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Abstract

toxicity and cellular uptake of nanoparticles.

stress but not to cellular uptake.

Ag-NPs by using carbohydrates.

Background: Increasing use of silver nanoparticles (Ag-NPs) in various products is resulting in a greater likelihood
of human exposure to these materials. Nevertheless, little is still known about the influence of carbohydrates on the

Methods: Ag-NPs functionalized with three different monosaccharides and ethylene glycol were synthesized and
characterised. Oxidative stress and toxicity was evaluated by protein carbonylation and MTT assay, respectively.
Cellular uptake was evaluated by confocal microscopy and ICP-MS.

Results: Ag-NPs coated with galactose and mannose were considerably less toxic to neuronal-like cells and
hepatocytes compared to particles functionalized by glucose, ethylene glycol or citrate. Toxicity correlated to oxidative

Conclusions: Carbohydrate coating on silver nanoparticles modulates both oxidative stress and cellular uptake, but
mainly the first has an impact on toxicity. These findings provide new perspectives on modulating the bioactivity of

Keywords: Silver, Nanoparticles, Carbohydrates, Nanotoxicology, Bio-interfaces

Introduction

Nanoparticles are playing an increasing role in the devel-
opment of novel diagnosis methods and in the advanced
design of drug delivery systems [1,2]. Silver nanoparticles
(Ag-NPs) in particular, show excellent anti-microbial
properties and therefore are rapidly being incorporated
into a wide array of consumer products such as textiles,
cosmetics or packaging materials, increasing the likelihood
of human and environmental exposure [3,4]. Moreover,
due to their optical properties Ag-NPs are attracting more
attention in the fields of biological and chemical sensors
[5]. However, Ag-NPs exist in variety of different sizes and
shapes but also, very important, with different coatings.
Recently, among surface coatings there is an increasing
interest in using carbohydrates as biomimetic functional
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molecules on the surface of nanoparticles [2,6-8] for the
diagnosis and treatment, for instance, of brain diseases like
glioma and stroke [9,10]. Glycan functionalised NPs offer
several advantages: (i) their synthesis can be performed
under biomimetic conditions resulting later on in nanopar-
ticles without traces of chemicals responsible for adverse
cellular responses. (ii) the carbohydrates on the surface can
serve as targeting molecules and trigger cellular uptake via
specific receptors or mediate specific cellular responses
[10]. Concurrently, the importance of carbohydrates in
cellular signalling and in the regulation of cellular pro-
cesses continues to emerge [11]. The inherently weak inter-
actions between carbohydrates and proteins or other
biomolecules makes these interactions difficult to study.
However, because these interactions tend to be multivalent
in nature, the use of nanoparticles to mimic the multiva-
lent presentation of carbohydrates found on biomolecular
surfaces make carbohydrate-functionalized nanoparticles
important systems to study [12].
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Several factors like surface charge and particle size can
contribute to the selective binding and uptake of nano-
materials [13,14]. In addition to labelling with a targeting
molecule, nanoparticles can induce multivalent effects
by clustering antigens on the surface of the particle.
Thereby, the binding of relatively weak targeting agents
can be enhanced.

Nevertheless, despite the importance of carbohydrates
in biology and the vast array of literature on functional-
ized nanomaterials, little is known about the effects of
carbohydrates on the uptake and toxicity of nanopar-
ticles by different type of cells. Although it has been
reported that polysaccharides can reduce the toxicity of
silver nanoparticles [15] less is known about the influ-
ence of monosaccaharides [16] thus, the different results
are difficult to rationalise.

Moreover, as pointed out by Johnston et al. [17], the
increasing importance of Ag-NPs in the development of
novel consumer materials intended for human exposure
requires more in depth studies on toxicity mechanisms,
as well as, on how silver particles interact with biological
molecules and how different surface modifications can
be used to reduce or eliminate possible toxic effects.

Here, we discuss the toxicity and the cellular uptake of
different silver nanoparticles functionalized with citrate,
three different monosaccharides as well as ethylene glycol
on two different cell lines. It was found that toxicity
correlates with oxidative stress rather than with cellular
uptake.

Experimental

Materials

Silver nitrate, sodium citrate, D-glucose, D-mannose, D-
galactose and ethylenglycol with MW =200 (EG-3) with
purity >99% were purchased from Sigma-Aldrich.

Synthesis of silver nanoparticles

Citrate-capped silver nanoparticles were synthesized using
a standard method [18]: A solution of AgNO; (10 M) in
deionized water was heated until boiling point. Then,
sodium citrate solution in water was added dropwise.
The color of the solution slowly turned into gray-yellow
after few minutes, indicating the formation of nanopar-
ticles. Heating was continued for an additional 10 min.
The solution was then cooled to room temperature and
stored in dark before functionalization.

Synthesis of carbohydrate ligands

Thiol-functionalized carbohydrates were synthesized
using the following process: glucose, galactose and
mannose were each reacted with thiopropionic acid to
form the corresponding glycoside in approximately
50% vyield. The products were isolated as DMAP-H+
salts. Solutions of these thiolate salts were then directly
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added to solutions of silver nanoparticles to prepare
the carbohydrate functionalized particles.

Functionalization of nanoparticles

To a glass vial charged with a stir bar was added 1 mL
of citrate capper silver nanoparticles (1 nM) and 60 pL
of a 2 mM stock solution of the corresponding ligand.
The solutions were stirred for 3 h at which time each
solution was transferred to a 1.5 mL Eppendorf tube
and centrifuged for 10 min at 8000 rpm. The super-
natant was discarded and the pellet was resuspended in
1 mL of H,O. These nanoparticle solutions were then
used for subsequent reactions and analyses. Scheme of
synthesized nanoparticles is shown in Figure 1.

Nanoparticles characterization

Dynamic light scattering (DLS)

Most of DLS measurements were carried out at 37C
(to simulate physiological temperature) by use of a
Malvern Zeta Nanosizer in water and in cell culture
medium (DMEM + 10% FCS). This instrument oper-
ates at 4-mW He-Ne laser power, scattering angle of
173 and a wavelength of 633 nm. The intensity correl-
ation functions were fitted by the method of cumulants
and by using the Non-Negative Least Squares algo-
rithms (NNLS) included in the Zeta Nanosizer soft-
ware. The zeta potentials of the samples were obtained
from laser Doppler electrophoresis, converting electro-
phoretic mobilities to zeta potentials. Each sample was
prepared in triplicate and measured six times. Experi-
ments consisted of 60 runs per measurement.

Transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDS)

TEM investigations were performed on a Jeol JEM
2200-FS operating at 200 kV. At high magnification, the
in-column Q-filter was used to improve the contrast.
Samples were prepared by immersion of grids of S-160-
3 type (Cu coated with carbon film, Plano GmbH) in a
small volume (0.5 mL) of solutions followed by solvent
evaporation in a dust-protected atmosphere. Particle size
distributions were obtained by analysing at least 200 NPs
from TEM images using Image] software [19]. Energy
dispersive X-Ray analysis (EDX) was performed in STEM
mode using a spot size between 0.5 and 1.5 nm.

Sugar quantification

Sugar densities were evaluated for Glu, Gal and Mann
by a previously reported method [2,7]. Briefly, Glu-Ag-
NPs, Gal-Ag-NPs and Mann-Ag-NPs were dispersed in
deionized water (0.5 mL) in an ice bath. A freshly pre-
pared 0.5% (w/w) solution of anthrone in sulfuric acid
(1 mL) was added slowly to this solution. The resulting
solution was gently mixed and heated to 80C for 10 min.
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Figure 1 Prepared nanoparticles. (A) Different biomolecules on the surface of prepared silver nanoparticles (linker not shown); (B) in cell
culture media the nanoparticle-water interface is composed of ligands and ions but also of proteins, the so-called protein corona.
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The absorption of the solution was measured at 620 nm
and compared with those that were obtained from a
standard curve to determine the amount of sugars on the
Ag-NP surface.

Cell culture

Neuro-2A and HepG2 cells (American Tissue Culture
Center) were each grown in Dulbeccos modified Eagles
medium supplemented with 10% fetal bovine serum
(PAN-Biotech), 1% penicillin-streptomycin (50 pg/mL,
PAN-Biotech), and l-glutamine (2 mM, PAN-Biotech),
under standard culture conditions (37C, 5% CO2).

MTT assay

Cells were seeded into wells in a 96-well plate (1 105
cells/mL, 100 pL per well) to cover a 9 6 grid, filling
54 wells. Remaining wells were filled with 200 pL of
PBS. After 24 hours, 100 puL volumes of dilutions of
nanoparticles in water spanning from 1 nM to 0.01 nM
were added to the seeded wells (final concentrations
spanning 5 pM to 500 pM). For each functionalized par-
ticle, eight dilutions were prepared and for each dilution
six replicates were performed. In the remaining 6 wells,
100 pL of PBS was added as a control. Cells were then
incubated with complexes for 72 h. After 72 h, 50 pL of
a PBS solution of MTT (2.5 mg/mL) was added to each
well and then incubated for 3 h. After 3 h, media was
aspirated from all wells, leaving purple formazan crystals
in those wells with viable cells. To each well, 150 uL of
DMSO was added. Plates were then agitated for 10 s and
analyzed using a plate reader (NanoQuant Infinite M200
instrument by Tecan Group Ltd.) to determine the
absorbance of each well at 570 nm. This reading divided
by the average from the reading of the six control wells

was plotted to determine the IC50 value of each com-
plex for each cell line.

Analysis of protein carbonylation as a read-out for
intracellular oxidative stress development

HepG2 were seeded in 6-well plates and treated with
nanoparticles (final concentrations 2.5 pM and 5pM)
for 6 h (induction of protein carbonylation). Cells were
washed with PBS three times and lysed by adding a modi-
fied RIPA buffer (50 mM Tris/HCI pH 7.4; 150 mM NaCl,
1 mM EDTA, 1% Igepal, 0.25% Na-deoxycholate). Protein
concentrations were determined via Bradford assay ac-
cording to manufacturer instructions (BioRad, Mnchen,
Germany). For detection of protein carbonyls OxyBlot kit
(Millipore, Schwalbach, Germany) was used according
to manufacturer instructions. Briefly, protein carbonyls
are labeled by adding 2,4-dinitrophenyl (DNP) hydra-
zine, which becomes covalently attached as DNP hydra-
zone and can be detected with the respective DNP
antibody. SDS-PAGE was performed according to stand-
ard protocols. Gels were transferred onto nitrocellulose
membranes with a semidry blotting system. Tubulin anti-
body was obtained from Abcam (Abcam, Cambridge, UK)
and used as a loading control. Images were obtained with
GelDoc system (BioRad, Mnchen, Germany) and quanti-
fied with ImageLab (BioRad, Mnchen, Germany). The
assay was repeated in three independent experiments and
results were statistically evaluated.

Confocal microscopy

For imaging, cells were grown on cover slips seeded in
6-well plates. Sterilized cover slips were placed in each
well followed by addition of cell suspensions (1 10 °
cells/mL, 2 mL per well). After 24 h, cells were treated
with either CuSO, or CuHis to a final concentration of
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25 uM. Cells were incubated with copper complexes for
1, 3, 24 or 72 h at which times the media was removed
and cells were fixed by adding 1 mL of fixing solution
(3.7% formaldehyde, 4% glucose in PBS). The fixing solu-
tion was then removed and 1 mL of PBS was added to
cells in each well. To each sample, 4 pL of anti-PRP anti-
body (Abcam EP1802Y  rabbit monoclonal antibody
against prion protein) were then added to the PBS and
the cells were placed in the fridge to be treated for 12 h
at 4C. After 12 h, the PBS was removed, and cells were
rinsed 3 times with 1 mL PBS. Cells were then treated
with 1 mL PBS and 4 pL of a secondary Goat anti-
Rabbit IgG  FITC (Invitrogen) and covered with foil.
Cells were left at room temperature for 3 h and then
treated with DAPI (3 pL Invitrogen). DAPI was added to
each well and the plates were then covered with foil
again and left at room temperature for 20 min. Finally,
the PBS was aspirated, and cells were rinsed 3 times
with 1 mL PBS. Cover slips were then removed from the
wells. To prepare slides, PBS (20 puL) was added to the
surface of each microscope slide and then the removed
coverslips were inverted and placed on the PBS. Cover-
slips were then sealed using nail polish and dried in the
dark for 10 min. Slides were imaged using a confocal
laser scanning microscope (LSM 700, Zeiss). Z-stack
plots (1 micron thick layers) were taken for 6 unique cell
clusters from each sample. Stacks were compressed into
two-dimensional images using Image] software to create
a single image showing the entire cell surface. This

Page 4 of 8

image was then analyzed using voxel analysis to deter-
mine the number of fluorescently labeled pixels, and
thus, the level of prion protein at the cell surface.
Changes in surface expression and localization were
noted and reported.

ICP-MS

Cell samples were digested in 100 pL nitric acid and
stored at —20C until analysis. A 50 pL volume of the
samples was diluted 1:10000 with 3.5% nitric acid for
analysing the cellular uptake of NPs. Lanthanum (10 ppb)
was added as internal standard. An external calibration
series from 0.5 ppb to 50 ppb was prepared using a silver
standard solution. A sample volume of 3 mL was needed
for analysis. For this purpose an ICAP-Q (Thermo Fisher
Scientific GmbH, Dreieich, Germany) was connected to a
concentric nebulizer with a cyclone spray chamber. The
working parameters are in Additional file 1.

Results

All nanoparticles were characterized by TEM, DLS, ZP
and EDX (Figure 2). Particle sizes computed from stat-
istical analysis of TEM images were around 54 nm
(Figure 2-A and Additional File 1). EDX confirms the
absence of impurities (Figure 2-B). DLS of particles in
water after 24 h show some degree of agglomeration while
particles in cell culture media were more stable probably
due to the formation of a protein corona (Figure 1-D and
Additional File 1). This in good agreement with findings
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Figure 2 Physico-chemical characterization of nanoparticles. (A) TEM. Inset corresponds to high resolution image showing d lattices; (B)
Energy dispersive X-ray analysis showing Ag but no impuirities; (C) zeta potential of different prepared samples; (D) DLS of samples in cell culture
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from Kittler et al. [20] and excludes, in this case, agglom-
eration as a factor affecting toxicity in cell culture medium
[21,22]. ZP shows a change in surface charge for function-
alized nanoparticles compared with citrate silver in good
agreement with expected values for glycosylated nanopar-
ticles [10] (Figure 2-C). Amount of sugar on nanoparticles
was determined using the anthorne/H,SO, method in a
similar way as in our previous contribution [23] (see
Additional file 1). Values found were between 3.2 and
3.9 molecules sugar/nm?>.

The toxicity of the functionalized silver nanoparticles
was tested against two cell lines, a neuronal-like cell line
(Neuro-2A) and a hepatocyte cell line (HepG2) by using
an MTT assay (Figure 3-A and B). Here, a clear influ-
ence of the coating on the toxicity of the particles was
observed. While particles functionalized with EG-3,
glucose and citrate coated nanoparticles show a similar
toxicity, galactose and mannose functionalized nano-
particles were significant less toxic towards both cell lines.

In order to elucidate the mechanism leading to
observed coating-dependent toxicities we analyzed the
formation of protein carbonyls as an indirect read-out
for the oxidative stress inducing activity of nanoparticles.
Proteins can become carbonylated either as a direct
or an indirect consequence of reactive oxygen species
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(ROS) formation. Experiments were performed at par-
ticles concentrations 2.5 pM and 5 pM (see Additional
file 1). At both concentrations a strong correlation
between carbonyls formation and ECs, values can be
observed (Figure 3-C), suggesting that the toxicity is
mainly caused by oxidative stress related to ROS formation.

This may be related to ion release as has already been
shown that silver ions can trigger oxidative stress. Many
authors have argued that in fact the toxicity of nanosil-
ver is only caused by the ionic form [24]. Therefore, in
our case this could mean that either the different types
of nanosilver are related to different release rates of ionic
silver from the various different coated NP. Dissolution
of silver nanoparticles can vary from less than 10% to up
to nearly 100%, depending on the coating [25]. Since
production of protein carbonyls rather simulates intra-
cellular oxidative stress, the release of silver ions in cell
culture media was also measured by ICP-MS in order to
also evaluate potential extracellular oxidative stress (see
Additional file 1). Nevertheless, no free silver ions were
detected in the supernatant of cell culture media, prob-
ably due to precipitation of ionic silver in form of AgCl
and protein complexes. Therefore, under the studied
conditions, intracellular release of silver ions may be the
only responsible for cellular damage.
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Figure 3 Toxicity results in vitro. (A) EC50 values from MTT assay using silver nanoparticles with different coatings and HepG2 cells; (B)
Analogous with Neuro-2 cells; (C) Detection of oxidative stress from Ag-NPs (concentration 5 pM) via formation of protein carbonyls incubated
with HepG2 cells. (D) Protein carbonyls were detected at different concentrations (2.5, 5, 10 pM) as (DNP) hydrazone adducts via immunoblots
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On the other hand, toxicity may also potentially be
influenced by different cellular uptake rates. Here, a
Trojan-horse mechanism has been often discussed in
literature as a responsible for toxicity of silver nanopar-
ticles. According to this, nanoparticles represent carrier
vehicles which penetrate into cells, and then release
toxic silver ions by dissolution [26]. To get further
insights on main factors leading to toxicity, we analyzed
the cellular uptake of the different functionalized silver
NPs by ICP-MS and by confocal microscopy. ICP-MS
and confocal microscopy showed for both cell lines that
the less toxic galactose-functionalized nanoparticles are
taken up even more efficiently compared to mannose-
or glucose- functionalized particles (Figure 4). More-
over, although mannose and glucose-functionalized
nanoparticles present similar cellular uptakes, ob-
served toxicities were considerably different. Thus,
particles which are largely internalized into cells do
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not necessarily present the highest toxicity. Actually,
in this study, glucose-capped nanoparticles present
the highest toxicity as well as protein carbonylation,
despite their moderate cellular uptake, compared with
other nanoparticles. Interestingly, Vaseem et al. showed
that glucose reduces the toxicity of nickel nanoparticles
towards A549 cells [27]. Thus, intracellular oxidative
stress depending on particles coating was the deciding
factor leading to toxicity.

Confocal microscopy images show that cellular loca-
lization in Neuro-2A cells for the galactose-coated
particles are mainly clustered inside the cytoplasm.
Therefore, most likely they are contained inside vesi-
cular structures, such as endosomes or lysosomes.
Nevertheless, they apparently do not enter the nucleus
(Figure 5). Higher density of particles clusters were
observed on one side of each cell. Interestingly, for
mannose- and glucose-functionalized particles, clusters
seem to be spread more evenly through the cell and intra-
cellular clusters tend to be smaller than particles with
other functionalities.

Uptake of nanoparticles depending on surface charge
has been discussed by other authors. For instance,
Badawy et al. showed that negatively charged silver
nanoparticles did not overcome electrostatic repulsion
barrier towards similar charged bacillus species [28].
As a result, highly negatively charged citrate silver
nanoparticles induced less toxicity than H,-Ag nano-
particles. In our case, we also observe a similar correl-
ation between uptake and surface charge for mannose,
glucose or EG3 coated Ag-NP, which are more nega-
tively charged and taken up less efficiently. This is
consistent with the fact that cells lines used here are
also negatively charged due to various carbohydrate
moieties. However, in our case, different uptake rates
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Glucose-Neuro-2A

fluorescently labelled nanoparticles.

Galactose-HepG2 Mannose-HepG2

Figure 5 Confocal microscopy images of cells incubated with prepared nanoparticles. Cell nuclei are stained in red. Green dots represent
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are not related to different toxicities as actually galact-
ose coated NP, which are taken up most efficiently
show least toxicity. Eventually this highly increase
uptake for galactose coated NP is due to a specific
galactose receptor on the surface of cells [23,29].

In fact, internalization of the prepared nanoparticles
may depend on various factors, one being surface charge
of nanoparticles, another one being the presence of
specific receptors on cell surface and finally, it will also
depend on the composition of the protein corona
[30-32]. We measured the zeta potential of nanoparti-
cles after incubation, showing similar overall negative
charges for all particles, which confirmed the forma-
tion of the protein corona. Although in the last years,
more efforts were invested in order to elucidate the
detailed composition of the protein corona, this still
remains a challenging question which needs exhaustive
analysis and techniques. Nevertheless, based on previ-
ous studies, the composition of the protein corona on
the surface of functionalized particles presented here
is expected to be different depending on the particle
coating [33-35].

Conclusions

Functionalisation of silver nanoparticles with mono-
saccharides modulates their cellular uptake and tox-
icity. Galactose and mannose-coated nanoparticles
were considerably less toxic to both neuronal-like
cells Neuro-2A and hepatocytes, compared to parti-
cles functionalized with glucose, ethylene glycol or cit-
rate. Observed toxicity was strongly correlated with
intracellular oxidative stress, measured as protein car-
bonylation, but not to cellular uptake. Summarising, a
clear correlation between particle coating, oxidative
stress and toxicity has been shown. These results open
new perspectives to modulate the bioactivity of Ag-NPs
by using carbohydrates.

Additional file

Additional file 1: DLS results/TEM histogram/Calibration curve for
sugar quantification/ICP-MS conditions/Carbonyl formation at
different concentrations/Extracellular quantification of silver ions.
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