
Charles University in Prague 

Faculty of Science 

Department of Physical and Macromolecular Chemistry 
 

 
 

Mgr. Rabyk Mariia 
 

Functionalized hybrid polymer structures for biomedical applications 
 

 

 

Doctoral Thesis 
 

Supervisor: RNDr. Petr Štěpánek, DrSc. 

Consultant: Mgr. Martin Hrubý, DSc. 
 

 

Institute of Macromolecular Chemistry AS CR 
 

Prague 2018  



  



Univerzita Karlova 

Přírodovědecká fakulta 

Katedra fyzikální a makromolekulární chemie 
 

 
 

Mgr. Rabyk Mariia 
 

Funkcionalizované hybridní polymerní struktury pro biomedicínské 
aplikace 

 

 

Disertační práce 
 

Školitel: RNDr. Petr Štěpánek, DrSc. 

Konzultant: Mgr. Martin Hrubý, DSc. 
 

 

Ústav makromolekulární chemie AV ČR, v.v.i. 
 

Praha 2018  



  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I declare that this thesis describes my original work that has been done independently 
under the supervision of RNDr. Petr Stepanek, DrSc. and Mgr. Martin Hruby, DSc. I did not 
submit this work, or part of it, to obtain any other degree, diploma or qualification. To the best 
of my knowledge, I have cited all used sources. 

 

Prague 12.04.2018                                                                                               Mariia Rabyk  



  



Acknowledgment 

 I would like to thank my supervisor RNDr., Petr Stepanek, DrSc., for his continuous 
support and help during my PhD study. He has provided me with knowledge, tools and 
motivation that will be very useful in my whole life. I would like to express a great thank to 
my consultant Mgr., Martin Hruby, DSc., for his never-ending ideas, positive thinking and 
unconditional willingness to help. This thesis would not be completed without his valuable 
advices, patience and help. 

I am deeply thankful to all my colleagues from Department of supramolecular 
structures for their helpful discussions and assistance during my work. Especially great thanks 
to my colleagues from 508 laboratory – Lenka Loukotova, Linda Srbova, Jiri Podesva and 
Volodia Lobaz. It is hard to imaging last years without your smiles, support and inspiration. 

I would like to express many thanks to all my friends. A special thanks to my parents, 
my sister and her family, and to my dear grandparents, who’s love, belief and help encourage 
me to follow my dreams. Finally, the greatest gratitude to my beloved husband Vitaliy for his 
help, patience, everyday inspiration and desire of cognition this amazing world together. 



 



1 
 

Table of contents 

 List of abbreviations……………………………………………………………..... 2 

 Abstract……………………………………………………………………………. 3 

 Abstrakt…………………………………………………………………………..... 4 

 List of publications and contributions at conferences…………………………….. 5 

1. Introduction………………………………………………………………………... 7 

1.1. Nanomedicine……………………………………………………………………... 8 

1.2. Nanoscale objects of natural origin in nanomedicine……………………………... 16 

1.2.1. Polysaccharides as construction materials for biomedical applications…………... 17 

1.3. Self-assembling systems in nanomedicine………………………………………... 21 

1.3.1. Controlled radical polymerization for block copolymers synthesis………….…… 23 

1.4. Imaging techniques in biomedicine…………………………………………….…. 25 

2. Aims of the thesis……………………………………………………………….… 28 

3. Results and discussion………………………………………………………….…. 29 

3.1. Polysaccharide-based conjugates for drug delivery and diagnostic purposes….…. 29 

3.1.1. Glycogen-based hybrid complexes for cancer diagnostic and therapeutic 

purposes………………………………………………………………………….... 

 

29 

3.1.2. Mannan-based conjugates for multimodal imaging…………………………….… 38 

3.2. Glycogen-based fibrous material for tissue engineering……………………….…. 47 

3.3. Synthesis of amphiphilic block copolymers and their modification…………….... 53 

4. Conclusions……………………………………………………………………..…. 63 

5. References……………………………………………………………………….… 64 

6. Attached publications……………………………………………………………... 72 

  



2 
 

List of abbreviations 

3D three-dimensional 
ADC antibody-drug conjugates 
CNR contrast to noise ratio 
CROP cationic ring-opening polymerization 
CRP controlled radical polymerization 
DDS drug delivery system 
DLS dynamic light scattering 
DMAEA 2-dimethylaminoethyl acrylate 
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
Dy615 Dyomics 615 
Ds dansyl or [5-(dimethylamino)naphthalene-1-sulfonyl] 
ECM extra-cellular matrix 
EPR effect enhanced permeability and retention effect 
FITC fluorescein 5-isothiocyanate 
FLI fluorescence imaging 
FTIR spectroscopy Fourier transform infrared spectroscopy 
GG glycogen 
GM gadoterate meglumine 
IR infrared 
i.v. intravenous 

MAMA N-(tert-butyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-
carboxylprop-2-yl)hydroxylamine 

MN mannan 

MONAMS N-(tert-butyl)-N’-(1-diethylphosphono-2,2’-dimethyl-propyl)-O-(1-
methoxycarbonyl-ethyl)hydroxylamine 

MRI magnetic resonance imaging 
NHS-ester N-hydroxysuccinimide ester 
NMRP nitroxide-mediated radical polymerization 
NP nanoparticle 
POX poly(2-methyl-2-oxazoline) 
RES reticuloendothelial system 
RGD-peptide azidopentanoic-GGGRGDSGGGY(125I)-NH2 peptide 
RNU Rowett Nude 
RP rapid prototyping 
S styrene 
SANS small angle neutron scattering 
SG1 N-(tert-butyl)-N’-(1-diethylphosphono-2,2’-demethyl-propyl)nitroxide 
SEC size exclusion chromatography 
TE tissue engineering 
TEMPO 2,2,6,6-tetramethylpiperidine-1-yl)oxyl 
ZP ζ-potential 

  



3 
 

Abstract 
 This doctoral thesis is dedicated to the synthesis and characterization of novel 
functionalized hybrid structures for biomedical purposes. Systems reported in this work can 
be subdivided into the two main groups: natural-based materials and synthetic amphiphilic 
block copolymers. Both groups were studied as perspective theranostic agents for medical 
applications. In the first group, natural polysaccharides glycogen and mannan were selected as 
starting materials for preparation of novel nanoconjugates that possess ability for multimodal 
imaging in vivo. Because grafting of natural macromolecules with synthetic polymers 
generally slows down the biodegradation rate, both polysaccharides were modified in two 
different ways to form nanoprobes with or without poly(2-methyl-2-oxazoline)s chains. The 
prepared nanoconjugates were functionalized with N-hydroxysuccinimide-activated 
fluorescence and magnetic resonance imaging labels. The resulting materials were tested both 
in vitro and in vivo and were shown to be completely biocompatible, biodegradable and 
exhibit some extra benefits in terms of their practical usage in biomedicine. Glycogen was 
functionalized with allyl and propargyl groups with following freeze-drying from aqueous 
solutions to form nano- and microfibrous materials. The presence of both double and triple 
bonds ensures the possibility of electron radiation crosslinking and modification of resulting 
polymer with biologically active molecules, respectively. The obtained self-assembled 
structures reveal a great perspective for wound healing application. 
 The second part of this thesis is devoted to the preparation and characterization of 
novel amphiphilic diblock copolymers as a model for studying the micellar behaviour of the 
complex self-assembled architectures with stimuli-responsive properties. Nitroxide-mediated 
radical polymerization was used for the synthesis of well-defined diblock copolymers of 
styrene (S) and 2-dimethylaminoethyl acrylate (DMAEA), where the first block consisted of 
gradient copolymer and the second one was a homopolymer of DMAEA. As a result, due to 
the pH- and temperature-responsiveness of DMAEA units, polycationic amphiphilic block 
copolymers capable of reversible self-assembling behaviour were obtained. Moreover, one 
chosen copolymer was modified using thiol-ene click reaction and further functionalized with 
fluorescence label in order to perform the in vitro examination and to study its potential for 
biomedical applications. 

All the prepared polymers were characterized using a wide range of methods, 
including 1H magnetic resonance and Fourier-transform infrared spectroscopies, size 
exclusion chromatography and dynamic light scattering. Additionally, for the amphiphilic 
diblock copolymers small angle neutron scattering was performed to study their solution 
behaviour. 

Keywords: nanomedicine, polysaccharides, glycogen, mannan, nitroxide-mediated radical 
polymerization, amphiphilic block copolymers, self-assembling. 
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Abstrakt 

Tato dizertační práce se věnuje syntéze a charakterizaci nových hybridních struktur 
využitelných v biomedicíně. Tyto systémy jsou zde rozděleny do dvou hlavních skupin: 
modifikované přírodní polymery a syntetické amfifilní blokové kopolymery, přičemž obě tyto 
skupiny byly studovány jako potenciální theranostická činidla pro medicinální aplikace. Co se 
týče první skupiny, přírodní polysacharidy glykogen a manan byly vybrány jako výchozí 
materiály pro přípravu nových nanokonjugátů, určených pro multimodální zobrazení in vivo. 
Protože roubování polysacharidů pomocí syntetických polymerů obecně zpomaluje 
biodegradační procesy, oba polysacharidy byly modifikovány dvěma různými způsoby tak, 
aby vytvořily konečné „nanosondy“, přičemž jeden způsob využíval roubování pomocí 
poly(2-methyl-2-oxazolinu). Připravené nanokonjugáty byly funkcionalizovány pomocí N-
hydroxysukcimidového esteru, díky čemuž výsledné materiály nesly fluorescenční značku a 
značku pro magnetickou rezonanci. Finální materiály byly testovány in vitro a in vivo, 
přičemž bylo zjištěno, že jsou plně biokompatibilní a biodegradovatelné a zároveň vykazují 
užitečné vlastnosti pro praktické využití v biomedicíně. Glykogen byl modifikován tak, aby 
nesl allylové a propargylové skupiny, a poté byl lyofilizován z vodného roztoku, aby mohl 
vytvořit nano- a mikrovláknitý materiál. Přítomnost dvojných vazeb v jeho struktuře zajistila 
možnost zesít’ování pomocí β-záření a k tomu přítomnost trojných vazeb umožnila 
modifikaci tohoto polymeru pomocí biologicky aktivních molekul. Získané samouspořádané 
struktury byly shledány jako velmi perspektivní materiály pro hojení ran. 
 Druhá část této práce se zabývá přípravou a charakterizací nových amfifilních 
diblokových kopolymerů, které slouží jako modely pro studium samouspořádaných komplexů 
citlivých na vnější podněty. Pro syntézu definovaného diblokového kopolymeru styrenu (S) a 
2-dimethylaminoethyl akrylátu (DMAEA) byla použita řízená radikálová polymerizace, 
přičemž první syntetizovaný blok byl gradientový kopolymer obou monomerů a druhý 
syntetizovaný blok byl homopolymer DMAEA. Výsledný diblokový polykationtový 
kopolymer vykazoval reverzibilní chování při změně pH a teploty, což je způsobeno tím, že 
samotný DMAEA je citlivý na vnější podněty. Nakonec byl vybrán kopolymer 
s nejužitečnějšími vlastnostmi a jeho potenciál pro biomedicínské aplikace byl studován in 
vitro. 
 Všechny připravené polymery byly charakterizovány pomocí široké škály metod – 
1H nukleární magnetické rezonance, infračervené spektroskopie, gelové permeační 
chromatografie či dynamického rozptylu světla. Navíc roztoky amfifilních diblokových 
kopolymerů byly studovány pomocí maloúhlového neutronového rozptylu. 

Klíčová slova: nanomedicína, polysacharidy, glycogen, manan, řízená radikálová 
polymerizace, amfifilní blokové kopolymery, samouspořádání. 
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1. Introduction 

Despite the continuously progressive investigations in nanoscience field there is still a 

need for the development of new methods for materials preparation and its further 

comprehensive characterization, as much as for the searching, design and synthesis of novel 

compounds these nanostructures can be made of. Generally the nanomaterials are made of 

inorganic (semiconductors, metals, their oxides and alloys)1-3 or organic compounds, where 

the latter are mostly represented by polymeric chemistry achievements (Figure 1). Therefore, 

a vast number of current researches in macromolecular science are dedicated to perspective 

candidates for preparation of new nanoscale structures for biomedical applications. These 

substances could be synthetic, natural or hybrid (consisting of both natural and synthetic 

components). Each type of those materials has its benefits and drawbacks, but the most clever 

and reasonable approach lies in using of all advantages of natural polymers and adjusting their 

properties according to the actual needs by combining them with synthetic polymers. Such 

hybrid substances exhibit biocompatibility and biodegradability and, at the same time, possess 

a wide range of possible chemical modifications for better defined structures. Moreover, an 

additional decoration of these hybrid materials with appropriate active compound, i.e., drug, 

genetic material, dye, contrast agent etc., opens an endless source of new biodegradable 

systems for medical purposes. This work is dedicated to development of a new functionalized 

hybrid nanomaterial as theranostic agents for biomedical applications. 

 

Figure 1. Examples of nanostructures. (a) Organic nanoparticles. From left to right: 

liposomes, dendrimers and carbon nanotubes. (b) Inorganic nanoparticles. From left to right: 

quantum dots, magnetic nanoparticles and gold nanoparticles. The figure was adopted from 

the reference4. 
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1.1. Nanomedicine 

Nanotechnology can be defined as the design, study, preparation and implementation 

of the materials at nanoscale (typically from 1 to 100 nm in size) with specific functions 

related to their small size. Nanomedicine essentially is an application of the nanotechnology 

into the medicine. From the very beginning of its history in the eighties of last century 

nanomedicine attracts a lot of interest and research activities due to immense potential of the 

benefits it can bring to humankind5,6. However, huge progress in this field was observed after 

1995, when the first therapeutic nanoagent Doxil® (Doxorubicin encapsulated in 

nanoliposomes) was approved by Food and Drug Administration in USA7. After that, the field 

of nanomedicine largely expands with new knowledge concerning development of new 

materials and nanostructures, as well as study of their toxicity, biocompatibility and 

therapeutic effects. The wide field of nanomedicine can be categorised into the following 

main branches8: 

1. Design and preparation of drug delivery systems for diseases treatment. 

2. Development of new diagnostic nanoprobes. 

3. Preparation of different scaffolds and healing systems for tissue engineering. 

Drug delivery systems or diagnostic probes intended for medical application have to 

fulfil certain requirements. First of all, nanostructures have to be biodegradable, 

biocompatible, and non-toxic. Second, the material should be present at the site of desired 

action in sufficiently high concentration and for the appropriate period of time. Thus, the 

possibility of prepared nanocarriers to pass the multiple physiological barriers on the way to 

the target without causing devastating side effects is the main feature for such materials. 

Consequently, the preparation of nanoparticles (NPs) with a further coating of their surface 

with a biocompatible synthetic or natural polymer to make them invisible for immune system, 

as much as using the natural macromolecules itself to create nanoconjugates for drug delivery 

or diagnostic purposes become “hot topics” in current biomedical research9-11. 

The most frequently applied nanosized vehicles for diagnosis, disease treatment and 

monitoring are antibodies, polymers, liposomes, micelles, dendrimers and inorganic NPs 

(Figure 2)12. 
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Figure 2. Examples of nanocarriers frequently applied for diagnostic or drug delivery 

applications. 

Liposomes. In the last few decades, extremely huge interest was paid to liposomes as 

pharmaceutical carriers of the great potential for many different applications. Liposomes are 

spherical phospholipid vesicles with an internal water phase surrounded with a bilayer 

membrane. The structure of liposomes gives a possibility to carry both hydrophilic and 

hydrophobic payload (i.e., drug, contrast agent, etc.). However, the main disadvantages of this 

nanostructure type are poor in vivo stability, due to the fast uptake by reticuloendothelial 

system (RES), equilibrium disintegration and leakage of the cargo. Recently, a big number of 

researches were dedicated to solve this problem leading to development of different types of 

liposomes, including long-circulating, multi-layered liposomes, or immunoliposomes13. 

Polymer conjugates. Nowadays, there are in a progress intensive studies of 

functionalized polymer conjugates aiming to obtain a biodegradable system sensitive to some 

external stimuli with the ability for enhanced delivery and controlled release of active cargo. 

In classical Ringsdorf’s model, polymer conjugate consists of biocompatible polymer 

backbone itself that is connected with the following parts: solubilizer to ensure solubility of 

whole material in water; drug, which is typically bound to the polymer chain trough 

degradable linker; and some targeting element to supply a desired specific biodistribution. 

Thus, the main advantage of using polymer-drug conjugates as a drug delivery system (DDS) 

is the controlled release of medicine in the targeted place and even in time. Nevertheless, 

polymer conjugates as multicomponent systems possess a big challenge in balance between 

the stability during transport and the particular unlinking of payload when the site of action is 

reached14. 

Micelles. One of the most popular and well-studied nanocarrier for diagnostic and 

therapy purposes are polymeric micelles. Micelles are self-assembled nanoparticles of 

amphiphilic polymers with a core-shell architecture and size ranging from 10 to 200 nm. 

Despite the variety of possible morphology of these particles (i.e., rod, lamellar, spherical, 
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worm-like, etc.), the inner hydrophobic core provides “isolation” of insoluble drug from 

outside environment to prevent its degradation. On the other hand, the outer hydrophilic layer 

ensures stability of the whole micelle in the bloodstream and avoiding uptake by RES. 

Furthermore, the hydrophilic corona can be functionalized with targeting and/or stimuli-

responsible moieties to achieve a specific biodistribution and pharmacokinetics of such 

nanomedicines. Anyway, for each particular application of polymeric micelles in drug 

delivery or diagnostics, parameters such as size and its distribution, surface charge, stability, 

loading capacity and functionalization for controlled drug release must be carefully 

considered15,16. 

Antibody conjugates. The antibody-drug conjugates (ADC) are typical examples of 

actively targeted systems for cancer and autoimmune diseases treatments, which rapidly 

became an important class of therapeutics on the market. Composed of monoclonal antibody 

that is connected to cytotoxic drug via linker, ADCs interact with a target antigen and locally 

deliver the active payload on desire site. Nevertheless, the low stability of ADC in 

bloodstream, selection of appropriate linker and preservation of the antibody ability to bind 

the antigen after conjugation with a cytotoxic drug are the persistent issues in the design, 

preparation and implementation of these systems. Moreover, the majority of ADC possesses 

poor penetration ability into the solid tumour tissue17. 

Dendrimers. The complex structure of dendrimers and the related specific properties 

made these tree-like molecules another important group of the nanocarriers for different 

medical applications. Dendrimers consist of the three main parts: core, interior shells that 

surround the core, and multivalent surface, containing a large number of active groups. A 

number of drug and gene delivery systems, diagnostic and MRI imaging agents prepared from 

dendrimers are emerging as promising candidates for different biomedical applications. The 

well-defined structure, multivalency and possibility of broad functionalization explain a high 

interest to dendrimers in nowadays research. However, the multi-step synthetic procedure as 

much as their tissue permeability still require a great effort18. 

Nanoparticles. Among different inorganic NPs the most intensively studied are gold, 

ceramic and iron oxide NPs. Undoubtedly, each of the mentioned types exhibits the specific 

properties for medical use (i.e., low toxicity, size uniformity, relatively easy preparation 

procedure), but they do also possess a main drawback – lack of the colloidal stability under 

the physiological conditions that requires additional modification of the particles surface19. 

Apart from stability, the biodegradability of NPs is another important issue. 



11 
 

Despite the variety of nanostructures suitable for the drug delivery and diagnostic 

purposes, this work is devoted to the polymer conjugates and micelles with a particular focus 

on the materials these structures were prepared from. 

In preparation of any functional nanomaterial intended for biomedical uses the 

selection of appropriate precursor plays a critical role. It determines not only physico-

chemical properties of final nanostructure, but also regulates its interaction with biological 

systems. Among variety of materials used in drug delivery nanomedicine, a special place is 

dedicated to natural polymers due to their abundance in nature, good biocompatibility, 

biodegradability and ability for easy modifications. Furthermore, some of such 

macromolecules mimic the structure of the cellular components and by this can be recognized 

by cells. Combination of all the above mentioned benefits makes natural substances the most 

appropriate candidates for biomedical applications. The majority of new systems created for 

nanomedicine using natural polymers are based on the proteins and polysaccharides10,11,20,21. 

Nevertheless, in the area of drug delivery, nanoparticles prepared by self-assembly of 

artificial amphiphilic block copolymers were also proved to be fully competitive. This field 

benefits from the most advanced synthetic developments. Using existing controlled 

polymerization methods, a big variety of amphiphilic and stimuli-responsive polymers were 

prepared in the last decade22. 

Typically, the nanoparticles that are prepared to be used for tumour targeting and 

therapeutic purposes are expected to possess passive targeting by the enhanced permeability 

and retention (EPR) effect during the blood circulation23,24. However, because of nonspecific 

serum protein adsorption and recognition by macrophages, the nanomaterial’s blood clearance 

will be initiated after intravenous (i.v.) injection, resulting in a low concentration of active 

substance in targeted site. The main trick to prolong blood circulation time of nanoparticles is 

to make their surface antifouling, e.g., by coating with poly(ethylene oxide) (PEO)25. Such 

functionalization makes a drug carrier “invisible” for organism and supresses the immune 

system response. As an alternative to PEO, poly(2-methyl-oxazoline) and poly(2-ethyl-

oxazoline) were studied for decoration of liposomes, and were shown to provide the enhanced 

circulation times of resulting nanocarriers in rats and mice26. In the last few decades, a great 

number of works were contributed to the synthesis and characterization of poly(2-alkyl-

oxazoline)s as the materials for biomedicine27-30. Due to the structural similarity to peptides, 

this class of macromolecules is also called pseudopeptides. In fact, because of the resistance 

of tertiary amide groups inside the polymer chain to enzymatic hydrolysis, poly(2-oxazoline)s 

possess a good stability in the physiological environment29. These bio-inspired polymers 
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exhibit biocompatibility and non-toxicity, and their final properties can be easily adjusted 

during the preparation or by post-synthesis modifications. They are prepared by the cationic 

ring-opening polymerization (CROP) of 2-substituted-2-oxazolines that was for the first time 

reported in the sixties of last century. The general mechanism of CROP is shown in Scheme 1 

and involves a formation and propagation of oxonium ion center. Generally, an electrophilic 

alkylating agent RꞌX (i.e., halide) is used as an initiator, but protic or Lewis acids and 

sulfonates (i.e., tosylates and triflates) are also often applied for this purpose in the CROP30. 

During the initiation step an oxazolinium species is formed, and the subsequent nucleophilic 

attack of 2-substituted-2-oxazoline monomer into the oxygen atom results in the opening of 

the ring and formation of N-acyl group (Scheme 1A)31. During the propagation, another 

monomer reacts with a propagating oxazolinium, leading to elongation by one unit of the 

propagating chain, and by repeating this step poly(2-alkyl-2-oxazoline)s are produced. The 

living character of this polymerization allows an easy synthesis of block copolymers. In 

addition, the preparation of different functionalized polymers can be achieved by using an 

appropriate terminating agent RꞌꞌY. Water, functional alcohols, amines and carboxylic acids, 

etc., are the most often used compounds for termination of CROP of 2-substituted-2-

oxazolines (Scheme 1B). 
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Scheme 1. General mechanism of CROP for poly(2-alkyl-2-oxazoline)s preparation. 

The selection of a proper initiator, monomer and termination agent allows to obtain a 

variety of poly(2-alkyl-2-oxazoline)s with different structures and properties. Thus, short 

homologues with up to 3 carbon atoms in the side chains (i.e., methyl, ethyl, propyl and 

isopropyl) are hydrophilic with a low-critical solution temperature, while longer substituents 

in monomer produce hydrophobic macromolecules30. Therefore, the possibility of an easy 

synthesis of well-defined polymers together with biocompatibility and antifouling features 

made poly(2-alkyl-2-oxazoline)s perfectly suitable candidates for applications in biomedical 

field30. 
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The in vivo distribution of polymer-based carrier can be also manipulated by varying 

the ratio of hydrophilic and hydrophobic segments on the surface of nanostructures. 

Furthermore, to increase efficiency of designed material and to prolong its blood circulation, 

nanoparticles can be made of or decorated with polymer chains that are stimuli-responsive or 

end-functionalized with cancer-targeted groups. Thus, incorporation of building blocks with 

tuneable properties under specific condition (e.g., pH, enzyme, temperature, magnetic field, 

ultrasound or ionic strength) has allowed the design of many different systems capable of 

releasing their payload in a controlled manner32. 

Diagnostics plays a main role in medicine for both prevention and successful treatment 

of any disease. The advantage of nanostructure-based diagnostic probes consists of their 

potentially higher sensitivity and selectivity in comparison to classical one33. Nowadays, 

nanotechnology approaches allow us to analyse a single cell or even molecule, if appropriate 

modification of nanoparticle surface or material was performed34. It is also important to 

mention that the structure of nanomaterials establishes their functionality. Therefore, in terms 

of architecture and morphology the main goal in the preparation of any material assembly for 

nanomedicine is the fabrication of multifunctional carriers that besides their biocompatibility 

and non-toxicity can simultaneously target the specific site, assist in in vivo imaging, deliver 

and release an active payload in a well-defined and controlled way. Non-invasive imaging 

techniques are the most popular in diagnostics of diseases, because they allow a real-time 

visualization of organs, cells or even intracellular molecular interactions. These techniques 

include X-ray computed tomography (CT), single photon emission computed tomography 

(SPECT), positron emission tomography (PET), optical, ultrasound and magnetic resonance 

imaging, and will be discussed below35. However, in many cases it has been found that the 

addition of a contrast agent improves sensitivity and/or specificity of a diagnostic method, as 

well as provides better visualization of the diseased tissue. For example as a contrast agent in 

MRI are frequently used gadolinium(III)-based complexes36. However, these probes have 

some major disadvantages connected with low accessibility of Gd(III) complexes in the blood 

stream and extracellular space37. These limitations can be overcome by conjugating Gd 

contrast agents with nanostructures, which ensure higher content of Gd(III) ion in the 

nanoprobe, thus enhance the MRI signal. Moreover, by the adjustment of the size and shape 

of nanostructure carrier can also increase a specific targeting and cellular uptake of Gd(III) 

ions. Therefore, various approaches describing preparation of Gd(III) conjugates with 

different nanostructures based on silica38, TiO2
39, gold40, dendrimer41, nanodiamond42 or 

polymer43 were recently published. Nevertheless, the conducted investigations and obtained 



14 
 

materials show there is still a place for new systems, and preparation of new multifunctional 

nanostructures with Gd that ensure a sufficiently high concentration of Gd(III) or other 

markers (i.e., radioactive, fluorescence, etc.) is nowadays needed. Gadolinium is usually 

chelated with the stable macrocyclic complexes, which are relatively resistant towards in vivo 

decomplexation of Gd3+, which is otherwise toxic in free form. In this work, the synthesis of 

new nanoconjugates containing Gd3+ ions and fluorescence label was performed. 

The use of macromolecular nanostructures also helps to make significant progress in 

the field of tissue engineering (TE) and regenerative medicine. Different methods were 

developed for fabrication of three-dimensional scaffolds with nano-scaled architecture 

(nanopores or nanofibers), which mimic structure of extracellular matrix (ECM)44. The 

hierarchical architecture of scaffolds provides the space for regeneration of tissues45. The 

typical strategy used in TE can be subdivided into three components: a scaffold (an artificial 

ECM), cells and biological factors. Cells are seeded in porous scaffolds that serve as 

mechanical support, together with some bioactive (i.e., growth) factors. After the cell 

constructs are successfully engineered, they are used for the defect to restore a function 

(Scheme 2). Therefore, the scaffold serves as a template for tissue regeneration and plays a 

central role in the new tissue formation. During design and construction of scaffolds for TE 

one must keep in mind the specific requirements for the material to be used. Those are 

biocompatibility, non-toxicity, controlled biodegradability, good mechanical properties and 

suitable surface chemistry for the successful attachment, migration, proliferation and 

differentiation of the cells. 

 
Scheme 2. Tissue engineering approach for regenerative medicine. 
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Advanced wound dressings for promoting healing processes should possess similar, 

yet specific properties46,47. They should be essentially non-toxic and non-immunogenic, 

highly permeable, hydrophilic and functionalizable in order to enable controlled delivery of 

healing promoters. It is beneficial if materials are slowly biodegradable and do not attract 

cells significantly, allowing closure of the wound space with the newly formed tissue. A 

variety of materials were investigated for TE and wound healing including natural materials 

such as starch, alginate, chitosan, hyaluronic acid, collagen, fibrin, silk or synthetic materials 

such as poly(D,L-lactide), poly(glycolic acid), polycaprolactone, etc.48 

A range of different techniques can be used to fabricate a porous scaffold for TE 

purposes. Typical methods for scaffold preparation include particle leaching, solvent casting, 

gas foaming, phase separation, freeze-drying, electrospinning and rapid prototyping. Solvent 

casting and particle leaching are the most popular and widely used methods in TE. In those 

approaches, the homogenous polymer solution is placed into the mold that is filled with a 

porogen, i.e., salt, sugar, paraffin or poly(methyl methacrylate) particles. The porous polymer 

structure is obtained after porogen is removed from material by leaching out with appropriate 

solvent. The main advantages of particle leaching and solvent casting are easy manipulation 

and possible control over porosity and pore diameter by changing the size and amount of 

porogen. On the other hand, the shape of created pores and their interconnection are hardly 

controlled during those processes49,50. 

The gas foaming technique basically uses the same approach as in the previously 

described methods with the difference in using gas as porogen. Thus, removing a leaching 

step from the preparation process significantly reduces the whole time for scaffold fabrication. 

The absence of need to use harmful organic solvents is another advantage of this method. 

Nevertheless, during the gas foaming it is hard to control the pore size and, similarly to the 

solvent casting and particle leaching techniques, it is difficult to ensure a good pore 

connectivity51. 

Phase separation is a versatile technique, which includes thermally-induced, solid-

liquid and liquid-liquid phase separation. In case of thermally-induced phase separation, 

polymer solution is placed in the mold that will be very rapidly cooled down, while pores are 

formed during the freezing of solvent. After induced phase separation, the solvent is removed 

by evaporation, extraction or freeze-drying. Small pore size and using organic solvents are the 

main drawbacks of this method of scaffold preparation52. 

Using freeze-drying methods in tissue engineering is an easy and comparably quick 

approach to obtain highly porous polymer-based scaffold, while the structure of the pores can 
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be controlled by varying the freezing temperature. Direct sublimation of solvent in freeze-

drying technique allows to prepare a material with nicely interconnected pore network, 

however, the homogeneity of scaffold remains an important issue to control53,54. 

Electrospinning is one of the most widely used techniques to fabricate the nanofibers, 

because it is an easy and inexpensive method with a broad range of polymers that can be used. 

During the procedure, an adjustable voltage is applied to generate a potential difference 

between polymer fluid and collecting target. When electric charge overcomes the surface 

tension of polymer solution or melt, the polymer jet is ejected from spinner nozzle and by 

subsequent solvent evaporation the solid nanofibers are formed. The nanofibers mesh is 

formed on the electrode collector. The size of prepared fibers can be controlled by varying the 

polymer concentration in the solution, flow rate and distance between the spinner needle and 

the collector. Despite the simplicity of nanofiber formation with beneficially large surface 

area by electrospinning, using of organic solvents and the difficulty in preparing thick three-

dimensional (3D) structures limits the technique applicability55,56. 

Rapid prototyping (RP) is a name for a group of techniques that, using computer-aided 

design, automatically manufacture 3D objects, where each part is built up in a layer-by-layer 

way. The main advantages of such methods for scaffold preparation are precise control of 

morphology and high reproducibility of product structure. RP techniques allow quick 

fabrication of material with a possible tailoring of physical properties (i.e., porosity) for 

particular needs. However, the use of solvent and/or elevated temperature, as much as limited 

number of biomaterials that can be treated during RP processing, still restrict the application 

of RP in TE57,58. 

The choice of fabrication techniques for TE scaffolds, first of all, depends on the bulk 

and surface properties of the material and, while each of described methods possess benefits 

and drawbacks, the particular selection of the most appropriate technique must be done to 

meet the requirements for the specific type of tissue and targeted goal. 

This work is focussed on the development of novel nanomaterials for both diagnostic 

and therapy, using natural nano-scaled materials and self-assembled nanostructures prepared 

from polymers of both synthetic and biological origin. 
 

1.2. Nanoscale objects of natural origin in nanomedicine 

In spite of a relative juvenility of nanotechnology as a field, nanomaterials exist and 

are widely used by people for ages. Starting from our own DNA or proteins, through 
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nanoscale food as milk till the nano-sized computer chips, – “nano” is all the time around us. 

In fact, nanoparticles are quite abundant in nature, as they are produced during various natural 

processes, including forest fires59, volcanic eruptions60, photochemical reaction, etc.61-63 

Considering natural materials as a source for nanostructure preparation to be used in 

nanomedicine, one would immediately think about polypeptides and polysaccharides. Indeed, 

those compounds are highly biocompatible and perfectly biodegradable polymeric structures. 

Nevertheless, some of naturally occurring polymers possess very attractive features for 

application in biomedicine, while their shape and size fit perfectly the range for 

nanomedicine. Actually, quite many drug-delivery systems were already prepared using as a 

polymer based natural polysaccharides and proteins64-66. Among the last ones gelatine, 

collagen and albumin are the most widely studied natural polypeptides67-69. Proteins gained 

such a high interest in nanomedical applications due to their uniform nanometer size, 

bioavailability, biodegradable properties and a presence of number of functional groups on the 

surface and inside their structure. However, protein-based DDS possess major limitations in 

terms of their possible toxicity and immune response, while the cost of their manipulation is 

quite high70. 
 

1.2.1. Polysaccharides as construction materials for biomedical applications 

Nowadays, big attention of scientific community is also addressed to polysaccharides, 

as another attractive type of materials suitable for preparation of new theranostic agents for 

nanomedical application. Such high interest to them is induced by their abundance in nature, 

broad range of possible chemical modification, good biocompatibility and biodegradability. 

Polysaccharides are a polymeric form of carbohydrates, where monosaccharide units are 

covalently bonded via glycoside linkage and, because they are well known to be important 

structures for immune system recognition71, polysaccharide-based nanostructures are perfect 

candidates for preparation of self-targeting carriers or contrast agent for biomedicine. These 

abundant macromolecules originate from a variety of sources: seaweeds (i.e., alginate, ulvan, 

fucoidan, carrageenan), plants (i.e., pectin, cellulose, starch, guar gum), microorganisms (i.e., 

dextran, xanthan gum, pullan) or animals (i.e., chitosan, heparin, chondroitin, hyaluronan). 

The chemical structure, composition and molecular weight of polysaccharides significantly 

differ, thus biological properties of these natural polymers vary too. Due to the enormously 

wide distribution in nature, just a part of polysaccharides was already investigated for 

biomedical applications (i.e., cellulose, dextran, chitosan, alginate and hyaluronic acid)72-78. 
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Cellulose is the most abundant biopolymer in the nature, consisting of 

glycopyranoside residues linked together via β(1→4) bonds. Strong interaction between 

hydroxyl groups in its structure leads to the self-assembling of cellulose materials and the 

formation of extended network through hydrogen bonds. The beneficial mechanical properties 

of cellulose-based nanostructures, their biocompatibility and availability, induced a 

widespread interest to use them in biomedicine67. 

Dextran is high molecular weight polysaccharide originated from bacteria and 

composed of glucopyranoside residues that are linked by α(1→6) glycosidic bonds with a 

small percentage of branching via α(1→3) linkage. Due to the presence of dextran degrading 

enzymes produced by intestinal bacteria in a mammalian organism, many research efforts are 

devoted to the preparation of dextran-based NPs for colon-targeted drug delivery79. 

Chitosan is a linear polysaccharide obtained by deacetylation of chitin, which is the 

main component of crustacean’s and insect’s exoskeleton. Chitosan consists of β(1→4)-

linked D-glucosamine and N-acetyl-D-glucosamine and its cationic nature provides a good 

adherence to mucosal surfaces and antimicrobial activity at low pH. Also, chitosan was 

reported to have antitumor and antioxidant activities70. These properties ensure high interest 

to chitosan and its derivatives as the construction materials for biomedical field, as much as 

for agriculture, food industry and biotechnology80. 

Alginate is a linear polysaccharide composed of β-D-mannuronic acid and α-1-

guloronic acid residues linked by (1→4) bonds. Besides non-toxicity, biodegradability and 

highly mucoadhesive properties, the ability of alginate to crosslink in water solutions in 

presence of calcium ions made alginate-based gels one of the most frequently used materials 

in the medical field81. 

Hyaluronic acid or hyaluronan is another linear polysaccharide of high molar mass, 

whose chains consist of D-glucuronic acid and N-acetyl-D-glucosamine with β(1→4) linkage. 

Its useful properties, including specific targeting ability to cancer cells (by interaction with 

specific glycoprotein) result in high interest to hyaluronan for the preparation of novel DDS82. 

Glycogen. As it was mentioned above quite a lot of natural polysaccharides have been 

already intensively studied in terms of the possible use for different biomedical applications. 

Nevertheless, within this type of natural polymers glycogen (GG) deserves a special interest 

and was not yet well studied for application in nanomedicine before. GG is the main storage 

form of glucose in mammalian organisms, including humans with the highest concentrations 

in the liver and muscles with the average content in human organism is around 100 g83. GG is 
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hyperbranched poly(D-glucose), where D-glucose units are connected with each other by 

(1 4) bonds and branching is via (1 6) bonds84,85. It is a natural high-molecular-weight 

(typical Mw is several MDa) biodegradable dendrimer with a small protein glycogenin as a 

core. Structurally GG is related to dextrin but is much more branched, branching point via 

6) glycoside bond occurs every 8-10 glucose units (Scheme 3A). It has been shown that 

GG has a spherical shape with a size 27 nm in radius that makes it a completely 

biocompatible and biodegradable nanoparticle for biomedical application86 (Scheme 3B). 

Moreover, biosynthesis and biodegradation of GG in living organism proceeds under the 

physiological conditions only intracellularly by both phosphorolysis and glycolysis87. Thus, 

glycogen is almost inert to amylases present in the bloodstream that gives it an important 

degradation resistance after intravenous administration and ensures a prolonged circulation in 

organism88. Moreover, molecular weight of GG is well above the renal threshold, so it cannot 

be directly eliminated by kidneys without previous degradation inside the cell. Because of all 

these properties, GG is a very perspective construction material for novel theranostic agents in 

biomedicine. 

 
Scheme 3. (A) The structure and (B) bright-filed transmission electron microscopy 

image of natural polysaccharide glycogen86. 

In this thesis specific modifications of glycogen structure were performed in order to 

study the obtained hybrid systems as promising candidates for different nanomedicine 

applications. 

Mannan. Another biodegradable polysaccharide, which was selected in this work for 

preparation of multifunction agents for nanomedicine was mannan (MN). The structure of 

MN differs depending on the source it is extracted from. Within my work, I used 

commercially available mannan from Saccharomyces cerevisiae (with a molecular weight of 

~ 40 kDa89). Its structure consists of an (1 6)-linked mannose backbone with a high 
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percentage of (1 2) and 3) side chains of different composition (Scheme 4). The 

hydrodynamic radius of MN in the physiological conditions (PBS; pH=7.4) is 3.6 nm, and 

therefore it can be characterised as a natural nano-sized material. In addition to its 

biocompatibility, biodegradability and non-toxicity, MN possesses a specific feature among 

polysaccharides. In the living organism, it binds to the mannose receptors, which are a part of 

multilectin receptor proteins, providing a link between innate and adaptive immune systems90. 

Therefore, MN is preferably accumulated in the immune cells overexpressing the DC-SIGN 

receptors (dendritic cell-specific ICAM-grabbing non-integrin receptors, where ICAM is an 

intracellular adhesion molecule)91. This property would be extremely useful in the diagnosis 

of the sentinel lymph nodes and inflammations which are heavily infiltrated with 

macrophages and dendritic cells. Advantages mentioned above open perspectives in using 

MN for biomedicine as a probe for investigating the pathological processes and developing 

corresponding therapies. 

 
Scheme 4. Chemical structure of native mannan from Saccharomyces cerevisiae. 

In this thesis, the modification approach to obtain mannan-based probes for 

multimodal imaging as much as preliminary investigation of their in vitro and in vivo 

behaviour was done. 

The often used strategies for utilization of polysaccharides in nanomedicine involve 

preparation of hybrid structures together with synthetic polymer for drug delivery or 

additional functionalization of polysaccharide structure with a marker that enables in vitro and 

in vivo visualization (Scheme 5). Therefore, arming with already done research concerning 

application of natural polysaccharides as theranostic agents, design and preparation of the new 

structures that would posse additional benefits for specifically targeted applications is one of a 

major task for today's polymer science. 
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Scheme 5. Polysaccharide-based hybrid materials for biomedical purposes: (A) hybrid 

systems for therapy, (B) materials for diagnostics. 
 

1.3. Self-assembling systems in nanomedicine 

Self-assembling processes are omnipresent in nature, ranging from viruses to the 

internal compartment of every living cell. By this processes, which are typically associated 

with thermodynamic equilibrium (more entropically-favored state), particles or their 

components spontaneously organize due to the specific interactions in order to minimize free 

energy of the system92. The self-assembling processes can occur over nano-, micro- and 

macro-scales via non-covalent forces, such as electrostatic or hydrophobic interaction, 

hydrogen bonds or Van der Waals interaction. These interactions are well known and 

described in the literature93. Within an area of biomedicine, self-assembled materials represent 

a unique opportunity to prepare well-controlled structures using a vast range of molecular 

building blocks, including peptides, carbohydrates, lipids and synthetic polymers94. 

The concept of self-assembling is a powerful phenomenon borrowed from nature by 

scientists for preparation of novel supramolecular systems for different theranostic 

applications. Nowadays, there is a continuously increasing interest to design and preparation 

of polymeric nano- and microstructures for regenerating purposes in tissue engineering. In 

this term, the most perspective approach is fabrication of a hybrid system, thus to combine 

biocompatibility and non-toxicity of natural polymers, such as proteins or polysaccharides, 

with a tailored synthetic part, which ensures the required physical properties and stability of 

final material95. Preparation of the whole range of hybrid systems as scaffolds for tissue 
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engineering was reported in a last decade96. Among synthetic polymers, the most frequently 

used are: poly(ethylene oxide), polylactic and polyglycolic acids, different polyhydroxy acids 

and poly(methyl methacrylate)97. However, the current strategy in tissue engineering is more 

focused on use of polysaccharides or their derivatives for the development of scaffolds for 

bone, skin and cartilage tissue regeneration. Chitin and chitosan, hyaluronic acid, alginate, 

dextran, starch and cellulose – are undoubtedly leaders between polysaccharides in this 

filed98. One of the perspective natural polysaccharides that has not been studied yet for tissue 

engineering applications is glycogen (GG). Recently, we have shown that GG forms different 

3D nano- and microarchitecture structures depending on the initial concentration of its 

aqueous solution via freeze-drying from water99. In my work I have used natural polymer 

glycogen to construct a frame for TE on its base. 

Moreover, the self-assembling process is highly attractive for preparation of novel 

DDS and diagnostic probes from block copolymers. Recent achievements in controlled 

polymerization approaches as much as in the post-modification methods allow the preparation 

of highly precise polymer-based systems. Furthermore, with an extra ability to possess pre-

designed or molecularly encoded properties, such well-defined polymers are expected to 

make a revolutional impact on biotechnology100. For medical applications, plenty of 

multifunctional polymeric nanoassemblies have been created for targeting, imaging and 

therapeutic purposes. Among others, amphiphilic di- and triblock copolymers are 

predominantly studied for nanocarrier preparation101. Amphiphilic copolymers are 

macromolecules composed of two or more monomeric units with different chemical natures 

and solution properties. In order to minimize their contact, covalently joined into blocks or 

segments, such incompatible units force the macromolecule to achieve preferential 

orientation, thus amphiphilic polymers undergo self-assembly in solution. Moreover, if the 

copolymer solution is in dynamic equilibrium, the structure and morphology of aggregates 

could undergo a transformation induced by changes in the external conditions (temperature, 

salinity, pH, etc.) (Scheme 6). This stimuli-responsible ability makes nanostructures of 

amphiphilic polymers the perfect candidates in design of smart nanocontainers for 

encapsulation of, e.g., hydrophobic drugs. 
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Scheme 6. Schematic illustration of self-assembly of amphiphilic diblock copolymer 

as a response to an external stimulus. 
 

1.3.1. Controlled radical polymerization for block copolymers synthesis 

A tremendous effort was applied for developing of new synthetic methods for 

preparation of block copolymers in order to make their preparation easier and ensure a better 

control of their chemical structure. Controlled radical polymerization (CRP) is a powerful and 

recently intensively used tool for synthesis of polymers with desired molecular weight, its 

distribution and exact composition of the final macromolecules. In contrast to another widely 

used method – ionic polymerization, the controlled radical polymerization tolerates functional 

groups on the monomers and impurities. Moreover, this approach is appropriate for various 

monomer combinations that cannot be used in ionic polymerization, such as acrylic acid 

(AA)/styrene (S) or AA/tert-butyl acrylate. 

Among numbers of developed CRP methods, transition-metal-catalysed atom transfer 

radical polymerization (ATRP), reversible addition-fragmentation transfer (RAFT) and 

nitroxide-mediated radical polymerization (NMRP), – are the most advanced and often used 

procedures. In the last decay, many works were reported about the synthesis of 

macromolecules with various compositions (homopolymers, random, block, graft and 

gradient copolymers) and novel morphology (linear, star, comb-like, brushes, branched, 

networks, etc.) using CRP techniques102. Rapidly developing techniques of NMRP103-105, 

RAFT106,107 and ATRP108,109 were successfully applied in the last few decades for preparation 

of amphiphilic block-copolymers with well-defined structures. In all CRP procedures the 

main approach is based on the prolongation of propagating chains lifetime, minimizing 

irreversible termination within the chain growth process and making the whole process 

pseudo-living. For this purpose the equilibrium between active propagating chains and 
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dormant species is established. This equilibrium should be shifted towards the dormant 

species and an exchange between active and dormant chains should be faster compared to 

propagation. Due to the living character of CRP, after one monomer consumption the active 

centre lives and by addition of a new portion of another monomer or monomer mixture the 

desired block copolymers can be formed. In fact, within CRP the block copolymers can be 

prepared by two strategies: by sequential addition of monomers or by using of bifunctional 

initiator. The last approach gives extra benefits in terms of triblock copolymers synthesis, 

where only two steps procedure can be used102. 

Nitroxide-mediated radical polymerization (NMRP) is based on a reversible 

termination mechanism between growing radical and nitroxide, which acts like a control 

agent, resulting in alkoxyamine as a dormant species110. The last one generates back the 

propagating radical and the nitroxide through homolytic cleavage during the temperature 

increase (Scheme 7A). The kinetics of polymerization is governed by activation-deactivation 

equilibrium constant (K = kd/kc) and the persistence radical effect. The first NMRP was 

reported in 1993 by George and co-workers when it was used for the well-controlled 

polymerization of styrene using benzoyl peroxide as initiator and (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) as mediator111. Since then, a range of different 

alkoxyamine compounds capable of reversible activation as much as nitroxide molecules were 

synthesized. N-alkoxyamines, also called O-alkyl hydroxyamines, are compounds with a 

structure R1R2NOR3, which can undergo fragmentation into an alkyl R3
• and stable nitroxide 

radicals R1R2NO•. Nowadays, quite often used alkoxyamines are N-tert-butyl-N-(1-diethyl 

phosphono-2,2-dimethyl propyl)nitroxide (SG1) based MONAMS or MAMA (BlocBuilder®, 

N-(tert-butyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxyl-

amine) (Scheme 7B, C). Nitroxide radicals are compounds, which contain an aminoxyl group 

that possesses unpaired electron and can be considered as combination of two mesomeric 

structures, providing a basement of nitroxide stabilization105. Due to the wide range of 

suitable monomers, initiators and control agents together with an easy manipulation, made 

NMRP widespread for the synthesis of plenty different polymers for various research areas, 

such as microelectronics, nanoporous materials, surfactants and lithium batteries105. 
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Scheme 7. (A) Mechanism of NMRP, structures of (B) nitroxides and (C) 

alkoxyamines used in NMRP. 

In this work NMRP was used to synthesized novel type of amphiphilic diblock 

copolymers of styrene (S) and 2-dimethylaminoethyl acrylate (DMAEA) with a different 

composition of associating block. Subsequently, studying of their self-assembling behaviour 

in aqueous solutions as well as the influence of pH, ionic strength and temperature on the 

formation of nanoaggregates (i.e. size and aggregation number) and further modification of 

their structure was done in order to investigate their possible use as nanocarriers in 

biomedicine. 
 

1.4. Imaging techniques in biomedicine 

The ability to detect, diagnose and control physiological and molecular changes using 

imaging is of primary importance for any disease treatment. Non-invasive monitoring of 

physiological and pathological processes in tissue required both an appropriate technique and 

the advanced probe. In general, the clinical imaging techniques that are the most frequently 

used in medicine nowadays include planar X-rays, computed tomography (CT), single-photon 

emission computed tomography (SPECT), positron emission tomography (PET), magnetic 

resonance imaging (MRI), ultrasound, fluorescence imaging (FLI) and photoacoustic 

microscopy/tomography (PAM/PAT)112-114. In the context of potential health hazards dictated 

by the type of energy used, the clinical imaging methods can be classified into two groups: 
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ionizing (CT, PET, SPECT) and non-ionizing (FLI, PAM/PAT, MRI) imaging techniques. In 

contrast to the ionizing medical imaging modalities, the non-ionizing ones use a harmless 

low-energy input radiations that are safer for targeted subjects and allow repeated imaging 

procedures. The most widely used non-ionizing imaging techniques are ultrasound and 

MRI112. 

Magnetic resonance imaging (MRI) 

Magnetic resonance imaging is obtained by placing an investigated subject under a 

strong magnetic field (typically, 1.5 or 3 Tesla), which aligns the hydrogen nuclei spins in 

direction parallel to the external field. With a further application of radio frequency pulse 

some atomic spins rich a sufficient energy level to rotate and change a magnetization vector 

of the whole net. When the radio frequency is removed, the spins transit to their original 

orientation (relaxation), emitting energy. Depending on the relaxation time, MR imaging is 

divided into T1- and T2-weighted. In order to improve the MRI contrast and the resolution 

capability, quite often special agents are used, for instance gadolinium and superparamagnetic 

iron oxide as T1 and T2 relaxation agents, respectively114. As a result, the method is valuable 

for its possibility to provide a high-contrast definition of normal and abnormal tissues. For 

example, specially developed MR imaging technique allows diagnosing the arterial diseases 

without discomfort, risk and a high cost of invasive angiography115. Thus, two main 

advantages of MRI are the excellent soft tissue contrast and the use of non-ionizing 

electromagnetic radiation that is not harmful for patients. 

Fluorescence imaging (FLI) 

Fluorescence imaging is one of the most powerful and frequently used basic non-

invasive techniques in biological and clinical studies. The main advantage of the technique is 

that FLI reveals only objects of interest in a black background. The technique uses fluorescent 

probes, which emit radiation of visible or near-infrared wavelengths that are further scanned 

by optical cameras. Over the past decades, chemists have synthesized thousands of different 

fluorescent probes that can match the particular experiment conditions and goals. Although 

fluorescence in the visible light range can get into a living tissue only to the depth of 1–2 mm, 

the one in the near-infrared region can penetrate up to several centimetres of tissue, enabling 

imaging to greater depths116. 
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Proton emission tomography (PET) 

Positron emission tomography is a powerful technology capable of imaging 

biochemical processes in vivo in real time by using a small dose of radionuclide-labelled 

probe. PET imaging uses radionuclides created in cyclotron, such as 18F, 11C, 64Cu, 124I, 86Y, 
15O, 13N or formed in a generator as 68Ga117. Nuclear-imaging methods, such as PET and 

SPECT are often used in neurology and cognitive science but have a limitation because of the 

radiation dose absorbed by tissue during the diagnostics118. 

Computed tomography (CT) 

Intrinsic diversities in X-ray absorption by different tissues, water and air provide a 

contrast in computer tomography (CT). Introduced in 1970th, CT gives the cross-section 

images of the body, providing the information that previously could not be obtained119. Thus, 

together with the related cross-sectional imaging technologies it fundamentally had changed 

the medical routine, providing extraordinary capabilities to investigators. A key advantage of 

CT is its high spatial resolution (15-20 µm) that allows to visualise fine anatomical details as 

well as relatively short imaging times120,121. CT can be also combined with other functional 

imaging techniques, providing dynamic information during the patient diagnostic. However, 

due to the health risks the radiation dose cannot be ignored and limits repeated imaging in 

human studies122. 

The current approach in biomedical imaging tends to so-called multimodal agents123. 

Each imaging technique has its benefits and drawbacks, thus a single method is typically not 

enough for comprehensive analysis. The possibility of dual or multi collection of signals from 

one probe makes feasible a simultaneous observation of pathology or distribution of applied 

nanomaterial by different methods for the complex overview. Therefore, the hybrid materials 

based on natural polymers, which offer additional benefits in terms of biocompatibility and 

non-toxicity, receive a big attention in clinical imaging as the contrast agents124. The 

functionalized nanostructures prepared in this work possess dual contrast ability that makes 

them suitable for both fluorescence and magnetic resonance imaging techniques. 
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2. Aims of the thesis 

The main goal of the work was the development of new functionalized hybrid 

materials based on both natural and synthetic made polymers as theranostic agents for 

biomedical applications. 

The specific aims of the thesis were as follows: 

1. Synthesis and characterization of new hybrid copolymers based on biodegradable 

polysaccharides, which can be potentially used for the diagnostics and therapeutics of cancer. 

As the precursors for this purpose two polysaccharides were chosen: glycogen and mannan. 

2. Preparation of a new biodegradable glycogen-based hybrid functional material to be used in 

tissue engineering. 

3. Preparation of the model diblock stimuli-responsible nanocontainers based on styrene and 

2-dimethylaminoethyl acrylate, which can be used in biomedicine for delivery of active 

payload. 
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3. Results and discussion 

3.1. Polysaccharide-based conjugates for drug delivery and diagnostic purposes 

3.1.1. Glycogen-based hybrid complexes for cancer diagnostic and therapeutic purposes 

In the last decade, an enormously high interest was devoted to preparation of drug 

delivery systems (DDS) and different diagnostic probes on the base of biodegradable 

polysaccharides10,125,126. Despite the beneficial properties of glycogen (GG) mentioned above 

it is still underused for the purposes of biomedicine with only a few published studies on the 

topic, e.g. GG has been used for coating of gold nanoparticles and to form hydrogels by 

enzymatic modification with amylose127. Therefore, in this thesis glycogen was selected as a 

platform for preparation and characterization of the novel hybrid nanostructures for 

application in biomedicine as a dual modal contrast agent for FLI and MRI (with a 

perspective use in drug delivery and diagnostic filed of biomedicine). 

For a newly developed contrast agent it is beneficial to provide visualization of the 

areas of interest for a sufficiently long period of time. The lifetime of diagnostic is mainly 

controlled by intensity of renal clearance and enzymatic degradation. Because glycogen has 

high molecular weight that is well above the renal threshold diagnostic agents based on it 

cannot be eliminated directly by kidneys. Nevertheless, such nanostructure can still undergo 

intracellular degradation that may result in decreasing contrast intensity. In order to prolong 

the degradation time of GG-based probes, the structure of GG was modified with poly(2-

methyl-2-oxazoline)s (POX) chains with various grafting density. The preparation of dual 

modal contrast agents from GG were done according to Scheme 8. The glycogen-graft-

poly(2-methyl-2-oxazoline)s (denoted as GG-POX) were prepared analogously to the 

previously described procedure128. The 2-methyl-2-oxazoline was polymerized by cationic 

polymerization initiated with allyl bromide and then its living ends were terminated by 

separately prepared glycogen sodium alkoxide. The molecular weight of POX grafts was 

determined by mass spectrometry after termination of active chains with water: number-

average molecular weight Mn = 672 g/mol, polydispersity Ð = Mw/Mn = 1.11, where Mw is the 

weight-average molecular weight. Formed GG-POX contained vinyl groups that were then 

further reacted with cysteamine by ultraviolet (UV)-initiated thiol-ene “click” chemistry to 

introduce primary amino groups to glycogen conjugates. The latest were subsequently marked 

with different fluorescent dyes, resulting in fluorescent glycogen conjugates for both in vitro 
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and in vivo imaging. The structure of conjugates was confirmed by 1H, 13C NMR and Fourier-

transform infrared (FTIR) spectroscopies. 
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Scheme 8. Synthesis path for glycogen modification with poly(2-methyl-2-oxazoline). 

The FTIR spectra of all GG-based conjugates were similar to the non-modified (neat) 

glycogen (Figure 3). Peaks at 3300, 2920 and 1630 cm-1 correspond to ν(OH), νas(CH2) and 

ν(CO) vibrations, respectively (Figure 3). The IR spectrum of GG_DOTA-Gd_Dy615 shows 

an appearance of small peak at 1566 cm-1, which correspond to ν(COC) vibration originated 

from 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) complex (Figure 3A). 
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Figure 3. FTIR spectra of the GG-based conjugates 

However, a significant difference can be seen while comparing IR spectra of 

GG_POX-1_FITC and GG_POX_IR_DOTA-Gd (Figure 3B). The peak at 3046, 2940, 2868, 

2710 and 1710 cm-1 in the IR spectrum of GG_POX_IR_DOTA-Gd were assigned to ν(CH), 

νas(CH3), νs(CH2) and ν(CO) vibrations, respectively. The strong peak at 1534 cm-1 

corresponds to ν(C=O) vibration of amide carbonyl group in POX chains. The higher relative 
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intensities of latest peak in GG_ POX_IR_DOTA-Gd compared to GG_POX-1_FITC can be 

explained by the bigger content of POX in the first conjugate (39 wt. % and 4 wt. %, 

respectively). 

Characterization of the GG-based nanostructures in terms of its hydrodynamic 

diameter (Dhyd) and ζ-potential (ZP) in solution was done by dynamic light scattering (DLS) 

and electrophoretic mobility measurements, respectively. For these experiments, the neat GG 

and the all synthesized conjugates were dissolved in aqueous or phosphate buffer saline (PBS) 

medium at concentration 1 mg/mL. The performed chemical modification of neat GG 

increased its Dhyd from 54 to 79 nm in the case of aqueous solution and from 49 to 77 nm in 

the case of PBS solution (Table 1, Figure 4). This increase in hydrodynamic size can be 

explained by the presence of ionic groups, originating from dansyl (Ds), fluorescein 5-

isothiocyanate (FITC), DOTA or infrared (IR) complexes in the structure of final conjugates, 

which leads to the mutual repulsion between the same charged moieties and, as results, in 

more expanded conformation of macromolecules. 

Table 1. Hydrodynamic diameter and ζ-potential of the final GG-based conjugates 

obtained by DLS and electrophoretic mobility measurements, respectively 

Sample 
Dhyd, nm ζ-potential, mV 

PBS H2O PBS H2O 
GG 49 54 -2.5 -4.5 
GG_POX-1_Ds 61 68 -1.4 -7.7 
GG_POX-3_Ds 70 79 -4.8 -45.2 
GG_Dy615 66 79 0 25 
GG_DOTA-Gd_Dy615 60 72 -10.5 40.2 
GG_POX-1_FITC 55 58 -3 -36.6 
GG_IR_DOTA-Gd 60 79 3.4 43.8 
GG_POX_IR_DOTA-Gd 77 79 -3.3 7.8 
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Figure 4. Dynamic light scattering results of neat glycogen and of the prepared 

glycogen-based conjugates in water (A) and PBS (pH=7.4) (B) at a concentration of 

1 mg/mL. 
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Moreover, the changes in ZP values for each product confirm the successful 

modification of neat polysaccharide. When PBS was used as a solvent, the presence of 

counterion layer led to the significant decrease of ZP of all probes and slight decrease of Dhyd 

values compared to those in the water (Table 1, Figure 4). 

First biological experiments were focused on the dependence of the endocytosis rate 

on glycogen grafting density and were monitored with fluorescence spectroscopy. The three 

synthesized types of materials were used – GG-DOTA-Gd_Dy615 and two dansyl-labeled 

glycogen-graft-poly(2-methyl-2-oxazoline)s, differing in the content of POX grafts, i.e.          

4 wt. % and 44 wt. % of poly(2-methyl-2-oxazoline) in GG-POX-1-Ds and GG-POX-3-Ds, 

respectively. These compounds were chosen in order to compare the biological properties of 

hybrid copolymers with those of the GG-based conjugates not grafted with POX chains. 
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Figure 5. Changes in fluorescence levels in media: (A) with GG-DOTA-Gd_Dy615 

and (B) with GG-POX-1-Ds or GG-POX-3-Ds. 

The reason for the observed differences in the endocytosis rate for selected modified 

glycogens originates from their chemical structure, therefore, the major difference was 

observed between the GG-DOTA-Gd_Dy615 and both types of GG-POX-Ds (Figure 5). The 

higher level of fluorescence in the incubation media over the time in case of GG-DOTA-

Gd_Dy615 (Figure 5A) in comparison to both POX-grafted GGs was likely due to the faster 

intracellular uptake of the non-grafted glycogen, while the continuous decrease in fluorescent 

signal confirm a gradual degradation of material after the internalization. In contrast, for both 

types of GG-POX-Ds there was a decrease in the fluorescence level during the first few hours 

corresponding to the cellular uptake (Figure 5B). Nevertheless, with time the level of 

fluorescent signal started to increase in the incubation media. This phenomenon was attributed 

to the appearance of non-biodegradable fragments of nanoprobe in cultivation media, mainly 

POX chains together with fluorescent label. The fast exocytosis of POX covalently linked to 
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dansyl moiety was most probably caused by steric hindrance provided by POX than prevent 

interaction of fluorescent label with intracellular components and therefore accelerate it 

realise form the cell, increasing fluorescent signal. Generally, the functionalization degree of 

polysaccharide with synthetic polymer grafts should affect the endocytosis rate of the 

resulting hybrid system. Indeed, the obtained results shows slower uptake of GG with POX in 

the structure compared to the non-grafted one. Moreover, higher content of polyoxazoline 

chains leads to the further decrease in endocytosis rate, because grafted POX chains make the 

glycogen core more hidden for cells (Figure 5B). These results are in a good agreement with 

the previous studies reported in literature focused on dextrin succinylation, where dextrin with 

a higher level of modification shows slower biodegradation rate129,130. Decreased rate of GG 

uptake with a higher content of POX may also contribute to prolonged blood circulation that 

brings additional benefits for the preparation of long time circulating contrast agents. 

Glycogen can be degraded in two ways: via physiological degradation by specific 

enzymes or by a pathway which occurs in lysosomes by α-glycosidase131. Glycogen is not 

present in organism extracellularly under normal conditions. The two types of colocalization 

studies were performed in order to follow the accumulation of GG-based materials in cell and 

to determine its metabolic path. The obtained confocal fluorescent micrographs confirmed the 

presence of GG-POX1-Ds only in the cytoplasm (Figure 6A). Similar results were obtained 

for glycogen-based conjugate without POX chains – GG-DOTA-Gd_Dy615 and GG-POX-1-

FITC (Figure 6B, C, D, E, F). In addition, the obtained results from confocal microscopy also 

indicate that the physiological pathway used by glycogen specific enzymes is the same as for 

the degradation of endogenous glycogen. Therefore, the exogenously administered glycogen 

is treated like the cell’s own glycogen, which is beneficial for its potential use as a diagnostic 

and therapy drug delivery system. 

A classic colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) dye was used to study toxicity of our polymers. The test showed 

non-toxicity of all used concentrations of GG-POX-1-FITC, while the levels of cells viability 

were similar to the control cells. Although, there was a small decrease in cell viability at 

higher concentrations of GG-GdDOTA-Dy615, the difference with control cells is not 

significant and, moreover, doses typically used for in vivo are much lower. The viability for 

cells incubated with unmodified glycogen was also not affected during the study. Therefore, 

results from the MTT assays confirmed the non-toxicity of native glycogen (because it is 

physiologically present in living organisms) as well as that of prepared GG-based conjugates. 
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Figure 6. Images from confocal microscopy (Leica SP2). HepG2 cells incubated with 

three differently modified glycogens (0.3% solution in incubation media for all types of 

modified GGs) are displayed. The top line shows the merged images, the middle column 

displays fluorescent signals for the modified GG in HepG2 cells and the right column displays 

fluorescent signals for Hoechst 33342, LysoTracker® Green and LysoTracker® Deep Red. 

Rows: (A) GG-POX-1-Ds, (B) GG-GdDOTA-Dy615 with Hoechst 33342, (C) GG-

GdDOTA-Dy615 with LysoTracker® Green, (D) GG-GdDOTA-Dy615 with LysoTracker® 

Green and D-glucose addition (final concentration 22 mM), (E) GG-POX-1-FITC with 

LysoTracker® Deep Red, (F) GG-POX-1-FITC with LysoTracker® Deep Red and D-glucose 

addition (final concentration 22 mM). Scale bars 20 μm. 

After in vitro tests, the probe with fluorescent label – GG-Gd_Dy615, was 

administered into experimental animals for investigation of in vivo distribution, degradation 

and elimination of conjugates using optical imaging. Average radiant efficiency in case of 

experimental mice was by one order higher compared to the negative control (Figure 7A), and 

in 24 hours after administration of GG-based conjugates fluorescence the signal was still 

detectable (Figure 7B). After sacrifice of the experimental animals and acquiring fluorescent 

signals from the internal organs, liver and kidneys exhibited positive signal in contrast to 

spleen, where fluorescence was negligible (Figure 8). The weak fluorescent signal from the 

spleen allows us to suggest that the modified glycogen was only slightly captured by the 

reticuloendothelial system. Because the Mn of GG-Dy615 is well above the renal threshold, 

the intense fluorescence signal from the kidneys, in 24 hours after administration, indicates 

degradation of the conjugate. This in vivo elimination of GG-Dy615 through the kidneys in a 

few hours correlates with the data obtained by MRI in preliminary study86. 
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Figure 7. (A) The time dependence of fluorescence signals from the C57BL/6 mice 

after i.v. application of GG-Dy615 in comparison with the negative controls – the mice 

without application of GG-Dy615. (B) Example of fluorescence signal changes in the time 

from one mice after i.v. application of GG-Dy615. 
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Figure 8. (A) Average radiant efficiency for organs (kidneys, liver and spleen) from 

the C57BL/6 mice 24 h after i.v. application of GG-Dy615 in comparison with organs from 

negative controls – the C57BL/6 mice without application of GG-Dy615.(B) Comparison of 

fluorescence signal from the C57BL/6 mice 24 h after i.v. application of GG-Dy615 in 

comparison with organs (K - kidneys, L - liver, S - spleen) from negative controls – the 

C57BL/6 mice without application of GG-Dy615. 

Preliminary biological results indicated biocompatibility, biodegradability and non-

toxicity of the prepared GG-based hybrid materials. Higher content of polyoxazoline chains in 

the synthesized materials slowed down cellular uptake. No strong colocalization of the GG-

based probes with lysosomes was observed, confirming that modified glycogen is degraded in 

the same way as endogenous one. The performed in vivo experiment showed relatively fast 

distribution and degradation rates, while they still can be adjusted by grafting with different 

synthetic polymers, for instance with poly(2-isopropyl-2-oxazoline) for thermo-responsivity 
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of the final material. Thus, prepared GG-based nanoprobes offer the unique chemical and 

biological properties for possible use as a novel drug delivery system for efficient cancer 

therapeutics together with multimodal imaging properties. Deep characterization of the 

prepared hybrid glycogen-based nanostructures is given in publication No. 1. 

The possibility of following administrated nanoconjugates by both FLI and MRI 

techniques and successful results of our preliminary biological study on the GG-based 

materials encouraged us to perform another experiment on tumour-bearing rats. For this 

experiment two GG-based nanoconjugates were synthesized by the same approach mentioned 

above with an only difference of using near infrared dye (IR800CW) instead of Dy615 to 

incorporate fluorescence label in the structure of polysaccharide derivatives. The prepared 

materials were denoted as GG_IR_DOTA-Gd and GG_POX_IR_DOTA-Gd for the one 

decorated with FL and MRI labels only and the one additionally grafted with POX chains, 

respectively. The content of IR dye was determined spectrophotometrically in water              

(  = 774 nm,  = 240 000 M-1 cm-1) and was found to be 0.5 and 0.7 μmol/g in the 

GG_IR_DOTA-Gd and GG_POX_IR_DOTA-Gd conjugates, respectively. The content of 

gadolinium in the final products was determined by inductively coupled plasma mass 

spectrometry and was found to be 0.26 and 0.2 mmol/g for GG_IR_DOTA-Gd and 

GG_POX_IR_DOTA-Gd, respectively. 

In order to investigate the multi imaging properties of prepared GG-based conjugates 

carrying both FL and MRI contrast agents, in vitro experiment on phantoms was performed. 

Relaxivity of GG_IR_DOTA-Gd probe was higher compared to commercially available 

gadoterat meglumine (GM), although GG_POX_IR_DOTA-Gd exhibited lower values 

(Figure 9). 

 

Figure 9. (A) Fluorescent and T1-weighted MR images of the glycogen-based probes 

without (GG_IR_DOTA-Gd) and with oxazoline (GG_POX_IR_DOTA-Gd) compared to 

gadoterate meglumine (GM). (B) Relaxivities r1 of the tested probes measured at 0.5 T. 
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Tumours were induced in RNU nude rats by subcutaneous injection of HUH7 cells 

(5x106) above the hind leg. After the intravenous administration, GG_IR_DOTA-Gd and GM 

were up taken by liver, although the amount of GG_POX_IR_DOTA-Gd in the organ was 

negligible (Figure 10). Increase of MR signal in liver and kidneys was higher for GG 

compared to GG_POX_IR_DOTA-Gd, however, the fluorescence signal of 

GG_POX_IR_DOTA-Gd was higher than that of GG_IR_DOTA-Gd. Visualized 

accumulation of all probes in tumour tissue can be seen in Figure 11A and it is important to 

highlight that the signal from GG_IR_DOTA-Gd and GG_POX_IR_DOTA-Gd increased at 

day 7, while the signal of GM (0.02 mmol/kg) decreased (Figure 11B). Increased MR signal 

was found predominantly in the tumour centre, where the presence of fibrosis and steatosis 

was excluded by histology. Moreover, histology did not reveal any prominent pathological 

changes in internal organs after glycogen-based probes administration (data not shown). 

 
Figure 10. MR and fluorescent images of (A, B) kidney and (D, E) liver of the 

animals with injected glycogen-based probes. MRI images were acquired at the time of 

maximum MR signal enhancement. Fluorescent images were acquired after 7 days of 

examination. Comparison of relative contrast to noise ratio (CNR) values calculated from T1-

weighted MR images of (C) kidneys and (F) liver. 
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Figure 11. (A) MR images and corresponding CNR maps (insert) values of tumour 

tissue after administration of glycogen-based probes; (B) Calculated CNR values of tumours 

at various time points after injection of the glycogen-based probes and GM. 

Therefore, the obtained results revealed the suitable properties of the novel glycogen-

based compounds for nanomedical applications, including the tumour-targeting character. The 

MR signal increment in tumours was long-lasting with the higher contrast increase of 

GG_IR_DOTA-Gd and GG_POX_IR_DOTA-Gd compared to GM, suggesting continuous 

accumulation by EPR effect. The modification with polyoxazoline chains resulted in slower 

elimination rate of the GG_POX_IR_DOTA-Gd that increased the probability of 

accumulation in the tumour tissue by low uptake of GG_POX_IR_DOTA-Gd into organs 

compared to GG_IR_DOTA-Gd. The obtained results confirmed a high potential of the 

prepared probes for tumour diagnosis and treatment. 
 

3.1.2. Mannan-based conjugates for multimodal imaging 

Mannan (MN) is biocompatible, biodegradable, non-toxic and, due to the presence of 

large number of hydroxyl groups in its structure, it can be easily modified to achieve the 

desired properties. Therefore, MN is a promising candidate for the development of new 

polysaccharide-based nanocarriers for biomedical applications. Moreover, as it was 

mentioned above, due to specific property to target immune cells91, mannan exhibits extra 

advantages for pathological processes investigation and development of corresponding 

therapies. In particular, MN–based materials are expected to possess benefits for diagnosis of 
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the sentinel lymph nodes and inflammations which are heavily infiltrated with macrophages 

and dendritic cells. 

During this work, the natural biodegradable polysaccharide mannan was modified in 

two different ways to obtain a conjugate bearing a fluorescent label and a MRI contrast probe. 

The first approach was devoted to the synthesis of polysaccharide-based conjugate without 

POX in the structure (Scheme 9A). The modification procedure was started by alkylation 

reaction of commercial mannan (from Saccharomyces cerevisiae) with allyl bromide followed 

with the thiol-ene click chemistry reaction with cysteamine, using 2-hydroxy-2-

methylpropiophenone as an initiator under UV irradiation. The obtained primary amino 

groups containing mannan was then conjugated with N-hydroxysuccinimide (NHS) esters of 

infra-red dye (IR800CW) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA) chelator. Finally, the product was subjected to react with gadolinium (III) chloride to 

chelate Gd3+ ions, resulting in the mannan-based conjugate with the fluorescence and MR 

imaging labels, denoted as MN_IR_DOTA-Gd. 

The second synthetic path was focused on the preparation of mannan-based conjugate 

with grafted POX chains (Scheme 9B), which would prolong the biodegradation of the final 

hybrid structure compared to the MN_IR_DOTA-Gd (without POX in the structure). This 

modification procedure starts from the formation of mannan sodium alkoxide in anhydrous 

DMSO and accomplished by reaction of the last one with active POX chains, which were 

obtained by ring-opening cationic polymerization in anhydrous acetonitrile. As a result, 

mannan-graft-poly(2-methyl-2-oxazoline) (denoted as MN_POX) with grafting density 1 

graft per 5 glucose units was obtained. The molecular weight of POX grafts was determined 

by mass spectrometry after termination of active chains with water: number-average 

molecular weight Mn = 870 g/mol, polydispersity Ð = Mw/Mn = 1.14, where Mw is the weight-

average molecular weight. Because polymerization of 2-methyl-2-oxazoline was initiated 

with allyl bromide, grafted POX chains have a double bond at the end. In order to introduce 

the FLI and MRI labels, this vinyl containing mannan derivative was then modified by the 

same procedure as for MN_IR_DOTA-Gd: introduction of primary amino groups by thiol-ene 

“click” reaction followed by complexation with the corresponding NHS esters. The amount of 

IR dye was determined spectrophotometrically in water (λ= 774 nm, ε= 240 000 M-1∙cm-1) 

and was found to be 0.72 and 0.66 µmol/g in the MN_IR_DOTA-Gd and 

MN_POX_IR_DOTA-Gd conjugates, respectively. The content of gadolinium in the final 

products was determined by inductively coupled plasma mass spectrometry and was found to 
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be 0.252 and 0.26 mmol/g for MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd, 

respectively. 

 
Scheme 9. Synthesis paths for mannan modification: preparation of (A) 

MN_IR_DOTA-Gd and (B) MN_POX_IR_DOTA-Gd. 

In order to prove the successful introduction of IR and DOTA labels into the structure 

of both MN-based conjugates, FTIR spectroscopy was used. IR spectrum of neat mannan 

exhibits pronounced peak at 3320 cm-1 of mannose 

units (Figure 12). The IR spectrum of neat mannan also shows peaks at 2934, 1635 and 

1022 cm-1 as(CH2 The 

appearance of carbonyl groups in the spectrum of neat mannan can be explained by the small 

residue of peptides in its structure as the used mannan was extracted from baker’s yeast. The 

IR spectrum of MN_IR_DOTA-Gd demonstrates 

deformation vibration peak at 1593 cm-1, which confirms the successful bonding of the IR and 

DOTA labels through amide groups. In case of MN_POX_IR_DOTA-Gd conjugate, the 
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strong ν(CO) vibrations at 1620 and 1550 cm-1 as much as ν(C=C) vibration at 1410 cm-1 

correspond to the grafted POX chains. 
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Figure 12. FTIR spectra of native mannan (black line), MN_IR_DOTA-Gd (orange 

line) and MN_POX_IR_DOTA-Gd (green line). 

In order to characterize the aqueous solution behaviour of the prepared MN-based 

conjugates, the dynamic light scattering measurements were conducted. To investigate the 

difference in hydrodynamic diameter (Dhyd) after mannan modification, both hybrid systems 

were dissolved in water and PBS at concentration 1 mg/mL and compared to the same 

solutions of neat mannan (Figure 13A). The presented size distributions of neat and modified 

MN indicate the increase in hydrodynamic diameter. In aqueous solution, the Dhyd of both 

MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd were ca. two times larger (~ 6 nm) than 

native MN (2.4 nm). 
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Figure 13. Dynamic light scattering results of neat mannan from Saccharomyces 

cerevisiae and of the mannan-based conjugates in water (A) and PBS (pH=7.4) (B) at a 

concentration of 1 mg/mL. 
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Also, in order to determine the ζ-potential (ZP) of the nanostructures formed by MN 

derivatives, electrophoretic mobility measurements were done on the same solutions as for 

DLS. The small negative value of ZP in case of MN_IR_DOTA-Gd compared to the neat 

mannan, which had a ZP around 0 mV, confirms the presence of carboxylate groups in the 

structure of MN-based contrast agents, originating from FL and MR labels (Table 2). 

In the case of MN_POX_IR_DOTA-Gd, the presence of grafted POX chains led to a 

slight increase of ZP up to 2.9 mV compare to the neutral character of the neat MN (Table 2). 

No substantive difference in hydrodynamic diameter was observed when using PBS (pH 7.4) 

as a solvent for the investigated compounds. The values of Dhyd for neat MN as much as for 

two prepared conjugates were ~ 7 nm (Figure 13B and Table 2). However, the ZP of all three 

samples in PBS was small and negative, which can be explained by a formation of counterion 

layer (Table 2). 

Table 2. Hydrodynamic diameter and ζ-potential (ZP) of the final MN-based 

conjugates obtained by DLS and electrophoretic mobility measurements, respectively. 

Sample 
Dhyd, nm ζ-potential, mV 

PBS H2O PBS H2O 
Mannana 7.2 2.4 -5.6 0.2 
MN_IR_DOTA-Gd 6.6 6.2 -11.5 -4.0 
MN_POX_IR_DOTA-Gd 7.2 6.0 -6.7 2.9 

  a– commercial (native) mannan from Saccharomyces cerevisiae 
 

The MR imaging properties of the prepared conjugates were analysed with a help of in 

vitro experiment on phantoms. Both mannan-based agents showed higher r1 and r2 relaxivities 

than the commercially available GM (Figure 14A, B), while relaxivities of MN_IR_DOTA-

Gd and MN_POX_IR_DOTA-Gd were comparable. Also the MR signal and corresponding 

contrast-to-noise ratio (CNR) values of MN-based probes were higher compared to GM 

(Figure 14A, C). As can be seen from Figure 15B and D, the mannan-based agents also 

showed a strong fluorescence signal, whereas fluorescence of GM was in the range of 

background as expected (since GM does not possess any fluorescent ability). Therefore, the 

promising in vitro results induced us to perform pilot in vivo experiments on healthy mice. 
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Figure 14. Characterization of the probes – 1H (A) r1 and (B) r2 relaxivities of the 

tested probes measured at 0.5T (25ºC). 

 
Figure 15. (A) The MRI and FLI signals of the MN_IR_DOTA-Gd, 

MN_POX_IR_DOTA-Gd and GM. CNR calculated from MR images and (B) fluorescence 

signal of the probes of various concentration of Gd3+ or fluorescence dye. (C) Representative 

MR images of the probes with different Gd3+ concentration – the numbers represents Gd3+ 

concentration expressed in mM; (D) the FLI images of the probes with different dye 

concentration; the numbers represents concentration of a fluorescent dye expressed in μg/mL. 
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After intramuscular administration to the animals, both MN_IR_DOTA-Gd and 

MN_POX_IR_DOTA-Gd agents were visualized at the injection sites by MRI and FLI 

techniques for 21 days. The fluorescence signal of MN_POX_IR_DOTA-Gd in muscle (the 

site of injection) was higher compared to MN_IR_DOTA-Gd within the first two days after 

the probes administration, showing a prolongation of imaging window due to poly(2-methyl-

2-oxazoline) conjugation and proving a slower biodegradation of the conjugate (Figure 16B). 

 
Figure 16. (A) The representative T1-weighted MRI image of a mouse with injected 

MN_IR_DOTA-Gd probe into the hind leg; the arrow points the injection site. (B) The time 

course of fluorescence signal from the injection site (muscle). 

In addition, the first day after the probes administration the higher FLI signal in the 

liver was visualized from MN_IR_DOTA-Gd compared to MN_POX_IR_DOTA-Gd, and 

this trend persisted through the whole examination time (Figure 17 A, C). During the first day 

after probes administration, higher FLI and MRI signals from the lymph nodes were detected 

in case of MN_IR_DOTA-Gd confirming its faster degradation (Figure 17B, D and 18). MR 

imaging also confirmed the presence of the injected probes at the muscle sites (Figure 16A) 

and in the lymph nodes of both mice, treated with MN_IR_DOTA-Gd and 

MN_POX_IR_DOTA-Gd (Figure 18B). 
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Figure 17. Time course of in vivo fluorescence signal originating from the liver (A) 
and the lymph nodes (B). Representative fluorescence images of mice after injection with 
MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd (C, D). The arrows mark liver (C) and 
lymph nodes (D). 

 

Figure 18. (A) Time course of MRI signal of murine lymph nodes after the injection 
of MN_IR_DOTA-Gd or MN_POX_IR_DOTA-Gd. (B) Representative T1-weighted MR 
images show the lymph nodes at different time points after MN_IR_DOTA-Gd (top) or 
MN_POX_IR_DOTA-Gd (bottom) administration. 

After sacrifice of experimental animals, ex vivo fluorescence imaging of the harvested 
organs also confirmed lower accumulation of MN_POX_IR_DOTA-Gd in the liver, spleen 
and kidneys for all time intervals (Figure 19). The signals originating from the lymph nodes 
were comparable for both MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd conjugates 
within 7, 14 and 21 days after the probe administration (Figure 19J, K and L) and remained 
similar during the whole examination time. On the other hand, signal from organs (liver, 
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spleen, kidneys) continuously decreased within time for both conjugates, demonstrating 
gradual biodegradation of mannan probes in vivo (Figure 19 A-I). 

Figure 19. Average radiance efficiency of (A) spleens, (D) livers, (G) kidneys and (J) 
lymph nodes ex vivo. Fluorescence signal after 7, 14 and 21 days from (B, C) spleen, (E, F) 
livers, (H, I) kidneys and (K, L) lymph nodes after the application of MN_IR_DOTA-Gd (B, 
E, H, K) or MN_POX_IR_DOTA-Gd (C, F, I, L). 
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The prepared mannan-based conjugates were shown to possess superior properties 

compared to the commercially available contrast agent GM including MR relaxivity and 

possibility of fluorescence imaging. Visualized accumulation of the agents in the lymph nodes 

confirmed its immune-targeted property and possible use of them in metastasis diagnostics. 

Moreover, the possibility of further modification for incorporation of specific drugs makes 

these structures promising candidates for nanomedicine application. More data on the topic 

can be found in publication No. 2. 
 

3.2. Glycogen-based fibrous material for tissue engineering 

Significant efforts were recently done in the development of new materials for tissue 

engineering (TE) and wound healing purposes in regenerative medicine132. Recently, our 

group reported on GG fibrous structure formed by simple freeze-drying of its aqueous 

solution. A fibrous nature of materials to be used for scaffold preparation is especially 

advantageous for wound healing dressings due to the extremely high porosity and 

permeability. The ability of GG to form fibers by freeze-drying its aqueous solution was used 

in this thesis for preparation of the new perspective materials for regenerative medicine. 

The allylated and propargylated glycogen (denoted as APG) was prepared by 

alkylation reaction of hydroxyl groups in the GG structure with the mixture of allyl and 

propargyl bromides in alkaline aqueous solution (Scheme 10). The presence of both double 

and triple bonds in APG structure allowed us to perform further modification of the material 

by functionalization via triple and crosslinking via double bonds in the same time. The degree 

of GG adjustment with allyl groups should be high enough to obtain a sufficiently 

crosslinked, water-insoluble material. According to our previous experiments (data not 

shown), when more than 36% of the hydroxyl groups in its structure are substituted with 

alkyl, glycogen becomes water insoluble. Additionally, because of the strong influence of 

functionalization degree on the rate of polysaccharides biodegradation, exceeding a specific 

value of functionalization can result in substantial decrease of enzymatic hydrolysis rate129. 

Therefore, the modification of the native GG was performed in a way to obtain APG with 

15% of allyl and 5% of propargyl group substitution per D-glucose unit (calculated from 1H 

NMR spectra). Resulting GG-based derivate was used for the preparation of different 3D 

structures via freeze-drying, where morphology of the final material depends on the initial 

concentration of APG aqueous solution99. In this thesis 0.5 and 5.0 wt. % aqueous solutions of 
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APG (denoted as APG-0.5 and APG-5, respectively) were used for the preparation of 

scaffolds. 
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Scheme 10. The modification procedure for GG allyl and propargyl derivatives preparation. 

The scanning electron microscopy (SEM) micrographs of the GG-based freeze-dried 

materials show microfibers and sponge-like structures fabricated from 0.5 (Figure 20A) and 

5.0 wt. % (Figure 20B) aqueous solutions of APG, respectively. In the case of using APG-0.5 

solution, the fibres with an average size of approximately 2.5 μm in diameter were formed, 

while lyophilisation of the APG-5 solution led to formation of sponge-like structures. In both 

cases the obtained materials were highly porous with fully interconnected pores. 

 
Figure 20. SEM micrographs of the freeze-dried (A) APG-0.5 and (B) APG-5. 

Insolubility in water is an essential feature for any material to be used in TE as a 

scaffold. Thus, presence of the double bonds in the allyl groups of APG was used to perform 

crosslinking. As a source of electron radiation the Microtron MT25 accelerator with a high 

frequency source was used (experiments were conducted at Nuclear Physics Institute of the 

ASCR). The microtron provides the incident electron beam (10 MeV, 25 µA, 2 kGy/min) that 

caused radically initiated crosslinking of APG samples. The fibrous structures from GG 

derivatives were exposed to different radiation doses in the range of 2-150 kGy. 

A B 
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The FTIR spectroscopy was used to characterize the obtained samples after radiation. 

In the spectra of APG-0.5 samples, which were crosslinked with 10 kGy and higher radiation 

dose, the presence of a peak at 1725 cm-1 corresponding as(CO) vibration of carboxyl 

group was observed (Figure 21A). Moreover, with the increase of radiation dose the intensity 

of this peak grows, which indicates the bigger amount of oxidation products that were formed 

during irradiation. The same trend in FTIR spectra of APG-5 was noticed (data not shown). 

 
Figure 21. (A) FTIR spectra of irradiated APG-0.5 samples and (B) dependence of the 

samples solubility in water after crosslinking on the radiation dose. 

During the crosslinking of the APG samples under the microtron generated electron 

beam, the strong influence of the radiation dose on the degradation and solubility of the 

prepared GG-based materials was found. When the dose of radiation reaches 20 kGy, the 

APG samples changed colour from white to yellowish and became very brittle. Thus, in order 

to determine the optimal radiation dose, we performed an investigation of solubility for the 

APG samples after exposure to electron beam. We suggested that samples with a lowest 

solubility would be best crosslinked; however, the dose of radiation should be reasonably low, 

making a compromise between an efficient crosslinking and a possible radiolytic degradation. 

Starting from 5 kGy the solubility of the samples increased with the increasing radiation dose 

(Figure 21B), and this phenomenon was attributed to the oxidation reaction and appearance of 

carboxyl groups that was detected by FTIR spectroscopy (Figure 21A). The samples that were 

subjected to 2 kGy radiation dose were insoluble in water (0.62 and 0.01% for APG-0.5 and 

APG-5, respectively) and there was no evidence of oxidation. Therefore, for the preparation 

of the crosslinked GG-based material for tissue engineering purposes the radiation dose of     

2 kGy was established as the optimal one. 

Nevertheless, to prevent any potential toxic effect of the irradiated material connected 

with the appearance of oxidation products (i.e., such as peroxide groups), the samples were 
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washed with a 0.1 wt. % aqueous solution of 2-phospho-L-ascorbic acid trisodium salt. The 

resulting materials were refreeze-dried and investigated by SEM to ensure that the 

morphology remained the same as before processing. The obtained SEM micrographs of the 

irradiated APG-0.5 and APG-5 samples (Figure 22) revealed no significant changes in the 

structure of materials compared to the non-irradiated ones. 

 
Figure 22. SEM micrographs of the irradiated and refreeze-dried (A) APG-0.5 and (B) 

APG-5 materials. 

The biocompatibility of newly prepared GG-based materials and their interactions 

with living cells were studied in vitro with human osteoblast-like MG 63 cell line that was 

used as a model of bone tissue (Figure 23). 

 
Figure 23. Morphology of human osteoblast-like MG 63 cells on (A, B) day 1, (C, D) 

day 3 and (E, F) day 7, after seeding on the control polystyrene dish (A, C, E ) or on the 

bottom of the cultivation dish in the presence of APG-0.5 (B, D, F). The cells were stained 

with Texas Red C2-maleimide and Hoechst #33342. 

B A 
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After one day of seeding, a relatively high number of initially adhered cells was found 

in the control polystyrene (PS) culture dish compared to the one with GG-based material and 

this trend remained for the 3rd and 7th day of the experiment (Table 3, Figure 24A). The cell 

spreading area was significantly larger on the control PS dish compared to the tested GG 

sample for the whole investigation period (Figure 24B). Although, the presence of APG-0.5 

sample in culture decreased the proliferation of MG 63 cells, the morphology of the cells 

remained unchanged and they were distributed homogenously on the bottom of the dish. In 

addition, the number of cells increased continuously during the cultivation time and on 7th day 

of experiment its merging layer was created (Figure 23B, D, F). 

Table 3. The adhered cells and spreading area of human osteoblast-like MG 63 cells 

on the 1st, 3rd and 7th day after seeding on control polystyrene (PS), APG-0.5, APG-5, RGD-

APG-0.5 and RGD-APG-5 materials; grey colour denotes data from experiment with the 

glycogen materials modified with RGD peptide. 

Material 
Adhered cells, x 102 cells/cm2 

1st day  3rd day  7th day  

PS 101 ± 20 426 ± 30 162 ± 17 
APG-0.5 69 ± 17 165 ± 35 516±17 

PS 195 ± 44 323 ± 30 1315 ± 59 
RGD-APG-0.5 254 ± 26 435 ± 67 1471 ± 104 
RGD-APG-5 230 ± 21 354 ± 49 1310±130 

 

 
Figure 24. (A) The number of human osteoblast-like MG 63 cells on days 1, 3, and 7 

after seeding on the bottom of polystyrene culture wells with or without the presence of the 

tested glycogen fibrous material; (B) The cell spreading area on the 1st day after seeding. 

Analysis of variance, Student-Newman-Keuls method; * P ≤ 0.001 in comparison with 

control polystyrene. 
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As it was mentioned above, the presence of triple bonds provides a possibility for 

additional functionalization of the material with some active moiety. In this thesis, the 

modification of GG derivatives was done with azidopentanoic-GGGRGDSGGGY(125I)-NH2 

peptide (RGD) via copper-catalyzed alkyne-azide cycloaddition. Biological testing of 

resulting materials, denoted as RGD-APG-0.5 and RGD-APG-5 for 0.5 and 5.0 wt. % 

aqueous solutions, respectively, was conducted with the same cell line. In contrast to the first 

in vitro experiment, the population densities of cells cultivated with RGD-APG samples were 

higher than in polystyrene control dishes for RGD-APG-0.5 and comparable in case of RGD-

APG-5 (Figure 25 and 26, Table 3). Again, the number of osteoblast-like cells increased 

continuously during the investigated time and at the end of experiment and the confluent layer 

of cultivated cells was created (Figure 25C and F). 

   

   

   

Figure 25. Morphology of human osteoblast-like MG 63 cells on (A, D, G) day 1, (B, 

E, H) day 3and (C, F, I) – day 7, after seeding on a control polystyrene dish (G, H, I) or on the 

bottom of a cultivation dish with RGD-APG-0.5 (A, B, C) or RGD-APG-5 (D, E, F). The 

cells were stained with Texas Red C2-maleimide and Hoechst #33342. Olympus IX 50 

microscope and Olympus DP 70 digital camera; obj. 20x, bar = 200 μm. 
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Figure 26. (A) Number of human osteoblast-like MG-63 cells on days 1, 3, and 7 after 

seeding on polystyrene culture wells with or without the RGD-modified glycogen fibrous 

material. (B) Cell spreading area on the 1st day after seeding. Note: Analysis of variance, 

Student-Newman-Keuls method. * P ≤ 0.001 in comparison with control PS. 

Therefore, the obtained results showed that the cells growing in the presence of GG-

based materials behaved physiologically without any signs of the cell damage. The 

preliminary biological investigations confirmed the possibility of using such systems as 

wound healing dressings, proved the beneficial effect of peptide on the cell growth. The 

detailed glycogen modification procedure, determination of optimal radiation dose and 

characterization of the obtained materials can be found in publication No. 3. 
 
3.3. Synthesis of amphiphilic block copolymers and their modification 

Supramolecular nanostructures that are formed by self-assembling of building blocks 

through non-covalent interactions are intensively studied nowadays as an extremely 

promising candidate for different therapeutic purposes133-135. Nanoassemblies formed by 

amphiphilic block copolymers are well known as promising platforms for cancer diagnosis 

and therapy because of their relatively small size, high loading capacity and prolonged blood 

circulation136. Preparation of the novel nanostructures with a more advanced architecture for 

possible controlled drug release is, therefore, one of the main topics in nanomedicine25. In this 

thesis a model for studying the micellar behaviour of the complex self-assembled 

architectures with stimuli-responsive properties was prepared and characterized. 

Currently, a continuously increasing interest is devoted to the nanostructures 

assembled from amphiphilic polycations as non-viral gene delivery systems137. Among the 

variety of polyelectrolytes used as gene carriers, poly(2-dimethylaminoethyl methacrylate) 

(PDMAEMA) was widely studied138-140. However only few recent works are dedicated to 
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preparation and investigation of new polymer systems based on its homologue – poly(2-

dimethylaminoethyl acrylate) (DMAEA). In this thesis, the novel pH- and thermo-responsive 

amphiphilic diblock copolymers, comprising an hydrophilic poly(2-dimethylaminoethyl 

acrylate) (PDMAEA) block and an amphiphilic poly(styrene-grad-2-dimethylaminoethyl 

acrylate) (P(S-grad-DMAEA)) block were synthesized. 

Because reactivity ratios of S and DMAEA monomer mixture have not been studied 

yet, we started the synthesis of designed amphiphiles with the investigation of their reactivity 

ratios using 1H NMR spectroscopy. The experiments were conducted using five initial 

mixtures with the different feed composition of S and DMAEA containing 20, 40, 50, 60 and 

80 mol. % of S (fs = 0.2, 0.4, 0.5, 0.6 and 0.8), with a targeted degree of polymerization of 

100. The kinetics of performed NMRP, using MONAMS as initiator and SG1 as a control 

agent, was followed by 1H NMR (Scheme 11). The polymerizations were performed in a bulk 

at 112 °C and were stopped at 50-70 % of monomer conversion. 

+ MONAMS

SG1, bulk, 112 οC
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 Scheme 11. Synthetic procedure and chemical structure of the S and DMAEA 

copolymers prepared by NMRP. 

The monomer reactivity ratios of copolymerization initiated by MONAMS were 

determined with different methods, such as Mayo-Lewis141, Kelen-Tüdos142, nonlinear least-

squares143 and Skeist144, and were found to be rS = 1.16 and rDMAEA = 0.25. The results reveal 

that styrene is much more reactive than DMAEA and the formation of spontaneous gradient 

copolymer, with increasing amount of DMAEA within a chain length (P(S-grad-DMAEA)), 

is expected. 

Based on the obtained reactivity ratios of the comonomers S and DMAEA, 

spontaneous block-gradient P(S-grad-DMAEA) (named GX, with X the molar fraction of 

DMAEA in the copolymer) should be obtained using a batch copolymerization. This time, 

two different molar compositions of the resulting copolymers were targeted – FDMAEA = 50 

and FDMAEA = 30, which were denoted as G50 and G30, respectively. The kinetic plots of 

performed NMRP (from 1H NMR) with two different initial monomeric mixtures are 
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represented in Figure 27. As one can see, the relationships of ln([M]0/[M]) versus time are 

linear within the whole reaction time, confirming a well-controlled polymerization. 
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Figure 27. Kinetic plot of [ ][ ]  versus time for a bulk NMP copolymerization of 

DMAEA and S at 112°C with the initial feed composition of DMAEA (fDMAEA) of 55 mol. % 

( ) and 30 mol. % ( . 

Moreover, the experimental molar masses of the series of P(S-grad-DMAEA) 

copolymers increase linearly with the overall monomer conversion (Figure 28A for G50). The 

number average molecular weight is proportional to conversion, and the slope is 

approximately the same as in theoretical curve, although the values of Mn are slightly bigger 

than the theoretical one, which implies that the initiator MONAMS is not fully consumed 

during the course of the copolymerization. 
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Figure 28. (A) The evolution of Mn and Mw/Mn with conversion for performed NMRP 

of P(S0.5–grad–DMAEA0.5)70 (G50) and (B) the SEC elution curves of p(DMAEA-grad-S) 

copolymer with DMAEA/S ratio 50/50 (G50) from a viscosity detector (using universal 

calibration analysis). 
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However, the low dispersity (Ð) of the final copolymers (1.35 and 1.24 for G50 and 

G30, respectively) is consistent with a controlled character of NMRP copolymerization. 

Moreover, the decrease of dispersity and the shift of the SEC chromatograms towards low 

elution volumes throughout the copolymerization (Figure 28B for G50) support the controlled 

character of the bulk NMRP copolymerization. 

In order to obtain information about the microstructure of the formed copolymer 

chains, i.e. the composition profile, the instantaneous fraction (Finst) for each type of monomer 

unit was determined from 1H NMR data using the equation (2): 

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐,1 = (%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)1[𝑀𝑀1]0
(%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)1[𝑀𝑀1]0+(%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2[𝑀𝑀2]0

       (1) 

𝐹𝐹𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖,1 = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐,1 + (%𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐) ∆𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐,1
∆(%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)       (2) 

where (%conv) denotes the conversion of a monomer and [M]0 denotes the initial 

concentration of a monomer (subscripts 1 and 2 denote DMAEA and S monomer, 

respectively). Such equations have been used previously to represent the evolution of the 

instantaneous composition profile in different gradient copolymers145-147. Therefore, the 

obtained composition profile (Figure 29) demonstrates that the instantaneous fraction of S in 

the growing chain decreases continuously, while the fraction of DMAEA increases inside a 

copolymer within the whole polymerization process. This proves the gradient structure of the 

obtained copolymers, which is in accordance with the reactivity ratios obtained previously. 
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Figure 29. Instantaneous fraction (Finst) of S and DMAEA versus normalized chain 

length (DP normalized) during NMRP, initiated with MONAMS, for copolymer P(S0.5-grad-

DMAEA0.5) (G50). 

The obtained gradient copolymers were further successfully used to initiate a 

homopolymerization of DMAEA as a second block using again NMRP (Scheme 12). The 
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resulting two amphiphilic diblock copolymers of structure P(S
0.5

-grad-DMAEA
0.5

)
70

-b-

P(DMAEA)50 and P(S0.7-grad-DMAEA0.3)70-b-PDMAEA40 were denoted as DG50 and 

DG30, respectively, and their self-assembly in aqueous solutions as well as influence of pH, 

ionic strength and temperature on the formation of nanoaggregates were studied. 
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Scheme 12. The synthesis of diblock copolymers P(S-grad-DMAEA)-b-P(DMAEA). 

First of all, the ionization behaviour of the diblock copolymers was investigated by 

potentiometric titration to follow the evolution of the pH with respect to the ionization degree 

( ) of the DMAEA units (Figure 30). Comparing the ionization behaviour of the diblock-

gradient copolymers (DG50 and DG30), Figure 30 shows that, although the fraction of 

DMAEA units in the copolymer chain differs between the polymers, the ionization of the 

DMAEA units does not. In addition, the pKa values, determined from the degree of ionization 

 equal to 50%148, are similar for both copolymers (pKaDG50 = 6.6 and pKaDG30 = 6.4). 

 
Figure 30. Evolution of the pH versus the ionization degree  of DMAEA units in 

aqueous solutions of the diblock-gradient copolymers P(S0.5-grad-DMAEA0.5)70-b-

PDMAEA50 DG50 (blue) and P(S0.7-grad-DMAEA0.3)70-b-PDMAEA50 DG30 (red). 

The self-assembling behaviour of the copolymers under different pH was then 

investigated using dynamic light scattering (DLS) technique. Experiments were conducted 

using an auto-titration set-up, which allowed to simultaneously change the pH of solution and 
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to measure the corresponding hydrodynamic diameter (Dhyd) of the created nanostructures 

(Figure 31). 
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Figure 31. (A) DLS titration curves for aqueous solution of block-gradient copolymer 

P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) and (B) P(S0.7-grad-DMAEA0.3)70-b-

PDMAEA40 (DG30) at concentration 0.1 wt. %. 

Aggregates of about 20 nm for DG50 and 30 nm for DG30 are formed at low 

ionization degree (around pH 8). When the ionization degree increases, strong electrostatic 

repulsion between charges along the polymer backbone are generated, resulting in the 

dissociation of the aggregates to single polymer chains, which is confirmed by the low value 

of Dhyd at high α values (Dhyd ~ 5 nm). We assumed that the formed spherical aggregates 

correspond to micelle-like structures comprising a hydrophobic P(S-grad-DMAEA) core and 

a hydrophilic PDMAEA shell. 

When decreasing α, the transition region, where the self-assembly occurs, corresponds 

to α values of about 50% and 60% for DG50 (pH ~ 7) and DG30 (pH ~ 5), respectively. This 

difference can be explained by a higher fraction of styrene in the associating block for DG30 

(70 mol. % of styrene) compared to DG50 (50 mol. % of styrene), which renders the 

dissociation of the aggregates into unimers with increasing α more difficult. Remarkably, the 

pH-controlled self-assembly of the diblock-gradient copolymers is reversible. When the 

solutions are brought back to α = 100%, by adding 1M HCl, the DLS titration curves overlay 

(Figure 31). 

For deeper characterization of the self-assembling behaviour of the diblocks in the 

aqueous solution and to learn more about the size, shape and organization of the formed 

aggregates, small angle neutron scattering (SANS) experiments were conducted on the 

copolymers dispersed in deuterium oxide (D2O) at 10 wt. % concentration and different α 

values. An adjustment of targeted α values was done by adding concentrated solutions of 
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NaOD (40 wt. %) or DCl (35 wt. %) in deuterium oxide. The obtained SANS data are shown 

in Figure 32. 
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Figure 32. (A) Scattering intensity (I) as a function of scattering wave vector (q) at 

different ionisation degrees and (B) evolution of the aggregation number (Nagg, full symbol) 

and core radius (Rc 0.5-grad-

DMAEA0.5)70-b-P(DMAEA)50) block-gradient copolymers solutions in deuterium oxide at 

concentration 10 wt. %. 

In the case of DG50, the curve obtained at low ionization degree (  

nice maximum at q  0.025A-1, indicating the presence of micelle-like aggregates with 

strongly repelling charged coronae formed by hydrophilic PDMAEA block. At high 

ionization degree of DMAEA monomer units ( > 60%), the peak completely disappears, 

which indicates that the aggregates have dissociated into smaller structures (unimers) as seen 

in the DLS data (Figure 32A). In the case of DG30, the curve obtained at the low ionization 

degree (   30%) presents also a nice maximum but at a lower q value (q  0.02A-1), which 

confirms bigger aggregates. However, in the case of DG30, even at 100% ionization, the 

curve demonstrates a maximum, which indicates that the aggregates are still present in the 

solution but they are smaller compared to those obtained at low ionization degree                  

(q 0.03A-1 at  = 100%) (data not shown). 

Aggregation Number (Nagg) and core radius (Rc) were obtained by fitting the scattering 

curves with a superposition of a structure factor S(q) of hard spheres with radius Rc calculated 

in the Percus-Yevick approximation149, and a form factor P(q) for polydisperse spheres 

(Figure 32B). SANS data confirmed that the regions of  where the transitions occur 

correspond to the values between 20-50 % (pH 7-9) for DG50 (Figure 32B) and 40 – 60 % 

(pH 5-7) for DG30 (data not shown). Thus, the behaviour of DG50 with its unimers-to-
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aggregates transition region looks promising in order to investigate the influence of other 

external stimuli on the self-assembling process. 

The details of polymerization procedure for amphiphilic diblock copolymers 

preparation as well as the additional SANS experiments of temperature and ionic strength 

influences on its nanoaggregates can be found in article No. 4. Nevertheless, I would like to 

mention here that the synthesized copolymer DG50 was further modified via typical peptide 

chemistry approach (Scheme 13) in order to obtain a polymer containing primary amino 

groups. First, the DG50 diblock copolymer was reacted with 4,4’-azobis(4-cyanovaleric acid) 

to introduce carboxylic groups at the end of macromolecules chains. Further modification of 

these carboxylic groups with N-(9-fluorenylmethyloxycarbonyl)-ethylenediamine followed by 

their deprotection with piperidine was done to obtain a derivative of DG50 containing primary 

amino groups. This primary amino groups-terminated polymer was then labelled with 

fluorescent dyes Atto488 or Atto655, resulting in the functionalized amphiphilic diblock 

copolymers for preliminary biological tests as a model of self-assembled stimuli-sensitive 

nanostructures, denoted as DG50-488 and DG50-655, respectively, as the corresponding N-

hydroxysuccinimide esters. The content of fluorescence labels was determined 

spectrophotometrically in water (at 502 nm for Atto488 and at 664 nm for Atto 655) and was 

found to be 0.2 and 0.13 wt. % of label in DG50-488 and DG50-655, respectively. 
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Scheme 13. Modification procedure for DG50 amphiphilic copolymer. 

Cytotoxicity of the modified diblock copolymer was studied on HeLa and primary 

fibroblast cell lines. The in vitro viability of both tested cell types did not possess significant 

difference after incubation with the prepared diblock copolymers, revealing non-toxicity of 

the obtained materials (Figure 33). There was only a small decrease in viability of fibroblasts 

at quite high concentration of both DG50-488 and DG40-655 copolymers (Figure 33B). The 
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biocompatibility test revealed a possibility of using these materials as a perspective drug- or 

gene delivery systems. 
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Figure 33. Viability of DG50-488 in (A) HeLa and (B) primary fibroblasts cell lines 

as a function of copolymer concentration (0.0005 – 0.5 mg/mL) after 72 h of incubation at 

37 °C in 5 % CO2. The treated cells were compared to the controls (without addition of 

diblock copolymers) to obtain the viability. 

Laser scanning confocal microscopy (LSCM) was used for the evaluation of 

intracellular tracking of fluorescence labelled polymers and their colocalization with 

lysosomes. The obtained results from confocal microscopy studies, represented on the Figure 

34, show that the labelled copolymer is located in the cell membrane after 2 h of incubation 

(Figure 34A, D). However, because of the cationic character of the copolymer, within time it 

is able to internalize and accumulate in the lysosomes (Figure 34B, E). Interestingly, the 

behaviour of the two labelled polymers was not identical. Despite of how low is the amount of 

labels in the copolymers it plays an important role in the localization of nanostructures in 

vitro. Thus, after 24 h of cell incubation with the functionalized polymers, DG50-488 micelles 

were localized mainly inside lysosomes (Figure 34C), while micelles from DG50-655 were 

present both on the cell membrane surface and in the lysosomes (Figure 34F). The possible 

reason for such difference can be the more cationic character of Atto655 label compared to 

Atto488. Therefore, for design and preparation of novel nanoagents for biomedicine, not only 

a proper polymer but also a specific label for its functionalization has to be carefully 

considered. 
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Figure 34. The intracellular tracking of (A, B, C) DG50-488 and (D, E, F) DG50-655 

polymers. The cells were incubated with polymer for 2 (A, D), 6 (B, E) and 24 (C, F) hours 

before LSCM. Lysosomes were stained by LysoTracker Yellow (coloured green), the nuclei 

were stained by Hoechst 33342 (coloured blue) and polymers are coloured red. 
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4. Conclusions 

• Within this work novel functionalized hybrid materials based on both natural and 
synthetic made polymers as theranostic agents for biomedical applications were prepared. 
 

• Natural polysaccharide glycogen (GG) was successfully modified in order to obtain novel 
hybrid nanostructures for drug delivery and diagnostic purposes. Grafting of 
polysaccharide structure with the biocompatible poly(2-methyl-2-oxazoline) chains was 
performed in order to tune the biodegradation process. The prepared GG-based hybrid 
systems were functionalized with both fluorescence and magnetic resonance imaging 
agents that allow following the fate of the administrated material simultaneously by 
different techniques. Intracellular localization, cytotoxicity and internalization route of 
modified glycogen derivatives were examined on HepG2 cell line, while biodistribution 
of the obtained hybrid materials was investigated by in vivo fluorescence imaging using 
C57BL/6 mice. The biological tests prove biocompatibility, non-toxicity and 
biodegradability of the prepared GG-based hybrid systems. Moreover, externally 
administrated modified glycogen has shown to degraded the same way as an endogenous 
one. 
 

• An easy synthetic approach was used for modification of another natural polysaccharide 
– mannan (MN) in order to obtain novel hybrid systems as multimodal imaging probes 
for diagnostic purposes. The obtained mannan-based conjugates contained both 
fluorescence IR dye and Gd3+ MRI contrast agent in the structure and possessed sufficient 
sensitivity for in vivo fluorescence imaging and superior MR properties compared to a 
commercial contrast agent. Visualized accumulation of the agents in the lymph nodes 
confirmed the immune-targeted property of the newly prepared polysaccharide-based 
conjugates and their possible use in metastasis diagnostic. 
 

• Modified glycogen was used to prepare fibrous and sponge-like structure by simple 
“green” method for regenerative tissue engineering purposes. Electron beam processing 
of obtained architectures provided cross-linked, water-insoluble materials. Biological 
investigation of the prepared systems proved its non-toxicity and beneficial effect on the 
growth of adjacent cells. 
 

• Amphiphilic diblock copolymers of S and DMAEA with a gradient structure of 
associated block were synthesized using nitroxide-mediated controlled radical 
polymerization. Characterization of their behaviour in aqueous solutions and results from 
preliminary biological test proved its potential as nanocarriers for bioactive cargo 
delivery. 
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Abstract The effective drug delivery systems for cancer
treatment are currently on high demand. In this paper, biolog-
ical behavior of the novel hybrid copolymers based on poly-
saccharide glycogen were characterized. The copolymers
were modified by fluorescent dyes for flow cytometry, confo-
cal microscopy, and in vivo fluorescence imaging. Moreover,
the effect of oxazoline grafts on degradation rate was exam-
ined. Intracellular localization, cytotoxicity, and internaliza-
tion route of the modified copolymers were examined on
HepG2 cell line. Biodistribution of copolymers was addressed
by in vivo fluorescence imaging in C57BL/6 mice. Our results
indicate biocompatibility, biodegradability, and non-toxicity
of the glycogen-based hybrid copolymers. Copolymers were
endocyted into the cytoplasm, most probably via caveolae-
mediated endocytosis. Higher content of oxazoline in poly-
mers slowed down cellular uptake. No strong colocalization of
the glycogen-based probe with lysosomes was observed; thus,

it seems that the modified externally administered glycogen is
degraded in the same way as an endogenous glycogen. In vivo
experiment showed relatively fast biodistribution and biodeg-
radation. In conclusion, this novel nanoprobe offers unique
chemical and biological attributes for its use as a novel drug
delivery system that might serve as an efficient carrier for
cancer therapeutics with multimodal imaging properties.

Keywords Glycogen . Polymers . Drug delivery . Contrast
agents . Cancer

Introduction

Nowadays, there is an increasing demand for new efficient
biodegradable drug delivery systems based on natural or syn-
thetic polymers. Synthetic polymers are considered less im-
munogenic, better defined, and provide more possibilities for
chemical modifications. On the other hand, natural polymers
offer better biodegradability, especially when their degrada-
tion depends on enzymes normally presented in cells. Hybrid
copolymers containing both natural and synthetic parts may
combine advantages of both these polymer types [1]. The
sizes of all of these polymers can be specifically defined to
enable their targeting by passive accumulation in tumor tissue.
Passive accumulation of macromolecules and nanoparticles of
a size below approx. 200 nm in solid tumors, known as the
enhanced permeability and retention (EPR) effect, is relatively
universal for many types of solid tumors and caused by high
permeability of newly formed blood vessels and poor or even
absent lymphatic drainage [2, 3]. The EPR effect has been
noted as a tumor delivery mechanism for nanotherapeutic de-
livery systems [4]. However, the EPR effect is, in many cases,
more complicated phenomena and depends also on tumor
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intestinal fluid pressure, etc. [5, 6], and nanoparticles may also
enter other organs.

Glycogen (GG), the D-glucose storage polysaccharide in
almost all living organisms, which is mainly present inmuscles
and the liver, provides numerous benefits for use as a polymer
carrier in drug delivery systems. GG is a hyperbranched
sphere-shaped natural polymer [7]. The hydrodynamic diame-
ter DH of GG is approx. 50 nm [8], which is good for solid
tumor accumulation by the EPR effect even in poorly perme-
able tumors [9]. Furthermore, the size of DH (in addition to its
molecular weight of approx. 10 MDa) means that GG cannot
be eliminated by the kidneys directly (the renal threshold is
about 9 nm in DH which corresponds to a molecular weight of
approx. 45 kDa). Therefore, GG must be biodegraded into D-
glucose before it passes through renal filtration, enabling a
prolonged half-life for GG in the bloodstream.

One of the advantages is that GG is an animal and human
storage polysaccharide, which means that it is completely bio-
degradable. Another major advantage of GG is its intracellular
degradation and relative inertness to amylases in the blood-
stream [7, 10]. These two characteristics give GG higher sta-
bility in the bloodstream after intravenous administration.
From this point of view, GG is a highly advantageous, relative-
ly cheap material for medical use and it is still underused for
these purposes with only a few published studies on the topic,
e.g., GG has been used for coating of gold nanoparticles and to
form hydrogels by enzymatic modification with amylose [11].

Grafting of the polysaccharide with succinic acid or bio-
compatible synthetic polymers can decrease the biodegrada-
tion rate for eventual EPR effect-based tumor accumulation in
a predictable and adjustable manner and also allow its further
chemical modification. This effect has been demonstrated on-
ly for polysaccharides other than glycogen (e.g., chitosan and
dextrin) [12, 13]; therefore, we prepared a hybrid copolymer
platform based on a biodegradable glycogen core and grafted
with biocompatible hydrophilic poly(2-methyl-2-oxazoline)
grafts. In this paper, we describe biological behavior of the
novel nanoprobe platform based on poly(2-methyl-2-
oxazoline)-grafted glycogen and compared it with labeled gly-
cogen to determine the effect of grafting. We have proven that
grafting with hydrophilic biocompatible poly(2-methyl-2-
oxazoline) allows to fine-tune biodegradation rate and also
that externally added glycogen (which is not normally present
in blood plasma) is fully biodegradable in vivo.

We modified the GG conjugates with the fluorescent dyes
for examination by flow cytometry and confocal microscopy.
We also prepared a modified GG with the covalently
bound fluorescent agent Dyomics 615, which can be tracked
by fluorescence imaging. Moreover, the contrast agent,
gadolinium(III)-DOTA, intended for magnetic resonance im-
aging (MRI) was also bound to the same molecule of the
modified GG allowing its tracking by MRI [8]. Taken togeth-
er, this new hybrid copolymer carrier system can serve as a

multimodal imaging probe. In the future, there could be bound
also various types of therapeutics.

Materials and methods

Chemical part

Materials

The Dyomics 615 NHS ester was purchased fromExbio Praha
a.s. (Prague, Czech Republic), the DOTA-NHS ester was pur-
chased from Macrocyclics Inc. (Dallas, TX, USA), and the
Sephadex G-25 was purchased from AP Czech Ltd. (Prague,
Czech Republic). Dialysis tubing (Spectra/Por 3, molecular
weight cutoff 6000–8000 Da) was purchased from Serva
Electrophoresis GmbH (Heidelberg, Germany). All other
chemicals were purchased from Sigma-Aldrich Ltd. (Prague,
Czech Republic).

The conjugate GG-GdDOTA-Dy615 was prepared accord-
ing to the reference [8], as was the amino group containing
glycogen (GG-NH2) [14]. FTIR spectra of prepared GG con-
jugates are presented in supplemental data (S.Fig. 1).

Synthesis of amino-group-terminated
glycogen-graft-poly(2-methyl-2-oxazoline) (GG-PMeOx-1
and GG-PMeOx-3)

Glycogen-graft-poly(2-methyl-2-oxazolines) were synthe-
sized analogously to the procedure described previously for
glycogen-graft-poly(2-isopropyl-2-oxazolines) [14]. 2-
Methyl-2-oxazoline (3.15 ml, 37.2 mmol) and allyl bromide
(0.595ml, 6.9 mmol) were dissolved in anhydrous acetonitrile
(5 ml), after which the solution was polymerized overnight at
70 °C under argon atmosphere. The molecular weight of
polyoxazoline was determined by mass spectrometry (ESI-
MS): number-average molecular weight Mn = 672 Da, poly-
dispersity PDI = Mw/Mn = 1.11, where Mw is the weight-
average molecular weight.

Glycogen (type II from oyster, 2.3 g) was mixed with di-
methyl sulfoxide (53 ml), and the mixture was stirred at 70 °C
until all glycogen had dissolved (approx. 3 h). The solution
was dried by the addition (10 ml) and subsequent evaporation
of anhydrous toluene and then split into two dry flasks [45 g
and 15 g for GG-PMeOx-1 and GG-PMeOx-3, respectively].
Sodium hydride (0.75 g and 0.25 g of a 60% dispersion in
mineral oil for GG-PMeOx-1 and GG-PMeOx-3, respective-
ly) was added to the glycogen solutions and the two mixtures
were stirred at 70 °C until hydrogen gas evolved (approx. 2 h).
Orange viscous solutions were obtained. A solution of
polyoxazoline was then added [1.2 g for GG-PMeOx-1 and
3.50 g for GG-PMeOx-3, respectively], and the mixtures were
vigorously stirred for 3 h at 70 °C. Water (approx. 10 ml) was
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added, and the mixtures were dialyzed against water for 72 h
(with a molecular weight cutoff of 6000–8000 to remove un-
bound POX and other components from the reaction mixture)
and washed with diethyl ether (30 ml) to remove residual
mineral oil. The aqueous phase was then freeze-dried.

The content of polyoxazoline (% wt.) was calculated ac-
cording to the following equation:

wPMeOx ¼ wN

wN ;PMeOx
� 100%

where wN is the content of nitrogen in the sample and
wN,PMeOx is the calculated content of nitrogen in the
polyoxazoline graft (15.12% in our case). Polyoxazoline con-
tent was found to be 4% (GG-PMeOx-1) and 44% (GG-
PMeOx-3), respectively.

Cysteamine was added to the glycogen-graft-poly(2-meth-
yl-2-oxazolines) according to a procedure described previous-
ly for allylated glycogen [8]. The yield from amino-group-
terminated glycogen-graft-poly(2-methyl-2-oxazolines) was
as follows: 220 mg (88%) of GG-PMeOx-1-NH2 and
115 mg (46%) of GG-PMeOx-3-NH2.

Preparation of dansyl-labeled
glycogen-graft-poly(2-methyl-2-oxazolines)
(GG-PMeOx-1-Ds and GG-PMeOx-3-Ds)

Dansy l g l y c i n e ( 200 mg , 0 . 65 mmo l ) and N-
hydroxysuccinimide (75 mg, 0.65 mmol) were dissolved in
THF (10 ml), and the solution was cooled to 0–5 °C. A solu-
tion of DCC (154 mg, 0.75 mmol) in THF (5 ml) cooled to 0–
5 °C was added. The mixture was stirred at 0–5 °C for 2 h and
then overnight at room temperature. Eighty percent acetic acid
(12.5 μl, 0.15 mmol) was added, and the mixture was stirred
for additional 0.5 h at room temperature. Dicyclohexylurea
was filtered off, and the filtrate was rotoevaporated.
Dansylglycine-NHS ester (Ds-NHS) was obtained as yellow
powder in quantitative yield (271 mg). ESI MS: m/z: calcd for
C18H20N3O6S 406.44 [M+H]+, found 406.08 [M+H]+. Due to
its low stability, which was reported previously [15], product
was not fully characterized and was used without further
purification.

GG-PMeOx500-1-NH2 or GG-PMeOx500-3-NH2, respec-
tively (40 mg) was dissolved in DMSO (0.9 ml). Ds-NHS
(20 mg) was added, and the mixture was stirred for 0.5 h at
room temperature. Water (0.6 ml) was added, and the solution
was purified twice using gel permeation chromatography
(Sephadex G-25, H2O as eluent, bed volume of 150 ml).
The product was freeze-dried.

The content of dansyl moiety was determined spectropho-
tometrically in water at 320 nm (ɛ = 3400 cm−1/M—the aver-
age value for dansyl-marked proteins [16]) and was found to

be 74 pmol/mg for GG-PMeOx500-1-Ds and 28 pmol/mg for
GG-PMeOx500-3-Ds.

Preparation of fluorescein isothiocyanate (FITC)-labeled
glycogen and glycogen-graft-poly(2-methyl-2-oxazolines)
(GG-FITC and GG-PMeOx-1-FITC)

GG-NH2 or GG-PMeOx500-1-NH2 (100 mg) was dissolved
in 5 ml of 0.1 M Na2CO3, and 0.5 ml of the FITC solution (in
DMSO, 1 mg/ml) was added. As a grafting mechanism
aminolysis of the isothiocyanate group on FITC with the pri-
mary amino groups on GG/GG-conjugate to form thiourea
linkage was used. The mixture was stirred overnight and then
purified twice using gel permeation chromatography
(Sephadex G-25, H2O as eluent, bed volume of 150 ml).
The product was freeze-dried.

The content of fluorescein moiety was determine spectro-
photometrically in 0.1 M borate buffer (pH = 9.3) at 495 nm
(ε = 77,000 cm−1/M) and was found to be 1.7 nmol/mg for
GG-FITC and 0.2 nmol/mg for GG-PMeOx500-1-FITC. The
conjugation efficiency was calculated from determined
amount of FITC in the final conjugates versus its concentra-
tion in the reactionmixture and was found to be 20.1 and 2.4%
for GG-FITC and GG-PMeOx500-1-FITC, respectively.

FTIR and NMR of GG-FITC and GG-PMeOx500-1-FITC
spectra are presented in supplemental data (S.Fig. 2).

Biological part

Cell line

The HepG2 cell line (ATCC® HB-8065™, Czech Republic)
was chosen as a suitable model, because it is a cell line derived
from hepatocellular carcinoma, and thus, these cells are able to
utilize glycogen in large extent. This cell line was used for all
in vitro experiments. The cells were incubated under standard
conditions (37 °C, 5% CO2) in MEM incubation medium
(Minimum Essential Medium) without phenol red from
Gibco® by LifeTechnologies™ (USA) in order to minimize
background during fluorescent microscopy measurement.
Fetal bovine serum,L-glutamine (stock solution 200 mM), a
non-essential amino acid solution and penicillin/streptomycin
(stock solution 10,000 units of penicillin and 10 mg of strep-
tomycin per 1 ml) were added to the media. All of them,
excluding the fetal bovine serum, were purchased from
Sigma-Aldrich Ltd. (Prague, Czech Republic) and diluted in
medium at a final concentration of 5%. The fetal bovine serum
was purchased from Gibco® by LifeTechnologies™
(Waltham, MA, USA), and final concentration in media
was 10%.
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Animal model

Six C57BL/6 mice (Anlab, Czech Republic) were used as an
experimental model. Another three C57BL/6 mice (Anlab,
Czech Republic) were used as negative controls. The mice
were kept in a conventional breeding facility under a 12/12
light cycle regimen, with free access to pelleted food and
water.

All protocols were approved by the Ethical Committee of
the Institute for Clinical and Experimental Medicine and the
experiments were carried out in accordance with the European
Communities Council Directive (86/609/EEC).

Fluorescence measurement

The HepG2 cells were incubated in media with the addition of
modified glycogen (GG-GdDOTA-Dy615, GG-PMeOx-1-
Ds, or GG-PMeOx-3-Ds) to the final concentration at 0.3%
and a total volume of 5 ml. Two hundred microliters of incu-
bation media were collected at time points 5 min and then at 1,
2, 4, 8, 24, 48, and 120 h, respectively, after the addition of
modified GG with a fluorescent label. The collected samples
from the incubation medium were transferred to a 96-well
plate and measured immediately on the Synergy™ 2 Multi-
Mode Reader from BioTek®Instruments, Inc. (USA) using
the following band-pass filters: Dyomics 615: 575/15-nm ex-
citation filter and 620/40-nm emission filter; dansyl 320/20-
nm excitation filter and 485/20-nm emission filter. Results
were adjusted to the actual volume of media after each
sampling.

Confocal microscopy

In their exponential phase of growth, the HepG2 cells were
incubated for 4 h in media with a 0.3% concentration of mod-
ified glycogen (GG-PMeOx-1-Ds, GG-GdDOTA-Dy615, or
GG-PMeOx-1-FITC). The cells were washed with Hanks’
balanced salt solution (HBSS, Biosera, France), and fluores-
cent dyes were added in concentrations according to the pro-
ducer’s manual (60–70 nM for LysoTrackers® and 1 μg/ml
for Hoechst 33342). Incubation times were 30 min for
LysoTrackers® and 20 min for Hoechst 33342 [17, 18]. All
fluorescent dyes were purchased from Invitrogen™ by Life
Technologies, Czech Republic. After incubation, cells were
washed with HBSS and measured on a Leica SP2 AOBS
confocal microscope (objective: HCX PL APO CS
63.0 × 1.20 W CORR). Where the cells were incubated with
the addition of extra glucose, we used a 22 mM final concen-
tration of glucose in the medium. The mediumwith 22 mM D-
glucose (Sigma-Aldrich Ltd., Prague, Czech Republic) was
also used during incubation with modified glycogen or fluo-
rescent probes.

Inhibition of internalization into the cells

The HepG2 cells were seeded into the 24-well plates
(3.0 × 105 cells/ml) and incubated for 4 days in a humidified
atmosphere (37 °C, 5% CO2). The cells were divided into
three groups in triplicates (with GG conjugate only, GG con-
jugate and hypertonic sucrose, or GG conjugate and
methyl-β-cyclodextrin (MBCD)) and a control group in du-
plicates (untreated HepG2 cells). Four days after seeding, the
cells were preincubated for 30 min with one of the inhibitors
(0.4 M hypertonic sucrose or 4 mM MBCD, respectively).
The same inhibitor was also present during subsequent incu-
bation with GG-PMeOx-1-FITC. At the end of the 4-h incu-
bation with GG-PMeOx-1-FITC, the cells were washed with
HBSS, trypsinized, collected, and measured immediately on a
flow cytometer FC500 (Beckman Coulter, USA). The7′AAD
(20 μ l , Molecular Probes™ , Life Technologies ,
Czech Republic) was added before each measurement for
10 min to distinguish live from dead and debris cells. Each
measurement was performed for 300 s.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay

The MTT assay was performed according to the standard pro-
tocol [19]. The highest concentration involved (0.6%) reflects
the doubled concentration that was used for all other in vitro
experiments. Other concentrations were prepared by fivefold
serial dilution of the initial concentration. After a 24-h incu-
bation with modified GG, the cells were washed with HBSS;
then, 200 μl of fresh media were added, and cells were incu-
bated for another 5 days. The medium was removed and the
MTT solution (5 mg/ml in MEM, 250 μl per well) was added
for 6 h. TheMTTsolution was changed for dimethyl sulfoxide
(DMSO, 200 μl per well) and glycine buffer (30 μl per well).
Absorbance at 600 nm was immediately measured on the
Multi-Mode Reader (Synergy™ 2, BioTek®Instruments,
Inc., USA). The tests were held in octuplicates. Both MTT
andDMSOwere purchased from Sigma-Aldrich Ltd. (Prague,
Czech Republic).

In vivo fluorescence imaging

One hundred microliters of GG-Dy615 stock solution
(14.3 mg of GG-GdDOTA-Dy615 in 1.2 ml 0.15 mol/L aque-
ous NaCl) were administered by intravenous injection into the
tail vein of the experimental animals. The mice were anesthe-
tized with 2% isoflurane (Chiesi Pharmaceuticals GmbH,
Austria) and shaved in the abdominal area before scanning
in order to minimize scattering and attenuation of optical sig-
nal. In vivo fluorescence imaging of mice was performed at an
IVIS® Lumina XR optical imager (PerkinElmer Inc., USA)
with 5-min exposure time, excitation filter 605 nm and emis-
sion filter Cy5.5 (695–770 nm). The mice were measured
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immediately and then 2, 6, and 24 h after application of GG-
Dy615. After the last measurement, all mice were sacrificed
by overdose of anesthesia, and fluorescence of the internal
organs (liver, spleen, kidneys) was measured with the same
parameters used in in vivo measurement. Evaluation of fluo-
rescent signal was performed using either region of interest
(ROI) covering the whole mouse body or separate internal
organs, for which the average radiant efficiency ([photon/s/
cm2/sr]/[μW/cm2]) was measured and compared.

Statistical methods

One-way analysis of variance (ANOVA) was calculated for
each of the MTT assays using the GraphPad InStat 3
(GraphPad Software, Inc., USA) program.

Results

Glycogen-graft-poly(2-methyl-2-oxazolines) (GG-PMeOxs)
were prepared analogously to the previously described proce-
dure for thermoresponsive glycogen-graft-poly(2-isopropyl-
2-oxazoline-co-2-butyl-2-oxazoline)s [12]. Cysteamine was
added analogously to a procedure we previously published
for allylated glycogen [8]. This involved an amino group con-
taining glycogen conjugates, which were subsequently
marked with different fluorescent dyes, leading to fluorescent
glycogen conjugates in high yields with fluorophore content
sufficient for both in vitro and in vivo imaging. Rate of intra-
cellular degradation, cytoplasmatic localization, and cytotox-
icity parameters of these hybrid copolymers were then com-
pared to the biological properties of the non-poly(2-methyl-2-
oxazoline)-containing conjugate GG-GdDOTA-Dy615 to de-
termine the effect of poly(2-methyl-2-oxazoline) conjugation.

Our biological experiments first addressed the dependence
of the endocytosis rate on glycogen grafting density. The three
different types of materials were used—GG-GdDOTA- and
two dansyl-labeled glycogen-graft-poly(2-methyl-2-
oxazolines), differing in the content of poly(2-methyl-2-
oxazoline) grafts (GG-PMeOx-1-Ds with 4 wt.% of poly(2-
methyl-2-oxazoline) and GG-PMeOx-3-Ds with 44 wt.% of
poly(2-methyl-2-oxazoline)). In the case of the non-poly(2-
methyl-2-oxazoline)-containing GG-GdDOTA-Dy615
(Fig. 1a), there was a constant decrease of fluorescence in
incubation media. On the other hand, in the case of both
GG-PMeOxs, there was a constant decrease in the first 4 h
only, after which the level of fluorescence in the media in-
creased again (Fig. 1b). A comparison between the two dif-
ferent types of GG-PMeOxs showed that the initial decrease in
the level of fluorescence in the incubation media (correspond-
ing to the cellular uptake) was greater for GG-PMeOxwith the
lower content of poly(2-methyl-2-oxazoline) than for the one
with the higher content of polyoxazoline (Fig. 1c).

Results from the confocal fluorescent microscopy with
confirmed the absence of GG-PMeOx-1-Ds in the nucleus
and the presence of the fluorescent-labeled dansyl of the
polymer-modified glycogen in the cytoplasm (Fig. 2). This
presence was not continuous, but we were able to observe a
more intensive fluorescence in clusters. These clusters were
not more frequent in specific areas but were continuously
present in the cytoplasm of the HepG2 cells.

Similar results to GG-PMeOx-1-Ds were obtained for gly-
cogen conjugate without poly(2-methyl-2-oxazoline)–GG-
GdDOTA-Dy615 (Fig. 2).

Two types of colocalization studies were also performed.
First, we carried out colocalization of GG-GdDOTA-Dy615
with Hoechst 33342 (cell nucleus-staining fluorescent dye
with a high intercalation affinity to DNA) to further confirm
the absence of modified glycogen in the nucleus (Fig. 2). We
did not observe any colocalization of the two types of fluores-
cent labels used. Pearson’s coefficient (calculated for Dyomics
615 in combination with Hoechst 33342) was below 0.2.

Fig. 1 Changes in fluorescence levels in media. Medium a with GG-
GdDOTA-Dy615 (sensitivity 50), b with GG-PMeOx-1-Ds or GG-
PMeOx-3-Ds (sensitivity 80), and c with GG-PMeOx-1-Ds or GG-
PMeOx-3-Ds for the first 8 h
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The second colocalization study was carried out in order to
precisely determine the metabolism of the externally adminis-
tered glycogen to asses if it is degraded inside lysosomes or by

enzymes that are used for intracellular glycogen. All values of
Pearson’s coefficient obtained from confocal microscopy that
compares colocalization of the signal from fluorophore on the
conjugate and the particular Lysotracker® (GG-PMeOx-1-
FITC, 0.1–0.18; GG-GdDOTA-Dy615 incubated without
adding extra D-glucose, 0.3–0.45; GG-GdDOTA-Dy615 incu-
bated with extra D-glucose, 0.42–0.46) were relatively low. It
indicates a very weak correlation for GG-PMeOx-1-FITC and
a moderate correlation for GG-GdDOTA-Dy615. The addi-
tion of D-glucose had only a negligible effect.

Flow cytometry studies using two different types of inhib-
itors, hypertonic sucrose for clathrin-mediated endocytosis
and MBCD for caveolae-mediated endocytosis, showed de-
creased x-mean of fluorescence upon cells incubation with
GG-PMeOx-1-FITC and MBCD (Fig. 3).

A classic MTT cytotoxicity assay was used to determine
toxicity of our polymers. This test confirmed non-toxicity of
the all used concentrations of GG-PMeOx-1-FITC, and these
levels of viability were similar to the HepG2 control cells
(Fig. 4a). Results for GG-GdDOTA-Dy615 indicate that this
type of modified glycogen is also non-toxic to cells (Fig. 4b).
Although viability continuously rose with the lower concen-
trations, we did not observe any significant difference in via-
bility between treated cells and control cells. Cell viability was
also not affected by incubation with native (unmodified) gly-
cogen (Fig. 4c).

After in vitro tests, the probe GG-Dy615 containing a fluo-
rescent dye suitable for fluorescence imaging was i.v. admin-
istered into the experimental animals and in vivo
biodistribution, biodegradation, and elimination of the probe
was assessed by optical imaging. Average radiant efficiency
exhibited an initial decrease after i.v. application for the ROI
covering the whole mouse body (Fig. 5). Over 24 h, fluores-
cence signal was still detectable and slowly increasing after
initial decrease. After sacrifice of the animals, fluorescent sig-
nals from the internal organs were acquired (Fig. 6). The liver
and kidneys were fluorescently positive. In contrast, fluores-
cent signal from the spleen was just negligible. The detected
fluorescent signals in experimental mice were one order big-
ger compared to control animals (Fig. 6).

Discussion

Biological behavior of a novel glycogen-based polymer with
biocompatible hydrophilic poly(2-methyl-2-oxazoline) grafts
ensuring its tunable biodegradability rate and solid tumor
targeting due to the EPR effect was examined for the first time.

All of the differences in the endocytosis rate that occurred
between different types of modified glycogens (GG-
GdDOTA-Dy615, GG-PMeOx-1-Ds, and GG-PMeOx-3-Ds)
originated in their chemical structure. Unsurprisingly, the ma-
jor difference was between the two most different groups of

Fig. 2 Images from confocal microscopy (Leica SP2). HepG2 cells
incubated with three different types of modified glycogen (0.3%
solution in incubation media for all types of modified GG) are
displayed. The left column shows merged images, the middle column
displays fluorescent signals for modified GG in HepG2 cells, and the
right column displays fluorescent signals for Hoechst 33342,
LysoTracker® Green and LysoTracker® Deep Red. Scale bars 20 μm.
Rows: a GG-PMeOx-1-Ds, b GG-GdDOTA-Dy615 with Hoechst
33342, c GG-GdDOTA-Dy615 with LysoTracker® Green, d GG-
GdDOTA-Dy615 with LysoTracker® Green and D-glucose addition
(final concentration 22 mM), e GG-PMeOx-1-FITC with LysoTracker®
Deep Red, and f GG-PMeOx-1-FITC with LysoTracker® Deep Red and

D-glucose addition (final concentration 22 mM)
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modified glycogens (GG-GdDOTA-Dy615 versus both types
of GG-PMeOxs-Ds). This difference in the levels of fluores-
cence in the incubation media over the course of time was
likely due to the non-covalent interactions between organelles
in cells and fluorescent label Dyomics 615 released after gly-
cogen carrier degradation in low-molecular-weight form.
Therefore, the most plausible scenario is that the fluorescent
label, but not the whole molecule of glycogen, remained in-
side the cells and was not transported back into the incubation
media. In the case of both types of GG-PMeOxs-Ds, there was
a decrease in the level of fluorescence during the first 4 h, after
which the level of fluorescence in the incubation media started
to rise again. We assume that degradation fragments [non-
biodegradable poly(2-methyl-2-oxazoline) chains] were
transported from the cells with the fluorescent label (dansyl)
too. Most probably, this was because poly(2-methyl-2-
oxazoline) is biocompatible and also fluorescent-labeled
dansyl does not stick to intracellular components, especially
because it remains on poly(2-methyl-2-oxazoline).

A higher degree of functionalization of polymer grafts
should affect the endocytosis rate. Uptake is slower for GG
with the higher content of polyoxazoline because poly(2-
methyl-2-oxazoline) makes the glycogen core stealthier for
cells. These findings are in accordance with previous stud-
ies focusing on dextrin succinylation, which is also a type of
chemical functionalization. Dextrin with a higher level of
succinylation shows slower biodegradation [12, 13].
S lower up take of GG wi th a higher conten t o f
polyoxazoline may also contribute to prolonged blood cir-
culation time, which can be beneficial for diagnostic
purposes.

Confocal microscopy results showed that Pearson’s co-
efficient for Dyomics 615 in combination with Hoechst
33342 was below 0.2, which indicates that colocalization
of the two used dyes was random, quite possibly due to
noise in the picture. It means that modified GG is not pres-
ent in the nucleus. This result is also in accordance with our
previous studies [8].

Glycogen can be degraded in twoways. The first occurs via
physiological degradation by specific enzymes for glycogen.
The second involves a rarer pathway which occurs in lyso-
somes byα-glycosidase [20]. Because glycogen is not present
extracellularly under normal conditions, we try to distinguish
which pathway is utilized. Results from confocal microscopy
colocalization studies indicate that the physiological pathway
used by glycogen specific enzymes is the one that is most
likely used for the degradation of endogenous glycogen. We

Fig. 4 MTT assay results for a GG-PMeOx-1-FITC, b GG-GdDOTA-
Dy615, and c GG without modifications; presented as mean ± SEM
(n = 8). Columns represent HepG2 cells exposed to (a) 0.6%
concentration of modified/unmodified GG; (b) 0.12% concentration of
modified/unmodified GG; (c) 0.024% concentration of modified/
unmodified GG; (d) 0.0048% concentration of modified/unmodified
GG; (e) 0.00096% concentration of modified/unmodified GG; (f)
0.000192% concentration of modified/unmodified GG; (g) 0.0000384%
concentration ofmodified/unmodified GG. Columns represent (h) control
A; (i) control B; (j) incubation medium without cells and with MTT; (k)
incubation medium alone. One-way ANOVAwas performed for all MTT
assays. Differences between j, k, and other columnswere always at a level
of P ≤ 0.001 (not indicated in the graphs)

Fig. 3 Results from flow cytometry studies; determination of
endocytosis type using two types of inhibitors. HepG2 cells were
incubated with GG-PMeOx-1-FITC for 4 h. Columns represent (a)
modified glycogen alone; (b) modified glycogen plus hypertonic
sucrose; (c) modified glycogen plus MBCD; (d) untreated control cells
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can assume that the degradation of all modified GGs is mostly
dependent on the specific physiological pathway, in combina-
tion with lysosomal degradation. If degradation of modified
GG is reliant on the physiological pathway for endogenous
glycogen, it favors the hypothesis that exogenously adminis-
tered glycogen is treated like the cells’ own glycogen. This
could be beneficial for its potential use as a diagnostic and
therapy drug delivery system. The lower Pearson’s coefficient
observed obtained for GG-PMeox-1-FITC in comparison
with GG-GdDOTA-Dy615 (GG-PMeOx-1-FITC, 0.1–0.18;
GG-GdDOTA-Dy615 incubated without adding extra D-glu-
cose, 0.3–0.45) may have been due to the pH-dependent fluo-
rescent signal of FITC.

It is known that glycogen should be located in the cyto-
plasm of hepatic cells in the absence of glucose, be completely
absent in the nucleus and be of no more prominent density
close to the cytoplasmic membrane [21–23]. This is in accor-
dance with our findings, as we did not add any extra glucose to
hepatic cells either. The presence of clusters with more inten-
sive fluorescence perhaps indicates that (fluorescent-labeled)

glycogen is associated with its enzymes in what are known as
glycosomes [10]. Nonetheless, we did not find any visible
distinct difference in modified GG storage between cells that
were either incubated without adding extra glucose or by
adding extra D-glucose after analysis of microscopic pictures
by experienced users. This unexpected difference, however
not statistically proved, between physiological states may be
possibly explained by the fact that we had already used a
whole molecule of modified GG. In its physiological state,
glycogen is synthetized by glycogen synthase (for HepG2
cells it is synthetized by liver glycogen synthase (LGS)) from
glucose. When cells are in a high glucose state, LGS is
translocated from cytosol to proximity of the cytoplasmatic
membrane [21] and glycogen is synthetized from externally
added D-glucose on the cytoplasmatic membrane towards the
center of the cells [24]. Translocation of LGS and changes in
glycogen synthesis most probably do not exert any impact on
storage of this whole, already synthetized, modified glycogen
molecule. Therefore, in our case, our conjugate was the sub-
ject of degradation, and not glycogen resynthesis.

Fig. 6 a Average radiant
efficiency for organs (kidneys,
liver, and spleen) from the C57BL/
6 mice 24 h after i.v. application of
GG-Dy615 in comparison with
organs from the negative
controls—the C57BL/6 mice
without application of GG-Dy615.
b Comparison of fluorescence
signal from the C57BL/6 mice 24
h after i.v. application of GG-
Dy615 in comparison with organs
(K, kidneys; L, liver; S, spleen)
from negative controls—the
C57BL/6 mice without application
of GG-Dy615. The scale bar on
the right is valid for both images
and is presented as radiance (p/sec/
cm2/sr)—the minimum is 3.18e6
and maximum is 1.33e7

Fig. 5 a Fluorescence signals in
the C57BL/6 mice after i.v.
administration of GG-Dy615 in
comparison with the negative
controls—the C57BL/6 mice
without administration of GG-
Dy615. b Example of
fluorescence signal changes from
one C57BL/6 mouse after i.v.
administration of GG-Dy615.
The scale bar on the right is valid
for all four images and is
presented as radiance (p/s/cm2/
sr)—the minimum is 1.19e6 and
maximum is 2.14e7
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We also studied the uptake mechanism of the GG conju-
gates into the cells. MBCD serves as an inhibitor for caveolae-
mediated endocytosis. Because x-mean of fluorescence was
lowered in case of adding MBCD to the cells media, we can
assume that this type of endocytosis occurred in the case of
exogenously administered GG. Our findings are in agreement
with other studies which conclude that caveolae-mediated en-
docytosis is preferred in most cases when designating endo-
cytosis type with several types of dendrimers other than GG
[25]. However, there is no such study for the same type of
dendrimer that we used for exact comparisons (GG).
Moreover, endocytosis of GG-PMeOX-1-FITC was inhibited
only partially by MBCD, which may suggest that GG uses
other means of entering cells that are more complex.

The fluorescent/MRI label is always non-cleavably cova-
lently bound to the biggest fragment produced (i.e.,
polyoxazoline in the case of polymer-glycogen conjugates)
and is stable. The other degradation product is D-glucose,
which is metabolized. And therefore, the most plausible sce-
nario is that whole molecule is endocyted by caveolae-
mediated endocytosis and then glycogen is degraded into D-
glucose inside the cells by its specific enzymes. The fragments
of modified glycogen should be up to tens of nanometers, and
these are typically exocytosed within tens of minutes-several
hours [26].

Results from the MTT assays completely support our hy-
pothesis that modified glycogen is non-toxic, because it is
physiologically present in almost all living organisms. The
non-significantly lower absorbance level in higher concentra-
tions of GG-GdDOTA-Dy615 is most probably caused by
gadolinium (Gd3+), which may be toxic when cleaved out
from a molecule of glycogen. Toxicity of Gd3+ has been
proved in many previous studies [27–30]. However, Gd3+

chelates are approved for use in clinical practice and the high
level of concentration that we used as a starting concentration
is not generally used in vivo. We also found native glycogen
non-toxic to HepG2 cells. Therefore, we may suppose that the
cytotoxicity of modified glycogen was not due to glycogen
alone, but caused by its modifications. This in turn indicates
that it should be possible to lower cytotoxicity through the
careful selection of fluorescent probes, ligands,MRI contrasts,
etc. for future prospective clinical use.

Finally, elimination of GG-Dy615 in vivo through the kid-
neys in a few hours correlates with data obtained by MRI [8].
Moreover, our system is biodegradable with scope for further
modifications. Initial decrease (2 h time point) of fluorescence
signal could be caused by fact that GG-Dy615 was not just in
superficial vessels and at application site as it was immediate-
ly after application but also GG-Dy615 was not yet concen-
trated in the liver and kidneys. The increase in the fluores-
cence signal from the kidneys after 24 h indicates that GG-
Dy615 was degraded, since the size of the whole GG-Dy615
molecule was above the renal threshold. Therefore, it is most

likely that only the fluorescence label alone (Dyomics 615)
was detected in the kidneys. Fluorescent signal from the
spleen was quite low (in comparison to controls that did not
get GG-Dy615); thus, we can assume that modified glycogen
was not taken up by the reticuloendothelial system in great
amounts.

Conclusions

We proved high potential of our novel glycogen-based copol-
ymers for medical use due to no adverse effect during in vitro
and in vivo experiments. The copolymers are non-toxic, bio-
compatible, and possess tunable biodegradable using poly(2-
methyl 2-oxazoline) grafting. We showed that these hybrid
copolymers avail more caveolae-mediated in comparison to
clathrin-mediated endocytosis and that they are located in the
cytoplasm after endocytosis. In vitro and in vivo experiments
confirmed relatively fast in vivo biodistribution. Thanks to
these attributes, the glycogen-based probes are superior to
commonly used drug delivery systems and would be suitable
as polymer carriers for biomedical use, particularly for its
prospective use for cancer-diagnostic and therapeutic
purposes.
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Mannan-based conjugates as a multimodal
imaging platform for lymph nodes†

M. Rabyk,a A. Galisova,b M. Jiratova,b V. Patsula,a L. Srbova,a L. Loukotova,a

J. Parnica,a D. Jirak,b P. Stepaneka and M. Hruby *a

We show that mannan-based conjugates possess exceptional features for multimodal imaging because

of their biocompatibility, biodegradability and self-targeting properties. Two new mannan conjugates,

containing a gadolinium complex and a fluorescent probe, one based only on polysaccharide and

the other one comprising polysaccharide with poly(2-methyl-2-oxazoline) grafts, were prepared and

simultaneously visualized in vitro and in vivo by magnetic resonance and fluorescence imaging. The

synthesis of these mannan-based complexes was based on alkylation with allyl bromide or grafting with

poly(2-methyl-2-oxazoline) chains, followed by a thiol–ene click reaction with cysteamine to introduce

primary amino groups into their structure. Finally, the obtained conjugates were functionalized with con-

trast labels using the corresponding N-hydroxysuccinimide esters. When used to detect lymph nodes,

the polymers showed better imaging properties than a commercially available contrast agent.

Introduction

Recently, the usage of polysaccharides for pharmaceutical and
biomedical applications has been the subject of numerous
studies1,2 because of their unique physicochemical and bio-
logical properties.3,4 Polysaccharides may serve as carriers
suitable for the construction of delivery systems for drugs,5–7

as vaccine adjuvants,8 as components of designed gene delivery
systems9 and tissue engineering scaffolds,10–12 etc. Such
carbohydrate-based systems are often produced by polyelectro-
lyte complexation,13 covalent chemical modification of the
polysaccharide;14 chemical crosslinking15 or grafting with a
synthetic polymer.16

Polysaccharides may also be used for the preparation of
diagnostic probes.17–19 Although most of the studies conducted
in this biomedical field are dedicated to cancer diagnostics,
there is also a need to investigate methods for detecting
possible complications related to cancer. One of these complex
issues connected with cancer is the detection of sentinel lymph
nodes (SLNs). As part of immune system, lymph nodes (LNs)
play a very important role in the body. Among other types of
cells, they include B- and T-lymphocytes, which monitor lymph
for the presence of ‘‘foreign’’ bacteria and viruses; when such
objects are detected, they become activated by migratory

dendritic cells (DC), and an immune response is subsequently
triggered.20

LNs also play a key role in metastatic process. Although the
mechanism is not absolutely clear yet, it is well know that
because of the large cavity of lymph vessels and slow velocity of
lymph itself, the lymphatic system possesses a huge capacity
for tumour metastasis. Many types of malignant tumours, such
as melanoma and breast and prostate cancers, are prone to
metastasize to the regional LNs through the tumour-associated
lymphatic vessels.21 Consequently, the LN nearest to where
cancer cells are spread to from a primary tumour is called the
SLN. Currently, the typical procedure for SLN diagnosis is
biopsy (SLNB)22 with subsequent pathological analysis, which
is based on immunohistochemical staining with cytokeratin
19 (CK19).23 Although SLNB is less burdensome for patients
than axillary lymph node dissection, it still possesses all the
drawbacks associated with any surgery.24–27 Nevertheless, the
clinical advantage of SLNB over node dissection is unquestion-
able, and the procedure has become the favoured choice for
patients with breast cancer, melanoma, and colorectal and
prostate cancers.28,29 A few studies using magnetic resonance
imaging (MRI) for cancer diagnosis and LN visualization were
reported,30,31 showing a considerable potential of the method.
However, this technique remains an additional diagnostic tool
rather than a primary one, and deeper research in the field is
justified. Additionally, a few other works have promoted SLNs
investigation using combined methods, for instance, with the
single-photon emission computed tomography (SPECT)/MRI32

and positron emission tomography (PET)/near infrared fluores-
cence (NIRF)33 techniques. The available methods and materials

a Institute of Macromolecular Chemistry, Academy of Sciences of the Czech

Republic, Prague, Czech Republic. E-mail: mhruby@centrum.cz
b Institute for Clinical and Experimental Medicine, Czech Republic

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7tb02888a

Received 6th November 2017,
Accepted 3rd January 2018

DOI: 10.1039/c7tb02888a

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER View Article Online
View Journal

http://orcid.org/0000-0002-5075-261X
http://rsc.li/materials-b
http://dx.doi.org/10.1039/c7tb02888a
http://pubs.rsc.org/en/journals/journal/TB


J. Mater. Chem. B This journal is©The Royal Society of Chemistry 2018

used for these purposes were nicely and thoroughly reviewed
elsewhere.34,35 Undoubtedly, the development of new prospec-
tive methodology and materials for use in SLN diagnostics is
currently essential.

The useful biological properties of mannan (MN) inspired us
to use it as a platform for preparing new multimodal probes.
For this work, commercially available MN from Saccharomyces
cerevisiae was selected, which consists of an a-1,6-linkedmannose
backbone with a high percentage of a-1,2 and a-1,3 side chains
of different compositions36 (Scheme 1). MN is biocompatible,
biodegradable, and nontoxic, and due to the presence of
numerous hydroxyl groups in its structure, it can easily be
modified to achieve the desired properties. These characteristics
all make MN a promising candidate for the development of new
polysaccharide-based nanocarriers for biomedical applications.

In a living organism, MN binds to the mannose receptors,
which are a class of multilectin receptor proteins that provide a
link between innate and adaptive immunity.37 Consequently,
MN is preferably accumulated in immune cells38 overexpressing
the DC-SIGN receptors (dendritic cell-specific ICAM-grabbing
non-integrin receptors, where ICAM is intracellular adhesion
molecule), which could be useful for detecting SLNs and inflam-
mations, which are heavily infiltrated with macrophages and
DCs. This raises the possibility of using MN as a probe for
investigating pathological processes and developing corres-
ponding therapies.

In the past few decades, numerous works have contributed
to the synthesis and characterization of poly(2-alkyl-2-oxazoline)s
as perspective materials for biomedical applications.39–42 The
reason for such high interest lies in the biocompatibility and
non-toxicity of these bio-inspired polymers along with the wide
variety of accessible properties, which depend on the structure
and can be easily tailored during synthesis or by a post-
modification procedure. Thus, the aim of this study was prepar-
ing new hybrid polymer contrast agents based on MN intended
for detecting of SLNs by multimodal imaging. We designed and
critically compared two new MN-based conjugates: one based
only on polysaccharide and the other one comprasing poly-
saccharide with poly(2-methyl-2-oxazoline) (POX) grafts. Both
conjugates contained a gadolinium complex and a fluorescent
probe for the magnetic resonance imaging (MRI) and optical

fluorescence imaging (FLI) modalities, respectively. These con-
jugates were simultaneously visualized in vitro and in vivo byMRI
and FLI; moreover, the accumulation of the conjugates in LNs
was also shown. Grafting with POX was performed to slow down
biodegradation and therefore prolong the diagnostic window for
imaging. Both MN-based contrast agents were compared with
clinically used gadoterate meglumine (GM) in an in vitro/in vivo
animal model, showing the striking potential of our probes for
LN detection.

Experimental part
Materials

Mannan (MN) from Saccharomyces cerevisiae, 2-methyl-2-oxazoline
and gadolinium(III) chloride (anhydrous) were purchased from
Sigma-Aldrich Ltd (Prague, Czech Republic). Diethyl ether,
dimethyl sulfoxide (DMSO), sodium chloride and toluene were
purchased from Lachner Ltd (Neratovice, Czech Republic).
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid N-hydroxy-
succinimide ester (DOTA-NHS-ester) was purchased from Macro-
cyclics, Inc. (Plano, USA). IR800CW-NHS-ester was purchased from
LI-COR Biotechnology – GmbH (Bad Homburg, Germany). 2,4,6-
Trinitrobenzene-1-sulfonic acid (TNBSA) solution was purchased
from Thermo Fisher Scientific (Praha, Czech Republic). Ultrapure
Q-water ultrafiltered with a Milli-Q Gradient A10 system (Millipore,
Molsheim, France) was used throughout the work. Spectra/Por
dialysis membranes (molecular weight cut-offs (MWCOs) of
3.5 � 103 and 6–8 � 103 g mol�1) were purchased from P-LAB
(Prague, Czech Republic). All other chemicals were purchased
from Sigma-Aldrich Ltd (Prague, Czech Republic) and were
used without further purification unless stated otherwise.

Synthesis and preparation

Preparation of allylated mannan (MN_allyl). MN from
S. cerevisiae (0.6 g, 3.7 mmol glucose units) and sodium hydro-
xide (0.296 g, 7.4 mmol) were dissolved in water (22 mL), and the
solution was cooled to 0 1C. Allyl bromide (100 mL, 1.16 mmol)
was added, and the mixture was stirred for 10 h at 0 1C and then
overnight at room temperature. Acetic acid (0.65 mL, 11.4 mmol)
was added to neutralize the residual sodium hydroxide; the
resulting solution was dialyzed against water using Spectra/Por
3 membrane tubing with a MWCO of 3500 g mol�1 for 48 h and
freeze-dried. Yield: 0.597 g (99%) of allylated mannan (MN_allyl,
12.66 mol%).

1H-NMR of MN_allyl (300 MHz, D2O), d (ppm): 3.5–4.2
(–CH2–CH–, mannose; CH2QCH–CH2–), 4.9–5.3 (–O–CH–O,
acetal), 5.95 (CH2QCH–).

Preparation of mannan-graft-poly(2-methyl-2-oxazoline)
with theoretical molecular weight of graftsMn,graft = 1000 g mol�1

(synthesis ofMN_POX). 2-Methyl-2-oxazoline (1.5mL, 17.71mmol)
and allyl bromide (0.259 mL, 2.99 mmol) were mixed with 7 mL of
anhydrous acetonitrile, and the reaction mixture was stirred
overnight at 70 1C under an argon atmosphere. MN from
S. cerevisiae (1 g, 6.17 mmol of glucose units) was dissolved in
23 mL of anhydrous DMSO and the solution was azeotropically

Scheme 1 Chemical structure of native mannan from Saccharomyces
cerevisiae.
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dried by multiple additions of anhydrous toluene (5 mL) and
subsequent evaporation at 70 1C under reduced pressure.
Sodium hydride (1.7 g of a 60% dispersion in mineral oil,
42.5 mmol) was added to the MN solution, and the mixture was
stirred for 3 h at 70 1C. The poly(2-methyl-2-oxazoline) (POX)
polymerization mixture (6.86 g) was added to solution of MN
sodium alkoxide in DMSO, and the resulting mixture was stirred
overnight at 70 1C. Water (10 mL) was added to the reaction
mixture, and the resulting suspension was washed twice with
diethyl ether (B50 mL) to remove the mineral oil. Finally, the
aqueous layer was dialyzed (MWCO of 6–8� 103 g mol�1) against
water for 72 h and freeze-dried to provide the desired product,
mannan-graft-poly(2-methyl-2-oxazoline) (MN_POX, 0.943 g,
94.25% yield). The remaining 0.65 mL of POX solution was
mixed with 0.25 mL water and purified on a Sephadexs LH-20
column using methanol as the mobile phase and evaporated to
obtain only the corresponding polymer grafts terminated with
–OH groups.

1H-NMR of POX grafts (300 MHz, CD3OD), d (ppm): 2.04
(–CH3), 3.5–4.3 (–N–CH2–CH2–, CH2QCH–), 5.85 (CH2QCH–).
Matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry of POX grafts: Mn = 870 g mol�1, I = 1.14.
1H-NMR of MN_POX (300 MHz, D2O), d (ppm): 1.99 (–CH3,
POX), 3.5–4.2 (–CH2–CH–, mannose; –N–CH2–CH2–, POX;
CH2QCH–), 4.99–5.24 (–O–CH–O, acetal), 5.9 (CH2QCH–).
Elemental analysis of MN_POX: C 41.83%, H 7.13%, N 3.28%.

Addition of cysteamine to MN_allyl or MN_POX (synthesis of
MN_NH2 or MN_POX_NH2). The product MN_allyl (0.612 g,
0.489 mmol) or MN_POX (0.834 g, 1.029 mmol), cysteamine
(0.616 g, 7.98 mmol or 0.836 g, 10.84 mmol for MN_allyl and
MN_POX, respectively) and hydrochloric acid (36%, 649 mL,
7.96 mmol or 886.5 mL, 10.87 mmol for MN_allyl and MN_POX,
respectively) were dissolved in 13 mL or 17 mL of distilled water
(for MN_allyl and MN_POX, respectively) and cooled to 0 1C.
A solution of 2-hydroxy-2-methylpropiophenone in ethanol
(0.33 vol%, 490 mL or 667 mL for MN_allyl and MN_POX,
respectively) was added, and the reaction mixture was irra-
diated by a UV lamp (TESLA RVK 6� 125 W) for 60 min. Then, a
solution of sodium carbonate (10 wt%, 30.75 mL or 41.69 mL
for MN_allyl and MN_POX, respectively) was added, and the
aqueous layer was washed with diethyl ether (B20 mL),
dialyzed (MWCO 3.5 � 103 g mol�1) against water for 48 h
and freeze-dried. The resulting products were purified on a
Sephadexs G-25 column using water as the mobile phase and
freeze-dried to afford the products MN_NH2 and MN_POX_NH2

(514 mg and 689 mg, respectively). The content of –NH2 groups
was determined by their specific reaction43 with TNBSA, which
provided a soluble coloured product that was determined
spectrophotometrically (0.236 mmol g�1 and 0.195 mmol g�1

of –NH2 groups for MN_NH2 and MN_POX_NH2, respectively).
1H-NMR of MN_NH2 (600 MHz, DMSO), d (ppm): 2.64

(–S–CH2–CH2–NH2), 2.8 (–S–CH2–CH2–NH2), 3.4–4.2 (–CH2–
CH–, mannose; CH2QCH–), 4.9–5.2 (–O–CH–O, acetal), 5.92
(CH2QCH–). Elemental analysis of MN_NH2: C 40.52.20%, H
6.67%, N 0.69%, S 0.89%. 1H-NMR of MN_POX_NH2 (600 MHz,
DMSO), d (ppm): 1.95 (–CH3, POX), 2.66 (–S–CH2–CH2–NH2),

2.8 (–S–CH2–CH2–NH2), 3.3–4.3 (–CH2–CH–, mannose; –N–
CH2–CH2–, POX), 4.97–5.22 (–O–CH–O, acetal). Elemental ana-
lysis of MN_POX_NH2: C 53.20%, H 8.35%, N 5.2%, S 1.83%.

Conjugation of IR800CW-NHS-ester and DOTA-NHS-ester
with the primary amino groups contained in MN_NH2 or
MN_POX_NH2 (synthesis of MN_IR_DOTA or MN_POX_IR_DOTA).
MN_NH2 or MN_POX_NH2 (454.8 mg, 0.107 mmol of –NH2 groups
or 629.5 mg, 0.123 mmol of –NH2 groups, respectively), Na2HPO4

12H2O (4.674 g, 13.05 mmol or 6.541 g, 18.26 mmol for MN_NH2

andMN_POX_NH2, respectively) and KH2PO4 (293.5mg, 2.16mmol
or 413 mg, 3.035 mmol for MN_NH2 and MN_POX_NH2, respec-
tively) were dissolved in 32 mL or 42 mL of water (for MN_NH2 and
MN_POX_NH2, respectively) and cooled down to 0 1C. A weighted
amount of IR800CW-NHS-ester was added (1.8 mg, 0.001545 mmol
or 2 mg, 0.00172 mmol for MN_NH2 and MN_POX_NH2, respec-
tively). The reaction mixtures were stirred for 3 h at room
temperature. DOTA-NHS-ester (75 mg, 0.0985 mmol or 150 mg,
0.1969 mmol for MN_NH2 and MN_POX_NH2, respectively) was
added, and the reaction mixtures were stirred overnight at room
temperature. The crude products were purified on a Sephadexs

G-25 column using water as the mobile phase and freeze-dried
to afford the products MN_IR_DOTA and MN_POX_IR_DOTA
(437 mg and 629.5 mg, respectively).

1H-NMR of MN_IR_DOTA (600 MHz, DMSO), d (ppm): 2.51
(–S–CH2–CH2–NH2), 2.65 (–S–CH2–CH2–NH2), 3.4–4.2 (–CH2–
CH–, mannose), 4.7–5.2 (–O–CH–O, acetal). 1H-NMR of
MN_POX_IR_DOTA (600 MHz, DMSO), d (ppm): 1.15 (–CH3,
POX), 2.58 (–S–CH2–CH2–NH2), 2.7 (–S–CH2–CH2–NH2),
3.4–4.2 (–CH2–CH–, mannose; –N–CH2–CH2–, POX), 4.95–5.2
(–O–CH–O, acetal).

Finally, MN_IR_DOTA or MN_POX_IR_DOTA was chelated
with Gd(III) according to the following procedure: the MN-based
conjugate (402 mg or 620 mg for MN_IR_DOTA and MN_POX_
IR_DOTA, respectively), ammonium acetate (1.171 g,
15.19 mmol or 1.868 g, 24.23 mmol for MN_IR_DOTA and
MN_POX_IR_DOTA, respectively) and gadolinium(III) chloride
(171.5 mg, 0.651 mmol or 270 mg, 1.024 mmol for MN_IR_
DOTA and MN_POX_IR_DOTA, respectively) were dissolved in
water (30 mL or 50 mL for MN_IR_DOTA and MN_POX_IR_
DOTA, respectively), and the reaction mixture was stirred over-
night at room temperature. The crude products were twice
purified on a Sephadexs G-25 column using water as the
mobile phase and freeze-dried to provide MN_IR_DOTA-Gd
and MN_POX_IR_DOTA-Gd (342 mg and 533 mg, respectively).
The content of Gd(III) was determined by energy-dispersive X-ray
spectroscopy (EDS) and was found to be 3.94% (0.252 mmol g�1)
and 4.22% (0.27 mmol g�1) for MN_IR_DOTA and MN_POX_
IR_DOTA-Gd, respectively.

The amount of the IR800CW label was determined spectro-
photometrically (0.1 wt%, l = 774 nm, e = 240000 L mol�1 cm�1)
and was found to be 0.72 mmol and 0.66 mmol for MN_IR_DOTA
and MN_POX_IR_DOTA-Gd, respectively.

Characterization
1H NMR measurements were conducted on a Bruker Avance
DPX-300 spectrometer operating at 300.13 MHz and on a
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Bruker Avance III 600 spectrometer operating at 600 MHz (both
Bruker Co., Austria). Fourier transform infrared (FT-IR) spectra
were obtained 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. UV-Vis absorption spectra
of the obtained conjugates were acquired at a 1 mg mL�1

concentration (in phosphate buffered saline, PBS) using a
Specords 250 Plus UV-Vis spectrometer (Jena, Germany)
(Fig. SI-1, ESI†). Fluorescence spectra of the samples were
recorded (901 angle geometry, 1 � 1 cm quartz cell) at a
concentration of 1 mg mL�1 (in PBS) using an FP-6200 spectro-
fluorometer (Jasco Europe, Italy) with an excitation wavelength
of 774 nm (Fig. SI-2, ESI†).

The molecular weight of POX was determined using MALDI.
The MALDI-TOF mass spectra were acquired with an Ultraflex
(Bruker Daltonics, Bremen, Germany) in positive ion reflection
mode using delayed extraction. The spectra were taken as
the sum of 30 000 shots with a DPSS Nd:YAG laser (355 nm,
1000 Hz). External calibration was used. The specimens were
prepared by the dried droplet method. The sample solution
(10 mg mL�1), DHB (2,5-dihydroxybenzoic acid; 20 mg mL�1)
used as the matrix and sodium trifluoroacetate (NaCF3COO;
10 mg mL�1) as a cationization agent in methanol were mixed at
a volume ratio of 4 : 20 : 1.1 mL, and the mixture was deposited on
the ground-steel target plate. The drop was dried under ambient
atmosphere. The molecular weight of the prepared MN-based
polymers was determined by SEC; the system contains a Delta-
chrom SDS030 pump (Watrex Co., Prague, Czech Republic), a
MIDAS autosampler (Spark HOLLAND B.V., Netherlands), a
column (STR SEC-100, 5 mm) and a DAWNs HELEOSs multi-
angle static light scattering detector (Wyatt Technology Corpora-
tion, USA) with acetate buffer used as the mobile phase.

The behaviour of the prepared conjugates in water was
studied using dynamic light scattering (DLS) and electrophoretic
mobility to determine their hydrodynamic radius (Rhyd) and
z-potential (ZP), respectively. The measurements were con-
ducted on a Zetasizer Nano-ZS, Model ZEN3600 (Malvern
Instruments, UK), at a scattering angle y = 1731 at 25 1C (using
DTS software – version 6.20 for data evaluation); data from
the volume distribution function were used to determine the
hydrodynamic radius Rhyd.

Cell viability assay

The cytotoxicity profile of the MN-based conjugates was
evaluated using macrophages isolated from the ascites of
mice with Abelson murine leukaemia virus-induced tumours
(RAW 264.7), macrophages isolated from the ascites of mice with
reticulum cell sarcoma (J774A.1), human breast cancer cells
from the mammary gland (4T1) and human adenocarcinoma
cells from the mammary gland (MCF7) by an Alamar Blue assay.
The RAW 264.7 and J774A.1 cell lines were purchased from
Merck Ltd (Czech Republic), and the 4T1 and MCF7 cell lines
were purchased from LGC Standard Sp.z.o.o. (Poland). The cells

were seeded in 96-well flat-bottom plates at concentrations
of 8 � 103 cells per well for the RAW 264.7 and J774A.1 cell
lines and 5� 103 cells per well for the 4T1 andMCF7 cell lines in
100 mL of cultivation media at 24 h before adding the polymer
conjugates. The cells were incubated at 37 1C in 5% CO2 with
2 different MN-based conjugates over an equivalent concen-
tration range of 0.004–0.5 mg mL�1 for 72 h. Cell viability was
measured using Alamar Blue cell viability assay reagent (Thermo
Fischer Scientific, Czech Republic). Non-treated cells were used
as a viability control (100% viability). The experiment was
performed three times in triplicates.

In vitro studies

To characterize the imaging properties of the probes, MN_IR_
DOTA-Gd, MN_POX_IR_DOTA-Gd and gadoterate meglumine
(GM) were dissolved in distilled water to obtain the same Gd3+

concentration (0.36, 0.24, 0.18, 0.12, 0.06, 0.03 mmol L�1) or IR800
dye concentration (1.13, 0.75, 0.56, 0.28, 0.14, 0.07 mg mL�1) for
magnetic resonance (MR) and fluorescence (FL) imaging, respec-
tively. The MR properties of the probes were assessed on a 0.5 T
Minispec NMR relaxometer (Bruker BioSpin, Germany) by r1
(saturation recovery sequence, recycle delay of 12 s or 5 s) and r2
relaxometry (Carr–Purcell–Meiboom–Gill (CPMG) sequence, recycle
delay of 10 s, interpulse delay of 1 ms, 5000 points).

MRI was performed on a 4.7 T Bruker Biospec scanner using
a resonator coil (Bruker, BioSpin, Germany). T1-Weighted images
were acquired by a turbo spin echo sequence with the following
parameters: repetition time TR = 125 ms, echo time TE = 11 ms,
turbo factor TF = 2, spatial resolution = 0.27 � 0.27 � 1.5 mm3,
scan time = 6.5 min and fluorescence imaging (10 s of exposure,
excitation of 745 nm, and emission of 810–875 nm). Regions of
interest (ROIs) were manually outlined around each sample in
the MR and FL images, and the signal intensity was assessed.
Contrast-to-noise ratio (CNR) values from the MR images were
calculated as the difference between the signal intensity from the
sample and the water signal intensity (normalized to the water
signal). The average FL radiance efficiency was assessed from
ROIs covering the samples in the FL images using Living Image
software (Perkin-Elmer, USA).

In vivo experiments

The animal 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 European Communities Council Directive
86/609/EEC.

For 3 weeks of monitoring in vivo, 100 mL of MN_IR_DOTA-
Gd or MN_POX_IR_DOTA-Gd (both at concentration of 3.5 mg
of Gd3+ per mL and 0.64 mg mL�1 of IR800 dye) were adminis-
tered into the calf muscle of the right hind leg of healthy C57/6J
B6 mice (n = 3 for each group). MRI was performed on a 4.7 T
MR Bruker Biospec scanner (Bruker BioSpin, Germany) using a
homemade surface coil. T1-Weighted axial and coronal MR
images of the calf muscles and LNs of mice were acquired
using a turbo spin echo sequence with the following para-
meters: TR= 339 ms, TE = 12 ms, TF = 2, spatial resolution
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was = 0.16 � 0.16 � 0.70 mm, 9 slices and scan time = 8 min
40 s. In vivo FL images were acquired within a 60 s exposure
time using an excitation wavelength at 745 nm and an emission
wavelength at 810–875 nm. MRI was performed immediately
after agent injection and then at 6 h and 1, 2, 3, 4, 7, 14 and
21 days after contrast agent administration. FLI was conducted
at the same time points as MRI and before and 2 h after agent
administration. One animal per group was sacrificed at days 7,
14 and 21, and its internal organs were excised and subjected to
ex vivo FLI.

CNR values of the inguinal LNs were calculated in percen-
tage from the MR images as the difference between the signal
intensities of the LN and the surrounding fat (normalized to the
fat signal) to suppress inhomogeneity originating from the

surface coil. FL was evaluated from in vivo images of the liver
and the lymph nodes and from ex vivo images of excised organs
(spleen, liver, kidney, and inguinal LNs).

Results and discussion

The natural biodegradable polysaccharide MN was modified in
two different ways to obtain conjugates bearing a fluorescent
label and a probe for MRI. The first approach was focused on
the synthesis of a polysaccharide-based conjugate without
polyoxazoline in the structure (Scheme 2A). The modification
procedure began with the alkylation of commercial MN (from
S. cerevisiae) with allyl bromide in alkaline aqueous solution to

Scheme 2 Synthetic route for mannan modification: preparation of MN_IR_DOTA-Gd (A) and MN_POX_IR_DOTA-Gd (B).

Journal of Materials Chemistry B Paper

View Article Online

http://dx.doi.org/10.1039/c7tb02888a


J. Mater. Chem. B This journal is©The Royal Society of Chemistry 2018

obtain the vinyl-containing derivative of MN (MN_allyl,
12.66 mol% of allyl). This derivative was later reacted with
cysteamine using 2-hydroxy-2-methylpropiophenone as initia-
tor under UV irradiation. This primary amino group-containing
MN was then conjugated with N-hydroxysuccinimide (NHS)
esters of an infrared dye (IR800CW NHS-ester) and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA NHS-ester).
Finally, the obtained product was reacted with gadolinium(III)
chloride to chelate Gd3+, resulting in an MN-based conjugate with
FL and MR imaging labels, denoted MN_IR_DOTA-Gd.

Grafting with a synthetic polymer decreases the biodegrada-
tion rate44,45 of the polysaccharide and introduces the possibility
of easy functionalization of the ends of the polymer grafts with
active cargo. The synthetic approach for the preparation of
MN-based conjugate with grafted polyoxazoline chains was
slightly different from that for MN_IR_DOTA-Gd (Scheme 2B).
After dissolution in anhydrous DMSO, MN sodium alkoxide was
reacted with active POX chains obtained by ring-opening cationic
polymerization in anhydrous acetonitrile. Different MN grafting

reactions with POX were performed (data not shown) to determine
the maximal achievable grafting density, which was found to be
30 mol%. Consequently, mannan-graft-poly(2-methyl-2-oxazoline)
(denoted MN_POX) with a grafting density of 1 graft per 5 glucose
units (29.73 mol% of POX from 1H NMR) was selected for this
work. The molecular weight of POX grafts was determined by mass
spectrometry after termination of active chains with water: number-
average molecular weight Mn = 870 g mol�1, polydispersity PDI =
Mw/Mn = 1.14, where Mw is the weight-average molecular weight.

Because the starting MN from S. cerevisiae contained less
than 0.3 wt% nitrogen, the weight content of POX in the
prepared polymers could be calculated from elemental analysis
(CHN) according to the following equation:

wpMeOx ¼ wN

wN;pMeOx
� 100%

where wN is the content of nitrogen in the sample (determined
by CHN elemental analysis) and wN,PMeOx is the calculated
content of nitrogen in the POX graft (16.45% in our case).
The POX content for MN_POX was found to be 19.94 wt%.

Next, allyl-containing mannan derivatives were modified by
radically initiated thiol–ene click chemistry with cysteamine to
obtain conjugates with primary amino groups (Scheme 2B).
These primary amino groups then can be easily modified with

Fig. 1 FTIR spectra of native mannan (black line), MN_IR_DOTA-Gd
(orange line) and MN_POX_IR_DOTA-GD (dark green line).

Fig. 2 Dynamic light scattering results of native mannan from Saccharomyces cerevisiae and of the mannan-based conjugates in water (A) and PBS
(pH = 7.4) (B) at a concentration of 1 mg mL�1.

Table 1 Characteristics of native and modified mannan

Name
Mw � 103,b

g mol�1

Rhyd,
c nm ZP,c mV

H2O PBS H2O PBS

Mannana 44.6 1.2 3.6 0.2 �5.6
MN_IR_DOTA-Gd 52 3.1 3.3 �4.0 �11.5
MN_POX_IR_DOTA-Gd 71.2 3.0 3.6 2.9 �6.7

a Commercial (native) mannan from Saccharomyces cerevisiae. b Deter-
mined by mass spectrometry. c Obtained from dynamic light scattering
and electrophoretic mobility measurements.
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fluorescence- and/or MRI-active labels. For this purpose, the
amino-functionalized polysaccharides were reacted with the
NHS ester of IR800CW dye as infrared (IR) active fluorescence
label and the NHS ester of an MRI T1 contrast agent –
Gd3+-DOTA (Scheme 2B).

Both of the resulting mannan-based conjugates – those with-
out and with POX chains in the structure, MN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd, respectively – were twice purified on a
Sephadex G-25s column using water as the eluent, and then
their aqueous solutions were lyophilized. The content of IR dye
was determined spectrophotometrically in water (l = 774 nm,
e = 240000 M�1 cm�1) and was found to be 0.72 and 0.66 mmol g�1

in the MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd conjugates,
respectively. The content of gadolinium in the final products was
determined by inductively coupled plasma mass spectrometry and
was found to be 0.252 and 0.26mmol g�1 forMN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd, respectively. The obtained concentrations

of Gd3+ in the prepared mannan probes correspond to 13 and
19 gadolinium atoms per molecule of MN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd, respectively.

Fourier transform infrared (FTIR) spectroscopy was used to
prove the bonding of the IR and DOTA labels to both MN
derivatives. The IR spectrum of neat MN shows peaks at
3320, 2934, 1635 and 1022 cm�1, which correspond to n(OH),
nas(CH2), n(CO) and n(COC) vibrations, respectively (Fig. 1).
Because the MN used was extracted from baker’s yeast, we
attribute the appearance of carbonyl groups in the spectrum to
the presence of a small amount of peptide residues in its structure.
The FTIR spectrum of MN_IR_DOTA-Gd exhibits the appearance
of a weak d(NH) deformation vibration peak located at 1593 cm�1,
confirming the successful bonding of the IR and DOTA labels
through amide groups. For the MN_POX_IR_DOTA-Gd conjugate,
this peak is probably overlapped by strong n(CO) vibrations at
1620 and 1550 cm�1 originating from the grafted POX chains.

Fig. 4 Characterization of the probes – 1H r1 (A) and r2 (B) relaxivities of the tested probes measured at 0.5 T (25 1C).

Fig. 3 Viability of MN_IR_DOTA-Gd (A) and MN_POX_IR_DOTA-Gd (B) in macrophage (RAW 264.7 and J774A.1) and mammary gland (4T1 and MCF7)
cell lines as a function of conjugate concentration (0.004–0.5 mg mL�1) after 72 h of incubation at 37 1C in 5% CO2. Treated cells were compared to
controls (without addition of MN-based conjugates) to obtain percent viability.
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Another conformation of the successful grafting of MN with the
POX chains is the appearance of a strong n(CQC) vibration at
1410 cm�1 of the vinyl end group of POX.

To characterize the behaviour of the prepared conjugates in
aqueous solution, dynamic light scattering (DLS) measure-
ments were conducted using a Zetasizer Nano-ZS (Malvern)

instrument. To determine the difference in hydrodynamic
diameter due to the modification procedure, native MN
from S. cerevisiae and both of the prepared conjugates were
dissolved in Q-water or phosphate buffered saline (PBS) at a
concentration of 1 mg mL�1, and DLS measurements were
performed (Fig. 2).

Fig. 6 Representative T1-weighted magnetic resonance (MR) image of a mouse injected in its hind leg with the MN_IR_DOTA-Gd probe (A); the arrow
denotes the injection site. The time course of the fluorescence (FL) signal from the injection site (muscle) (B).

Fig. 5 The magnetic resonance (MR) and fluorescence (FL) signals of the MN_IR_DOTA-Gd, MN_POX_IR_DOTA-Gd and gadoterate meglumine (GM).
Contrast-to-noise ratio (CNR) was calculated from the MR images (A) and FL signal (B) of the probes at various concentration of Gd3+ or fluorescent dye.
Representative MR images of the probes with different Gd3+ concentrations (C) – the numbers represent Gd3+ concentration expressed in mM; the FL
images of the probes with different dye concentrations (D); the numbers represent the concentration of fluorescent dye expressed in mg mL�1.
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Fig. 2 presents the size distributions of the neat and
modified MN in water and in PBS. Because of the modification
procedure described above, the hydrodynamic radius of MN
was found to increase. In aqueous solution, the Rhyd of
both MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd were ca. two
times larger (B3 nm) than native MN (1.2 nm). In comparison to
that of native MN, the z-potential (ZP) of MN_IR_DOTA-Gd
decreased to �4 mV (Table 1), confirming the presence of ionic
carboxylate groups from the FLI and MRI contrast labels. In the
case of MN_POX_IR_DOTA-Gd, the ZP had increased to 2.9 mV,
indicating the presence of grafted POX chains in its structure.
When PBS was used as solvent (pH = 7.4), no significant difference
in hydrodynamic radius could be observed between native MN
and the modified MN derivatives (Rhyd B 3.5 nm). In contrast to
aqueous solution, the ZP values in PBS (pH = 7.4) of all three
samples were small and negative, probably due to formation of a
counter ion layer (Table 1). Moreover, the DLS measurements
performed in water at different pH ranging from 5 to 9 did not
show a significant change in hydrodynamic radius of either of the
prepared MN-based probes (Rhyd from 2 to 4 nm). Those results
show that the behaviour of the prepared conjugates is insensitive
to different pH or increased ionic strength, which is beneficial for
the intended application.

To study the biocompatibility of the synthesized MN-based
conjugates, in vitro testing with four different cell lines was
conducted. As shown in Fig. 3, no significant changes in the
viabilities of any of the treated cells were observed after
incubation with the prepared conjugates. The viability varied
within the experimental error between 85 and 110% of the

control (non-treated cells). There were no concentration-
dependent changes in the cytotoxicity of the conjugates. The
obtained results prove the potential of the new MN derivatives
for use in biomedical applications, for instance as a drug
delivery system targeted to immune and metastatic cells or as
a diagnostic probe with enhanced tumour accumulation and
specific targeting for LNs.

To demonstrate the imaging performance of the prepared
conjugates, an in vitro experiment on phantoms was performed
first. Both MN-based agents showed higher r1 and r2 relaxivities
than commercially available GM (Fig. 4A and B) based on Gd3+

concentration, probably due to the decreased mobility of the
chelated gadolinium arising from the conjugation to relatively
high-molecular-weight polymers. On the other hand, the relax-
ivities of MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd were
comparable. Similarly, the MR signals and corresponding
contrast-to-noise ratio (CNR) values of the MN-based probes
were higher than those of GM (Fig. 5A and C).

The MN-based agents also showed a strong FL signal,
whereas the FL of GM was in the range of the background as
expected (Fig. 5B and D). Therefore, these promising in vitro
results encouraged us to perform pilot in vivo experiments on
healthy mice. GM is not fluorescent and is not an actively
LN-targeted probe; thus, only MN-based contrast agents are
discussed hereinafter for the in vivo experiments.

After intramuscular administration to the mice, both the
MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd agents were
visualized at the injection sites by MRI and FLI for 21 days.
The 21-day imaging was performed to monitor the in vivo fate

Fig. 7 Time course of the in vivo fluorescence (FL) signal originating from the liver (A) and the lymph nodes (B). Representative fluorescence images of
mice after injection with MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd (C and D). The arrows denote the liver (C) and the lymph nodes (D).
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and biodegradability of the conjugates and to find the optimal
time for the highest contrast against the surrounding tissues.
The FL signal increased within the first day and then continu-
ously decreased until the end of the examination. The most
plausible explanation for this effect is that immediately after
administration, the contrast agent is concentrated within a
small volume, and because of the high concentration, it self-
quenches. Over time, the contrast agent spreads to a larger
volume (and the emitting area exposed to the detector is
therefore larger). Thus, the quenching effect is no longer as
prominent, and as a result, paradoxically, more photons
capable of penetrating through the skin, are detected. Fig. 6B
shows that the fluorescence signal of MN_POX_IR_DOTA-Gd in
muscle was higher than that of MN_IR_DOTA-Gd within the
first two days after injection, demonstrating that POX grafting
prolonged the imaging window and that biodegradation of the
conjugate was slower.

Moreover, the FL signal was visualized in the liver site after
injecting the probes. After 1 day, the FL signal originating from
MN_IR_DOTA-Gd was higher than that originating from
MN_POX_IR_DOTA-Gd, and this trend persisted to the end of
the examination time (Fig. 7A and C). Within the first day after
probe administration, higher FL and MR signals from the

LNs were detected in case of MN_IR_DOTA-Gd, confirming its
faster degradation (Fig. 7B, D and 8).

MRI confirmed the presence of the injected probes at the
muscle sites (Fig. 6A) and in the LNs of both mice (i.e., those
treated with MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd)
(Fig. 8B). Within the first day after probe administration,
the MR signal of MN_IR_DOTA-Gd was higher than that of
MN_POX_IR_DOTA-Gd, which in agreement with the results
obtained from FLI. As seen in Fig. 6B and 7B, which present the
time courses of the FL signal originating from injected site and
LNs, respectively, the signals were similar, with an average
value of 1.5 � 107. The MR signal in the non-injected muscle
(i.e., background; see Fig. 6A) was much lower, which is
important for the intended use, and the evaluated MR signal
data from the LNs (Fig. 8A) clearly show the stable presence of
the contrast agents.

In addition, ex vivo FLI of the harvested organs also
confirmed the lower accumulation of MN_POX_IR_DOTA-Gd
in the liver, spleen and kidneys for all time intervals
(7, 14, and 21 days) (Fig. 9). The signals originating from the
LNs were comparable for both the MN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd conjugates within 7, 14 and 21 days
after probe administration (Fig. 9J–L). Although the FL signal

Fig. 8 Time course of the magnetic resonance (MR) signal in the lymph nodes of mice after injection with MN_IR_DOTA-Gd or MN_POX_IR_DOTA-Gd
(A). Representative T1-weighted MR images show the lymph nodes at different time points (B) after MN_IR_DOTA-Gd (top) or MN_POX_IR_DOTA-Gd
(bottom) administration.
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from the LNs remained very similar throughout whole exam-
ination time, the signal from organs (liver, spleen, kidneys)

continuously decreased over time for both conjugates, indicat-
ing the gradual biodegradation of the MN probes.

Fig. 9 Average radiant efficiency in the spleen (A), liver (D), kidney (G) and lymph nodes (J) ex vivo. Fluorescence (FL) signal after 7, 14 and 21 days from
the spleen (B and C), liver (E and F), kidney (H and I) and lymph nodes (K and L) after administration of MN_IR_DOTA-Gd (B, E, H and K) or
MN_POX_IR_DOTA-Gd (C, F, I and L).

Journal of Materials Chemistry B Paper

View Article Online

http://dx.doi.org/10.1039/c7tb02888a


J. Mater. Chem. B This journal is©The Royal Society of Chemistry 2018

Therefore, the novel MN-based compounds possess superior
properties compared to the commercially available contrast
agent GM, including their MR relaxivity and FLI capability.
The visualized accumulation of the agents in the LNs con-
firmed their immune system-targeted properties and possible
use in metastasis diagnostics.

Conclusions

We demonstrated an easy synthetic approach for preparing
novel multimodal MN-based probes intended for immune cell
detection. The obtained conjugates contained both a fluorescent
IR dye and a Gd3+ MRI contrast agent in their structures. The
content of the FL label was estimated spectrophotometrically and
was found to be 0.72 and 0.66 mmol g�1 for MN_IR_DOTA-Gd and
MN_POX_IR_DOTA-Gd, respectively. The chelation efficiency of
DOTA with Gd3+ was analysed by inductively coupled plasma
mass spectrometry, and the concentration of Gd3+ in
MN_IR_DOTA-Gd and MN_POX_IR_DOTA-Gd was 0.252 and
0.26 mmol g�1, respectively. The prepared probes possessed
sufficient sensitivity for in vivo FLI and exhibited superior MRI
properties compared to a commercial contrast agent. The
MN-based conjugates were detected in organs 3 weeks after
probe administration, indicating their slow biodegradation;
however, the strongest MRI and FLI signals were detected
within the first day following agent administration. Moreover,
the appearance of a lower FL signal at the liver and higher FL
signal at the administrated site in the mouse injected with
MN_POX_IR_DOTA-Gd suggested its slower elimination pro-
cess due to the addition of POX chains in its structure. The
possibility of further chemical modification of the obtained
MN-based conjugates for incorporating specific drugs, for
obtaining structures with a suitable size for enhanced accumu-
lation in tumours and for achieving specific targeting of LNs
makes these agents promising as a drug delivery system
targeted to immune and metastasis cells.
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y extremely high porosity and permeability given by all-
icating pores occupying the overwhelming part of the
volume.
fore, appropriate 3D architecture, material and technique
eparation of biomimetic TE materials have to be selected.
echniques have been studied and applied for the prepara-

 scaffolds, e.g., electrospinning (Li et al., 2005; Liang, Hsiao,
007), solvent casting/particulate leaching (Mikos et al.,
ng, Liao, Kelly, & Spector, 2006), gas foaming (Sachlos &
ka, 2003), rapid prototyping (Jeong et al., 2012), and phase
n (Ma,  2008).
aterials that are used for TE play a crucial role here.
hese materials are polymer-based and are natural, syn-
ybrid in origin. Due to biocompatibility, biodegradability,

l activity and abundance, polymers of natural origin
ome increasingly recognized for application in this field.

 intensively studied natural or natural-derived materials
tarch-based polymers (Gomes, Ribeiro, Malafaya, Reis, &
01), chitosan (Guo et al., 2006; Lee et al., 2002; Xuebing,
eorge, & Shuihong, 2011), alginate (Oliviera & Reis, 2011;
e, Hunter, Andracki, Benda, & Rodgers, 2007), hyaluronic

ng et al., 2006; Collins & Birkinshaw, 2013; Ji et al., 2006),
Levesque & Shoichet, 2006), cellulose (Fang, Wan, Gao,
ai, 2009; Vinatier et al., 2009), collagen (Koch et al., 2006;
n, Young, & Bartold, 2003; Yow, Quek, Yim, Leong, & Lim,
latin (Holland, Tabata, & Mikos, 2005; Park, Temenoff,
Tabata, & Mikos, 2005) and fibrin (Miller, Fisher, Weiss,

 Campbell, 2006; Mol  et al., 2005).
rospective natural polymer that has not been studied in
of wound healing is glycogen (GG). GG is the main stor-
of D-glucose in mammalian organisms, including humans.
st concentrations in humans are present in the liver and
GG is hyperbranched poly(D-glucose), where D-glucose
connected with each other by �(1 → 4) bonds and branch-

 �(1 → 6) bonds (Shearer and Graham, 2002; Tirone &
i, 2001). Recently, we have shown that GG forms differ-

ano- and microarchitecture structures depending on the
centration of its aqueous solution via freeze-drying from
trik et al., 2013). A mostly fibrous nature is adopted due
hly amorphous nature and the spherical shape of the GG
lecules. This is an organic solvent-free process that is easy
m and allows the possibility to prepare even bulk lay-
rous material, which is quite problematic by the widely
trospinning technique. Nevertheless, these GG structures
ater soluble, so they cannot be considered as potential TE-

 materials without additional modification. The presence
number of hydroxyl groups in a polymer backbone allows
orm a variety of substitutions in GG to adjust the required
s.
s report, we show for the first time that modified GG
sed for the construction of biodegradable hydrophilic

tic microfibers with properties suitable for biomedical
ns, such as wound healing. We  describe the modifica-

 through simultaneous alkylation of hydroxyl groups in
allyl bromide and propargyl bromide. The obtained GG
es were used to fabricate fibers and sponge-like struc-
owed by electron irradiation to obtain a water insoluble
fold” crosslinked by radical polymerization of the allyl
he presence of triple bonds in the propargyl moieties
ucture of the obtained material provides a possibility to
alkyne-azide click reactions to attach different biological
oieties, e.g., peptides, proliferation agents, and growing

hydr
noes
to pr
cells
of av
logic
cell 

is th
and/

2.  M

2.1.  

S
from
grad
Czec
was
Mols
(Spe
from

2.2.  

In
alog
weig
ide (
solu
prop
was
Acet
ual s
wate
for 4
glyc

2.3.  

A
plac
10 m
mate
were
Ltd.,
pres

2.4.  

T
beam
on a
caus
rang

2.5.  

F
a Pe
Spec
syste
hich is a significant advantage compared to our previ-
m (Vetrik et al., 2013), which uses grafting of poly(ethyl
ylate) to the nanofibers from the vapor phase for stabi-
not allowing surface functionalization, and turning the
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was used
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lic  polysaccharide surface into a hydrophobic polycya-
opper-catalyzed click reaction with RGD peptide (known

te the attachment and growth of several different types of
oslahti, 1996) was  performed to investigate the amount
le alkyne groups in the fabricated pre-scaffold. The bio-
havior of the obtained materials was  evaluated in in vitro
re and has shown that the material fulfils all criteria and
ighly prospective for advanced wound healing dressings
terfaces in direct contact with bone tissue.

ials and methods

rials

m hydroxide (98.9%) and acetic acid (98%) were obtained
h-Ner Ltd. (Neratovice, Czech Republic). All other reagent
micals were purchased from Sigma-Aldrich Ltd. (Prague,

public) and were used as received. Ultrapure Q-water that
-filtered on a Milli-Q Gradient A10 system (Millipore,
, France) was used throughout the work. Dialysis tubing

Por 3, molecular weight cut-off 3500 Da) was purchased
a Electrophoresis GmbH (Heidelberg, Germany).

ification of glycogen

ypical experiment, glycogen (from oyster, type II, cat-
umber Sigma-Aldrich G8751, weight-average molecular

 MDa, 4.00 g, 22 mmol  glucose units) and sodium hydrox-
 g, 49 mmol) were dissolved in water (136 mL), and the

as  cooled to 0 ◦C. Allyl bromide (640 �L, 7.39 mmol) and
l bromide (107 �L, 1.4 mmol) were added, and the mixture
d for 10 h at 0 ◦C and then overnight at room temperature.

id (3.66 mL,  64 mmol) was  added to neutralize the resid-
m hydroxide, the resulting solution was dialyzed against
ng membrane tubing Spectra/Por 3 with a MWCO 3500 Da
and freeze-dried. Yield: 3.80 g (95%) of allyl propargyl

 (APG).

ication of fibrous glycogen structures

us solutions of APG (concentrations of 0.5 or 5 wt.%) were
to crystallization dishes (forming a layer approximately
ick) and were frozen in dry ice (freezing rate was approxi-

◦C min−1). The frozen samples (initial temperature −18 ◦C)
n lyophilized on a Scanvac Coolsafe 110-4 Pro (MERCI
, Czech Republic) freeze drier, shelf temperature −10 ◦C,
20 Pa, duration 48 h.

iation of the samples

brous structures from APG were exposed to an electron
 MeV  electron energy, electron current 25 �A, 2 kGy/min)
rotron MT25 accelerator with high frequency source to
iation crosslinking. The dose of radiation used was in the

2–150 kGy.

acterization of fibrous structures

r transform infrared (FT-IR) spectra were obtained on
Elmer Paragon 1000PC spectrometer equipped with the
KII Golden Gate single attenuated total reflection (ATR)
erkinElmer Co., U.S.A.) with a diamond crystal and angle

ce of 45◦. The 1H NMR  spectra were obtained on a Bruker
PX-300 spectrometer (Bruker Co., Austria) at 310 K oper-
300.13 MHz. 4,4-Dimethyl-4-silapentane-1-sulfonic acid

 as an internal standard, and D2O was  used as the solvent.



s 152 (2016) 271–279 273

The fibro
microsco
Republic)
ondary e
The samp
ductive d
sputtered
enstein) a
radiolabe
chamber 

lyzer, (Ac
USA).

2.6. Inves

The  irr
with wat
P2O5 for
K = (m1 −
before an

2.7. Radi

The ir
Eppendor
azidopen
RGD, 25 

prepared
ous sodiu
degassed
copper(II
N2 for an
in water (
all unrea
(approxim
was dete

2.8.  Biolo

The  A
modified
peptide-f
per well
(TPP, Sw
human o
cells/cm2

In  bot
Dulbecco
U.S.A.) su
Aidenbac
Slovenia)
of CO2 in
were use
were rins
cold etha
fluoresce
Probes, In
dye Hoec
ber and 

dishes w
0.136 mm
Olympus
fibers wa
scope (G
polystyre
ing areas

Sche

sured
, CR)
tal g

esul

he  al
ared

 the m
tion (
PG p
e bon
sing
ee o

 per 

trum

 S6.01

 S2.71

re  S6
p at �
n th
ogen

 at � =
he  d
ld be

luble
a not

 36%
 ally
olysa
exce
ifican
ert, C
ion o
ropa
MR  s

prepa
once
., 201
s of A
arati
he SE
spon

 1b) 

 an 

ed, a
obse

 fully
M. Rabyk et al. / Carbohydrate Polymer

us structures were characterized by scanning electron
py (SEM) using a Vega Plus TS 5135 (Tescan, Brno, Czech

 and Quanta 200 FEG (FEI, Czech Republic) using a sec-
lectron (SE) detector at an accelerating voltage of 30 kV.
les were fixed on a glass plate, supported using con-
ouble-adhesive carbon tape (Christine Groepl, Austria),

 with Pt (vacuum sputter coater, SCD 050, Balzers, Liecht-
nd then observed by SEM/SE. Sample radioactivity after
ling was measured directly using a Bqmetr 4 ionization
(Empos Ltd., Czech Republic) and a NaI/Tl SpectroAna-
cuSync Medical Research Corporation, Milford CT 06460,

tigation of the optimal radiation dose (solubility test)

adiated APG fibrous structure sample (10 mg)  was  stirred
er (2 mL)  for 24 h, filtered and dried in vacuum over

 8 h. The degree of solubility (K) was calculated by
 m2)/m1, where m1 and m2 are the masses of the sample
d after washing with water, respectively.

olabeling of the material

radiated APG fibrous structure (10 mg)  was  placed in an
f tube, and water (500 �L), an aqueous solution of labelled
tanoic-GGGRGDSGGGY(125I)-NH2 peptide (denoted as
�L 9.852 × 10−6 g, 0.9 × 10−5 mmol, activity 0.27 MBq,

 according to ref. (Proks et al., 2012)) and 10 �l of aque-
m ascorbate (20 mg/ml) were added. The mixture was

 under N2 flow for 15 min. Then, 4 �l of 0.05 M aqueous
) sulfate was added, and the mixture was  bubbled with
other 15 min. Then, the sample was repeatedly decanted
approximately 500 �L, aided by centrifugation) to remove
cted peptide until the supernatant was not radioactive

ately 6 times). The amount of the immobilized peptides
rmined directly by measuring the substrate radioactivity.

gical investigations

PG-0.5 samples (i.e., prepared with concentration of
 glycogen material before freeze-drying 0.5 wt.%), both
ree and peptide-modified (8 mm diameter and 7.5 mg
), were inserted into 24-well polystyrene (PS) plates
itzerland; well diameter 1.5 cm)  and were seeded with
steoblast-like MG 63 cells (30,000 cells/well, i.e., 17,000
).
h cases, the cells were cultivated for 1–7 days in 1.5 ml
ı́s  Modified Eagle Minimum Essential Medium (Sigma,
pplemented with 10% fetal bovine serum (Sebak GmbH,
h, Germany) and 40 �g/ml of gentamycin (LEK, Ljubljana,

 in a cell incubator with a humidified atmosphere of 5%
 air at 37 ◦C. For each experimental group, two  samples
d. The cells on one sample for each experimental group
ed with phosphate-buffered saline (PBS), fixed by 70%
nol (−20 ◦C, 5 min) and stained with a combination of
nt membrane dye Texas Red C2-maleimide (Molecular
vitrogen, Cat. No. T6008; 20 ng/ml in PBS) and nuclear
hst # 33342 (Sigma, U.S.A.; 5 �g/ml in PBS). The num-
morphology of cells on the bottom of the cultivation
ere then evaluated using images (8 for each sample, size

2) taken under an Olympus IX 50 microscope using an
 DP 70 digital camera. The adhesion of cells directly on the
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ne dishes (PS) were used. The size of the cell spread-
, i.e., cell areas projected on the material surface, was

One o
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me 1. Preparation of allyl and propargyl derivatives of glycogen.

 one day after seeding using Atlas software (Tescan Ltd.,
. Between 20 and 77 cells from 4 pictures for each exper-
roup were evaluated.

ts and discussion

lylated and propargylated glycogen (denoted as APG) was
 by alkylation of hydroxyl groups in the glycogen structure

ixture of allyl and propargyl bromide in alkaline aqueous
Scheme 1). The presence of both double and triple bonds
rovided the possibility for further functionalization (via
ds) and crosslinking (via double bonds).

 the equations below Eqs. (1) and (2), we  calculated the
f functionalization (number of allyl and propargyl moi-
D-glucose unit, fal and fpr , respectively) from the 1H NMR

 (Supplementary data, Fig. S1).

/S5.35 (1)

/S5.35, (2)

.01 is the CH hydrogen nuclei integral signal in the allyl
 = 6.01 ppm, S2.71 is the CH hydrogen nuclei integral sig-

e propargyl group at � = 2.71 ppm and S5.35 is the acetal
 nuclei integral signal in the 1 position of the D-glucose

 5.35 ppm.
egree of glycogen functionalization with allyl groups

 high enough to obtain a sufficiently crosslinked, water-
 material. However, according to our pilot experiments

 shown), glycogen becomes insoluble in water when more
 of the hydroxyl groups per D-glucose unit are substituted
l. On the other hand, the degree of substitution of natu-
ccharides has a strong influence on the biodegradability,

eding a specific value of functionalization can lead to a
t decrease in the rate of enzymatic hydrolysis (Duncan,
arbajo, & Vicent, 2008). Therefore, we performed modi-
f the starting glycogen to obtain APG with 15% allyl and
rgyl group substitution per D-glucose (calculated from the
pectrum) unit. This glycogen derivative APG was used for
ration of different 3D structures, depending on the ini-
ntration of its aqueous solution, via freeze drying (Vetrik
3). In this work we  used 0.5 and 5.0 wt.% aqueous solu-
PG (denoted as APG-0.5 and APG-5, respectively) for the
on of the scaffold.
M micrographs of the freeze-dried APG show microfibers

ge-like structures fabricated from 0.5 (Fig. 1a) and 5.0 wt.%
aqueous solutions of APG. In the case of APG-0.5, fibers
average size of approximately 2.5 �m in diameter were
nd with APG-5, the formation of sponge-like structures
rved. In both cases, we obtained highly porous structures

 communicating pores.

f the properties that scaffolds should possess for use in
anism is insolubility in water. Glycogen is highly water
hus, to make it insoluble, additional modification has to
med. For this purpose, APG was subjected to electron
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Fig. 1. SEM micrographs of the freeze-dried APG-0.5 (a) and APG-5 (b).
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sslinking polymerization highly efficient.

radiation, the samples were characterized by FT-IR spec-
 In samples APG-0.5 radiated with 10 kGy and higher, the
ctra (Fig. 2a) show the appearance of a peak at 1725 cm−1,
rresponds to asymmetric vibrations of the carboxyl group.
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 and the intensity of the peak grows. The same trend was

 for sample APG-5. Radiation dose played a significant
e structural degradation and solubility of the material.
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to yellowish and became very brittle. To determine the
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adiation dose, we performed the solubility test under
ption that the sample with lowest solubility would be

linked, making a compromise between radiation-induced
ing and radiolytic degradation. The samples that were sub-

 2 kGy radiation dose were insoluble in water (0.62 and
 APG-0.5 and APG-5, respectively). Starting from 5 kGy,
ility of the samples increased with increasing radiation
. 2b) due to radiodegradation.
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ce of oxidation and increased solubility of the material.
 is relatively low compared to typical doses used, e.g., for
terilization of materials (15–25 kGy), and is actually the
ose deliverable in a defined and reproducible way  from
tron source due to the relatively fast delivery of the dose

microtron (within several minutes) compared to a gamma
ithin several hours) and the different characteristics of the

 (electrons vs gamma  photons).

event potential toxic effects of the irradiated material
d with the appearance of oxidation products, such as

 groups, the samples were washed with a 0.1 wt.% aque-
tion of 2-phospho-l-ascorbic acid trisodium salt and

, after seeding on the control polystyrene dish (A, C, E) or on the bottom
e and Hoechst #33342. Olympus IX 50 microscope and Olympus DP 70
gend, the reader is referred to the web  version of this article.)
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dried. The resulting material was investigated by scan-
tron microscopy to ensure that the structures remained

 as before irradiation and refreeze-drying. The SEM micro-
 the irradiated APG-0.5 and APG-5 samples (Fig. 3a and b)

spec
mod
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o significant changes in structure of the material (com-
the material before crosslinking, as shown in Fig. 1).
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 support cell proliferation and growth on a scaffold. This
tion could be achieved via copper-catalyzed alkyne-azide
ition. Using this technique, we  performed labelling of
with azidopentanoic-GGGRGDSGGGY(125I)-NH2 peptide
 as RGD-APG) to evaluate the amount of available propar-
s on the surface of the material. In the reaction we  used
led peptide in order to quantify the performed conjuga-
etermine the extent of non-specifically bound peptide,

 of polystyrene culture wells with or without the presence of the tested
r APG-0.5 and polystyrene, respectively) (b). Note: Analysis of variance,

 7 (C, F, I), after seeding on a control polystyrene dish (G, H, I) or on the
xas Red C2-maleimide and Hoechst #33342. Olympus IX 50 microscope
colour in this figure legend, the reader is referred to the web version of
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Table 1
Adhered cells and spreading area of human osteoblast-like MG 63 cells on the 1st,

3rd and 7th day after seeding on control polystyrene (PS), APG-0.5, APG-5, RGD-

APG-0.5 and RGD-APG-5 materials; data are reported as mean ± standard deviation

(n = 8).
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ion and subsequent growth of MG 63 cells
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Fig. 8. Morphology of human osteoblast-like MG  63 cells on day 1 (A, D), day 3 (B, E) and day 7 (C, F), after seeding on RGD-APG-0.5 (A, B, C) or RGD-APG-5 (D, E, F) fibers.
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 3 

Introduction 

Amphiphilic block copolymers (ABCs) are macromolecules composed of two or more 

chemically different blocks that are covalently bound together. When dispersed in water, they 

self-assemble into aggregates in order to minimize the contact between the insoluble block and 

water. Moreover, by varying the copolymer composition and length, various morphologies of the 

aggregates formed can be obtained, such as spherical micelles, rods, lamellae or vesicles.1,2,3 

Interestingly, if the aggregates formed in solution exhibit a dynamic equilibrium, they can 

undergo reversible transformation induced by varying external conditions (temperature, salinity, 

pH, electric field).4-11 These stimuli-responsive assemblies represent a highly attractive area with 

a wide range of industrial applications (emulsifiers, defoamers, compatibilizers),12,13 and uses in 

chemistry (nanoreactors, catalyst supports)14,15 or in medicine (drug delivery carriers or 

diagnostic probes).16 

Polystyrene-b-poly(acrylic acid) (PS-b-PAA) is an example of an amphiphilic block 

copolymer, which was widely studied in the last decade.17-19 Due to the presence of a highly 

hydrophobic PS block, which ensures a strong driving force for the self-assembly of the 

copolymers in water even with short length, this polymer forms stable micelle-like 

nanostructures consisting of a PS core and a solvated PAA corona. However, because of the 

relatively high glass transition temperature (Tg) of PS, the core of the nanoparticle formed at 

room temperature is in the glassy (“frozen”) state.17 That makes reversible reorganization of the 

aggregates under external stimuli impossible. Nevertheless, by introducing hydrophilic units into 

the associative block, the Tg of this block is reduced and the copolymers can overcome kinetic 

obstacles and, thus, their self-assembly is thermodynamically controlled.4-11 Indeed, it was shown 

that the presence of 50-60 % of AA units in the gradient blocks of P(S-grad-AA)-b-PAA block-
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 4 

gradient copolymers ensures the persistence of the dynamic character of the association, possibly 

due to larger residual amount of water in the styrene-rich core domains formed by the gradient 

blocks.4 

A continuous increasing interest is currently devoted to nanostructures assembled from 

pH-responsive amphiphilic polycations in terms of their use for non-viral gene delivery 

systems.20 Among the variety of polyelectrolytes used as gene carriers,21-23 poly(2-

dimethylaminoethyl methacrylate) (PDMAEMA) and its block copolymers have been widely 

studied as they are pH- and thermoresponsive polymers in aqueous media with LCST in the 

range of 32-53 ºC24,25 (depending on the molecular weight), due to the increase in hydrophobicity 

upon deprotonation.26-28 Only few studies are dedicated to the preparation and the structural 

characterization of new polymer systems based on the homologue – poly(2-dimethylaminoethyl 

acrylate) (DMAEA). Kinetics study of copolymerization reactions of DMAEA and S using the 

reversible addition-fragmentation transfer (RAFT) technique in N,N-dimethylformamide were 

reported.29 In this study, data continuously collected by automatic monitoring of polymerization 

reaction showed the effect of S concentration in the copolymer composition on the evolution of 

the reaction kinetics during copolymerization, where the fraction of living chains increases with 

higher fraction of S. RAFT polymerization was also successfully used to establish a synthesis 

path for a new family of amphiphilic block copolymers, containing polydimethylsiloxane 

(PDMS) and poly(2-dimethylaminoethyl acrylate), as well as studying their properties in 

solution, paying particular attention to the effect of the self-catalyzed hydrolysis of the DMAEA 

block.30 The hydrolysis of DMAEA units in a PDMS-b-PDMAEA block copolymer was 

investigated by 1H NMR and a fast self-catalyzed conversion of DMAEA units into PAA in 

aqueous media (~ 70 % in 70 h) was shown. This tendency to hydrolyze might explain the little 
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 5 

literature dedicated to DMAEA-based polymers. However, it was shown that the hydrolysis did 

not influence the self-assembling properties of the final ABCs dispersed in solution.25,30 In 

addition, more recent studies about DMAEA-based copolymers have been dedicated to the use of 

such systems in the delivery and controlled release of siRNA in the cytoplasm of osteoblast cell 

lines31 or plasmid DNA, due to the formation of polyelectrolyte-DNA complexes, which would 

be then disassemble upon hydrolysis (the so called “charge shift” effect).32,33 Encapsulation and 

immunoisolation of mammalian cells using DMAEA-based “charge-shifting” polyelectrolytes 

was studied as an approach to cell-based therapies for enzyme and hormone deficiency 

disorders.34 This demonstrable potential of DMAEA containing polymers convinced us to 

prepare new amphiphilic diblock copolymers with this monomer as the hydrophilic “responsive” 

unit and to investigate the self-assembling properties in aqueous solution. 

Nitroxide-mediated radical polymerization (NMRP) was chosen as the most appropriate 

technique to control the synthesis of the copolymers, because of the intended biomedical 

application of prepared copolymers, as copper and halides utilized in the atom transfer radical 

polymerization (ATRP) are undesirable. Moreover, in contrast to RAFT polymerization, where 

synthesis of a special RAFT agent is required, NMRP offers a quick and easy approach. 

In this work we first report on the preparation of a novel pH- and thermoresponsive 

amphiphilic block-gradient copolymer, comprising an hydrophilic block of PDMAEA and an 

amphiphilic block based on a gradient distribution of S and DMAEA, P(S-grad-DMAEA), with 

different composition of the monomer units in this gradient block (P(S-grad-DMAEA)-b-

PDMAEA), using bulk NMRP. In a second part, a structural characterization of the self-

assembling behavior of the block-gradient copolymers in aqueous solution is carried out using 

light scattering and small-angle neutron scattering. Size, shape and structural organization of the 
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 6 

aggregates formed are systematically studied as a function of pH, temperature and ionic strength. 

The objectives were to prepare a “model system” of pH- and thermoresponsive dynamic 

aggregates to show the great potential of such stimuli-responsive block-gradient copolymers 

based on DMAEA in biomedical applications. 

 

Experimental Part 

Materials 

Styrene (99%, S) and 2-dimethylaminoethyl acrylate (98%, DMAEA) were purchased 

from Sigma Aldrich and were mixed with inhibitor remover (Sigma-Aldrich, 0.1 g of inhibitor 

remover for 50 mL of monomers) for ca 30 min prior to being filtered. N-tert-butyl-(1-diethyl-

phosphono-2,2-dimethylpropyl) nitroxide (SG1, 85%), and the SG1-based alkoxyamine 

MONAMS (95% purity) were provided by Arkema Chemicals. All solvents and other reagents 

were purchased from Sigma Aldrich and used as received without any further purification unless 

stated otherwise. 

 

General procedure for the synthesis of P(S-co-DMAEA) copolymer 

Polymerizations were performed in bulk, with a total amount of 5g of monomers, varying 

the initial molar fraction of S and DMAEA from fS,0 = 0 to 1. The SG1-based alkoxyamine 

MONAMS was used as initiator following [M]0/[I]0 = 100 ([M] = 8 mol·L-1) with a slight excess 

of SG1 ([SG1]0/[I]0 = 0.12). 

In a typical experiment (experiment 1 in Table SI-01 – fDMAEA/fS 0.2/0.8), MONAMS 

(0.182 g, 4.77 x 10-4 mol), SG1 (16.1 mg, 5.46 x 10-5 mol), S (3.79 g, 0.036 mol) and DMAEA 

(1.305 g, 0.009 mol) were introduced in a 10 mL round-bottom flask and stirred magnetically. A 
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 7 

sample was withdrawn at time t = 0. The mixture was then degassed by bubbling nitrogen 

through it for 15 min in an ice bath. The flask was placed into an oil bath previously heated at 

112 °C. The polymerization was stopped after 5 h. During the polymerization, samples for 

evaluation of the kinetics were withdrawn under nitrogen flow by cooling down in an ice-water 

bath and by introduction of oxygen into the mixture. Individual conversions of the monomers 

were calculated from proton nuclear magnetic resonance spectra in CDCl3, using 1, 3, 5-trioxane 

as an internal standard (Equation 1): 

𝑋!"#" =
(! !"#$#  !

! !"#$%&  !
)
!

(! !"#$#  ! ! !"#$%&  ! )
!

            Equation 1 

I1H,triox corresponds to the integral of one proton of the 1, 3, 5-trioxane (5.1 ppm, 6H) and I1H,mono 

corresponds to either the integral of the proton of styrene at 6.9-7.5 ppm (I1H,S, 5H) or DMAEA 

monomer at 6.2 ppm (I1H,DMAEA, 2H). 

The final overall molar conversions were calculated according to Equation 2, where 

𝐼!!,!"# =    𝐼!!,! + 𝐼!!,!", with I1H,PS is the integral of one proton of polystyrene: 

𝑐𝑜𝑛𝑣 = 1− (!!!,!!!!!,!"#$#)!∙(!!!,!"#)!
(!!!,!!!!!,!"#$#)!∙(!!!,!"#)!

                   Equation 2 

The molar fraction of the DMAEA monomer incorporated into the copolymer (FDMAEA) 

was calculated from the individual monomer conversions (XS and XDMAEA, Equation 1) and the 

initial number of moles of monomers (n0,S and n0, DMAEA) according to Equation 3: 

𝐹!"#$# =
(!!"#$#×!!,!"#$#)

(!!"#$#×!!,!"#$#!!!×!!,!)
                 Equation 3 

Gradient copolymers with a structure P(S0.5-grad-DMAEA0.5)70 and P(S0.65-grad-

DMAEA0.35)70, denoted as G50 and G30, respectively, were synthesized using the procedure 

described above with initial conditions given in Table 2. The final polymers were purified three 

times by precipitation in n-heptane (immersed into an ice bath), solubilized in acetone and then 

were dried under vacuum for the 24 h. 
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 8 

SEC of G50: Mn = 9921 g/mol, Đ = 1.2. SEC of G30: Mn = 9788 g/mol, Đ = 1.1. 1H-

NMR of G50 and G30 (400 MHz, CDCl3), δ (ppm): 6.4-7.3 (5H, Ar), 3.5-4 (−O−CH2−CH2−), 2-

2.5 (–CH2–CH–, in polymer backbone), 1.1-2 (–N–(CH3)2). 

 

Synthesis of P(S-grad-DMAEA)-b-PDMAEA diblock copolymers 

G50 and G30 synthesized with the procedure described above (the initial conditions are 

given in Table 2) were used as macroinitiators for the homopolymerization of DMAEA to obtain 

diblock copolymers with the structures P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 and P(S0.65-grad-

DMAEA0.35)70-b-PDMAEA40, denoted as DG50 and DG30, respectively. 

In a typical experiment (DG50 in Table 2), G50 (4.6249 g, 7.21 x 10-4 mol), SG1 (28.9 

mg, 9.82 x 10-5 mol) and DMAEA (20.17 g, 0.1409 mol) were introduced in a 50 mL round-

bottom flask and stirred magnetically. The first kinetic sample was withdrawn at time t = 0. The 

mixture was then degassed by bubbling nitrogen through it for 15 min, while immersed in an ice 

bath. Then the flask was placed into an oil bath previously heated up to 112 °C. The 

polymerization was stopped after reaching ~ 50 % conversion of DMAEA. For evaluation of the 

polymerization kinetics, samples were withdrawn under nitrogen flow with further cooling down 

in an ice-water bath and by introduction of oxygen into the vial. Conversion of the pure DMAEA 

was calculated in a similar manner to the previous synthesis, using equations 1 and 2. The final 

products were purified three times by precipitation in n-heptane (immersed into an ice bath) after 

solubilization in THF, and were further dried under vacuum for the 48 h. 

SEC of DG50: Mn = 14500 g/mol, Đ = 1.3. SEC of DG30: Mn = 12600 g/mol, Đ = 1.2. 

1H-NMR of DG50 and DG30 (400 MHz, CDCl3), δ (ppm): 6.4-7.3 (5H, Ar), 4-4.2 
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 9 

(−O−CH2−CH2−, from homoblock), 3.5-4 (−O−CH2−CH2−, from gradient block), 2-2.5 (–CH2–

CH–, in polymer backbone), 1.1-2 (–N–(CH3)2). 

 

Proton nuclear magnetic resonance spectroscopy (1H NMR) 

NMR spectra were recorded using a Bruker 400 MHz spectrometer at 25ºC. The overall 

molar conversions of styrene and 2-dimethylaminoethyl acrylate were calculated from 1H NMR 

spectra recorded in CDCl3 (deuterated chloroform) using 1, 3, 5-trioxane as an internal standard 

using Equations 1 and 2. The molar fraction of DMAEA units in the final copolymers was 

calculated from 1H NMR spectra using Equation 4: 

𝐹!"#$# =
!!!,!"#$#

(!!!,!"#$!!!!!,!)
                Equation 4 

where I1H,DMAEA is the integration of protons from PDMAEA at 3.4-4.2 ppm (I2H,DMAEA, 2H) and 

I1H,S – integration of protons from PS at 6.9-7.5 ppm (I5H,S, 5H). 

 

Size exclusion chromatography (SEC) 

The molar mass and molar mass distribution of copolymers were determined at 25ºC 

using size exclusion chromatography (SEC). Characterizations were performed using a Viscotek 

system with THF as eluent at a flow rate of 1 mL·min-1. The chromatographic device was 

equipped with two Styragels columns (HR 5E and 4E, 7.8 × 300 mm) working in series, a Wyatt 

Heleos II Multi Angle Laser Light Scattering detector (MALLS, 18 angles, λ0 = 664.4 nm), a 

viscosimeter detector (Wyatt Viscostar II), a refractive index (RI) detector (Viscotek VE 3580) 

and a UV-visible detector (Viscotek VE 3210). A calibration curve was established with low 

dispersity polystyrene standards, and toluene was used as a flow marker for the system. All the 

copolymer samples were prepared at a concentration of 3 mg/mL. The number-average molar 

mass (Mn) and molar mass distribution (Ð) were obtained from the MALLS. The experimental 
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 10 

Mn were compared to the theoretical number-average molar masses of the copolymers calculated 

by Equation: 

𝑀!!!!" = 𝐷𝑃!!!",!"#$# ∙𝑀!"#$# + 𝐷𝑃!!!",! ∙𝑀! +𝑀!       Equation 5 

where DPtheo,DMAEA and DPtheo,S are the theoretical degrees of polymerization of PDMAEA and PS 

domains, respectively; MDMAEA, MS and MI are the molar masses of monomers DMAEA and S and 

MONAMS, respectively. The corresponding values of DPtheo for each monomer were calculated 

using Equation 6: 

𝐷𝑃!!!" =
!!,!"#
!!,!

∙ 𝑋!"#                 Equation 6 

The refractive index increments (dn/dc) in THF for P(S-co-DMAEA) copolymers were 

calculated using Equation 7: 

!"
!"
= 𝑤!×

!"
!"
(𝑃𝑆)+ 𝑤!"#$#×

!"
!"
(𝑃𝐷𝑀𝐴𝐸𝐴)          Equation 7 

where wS and wDMAEA correspond to the weight fractions of styrene and DMAEA in the 

copolymer, respectively, and the values 0.185 and 0.06 were taken as dn/dc for PS and 

PDMAEA homopolymers dissolved in THF, respectively. 

The dn/dc for diblock copolymers P(S-grad-DMAEA)-b-PDMAEA in water were 

measured on differential refractometer DNDC 1260-620nm and were found to be 

dn/dc (DG50) = 0.2 ± 0.01 and dn/dc (DG30) = 0.27 ± 0.02 mL/g. 

 

Potentiometric titration 

In order to determine the degree of ionization α of the DMAEA units in the copolymers 

as a function of pH, we performed a potentiometric titration of the copolymer P(S0.5-grad-

DMAEA0.5)70-b-PDMAEA50 (DG50) and P(S0.65-grad-DMAEA0.35)70-b-PDMAEA40 (DG30). 

Diblock copolymers DG50 and DG30 were dissolved in water with an excess of HCl at 0.1 wt% 

concentration and were titrated with 1 M NaOH. The overall change in volume in the titration 
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 11 

process was about 10 %. The change of pH was monitored with the help of an Orion STAR logR 

pH-meter (Thermo Fisher Scientific, USA) with temperature control. 

 

Dynamic light scattering (DLS) 

Dynamic light scattering from the polymer solutions was measured at an angle of 173° on 

a Nano-ZS Model ZEN3600 Zetasizer (Malvern, UK). A 4.0 mW He–Ne laser was used, 

operating at a wavelength of 633 nm. The apparatus, equipped with a MPT2 autotitrator, was 

used mainly for automated measurement of the pH dependencies of particle size (Rh) and 

scattering intensity (Is). Diblock copolymers DG50 and DG30 were dissolved in water at 

0.1 wt% concentration with an excess of HCl to reach pH ~ 2, and aliquots of 1 M NaOH were 

added to change the pH value of the solutions. For evaluation of the data, the DTS (Nano) 

program (Malvern, UK) was used. The mean positions of the peaks in the intensity-weighted 

hydrodynamic radius (Rh) distribution were taken for data representation. The hydrodynamic 

radius Rh of the particles was then calculated from the diffusion coefficient using the Stokes–

Einstein Equation: 

𝐷 = !"
!!"#

                 Equation 8 

where T is the absolute temperature, η is the viscosity of the solvent and k is the Boltzmann 

constant. 

 

Small angle neutron scattering (SANS) 

Polymer solutions for SANS were prepared without added salt at a concentration of 100 

g/L in D2O (100%, 99.97% D, Eurisotop) and the pH was adjusted using NaOD (40 wt% in D2O, 

99.5% D, Eurisotop) and DCl (7,6 N in D2O solution, 99% D, Eurisotop).  
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 12 

SANS measurements were performed on both the PAXY diffractometer at the 

Laboratoire Léon Brillouin (LLB) (Saclay, France) and on the LOQ diffractometer at the ISIS 

Pulsed Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.). On PAXY, the 

scattered intensity was measured over the range of scattering vectors, q, between 0.002 Å-1 and 

0.4 Å-1 using two instrument configurations (D = 1.2 m, λ = 4 Å and D = 5 m, λ = 6 Å; where D 

and λ are the sample-to-detector distance and the neutron wavelength, respectively, q = (4π/λ) 

sin(θ/2), and θ is the scattering angle). The individual contributions were then stitched together. 

All samples were measured in 2 mm pathlength quartz cells from 15 °C to 65 °C in 10 °C 

increments. H2O measured in a 1 mm pathlength cell was used as a calibration standard. The 

scattered intensity was then corrected according to standard procedures for the instrument using 

the PASINET software and placed on an absolute scale in absolute units (cm-1).35 In contrast, 

LOQ is a fixed-geometry “white beam” time-of-flight instrument, which utilizes neutrons with 

wavelengths between 2.2 Å and 10 Å at 25 Hz.36 Data are simultaneously recorded on two static, 

two-dimensional, position-sensitive neutron detectors at D = 0.5 m and D = 4.1 m, to provide a 

continuous q range of 0.008 – 1.6 Å-1 in one measurement. Each sample and background was 

placed in 2 mm pathlength quartz cells and measured for a total of 30 min to guaranty high 

statistical precision. A 1 mm thick solid blend of hydrogenous and perdeuterated polystyrene was 

used as a calibration standard.37 The scattered intensity was then corrected according to standard 

procedures for the instrument using the MANTID framework and converted on an absolute scale 

in absolute units (cm-1).38 

Quantitative analysis of the corrected SANS data was then performed by model-fitting it 

to a superposition of the form factor P(q) of a sphere (Equation 9 and Figure SI-09) and a 

Percus-Yevick structure factor59 S(q) (Equation 10 and Figure SI-09), using the SCATTER 
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 13 

software39 such that 𝐼 𝑞 = (𝐴 𝑉) ∙ 𝑃 𝑞 𝑆 𝑞 + 𝐵, where A and B are the adjustable amplitude 

(proportional to the concentration) and q-independent background, respectively, and V is the 

volume of the scatterer. 

𝑃 𝑞 = [!! ∆! !"# !!! !!"#$! !!!
!!! ! ]!           Equation 9 

where Rc is the radius of the sphere and Δρ is the difference in scattering length density (SLD) 

between the scatterer and solvent.40 

𝑆 𝑞 = !

!!!"!!(!!"!)!!"!

         Equation 10 

where 𝐺 𝑢 = ! !"# ! !!  !"# !
!!

+ ! !!  !"# ! ! !!!! !"# ! !!
!!

+ 𝛾(−𝑢! cos 𝑢 +
! !!!!! !"# ! ! !!!!! !"# ! !!

!!
 

and 𝛼 = (!!!!)!

(!!!)!
, 𝛽 = !!!(!!!!)

!

(!!!)!
, 𝛾 = !"

!!
= 𝑞𝑅!" with ϕ the volume fraction of hard sphere and RHS the 

hard sphere interaction radius. 

 

The aggregation number was calculated by Equation 11: 

𝑁!"" =   
!  ×  𝒩!  ×  ! !!  ×  !!

!

!!  ×  !
         Equation 11 

where c is the concentration in wt% and Mw is the average weight molar masse of the 

copolymers. 

 

Transmission electron microscopy (TEM) 

Cryo-TEM observations were performed on a Tecnai G2 Spirit Twin 120 kV (FEI, Czech 

Republic), equipped with a cryo-attachment (Gatan, cryo-specimen holder) using a bright field 

imaging mode at an accelerating voltage of 120 kV. Cryo-TEM allows direct investigation of 

samples in the vitrified, frozen-hydrated state. 3 µL of the sample solution was applied to an 

electron microscopy grid covered with holey carbon supporting film (C-flat 2/1-4C, Electron 

Microscopy Science) after hydrophilization by glow discharge (Expanded Plasma Cleaner, 

Harrick Plasma, USA). The excess solution was removed by blotting (Whatman no. 1 filter 
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 14 

paper) for ∼1 s, and the grid was immediately plunged into liquid ethane at -181°C. The frozen 

sample was immediately transferred into the microscope and observed at -173°C under the 

conditions described above. The number-average diameter and dispersity index were calculated 

using Atlas software (Tescan Digital Microscopy Imaging, Brno, Czech Republic) according to 

the reference.41 

 

Results and discussion 

Determination of reactivity ratios and P(S-co-DMAEA) microstructure 

The existing synthesis methods for gradient copolymers have been developed based on 

the criterion that instantaneous composition, Finst, or cumulative composition, Fcum, vary 

continuously as a function of the apparent normalized chain length.42 Cumulative and 

instantaneous compositions are calculated from Equations (12) and (13), respectively.43 

𝐹!"#,! =
(%!"#$)![!!]!

(%!"#$)![!!]!!(%!"#$)![!!]!
           Equation 12 

𝐹!"#$,! = 𝐹!"#,! + %𝑐𝑜𝑛𝑣 ∆!!"#,!
∆ %!"#$

           Equation 13 

where (%conv) denotes the conversion of monomer and [M]0 denotes the initial concentration of 

monomer (subscripts 1 and 2 denote monomer 1 and 2, respectively). 

Two experimental approaches have been reported to control the compositional gradient, 

namely the ‘‘spontaneous’’- and the ‘‘forced’’-gradient methods. The first one is the use of batch 

copolymerizations in which a spontaneous gradient in instantaneous composition is formed, 

based on the differences in the reactivity ratios of the comonomers and their concentrations in 

the monomer feed. The second method is based on the use of a semi-batch copolymerization 

technique to form “forced” controlled gradients in instantaneous composition, mostly in the case 
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 15 

where the reactivity ratios of the comonomers are close. Therefore, the synthesis of gradient 

copolymers requires the knowledge of the reactivity ratios of monomers. 

The reactivity ratios of S and DMAEA have not been studied yet in the literature. 

Considering that, we investigated the reactivity ratios of these comonomers using 1H NMR 

experiments. Nitroxide-mediated radical polymerizations (NMRP) were carried out using five 

different initial feed compositions of S and DMAEA containing 20, 40, 50, 60 and 80 mol% of S 

(fs = 0.2, 0.4, 0.5, 0.6 and 0.8), with a target degree of polymerization of 100. The 

polymerizations were performed in bulk at 112 °C using SG1-based alkoxyamine MONAMS as 

initiator with a slight excess of SG1 ([SG1]0/[I]0 = 0.12) (Scheme 1a, experimental conditions are 

given in Table SI-01). The kinetics were followed by 1H NMR using aliquots taken at shorter 

polymerization time (30 min) in order to track the changes in monomer feed composition. 

CH2 CH

C O

O

CH2
CH2
CH CH3

CH3

+

grad
SG1

O O

N
CH3CH3

O

CH3

O

CH3
y x

bulk, 112 
o
C

SG1, MONAMS
a

bulk, 112 
o
C

DMAEA

b
*

grad
b

O O

N
CH3CH3

O O

N
CH3 CH3

SG1
x y m n

Scheme 1. Synthetic procedure and chemical structure of the gradient copolymers (a) and 

diblock gradient copolymers (b) prepared by bulk NMRP. 

Page 15 of 44

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 16 

Reactivity ratios are generally determined using a linearization of the Mayo-Lewis 

equation44 and Kelen-Tüdos45 (see details in the supporting information). The Kelen-Tüdos 

method was later modified in order to limit large systemic error in calculation due to the low 

conversion assumption. The extended Kelen-Tüdos method takes into account the individual 

monomer conversion.46 As reported in Table 1, similar values of reactivity ratios were obtained 

using either the Kelen-Tüdos method or the extended Kelen-Tüdos method (rDMAEA = 0.27 and rS 

= 1.15). Nonlinear least-squares (NLLS) methods can also be used to determine the reactivity 

ratios47-50 (see details in the supporting information). The sum of the squares of the residuals was 

minimized to set the values of reactivity ratios fitting the experimental copolymer composition, 

FDMAEA, calculated from the individual monomer conversions by equation 3 with the theoretical 

copolymer composition calculated from the Mayo-Lewis equation44 (FDMAEA,theo, Equation 14). 

𝐹!,!!!" =
!!  ×  !!

!  !  !!  ×  !!
!!  ×  !!

!  !  !!  ×  !!  !  !!  ×  !!
!            Equation 14 

The theoretical values from the FDMAEA vs fDMAEA,0 plot fit the experimental data for values 

of reactivity ratios of rDMAEA = 0.20 and rS = 1.20 (Figure SI-01), which are similar to the values 

obtained using the Kelen-Tüdos method or the extended Kelen-Tüdos method (rDMAEA = 0.27 and 

rS = 1.15). 

The second nonlinear least-squares method is based on the integrated form of the 

copolymerization equation.50,51 This equation (Equation 15) accurately describes the drift of the 

monomer feed ratio (fDMAEA) over the course of copolymerization in relationship with the values 

of reactivity ratios. This composition drift model provides an enhanced number of analyzed 

experimental data and therefore the curve fitting method decreases the uncertainty associated 

with the reactivity ratio measurements. 
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𝑋! = 1− !!
!!,!

!
  ×    !!

!!,!

!
  × !!,!  !  !

!!  !  !

!
       Equation 15 

where 𝑋! is the overall molar monomer conversion, 𝛼 =    !!
!  !  !!

, 𝛽 =    !!
!  !  !!

, 𝛾 =    !  !  !!!!
(!  !  !!)(!  !  !!)

 

and 𝛿 =    !  !  !!
!  !  !!  !  !!

. The composition of the monomer feed was calculated from equation 16. 

𝑓!!  
!!,!  (!  !  !!)

!!,!   !  !  !! ! !  !  !!,! (!  !  !!)
           Equation 16 

Figure 1 shows that the theoretical plots of fDMAEA versus 𝑋!, obtained with reactivity 

ratios of rDMAEA = 0.25 and rS = 1.15, fit the experimental data during the course of the 

copolymerization well for the five series of DMAEA/S copolymerization. 

0.0 0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0 80/20
60/40
50/50
40/60
20/80

f D
M

A
E

A

Conversion Xm  
Figure 1. Variation of the DMAEA composition in the monomer feed (fDMAEA) versus the molar 

conversion (Xm). Symbols: experimental data of fDMAEA versus Xm (eq. 14) (■) fDMAEA,0 = 0.2, (▼) 

fDMAEA,0 = 0.4, (●) fDMAEA,0 = 0.5, (▲) fDMAEA,0 = 0.6 and (♦) fDMAEA,0 = 0.8. The lines correspond to 

the calculated values of Xm (eq. 13) for given theoretical values of fDMAEA. 

The composition drift is rather limited for fDMAEA = 0.2 but becomes more pronounced 

when fDMAEA increases. From Figure 1 and the obtained reactivity ratios of the comonomer 

(rDMAEA = 0.25 ± 0.02 and rS = 1.16 ± 0.12, Table 1), it can be seen an increasing amounts of 
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DMAEA with the chain length, which shows the formation of spontaneous gradient copolymer 

(P(S-grad-DMAEA)). 

Table 1. S and DMAEA reactivity ratios values determined from different methods. 

Method rDMAEA rS 

Kelen-Tüdos (K-T) 0.25 1.36 

Extended K-T 0.29 0.923 

NLLS 0.2 1.2 

Skeist 0.25 1.15 

average 0.25 ± 0.02 1.16 ± 0.12 

 

Synthesis of amphiphilic diblock-gradient copolymers P(S-grad-DMAEA)-b-PDMAEA 

Based on the reactivity ratios of the comonomers S and DMAEA obtained above, 

spontaneous block-gradient P(S-grad-DMAEA) copolymers (named GX, with X the molar 

fraction of DMAEA in the copolymer) should be obtained using a batch copolymerization, i.e. 

by mixing both comonomers at the beginning of the copolymerization. Two different molar 

compositions of monomers in the copolymer were targeted (FDMAEA = 50 (G50) and FDMAEA = 30 

(G30)). The initial conditions of the NMRP of S and DMAEA, performed in bulk at 112 °C 

using SG1-based alkoxyamine MONAMS as initiator with a slight excess of SG1 are 

summarized in Table 2. Polymerization was stopped at 50% conversion in order to optimize 

control. 

First, the level of control was investigated. As depicted in Figure 2, the kinetic plots of 

the 𝑙𝑛 ! !
!

 versus time are linear. Moreover, it can be observed that the slopes are different for 

the two copolymerizations. The slopes correspond to the apparent rate constant 𝑘! 𝑃∙ . In 

NMRP the equilibrium constant K is related to the concentrations of propagating radicals 𝑃∙  

and nitroxide radicals [𝑆𝐺1∙].52,53 
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Table 2. Experimental conditions and results for the synthesis of amphiphilic copolymers 

P(S-grad-DMAEA) (G50 and G30) and P(S-grad-DMAEA)-b-PDMAEA (DG50 and DG30). 

Polymer [DMAEA]0/[S]0 
(mol%DMAEA/mol%S) [S]0 [DMAEA]0 [I]0 [SG1]0 [SG1]0/[I]0 [M]0/[I]0 

Xm
b 

% 
DPtheo

c 

 

Mn,theo
c
 

g.mol-

1 

Mn,SEC
d 

g.mol-1 Đd FDMAEA
e 

G50  0.8172 
(45/55) 4.19 3.42 0.080 0.0092 0.116 96 47 45 5700 9900 1.2 0.49 

G30  0.4102 
(29/71) 5.65 2.32 0.084 0.0120 0.140 95 55 52 6700 9800 1.1 0.35 

DG50    6.57 0.034a 0.0046 0.136 195 48 94 19 200 14 500 1.3 0.71 

DG30    6.57 0.033a 0.0045 0.136 200 45 90 20 600 12 600 1.2 0.56 

a G50 and G30 were used as macroinitiator for the synthesis of DG50 and DG30 respectively 
b Xm is the overall monomer molar conversion of polymerization determined by 1H NMR (Equation 1) 
c Theoretical degree of polymerization from Equation 6; number-average molar mass from Equation 5 
d Values obtained from the SEC analysis with a MALLS detector 
e Value determined by 1H NMR (Equation 4) 

 

Figure 2 shows that the slope is higher for G50 than G30, which can be related to the 

lower amount of free 𝑆𝐺1∙ initially present in the mixture (see Table 2). 

0 20 40 60 80 100 120 140 160

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

ln
(M
o/
M
)

time (min)  

Figure 2. Kinetic plot of 𝑙𝑛 ! !
!

 versus time for bulk NMRP copolymerization of DMAEA 

and S at 112 °C with initial feed composition of DMAEA (fDMAEA) of 55 mol% (■) and 30 mol% 

(●). The black lines correspond to the linear regression. 
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 20 

The experimental molar masses of the series of P(S-grad-DMAEA) copolymers increase 

linearly with the overall monomer conversion (Figure 3a for G50 and SI-02a for G30) in 

accordance with equation 5. The experimental Mn are slightly higher than the theoretical ones, 

which implies that the concentration of radical initiating species is lower than expected. This can 

be due to the inhibition period observed in Figure 2 (until 30 min) where some of the radicals 

followed termination reactions and free 𝑆𝐺1∙ was released until it was present in an amount 

sufficient to reach the equilibrium (the Persistent Radical Effect54). However, the low dispersity 

(Ð) of the final copolymers (1.3 and 1.2 for G50 and G30, respectively) is consistent with a 

controlled character of NMRP copolymerization. Moreover, the decrease of dispersity and the 

shift of the SEC chromatograms towards low elution volumes throughout the copolymerization 

(Figure 3b and SI-02b) support the controlling nature of the bulk NMRP copolymerization at 

each monomer feed ratio. 
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b

 
Figure 3. Evolutions of (a) number-average molecular weight (Mn) and dispersity (Ð), 

determined by SEC using a MALLS detector, with conversion and (b) size exclusion 

chromatograms with monomer conversion, for the bulk NMRP copolymerization of DMAEA 

and S at 112 °C with initial feed composition with respect to DMAEA (fDMAEA) of 55 mol% 

(G50). 
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In order to gain insight into the microstructure of the copolymer chains, i.e. the 

composition profile, the instantaneous fraction (Finst) for each type of monomer unit was 

determined from 1H NMR data using the Equations 12 and 13. Such equations have been 

previously used to represent the evolution of the instantaneous composition profile in different 

gradient copolymers.55-57 Herein, the obtained composition profiles for G50 (Figure 4) 

demonstrate that the instantaneous fraction of S in the growing chain decreases continuously 

along the polymer backbone, while the instantaneous fraction of DMAEA increases. This proves 

the gradient structure of G50 copolymer, which is in accordance with the reactivity ratios 

obtained previously. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 

 

F in
st

DP normalized  
Figure 4. Instantaneous fraction (Finst) of S and DMAEA versus normalized chain length (DP 

normalized) during NMRP bulk copolymerization of S and DMAEA with initial feed 

composition of DMAEA fDMAEA = 55 %mol (G50). 

However, in the case of G30, the instantaneous fraction of both comonomers in the 

copolymer barely changes during the course of the copolymerization (Figure SI-03), which 

indicates that the distribution of both comonomers in the growing chain is more statistical. This 

result can be understood considering the reactivity ratios of the comonomers. In fact, Figure 1 

shows that in the range of initial molar fraction of DMAEA between 0.2 mol% and 0.4 mol% the 
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gradient profile is not pronounced and a statistical distribution of the comonomers in the 

copolymer may be expected. 

Diblock copolymers P(S-grad-DMAEA)-b-PDMAEA were then synthesized using G50 

and G30 as macroinitiators. The initial conditions of the NMRP of DMAEA, performed in bulk 

at 112 °C, using G50 or G30 as macroinitiators with a slight excess of SG1, leading to diblock-

gradient copolymers P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) and P(S0.65-grad-

DMAEA0.35)70-b-PDMAEA40 (DG30) respectively, are summarized in Table 2. 

G50 and G30 were able to initiate the polymerization of DMAEA with a good degree of 

control, as indicated by the SEC chromatograms taken at various times during the polymerization 

(Figure 5 and SI-04). The chromatograms remain relatively monomodal with negligible residual 

macroinitiator, while the dispersity (Đ) increased somewhat up to 1.22 – 1.36. In the case of 

DG50, the presence of a shoulder at high molar masses for the final copolymer can be noticed, 

which could indicate a slight presence of termination reactions at high conversion. 
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Figure 5. Evolution of the size exclusion chromatograms with time for the bulk NMRP 

copolymerization of DMAEA at 112 °C, using G50 as macroinitiator. The dotted line 

corresponds to the SEC chromatogram of the macroinitiator. 
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In addition, the kinetic plots of the 𝑙𝑛 ! !
!

 versus time are linear for both 

polymerizations of the second block (Figure 6a and SI-05a), which indicates that termination 

reactions are negligible. However, the evolution of the number-average molar mass with 

conversion remains relatively constant during the course of the polymerization (Figure 6b and 

SI-05b) and the values are lower than the theoretical ones. These results indicate that transfer to 

the polymer chain may occur but, considering the evolution of the SEC chromatograms, is 

negligible. 
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Figure 6. (a) Kinetic plot of 𝑙𝑛 ! !
!

 versus time (the black line is from linear regression) and 

(b) evolution of number-average molecular weight (Mn) and dispersity (Ð), determined by SEC 

using a MALLS detector, with monomer conversion for the bulk NMRP copolymerization of 

DMAEA for the synthesis of P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) using G50 as 

macroinitiator. 

The presence of a second PDMAEA block was also observed by 1H NMR (Figure SI-06). 

Figure SI-06 shows the overlay of pure block P(S0.5-grad-DMAEA0.5)70 (G50) spectra and pure 

diblock P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) spectra. It can be noticed in the region 

of 3.4 to 4.4 ppm that the resonance peak of the –CH2– of the acrylate function (signals f and f’ 
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in Figure SI-06) displays a downfield shift in the pure PDMAEA block compared to DMAEA 

units in the first P(S-grad-DMAEA) block (δf’ = 4.2 ppm; δf = 3.5-4 ppm). In addition, the signal 

from the –CH2– of the acrylate functions in the second block is narrower than the one in the 

copolymer. This also shows the difference in chemical environment of the acrylate units either in 

pure PDMAEA block or distributed inside a PS block. 

In summary, two P(S-grad-DMAEA)-b-PDMAEA diblock-gradient copolymers, with 

varied molar fraction of DMAEA units in the hydrophobic PS block (50 % and 30 %), were 

successfully synthesized by NMRP using a batch method. The chemical properties of the final 

diblock copolymers are summarized in Table 3. 

Table 3. Properties of the diblock-gradient copolymers P(S-grad-DMAEA)-co-

PDMAEA and their nanostructures in aqueous media. 

Polymer Structure Mn,SEC,a 
(g.mol) Ða pKaapp

e α  
% 

Dh
DLS,b 

(nm) Nagg,SANS,c Rc
SANS,c RCryoTEM,d 

(nm) 

DG50 
P(S

0.5
-grad-DMAEA

0.5
)

70
-b-

PDMAEA
50

 14 500 1.3 6.6 
20 19 30 6 8 

100 4 1 1 - 

DG30 
P(S

0.65
-grad-DMAEA

0.35
)

70
-b-

PDMAEA
40

 12 600 1.2 6.4 
20 24 120 8 9 

100 7 14 4 - 
a determined by SEC-THF analysis using MALLS detector 
b determined by DLS at concentration 0.001 g.L-1 in water 
c determined by SANS at concentration 0.1 g.L-1 in D2O and calculated by Equation 11 
d determined by CryoTEM at concentration 0.03 g.L-1 in water 
e apparent pKa determined by potentiometric titration at α = 0.5 

 

Self-assembly of P(S-grad-DMAEA)-b-PDMAEA copolymers in aqueous solution 

pH-responsive behavior 

The ionization behavior of the diblock copolymers was investigated by potentiometric 

titration. The block copolymers spontaneously solubilized in water leading to homogeneous 
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solutions with similar pH of 9.5. The solutions were brought to total ionization of the DMAEA 

units using 1 M HCl (pH ~ 2) and subsequently titrated with 1 M NaOH to follow the evolution 

of the pH with respect to the degree of ionization of the DMAEA units (Figure 7 and SI-07, see 

details in supporting information). 
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Figure 7. Evolution of the pH versus the degree of ionization α of DMAEA units of aqueous 

solutions of diblock-gradient copolymers P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) (●) 

and P(S0.65-grad-DMAEA0.35)70-b-PDMAEA40 (DG30) (■). 

Comparing the ionization behavior of the diblock-gradient copolymers (DG50 and 

DG30), Figure 7 shows that, although the fraction of DMAEA units in the copolymer chain 

differs between the polymers, the ionization of the DMAEA units does not. In addition, the 

apparent pKa values (pKaapp), determined from the degree of ionization α equal to 50 %,58 are 

similar for both copolymers (pKaapp(DG50) = 6.6 and pKaapp(DG30) = 6.4). As observed by 

O’Reilly et al,25 these values are close to the pKaapp of the homopolymer PDMAEA 

(pKaapp(PDMAEA) = 6.2), even though the copolymer contains a fraction of “inert” monomer, 

due to the reduced steric hindrance of consecutive protonated units because of the larger distance 

between amino motifs. This may explain why the observed pKaapp is actually at slightly higher 

pH. 
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The self-assembling behavior of the copolymers under pH variation was then investigated 

using dynamic light scattering (DLS). Experiments were conducted using an auto-titration set-up 

(MPT-2 from Zetasizer, Malvern), which allowed to simultaneously change the pH of the 

solution and measure the corresponding hydrodynamic diameter (Dh) of the created 

nanostructures. All DLS measurements were conducted at a concentration of 0.1 wt% and 

corresponding titration curves for block copolymers are depicted in Figure 8. Values of the 

hydrodynamic diameter (Dh) obtained at 20% and 100% degree of ionization are reported in 

Table 3. 
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Figure 8. Evolutions of the hydrodynamic diameter Dh as a function of the degree of ionization 

of DMAEA units, α, for aqueous solutions of block-gradient copolymer (a) P(S0.5-grad-

DMAEA0.5)70-b-PDMAEA50 (DG50) and (b) P(S0.65-grad-DMAEA0.35)70-b-PDMAEA40 (DG30) at 

concentration 0.1 wt%, when increasing (■) and decreasing (●) the pH. 

Although rather spherical aggregates are formed at high pH, corresponding to low degree 

of ionization α, according to the cryoTEM images (Figure 10), their size strongly decreases upon 

ionization of the DMAEA units. Initially aggregates of about 20 nm diameter for DG50 and 30 

nm diameter for DG30 are formed at low α (around pH 8), but when the degree of ionization 
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increases, strong electrostatic interactions between charges along the polymer backbone are 

generated, resulting in the dissociation of the aggregates to single polymer chains (unimers), 

which is confirmed by the low value of Dh at high α values (Dh ~ 5 nm). However, it is worth 

noting that the value of Dh at high α values is a bit higher for DG30 (Dh ~ 7 nm) than for DG50 

(Dh ~ 4 nm). We assume that the aggregates formed correspond to micelle-like structures 

consisting of a hydrophobic P(S-grad-DMAEA) core and a hydrophilic PDMAEA corona. 

When decreasing α, the transition region, where self-assembly occurs, corresponds to α 

values of about 50 % and 60 % for DG50 (pH ~ 7) and DG30 (pH ~ 5), respectively. This 

difference can be explained by a higher fraction of styrene in the associating block for DG30 (70 

mol% of styrene) compared to DG50 (50 mol% of styrene), which retards the dissociation of the 

aggregates with increasing α. 

Remarkably, the pH-controlled self-assembly of the diblock-gradient copolymers is 

totally reversible. Indeed, when the solutions are brought back from α = 0 % to 100 % by adding 

1 M HCl, the curves obtained by DLS overlay (Figure 8). The amount of salt generated in the 

cyclic experiment (~ 5 × 10-5 M) is negligible and does not affect the results. 

These findings show that the presence of hydrophilic DMAEA domains in the associating 

blocks leads to P(S-grad-DMAEA)-b-PDMAEA copolymers undergoing pronounced and 

reversible reorganization upon pH changes. 

For a deeper insight into the self-assembling behavior of the diblock-gradient copolymers 

in aqueous solution, and in order to learn more about the size, shape and organization of the 

aggregates formed, SANS experiments were conducted on solutions of the copolymers in 

deuterium oxide (D2O) at 10 wt% concentration and at different α values. An adjustment of 
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of ionization of the DMAEA monomer units (> 60 %), this peak completely disappears, 

indicating that the aggregates have dissociated into smaller structures as seen in the DLS data. In 

the case of DG30, the curve obtained at low degree of ionization (α ∼ 30 %) also presents a 

maximum but at lower value of qpeak (∼  0.02 Å-1). However, in the case of DG30, even at 100% 

ionization, the curve still exhibits a maximum (qpeak ∼  0.03 Å-1), which indicates that aggregates 

are still present in the solution. This may help to explain why the value of Dh obtained by DLS 

was a little higher than that obtained from DG50 at the same degree of ionization. 

Aggregation numbers (Nagg) and core radii (Rc) were obtained by fitting the scattering 

curves with a superposition of structure factor S(q) of a hard sphere calculated in the Percus-

Yevick approximation,59 and a form factor P(q) for polydisperse spheres with radius Rc (see 

experimental part and Figure SI-09). It was assumed that the PS-rich core domains provided the 

dominant contribution to the scattering (because they possess much higher scattering contrast in 

the SANS experiment than the sparse hydrated DMAEA corona). The evolution of Nagg and Rc as 

function of α for both copolymers are reported in Figure 9b and SI-08b and the values obtained 

at 20% and 100% degree of ionization are reported in Table 3. It can be seen that the values of 

the core radii are smaller than radii of the same systems measured by DLS. This explanation is 

also valid for the values obtained by CryoTEM where the contrast of the PS-rich core domain 

provides a major contribution. 

The data obtained from both CryoTEM and SANS measurements confirm the DLS 

results. At low degree of ionization of DMAEA units, smaller spherical aggregates are formed in 

the case of DG50 than for DG30; at higher degree of ionization the aggregates disappear and, in 

the case of DG50, appear to be replaced by unimers as the effective aggregation number Nagg ~ 1. 

As seen in the DLS experiments, the aggregation behavior is totally reversible; when the degree 
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of ionization was brought back to 100 %, Rc decreased (see supporting information Figure SI-

10). 

 
Figure 10. CryoTEM micrographs of frozen aqueous solution of DG50 at pH 7 (a) and DG30 at 

pH 8 (b); size distribution histograms of DG50 (c) and DG30 (d) nanoaggregates. 

Moreover, the SANS data confirmed that the regions of α where the transitions occur, 

correspond to α values between 20-50 % (pH 7-9) for DG50 and 40-60 % (pH 5-7) for DG30. 

Given the potential applications of these copolymers it was considered that the unimers-to-

aggregates transition region of DG50 held the greatest promise in terms of the susceptibility of 

the self-assembly process to external stimuli. Also, and unlike DG30, the aggregates formed by 

DG50 completely dissociate. Therefore, additional SANS experiments were conducted on DG50 

to study the influence of combined pH/temperature or pH/ionic strength variations. 
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SANS experiments were conducted on solutions of DG50 at 10 wt% and 50% degree of 

ionization (pH 7), which is at the beginning of the unimers-to-aggregates transition region, over 

the temperature range of 15 to 60 °C. The scattering data and fitted parameters are reported in 

Figure 11. 

Figure 11a shows that there is a continuous increase in scattering intensity and a shift of 

the correlation peak towards lower q values with increasing the temperature, which indicates that 

the separation of the aggregates increases. As both the aggregation number and core radius of the 

aggregates also increase with temperature, this is likely an indication that the number of 

aggregates is diminishing. 
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Figure 11. (a) Scattering intensity (I) as a function of the scattering wave vector (q) at different 

temperatures and (b) evolution of the aggregation number (Nagg, full symbol) and core radius (Rc, 

empty symbol) of the aggregates formed in aqueous solution by P(S0.5-grad-DMAEA0.5)70-b-

(PDMAEA)50 (DG50) at concentration c = 10 wt%, α = 50 % (pH 7) as a function of the 

temperature in the absence of salt. Black lines correspond to the fits of experimental data (see 

experimental part). 

The difference between the increase in aggregation number and the core radius on heating 

actually corresponds to a change in the degree of ionization of just ∆α = 0.02, which indicates 
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that these copolymers have a much weaker temperature-sensitivity compared to their pH-

sensitivity. The same behavior is observed at the lower degree of ionization at pH 8 (α = 40 %; 

see supporting information Figure SI-11). 

 

Ionic strength dependence 

Changing in the ionic strength of the aqueous solutions by adding salt (NaCl) leads to the 

screening of electrostatic interactions between charged monomeric units between copolymer 

chains, thus, and thereby, affects the size and aggregation number (Nagg) of the aggregates. At 

low ionic strength these changes are typically small, but at sufficiently high salt concentration 

the electrostatic repulsion between molecules can becomes so weak that shrinkage of the 

micellar corona occurs, and the aggregation number increases.2-4 

To study the influence of combined pH/ionic strength as an external stimulus on the 

association behavior of diblock-gradient copolymer DG50, the same values of degree of 

ionization as described above were chosen: 50% and 40% (within the unimer-to-aggregates 

transition region). The concentration of salt was then adjusted by the progressive addition of 5 M 

NaCl solution in D2O at the same pH. The SANS data obtained at these different ionic strengths 

at α = 50 % (pH = 7) are shown in Figure 12a and results of the model fits to these data are 

shown in Figure 12b. 

As depicted in Figure 12a, negligible change in the scattering intensity is visible for 

0.1 M salt concentration; however, a small decrease in scattering intensity at 0.3 M NaCl likely 

indicates a shrinkage of the coronae and a small increase in aggregation number and core radius 

simultaneously (Figure 12b). With further increases in ionic strength, a small increase in 

scattering intensity and Nagg is observed, up to a quite pronounced jump for 3 M salt 
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concentration. This behavior can be explained by the suppression of electrostatic repulsive forces 

between ionized DMAEA units. As a result, increasing the salt concentration promotes 

aggregation. 
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Figure 12. (a) Scattering intensity (I) as a function of the scattering wave vector (q) at different 

salt concentrations and (b) evolution of the aggregation number (Nagg, full symbol) and core 

radius (Rc, empty symbol) of the aggregates formed in aqueous solution of diblock copolymer 

P(S0.5-grad-DMAEA0.5)70-b-(PDMAEA)50 in deuterium oxide at concentration c = 10 wt% at α = 

50 % (pH 7) as a function of salt concentration at 25 °C. Black lines correspond to the fits of 

experimental data (see experimental part). 

Contrast this behavior with the response of the system to ionic strength variation when 40 

% of amino groups in DMAEA units are protonated (pH 8) demonstrating that the number of 

charged chains in the corona has an impact on the solution behavior of the aggregates. As 

depicted in Figure 13a there is a continuous decrease in scattering intensity for the whole range 

of salt concentrations. This could indicate a shrinking of the hydrophobic core. Indeed, the core 

contains hydrophilic DMAEA domains, which can be hydrated. The shrinking of the core could 

thus be due to dehydration of the hydrophilic domains in the core, induced by increasing osmotic 

pressure on the aggregates formed. Therefore, there is a small decrease in aggregation number 
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and core radius up to 1 M NaCl and then a plateau (Figure 13b), but the internal density of the 

micelles increases (from 0.72 g/mL at 0 M to 0.83 g/mL at 3 M NaCl, Figure SI-12). 

0.01 0.1 1
0

2

4

6

8

10

12

14

16

18

 

 

 0 M
 0.1 M
 0.3 M
 0.5 M
 1 M
 3 M

I (
cm

-1
)

q (Å-1)

a

0.0 0.5 1.0 1.5 2.0 2.5 3.020

25

30

35

40

45
 

 Nagg

 Rc

NaCl concentration (M)

N
ag

g

b

50

55

60

65

70

R
c (

A
)

 
Figure 13. (a) Scattering intensity (I) as a function of the scattering wave vector (q) at different 

salt concentrations and (b) evolution of the aggregation number (Nagg, full symbol) and core 

radius (Rc, empty symbol) of the aggregates formed in aqueous solution of diblock copolymer 

P(S0.5-grad-DMAEA0.5)70-b-(PDMAEA)50 in deuterium oxide at concentration c = 10 wt% at α = 

40 % (pH 8) as function of salt concentration at 25 °C. Black lines correspond to the fits of 

experimental data (see experimental part). 

Hence, these results provide evidence that DG50 exhibits not only pH-sensitive self-

assembling behavior but also the ability to respond to variations in temperature and ionic 

strength. However, the nature of this response strongly depends on the degree of ionization (or 

pH) of the solution. 

 

Conclusions 

In this work we have demonstrated the successful use of nixtroxide-mediated radical 

polymerization (NMRP) for the synthesis of new amphiphilic block-gradient copolymers based 

on styrene (S) and 2-dimethylaminoethyl acrylate (DMAEA). Regardless of the initial monomer 
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feed ratio, the synthesis of block-gradient copolymers fulfills the features of a controlled 

polymerization with a linear increase of the molar masses and low dispersity values (Đ < 1.3). It 

should be mentioned that the gradient distribution of the DMAEA in the PS block is enhanced by 

increasing the initial DMAEA feed ratio. We have applied both conventional linearization and 

nonlinear least-squares methods to estimate reliable values of reactivity ratios for S and DMAEA 

radical polymerization. The nonlinear least-squares (NLLS) method, based on the integrated 

form of the copolymerization equation (Skeist equation), provides values of reactivity ratios of 

rDMAEA = 0.25 and rS = 1.15, which demonstrate the formation of spontaneous gradient 

copolymers with increasing amounts of DMAEA within the chain (P(S-grad-DMAEA)). Two 

block-gradient copolymers with different molar fractions of DMAEA in the associative gradient 

block (50 and 30 %) were prepared: P(S0.5-grad-DMAEA0.5)70-b-PDMEA50 and P(S0.65-grad-

DMAEA0.35)70-b-PDMEA40. 

DLS-titration, SANS and CryoTEM analyses of aqueous solutions of the block-gradient 

copolymers demonstrate their ability for dynamic self-association into aggregates in both diluted 

and concentrated aqueous solutions. At low pH the polymers exist in a molecularly dissolved 

state (unimers), while an increase in pH leads to the formation of micelles with Dh ca. 20 nm 

composed of a hydrophobic styrene-rich core and a hydrophilic PDMAEA corona. Moreover, 

DLS measurements confirmed that this association is reversible: a continuous decrease of pH 

results in a disassembling of the micelles for both polymers. SANS experiments indicate that 

reversibility of the self-assembling behavior occurs only for the more hydrophilic diblock 

copolymers (50 % of S in the gradient block), while aggregates formed by the more hydrophobic 

copolymer (70 % S in the associated block) do not completely dissolve even at low pH. 

Investigation of the influence of the temperature on the aggregates formed at pH close to the 
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disaggregation region revealed a weak response by of these aggregates. However, at higher pH 

values, where micelles are already formed and a small number of amino groups in DMAEA units 

is ionized, a pronounced temperature-dependency of the size and aggregation number was 

observed for P(S0.5-grad-DMAEA0.5)70-b-(PDMAEA)50. Of note is the fact that temperature was 

found to be a much weaker stimulus for the self-assembly process than pH. These micelle-like 

aggregates have potential uses in nanomedicine as “smart” nanocontainers for controlled drug or 

gene delivery purposes. 
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Synthesis and characterization of S and DMAEA copolymers 

Table SI-01. Initial experimental conditions for synthesis of gradient copolymers P(S-grad-

DMAEA), using MONAMS as initiator [I]. 

Name of polymer 
[DMAEA]0/[S]0 

fDMEAE/fS
a 

[S]0 

(M) 

[DMAEA]0 

(M) 

[I]0 

(M) 

[SG1]0 

(M) 
[M]0/[I]0

b [SG1]0/[I]0 

Expt.1 0.25 
0.2/0.8 6.47 1.62 0.085 0.010 95.5 0.115 

Expt.2 0.68 
0.4/0.6 4.53 3.03 0.079 0.009 96 0.116 

Expt.3 1.1 
0.5/0.5 3.48 3.79 0.070 0.008 104 0.112 

Expt.4 1.5 
0.6/0.4 2.82 4.27 0.075 0.009 95 0.117 

Expt.5 4 
0.8/0.2 1.34 5.35 0.070 0.008 95 0.114 

a f is the molar fraction of monomer units in the monomer feed. 
b [M]0=[DMAEA]0+[S]0 – initial monomer feed 
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Figure SI-01. Nonlinear least-squares (NLLS) fit of the variation of the DMAEA 

composition in the monomer feed (fDMAEA) versus the composition in the resulting copolymer 

(FDMAEA): the red dotted line represents theoretical data and ■ experimental values. 
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Figure SI-02. Evolution of (a) the number-average molecular weight (Mn) and dispersity (Ð), 

determined by SEC using a MALLS detector, with conversion and (b) size exclusion 

chromatograms for different monomer conversions for the bulk NMRP copolymerization of 

DMAEA and S at 112 °C with an initial feed composition with respect to DMAEA (fDMAEA) 

of 30 mol% (G30). 
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Figure SI-03. Instantaneous fraction (Finst) of S (■) and DMAEA (●) versus normalized chain 

length (DP normalized) during NMRP bulk copolymerization of S and DMAEA with initial 

feed composition of DMAEA fDMAEA = 0.30 (G30). 
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Figure SI-04. Evolution of the size exclusion chromatograms for different monomer 

conversions for the bulk NMRP copolymerization of DMAEA at 112 °C, using G30 as 

macroinitiator. The dotted line corresponds to the SEC chromatogram of the macroinitiator. 

 

 

 

Figure SI-05. (a) Kinetic plot of 𝒍𝒍𝒍𝒍 �[𝑴𝑴]𝟎𝟎
[𝑴𝑴] � versus time (the black line corresponds to a linear 

regression trendline) and (b) evolution of the number-average molecular weight (Mn) and 

dispersity (Ð), determined by SEC using a MALLS detector, with monomer conversion for 

the bulk NMRP copolymerization of DMAEA for the synthesis of P(S0.65-grad-

DMAEA0.35)70-b-PDMAEA40 (DG30) using G30 as macroinitiator. 

 



 6 

 

Figure SI-06. 1H NMR spectra in CDCl3 of pure P(S0.5-grad-DMAEA0.5)70 (G50) (black line) 

and P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) (red line). 

 

Potentiometric titration and treatment of the raw titration curves for DG50 and DG30 

copolymers 

For the potentiometric titration, the synthesized copolymers were dissolved in water at 

a concentration of 0.1 wt% with an excess of HCl and then titrated with a concentrated 

solution of strong base NaOH (1M). The degree of ionization (α) of DMAEA units during 

this “forth” titration was determined according to the following equation: 

α = 1 − (VNaOH−Veq1)
(Veq2−Veq1)

  (SI-01) 

where 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the total volume of added base and 𝑉𝑉𝑒𝑒𝑒𝑒1 and 𝑉𝑉𝑒𝑒𝑒𝑒2 correspond to the volume of 

NaOH added before the first and the second pH-jump in the titration curve, respectively. 

For the “back” titration procedure a concentrated solution of HCl (1M) was used and 

the degree of ionization was calculated by the following equation: 

α = VHCl
Veq2

  (SI-02) 

where 𝑉𝑉𝑁𝑁𝐻𝐻𝐻𝐻 is the total volume of acid added and 𝑉𝑉𝑒𝑒𝑒𝑒2 corresponds to the volume of HCl 

before second pH-jump on titration curve. 
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Figure SI-07. Evolution of the pH versus the degree of ionization  of DMAEA units of (a) 

the diblock gradient copolymers P(S0.5-grad-DMAEA0.5)70-b-PDMAEA50 (DG50) and (b) 

P(S0.65-grad-DMAEA0.35)70-b-PDMAEA40 (DG30), during forth titration with base ( ) and 

back titration with acid ( ). 
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Figure SI-08. (a) Scattering intensity (I) as a function of scattering wave vector (q) at 

different degrees of ionization , and (b) evolution of the aggregation number (Nagg, full 

symbol), when increasing (Nagg forth, ) or decreasing (Nagg back, ) pH, and core radius (Rc, 

empty symbol) as function of  for DG30 (P(S0.65-grad-DMAEA0.35)70-b-P(DMAEA)40) 

block-gradient copolymers solutions in deuterium oxide at concentration c = 10 wt% and at 

25 °C. Black lines correspond to the fits of experimental data (see experimental part). 
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Figure SI-09. Example of fit to the SANS data from DG50 P(S0.5-grad-DMAEA0.5)70-b-

(PDMAEA)50 block-gradient copolymers solutions in deuterium oxide at a concentration of c 

= 10 wt%, α = 20 %, 25 °C. 
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Figure SI-10. Evolution of core radius as a function of the pH for the aggregates formed in 

aqueous solution by DG50 P(S0.5-grad-DMAEA0.5)70-b-(PDMAEA)50 (left) and DG30 

P(S0.65-grad-DMAEA0.35)70-b-(PDMAEA)40 (right) with increasing (■) and subsequently 

decreasing (●) the pH values. 

 

 

 



 9 

Temperature dependence 
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Figure SI-11. (a) Scattering intensity (I) as a function of the scattering wave vector (q) at 

different temperatures and (b) evolution of the aggregation number (Nagg, full symbol) and 

core radius (Rc, empty symbol) of the aggregates formed in aqueous solution by P(S0.5-grad-

DMAEA0.5)70-b-(PDMAEA)50 (DG50) at concentration c = 10 wt%, α = 40 % (pH 8) as a 

function of the temperature. Black lines correspond to the fits of experimental data (see 

experimental part). 
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Figure SI-12. Evolution of the internal micelle density of the aggregates formed in aqueous 

solution of diblock copolymer P(S0.5-grad-DMAEA0.5)70-b-(PDMAEA)50 in heavy water at 

concentration c = 10 wt% at α = 40 % (pH 8) as function of salt concentration at 25 °C.  

The internal micelle density was calculated by equation SI-03: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑀𝑀𝑑𝑑𝑑𝑑𝑀𝑀𝑑𝑑𝑑𝑑 =  𝑀𝑀𝑤𝑤 × 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎
4
3�  𝜋𝜋 × 𝑅𝑅𝑐𝑐 × 𝒩𝒩𝐴𝐴

   (SI-03) 
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Details on methods for the calculation of reactivity ratios 

The Kelen-Tüdös (KT) method 

The copolymer composition (FA) is calculated over a wide range of monomer feed 

ratios (fA) from aliquots taken at low conversion. The reactivity ratios are estimated through 

linear regression of the experimental data fitted by the relationship shown in equation SI-04. 

𝜂𝜂 =  �𝑟𝑟𝐴𝐴  +  �𝑟𝑟𝐵𝐵
𝛼𝛼
��  ×  𝜉𝜉 −  𝑟𝑟𝐵𝐵

𝛼𝛼
   (SI-04) 

where 𝜂𝜂 =  𝐺𝐺
(𝛼𝛼 +𝐹𝐹), 𝜉𝜉 =  𝐹𝐹

(𝛼𝛼+𝐹𝐹) with 𝛼𝛼 =  (𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚  ×  𝐹𝐹𝑚𝑚𝑁𝑁𝑚𝑚)1/2, 𝐺𝐺 =  𝑓𝑓𝐴𝐴
𝑓𝑓𝐵𝐵

 −  �
𝑓𝑓𝐴𝐴

𝑓𝑓𝐵𝐵�
𝐹𝐹𝐴𝐴

𝐹𝐹𝐵𝐵�
� and 

𝐹𝐹 =  
�𝑓𝑓𝐴𝐴 𝑓𝑓𝐵𝐵� �

2

𝐹𝐹𝐴𝐴
𝐹𝐹𝐵𝐵�

 

Extended Kelen-Tüdös method 

This method takes into account the individual monomer conversions. In this method, F and G 

are replaced by: 

𝐺𝐺 =  
�𝐹𝐹𝐴𝐴 𝐹𝐹𝐵𝐵� � −1

𝑧𝑧
 and 𝐹𝐹 =  

�𝐹𝐹𝐴𝐴 𝐹𝐹𝐵𝐵� �

𝑧𝑧2
 where 𝑧𝑧 =  ln (1−𝑚𝑚𝐴𝐴)

ln(1−𝑚𝑚𝐵𝐵)
 with 𝑥𝑥𝐴𝐴and 𝑥𝑥𝐵𝐵 the individual molar 

conversions of each monomer. The definitions of 𝜂𝜂 and 𝜉𝜉 are similar in Kelen-Tüdös or 

extended Kelen-Tüdös methods and equation SI-04 is used to calculate the reactivity ratios in 

both cases. 

Nonlinear least square (NLLS) methods 

These methods consist in minimizing the sum of squares (SS) as described by equation 

SI-05. 

𝑆𝑆𝑆𝑆 (𝑟𝑟𝐴𝐴, 𝑟𝑟𝐵𝐵) =  ∑ 𝑤𝑤𝑚𝑚  ×  (𝑧𝑧𝑚𝑚,𝑒𝑒𝑚𝑚𝑒𝑒  −  𝑧𝑧𝑚𝑚,𝑡𝑡ℎ𝑒𝑒𝑒𝑒)2𝑚𝑚
𝑚𝑚=1   (SI-05) 

In equation SI-05, 𝑤𝑤𝑚𝑚 are the weighting factors (here a constant absolute error was 

considered, i.e., 𝑤𝑤𝑚𝑚 = 1), 𝑧𝑧𝑚𝑚,𝑒𝑒𝑚𝑚𝑒𝑒 are the experimental values of the variable 𝑧𝑧 for the 

experiment 𝑀𝑀 and 𝑧𝑧𝑚𝑚,𝑡𝑡ℎ𝑒𝑒𝑒𝑒 are the theoretical values of the variable 𝑧𝑧 for the experiment 𝑀𝑀. The 

best estimate for the reactivity ratios is set for the minimum value of SS. The first NLLS 

method uses the copolymer composition measured at low conversion (FDMAEA) as the 

experimental variable (𝑧𝑧). In the second method, the experimental values of fDMAEA and Xm 

were fitted to the integrated form of the copolymer composition equation using the 

visualization of the sum of squares space method. The theoretical values of Xm were 

calculated with the integrated form of the copolymerization equation (equation 15 in the 

article) using the values of reactivity ratios determined using NLLS method. 
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