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ABSTRACT: Nanoparticles (NPs) have received much
attention in recent years for their diverse potential biomedical
applications. However, the synthesis of NPs with desired
biodistribution and pharmacokinetics is still a major challenge,
with NP size and surface chemistry being the main factors
determining the behavior of NPs in vivo. Here we report on
the surface chemistry and in vitro cellular uptake of magnetic
iron oxide NPs coated with zwitterionic dopamine sulfonate
(ZDS). ZDS-coated NPs were compared to similar iron oxide
NPs coated with PEG-like 2-[2-(2-methoxyethoxy)ethoxy]-
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acetic acid (MEEA) to investigate how surface chemistry affects their in vitro behavior. ZDS-coated NPs had a very dense
coating, guaranteeing high colloidal stability in several aqueous media and negligible interaction with proteins. Treatment of
HepG2 cells with increasing doses (2.5—100 ug Fe/mL) of ZDS-coated iron oxide NPs had no effect on cell viability and
resulted in a low, dose-dependent NP uptake, inferior than most reported data for the internalization of iron oxide NPs by
HepG2 cells. MEEA-coated NPs were scarcely stable and formed micrometer-sized aggregates in aqueous media. They decreased
cell viability for dose >50 pg Fe/mL, and were more efliciently internalized than ZDS-coated NPs. In conclusion, our data
indicate that the ZDS layer prevented both aggregation and sedimentation of iron oxide NPs and formed a biocompatible coating
that did not display any biocorona effect. The very low cellular uptake of ZDS-coated iron NPs can be useful to achieve highly

selective targeting upon specific functionalization.

1. INTRODUCTION

Though concerns have been raised about the possible dangers
related to the effects of nanoparticles (NPs) in living
organisms,1 a large share of the research on NPs is in the
biomedical field.” In this paper, we focus on NPs consisting of
an inorganic crystalline core (nanocrystal) coated with a layer
of chemically bound organic molecules (ligands). Such NPs
have two major appealing features for biomedicine: (i) the
inorganic core can be tuned to have useful diagnostic/
therapeutic properties, and (ii) the organic coating can be
engineered to endow the NPs with desired colloidal stability,
targeting capability, pharmacokinetics, and additional diagnos-
tic/therapeutic functions.® Size and surface chemistry are the
main factors determining the in vivo behavior of NPs. For
instance, quantum dots with diameter d < S nm undergo renal
excretion,” whereas NPs with d > 100 nm are quickly
captured by the mononuclear phagocyte system (MPS).°
Surface chemistry is relevant because it mediates all interactions
of the NPs with the environment. As an example, iron oxide
NPs with positive surface charge displayed a 100-fold larger
uptake by CNS cells than negatively charged NPs.” The role of
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surface chemistry in regulating protein adsorption onto NPs
cannot be underestimated. Several phenomena may adversely
affect the effective use of NPs in a living organism, but protein
adsorption in the bloodstream, leading to the formation of a
biocorona surrounding the NPs? is a major one. The biocorona
increases the NP diameter, hampers the NP targeting capability,
affects interaction with cells, and promotes recognition by the
MPS, which clears the NPs from the bloodstream by size-
dependent engulfment mechanisms.” Up to now, the most
widely employed approach to have good colloidal stability,
counter biocorona formation, and increase circulation time has
been coating the NPs with biocompatible polyethylene glycol
(PEG)."® However, PEG coating significantly adds to the NP
diameter, for example, coating 13 nm iron oxide nanocrystals
with a PEGgq, derivative led to NPs with a hydrodynamic
diameter of 50 nm."" Such increase can prevent renal excretion
of NPs and lead to their accumulation in the organism. The
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“(a) Synthesis of zwitterionic dopamine sulfonate (ZDS) via dopamine sulfonate (DS). (b) Structure of the fluorescent catecholic ligand (FCL).

PEG chains may also entrap bioactive moieties present on the
NP surface and hinder their presentation to the environment.

Recently, zwitterions have attracted much attention as
biocompatible coatings as witnessed by two review articles.”'>
Three types of zwitterionic groups have been employed,
namely, carboxybetaine, phosphocholine, and sulfobetaine. We
decided to investigate the latter type of zwitterion since
sulfobetaines may have reduced aspecific protein adsorp-
tion'>"* and do not alter the water H-bonding structure.'* As
inorganic core, we focused on magnetic iron oxide nanocrystals
since they have wide potential in applications such as drug
delivery, gene therapy, magnetic resonance imaging (MRI),
hyperthermia, and cell tracking.ls_18 Iron oxide NPs coated
with polymeric sulfobetaines have already been reported,'”*°
but we are interested in small zwitterions able to coat NPs
without increasing their diameter by more than a few
nanometers. In addition to oleic-acid-coated iron oxide NPs
stabilized by a physisorbed layer of zwitterionic ASB-14,>" iron
oxide NPs grafted with small sulfobetaines were recently
reported.”>** In the latter cases, the sulfobetaine coating was
just ca. 2 nm thick. Iron oxide NPs coated with a sulfobetaine
siloxane shell”” were shown to be colloidally stable in
physiological conditions and showed no aggregation in
phosphate buffered saline (PBS) with 50% fetal bovine serum
(EBS) for 24 h.** Zwitterionic dopamine sulfonate (ZDS) was
also used to coat iron oxide NPs>® which displayed good
colloidal stability and reduced protein adsorption both in PBS
with 10% FBS and in vivo, as determined by size exclusion
chromatography (SEC).*® Uptake of ZDS-coated iron oxide
NPs by HeLa cells was deemed low on the basis of Prussian
blue staining. ZDS-coated iron oxide NPs were shown by MRI
to undergo both renal excretion and liver accumulation in
mice.”®

We considered that magnetic ZDS-coated iron oxide NPs are
a promising nanosystem for biomedical applications. The small
thickness of the ZDS coating offers the possibility to modulate
size-dependent properties by varying the nanocrystal size (and
shape) resorting to the well-developed techniques of nano-
crystal chemistry”’ ~>° in addition to the lack of steric effects
that can adversely affect the effectiveness of grafted functional
molecules. To synthesize nanosystems useful for biomedicine, it
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is necessary to investigate the interaction of ZDS-coated iron
oxide NPs with cells as to their cytotoxicity, internalization, and
intracellular fate. In this paper, we report the results of such an
investigation along with a detailed characterization of the ZDS
coating structure, obtained by Fourier transform infrared
(FTIR) spectroscopy and thermal gravimetric analysis
(TGA), and about the protein adsorption onto the NPs,
obtained by dynamic light scattering (DLS) experiments. For
the in vitro investigation, we chose the human liver
hepatocellular carcinoma cell line HepG2 for its high
phagocytic activity. HepG2 cells were previously used to
evaluate the biocompatibility and uptake of iron oxide NPs with
different coating.’*>* To investigate the intracellular fate of
NPs, we used iron oxide NPs coated with a mixture of ZDS and
a fluorescein derivative (FLC) possessing a catecholic terminal
for grafting to the NPs.

In addition to zwitterionic NPs, we also investigated iron
oxide NPs coated with 2-[2-(2-methoxyethoxy)ethoxy acid
(MEEA). MEEA is a commercially available, water miscible,
PEG-like carboxylic acid, which binds to the iron oxide NP
surface as carboxylate anion.’® Since MEEA and ZDS are
expected to form coating of equal thickness (the two molecules
have similar size) and since we used a single batch of
monodisperse iron oxide nanocrystals for all NP types, ZDS-
and MEEA-coated NPs could only differ by their surface
chemistry.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were purchased from Sigma-Aldrich
and used as received without further purification. Concentrated HNO;
and HCI used for NP digestion were Aldrich Trace Select reagents.
Deionized (DI) water was prepared using a Milli-Q Plus water
purification system (resistivity >18.2 m€Q cm at 25 °C). HepG2 cells (a
human hepatocarcinoma cell line) were from American Type Culture
Collection.

2.2. Synthesis of Iron Oxide Nanoparticles. Magnetic iron
oxide NPs (d ~ 9 nm) were synthesized according to a modification of
a literature procedure” that is detailed in the Supporting Information.
Larger (d ~ 12 nm) iron oxide NPs were prepared in ODE according
to a slight modification of a recently developed procedure®® adjusting
the Fe(CO);:0lAc molar ratio to 3:1.

2.3. Synthesis of Ligands. The synthesis of zwitterionic
dopamine sulfonate (ZDS) was carried out according to a modification
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Figure 1. TEM image of OlAc- (a), MEEA- (b), and ZDS-coated (c) iron oxide NPs along with the corresponding distribution of the diameter of
the nanocrystal core obtained by the software Pebbles.** (Additional TEM images can be found in the Supporting Information.)

of a previously reported procedure (Scheme 1a).>” See the Supporting
Information for further detail. The fluorescent catecholic ligand (FCL,
Scheme 1b) was synthesized following the pathway detailed in the
Supporting Information.

2.4. Ligand Exchange of Iron Oxide Nanoparticles. We
replaced the oleic acid coating of iron oxide NPs with either MEEA or
ZDS by a two-step ligand exchange procedure illustrated in ref 39.
Fluorescent iron oxide NPs (coated with a mixture of ZDS and FLC)
were prepared by a different two-step procedure. First, dry OlAc-
coated iron oxide NPs (0.804 mg) were treated with a solution of FLC
(5 mg) in methanol (1 mL). The mixture was gently stirred at 45 °C
for 6 days. Second, the NPs were treated with a solution of ZDS (§
mg) in DMF/water 8:5 (1.3 mL) and the mixture was stirred at 70 °C
for 16 h. The NPs were precipitated by adding acetone, redispersed in
DI water, and purified from the excess ligands by dialysis against DI
water (MWCO 12.5 kDa, 48 h).

2.5. Cell Cultures. HepG2 cells, a cell line from human
hepatocarcinoma, were grown in RPMI medium supplemented with
2 mM L-glutamine, 100 U/mL Pen/Strep, 1 mM sodium pyruvate, and
10% FBS (Sigma-Aldrich) and maintained at 37 °C, in humidified
atmosphere with 5% CO,.

2.6. Cytotoxicity Assay. Cytotoxicity of iron oxide NPs was
evaluated with a colorimetric method that assesses the metabolic
activity of cells by measuring the reduction of [3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium ]
(MTS) (CellTiter 96 AQueous One Solution Cell Proliferation Assay,
Promega). Experiments were carried out in the log phase of growth
after the cells had been seeded in 24-well plates (35000 cells/cm?)
and allowed to adhere for 24 h. NPs were added to the medium as
water dispersions to final concentrations of 2.5, S, 10, 25, 50, and 100
ug Fe/mL, and the cells were exposed to NPs for 24 h. All treatments
were performed in quintuplicate. Cell viability was expressed as the
percentage difference between treated and untreated cells (set at
100%).

2.7. Prussian Blue Staining and Imaging. HepG2 cells were
seeded on 24 mm glass coverslips (52 000/cm?) the day before NP
exposure. NP dispersions were added to a final volume of 2 mL of
culture medium at the indicated final concentration. After 24 h,
exposure was stopped by removing all noninternalized NPs by
extensive PBS washing and fixed for 30 min in 4% paraformaldehyde
(PFA). For Prussian Blue staining, coverslips were then incubated for
30 min with freshly prepared Perls’ reagent (4% potassium
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ferrocyanide/12% HCI, 1:1 v/v), washed in PBS, and mounted onto
microscope slides. Bright-field images were acquired at 63X
magnification using an optical microscope (Axioplan, Zeiss) coupled
to a CCD camera (AxioCam, Zeiss). Cells exposed to fluorescent NPs
were stained with 4’,6-diamidino-2-phenylindole (DAPI) after fixation
and mounted onto microscope slides. For Lysotracker labeling, after 6
or 24 h of NPs exposure, NPs-containing medium was removed and
substituted with fresh medium containing 1 yM Lysotracker-Red
(Molecular Probes). Cells were incubated for 30 min in the dark at 37
°C, then washed with PBS and fixed with 4% PFA. Coverslips were
stained with DAPI and mounted onto microscope slides. All
fluorescent slides were imaged with a confocal microscope (LSM
510 Meta, Zeiss) under a 63X magnification objective.

2.8. Quantification of NP Uptake by HepG2 Cells. HepG2 cells
were seeded on 10 cm plates, 45 000/cm?, for 24 h and exposed to NP
dispersed in culture medium to a final concentration of 0, 2.5, 10, 25,
50, or 100 ug Fe/mL for 24 h. The cells were then washed five times
with PBS to remove all uninternalized NPs, detached from plates by
trypsin treatment, and collected by centrifugation (5 min, 800g). We
cannot exclude that, after this treatment, some NPs can still be present
outside the cells (i, tightly adhering to the plasma membrane);
however, because fluorecently labeled NPs did not stain the plasma
membrane (see Figures 7 and 8), we estimated this fraction to be not
quantitatively relevant. After centrifugation, pellets were resuspended
in distilled water and protein content was measured via the BIORAD-
Dc protein assay. The cell pellets were digested and treated with tiron
at pH & 7 to form the red complex [Fe(tiron);]’” that was
spectrophotometrically quantified*’ (see the Sup})orting Information).
At variance with a previously reported method,”* we did not rely on
the absorbance at a single wavelength but exploited the full spectral
information content.*?

3. RESULTS AND DISCUSSION

3.1. Synthesis of Iron Oxide NPs. Monodisperse spherical
OlAc-coated iron oxide nanocrystals (Figure la) were
synthesized by a literature solvothermal procedure.®” The
median diameter (d) = 8.7 nm, and the diameter standard
deviation 6, = 0.4 nm, resulting in a very low dispersion o4/(d)
= 4.6%. The electron diffraction pattern (see the Supporting
Information) is in agreement with that of bulk magnetite.
However, due to the small size of the nanocrystals and the
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Scheme 2. Ligand Exchange Procedure Leading to Iron Oxide NPs Coated with MEEA, ZDS, and a Mixture of ZDS and FLC
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similarity of the magnetite and maghemite crystal structures, we
can at most conclude that they are iron oxide nanocrystals with
spinel structure and stoichiometry between Fe;O, and Fe,O;.
From this batch of iron oxide nanocrystals, we prepared NPs
coated with MEEA, ZDS, and a mixture of ZDS and the
fluorescein derivative FLC by ligand-exchange procedures
(Scheme 2). MEEA- and ZDS-coated NPS were synthesized
by a literature procedure® followed by purification by dialysis
(Figure 1b,c). The parameters of the core diameter distribution
were (d) = 8.8 nm, 6; = 0.6 nm, and 6,4/(d) = 7.3% for MEEA-
coated NPs and {d) = 9.0 nm, 64 = 0.5 nm, and 6,/(d) = 5.2%
for ZDS-coated-NPs. Fluorescent iron oxide NPs were
obtained by coating the nanocrystals with a mixture of FLC
and ZDS by a different two-step procedure. The parameters of
the core diameter distribution after ligand exchange were (d) =
8.1 nm, o4 = 0.8 nm, and o,4/{d) = 9.4%. (See the Supporting
Information for additional TEM images.)

3.2. Characterization of NP Coating. As surface
chemistry is a major factor influencing the NP interaction
with cells, we investigated in some detail the coating of the
various NP types. FTIR spectra of OlAc-, MEEA-, and ZDS-
coated iron oxide NPs are pictured in Figure 2a, while the
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spectra of the free ligands are available in the Supporting
Information. The spectrum of OlAc-coated NPs features
prominent C—H stretching (2954, 2919, and 2850 cm™') and
carboxylate stretching (1550 and 1463 cm™') peaks. The
spectrum of MEEA-coated NPs shows weak C—H (2956, 2923,
and 2855 cm™!), carboxylate (1634 and 1410 cm™), and C—
O-C (1200 and 1100 cm™) stretching peaks typical of
MEEA.* In addition to weak C—H peaks (2850—2950 cm™),
the spectrum of ZDS-coated NPs is rich with diagnostic peaks
such as the S—O stretching peak (1209 em™)," the C-H
deformation peaks of the dimethylammonium moiety (1496
and 1042 cm™'),** and the ring stretching (1596 cm™") and C—
H deformation (914—732 cm™) peaks of 1,2,4-trisubstituted
benzenes. This spectrum is similar to that reported for iron
oxide NPs coated with a short siloxane sulfobetaine.”

Both types of NP were subjected to TGA (Figure 2b) by
heating in air up to 1000 °C. The percentage weight loss of
MEEA-coated NPs (16.5%) is close to that previously
observed®® and corresponds to a coating density of (6.1 =+
0.3) molecules/nm? not far from the literature data (4.2—4.7
molecules/nm?) for similarly sized aliphatic carboxylic acids.*®
The TGA profile of ZDS-coated NPs displays two weight
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Figure 2. Characterization of NP coating. (a) FTIR spectra of OlAc-
(top), MEEA- (middle), and ZDS-coated (bottom) iron oxide NPs;
the narrow peak at 1384 cm™ is due to an hexane impurity. (b) TGA
of MEEA- and ZDS-coated iron oxide NPs. (c) UV—vis spectra of
ZDS/FLC-coated iron oxide NPs (solid line) compared with the
spectrum of 5(6)-carboxyfluorescein (dotted line, shifted upward by
0.012 absorbance units for the sake of clarity).

losses: 33% in the 100—440 °C range followed by 12% in the
440—580 °C range. The first can be ascribed to the loss of the
aliphatic part of the ZDS molecule while the second to the
combustion of the remaining aromatic part. This attribution is
supported by literature examples**™** and by considering that
the aliphatic:aromatic weight ratio for ZDS is close to 3:1. The
total weight loss of ZDS-coated NPs (45%) corresponds to a
coating density of (15.5 + 0.9) molecules/nm* much larger
than that of short siloxane sulfobetaine ligands on iron oxide
NPs (6.3 molecules/nm?*).** Such high value is similar to that
observed for OlAc/ABS-14 bilayer iron oxide NPs>' suggesting
that a ZDS/ZDS bilayer might be present.

The ZDS/FLC mixed coating of iron oxide NPs was
investigated by UV—visible spectroscopy (Figure 2c). After
purification, the absorption spectrum of the ZDS/FLC NPs
closely corresponded to that of the 5(6)-carboxyfluorescein
chromophore of FLC, confirming that the treatment with ZDS,
needed to endow the fluorescent NPs with colloidal stability in
water, was successful and ZDS/FLC mixed coating was finally
achieved. Quantitative analysis of the UV—vis spectrum allowed
us to estimate the number of FLC molecules anchored to a NP
to be around (4.0 + 0.2) X 102 This value can be considered
reasonable compared with the (3.1 + 02) x 10° ZDS
molecules per NP estimated from the above TGA data.

3.3. Nanoparticle Colloidal Stability. The colloidal
stability of the NPs and the protein adsorption in the complete
cell culture medium were investigated by DLS. Intensity-
weighted size distributions P; are shown in Figure 3, and
volume-weighted size distributions Py can be found in the
Supporting Information. The colloidal state of MEEA- and
ZDS-coated NPs was first studied in deionized water (Figure
3a). MEEA-coated NPs displayed a single peak in both P; and
Py with mean diameter D; 2 Dy 2 750 nm. It is clear that these
NPs were present in deionized water as aggregates (cf. Figure
1b). ZDS-coated NPs have a major peak in P; at D; = 23 nm
(85%) and a minor peak at D; = 240 nm (15%). The major
peak size Dy = 12 nm is in good agreement with literature
values® and shows that the ZDS coating is less than 2 nm
thick. Despite most of the ZDS-coated NPs being well
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Figure 3. DLS of MEEA- and ZDS-coated iron oxide NPs. (a)
Intensity-weighted diameter distribution P; of dispersions of MEEA-
(red) and ZDS-coated (black) NPs in deionized water; P; of the cell
culture medum (green) is also shown. (b—d) Comparison of ZDS-
coated NPs in cell culture medium (blue) and pure cell culture
medium (green): (b) scattered intensity I as a function of time ¢, the
inset shows the initial behavior; (c) normalized first-order autocorrelo-
grams g,(7); (d) intensity-weighted distribution P;. In panels (c) and
(d), circles and triangles denote data at 0 and 24 h, respectively.

dispersed, some aggregates are present in deionized water,
which however represent a minor fraction of the NP mass as
evidenced by the peak area ratio of both P (85:15) and Py
(99:1). Although ZDS is globally neutral, the zeta potential of
ZDS-coated NPs in deionized water was negative, { = —8.6 mV,
as previously reported for quantum dots coated with a polymer
bearing sulfobetaine pendant groups (—13.1 mV)* and gold
NPs coated with sulfobetaine zwitterionic ligands (—17.9/—
14.8 mV)."?

The behavior of ZDS-coated NPs dispersed in the complete
cell culture medium was monitored at the concentration and
for the time interval used in the cellular uptake experiments
(see below) and compared to that of the pure cell culture
medium. The scattered light intensity I, (Figure 3b) was
constant in the whole interval for the cell culture medium
whereas for ZDS-coated NPs dispersed in cell culture medium
a small increase was only observed at longer times, particularly
in the 21-24 h range, indicating a good stability of the
examined dispersions. These findings are further supported by
the volume-weighted size distributions Py that did not display
significant changes over 24 h. However, inspection of the first-
order autocorrelograms g;(7) and intensity-weighted size
distributions P; (Figure 3c, d) shows that an increase of the
intensity-weighted size occurred after 24 h. Recalling that I and
P, are very sensitive to size changes (I, P; « D°), the
aggregation occurring after 24 h can be considered of lesser
importance. It is also worth noting that this variation can be
ascribed to changes occurring in the medium during time, as
the autocorrelation function g(z) and P; curve are similar
irrespective of the presence of NPs. These data show that fast
protein adsorption, which develops in a few minutes after
contacting and leads to multifold increase in I,>° did not occur.
However, slow protein adsorption and/or NP aggregation due
to slow ligand desorption cannot be excluded.

Since the interpretation of DLS data can be not completely
reliable because the data inversion from the time domain to the
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size domain is an ill-posed problem,”" we repeated (and
enlarged) the DLS investigation employing monodisperse
ZDS-coated NPS with slightly larger core size ({d) = 12.1
nm, 64 = 0.7 nm, and o64/(d) = 5.8%; see the Supporting
Information). The results confirmed the conclusion drawn
above. In serum-free media, these NPs had D; = 19—23 nm and
Dy = 15 nm (deionized water, PBS, RPMI) and were colloidally
stable for 24 h (RPMI); minor aggregation was observed in Py.
DLS experiments on dispersions of these ZDS-coated NPs in
complete cell culture medium and in PBS 1X added with 10%
FBS confirmed the absence of protein adsorption and the
substantial colloidal stability after 24 h.
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3.4. Cytotoxicity and Internalization of Iron Oxide NP
in HepG2 Cells. To investigate the cytotoxicity and the
intracellular uptake of NPs, HepG2 cells were treated for 24 h
with MEEA- or ZDS-coated NPs dispersed in the cell culture
medium at various concentrations (2.5—100 ug Fe/mL; see
Supporting Information for dose expressed in other units). The
addition of NPs was such not to significantly perturb the pH
and osmolarity of the culture medium. Cell viability upon NP
exposure was measured by an MTS-based colorimetric assay.
The highest doses of MEEA-coated NPs (S0 and 100 ug Fe/
mL) produced a small cytotoxic effect (Figure 4a). On the
contrary, no cytotoxicity was observed for ZDS-coated NPs
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even at the highest dose (Figure 4b). It is to note here that at
the highest NP concentration used in this study (100 yg/mL),
iron does not interfere with the MTS assay.>

Qualitative observation of NPs uptake by HepG2 cells by
Prussian Blue staining revealed that this process is dose-
dependent for both MEEA- and ZDS-coated NPs (Figure ).
Clearly, MEEA-coated NPs were internalized in higher amount
than ZDS-coated NPs.

The investigation of NP uptake was put on a quantitative
basis by spectrophotometric measurement of the cellular iron
content. The NP uptake was evaluated by calculating the iron
uptake as U= (mFe/mprotein)treated - (mFe/mprotein)controlr Where
My, and M., are the cellular iron and protein mass measured
after 24 h treatment and averaged over the replicates. [The
intrinsic iron content of control HepG2 cells was (mg./
mprotein)contml = (04 =+ 01) ,ugFe/mgprotein']

In Figure 6 the iron uptake U is reported for MEEA- and
ZDS-coated NPs. (See the Supporting Information for uptake
expressed in alternate units). For both NP types, the uptake
after 24 h is dose-dependent with an exponential approach to
saturation (see the Supporting Information). The uptake of
MEEA-coated NPs was 20—30 times higher than that of ZDS-
coated NPs. Both core and coating size are equal in MEEA- and
ZDS-coated NPs, so surface chemistry is likely the only one
responsible for the unequal uptake. The chemical nature of the
coating (zwitterionic vs neutral) might have affected the
interaction between NPs and cells, but it primarily influenced
the NP colloidal stability. Low coating density led to poor
colloidal stability of MEEA-coated NPs so that cells came in
contact with aggregated MEEA-coated NPs and, as previously
shown,* displayed high uptake of these aggregates. Further-
more, MEEA-coated NPs sedimented during the experiments
so that cells were exposed to a local NP concentration higher
that the nominal one. Conversely, high coating density, lack of
protein adsorption, and nondisruption of the H-bonding
structure of water'? allowed the cells to interact with well-
dispersed ZDS-coated NPs and led to low internalization.

Since studies about the internalization of NPs in cells widely
differ as to the type of cell and NP (composition, morphology,
surface chemistry) and treatment conditions (dose, duration,
etc.),53 care must be exercised in comparing literature data, in
particular data from less recent experiments where parameters
such as NP sedimentation and 4protein absorption might have
not been properly considered.>* With this caveat in mind, we
now compare uptake of 9 nm ZDS- and MEEA-coated iron
oxide NPs by HepG2 cells with literature data. We first focus
on uptake data of iron oxide NPs by HepG2 cells. Except for a
single case, uptake falls between those observed by us for ZDS-
coated and MEEA-coated NPs. Uptake of the latter is higher
than (but comparable to) that reported for cationic and
galactose-decorated magnetoliposomes,®® iron oxide NPs
decorated with glucosamic acid®> or aminopropylsiloxane
moieties,>* and commercial “anionic” NPs.>* In these cases,
the NPs formed aggregates. The uptake of ZDS-coated NPs is
lower than (but comparable to) that observed for well
dispersed iron oxide NPs coated with PEGg,, carboxylic
acid** and for anionic magnetoliposomes.*® Iron oxide NPs (11
nm) coated with dimercaptosuccinic acid showed slightly lower
uptake with respect to our ZDS-coated NPs.*!

Second, we compare our results with the scarce uptake data
for iron oxide NPs with zwitterionic coating. In both cases, we
found that NPs had a polymeric coating bearing carboxybe-
taines. In one case,"” NPs were coated with poly(acrylic acid)
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functionalized with ammonium groups and were well dispersed
(D = 19 nm) when fed to RAW 264.7 cells. In the other case,*
a polycarboxybetainemethacrylate polymer was used to coat
iron oxide NPs (D » 130 nm), which were given to RAW 264.7
and HUVEC cells. Assuming that HepG2, RAW 264.7, and
HUVEC cells have a similar protein content, the uptake of the
iron oxide NPs coated with a zwitterionic polymer was very
close to that of our ZDS-coated NPs. This suggests that the
uptake of NPs with zwitterionic coating is scarcely affected by
the NP hydrodynamic diameter.

Finally, to investigate the intracellular fate of NPs, we used
fluorescent iron oxide NPs coated with a mixture of ZDS and
FLC. Confocal imaging of HepG2 exposed to ZDS/FLC-
coated NPs again revealed a dose-dependent internalization
(Figure 7), with undetectable staining of the plasma membrane

0 pg Fe/ml

2,5 ug Fe/ml

25 ug Fe/mi

Figure 7. Confocal images of fluorescent NPs (iron oxide NPs coated
with a mixture of ZDS and FLC) in HepG2 cells. HepG2 cells were
exposed for 24 h to different concentrations of ZDS/FLC-coated NPs
and then washed and processed for optical imaging. Scale bar = 20 ym.
Inset scale bar = 10 pm. Blue: DAPI staining of cell nuclei; green:
GLC staining of NPs.

(Figure 8). Moreover, the higher spatial resolution of
fluorescent signals, compared with that of Prussian blue
staining, allowed us to identify the intracellular destiny of
ZDS/FLC-coated NPs. Fluorescein signals in HepG2 cells, 24
h after the addition of NPs in the medium, colocalized with that
of Lysotracker (Figure 8), showing that internalized ZDS/FLC-
coated NPs are sent to the lysosomal pathway. Though FLC is
longer than ZDS and might have affected the intracellular
behavior, this experiment indicates that ZDS-coated NPs
should also follow the lysosomal pathway. A similar fate has
already been reported for other iron-oxide NPs in cell lines in
culture.*>**™% The lysosomal destiny of NPs could actually
represent a great advantage in cancer therapy as lysosomal-
targeted magnetic NPs were recently reported to induce the
release of lysosomal content causing cell death upon the action
of an alternating magnetic field.*”

4. CONCLUSIONS

In this study, we synthesized iron oxide NPs coated with ZDS
and characterized them in term of coating structure, protein
adsorption, cellular toxicity, internalization, and intracellular
destiny. We compared them with MEEA-coated NPs prepared
from the same batch of nanocrystals, thus differing from ZDS-
coated NPs for surface chemistry only. ZDS-coated NPs display
a high density of sulfobetaine ligands, which endows the NPs
with high stability in complete cell culture medium by
preventing NP aggregation or sedimentation and the
adsorption of proteins. MEEA-coated NPs are scarcely stable
and readily form micrometer-sized aggregates in water. Such
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6 hours

not treated
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of .

Figure 8. Lysosomal accumulation of fluorescent NPs (iron oxide NPs
coated with a mixture of ZDS and FLC) in HepG2 cells. Cells were
exposed to these NPs for 6 or 24 h, and then lysosomes were labeled
with in vivo Lysotracker staining. Arrowheads indicates sites of
colocalization between the green (NPs) and the red signal
(Lysotracker). Scale bar = S ym.

dramatically different behavior has a profound impact on the in
vitro interaction between NPs and cells, affecting cellular
toxicity and the efficiency of aspecific internalization. This
shows the importance of NP surface chemistry in NP—cell
interactions and the necessity of monitoring the NP dispersion
during in vitro experiments. ZDS-coated NPs were found to be
harmless for an hepatic cell line even at the highest tested
concentration (100 ug Fe/mL), whereas MEEA-coated NPs
induced cytotoxicity already at 50 pug Fe/mL. The aspecific
uptake of NPs in hepatic cells is dose-dependent for both NP
types, but it is very low for ZDS-coated NPs. This represents a
great advantage when the aim is achieving highly selective
targeting via specific NP functionalization. A further advantage
of ZDS-coated NPs is their lysosomal intracellular fate, which is
desirable when targeted cells are meant to be destroyed, such as
in cancer therapy. Taken together, these observations indicate
that ZDS-coated NPs could be a good backbone for the
development of versatile and specialized NPs suitable for in
vivo biomedicine.
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