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ABSTRACT: Novel heterotelechelic poly(N-vinylpyrrolidone) (CPA-PVP-IBMB)
oligoperoxide containing anchoring carboxyl group from 4-cyanopentanoic acid
(CPA) and peroxide end-group from 1-isopropyl-3(4)-[1-(tert-butyl peroxy)-1-
methylethyl]benzene (IBMB) chain transfer agent was synthesized and investigated
as a surface-active macroinitiator for tailored functionalization of maghemite (y-
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Fe,03) nanoparticles. CPA-PVP-IBMB initiated polymerization of 2-hydroxyethyl

methacrylate (HEMA) in ethanol yielding CPA-PVP-block-poly(2-hydroxyethyl = Polymerization Binding
methacrylate) (CPA-PVP-block-PHEMA) copolymer. y-Fe,O3 nanoparticles ob- “Grafting-from "Graftilz193-to"

tained by precipitation technique were modified by the CPA-PVP-IBMB macroini-
tiator and CPA-PVP-block-PHEMA copolymer by “grafting-to” approach to the
surface using carboxyl end groups of both polymers. Second method, “grafting-from”
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approach, consisted in polymerization of HEMA initiated from the surface of CPA-PVP-IBMB-coated y-Fe,O3 nanoparticles
yielding CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles. Tests with mice leukemia L1210 cells confirmed nontoxicity of
CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles. CPA-PVP-IBMB-coated y-Fe,O3;/PHEMA nanoparticles were easily
engulfed by murine macrophages J774.2 and magnetically separated from cells without phagocytic activity.
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B INTRODUCTION

Magnetic nanoparticles have passed through rapid develop-
ment within the last 30 years. They found manifold applications,
from sealin% ferrofluids"* to today’s use in biotechnology and bio-
sciences.” > This includes magnetic separations,é_8 sensors,g_11
drug and gene delivery,'>”"> hyperthermia,"®'” and contrast
enhancement in magnetic resonance imaging (MRI).H;*21 Mag-
netic nanoparticles are mostly based on iron oxide, which has
been approved by FDA as an MRI contrast agent™> and has the
advantage of being biocompatible, nontoxic, and nonimmuno-
genic. The nanoparticles are generally composed of the magnetic
core, water-dispersible biocompatible shell, and a target bio-
molecule.

The choice of the synthesis method is of key importance
because it determines the nanoparticle shape and size as well as
its size distribution and surface chemistry. Magnetic nanoparti-
cles are typically synthesized by a coprecipitation route or by
thermal decom};osition of iron pentacarbonyl and iron
acetylacetonate.” However, their drawback consists in nonspe-
cific adsorption of proteins from the media and easy aggregation
which prevents their direct applications. For the magnetic iron
oxide nanoparticles to be used, ie., dispersed in aqueous
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solutions avoiding aggregation, they have to be coated with
hydrophilic compounds to stabilize them sterically or electro-
statically. Surface modifications like altering the charge, attached
polymers, or proteins will play an important role for various
subsequent biomedical applications. Most surface modifications
of magnetic nanoparticles used dextran®*** or poly(ethylene
glycol) shell because of its biocompatibility and plasma protein
resistance.””” The magnetic core should have reactive groups on
the surface enabling the attachment of biologically active mo-
lecules and ligands for intended application, e.g., antibody/
antigen for separation or enzyme for catalysis. A typical example
of a method for embedding magnetic nanoparticles by polymers
is a miniemulsion polymerization.”® >

One of the useful methods for coating is to graft polymers
onto magnetic nanoparticles, forming core—shell hybrid com-
posites. Two approaches are used to graft polymer chains onto
nanoparticles: “grafting-to” and “grafting-from”.*" In the “graft-
ing-to” system, end-functionalized polymers react with surface
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groups of nanoparticles. In the “grafting-from” method (also
called surface-initiated polymerization), polymer chains grow
in situ from initiators that have been anchored to the surface of
the nanoparticles. Higher grafting density can be achieved because
the smaller monomers are accessible to the active initiation sites.”>**
The methods include surface-initiated anionic,* cationic,> >’ or
ring-opening polymerization for coatin§ with biodegradable poly-
esters or hyper-branched polymers.>*~* Other techniques, such as
ring-opening metathesis polymerization®** and controlled living
radical polymerizations including atom-transfer radical polymeriza-
tion,"~* nitroxide-mediated controlled polymerization,*® and
reversible addition—fragmentation chain transfer,* have been
utilized for introduction of reactive polymer spacers. Tailored
synthesis of novel oligoperoxide surfactants containing peroxide
or hydroperoxide side groups and their application for functionaliza-
tion of nanoparticle surface and subsequent initiation of the
polymerization®®~** provides a new perspective route for obtaining
functional magnetic nanoparticles for biomedical applications. This
approach provides covalent attachment of functional biocompatible
spacers of desired length with peroxide end-fragments capable of
radical formation for subsequent tailored functionalization of ma-
ghemite (y-Fe,O;) nanoparticles. This makes binding enzymes,
antibodies, drugs, DNA, and oligonucleotides possible.

The purpose of this study is to take advantage of a new
heterotelechelic macroinitiator™**® containin§ a carboxyl end-group
for the attachment to iron oxide surface,® polyvinylpyrrolidone
chain to introduce hydrophilicity and biocompatibility,”” and a
peroxide end-group capable of initiating a polymerization both
by “grafting-from” and “grafting-to” approach. The maghemite
nanoparticles modified with the block copolymer originating
from the heterotelechelic initiator were then tested for engulf-
ment of J774.2 murine macrophages and their magnetic separa-
tion. Measurement of phagocytic capacity is one of the most
common methods to evaluate immune status of the patient,
namely the activity of blood leukocytes. It is used in diagnostics of
various pathological states. Neutrophils and macrophages are the
main types of the immune cells targeting microorganisms,
impaired cells and foreign antigens. Phagocytosis starts from
recognizing these foreign objects, their engulfment and destruc-
tion. Phagocytic activity is typically measured by calculating the
number of engulfed objects under the microscope or by flow

cytometry.

B EXPERIMENTAL SECTION

Materials. 1-Vinyl-2-pyrrolidone (VP) was from ABCR (Karlsruhe,
Germany), 4,4'-azobis(4-cyanopentanoic acid) (ACPA) and 2,2-di-
phenyl-1-picrylhydrazyl (DPPH) were from Aldrich (Milwaukee, W1,
USA). 1-Isopropyl-3(4)-[1-(tert-butyl peroxy)-1-methylethyl]benzene
(IBMB) was synthesized from tert-butyl hydroperoxide (9.9 g, 110
mmol) and 2-(4-isopropylphenyl)-2-propanol (17.8 g 100 mmol) in
acetic acid solution as described earlier.”®*” Obtained oligoperoxide was
purified by distillation in vacuum. Yield 82%. Bp 69 °C (10 Pa). d,*°
0.9208. np° 1.4811. Found, %: C 76.64; H 10.57; O, 6.3. C16H2605.
Calculated, %: C 6.73; H 10.48; O, 6.39. "H NMR (CDCls), 8, ppm:
1.16 s (9H, (CH;)5C); 145 s (6H, C(CH;),Ph); 7.05 dd (4H, Ar-H);
1.17 d (6H, (CH3),CH); 2.77 hp (1H, (CH;),CH). Meso-2,3-dimer-
captosuccinic acid (DMSA) and mercaptosuccinic acid (MSA) were
from Aldrich, ethyl acetate, acetone and hexane were purchased from
Merck (Darmstadt, Germany), other solvents and reagents were ob-
tained from Aldrich. Acetonitrile was from Lach-Ner (Neratovice, Czech
Republic). Ultrapure Q water ultrafiltered on a Milli-Q Gradient A10

Table 1. Chemical Properties of CPA-PVP-IBMB
Macroinitiator

C N* vp* COOH CinCPA" CinIBMB° IBMB
(wt %) (wt %) (mmol/g) (mmol/g)  (wt%) (wt %)  (mmol/g)
§57.1 10.5 7.5 0.25 0.5 2.5 0.33

“On the basis of nitrogen analysis. ¥ %C in residue after decomposition
of CPA in CPA-PVP-IBMB calculated from mmol COOH/g
(determined from titration). ©%C in IBMB = 57.1 — 54.1 — 0.5, where
54.1% is %C in PVP calculated from nitrogen content.

Table 2. Chemical Properties of CPA-PVP-block-PHEMA
Obtained by CPA-PVP-IBMB-Initiated Polymerization of
HEMA

CPA-PVP-IBMB/

HEMA (w/w) Nwt%) VP (wt%) M, (Da) PI°
1/1 6.8 s1 35400 218"
1/2 38 30 42100 294
1/5 2.8 23 >150000 ¢
1/10 2.15 17 >200000 ¢

“ On the basis of nitrogen analysis. ® Determined from SEC.  Dispersity.
“Not determined.

system (Millipore, Molsheim, France) was used for preparation of
solutions.

Synthesis of CPA-PVP-IBMB Macroinitiator. The synthesis
was described earlier.>® In a typical experiment, ACPA (0.39 g; 2 mmol)
was dissolved in ethyl acetate (15 mL), VP (12.4S g; 112 mmol) and
IBMB (7.6 g; 30 mmol) were added and the mixture was purged with
argon. Polymerization proceeded at 70 °C for 6 h under argon atmo-
sphere. Conversion was 85% as determined from dilatometer and
gravimetric measurements.”’ After the polymerization, the solution
was precipitated by hexane; the CPA-PVP-IBMB macroinitiator was
dissolved in acetone (15 mL) and again precipitated in hexane
(200 mL). The procedure was repeated three times. Yield was 8.7 g
(conversion 70%). Properties of the CPA-PVP-IBMB macroinitiator are
listed in Table 1.

Copolymerization of CPA-PVP-IBMB with HEMA. Various
amounts of HEMA (Table 2) were added to the solution of CPA-PVP-
IBMB (0.45 g) in ethanol (25 mL). The mixture was stirred at 80 °C for
24 h under inert atmosphere, the resulting CPA-PVP-block-PHEMA
polymer was precipitated from the solution by petroleum ether
(400 mL) and dried under vacuum at 40 °C for 8 h. Yield was 1.23 g
(conversion 82%) if CPA-PVP-IBMB/HEMA ratio was 1/2 (w/w).

If chain-transfer agents were used in the reaction, DMSA or MSA
(0.09 g) was dissolved in ethanolic CPA-PVP-IBMB (0.5 g) solution
(25 mL), HEMA (S g) was added, and the mixture heated at 80 °C for 24
h. Precipitation was done as described above.

Coating of y-Fe,0; Nanoparticles. Maghemite was prepared
according to the method described earlier." CPA-PVP-IBMB macro-
initiator (2—340 mg) or CPA-PVP-block-PHEMA (5—340 mg) was
dissolved in y-Fe,O; colloid (10 mL; 170 mg of nanoparticles) at 23 °C
and stirred for 1 h. The product was purified by repeated washing (five
times) with water (20 mL) using magnetic separation.

Surface-Initiated Polymerization of HEMA on CPA-PVP-
IBMB-Coated y-Fe,03 Nanoparticles. As an example, HEMA (80 mg)
was dissolved in CPA-PVP-IBMB-coated y-Fe,O5 colloid (10 mL; CPA-
PVP-IBMB/y-Fe,0; ratio = 8/170 w/w), the mixture was stirred at 80 °C
for 24 h under nitrogen atmosphere, and the sediment was washed five times
with water (10 mL each) and dried.
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Scheme 1. ACPA-Initiated Polymerization of VP in the Presence of IBMB Chain Transfer Agent”
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“IBMB is a mixture of 1-isopropyl-3-[ 1-(tert-butyl peroxy)-1-methylethyl]benzene and 1-isopropyl-4-[ 1-(tert-butyl peroxy)-1-methylethyl]benzene.

Characterization. 'H and *C NMR spectra were recorded on a
Bruker Avance DPX 300 spectrometer at 300.13 and 75.45 MHz,
respectively. Polymer molecular weights were estimated using size-
exclusion chromatography (SEC) with a LCP 4020 pump (Ecom, Ceské

a RIDK 101 refractive index detector (Laboratorni piistroje, Prague,
Czech Republic). N,N-dimethylacetamide with LiBr addition was used
as a mobile phase at flow rate 1 mL/min and polystyrene standards for
calibration. The hydrodynamic diameter (z-average) and the surface
zeta-potential were obtained by dynamic light scattering (DLS) with an
Autosizer Lo-C (Malvern Instruments Ltd., Malvern, Great Britain).
Original dispersion of the nanoparticles (0.1 mL aliquot) was diluted
with Q water (1 mL) before the measurement.

The molecular weights of CPA-PVP-IBMB macroinitiator and CPA-
PVP-block-PHEMA copolymer were determined by System ALV static light
scattering apparatus (Langn, Germany) from angle- and concentration-
dependences of the intensity of scattered light, using a Zimm plot.

Infrared spectra were measured using a Thermo Nicolet NEXUS 870
FTIR Spectrometer (Madison, WI, USA). Golden Gate Heated Dia-
mond ATR Top-Plate (MKII Golden Gate single reflection ATR
system) (Specac Ltd., Orprington, Great Britain) was applied for the
measurements of spectra of the powdered samples.

The iron content was analyzed by a Perkin-Elmer 3110 (Norwalk,
CT, USA) atomic absorption spectrometer (AAS) using a solution
obtained by mineralization of a sample with dilute HCI (1:1) at 80 °C for
1 h. Elemental analysis was performed on a Perkin-Elmer 2400 CHN
elemental analyzer. Content of COOH groups was determined by
titration of the polymer (0.3 g) in 0.1 N NaOH solution (15 mL).
The relative content of polymer and Fe,O; were determined using a
Perkin-Elmer TGA 7 Thermogravimetric Analyzer (Norwalk, CT,
USA). The sample was heated from room temperature to 800 °C at a
heating rate of 10 °C/min under air.

The iron oxide particles were observed in a Tecnai Spirit G2
transmission electron microscope (TEM; FEI, Brno, Czech Republic).
A drop of particle dispersion (20 uL) on Cu grid was coated with a
carbon film. The number-average diameter (D,) and particle-size
distribution PDI (weight-to-number-average particle diameter D,,/D,,)
were obtained by statistical treatment of at least 500 particles using
program Atlas (Tescan, Brno, Czech Republic).

To confirm the presence of peroxides in CPA-PVP-IBMB macro-
initiator, DPPH (30 mg) was dissolved in N,N-dimethylformamide
(50 mL), which was purged with nitrogen for 30 min, and CPA-PVP-
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Figure 1. Dependence of rate of VP polymerization in the presence of
IBMB chain-transfer agent on ACPA initiator concentration.

IBMB (340 mg) was added. The mixture was heated for 10 min at 80 °C
and after cooling UV spectrum (520 nm) of the solution was recorded
on a Lambda 20 Perkin-Elmer UV/VIS spectrometer (Norwalk, CT,
USA). Analogously, UV spectrum of DPPH solution was measured as
a check.

Reaction order of ACPA initiator in the concentration range 0.04—
0.12 mol/L was determined under constant concentrations of all other
reaction components.®

Cell Experiments. Cell Culture. Murine macrophages of J774.2
line and leukemia cells of L1210 line were obtained from William Harvey
Institute (London, U.K.) and cultured in Dulbecco’s-modified Eagle’s
medium (DMEM,; Sigma, St. Louis, USA) supplemented with 10% fetal
bovine serum (FBS; Sigma). Cells were kept in CO, incubator at 37 °C,
5% CO,, and 100% humidity.

Opsonization of CPA-PVP-IBMB-Coated y-Fe,O3/PHEMA Nanopar-
ticles and Their Phagocytosis by the Macrophages. The CPA-PVP-
IBMB-coated y-Fe,03/PHEMA nanoparticles were opsonized at 37 °C
for 24 h with proteins of the FBS used for cell culturing. The opsonized
particles were added to a suspension of the macrophages J774.2 (final
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Figure 2. (a) 'H and (b) "*C NMR spectra of CPA-PVP-IBMB macroinitiator in (a) D,O and (b) methanol.

concentration of the particles 0.025 wt %) and the culture was kept in CO,
incubator for 24 h until the particles were phagocytosed. Phagocytosis-
positive and phagocytosis-negative macrophage fractions were then sepa-
rated by the Dynal MPCTM-1 magnet. The macrophages that engulfed the
superparamagnetic particles were attracted by the magnet, whereas the
particle-free macrophages remained in the culture medium. Phagocytosis of
neat y-Fe,O3 nanoparticles by the macrophages was used as a control.
Light and Fluorescence Microscopy. Cell fractions were stained with
acridine orange and Hoechst 33342 and then observed and photo-
graphed under Carl Zeiss Axiolmager Al light and fluorescent micro-
scope. Final concentration of both dyes was 0.3 ttg/mL and staining time
1S min. Excitation was at 365—395 nm and emission at 445—450 nm for

2640

Hoechst 33342. For acridine orange, excitation and emission was at
470—49S nm and 525—550, respectively, with green filter and at
546—560 and 575—640 nm, respectively, with red filter.

Cytotoxicity of CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nanopar-
ticles was estimated by counting the number of murine leukemia L1210
cells in the presence of particles (0.02S, 0.5, and 1 wt %) in DMEM
medium in the hemocytometric chamber after 24 and 48 h cultivation.

B RESULTS AND DISCUSSION

CPA-PVP-IBMB Macroinitiator. CPA-PVP-IBMB macroini-
tiator was prepared by the ACPA-initiated solution polymerization

dx.doi.org/10.1021/cm2004215 |Chem. Mater. 2011, 23, 2637-2649
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of VP in ethyl acetate in the presence of IBMB acting as a chain-
transfer agent according to the published procedure®®
(Scheme 1). Reaction started by the decomposition of ACPA
forming relatively stable radicals which participated in the
termination of growing PVP chains under formation of CPA-
PVP-IBMB macroinitiator (Scheme 1). The reaction order on
ACPA initiator approached 1 (Figure 1) confirming thus that the
proposed mechanism of heterotelechelic oligoperoxide forma-
tion (Scheme 1). The structure of the CPA-PVP-IBMB in D,O
and methanol-dy was confirmed by 'H and '*C NMR, respec-
tively (Figure 2 a, b). In "H NMR, the VP units offered the
following signals: skeletal CH, at 1.239 ppm, skeletal CH at
3.645 and 3.791 ppm; pyrrolidone ring: o.-CH, 3.333 ppm, 3
CH, 2.031 ppm, y—CH, at 2.317 and 2.447 ppm (Figure 2 a). In
3C NMR: skeletal CH, at 44.919 ppm, skeletal CH at 48.227
ppm; pyrrolidone ring: o-CH, 46.779 ppm, 3-CH, 20.052, y-
CH, 33.756 and C=0 180.197 ppm (Figure 2 b). 'H and "°C
NMR spectra of CPA-PVP-IBMB thus confirmed presence of VP
units in the polymer (Figure 2 a, b). Quaternary carbons at 74
ppm in C NMR spectrum and benzene ring carbons at 7.2
ppm and at 130 ppm in '"H NMR and *C spectrum, respec-
tively, indicated presence of peroxide. Because of low CPA
content in the macroinitiator, decrease of the UV signal at
520 nm was only moderate. The content of carboxyl end-
groups in CPA-PVP-IBMB macroinitiator determined by
titration increased and at the same time molecular weight
decreased with increasing concentration of ACPA in initial
monomer mixture (Table 3).

According to the NMR spectrum, the CPA-PVP-IBMB
macroinitiator contained 150 VP units, i.e., its molecular weight
M,, was 17 000 Da. This was in agreement with the measurement
of molecular weight by the size-exclusion chromatography
(SEC) in N,N-dimethylacetamide, where M, = 18000 and
dispersity = 1.74 were determined, even though the PS standards
were used for the calibration, which differed from PVP in
polarity. The presence of a single peak of the CPA-PVP-IBMB
macroinitiator in the SEC chromatogram indicated that hetero-
telechelic PVP peroxide was formed predominantly. Determina-
tion of molecular weight by SEC was in agreement with the
measurement of molecular weight by the static light-scattering in
methanol (M,, ~ 17,000 Da) and viscosimetry. According to
elemental analysis and titration, the CPA-PVP-IBMB macroini-
tiator contained approximately 10.5 wt % nitrogen (7.51 mmol
VP/g), 0.25 mmol COOH/g originating from ACPA initiator
and 0.33 mmol IBMB/g (Table 1). Ratio of anchoring COOH
groups/VP units/aromatic peroxide end-groups of CPA-PVP-
IBMB macroinitiator was thus 1/30/1.3 (mol/mol/mol), re-
spectively (Table 1). The amount of VP in the macroinitiator was
thus lower than that according to the NMR spectrum. This
discrepancy can be ascribed to branching of the polymer chain
and/or to the error caused by combustion of inhomogeneous
samples during the analysis.

To determine presence of the peroxide in the CPA-PVP-
IBMB macroinitiator, we have reacted 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) with free radicals formed by splitting of CPA-
PVP-IBMB at elevated temperature (80 °C) in DMF, resulting in
nonreactive products.”> The decrease in DPPH concentration in
the presence of CPA-PVP-IBMB macroinitiator in the UV
spectrum reflected the decomposition of CPA-PVP-IBMB. Per-
oxide end-group of CPA-PVP-IBMB macroinitiator is intended
to initiate polymerization of HEMA either in ethanolic solution
or on the surface of magnetic nanoparticles.

Table 3. Effect of ACPA Concentration on the Content of
Carboxyl Groups and Molecular Weight of CPA-PVP-IBMB
Macroinitiator”

CPA-PVP-IBMB
concentration of ACPA COOH content
in feed (mol/L) (wt %) (7] (g/L) M, (kDa)
0.04 1.11 0.3058 59
0.06 1.09 0.2050 31
0.08 1.35 0.1475 21
0.10 1.85 0.1333 18
0.12 2.67 0.1255 17

“Intrinsic viscosity [17] = 1.4 x 10~ *M®’; M,, = number molecular
weight; H,O, 25 °C.

Scheme 2. Copolymerization of CPA-PVP-IBMB with
HEMA

CPA-PVP-IBMB
o}

5 mﬁ)ko/\/OH

OH OH

CPA-PVP-IBMB-Initiated Polymerization of HEMA. HEMA
was intentionally selected for CPA-PVP-IBMB-initiated polym-
erization because its polymer is a neutrally charged hydrogel,
biocompatible, biologically inert and highly resistant to protein
adsorption and consequently cell adhesion,** and containing
hydroxyl groups which can be used for attachment of biomole-
cules. It is attractive, because its mechanical properties can be
tailored to the specific application. Copolymers of VP and
HEMA with various compositions can be obtained with well-
defined properties. The effects of different block copolymers on
the characteristics of maghemite nanoparticles were examined.
Moreover, insolubility of PHEMA in water belongs to its
advantage, because it favors its sticking on the iron oxide surface
hindering release from the particles. HEMA was thus solution
polymerized with CPA-PVP-IBMB macroinitiator in ethanol
yielding CPA-PVP-block-PHEMA copolymer (Scheme 2). If
CPA-PVP-IBMB/HEMA ratio was 1/2 (w/w), SEC of the
resulting CPA-PVP-block-PHEMA product in N,N-dimethylace-
tamide revealed a broad and unimodal peak corresponding to M, =
42000 Da and dispersity = 2.94, i.e., both the molecular weight
and dispersity were higher than in CPA-PVP-IBMB macroini-
tiator. Moreover, 2.15 wt % nitrogen was found in the CPA-PVP-
block-PHEMA copolymer suggesting that it contained 17 wt %
PVP and 83 wt % PHEMA (Table 4). ATR FTIR spectrum of
CPA-PVP-block-PHEMA copolymer (its peaks are marked in
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Table 4. Chemical Properties of CPA-PVP-block-PHEMA Obtained by CPA-PVP-IBMB-Initiated Polymerization of HEMA in
the Presence of MSA and DMSA (CPA-PVP-IBMB/HEMA Ratio = 1/10 w/w)

run CTA* (wt %) C (wt %)
CPA-PVP-block-PHEMA-1 0 55.5
CPA-PVP-block-PHEMA-2 v 54.9
CPA-PVP-block-PHEMA-3 28 54.5

N (wt %) VP’ (wt %) M, (Da) pr¢
22 17 >200 000 ¢
LS 12 23500 1.83
1.1 9 20300 1.85

“CTA, chain transfer agent. "On the basis of nitrogen analysis. ‘Determined from SEC. 4 Dispersity. *Not determined. YDMSA,

dimercaptosuccinic acid.  MSA, mercaptosuccinic acid.

Figure 3) was not only a mix of the spectrum of neat CPA-PVP-
IBMB macroinitiator and of neat HEMA but it was very close to
the spectrum of neat PHEMA (Figure 3). Besides the peaks of
PHEMA at 1721, 1444, 1269, 1152, and 1074 cm ™', the second
maximum at about 1656 cm ™~ observed in the spectrum of CPA-
PVP-block-PHEMA belonged to CPA-PVP-IBMB. This signified
the formation of CPA-PVP-block-PHEMA copolymer.

Several CPA-PVP-IBMB/HEMA ratios were investigated
in the CPA-PVP-IBMB-initiated polymerization of HEMA
(Table 2). With increasing CPA-PVP-IBMB/HEMA ratio from
1/10 to 1/1 (w/w) (Table 2), content of PVP in the CPA-PVP-
block-PHEMA copolymer increased from 17 to 51 wt %. At the
same time, molecular weight of CPA-PVP-block-PHEMA copo-
lymer decreased from 200000 Da to 35000 Da according to
SEC. The high molecular weight of CPA-PVP-block-PHEMA
copolymer was also confirmed by the static light-scattering
analysis.

To control molecular weight of PVP block and/or to incor-
porate additional anchoring groups in the copolymer to bind to
iron oxide, we investigated the CPA-PVP-IBMB-initiated poly-
merization of HEMA in the presence of dimercaptosuccinic acid
(DMSA) or mercaptosuccinic acid (MSA) as a chain-transfer
agent (Table 4). Compared with the polymerization of HEMA in
the absence of a chain-transfer agent (resulting M,, = 42 000 Da),
presence of DMSA or MSA substantially decreased the molec-
ular weight of the resulting copolymer to 23 500 or 20 300 Da,
respectively. According to the elemental analysis, DMSA or MSA
induced the decrease of PVP content in CPA-PVP-block-PHE-
MA from 17 wt % to 12 or 9 wt % as more PHEMA was
introduced in the resulting copolymer (Table 4).

Advantage of DMSA consists in its high affinity toward the
iron oxide surface. The carboxylic acid functionality in CPA-
PVP-IBMB and CPA-PVP-block-PHEMA polymers provides
coordination bond with ferric ions of the iron oxide surface.

Coating of y-Fe,O; Nanoparticles with CPA-PVP-IBMB
Macroinitiator and CPA-PVP-block-PHEMA Copolymer. Mor-
phology of the initial y-Fe,O3 nanoparticles and of the CPA-
PVP-IBMB and CPA-PVP-block-PHEMA-coated nanoparticles
was examined by TEM (Figure 4). The average size and
polydispersity index of initial nanoparticles were D, = 11 nm
and PDI = 1.15, respectively (Figure 4a). As expected, hydro-
dynamic diameter from dynamic light scattering (DLS) was
substantially larger, 125 nm (Table S), because of the greater
effect of large particles on the hydrodynamic size. DLS provided
the z-average of the diameter in water, while TEM gave the
number-average of dry particles. Moreover, DLS provided in-
formation on the hydrodynamic particle size of whole particle
clusters, including polymer coating layers and the magnetic
cores. The particles were negatively charged as documented by
zeta-potential of —27 mV ensuring colloid stability of the
particles.
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Figure 3. ATR FT-IR spectra of y-Fe, O3 nanoparticles before and after
coating with CPA-PVP-block-PHEMA; spectra of PHEMA, HEMA,
CPA-PVP-IBMB, and CPA-PVP-block-PHEMA are shown as a control.

y-Fe,O3 nanoparticles were coated with CPA-PVP-IBMB
macroinitiator by the “grafting-to” approach at several CPA-
PVP-IBMB/y-Fe, 05 ratios ranging from 0 to 2 (w/w). It was
observed in TEM that after the coating the CPA-PVP-IBMB
macroinitiator (CPA-PVP-IBMB/y-Fe,O5 ratio = 2 w/w) has
embedded the 11 nm nanoparticle cores (Figure 4 b). Size of the
CPA-PVP-IBMB-coated y-Fe,O; nanoparticles increased to
19 nm and polydispersity index did not change after the coating
(PDI = 1.13). The CPA-PVP-IBMB shell was clearly discernible
around the y-Fe,O; nanoparticles (Figure 4 b). Hydrodynamic
diameter of the CPA-PVP-IBMB-coated y-Fe,O; nanoparticles
was 196 nm that is appreciably larger than for initial uncoated
nanoparticles. Zeta-potential of the coated nanoparticles (—26 mV)
had the same value as that of uncoated particles, which was
still sufficient for electrostatic stabilization of the particles
(Table 5).

The amount of coating and the content of maghemite in the
particles were calculated from percentage of Fe (obtained by
AAS). Since CPA-PVP-IBMB does not contain Fe, the percen-
tage of Fe may be used for calculating the percentage of y-Fe, 05
of the CPA-PVP-IBMB-coated y-Fe, O3 nanoparticles according
to the following equation: % Fe,O3 = (% Fe X 100)/69.75,
where % Fe was obtained from AAS and 69.75 was the
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Figure 4. TEM micrographs of (a) y-Fe,O3 nanoparticles synthesized by coprecipitation method, (b) CPA-PVP-IBMB-coated y-Fe, O3, (c) CPA-
PVP-block-PHEMA-coated y-Fe,05, and (d) CPA-PVP-IBMB-coated y-Fe,0;/PHEMA.

Table 5. Characteristics of y-Fe,O3; Nanoparticles Coated with CPA-PVP-IBMB Macroinitiator and Polymerization of HEMA by

“Grafting-from” Approach

CPA-PVP-IBMB/ D,*

y-Fe,05 (w/w)  (nm) PDI

y-Fe;0; 11 115
CPA-PVP-IBMB-coated y-Fe,0; 2 19 113
CPA-PVP-IBMB-coated y-Fe,O;/PHEMA 21 1.15

coating (wt %) based on

D,° Z-potential © NG Fe
(nm) (mV) (wt %) (wt%) (wt%) N Fe TGA
125 =27 n.a. n.a. 69.75 n.a. n.a.

196 —26 22 0.2 67.6 2.1 3.1 1.8
652° -25 5.5 0.03 63.3 13.6 9.3 79

“ Number-average particle diameter (according to TEM). ! Polydispersity index. ¢ Hydrodynamic diameter. dNitrogen analysis. ‘ Particle sediment.

percentage of Fe in neat y-Fe,Os. For example, AAS illustrated
that the percentage of Fe was 67.6, thereby the calculated
percentage of y-Fe,O; of the CPA-PVP-IBMB-coated y-Fe, O3
nanoparticles was 96.9 wt %, i.e., percentage of coating was

3.1 wt % from AAS technique and 2.1 wt % according to the
elemental analysis (0.2 wt % N; Table S). The discrepancy could
be caused by errors in the analysis. However, it can be assumed
that the precursor macroinitiator was immobilized on the surface
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Figure 5. TGA thermographs of y-Fe,03;, CPA-PVP-IBMB-coated -
Fe,0;, CPA-PVP-IBMB-coated 7y-Fe,O3/PHEMA, and CPA-PVP-
block-PHEMA-coated y-Fe, O3 nanoparticles.

of y-Fe,O; nanoparticles through physicochemical adsorption,
namely, by the interaction between the y-Fe,O; surface with
carboxyl group and vinylpyrrolidone chain of CPA-PVP-IBMB
macroinitiator.

The CPA-PVP-IBMB content in the nanoparticles was deter-
mined also by thermogravimetric analysis of dried CPA-PVP-
IBMB-coated y-Fe,O; nanoparticles, performed from room
temperature to 800 °C (Figure S). The CPA-PVP-IBMB-coated
y-Fe,03 nanoparticles started losing weight at 150 °C, possibly
because of the starting decomposition of CPA-PVP-IBMB macro-
initiator, which then completely pyrolyzed at 400 °C. Determined
weight loss of 1.8 wt % was roughly in agreement with the
determination of coating from nitrogen analysis and by AAS.

The presence of immobilized CPA-PVP-IBMB macroinitiator
on the surface of the y-Fe, O3 nanoparticles was analyzed by ATR
FT-IR spectroscopy. The infrared spectra of CPA-PVP-IBMB-
coated y-Fe, O3 nanoparticles, neat CPA-PVP-IBMB and neat y-
Fe,O3 were shown in Figure 6. The spectrum of CPA-PVP-
IBMB-coated y-Fe,O3 nanoparticles was very close to the
spectrum of neat y-Fe,O; with additional weak bands at 1422
and 1285 cm ™' coming from CPA-PVP-IBMB macroinitiator
(Figure 6). The small blue shift and broadening of the band
situated in the spectrum of y-Fe,O; at 1602 cm™ ' is most
probably connected with the overlapping with C=0 peak of VP
units in CPA-PVP-IBMB macroinitiator and with its interaction
with y-Fe,O; nanoparticles. ATR FT-IR spectroscopy thus
confirmed that the y-Fe,O; nanoparticles were coated with
CPA-PVP-IBMB macroinitiator.

TEM image of y-Fe,O3 nanoparticles coated by CPA-PVP-
block-PHEMA via “grafting-to” approach revealed that they were
approximately of the same size (19 nm) like CPA-PVP-IBMB-
coated nanoparticles (Figure 4 c). Hydrodynamic diameter of
CPA-PVP-block-PHEMA-coated 7y-Fe,O; nanoparticles was
181 nm as determined by DLS, i.e,, it increased compared with
uncoated y-Fe,O; (Table 6). The increase of the polydispersity
index (PDI = 1.48) and of hydrodynamic diameter in compar-
ison with CPA-PVP-IBMB-coated nanoparticles reflect, in our
opinion, formation of polymer shell around the magnetic core
and clustering of the particles. However, the zeta-potential of
CPA-PVP-block-PHEMA-coated nanoparticles (—28 mV) did
not substantially change from that of neat y-Fe,O; indicating
a good colloidal stability of the sample (Table 6). Moreover,
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Figure 6. ATR FT-IR spectra of y-Fe,O3 nanoparticles before and after
coating with CPA-PVP-IBMB macroinitiator (CPA-PVP-IBMB/y-
Fe,O; ratio = 2 w/w).

0.2 wt % nitrogen and 62.7 wt % Fe were determined by elemental
analysis and AAS, respectively, suggesting that 10.2 and 10.1 wt %
coating was on the surface of the particles (Table ). The amount
of coating according to the thermogravimetric analysis of CPA-
PVP-block-PHEMA-coated nanoparticles was only slightly higher
(11.6 wt %). Three independent techniques revealed thus with a
high accuracy the enhancement of the amount of the coating due to
the increase of molecular weight of the immobilized CPA-PVP-
block-PHEMA molecules (Table 6).

If the FT-IR spectrum of neat y-Fe, O3 was compared with the
spectrum of CPA-PVP-block-PHEMA-coated y-Fe,0;, some
additional peaks ascribed to CPA-PVP-block-PHEMA were ob-
served (Figure 3). The spectrum was flat in the region of O—H
and C—H stretching vibrations which may be connected with
hydrogen bonding leading to the broadening and decreasing of
the absorption in the region of O—H and C—H vibrations. It can
be thus concluded that coating of y-Fe,O3 with CPA-PVP-block-
PHEMA copolymer was achieved.

More than two times higher packing density on y-Fe,O;
nanoparticles was provided by CPA-PVP-IBMB macroinitiator
than by CPA-PVP-block-PHEMA copolymer (Table 7) due to
large number of CPA-PVP-IBMB chains occupying the same
nanoparticle surface; overlapping polymer chains then enhanced
the packing density. CPA-PVP-block-PHEMA copolymer thus
occupied larger surface area and number of chains on one particle
was lower compared with the macroinitiator.

Surface-Initiated Polymerization of HEMA on CPA-PVP-
IBMB-Coated y-Fe,05 Nanoparticles. Macromolecular radicals
from CPA-PVP-IBMB macroinitiator attached to the surface of
y-Fe,O3 nanoparticles were used to initiate polymerization of
HEMA providing functionalization by “grafting-from” approach.
The resulting CPA-PVP-IBMB-coated y-Fe,O3;/PHEMA parti-
cles were obtained at CPA-PVP-IBMB/y-Fe,O5 ratio = 2 (w/w).
TEM of CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles
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Table 6. Characteristics of y-Fe,O3 Nanoparticles Coated with CPA-PVP-block-PHEMA by “Grafting-to” Approach

CPA-PVP-block-PHEMA/ D,*
y-Fe;05 (w/w) (nm)

7-Fe, O3 11
CPA-PVP-block-PHEMA®-coated y-Fe, 05 2 19

coating (wt %) based on

Dy Z-potential C N? Fe

(nm)  (mV)  (wt%) (wt%) (wt%) N Fe TGA
168 —27 n.a. n.a. 69.75 n.a. n.a.
181 —28 7.4 0.2 62.7 10.2 10.1 11.6

* Number-average particle diameter (according to TEM). b Polydispersity index. “ Hydrodynamic diameter. dNitrogen analysis. “2.15 wt % nitrogen in

neat CPA-PVP-block-PHEMA.

Table 7. Characteristics of Particle Surface Area Modified by “Grafting-to” Approach

D,  polymer coating M, polymer

(nm) (wt %) (kDa)
CPA-PVP-IBMB-coated y-Fe,O; 19 2.1 17
CPA-PVP-block-PHEMA-coated y-Fe,O; 21 10.2 200

content of  particle surface  no. of polymer  surface area covered by
polymer (mol)  area (nm?)  chains per particle 1 molecule (nm?)
226% 1077 1134 136 83
126 x 107 1385 7.6 182

y-Fe,0,
'S | CPA-PVP-IBMB-y-Fe,0, 1
8 1450:
8 V\m r\1\2
S |CPA-PVE-BMB.y-Fe,0 /PHENIA N
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Figure 7. ATR FT-IR spectra of CPA-PVP-IBMB-coated y-Fe,O;
nanoparticles before and after polymerization of HEMA; spectra of neat
CPA-PVP-IBMB macroinitiator, PHEMA, and neat y-Fe, O3 are shown
as a control.

(Figure 4 d) revealed particle size ~ 21 nm with polydispersity
characterized by PDI = 1.15. Both values did not substantially
differ from CPA-PVP-IBMB-coated y-Fe,O; and CPA-PVP-
block-PHEMA-coated y-Fe,O; nanoparticles. Hydrodynamic
diameter of the particles determined by DLS was 652 nm
suggesting both the increased chain length and its stretching in
the medium as a result of high packing density of CPA-PVP-
IBMB on the particle surface (Table 5). An amount of the
polymer coating was very close to the value determined for the
nanoparticles coated with block copolymers via “grafting-to”
approach as < 0.05 wt % of nitrogen and 63.3 wt % of Fe
(Table S) were found by elemental analysis and AAS, indicating
that the amount of coating was 13.6 and 9.3 wt %, respectively.

Figure 8. Light micrographs of (a) fetal bovine serum opsonized CPA-
PVP-IBMB-coated y-Fe,O;/PHEMA nanoparticles phagocytosed by
the murine macrophages J774.2 (0.02S wt % nanoparticles in medium)
and (b) native macrophages J774.2 (control).

The polymer content in CPA-PVP-IBMB-coated y-Fe,O3/
PHEMA nanoparticles according to thermogravimetric analysis
(Figure S) was only slightly lower (7.9 wt %). The infrared
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Figure 9. Light micrographs of (a) magnetically separated murine
macrophages J774.2 that engulfed fetal bovine serum opsonized CPA-
PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles and (b) single
macrophages J774.2 left in the culture medium after the magnetic
separation. The macrophages were incubated in presence of the
nanoparticles (0.025 wt %) for 24 h and then subjected to Dynal
MPCTM-1 magnet.

spectrum of CPA-PVP-IBMB-coated y-Fe,O3;/PHEMA was
compared with that of neat y-Fe,O;, CPA-PVP-IBMA-coated
particles and starting polymers (Figure 7). The spectrum of
CPA-PVP-IBMB-coated y-Fe,O; (Figure 7) changed after the
polymerization of HEMA. The most important peaks of PHEMA
at 2947, 1716, 1450, 1389, 1246, 1152, and 1072 cm ™' were well-
detected in the spectrum of CPA-PVP-IBMB-coated y-Fe, 03/
PHEMA.

Phagocytosis of CPA-PVP-IBMB-coated y-Fe,O3/PHEMA
Nanoparticles by the Macrophages. Superparamagnetic CPA-
PVP-IBMB-coated y-Fe,O3;/PHEMA nanoparticles were se-
lected for the biological experiments, because they are expected
to have relatively high packing density (similarly as CPA-PVP-
IBMB-coated y-Fe, 05 particles) compared with CPA-PVP-block-
PHEMA-coated y-Fe,O; nanoparticles. CPA-PVP-IBMB-coated
y-Fe,O3/PHEMA and neat y-Fe,O3 nanoparticles were com-
pared in terms of in vitro targeting to murine monocytes/
macrophages J774.2. The CPA-PVP-IBMB-coated y-Fe,O;/
PHEMA nanoparticles were first opsonized with fetal bovine
serum proteins to facilitate their recognition by the phagocytic

100 pm
—

100 pm
[——

Figure 10. Fluorescence micrographs of acridine orange-stained (a)
magnetically separated murine macrophages J774.2 that engulfed the
fetal bovine serum opsonized CPA-PVP-IBMB-coated y-Fe,O;/PHE-
MA nanoparticles and (b) single macrophages J774.2 left in the culture
medium after the magnetic separation. The macrophages were incu-
bated in presence of the nanoparticles (0.025 wt %) for 24 h and then
subjected to the Dynal MPCTM-1 magnet.

cells. Both types of the nanoparticles were relatively nontoxic for
cultured murine L1210 cells. Since the superparamagnetic CPA-
PVP-IBMB-coated y-Fe,O3;/PHEMA nanoparticles were loca-
lized inside the macrophages (Figure 8a), the Dynal MPCTM-1
magnet separated the cells with engulfed nanoparticles from the
particle-free cells (Figures 9 and 10). While magnetically sepa-
rated macrophages contained many magnetic CPA-PVP-IBMB-
coated y-Fe,O3/PHEMA particles (Figure 9a), y-Fe,O3; was
absent in the cells remaining in the medium after the separation
(Figure 9 b). Fluorescence microscopy confirmed that dominat-
ing part of the macrophages expressed their phagocytic activity
and engulfed the protein-opsonized superparamagnetic CPA-
PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles (Figure 10).
Maximal uptake of the particles was observed after 24 h incuba-
tion (time dependence of the uptake is not presented). It should
be noted that neat y-Fe, O3 nanoparticles were not only engulfed
by the targeted macrophages but they activated them. In contrast,
protein opsonized CPA-PVP-IBMB-coated y-Fe,O3/PHEMA
nanoparticles were engulfed by the macrophages not activating
them (Figure 11). This was observed in fluorescence microscope
after cell staining with acridine orange which is a lysosomotropic
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Figure 11. Fluorescence micrographs of murine macrophages of J774.2
treated with (a) neat y-Fe,O3 nanoparticles and (b) fetal bovine serum
opsonized CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nanoparticles.
Cells were stained with acridine orange and Hoechst 33342. Red
fluorescence seen distinctly only in cells that engulfed neat y-Fe,O5
nanoparticles (a) is caused by the lysosomal activation. Blue fluores-
cence (Hoechst 33342) indicates nuclear chromatin in the cells.

weakly basic amino dye.”>”®” In its stacked form, i.., within
lysosomes, acridine orange emits red fluorescence, whereas in
the nuclei at neutral pH, it emits yellow-green. Activation of
macrophages during the engulfment of foreign extracellular
material is accompanied by an increase in the activity of
digestive vacuoles, and thus, should cause red fluorescence
shift due to accumulation of the dye in lysosomes.

The red fluorescence was intensified in most macrophages
treated with neat y-Fe,O3 nanoparticles, while only faint red
fluorescence was expressed in single macrophages treated with
the opsonized CPA-PVP-IBMB-coated y-Fe,O3/PHEMA nano-
particles (Figure 11). The opsonized nanoparticles looked thus
to be more native for the macrophages compared with the neat y-
Fe,O; nanoparticles. It is known that red fluorescence is
characteristic for active lysosomal compartments which
participate in the intracellular processing of the engulfed
particles (microorganisms, viruses, damaged cells and foreign

macromolecules). Staining of cells with Hoechst 33342 al-
lowed discriminating the nuclear material from the cytosolic one
and demonstrated thus that red fluorescence was present only in
the cytosolic area, where the lysosomes were located in cells.
The CPA-PVP-IBMB-PHEMA chains which easily con-
jugated proteins, made thus the CPA-PVP-IBMB-coated
y-Fe,O3/PHEMA nanoparticles more native for the macro-
phages. Although the CPA-PVP-IBMB-coated y-Fe,O3/PHE-
MA nanoparticles were actively engulfed by the macrophages, the
cells were not activated during phagocytosis. This fact is im-
portant if the newly developed superparamagnetic nanoparticles
are engulfed by other cell types; such cells can be magnetically
separated without a danger of adverse biochemical changes.

B CONCLUSIONS

Two different approaches of functionalization of superpara-
magnetic y-Fe,O; nanoparticles were developed: “grafting-to”
and “grafting-from” the particle surface using new heterotele-
chelic PVP peroxide with anchoring carboxyl group. First ap-
proach consisted in physicochemical adsorption of CPA-PVP-
IBMB macroinitiator (M,, &~ 17000 Da) or CPA-PVP-block-
PHEMA copolymer of high molecular weight (35 000 up to
>200 000 Da) on y-Fe,Oj surface using carboxyl end-group of
heterotelechelic PVP peroxide. These nanoparticles did not
substantially change D, size from the uncoated particles. How-
ever, polydispersity of CPA-PVP-block-PHEMA-coated particles
increased probably due to interactions of hydroxyl groups of the
graft copolymer with the iron oxide surface. “Grafting-to”
approach increased hydrodynamic size Dy, to 180—200 nm (Dy,
of initial uncoated particles was 125 nm). Presence of coating on
the particles was also confirmed by four independent techniques
(FT-IR, TGA, AAS and elemental analysis). Coating of y-Fe,05
nanoparticles with CPA-PVP-IBMB lead to nanoparticles with
compactly dense polymer shell. Second, “grafting-from”, ap-
proach involved initiation of polymerization of HEMA from
the surface of CPA-PVP-IBMB-coated y-Fe,O; nanoparticles.
This hydrodynamic diameter increased to 650 nm because of the
increase of the length of chains attached to the particle surface
and chain stretching in the medium.

Finally, superparamagnetic CPA-PVP-IBMB-coated y-Fe, 05/
PHEMA nanoparticles were tested for phagocytosis by the
macrophages and their subsequent magnetic separation. No
irritation of living cells was observed and highly efficient engulf-
ment of nanoparticles was confirmed. Magnetic separation of
cells with engulfed CPA-PVP-IBMB-coated y-Fe,O;/PHEMA
nanoparticles was easy and fast. Chemical properties of the
heterotelechelic poly(N-vinylpyrrolidone) peroxide coating on
the particle surface provide additional opportunity to attach
different targeting and labeling molecules of potential biomedical
significance, e.g., antibodies and lectins.
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