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Silver nanoparticles (AgNPs) are increasingly incorporated in diverse products to confer antimicrobial properties.
They are released into the environment during manufacture, after disposal, and from the products during use.
Because AgNPs bioaccumulate in brain, it is important to understand how they interact with neural cell phys-
iology. We found that the focal adhesion (FA)-associated protein cadherin aggregated in a dose-dependent
response to AgNP exposure in differentiating cultured B35 neuroblastoma cells. These aggregates tended to
colocalize with F-actin inclusions that form in response to AgNP and also contain p-catenin. However, using
hyperspectral microscopy, we demonstrate that these multi-protein aggregates did not colocalize with the AgNPs
themselves. Furthermore, expression and organization of the FA protein vinculin did not change in cells exposed
to AgNP. Our findings suggest that AgNPs activate an intermediate mechanism which leads to formation of
aggregates via specific protein-protein interactions. Finally, we detail the changes in hyperspectral profiles of
AgNPs during different stages of cell culture and immunocytochemistry processing. AgNPs in citrate-stabilized
solution present mostly blue with some rainbow spectra and these are maintained upon mounting in Prolong
Gold. Exposure to tissue culture medium results in a uniform green spectral shift that is not further altered by
fixation and protein block steps of immunocytochemistry.

1. Introduction

Silver nanoparticles (AgNP) possess strong antimicrobial properties
and are not cytotoxic to eukaryotic cells at low concentration (1-5 pg/
ml) (Haase et al., 2012; Hadrup et al., 2012), making them useful as an
antimicrobial in healthcare products, textiles, household appliances,
and other consumer industries. As of 2011, AgNPs were the most iden-
tified nanotechnology material used in manufacturing (Samberg and
Monteiro-Riviere, 2014). Global market value for AgNPs is anticipated
to increase at a rate of 15% per year over the next decade (Spherical
Insights Global Silver Nanoparticles Market, 2023). AgNPs can accu-
mulate in the environment, potentially leading to low-level consumer
and wildlife exposure. They disrupt gill breathing mechanisms and
produce spinal cord deformities and cardiac arrhythmia in embryonic
fish (Fabrega et al., 2011). In experimental mammals, AgNPs cross the
blood-brain barrier and bioaccumulate in the brain causing neuronal
damage (Recordati et al., 2021; Tang et al., 2010). Low-levels of AgNPs
disrupt important dynamics of neuron proliferation (Liu et al., 2015)
and differentiation in rats (Guo et al., 2017). Human exposure to AgNPs
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from packaging materials is estimated at 0.06-13 pg/day, and the con-
centration of AgNPs in aquatic ecosystems is estimated in the ng/l range
(Sun et al., 2016; Gottschalk et al., 2013; McGillicuddy et al., 2017).
Chronic exposure of organisms in and around outdoor microcosms dosed
with a total of ~740 ng AgNP/ml led to bioaccumulation of Ag up to
1-1000 mg/kg (~pg/ml) after 30 days or a year (Colman et al., 2018). In
carp, AgNPs accumulate to 25 pg/g (~pg/ml) in liver and 3 pg/g in
muscle after exposure to 90 ng/ml AgNP for 20 days (Kakakhel et al.,
2021). Therefore, given the bioaccumulation and long persistence of
AgNPs in brain tissue (Recordati et al., 2021; Lee et al., 2013; Tang et al.,
2008; van der Zande et al., 2012; Skalska et al., 2015; Skalska et al.,
2020), experimental doses up to 5 pg/ml can reasonably be expected to
represent bioaccumulated load. Concentrations of AgNPs below 5 pg/ml
do not cause cell death in cultured cortical neurons (Xu et al., 2013) or
PC12 cells (Hadrup et al., 2012). We previously found that although 1
pg/ml did not induce DNA fragmentation, this dose disrupted cyto-
skeletal organization, intracellular signaling pathways, and neurite
extension in cultured adult neural progenitor and B35 cells (Cooper and
Spitzer, 2015; Cooper et al., 2019; Spitzer et al., 2021). We therefore
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chose doses of AgNP at 0-4 pg/ml to investigate the physiological
changes in neuronal cells in response to sub-lethal, environmentally
relevant levels of exposure. Previously we showed that filamentous actin
(F-actin) cytoskeletal structure is disrupted in cultured differentiating
neural stem cells and B35 neuroblastoma cells. AgNP-exposed cells form
F-actin inclusions reminiscent of those observed when cells are exposed
to cytoskeletal toxins (Lazaro-Dieguez et al., 2008; Muller et al., 2013).
These cells also exhibited neurite collapse and loss of neurite branching
within an hour of exposure to AgNPs (Cooper and Spitzer, 2015). We
further determined that F-actin inclusions co-localized with aggregates
of p-catenin (Cooper et al., 2019), a signaling molecule that regulates
neurite outgrowth and focal adhesions (FAs) (Tang et al., 2010; Lee
et al., 2014; Yu and Malenka, 2003). p-catenin expression levels were
reduced in cells treated with AgNPs and our pharmacological data
suggested that p-catenin signaling is altered by AgNP treatment via an
indirect or complex mechanism (Cooper et al., 2019). Similarly, the
pAKkt signaling pathway is altered in cells exposed to AgNPs, but the
mechanisms of AgNP interaction with this pathway are unclear (Spitzer
et al., 2021). Neurite extension is critical during neurogenesis and de-
pends on appropriate regulation of the F-actin and microtubule cyto-
skeleton (Valtorta and Leoni, 1999). The same cytoskeletal regulatory
mechanisms are responsible for modulation of synaptic strength through
growth and stabilization of dendritic spines on neurons; the structural
underpinning for learning and memory throughout life (Hlushchenko
et al., 2016). Therefore, it is important to understand how AgNPs
interact with cellular mechanisms and alter physiological functions.
Here, we further investigate AgNP-induced dysregulation of cyto-
skeletal organization and examine localization of individual AgNPs in
relation to the protein aggregates they induce. FAs are multi-protein
links connecting intracellular actin to extracellular substrates, and
they regulate numerous cell processes including differentiation, prolif-
eration, and migration (Gilmore and Romer, 1996; Kawauchi, 2012). FA
formation increases neurite outgrowth (Fischer et al., 2019) and is
regulated by f-catenin signaling (Yu and Malenka, 2003); FAs may
therefore, be a mechanistic target for AgNP-mediated cytoskeletal dys-
regulation. We used the rat B35 neuroblastoma cell line, an established
model for examining mechanisms underlying neurite extension (Otey
et al,, 2003), to assess FA protein expression and organization in
response to AgNP exposure. While not a direct substitute for cells in a
living brain, immortalized cell lines utilize the same basic physiological
and regulatory mechanisms and thereby provide useful functional in-
sights. The B35 cell line is also easily maintained and differentiated
without the need for growth factors, thus providing reproducible results
over long time frames. Furthermore, using combined hyperspectral and
fluorescence microscopy, we investigated the spatial relationship be-
tween individual AgNPs and protein aggregates. On a technical note, we
determined the advantages of providing laminin as as an extracellular
matrix to B35 cells in addition to the traditional poly-L-lysine (poly-K)
and characterized the changes in hyperspectral properties of AgNP
through cell culture and immunocytochemistry processing. This work
will help clarify the underlying mechanisms that mediate cytoskeletal
disruption induced by AgNP exposure and inform studies in more
complex models. Further, it will aid in expanding awareness of brain
health risks associated with low-level environmental AgNP exposure.

2. Methods
2.1. Nanoparticle characterization and preparation

AgNPs (40 nm) were purchased as a citrate-stabilized 20 pg/ml
suspension (#730807; Sigma, St. Louis, MO). For characterization,
AgNPs were dried on coverslips and coated with atomic carbon for
scanning electron microscopy (SEM; JEOL, Peabody, MA). For energy
dispersive spectroscopy (EDS) with the Ultim Max attachment from
Oxford Instruments they were directly applied to a pure carbon mount
(SPI Supplies, West Chester, PA). EDS Spectra were collected, and

Toxicology in Vitro 98 (2024) 105837

elemental peaks identified using AztecLive Spectrum acquisition and X-
Ray smart mapping software. Spectra were collected with an emission of
20.0 Kev at a working distance of 10.0 mm. The diameter of individual
particles was measured using ImageJ (NIH, Bethesda, MD). According to
the manufacturer, the suspension is stable for 6 months. We therefore
performed Dynamic Light Scattering analysis to confirm particle size
when opening a new container and at 6 months or when the container
was empty, whichever came first.

2.2. Cell culture and AgNP sample preparation

B35 neuroblastoma cells (CRL2754; ATCC, VA) were maintained
adherent and undifferentiated in tissue culture (TC) flasks in complete
medium containing 10% fetal bovine serum (FBS) in Dulbecco’s Modi-
fied Eagle Medium (DMEM,; Invitrogen, Carlsbad, CA) and 1% penicillin-
streptomycin (P/S; Invitrogen). Medium was replaced every 2-3 days
and cells were routinely passaged by trypsinization before reaching
confluence. Glass coverslips (Fisher, Pittsburgh, PA) were coated with
Poly-1-Lysine (poly-K; 0.01%; Sigma, St. Louis, MO) and laminin (1 pg/
coverslip; Invitrogen) when indicated. Coated coverslips were placed in
a 24-well plate. For experimentation, cells (passage 3—-13) were washed
with phosphate buffered saline (PBS1) (2.7 mM Nay;HPO4 and 9.2 mM
NaH,PO4 with PO4 concentration 11.9 mM, 137 mM NacCl, 27 mM KCl,
pH 7.4), trypsinized, and plated at 5 x 10% - 4 x 10* cells per well in
differentiation medium (DMEM, 1% P/S) without FBS to promote dif-
ferentiation. Cells differentiated for 1-3 days at 37 °C and 5% CO». After
differentiation, half of medium was removed and replaced with fresh
medium containing AgNPs (20 pg/ml stabilized in 2 mM citrate, 40 nm,
such that the final AgNP concentration in each well was: 0 (negative
control), 0.25, 0.50, 1.0, 2.0, or 4.0 pg/ml AgNPs). 2 mM citrate, a
vehicle control, was added in matching doses so that each well con-
tained the same amount of citrate.

A commercial Live/Dead assay (Thermo) was used to confirm cell
viability in the AgNP treatments applied in this study. For this assay, B35
cells were maintained, differetiated on poly-K, and treated with
0 (negative control), 0.50, 1.0, 2.0, or 4.0 pg/ml AgNPs with 2 mM
citrate, a vehicle control, to balance the volume as described above.
Cells were washed thrice with PBS1 and then stained for 30 min 37 °C
and 5% CO; with a freshly made working solution of PBS1 containing 2
pM each ethidium homodimer-1 and calcein-AM. Coverslips were then
mounted on glass slides with PBS1 and images were immediately
collected. To provide a positive control for the dead label, coverslips
with differentiated but otherwise untreated cells were incubated with
70% methanol in PBS1 for 30 min 37 °C and 5% CO; after the first wash
and then labeled with working solution and mounted for imaging as
above.

To investigate changes in hyperspectral properties of citrate-
stabilized AgNP, the commercially sourced 20 pg/ml AgNP suspension
was mounted directly and imaged immediately or mounted in Prolong
Gold and allowed to cure as above. We also applied AgNPs to coated
coverslips in the absence of cells and incubated (37 °C and 5% CO53)
overnight in PBS1, in differentiation medium, or in differentiation me-
dium followed by immunocytochemistry processing through to the end
of the block step as described above. AgNPs on coverslips were mounted
in Prolong Gold and cured as above.

2.3. Immunocytochemistry processing

Cells were washed with PBS1 and fixed in fresh 4% para-
formaldehyde (Fisher) in PBS1 for 15 min followed by washing with
PBS2 (20 mM NaH,PO4, 80 mM NapHPO4, 152 mM NaCl, pH 7.4) and
permeabilization with 0.3% Triton-X/PBS2 for 10 min. Blocking solu-
tion of 5% bovine serum albumin (BSA; Fisher) and 10% normal goat
serum (NGS; Invitrogen) was applied for one hour. Primary antibodies to
label intracellular proteins were then applied overnight at 4 °C. Anti-
bodies were rabbit-a-vinculin (#MA5-11690; Invitrogen) or rabbit-
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a-pan-cadherin (#717100; Invitrogen) at 1:250 in block solution. Cov-
erslips were washed with PBS2, and secondary antibody goat-a-rabbit
Alexa 488 (Invitrogen) was applied (1:500 in PBS2) for two hours.
Coverslips were washed again with PBS2, and phalloidin Alexa 568, an
F-actin cytoskeletal label, was added in PBS2 at 1:100 dilution for 20
min at room temperature. Cells were then washed and stained with 1 pg/
ml DAPI (4,6-diamidino-2-phenylindole; Sigma), a DNA marker, for 5
min. Coverslips were gently washed with Milli-Q water and mounted
with Prolong Gold. Slides cured at room temperature overnight and
were then stored at —20 °C.

2.4. Immunoblot analysis

B35 cells were plated as above and differentiated for 2-3 days in 6-
well TC-coated plates with differentiation medium as previously
described. AgNPs were added to half of the wells to 1 pg/ml 24 h before
collection, and 2 mM citrate was added to the remaining wells as a
vehicle control. Cells were washed with PBS1, trypsinized, and collected
by centrifugation. Cells were suspended in SDS-PAGE buffer (Cell
Signaling Technology (CST), Danvers, MA), sonicated for 15 s, and
heated at 95 °C for 10 min. Samples were chilled on ice and stored at
—80 °C. Protein samples were separated by gel electrophoresis on TGX
stain-free acrylamide gels and transferred to a polyvinylidene fluoride
(PVDF) membrane (GVS, Sanford, ME). Total protein content was
imaged before and after transfer to PVDF as visualized with the TGX
stain-free system. Blocking solution with 4% skim milk powder in
Tween-Tris buffered saline (TTBS; 20 mM Tris, 500 mM NaCl, pH 7.5
plus 0.1% Tween20) was added to blots for 1 h minimum, then washed
with TTBS before incubation. Blots were incubated overnight at 4 °C
with rabbit-a-vinculin (1:500) in 5% BSA in TTBS, then washed five
times in TTBS, and incubated with HRP-conjugated goat a-rabbit sec-
ondary antibody (1:2000; CST) for 1 h in BSA and TTBS. Blots were
washed five times in TTBS and developed with chemiluminescent
detection reagent (Thermo, Rockford, IL). Images of chemiluminescent
signal were obtained using ChemiDoc XRS+ Imaging System (BioRad,
Hercules, CA), and each band was normalized to total protein in that
lane obtained via the TGX stain. Samples were run in triplicate and the
mean band intensity was calculated and AgNP was normalized to citrate
control for each experiment.

2.5. Image acquisition and analysis

A Leica inverted epifluorescent microscope with automated stage
was used to collect fluorescent image mosaics from the center of each
coverslip for the live/dead assay. An equally-sized area (~1.8 x 1.8 mm)
was then cropped from each image and the number of live and dead cells
were counted manually with the multi-point tool in ImageJ (NIH). The
mean number of cells counted from each coverslip was 456. The pro-
portion of live cells was calculated as a percent of the total number of
cells.

Fluorescent images for analysis of vinculin label intensity and cad-
herin aggregate formation were obtained with a Leica inverted epi-
flourescent microscope. Images of AgNPs were collected with a Cytoviva
Hyperspectral System (CytoViva, Auburn, AL) which allows acquisition
of hyperspectral and fluorescence images from the same field of view.
We used 60x and 100x lenses and exposure times of 0.05-0.25 s.

For quantitative assessment of cadherin and vinculin labels in
immunocytochemistry experiments, epifluorescent RGB images of
phalloidin, cadherin/vinculin, and DAPI were merged in ImageJ to
provide clear neurite and nuclei structures. Images were converted to 8-
bit and total neurite length per cell was measured using the the NeuronJ
plugin (Meijering et al., 2004). ImageJ was used to measure fluores-
cence intensity in epifluorescent images as follows: Greyscale images (8-
bit) of phalloidin were thresholded to include full cell bodies, and re-
gions of interest (ROI) were defined for thresholded neurons (2 or more
neurites longer than cell body) excluding binucleated or dead cells
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(small, rounded cells with minimal outgrowth and DAPI fluorescence).
This ROI was applied to the corresponding 8-bit greyscale cadherin or
vinculin channel, and area, mean particle intensity, and integrated
density were measured and recorded. Integrated density measurements
equaled the product of cell area and mean gray intensity, this allowed
protein expression to be quantified without influence of cell size or
number of cells measured per image.

For analysis of cadherin aggregate formation, RGB images of phal-
loidin, pan-cadherin, and DAPI were used. The green channel, labeling
pan-cadherin, was thresholded to a different value per experiment
determined using control images to clearly show aggregates. ImageJ cell
counter was used to count total neurons following the same neuron
characterizing standards as above. Neurons expressing small, bright
cadherin aggregates were counted, and the number of neurons with
aggregates were calculated as a proportion of the total number of neu-
rons in each experimental group. Neurons expressing multiple cadherin
aggregations were counted once. Cell counts were expressed as percent
of total number of neurons.

Hyperspectral images were obtained from stock AgNP suspensions
and from AgNPs applied to coverslips and processed through different
stages of cell culture and immunocytochemistry processing as specified.
Spectra for individual nanoparticles were obtained. In preparations with
cells, fluorescent images were collected first followed by hyperspectral
imaging of the identical field of view.

3. Results
3.1. AgNP characterization

SEM of commercially sourced citrate-stabilized AgNPs confirms that
individual particles were spherical (Fig. 1A) with an average diameter of
44 nm (Fig. 1B). The purity of the nanoparticles was confirmed by a
strong silver spectral signature localized to individual nanoparticles in
EDS analysis (Fig. 1C-F).

3.2. AgNP treatments are sub-lethal and laminin promotes neurite
extension in differentiating B35 neuroblastoma cells

A live/dead assay confirmed that AgNP treatment up to 4 pg/ml did
not alter the proportion of live cells in the culture (Fig. 2A). We treated
one set of differentitated cells with 70% methanol to provide a positive
control for the dead label and found 100% dead cells on these coverslips
(data not shown).

Cells plated on laminin-coated coverslips extended significantly
longer neurites than cells plated on only poly-K (Fig. 2). Mean neurite
length for cells on poly-K only was 35.4 pm, whereas cells on poly-K plus
laminin consistently extended neurites averaging 75.9 pm (Fig. 2B).
Moreover, maximum neurite length increased similarly to average
neurite length in cells on laminin. In all experiments, neurons plated on
laminin extended numerous long neurites with extensive branching. The
longest neurite on each neuron was approximately 95.2 pm, nearly
double that of poly-K only with an average 43.7 pm longest neurite
(Fig. 2C). Qualitatively, cells on laminin were more likely to extend two
or three neurites, compared to many unipolar cells observed on poly-K
alone, and had more lamellipodia. However, the disruptive effect of
AgNP on neurite length was unchanged in cells grown on laminin; the
maximum neurite length collapsed to an average 63.3% of citrate con-
trol in cells exposed to 1 pg/ml AgNP (Fig. 2D). Lamellipodia formation
also appeared to decrease in AgNP exposed cells.

3.3. Dose-dependent formation of cadherin aggregates in cells exposed to
AgNPs colocalize with F-actin inclusions, but vinculin expression is
unchanged

Cadherin formed small aggregates in the neurites of differentiating
B35 cells with and without exposure to AgNPs, with aggregates often



K.M. Thomas and N. Spitzer Toxicology in Vitro 98 (2024) 105837

w0

% of particles
g

_‘
T

M Spectrum 1
o |

Agl

Na

Weight % 100

Fig. 1. Characterization of citrate-stabilized nanoparticle suspension. A) SEM performed 5.5 months after opening and storage at 4 °C confirms uniform size and
shape. B) Size distribution of nanoparticles as measured by SEM. Total 298 particles measured. C) SEM of a mass of AgNPs used for D) EDS analysis to confirm pure
Ag particles. E) overlay of SEM and EDS images. F) EDS spectrum confirms the presence of only Ag by comparison to reference spectrum (inset, orange) plus C and Na
from citrate.
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Fig. 2. Viability is not inhibited by the doses of AgNP applied here. Laminin increases neurite outgrowth in the B35 cell line in vitro but does not alter AgNP-induced
neurite collapse. A) The proportion of live cells in the culture after 24 h of incubation in 0-4 pg/ml AgNPs is unchanged. N = 3-4 independent experiments. One-way
ANOVA p > 0.05. B) Mean total neurite length and C) Maximum neurite length of B35 cells are increased when cells are plated on poly-K plus laminin, compared to
poly-K alone. Unpaired two-tailed t-test, ** p < 0.01. D) Cells grown on poly-K and laminin exhibit neurite collapse in response to AgNP. N = 6 independent ex-
periments and 45-95 cells analyzed per experiment. One-way ANOVA followed by Dunnett’s multiple comparisons; ***p < 0.001; ****p < 0.0001; values presented
as % of control. Lines and errors indicate mean + SD for A-D.
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Fig. 3. AgNP exposure induces formation of cadherin protein aggregates that colocalize with F-actin inclusions in cultured differentiating B35 cells. Cadherin ag-
gregates (arrows) are visible in cells treated with A) Citrate control; B) 1 pg/ml AgNPs; C) 4 ug/ml AgNPs. D—F) AgNPs also induce formation of F-actin inclusions. G-
) Nuclei are stained blue with DAPI. J-L) Merged images demonstrate that cadherin aggregates tend to colocalize with f-actin inclusions. Green: pan-cadherin, Red: F-
actin, Blue: DAPI (nuclei). M) Summary data from N = 6 independent experiments show a dose-dependent increase in cadherin aggregate formation. Mean + SD, one-
way ANOVA followed by Sidak’s multiple comparisons. **p < 0.01. N) The cadherin label intensity did not change with AgNP treatment. One-way ANOVA. p > 0.05.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

forming near neurite endings (Fig. 3A-C). As we reported previously
(Cooper and Spitzer, 2015) AgNPs also induced F-actin inclusions
(Fig. 3D-F) and these colocalize with p-catenin (Cooper et al., 2019).
DAPI was used to stain nuclei (Fig. 3 G-I) and merged images confirm
that cadherin aggregates also colocalize with F-actin inclusions (Fig. 3J-
L). The proportion of cells with cadherin aggregates increased in a dose-
dependent manner when cells were exposed to increasing AgNP con-
centrations; and approximately half the cells exhibited one or more
aggregates in the control group, and this number increased to about 60%
with 1 pg/ml AgNPs and nearly 80% in 4 pg/ml AgNPs (Fig. 3M).
However, the total labeling intensity of cadherin in individual cells did
not change significantly with AgNP exposure (Fig. 3N). Cultured
differentiated B35 cells strongly expressed vinculin (Fig. 4A), however,
the expression levels or organization of vinculin, did not change with
AgNP  exposure as measured by signal intensity in

immunocytochemistry (Fig. 4B) or immunoblot (Fig. 4C) analysis.

3.4. Hyperspectral properties of AgNPs become more uniform after
immunocytochemical processing

Commercially sourced AgNPs present as a rainbow assortment in
hyperspectral microscopy, this spectral variability is retained when
AgNPs are mounted in Prolong Gold (Fig. 5). AgNPs mounted in Prolong
Gold (Fig. 5 A, B) mostly present spectra centered on blue (Fig. 5B;) with
some particles presenting rainbow colors (Fig. 5By, B3). This variability
is maintained when AgNPs are adhered to poly-K/laminin-coated cov-
erslips, incubated in PBS2 and wet-mounted for immediate imaging.
However, AgNP spectra collected from samples that were processed
through cell culture conditions (Fig. 5D) or immunocytochemistry
(Fig. 5E) presented uniform spectra that were shifted to center on green.
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Fig. 4. Vinculin expression in B35 neuroblastoma cells following AgNP exposure. A) Vinculin immunofluorescence (green) in dose response control; B) Mean in-
tensity of vinculin immunofluorescence does not change with increasing AgNP exposure. One-way ANOVA p > 0.05, N = 6 independent experiments. C) Repre-
sentative vinculin immunoblot (top) and quantitative analysis of normalized band intensity indicate no change in vinculin expression with AgNP exposure.
Independent t-test p > 0.05. N = 3 independent experiments with each sample run in triplicate.
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Fig. 5. Hyperspectral imaging of commercially purchased AgNPs A) mounted directly from stock solution. B) Higher magnification view of indicated area shows
individual nanoparticles and their representative spectral properties. C) AgNPs adhered to poly-K/laminin-coated coverslips and incubated in PBS1. D) AgNPs
adhered to coated coverslips and incubated in differentiation medium. E) as in D but processed though to block step of immunocytochemistry. For C-E, insets show
higher magnification of indicated area and representative spectra for indicated individual nanoparticles. All preparations except C (wet-mounted) were mounted in
Prolong Gold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



K.M. Thomas and N. Spitzer

3.5. Protein aggregates induced by AgNPs do not colocalize with AgNPs
themselves in neurites

Hyperspectral microscopy in combination with fluorescent imaging
allowed visualization of individual AgNP (Fig. 6A) and cellular protein
aggregates (Fig. 6B) in the same field of view and superimposed
(Fig. 6C). AgNPs in cell preparations had the same green-shifted spectra
regardless of whether they were associated with a cell (Fig. 6D;) or free
on the coverslip (Fig. 6Dy). We confirmed colocalization of cadherin
aggregates and F-actin inclusions. The F-actin inclusions did not coloc-
alize with AgNPs in the neurites, however colocalization may occur in
the cytoplasmic and periuclear regions (Fig. 6E-I).

4. Discussion

AgNPs continue to be used as an antimicrobial in manufacturing
healthcare products, textiles and many consumer goods. Nanoparticles
are released into the environment resulting in widespread exposure of
humans and wildlife. AgNPs can cross the blood-brain barrier and bio-
accumulate in the brain causing neuronal damage (Recordati et al.,
2021; Tang et al., 2010). We previously reported that AgNP exposure
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induces neurite collapse and leads to cytoskeletal dysregulation and
formation of F-actin inclusions (Cooper and Spitzer, 2015). The regu-
latory protein p-catenin also aggregated in response to AgNP exposure
and colocalized with F-actin inclusions (Cooper et al., 2019). Further-
more, we found that B-catenin and Akt intracellular signaling were
indirectly disrupted by AgNP exposure in B35 neuroblastoma cells
(Spitzer et al., 2021). However, specific physiological mechanisms
mediating these effects are not well understood. Here, we investigated
the expression and organization of the FA proteins cadherin and vinculin
in B35 cell exposed to AgNPs, and we utilized hyperspectral microscopy
to determine if AgNP-induced protein aggregates colocalize with AgNPs
in cells.

Laminin is the primary component of extracellular matrices in
mammals and is generally coated on substrates for neural cell culture
(Fudge and Mearow, 2013; Domogatskaya et al., 2012). However, the
B35 cell line is routinely differentiated only on poly-K or tissue culture-
coated plastic (Otey et al., 2003). Laminin specifically triggers neurite
outgrowth processes in the cell (McKerracher et al., 1996) through in-
teractions with vinculin and it is traditionally used for in vitro neuronal
differentiation in many cell lines because it mimics the in vivo extra-
cellular environment. For example, laminin promotes differentiation in

(] A i
500 600 700 800 800 1000 500 600 700 800 800 10!
Wavelength Wavelength

Fig. 6. Hyperspectral imaging of AgNP-exposed cells shows that protein aggregates do not colocalize with nanoparticles. A) Hyperspectral imaging of a B35 cell
exposed to AgNPs B) fluorescence imaging of the same field of view delineates F-actin labeled with phalloidin-Alexa 568 in the same cell and C) an overlay of
hyperspectral and fluorescence images allows localization of AgNPs in relation to F-actin structures. D) Higher magnification of indicated area from the hyperspectral
image (white box) shows that spectra presented by AgNPs are centered on green regardless of their localization with cells (D1) or alone (D2). Dotted lines in D
indicate outline of the cell’s neurite. E) Higher magnification of areas from the hyperspectral/flurorescence overlay indicated in E) magenta and F) cyan boxes show
that nanoparticles associated with cells do not colocalize with F-actin inclusions. G-I) Cells from other experiments confirm that AgNPs (visualized by darkfield
microscopy) do not colocalize with F-actin (red) and cadherin (green) aggregates. Nuclei are stained blue with DAPI. Insets in G-I show hyperspectral image for same
field of view with dotted lines indicating outline of cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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cultured neural tube neurons (Heaton and Swanson, 1988), human
sensory neurons (Baron-Van Evercooren et al., 1982), and human em-
bryonic stem cells (Ma et al., 2008). Despite the extensive use of laminin
in other cell lines, B35 cells are traditionally not provided this substrate
(Otey et al., 2003). We found that, although B35 cells will adhere and
extend branched neurites on only poly-K, they do so much more effec-
tively when provided laminin. Laminin also promoted multipolar neu-
rite extension, representative of neurons that play a critical role in
central and peripheral nervous system function (Ludwig et al., 2023),
and development of lamellipodia which form growth cones that guide
neurite development (Clark et al., 1993). Thus, providing laminin to the
B35 cell line during differentiation appears to promote morphological
differentiation and may provide a more representative model system for
evaluating mechanisms of neurite extension.

The neurite collapse we previously reported in cultured adult neural
stem cells and in B35 cells grown on poly-K (Cooper and Spitzer, 2015)
exposed to 1 pg/ml AgNPs was still evident in B35 cells plated on lam-
inin. Neurite outgrowth occurs during neurogenesis, a process required
for learning, memory formation, and overall brain development (van
Praag et al., 1999). Because AgNP-induced defects also occur in the
presence of laminin in the B35 cell line, and laminin is more represen-
tative of the in vivo environment, these data support previous findings
and indicate that AgNP exposure may disrupt nervous system develop-
ment. This is especially relevant to children who may be exposed to
many sources of environmental AgNPs (Quadros et al., 2013) and, given
the tendency of AgNP to bioaccumulate in brain (Recordati et al., 2021;
Lee et al., 2013; Tang et al., 2008; van der Zande et al., 2012; Skalska
et al., 2015; Skalska et al., 2020; Antsiferova et al., 2021), may face
years of low-level exposure. Although tissues such as liver are thought to
compensate for damage from locally accumulated AgNPs (Quadros
et al., 2013), brain tissue is organized differently and much more spe-
cifically; one brain structure may not readily be able to compensate for
chronic damage at another circuit or collection of synapses.

Cadherins mediate several pathways important to neuronal differ-
entiation and development including Rho GTPases (Derycke and Bracke,
2004). N-cadherin, which is specific to neurons, can mediate neuron
outgrowth through interaction with vinculin and other proteins at focal
adhesions (Mui et al., 2016). We found that cadherin formed more
intracellular cadherin aggregates in response to increasing exposure to
AgNPs in differentiating B35 cells. In cultured primary human kerati-
nocytes, AgNP exposure increased E-cadherin localization to cell-cell
junctions and increased cell motility (Montano et al., 2019), suggest-
ing that E-cadherin may be reorganizing in a directed manner. Similarly,
we found that cadherin aggregates frequently colocalized with the F-
actin inclusions elicited by AgNP exposure in B35 cells. We previously
reported these inclusions to colocalize also with p-catenin (Cooper et al.,
2019). During normal differentiation, N-cadherin directly interacts with
actin and p-catenin (Seong et al., 2015). These data therefore suggest
that AgNPs are inducing specific reorganizational mechanisms of cyto-
skeletal and associated proteins to generate multi-protein aggregates in
response to AgNP exposure. This interpretation is supported by the lack
of localization of vinculin to aggregates in response to AgNP. If the ag-
gregates were nonspecific agglomerations of cytoskeletal and associated
proteins in the neurite, they would be expected to include vinculin.
Vinculin is a FA protein that regulates neurite extension (Goldmann
et al., 2013; Mierke et al., 2010). It is widely expressed in cultured B35
cells and normally engages in direct interactions with cadherin, p-cat-
enin, and actin (Bays et al., 2014), but its expression levels did not
change with AgNP exposure and it was not observed to aggregate.

Hyperspectral microscopy is a powerful tool to visualize nano-
materials and examine their physical properties. We used this technique
to demonstrate that the hyperspectral signal of individual particles in a
commercial citrate-stabilized AgNP solution is variable. Many particles
exhibited a spectrum centered on blue, as expected from pure, freshly
suspended AgNPs, but some presented rainbow colors that occur due to
red-shifting of the resonance peak when nanoparticles aggregate
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(CytoViva, 2022). Accordingly, SEM analysis confirmed a small pro-
portion of particles that appeared to be aggregated in pairs or triplets
(Fig. 1). However, hyperspectral and SEM imaging indicate that most
particles are unaggregated. We found that AgNPs exposed to cell culture
conditions presented a spectrum that was shifted to center on green with
a loss of the variability seen in particles from the stock solution. The
blue/rainbow spectra were still evident after AgNPs were plated on
poly-K/laminin coverslips and incubated in PBS, and the green shift only
occurred when particles were incubated in cell culture medium. Pro-
cessing through immunohistochemistry did not further alter the green-
centered spectral signal from the AgNPs. This suggests that it is the
complex organic molecules such as amino acids and vitamins from the
cell culture medium, which does not contain proteins, that are respon-
sible for the consistent green spectral shift. Further addition of proteins
with the blocking step of immunocytochemistry processing likely in-
duces formation of a corona, but does not further alter the particles’
hyperspectral properties. Furthermore, there was no difference in the
spectra presented by AgNPs on the coverslip and those associated with
cells in immunocytochemistry preparations, suggesting that any addi-
tional cellular proteins that associate with the AgNPs do not impact
hyperspectral properties. Unlike AgNPs that were actively taken up and
sequestered in lysosomes by macrophage (Shannahan et al., 2015), we
did not find a significant red shift in the spectra of AgNPs associated with
B35 cells; their spectra remained centered on green around 550 nm
regardless of whether they were on or beside cells. This further suggests
that neural cells do not use protein aggregate structures to generate
AgNP clusters which would be expected to generate interactions be-
tween the particles’ charge density oscillations resulting in a further red
shift (Shannahan et al., 2015).

In biological conditions AgNPs release ionic Ag; this is generally
accepted to be a source of toxic effects of AgNPs. AgNPs acquire protein
coronas that stabilize them and change their physical properties and
their interactions with biological mechanisms (Miclaus et al., 2014).
This protein coat may provide purchase for cellular protective mecha-
nisms that attempt to sequester the AgNPs within proteinacous struc-
tures to minimize Ag release and associated cellular damage. However,
we found that the multi-protein aggregates formed by exposure to
AgNPs do not colocalize with the AgNPs themselves and are therefore
not likely to represent such a sequestration mechanism. Furthermore,
this separation of protein aggregates and AgNPs suggests that the ag-
gregations are induced indirectly by cellular mechanisms that are in turn
activated by the presence of AgNPs or the ionic Ag released from them.
One such mechanism could be oxidative stress which is induced by
AgNP in many cell types, including neural cells (Hadrup et al., 2012; Yin
et al., 2013; Struzynski et al., 2014), and in animals (Struzynski et al.,
2014; Wu and Zhou, 2012; Skalska et al., 2016; Dabrowska-Bouta et al.,
2019). Indeed, redox signaling through physiologically appropriate
levels of ROS is critical in regulating cytoskeletal dynamics (Wilson and
Gonzalez-Billault, 2015).

Oxidative stress mechanisms activated by AgNPs can induce mis-
folding of cellular proteins, notably cytoskeletal proteins, that are then
sequestered within aggresomes (Castro et al., 2017; Hackett et al., 2015;
Rohde et al., 2021). These perinuclear microtubule-dependent inclusion
bodies can include F-actin (Lazaro-Dieguez et al., 2008) and are formed
by the cell when its capacity to degrade misfolded proteins is exceeded
(Johnston et al., 1998; Kopito, 2000; Lazaro-Dieguez et al., 2008).
Because N-cadherin directly interacts with actin and p-catenin during
normal differentiation (Seong et al., 2015), it is not unexpected that
these proteins might be processed together when internalized. Further,
B-catenin marked for degradation accumulates in aggresomes in Alz-
heimer’s disease, presumably due to proteasome dysfunction (Ghanevati
and Miller, 2005). Therefore, AgNPs could promote misfolding of spe-
cific cellular proteins to a level that overwhelms degradation mecha-
nisms, thereby leading to formation of aggresomes that contain F-actin,
B-catenin, and cadherin. If this proposed mechanism is active in response
to AgNPs, and because aggresomes form in the perinuclear region,
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colocalization of protein aggregates and AgNPs is expected only in this
region but not in the neurites. If AgNPs do induce aggresome formation,
it will also be interesting to determine if protein aggregates formed in
the neurites are transported to the soma for sequestration in aggresomes,
if they are degraded in place, or if they accumulate over time.

In summary, AgNP exposure disrupts organization of the FA protein
cadherin, which may contribute to neurite collapse. Cadherin coloc-
alizes with F-actin inclusions along with B-catenin in response to AgNP
exposure. These multi-protein aggregates do not include the FA protein
vinculin or colocalize with AgNPs themselves, suggesting that they may
be the result of specific protein-protein interactions that occur in
response to regulatory signals induced by AgNPs. It is possible that
AgNPs localized to the perinuclear region promote protein misfolding
and formation of aggresomes. Identification of the specific mechanisms
and interactions between these cellular components in response to
AgNPs will help to understand the potential physiological effect of
bioaccumulated AgNPs in brain tissue. This will aid in expanding
awareness of brain health risks associated with environmental AgNP
exposure and perhaps encourage manufacturers to consider other anti-
microbial options.
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