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he great interest in nanotechnology

has led to an increase in the number

of new nanomaterials that can poten-
tially be used in biomedical applications.
Among the nonbiodegradable materials,
metallic nanoparticles (NPs) are one of the
most prominent and have been used for
several applications in the field of biotech-
nology for the last 20 years.2

These NPs are generally composed of an
inorganic core, and an organic shell that
stabilizes these structures in a biological
suspension. The inorganic core consists of
noble metals, magnetic materials, semicon-
ductor nanocrystals and others, which, be-
cause of their size, have physical properties
of interest for the development of novel
sensing and diagnosis tools, as well as in-
novative therapy strategies.>*

The first designs of biotechnological ap-
plications using NPs were tentative; how-
ever, research performed in recent years has
shown the relevance of the correct compo-
sition and structure of both the inorganic
and organic components of the NP.> The
physical properties of these particles are
now tunable as they are influenced by the
composition, shape, size, and crystallinity of
the inorganic core. The organic shell, lo-
cated in the most external part of the NP,
provides the chemical functionality to the
nanostructure, and it is responsible for the
solubility, stability, charge effect, and inter-
actions with other molecules.® Not only are
the inorganic core composition, size and
organic shell crucial parameters for bio-
medical applications, but so is biofunctio-
nalization with targeting molecules, such as
peptides or antibodies, as this procedure is
frequently required to provide a biological
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ABSTRACT Magnetic nanoparticles (NPs)
hold great promise for biomedical applica-
tions. The core composition and small size of
these partides produce superparamagnetic
behavior, thus facilitating their use in mag-
netic resonance imaging and magnetically
induced therapeutic hyperthermia. However,

Internalization  via

the development and control of safe in vivo

applications for NPs call for the study of cell—NP interactions and cell viability. Furthermore, as
for most biotechnological applications, it is desirable to prevent unspecific cell internalization of
these particles. It is also crucial to understand how the surface composition of the NPs affects
their internalization capacity. Here, through accurate control over unspecific protein adsorption,
size distribution, grafting density, and an extensive physicochemical characterization, we
correlated the cytotoxicity and cellular uptake mechanism of 6 nm magnetic NPs coated with
several types and various densities of biomolecules, such as glucose, galactose, and poly(ethylene
glycol). We found that the density of the grafted molecule was crucial to prevent unspecific
uptake of NPs by Vero cells. Surprisingly, the glucose-coated NPs described here showed cellular
uptake as a result of lipid raft instead of clathrin-mediated cellular internalization. Moreover,
these glucose-functionalized NPs could be one of the first examples of NPs being endocytosed by
caveolae that finally end up in the lysosomes. These results reinforce the use of simple
carbohydrates as an alternative to PEG molecules for NPs functionalization when cellular uptake
is required.
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materials in biomedical applications, it is of
the upmost importance to achieve their
stability in physiological conditions as well
as to minimize unspecific interactions with
other biomolecules present in the media.?
Up until now, poly(ethylene glycol) (PEG)
has been used for this purpose.” A dense
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layer of PEG confers hydrophilicity to nanomaterials,
thereby increasing their solubility in water, but this
polymer also prevents unspecific interactions with
other molecules. Recently, our research group demon-
strated the efficiency of monosaccharides such as
glucose for this purpose.'® These small saccharidic
molecules have several advantages: they do not in-
crease the global hydrodynamic size of the NP, they are
easy to work with, and they are inexpensive. Further-
more, their small size does not give rise to the shielding
of other conjugated ligands, in contrast to what occurs
when using PEG chains."!

Monosaccharides could be used as passivation mol-
ecules but may also serve as targeting molecules, as
carbohydrates present in the organism play a major
role in many biological processes. In fact, carbohy-
drates are involved in a variety of biological functions,
such as cell—cell signaling, adhesion, cell migration,
and cancer development and metastasis.'>'®> How-
ever, few studies have addressed the complex nature
of the interactions of sugar-modified NPs with cells,
where the carbohydrate attached determines the de-
gree and route of NP internalization.'® It has been
shown that NPs functionalized with carbohydrates
allow the detection and profiling of various cell types
on the basis of the carbohydrate—receptor inter-
action;"” the uptake of NPs functionalized with lactose
or glucose was reported to be faster than that of
unmodified NPs in cancer cells,'® and also, galactose
NPs have been used effectively in vivo for liver
targeting.'”'® In all these examples, NPs functionalized
with carbohydrates interact with molecules located in
the cell membrane.

Furthermore, carbohydrate-functionalized NPs could
have another potential role, namely, overcoming biolo-
gical barriers such as the plasma membrane or the
blood—brain barrier.'® The systematic study of how
NPs overcome the plasma membrane is crucial since
the targeted subcellular compartments differ depend-
ing on the route selected. Generally, endocytic path-
ways can be divided in two broad categories, phago-
cytosis and pinocytosis. The former is a critical step that
occurs mainly in specialized cells, and it is intended to
defend the organism against exogenous elements.®
Nonphagocytic pathways can occur virtually in all cells
and can be divided into clathrin- and nonclathrin-
dependent endocytosis. The latter can then be split into
three main mechanisms: macropinocytosis, caveolae-
mediated endocytosis, and clathrin- and caveolae-
independent endocytosis.2' The rate and mechanism
of NP uptake is cell type-dependent and varies with NP
size, charge, and other surface properties.*?* It has
been reported for instance that, once internalized into
the cell, saccharide-coated NPs are trapped in endocytic
vesicles.* Also, NPs coated with cationic glycopolymers
are released to the cytoplasm as a result of endocytic
vesicle disruption mediated by the cationic moiety.?
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Therefore, the functionalization of a NP with a single
carbohydrate moiety could confer this structure three
capacities (blocking protein unspecific adsorption, ac-
tive cell targeting, and cell internalization) when multi-
functionalization is usually required to achieve this
goal. Given the huge potential of NPs and in order to
further characterize these challenging materials, it is
important to study their cellular uptake as well as their
potential toxicity. Here we performed systematic studies
to evaluate the cellular internalization route of carbohy-
drate-functionalized magnetic NPs with a diameter of
6 nm, as well as an extensive set of cytotoxic assays. To
the best of our knowledge, this is the first study to
address the endocytic routes of carbohydrate-functiona-
lized NPs and internalization fate during distinct periods
of time, combined with a range of cytotoxic studies.

Moreover, we describe that the cellular uptake of
NPs is largely dependent on the type and density of
carbohydrate attached to their surfaces. Our studies
demonstrate that carbohydrate-modified metal NPs
are nontoxic and represent an advance in the field, in
which few examples can be found.?

RESULTS AND DISCUSSION

NP Functionalization. Monodisperse iron oxide NPs
with an average diameter of 6 nm were synthesized
following a seed-mediated growth procedure pre-
viously described.?” These NPs are prepared in organic
solvents and coated with oleic acid, thus requiring
further treatment for transfer to an aqueous solution.
We therefore followed a modified version of a pre-
viously reported methodology,?® using an amphiphilic
polymer shell, poly(maleic anhydride-alt-1-octadecene)
(PMAO) to transfer the NPs to water.'® The hydrophobic
part of the polymer consists of 18-carbon alkaline side
residues that intercalate and interact hydrophobically
with the oleic acid chains that cover the NPs. The
hydrophilic part of the polymer, the maleic anhydride
moieties, is exposed to the outermost part of the NP,
thus conferring stability. It also provides useful reactive
groups for further functionalization. The hydrolysis of
the external maleic anhydride groups of the polymer
shell in water renders two carboxylic groups per
monomeric unit of maleic anhydride. Treatment of
NPs in basic conditions with NaOH 0.05 M, followed by
the complete evaporation of the chloroform, provides
carboxylated NPs that are fully soluble in water. Opening
of the anhydride groups can also be achieved using
nucleophiles such as alcohols, primary or secondary
amines, and thiols, so the polymer can be modified
before transferring the NPs to aqueous solutions.
The excess of unbound polymer is then removed via
centrifugation.

Multifunctional NPs were prepared by incorporation
of a fluorescent dye (tetramethylrhodamine 5-(and -6)-
carboxamide cadaverine, TAMRA) and either glucose
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(Glu), galactose (Gal), or poly(ethylene glycol) (PEG), to
passivate the NP surface. Two functionalization strate-
gies were followed (Scheme 1). The first involved a
competitive protocol (group A NPs), where the dye
and the passivation molecules (monosaccharides or PEG)
were incorporated simultaneously. Amine-modified de-
rivatives of the monosaccharides (Glu or Gal) or PEG and
TAMRA were added to the NPs previously activated
with N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) (Scheme 1A). The second functio-
nalization strategy consisted of a stepwise (sequential)
process (group B NPs). NPs were coated with chemically
modified PMAO where TAMRA was previously incorpo-
rated to 1% of the total PMAO monomers. After that,
the passivation was followed as described earlier
(Scheme 1B).

NPs functionalized by the competitive strategy had
a greater number of dye molecules attached than
when prepared by the sequential strategy (see Sup-
porting Information, Figure S1 and S2). Control over
the competitive strategy is difficult to achieve as the
number of molecules incorporated depends on various
parameters such as the size and reactivity of the amine-
derived fluorescent dye or passivation agents. As a
result of the higher amount of dye molecules per NP
obtained using this strategy, there is a decrease in the
number of passivation molecules per particle.

We evaluated the efficiency of the passivation by
zeta (Z)-potential measurements, a common tech-
nique when determining the presence of distinct coat-
ings (Figure 1).%° Clear differences between the NPs
obtained with the two strategies were found.

Passivation molecules are neutral and TAMRA is a
positive molecule. Thus, the less negative Z-potential
of the TAMRA NP A compared to the TAMRA NP B
shows that this strategy allows the incorporation of a
higher amount of fluorophore. Having the TAMRA NPs
as a reference, the incorporation of the passivation
molecules was confirmed by the decrease of the
Z-potential, as a result of the surface charge neutraliza-
tion. The larger difference in the Z-potential values
between TAMRA NPs and the passivated NPs in
Group B also indicate a higher density of passivation
molecules on the particle surface when this stepwise
strategy was followed. It should be highlighted that
the Z-potential for PEG NP B was near zero as a result
of the flexibility of the PEG chains and an almost
complete covering of the NP surface. Moreover, gel
electrophoresis showed a narrow band in almost every
case, implying a narrow NP distribution and similar
sizes for Glu and Gal NPs,*® also evaluated by dynamic
light scattering and transmission electron microscopy
(Supporting Information, Figures S3, S4, and S5).

Cytotoxic Assays. While bare iron oxide NPs are slightly
cytotoxic, coated superparamagnetic iron oxide nano-
particles (SPIONs) are traditionally considered relatively
nontoxic3! However, in terms of cytotoxicity, many
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Scheme 1. Strategies used to multifunctionalize the NPs
with a passivation agent and a fluorescent dye. NPs synthe-
sized in a competitive way (A) imply water transfer of oleic
acid-capped NPs, prior to the incorporation of the dye and
the passivation agents (glucose, galactose, and PEG) onto
their surface. The second functionalization strategy (B)
requires the chemical modification of the polymer with
the dye before using it to transfer the oleic acid-capped
NPs into water. After the hydrolysis of the remaining
anhydride groups, the next step involves functionalization
with only passivation reagents
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Figure 1. Zeta potential measurements performed for both
sets of NPs at pH 7.4, presented as the mean of 10 runs & SD.

factors such as the test performed, the NP composition,
and concentration, the cell line or the time schedule
have to be taken into account when conducting the
assays. The combination of various experiments and cell
lines is crucial for assessing toxicity.

To assess the NP toxicity on cells, we performed
several sets of experiments (viability assay, ROS pro-
duction, and cell cycle disruption) by incubating dis-
tinct cell lines with NPs. Moreover, the potential
inflammatory reaction induced by these structures
was also tested by in vitro analysis, checking the
activation of the complement cascade by Western blot
analysis of C3 factor degradation.

Although there are no standardized protocols for
assessing cytotoxicity, it has been suggested that given
the differences in the cell line origin, proliferation state
or membrane characteristics, among others, distinct
types of cells should be used to test NP cytotoxicity.>?
Thus, we performed cell viability studies with 50 and
100 ug mL~" of each NP group on four cell lines
[HeLa (human cervical cancer cells), A549 (lung
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Figure 2. Viability assay performed with various cell lines. Black bars correspond to experiments where the NP final
concentration was 100 ug mL™', whereas gray bars correspond to those in which the final concentration of NPs was
50 ug mL . A stands for Group A NPs and B stands for Group B NPs. A P value less than 0.01 was considered statistically

significant.

carcinoma cells), Vero (monkey kidney epithelial cells),
and Raw 264.7 (mouse leukemic monocyte/macro-
phage cell line)], and during 48 h of incubation
(Table 1, Supporting Information). To perform these
assays, the number of cells was first optimized to avoid
interferences with cell viability occurring because of
limited nutrients. Cell viability was measured using the
Quick Cell reagent, which is reduced by the dehydro-
genases in living cells (Figure 2).

Cell viability was largely dependent on the cell line,
Raw 264.7 cells being the most sensitive to NPs. Never-
theless, cell viability was greater than 80% in all the
cases, and little difference was found between naked,
PEG-, Glu- or Gal-coated fluorescent NPs except in Raw
cells. As mentioned before, few studies have addressed
the toxicity of carbohydrate-modified NPs using sev-
eral cell lines. In this regard, it has been reported that
silver NPs modified with glucose or lactose have a
slight toxic effect at 30 ug mL ' after the second day of
incubation when using A549 cells.'® In other studies,
maltose-modified gold NPs proved highly cytotoxic
while glucose-modified ones showed no effect."
These observations indicate that both the NP and the
carbohydrate participate in the toxic effect.

MOROS ET AL.

Another main issue when studying cytotoxicity is
the production of ROS, as cell toxicity can be produced
directly, but also indirectly, by an excess of ROS
generation,** which can damage various molecular
targets, including DNA, protein, and lipids. We ana-
lyzed ROS by flow cytometry using HMy (human
lymphoblastoid B leukemia) cells. This tumoral cell line
was chosen because of its high sensitivity to low
amounts of ROS generation when it is treated with
other NPs.? None of the NPs tested showed ROS
production in the conditions assayed (Supporting In-
formation, Figure S6). Previously, it was demonstrated
that 4 nmiron oxide NPs coated with citrate induce the
generation of ROS, which can result in severe cell
dysfunction, even when the cells do not show cyto-
toxicity using conventional cellular viability assays.>*
However, the induction of ROS using iron oxide NPs
remains complex. Gao and co-workers reported that
bare magnetic iron oxide NPs exhibit peroxidase-like
activity, which can reduce the amount of hydrogen
peroxide present in the cell, thus stimulating cell
proliferation.>

We also analyzed the effect of NPs on cell cycle, as
DNA damage can be evidenced in cell cycle progression.
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Figure 3. Analysis of complement system activation by Western blot of both groups of NPs: (—) negative control (PBS); (+)
positive control (cobra venom factor); (1) TAMRA-labeled NPs; (2) glucose (Glu) NPs; (3) galactose (Gal) NPs; (4) PEG NPs. MW
corresponds to the molecular weight of the protein marker (kDa).

The cell cycle is a vital process responsible for cell
division and duplication. In eukaryotes this cycle can
be divided into two phases: the interphase, in which the
cell grows and accumulates nutrients, and the mitosis
(M) phase, in which the cell splits into two. The inter-
phase comprises three parts: G1, S, and G2. Deregulation
of the cell cycle phases may lead to tumor formation.*®
Each phase of the cell cycle exposed to the NPs was
analyzed by flow cytometry, assessing any deregulation
of the cycle that results in the accumulation of cells in
one or more phases. We found that at a NP concentra-
tion of 100 #g mL™" no cell arrest occurred in any of the
phases (Supporting Information, Figure S7). Mahmoudi
et al. reported that the cell cycle is affected only by very
high concentrations of 48 and 85 nm bare and poly(vinyl
alcohol)-coated iron oxide nanobeads.” In contrast,
6—20 nm starch-coated silver NPs showed a G2/M arrest
at 25 ug mL' 38

Finally, the potential inflammatory reaction in-
duced by NPs was studied by assessing the activation
of the complement system. This system comprises a
very complex group of proteins that can be activated
through several pathways (classical, alternative, or
lectin-mediated). Although its main function is the
opsonization and clearance of invading agents, the
complement system also mediates inflammation, fa-
vors phagocytosis, and targets cell death.>® A critical
step in the activation of this system consists of the
cleavage of the complement component 3 protein
(C3). Although this protein shows spontaneous and
basal degradation, its cleavage is considerably in-
creased after activation of the complement cascade
by any of the three pathways. To examine whether NPs
have potential effects on the complement activation
cascade, we analyzed C3 degradation by electrophor-
esis followed by Western blot analysis with antibodies
directed against C3. None of the NPs assayed pro-
moted C3 cleavage (Figure 3). While the band corre-
sponding to C3 almost disappeared in the positive
control (increasing in accordance with the intensity of
the C3 split product), no major differences were found in
plasma incubated with NPs compared to the negative
control (plasma incubated with PBS). Similar results
have been described for 30 and 50 nm citrate-capped
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gold NPs,*® whereas carbon nanotubes and different-
sized core shell polysaccharide NPs cause complement
activation.*"*?

Cellular Uptake of Functionalized NPs. To clarify and
demonstrate the relevance of the functionalization
strategies on the NP—cell interaction, we performed
cell uptake experiments using the Vero cell line, all of
which were done under the same conditions for all
NPs.

First, the internalization mechanism of NPs was
studied by incubating cells with all the NPs at 4
and 37 °C. NPs kept at 4 °C were not internalized
and remained attached on the surface membrane
(Supporting Information, Figure S8), while at 37 °C
some NPs were internalized into the cytoplasm. There-
fore, the cellular uptake of these NPs is most likely
energy-dependent.*?

The internalization of the NPs obtained through the
competitive and sequential strategies was assessed to
compare and infer about the influence of the functio-
nalization protocol. All NPs functionalized with the
competitive strategy (group A NPs) were internalized
in higher amounts after 15 min of incubation at 37 °C
(Figure S9), compared to the NPs functionalized with
the sequential strategy (group B NPs) (Figure 4).
Furthermore, clear differences between PEG, Glu, and
Gal NPs were detected in group B NPs, due only to the
nature of each functionalized biomolecule, as aggre-
gation induced by culture media conditions did not
occur (Supporting Information, Table S2 and Figure S9).
The rate and the intracellular fate of NP uptake by cells
depends on many factors, such as charge, size, hydro-
phobicity, or even the ligand arrangement.**~*” More-
over, the uptake mechanism may be different depend-
ing on the cell line.*® To date, PEG is one of the most
widely used inertization agents as it provides steric
stabilization and prevents serum protein absorption,
which is the greatest limit for long-time circulating
half-life.*® Proteins adsorbed on the NP surface pro-
mote opsonization, leading to aggregation and/or
clearance from the bloodstream.®® Therefore for
in vivo applications of NPs it is essential that the grafted
PEG covers the NP surface sufficiently in order to
efficiently prevent opsonization and to hinder the
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Group B

Figure 4. Confocal micrographs taken after 15 min of incubation of TAMRA-labeled NPs at 37 °C in Vero cells. PEG, glucose
(Glu), and galactose (Gal) NPs produced in a competitive method (group A) entered the cell in all cases. While the uptake of
PEG NPs produced in a sequential method (group B) was fully inhibited as a result of the PEG surface graft, Glu NPs in this
group were internalized in only 15 min, while Gal NPs remained in the periphery. Scale bar = 20 um.

unspecific uptake of the NPs by cells.”" In this study, the
uptake of NPs grafted with a high density of PEG was
prevented, whereas NPs that exhibited less PEG, and
therefore remained negatively charged, entered the
cell in a massive way.

Although Glu and Gal NPs were internalized
(group B), the cellular distribution for each differed.
While Glu NPs entered throughout the cell, Gal NPs
remained predominantly on the cell periphery, or
attached to the membrane. Interestingly, these two
types of NP share the same inorganic core, hydro-
dynamic size and Z-potential values, differing only in
the type of carbohydrate. Hence, the difference in the
cell entrance pattern can be attributed exclusively to
the monosaccharide functionalized on the NP surface,
that is to say Glu or Gal. Interestingly, glucose and
galactose share the same chemical formula, except for
the conformation of the hydroxyl group placed in C-4.

The internalization rate of Glu NPs (group B) was
followed during the first 24 h. During the first 15 min,
these particles were observed throughout the cyto-
plasm. As time increased, from 4 to 24 h, the NPs were
observed in large clusters. This finding may indicate
that they were being processed by other compart-
ments (Supporting Information, Figure S10). Gal NPs
had slower internalization kinetics than Glu NPs,
although after 4 h of incubation they were detected
inside the cell (data not shown). NPs modified with
TAMRA, without further functionalization, did not enter

MOROS ET AL.

the cells. This finding could be explained by aggrega-
tion problems in the cell culture media, as large
aggregates were observed surrounding the cells
(Supporting Information, Figure S11). This observation
reinforces the idea that correct functionalization is
compulsory when studying NP uptake. Moreover, not
only is the type of coating crucial for cell uptake but so
is the density of components on the surface.

Mechanisms of NP Cellular Uptake. To study the endo-
cytic mechanisms involved in NP uptake, we used Glu
NPs functionalized by the sequential strategy.

First of all, we used SEM microscopy to study
morphological cellular changes in cells incubated
with Glu NPs. Differences in membrane structures
were not observed when compared with control cells
(Supporting Information, Figure $12). The influence of
these NPs in vitro was also assessed in terms of
fluorescent observation of cytoskeleton (actin, tubulin,
and vinculin), finding no differences with control cells
(Supporting Information, Figure S13).

For many years, clathrin-mediated endocytosis has
been the most studied cellular entry pathway; clathrin-
independent pathways include caveolar endocytosis,
macropinocytosis, and clathrin- and caveolae-indepen-
dent pathways; the latter are subclassified as Arf6-
dependent, flotillin-dependent, Cdc42-dependent, and
RhoA-dependent,®? although ongoing research may
lead to the characterization of other routes. Colocaliza-
tion studies of Glu NPs and caveolae or clathrin were

AR
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Figure 5. Study of glucose (Glu) NP uptake by means of inhibitors. (a) Glu NP uptake without further treatment and cells
treated with (b) dynasore (DYN) 80 «M, (c) chlorpromazine (CHZ) 14 uM, (d) chloroquine (CLQ) 20 M, and (e) nystatin (NYS)
50 uM. (f) Graph representing the mean intensity of TAMRA fluorescence in each sample after analyzing the cells using

confocal microscope software. Scale bar = 20 um.

carried out by incubating cells with NPs, fixating
and staining using fluorescent anticaveolin 1 and anti-
clathrin antibodies. Colocalization was not observed
(Supporting Information, Figure S14). However, the
NPs amount and/or pattern in the permeabilized and
stained cells differed from those used without permea-
bilization solution (Supporting Information, Figure S15).
These differences indicate that the fixation and permea-
bilization procedure affect NP localization. In fact, it has
been reported that the distribution of certain lipid
compartments are sensitive to fixation conditions.>>>
Therefore, the change in NP distribution pattern may be
attributable to a poor fixation of the compartments in
which they were retained and consequently loss of the
content. To prevent this from happening, the internali-
zation mechanisms were studied by means of drug
inhibitors.

Clathrin- and caveolae-mediated pathways, as well
as others lipid raft routes, require dynamin.*®>” This
molecule is a 100 kDa GTPase that has an essential role
during the vesicle formation of coated pits and caveola
derived vesicles.®® To inhibit the GTPase activity of
dynamin, we used dynasore (DYN).>® Treatment with
DYN prevented the internalization of Glu NPs, thus
indicating that NP uptake is a dynamin-dependent
process (Figure 5b). The most studied dynamin-
dependent routes are the clathrin and caveolar ones.
Therefore, to assess which one is used for NP uptake,

MOROS ET AL.

the inhibitory effect of chlorpromazine (CHZ) was
tested. CHZ is a cationic amphiphilic drug that perturbs
clathrin-processing and hence endocytosis by clathrin-
dependent mechanisms.®® CHZ was used at a concen-
tration known to prevent Transferrin (TF) uptake in Vero
cells without promoting cell detachment.®’ In this case,
NP uptake was reduced by only 18% (Figure 5¢), thereby
suggesting that clathrin-mediated endocytosis is not
the main route of internalization.

We next used the drug inhibitor chloroquine (CLQ).
Lysosomotropic agents, such as CLQ, are nonspecific
weak bases that diffuse across membranes in a con-
centration-dependent manner, thereby neutralizing
the pH of endocytic vesicles.? Endosomal acidification
is one of the hallmarks of clathrin-mediated endocy-
tosis. Inhibition of this route using CLQ occurred at the
endosomal level. Treatment with CLQ slightly affected
the number of NPs internalized and their distribution
inside the cell differed from that observed for the
controls. Most NPs appeared to be retained on the
membrane surface, indicating that the clathrin pathway
(or other endosome-dependent route) may be used as a
secondary or minor route for NP entry (Figure 5d).

In addition, we also analyzed the participation of
caveolae/lipid rafts during Glu NP uptake. For this
purpose, we used a drug that interferes with these
internalization pathways, namely nystatin (NYS), a
cholesterol-sequestering agent that disrupts the
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15 minutes

4 hours

Figure 6. Cholera toxin colocalization with glucose TAMRA-labeled NPs was performed as this toxin is generally accepted as a
lipid raft marker. Confocal microscope images from (a) glucose (Glu) NPs, (b) cholera toxin-labeled with Alexa-488, and (c)
colocalizated pixels shown in white reveals the high grade of colocalization in 15 min of incubation. At 4 h this colocalization
was found in smaller spots rather than diffused throughout the cell. Scale bar = 10 um.

membrane lipid raft and consequently prevents ca-
veola formation.®® Pretreatment of Vero cells with this
drug at a concentration known to inhibit cholera toxin
uptake (data not shown) inhibited the uptake of the
Glu NPs (Figure 5e). This observation shows that
caveolae/lipid rafts are preferentially involved in the
internalization of these NPs.

To ensure that the drug treatments that affected
clathrin-mediated pathways were effective, all the
experiments were carried out under the same condi-
tions using Alexa594-labeled transferrin as a positive
control (Supporting Information, Figure S16).54

To reinforce the idea that the caveola/lipid raft is the
main route for NP endocytosis, we studied cell uptake
using cholera toxin as a lipid raft marker.%® Cholera toxin
has been traditionally proposed as a caveolae marker,
although depending on cell type, its entry mechanism
may be not exclusive®® Cholera toxin and Glu NPs
showed high colocalization inside the cell (Figure 6).

Glu NP uptake was inhibited using a cholesterol-
depletion agent, NYS, which can affect multiple lipid-
raft-dependent endocytic pathways, including caveolar
endocytosis. The complete inhibition of uptake
achieved with DYN is consistent with caveolar path-
way-mediated uptake while its role in other lipid raft-
dependent routes has not yet been elucidated.”' These
results and the high degree of colocalization observed
with the cholera toxin suggest that the caveolar route
is the main mechanism involved in Glu NP uptake.

MOROS ET AL.

Although clathrin-mediated endocytosis has been
traditionally proposed as the main route for NPs
smaller than 200 nm,%"*
NPs up to 100 nm in diameter.®® This observation is
consistent with our data. Other lipid raft-dependent
mechanisms may also participate in NP internalization,
as they can lead to a more rapid ligand uptake than
caveolae do, sharing the same mechanism proposed
for negatively charged quantum dots.*>”° It has been

caveolae can accommodate

reported that the entry of cationic liposomes into the
cell depends on the amount of ganglioside (GM1)-
enriched lipid rafts, thus leading to a reduced uptake
when many of these rafts are present.”! Therefore, lipid
rafts could have a preference for negatively charged
NPs, like those proposed in the present study.

As previously reported,”? Glu NP uptake is rapid. In
that study the authors demonstrated that quantum
dots capped with glucose interact with high-affinity
glucose transporters in yeast cells, leading to a high
uptake in only 10 min. Although performed in yeast,
this result indicates that Glu NPs can be transported
inside cells using a membrane carrier protein.
Among the many glucose transporters, GLUT4 inter-
nalization has been described to be dynamin-
dependent.”® Therefore further studies are required
to assess the potential of this transporter in Glu NP
uptake.

To further study the localization of NPs after their
internalization, we studied their colocalization with a
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Figure 7. LysoTracker, a marker for acidic compartments was used to evaluate the localization of glucose (Glu) NPs in
lysosomes after 12 h of incubation with cells. Live-cell imaging was performed with a confocal microscope. (a) Glu TAMRA-
labeled NPs, (b) LysoTracker green, and (c) colocalized pixels in white superimposed over the bright field image. Scale bar =10 um.

subcellular structure, the lysosome. There are several
examples of NPs terminated by lysosomes,”*~7¢ but in
principle, NPs endocytosed by caveolae would avoid
degradation in lysosomes.”” Pelkmans and co-workers
coined the term “caveosome” to name the endocytic
compartment where the uncoated virus SV40 and
caveolin were internalized after caveolae mediated
uptake.”® This compartment was not labeled by com-
monly used fluid phase markers and it was proposed to
have neutral pH. Furthermore, it was proposed that
cargos using the caveolar pathway would be spared
from degradation in lysosomes, as they did not accu-
mulate a lysosomal dye; therefore if Glu NPs enter the
cell via this pathway, they should not show high
colocalization with lysosomes. To study NP targeting
to this organelle we loaded the cells with LysoTracker, a
marker for acidic compartments and lysosomes, and
performed live-imaging by confocal microscopy. Sur-
prisingly, the degree of colocalization was high after
12 h of incubation (Figure 7), although this observation
is commensurate with recent reports that propose
that caveosomes are late endosomes/lysosomes from
the normal endocytic pathway.>® Using elegant ap-
proaches, they have demonstrated that, depending
on its expression, caveolin 1 is targeted to lysosomes
for degradation, thus the term caveosome should no
longer be used. Therefore, studies describing the
entry of NPs through caveolar-mediated endocytosis
that assume that NPs would not be degraded in
lysosomes should be reviewed. The Glu NPs described
in this work could represent one of the first examples
of NPs being endocytosed by caveolae that end up in
the lysosomes.
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CONCLUSIONS

Here we have shown that functionalizing the NP
surface with carbohydrates, as well as the passivation
of the particles, influences the cell uptake of these
molecules. The type of monosaccharide used in the
coating affects the rate of NP internalization into the
cell. Therefore, simple carbohydrates represent an
alternative to PEG molecules to graft onto the NP
surface when cellular uptake is required. We also
demonstrate that Glu NPs mainly follow a caveolar/
lipid raft uptake, which culminates in lysosomes after
12 h of incubation. These cellular uptake studies were
carried out with serum-free media to avoid interfer-
ences in the uptake mechanism caused by unspecific
binding of serum proteins to NPs. Although previous
studies performed with Glu NPs demonstrated that the
absorption of model proteins such as bovine serum
albumin was prevented,'® carbohydrates could also
interact with other serum molecules that form the
protein corona, thus affecting the charge, coating,
properties, and biodistribution of NPs. To address the
in vivo application of these NPs, it would be pertinent
to perform further studies addressing the effect of Glu
NPs on the formation of the protein corona in human
plasma.

To our knowledge, this is the first study to report in
detail Glu NP cytotoxicity and cell uptake. As the
uptake mechanism could depend on the cellular line,
further studies must consider the use of different cell
lines.

Given the involvement of carbohydrates in many
pathological and nonpathological processes,”® Glu NPs
represent an interesting alternative for the development
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of new theragnostic agents, gaining control over vector-
ization and cell internalization. Therefore, as reported
here, systematic studies that address the cellular uptake

METHODS

Unless otherwise stated, all the reagents were purchased
from Sigma Aldrich.

Synthesis of water-soluble NPs. Monodisperse FesO, NPs of
6 nm mean diameter were synthesized following the seed-
mediated growth method described by Sun et al.?’ First, 4 nm
Fe304 NP seeds were synthesized by mixing and stirring under a
flow of argon, Fe(acac)3 (0.71 g), 1,2-hexadecanediol (2.58 g),
oleic acid (2 mL), oleylamine (2 mL), solubilized in phenyl ether
(20 mL) . The mixture was heated to 200 °C for 2 h and afterward
heated to reflux (265 °C) under argon atmosphere for 1 h. The
mixture was allowed to cool to room temperature by removing
the heat source. The NPs were then washed with ethanol and
collected with a magnet and redispersed in hexane. The process
was repeated using these NPs as seeds to obtain 6 nm NPs.
The transfer into water was performed using an amphiphilic
polymer. A 250 mg aliquot of poly(maleic anhydride-
alt-1-octadecene) (PMAO) was added to a flask containing
200 mL of chloroform. After the polymer was dissolved under
magnetic stirring, 20 mg of the nanoparticles were added and
the mixture was gently stirred for 2 h. The solvent was removed
under vacuum, and then the NPs were resuspended in 20 mL of
NaOH 0.05 M. To remove the excess of unbound polymer the
solution was centrifuged at 25000 rpm for 2 h twice.To obtain
NPs from group B, 1% of the polymer monomers were modified
with tetramethylrhodamine 5(6)-carboxamide cadaverine
(TAMRA) (Anaspec) under stirring for 12 h in 5 mL of chloroform
before adding the NPs.

Coating NPs with Carbohydrates and PEG. Group A NPs were
obtained by incubating 1 mg of NPs with 3 mg of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
25 umoles of 4-aminophenyl 3-p-glucopyranoside, 4-aminophe-
nyl 5-b-galactopyranoside or a-methoxy-w-amino poly(ethylene
glycol) 750 Da (Rapp Polymere) in 250 uL of SSB buffer pH 9
(50 mM of boric acid and 50 mM of sodium borate). After 15 min
of incubation 0.4 umoles of TAMRA were added. After 2 h the
ligand excess was removed by washing the NPs with phosphate
buffered saline (PBS) pH 7.4 in a centrifugal filter with a 100 000
Da molecular weight cut off membrane (Millipore).

Group B NPs were obtained following the same protocol
with the exception of the addition of TAMRA.

General Procedures for Nanoparticles Characterization. Dynamic
light scattering and zeta-potential measurements were per-
formed on a Brookhaven Zeta PALS instrument at 25 °C. Each
sample was measured three times, combining 10 runs per
measurement.

Viability Testing. Cell viability was analyzed using the Quick
Cell Proliferation Testing Solution (GenScript). Different cell
lines were used in order to achieve a more complete study:
Hela (human cervical cancer cells), A549 (lung carcinoma cells),
Vero (monkey kidney epithelial cells), and Raw 264.7 (mouse
leukemic monocyte/macrophage cell line) were maintained
in RPMI (Gibco) supplemented with 10% heat inactivated
fetal calf serum (PAA), penicillin (100 U mL™"), streptomycin
(100 ug mL™"), and glutamine (2 mM)(Gibco). A total of 15000
cells (HeLa, A549, Vero) and 20000 cells from Raw 264.7 were
seeded using a standard 96-well plate (Falcon). NPs at different
concentrations (50 and 100 xg mL~") and cells were incubated
for48 h at 37 °Cin a humidified atmosphere containing 5% CO,.
The reaction was performed following the manufacturer in-
structions and was followed by spectrophotometric measure-
ments at 450 nm with a microplate reader (Multiskan EX,
BioAnalysis Labsytems). Control wells including cells treated
with Triton X100 or just with NPs in medium (in the absence of
cells) (Abs(NPs)) were analyzed as NPs can show absorbance at
that wavelength. All experiments were repeated in triplicate
twice. Results are shown as percent of viability (%V) according
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of Glu NPs as well as their potential toxicity are needed
before these challenging materials can be applied to
in vivo applications.

to the following formula:

Abs(NPs + cells) — Abs(NPs)
Abs(cells) — Abs(medium)

Statistical analyses were performed using OriginPro 8 soft-
ware. An ANOVA with a Bonferroni posthoc test was performed
comparing the different groups to the control cells. In all cases, a
P value less than 0.01 was considered statistically significant.

ROS Production. HMy2 lymphoblastoid B leukemia cells were
used to investigate the intracellular ROS generation: 250000
cells were exposed to 0.1 mg mL~" NPs for 5 and 15 min. 2(,7
(-Dichlorofluorescein—diacetate (DCFH-DA) (Invitrogen) (5 uM)
was added to detect and quantify intracellular production of
H,0.. In the presence of ROS produced during oxidative stress,
the compound is oxidized and emits bright green fluorescence.
The fluorescence was recorded by exciting the solution with a
488 nm argon laser using a FACS Coulter (FC500 MPL).

Complement Activation. Complement activation experiments
were performed by Western Blot analysis. Equal volumes (20 xL
each) of NPs (0.2 mg mL~"), human plasma from three healthy
donors and veronal buffer were mixed together and incubated
at 37 °C for 60 min. As positive control, 6 U of Cobra Venom
Factor (CVF) (Quidel Corporation) was used and PBS as negative
control. Proteins were resolved using SDS-PAGE. Before the
samples were loaded on the gel, sample buffer containing 2% of
sodium dodecyl sulfate (SDS) and 0.5% of 5-mercapthoethanol
was mixed with the NPs and heated for 5 min at 90 °C. The
mixture was centrifuged at 13400 rpm for 30 min, and 1 uL of
the supernatant was loaded on a 10% Tris-glycine gel. The
samples were allowed to run for 1 h at 125 V and then were
transferred to a membrane (Immunoblot PVDF membrane,
BioRad) for 90 min at 100 mA using a semidry transfer cell
(Trans blot SD, BioRad). The membrane was extensively washed
with TBS-T (20 mM Tris, 140 mM NaCl, and 0.1% Tween-20) prior
to incubating it overnight at 4 °C with 5% of nonfat dry milk in
TBS-T (blocking buffer), on a rocking platform. The membrane
was then washed and incubated with the primary antibody
solution, consisting in a mouse monoclonal antibody against
human C3 (Abcam) diluted 1:1000 in blocking buffer for 90 min.
After another washing step, it was incubated with polyclonal
goat antimouse IgG antibodies conjugated with alkaline phos-
phatase (Dako), diluted 1:2000 in blocking buffer for 90 min. The
membrane was finally incubated with a solution containing
Nitroblue Tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl
phosphate (BCIP). This substrate system produces an insoluble
NBT diformazan end product that is blue to purple in color and
can be observed visually.

NPs Uptake Assays. Vero cells (ATCC number CCL-81) were
grown at 37 °Cin a 5% CO, atmosphere in Dulbecco's modified
Eagle's medium (DMEM) (Lonza) supplemented with 10% fetal
bovine serum (FBS). Vero cells, grown on glass coverslips to 30%
confluence, were serum starved for 30 min; different types of
NPs (final concentration, 0.1 mg mL~") in DMEM were added for
20 min at 4 °C for binding. Cells were then cold washed with
DMEM and transferred to 37 °C for different times, where the
uptake took place. NPs that were not internalized were removed
by acid washing with 0.1 M NaCl—0.1 M glycine, pH 3.0. Cells
were fixed for 10 min at room temperature with 200 uL of 4%
paraformaldehyde, washed twice with PBS and incubated for
10 min with TO-PRO (Invitrogen) for nuclei labeling. The cover-
slips were mounted on glass microscope slides. Confocal micro-
scopy was carried out in a Leica TCS SPE confocal microscope
using a 63X objective, and images were analyzed using ImageJ.

Drug Treatments and Confocal Microscopy. Stock solutions of
inhibitors were prepared as follows: 10 mM dynasore (DYN)
(Calbiochem) and 5 mM nystatin (NYS) were prepared in
dimethyl sulfoxide (DMSO). Chlorpromazine (CHZ) (20 mM)
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and chloroquine (CLQ) (100 nM) were prepared in water. Work-
ing concentrations were already set up ensuring that cell death,
determined by the trypan blue exclusion method, did not
exceed 10% after incubation of cell cultures with the different
inhibitors. Cells were pretreated for 30 min with inhibitors at
the desired final concentrations (80 «M DYN, 50 uM NYS, 14 uM
CHZ, and 20 uM CLQ) in DMEM at 37 °C. NPs at a final
concentration of 0.1 mg mL~" were cold incubated with the
cells (20 min) and cold washes with DMEM were done prior to
incubation with the inhibitors at the same concentrations.
Control experiments were performed using 50 g mL~" Alexa
Fluor 594-labeled human Transferrin (TF) (Molecular Probes).
Cells were then transferred to 37 °C for the uptake experiment
(20 min) and, as before, NPs or TF that were not internalized
were removed by acid washing with 0.1 M NaCl—0.1 M glycine,
pH 3.0. Cells were fixed for 10 min at room temperature with
200 uL of 4% paraformaldehyde, washed twice with PBS and
incubated for 10 min with TO-PRO (Invitrogen) for nuclei
labeling. The coverslips were mounted on glass microscope
slides. Confocal microscopy was carried out in a Leica TCS SPE
confocal microscope using a 63 x objective.

NPs internalized in cells were quantified by measuring
fluorescence intensities, performing the image analyses with
Leica Application Suite advanced fluorescence software. For a
given experiment, the settings on the microscope were kept
constant for all the samples, including exposures, pinhole size,
and PMT gain. The samples were scanned at different locations.

Cholera Toxin (CT) and NPs Colocalization. Cholera toxin subunit B
(1 ug mL™") from Vibrio cholerae labeled with Alexa Fluor A488
(Molecular Probes) was incubated for 20 min at 4 °C with
0.1 mg mL~" of NPs in DMEM, after Vero cells were serum
starved for 30 min. Cells were cold washed with DMEM and
transferred to 37 °C for 15 min and 4 h. Cells were fixed for
10 min at room temperature with 200 uL of 4% paraformalde-
hyde, washed twice with PBS, and incubated for 10 min with
DAPI for nuclei labeling. The coverslips were mounted on glass
microscope slides. Confocal microscopy was carried out in an
Olympus Fluoview FV10i confocal microscope equipped with a
60x objective. Specificity of labeling and absence of signal
crossover were determined by examination of single labeled
control samples. Colocalized points were analyzed using
Imagel.

Lysotracker Colocalization Assays. Vero cells seeded on 35 mm
Petri dish (lbidi) were incubated with glucose NPs for 12 h as
previously described. Afterward they were loaded with 75 nM
LysoTracker green (Invitrogen) for 30 min and imaged live. Live
imaging of cells was performed using an Olympus Fluoview
FV10i confocal microscope equipped with a 60 x objective. The
specificity of labeling and the absence of signal crossover
were determined by examination of single-labeled control
samples.
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