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ABSTRACT: It is demonstrated that water-soluble, gluco-
sylated poly(pentafluorostyrene) derivatives revealed favor-
able coating material properties for magnetic iron oxide
nanoparticles. To prepare the coating material in high repro-
ducibility and purity as well as in sufficient amounts, a new
route of synthesis is established. The preparation and char-
acterization of the glucosylated, tetrafluorostyryl monomer,
by thiol-para-fluorine “click” reaction, and its polymerization,
via nitroxide-mediated radical process, is presented in detail.
In addition, the coating material and the resulting particle
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properties are investigated by means of XPS, DLS, TGA, TEM, and cryo-TEM as well as flow cytometry. The glycopolymer acts as
an appropriate stabilizing agent for the superparamagnetic nanoparticles by the formation of an approximately 10 nm thick shell, as
shown by the XPS analysis. Furthermore, the application of FITC-labeled glycopolymer yielded fluorescent, superparamagnetic
nanoparticles, which can be used for monitoring cell—carbohydrate interactions, because these particles show no cytotoxicity

toward 3T3 fibroblasts.

B INTRODUCTION

Superparamagnetic nanoparticles based on iron oxide are of
increasing importance in the fields of bioanalytics and medicine.
The advantage in using iron oxide as magnetic material is its
known low cytotoxicity and high biocompatibility. As a conse-
quence, magnetic nanoparticles can potentially be used in a wide
range of biomedical applications. Some examples include mag-
netic resonance imaging (MRI), cell separation, magnetic drug
targetm§ and hyperthermia cancer treatment as well as magneto-
fection. ® The advances in the field of magnetic nanopartlcle
design for medical purposes have been reviewed recently.” Shell
materials for magnetic nanoparticles used in these applications
include polysaccharides, for example, dextran or derivatives
thereof, in particular, carboxymethylated dextran, poly( ethyleneimine),
poly(N-isopropyl-acrylamide), poly(ethyleneglycol), or vinyl
alcohol-based polymers among others.®” "> The polymeric ma-
terials that are suitable for biomedical usage and used for coating
and stabilization of iron oxide particles have to fulfill similar require-
ments, that is, water solubility and no or only little cytotoxicity.
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In general, the shell of the polymer prevents agglomeration by
steric effects as well as electrostatic repulsion, enabling the
stabilization of individual magnetic cores. These biocompatible,
polymer-coated nanoparticles exhibit sufficient stability in diluted
aqueous solution and allow the modification of physical and
chemical properties by varying the structure of the polymer.
In addition, functionalities, such as OH-, NH-, or carboxylic
groups, allow further introduction of functional moieties like
drugs and bioactive ligands, for example, carbohydrates, proteins,
or dyes, enabling drug targeting with directed cell interaction or
usage in bioanalytical applications.'* ™' The main drawback for
a broad medical use of magnetic nanoparticles is their insuffi-
cient long-term stability. Although technical ferrofluids possess
extraordinary stability, the coating materials and their synthesis
strategy cannot be applied to iron oxide nanoparticles in aqueous
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solution since they are not soluble in water. Examples of fre-
quently used coating materials of technical ferrofluids are fatty
acids and polymers, for example, poly(styrene).'”'® To combine
the advantages of polymers used in technical ferrofluids (stability)
with the requirements of medically applicable magnetic nano-
particles, it is necessary to develop water-soluble, noncytotoxic,
polymeric nanoparticle coating materials. In principle, glycopo-
lymers, that is, synthetic polymers carrying pendant sugar moie-
ties, fulfill the above-mentioned requirements. Furthermore,
these polymers have found a wide range of applications in clinical
diagnostics, as targeted drug delivery systems, for affinity separa-
tions, bioassays, and biocapture analysis.'*>* Their therapeutic
applications have been thoroughly reviewed.”® In spite of their
biomedical significance, only very few synthetic glycopolymers
have been applied as coatings of magnetic beads.”* % To the
best of our knowledge, only one single report of poly(vinylbenzyl-
O-f3-p-galacto-pyranosyl-p-gluconamide)-coated iron oxide nano-
particles as a liver-targeting MRI contrast agent exists.”” Recently,
glycopolymers based on poly(pentafluorostyrene) were synthe-
sized using a versatile “click” approach.”®*” They consist of a
carboxylic acid terminated chain and thioglucose substituted,
fluorinated phenyl rings. These linear, saccharide functionalized
polymers show a suitable water solubility mediated by the sugar
moieties. The additional carboxylic function could permit the
electrostatic interaction with the iron oxide surface as known
principle of attachment.” For reproducible preparation of ferro-
fluids, structurally well-defined glycopolymers are required. For
this purpose, a new route of synthesis was established. In contrast
to our previous work, where the glycopolymers were obtained by
postpolymerization modification of preformed polymeric back-
bones, herein the sugar-modified polymers were obtained by a
direct polymerization of glucosylated monomers. Coupling of
acetylated f3-p-thioglucopyranose via a nucleophilic substitution
of para-fluorine of pentafluorostyrene and subsequent deacetyla-
tion with sodium methoxide provided a glycomonomer with an
overall yield of 84%. Its optimized, nitroxide-mediated, radical
polymerization gave a glycopolymer with high monomer conversion
(70%) and low polydispersity index (PDI < 1.2). This glycopolymer
fulfilled all the requirements for preparing stabilized, water disper-
sible, magnetic nanoparticles because it was able to withstand
the harsh conditions used in the coating procedure. Further-
more, for the planned medical use the cytotoxicity of this type
of polymer was investigated. No cytotoxic effects were found.
Herein, the synthesis of a new glycosylated tetrafluorostyrene
monomer, its controlled radical polymerization, labeling and
application as fluorescent, biocompatible coating material for
superparamagnetic nanoparticles based on iron oxide as well as
their detailed characterization are reported.

B EXPERIMENTAL SECTION

Materials. 2,3,4,6-Tetra-O-acetyl-1-thio-3-D-glucopyranose was syn-
thesized as previously reported.30 Triethylamine (TEA; for synthesis,
>99%), ferrous chloride tetrahydrate (p.a.), 25% ammonia solution
(p-a.), and potassium permanganate (0.1 N, Titrisol) were purchased from
Merck, N,N-dimethylformamide (DMF; =99.5%), N,N-dimethylaceta-
mide (DMA), sodium thiosulfate solution (0.1 M, Fixanal), and anthrone
(p-a, ACS reagent) from Fluka, fluorescein isothiocyanate isomer I (FITC,
>90%; HPLC) from Sigma, methanol (anhydrous, 99.8%) from Aldrich,
and ferric chloride hexahydrate (p.a,, ACS reagent), and 37% hydrochloric
acid (HCl; p.a, ACS reagent) from Roth. Sodium methanolate was
purchased from Fluka and stored under argon prior to use. All other
chemicals were used as received, unless otherwise noted.
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Characterization. 'H and "*C NMR spectra were recorded on a
Bruker Avance 300 MHz spectrometer and the '’F NMR spectra on a
Bruker Avance 200 MHz spectrometer in deuterated DMF. The chem-
ical shifts were calibrated with respect to DMF residual peaks. Size
exclusion chromatography (SEC) was measured on an Agilent Tech-
nologies 1200 Series gel permeation chromatography system equipped
with a G13IA isocratic pump, a G1329A autosampler, a G1362A
refractive index detector, and both a PSS Gram 30 and a PSS Gram
1000 columns in series. LiCl solution (2.1%) in DMA was used as eluent
at I mL-min~ " flow rate at a column oven temperature of 40 °C. The
reported number average molar masses were calculated according to
poly(styrene) standards. For homogenization of the particles a Sonopuls
UW?2200 (Bandelin, Germany) device was used. Dynamic light scatter-
ing measurements (DLS) were performed on a Zetasizer device from
Malvern Instruments (Worcestershire, U.K.). The magnetic behavior
was measured with a vibrating sample magnetometer (MicroMagTM,
Princeton Measurement Corp., US, B,,,.x = 1.6 T). X-ray photoelectron
spectroscopy (XPS) was measured with a Theta Probe system (Thermo
VG Scientific) equipped with monochromatic X-ray Al Kot source
(1486.68 €V) using a spot diameter of 400 #m (100 W) and the
analyzer in CAE mode with a pass energy of 150 eV for survey spectra
and 75 eV for elemental region spectra. The spectra were collected with
an angle of 53° to the surface normal and an angle acceptance of £30°
and charging compensation by low energy electrons was applied. The
CasaXPS v2.14 software was used for XPS data processing. Electron
binding energies (BE) were corrected by adjusting the low energy
component of the Cls emission to 284.8 eV. Relative sensitivity factors
based on the Scofield cross sections were used for quantification
assuming a homogeneous distribution of the components in the probed
sample volume. Peak positions and contributions of different chemical
states were determined by fit processing. Thermogravimetric analyses
were performed on a Netzsch TG 209 F1 Iris with 10 °C-min” ' heating
rates from room temperature up to 900 °C, with a two-minute
isothermal step at 450 °C, under nitrogen flow. Flow cytometry was
measured on a Beckmann Coulter Cytomics FC-500 equipped with
Uniphase Argon ion laser, 488 nm, 20 mW output. Transmission electron
microscopy (TEM) as well as cryo-TEM images were recorded using a
Technai G2 Sphera (FEI) TEM with an acceleration voltage of 200 kV.
Fluorescence of the cells was observed using an Axiovert 25 microscope
(Zeiss AG, Jena, Germany) with filter sets 44 and 14. Photomicrographs
were recorded using a CCD fluorescence imager MP 5000 (Intas,
Gottingen, Germany). Imaging was supported by the Image-Pro Plus
software (Media Cybernetics, Silver Spring, MD).

Cell Culture. The 3T3 fibroblasts (from the DSMZ German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany)
were cultured in DMEM supplemented with 10% fetal calf serum,
50 U-mL ™" penicillin, and 50 ug-mL ™" streptomycin (all components
from Biochrom, Berlin, Germany), under 5% CO, atmosphere at 37 °C.

Synthesis of the Glycomonomer

a. Synthesis of 4-(2,3,4,6-Tetra-O-acetyl-1-thio-f3-o-glucopyranosido)-
2,3,5,6-tetrafluorostyrene  (TFS-GICAc). 2,3,4,6-Tetra-O-acetyl-1-thio-
B-p-glucopyranose (3.30 g, 9.06 mmol) was dissolved in 90 mL of dry
DMEF in a round-bottom flask and cooled in an iced water bath. Penta-
fluorostyrene (1.25 mL, 9.20 mmol) was added dropwise to the stirred
solution. Subsequently, TEA (2.55 mL, 18.30 mmol) was dropped into
the reaction mixture. The reaction was continued for 3 h at room tem-
perature until complete disappearance of the starting sugar, monitored
by TLC in hexane/ethyl acetate (1:1). The solvent and the small excess
of pentafluorostyrene were removed in a rotary evaporator, and the
crude product was purified by column chromatography (hexane/ethyl
acetate (1:1)) on silica gel. The solvent mixture was evaporated and the
product was dried under vacuum to give 4.39 g (90% yield) of a white
powder. "H NMR (300 MHz, DMF-d,, 6): 6.81 (1H, dd, *Jy» =
17.9 Hz, ]y y = 11.9 Hz, CH-vinyl), 6.18 (1H, dd, *J, 3 = 75.8 Hz,
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CH,-vinyl), 5.93 (1H, dd, CH,-vinyl), 5.40 (1H, t, *], 5 = 9.4 Hz, H-4),
535 (1H,d, ¥, , = 10.4 Hz, H-18), 5.06 (1H, t, *J; , = 9.6 Hz, H-3), 4.99
(1H, t, H-2), 423 (1H, dd, }J¢6 = 12.8 Hz, ’J¢ 5 = 6.3 Hz, H-6'),
4.14—4.04 (2H, m, H-6, H-5), 2.12, 2.04,2.01, 2.00 ppm (12H, 4s, CH;-
acetyl). *C NMR (300 MHz, DMF-d,, 8): 171.0, 170.8, 170.6, 170.5
(CO-acetyl), 150.5—1502 (m, C—F), 147.3—147.0 (m, C—F),
144.0—143.7 (m, C—F), 1263 (t, Jcz = 302 Hz, CH,-vinyl), 123.2
(CH-vinyl), 119.5 (t, o = §5.7 Hz, C—S), 110.0 (t, Jc.r = 84.6 Hz,
C—C), 85.5 (C1), 764 (CS), 74.4 (C4), 71.8 (C2), 69.3 (C3), 63.1
(C6), 21.0, 20.9, 20.8 ppm (CHj-acetyl). '’F NMR (200 MHz, DMF-
dy, 0): —134.2 (2F, m), —144.9 ppm (2F, m).

b. Synthesis of 4-(1-Thio-f3-b-glucopyranosido)-2,3,5,6-tetrafluoro-
styrene (TFS-GICOH). 3.00 g (5.57 mmol) of TFS-GlcAc was added
to 200 mL of dry methanol to give a milky suspension. Under vigorous
stirring, 11.1S mL of a 2 M solution of sodium methanolate was
added dropwise to the reaction mixture. After 15 min, a clear solution
was obtained. The reaction was continued until complete disappearance
of the starting material (1 h), monitored by TLC (silica gel, ethyl
acetate/hexane (1:1) and ethyl acetate/methanol (3:2) to confirm
complete deprotection). Subsequently, the mixture was neutralized with
Dowex S0WX8—200 H-loaded resin, filtered and dried under vacuum.
TFS-GIcOH was obtained as a white powder (1.92 g, 93% yield). 'H
NMR (300 MHz, DMF-d,, 6): 6.77 (1H, dd, *J; , = 17.9 Hz, %], 3 =
11.9 Hz, CH-vinyl), 6.12 (1H, dd, ¥, y = 78.3 Hz, CH,-vinyl), 5.86
(1H, dd, CH,-vinyl), 5.71 (1H, s, OH), 5.36 (1H, bs, OH), 5.17 (1H, bs,
OH), 493 (1H, d, *J, , = 9.5 Hz, H-1), 448 (1H, t, Jom,crs = 5.8 Hz,
OH), 3.79—3.68 (1H, m, H-6), 3.54 (broad signal, H,O and H-6'), 3.43
(1H, t, ¥J, 3 = 8.3 Hz, H-4), 3.36—3.23 ppm (3H, m, H-2, H-3, H-5). °C
NMR (300 MHz, DME-d,, 8): 150.0 (m, C—F), 146.4 (m, C—F), 143.8
(m, C—F), 1253 (t, o = 30.2 Hz, CH,-vinyl), 123.3 (CH-vinyl),
117.6 (t, *Jo,r = 56.7 Hz, C—S), 112.0 (t, *Jc r = 85.6 Hz, C—C), 86.8
(C1), 82.9 (Cs), 79.8 (C4), 75.9 (C2), 71.6 (C3), 62.7 ppm (C6).
"F NMR (200 MHz, DME-d;, 8): —136.0 (2F, m), —145.9 ppm
(2F, m). HRMS (ESI, m/z): Calced for C;4H;,F,OsSNa [M + Na]t,
393.0766; found, 393.0390. Anal. Calcd for C,,H,,F,0:S-2H,0: C,
41.38; H, 4.46; S, 7.89. Found: C, 41.54; H, 4.02; S, 7.91.

¢. Polymerization of TFSGIcOH. Glucosylated monomer (500 mg,
1.35 mmol), BlocBuilder (from Arkema, 10.3 mg, 0.027 mmol), tetra-
hydrofuran (S mL), and water (S mL) were added in a 20 mL pressure-
resistant vial. The mixture was saturated with argon while stirring for 1 h.
The vial was sealed and placed into a preheated oil bath (110 °C). The
reaction was continued for 2 h. Afterward, the reaction vessel was cooled
with tap water and the solution was concentrated in the rotary evaporator
prior to precipitation in cold ethanol. The isolated white powder of PTFS-
GIcOH (350 mg) was dried under vacuum. The conversion (70%) and
the degree of polymerization (DP) of 30 were estimated from 'H NMR
spectra of the mixture before and after polymerization, using THF as the
internal standard. "H NMR (300 MHz, DMF-d., §): 5.62 (m, OH), 5.30
(m, OH), 5.13 (m, OH), 4.77 (m, H-1), 4.30 (m, OH), 3.90—3.14 (broad
signal, H,0, CH,-ethanoland H-2, 3,4, 5, 6, 6'), 2.36—1.88 (broad signal,
CH,-backbone), 1.39—0.8 ppm (broad signal, CHj-initiator and CHj-
ethanol). *C NMR (300 MHz, DMF-d., 0): 149.5—142.0 (m, C—F),
123.0—120.0 (m, C—F), 111.8 (m, C—F), 87.0 (C1), 81.4 (C5), 78.5
(C4), 74.8 (C2),70.2 (C3), 61.5 (C6), 56.9 (CH,-ethanol), 39.6—28.9
(DMF and backbone carbons), 18.2 ppm (CHj-ethanol). '’F NMR (200
MHz, DMF-d,, §): —132.1 to —136.5 (m), —1414 to —146.4 ppm (m).

d. FITC-Labeling of PTFS-GIcOH. In an oven-dried, round-bottom
flask, the glycopolymer (451.0 mg, 0.04 mmol) and FITC (7.6 mg, 0.02
mmol) were weighed in and dried for 1 h under vacuum. DMF (10 mL)
was added, and the sealed mixture was stirred for 24 h. The reaction was
quenched and the polymer precipitated by dropping the solution into
ethanol. The precipitated polymer was centrifuged and washed with
ethanol until complete disappearance of fluorescence in the supernatant
(six times, TLC monitoring).

Synthesis of Iron Oxide Nanoparticles. Superparamagnetic
iron oxide nanoparticles consisting of magnetite and maghemite, with an
average core diameter of 10 nm were prepared as previously described.®!
Briefly, aqueous mixtures of iron salts with a molar ratio of 1/2 (FeCly/
FeCl;) were coprecipitated by adding an excess of 25% aqueous ammonia
solution. The particles were separated magnetically, washed repeatedly
with distilled water, and the pH value was adjusted to 1—2 with HCL.

Particle Coating. A total of 250 mg of the PTFS-GIcOH glyco-
polymer, dissolved in 30 mL of distilled water, was added to a freshly
prepared ferrofluid at 50 °C. Subsequently, the mixture was stirred at S0 °C
for 20 min. A first particle fraction was separated magnetically and
discarded to get rid of larger, uncoated particles. After adjustment of the
pH value of the supernatant to S, a second fraction was isolated mag-
netically and washed repeatedly with distilled water. Finally, the core—
shell particles were resuspended in water and homogenized by ultrasonic
treatment. The coating with FITC-labeled glycopolymer was carried out
analogously.

Characterization of the Nanoparticles. The iron(II) and
iron(III) contents were determined after dissolution in HCI (37%) by
conventional titration with KMnO,4 and Na,S,0;, respectively. The
characterization data of the magnetic behavior (specific saturation
magnetization, 0, coercive field strength, H,, and relative saturation
remanence, 0,/0;) of the nanoparticles (powder from lyophilization as
well as ferrofluid) was obtained from the curve of magnetization, recorded
with a vibrating sample magnetometer. Dynamic light scattering (DLS)
was used to study the size (hydrodynamic diameter, hg), zeta potential
(8), and particle polydispersity index (PDL,). Samples were strongly
diluted in double distilled water (S uL of the ferrofluid in 4 mL of water
for the determination of size and 50 uL in 4 mL of water for the
determination of zeta potential). The size distribution was reported by
intensity.

a. Sugar Titration. The glucose unit, bound to the poly(tetrafluoro-
styrene) backbone, was used for the determination of the shell material
content in an adapted procedure of Dreywood, Gutierrez-Gallego, and
Scott.??>3* In brief, the method is based on the conversion of poly-
saccharides into monosaccharides through acid hydrolysis, and the
conversion of monosaccharide-derived furfurals into an UV/vis-absorb-
ing complex with the tricyclic aromatic hydrocarbon anthrone. The peak
maximum of the anthrone-complex was determined at a wavelength of
A =625 nm. The sample was prepared by dissolving the nanoparticles in
HCI (37%) followed by the described procedure. Based on a calibration
curve, the amount of shell material could be determined.

b. TEM and Cryo-TEM Measurements. Dry samples were prepared
by blotting the 10-fold diluted solution onto a carbon coated TEM grid
(Electron Microscopy Science) placed on a filter paper. Samples for
cryo-TEM were prepared using a FEI Vitrobot system. A total of 3 uL of
the sample solution was transferred onto a Quantifoil (R2/2) grid, and
blotting was performed at 3 mm and 3.5 s of blotting time. Samples were
rapidly transferred into liquid ethane and stored in liquid nitrogen until
the measurements were performed using a Gatan cryo holder.

Investigation of Cytotoxicity. The biocompatibility of the mag-
netic nanoparticles was investigated in a live/dead assay using 3T3 cells
and fluorescent dyes: fluorescein diacetate (FDA, labeling live cells) and
ethidium bromide (EtBr, labeling the nuclei of dead cells).*>*® The 3T3
cells were inoculated at 25000 cells+cm ™ into a 48-well tissue culture
plate (Greiner Bio-One, Frickenhausen, Germany) and cultivated for 6 h
at 37 °C under a 5% CO, atmosphere. The culture medium (0.5 mL)
was supplemented with 1, 5, and 25 #L of the polymer-coated nano-
particles to give the final concentrations of 0.2, 1, and 5% (v/v),
respectively. The tests were performed in duplicate after 1 and 4 days
with addition of 0.5 mL of the nutrient medium after two days. The live/
dead staining followed the standard protocol. After 1 and 4 days, the
culture medium was withdrawn and the cells were covered with 0.1 mL
of PBS (to avoid the drying of the cells) and with 0.1 mL of 2-fold
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Scheme 1. Schematic Representation of the Synthesis of the Glycopolymer
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concentrated staining solution realizing the final concentrations of
15 ug-mL ™" FDA and 4 ug-mL™" EtBr. The observation of the red
and green fluorescence started after 1 min by fluorescence microscopy.
The total number of cells and the percentage of living cells were
calculated from the micrographs by counting the orange-fluorescent
nuclei of the dead cells and the green-fluorescent living cells.

B RESULTS AND DISCUSSION

Glycopolymer Synthesis. To evaluate pentafluorostyrene-
based glycopolymers as potential coating material for super-
paramagnetic iron oxide nanoparticles, well-defined polymers of
high purity and large quantity are required. The methods of % co-
polymer synthesis have been the subject of many reviews.*”
Basically, sugar-modified polymers can be obtained by two ap-
proaches, namely, the polymerization of glycosylated monomers
or the grafting of sugar moieties onto a preformed polymeric back-
bone. Herein, the first method was employed since the reactants,
pentafluorostyrene and thioglucose tetraacetate, are commer-
cially available, and the applied polymerization technique, the
nitroxide-mediated radical polymerization (NMP), yields pro-
ducts with low polydispersity indices (PDIs) and good conver-
sions for styryl-based monomers.**”*® Furthermore, NMP does
not require any toxic catalyst or heavy metal salt to mediate the
reaction, which represents a major disadvantage for most of the
other polymerization methods and was already previously ap-
plied to obtain poly(styrene)-based glycopolymers.*’ > The
procedure for the synthesis of the glycomonomer and the
subsequent polymerization is illustrated in Scheme 1.

i. Thiol-para-fluorine “Click” Reaction. Significant contribu-
tions have concentrated on the glycomonomer synthesis because
they are usually not commercially available.***® The synthesis of
the sugar-bearing monomers most often requires multistep pro-
cedures.*"* The thiol-para-fluorine reaction was previously re-
ported as an efficient route to functionalize poly(pentafluorostyrene)
with acetylated, thiosugar moieties.”*” Furthermore, the reac-
tivity of the para-fluorine on the pentafluorophenyl group is
significantly enhanced if soft primary nucleophiles are used.””**
The potential, versatility, and effectiveness of thiol-halogen nucleo-
philic reactions were recently summarized in an excellent review.>
Moreover, this method results in the formation of materials
with S-glycosidic bound sugar residues, which are, unlike O- and
N-glycosidic bonds, stable against enzymatic degradation. 6062
Herein, 2,3,4,6-tetra-O-acetyl-1-thio-3-D-glucopyranose (GlcAcSH)
was reacted with pentafluorostyrene (PES) in the presence of
triethylamine in dry dimethylformamide (DMF). The reaction
was carried out at a nearly equimolar ratio of GlcAcSH to PES. A
slight excess (1 mol %) of pentafluorostyrene was used to ensure
the full conversion of the carbohydrate. The synthesis proceeded

TFS-GIcOH PTFS-GIcOH
— PTFS-GIcOH
— TFS-GIcOH DMF
—— TFS-GloAc H'f @ backbone

initiator
| —

ﬁflGIc
H-1(p rotons
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Figure 1. '"H NMR (DMF-d; 300 MHz) spectra of synthesized
monomers and the glycopolymer.

quantitatively, and after 3 h, GlcAcSH was completely converted
to TFS-GlcAc, as shown by TLC monitoring. The acetylated
monomer was purified from triethylammonium fluoride by
column chromatography and dried to obtain a white powder in
high yield (90%). 'H, "°C, 'F, and HSQC-DEPT NMR spectros-
copy confirmed the structure and the purity of TFS-GlcAc
(Figure 1 and Supporting Information).

The proton spectrum exhibits only the required peaks for the
acetylated S-glucose moiety and the vinyl group. In the '°F
spectrum, only the signals from ortho- and meta-fluorines are
visible (Figure 2).

ii. Carbohydrate Deprotection. The final glycomonomer was
obtained by applying the standard Zemplén procedure for sugar
deprotection as described in the Experimental Section. The purity
and structure of TES-GlcOH was determined by 'H, BC, VF,
and HSQC-DEPT NMR spectroscopy as well as electrospray
ionization mass spectrometry (ESI-MS) and elemental analysis.
The complete deprotection is confirmed by the disappearance of
the methyl proton signals of the acetyl groups in the '"H NMR
spectrum and the appearance of four peaks corresponding to the
hydroxyl groups of the deacetylated [5-p-glucose substituent
(Figure 1).

iii. Polymerization of TFS-Glucose. For the polymerization of
the glucosylated tetrafluorostyryl monomer via nitroxide-mediated
controlled, radical polymerization, a 3-phosphonylated alkoxya-
mine initiator (BlocBuilder from Arkema, Scheme 1) was used.
The synthesis was carried out in a pressurized vial in a THF/H,0
(1:1) mixture, with a monomer to initiator ratio of 50, at 110 °C
for 2 h. After cooling, the solution was concentrated and precipitated
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Figure 2. "’F NMR (DMF-d,, 300 MHz) spectra of synthesized
monomers and the glycopolymer.
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Figure 3. SEC traces of the synthesized glycopolymers in N,N-dimethyl-
acetamide with lithium chloride (2.1 g+L ") as eluent.

in cold ethanol. The isolated white powder of PTFS-GlcOH
(350 mg, 70% conversion, DP = 30) was characterized by 'H,
3C, "”F NMR, and HSQC-DEPT spectroscopic methods as well
as by size exclusion chromatography (SEC). The proton spec-
trum (Figure 1) of the glycopolymer shows the signals of the 5-p-
glucose moieties, the polymeric backbone, and the initiator. The
"F NMR spectrum (Figure 2) exhibits two broad signals corre-
sponding to the ortho- (—132.1 to —136.5 ppm) and meta-
fluorines (—141.4 to —146.4 ppm) of the tetrafluorostyryl units.
The broadening of the signals and the local maxima are due to the
different tacticities of the glycopolymer. The SEC trace (Figure 3) of
the obtained polymer shows a narrow, monomodal distribution.

The molar mass of 24000 g-mol " and the PDI value (1.16)
were calculated according to poly(styrene) standards (from PSS).
From the SEC analysis results it can be concluded that the
polymerization was carried out in a controlled fashion, thus a
well-defined glycopolymer was obtained.

iv. Fluorescence Labeling of the Glycopolymer. For labeling
of PTFS-GlcOH, the glycopolymer (0.04 mmol) and fluorescein
isothiocyanate (FITC, 0.02 mmol) were vacuum-dried and dis-
solved in 10 mL of DMF in a round-bottom flask. After stirring
for 24 h at room temperature, the polymer was precipitated and
purified by repeated washing in ethanol and centrifugation. A
total of 350 mg of yellowish powder were obtained. SEC analysis
of the fluorescent polymer (Figure 3) shows a slight increase,
from 24000 to 24300 g-mol ™' of the molar mass. The low PDI
value of 1.16 was maintained for the labeled glycopolymer,
signifying no coupling reactions of the polymeric backbone or
its decomposition.

Synthesis and Characterization of the Glycopolymer-
Coated Superparamagnetic Iron Oxide Nanoparticles. The
superparamagnetic particles were produced by coprecipitation of
iron chlorides with 25% aqueous ammonia as reported in the
literature.*" Coating of the obtained particles with both labeled
and nonlabeled glycopolymer was accomplished in aqueous,
acidic solutions (pH = 1—2) at 50 °C within 20 min. The
shell—core particles were magnetically separated and thoroughly
washed with distilled water. To confirm the success of the coating
procedure and to estimate the quantity of the glycopolymer
attached to the particle, they were investigated by means of dynamic
light scattering (DLS), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), thermogravimetric
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analysis (TGA), flow cytometry (FC), and iron as well as sugar
titrations. Furthermore, their magnetization behavior was examined.

i. Particle Characterization by DLS. For the investigation of
the particles via DLS, the obtained ferrofluids were highly diluted
in double-distilled water (S uL of the ferrofluid in 4 mL of water
for the determination of size and 50 #L in 4 mL of water for the
zeta potential investigation). For this study, suspensions of naked
and coated with unlabeled PTFS-GIcOH particles were used.
The summary of the obtained results can be found in Table 1.
The noncoated nanoparticles exhibit an average hydrodynamic
diameter value of 140 nm. After the coating procedure, this value
increased to an average of 329 nm indicating successful binding
of the glycopolymer. Furthermore, the change of the zeta potential
(&) of the particles from the positive value of 28 mV to negative
(—2.3 mV) provides a confirmation of the presence of the
glycopolymer on the iron oxide core.

ii. Titration Analyses of the Glycopolymer-Coated Nanopar-
ticles. The obtained glycopolymer-coated and uncoated parti-
cles were chemically analyzed in view of the overall iron content
as well as the iron(1I) to iron(III) ratio by titration experiments,
following the standard procedures.”® The selective determina-
tion of iron(II) and iron(Ill) by titration with KMnO, and
Na,S,0;, respectively, yielded in 3.4 mg-mL_1 of iron(II) and
20.0 mg-mL"~ " of iron(III) for the suspension of the noncoated
particles and 1.4 mg-mL ™" of iron(Il) and 9.8 mg-mL ™" of
iron(III) for the one containing the coated particles (Table 1).
To obtain further information of the amount of coating on the
nanoparticles, the amount of glucose units, bound to the poly-
(tetrafluorostyrene) backbone, was quantified by the anthrone
assay as described in the Experimental Section. Based on a
calibration curve, the amount of shell material could be deter-
mined. The content of 7.5 mg-mL ™ of glucose was obtained for
the nanoparticle suspension, confirming the presence of the gly-
copolymeric coating material.

iii. Analysis of the Magnetization Behavior. The magnetiza-
tion behavior of noncoated and coated particles was analyzed
using a vibrating sample magnetometer. The fluids as well as the
lyophilized powders were investigated. The results of the anal-
ysis, obtained from the curve of magnetization, are summarized
in Table 1. Both samples revealed superparamagnetism. Further-
more, the magnetization behavior indirectly confirms the pres-
ence of the glycopolymeric material since the specific saturation
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Table 1. Characterization Data of the Naked and Glycopolymer-Coated Particles”

sample H.[kA-m '] O [Am*-kg™'] 0, 0, Fe(Il) content [mg-mL™"] Fe(I1I) content [mg-mL™"] hq (PDI,) [nm] ¢ [mV]
powder
naked 0.7 66.0 0.02
coated 0.3 322 0.01
suspension
naked 08 18 0.03 34 20.0 140 (0.22) 28
coated 0.7 0.4 0.03 1.4 9.8 329 (0.24) —23

“ H,, coercive field strength; 0y, specific saturation magnetization; O, - O, !, relative saturation remanence; hy, hydrodynamic diameter; G, zeta potential.

Figure 4. TEM micrographs of the naked (A) and glycopolymer-coated
(B, C) iron oxide nanoparticles and a cryo-TEM image of the coated
particles (D).

magnetization (Jy) is significantly lower for the modified parti-
cles due to the layer of the coating material, consistently to the
results previously obtained for cyclodextrin- and carboxymethyl
dextrane-functionalized iron oxide particles.***® Moreover, the
relative saturation remanence (0,/0;) is distinctly lower for the
coated particles, signifying that a stable aqueous suspension of
superparamagnetic particles was obtained.°° The above-men-
tioned properties allow a highly efficient magnetic manipulation
when used in bioseparation or as a drug carrier under relatively
low external magnetic field. In addition, these particles are possible
candidates for application as magnetic resonance contrast agents
in cellular and molecular imaging.67

v. Particle Characterization by TEM. To investigate differ-
ences in shape and architecture of the glycopolymer-coated par-
ticles, the structure of the obtained core—shell, superparamag-
netic particles was investigated. TEM investigations (Figure 4)
were used to determine the diameter of the individual iron nano-
particles, which revealed a typical size of less than 15 nm, both for
noncoated and coated particles. Compared to the typical diam-
eter of the particles measured by DLS, the individual iron
particles appear to be much smaller, indicating that the DLS
measurements provide the hydrodynamic diameter of particle
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agglomerates. The nonhomogenous distribution of the particles
on the TEM grid (Figure 4A) might support this assumption.
However, also drying artifacts will influence the distribution of
the particles. In contrast to the noncoated particles, the presence
of a polymer network is observed in case of coated nanoparticle
assemblies (Figure 4B and 4C). The overall diameter of the
interlinked assemblies is observed to be a few hundred nanome-
ters, which is in agreement with the trend to increased particle
sizes measured by DLS for the coated nanoparticles. This system
was further investigated by means of cryo-TEM investigations
(Figure 3D), which permit the imaging of a solution-like state of
the nanoparticles. The coated nanoparticles also reveal a state of
association here, with assemblies of an average diameter of
100—300 nm, which is in good correlation with DLS as well as
dry TEM measurements.

v. Particle Characterization by XPS. X-ray photoelectron
spectroscopy is a potent tool to characterize surface coatings.
Not only does it provide information about the elemental
composition, it also gives data about the chemical states present
in the analyzed sample as well as the coating thickness.'" There-
fore, the naked and the glycopolymer-coated iron oxide particles
have been investigated by XPS (Figure 5 and Table 2).

In the survey spectrum of the uncoated iron oxide nanopar-
ticles (Figure SA), mainly O and Fe are found as expected.
Additionally, a small amount of carbon is detected. The C signal
is attributed to the ubiquitous carbon and is always observed on
air exposed samples. The survey spectrum of the pure organic
shell material, PTFS-GIcOH, shows C, O, F, and S as main
components, but no Fe in accordance with its elemental compo-
sition. All the elements mentioned before can be detected in the
sample of the coated particles, indicating that both components,
magnetic nanoparticles as well as shell material, contribute to the
spectrum. The comparison of all survey spectra reveals that the
Fe and O peak intensities of PTFS-GlcOH-coated particles
clearly decreased with respect to the pure nanoparticles, both
in terms of absolute and relative intensity. The change of the
relative C, F, O, and S peak intensities of the coated particles
is much less pronounced compared to the spectrum of the
pure shell material. Therefore, detected elements, relative peak
intensities, and different peak shapes in the elemental region
spectra imply that the magnetic nanoparticles are covered by the
shell polymer. Particularly the background shape adjacent to the
Fe2p emissions (Figure SB) observed for the coated particles
suggests the presence of magnetic nanoparticles enclosed by
polymeric material rather than a mixture of both components.
The Fe2p spectra show the typical structure for iron oxides with a
broad, main, doublet peak (Fe2p;,, and Fe2p,,,) and typical
shakeup satellites, particularly well visible in the spectrum of the
pure magnetic nanoparticles. The electron binding energy of the
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Figure 5. Selected XPS spectra of the synthesized glycopolymer, coated, and naked particles.

Fe2p;/, peak maximum of 711.1 eV and the peak shape, lacking
the distinctive low-binding energy (BE) shoulder observed
for Fe;0,, clearly point to Fe(III), thus, Fe,05.°® Furthermore,
the Fe2p spectra, missing the high-BE shoulder reported for
0.-Fe, 03 (hematite), suggest that the outer part of the nanopar-
ticles consist of y-Fe, O3 (maghemite). This can be explained by
gradual oxidation of the initially formed Fe(II) moieties to
Fe(III). Hence, the spectra reveal the aging of the inorganic
nanoparticle surface. The Fe2p spectral features of the coated
particles are attenuated due to the coating of the particles by the
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polymeric material suggesting a shell thickness of slightly below
10 nm. The almost constant Fe2p;,, BE provides no indication
for a strong chemical interaction between particle and shell that
would result in a change of the chemical state. The C1s spectrum
(Figure SC) of pure magnetic nanoparticles is typical for minor
surfaces contaminations always present on air-exposed surfaces.
The three discrete states of carbon can be attributed to aliphatic
C, functional groups with C—O single bonds, and to C=0
double bonds.”” The Cls spectrum region of the polymer
component is marked by a clear increase of the peak intensity.
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Table 2. Data of XPS Analysis of the Glycopolymer, the Naked, and the Coated Nanoparticles

Cls Ols Fls S2p3/2 Fe2p3/2
C-aliphatic C-0 C—F FeO,: -OH
region % eV % eV % eV % eV % eV % eV % eV % eV
naked 5.7 284.8 12 286.5 12 289.1 48.8 530.4 9.6 S31.7 0.0 0.0 33.5 711.0
polymer 238 2848 284 2862 68 2878 00 202 5322 162 6871 47 1635 00
coated 15.7 284.8 24.1 286.0 18.0 287.4 7.6 530.6 16.2 533.0 132 688.1 3.5 163.9 1.8 711.1
A_lsg the intensity dlStl-‘lbutlon for. the dlﬁere_nt chemical states is o] loss of water
significantly altered. It is characterized by an increase of the C—O ==
0,
intensity becoming the most populous state. It can be attributed X - — 92%
X X 90 .  degradation of Glc moieties
to the hydroxyl groups present in the carbohydrate units. Further- el
more, another state appears in the Cls region of the glycopoly- 80 VoY backbone decomposition
mer belonging to the C—F bond of the poly(tetrafluorostyryl) 8 ‘.
groups. Since the spectrum envelope exhibits only little structure, g 70+ ' -
it was decided to evaluate the lowest possible number of fitted £ : R
= ~
states, which are at least indicated by the shape of the emission 2 604 . \
peak. The small increase of the background intensity on the high- ol T nak:ddpar’:it_:lfs . N
: . : 7| - — -coated particles Y \
BE side of the. Cls. pe‘ak system at about 293 eV is a.ttrlbuted to . « - PTFS-GIcOH . A5%
shakeup satellites indicating the 71 —system present in the poly- 10 .l
mer’s aromatic rings.”’ The Cls spectrum of the coated particles T 34%

shows a similar shape, however, the relative intensity of the C—F
signal is increased markedly. This could point to a different
orientation or configuration of the polymeric chains in the shell
of the encased nanoparticles compared to the pure glycopolymer,
possibly indicating that the F-containing units are oriented to the
outer sphere of the shell and that the other polymeric units
provide the interaction with the inorganic iron oxide core. The
Ols spectrum (Supporting Information) of the inorganic nano-
particles is characterized by an asymmetric peak that can be
separated into two components by fit. The main component,
state 1, is attributed to O in Fe,O3; the minor component, state 2
on the high-BE side, to hydroxyl groups on the surface. The
presence of the shell polymer encapsulating the nanoparticles
leads in the O1s spectrum to a decrease of state 1 and an increase
of the relative intensity and the BE of state 2, resembling the
symmetric Ols emission of the pure organic shell material. The
Fls BE in the spectrum of the coated particles (Figure SD) is
typical for F in organic polymers, with an exact value depending
on the degree of fluorination.”” The BE is higher than for the pure
polymeric material as it is observed for the respective Ols, state 2,
and S2p BEs, most likely due to an artifact introduced by
assigning the Cls low-BE component to 284.8 eV. The S2p
peak is only found in the spectra of the coated particles and the
pure glycopolymer (Supporting Information). The BEs clearly
indicate an organosulfidic -S- bond, which is assumed to facilitate
the irg:9eraction between the nanoparticles core and the polymeric
shell.

vi. Thermogravimetric Analysis of the Glycopolymer-Coated
Nanoparticles. The obtained particle suspensions as well as the
polymeric shell material were dried under vacuum, and their
thermal decomposition behavior was analyzed. The resulting
thermogravimetric curves are presented in Figure 6.

The analysis of uncoated particles shows a total weight loss of
8% up to 900 °C. This behavior can be attributed to the remaining
organic impurities and evaporation of water. The trace of the
thermal decomposition of PTFS-GIcOH has two clear inflection
points: one at 230 °C and a second at 429 °C, corresponding to
the degradation of the glucose moieties and the tetrafluorostyryl

T Ll T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 6. Traces from the thermogravimetric analysis of the prepared
materials.

backbone, respectively. The analysis curve of the coated particles
shows the same decomposition temperatures as the glycopoly-
mer, thus, proving the presence of the PTFS-GlcOH in the analyzed
sample. From the remaining, nondegraded masses it can be
calculated that the analyzed weight percent ratio between iron
oxide and the coating material is approximately 1:5. This result is
in good correlation with the XPS investigations, where the
particle shell thickness was measured to be 10 nm.

vii. Flow Cytometry Analyses of the Superparamagnetic
Nanoparticles. Flow cytometry represents a powerful tool to
characterize and analyze particles. It provides information about
their size and shape from the forward and the side scattered light
as well as about the fluorescence of particles in the analyzed
sample.”" The naked and coated particles were resuspended by
sonication for 1 min at 10% amplitude, 30 min before analyses.
Subsequently, S0 uL of the ferrofluid was diluted in 2 mL of
Dulbecco’s modified Eagle medium (DMEM) and vigorously
agitated for 1 min. Afterward, the sample was directly analyzed by
flow cytometry. The results can be found in Figure 7 (for the forward
and side scattering plots, see the Supporting Information).

From the forward scattering traces, the size distribution of the
analyzed particles can be estimated. The naked nanoparticles
show a large size distribution of different agglomerates. The size
distribution of the coated particles is much narrower, therefore,
the polymer acts as the stabilizer, preventing agglomeration.
Because the glycopolymer applied in the coating procedure was
fluorescently labeled, the nanoparticles also show fluorescence
thus proving the presence of the polymeric shell. To examine the
stability of the ferrofluid, the coated particles were analyzed after
6 months storage at 8 °C. After resuspension, the flow cytometry
analysis gave the same particle size distribution as for the freshly
prepared nanoparticles (Supporting Information).
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Figure 7. Results of flow cytometry analysis of the naked (A, C) and
FITC-labeled, glycopolymer-coated particles (B, D): forward scattering
(A, B); fluorescence (C, D).
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Figure 8. Fluorescence microscopy micrographs of FDA/EtBr stained
3T3 cells cultured for 1 day and 4 days in the presence of the
glycopolymer-coated particles (obtained by image overlay of separately
captured red and green fluorescence images). Top: control culture
without particles, middle: 1% (v/v) particle suspension added, bottom:
5% (v/v) particle suspension added.

Investigation of Cytotoxicity. Exclusion of any cytotoxic
effects is a primary prerequisite for the application of the obtained
glycopolymer-coated particles in biology and medicine. Even if
the targeted cells are planned to be eliminated, for example,
tumor cells, no negative influence to the surrounding cells has to
be ensured. Therefore, the cytotoxicity of the obtained particles

toward 3T3 mouse fibroblasts was examined in a live/dead assay,
using fluorescein diacetate (labeling living cells) and ethidium
bromide (labeling the nuclei of dead cells). As shown in Figure 8,
the addition of increasing amounts of the glycopolymer-coated
nanoparticles, from 0.2% (not shown since uniform to control)
to 1.0 and 5.0% (v/v), to the 3T3 fibroblast cells that were cultured
for 4 days did not elevate the percentage of dead cells, only rarely
observable as orange-stained nuclei, in comparison to a standard
cell culture.

The number of dead cells was below 5% indicating no
cytotoxic effects. The examined cells were adherent and showed
a normal cell morphology. The increase in the cell number from
about 20000—30000 cells+cm ™~ after 1 day to about 170000—
200000 cells- cm ™ > after 4 days occurred independently from the
amount of nanoparticles. Because no remarkable increase in cell
number occurred during the first 24 h after cell seeding and the
differences in adhesion are compensated after 4 h, the slightly
lower cell density of the control, visible in Figure 8a, should result
from random variations of the seeding procedure. This under-
lines that cell proliferation was not influenced by the presence of
the particles. Furthermore, the absence of contaminations, for
example, toxic residues of not converted reactants, catalysts, or
solvents from the synthesis and preparation techniques was
verified.

B CONCLUSIONS

In summary, these results clearly demonstrate the applicability
of glycopolymers based on poly(pentafluorostyrene) as stabiliz-
ing coating material of magnetic iron oxide nanoparticles. The
synthesis of the new core—shell nanoparticles was performed in
aqueous solution leading to stable ferrofluids. The polymeric
shell was investigated in detail by XPS measurements displaying
characteristic signals of the elements in the shell, and the magnetic
nanoparticles exhibited the expected superparamagnetic beha-
vior. Furthermore, flow cytometry measurements proved the
stability of the obtained ferrofluids and the fluorescence of the
nanoparticles. Investigations of the glycopolymer and the mag-
netic core—shell nanoparticles did not show any cytotoxic
effects, emphasizing their applicability in biology and medicine.
The double-labeled (magnetically and fluorescently) particles
can be used for visualization of cell—carbohydrate interactions
and magnetic separation investigations. In addition, the pre-
sented synthetic approach opens up a new, facile route for
production of well-defined, glycopolymer-based materials of high
purity and in large quantities. Further modifications of penta-
fluorostyryl monomers with various thiosugars and their poly-
merizations as well as copolymerizations are currently under
investigation in our laboratories to introduce various thiosac-
charide moieties into polymeric coatings of magnetic nanopar-
ticles.

B ASSOCIATED CONTENT

© Ssupporting Information. '*C NMR and HSQC-DEPT
spectra (300 MHz, DMF-d,) of the synthesized monomers and
the glycopolymer. Ols and S2p region XPS spectra of the
analyzed materials. Forward and side scattering plots of the flow
cytometry analysis of FITC-labeled, PTFS-GlcOH-coated parti-
cles. Flow cytometry analysis results of the FITC-PTFS-GlcOH-
coated particles after a 6-month storage. This material is available
free of charge via the Internet at http://pubs.acs.org.
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