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ABSTRACT

Star-shaped glycopolymers due to the attractive combination of the physico-

chemical, morphological, self-assembly properties along with biological activity

have gained increased attention as innovative agents in novel cancer therapies.

Unfortunately, the production of these highly desirable biomaterials remains a

challenge in modern macromolecular chemistry. The main reason for that is the

low polymerizability of ionic glycomonomers originated from their steric con-

gestion and the occurrence of ionic interactions that generally negatively

influence the polymerization progress and hinder controllable reaction path-

way. In this work, the new ionic sugar monomer was (co)polymerized for the

first time via Activator Generated by Electron Transfer Atom Transfer Radical

Polymerization (AGET ATRP) using a three-arm resveratrol-based core to

obtain star-like (co)polymers. The obtained products were examined in terms of

their physicochemical properties and morphology. Aside from the synthesis of

these new glycopolymers, also a thorough description of their thermal proper-

ties, ability to self-assembly, the formation of stable superstructures was studied
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in detail. It was found that examined (co)polymers did not show any hetero-

geneities and phase separation, while their variation of glass transition tem-

perature (Tg) was strictly related to the change in the number of glycomonomer.

Also, the stability and shapes of formed superstructures strictly depend on their

composition and topology. Finally, we have shown that synthesized carbohy-

drate-based polymers revealed high antiproliferative activity against several

cancer cell lines (i.e., breast, colon, glioma, and lung cancer). The cytotoxic

activity was particularly observed for star-shaped polymers that were system-

atically enhanced with the growing concentration of amine moieties and

molecular weight. The results presented herein suggest that synthesized star-

shaped glyco(co)polymers are promising as drug or gene carriers in anticancer

therapies or anti-tumor agents, depending on their cytotoxicity.

GRAPHICAL ABSTRACT

Introduction

Saccharides are one of the most important and

widespread chemical compounds in the world. Due

to their non-toxic, biocompatible properties as well as

an important role in several biochemical processes,

crucial for the proper functioning of the living

organisms [1] they caught a special attention of the

scientists. As a consequence, different kind of native

carbohydrates have been used in catalysis [2, 3],

polymer chemistry [4, 5], or medicine [6, 7]. In this

context, one can briefly mention about polysaccha-

rides, the third major class of naturally occurring

biomacromolecules (i.e., cellulose, starch, glycogen,

chitin or its deacetylated derivative – chitosan),

which are commonly applied in food, packaging,

material, and biomedical industries. In fact, the latter

application has become especially important since it

was found that polysaccharides are biomimetic ana-

logues being very active as mediators in a wide range

of cell–cell recognition events. However, their use in
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a native form is not always convenient due to weak

solubility or unsuitable hydrophilic/hydrophobic

balance. For these reasons, many research groups

work on the modifications of naturally occurring

oligo or polysaccharides to enhance some important

physical, chemical and mechanical properties with-

out losing advantageous features of these materials.

An interesting alternative to native polysaccharides

are glycopolymers defined as fully synthetic macro-

molecules possessing a non-carbohydrate backbone

and pedant or terminal carbohydrate moieties [8]. It

is worth noting that despite of the significant pro-

gress in macromolecular synthetic toolbox, the pro-

duction of such macromolecules is challenging due to

the steric effects occurring during synthesis. Gener-

ally, glycopolymers can roughly be prepared via two

main synthetic routes: direct polymerization of car-

bohydrate-based monomers and the chemical modi-

fication of produced polymers with saccharide-

containing compounds. Notably, the latter strategy is

considered as more convenient than the first one,

which often requires the multi-step process. For

instance, this kind of reaction can be performed by

common ‘click reactions’ using thiol-ene or CuACC

chemistry [9–11]. Unfortunately, the main disadvan-

tage of such a solution is the poor control over the

degree of substitution, which is a result of the steric

hindrance, density packing effects between long

polymer chains and structurally complex large car-

bohydrate. In fact, much easier way is to use carbo-

hydrates as polymerization initiators. The most

popular pre-initiators used in this approach are

dextrans [12], cellulose [13], starch, as well as simple

sugars such as glucose [14–16].

In the light of the above, the best strategy to pro-

duce glycopolymers is a direct polymerization of

saccharide-containing monomer that allows the pro-

duction of materials with well-defined structures and

varying type of topologies. This kind of synthetic

pathway uses a variety of controlled polymerization

methods including the atom transfer radical poly-

merization (ATRP) [17–21] and the reversible addi-

tion-fragmentation chain transfer polymerization

(RAFT) [22–26]. In this context, one can recall the first

historical reaction performed by Kobayashi who

synthesized polystyrene-based glycopolymers with

pendant lactose and maltose moieties [27]. However,

the first controlled reaction using glycomonomer was

reported by Ohno, who employed nitroxide mediated

polymerization of N-vinyl-benzyl-O-b-D-

galactopyranosyl-(1–4)-D-gluconamide [28]. Since

then, controlled free-radical polymerizations have

been used with increasing frequency, taking into

account various variations and modifications as well

as one-pot systems [4]. An example of the latter

approach is Chen’s work [29], which presents an

approach combining RAFT and ‘‘click’’ reactions. A

large proportion of the reports on glycopolymers are

those ones using surface initiation techniques. Gold

[30, 31], silver [32], or iron oxide [33, 34] particles

obtained in this way were proven to act effectively as

theranostic agents in many therapies. Moreover, it

should be mentioned that little attention was paid to

reports concerning the use of ATRP or its modifica-

tions in the polymerization of ionic glycomonomers.

In general, only a few reports are devoted to poly-

merization of various ionic liquids via ATRP

approach [35–39]. Nevertheless, ionic and nonionic

glycopolymers’ production seems to be important

from the viewpoint of their wide applications. Inter-

estingly, these types of macromolecules were char-

acterized by enhanced adhesion to hepatocytes [40].

Besides, many of them were tested toward potential

use as a new drug delivery systems [41], especially in

chemotherapy [42–45], which is mostly related to the

increased amount of saccharide sensitive receptors on

the surface of cancer cells. Others are used to target

specific cells in the body [46–48]. Finally, some gly-

copolymers show great antibacterial properties and

are being developed as a new tool to fight drug-re-

sistant microorganisms [49–52].

In this paper, a facile route toward novel tailored

glycopolymers differing in structural and topological

parameters (linear vs. star-shaped) is described.

ATRP of glucose-bearing methacrylate monomer was

performed on classical ATRP initiator, ethyl a-bro-
moisobutyrate, and a new one based on the resvera-

trol structure. Apart from this, a series of well-

defined functional copolymers containing both car-

bohydrate and poly(N,N-dimethylaminoethyl

methacrylate) segments were synthesized, aiming to

screen the influence of different composition and

topology on their thermodynamical parameters and

aggregation behavior. It is also worth to stress that

N,N-dimethylaminoethyl methacrylate was used as

comonomer to enhance amphiphilic properties of the

produced copolymers. It was shown that all tested

macromolecules self-assemble in aqueous solutions

and show poor pH-sensitivity. Finally, these materi-

als demonstrated biological activity against several
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cancer cell lines, including breast, colon, glioma, and

lung cancer. Additionally as a reference we per-

formed cytotoxicity studies on normal human dermal

fibroblasts.

Materials and methods

Glucose, a-bromoisobutyryl bromide, acetic anhy-

dride, bromoethanol, N,N-dimethylaminoethyl

methacrylate (DMAEMA), tris(2-pyridyl-

methyl)amine (TPMA), copper(II) bromide, boron

trifluoride etherate, and sodium acetate were pur-

chased from Sigma-Aldrich. Resveratrol was

obtained from TCI Chemicals. Dichloromethane,

methanol, tetrahydrofuran, ascorbic acid, and anhy-

drous pyridine were acquired from Chempur.

Synthesis of resveratrol-based trifunctional
ATRP initiator

300 mg (1.3 mmol) of resveratrol was added to 20 mL

of pyridine. The mixture was cooled down with ice

bath and then 2 mL (3.72 g; 16.2 mmol) of a-bro-
moisobutyryl bromide was added. Reaction was

carried out for 24 h. After that the mixture was con-

centrated under vacuum and poured into cold

methanol in order to remove salt byproduct and

unreacted resveratrol. White-yellow solid was then

filtrated and washed with water three times. Then it

was dried under vacuum. Yield 65%.
1H-NMR (500 MHz, DMSO-d6, ppm) 7.782 (2H,

aromatic) 7.472 (2H, aromatic) 7.432 (2H, aromatic)

7.286 (1H, aromatic) 7.102 (2H, CH=CH) 2.115 (18H, -

CH3).

Synthesis of penta-O-acetyl-b-D-
glucopyranose (2)

The reaction was carried out according to the method

described in the literature. [53] To boiling acetic

anhydride (244 mL, 2.58 mol) containing sodium

acetate (10.66 g, 0.13 mol) monosaccharide powder

(0.26 mol) was added in small portions over 15 min.

The reaction was carried out in a 500-mL-flask

equipped with a reflux condenser, a mechanical

stirrer, and an oil bath. After all the sugar had been

added, the reaction was continued under reflux for a

further 5 min and the reaction mixture was allowed

to cool to room temperature. The reaction was

terminated by adding plenty of cold water and

shaking vigorously until a white precipitate formed.

The mixture was then left to settle in the refrigerator

overnight. The next day the precipitate was filtered

and washed with water until the smell of acetic acid

disappeared. The product thus formed did not

require further purification after being well dried.

Yield 93%.
1H NMR (600 MHz,CDCl3): d ppm = 5.72 (d, 1H,

J = 8.3 Hz), 5.26 (t, 1H, J = 9.4 Hz), 5.12–5.11 (m, 2H),

4.29 (dd, 1H, J = 4.6, 12.5 Hz), 4.12 (dd, 1H, J = 2.2,

12.5 Hz), 3.85 (ddd, 1H, J = 2.2, 4.6, 10.0 Hz), 2.12 (s,

3H), 2.09 (s, 3H), 2.04 (s, 6H), 2.02 (s, 3H). 13C NMR

(150 MHz, CDCl3): d ppm = 170.6, 170.1, 169.4, 169.3,

169.0, 91.8, 72.9, 72.8, 70.3, 67.9, 61.6, 20.9, 20.8, 20.6.

ESI–MS: [M ? Na]? counted: 413.1060, found:

413.1056.

Synthesis of 2-bromoethyl-2,3,4,6-tetra-O-
acetyl-b-D-glucopyranoside (3)

The reaction was carried out according to the method

described in the literature [54]. In a 1000-mL-round-

bottom flask protected against light with aluminum

foil and equipped with a dropping funnel, magnetic

stirrer, and an ice bath, the protected monosaccharide

(0.16 mol) was weighed and dissolved in anhydrous

dichloromethane (250 mL). 2-Bromoethanol

(13.9 mL, 0.19 mol) was added to the solution and the

mixture was cooled to 0 �C. Then BF3�Et2O (100 mL,

0.81 mol) was added slowly. The reaction was carried

out under a nitrogen atmosphere for 3 h maintaining

the temperature at 0 �C and 20 h at room tempera-

ture. After completion of the reaction, the reaction

mixture was diluted with dichloromethane (100 mL),

250 mL of cooled water were added and vigorously

stirred. The organic layer was separated and washed

repeatedly with saturated aqueous NaHCO3 solution.

The organic layer was then dried over anhydrous

magnesium sulfate, filtered, and the solvent was

evaporated using a rotary evaporator. The residue

was purified by column chromatography using 2%

methanol in dichloromethane as eluent. Yield 50%.
1H NMR (600 MHz, CDCl3): d ppm = 5.23 (t, 1H,

J = 9.5 Hz), 5.09 (t, 1H, J = 9.4 Hz), 5.00–5.03 (m, 1H),

4.58 (d, 1H, J = 7.9 Hz), 4.25–4.28 (m, 1H), 4.11–4.18

(m, 2H), 3.80–3.84 (m, 1H), 3.72 (ddd, 1H, J = 2.4, 4.8,

10.0 Hz), 3.43–3.50 (m, 2H), 2.09 (s, 3H), 2.07 (s, 3H),

2.03 (s, 3H), 2.01 (s, 3H). 13C NMR (150 MHz, CDCl3):

d ppm = 170.5, 170.1, 169.3, 100.9, 72.5, 71.9, 71.0,
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69.7, 68.3, 61.8, 29.8, 20.6, 20.5. ESI–MS [M ? Na]?

counted: 477.0372, found: 477.0375.

Synthesis of N-[2-(2,3,4,6-tetra-O-acetyl-b-D-
glucopyranosyloksy)ethyl]-N-
metacryloyloxyethyl-N,N-
dimethylammonium bromide (GluAmMA)
(4)

The amine was added dropwise to the fully acylated

sugar (10.98 mmol) dissolved in ethanol (20 mL) in a

substrate: amine molar ratio of 1: 0.9. The reaction

was carried out for 48 h in the presence of an inert

gas at the reflux temperature of the solvent. After

completion of the reaction and after evaporation of

the reactants, the residue was extracted with water:

dichloromethane or washed with petroleum ether

and a little chloroform for purification. Obtained

white solid. Yield 68%. 1H NMR (400 MHz, CDCl3): d
ppm = 6.10 (d, J = 5.2 Hz, 1H), 5.88 (s, 1H), 5.62 (s,

1H), 5.16 (t, J = 9.5 Hz, 1H), 5.00 (t, J = 9.7 Hz, 1H),

4.93–4.83 (m, 1H), 4.71 (d, J = 8.0 Hz, 1H), 4.68–4.54

(m, 2H), 4.35–3.89 (m, 4H), 3.63 (s, 4H), 3.43 (s, 6H),

2.04 (s, 3H), 2.02 (s, 3H), 1.97 (s, 3H), 1.94 (s, 3H), 1.90

(s, 3H). 13C NMR (101 MHz, CDCl3): d ppm = 170.66,

169.97, 169.62, 169.46, 166.30, 135.21, 127.40, 100.24,

72.42, 72.22, 70.99, 68.13, 64.15, 63.44, 61.48, 58.15,

52.78, 52.62, 50.30, 20.90, 20.85, 20.60, 20.56, 18.31.

ESI–MS [M?] counted: 532.2394, found: 523.2396.

Polymer synthesis

AGET ATRP copolymerization of GluAmMA and

DMAEMA (example for polymer IV).

GluAmMA (1.13 g, 1.846 mmol), DMAEMA

(1 mL, 0.933 g, 5.93 mmol), resveratrol-based tri-

functional initiator (6.9 mg, 0.0102 mmol), CuBr2
(3.2 mg, 0.0143 mmol), tris(2-pyridylmethyl)amine

(TPMA) (11.6 mg, 0.0399 mmol), and dimethylsul-

foxide (DMSO) (3 mL) were placed into the Schlenk

reactor and the air was removed by three pump-thaw

cycles. Then the 0.9 mg (0.0051 mmol) of ascorbic

acid was added and the reactor was placed into the

oil bath heated to 40 �C for 4 h. After this time the

sample for NMR was taken and the mixture was

poured into cold THF to precipitate polymer. Brown

precipitate was then dissolved in methanol and

placed into the dialysis bag (SpectraPor 3). The dial-

ysis against methanol was carried out for 24 h. After

that the polymer was dried under the reduced

pressure.

Nuclear magnetic resonance

NMR spectra were recorded on using 500 MHz

spectrometer (Bruker) for samples in commercially

available CDCl3 and DMSO-d6.

High-resolution electrospray ionization
mass spectroscopy

High-resolution electrospray ionization mass spec-

troscopy (ESI–MS) experiments were performed

using a Waters Xevo G2 QTOF instrument equipped

with an injection system (cone voltage 50 V; source

120 �C).

Gel permeation chromatography

Molecular weights (Mn, SEC) and dispersity indices

(Ð) were determined by size-exclusion chro-

matograph (SEC, Thermo Scientific, Ultimate 3000)

equipped with an ISO-3100SD isocratic pump,

autosampler, degasser, thermostatic box for columns,

and differential refractometer RefractoMax 521

Detector. Chromoleon 7.2 Chromatography Data

System (CDS, Thermo Scientific) was used for data

collecting and processing. The SEC calculated

molecular weights were based on calibration apply-

ing linear poly(ethylene glycol) PEG/poly(ethylene

oxide) PEO standards (Mp = 1020–504,000 g/mol).

TSKgel SuperAW-L 4,6 mm I.D. 9 3,5 cm, particle

size 7 um guardcolumn, and TSKgel SuperAW3000

4um column were used for separation. The mea-

surements were taken in distilled water as the eluent

containing 0.05% NaN3, at T = 40 �C with a flow rate

of 0.3 mL/min.

Differential scanning calorimetry

Calorimetric measurements were taken by using

Mettler-Toledo DSC apparatus equipped with a liq-

uid nitrogen cooling accessory and an HSS8 ceramic

sensor (heat flux sensor with 120 thermocouples).

Temperature and enthalpy calibrations were per-

formed by using indium and zinc standards. The

sample was prepared in an open aluminum crucible

(40 lL) outside the DSC apparatus. The samples were
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measured on heating from 233 to 523 K at a constant

heating rate of 10 K min-1.

Dynamic light scattering and zeta potential
measurements

Hydrodynamic diameters dh and zeta potentials ZP

of polymer particles were measured on Malvern

Zetasizer Nano-ZS (4 mW He–Ne ion laser,

k = 633 nm) for samples in deionized water (0.5 mg/

mL) at 25 �C ± 0.1 �C.

Transmission electron microscopy

Micelles were visualized by high-resolution trans-

mission electron microscope (TEM, FEI Tecnai G2

Spirit BioTWIN) at 120 kV. The polymer samples in

deionized water (0.5 mg/mL) placed on the carbon

coated copper grids (200-mesh) were dried for 2 h.

Fourier-transformation infrared
spectroscopy

FTIR spectroscopy measurements were taken on a

Thermo Scientific Nicolet iS50 spectrometer equipped

with a diamond attenuated total reflection (ATR)

accessory. The samples were measured at room

temperature (293 K) in the range of 4000–400 cm-1.

Each spectrum was an average of 32 scans recorded

at a resolution 4 cm-1.

Cell culture and antiproliferative assay

The human colorectal carcinoma (HCT 116), human

breast carcinoma (MCF-7), and human lung carci-

noma (A549) cell lines were purchased from ATCC.

The human glioma (Hs683) cell line was kindly pro-

vided by prof. Gabriela Kramer-Marek from Institute

of Cancer Research (London, UK). The normal

human dermal fibroblasts (NHDF) were obtained

from PromoCell. All of these adherent cell lines were

cultured in Dulbecco’s modified Eagle’s medium

(DMEM) containing 12% of fetal bovine serum

(Sigma) (for cancer cell lines) or 15% (for normal cell

line) and a blend of standard antibiotics; 1% v/v of

penicillin and streptomycin (Gibco). The cells were

grown under standard conditions at 37 �C in a

humidified atmosphere at 5% CO2. All cell lines were

tested using PCR technique for mycoplasma

contamination.

Antiproliferative assay was performed on 96-well

plates (Nunc), where cells were seeded at a density of

5000 cells/well (for cancer cell lines) or 4000 cells/

well (for normal cell line) and incubated at 37 �C for

24 h. Subsequently, the medium with various con-

centrations of the tested compounds was added and

incubation was continued for the next 72 h. After

incubation, the medium with the tested compounds

was removed and the CellTiter 96� AQueous One

Solution—MTS (Promega) solution in the medium

without phenolic red was added (20lL MTS and

100lL DMEM per each well). The plates were incu-

bated for 1 h at 37 �C and then the absorbance of the

samples was measured at the 490 nm. The obtained

results are expressed as a percentage of the untreated

control. The IC50 values (inhibitory concentration)

were determined using GraphPadPrism7. Each indi-

vidual compound was tested in triplicate in a single

experiment with each experiment being repeated

three or four times.

Results and discussion

As previously mentioned, the synthesis of gly-

copolymers by direct polymerization of the carbo-

hydrate-based monomers is a demanding and multi-

step process. However, only in that way, full control

over structural, topological, and morphological

parameters of the formed polymer can be achieved.

Herein, the glycomonomer was initially synthesized

in the three steps starting with the commercially

available b-D-glucopyranose (1) (Scheme 1). Inter-

mediate (2) was prepared by per-acetylation of

monosaccharide with yield of 93%, which was then

converted to (3) by the BF3-etherate glycosidation

method with 50% yield. The last step involved

incorporating a methacrylic moiety into 2-bromoethyl

glycoside (4), which was obtained with 68% yield. All

structures were verified by NMR (See spectra in

Supplementary information Figure S9-S15) and ESI

MS. Next, the glycomonomer was used to obtain

water-soluble star-shaped glycopolymers via Acti-

vators Generated by Electron Transfer Atom Transfer

Radical Polymerization (AGET ATRP), which were

then extensively tested to characterize their

cScheme 1 Pathways outlining preparation of glycomonomers (a),

linear (b), and star-shaped glycopolymers (c).
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thermodynamical and solution properties. These

investigations were also extended to star-shaped

amphiphilic copolymers with precise composition

and various morphologies adjusted by the content of

poly(N,N-dimethylaminoethyl) methacrylate

P[DMAEMA] domains. Star-like (co)polymers were

synthesized via a ‘core-first’ approach using a three-

functional resveratrol-based initiator previously

obtained by a simple bromoacylation reaction with

moderate yield of 65% (see Scheme 1). Of particular

note is that the glycomonomers activity is often

reduced due to their large size, which significantly

lowers their polymerizability. What is more, in the

present case, steric congestion was also enhanced by

ionic character of monomer. With that in mind,

polymerization of such kind of system should be

performed using the most active catalytic agents /

methodology. Hence, herein, we decided to use the

AGET ATRP approach, known for its high efficiency

and low sensitivity to the presence of oxygen. The

ligand we used was highly active TPMA. The dis-

advantage of the chosen solution is, of course, a sig-

nificant amount of the copper catalyst, which may

significantly affect the potential biological applica-

tions. However, this catalyst can be effectively

removed from the resulted polymer using dialysis in

water (SpectraPor3, MWCO 3500 g/mol). It is worth

noting that dialysis is commonly used to purify

polymers prepared via ATRP variations or Cu-cat-

alyzed ’click chemistry’ ones [55–57]. Herein we

adopted this methodology to eliminate copper con-

tent from the synthesized polymers below the

threshold admission value given by the FDA for the

food products [58]. The formation of (co)polymers

was confirmed by NMR (Supporting information

Figure S4, Figure S5) and SEC analysis (Supporting

information Figure S1). FTIR analysis (Supporting

information Figure S16) showed the presence of

characteristic bands: around 1700 cm-1 for carbonyl

groups from esters (both methacrylate and acetyl on

sugar moieties) and amines around 1000–1200 cm-1

(both in ammonium grups in GluAmMA units and

tertiary amines of DMAEMA units). The character-

istics of resulted (co)polymers are outlined in Table 1.

All AGET ATRP of glycomonomer ([gly-

comonomer]0/[initiator]0 = 100/1) were performed

at 40 �C and with a high dilution of polymerizing

system to avoid steric congestion effects and unde-

sirable side reactions that can occur during the pro-

cess. Also, relatively low conversions (10–30%

glycomonomer consumption) were maintained in

experiments that allowed us to synthesize well-de-

fined star-shaped copolymers. Nevertheless, as

shown in Table 1, the steric hindrance of the bulky

glycomonomer units among the adjacent propagating

chains strongly affects polymerization progress ini-

tiated from the resveratrol-based core. In that case,

within an analogues timeframe (6 h) the conversion

of glycomonomer was more than 2.5 times lower

(I) compared to the system (VI) where a classical

ATRP initiator, ethyl a-bromoisobutyrate was used.

As indicated by SEC traces (Supporting info, Fig-

ure S1), only one of the polymers (III) showed

bimodality features, and hence, a likely lower initia-

tion efficiency. This may be due to, for example,

partial hydrolysis of the ester bonds of the initiator or

the weaker control of the reaction in the synthesis of

this polymer. Except for this single example, the

remaining systems are characterized by very low

dispersities. Thus, it can be concluded that they were

synthesized in a controlled manner. Due to the dif-

ficulties related to a very weak laser signal, in the

analysis of (co)polymers containing ionic and sugar

groups at the same time, any attempt to determine

their absolute weight was not possible. As a conse-

quence of that accurate determination of the initiation

efficiency for the tested polymerization cannot be

performed and similar struggles were reported pre-

viously for ionic polymers [35, 59]. The results of

molecular weights obtained from traditional SEC

should therefore be treated as indicative. While there

are methodologies to improve the reliability of

results, such as side-chain solvolysis [60] or modifi-

cation of the chromatography elution system [61], in

practice, in a system similar to that studied herein,

they are strongly demanding and do not warrant any

advance in this matter.

Referring to the copolymerization process, it can be

noted that the carbohydrate-based monomer turned

out to be less-active and less-prone to incorporate

into the polymer chains, which can also be attributed

to steric hindrance effects (III–IV). Studies showed

[62] that bulky monomers (to which we can include

GluAmMA) create a steric congestion in the reactive

end of growing polymer chain and thus are less-

prone to participate in the process. Usually, in order

to change the unfavorable kinetic conditions, it is

necessary to apply additional modifications to the

reaction system, e.g., the use of increased pressure or

spatial restriction [63]. In contrast, the much higher
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conversion was observed during AGET ATRP of less

sterically hindered DMAEMA from the resveratrol-

based core (V). In particular, all glycopolymers were

characterized by molecular weight in range Mn-

= 21.9–58 kg/mol, and these values in most cases,

were in good agreement with the targeted ones. The

discrepancy could be partially attributed to the SEC

calibration using highly polar PEG/PEO standards.

However, the molecular weight distributions

Ð = 1.05–1.27 were all narrow and no peak attributed

to star-star coupling was observed in the SEC traces

(Supplementary Information), demonstrating that

well-defined ionic polysaccharides were produced.

As the next step of our investigation, we charac-

terized the thermodynamical properties of produced

resveratrol-based and linear glycopolymers. Repre-

sentative DSC curves obtained for the examined

macromolecules are presented in the Supplementary

Information (Figure S2), whereas values of the glass

transition temperature, Tg, determined from these

measurements are listed in Table 2.

Interestingly as observed, there is only one

end’othermic event, related to the glass transition, for

both homopolymer and copolymer star-shaped

macromolecules, independently on the concentration

of DMAEMA. This indicates that interestingly, all

produced glycopolymers do not undergo any phase

separation. Similar behaviors were also observed in

case of other star-shaped polymers, i.e., copolymers

containing methyl (meth)acrylate and (meth)acrylic

acid [64] and homopolymer choline-based polyionic

liquid [36]. Note that the microphase separation is

often observed for graft copolymers, when the degree

of incompatibility of the two different parts is high

enough [65–67]. In such case the formed micro-

domains are characterized by various dynamics and

Table 1 Synthesis of glycopolymers by AGET AT‘RP

No Time (h) feed of GluAmMA Conversion (%) DPGluAmMA* DPDMAEMA* DP* MnNMR (kg/mol) MnSEC (kg/mol) Ð

Star-shaped glycopolymers P[GluAmMA]

I 6 1 32.2 32 – 32 58.8 39.9 1.04

II 4 1 27.3 27 – 27 49.6 33.0 1.08

Star-shaped copolymers P[GluAmMA-co-DMAEMA]

III 4.5 0.75 35.2 13 9 22 28,1 21.9 1.23

IV 4 0.25 79.1 10 59 69 46.2 37.9 1.05

Star-shaped P[DMAEMA]

V 4 0 85.3 – 85 85 40.8 58.0 1.27

Linear glycopolymer P[GluAmMA]

VI 6 1 85.4 85 – 85 52 41.7 1.05

[monomers]:[initiating moiety]:[CuBr2]:[TPMA]:[AA] = 100:1:1:1.5:0.5, DMSO (2 mL) T = 40 �C; *DP for one arm

Table 2 Properties of resveratrol-based glycopolymers

No Tg (�C)
DSC

dh (nm)a PBS pH

7.4

dh (nm)a AcBS pH

5

dh (nm)a

DMEM

Zeta potentialb

(mV)

Electroforetic mobilityb (lmcm/

Vs)

Star-shaped glycopolymers P[GluAmMA]

I 118 42.81 42.04 50.47 ? 44.2 3.75

II 131 34.90 47.41 40.55 ? 48.2 3.78

Star-shaped copolymers P[GluAmMA-co-PDMAEMA]

III 87 9.645 15.68 14.54 ? 51.7 4.06

IV 87 16.92 14.74 22.03 ? 62.7 4.92

Star-shaped P[DMAEMA]

V - 12 14.50 17.65 14.55 ? 17.8 1.39

Linear glycopolymer P[GluAmMA]

VI 125 29.75 37.88 32.78 ? 38 2.6

ac = 0.05 mg/mL bR¥esults obtained in deionized water c = 0.05 mg/mL
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multiple Tgs appear, i.e., as observed for poly(vinyl

alcohol)-graft-poly(methyl methacrylate) [68]. Fur-

thermore, it is worth noting that Tg of synthesized

star-shaped copolymers decreases with an increasing

concentration of DMAEMA monomers from Tg-

= 137 �C to Tg = -12 �C for homopolymer star-

shaped of P[GluAmA] and P[DMAEMA], character-

ized by comparable Mn. This can be easily explained

by the increased mobility of chains resulting from

decrease of steric congestion and spatial separation of

bulky sugar moieties by smaller dimethylammonium

groups. Surprisingly, both star-shaped homopoly-

mers are characterized by remarkably different Tg,

where the difference reached DTg * 120–140 �C.
Taking into account chemical structures of comono-

mers (see Scheme 1), one can assume that aside of the

steric hindrance and mer size effects the variation of

Tg in star-shaped copolymers is strictly related to the

change in the strength and populations of ionic

interactions prevailing between ammonium cation

containing units. Ionic repulsive interactions strongly

affects (induce significant increase) of the glass tran-

sition temperature of low and high molecular weight

soft materials. Such a behavior was already reported

for linear poly(ionic liquids) [69]. Therefore, one can

suppose that along with increasing concentration of

DMAEMA the number of ionic interactions gets

lower leading to the depression of the Tg [70]. Nev-

ertheless, it should be emphasized that the glucopy-

ranose-induced variation within the examined

copolymers does not lead to any heterogeneities and

phase separation within them. It is also worthwhile to

add that in the case of P[GluAmA] homopolymers,

surprisingly, we obtained similar value of Tgs for

comparable Mn independently to their topology, see

Table 2. Noteworthy, the glass transition tempera-

tures of linear and star-shaped P[GluAmA]

homopolymers reached Tg = 125 �C and Tg-

* 118–131 �C, respectively. One can expect that due

to the presence of multi arms in star-shaped poly-

mers instead of one singular polymer chain of linear

macromolecules some differences between studied

systems should occur [71–73]. However, the rela-

tively small DTg might, in fact, imply that in the

studied Mn range the topology-induced difference

are neglectable. To explain this peculiar finding one

can again refer to the ionic type interactions which

have dominant influence and in fact control the Tg of

linear and shaped polymers. Consequently the

impact of different compatibility, steric hindrance of

both kind materials is removed or strongly reduced.

Further, we also investigated supramolecular self-

assembly, which seems to be an important factor

contributing to the enhanced conductivity of the

synthesized water-soluble glycopolymers. In the case

of all investigated samples, efforts were made to

induce aggregates by simple dissolution in both

buffered solutions of pH 7.4 and 5 as well as the most

popular cell culture medium (DMEM). It is worth

noting that solutions of different pH were selected in

order to study the pH sensitivity of PDMAEMA

domains in the star-shaped (co)polymers. The self-

assembly behavior of synthesized samples was also

characterized by Zeta potential (ZP) measurements

performed in the distilled water. All results are col-

lected in Table 2.

In the case of all studied samples, the most

hydrophobic parts of polymers are both the aromatic

resveratrol core and backbones of arms. Both

dimethylaminoethyl and ionic/sugar moieties pre-

sent in side chains of mers display a high affinity to

an aqueous environment. Taking this into account, it

can be concluded that all of the studied polymers

should form aggregates or micelles in which the

hydrophobic part will be composed of aromatic cores

and backbones of arms. On the other hand, the

hydrophilic crown should be composed of hydro-

philic groups of individual units exposed to the

environment.

In our research, it was observed that all samples,

regardless of the medium, were characterized by a

certain degree of polydispersity (Fig. 1, Figure S3

Supporting Info). In order to investigate the behavior

of the polymers obtained in more detail, the results

obtained for both the intensity of the scattered light

and the volume and number of particles suspended

in the solutions were compared. The intensity anal-

ysis revealed the presence of highly aggregated par-

ticles with sizes close to 1 lm. However, as it is

known, the presence of only a few large particles

indicates a signal much stronger than that of a large

population of small particles [74]. For this reason, the

results obtained from the volume and particle num-

ber analysis seem to be much more convincing. As

expected, the particle number analysis completely

ignored the presence of large aggregates, and for

most samples, indicated very small micelles, of

diameters not exceeding 50 nm. This analysis showed

that the created superstructures reach sizes larger
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than 100 nm only for polymer II. Interestingly, this

result was similar to that obtained from the analysis

of the intensity of the scattered light. Particle volume

analysis showed results intermediate to those men-

tioned above, but with a focus on smaller particle

sizes. In our opinion, this means that the tested

solutions contain particles of various sizes, including

a small portion of large aggregates with diameters

close to 1 lm and a much larger population of small

particles.

DLS volume analysis (Fig. 1) revealed the biggest

aggregates for star-shaped carbohydrate-based

homopolymers with average hydrodynamic radii of

dh = 35–43 nm. Interestingly, for star-shaped

P[GluAmMA-co-PDMAEMA] and P[DMAEMA]

samples, these values were more than two times

lower, reaching *10–17 nm and 15 nm, respectively.

In addition, slight pH sensitivity was observed for all

DMAEMA containing polymers. Notably, for sam-

ples with amino groups, the increase in dh in acidic

medium was 6 nm for III and 3 nm for V. The

smaller increase for P[DMAEMA] could be a result of

incomplete protonation of the amino units due to

steric crowding effect. Surprisingly, for sample IV a

slight decrease of the size (2 nm) was observed, what

is contrary to the expected result. Such behavior may

be due to the specific packing of polymer chains, in

which units having sugar moieties are more exposed.

This hypothesis is confirmed by the high ZP value

measured for this copolymer. Additionally, a slight

increase of the size was observed for star-shaped and

linear homopolymers of P[GluAmMA]. Such an

effect may be due to the possible occurrence of an ion

exchange reaction. The bromide anions present in the

monomer can be exchanged very easily with the

acetate anions present in the acidic buffer, which in

turn may cause an increase in particle size.

Concerning the particle sizes in the DMEM med-

ium solution, they were much higher for all samples

compared to those obtained for the buffer pH 7.4. The

reason for such behavior may be a slight acidity of

the medium, as well as additional interactions with

its components (e.g., amino acids). The comparison of

the particle size is best illustrated by the list of his-

tograms depending on the fraction of DMAEMA or

pH of the solution (Fig. 1). There is a little tendency

to aggregation for all samples measured in DMEM,

which might be caused by various components of

that medium. The above histograms show that the

homopolymer II forms the largest particles, regard-

less of the pH and medium in which it is dissolved.

Again, this may be related to the fact that the sugar-

containing units are large and further have a

stable charge, leading to repulsion between each

other. Thus, the size of the entire macromolecule is

larger. The homopolymer I exhibits an even larger

size, which is connected to its higher molecular

weight. Interestingly, despite its higher DP, linear

homopolymer VI exhibits a smaller size than both

star-shaped ones. This may indicate the influence of

the rigid core in the structure of star-shaped

Figure 1 Dynamic light scattering analysis of sugar-containing star copolymers in PBS pH 7.4 (a), AcBS pH 5 (b) and DMEM medium

(c). Comparative analysis of the size of particles formed by polymers IV (d), II (e), and III (f) in different solutions.
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polymers on the ability of these polymers to fold and

form particles and aggregates.

In addition, ZP values were also determined within

this work, and, as expected, they were high. This

indicates a relatively low aggregation capacity of the

obtained polymers, which is in-line with the obtained

dh results (Table 2). Besides, ZP values estimated for

synthesized herein homopolymers correspond with

those obtained for several glycopolymers containing

glucose, mannose, and galactose units [75]. Interest-

ingly, the highest values of ZP were obtained for

copolymer samples. This may be an effect of the

specific self-assembly of these macromolecules

favoring the exposure of charged sugar units, which

in turn results in a higher surface charge. The litera-

ture data demonstrated a similar scenario in gly-

copolymers modified by the incorporation of alkaline

(i.e., lysine55 or oligoethylene amine56) or acidic

domains (e.g., poly(acrylic acid))53,54, where ZP val-

ues exhibited higher and much lower values,

respectively, compared to carbohydrate-based

homopolymers. We are aware that the small number

of tested samples (3) did not allow us to determine

the key relationships between polymer molecular

weight, topology, composition, and ZP values. Nev-

ertheless, it seems that a star-shaped sample of sim-

ilar Mn to the linear one revealed much higher values

for both size and charge (Fig. 2A). Both these values

were also higher for star-shaped copolymer samples

than for homopolymer ones (Fig. 2B). We assume

that a specific arrangement of macromolecules could

cause such phenomena, as already mentioned.

As complementary to the DLS studies, we also

carried out transmission electron microscopy (TEM)

analysis that is a suitable tool to investigate the

structure of the aggregates. Images of the formed

polymeric superstructures in water are shown in

Fig. 3.

Clear aggregation caused by fast water evaporation

was observed for all star-shaped (co)polymers, which

formed relatively regular and spherical superstruc-

tures. As can be seen in Fig. 3, homo- and copolymer

samples form hollow spherical particles with obvious

contrast between central and other parts that is

characteristic for vesicular structures (Fig. 3A, C).

Interestingly, linear homopolymer VI (Fig. 3E), in

addition to forming spherical structures, exhibited

the affinity to create more regular cubic structures

(see Supplementary information Figure S17). Thus it

may show the influence of topology on the shape of

formed particles. It is particularly worth noting that

the rigid resveratrol-based core most likely forces the

self-organization of the polymer chains and this

phenomenon contributed to the formation of spheri-

cal aggregates/polymerosomes. On the other hand,

in linear glycopolymer (lack of resveratrol core) the

regular ordering processes are not suppressed, what

may also contribute to different way of self-assembly.

In contrast, PDMAEMA formed particles that

resemble flattened spheres or red blood cells. Such a
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different appearance of the particles is a result of the

presence of only amine groups in the polymer chains.

Additionally to the described above tests, we also

carried out measurements of the electrophoretic

mobility of synthesized samples in dilute solutions.

We set out to probe the impact of P[DMAEMA]

domains in star-shaped homo- and copolymers on

their behavior and stability in suspended media. As

expected, the first value is higher for copolymers and

drops for both carbohydrate and amine-based

homopolymers (Figure S7, Supporting Information).

Such results are connected with the surface charge,

and thus, copolymers having the highest values and

the best exposition of charged moieties, which always

exhibit higher mobility. Noteworthy, there is no

influence of MW on that value. Both star-shaped

homopolymers exhibited almost the same mobility

despite the difference in weight of a few thousand

Daltons (Table 2). We assume that the molecular

weight independence of mobility in dilute

polyelectrolyte solutions could result from the for-

mation of counterion cloud [76]. Moreover, it is also

worth noting that the linear homopolymer showed

the lowest electrophoretic mobility among all

(co)polymers containing GluAmMA units, which

suggests that the value of this physical quantity is

also significantly influenced by topology.

Since many glycopolymers were obtained and

applied as anti-tumor agents or drug delivery sys-

tems for anti-tumor therapies [44, 77, 78] as a final

point of our studies, we conducted cytotoxicity tests

on selected human cancer cell lines differing in origin

and genetic landscape. The selection of the studied

cell lines was significantly influenced by the popu-

larity of the occurrence (HCT116, MCF-7), malig-

nancy (Hs683), and frequent difficulties in the

treatment of a given tumor (A549). Additionally, we

conducted experiments on normal human dermal

fibroblasts (NHDF), which are a popular model for

testing the selectivity of new materials. It can be

Figure. 3 TEM analysis of particles formed by II (a), IV (b), I (c), III (d), VI (e), and V (f’).
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stressed that additional analysis of the correlation

between the composition and topology of new gly-

copolymers and their antiproliferative properties was

also performed. It was found that the studied

(co)polymers showed anticancer activity against all

tested cell lines, with the most significant effect noted

for Hs683 line.

In the case of other cell lines, there were no dif-

ferences (within experimental uncertainty) in the

anticancer mode of action of the applied materials.

Additionally, the results indicated that copolymers

III and IV showed the highest antiproliferative

activity against all cell lines that were tested. Within

this group of glycopolymers, an increase in the

antiproliferative effect correlates with the amount of

DMAEMA moieties (Table 3, Fig. 4A). Pure saccha-

ride-based macromolecules (x of GluAmA = 1) were

characterized by reduced activity on the studied cell

lines. That simply means that amine moieties in the

polymer structure are mainly responsible for the

cytotoxic effects of the polymers. This hypothesis was

confirmed by the very high antiproliferative activity

of P[DMAEMA] homopolymer (V), which showed

the highest cytotoxic effect in comparison to other

polymers. These results are in accordance with the

literature reports, which also indicated that

P[DMAEMA] exhibits a cytotoxic effect [79, 80].

Herein, one can point out that some of our polymers,

particularly these containing amine moieties,

revealed significant influence on the lung cell lines,

which seems to be one of the most resistant cancers

[81] toward the majority of the tested compounds so

far.

Our systematic cytotoxicity studies also revealed

several quite interesting correlations worth further

commenting. It was clearly seen that one of the most

important characteristics influencing anti-tumor

activity was the topology of the polymer. Compar-

ison of star-shaped glycopolymers (I and II) with the

linear one (VI) clearly indicate that star-shaped

polymers are much more active than the linear

(Table 3). This observation is in-line with the previ-

ous reports emphasizing that star topology is bene-

ficial for anti-tumor activity on MCF-7 cell lines82.

Another finding is connected to the relationship

between the cytotoxic activity enhancement with

increasing molecular weight of the polymer. In this

context, we can recall that Glycopolymer I, with the

highest molecular weight, showed a greater cytotoxic

effect than glycopolymer II characterized by lower

Mn. Similar results were reported in the previous

studies [83].

The other interesting fact that can be deduced from

the collected data is that value of IC50 drastically

decreased with decreasing ZP (Fig. 4B). Conse-

quently, P[DMAEMA] (V) characterized by the low-

est ZP turned out to be the most active polymer.

Importantly, no clear correlation between biological

activity and size of the particles formed by studied

(co)polymers (Fig. 4C) was observed. This result is

quite non-intuitive since one can expect that size of

the particles is a crucial step allowing or preventing

diffusion of the anti-tumor agent inside the cells

leading to either enhancement or reduction of their

activity. However, it should be noted that in case of

studied polymers of moderate molecular weight,

particle sizes were rather large, making impossible

penetration through the cell membrane. Therefore,

we can suppose that antiproliferative features of the

synthesized new glycopolymers are related to some

Table 3 Antiproliferative

activity of studied compounds

against human cancer cell lines

No Antiproliferative activity—IC50 [lg/mL]

MCF-7 HCT 116 A549 Hs683 NHDF

Star-shaped glycopolymers P[GluAmMA]

I 326.9 ± 17.6 294.1 ± 27.1 247.5 ± 4.5 154.7 ± 10.85 131.6 ± 5.2

II [ 1000 [ 1000 755.4 ± 40.6 390.6 ± 29.2 288.1 ± 44.0

Star-shaped copolymers P[GluAmMA-co-PDMAEMA]

III 88.26 ± 15.5 172.1 ± 59.5 136.0 ± 23.5 64.04 ± 7.0 40.89 ± 3.89

IV 211.1 ± 66 171.7 ± 49 79.5 ± 6.3 42.8 ± 3.2 65.09 ± 4.72

Star-shaped P[DMAEMA]

V 17.63 ± 0.62 21.4 ± 1.8 19.47 ± 1.8 12.02 ± 0.72 7.12 ± 1.35

Linear glycopolymer P[GluAmMA]

VI 953.7 ± 26.6 895.3 ± 63.8 459.8 ± 23.2 266.4 ± 6.25 234.0 ± 19.0
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surface effects between cells and polymers. However,

identification of the molecular mechanism responsi-

ble for the enhanced toxic activity of the applied

materials is yet to be clarified in the future.

The selectivity of the tested compounds is differ-

entiated according to the cell line being investigated.

In Supporting Information, we included selectivity

indexes (SI) calculated based on toxicity toward

normal and cancer cell lines (Table S1, Figure S6,

Supporting Information). In order to take a bench-

mark, we compared the results to the well-known

and commonly used in anticancer therapies cytostatic

drug Doxorubicin. The lowest selectivity was

obtained for Hs683 line, for which the highest cyto-

toxicity among the investigated cancer lines was also

recorded. For MCF-7 and HCT 116 cell lines, SIs were

comparable to Doxorubicin. However, tested com-

pounds showed good selectivity toward A549 cell

line compared to Doxorubicin (depending on the

polymer tested, one to four times higher).

Hence, based on the results presented and dis-

cussed above, it can be concluded that the gly-

copolymers P[GluAmMA], which show the lowest

cytotoxicity, may in the future be used as drug or

gene carriers in anticancer therapies. Only copoly-

mers containing amine units could be used alone as

potential anti-tumor agents.

Conclusions

In summary, this paper describes the synthesis of a

new ionic sugar monomer and proposes a method of

their direct polymerization using the popular AGET

ATRP technique. Importantly, a simple technique

(dialysis) was also proposed to remove up to 98% of

the copper catalyst. The use of the facile AGET ATRP

method performed on resveratrol-based and classical

ATRP initiators was critical in this effort, as gly-

copolymers of desired structural, morphological, and

topological parameters were obtained. It should be

noted that similar results could not be achieved when

applying methods relying on the lower catalyst

loading considering low activity and specific inter-

actions dominating in the ionic monomers. Produced

glycopolymers were extensively characterized to

probe their thermodynamical, morphological prop-

erties, and the behavior in the aqueous solutions. Due

to self-assembly properties, they formed microstruc-

tures that stability and shapes were strictly depen-

dent on their composition and topology.

The tested materials showed anti-tumor activity,

which was verified for a few selected cell lines. As it

turned out, the cytotoxic effect was stronger for the

copolymers containing DMAEMA units. The

obtained results were compared with those obtained

for the tests on healthy cells (NHDF), and it was

Figure 4 Dependency of the IC50 parameter on the fraction of

amine units in polymers (a), ZP (b), and dh (c). More readable

figure without error bars is included in Supporting Information, as

Figure S8.
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calculated that for at least one of the lines (A549), the

proposed polymers showed good selectivity. It is also

worth noting that this result is better than for the

model cytostatic agents commonly used in anticancer

therapies—doxorubicin.
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(2013) Branched copolymers with biodegradable core and

pendant oxirane groups. Polym Eng Sci 53:1146–1153. h

ttps://doi.org/10.1002/pen
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