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A B S T R A C T

Natural antioxidants, such as epigallocatechin-3-gallate and related phenolic compounds from tea, enhance
particle cell-interactions and cellular uptake. In this study, surface of superparamagnetic iron oxide nano-
particles prepared by co-precipitation of Fe chlorides was modified with silica, polyethylenimine, poly(ethylene
glycol), and poly(L-lysine) to protect the iron oxide core from redox-reactions with phenols, enhance uptake by
the cells, prevent the particle aggregation, or enable conjugation with several phenol-based antioxidants. To
reveal the relation between the particle uptake and chemical structure of the phenolic antioxidants, five of them
were selected, namely phenol, phloroglucinol, chlorogenic, gallic, and tannic acid. After incubation of the
phenol-modified nanoparticles with U87MG human glioma cells, intracellular levels of the reactive oxygen
species were reduced in a similar manner, as measured by flow cytometry. Colorimetric iron assay revealed a
comparable level of cell-associated particles, which was mostly independent on the applied external magnetic
field. The results suggest that the poly(L-lysine)-based coating is responsible for the antioxidant effects of the
particles; the phenol- and poly(L-lysine)-coatings enable effective colloidal stability in aqueous media and en-
hance cellular internalization of the nanoparticles.

1. Introduction

Investigation of radical scavengers in autoimmune or cardiovascular
diseases becomes a promising research strategy replacing treatment
with antioxidants during cancer chemotherapy, ineffectiveness and/or
harmfulness of which has been proven [1–3]. Traditional antioxidants,
such as vitamins, find fewer applications and new classes of natural
compounds are emerging, among which is one of the most promising
group of polyphenolic antioxidants, namely flavonoids, possessing pro-
apoptotic [4], anti-proliferative [5], and anti-angiogenesis bioactivity
[6]. Moreover, some, but not all phenolic antioxidants increase cellular
uptake of the nanoparticles, suggesting that antioxidant activity may
not be required for the enhancement of particle internalization [7].

To perform targeted delivery of the antioxidative compounds, a vast
spectrum of carriers can be chosen, among which magnetic core/shell
nanoparticles are the one that can be easily separated by a magnet or
viewed by magnetic resonance imaging (MRI) as a contrast agent [8,9].
Magnetic nanoparticles are mostly prepared from iron salts by their co-
precipitation with an alkali. The key role is played by surface char-
acteristics of the particles in terms of their good colloidal stability in

physiological media, biocompatibility (non-toxicity), and presence of
reactive groups for prospective attachment of biomolecules, such as
peptides, proteins, drugs, antioxidant agents, etc. Antioxidants of phe-
nolic nature are well-known for their complex formation with iron ions,
thus their direct contact with the iron oxide core should be prevented to
avoid unwanted interactions [10,11]. Coating with organic and/or in-
organic polymers, that are bioinert and at the same time can specifically
bind a target biomolecules, is thus of primary importance. Examples of
such coatings include silica, titania, poly(ethylene glycol), poly(N,N-
dimethylacrylamide), poly(N-vinylpyrrolidone), polyethylenimine,
carbohydrates (e.g., D-mannose or dextran), and poly(amino acids)
[12–15]. Excellent particle internalization by the cells was achieved
with maghemite (γ-Fe2O3) nanoparticles coated with poly(L-lysine)
(PLL) [16,17]. PLL is a polypeptide composed of L-lysine amino acids
linked by peptide bonds formed with amino group at α-carbon, which
provides interesting properties, such as excellent hydrophilicity, bio-
compatibility, and biodegradability. PLL-coated surfaces support ad-
hesion of cells [18], nucleic acids [19], peptides [20], and enzymes
[21]. Our recent study demonstrated that PLL coating of γ-Fe2O3 na-
noparticles interacted with heparan sulfate proteoglycan on the cell
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surface, as the first step of the particle internalization by tumor cells
[17]. In addition, epigallocatechin-3-gallate (EGCG), a tea catechin,
attenuated internalization of PLL-coated γ-Fe2O3 nanoparticles, but
greatly enhanced magnetic sensitivity of particle internalization by
glioma cells. Deep understanding of this phenomenon gives possibility
to develop new biologically active coating agents with improved se-
lectivity and biocompatibility.

To investigate the mechanism of enhanced cellular uptake of PLL-
coated particles in the presence of EGCG, PLL was chemically modified
with selected phenolic compounds. As EGCG contains eight hydroxyls,
including six vicinal ones, it is interesting to determine which of them
triggered the mechanism of the cellular uptake. Consequently, PLL was
modified with phenols containing single hydroxyl (phenol), two vicinal
hydroxyls (chlorogenic acid), three hydroxyls (phloroglucinol), three
vicinal hydroxyls (gallic acid), and polyphenol with vicinal hydroxyls
(tannic acid). U87MG cells were used as a model system to study the
particle-cell interactions to provide important information regarding
applicability of the particles as a potential carrier in theranostics. Our
studies demonstrated a dominant role of PLL as the antioxidant coating
in nanoparticle internalization by the glioma cells.

2. Experimental

2.1. Materials

N-hydroxysuccinimide-activated methoxypoly(ethylene glycol)
(PEG-NHS; Mw=2 kDa) was purchased from Rapp Polymere
(Tuebingen, Germany). poly(L-lysine) hydrobromide (PLL;
Mw=10 kDa), branched polyethylenimine (PEI; Mw=800 Da), 1,4-
aminobenzoic acid (99%), di-tert-butyl dicarbonate (99%), N,N′-dicy-
clohexylcarbodiimide (DCC; 99%), N-hydroxysuccinimide (NHS), tri-
fluoroacetic acid (99%), tetramethyl orthosilicate (TMOS; 99%), 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA; 98%), Folin-Ciocalteu
(FC) reagent, phenol (99%), phloroglucinol (99%), chlorogenic acid
(95%), tannic acid, gallic acid (98%), 2,2-diphenyl-1-picrylhydrazyl
(DPPH, 95%), sodium hydroxide (98%), sodium hydride (60% disper-
sion in mineral oil), dimethyl sulfoxide (DMSO; 99.9%), fetal bovine
serum (FBS), and the components for phosphate buffered saline (PBS)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as
received. Methanol (MeOH; (99%), ethanol for UV spectroscopy (96%),
acetone (98%), 2-propanol (98%), urea, sodium nitrite, sodium hy-
droxide, HCl (35%), P2O5 (98%), NaHCO3 (99%), Na2CO3 (99%),
CH2Cl2 (99%), triethylamine (98%), tetrahydrofuran (THF; 99%) and
1,4-dioxane (99%) were purchased from Lach-Ner (Neratovice, Czech
Republic) and used as received. Minimum essential medium (MEM) and
trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA) were pur-
chased from Gibco BRL (Grand Island, NY, USA). Penicillin/strepto-
mycin/amphotericin was purchased from Upstate Biotechnology (Lake
Placid, NY, USA). Dextran-coated magnetic nanoparticles (nanomag®-D
COOH; 250 nm) were purchased from Micromod Partikeltechnologie
GmbH (Rostock, Germany). Chloromethyl derivative of 2′,7′-di-
chlorodihydrofluorescein diacetate (CM-H2DCFDA) was purchased
from Molecule Probe (Waltham, MA, USA). Triethylamine and THF
were dried before use with NaOH and NaH, respectively, and distilled.
Dialysis membrane (3.5 and 14 kDa) was from Spectrum Labs (Rancho
Dominguez, CA, USA). All aqueous solutions were prepared from ul-
trapure Q-water ultrafiltered on a Milli-Q Gradient A10 apparatus
(Millipore; Molsheim, France).

2.2. Preparation of phenol-modified poly(L-lysine) (PPLL)

Modification of poly(L-lysine) with phenolic compounds was done
according to scheme on Fig. 1.

2.2.1. Synthesis of 4-[(tert-butoxycarbonyl)amino]benzoic acid (1)
To protect amino groups, 1,4-aminobenzoic acid (21.9 mmol) was

dissolved in 1,4-dioxane (50mL) with stirring (700 rpm). Water
(25mL), triethylamine (43.8 mmol), and di-tert-butyl dicarbonate
(43.8 mmol) were added and the mixture was stirred at room tem-
perature (RT) for 24 h. The reaction mixture was concentrated to 50%
of initial volume using a rotary vacuum evaporator at 35 °C and 10%
HCl (30mL) was added dropwise. Obtained precipitate was filtered,
washed with water three times (20mL each), and vacuum-dried with
P2O5 for 6 h. Resulting 4-[(tert-butoxycarbonyl)amino]benzoic acid was
purified by recrystallization from MeOH; yield: 90%. 1H NMR and ATR
FTIR data, which are shown in Supplementary material (SM), agreed
with earlier published results [22].

2.2.2. Synthesis of N-hydroxysuccinimido-4-[(tert-butoxycarbonyl)amino]
benzoate (1a)

Compound 1 (12.7 mmol) and NHS (12.7mmol) were dissolved in
dry THF (50mL), the mixture was cooled in an ice bath, and solution of
DCC (12.7mmol) in dry THF (15mL) was dropwise added with stirring
(700 rpm). The mixture was stirred at RT for 12 h, filtered, and THF was
removed from the filtrate at 35 °C using a rotary vacuum evaporator.
Finally, compound 1a was recrystallized from CH2Cl2 in a dry ice bath;
yield: 89%. 1H NMR and ATR FTIR data, which are shown in SM, were
in agreement with earlier published results [23].

2.2.3. Synthesis of poly(L-lysine)-aminobenzoate (2b)
PLL (90mg) was dissolved in DMSO (5mL), aqueous NaHCO3

(85 μmol) solution (0.4 mL) was added, and the mixture was stirred at
RT for 15min. DMSO solution (1mL) of 1a (43 μmol) was added with
stirring (700 rpm) for 4 h, the mixture was poured into acetone and
modified poly(L-lysine) (2a) was precipitated, separated by filtration,
and washed with acetone three times (5mL each). To remove Boc
protecting group, compound 2a was dissolved in a mixture of water and
trifluoroacetic acid (1:1 v/v, 6mL) and the solution was stirred for
2.5 h. Finally, pH of the mixture was adjusted to 7 using Na2CO3, poly
(L-lysine)-aminobenzoate (2b) solution was dialyzed against water for
48 h using 3.5 kDa membrane, and freeze-dried. 1H NMR and ATR FTIR
data of compounds 2a, b are shown in SM.

2.2.4. Synthesis of phenol-modified poly(L-lysine) (PPLL)
Compound 2b (20mg) was dissolved in 4M HCl (3mL), while so-

dium nitrite (1.9 mg; 28 μmol) and urea (3mg; 50 μmol) were dissolved
in water (1mL each) at 0 °C. Sodium nitrite solution was added to so-
lution of 2b at 0 °C with stirring (700 rpm), urea solution was added
after 10min, and the mixture was stirred for 5min. Solution of phenol,
phloroglucinol, chlorogenic acid, or gallic acid (35 μmol each) or tannic
acid (3.5 μmol) in 4M NaOH (2.8mL) cooled to 0 °C was added and the
mixture was stirred for 2 h. Finally, pH of the mixture was adjusted to 7
using Na2CO3. Phenol (I)-, chlorogenic acid (II)-, phloroglucinol (III)-,
gallic acid (IV)-, or tannic acid-modified PLL (V) was dialyzed against
water for 48 h using 3.5 kDa membrane and freeze-dried. 1H NMR and
ATR FTIR data of PPLL-I-V are shown in SM.

To analyze amount of phenols in PPLL, phenolic compound, corre-
sponding aqueous PPLL solution or water (blank; 20 µL each), Folin-
Ciocalteu reagent (100 µL), and water (1.58 mL) were mixed in separate
cuvettes. After 2.5min, saturated sodium carbonate solution (300 µL)
was added with shaking, the cuvettes were left at RT for 1 h in dark, and
absorbance was determined using a Specord® 250 Plus UV–Vis spec-
trometer (Jena, Germany) at 765 nm. Amount of phenols in PLL was
determined from a calibration curve against the blank.

2.3. Magnetic particle modification

2.3.1. Coating of γ-Fe2O3 nanoparticles with silica and introduction of
methacrylate groups

Surface modification of maghemite (γ-Fe2O3) nanoparticles is
schematically shown on Fig. 2. Starting γ-Fe2O3 particles were obtained
by modification of an earlier described procedure [24]. Dispersion of γ-

V. Patsula et al. Journal of Magnetism and Magnetic Materials 473 (2019) 517–526

518



Fe2O3 nanoparticles (350mg) in water (10mL) was mixed with 2-
propanol (33mL), aqueous 0.03M NaOH (8mL) was added, the mix-
ture was heated to 60 °C, and TMOS (70mg) was added with stirring
(700 rpm) for 14 h. Resulting γ-Fe2O3@SiO2 particles were washed with
water five times (70mL each) using magnetic separation and sonication
(W-385 Heat Systems-Ultrasonics; Farmingdale, NY, USA) at 30%
output and 50% duty cycle for 5min.

γ-Fe2O3@SiO2 particles were then modified with TMSPMA. The γ-
Fe2O3@SiO2 particles (400mg) were dispersed in water (19mL), 2-
propanol (66mL) and aqueous 0.03M NaOH (15mL) were added, the
mixture was purged with argon, and TMSPMA (100mg) was added
with stirring (700 rpm) at RT for 14 h. Resulting γ-Fe2O3@SiO2-MA
particles were washed with water seven times (70mL each) with
magnetic separation until pH=8.5, redispersed in water (65mL), the

Fig. 1. Modification of poly(L-lysine) with phenolic substances. DCC – N,N′-dicyclohexylcarbodiimide; PLL – poly(L-lysine); 1 – 4-[(tert-butoxycarbonyl)amino]
benzoic acid; 1a – N-hydroxysuccinimido-4-[(tert-butoxycarbonyl)amino]benzoate; 2a – 4-[(tert-butoxycarbonyl)amino]benzoate of poly(L-lysine); 2b – poly(L-ly-
sine)-aminobenzoate; PPLL-I-V – poly(L-lysine) modified with phenol, phloroglucinol, chlorogenic acid, gallic acid, and tannic acid, respectively.
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dispersion purged with argon, and sonicated for 5min.

2.3.2. Coating with polyethylenimine
PEI (289mg) was dissolved in water (4 mL), pH was adjusted to 9 by

the addition of 35% HCl, and the solution was added to aqueous dis-
persion (19mL) of γ-Fe2O3@SiO2-MA nanoparticles (6 mg/mL) with
sonication for 2min (Hielscher UP200S ultrasonic processor; 30%
power). The mixture was purged with argon for 15min and heated to
70 °C for 18 h with stirring (700 rpm). Finally, γ-Fe2O3@SiO2-PEI par-
ticles were washed with water six times (30mL each) until pH=7.5
and separated by centrifugation (6000 rpm).

2.3.3. Coating with PEG
Aqueous PEG-NHS (45mg) solution (1mL) was added to aqueous γ-

Fe2O3@SiO2-PEI (45mg) dispersion (6.5 mL) with sonication for 30 s
(Hielscher UP200S ultrasonic processor; 30% power) and the mixture
was stirred (500 rpm) at RT for 18 h. To remove unreacted PEG, the
dispersion was dialyzed against water for 48 h using 14 kDa membrane.
Resulting particles were denoted as γ-Fe2O3@SiO2-PEI-PEG.

2.3.4. Coating with PLL and PPLL
An aqueous PLL or PPLL solution (0.187mg/mL; 3.21mL) was

dropwise added to a stock aqueous γ-Fe2O3@SiO2-PEI-PEG dispersion
(5.6 mg/mL; 11.78mL) under sonication (Hielscher UP200S ultrasonic
processor; 30% power) in an ice-cool bath. After addition of PLL or
PPLL solution, the dispersion was sonicated at 0 °C for 3min. The re-
sulting γ-Fe2O3@SiO2-PEI-PEG-PPLL-I-V colloid (shortly denoted as γ-
Fe2O3@PPLL-I-V) had concentration 4.4mg of particles per mL.

2.4. Characterization methods

Nanoparticles were observed in a Tecnai Spirit G2 transmission
electron microscope (TEM; FEI; Brno, Czech Republic). Number-
average diameter (Dn), weight-average diameter (Dw), and dispersity
(Ð= Dw/Dn) were calculated using Atlas software (Tescan Digital
Microscopy Imaging; Brno, Czech Republic) by statistical evaluation of
300 particles from TEM micrographs. Hydrodynamic diameter (Dh) and
ζ-potential were determined by dynamic light scattering (DLS) using a
Nano-ZS Zetasizer ZEN3600 Model (Malvern Instruments, UK). To in-
vestigate the effect of ionic strength and pH on the ζ-potential, the
particle dispersion (4.4 mg/mL; 50 μL) was diluted with aqueous NaCl
solution (1mL) of different concentrations and phosphate buffer of
various pH, respectively. Relative inorganic contents were determined
using a Perkin Elmer TGA 7 Thermogravimetric Analyzer (Norwalk, CT,
USA). Surface-modified γ-Fe2O3 nanoparticles were heated in air from
RT to 800 °C at 10 °C/min. ATR FTIR spectra were obtained on a Perkin-
Elmer Paragon 1000PC spectrometer (Waltham, MA, USA) using a
Specac MKII Golden Gate single-attenuated total reflection (ATR)
system with a diamond crystal and the angle of incidence 45°.

1H NMR spectra were recorded with a Bruker Avance III 600 spec-
trometer in deuterated DMSO with hexamethyldisiloxane internal
standard (0.05 ppm). The width of 90° pulse was 10 μs, relaxation delay
10 s, acquisition time 2.18 s, 16–250 scans.

2.5. Cell culture

Human glioma cells U87MG were supplied by Food Industry
Research and Development Institute (Hsinchu, Taiwan), cultured in
minimal essential medium supplemented with 10% FBS and 1% peni-
cillin/streptomycin/amphotericin at 37 °C in an incubator under 5%
CO2 atmosphere and subcultured every 3–4 days.

2.5.1. Colorimetric iron assay
U87MG cells were cultured in a 24-well culture plate until 80–90%

confluence and incubated with γ-Fe2O3@PLL or γ-Fe2O3@PPLL nano-
particles (100 μg/mL) for 3 h in the absence (Mag−) or presence (Mag
+) of the NdFeB magnet underneath the cells. Magnetic field was ap-
plied for 5min after addition of nanoparticles to ensure their sedi-
mentation [25]. The cells were then trypsinized and treated with 10%
hydrochloric acid at 55 °C for 4 h, which was followed by addition of
ammonium persulfate (1 mg/mL) and 1M KSCN. The amount of iron
was determined using a Victor 3 Multilabel Plate Reader (PerkinElmer;
Waltham, MA, USA) at 490 nm; content of cell-associated magnetic
nanoparticles was determined using a calibration curve.

2.5.2. Flow cytometry
U87MG cells were co-incubated with γ-Fe2O3@PLL or γ-Fe2O3@

PPLL nanoparticles (100 μg/mL) at 37 °C for 3 h, washed twice with
PBS, incubated with 6 μM CM-H2DCFDA for 1 h, and subjected to a
FACSCalibur flow cytometer (Becton Dickenson; Mississauga, CA, USA)
with a 488mm laser. Absorbance was detected at 535 nm to quantita-
tively analyze intracellular reactive oxygen species (ROS) signal (FL-1).
The side scatter height (SSC-H) and forward scatter height (FSC-H)
indicated cellular complexity and cell volume, respectively. For in-
tracellular ROS analysis, the FL-1 signal gate was set between 5 and
6250 to exclude the background signals.

2.5.3. Cytotoxicity determination
The cytotoxicity of the particles was determined using a WST-8

assay (CCK-8 kit, Sigma-Aldrich) according to manufacturer’s instruc-
tion. Briefly, U87MG cells were cultured in a 24-well plate until
80–90% confluence, followed by incubation with 100 μg/mL of parti-
cles with or without the magnet underneath. After 3 or 24 h of in-
cubation, cells were washed with PBS twice and incubated with CCK-8-
containing medium (10%) for additional 1 h. Absorbance of the su-
pernatant from each sample was measured (VICTOR3 Multilabel Plate
Reader; PerkinElmer; Waltham, MA, USA) at 450 nm to calculate per-
centage of viability.

3. Results and discussion

3.1. Phenol-modified PLL (PPLL)

Due to an increased electron density at aromatic ring, phenolic
substances are well-known to easily undergo electrophilic substitution
to covalently bind PLL via azo-coupling reaction (Fig. 1). At the be-
ginning, 4-[(tert-butoxycarbonyl)amino]benzoic acid (1) was prepared
by reaction of 1,4-aminobenzoic acid with di-tert-butyl dicarbonate and

Fig. 2. Functionalization of γ-Fe2O3 nanoparticle surface with silica, polyethyleneimine (PEI), poly(ethylene glycol) (PEG), poly(L-lysine) (PLL), and/or phenol-
modified PLL. TMOS – tetramethyl orthosilicate, TMSPMA – 3-(trimethoxysilyl)propyl methacrylate.
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converted to 1a via coupling with NHS in the presence of DCC. Com-
pound 1a was then reacted with PLL and protecting t-Boc group was
removed by treatment with trifluoroacetic acid, resulting in aromatic
amine-modified PLL (2b). 4-Aminobenzoic acid was incorporated in
PLL structure due to ability of its aromatic amino groups to form more
stable diazonium ions than aliphatic amino groups of L-lysine. Ac-
cording to 1H NMR (data not shown), degree of functionalization of PLL
with aminobenzoic acid was 11mol.%. Finally, compound 2b was
converted into PLL diazonium salt by reaction with sodium nitrite in the
presence of HCl. Formed diazonium ion is a strong electrophile, easily
reacting with electron-rich substrates, such as phenols. After addition of
phenolic compound to the reaction mixture containing diazonium salt
of PLL, the mixture changed color to yellow (phenol) or brown (all
other phenolic compounds). The resulting phenol-, chlorogenic acid-,
phloroglucinol-, gallic acid-, and tannic acid-containing PLLs were de-
noted as PPLL-I-V. The chemical structure was confirmed by ATR-FTIR
and 1H NMR spectroscopies. Content of phenolic compounds reached
0.24, 0.72, 1.41, 0.5, and 0.11 μmol/mg in PPLL-I-V, respectively, as
determined using Folin-Ciocalteu reagent and UV–Vis spectroscopy.
Various amounts of bound phenols were attributed to their different
reactivity. In particular, phloroglucinol has three hydroxyls, oxygen of
each provides one electron pair to benzene ring, producing more elec-
tron-rich structure than phenols with one or two hydroxyls. As a result,
phloroglucinol was more reactive during electrophilic substitution than
chlorogenic acid and phenol, yielding higher conversion. Gallic acid
with its electron-withdrawing carboxyl group and decreased electron
density in the aromatic ring exhibited also reduced reactivity during
azo-coupling with compound 2b and lower conversion compared to
that of phloroglucinol. Concentration of tannic acid, which forms in-
soluble complexes with proteins via hydrogen bonds [26], had to be
kept< 1.25 μmol/mL to avoid precipitation.

3.2. Coating of γ-Fe2O3 nanoparticles with silica, PEI, PEG, and PPLL

Starting superparamagnetic γ-Fe2O3 core nanoparticles were ob-
tained by an aqueous co-precipitation of Fe(II) and Fe(III) chlorides
with ammonia and oxidation with hydrogen peroxide [24]. Mor-
phology, including the particle size and its distribution, were analyzed
by TEM (Fig. 3A). Number-average particle diameter Dn amounted to
12 nm with a dispersity Ð=1.34, characterizing moderate width of the

particle size distribution. In contrast, hydrodynamic diameter Dh was
68 nm, suggesting that the nanoparticles may form weak associates in
water due to magnetic attractions (Table 1).

3.2.1. γ-Fe2O3@SiO2 and γ-Fe2O3@SiO2-MA nanoparticles
Surface of the γ-Fe2O3 nanoparticles has to be protected from un-

desirable interactions with phenolic compounds, which can form
complexes with Fe ions [27]. In this report, γ-Fe2O3 surface was firstly
coated with biocompatible hydrophilic silica using TMOS in alkaline
medium, which was followed by introduction of methacrylate groups
with TMSPMA (Fig. 2); resulting particles were denoted as γ-Fe2O3@
SiO2-MA. Their Dn (15 nm; Table 1) was higher than that of uncoated
particles, which proved the successful coating with silica. Infrared
spectrum of the γ-Fe2O3@SiO2-MA exhibited two peaks at 934 and
1014 cm−1 attributed to νd(SieOH) and νas(SieOeSi) vibrations, re-
spectively (Fig. SM1). Bands at 1123, 1314 and 1420 cm−1 were as-
signed to ν(CeO), νd(CeH), and νd(CH3) vibrations, respectively. Sig-
nals at 1632 and 1721 cm−1 corresponded to νas(C]O) and νs(C]O)
stretching vibrations, respectively. Peaks at 2878 and 2938 cm−1 were
attributed to νs(CH2) and νas(CH3) stretching vibrations, respectively.
Broad band of OeH stretching vibrations was situated at ∼3400 cm−1.
ATR FTIR spectra thus confirmed successful coating of γ-Fe2O3 nano-
particles with methacryloyl-functionalized silica. The content of or-
ganic compounds on the nanoparticle surface (3.9 wt%) was estimated
using TGA (Table 1; Fig. SM2).

3.2.2. γ-Fe2O3@SiO2-PEI nanoparticles
To introduce substantial amount of reactive groups on the γ-Fe2O3@

SiO2-MA particle surface needed for future immobilization of PEG,
branched PEI containing tens of secondary amino groups per molecule
was selected as a modification agent, undergoing Michael addition with
electrophiles, such as methacrylates. As a result, amino groups were
introduced in the nanoparticles denoted as γ-Fe2O3@SiO2-PEI.
Hydrodynamic size of the γ-Fe2O3@SiO2-MA and γ-Fe2O3@SiO2-PEI
particles was similar, 149 and 152 nm, respectively, which was much
more than Dh of the uncoated particles. This may be attributed to the
increased hydrophilicity of the particle surface, as well as to thicker
hydration layer consisting of polymer chains. However, ζ-potential of
the γ-Fe2O3@SiO2-MA nanoparticles in water (−65mV) changed to
55mV in γ-Fe2O3@SiO2-PEI particles, indicating presence of positively

Fig. 3. TEM micrographs of (A) γ-Fe2O3, (B) γ-Fe2O3@SiO2-PEI-PEG, (C) γ-Fe2O3@PLL, (D) γ-Fe2O3@PPLL-I, (E) γ-Fe2O3@PPLL-II, (F) γ-Fe2O3@PPLL-III, (G) γ-
Fe2O3@PPLL-IV, and (H) γ-Fe2O3@PPLL-V nanoparticles.
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charged PEI on the particle surface (Table 1). ATR FTIR spectrum of γ-
Fe2O3@SiO2-PEI was similar to that of γ-Fe2O3@SiO2-MA particles (Fig.
SM1). However, a small difference was observed due to a new peak at
1517 cm−1 attributed to ν(NH2) bending vibration. In addition, a band
at 1721 cm−1 corresponding to νs(C]O) stretching vibration dis-
appeared, indicating thus covalent binding of PEI to methacrylate
groups. In contrast to the TGA of γ-Fe2O3@SiO2-MA, that of γ-Fe2O3@
SiO2-PEI particles demonstrated higher content of organic coating
(4.79 wt%; Table 1; Fig. SM2). As a result, amount of bound PEI was
0.9 wt%, corresponding to 0.21mmol of amino groups per gram of the
particles.

3.2.3. γ-Fe2O3@SiO2-PEI-PEG nanoparticles
To avoid aggregation of the particles, they have to provide not only

electrostatic, but also steric repulsion. Amino groups of PEI were
therefore reacted with PEG-NHS to covalently bind biocompatible hy-
drophilic PEG to the nanoparticle surface. TEM measurements revealed
that the average size of PEG-coated nanoparticles did not change
compared to γ-Fe2O3@SiO2-PEI, however both particles were about
4 nm larger than initial maghemite cores (Fig. 3B; Table 1). According
to DLS, Dh and ζ-potential of γ-Fe2O3@SiO2-PEI-PEG nanoparticles
decreased to 129 nm and 34mV, respectively, compared to γ-Fe2O3@
SiO2-PEI particles, due to a highly hydrophilic nature of PEG providing
strong steric repulsion. Consequently, γ-Fe2O3@SiO2-PEI-PEG particles
exhibited excellent colloidal stability in water. ATR FTIR spectrum of
the γ-Fe2O3@SiO2-PEI-PEG nanoparticles demonstrated a new peak at
1103 cm−1 attributed to νs(CeOeC) stretching vibrations, originating
from PEG (Fig. SM1). TGA of the γ-Fe2O3@SiO2-PEI-PEG particles
confirmed higher content of organic compounds (32.6 wt%) compared
to the γ-Fe2O3@SiO2-PEI particles (Table 1, Fig. SM2). As a result,
amount of PEG bound on the particle surface was estimated to 27.8 wt
%.

3.2.4. γ-Fe2O3@PPLL nanoparticles
Finally, surface of the γ-Fe2O3@SiO2-PEI-PEG nanoparticles was

coated with PLL and/or PPLL. According to TEM, the particles had sizes
close to that of γ-Fe2O3@SiO2-PEI-PEG, with moderately broad size
distributions (Fig. 3CeH; Table 2). Dh (∼135 nm) and ζ-potential of all PLL-modified particles in water (∼30mV) were comparable to those of

γ-Fe2O3@SiO2-PEI-PEG nanoparticles (Table 2). Additionally, colloidal
stability of the newly prepared particles was determined in water at
different NaCl concentrations (10−3−1M) and in phosphate buffer (pH
5.9–8.5) simulating physiological conditions (Fig. 4A, B). γ-Fe2O3@
SiO2-PEI-PEG particles were unstable only in 1M NaCl solution, where
Dh rapidly increased to 530 nm. In contrast, all types of PLL-coated
nanoparticles were stable in 1 and 10mM NaCl solutions, while the
hydrodynamic size increased at higher salt concentration due to the
particle aggregation (Fig. 4A). This suggests that the particles were
sensitive to presence of ions in the medium due to the highly charged
PLL shell on the surface. The interaction of PLL and PPLL with the
particle surface is believed to occur by hydrogen bonding between
carbonyls in poly(L-lysine) and amine groups on the particle surface and
also by non-specific adsorption of PLL or PPLL. With increasing NaCl
concentration, ζ-potential of all investigated particles decreased from
∼22mV (14mV for γ-Fe2O3@PPLL-IV-V) up to −4mV due to

Table 1
Characteristic properties of neat and surface-modified γ-Fe2O3 nanoparticles.

Particles Dn (nm) Ð Dh
a (nm) ζ-potential (mV) Coating (wt%)b

γ-Fe2O3 12 1.34 68 ± 6 42 ± 0.6 –
γ-Fe2O3@SiO2-MA 15 1.28 149 ± 7.3 −65 ± 0.4 3.9
γ-Fe2O3@SiO2-PEI 17 1.26 152 ± 5.5 55 ± 5.1 4.8
γ-Fe2O3@SiO2-PEI-PEG 17 1.28 129 ± 7.1 34 ± 1.5 32.6

a In water (pH=3.8, 9.2, 6.8, and 6.5 for γ-Fe2O3, γ-Fe2O3@SiO2-MA, γ-Fe2O3@SiO2-PEI, and γ-Fe2O3@SiO2-PEI-PEG, respectively).
b According to thermogravimetric analysis (TGA).

Table 2
Characteristic properties of nanoparticles coated with neat and phenol-mod-
ified PLL.

Particles Dn (nm) Ð Dh
a (nm) ζ-potential (mV)

γ-Fe2O3@PLL 14 1.31 134 ± 1.3 28 ± 0.4
γ-Fe2O3@PPLL-I 15 1.26 132 ± 2.2 29 ± 0.5
γ-Fe2O3@PPLL-II 16 1.22 136 ± 1.7 32 ± 2.1
γ-Fe2O3@PPLL-III 15 1.27 140 ± 5.2 30 ± 0.1
γ-Fe2O3@PPLL-IV 16 1.30 133 ± 2.2 25 ± 0.7
γ-Fe2O3@PPLL-V 15 1.28 125 ± 1.2 26 ± 0.3

a In water (pH=6.5); PEI – polyethylenimine; PEG – poly(ethylene glycol);
PLL – poly(L-lysine); PPLL-I-V – poly(L-lysine) modified with phenol, chloro-
genic acid, phloroglucinol, gallic acid, and tannic acid, respectively; Dn –
number-average particle diameter (TEM); Ð –dispersity; Dh – hydrodynamic
diameter (DLS).

Fig. 4. Dependence of hydrodynamic diameter Dh (full line) and ζ-potential
(dashed line) of γ-Fe2O3@SiO2-PEI-PEG nanoparticles coated with PLL and
PPLL on (A) NaCl concentration (pH=6.5) and (B) pH (measured in
0.1M PBS).
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compression of electrical double layer on the particle surface [28].
When the γ-Fe2O3@SiO2-PEI-PEG and γ-Fe2O3@SiO2-PEI-PEG-PLL
(denoted as γ-Fe2O3@PLL) particles were investigated by DLS at var-
ious pH, their Dh remained constant in the range 130–160 nm (Fig. 4B).
On the other hand, the hydrodynamic diameter of all PPLL-coated na-
noparticles did not substantially change at pH 5.9–7.3, but the particles
started to aggregate at pH 8.4 (Dh > 250 nm) and their ζ-potential
slightly diminished from−0.4 mV (pH 5.9) to−5 mV (pH 8.4; Fig. 4B),
because PLL polycation charge naturally decreased with increasing pH
[29]. Moreover, DLS measurements performed at pH close to physio-
logical conditions confirmed low negative ζ-potential of PLL-modified
particles. On the other hand, the dependence of ζ-potential of γ-Fe2O3@
PPLL-V nanoparticles on pH had slightly different trend; the highest Dh

(260 nm) was observed at pH=6.8, while it decreased with additional
pH increase. We can thus hypothesize that such behavior arose from the
crosslinking of individual particles by hydrogen bonds originating from
complexation of tannic acid hydroxyls and amino groups of long PLL
chains (Mw=100 kDa). At alkaline pH, hydrogen bonds split and Dh of
the particles decreases, which explains lower colloidal stability of the
PLL-coated particles at pH > 6.5 and high NaCl concentration than
that of the initial γ-Fe2O3@SiO2-PEI-PEG particles, stability of which
was mostly maintained by steric repulsion. Nevertheless, aqueous dis-
persions of γ-Fe2O3@PPLL-I-V particles exhibited good colloidal stabi-
lity.

ATR FTIR spectra of all PLL-coated nanoparticles were similar to
that of γ-Fe2O3@SiO2-PEI-PEG (Fig. SM1). A new peak at 1537 cm−1

assigned to ν(NH) deformation vibration originated from amide bond in
PLL.

3.3. Determination of ROS by flow cytometry

In order to determine antioxidant activity at the cellular level,
evaluation of the nanoparticle entry and uptake is necessary. γ-Fe2O3@
PLL and γ-Fe2O3@PPLL-I-V particles (100 μg/mL) were incubated with
U87MG cells for 3 h. In the absence of magnetic force, content of cell-
associated γ-Fe2O3@PLL and γ-Fe2O3@PPLL-I-V particles increased by
2–3 fold of that with nanomag®-D (Fig. 5). This can be explained by
attraction of positively charged PLL on the particle surface to the ne-
gatively charged heparan sulfate proteoglycan on the cell membranes

[17], in contrast to repulsive forces between negatively charged na-
nomag®-D (carboxydextran-coated magnetite) and the cells. Magnetic
force enhanced amount of cell-associated nanomag®-D particles by
three fold, but exerted only minor or no effect on levels of cell-asso-
ciated γ-Fe2O3@PPLL-II and γ-Fe2O3@PPLL-III, respectively. The re-
sults are consistent with previous findings that magnetic force did not
enhance the γ-Fe2O3@PLL uptake by glioma cells [17]. Since the cells
in the Mag-group were subjected to magnetic force for 5min to induce
sedimentation, amount of cell-associated nanomag®-D particles in-
creased due to their enhanced cell interactions, which was in ac-
cordance with earlier reports on magnetically driven particle inter-
nalization [17] and gene delivery [30]. Moreover, the findings suggest
that poly(L-lysine) chains of the γ-Fe2O3@PLL and γ-Fe2O3@PPLL par-
ticles are a key component in the nanoparticle-cell interaction. PEG is
well-known to attenuate adsorption of proteins and interaction with the
cells [31], decreasing thus the effect of magnetic field on association of
the particles with the cells. Nevertheless, relatively low magnetically
induced association of γ-Fe2O3@PLL and γ-Fe2O3@PPLL nanoparticles
with the cells cannot be ascribed to steric repulsion of PEG as one of the
components of the rather complex polymer shell surrounding the γ-
Fe2O3 particle core, because magnetic insensitivity on particle inter-
nalization was also observed earlier with PEG-free γ-Fe2O3@PLL par-
ticles [17]. In addition, γ-Fe2O3@PLL and γ-Fe2O3@PPLL nanoparticles
had small negative charge in PBS at pH > 7 (Fig. 4B), which can be
induced by the ligand exchange with phosphate ions carrying excess
negative charges probably changing the particle-cell interaction. It
should be noted that the internalization of negatively charged iron
oxide particles occurs via nonspecific binding to relatively scattered
cationic sites present on the cell membrane and endocytosis [32]. This
significantly limits interactions and can explain lower magnetically
induced association of the γ-Fe2O3@PLL and γ-Fe2O3@PPLL particles
with the cells than that of nanomag®-D. Enhanced amount of cell-as-
sociated nanomag®-D particles can be ascribed to their ability to form
larger aggregates in magnetic field than PLL-coated magnetic nano-
particles do, increasing thus both the sedimentation rate and cellular
uptake due to lower Brownian forces and higher pressure exerted on the
cell membrane.

To determine whether PPLL might reduce cellular ROS levels, γ-
Fe2O3@PLL and γ-Fe2O3@PPLL particles (100 μg/mL) were incubated
with U87MG cells for 3 h, which was followed by staining with CM-
H2DCFDA for 1 h. Fig. 6 illustrates U87MG cellular uptake of γ-Fe2O3@
PLL and γ-Fe2O3@PPLL particles and ROS levels. After the incubation
with γ-Fe2O3@PLL and γ-Fe2O3@PPLL particles, SSC-H was dramati-
cally up-shifted (Fig. 6B–G) compared to the control cells (Fig. 6A),
suggesting an increase in cellular complexity and nanoparticle inter-
nalization. In addition, FSC-H was left-shifted compared to the control,
suggesting reduction in size. These effects are in agreement with pre-
vious findings on cellular responses to nanoparticle internalization [7].
In addition, the cellular ROS signal was reduced to 54–64% (Fig. 6B–G)
from a basal level of 77% (Fig. 6A). Summarized antioxidant activities
of γ-Fe2O3@PLL and γ-Fe2O3@PPLL particles on three batches of
U87MG cells indicated that application of these nanoparticles de-
creased the endogenous ROS level by 10–18% (Fig. 6H). The results
suggest that γ-Fe2O3@PLL and γ-Fe2O3@PPLL nanoparticles are likely
to be internalized by glioma cells, exerting antioxidant effect to reduce
endogenous ROS at the cellular level. These particles were nontoxic and
their antioxidative properties were much lower compared to those of
free gallic acid. In fact, iron oxide nanoparticles are most likely to in-
crease intracellular levels of ROS after internalization and degradation.
Antioxidant characteristics of the γ-Fe2O3@PPLL particles can be thus
very plausible in future applications (MRI, drug delivery systems) to
reduce potential cytotoxicity associated with the iron oxide nano-
particles [33,34]. The antioxidant effect of PLL, as well as of other ra-
dical scavenging amino acids, is in agreement with previous findings
that PLL-coated Fe3O4 nanoparticles could decrease the ROS level in
cancer stem cells due to the interaction of terminal amino groups with

Fig. 5. Interaction of γ-Fe2O3@PLL and γ-Fe2O3@PPLL-I-V particles with
U87MG cells. Magnetic field was applied for 5min before (Mag−) or during the
3-h incubation (Mag+). Values are means ± SE (n=3). *p < 0.05 compared
with the corresponding control group.
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Fig. 6. Flow cytometry analysis of antioxidant activity of γ-Fe2O3@PLL and γ-Fe2O3@PPLL nanoparticles on cellular ROS levels. Endogenous ROS levels of U87MG
cells in (A) absence and presence of 100 μg/mL of (B) γ-Fe2O3@PLL or (C-G) γ-Fe2O3@PPLL-I-V, respectively; incubation time 3 h. (H) Antioxidant activity of γ-
Fe2O3@PLL and γ-Fe2O3@PPLL-I-V normalized to endogenous ROS level. Values are means ± SE (n= 3).

Fig. 7. Cytotoxicity of γ-Fe2O3@PLL and γ-
Fe2O3@PPLL-I-V particles (100 μg/mL) with
U87MG cells. Magnetic field was applied for
5 min before (Mag−) or during the in-
cubation (Mag+) for (A) 3 and (B) 24 h.
Values are means ± SE (n=4).
*,†p < 0.05 compared with the corre-
sponding control and Mag-groups, respec-
tively. Control was performed in the ab-
sence of the particles.
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radicals [35–37]. Nevertheless, additional modification of the particles
with the PPLL did not further enhance the ROS scavenging activity.
Gallic acid- and poly(gallic acid)-coated Fe3O4 nanoparticles have been
shown to exert antioxidant effects in A431 and Hela cells [38,39],
suggesting an increase in the density of the phenolic groups on γ-
Fe2O3@PLL may be required to further increase the antioxidant effects
of γ-Fe2O3@PPLL. Moreover, the particles (100 μg/mL) induced very
minor cytotoxicity after 3 or 24 h of incubation with the U87MG cells
(Fig. 7), which is consistent with the toxicity observed in mensench-
ymal stem cells [16]. Enhanced internalization of the γ-Fe2O3@PLL and
γ-Fe2O3@PPLL nanoparticles thus did not affect the cell viability.

4. Conclusion

Magnetic nanomaterials with antioxidant properties combine sev-
eral advantages within the same particle. These include manipulability
by magnetic field, easy magnetic separation from complex mixtures and
redispersion in fluids when the magnet is removed, in vitro and in vivo
detection by MRI, conjugation with biomolecules (drugs, peptides,
nucleic acids, enzymes), and last but not least, prevention of cell da-
maging by elevated oxidative stress. In this report, γ-Fe2O3@SiO2-PEI-
PEG particles were prepared, which can withstand engulfment by the
reticuloendothelial system. To render the γ-Fe2O3@SiO2-PEI-PEG na-
noparticles with antioxidant activity, PPLL containing several phenolic
compounds was synthetized and used as an additional coating, which is
biocompatible, chemically modifiable, and/or has transfection ability.
PLL is a polyelectrolyte that can be adsorbed on the γ-Fe2O3@SiO2

nanoparticle surface to maintain their colloidal stability in water by
strong electrostatic repulsions. However, such a colloid could be un-
stable in biological media due to neutralization of the particle charge by
counter ion layer formed in the presence of proteins and electrolytes,
such as NaCl, KCl, Na2HPO4, and KH2PO4; therefore, presence of ad-
ditional steric stabilizer (PEG) was required to prevent the particles
from aggregation.

Antioxidant properties of the surface-modified iron oxide particles
are usually characterized using chemical methods, typically 2,2‐di-
phenyl‐1‐picrylhydrazyl (DPPH) assay [40]. In contrast, our report is
focused on analyzing the antioxidant effects of the γ-Fe2O3@PLL and γ-
Fe2O3@PPLL nanoparticles at the cellular level. The particles were
found to be well internalized by glioma cells, twice as much as the
nanomag®-D particles. However, the magnetic field increased inter-
nalization of the nanomag®-D, but not the γ-Fe2O3@PLL or γ-Fe2O3@
PPLL particles. Cellular uptake is critical in future applications to target
therapeutic agents to a diseased organ. Phenolic compounds bound to
the particles did not affect their uptake by the cells or ROS scavenging
ability of PLL. γ-Fe2O3@PLL itself showed significant antioxidant effect
in glioma cells. According to the flow cytometry, both γ-Fe2O3@PLL
and γ-Fe2O3@PPLL nanoparticles increased the antioxidant activity by
almost 20% compared to EGCG-modified Fe3O4 used in previous report
[7]. This reduction of the oxidative stress is significant in terms of
combating serious diseases, such as cancer, atherosclerosis, myocardial
infarction, or many neurodegenerative disorders.
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