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Background: Nanoparticles exhibit unique physiochemical characteristics that provide the basis
for their utilization. The diversity of potential and actual applications compels a thorough under-
standing regarding the consequences of their containment within the cellular environment.
Purpose: This paper presents a flow cytometric examination of the biologic effects associ-
ated with the internalization of citrate-buffered silver (Ag) nanoparticles (NP) by the murine
macrophage cell line, RAW264.7.

Materials and methods: Cells were cultured with varying concentrations of citrate-buffered
Ag nanoparticle and analyzed for changes in cellular volume, fluorescence emissions, and
surface receptor expression.

Results: Notable changes in side scatter (SSC) signal occurred following the phagocytosis of
citrate-buffered Ag NP representative of the 10 nm, 50 nm, and 100 nm particle size by cultured
RAW 264.7 cells. A characteristic associated with the internalization of all the citrated Ag NP
sizes tested, was the detection of emitted infra-red and near-infrared wavelength emissions.
This characteristic consistently permitted the detection of 10 nm, 50 nm, and 100 nm Ag NP
particles internalized within the RAW cells by flow cytometry. A functional distinction between
monocyte subsets within the RAW 264.7 cell line was noted as Ag NP are taken up by the
F4/80+ subset of cells within the culture. Further, the internalization of Ag NP by the cells
resulted in an increased cell surface expression of the Toll-like receptor (TLR) 3, but not TLR4.
Conclusion: Taken together, these results implicate the more mature macrophage in the inges-
tion of Ag NP; and an influence upon at least one of the Toll receptors present in macrophages
following exposure to Ag NP. Further, our flow cytometric approach presents a potentially viable
detection method for the identification of occult Ag NP material using an indicator cell line.
Keywords: silver nanoparticle, flow cytometry, innate immunity, macrophage, Toll-like
receptor

Introduction

Nanotechnology has presented an astounding array of multidisciplinary applications
in applied technology, medicine, and consumer products due to the unique phys-
iochemical properties attributable to the size and formulation of nanoparticles (NPs).
Because of their size, NPs exhibit unique cellular interactions at the subcellular level,
and have provided wide-ranging effects that are dependent upon the route of admin-
istration, composition, size, and shape of the nanomaterial.'> While their potential or
actual application presents strong advantages, there is little understanding regarding
the physiology of NP absorption, and clarification must be made of the toxicological
consequences of their containment within the cellular environment.
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The recent increased use of silver (Ag) NP in a wide
variety of consumer products, including food packaging,' has
been driven mainly by interest in its antimicrobial proper-
ties.>™ Prior to the advent of nanotechnology, Ag was long
recognized for its antimicrobial characteristics® and has been
used as an ingredient within consumer products, such as den-
tal composite material’ or in wound salves, or integrated into
wound dressings.®'* Exposure of microbial organisms to Ag
results in the retraction of the cytoplasm from the cell wall,
condensation of the DNA into electron-dense granules, and
an accumulation of Ag ions into the cytoplasm. The damage,
as inferred in these studies, is due to the inability to replicate
at the DNA level."

Nanoparticles, including Ag NP, have been shown to be
taken up by dendritic cells and macrophages, either derived
from the peripheral lymph nodes or as cell lines,'?' and recent
experimental evidence has shown that the endocytosis of Ag
NP is dependent upon scavenger receptors.'® Research using
the J774A.1 mouse macrophage cell line has demonstrated
that the endocytosis of 57 nm PEG-treated Ag NP is depen-
dent upon actin and clathrin-mediated endocytosis.!'¢ Potential
toxicities associated with murine and human cellular exposure
to Ag NP in vitro have been identified that is related to the
ratio of Ag ion vs nanoparticulate Ag in the preparation,'’
raising concerns regarding their potential for adverse health
effects. Research has shown that a 24-hour exposure to Ag
NP will induce elevated oxidative stress as demonstrated by
ROS formation in Jurkat T cells.'® In this instance, signal-
ing cascades involved in the regulation of oxidative stress
have demonstrated increases in p38 MAP kinase protein,
expression of the redox-sensitive nuclear factor-kappa B,
and nuclear factor-E2-related factor 2. Cell cycle analysis
demonstrated an increased number of cells within the G2/M
and S phase populations, indicative of DNA accumulation,
while Annexin V staining has shown increased apoptosis and
necrosis in Ag NP-exposed cells. In other research, U937
human monocytic cells exposed to polyvinylpyrrolidone
(PVP)-treated Ag NP demonstrated apoptotic cell death and
ROS formation; however, the cellular effects were dependent
upon the size of the particle, as these events were induced by
the smaller 4 nm np, but not by the 40 or 70 nm NP.'* Other
studies using primary human monocytes have similarly dem-
onstrated a particle size-dependent effect. In this research,
the smaller 5 and 28 nm Ag NP induced greater levels of the
pro-inflammatory cytokine IL-1B and led to formation of
regulatory nucleotide binding domain and leucine —rich repeat
with pyrin domain-containing 3 (NLRP3) inflammasomes
with the subsequent activation of caspase-1, two events that
are critical for the cleavage of pro-IL-1p to produce mature

IL-1B."” Together, these observations suggest a significant
immunologic impact by the Ag NP, as IL-1J is involved in
both adaptive and innate immune responses.

Given the multiple observations attesting to NP’s effect
upon the cells of the immune system, and the observations
implicating macrophage in the uptake of NPs, we conducted a
flow cytometric analysis of the effects of Ag NP uptake upon
the macrophage using the murine RAW264.7 macrophage cell
line. Relatively, few studies have addressed the changes in
cell surface marker expression that occur when macrophages
come into contact with a non-targeted Ag NP. Using a gating
strategy that eliminated dead cells, and smaller-sized cellular
debris and particulates, we used the gated viable cells to
generate histograms for forward scatter (FSC), side scatter
(SSC), and fluorescence. SSC signals are attributed to cellular
internal structure and organelles, and are sensitive to changes
within the internal structures.?’ Thus, SSC signals were used
in the present experiments to demonstrate the phagocytosis of
citrated Ag NP. Furthermore, we sought to define the cellular
subpopulations responsible for Ag NP uptake, and assess the
possibility of determining biomarkers expressed during the
phagocytosis of Ag NP. Our results implicate the more mature
macrophage in the ingestion of Ag NP, detection of emitted
wavelengths indicative of the presence of Ag NP within the
cells, and increased expression of Toll-like receptor (TLR)
in macrophages following exposure to Ag NP. We also dem-
onstrate the amenability of our approach to being adapted for
the detection of Ag NP in a food matrix, ie, milk.

Materials and methods

Cell lines

The murine monocyte/macrophage cell line, RAW264.7
(TIB71), was obtained from ATCC (Manassas, VA) and
maintained as per the vendor’s recommendations. Briefly,
cells were cultured in T75 culture flasks containing DMEM
media supplemented with 10% (v/v) fetal calf serum,
1% (v/v) glutamine, and 1% (v/v) penicillin—streptomycin.
Cultures were maintained at 37°C with 5% CO, and used
prior to passage 15 for all experiments. Confirmation of the
cell line’s monocytic lineage was done by flow cytometric
examination of the line’s cell surface phenotype using
monoclonal antibodies of defined specificity. This cell line
is not identified within the International Cell Line Authen-
tication Committee (ICLAC) list of misidentified or cross-
contaminated cell lines.”!

Latex microbeads
Fluorescently labeled polystyrene latex YG microbeads
(Fluoresbrite® by Polysciences, Inc., Warrington, PA) were
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obtained in sizes including 0.05, 0.1, 0.2, 0.5, and 1.0 pm.
The particles are reported to have an excitation wavelength
of 441 nm with emission at 486 nm. Unlabeled beads of
equivalent sizes (Polybead® by Polysciences, Inc.) were used
as controls in these experiments to assure that the detected
emitted fluorescence was due to the presence of Ag NP,
and not due to the phagocytosis of any other particulates.
RAW264.7 cells were first incubated with fluorescent beads
to ascertain that the phagocytic events could be detected by
flow without extraneous stimulation.?

Silver nanoparticles

Biopure Ag NP (1 mg/mL) in citrate buffer were obtained
from NanoComposix Inc. (San Diego, CA). Ag NP charac-
terization was provided by the company. Three sizes of Ag
NP were used in this research: 10, 50, and 100 nm. In the
absence of any referenced data regarding the concentration of
Ag in consumer products, arbitrary concentrations of 1, 5, and
10 pg/mL were used with cultures containing 5x10° cells.

Ag NP sizing by dynamic light

scattering (DLS)

A Malvern Zetasizer Nano ZS DLS with a backscattering
detector (173°) was used for measuring the hydrodynamic
size of Ag NP at 25°C. Ag NP were pre-diluted 100-fold
in either milli-Q water or DMEM cell-cultured medium
prepared as above. A total of six measurements were per-
formed and each measurement consisted of 12 subruns with
10-second duration each.

Ag NP characterization by transmission
electron microscopy (TEM)

The size of Ag NPs was determined by using the Jeol JEM
1400 TEM operated at 80 kV. A 10 uL aliquot of colloidal
Ag NP sample (10x diluted in Milli-Q water) was depos-
ited on a clean piece of parafilm. A NanoPlus grid (Dune
Sciences) was placed upside down onto the sample for 5
minutes. The grids were then rinsed with 10 uL Milli-Q
water and excessive solution was blotted off with a piece of
filter paper. The grids were dried at room temperature and
subsequently imaged in TEM.

Inductively coupled plasma mass
spectrometry (ICP-MS)

A Thermo X-Series II quadruple ICP-MS was used to
determine the total concentration of Ag in the stock solution
and the concentration of Ag ions after 24 hours of incuba-
tion with DMEM cell culture media. For ICP-MS analysis
of Ag in the stock solution, samples were diluted with 2%

HNO,. To compare the release of Ag ions before and after
the incubation, samples were pre-diluted 100-fold in either
milli-Q water or DMEM cell culture media (24 hours of
incubation) and then centrifuged for 2 hours at 25,500 xg
(Thermo Fisher Scientific, Waltham, MA). The supernatant
was collected and then further diluted with 2% HNO, prior
to ICP-MS analysis.

The ICP-MS was tuned using Ippb Tune A solution
(Thermo Fisher Scientific) to meet the required performance
and NIST SRM 3151 Ag standard solution was used as a
full-quant calibration standard. An internal standard solution
(Perkin Elmer Inc., Waltham, MA, containing 10ppb Bi Ge
In Li Sc Tb Y) was introduced along with samples through
a T-connector to correct signal drift and matrix effects.

Phagocytosis of Ag NP

The 5x10° cells were plated in T25 flasks with 10 mL DMEM
media containing 10% fetal calf serum and supplements. The
cultures were grown to 60% confluence before treatment with
the appropriate particle. Negative control cultures consisted
of naive cells devoid of any particles, and separate cultures
given unlabeled latex beads. Fluorescently labeled polysty-
rene latex beads of 50 nm size were used as a fluorescent
control to detect and confirm the phagocytosis of NPs by
the cells. Ag NP (10, 50, and 100 nm; NanoComposix.com)
were added to each T25 flask to produce cultures of 1, 5,

and 10 pg/mL. Following 24 hours of incubation, the growth
media was aspirated and the cells were flushed with 1 mL
cold media, scraped lightly, and spun at 300 Xg for 5 minutes.
The pellet was suspended in 1 mL cold Hanks Balanced Salt
Solution (HBSS) with 1% FBS and 0.1% sodium azide and
the cells were counted using Trypan blue exclusion. The
cells were washed once more and suspended in fresh media
prior to flow analysis.

Phagocytosis of Ag NP diluted in milk

Briefly, 10, 50, or 100 nm Ag NP were diluted in 2% milk
and added in a 100 puL volume to 9.9 mL of cell culture
media to produce a final concentration of 10 ug/mL. Control
cultures did not receive Ag NP. Latex beads were added
to some cultures as a control against the induction of red
fluorescence by the phagocytosis of particulate by the cells.
The RAW264.7 cells were incubated for 24 hours and then
assayed. For assay, the growth media was aspirated and the
cells were flushed with 1 mL cold media, scraped lightly, and
spun at 300 xg for 5 minutes. The pellet was suspended in
1 mL cold HBSS with 1% FBS and 0.1% sodium azide and
the cells were counted using Trypan blue exclusion. The cells
were washed once more and suspended in fresh media prior
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to flow analysis. Emissions from the Ag NP were detected
in the infrared region, ie, PE-Cy7.

Flow cytometry

All flow data were acquired using a BD FACS Aria Il (BD
Biosciences, San Jose, CA) equipped with a Violet 405, Blue
488, Red 633 nm and operated using the BD FACSDiva
6.1.1 software. The wavelengths detectable with the 405 nm
laser standard filters include 430-470 nm (Pacific Blue,
DAPI, or Hoechst). The wavelengths detected with the
488 nm standard filters included the ranges of 515-545 nm
(FITC), 563—-606 nm (phycoerythrin [PE]), 600—-620 nm (PE-
Texas-Red), 665—715 nm (PI, PerCP-Cy-5.5, PECy5.5), and
750-780 nm (PE-Cy7). The wavelengths detected from the
633 nm laser filters included 650—-670 nm (Allophycocyanin
[APC]) and 750-800 nm (APC-Cy7). The instrument’s day
to day performance was checked according to manufacturer’s
specifications, using Cytometer Setup and Tracking within
the FACSDiva software (BD Biosciences). Briefly, a solu-
tion of multiple fluorochrome-labeled (Cytometer Setup and
Tracking beads [CST]) beads (BD Biosciences) was diluted as
per instructions and run on the cytometer. The settings were
checked to ensure consistency in instrument performance.

Flow assay for the detection of
phagocytized particles

Data were initially collected and gated using the BD DIVA
6.1.1 software. All viable, cultured cells were gated using a
linear FSC vs log SSC, eliminating the smaller debris par-
ticles and dead cells from the histograms that were generated
from within the gated region. A comparative quantitation of
the level of phagocytosis by the RAW cells was determined
by SSC and fluorescence intensity emitted by the phagocy-
tized NP or labeled bead within the gated region. The log
median fluorescence intensity of FITC within the gated
populations was used to identify cells that had phagocytized
FITC-labeled latex beads. Phagocytized Ag NP emission was
detectable by filters in the red and far red spectra, with the
strongest signals observed within the far red 750-800 nm
(PE-Cy7) region. Thus, the log median SSC and PE-Cy7
fluorescence of the gated population was used to analyze Ag
NP ingestion. Data analysis was done using DIVA 6.1.1 and
FlowJo V10 software (Tree star, Inc.).

Cell surface staining and flow cytometry

Native RAW cells were used in the initial phenotyping. The
following antibodies were obtained from BD Biosciences
Pharmingen and used for staining: Phycoerythrin (PE)-
labeled CD11b Mac1 Integrin (cat. #552850), PECy5-labeled

ratanti-mouse B220 monoclonal (CD45R/B220 glycoprotein)
(cat. #553085), F4/80-FITC (cat. #552958), rat anti-mouse
CD32 FcR FITC (cat. #553144), and unlabeled anti-Fc recep-
tor monoclonal (Mouse Fc Block; cat. #553141). Unstained
cells that were treated with unlabeled FcR block were used
as negative controls. The optimal concentration of each anti-
body used in the staining experiments was determined via
titration prior to use. Staining was performed with 50 uL cell
suspension containing 1x10° cells in staining buffer (HBSS
containing 1% fetal calf serum and 0.1% sodium azide),
blocked with unlabeled anti-Fc receptor monoclonal (Mouse
Fc Block; cat. #553141), stained with the selected monoclonal
at 4°C for 30 minutes. The samples were washed twice prior
to addition of fixative (BD Cytofix). After fixation, the cells
were washed once and resuspended in staining buffer.

Toll receptor staining and flow cytometry
FITC-rat anti mouse CD283 (clone 11F8, MCAS5891F, Bio-
Rad AbD Serotec) and FITC anti-CD284 were obtained from
ADbD Serotec and were used to stain RAW274.7 cells that
were cultured in the presence or absence of added Ag NP.
Intracellular staining for CD283 was performed® using cell
suspension containing 1x10° cells in staining buffer (HBSS
containing 1% fetal calf serum and 0.1% sodium azide).
The cells were blocked with unlabeled anti-Fc receptor
monoclonal, and washed twice with BD Fix wash as per
manufacturer’s instructions (BD Cytofix/Cytoperm kit; cat.
#554714). Staining of the cells was done using the optimal
CD283 FITC dilution as determined by titration, and incu-
bated at 4°C for 30 minutes. The samples were washed twice
with BD Fix wash and resuspended in staining buffer.

Statistical analyses

All data points were included in the analyses, and no outliers
were excluded in calculations of means or statistical signifi-
cance. All error bars are reported from the standard error of
the means. Two-way ANOVA was used to determine the
statistical significance differences between resultant means.
For all comparisons, a P-value of <0.05 was considered
statistically significant. Statistical differences between two
populations was determined using Tukey’s Honest Signifi-
cant Difference test Kaldeidagraph 4.1.1 statistical software
(Synergy Software; Reading, PA), or Excel was used for
calculations and graphs.

Results

Characterization of Ag NPs

The 10, 50, and 100 nm Ag NP used in this study were
characterized by DLS, TEM, and ICP-MS. Their Z-average
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Figure | Z-average hydrodynamic size of 10, 50, and 100 nm silver nanoparticles
diluted with water and DMEM cell-cultured media (24 hours).

hydrodynamic size in water was determined by DLS and were
found to be 27.5, 53.4, and 99.3 nm, respectively (Figure 1),
consistent with the manufacturer’s-provided values. However,
after 24 hours of incubation in DMEM cell culture media, the

100x dilution with water

10 nm Ag np

 500nm” .

50 nm Ag np
L1

500 nm

100 nm Ag np

™ 2 um .

Z-average hydrodynamic size for all three Ag NP increased
even though the value of viscosity had been adjusted in the
software for size calculation. The average core size of the
10, 50, and 100 nm Ag NPs determined by TEM analysis
were 11.1,46.3, and 95.6 nm, respectively. The TEM images
showed minimal aggregation or agglomeration of these Ag
NP when diluted with water. However, the NPs exhibited
variable degrees of agglomeration following 24 hours of
incubation in DMEM culture media as shown in Figure 2.

The concentration of the 10, 50, and 100 nm Ag NP
solution determined by ICP-MS analysis were 1.0310.09,
1.03£0.02, and 1.05+£0.04 mg/mL, respectively, compared
with the manufacturer-provided concentration of 1.0 mg/mL.
Ag ion content was determined before and after 24 hours of
incubation of the NPs in DMEM media (Figure S1). The
concentration of Ag ions after centrifugation increased except
that for 10 nm. This is due to insufficient centrifugation force
to allow 10 nm Ag NPs to precipitate. (Table S1)

100x% dilution with DMEM (24 hours)

e
500 nm .
. &
& 500 nm
- .
1 -

2 um

Figure 2 Representative TEM images of 10, 50, and 100 nm Ag nps diluted with water and DMEM cell-cultured media (24 hours).
Abbreviations: Ag nps, silver nanoparticles; TEM, transmission electron microscopy.
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Detection of Ag NP within RAW264.7

For these experiments, RAW264.7 cells were incubated with
three different sizes of Ag-citrate NP, 10, 50, and 100 nm, at
concentrations between 0 and 10 ug/mL for 24 hours. It has
been reported that Ag NP presents some toxicity to the cells.
The cultures generated in this study demonstrated a median
averaged viability of ~50% or greater. For flow cytometric
evaluation, we used a gating strategy that eliminated smaller-
sized cellular debris dead cells, and particulates, and used
the gated viable cells to obtain FSC, SSC, and emitted
fluorescence data.

The cellular uptake of Ag-citrate NP by the RAW264.7
cell line was detected by flow cytometry, due to the observed
alterations in SSC in cultures receiving Ag NP. As shown
in the histograms depicted in Figure 3A, the SSC param-
eter increased with each increasing size of Ag-citrate NP.
Data acquired by the cytometer software were transferred
into FlowJo to obtain the histogram overlay depicted in
Figure 3B. The histogram provides a clear depiction of the
differences in SSC changes attributable to the size of the
phagocytized NP. Interestingly, RAW cells did not demon-
strate SSC changes when incubated with 50 nm latex par-
ticles, yet exhibited a notable SSC shift following coculture
with the smaller 10 nm Ag NP. SSC changes were easily
noted with all of the next larger-sized Ag NP. The observed
SSC changes occurred reliably throughout all experiments
described in this report.

Cultures that had been incubated with Ag NP for 24
hours and examined with laser wavelengths of 488 and 640
nm emitted detectable infrared and near-infrared signals
that were used as an indication of the presence of Ag NP
within the cell (Figure 3A). Cytometric analysis revealed
two populations: cells that had ingested particles and dem-
onstrated far-red fluorescence (quadrant Q1), and cells that
did not appear to internalize NP that lacked observable far-
red emissions (Q3). A timecourse study was performed to
ascertain the cells’ activity with respect to the phagocytosis
of Ag NP. The intake of Ag NP was evident as early as 4
hours of culture, and was more apparent at 24 hours for all
three sizes of NP tested (Figure 3C). We, therefore, selected
the 24-hour timepoint for the remainder of the project.

The averaged PE-Cy7 fluorescence data obtained from
six representative experiments are shown in Table 1. Titered
amounts of each of the three sizes of Ag NP were added to
the cells, and the PE-Cy7 median fluorescence values were
collected. The size of the Ag NP, its concentration (Table 2),
and the interaction of the two factors had a statistically
significant contribution (P<<0.001) to the median PE-Cy7
fluorescence detected in the RAW macrophage cell line.

Tukey’s test post ad hoc analysis showed that the RAW
macrophage cells treated with 100 nm Ag NPs emitted sta-
tistically significant higher (P<<0.05) PE-Cy7 fluorescence
than the those treated with the 10 nm Ag NP. However, there
were no statistically significant differences in the PE-Cy7
fluorescence emitted from RAW cells treated with 50 nm
Ag NPs compared with cultures receiving 10 or 100 nm
NPs. The Tukey’s test pairwise comparison also showed
that the PE-Cy7 signal emitted by cells treated with Ag NP
at 10 ug/mL was significantly higher than the flouresence
obtained at 0, 1, or 5 ug/mL. In contrast, no statistically
significant differences were observed in PE-Cy7 emissions
from untreated (0 pLg/mL) cells compared with those treated
with 1 or 5 ug/mL of NP. Similarly, there were no significant
differences in PE-Cy7 emission between RAW cells exposed
to concentrations of 1 ug/mL compared with 5 pug/mL of Ag
NP in culture media.

Cells that had phagocytized Ag NP demonstrated a dose-
dependent increase in the infra-red and far-red fluorescence
intensity. While the lowest level of red emissions were
routinely obtained with 10 nm Ag NP, greater red emissions
were routinely obtained with both 50 and 100 nm Ag NP
at the highest concentrations used in this study. However,
the largest red emission was not always attributed to the
largest 100 nm particle, but could also be detected following
coculture with the highest concentration of 50 nm Ag NP.
In contrast, SSC changes always occurred in accordance
to the size of the particle and in a dose-dependent manner.
The optimal emitted fluorescence intensity occurred at
wavelengths between 690 and 774 nm for 50 and 100 nm
Ag NP. The smaller 10 nm Ag NP was best detected in the
infrared at 774 nm (Figure 3D).

Since NP can be used in a wide variety of consumer
products and applications, we next examined whether our
flow cytometric approach would detect Ag NP diluted within
a food matrix such as milk. For this determination, the Ag
NP were diluted in milk and added to the cultures. Cells were
incubated with each of the test concentrations of Ag NP for
24 hours and analyzed. Our flow analysis detected the SSC
changes observed in our previous experiments. While the
assay also detected emitted far red fluorescence signals in a
dose-dependent manner, there was an overall reduction with
respect to signal strength (Figure 3E). Cultures receiving Ag
NP spiked in milk demonstrated lower PE-Cy7 emissions
as compared to cultures that received the citrated Ag NP in
media. A greater variability was observed in the strength
of the signal emission, but these reproducible observations
showed that the detected signal followed the relationship
with administered dose.
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Figure 3 Flow cytometric detection of Ag np within RAW264.7 macrophage demonstrating increases in SSC with Ag np of increasing size.

Notes: (A) Representative histograms showing changes in SSC as associated with the size of the Ag np phagocytized by RAW264.7, and associated with 774 nm wavelength
emissions. (B) Cellular SSC increases are associated with the size of phagocytized Ag np. (C) Cells were incubated with Ag np for variable lengths of time and assayed for
red fluorescence (n=2). (D) Dose-dependent emissions, as represented by the median fluorescence values, were obtained with Ag np. Ten-fold dilutions of each size Ag np
were added to each cell sample and incubated for analysis. (E) Ag np was diluted in either culture media or 2% milk, and added to each culture. Detectable emissions from
the Ag np were detected in the infrared region, ie, PE-Cy7. The averaged (n=3) median fluorescence values are shown.

Abbreviations: Ag nps, silver nanoparticles; FSC, forward scatter; SSC, side scatter; Trt, Treated; APC, Allophycocyanin.
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Table | The averaged PE-Cy7 median fluorescence values (PE-
Cy7 MFV) were obtained in six individual experiments and are
represented in this table

Treatment | Concentration Ag np PE-Cy7 MFV | SD
Control 0 82.33 15.24
Ag 10 nm | ug/mL 82.50 7.36
Ag 10 nm 5 ng/mL 162.66 40.99
Ag 10 nm 10 pg/mL 269.66 73.75
Ag 50 nm | pg/mL 101.50 16.23
Ag 50 nm 5 pg/mL 275.83 117.18
Ag 50 nm 10 pg/mL 606.16 320.48
Ag 100 nm | ug/mL 103.00 11.01
Ag 100 nm 5 ug/mL 275.66 182.24
Ag 100 nm 10 ug/mL 718.00 475.71

Abbreviations: Ag nps, silver nanoparticles; MFV, median fluorescence values.

Flow cytometric examination of RAW

cells following ingestion of Ag NP

Exposure of RAW264.7 cells to Ag NP resulted in the
ingestion of the NP by a portion of the cellular popula-
tions as evidenced by our gating strategy. We next sought
to address the observed functional differences within the
subsets of the cell line by immunophenotyping. We selected
FITC fluorochrome conjugated to monoclonals of defined
specificity toward cell surface antigens, in order to minimize
the overlap of emission spectra from the far-red (>660 nm)
detection regions. In addition, two excitation sources (488
and 633 nm) were used.

The cell line demonstrated partial staining with mono-
clonal antibodies associated with macrophages including the
transmembrane alpha M glycoprotein CD1 1b, a component of
the Mac-1 integrin, and CD14, a glycophosphatidylinositol-
linked glycoprotein known to be a receptor for LPS and is
involved in TLR2-mediated macrophage activation,? indi-
cating that these populations were represented as subsets
within the cell line. Staining was also done for the F4/80
glycoprotein, a member of the epidermal growth factor-seven
transmembrane family of receptors, which are expressed on
murine tissue macrophages and can be increased in inflam-
matory responses. The native RAW264.7 line expresses
a predominant (70.47%=%2.6233% SD, n=3), brightly

Table 2 ANOVA

staining F4/80-positive (F4/80%) population and a smaller
F4/80-negative (F4/807) subset of cells. Control RAW
cells cultured in the presence of 50 nm latex NP retain this
expression. Given the significant proportion of F4/80* cells,
we next asked whether Ag NP would be phagocytized by
this subset. We next used RAW cultures that had received
each of the three sizes of Ag NP. Our results demonstrate
the characteristic increase in emitted red fluorescence asso-
ciated with increasing amounts of Ag NP (PE-Cy7), and an
association of this emitted red fluorescence with the expres-
sion of FITC-labeled F4/80 (Figure 4). The F4/80* subset
phagocytized Ag NP of all three sizes, in a dose-dependent
manner, with the greatest intake observed at the highest dose
ofthe 100 nm Ag NP. Interestingly, with each concentration
of Ag NP, the F4/80" subset was further subdivided into two
cohorts; those that had phagocytized a lot of Ag NP and are
detected as emitting greater levels of PE-Cy7 fluorescence
vs those that did not ingest as much and are lower along
the Y axis.

We next examined the expression of TLR of innate
immunity relative to the presence of Ag NP. We used two
methods for a comparison of the staining obtained using
an anti-CD283 monoclonal. To this end, RAW cells were
incubated with three distinctly sized Ag NP at increasing
concentrations as previously described, collected, washed,
and then stained using a cross-reactive monoclonal generated
to a peptide sequence within human TLR3. Surface staining
of RAW264.7 cells showed that cultures that had not received
either latex beads or Ag NP demonstrated detectable levels
of TLR3 (Figure 5A). A definite subset of TLR3* cells that
demonstrated the characteristic PE-Cy7 emission associated
with Ag NP was also evident in these experiments. Interest-
ingly, the staining levels of TLR3 demonstrated variations
that were associated with the presence of Ag NP and the
levels increased with increasing concentration of Ag NP.
While the percentages of cells staining with the monoclonal
showed variation, the greatest variability was seen with the 10
nm Ag NP, and in particular with the higher concentrations of
Ag NP, which showed statistical significance when compared
to cultures receiving no treatment or latex beads.

Source of variation SS df MS F P-value F crit

Silver nanoparticle size 285,493 2 142,746 0.0156593488 | 3.2
Concentration of nanoparticle in media 2,348,951 3 782,984 24 0.0000000002 | 2.8

Size X concentration 420,709 6 70,118 2 0.0562662442 | 2.3

Within 1,921,031 60 32,017

Total 4,976,184 71
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Figure 4 Ingestion of Ag np is associated with an increased expression of F4/80.

Note: Percentages of F4/80" cells were calculated as a percent of total cells within the gate, which excluded dead cells and debris.

Abbreviation: Ag nps, silver nanoparticles.

Our staining also assessed TLR3 by intracytoplasmic
staining. To this end, cells that had been cultured with Ag NP
were collected, fixed, and then stained with the monoclonal
of interest. This method of staining showed a greater vari-
ability in the levels of staining obtained with the anti-TLR3
monoclonal (Figure 5B). However, the greatest variability
was seen with the 10 nm Ag NP at the highest concentration.
In both types of staining, Ag NP retained the characteristics
observed in all previous experiments, by showing the smallest
changes in SSC. However, there was evidence that the red
emission characteristic of Ag NP coexisted with the FITC
signal elicited by the labeled monoclonal (Figure 5C).

We next asked whether there would be other TLR that
showed changes in expression as a result of incubation with
Ag NP. Low, but measurable quantities of CD284 were
detected in native RAW cells by flow (Figure 4). In the
presence of Ag NP, our measurements demonstrated the
existence of a weakly staining CD284* population and a
CD284~ population within the culture. With the culture of

either 10 nm Ag NP or 100 nm Ag NP, very little CD284
staining was found to coincide with the red fluorescence
associated with the NP. A small subpopulation of CD284*
cells demonstrated red fluorescence. Thus, while there was
some association between cells that stained for CD284 and
had been cultured with Ag NP, there had been no increase in
the level of stain obtained with the monoclonal. By contrast,
there were no changes in the levels of this receptor following
ingestion of Ag NP (Figure 6). Taken together, these results
implicate the more mature macrophage in the ingestion of
Ag NP, and an increase in TLR3 expression present on the
surface of macrophages following exposure to Ag NP.

Discussion

This report presents a flow cytometric assay for the detection
of internalized Ag NP within the murine macrophage cell line
RAW?264.7. Specifically, the assay permits the detection of
internalized citrated Ag NP using the combined flow cytomet-
ric parameters of SSC and red fluorescence. The changes in
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Figure 5 RAW264.7 demonstrates alterations in anti-CD283 monoclonal fluorescence following incubation with Ag np.

Notes: Gates were set to separate live cells from dead. (A) Surface staining for TLR3. The cultured cells were collected, spun, washed, blocked with unlabeled 2.4.
G2 monoclonal (Pharmingen, Becton-Dickinson), and stained for TLR3 using FITC-conjugated MCA589|F (Serotec). Percentages were derived within the gating for CD283
expression (green fluorescence). Data are representative of three experiments, showing the average percentages of CD283" cells. *Significant differences compared with
bead control (*P<<0.05). (B) Intracytoplasmic staining for TLR-3. RAW cells incubated with Ag np as described were fixed, permeabilized, and stained for TLR3 using
FITC-conjugated anti-CD283 (MCAS891F, Serotec). The mean values are represented from the acquired data of three independent experiments with standard error.
(C) Histograms depicting SSC and TLR-3-associated fluorescence in cultures containing 10 nm Ag np at a concentration of 10 pg/mL. The results show histograms obtained

with surface and cytoplasmic staining.

Abbreviations: Ag nps, silver nanoparticles; FSC, forward scatter; SSC, side scatter; TLR, Toll-like receptor.

SSC occurred in a dose-dependent manner, and the emitted
infrared and near-infrared signals were used as an indication
of the presence of Ag NP within the cell.

The size and shape of the NP is known to affect the opti-
cal properties of NPs, and the absorption of UV-visible light

energy is related both to the diameter of the particle and the
oscillations inherent to its electron cloud. This is known as
the surface plasmon resonance (SPR) or plasmon absorbance
of NPs, and the optical absorption spectrum of metal NPs is
dominated by the SPR. Absorption bands in the visible light
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Figure 6 Flow cytometric analysis of CD284 (Toll-like receptor 4) expression in RAW cells cultured with Ag np.
Note: The data represent the red fluorescence associated with Ag np ingestion vs the fluorescence associated with the anti-CD284 monoclonal.

Abbreviation: Ag nps, silver nanoparticles.

region have been reported to be typical for Ag NP. Smitha
etal reported an SPR at 454 nm for citrate colloids of Ag NP,*
while Zhao et al have reported that the plasmon absorption of
Ag NP prepared by the citrate reduction method is 440 nm.*
The SPR or plasmon absorbance of NPs is also influenced
by external factors such as solvents and pH. Thus, Smitha et
al demonstrated that increasing the citrate concentration of
a colloidal Ag solution resulted in the decrease of particle
size, and a lowering of the SPR band from 454 to 423 nm.
While both studies utilized particles in colloidal solutions, our
study utilized particles that had been internalized by the cell
line. In our study, the phagocytosed Ag NP were stimulated
by laser wavelengths of either 488 and 640 nm wavelengths,
resulting in detectable emissions that were in the infrared and
the near-infrared regions. We propose that these emissions
were a function of the plasmon resonance of the internal-
ized NP. The results of our study are in agreement with
other published reports demonstrating the flow cytometric

detection of Ag NP, or other NPs, within other indicator cell
lines by SSC?? and red fluorescence.*® In studies comparing
a number of different cytometers, excitation of Ag NP was
achieved using a red laser of 633 nm wavelength, a blue laser
at 488 nm, and a 405 nm laser.*® The excitation by lasers of
different wavelengths in our studies and others may represent
an alteration of the Ag NP within the cell, resulting in ionic
interactions that give rise to new combinations of Ag NP
and cellular metabolic products, or Ag NP aggregates that
are subject to excitation with the laser beams of varied wave-
lengths. Our TEM analysis showed that the citrated Ag NP
used in these studies was able to form aggregates under the
conditions used in these studies. Interestingly, it is the 10 nm
NP that showed the greater tendency to agglomerate; the 100
nm NP did not show the same level of agglomeration. In con-
trast, the increased SSC size and the output of PE-Cy7 signal
were associated with the larger Ag NPs, suggesting that there
are other additional factors contributing to these observed
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changes. The formation of new Ag NP combinations with
cellular products within the cells may be determinable by the
metabolic activities of the cell. Such new combinations may
be specific to the cellular population used in the study and
influenced by the local environment of the cell. This further
implies that a variance in conditions would alter our ability
to detect Ag NP within the cells, and that reported detection
values may vary depending on the culture conditions being
used. Indeed, this was the case when we tested the ability
of this technique to detect Ag NP that had been diluted in
2% milk prior to phagocytosis.

An interesting observation to arise from these studies
was the change in TLR expression following ingestion of Ag
NP by the cells. Ag NP have been shown to enter cells via
receptor-mediated endocytosis, specifically scavenger-type
receptors.'® The intracellular localization of TLR ligands has
been correlated with their ability to induce cellular activation
through the TLRs and their associated signaling pathways,>!
and we propose that compartmentalization of the Ag NP in
the present study supported downstream cellular events that
resulted in the observed increase of TLR3. TLR3 is recog-
nized to be a transmembrane receptor with an N-terminal
extracellular domain (ECD), a transmembrane helix, and a
C-terminal cytoplasmic signaling domain of the Toll/IL-1
receptor family. The extracellular domain is located within
endosomes where it can encounter and form dimeric com-
plexes with 45 bp segments of ds RNA, a viral replication
intermediate, in a sequence-independent manner. Whether
the Ag NP acts as a direct molecular trigger for the upregu-
lation of TLR3 expression is not known, but the conditions
used in our study supports the suggestion that the internal-
ization of Ag NP by the cells during culture with Ag NP is
prerequisite, and may point to a role of endosomal localiza-
tion with respect to the triggering of a signaling pathway that
supports the increase of TLR3 expression. The increased
effect was limited to the expression of TLR3, and not exhib-
ited by other cellular biomarkers such as F4/80 and TLR4.
Other studies have demonstrated a relationship between the
introduced Ag NP and a biological effect mediated by a TLR.
In a comparison of two cell types, tongue squamous cell car-
cinoma cells SCC-9 and PDL (periodontal ligament) cells,
SCC-9 cells were observed to be less sensitive to the effects
of Ag NP than PDL cells using an MTT assay for viability.
The difference in sensitivity was correlated to a difference
in the level of TLR2 as measured by RT-PCR; SCC-9 cells
contained less TLR2 than the PDL cells.?> Furthermore, a
reduction of TLR2 expression by the addition of TLR2-
specific Si-RNA or a TLR-2-directed antibody, resulted in
a reduced Ag NP—induced cytotoxicity. The apoptosis of

Ag NP-treated cells was dependent upon the phosphoryla-
tion of c-Jun, which was shown to be increased by Ag NP
addition to the cells. Thus, Ag NP-mediated toxicity, in this
instance, is attributable to the TLR2 pathway.

While our observations raise the question as to how does
the increase in TLR3 come about, it also presents the addi-
tional question of what are the selective consequences of this
increased expression. The interaction of these receptors with
their ligand will result in the signaling cascades involving
proteins identified as TRIF, TRAM, or MyD88 that can inter-
act with the Toll-IL-1 receptor. Innate immunity, through the
evolutionarily conserved, germline-encoded TLRs, depends
upon the recognition of a broad range of pathogen-associated
molecular patterns, or PAMPs that are found on a wide
array of pathogens. The TLR detect conserved microbial
products such as bacterial lipopolysaccharides lipoproteins
and flagella, and double- and single-stranded RNA .>* The
interactions will result in a series of downstream signaling
cascades, ultimately resulting in the production of proinflam-
matory cytokines that engage host immune defenses.3*

Our results implicate the mature macrophage in the
ingestion of Ag NP and an influence upon the TLR3 Toll
receptor present on the surface of macrophages following
exposure to Ag. These results point a possible effect on toll
receptor—mediated innate response pathways that are critical
for the activation of regulatory T cells and their function,
possibly leading to further consequences in the host’s immune
status. The assay presented in this report provides a valuable
approach to assess the relationship between NP ingestion,
compartmentalization, and cellular downstream events.
The identification of foreign particulate matter in tissues is
central to discussions pertaining to exposure. This assay also
presents an approach for the development of a flow method
by which Ag NP could be identified in either pathological or
toxicological examination of tissues exposed to Ag NP.

Conclusion

We have developed a method for the detection of Ag NP
in cells. The size-dependent uptake of Ag NP by the RAW264.7
cell line was measurable using both SSC and red fluores-
cence intensity. The optimal emitted fluorescence intensity
occurred at wavelengths between 690 and 774 nm for 50
and 100 nm Ag NP. Smaller 10 nm Ag NP was best detected
in the infrared at 774 nm. There is a linear correlation with
increased fluorescence intensity associated with the ingestion
of increased number of NP. Our results implicate the more
mature F4/80* macrophage in the ingestion of Ag NP and an
influence upon the subpopulation of macrophages expressing
TLR3 following exposure to Ag NP.
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Figure S| DLS distribution graphs of 10 nm, 50 nm and 100 nm Ag NPs diluted with water and DMEM cell cultured media (24 hours).

Table S1 ICP-MS analysis of supernatants of 10 nm, 50 nm and 100 nm Ag NPs diluted to 10 pug/mL in water and DMEM cell cultured
media (24 hours) showing the concentration of Ag ions increased upon incubation with DMEM cell media except that for 10 nm. The
higher concentration of Ag ions was detected in the water supernatant because the centrifugal force used, 25,500 g, was not high
enough to completely precipitate 10 nm Ag NPs

Concentration after 24 hours incubation
(100x dilution with DMEM) (ug/mL)

Concentration at 0 hour
(100x dilution with water) (ug/mL)

Sample name

10 nm Ag NP 4.466:+0.013 0.96x0.11
50 nm Ag NP 0.055+0.002 1.12+0.01
100 nm Ag NP 0.028+0.002 1.95+0.01
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