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Abstract

Silver (Ag) nanoparticles have unique plasmon-resonant optical scattering properties that are
finding use in nanomedical applications such as signal enhancers, optical sensors, and
biomarkers. In this study, we examined the chemical and biological properties of Ag
nanoparticles of similar sizes, but that differed primarily in their surface chemistry
(hydrocarbon versus polysaccharide), in neuroblastoma cells for their potential use as biological
labels. We observed strong optical labeling of the cells in a high illumination light microscopy
system after 24 h of incubation due to the excitation of plasmon resonance by both types of Ag
nanoparticle. Surface binding of both types of Ag nanoparticle to the plasma membrane of the
cells was verified with scanning electron microscopy as well as the internalization and
localization of the Ag nanoparticles into intracellular vacuoles in thin cell sections with
transmission electron microscopy. However, the induction of reactive oxygen species (ROS),
degradation of mitochondrial membrane integrity, disruption of the actin cytoskeleton, and
reduction in proliferation after stimulation with nerve growth factor were found after incubation
with Ag nanoparticles at concentrations of 25 g ml~! or greater, with a more pronounced
effect produced by the hydrocarbon-based Ag nanoparticles in most cases. Therefore, the use of
Ag nanoparticles as potential biological labels, even if the surface is chemically modified with a

biocompatible material, should be approached with caution.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The characteristics of an ideal nanomedical label include a lack
of photobleaching or blinking, small size, no thermal pertur-
bation or catalytic effects, stability in various environments,
and biocompatibility. As optical labels, nanomaterials are typ-
ically classified as luminescent (i.e. encapsulated fluorescent
dyes and quantum dots) or scattering (i.e. plasmon-resonant
nanoparticles). Silver nanoparticles fall into the latter cate-
gory of noble metal plasmon-resonant particles (i.e. Au, Ag,
Pt, Pd) where the production of an optical signal occurs upon
the excitation of surface plasmon resonances, which are col-
lective oscillations of free electrons at the surface of metals
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(Lesniak et al 2005, Skebo et al 2007, Kumar et al 2007).
These oscillations give rise to the intense colors of solutions
of plasmon-resonant nanoparticles, such as silver and other
metals/metal-oxides, which have recently been examined for
agglomeration, uptake, and interaction in a variety of live cells
with a high illumination system (Skebo ef al 2007). The lateral
resolution of such a system was experimentally determined to
be approximately 60—90 nm, or a 6000 x increase in magnifica-
tion, in comparison to the 180 nm or less obtainable resolution
in modern confocal instruments (Foster 2004, Vodyanoy 2005,
Vainrub et al 2006). Therefore, taking advantage of both the in-
tense plasmon-resonant properties of Ag nanoparticles and the
enhanced resolution obtainable with the high illumination sys-
tem in physiological solutions, studies on the interactions be-
tween Ag nanoparticles and live cells have been made possible.

© 2008 IOP Publishing Ltd  Printed in the UK
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However, the use of silver nanoparticles in the imaging
of neural tissue and cells, in particular, raises concerns over
the possibility of contributing to neurodegenerative diseases
(e.g. Parkinson’s and Alzheimer’s) due to their ability to
produce reactive oxygen species and oxidative stress (Kedar
2003, Jendelova et al 2004). Indeed, studies in our
laboratory have shown toxicity induced by silver nanoparticles
in neuroendocrine cells, liver cells, and germ-line stem cells
at concentrations between 5-100 pgml~' after 24 h of
exposure (Hussain er al 2006, 2005, Braydich-Stolle et al
2005). In an effort to prevent the direct interaction between
the nanoparticle surface and the cell and at the same time
increase dispersion, the surface chemistry of metal and other
nanoparticles, such as quantum dots or carbon nanotubes, can
be engineered. This technique has proven to be an effective
method preventing any inherent toxicity derived from the core
nanomaterial (Dumortier et al 2006, Hoshino et al 2004, Chen
et al 2005, Lesniak et al 2005, Wilhelm et al 2003, Gupta and
Curtis 2004). The formation of a protective interfacial barrier
between the metal core and cells is especially important for
preventing damage to the surrounding healthy cells and tissues
for applications where nanoparticles are targeted to certain
cells such as photodynamic/thermolysis cancer cell destruction
or the delivery of drugs/diagnostic agents (Gupta and Gupta
2005, Berry et al 2003, 2004, Jordan et al 1999). It has
been shown that the incorporation of Ag nanoparticles into
polymers (Balogh et al 2001, Yeo et al 2003, Jeong et al 2005,
Chou et al 2005) or other materials for biomedical applications
such as bone cement (Alt er al 2004) does not alter its toxic
effect on bacteria and viruses. Other studies have found that
the incorporation of Ag nanoparticles into polymers creates
more stable dispersions in solution, which is important for
applications such as imaging probes or for the deposition of
thin films (Lesniak et al 2005, Balogh et al 2001, Suvorova
et al 2005).

Therefore, from the perspective of both deliberate
targeting of nanoparticles to the nervous system or accidental
exposure and subsequent translocation, we chose a neuronal
cell line, neuroblastoma (N2A), as our model in vitro
system (Cool et al 1995, 1997). N2A cells were exposed
for 24 h to two types of Ag nanoparticle, synthesized
by different methods (hydrocarbons in plasma versus wet
chemical synthesis with polysaccharides), for their potential
use as biocompatible biological labels.  The use of a
consistent 24 h time-point provides sufficient time for
nanoparticle interaction and uptake as well as the ability
to detect biochemical changes in cellular function such as
mitochondrial damage and reactive oxygen species production.
In addition to standard cytotoxicity assays, the impact
of Ag nanoparticle exposure on the neurotrophic factor,
nerve growth factor (NGF), was examined because treatment
with NGF has been shown to increase cell proliferation,
survival, and differentiation of N2A cells (Blanco et al
2001). However, to assess the effect of NGF-induced
proliferation a growth curve study was performed over a five-
day period.

2. Materials and methods

2.1. Materials

Plasma gas synthesized Ag nanoparticles (Ag25) were a
generous gift from Dr Karl Martin (Novacentrix, Austin, TX,
formerly Nanotechnologies, Inc.). Polysaccharide-coated Ag
nanoparticles (Ag25Disp) were a generous gift from Dr. Dan
Goia (Clarkson University, Center for Advanced Materials
Processing, Potsdam, NY). The two types of spherical Ag
nanoparticle used in this study differed primarily in their
surface chemical composition. The Ag25 nanoparticles were
processed with hydrocarbons that prevent sintering, but leave
a non-uniform hydrocarbon surface layer. The Ag25Disp
nanoparticles were synthesized by the reduction of silver ions
in solution by a polysaccharide (acacia gum), which leads
to surface coating. Dosing solutions were prepared in cell
culture media (Ham’s F12 DMEM) without serum prior to each
experiment.

2.2. Nanoparticle characterization

Concentrations and elemental compositions were determined
with atomic absorption spectroscopy (AAS, Varian) and in-
ductively coupled plasma-optical emission spectroscopy (ICP-
OES, Thermo-Elemental IRIS Advantage DUO spectrometer)
after silver nanoparticles were dissolved in nitric acid and di-
luted in water. Examination of the morphologies, surface coat-
ing, composition, crystal planes, and size distributions of the
silver nanomaterials was performed with scanning electron mi-
croscopy (SEM, Hitachi S-4800, 15 kV) and transmission elec-
tron microscopy (TEM, FEI/Phillips CM200, 200 kV) with as-
sociated hardware for the collection of selected area diffraction
patterns (SADPs) and energy dispersive x-ray (EDX, EDAX
system) spectra. Samples were drop-cast onto formvar-coated
TEM grids or aluminum SEM stubs and air dried before imag-
ing. Information on mean size was calculated from a random
field of view in addition to images that show the general mor-
phology of the nanomaterials. Over 100 particles were counted
and measured to determine the average sizes, standard devia-
tions, and size distributions. Particle size and charge measure-
ments in solution were determined with dynamic light scatter-
ing (DLS) and zeta potential measurements on a Malvern In-
struments ZetaSizer, as previously described in Murdock et al
2008.

Further chemical analysis was performed to elaborate and
confirm the elemental compositions, impurities, and surface
chemistries with Fourier Transform infrared spectroscopy
(FTIR, Perkin Elmer Spectrum One Fourier transform
spectrometer), Raman (Renishaw inVia Raman microscope),
and x-ray photoelectron spectroscopy (XPS, Surface Science
Labs SSX-100 system). FTIR spectra were collected with
Spectrum software (Perkin Elmer) over a range of 4000—
450 cm™!, scan speed of 0.2 cm s~!, and at a spectral resolution
of 4cm~!. Samples were prepared by drying the nanomaterials
in liquid on a glass slide, scraping the dried residue, mixing
with potassium bromide (KBr, Sigma), and then pressing into
a pellet. A background spectrum was obtained before each
measurement session using pure KBr at the same instrumental
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conditions used for sample acquisition. Raman spectra were
observed for Ag samples excited at 514 nm with a He—Ne laser.
The experimental conditions were as follows: excitation power
50 mW, 60% laser power, five scans to improve the signal-
to-noise ratio, and 20 s of exposure time with a 4 cm~! slit
width. Sample preparation consisted of drying several drops
of the liquid suspension on a glass slide. The spectra were
obtained in the range of 100-2000 wavenumber (cm™'). XPS
was performed with a monochromatic aluminum x-ray source
with a nominal x-ray beam diameter of 600 um. Sample
preparation consisted of placing a drop of the two different Ag
nanoparticle samples in water on a piece of clean Al foil, then
allowing the water to evaporate at room temperature before
measurements. The acacia gum powder (polysaccharide) was
distributed on adhesive tape to form uniform and complete
coverage. Microsoft Excel was used to display the XPS survey
spectra as well as high resolution spectra for the elements of
interest.

2.3. Cell culture

Murine neuroblastoma (N2A) cells, a neuronal phenotype,
were a gift from Dr David Cool at Wright State University
(Dayton, OH) (Cool et al 1995, 1997). Cells were seeded
into T-75 flasks or 96-well plates and maintained in a 5%
CO; incubator at 37 °C in Ham’s F12 DMEM media (pH 7.4)
with 10% normal FBS and 1% penicillin/streptomycin. After
the desired growth period to 70% confluence, cell cultures
were dosed with freshly prepared media without serum
containing nanoparticles at concentrations ranging between
0-100 pgml~! under conditions as previously described
(Hussain et al 2005).

2.4. Microscopy of cells

Ultrahigh resolution images were obtained with the CytoViva™
150 Ultra Resolution Imaging system attachment (Aetos Tech-
nologies, Inc., Auburn, AL) after sealing, inversion, and oil
immersion of slides containing cells, as previously described
(Skebo et al 2007). Scanning electron microscope images of
cells were taken on a FEI/Quanta 600 ESEM at 5 kV after fix-
ation with 4% paraformaldehyde, dehydration through analyti-
cal grade 30-100% ethanol, mounting on aluminum stubs with
double-sided carbon adhesive tape, and carbon coating. As-
sociated energy dispersive x-ray spectra (EDS) were obtained
with an EDAX Pegasus 4000 system and EDAX Genesis soft-
ware. Fluorescent microscopy was used to demonstrate mito-
chondrial membrane permeability (Mit-E—\IJTM membrane per-
meability detection kit, BioMol) and cytoskeletal/nuclear mor-
phology (Alexa-Fluor 555 Phalloidin, Molecular Probes and
Prolong Gold Reagent with DAPI nuclear counterstain, Molec-
ular Probes), as previously shown (Schrand et al 2007a). To de-
termine if Ag nanoparticles were internalized by the N2A cells
after 24 h, the cells were dosed with nanoparticles, then sub-
sequently fixed with 2.5% glutaraldehyde/paraformaldehyde,
post-fixed with 1% osmium tetroxide, dehydrated through 30—
100% analytical grade ethanol, embedded in LR White resin,
cured, and thin sectioned with an ultramicrotome (Leica Ultra-
cut) to approximately 50 nm.

2.5. In vitro biocompatibility assessment

Mitochondrial function was evaluated spectrophotometri-
cally by measuring the degree of mitochondrial reduc-
tion of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (herein referred to as the MTT
assay) to an aqueous insoluble product (formazan crystals) by
succinic dehydrogenase, which was extracted into a homoge-
neous dimethylsulfoxide solution (Carmichael ez al 1987). Mi-
nor modifications to this assay were made as described else-
where by Hussain and Frazier (2002), and an additional cen-
trifugation step to remove nanoparticles from the solution be-
fore microplate reading was performed in order to avoid di-
rect interference of the absorption values as found in previ-
ous studies (Schrand et al 2007a). The generation of intra-
cellular reactive oxygen species (ROS) was determined using
the fluorescent probe 2',7'-dichlorohydrofluorescein diacetate
(DCHF-DA) under a light controlled environment as described
by Wang and Joseph (1999), with minor modifications as pre-
viously described by Hussain and Frazier (2002). The re-
activity of the DCFH probe was evaluated with the reactive
oxygen species generator, hydrogen peroxide, by serial dilu-
tions of 30% H,0, (Sigma) in PBS. The nerve growth factor
(NGF, BD Biosciences) assay was performed by plating N2A
cells at a concentration of 25000 cells/well in a 96-well plate.
48 h after seeding, they were dosed with 25 g ml~! of Ag25
or Ag25Disp. 24 h after dosing, the cells were treated with
20 ng ml~! of NGF daily. Each day, the cell proliferation was
measured using the MTS assay (Promega) as follows: Day 0—
dosing, Day 1—addition of NGF, MTS, Day 2—MTS, Day
3—MTS, Day 4—MTS, and Day 5—MTS.

2.6. Statistics

The above biochemical assays were performed in triplicate
and the results were presented as mean =+ standard deviation
in comparison to control values. The data were subjected
to statistical analysis by one-way analysis of variance
(ANOVA) followed by Tukey—Kramer’s procedure for multiple
comparisons (pHStat Excel add-in) or two-way ANOVA
statistical analysis (Microsoft® GraphPad Prism 4 followed
by Bonferoni post hoc analysis). Furthermore, Bonferoni post
hoc analysis was performed to determine differences between
the different treatment groups. A value of p < 0.05 was
considered significant and marked with an asterisk (*) on the
graphs.

3. Results

3.1. Characterization of Ag nanoparticles

Variations in the properties of the two different Ag
nanoparticles are attributed to differences in their synthesis
methods and processing. According to the manufacturer, the
hydrocarbon-processed Ag nanoparticles were synthesized out
of a plasma gas, which includes silver and a mixture of other
gases in a proprietary form including hydrocarbons. As the
plasma cools, graphitic carbon and silver are both concurrently
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Table 1. Summary of Ag size and charge characteristics.

TEM DLS average size DLS average size Zeta potential
Nanoparticle  average size (nm) (in water) (nm) (in media) (nm) (in water) (mV)
Ag25 27.54+9.1 208 384 —26.2
Ag25Disp 26.0+ 8.4 126 278 -394

formed, with the resulting hydrocarbons reducing the ability of
the silver nanoparticles to sinter together. The approximately
2% amorphous carbon (confirmed with XRD and EDS) in
the final product is not chemically bound to the silver, but
rather surrounds it as a matrix to prevent agglomeration.
In contrast to the hydrocarbon-processed Ag nanoparticles,
the polysaccharide-coated Ag nanoparticles were produced
through a reduction of silver ions in an aqueous solution
by a naturally occurring polysaccharide polymer (MW ~
250000). In this case, the Ag is reduced by the functional
groups inserted on the extended polysaccharide chains. The
nanoparticles formed are wrapped into the polymer and
separated from the surrounding environment. A controlled
subsequent degradation of the polymer ensures the formation
of a continuous and adherent polysaccharide coating. The
importance of the polysaccharide surface coating is to modify
the interaction between the surface of the Ag nanoparticles and
cells. For this reason, we chose to compare these two different
types of Ag nanoparticle for their characterization, ability to
act as biolabels, and biocompatibility.

The two types of Ag nanoparticle show similarities in their
spherical morphologies, polydisperse sizes ranging from 9.9
to 51.9 nm, crystalline diffraction patterns, and predominantly
silver elemental composition (figures 1(A)—(J)). Scanning
electron micrographs of the two types of Ag nanoparticle
show very few morphological differences (figures 1(A), (F)).
The appearance of Ag25 (figure 1(A)) is somewhat more
clustered compared to Ag25Disp (figure 1(F)), which can be
attributed to the formation of large, dry powder aggregates
for Ag25 nanoparticles compared to the synthesis and sample
preparation of Ag25Disp in aqueous solution. The use of
SEM reveals similarities between the size and morphology of
the two different types of Ag nanoparticle, but cannot reveal
the presence of surface hydrocarbons or the polysaccharide
coating. However, bright-field TEM demonstrates the size,
morphology, and presence of the surface coating on the Ag
nanoparticles.  For example, the lacy appearance of the
amorphous carbon on and surrounding the Ag25 nanoparticles
is shown in figure 1(B), denoted by the white arrows. The
polysaccharide coating of Ag25Disp is also shown with
bright-field TEM (figure 1(G), black arrows). Selected area
diffraction patterns (SADPs) show the 111, 200, 220, and 113
planes in both samples, demonstrating the similar crystalline
structures (figures 1(C), (H)). Measurement of 100 randomly
selected individual nanoparticles measured from TEM images
show that Ag25 range in size from 9.9 to 51.9 nm with the
majority of the Ag25 nanoparticles being 25-30 nm, with
an average size and standard deviation of 27.5 4 9.1 nm
(figure 1(D)). The majority of the Ag25Disp are 20-25 nm
with a range of 11.8-47.9 nm and an average size and standard
deviation of 26.0 = 8.4 nm (figure 1(I)). However, there are

slight differences in the EDX spectra, demonstrating elemental
differences between the compositions of the Ag nanoparticles
(figures 1(E), (J)). Because the hydrocarbon-processed Ag
nanoparticles were synthesized in a powder form without a
uniform surface coating, the surface areas exposed to air
readily bind with sulfur as part of the oxidative corrosion
process, known as tarnishing, and a peak for sulfur is shown
in the EDX spectra of Ag25 (figure 1(E)). Another difference
between the spectra of the two types of Ag nanoparticle used
in this study was the increased C peak in Ag25Disp, which
is attributed to the carbon-rich polysaccharide. The presence
of Cu, and trace amounts of Fe and Co, in both spectra are
from the elements present in the Cu alloy TEM grid. All of
the data for electron microscopy and associated techniques
was obtained under high vacuum and constitutes the size,
morphology, electron diffraction, and composition analysis
characteristics of the primary nanoparticles. However, once the
Ag nanoparticles were introduced water or cell culture media,
the sizes changed to approximately 4-8 times the primary size
with further increases in size in cell culture media compared to
water alone, resulting in average agglomerate sizes for the Ag
nanoparticles from between 100-400 nm (table 1). A more
detailed analysis of the surface chemical groups present on
the Ag nanoparticle surfaces can contribute to understanding
the mechanism of toxicity or biocompatibility because these
surfaces will come into direct contact with the cells; see below.

The chemical properties of nanoparticles are critical
for understanding the possible attractive or repulsive forces
of functional groups that comprise the interfaces between
nanoparticles and cells. In this study, a combination of
FTIR, Raman, and x-ray photoelectron spectroscopy (XPS)
was performed to characterize the nanoparticles. The FTIR
spectrum of both types of Ag nanoparticle show strong
absorption peaks at 3430 cm~! and weaker intensity peaks
at approximately 1630 cm~', which can be ascribed to the
O-H vibrational mode (figure 2(A)). The rich presence of
hydroxyl groups bound to the surface of the Ag nanoparticles
and broadening of the peaks due to hydrogen bonding are well
known phenomena of hydrated compounds (Hummel 1982,
Coates 2000). The presence of additional peaks for Ag25Disp
at ~2900, 1054, and 786 cm™! represent C—H stretch
and C-O groups well known for polysaccharides (Bellamy
1975). The Raman spectra support the greater presence of
carbonaceous coating on the polysaccharide-coated Ag25Disp
sample (figure 2(B)). As shown in figure 2(B), there are two
large peaks at approximately 1590 and 1360 cm™! compared to
much smaller scatterings for the hydrocarbon-processed Ag25
sample.

X-ray photoelectrons are capable of detecting chemical
compositions of the very outermost layers (e.g. 1-3 nm) of the
two different Ag nanoparticle samples (figures 2(C)—(E)). In
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Figure 1. Electron microscopy characterization of hydrocarbon-processed Ag25 and polysaccharide-coated Ag25Disp nanoparticles.
((A)—(E)) Ag25 and ((F)-(J)) Ag25Disp. ((A), (F)) Scanning electron microscopy images with scale bars 100 nm, ((B), (G)) Transmission
electron microscopy images with scale bars 20 nm, ((C), (H)) Selected area diffraction patterns (SADPs), ((D), (I)) Ag nanoparticle size
distribution taken from 100 nanoparticles counted in TEM, and ((E), (J)) energy dispersive x-ray spectra.

the Ag25 sample, Ag is resolved with some oxygen and carbon
present due to the hydrocarbon processing (figure 2(C)). In
contrast, the polysaccharide-coated Ag25Disp (figure 2(D))
has a much lower C/O ratio compared to the Ag25 due to
the presence of many C-O, C=0, and O-C-O groups on the

polysaccharide. However, the Ag/O and Ag/C ratios are
much lower for the polysaccharide-coated Ag nanoparticles
compared to the Ag25 nanoparticles because they are covered
with polysaccharide thicker than 3 nm, which masks the
detection of the underlying Ag (table 2). The detection of
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Figure 2. Chemical analysis of Ag nanoparticles with FTIR, Raman, and XPS techniques. (A) FTIR spectra of Ag nanoparticles
demonstrating differences in the chemical make up of hydrocarbon-processed and polysaccharide-coated Ag nanoparticles. The upper
spectrum is Ag25Disp, with a large and broad C-O peak characteristic for the polysaccharide coating, and the lower spectrum is Ag25, which
lacks this peak. (B) Raman spectra demonstrating differences in the chemical surface states of hydrocarbon-processed and
polysaccharide-coated Ag nanoparticles. The upper spectrum is Ag25Disp, showing two prominent C-based peaks, and the lower spectrum is
Ag25, with low scattering. (C) Ag25; (D) Ag25Disp; and (E) polysaccharide. Notice the increased C/O ratio and decreased Ag/O and Ag/C
ratios in Ag25Disp due to the polysaccharide coating in (D).

sodium and a greater amount of nitrogen was also found on (acacia gum) alone shows the presence of predominantly C
the Ag25Disp sample. The N 1s binding energy would be and O with a lower amount of N. Specifically, there is an
consistent with an amine (NH, or NH). The polysaccharide intense C—O carbon component due to C—OH or C-O groups



Nanotechnology 19 (2008) 235104

A M Schrand et al

3000

Na Ag

400 200 0

Binding Energy (eV)

2500 -
2000 A
2
5 1500
(]
(o)
1000
500 -
0 . .
1000 800 600
3000
2500 1
o
2000 1
2
3 1500
[&]
1000
o
500 1
0 . .
1000 800 600

400 200 0

Binding Energy (eV)

Figure 2. (Continued.)

Table 2. Approximate at.% surface compositions of Ag nanoparticles and polysaccharide powder determined by x-ray photoelectron

Spectroscopy.
Sample C (0] Na N Ag Al S
C=0,
OCO Cc-0 C-H,C
Ag25 4.9 7.6 28 35 — — 224 37 —
Ag25Disp 12.7 249 225 276 47 62 14 — —
Acacia gum 10.8 38.1 8.8 391 — 31 — — —
(polysaccharide)

and a low level of nitrogen due to the protein component in the
polysaccharide.

3.2. Microscopy of cells after incubation with Ag
nanoparticles

Neuroblastoma cells were untreated or incubated with Ag
nanoparticles for 24 h before visualization with high illumi-
nation light microscopy or scanning electron microscopy for
observations of morphological changes and Ag nanoparticle
binding (figure 3). Control neuroblastoma cells prepared for
imaging with high illumination light microscopy typically ap-

pear elongated in morphology with a diffuse blue tint charac-
teristic of illumination and reflectance from endogenous scat-
tering associated with internal cellular organelles such as mito-
chondria, endosomes, or vesicles (figure 3(A)). Similarly, cells
that were incubated with 25 g ml~!' of Ag25Disp or Ag25
nanoparticles for 24 h, then washed with cell culture media to
remove unbound nanoparticles, show similar cell morpholo-
gies to the control cells (figures 3(B)—(C)). The Ag nanoparti-
cles are brightly illuminated and distinctly rounded nanoparti-
cle agglomerates that were noticeably distinguishable from the
background cellular illumination with a strong interaction to
the cell membrane and neurites (figures 3(B)—(C)). The Ag25
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Figure 3. ((A)—(C)) High illumination light microscopy of (A) control N2A cells; (B) 25 1g ml~' Ag25Disp; (C) 25 g ml~!' Ag25.
((D)—(F)) Scanning electron microscopy of (D) control N2A cells; (B) 25 ug ml~! Ag25Disp; (C) 25 ug ml~! Ag25. ((G)—(I)) Energy
dispersive x-ray analysis of (G) control N2A cells; (H) cells incubated with Ag25Disp; and (I) cells incubated with Ag25. The scale bars are

20 pm.

nanoparticles (figure 3(C)) appear to be more agglomerated
than the Ag25Disp nanoparticles (figure 3(B)). Although this
procedure of nanoparticle incubation and washing before high
illumination imaging is a quick and convenient technique that
does not require the use of extra chemicals for sample prepara-
tion, it allows the imaging of interactions between nanopar-
ticles and live cells. However, it is not certain whether the
nanoparticles are solely located on the surface of the cells or
if they have been internalized, and what long-term effects the
nanoparticles may have on cellular function.

To verify if the Ag nanoparticles were truly attached to
the outer portion of the plasma membrane, the cells were
examined with scanning electron microscopy and the presence
of the Ag nanoparticles was confirmed with energy dispersive
x-ray analysis (EDS). The control cells lacked the presence
of any higher atomic contrast materials on the surface with
an overall gray appearance (figure 3(D)). The lack of Ag was
also verified with EDS, which showed only the presence of
C, O, Na, Mg, and Si. The Si signal is from the underlying
substrate. However, the Ag nanoparticles on the surface of
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the dosed cells were easily distinguishable from any sample
preparation artifacts and cellular membrane irregularities due
to their higher atomic contrast than the carbonaceous cellular
material (figures 3(E)—(F)). In the cells dosed with 25 j1g ml~!
of Ag25Disp nanoparticles (figure 3(E)), there was a more
uniform surface binding of the Ag nanoparticles compared
to the Ag25 nanoparticles, which had large aggregates up to
5 um in size (figure 3(F)). The presence of Ag was found for
both cell samples dosed with Ag nanoparticles in addition to
the elements present in the control sample (figures 4(H)—(I)).
One difference between the Ag25 and Ag25Disp nanoparticles
was the presence of a S peak in Ag25Disp, which is due to
an added stabilizing agent (Daxad), which is a sodium salt of
a high-molecular-weight naphthalene sulfonate formaldehyde
condensate (Sondi et al 2003).

To determine if either type of Ag nanoparticle was
internalized by the cells after 24 h, the cells were incubated
with 25 pugml™' of Ag25 or polysaccharide-coated Ag
nanoparticles, embedded in LR White resin, thin sectioned
with an ultramicrotome, and examined with transmission
electron microscopy (TEM). Silver nanoparticles were found
in membrane-bound intracellular vacuoles that appear to
be endosomes by their size, shape, and location near the
surface of the plasma membrane after 24 h (figure 4).
Endosomes are typically acidic reservoirs that are responsible
for transporting material for further degradation by lysosomes
(Alberts et al 2004). Inside the intracellular compartments,
individual Ag25 nanoparticles ranging in size from 15—
50 nm were found in relatively loose aggregates (figure 4(B)).
In contrast, polysaccharide-coated Ag25Disp nanoparticles
appeared aggregated once inside the cell (figures 4(C)—(D)).

Multiple images suggest that the polysaccharide coating is
maintained after 24 h of incubation with cells and after
internalization by the appearance of a lower contrast matrix
surrounding multiple Ag25Disp nanoparticles.

Because both types of Ag nanoparticle were internalized
after 24 h, subcellular effects were further examined. It is
hypothesized that the small size of nanoparticles may allow
their translocation into critical organelles such as mitochondria
(Foley et al 2002) or that they may interact with cellular
proteins of the cytoskeleton such as actin (Schrand e al 2007a).
Therefore, after cells were incubated with Ag nanoparticles
for 24 h, fluorescent microscopy was used to examine
the effect of the nanoparticles on mitochondrial membrane
permeability and cytoskeletal architecture (figures 4(E)—(L)).
The use of the Mit-E-¥ " fluorescent reagent allows the
visualization of healthy mitochondria, which aggregate the
dye and emit red fluorescence, compared to cells with
damaged mitochondrial membranes where the dye fluoresces
green in the cytoplasm (figures 4(E)—(H)). Aggregation and
retention of the mitochondrial dye inside healthy control
cells is shown in figure 4(E) and leakage of the dye in
cells incubated with the positive control CdO is shown
in figure 4(H). A representative image of cells incubated
with 25 pugml™' of Ag25 nanoparticles (figure 4(G))
showed reduced mitochondrial membrane integrity compared
to Ag25Disp (figure 4(F)) as indicated by predominantly
green dispersion of the dye in the cytoplasm compared
to punctuate areas of red and green overlap. Fluorescent
staining and microscopy of the actin cytoskeleton and nuclei
of cells incubated with or without Ag nanoparticles showed a
similar trend in subcellular disruption (figures 4(I)—(L)). Cells
incubated with Ag25 nanoparticles (figure 4(K)) or the positive
control CdO (figure 4(L)) did not retain an intact cytoskeleton
in comparison to control cells (figure 4(I)) or cells incubated
with Ag25Disp nanoparticles (figure 4(J)).

3.3. Biocompatibility assessment of Ag nanoparticles

It was hypothesized that the polysaccharide synthesis and
subsequent surface chemistry changes would increase the
biocompatibility of Ag nanoparticles. Therefore, in order
to assess the differences in the biocompatibility of the two
types of Ag nanoparticle, an MTT assay was performed
(figure 5(A)). Cells incubated with the positive control
silver nitrate (AgNOs) showed great toxicity at a low
concentration of 0.1 ;g ml~!. By comparison, cells incubated
with Ag25Disp nanoparticles maintained higher average
viabilities than Ag25 nanoparticles at concentrations from
0.5-25 pugml~'. However, both types of Ag nanoparticle
significantly reduced cell viability after 24 h of incubation
at 25-100 pgml~' concentrations. The biocompatibility
of the polysaccharide alone was tested at concentrations
from 100 to 10000 ngml~' (10 pwgml™') and shows no
significant difference from the control (figure 5(B)). Therefore,
these MTT viability results support the prior fluorescent
microscopic images demonstrating a greater biocompatibility
of the Ag25Disp nanoparticles compared to the Ag25
nanoparticles.
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Figure 4. Subcellular effects of Ag nanoparticles at a concentration of 25 ug ml~! for 24 h. ((A)—(D)) Demonstration of internalization and
localization of Ag nanoparticles to intracellular vacuoles in N2A cells with transmission electron microscopy (TEM) after 24 h of incubation
with 25 g ml~! of Ag nanoparticles in cell culture. (A) Ag25; (B) higher magnification image of (A); (C) Ag25Disp; and (D) higher
magnification of lower intracellular vacuole in (C). The scale bars are ((A), (C)) 500 nm and ((B), (D)) 100 nm. ((E)—(L)) Representative
images of N2A cell interactions with or without 25 ;g ml~! of Ag nanoparticles or 2.5 ;g ml~! CdO after 24 h. ((E)—(H)) Fluorescent
microscopy, demonstrating mitochondrial membrane permeability. ((I)~(L)) Fluorescent microscopy for cytoskeletal architecture.

((E), (I)) Control; ((F), (J)) Ag25Disp; ((G), (K)) Ag25; ((H), (L)) CdO. ((E)—(L)) The scale bars are 20 pm.

To investigate the potential role of oxidative stress after
24 h of cell exposure to the Ag nanoparticles, the increase in
fluorescent intensity of the probe DCFH compared to control
cells was observed. Increases in cell fluorescence are expressed
as an n-fold increase relative to control cells, which are equal
to 1-fold. Therefore, an increase in cell fluorescence indicates
an increase in the generation of reactive oxygen species (ROS)
or oxidative stress to the cells (figure 5(C)). Cells incubated
with Ag25 nanoparticles show dose-dependent increases in
ROS generation up to approximately 1.5-2 times the control,
with significant increases at 50-100 pg ml~' concentrations
(figure 5(C)). However, the Ag25Disp nanoparticles do not
induce a significant increase in ROS compared to the control
until the highest concentration of 100 ;g ml~!. The positive
control for the generation of ROS was hydrogen peroxide
(H,O,), which shows a dose-dependent linear correlation
(R? = 0.9986) in ROS production from cells incubated with
concentrations from 0 to 2000 uM, indicating the validity of
the assay (figure 5(D)). Further, the endogenous ability of the
Ag nanoparticles to react with the DCFH probe in an acellular
environment and produce fluorescence indicative of ROS was
also investigated and found to be negative (data not shown).

To study the effect of Ag nanoparticles on cell growth,
N2A cells were treated with NGF over five days. As expected,

NGF induced a significant increase in cell proliferation
compared to the control cells (figure 5(E)). However, there
was a significant decrease in cell viability after long-term
culture with the Ag nanoparticles when compared to the 24 h
exposure for the Ag nanoparticles. In addition, after 24 h, the
Ag25Disp showed less toxicity than the Ag25 nanoparticles,
yet after five days of exposure to the nanoparticles there is
no difference in toxicity between the Ag25Disp and Ag25
nanoparticles. Furthermore, the presence of NGF in the
cultures did not rescue cell viability. Based on this data,
it is hypothesized that the stability of nanoparticle coating
(i.e. polysaccharide) must be addressed since there is a change
in cytotoxicity over time for the different Ag25Disp and
Ag25 nanoparticles. Additionally, the NGF signaling pathway
appears to be disrupted by the presence of Ag nanoparticles and
this loss could be a result of the Ag nanoparticles interacting or
interfering with key signaling proteins that mediate the NGF
pathway in the N2A cells.

4. Discussion

The plasmonic nature of noble metal nanoparticles, such
as silver, is useful for imaging and the development of
bionanoprobes if used at non-toxic concentrations. Many
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Figure 5. Biocompatibility assessment of cells incubated with Ag
nanoparticles. ((A)—(B)) MTT cell viability assay after 24 h. (A) Ag
nanoparticles and positive control silver nitrate (AgNOs3), (B) high
viability after incubation with ng ml~! concentrations of
polysaccharide alone to demonstrate the biocompatibility of the
coating on Ag25Disp nanoparticles, (C) assessment of ROS
generation after incubation with Ag nanoparticles for 24 h.

(D) Validity of ROS assay with positive control hydrogen peroxide.
(E) N2A cell proliferation after five days of treatment with Ag
nanoparticles and nerve growth factor (NGF). Notice that both forms
of Ag nanoparticles display reduced proliferation and that the
addition of NGF does not mitigate the response. All experiments
were performed in at least triplicate, with * indicating a significant
decline in cell proliferation (p < 0.05) from the control, while #
indicates a significant increase in proliferation (p < 0.05) from the
control.
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groups are pursuing metal-based nanoparticles as biolabels
that are designed to target the surface of certain cell types
or specific areas within individual cells for applications in
imaging and cancer therapies (Danscher and Stoltenberg 2006,
Siiman et al 2000, Lochner et al 2003, Dahan et al 2003,
Kumar et al 2007). In the case of targeted cancer cell
or tumor destruction, the photodynamic properties of silver
nanoparticles may be considered useful, but the surrounding
healthy tissues should be protected from damage. Therefore,
the history of metals in neurodegenerative disease must be
weighed against the benefits of the therapy when oxidative
stress has been shown with in vitro experiments (Hussain et al
2005).

In this study, we showed that low concentrations
(<25 pgml~') of Ag nanoparticles can effectively provide
biological labeling in live cells due to their intense plasmon-
resonant properties that can be readily detected by a high
illumination system. The Ag nanoparticles coated with a
biocompatible polysaccharide readily bind to the surface of
living cells while allowing the maintenance of normal cell
morphological features such as neurite extensions. However,
mitochondrial membrane integrity and actin cytoskeletal
structure appear to be disrupted, with a concurrent elevation
in ROS, after 24 h of incubation, so in future studies
lower concentrations would be preferred. In addition, nerve
growth factor has been shown to be important in inducing
neuronal proliferation (Blanco et al 2001), and here we show
that, regardless of nanoparticle coating, both types of Ag
nanoparticle were able to disrupt NGF-induced proliferation
over time. Furthermore, the growth curve study also provided
evidence that over time the biocompatibility that was seen in
the polysaccharide-coated Ag nanoparticles is lost, and this
potentially is a result of the coating being degraded by the cell.

By administering a critical, low concentration of Ag
nanoparticles, the physical blockage of cellular functions
occurring after internalization or binding to the plasma
membrane may be avoided as well as the prevention
of extracellular protein or nutrient binding between the
nanoparticles and cell culture media. It is still suspected that
nanoparticle agglomeration in cell culture media may prevent
effective uptake into the cell as well as the lack of transport into
the nuclear region. The lack of internalization into the nucleus
was expected because passive transport into the nucleus is
limited to particles with diameters of 9 nm or less, and the
primary size of the Ag nanoparticles used in this study was as
small as 10 nm, but the majority of the Ag nanoparticles were
3040 nm in diameter (Paine et al 1975). Another factor to
consider in the development of biolabels is the mechanism of
uptake, which can vary by cell type. Recently, we have shown
that there are distinct differences in the uptake mechanism
and cell viability results after exposure to nanomaterials
in neuroblastoma cells compared to alveolar macrophages
(Schrand ef al 2007b). More importantly, the long-term effects
of the Ag nanoparticles on cellular functions due to surface
or internal accumulation (reaching a detrimental saturation)
or degradation of surface coatings in certain environments
(i.e. endosomes, lysosomes) is still not known, but this study
illustrates that over time the biocompatibility seen with a
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surface coating can change. Additional factors to consider
for the optimization of Ag nanoparticles as biological labels
include modifications to their size, shape, functionalization,
and concentration for targeted applications.

5. Conclusions

In this study, we demonstrated that low concentrations
of Ag nanoparticles (<25 pugml~!) become bound to the
plasma membranes of live cells, and intensely scattered light
when imaged at submicron resolution with high illumination
light microscopy, thereby opening the possibility for their
potential use as biological labels. The tailorability of the
Ag nanoparticles through surface engineering lends itself to a
greater variety of in vivo applications such as imaging agents
(Lesniak et al 2005), products for wound healing (Poon and
Burd 2004, Fong and Wood 2006), and the development of
cancer therapies (Zharov et al 2005, Wieder et al 2000).
Therefore, taking advantage of the highly desirable properties
of Ag nanoparticles while protecting the body from harmful
side effects is a worthwhile long-term goal, and surface
modification of nanoparticles seems to be one of the keys to
achieving that goal.
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