.43 (-CH,-CH,-CH,—CHj), 2.27 (—CH,-CH,—CH,-CHj;), 2.63-2.97
(-CH—(CHa;),), 3.25 (G4S: H2), 3.37 (-N-CH,-CH,-), 3.51 (G4S: H6), 3.66 (G4S: H3), 3.81 (DA:
H2, H6), 4.15 (DA: H3), 4.36 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of
C2 (300 MHz, DMSO), J (ppm): 13.86, 19.78, 21.91, 27.00, 28.95, 31.51, 44.94, 59.92, 68.90, 69.94,
70.77, 73.84, 75.87, 78.69, 94.66, 103.40, 172.56, 176.80. Elemental analysis of C2: C 37.07 %, H
6.08 %, N 3.05 %. SEC of C2: M,,= 1.7 x 10° Da, I=2.02.

2.2.3 Sample C3

The general procedure is described above in the section 2.2.1 Sample CI. Here, the POX-1000
solution (2.50 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C3
(398 mg).

'H-NMR of C3 (600 MHz, DMSO), § (ppm): 0.84 (—CH,—CH,—CH,—CH5), 0.96 (-CH—(CH5),), 1.23
(-CH,~CH,-CH,—CHj;), 1.43 (-CH,-CH,-CH,—CHj), 2.25 (—CH,-CH,—CH,-CHj;), 2.63-2.97
(-CH—(CHa;),), 3.25 (G4S: H2), 3.42 (-N-CH,-CH,-), 3.51 (G4S: H6), 3.66 (G4S: H3), 3.82 (DA:
H2, H6), 4.14 (DA: H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of
C3 (600 MHz, DMSO), o (ppm): 13.89, 19.82, 21.93, 27.11, 28.97, 30.99, 44.77, 59.94, 68.89, 69.89,
70.75, 73.86, 75.87, 78.69, 94.61, 103.42, 172.66, 176.59. Elemental analysis of C3: C 35.22 %, H
5.70 %, N 2.15 %. SEC of C3: M, =2.0 x 10° Da, I = 2.02.

2.2.4 Sample C4

The general procedure is described above in the section 2.2.1 Sample CI. Here, the POX-1000
solution (0.75 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C4
(379 mg).

'H-NMR of C4 (600 MHz, DMSO), § (ppm): 0.84 (—CH,—CH,—CH,—CH5), 0.97 (-CH—(CH5),), 1.23
(-CH,-CH,-CH,-CH;), 1.45 (-CH,-CH,-CH,-CH;), 2.25 (-CH,-CH,-CH,-CHj), 2.63-2.97
(—CH—(CHa),), 3.25 (G4S: H2), 3.38 (-N-CH,-CH,-), 3.52 (G4S: H6), 3.66 (G4S: H3), 3.82 (DA:
H2, H6), 4.14 (DA: H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of
C4 (600 MHz, DMSO), J (ppm): 13.87, 19.80, 21.93, 27.00, 28.95, 31.49, 44.90, 59.94, 68.89, 69.89,
70.74, 73.87, 75.88, 78.69, 94.57, 103.42, 172.56, 176.78. Elemental analysis of C4: C 32.48 %, H
5.31 %, N 0.97 %. SEC of C4: M, = 1.0 x 10° Da, I = 1.55.

2.3 Synthesis of carrageenan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
— M theor,grafts — 2500 Da.

2.3.1 Sample C5

Methyl p-toluenesulfonate (0.8060 g, 4.3 mmol) was added to a solution of 2-isopropyl-2-oxazoline
(7.000 mL, 61.9 mmol) and 2-butyl-2-oxazoline (2.616 mL, 20.6 mmol) in 10 mL of anhydrous
acetonitrile, and the reaction mixture was stirred overnight at 70 °C under an argon atmosphere. This
solution was named as POX-2500 solution. The POX-2500 solution (1 mL) was mixed with water
(1 mL), and the crude product was purified on a Sephadex” LH-20 column using methanol as the
mobile phase and evaporated to give polymer POX-2500 (0.4020 g).

4
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Carrageenan (0.50 g) was dissolved in 35 mL of anhydrous dimethyl sulfoxide, and this solution was
then azeotropically dried using anhydrous toluene. Sodium hydride (0.50 g of 60% dispersion in
mineral oil, 16.7 mmol) was added to the carrageenan solution, and the mixture was stirred for 3 h at
70 °C. The POX-2500 solution (9.00 mL) was then mixed with the carrageenan solution and the
resulting mixture was stirred overnight at 70 °C. Water (35 mL) was added to the reaction mixture,
and it was twice washed with diethyl ether to remove the mineral oil. The aqueous layer was dialyzed
(MWCO 6 —8 kDa) against water for 72 h and freeze dried to give the desired product C5 (438 mg).
'H-.NMR of POX-2500 (600 MHz, acetone), o (ppm): 0.89 (-CH,—CH,-CH,—CH3), 1.04
(-CH—(CHs),), 1.33 (—-CH,—-CH,-CH,—CH;), 1.54 (—-CH,—CH,—CH,—CHs), 2.32
(-CH,-CH,—-CH,—CHj;), 2.7-2.9 (—CH—-(CHj),), 3.49 (-N-CH,-CH,-). SEC of POX-2500:
M,=1950 Da, [ =1.15.

'H-NMR of C5 (300 MHz, DMSO), J (ppm): 0.84 (-CH,—CH,—CH,~CH5), 0.95 (-CH—(CH5),), 1.24
(-CH,—-CH,-CH,—CHj;), 1.42 (-CH,-CH,-CH,—CH3), 2.27 (—CH,-CH,—CH,-CHj;), 2.63-2.97
(-CH—(CHs;),), 3.44 (-N—-CH,—-CH,-), 3.66 (G4S: H3), 3.81 (DA: H2, H6), 4.14 (DA: H3), 4.36 (DA:
H4, H5, G4S: H1), 4.45 (G4S: H4), 497 (DA: H1). PC-NMR of C5 (300 MHz, DMSO), J (ppm):
13.86, 19.79, 21.92, 27.04, 28.96, 31.52, 44.90, 59.93, 68.90, 69.92, 70.77, 73.84, 75.87, 78.72, 94.65,
103.42, 172.55, 176.78. Elemental analysis of C5: C 50.84 %, H 8.26 %, N 7.59 %. SEC of C5
M, =4.5-10°Da, I=2.06.

2.3.2 Sample C6

The general procedure is described above in the section 2.3.1 Sample C5. Here, the POX-2500
solution (5.00 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C6
(438 mg).

'H-NMR of C6 (600 MHz, DMSO), § (ppm): 0.84 (—CH,—CH,—CH,—CH5), 0.96 (-CH—(CH5),), 1.25
(-CH,-CH,-CH»-CH;), 1.43 (-CH,-CH,-CH,-CH;), 2.25 (-CH,-CH,-CH,-CHj), 2.63-2.97
(-CH—(CHa3),), 3.25 (G4S: H2), 3.38 (-N-CH,-CH,-), 3.67 (G4S: H3), 3.82 (DA: H2, H6), 4.14
(DA: H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of C6 (600 MHz,
DMSO), ¢ (ppm): 13.87, 19.80, 21.93, 27.00, 28.95, 31.49, 44.90, 59.92, 68.88, 69.90, 70.74, 73.84,
75.90, 78.67, 94.66, 103.41, 172.56, 176.78. Elemental analysis of C6: C 49.51 %, H 8.00 %, N
7.06 %. SEC of C6: M,,=2.0 - 10° Da, I = 1.60.

2.3.3 Sample C7

The general procedure is described above in the section 2.3.1 Sample C5. Here, the POX-2500
solution (2.50 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C7
(438 mg).

'H-NMR of C7 (600 MHz, DMSO), § (ppm): 0.84 (~CH,—CH,~CH,~CH5), 0.96 (-CH—(CH3),), 1.25
(-CH,~CH,-CH,—CHj;), 1.42 (-CH,-CH,-CH,—CHj), 2.26 (—CH,-CH,—CH,-CHj;), 2.63-2.97
(-CH—(CHs;),), 3.24 (G4S: H2), 3.41 (-N-CH,-CH,-), 3.51 (G4S: H6), 3.66 (G4S: H3), 3.82 (DA:
H2, H6), 4.14 (DA: H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of
C7 (600 MHz, DMSO), J (ppm): 13.89, 19.81, 21.93, 27.05, 28.96, 31.49, 44.84, 59.95, 68.90, 69.90,
70.75, 73.84, 75.87, 78.71, 94.62, 103.42, 172.42, 176.81. Elemental analysis of C7: C 41.01 %, H
6.81 %, N 4.05 %. SEC of C7: M,,=1.2 - 10° Da, I=2.08.

2.3.4 Sample C8

The general procedure is described above in the section 2.3.1 Sample C5. Here, the POX-2500
solution (0.75 mL) was mixed with the carrageenan solution. The resulting polymer was marked as C8
(438 mg).

'H-NMR of C8 (600 MHz, DMSO), J (ppm): 0.84 (-CH,—CH,—CH,—CH3), 0.96 (-CH—(CH}),), 1.22
(-CH,-CH,-CH,-CH;), 1.43 (-CH,-CH,-CH,-CH;), 2.25 (-CH,-CH,-CH,-CHj), 2.63-2.97
(—CH—(CHs;),), 3.24 (G4S: H2), 3.40 (-N-CH,-CH,-), 3.51 (G4S: H6), 3.66 (G4S: H3), 3.81 (DA:

5
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H2, H6), 4.14 (DA: H3), 4.35 (DA: H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). *C-NMR of
C8 (600 MHz, DMSO), J (ppm): 13.88, 19.81, 21.95, 27.00, 28.97, 31.48, 44.85, 59.94, 68.90, 69.90,
70.75, 73.85, 75.87, 78.66, 94.61, 103.42, 172.54, 176.81 Elemental analysis of C8: C 35.16 %, H
5.87 %, N 1.80 %. SEC of C8: M,, = 9.5 - 10° Da, I=2.15.

2.4 Synthesis of carrageenan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
- n,theoretical,grafts = 5000 Da.

2.4.1 Sample C9

Methyl p-toluenesulfonate (0.4030 g, 2.1 mmol) was added to a solution of 2-isopropyl-2-oxazoline
(7.000 mL, 61.9 mmol) and 2-butyl-2-oxazoline (2.616 mL, 20.6 mmol) in 10 mL of anhydrous
acetonitrile, and the reaction mixture was stirred overnight at 70 °C under an argon atmosphere. This
solution was named as POX-5000 solution. The POX-5000 solution (1 mL) was mixed with water
(1 mL), and the crude product was purified on a Sephadex” LH-20 column using methanol as the
mobile phase and evaporated to give polymer POX-5000 (0.3935 g).

Carrageenan (0.50 g) was dissolved in 35 mL of anhydrous dimethyl sulfoxide, and this solution was
then azeotropically dried using anhydrous toluene. Sodium hydride (0.50 g of 60% dispersion in
mineral oil, 16.7 mmol) was added to the carrageenan solution, and the mixture was stirred for 3 h at
70 °C. The POX-5000 solution (9.00 mL) was then mixed with the carrageenan solution and the
resulting mixture was stirred overnight at 70 °C. Water (35 mL) was added to the reaction mixture,
and it was twice washed with diethyl ether to remove the mineral oil. The aqueous layer was dialyzed
(MWCO 6 — 8 kDa) against water for 72 h and freeze dried to give the desired product C9 (438 mg).
'"H-NMR of POX-5000 (600 MHz, acetone), o (ppm): 0.89 (—CH,—CH,-CH,—-CHj3), 1.04
(-CH—(CHs),), 1.34 (-CH,—CH,-CH,-CHj,), 1.54 (-CH,—CH,—CH,—CH3), 2.32
(-CH,-CH,-CH,—CH;), 2.7-2.9 (-CH—(CHj),), 3.49 (-N-CH,-CH,-). SEC of POX-5000:
M, =4350 Da, = 1.10.

'H-NMR of C9 (600 MHz, DMSO), J (ppm): 0.84 (—CH,—CH,—CH,—CH5), 0.96 (-CH—(CH5),), 1.25
(-CH,-CH,-CH,-CH;), 1.43 (-CH,-CH,-CH,-CH;), 2.25 (-CH,-CH,-CH,-CHj), 2.63-2.97
(-CH—(CHa),), 3.37 (-N—-CH,—CH,-), 3.66 (G4S: H3), 3.82 (DA: H2, H6), 4.15 (DA: H3), 4.34 (DA:
H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). "C-NMR of C9 (600 MHz, DMSO), ¢ (ppm):
13.85, 19.78, 21.92, 27.00, 28.94, 31.49, 44.91, 59.96, 68.80, 69.92, 70.86, 73.67, 75.94, 78.76, 94.74,
103.58, 172.38, 176.76. Elemental analysis of C9: C 56.20 %, H 8.77 %, N 9.50 %. SEC of C9:
M,=63-10°Da,l=1.57.

2.4.2 Sample C10

The general procedure is described above in the section 2.4.1 Sample C9. Here, the POX-5000
solution (5.00 mL) was mixed with the carrageenan solution. The resulting polymer was marked as
C10 (438 mg).

'H-NMR of C10 (300 MHz, DMSO), ¢ (ppm): 0.85 (-CH,~CH,~CH,~CHj), 0.96 (-CH—(CHj),),
1.23 (—-CH,-CH,-CH,-CH3), 1.42 (-CH,—CH,—CH,—CHj,), 2.26 (-CH,-CH,-CH,—CH3;), 2.63-2.97
(-CH—(CHs;),), 3.40 (-N—-CH,—-CH,-), 3.65 (G4S: H3), 3.81 (DA: H2, H6), 4.14 (DA: H3), 4.35 (DA:
H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). PC-NMR of C10 (300 MHz, DMSO), J (ppm):
13.84, 19.76, 21.91, 27.00, 28.96, 31.49, 44.91, 59.89, 68.86, 69.90, 70.74, 73.88, 75.91, 78.71, 94.71,
103.36, 172.50, 176.72. Elemental analysis of C10: C 54.40 %, H 8.40 %, N 8.77 %. SEC of C10:
M,=54-10°Da, =142

2.4.3 Sample C11

The general procedure is described above in the section 2.4.1 Sample C9. Here, the POX-5000
solution (2.50 mL) was mixed with the carrageenan solution. The resulting polymer was marked as
CI11 (438 mg).
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'H-NMR of C11 (300 MHz, DMSO), ¢ (ppm): 0.85 (-CH,~CH,~CH,~CHj), 0.96 (-CH—(CHj),),
1.23 (-CH,-CH,-CH»-CHs), 1.42 (-CH,—CH,-CH,—CHj,), 2.27 (-CH,-CH,-CH,—CHs;), 2.63-2.97
(-CH—(CHa3),), 3.51 (-N-CH,-CH,-), 3.81 (DA: H2, H6), 4.14 (DA: H3), 4.36 (DA: H4, HS, G4S:
H1), 4.46 (G4S: H4), 497 (DA: H1). "C-NMR of C11 (300 MHz, DMSO), J (ppm): 13.84, 19.78,
21.92, 27.01, 28.96, 31.50, 44.87, 59.92, 68.89, 69.91, 70.76, 73.85, 75.87, 78.68, 94.64, 103.40,
172.59, 176.78.Elemental analysis of CIl1: C 40.64%, H 6.32%, N 3.33%. SEC of ClI:
My=9.-10°Da, 1= 1.89.

2.4.4 Sample C12

The general procedure is described above in the section 2.4.1 Sample C9. Here, the POX-5000
solution (0.75 mL) was mixed with the carrageenan solution. The resulting polymer was marked as
C12 (438 mg).

'H-NMR of C12 (300 MHz, DMSO), ¢ (ppm): 0.85 (-CH,~CH,~CH,~CHj;), 0.96 (-CH—(CHj),),
1.23 (—-CH,-CH,-CH,-CH3), 1.45 (-CH,—CH,~CH,—CHj,), 2.25 (-CH,-CH,-CH,—CH3;), 2.63-2.97
(—CH—(CHs;),), 3.38 (-N—-CH,—CH,-), 3.65 (G4S: H3), 3.81 (DA: H2, H6), 4.14 (DA: H3), 4.36 (DA:
H4, H5, G4S: H1), 4.45 (G4S: H4), 4.97 (DA: H1). PC-NMR of C12 (300 MHz, DMSO), J (ppm):
13.81, 19.72, 21.93, 27.01, 28.95, 31.48, 44.99, 59.91, 68.85, 69.90, 70.73, 73.87, 75.84, 78.67, 94.64,
103.39, 172.66, 176.70.. Elemental analysis of C12: C 36.36 %, H 5.60 %, N 1.81 %. SEC of C12:
M,=53-10°Da,l=1.68.

2.5 Characterization

'H-NMR, "C-NMR spectra and the temperature dependences of 'H-NMR spectra were recorded on a
Bruker Avance DPX-300 spectrometer and on a Bruker Avance III 600 spectrometer (both Bruker
Co., Austria). The width of 90° pulse was 10 us, the relaxation delay 10 s, the acquisition time 2.18 s
and 16 scans were performed. The integrated intensities were determined using the spectrometer
integration software with an accuracy of +1 %. Before measurement the samples were equilibrated at
the desired temperature for at least 10 min. Fourier transform infrared (FTIR) measurements were
carried out on a Perkin-Elmer Paragon 1000PC spectrometer (Perkin-Elmer Co., USA) equipped with
a Specac MKII Golden Gate single attenuated total reflection (ATR) system (Perkin-Elmer Co., USA).
Elemental analysis was performed on a Perkin-Elmer Series II CHNS/O Analyzer 2400 (PE Systems
Ltd., Czech Republic) instrument.

The molecular weights of the grafts were determined by size exclusion chromatography (SEC) using
an HPLC Ultimate 3000 system (Dionex, USA) equipped with a SEC column (TSKgel SuperAW3000
150 x 6 mm, 4 um) and three detectors: UV/VIS, refractive index (RI) Optilab®-rEX and multi-angle
light scattering (MALS) DAWN EOS (Wyatt Technology Co., USA). The mixture (80:20 volume %)
of methanol and sodium acetate buffer (0.3 M, pH = 6.5) was used as the mobile phase. The molecular
weight of the prepared polymers was determined using the same SEC system, here, equipped with a
PL gel MIXED-B-LS (10 um) column. The solution of lithium bromide in dimethyl sulfoxide (0.1 M)
was used as the mobile phase. Static light scattering was carried out on an ALV instrument equipped
with a 30 mW He-Ne laser (vertically polarized light at 2 =632.8 nm) in the angular range of 30 —
150 °. The Zimm plot procedure was used for M,, determination.

The CPTs of the polymers were determined in 0.15 M NaCl solution at 2.5 mg/mL using the dynamic
light scattering technique. The temperature dependence of the polymer hydrodynamic radius (R;,) was
measured on a Zetasizer Nano-ZS, Model ZEN3600 (Malvern Instruments, UK) at the scattering angle
6 =173° from 10 to 65 °C with a heating rate of 1 °C/min (using the DTS software — version 6.20 for
data evaluation). The thermoresponsive behavior of the polymers was also studied using fluorescence
measurements on a RF 5302 Shimadzu spectrofluorometer (Shimadzu, Japan). The samples for atomic
force microscopy (AFM) characterization were prepared on freshly cleaved mica. The polymer was
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dissolved in water (0.5 mg/mL) and equilibrated at room temperature overnight. The cleaved mica was
soaked in a polymer solution and quickly dried under vacuum. All images were acquired using a
Dimension Icon® Atomic Force Microscope System (Bruker Co., USA) under air in the tapping
mode: 256 x 256 pixel topography and phase scans were with an SSS-NCHR probe, Super Sharp
Silicon™-SPM-Sensor from NanoSensors™ Switzerland with a spring constant of 33 Nm™', resonant
frequency of 388 kHz and tip radius of curvature of 2 nm. The size of obtained square scans was in the
range from 0.25to 2500 um® at scan rates from 0.4 to 1 Hz. The Nano Scope Analysis software
(Bruker Co., USA) was used for image processing.

3. Results and discussion

The prepared polymers «-carrageenan-graft-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
were designed as the novel stimuli-responsive biodegradable peptidoglycan-like polymers, which
exhibit two phase transition through the temperature range — the gelation point at lower temperatures
(due to the k-carrageenan backbone) and the cloud point temperature (CPT) at higher temperatures
(due to the polyoxazoline grafts). Moreover, the polymers were supposed to be potassium-responsive
as the original k-carrageenan, which forms a stable gel in the presence of K* ions. These polymers are
intended to be used in a wide range of biological and medical applications demanding thermo- and
potassium-responsivity.

3.1 Synthesis and characterization

For all the synthesis was used the commercial k-carrageenan, which has molecular weight
M,, = 543 kDa £ 15% and the radius of gyration R, = 107 nm (determined using static light scattering).
The type composition of the sample was checked using both nuclear magnetic resonance (NMR) and
Fourier-transform infrared spectroscopy (FTIR). The measure spectra are in the Fig.S1 in the
Supplementary Material. '"H-NMR spectra revealed the ratio of the contained k-carrageenan to -
carrageenan (rk), which was calculated according to the equation (1):

rk = 100* / (I++1x) (D)

where 1 and /x are intensities of the signals DA2S H1 and DA HI, respectively (Fig. S1A in the
Supplementary Material). Therefore, the used k-carrageenan contains 84 % of k-carrageenan and
16 %of 1-carrageenan (Van de Velde, Knutsen, Usov, Rollema, & Cerezo, 2002). Moreover, FTIR
spectrum of the sample exhibited the presence of both k-carrageenan and i-carrageenan (Fig. S1B in
the Supplementary Material), however, the peaks typical for A-carrageenan (830 and 820 cm™) were
not observed, and thus, its contain in the used sample is negligible (Turquois et al., 1996).

All polymer grafts were synthesized by cationic ring opening polymerization of 2-isopropyl-2-
oxazoline and 2-butyl-2-oxazoline with methyl p-toluenesulfonate as an initiator. The living graft ends
were terminated with sodium carrageenanate to give carrageenan-graf#-poly(2-isopropyl-2-oxazoline-
co-2-butyl-2-oxazoline). In a separate vessel, the living ends were terminated with water to obtain
polyoxazoline (POX) grafts with corresponding lengths and with —OH ending groups, which allowed
us to study the corresponding graft properties separately from the properties of the grafted polymers.
The general synthetic procedure for all polymers is illustrated in Fig. 1. We have successfully prepared
twelve different samples of carrageenan-grafi-poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s
varying in the graft length and density (1000 Da — C1-C4, 2500 Da — C5-C8 and 5000 Da — C9-C12)
in order to study the temperature-dependent solution behavior in the context of graft length and
grafting density.
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Figure 1.  A) Structure of k-carrageenan, B) general synthetic scheme for polymers C1 — C12.

Firstly, the POX polymers (POX-1000, POX-2500, POX-5000) representing corresponding polymer
grafts were studied separately from the final polymers (Table 1). It was realized by a termination of
the aliquot samples of the polymerization mixtures with water instead of adding them into a
carrageenate solution. The molecular weights of particular POX grafts were determined using size-
exclusion chromatography (SEC). The found graft lengths were close to the theoretical values.
Furthermore, the dispersity was in all cases lower than 1.15.

Table 1. Characterization of the polymers representing the grafts contained in the prepared polymers.
1

sample | Mozt | Moo | pigperiey | Moo
POX-1000 1000 860 1.08 71/29
POX-2500 2500 1950 1.15 72/28
POX-5000 5000 4350 1.10 73/27
" Nisopropyl Mbutyl 18 the molar ratio of 2-isopropyl-2-oxazoline and 2-butyl-2-oxazoline in the POX
grafts determined by NMR.

The theoretical molar ratio of the monomers in the resulting polymer grafts was selected to be
Hisopropyloxazoline/ Mbutyloxazoline = 3/1 mol/mol because this monomer ratio exhibited the most appropriate
CPTs to obtain a material which has CPT between room and body temperatures (Hruby et al., 2010).
The found ratio of monomeric units in the resulting POX grafts was calculated according to the
equation (2):

nisopropyl/ Nbutyl =(Ls=1.02 ppm/ 6)/(I5- 131 ppm/ 2) (2)

Where Risopropyi/Mbutyl 1S the molar ratio of 2-isopropyl-2-oxazoline and 2-butyl-2-oxazoline incorporated
in the POX grafts, /-1 02 ppm 18 the peak intensity at 1.02 ppm corresponding to the ~-CH—(CH3), group
of 2-isopropyl-2-oxazoline and I5-,3,m 1S the peak intensity at 1.31 ppm corresponding to
—CH,~CH,~CH,~CH; group of 2-butyl-2-oxazoline. The theoretical ratio nispropyi/uyr Of all grafts
was supposed to be 75/25, while the obtained ratios are very close to the theoretical ones (Table 1).
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To separate the unbound POX grafts from the grafted polymers, the polymer solutions were dialyzed
using the membranes with molecular weight cut-off 6 — 8 kDa, which is well above the maximal
molecular weight of the prepared grafts. The dialysis of the samples C9 — C12 was made at lower
temperatures (about 10 °C) to assure the solubility of unbound longer POX grafts, which could have
CPTs lower than room temperature. Anyway, cloud point temperature is the temperature at which
macroscopically observable phase separation occurs; LCST is the temperature minimum in the CPT
versus concentration chart.

The content of POX in the prepared polymers was calculated using the weight content of nitrogen
according to the equation (3):

Wpox = (WN/WN,ox)'IOO% (3)

where wy is the content of nitrogen in the resulting polymer, determined by elemental analysis (CHN),
and wy . 1s the theoretical content of nitrogen in the corresponding POX grafts. The weight content of
POX corresponded nicely to the graft lengths for all samples (Table 2). Moreover, during the
synthesis of the samples C1, C5 and C9, the grafts were in a high excess, which probably resulted in
the maximum achievable grafting density. This was confirmed by the number of glucose units per one
graft (Table 2), which was calculated to be the same for these samples (from 6 to 9 glucose units per
one graft). The others samples were synthesized using a lower molar ratios of living POX/carrageenate
compared to the samples C1, C5 and C9; therefore, the obtained number of glucose units per one graft
was higher (lower grafting density).

Table 2. Characterization of the prepared grafted polymers.

Found graft | POX content | Glucose units Mw,ﬁ,undl 2 0
Sample length (Da) (wt. %) per one graft (Da) CPT" (O
Cl 34 9.3 23x10° X
6
2 260 26 13.5 1.7x106 X
C3 18 21.8 2.0x 10 X
Cc4 8 55.0 1.0x 10° X
C5 65 5.9 45x10° 32
2 2.0x10°
C6 1950 60 7 0x 06 30
Cc7 35 20.5 1.2x10 30
C8 15 59.6 9.5x 10° X
C9 81 5.6 6.3 x 10° 31
C10 74 8.3 54x10° 30
4350 el
Cl1 28 60.8 9.1x10 26
Cl12 15 132.1 53x10° 26
" Determined by SEC-MALS.
Zat ¢=2.5 mg/mL in 0.15 M NaCl

3.2. Polymer thermoresponsive behavior — light scattering experiments

For a better understanding of the synthesized grafted polymer behavior, the molecular characteristics
of the original carrageenan and the polymer grafts were firstly studied separately using static light
scattering (SLS) and dynamic light scattering (DLS) techniques. To prevent any association between
K-carrageenan and potassium molecules in phosphate buffered saline (PBS), the SLS experiment was
performed in potassium-free 0.15 M NaCl at 40 °C. The resulting Zimm-plot (see Fig. S3 in the
Supplementary Material) provided molecular weight of the original x-carrageenan M, =543 kDa
(£ 15%) and its radius of gyration R, = 107 nm. The temperature-dependent DLS scans of original «-
carrageenan were performed at two particular aqueous environments, in PBS and sodium chloride

10
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solutions, while the temperature DLS scan of pure POX polymer, corresponding to the grafts, was
investigated in water and PBS, respectively. The PBS solution was here used as a model of the
physiological conditions. However, considering the chemical composition of PBS solution (0.137 M
NaCl, 0.0027M KCI, 0.01 M Na,HPO,, 0.0018 M KH,PO,) and potassium-responsivity of
carrageenan, the 0.15 M NaCl solution was further also used as a reference to exclude the effect of K
ions. During the cooling process of carrageenan solution in PBS (Fig. 2), the intensity growth was
found at 24 °C, and is attributed to a gelation process, which occurs as a consequence of the adaptation
of polysaccharide chain to a helix conformation stabilized by the hydrogen bounds (Schefer, Adamcik,
Diener, & Mezzenga, 2015). In the helix conformation, the sulfate groups of carrageenan are located at
the periphery of helix backbone. Therefore, they could participate in the electrostatic stabilization of
the full molecule. However, the presence of certain cations in the solution, such as K', acting as
gelation agent and resulting in the formation of ionic clusters, leads up to the formation of 3D-
network. As it is visible in Fig. 2, the transition of the carrageenan solution in NaCl is at the same
concentration smoother than in PBS; however, the salt type does not affect the transition temperature
onset significantly. The explanation of that phenomenon could be that the polysaccharide chains are
transformed into a coil/helix conformation, dependently on the external temperature change, and in the
presence of potassium cations the structures are additionally cross-linked, changing the response
intensity but not its onset. In the case of POX polymers, corresponding to the polymer grafts, the
intensity increase was observed at 40 °C in aqueous solution and at 35 °C in PBS solution (Fig. 2),
while it is attributed with self-assembly process or so-called CPT, typical for poly(2-alkyl-2-
oxazoline) family with isopropyl substituents (Hoogenboom et al., 2008). The shift in the transition
temperature would be considered in the context of the Hofmeister series (Zhang, Furyk, Bergbreiter, &
Cremer, 2005), where the influence of salts on the CPT is related with a salting-in or salting-out effect.
Therefore, we claim the existence of salting-out effect for the current system that is also consistent
with the literature data for the similar systems (Bao, Li, Leong, & Gan, 2010). Thus, we expect to
detect double-responsive temperature behavior for the final carrageenan-grafi-poly(2-isopropyl-2-
oxazoline-co-2-butyl-2-oxazoline)s — a cloud point temperature (at elevated temperature) and a
gelation point (at lower temperature), while it would show a molecularly dissolved solution between
these two temperatures.

11
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Figure 2. The temperature-dependent DLS measurement in the solution of carrageenan
(c=2.5mg/mlL) and POX-1000 —  poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)
(¢ = 2.5 mg/mL) with the length of 860 Da.

The temperature-dependent behavior of all prepared grafted polymers was studied using DLS. The
cooling trends of polymers C1, C4, C6, C8, C10 and C11 (Fig.3) were chosen to display the
temperature-dependent effect of two particular factors: graft length (C1 and C4 — 860 Da; C6 and C8 —
1950 Da; C10 and C11 — 4350 Da) and grafting density (C1, C6 and C10 — 7 to 9 glucose units per
graft; C4, C8 and C11 — 55 to 61 glucose units per graft). No significant temperature dependence was
found for the shortest graft length, disregarding the number of the attached grafts on the polymer
(Fig. 3 — Cl1 and C4). This result implies that there is a threshold in the minimum graft length needed
to launch the self-association process, due to primarily hydrophobic nature of interactions driving it.
However, the more pronounced temperature dependence is observed with the increasing graft length.
According to the previous temperature-dependent behavior study of the individual components, the
phase transition occurring at ca 30 °C for samples C5 — C12 corresponds to the self-assembly process
of POX chains. The CPT values for all synthesized polymers are shown in Table 2. Interestingly, the
transition onset in all cases starts for the final grafted polymer at lower temperature than for the pure
corresponding POX polymer. Explanation of this phenomenon would be that the polymer chemical
structure results in a high local concentration of the POX grafts, which, therefore, promotes the
association process (the dependence of CPT on a local concentration of poly(2-alkyl-2-oxazoline)s).
Besides the influence of graft length, the effect of grafting density could also be deduced from the
Fig. 3. The decrease in amount of the grafts per polymer molecule, meaning the increase in glucose
units per a graft value and the decrease in grafting density, remarkably reduces the sharpness of the
phase transition, comparing the samples with the same graft length, probably by decreasing the
probability of the occurrence of sufficiently high local concentration of POX to form the phase-
separated microdomains.

12
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Figure 3. The temperature dependences of scattered light intensities for the synthesized

polymers (¢ =2.5 mg/mL in 0.15 M NaCl). The graphs display the temperature-dependent effect of
two particular factors: graft length (C1 and C4 — 860 Da; C6 and C8 — 1950 Da; C10 and C11 —
4350 Da) and grafting density (C1, C6 and C10 — 7 to 9 glucose units per graft; C4, C8 and C11 —
55 to 61 glucose units per graft). The standard deviation of 3 independent measurements was below
5 %.

3.3. Polymer thermoresponsive behavior characterization with nuclear magnetic
resonance (NMR)

The temperature-dependent behavior of the chosen polymers was also characterized by NMR. Firstly
to be able to compare the temperature dependence of the synthesized polymers, high-resolution 'H-
NMR spectra of the original k-carrageenan (¢ =2.5 mg/mL in D,0O) were measured at 10, 35 and
40 °C (Fig. 4A), while the intensity of all k-carrageenan signals increased with the increasing
temperature. Additionally, the spectrum of k-carrageenan measured at 70 °C is shown in Fig. S4 (see
the Supplementary Material). The measured broad signals at 10 and 35 °C correspond to a reduced
mobility of k-carrageenan chains in the gel, while the gel formation is typical for k-carrageenan at
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lower temperatures (Hermansson, Eriksson, & Jordansson, 1991). However, the temperature increase
causes an elevated mobility of the polysaccharide chains that subsequently results in a break of the
respective physical network structures.

Thereafter, the polymers with the highest grafting density, differing in the graft length (C1, C5 and
C9), were chosen to be studied using high-resolution 'H-NMR under the similar instrumental
conditions as the pure carrageenan above (at 10, 30 and 70 °C, ¢ = 2.5 mg/mL in D,0). The measured
spectra of polymer C9 (with the longest grafts of 4350 Da) is shown as a typical example of the
behavior of the prepared polymers (Fig. 4B). The signal “a” is related to -NCH,— groups of the
poly(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline) (graft main chain). The groups -COCH- and
CHj;— of the 2-isopropyl-2-oxazoline units (side chain protons) are marked as “b” and “c”, while the
side chain groups —-COCH,—, -COCH,CH,—, -CH,CH; and —CHj; of 2-butyl-2-oxazoline units
correspond to peaks “d”, “e”, “f” and “g”, respectively. During the measurements, two contradictory
effects were observed with an increase of temperature: intensity increase of the k-carrageenan signals,
discussed above, and intensity decrease of all signals related to the POX part. This broadening and
almost disappearance of the peaks corresponding to a thermoresponsive part of the polymer is
connected to the decreased mobility of the POX chains at elevated temperature. Here, the mobility of
POX chains at 70 °C decreased so much that they were no more detected in high-resolution 'H-NMR
spectra. A similar effect was already reported for the other LCST-showing thermoresponsive polymer
systems (Konefat, Spévacek, & Cernoch, 2018).

The changes occurring within the heating process can be quantified using a calculation of the p-
fraction values for the groups with a reduced mobility, according to the equation (4):

7

p=1-—s13 )
19

where I(7) is the integrated intensity of the given polymer signal in the spectrum at the given absolute
temperature 7 and /(7)) is the integrated intensity of this signal in the case of maximal mobility of the
polymer segments at the absolute temperature 7,. Therefore, the value of p(7}) is 0 in the case of the
maximal peak intensity.

The temperature dependences of the p-fraction values were calculated for all measured signals which
were not overlapped by the water signal during the heating process (Fig. 5). For the pure carrageenan
solution (Fig. SA), the p-fraction of all signals exhibited pretty high value (=0.95) at low temperatures
that drastically dropped to the value around 0 in the temperature range 30 — 40 °C. Then, these p-
fractions were slightly increasing with the growing temperature up to the value of 0.2 at 70 °C (the
final measurement temperature). As it was discussed above, at lower temperature the carrageenan
chains have a reduced mobility caused by the strong interactions of the polysaccharide chains and the
solvent (gel form), while the radical drop of p-fraction is connected with the re-established chain
mobility connected to the break of the physical network structure. For the polymer C9 (Fig. 5B), the
similar behavior was observed for all proton signals corresponding to the carrageenan structure. In
addition, the p-fraction of polyoxazoline signals was calculated to be around 0 at lower temperature,
and it started to elevate at 25 °C, representing a formation of polymer aggregates. The p,..x (final value
of p-fraction) gives quantitative information about the fraction which participates in the phase
transition. The py., values for the POX groups “a”, “b”, “c”, “d”, “e”, “f” and “g” were almost same,
ca 0.98, meaning all POX groups are similarly restricted in their mobility and form aggregates. The
temperature dependences of the p-fraction values for polymers C1 and C5 are shown in Fig. S5 and S6
(see the Supplementary Material).

The temperature-dependent p-fraction values of the DA H2 carrageenan protons (Fig. 5C) and POX
main chain protons “a” (Fig. 5D) were chosen to quantitatively study thermoresponsive behavior of
the original carrageenan and the chosen carrageenan-grafi-POXs (these protons are easily visible
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through the whole temperature range). Related to the p-fractions of the DA H2 signals (Fig. 5C), the
initial value at 10 °C is for the synthesized polymers significantly lower than for the original
carrageenan, which implies that the presence of POX grafts on the carrageenan macromolecules
partially prevents the gelation process of the polysaccharide, most plausibly due to the steric reasons.
Moreover, the minimum p-fraction values for the grafted polymers were found at 25 °C which is ca
10 °C less than for the carrageenan. Furthermore, POX chains started a phase separation at this
temperature because the p-fractions of the prepared polymers began to increase, dependently on the
polymer composition (the higher POX amount, the higher final p-fraction value). The exception was
for polymer C1 which did not show any significant increase of the p-fraction with the growing
temperature (from 25 °C) that is in good agreement with the DLS measurements, which exhibited no
temperature dependence of the polymer size. Considering p-fractions of POX main chain protons “a”
(Fig. 5D), a phase transition of the prepared polymers depends on their POX content. The polymer C9,
having the highest POX content (81 wt. %), showed the sharp transition, the highest p...x value (0.98)
and CPT around 26 °C. The samples C1 and C5 with lower amount of POX (34 and 65 wt. %,
respectively) exhibited a broader transition and lower p,,,, value at the same concentration (0.41 for
C1 and 0.70 for C5). Interestingly, DLS measurement did not revealed any temperature dependence
for the sample C1. However, p-fraction of the POX main chain protons “a” for C1 displayed increased
value with the growing temperature (Fig. SD). This means that within the heating process the polymer
size is not dramatically changing but the mobility of its POX chains is decreasing, probably due to the
interactions between the hydrophobic POX groups within one polymer chain.

In general, the interactions between carrageenan units (Cl, C5 and C9) predominated at lower
temperature, while with increasing temperature the interactions of polymer and water prevailed up to
the CPT, when the strong hydrophobic interactions of isopropyl and butyl moieties took place.

L

DA H6a
DAH2 | GASH3 _ 1
DAH1 :g .,
70c V v/ 2
I T T T T T T T T T 1
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 pPpPm
Figure 4. 'H-NMR spectra of: A) original k-carrageenan (¢ = 2.5 mg/mL in D,0) measured at

10, 35 and 40 °C and B) C9 (¢ =2.5 mg/mL in D,0) measured at 10, 30 and 70 °C under the same
instrumental conditions.
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Figure 5. A) Temperature dependences of p-fractions for various proton groups of original

carrageenan (¢ =2.5 mg/mL in D,0). B) Temperature dependences of p-fractions for various proton
groups of C9 (¢ =2.5 mg/mL in D,0). C) Temperature dependences of p-fraction for DA H2 proton
carrageenan group in the solution of: original carrageenan (black), C1 (red), C5 (green) and C9 (blue)
(¢ =2.5 mg/mL in D,0). D) Temperature dependences of p-fraction for POX main chain protons “a”
in the solution of: C1 (red), C5 (green) and C9 (blue) (¢ = 2.5 mg/mL in D,0). The standard deviation
of 3 independent measurements was below 5 %.

3.3. Polymer thermoresponsive behavior — fluorescence measurements

The DLS measurement provides the information about the particle sizes and the NMR gives
information about the mobility of particular groups, nevertheless, they do not inform about
hydrophobicity/hydrophilicity of the microenvironment before, during and after a transition.

Thus, the temperature-dependent fluorescence measurement was utilized to study the formation of
hydrophobic domains during the phase-transition of pure carrageenan and of the polymers with the
highest grafting density, (Cl, C5 and C9), which differ in the graft length. The fluorescence
measurement exploits the aggregation-induced emission caused by a fluorescent probe, which is not
fluorescent in the molecularly dissolved state, however, it is a highly fluorescent in the aggregated
state in a hydrophobic environment. In this case, 8-anilino-1-naphthalenesulfonic acid ammonium salt
(ANSAAS, ¢=0.25 ymol/mL, ., =388 nm) was used as a fluorescent probe, and the measurement
were performed in the 0.15 M NaCl solutions to exclude the possible effect of K ions. The sample C5
(Fig. 6A,B) showed a low intensity fluorescent peak (Aemma.x =489 nm) at 10 °C, which probably
corresponds to the formation of hydrophobic domains, coming from isopropyl and butyl groups of one
macromolecule (or very few). With the increasing temperature the peak intensity slightly decreased up
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to 30 °C, meaning that the amount of hydrophobic domains slightly decrease as well. The explanation
for this phenomenon could be following: the sample C5 has a gel-like structure at 10 °C, and thus the
mobility of isopropyl and butyl groups is reduced; therefore, the amount of hydrophobic domains
formed within one macromolecule at one moment is higher than in a solution, in which it is
transformed with the increasing temperature. At 30 °C (Fig. 6A,B), the fluorescence peak intensity of
C5 started to significantly increase up to 50 °C, indicating the CPT of the system and
inter/intramolecular reorganization of the self-assembled structures. The peak maximum detected at
60 °C shifted to 479 nm (from 489 nm), confirming the growth in the microenvironment
hydrophobicity. These observations are in good agreement with the DLS and NMR studies, which
indicated very similar CPTs at the same conditions (32 and 30 °C, respectively). Almost identical
comparable situation was observed for the polymer C9 (Fig.6B). The temperature-dependent
formation of the hydrophobic domains was not revealed for the sample C1 as well as the for original
carrageenan (Fig. 6B), which is also in good agreement with DLS and NMR measurements.
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Figure 6. A) The temperature-dependent fluorescence of C5 (¢ =2.5 mg/mL in 0.15 M NaCl
with a fluorescence probe ANSAAS, 1. =388 nm). B) The temperature-dependent fluorescence
emission at 480 nm of the original carrageenan, C1, C5 and C9 (¢ = 2.5 mg/mL in 0.15 M NaCl with a
fluorescence probe ANSAAS, A, =388 nm). The standard deviation of 3 independent measurements
was below 5 %.

3.4. Polymer responsivity to potassium

In order to study the influence of the potassium ions on the polymer thermoresponsive behavior and on
the formation of self-assembled structures, the dynamic light scattering measurements and atomic
force microscopy were performed in the polymer solution of different salts with the same ionic
strength, but varying in the potassium concentration.

The sample C10 (Fig. 7) exhibited a relatively sharp phase transition in a solution of 0.15 M NaCl
compared to in a PBS solution, which is an interesting phenomenon, considering that NaCl is the main
component of a PBS solution, exceeding almost 14 times the other components. However, the onset of
the phase transition was not significantly influenced, comparing 0.15 M NaCl and PBS. Moreover, the
scan for the polymer C10 was also performed in 0.15 M KCI (Fig. 7), but this measurement provided
only very big particles, denoting the possible formation of self-assembled structure as it is typical for
the original k-carrageenan (Schefer et al., 2015). The polymer C11 (Fig. 7), which has the same graft
length but lower grafting density in comparison to the sample C10, showed a similar behavior. In PBS,
the onset of its phase transition only slightly shifted to the lower temperature and the transition is not
as steep as in the case of 0.15 M NaCl. Furthermore, the bigger structures were observed at lower
temperature in PBS, which implies the similar behavior as original carrageenan. The formation of

17



629
630
631

632
633

634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

bigger structures through the whole measured temperature range was observed in the polymer solution
of 0.15 M KCI (Fig. 7).
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Figure 7. The temperature dependences of scattered light intensities for the polymers C10 and
C11 (same graft length but different grafting density), measured in 0.15 M NaCl, PBS and 0.15 M KCl
(¢ =2.5 mg/mL). The standard deviation of 3 independent measurements was below 5 %.

10?

The effect of pottasium ions on the formation of self-assembled structures was further investigated
using atomic force microcopy (AFM). The samples were transferred from aqueous, salt and buffer
solutions, respectively, at room temperatures onto the freshly cleaved mica substrate and characterized
under the ambient conditions (Fig. 8). For the original k-carrageenan the countercation-dependent
formation of intramolecular secondary structures is a typical behavior, especially sensitive to the
presence of K ions (in lesser extent also to Ca>" ions) (Schefer et al., 2015), coming from the
electrostatic repulsion among the negatively charged carrageenan sulphate groups, which are
compensated by cooperative chelation of the countercations. It was realized (Fig. 8 and Fig. S7 in the
Supplementary Material) that the polymer C10 (the longest grafts of 4350 Da, grafting density:
8 glucose units per one graft) forms the structures of random coils in a purely aqueous solution and in
the solution of 0.15 M NaCl at room temperature. However, it self-assembles into the bigger structures
in the solutions of PBS (containing 4.5 mM K" ions) and 0.15 M KCl, and thus, the driving force for
the self-assembly is the presence of potassium cations. This fact implies that POX grafts do not
influence the k-carrageenan behavior in response to the presence of K" ions in the solution.

The practical use of potassium responsivity may be as follow: the injection of potassium-free solution
of such polymers into the inherently potassium-containing environment of organism may significantly
enhance the body temperature-driven phase separation when an in situ formation of injectable
depot/implant is needed (injectable brachytherapy, local drug depots, local immunomodulator
injections/vaccine adjuvants efc.).
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Figure 8. Representative AFM height images of C10 transferred from aqueous, 0.15 M NacCl,
PBS and 0.15 M KCI solutions at room temperature onto the freshly cleaved mica. The scale and color
bars apply to all images.

4. Conclusion

Novel polymers with lower and upper critical solution temperatures, k-carrageenan-grafi-poly(2-
isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)s (M, =500— 5000 Da, grafting density from 6 to
130 glucose units per one graft), were successfully prepared using a one-pot, two-step synthesis. The
“schizophrenic” thermoresponsive behavior of the synthesized polymers was thoroughly studied,
showing the existence of a gel form at lower temperature, the molecularly dissolved solution at room
temperature and the cloudy solution at elevated temperature, while the limit temperatures can be easily
tuned by the grafting density and graft length. However, the minimal graft length of the prepared
polymers to exhibit a described above thermoresponsive behavior was found to be 1950 Da.
Furthermore, the polymer exhibited potassium responsivity as the original k-carrageenan, forming
relatively big self-assembled structures in the presence of K ions, which denotes that the POX grafts
do not influence the carrageenan behavior in the ion solution.

The extraordinary properties can be used in a wide range of biological application demanding thermo-
and potassium-responsivity with the synergy between each other. Some of them show a CPT under the
body temperature; therefore, they can be usable, for example, as a material for polymer depot, formed
after the injection into the body from the polymer solution. The structure-properties relationships as
well as the physical principles beyond the observed phenomena were critically correlated and
explained.
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1. Uvod

Syntetické polymery a polymery vyskytujici se
v ptirod¢ byly dfive zkouméany v pomérn¢ oddélenych
oblastech vyzkumu. Takové rozliseni je opodstatnéné,
protoze obé skupiny polymert se 1isi v mnoha zékladnich
aspektech. Biopolymery (proteiny, nukleové kyseliny
a polysacharidy) maji velmi casto dobfe definovanou
strukturu, optimalizovanou miliardami let evoluce. Jedna
se predevsim o jejich pfesné chemické slozeni, poradi jed-
notlivych sekvenci, nadmolekularni strukturu a také o
pfesné dany pocet zabudovanych monomernich jednotek
v jednom fetézci, v disledku ¢ehoz je vétSina biopolymert
uniformni. Naproti tomu vétSina syntetickych polymerQ
ma mnohem jednodussi a ndhodnéjsi strukturu, avSak che-
micky mnohem pestiejsi. Pred nékolika desetiletimi se
vSak tyto oblasti vyzkumu ¢éstecné protly a vytvofily nové
vyzkumné odvétvi hybridnich makromolekul slozenych
jak z pfirodnich, tak ze syntetickych polymerti. Tyto kopo-
lymery, oznacované v literatuie nejcastéji jako polymerni
biokonjugaty, byly nejprve hojné studovany a posléze
vyuzivany ve farmacii'?. Nicméné rychly rozvoj v oblasti
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nanotechnologii a biotechnologii v nedavné dobé ptispél
k tomu, ze vyuziti polymernich biokonjugatii vyrazné pte-
kracuje farmaceutické pole a zahrnuje riznoroda odvétvi
jako napf. biosenzory, umélé enzymy, biometrii, fotoniku
¢i nanoelektroniku®®. Diky tomuto $irokému vyuziti se
studium hybridnich polymerd stalo dilezitou oblasti poly-
merni chemie.

Cilem tohoto pfehledu je poskytnout komplexni popis
jedné specifické skupiny polymernich biokonjugati — gly-
kokonjugatti, tedy hybridnich polymert na bazi polysacha-
ridl, které jsou nejcastéji vyuzivany pro cileny transport
1é&iv & v tkafiovém inzenyrstvi’. Tento kol neni jednodu-
chy, nebot’ ob¢ kategorie (polysacharidy i syntetické poly-
mery) maji extrémné ruznorodé vlastnosti. Polysacharidy
se 1i8i od ostatnich biopolymerti tim, Ze mohou byt vysoce
rozvétvené a jejich monomerni jednotky mohou byt navza-
jem spojeny mnoha riiznymi typy vazeb. Typ spojujici
glykosidové vazby ma pritom zésadni vliv na vlastnosti
vysledného polysacharidu i na jeho nadmolekularni struk-
turu. Ulohou polysacharidi v organismech je predeviim
skladovat a transportovat energii (napt. Skrob, glykogen) ¢i
chranit proti mechanickému poskozeni (chitin), avSak mo-
hou zastdvat i pomérné slozité biologické funkce®. Tento
piehled nejprve ukazuje mozné postupy priprav téchto
polymernich glykokonjugatt a dale se vénuje jednotlivym
prikladiim, které jsou usporadané dle jednotlivych druhti
polysacharidii.

2. Priprava polymernich glykokonjugati
2.1. Zdroje polysacharida

Je s podivem, ze i kdyz je studium polymernich gly-
kokonjugatti dulezitou oblasti soucasného vyzkumu, tak
syntéza/ptiprava samotnych polysacharidd je pomérné
slozita. Tento fakt je dan piedevsim tim, Ze zatim, narozdil
od proteint a nukleovych kyselin, neexistuje jednoduchy
automatizovany systém pro syntézu oligosacharidd, a to
i pfesto, ze se vyzkumu této tématiky vénovalo nemalé
usili (viz tab. I). Vysvétleni prozatimniho netspéchu tkvi
ve struktufe samotnych polysacharidi. Zatimco chemicka
syntéza oligopeptidu zahrnuje opakujici se tvorbu peptido-
vé vazby napf. mezi jednou aktivovanou karboxylovou
skupinu a volnym aminem, chemickd syntéza oligosachari-
di vyzaduje n€kolik hydroxylovych skupin podobné reak-
tivity vhodné diferencovanych tak, aby se ziskal pozado-
vany produkt s pfisluSnou regio- a stercoselektivitou, od-
povidajici pozadované trojdimenzionalni struktufe. Tato
syntéza tedy Ccasto zahrnuje namdhavé manipulace
s chranicimi skupinami a extrémné dlouhé syntetické ces-
ty. V Zivych organismech existuje centrdlni dogma mole-
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Tabulka I
Obecné metody vyuzivané k ziskani biopolymerta

Biopolymery Metody k ziskani

Proteiny extrakce z biologického materialu,
automatizovana peptidova syntéza,
nativni ligace peptidi, nadmérna
exprese gent vlozenych do produkéni-
ho organismu, katalyza proteasou

Nukleové kyse-  extrakce z biologického materialu,

liny automatizovana syntéza nukleovych
kyselin, polymerasova fetézova reakce

Oligo/ extrakce z biologického materialu,

polysacharidy chemicka syntéza, enzymaticka

syntéza

kularni biologie (DNA — RNA — proteiny), které bohu-
zel neplati pro glykokonjugaty. Ty totiz nejsou syntetizo-
vany templatovou reakci, ale spiSe posttranslaénim proce-
sem, pficemz jejich vysledna struktura je ovlivnéna mnoha
faktory — kompetici enzymi pro jeden substrat, substrato-
vou specifitou enzymu a také dostupnosti substratu.
Z tohoto divodu jsou glykokonjugaty véetné glykoprotei-
ni typicky polydisperzni'®.

Polysacharidy pouzivané k ptipravé polymernich
glykokonjugatd  jsou dostupné pomoci extrakce
z biomateridlu, chemickou syntézou ¢i enzymatickou syn-
tézou (viz tab. I).

Relativné nejjednodussi a nejvice prostudovany zpu-
sob je zmiflovana extrakce polysacharidd, avsak tyto meto-
dy casto neprodukuji dostatecné mnozstvi materialu
v potfebné kvalité. Polysacharidy, ziskavané extrakci, jsou
obsaZeny nejcastéji jako strukturni komponenty v bunéc-
nych sténach, predev§im hub, bakterii a fas. Vybér ex-
trak¢éni metody je zavisly na struktue dané bunec¢né stény,
napf. bunecné stény hub obsahuji dva typy polysacharidi:
fibrilarni  chitin (nebo celulosu) a vodorozpustné
B-glukany, o-glukany a glykoproteiny''. Vétina extraké-
nich metod zahrnuje nejprve odstranéni nizkomolekular-
nich latek pomoci 80% ethanolu. Dale mohou nasledovat
3 postupné extrakce: vodou (100 °C, 3 h), 2% roztokem

OPG OPG
0, 0,
PGO LG+ HO OPG
PGO OPPG PGO OPG
glykosidacni €inidlo nukleofil
(donor) (akceptor)

aktivator

rozpoustédlo
teplota
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Stavelanu amonného (100 °C, 6 h) a 5% roztokem hydroxi-
du sodného (80 °C, 6 h)'?. Extrakce horkou vodou vedou
obecné k polysacharidim rozpustnym ve vodé, které se
vyskytuji na  vngjsi  vrstvé  bunecné stény
(exopolysacharidy) a chrani ji pred externim mechanickym
poskozenim. Extrakce alkalickymi roztoky vedou naproti
tomu spiSe k polysacharidim ve vod¢ nerozpustnym, které
tvofi vnitini vrstvu bunecné stény (endopolysacharidy).
Pfesnd metoda extrakce daného polysacharidu se muze
lisit od vyse popsané¢ho obecného postupu v zavislosti na
jeho struktufe a rozpustnosti ve vod¢€, avSak vzdy je nutné
narusit strukturu bunecné stény pomoci vhodn¢ zvolenych
extrak¢nich podminek (pH a teplota). Nakonec mohou byt
extrahované  polysacharidy  pfeCistény presrdzenim
v ethanolu. Casto se také vyuZivé iontova chromatografie
na diethylaminoethyl (DEAE) celulosové koloné, separuji-
ci neutralni a nabité polysacharidy, pfi¢emz nejprve jsou
eluovany neutralni polysacharidy vhodnym pufrem a poté
je eluovan nabity polysacharid pufrem o vysoké iontové
sile'". Neutralni polysacharidy mohou byt dale separovany
na o- a P-glukany pomoci afinitni chromatografie, ktera
vyuziva specifické reakce a-glukani s imobilizovanym
ligandem uvnitt kolony. Po pfidani smési a- a B-glukani
k takovémuto ligandu se na néj vazou jen a-glukany, které
s nim tvofi silné vazby, a zbytek smési protékd kolonou
beze zmény. Navazany a-glukan se nasledné eluuje pomo-
ci vysoce koncentrovaného roztoku soli (napf. chloridu
vapenaté¢ho, chloridu sodného ¢i chloridu draselného).
Jako ligandy se specifickou reakci na o-glukany se vétsi-
nou vyuzivaji lektiny.

Jak jiz bylo diskutovéno vyse, dalsi zplisobem ziska-
vani oligo/polysacharidii je chemicka syntéza, ktera je
vSak velmi ndrocnd, coz vyplyva ze struktury té€chto latek.
Vznik glykosidové vazby chemickou syntézou je uskutec-
nén nukleofilem (,,glykosidovy akceptor®), ktery napada
aktivované anomerni centrum (,,glykosidovy donor®), pfi-
¢emz vSechny hydroxylové a aminové skupiny musi byt
maskovany chranicimi skupinami tak, aby pouze pozado-
vana hydroxylova skupina ¢i skupiny byly glykosidovany
(obr. 1). Velikost, elektronické vlastnosti a konformace
chranicich skupin maji obrovsky vliv na finalni reaktivitu
a stereoselektivitu glykosidace, stejné jako pouzité roz-
poustédlo, teplota a aktivator. Vzhledem ke komplexité

OPG

PGO
PGO

Obr. 1. Obecné schéma vzniku glykosidové vazby pomoci chemické syntézy (PG — chranici skupina, LG — odstupujici skupina, PPG —
,ucastnici se“ chranici skupina). Stereochemie vysledného produktu zavisi na povaze chranici skupiny, odstupujici skupiny, aktivatoru,
rozpoustédle a teploté. Zde uvedeno pro pfipravu PG-chranéného disacharidu D-glukosa-B(1—4)-D-glukosa
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té&chto reakci vznikl specializovany obor organické synté-
zy, pro néjz je charakteristickd strategicka jednoduchost,
provozni sloZitost a nepfedvidatelnost glykosidacnich re-
akci. V prib¢hu mnoha let byla vyvinuta fada odstupuji-
cich anomernich skupin, napf. glykosylhalogenidy, avSak
v posledni dobé€ byly nahrazeny piedevsim glykosylimida-
ty"?, thioglykosidy'* nebo glykosylfosfaty'. K tomu navic
nové znalosti reaktivit glykosidacnich ¢inidel pfinesly
pokrok v sekvenéni ,,one-pot“ syntéze, kdy je nutnd sprav-
na kombinace jednotlivych stavebnich bloku, které mohou
slouzit jednak jako glykosidacni Cinidla stejné jako nukle-
ofily'®. Touto metodou byly piipraveny aZ hexasacha-
ridy'’. Rozdily reaktivit jednotlivych glykosida¢nich &ini-
del obecné komplikuji syntézu glykanl, protoze rdzné
stavebni bloky vyzaduji rizné reakéni teploty a cas. Veel-
ku spolehliva stereoselektivita je v ptipadé vzniku trans-
glykosidické vazby, kdy se chranici skupina (nejcastéji
estery nebo amidy) v misté C-2 ucastni vzniku oxoniového
meziproduktu a blokuje tak jednu jeho stranu, a tudiz nuk-
leofil ma moznost ptistoupit pouze z druhé strany. PFitom-
nost chranicich skupin v jakékoliv jiné poloze glykosidac-
niho ¢inidla miZze potencialné ovlivnit stereochemicky
vysledek glykosidace'®. Opagna situace je v piipads vzni-
ku cis-glykosidické vazby, kdy nelze vyuZit tyto ,,uCastnici

GLYKOSYLTRANSFERASA

a) klasicka syntéza sacharidu

" glykosyltransferasa™._
e ~J

NDP-cukr

fosfatasa

b) multienzymova recyklace

o] 0

HO

'glykosyltransferasa"-\.\

-

NDP-cukr NDP
[ GOy
F}F‘i T & )\:)F'El_,_
NDP cukva;r\;\_ / kinasa
fosforylasa NTP ) - o,

cukr-1-fosfat

> N+2R
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se* chranici skupiny (estery, amidy), ale vyuzivaji se tzv.
,»netcastnici se* skupiny v pozici C-2, napi. benzyl ethery
¢i azidy. Zde se bez vlivu ,,ucastnici se“ skupiny vytvari
termodynamicky stabiln€j$i produkt — o-glykosid diky
anomernimu efektu. Tento fakt naznacuje, ze reakce ve-
douci k cis-B-glykosidické vazbé, pfitomné napf.
v B-mannosidech, jsou vcelku naro¢né, nebot’ nelze pouzit
,.ucastnici se” chranici skupiny a musi se zaroveil elimino-
vat anomerni efekt pomoci tzv. ,,konformaéniho uzamknu-
ti“!?. Nejnovéjsi vyzkum pak piinesl koncept automatické-
ho oligosacharidového syntetizdtoru na pevné fazi,
Glyconeer 2.1, se kterym je mozné syntetizovat riizné oli-
gosacharidy obsahujici az 30 jednotek v fetézci®.

Dalsi moznosti pfipravy oligosacharidl je enzymatic-
ka syntéza, ktera vyuziva glykosyltransferasy a glykosida-
sy jako cenné regio- a stereoselektivni katalyzatory vzniku
glykosidové vazby. Glykosyltransyltransferasy jsou zod-
povédné za syntézu vétSiny glykanti na povrchu savéich
bunék, kde prenaseji dany sacharid od odpovidajiciho do-
norového substratu (nukleotid sacharidu) ke specifické
hydroxylové skuping akceptujiciho sacharidu (obr. 2a)*'.
Velké mnozstvi eukaryotickych glykosyltransferas bylo jiz
usp€Sn€ klonovéno, pficemz bylo zjiSténo, ze vykazuji
obecné vynikajici vazebnou a substratovou specifitu

GLYKOSIDASA

c) reverzni hydrolyza

0 o)
mﬂl\l‘oﬂ + %DH
HO HO
akceptor donor

glykosidasa

0

HO

Obr. 2. Obecné schéma enzymatické syntézy sacharidi pomoci a) klasické glykosyltransferasy; b) multienzymové recyklace
s glykosyltransferasou® a c) reverzni hydrolyzy glykosidasou (N — nukleosid, NDP — nukleosid-difosfat, NTP — nukleosid-trifosfat)
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a zarovenl velmi dobré vytézky. BohuZzel vSak i tyto synté-
zy maji i urCité nevyhody. Mezi né patii napt. fakt, Ze nuk-
leosid-difosfaty (NDP) generované béhem reakce jsou
veelku ucinné inhibitory glykosyltransferasy a navic pfi
syntéze ve velkém méfitku se finan¢ni ndklady na vyrobu

vyvinuta metoda multienzymové recyklacezz, pri které je
NDP-cukru vyzadovan pouze v katalytickém mnozstvi,
protoze se generuje in situ z levnych vychozich materialt
(obr. 2b). Kromé toho se vznikajici NDP recykluje na
NDP-cukry, ¢imz se zabraiiuje inhibici produktem. Posled-
ni nevyhodou vyuziti glykosyltransferasy pro syntézu oli-
gosacharidu je jeji Spatna dostupnost. I kdyz v dnesni dobé
je na trhu dostupnych mnoho komerénich glykosyltransfe-
ras, pfesto 1ze najit chybéjici specifické enzymy pro vznik
uréitych pozadovanych glykosidovych vazeb. Jak bylo
vySe uvedeno, vedle glykosyltransferas byvaji vyuzivany
také exo-glykosidasy a endo-glykosidasy. V Zivych orga-
nismech jsou glykosidasy zodpovédné nejcastéji za Stépeni
glykosidickych vazeb, ovSem za kontrolovanych podmi-
nek mohou byt pouzity spise pro syntézu glykosidickych
vazeb neZ pro jejich Sté€peni (obr. 2¢), pticemz jako kataly-
zatory pri syntéze oligosacharidi jiz byly uspé$né pouzi-
ty”**. Ve srovnani s glykosyltransferasami jsou glyko-
sidasy nenakladné, stabilni a snadno dostupné a navic vy-
zaduji levné donorové substraty oproti neekonomickym
nukleotidim sacharidu. Jediné jejich nevyhoda je obecné
slaba regiospecifita, kterd mize bohuzel vést ke tvorbé
vice produkti.

2.2. Ptiprava roubovanych kopolymert

Nejcastéjsim typem studovanych modifikovanych
polysacharidil jsou jejich roubované kopolymery, které se

a) Roubovani ,,z"”

Referat

mohou pfipravit pomoci tii syntetickych strategii (obr. 3):
roubovanim ,,z“ (a), roubovanim ,,na* (b) nebo roubova-
nim ,,skrz (c), pfi¢emz prvni dva pfistupy jsou nejcastéji
pouzivané®. Technika roubovani ,,z* je obecn& pouzivana
v ptipad¢, kdy je potieba vyssi hustota roubovani. Pfi této
technice jsou nejprve zavedeny skupiny inicidtoru
na hlavni fetézec polysacharidu, pfi¢emz vznika tzv. mak-
roiniciator, a nasledné je zahajen rust roubovanych fetézcti
z povrchu polysacharidu za ptitomnosti pozadovaného
monomeru. Naproti tomu pfi technice roubovani ,,na“ jsou
nejprve samostatné vytvoreny zivé polymerni fetézce,
které jsou nasledn¢ terminovany funkénimi skupinami
nesenymi hlavnim polymernim fetézcem. Tato technika je
vyhodna zvlasté diky tomu, ze polymerizace vedlejsiho
fetézce probiha oddélené od polysacharidu, a tudiz na néj
nema zadny degradacni vliv. Dalsi vyhodou roubovani
,,na“ je moznost snadno a detailné charakterizovat rouby,
napf. jejich molekulovou hmotnost (pro charakterizaci se
Cast polymerizaéni smési terminuje nizkomolekularnim
¢inidlem). AvsSak pfi roubovani ,,na“ je obecné dosahova-
no niz8i roubovaci hustoty, predevsim kvuli sterickému
efektu®®. Nejméné pouZivanou technikou piipravy roubo-
vanych polysacharidii je roubovani ,,skrz, pfi kterém je na
jeden konec oligo/polysacharidového fetézce zavedena
polymerizovatelnd skupina (nejcastéji dvojna vazba), pfi-
¢emz pii polymerizaci vytvari monomerni jednotky této
skupiny hlavni fetézec nesouci oligo/polysacharidové rou-
by.

Technika roubovani ,,z* byva Casto zkouména ve
spojeni s radikalovou polymerizaci, kdy jsou nejprve radi-
kaly generovany podél hlavniho polysacharidového fetéz-
ce pomoci chemického iniciatoru nebo zafeni. Takto vy-
tvofeny makroiniciator je nasledné mozné radikalové poly-
merizovat v pfitomnosti monomeru za vzniku pozadované-

O o ey
%50 o0 o° ? '? £
O o iniciator e ® monomer
polysacharid makroiniciator c; &
o}
b) Roubovani ,,na"
Coo ®
funkéni skupiny ol
ysacharid polymer s
polysacharid o © funkénimi skupinami i

c) Roubovani ,,skrz"

S

polysacharid zakongeny
polymerizovatelnou skupinou

polymerizace

Obr. 3. Syntetické strategie pripravy roubovanych polysacharidii:

a ¢) metodou roubovani ,,skrz*
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ho roubovaného glykokonjugatu. Nevyhodou této metody
je v8ak mozna degradace polysacharidového fetézce
a velmi omezena kontrola molekulové hmotnosti roubt
stejné jako disperzity. Nové moznosti v kontrole délky
syntetického roubu pfinéseji specidlni techniky fizené radi-
kalové polymerizace — nitroxidem zprostiedkovana poly-
merizace (NMP)?’, radikalova polymerizace s prenosem
atomu (ATRP)* a polymerizace s reverzibilnim adi¢né-
fragmentaénim pienosem (RAFT)®. Tyto fizené polymeri-
zace jsou vice tolerantni vii¢i béznym necistotdm a vlhkos-
ti a zarovetl jsou kompatibilni s velkym mnozstvim funk¢-
nich skupin, a tak umoziiuji pfesné prizpisobeni pozado-
vanych vlastnosti polysacharidovych hybridi. Principem
této techniky je vyznamné sniZeni koncentrace propagac-
nich radikalovych konct fetézce, ¢imz se vyrazné minima-
lizuje také koncentrace ireverzibilnich termina¢nich center,
a jelikoz rychlost rekombinace radikalovych center je
umérna druhé mocniné koncentrace radikald, zatimco
rychlost propagace je pouze pfimo umérna této koncentra-
ci radikald, tak 1ze v systémech s velmi nizkou koncentraci
radikalovych center dosahnout polymeri s tizkou distribu-
ci molarnich hmotnosti. Pro sniZeni koncentrace propagu-
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sO ~
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jicich radikalovych center se do systému ptidavaji latky,
které zajiSt'uji reverzibilni zachyceni ,,aktivniho* radikélo-
vého centra a jeho pfeménu na ,,spici“ centrum. Napftiklad
fizeni techniky NMP spocivéa v ptidavku nitroxidu, vytva-
fejici v reakcéni smési relativné stabilni radikaly, zatimco
pfi ATRP se pfiddvd komplex prechodného kovu jako
katalyzator a alkylhalogenid jako iniciator. Pfi procesu
RAFT je reverzibilni zachyceni radikalu zajisténo pfeno-
sovymi reakcemi pomoci napt. dithioesterovych sloucenin.

2.3. Ptiprava blokovych kopolymert

Nase literarni reserSe prekvapivé ukazala, Ze oproti
roubovanym polysacharidovym kopolymertim se jen velmi
malo publikaci vénuje syntéze blokovych kopolymera
oligosacharidt ¢i polysacharidi. Jako prvni takovyto blo-
kovy kopolymer byl koncem 80. let pfipraven polyethyle-
noxid-blok-oligosacharid pomoci tzv. ,,couplingu“ konco-
vych skupin®. Od t¢ doby byly ptipraveny kopolymery
obsahujici synteticky blok spojeny s polysacharidovym
také pomoci radikalové® a enzymatické polymerizace™.
V ptipad¢ radikalové polymerizace je na konec polysacha-
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ridového fetézce zavedena skupina, ktera se nasledné
ucastni fizené polymerizace syntetického bloku. Napiiklad
glykokonjugované adukty 2,2,6,6-tetramethylpiperidin-1-
-oxylu (TEMPO) byly pfipraveny z glukosy, malto-
oligosacharidti a B-cyklodextrinu®, pti¢emz jejich nasled-
nou fizenou polymerizaci typu NMP byly vytvoieny poly-
meru typu P-cyklodextrin-blok-polystyren (M, 5 az
37 kDa, D < 1,5). Z komerén¢ dostupného B-cyklodextrinu
byl také syntetizovan acetylovany oligosacharid schopny
iniciovat polymerizaci typu ATRP (obr. 4a)* pfi¢emz
tento inicidtor umoznil fizenou polymerizaci fady mono-
mert, napf. styrenu, methyl-methakrylatu a dalsich funkc-
nich hydrofilnich methakrylat. Ziskané oligosacharidové
bloky byly nasledné kvantitativné deacetylovany methoxi-
dem sodnym ve smési methanolu a chloroformu za ziskani
blokovych oligosacharidovych polymerd. Navic ATRP
iniciatorova skupina byla také Uspesné zavedena
na reduktivni konec dextranu (M, = 6,6 kDa) pomoci re-
duktivni aminace s o-tercidrnim bromidem, pficemz na-
sledné¢ byly —OH skupiny dextranu chranény silylaci
(obr. 4b). Poté byly fizenou polymerizaci ziskany kopoly-
mery dextran-blok-polystyren s nastavitelnym slozenim
jednotlivych blokt™. Jak jiz bylo vyse zmin&no, blokové
polysacharidové kopolymery byly také pfipraveny enzy-
matickou syntézou, pficemz nejdfive byl nasyntetizovan
prvni blok methoxypolyethylenoxid-p-nitrofenylkarbonat
(M, = 5,0 kDa), ktery nasledné¢ reagoval s maltopenta-
ozylaminem. Tento meziprodukt (MPEO-primer, obr. 4c)
byl nasledné uspesné enzymaticky polymerizovan fosfory-
lazou extrahovanou z brambor vyuZivajici o-D-glukosa-1-
-fosfat jako substrat™®.

3. Vyuziti polymernich glykokonjugatu v praxi

3.1. Kopolymery polysacharida vyskytujicich se
v rostlinach

Celulosa je linearni ve vodé nerozpustny polysacharid
obsahujici jednotky 1,4-B-D-glukosy. Je hlavni stavebni
slozkou rostlinnych bunéénych stén, coz ji stavi do role
nejrozsifenéjsiho biopolymeru na zemském povrchu (bylo
odhadnuto, Ze ro¢né vznika cca 1,5:10° tun celulosy™).
Modifikovana celulosa je jiz dlouhou dobu primyslové
vyuzivana a tato historie saha az do roku 1870, kdy byl
poprvé vyroben polymerni material ,,celuloid (nitrat celu-
losy zmékceny kafrem) ve firmé Hyatt Manufacturing
Company™®, pfi¢emz vyroba nitratu celulosy zahrnuje jeji
esterifikaci kyselinou dusi¢nou v pfitomnosti kyseliny
sirové, fosforecné nebo octové. V soucasné dobé jsou dal-
§imi obecné pouzivanymi estery celulosy acetat celulosy,
propionat celulosy a butyrat celulosy. Dal$im moznym
zpisobem chemické modifikace celulosy jsou etherifikacni
reakce, kterymi se daji ziskat dulezité produkty, napf. me-
thylcelulosa, karboxymethylcelulosa a hydroxyalkylcelu-
losa. Tyto estery a ethery celulosy se vyuzivaji pfi vyrobé
nejruznéjSich natérd, optickych folii, sorpcnich medii,
1éCiv, potravin ¢i kosmetiky. V roce 1943 se Ushakov po-
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kousel polymerizovat nékteré allyl estery a vinyl estery
celulosy s estery kyseliny maleinové, pfi¢emz ziskal ne-
rozpustné produkty, coz byly pravdépodobné prvni roubo-
vané kopolymery celulosy”. Od té doby bylo syntetizové-
no nepieberné mnozstvi roubovanych kopolymeri celulo-
sy. Napriklad bylo provedeno kationtové iniciované rou-
bovani celulosového substratu pomoci isobutylenu
a o-methyl styrenu, pfic¢emzZ inicidtor byl vytvoren reakci
fluoridu boritého (Lewisova kyselina) a hydroxylovych
skupin celulosy (Lewisova béze). Roubovand celulosa
polyakrylonitrilem, polymethakrylonitrilem a polymethyl-
methakrylatem byla pfipravena aniontovou polymerizaci,
vyuzivajici alkoholaty celulosy jako iniciatory. Velmi
dobfe fizené molekulové hmotnosti a Gzké distribuce bylo
dosazeno také pfi roubovani celulosy pomoci poly(2-
-methyl-2-oxazolinu) a poly(isobutylvinyletheru)*.

[-Glukany jsou polysacharidy obsahujici B-D-
-glukosové jednotky, spojené vétSinou 1,3-B- nebo 1,6-B-
-glykosidovymi vazbami. B-Glukany se v ptirod¢ vyskytu-
ji v bunéénych sténich obilovin, bakterii a hub, pficemz
vlastnosti jednotlivych B-glukani se signifikantné lisi
v zavislosti na jeho plvodu. B-Glukany se pouZivaji ja-
ko ztuzovaci Ccinidla v nejriznéjSich potravinarskych
a kosmetickych vyrobcich. Obecné je znamo, Ze B-
glukany maji velmi prospésny vliv na lidské zdravi. Bylo
prokazéano, ze piijem nejméné 3 g ovesného B-glukanu
denné snizi hladinu LDL cholesterolu a ptispiva tak ke
snizeni rizika kardiovaskularnich chorob*'. Velmi zajima-
vou skupinou B-glukanti, jiz v tradi¢ni orientalni mediciné
vyuzivanych, jsou B-glukany pochazejici z bunéénych stén
hub. V nedavnych studiich byly popsany jejich imunotera-
peutické vlastnosti, véetné zesileni protinadorové imunitni
odpovédi*, coZ je spojeno se stimulaci imunitnich recep-
tortt (pfedevsim Dektin-1 a Toll-like receptory), a tak se
modifikované B-glukany v posledni dobé studuji jako po-
tencidlni protinddorovd immunoterapeutika. Kurdlan
(B-1,3-glukan), vyrabéjici se fermentaci bakterii Agrobac-
terium biobar, byl roubovan polyethylenglykolem, pfi-
¢emZ vznikly kopolymer byl pouZit pro pfipravu nanocas-
tic nesoucich chemoterapeutickou latku doxorubicin. Pfi-
pravené nanocastice tudiz kombinovaly dvé 1é¢ebné meto-
dy — chemoterapii a immunoterapii*. Na podobném kon-
ceptu byla také zaloZena lécba immunoradioterapii, pro
kterou byl B-glukan (pochazejici z Auricularia auricula-
judae) roubovan poly(2-methyl-2-oxazolin-co-2-butyl-2-
-oxazolinem), ktery byl dale oznagen radioaktivnim *°Y.
Takto oznaceny polymer spojoval vhodné termoresponziv-
ni vlastnosti pro tvorbu polymerniho depa, terapeutickou
lokalni radioaktivitu a imunoterapeutické puisobeni, coz
bylo uspesné prokdzano pii in vivo testech na mySich
s lymfomem™.

x-Karagenan je polysacharid skladajici se ze stiidavé
vazanych galaktosovych a 3,6-anhydrogalaktosovych jed-
notek, sulfatovanych i nesulfatovanych, pfi¢emz tyto jed-
notky jsou propojeny a-1,3 a B-1,4 glykosidickymi vazba-
mi. k-Karagenan se ziskava extrakci z Cervenych mof-
skych ftas, nejCastéji z Chondrus crispus. Graftovanim
k-karagenanu pomoci polyvinylpyrrolidonu (M, = 10 kDa)
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vznikéd material vytvafejici ve vodném prostiedi pti pH ~ 7
hydrogely vykazujici zvySenou schopnost udrzovat vodu
i pfes slabsi gelovou pevnost nez prislusné kontrolni poly-
sacharidy®. Zajimavé pH-responzivni hydrogely k-karage-
nan-graft-polymethakrylamid byly pfipraveny jako poten-
cidlni kandidati pro fizeny transport bioaktivnich latek,
piicemz fazovy piechod byl pozorovan pii pH ~ 3 (cit.*).
Pozd¢ji byla vytvofena interpenetraéni pH-responzivni
polymerni sit’ k-karagenan-graf#-polyakrylamidu a alginé-
tu sodného, pfi¢emz tento material byl Gspesné vyuzit pro
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1éCivo s analgetickymi a antipyretickymi ucinky) do
sttev?’. Podobné hydrogely, vykazujici velmi vyhodnou
pH-responzivitu, byly pfipraveny roubovanim polyakrylo-
vé kyseliny-co-poly-2-akrylamido-2-methylpropan-
sulfonové kyseliny na x-karagenan®. Pro pouziti k hojeni
ran, vyzadujici od materidlu schopnost zadrZzovat vodu,
absorbovat vlhkost a antimikrobialni aktivitu, byl
k-karagenan modifikovan kyselinou chloroctovou. Vznikly
karboxymethyl-karagenan vykazoval vSechny tyto potieb-
né vlastnosti, které byly siln€ zavislé na jeho stupni substi-
tuce — ¢im byl vEtsi stupen substituce, tim lepsi vysledky
byly prokazany®. Tenké filmy pochézejici z moiskych
porostii na bazi k-karagenanu byly roubovany polymethyl-
methakrylatem s vyuZitim peroxodisiranu draselného jako
iniciatoru. Vysledné materialy vykazovaly vhodnou veli-

kost pori vyuzitelnou pro membrany na separace plyni™.

3.2. Kopolymery polysacharidd zivo¢isného pivodu
a vyskytujicich se v houbach

Chitin je relativn€ hydrofobni linedrni polysacharid
tvorici primarni komponentu bunéénych stén vétsiny hub
a také se vyskytujici v kutikule ¢lenovcetl, pficemz u nékte-
rych z nich (napf. u hmyzu, korysi apod.) je kutikula
zpevnéna pomoci minerdlnich latek a pfeménéna v pevny
exoskelet. Chitin je slozen z molekul N-acetyl-D-
-glukosaminu vzdjemné propojenych pomoci 1,4-B-glyko-
sidické vazby. Je nerozpustny ve vod¢€ pii neutralnim pH,
ale jeho modifikace pomoci N-deacetylace (— chitosan
obsahujici jednotky N-acetyl-D-glukosaminu a D-glukos-
aminu) zvySuje rozpustnost ve vodé a zaroven poskytuje
podél fetézce reaktivni primarni aminoskupiny, které je
mozné dale modifikovat. Chitosan rozpustény za kyselych
podminek spoleéné v kombinaci s polyolovymi solemi
(napt. glycerol- nebo glukosa-fosfatova stl) vytvari termo-
responzivni gel, ktery je pii laboratorni teploté v kapalném
stavu a pfi 37 °C se pfemeéni na gel, coz je velmi uzite¢né
pro enkapsulaci zivych bunék ¢i terapeutickych proteini.
Tento systém byl Uisp€sné vyuzit in vivo pro transport bio-
logicky aktivnich ristovych faktor a také pro enkapsulaci
matric Zivych chondrocytii pro tkafové inzenyrstvi’'. Dal-
§im zajimavym ptikladem vyuziti chitosanu pro responziv-
ni systémy je chitosan-graft-poly(2-dimethylamino)ethyl
methakrylat, ktery je citlivy na zménu pH. Pfi pH ~ 4 vy-
tvéaii polymer molekularni roztok, zatimco pfi pH 5-6 se
zaCinaji vytvaret ,,core-shell“ nanocastice, pii pH ~ 7 se
tyto nanocastice dale spojuji a vytvafi nanocCastice typu
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dvouvrstvé koule a pfi pH ~ 8 nakonec dochazi k jejich
agregaci a vysrazeni’>. Dokonce byl pfipraven systém
kombinujici oboji vySe zminéné responzivni chovéani, chi-
tosan-graft-poly-2-(N,N-dimethylamino)ethyl-methakrylat,
ktery vykazuje jak pH- tak termoresponzivni chovani>.
Modifikovany chitosan mize byt také vyuzit pro selektivni
adsorpci rtutovych iontll, pfi¢emz za timto Gcelem byl
pomoci ATRP syntetizovan chitosan-grafi-polyakrylamid,
ktery pfi nasledné studii vykazoval velmi dobrou maximal-
ni adsorp¢ni kapacitu rtuti (az 322,6 mg Hg iontl/
g polymeru)™.

Kyselina hyaluronova (KH) je hydrofilni linearni
glykosaminoglykan,  obsahujici  kyselinu  1,4-B-D-
-glukuronovou a 1,3-B-N-acetylglukosamin. KH byla prv-
né objevena v dobytéim oku v roce 1934 (cit.), aviak
pozdéji bylo zjisténo, ze KH je distribuovano v celém téle,
zejména v extracelularni matrici a synovidlnich tekuti-
nach’®. Piestoze samotnd KH miize byt pro aplikace izolo-
véna extrakci z zivych tkéni, nejcastéji je produkovéana
mikrobialni fermentaci kvali snizenému riziku infekci,
kontaminaci a vird®’. Bylo prokéazano, ze KH podporuje
angiogenezi a pomaha pii hojeni ran>®, pficemz tato zjists-
ni motivovala k masivnimu vyuziti KH pro regeneraci
poskozenych hlasivek a 1écbu jejich nedostatecné funkc-
nosti, pro vy latek a také
v kosmetickém a potravinaiském pramyslu® . Dale také
bylo zvazovano pouziti KH jako biomateridlu pro dlouho-
dobé implantaty, avsak vyuziti nemodifikované KH bylo
problematické kvuli jeji velmi rychlé enzymatické degra-
daci v téle (u lidi se syntetizuje a degraduje az 5 g KH
denné, pficemz v pramérném cloveku je celkem obsazeno
piiblizné 15 g KH)®. Pro snizeni rychlosti degradace
a také jeji kontrolu byla KH konjugovéna se syntetickymi
polymery, které navic €asto i zvySovaly mechanickou pev-
nost téchto materialii. Prestwich a spol. studovali tvorbu
hydrogelt tak, ze nejfive KH prevedli na derivat dihydra-
zidu adipové kyseliny, ktery potom zesitovali
s polyethylenglykol propiondialdehydem®, ale nakonec se
ukazalo, ze pro polymerni sit¢ KH budou vyuzitelngjsi
spise chemicky Setrnéjsi postupy. Jako eventualita se uka-
zala moznost funkcionalizace KH volnymi thioly a nasled-
né zesitovani pomoci Michaelovy adice s polyethylen-
glykol diakrylatem®. Takto pfipravené materidly mohou
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1ékd, zvyseni reepitelizace pii hojeni ran®, stimulaci réistu
vlase&nic pomoci uvoliiovani cytokinii® nebo jako nahraz-
ka tukové tkand®. Na KH byla také roubovéna poly
(mlécna-co-glykolova kyselina), pti¢emz vysledny kopoly-
mer vytvarel nano€astice vyuzitelné k cilenému transportu
protinadorovych 1é¢iv’’. Rovnéz byla zkouméana konjugace
methakrylatu KH s diakrylatem blokového kopolymeru
Pluronic® F127 pomoci fotozesitovaciho efektu. Takto
vzniklé hydrogely vykazovaly termoresponzivitu’', tedy
rychle ztracely obsah vody ve své struktufe (odbotnaly)
s rostouci teplotou, coz bylo nasledné vyuzito v aplikaci
kontrolovaného uvoliiovani lidskych rtstovych faktord
a plazmidi DNA, indukujicich transfekci in vitro. Podobné
hydrogely byly vytvofeny roubovanim methakrylatu KH
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amino-funkcionalizovanym produktem Pluronic® F127
s naslednym fotozesitovanim s akrylatovymi bunécné-
adheznimi doménami. Enkapsulace chondrocyti témito
hydrogelovymi strukturami poté zpiisobila in vitro zvyse-
nou produkci proteini extraceluldrni matrice, predevsim
kolagenu IT (cit.”).

Chondroitin sulfat (CS) je linedrni polysacharid obsa-
hujici 1,3-B-N-acetylgalaktosamin a 1,4-B-glukuronovou
kyselinu. N-Acetylgalaktosamin je v fetézci sulfatovan
v poloze 4 nebo 6 (chondroitin-4-sulfat resp. chondroitin-6-
-sulfat). CS byl poprvé objeven v roce 1861 Fischerem’?,
avSak jeho struktura byla objasnéna az na zacatku
20. stoleti”. CS se nejvice vyskytuje jako soudast proteo-
glykand v matricich pojivovych tkani, plnici zde prede-
v§im strukturni ulohu, nebo na povrchu bun¢k a membran,
plnici tlohu receptort’®. Komeréné dostupny CS se ziska-
véa extrakci z mnoha pfirodnich zdrojli, napf. chrupavky
skotu, prasat & Zraloka’>. DileZitou roli hraje CS
v kloubni chrupavce, kde mnoho fetézct CS je konjugova-
no na jeden fetézec proteinu, a vytvari tak gradient naboje,
ktery zpeviiuje chrupavku a zvySuje tak jeji schopnost
absorbovat zatéz’s. Tato pfirozena role CS nasmérovala
jeho pouziti v tkafiovém inZenyrstvi pro 1é&bu chrupavek’”.
Konkrétné pro tuto aplikaci byl CS nejdiive modifikovan
pomoci glycidyl-methakrylatu a nasledné fotozesitovan
pomoci polyethylenglykol-diakrylatu. Modifikaci CS alde-
hydem nebo sukcinimidyl-sukcinatem a naslednym zesit'o-
vanim poly(vinylalkohol-co-vinylaminem) vznikd material
vyuzitelny jako adhezivum pfi operacich rohovky, nebot’
tento material vykazuje minimalni zanétlivé reakce a zaro-
ved je odolny viidi poskozeni pii velkych tlacich’. Tento
materidl byl také studovan pii hojeni ran, kdy hydrogelovy
film byl nanesen na povrchové zranéni mys$im a také na
vnitini zranéni Celistni sliznice kralikl, pfi¢emz v obou
pripadech ukazala 1é¢ba pomoci téchto hydrogelti znacné
urychleni hojeni oproti kontrolni skupin&”. Dal§im vyuzi-
vanym glykokonjugatem CS je CS-grafi-polylaktid vytva-
fejici ve vodnych roztocich micely, které jsou vhodné
pro enkapsulaci chondrocytti a pro cileny transport 1é&iv’’.

Heparin je linedri glukosamin s vysokym stupném
sulfatace a jeho struktura je sloZzena z 1,4-a a také
B-kyseliny uronové a a-D-glukosaminovych zbytkd, obsa-
hujicich smés funkénich skupin. Heparin byl poprvé obje-
ven v roce 1916, pficemz od roku 1935 je klinicky pouzi-
vén jako antikoagulant®. Heparin je syntetizovan jako
proteoglykan obsazeny v zirnych bunikach (60-100 kDa)
a poté je Stépen na mensi fragmenty pomoci endoglykas (5
az 25 kDa)®'. Komerénd se heparin vyrabi extrakci
z nejrizngjSich tkani (napf. praseci ¢i hovézi stievni slizni-
ce) nasledovanou slozitymi purifikaénimi procesy. Vysoky
negativni naboj heparinu vyvolava vznik mnoha iontovych
interakci s fadou proteind (rustové faktory, proteasy, che-
mokiny), coZ je pfedmétem intenzivniho studia. Bylo napft.
prokazano, Ze takova interakce muze mit za nasledek sta-
bilizaci, zejména proti denaturaci, fady rstovych faktord,
napf. bazalniho fibroblastového ristového faktoru (bFGF)
nebo vaskuldrniho endotelového ristového faktoru
(VEGF), a zaroven zpisobuje zvyseni afinity tohoto kom-
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plexu na buneéné receptory®’. Pro zlepieni mechanickych
a chemickych vlastnosti byl heparin konjugovan nejprve
s polystyrenem za vzniku specifickych desek, jejichz po-
vrch vykazoval zvySenou aktivitu ristovych faktort VEGF
a FGF-2. Heparin konjugovany na hydrogely polyethylen-
glykolu byl také pouzit k prozkoumani diferenciace a fe-
notypové odpovédi mezenchymdlnich kmenovych bun¢k
a valvularnich intersticialnich bunék (VIC) tim, Ze zachyti
ristové faktory a dalii proteiny vazajici se na heparin®’.
V tomto ptipadé bylo pozdéji zjisténo, ze kovalentni kon-
jugace heparinu s hydrogelovou siti polyethylenoxidu
k zachyceni rustového faktoru FGF2 vyvolala expresi
myofibroblastovych fenotypovych markerd, coz naznacu-
je, Ze imobilizovany heparin mize modulovat bunéény
osud pres vazbu riistovych faktorti na rozhrani gel/buiiky™.

4. Zavér

Mnoho vyse diskutovanych ptikladi ukazuje Sirokou
Skalu vyuziti polymernich glykokonjugatii, dostupnych
kombinaci polysacharidii a syntetickych polymerd. Tyto
materidly jsou pfipravovany a pouZzivany z diivodu zlepSe-
ni vlastnosti samotnych polysacharidi, nebot’ syntetické
polymery mohou mit vliv na hydrofilitu, teplotni responzi-
vitu a pH responzivitu, samouspotadani, citlivost k hydro-
lyze a také na umisténi funkénich skupin ve vysledném
hybridnim materialu. Pro jejich pfipravu byvaji obecné
pouzivany spiSe Setrné konjugacni techniky. Pozadova-
nych vlastnosti syntetickych polymert se da snadno docilit
vybérem jejich struktury, a tudiz se daji snadno modifiko-
vat i vlastnosti vysledného hybridniho kopolymeru. Roz-
sahlé vyuziti polymernich glykokonjugati je zplsobeno
kombinaci jejich jedineénych vlastnosti a relativné nizké
vyrobni ceny. Polymerni glykokonjugéaty vyuzivajici zvi-
feci polysacharidy se Casto pouZivaji k vyrobé systému
vyzadujicich nizkou imunogenicitu, zatimco glykokonju-
gaty z polysacharidl pochazejicich z hub jsou potiebné
pro imunologické aplikace, nebot’ jsou schopné vyvolavat
specifické reakce receptori. Nevyhodou vsech polysacha-
ridd pochazejicich z pfirodnich zdroji je jejich necistota
a obsah patogentll. AvSak tento problém odpadé pfi pouZiti
novych postupti vyroby polysacharidi, tedy jejich chemic-
kou nebo enzymatickou syntézou. Takto vytvorené polysa-
charidy maji dobfe definovanou strukturu, ale jesté bohu-
zel nebyly pln€ vyuzity pro pfipravu polymernich glykon-
jugatl. Vyvoj polymernich glykokonjugatl umoznil vyro-
bu velmi riznorodych a funkEnich materialli s takovymi
biologickymi odezvami a takovymi chemickymi a mecha-
nickymi vlastnostmi, aby lépe napodobovaly vlastnosti
ptirozenych matric. Budoucnost konjugace polysacharid
a syntetickych polymert je pfedev§im v pokracujicim tren-
du ,,ptizpisobovani* polysacharidii a jejich vlastnosti dle
pozadovanych potieb.
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L. Loukotova and M. Hruby (Institute of Macromo-
lecular Chemistry, Czech Academy of Sciences, Prague):
Polysaccharides as Building Blocks of Hybrid Copoly-
mers

Hybrid copolymers combine the biopolymer proper-
ties (biodegrability, biocompatibility, specific interactions)
with the tunable properties of the synthetic polymers
(hydrophility vs. hydrophobicity, external stimulus respon-
sivity, ionic character). Therefore, these polymers can be
used for the preparation of material with desired proper-
ties, while it is necessary to take into account the synthetic,
physical, physico-chemical, economic and application
aspects of the materials used. This review article shows the
preparation procedures of polymeric glycoconjugates and
also their use in technical and biomedical applications.

Keywords: polysaccharides, hybrid polymers, glycoconju-
gates, drug delivery
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