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ABSTRACT: The interaction of long nanowires and living cells is directly related to nanowires’
nanotoxicity and health impacts. Interactions of silver nanowires (AgNWs) and macrophage cell
lines (NR8383) were investigated using laser scanning confocal microscopy and single cell
compression (SCC). With high-resolution imaging and mechanics measurement of individual
cells, AgNW-induced frustrated phagocytosis was clearly captured in conjunction with structural
and property changes of cells. While frustrated phagocytosis is known for long microwires and long

10 um

carbon nanotubes, this work reports first direct observations of frustrated phagocytosis of AgNWs

among living cells in situ. In the case of partial penetration of AgNWs into NR8383 cells, confocal imaging revealed actin
participation at the entry sites, whose behavior differs from microwire-induced frustrated phagocytosis. The impacts of frustrated
phagocytosis on the cellular membrane and cytoskeleton were also quantified by measuring the mechanical properties using SCC.
Taken collectively, this study reveals the structural and property characteristics of nanowire-induced frustrated phagocytosis, which
deepens our understanding of nanowire—cell interactions and nanocytotoxicity.

B INTRODUCTION

Silver nanowires (AgNWs) represent an important class of
engineered nanomaterials with a wide range of applications,
including stretchable strain sensors,’ flexible transparent touch
panels,2 wearable generators, organic light-emitting diodes
(OLEDs),” and antimicrobial materials.” The rapid develop-
ment of the nanotechnology industry” has raised concerns
about potential acute and chronic health impacts followin:

exposure, e.g, via inhalation,’ ingestion, or skin contact.

Therefore, knowledge of macrophage—nanowire interactions
represents an initial and critical step to understand and
mitigate health impacts. From a fundamental research
perspective, nanowires (NWs) in general, including AgNW
specifically, have unique structural features including a high
aspect ratio (length:width) and a nanometer scale diameter.
These structural features generate important scientific
questions, such as whether NWs exhibit cellular interactions
and features of cytotoxicity different from those of micro- and
macrowires’ and nanoparticles.””'" Cytotoxicity has been
observed in vitro for AgNWs,'>'? with higher cytotoxicity
caused by longer AgNWs."? In addition, in vivo studies have
shown that high-aspect ratio AQNWs cause significantly greater
pro-inflammatory response among macrophages than nano-
particles."*"® The long-term outcomes of exposure to AgNWs
in the lung include severe, prolonged inflammation and tissue
damage.'® A natural and logical explanation extrapolated from
interactions between cells and micro- and macrowires is
frustrated phagocytosis (also known as incomplete phagocy-
tosis) or the failure of macrophages to completely engulf the
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wires.'® Frustrated phagocytosis is known to occur due to
exposure to microfibers, such as asbestos'’ and microscale
bundles of polymer nanofibers.'® Given the structural features
of AgNWs, similar fundamental questions arise: whether
frustrated phagocytosis could also be induced by nanowires,
and if so, would there be a difference from currently known
frustrated phagocytosis, e.g., caused by microfibers.

Scanning electron microscopy (SEM) and bright field
optical microscopy have been used to view cell-AgNW
systems. These prior studies have pointed out AgNW-induced
frustrated phagocytosis among macrophages,'®'” since SEM
images clearly demonstrate partially internalized wires. While
informative, there remains the standing question of whether
partially internalized nanowires occur while cells are alive and
functioning, since sample preparation for SEM imaging
requires cellular fixation, drying, and an ultrahigh vacuum
(UHV) environment. Bright field imaging enabled imaging of
living cells;'? however, it faces the challenge of lacking 3D
information, leading to uncertainty about the nanowire
location with respect to the cell (inside versus above or
underneath the cell).
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In contrast, atomic force microscopy (AFM) in association
with scanning laser confocal microscopy (LSCM) can be
utilized to monitor nanomaterial—cell interactions in situ and
in 3D, while keeping cells viable in culture media.”***’
Confocal imaging provides direct visualization of nanomateri-
als, cells, and intracellular structures and allows for
determination of the precise location of the nanomaterial
within the cell, while AFM enables measurements of cellular
mechanics at a single cell level.”***" Prior studies also suggest
nanomaterial uptake varies from cell to cell,” thus demonstrat-
ing that single cell-based technology is critical in documenting
the actual interactions and in capturing frustrated phagocytosis.
Using a macrophage cell line (NR8383), we carried out
confocal imaging and single cell mechanics studies of cell—
AgNW interactions in situ and in culture media. NR8338 is a
rat alveolar macrophage cell line able to demonstrate active
phagocytosis and killing in vitro. Therefore, NR8338 cells
represent a good model of in situ alveolar macrophages to
investigate nanomaterial—cell interactions in vitro, especially in
the context of inhalation exposure and nanocytotoxicity.”” >
Polyvinylpyrrolidone (PVP)-coated AgNWs have been pre-
viously used to investigate in vivo toxicity in rat lungs where
acute and chronic inflammation was observed.'* This study
focuses on high-resolution in situ imaging with laser scanning
confocal microscopy to observe frustrated phagocytosis of
AgNWs directly during interactions with living NR8383 cells.
In addition, the role of actin reorganization associated with
frustrated phagocytosis was also demonstrated, taking advant-
age of the high spatial resolution. Single cell mechanics were
also measured in association with the phagocytotic processes
to test changes in the structural integrity of the cell membrane
and actin cortex. Our findings reveal new insights into AgNW—
macrophage interactions, especially in the context of frustrated
phagocytosis. The approach and findings are of generic
importance in the field of nanowire production and
applications, nanowire—cell interactions, as well as cytotoxicity
of nanowires.

B METHODS

Materials. The Rattus norvegicus alveolar macrophage
NR8383 [AgC11x3A, NR8383.1](ATCCCRL 2192) cell line
was purchased from American Type Culture Collection
(ATCC, Manassas, VA, U.S.A.). MatTek glass bottom dishes,
P50G-1.5-30-F, were purchased from MatTek Corporation
(Ashland, MA, U.S.A.). Mica sheets (clear ruby muscovite)
were purchased from Ted Pella (Redding, CA, U.S.A.).
Polished silicon wafers, Si(111) doped with boron, were
purchased from Virginia Semiconductor Inc. (Fredericksburg,
VA, U.S.A.). Poly-L-lysine (0.1% w/v, MW 150—300 kDa) was
purchased from Sigma (St. Louis, MO, U.S.A.) and used
without further purification. Deionized and ultrapure water was
attained from a Milli-Q water system (EMD Millipore,
Billerica, MA, U.S.A.). The following materials were purchased
from Thermo Fischer Scientific (Waltham, MA, U.S.A.): 6-well
plates, 75 cm? culture flasks, Ham’s F12K medium containing
2 mM L-glutamine, 15% fetal bovine serum (FBS), penicillin/
streptomycin solution (1.0 X 10* g/mL each), 1X phosphate-
buffered saline (PBS), and glass beads, 42.3 + 1.1 um in
diameter. A ready-to-use pCMVLifeAct-TagRFP plasmid was
purchased from ibidi, inc. (Madison, WI, U.S.A.). 1X Tris
EDTA (TE) buffer, DNA condensation buffer (buffer EC),
Enhancer and Effectene transfection reagents were purchased
from Qiagen (Germantown, MD, U.S.A.) as parts of a kit.

Two-component epoxy (S-31) was purchased from ITW
performance polymers (Riviera Beach, FL). AFM cantilevers
(AC 240) were purchased from Olympus America (Center
Valley, PA). G418 antibiotic solution was purchased from
Sigma (St. Louis, MO, U.S.A.). CO, was purchased from
Airgas (Radnor, PA, US.A.). Polyvinylpyrrolidone (PVP)-
coated AgNWs (Nanocomposix, Inc. San Diego, CA, U.S.A.)
were supplied by the National Institute of Environmental
Health Sciences Centers for Nanotechnology Health Implica-
tions Research (NCNHIR) consortium. Each solution
consisted of 1 mg/mL AgNWs in ultrapure water. This
solution was diluted with ultrapure water to reach a
concentration of 100 ug/mL. Designated volumes of this
solution were added to cell cultures to attain the designated
AgNW concentrations, ie., 1 and 10 pug/mL.

Preparation of NR8383 Cells. Handling, culturing, and
maintenance of NR8383 cells follow the ATCC protocols.””
Briefly, upon receipt, the cells were thawed by gentle agitation
in a 37 °C water bath; then, the contents were transferred to a
centrifuge tube containing 9.0 mL of complete culture medium
(described below) and spun at 125 X g for 7 min. The cell
pellet was resuspended and cultured in a 75 cm? culture flask in
the 37 °C and 5% CO, incubator (Napco Series 8000 W] CO,
incubator, Thermo Electron, MA, U.S.A.). The complete
culture medium was prepared by adding 15% fetal bovine
serum (FBS) and 0.5% of penicillin/streptomycin solution (1.0
X 10* pg/mL each) to Ham’s F12K (Kaighn's) medium
containing 2 mM L-glutamine. Cells remained in the incubator
for at least 3 days before exposure to designated concentrations
of AgNWs or being subject to transfection. For AgNW
exposure experiments, all cells were cultured in glass-bottom
MatTek dishes.

Transfection of NR8383 Cells. For visualization of the
actin cytoskeleton inside living cells in real time, a fluorescent
cell line, NR8383-RFP, was produced by transfecting NR8383
cells with a red fluorescent protein (RFP)-bound actin tag. The
plasmid contains an F-actin tag and a neomycin resistance
gene. The Effectene transfection reagent was used for the
transfection in accordance with the Effectene transfection
handbook.®® Briefly, 0.9—4 X 10° cells were seeded in each
well of a 6-well plate with 1.6 mL of F12K medium and
incubated overnight at 37 °C and 5% CO,. The next day, 0.4
ug of plasmid DNA dissolved in TE buffer was added to 100
mL of buffer EC and then mixed with 3.2 yL of Enhancer. This
mixture (transfection mixture) was incubated at room
temperature for 5 min and centrifuged briefly. The Effectene
transfection reagent (10 yL) then was added to the mixture
and mixed by pipetting up and down and then allowed to mix
for 10 min at room temperature. The media was aspirated from
each well; then, the wells were washed with 3 mL of 1X PBS
and 1.6 mL of a fresh growth medium. Next, 600 mL of the
growth medium was added to the transfection mixture, mixed
by pipetting up and down, and immediately added dropwise to
the cell-containing wells. From this point on, the transfected
cells were grown in the complete growth medium (F12K
medium) with an additional 0.5% of G418 antibiotic solution
(Sigma, St. Louis, MO, U.S.A.) at 37 °C and 5% CO,.

Characterization of AgNWs Using Atomic Force
Microscopy. AFM characterization was performed using the
MFP-3D AFM (Asylum Research, Santa Barbara, CA).
Microfabricated cantilevers (AC 240, Olympus America,
Center Valley, PA) were employed for imaging. The mica
(0001) surfaces were prepared by freshly cleaving mica then
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coating the surface with PLL by adding 30 uL of the PLL
solution on top of the mica surface and letting it soak for S
min. The surface was washed with ultrapure water and allowed
to air dry in a laminar flow hood. For structure characterization
of AgNWs, a S uL AgNW suspension (1 mg/mL) was placed
on the PLL/mica (0001) surface and allowed to soak for 20
min. The surface was washed using ultrapure water and air
dried in a laminar flow hood. The tapping mode was utilized to
image these AgNW samples under ambient conditions. Typical
driving frequency was set to the natural resonance frequency of
the AFM cantilever (75 kHz). Free amplitude of the cantilever
was set to 1 V, and a set point of 0.58 V was used. The scan
rate was set to 0.80 Hz.

High-Resolution Imaging via Laser Scanning Con-
focal Microscopy. A laser scanning confocal microscope
(FV-1000, Olympus America, Center Valley, PA) was utilized
for visualizing and monitoring the AgNW—cell interactions.
Unless specified, 60X bright field objective was used. Argon
(458 nm) and HeNe (543 nm) lasers were utilized for
excitation. For the photoluminescence spectrum determina-
tion, AgNWs were immobilized on a PLL-coated glass slide,
following the procedure described above, while substituting
glass for mica and omitting the cleaving step. Lambda scans of
AgNWs were performed using a 458 nm excitation with a 4 nm
step and 2 nm overlap between steps. For NR8383-RFP with
AgNW imaging, the 458 nm excitation and 500—520 nm
emission window were used for the AQNW channel, while the
543 nm excitation and $95—665 nm emission window were
used for the NR8383-RFP channel. Most images are 640 X 640
resolution. For AgNW uptake measurements, 3D stacks of
confocal images of NR8383 cells were analyzed using Image].
All images were taken with identical settings, e.g., focus,
intensity, and sensitivity of the detector. The stacks covered
the full height of the cell, at 0.5 ym increment. The images
were taken at a 4 ps/pixel scanning speed. Using Image],
integrated density and the area of each cell were measured, as
well as the mean background readings. Corrected total cell
fluorescence (CTCF) was calculated using the following
formula: CTCF = integrated density — (area of selected cell
x mean fluorescence of background readings).*!

Exposure of Cells to AgNWs. NR8383 cells were exposed
to the designated concentrations of AgNWs (1 and 10 yg/mL)
in culture media in the incubator for 24 h, at which point the
media was exchanged with fresh media to remove free-floating
AgNWs. One hour thereafter, the cells were imaged using
combined bright field and confocal microscopy, and any wire
that was observed to cross the cell boundary was considered a
case of frustrated phagocytosis. Doing this after a 24 h
exposure provided a better end-point for frustrated phag-
ocytosis determination than other in vitro studies reported in
the literature, which make that determination 4 h after
exposure.'’

Scanning Electron Microscopy Imaging and Energy
Dispersive Spectroscopy. Polished silicon (111) was coated
with PLL by adding 30 uL of the PLL solution on top of the
silicon surface and allowed to soak for 5 min and then washed
with ultrapure water then let dry. Subsequently, 5 pL of the
AgNW suspension (1 mg/mL) was placed on the PLL/Si
surface and allowed to soak for 20 min. Washing with ultrapure
water followed, and the surfaces were allowed to dry. All SEM
images were acquired using a field emission scanning electron
microscope (FE-SEM) (Hitachi S-4100 T, Hitachi HTA, CA,
U.S.A.) at an accelerating voltage of 10 kV. An energy

dispersive spectrometer (EDS) (EDS Inca System, Oxford
INCA Energy, MA, U.S.A.) was utilized to determine the
chemical compositions and oxidation state of AgNWs.

Single Cell Mechanics Measurements. Single cell
mechanics measurements were taken using an AFM-based
method known as single cell compression (SCC). This method
was developed by our team and was utilized to probe the
mechanical properties of living cells in culture media.”**"*
Briefly, a 40 yrm-diameter glass bead was glued to the end of an
AFM cantilever using two-component epoxy. The cantilever’s
spring constant was determined by measuring its resonance
frequency before and after glass bead attachment, then
applying the added mass method®® in conjunction with bead
position correction.”* Force deformation was first acquired at
the bare glass surface next to the chosen cell to determine
optical lever sensitivity and to establish the position of the
surface. Then, the sphere was moved directly above the center
of the cell, as guided by the inverted microscope (60X bright
field objective). The cell compressions were performed at a
relatively slow speed of 2 um/s to avoid hydrodynamic
impact.”® Force-deformation profiles were displayed as force
versus relative deformation, defined as a change in cell height
over the height of the uncompressed cell. In order to quantify
the elastic compliance for the cellular membrane and the
cytoskeleton, Hertzian contact mechanics were adopted with
the assumlption that living cells behave like balloons containing
fluid.”***" Assuming little attachment between actin and the
membrane, and using the low deformation region of the curve
(0—50%), the force deformation (F-&) follows a simple
relationship as expressed in eq 1 below, where E_ is the
Young’s modulus of the membrane and v,, represents the
Poisson’s ratio of the membrane; h is the membrane thickness,
R, is the radius of the uncompressed cell, and ¢ is the relative
deformation of the cell. The Poisson’s ratio is v, = 1/2 for
living cells whose membrane remains impermeable during the
measurements. Cell radius R, is determined by the height
difference between probe—cell contact and the surface, and the
membrane thickness of the membrane is & = 4 nm for the
membranes of lipid bilayers. Least square fitting of force-
deformation profiles allows for quantification of membrane
(E,) Young’s modulus.

E, =2n Em hR &
-, 0
Simple geometry was used to calculate the area of the cell
surface affected by an incompletely engulfed AgNW. The
affected area was calculated using the formula for the area of a
circle, A = 7r*, where A is the affected area, and r is the radius
of the AgNW. To calculate the total cell surface area, the cell
was assumed to be a sphere that is missing a cap, which
accounts for the part of the cell sitting on the surface. The total
cell surface area was calculated using the equation below,
where S, is the total surface area of the cell, R is the radius of
the cell, and r is the radius of the contact patch.

S, = n(4R* — (R — VR* = *)?) )

B RESULTS AND DISCUSSION

Characterization of Ag Nanowires. Prior to exposing
cells to nanomaterials, the Ag nanowires were first charac-
terized using AFM. Figure 1 shows AgNWs immobilized on a
PLL-coated mica (0001) surface. These immobilized AgNWs

https://dx.doi.org/10.1021/acs.jpcb.0c08132
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Figure 1. AFM characterization of AgNWs. (A) 23 ym X 23 ym AFM
topograph of the AgNWs upon immobilization on a PLL-coated mica
(0001) surface. Scale bar = 10 ym. Outlined in red is a typical long
AgNW, which is 28 ym long. Blue outline is a typical short AgNW,
which is 1.05 um long. Green outline is a typical Ag nanoparticle
(AgNP). (B) Cursor profiles as indicated in (A) with red, blue, and
green lines representing the three populations, long wire, short wire,
and nanoparticles, respectively.

are well separated, and individual wires are clearly visualized.
From the topographic image shown in Figure 1A, the AgNWs
exhibit a wide distribution in terms of geometry and size.
Three types of populations are clearly visible: long wires (5—30
um), short wires (1—5 ym), and particles (<1 gm). The three
enclosures shown in Figure 1A provide representative
examples. A long wire (red enclosure) measures 28 ym long
and 35.5 nm in diameter, as seen from the cursor profiles in
Figure 1B. A short wire (blue enclosure) is 1.0S ym long and
S0 nm in diameter (Figure 1B), and a nanoparticle (green
enclosure) has the diameter of 85 nm (Figure 1B). Figure 1A is
a crop of a larger scan area, 2500 um? in size. In that area, 397
Ag nanostructures were counted. Among them, there were 61
long wires (15.4%), 71 short wires (17.9%), and 265
nanoparticles (66.7%). Additionally, SEM imaging was also
acquired to provide another measurement of the population
distribution, and the results were consistent with that
measured from Figure 1A. EDS was carried out to verify the
presence of Ag in the wires, and the 2.984 KeV peak,
characteristic of Ag, was clearly visible in the spectra.

Laser scanning confocal microscopy was also carried out for
AgNWs upon immobilization on a PLL-coated glass slide. As
shown in Figure 2A, these PVP-coated AgNWs exhibit
photoluminescent behavior, with fluorescence collected within
500—600 nm. Fluorescence intensity versus the wavelength
spectrum with 4 nm increment was also acquired at 458 nm
(argon laser) excitation. From the fluorescence spectrum of
AgNWs shown in Figure 2B, two emission peaks at 485 and
515 nm are evident. The presence of photoluminescence at
515 nm enables in situ visualization of the precise locations of
AgNWs with respect to the living cells during their
interactions.

160 4

Intensity, AU

e oo oo ==
e o o -

480 490 500 510 520 530
Wavelength, nm

Figure 2. (A) Laser scanning confocal image of the immobilized
AgNWs taken under a 458 nm excitation with fluorescence collected
within S00—600 nm. Scale bar = 10 pm. (B) Corresponding
photoluminescence spectrum, where the emission peak at 515 nm
(green enclosure) is responsible for the green color under a 458 nm
excitation.

Direct Observations of Frustrated Phagocytosis In
Situ. NR8383 cells were placed onto the glass-bottom of the
MatTek dishes containing 3 mL of cell culture media; then, 30
UL of 100 pg/mL solution of AgNWs was added to reach the
final concentration of 1 yg/mL AgNWs. Then, the dishes were
incubated for 24 h in an incubator (37 °C and 5% CO,). By
allowing 24 h interactions, we increased the chance to capture
frustrated phagocytosis as the event was known to occur 4 h
after exposure.'” Next, the dishes containing unfixed live
NR8383 cells were imaged using combined bright field (BF)
and laser scanning confocal microscopy. Figure 3 shows a
representative example where frustrated phagocytosis was
captured after mixing NR8383 cells with 1 ug/mL AgNWs
for 24 h. Figure 3A is a bright field optical microscopy image of
a representative NR8383, a D = 12 um cellular body with
multiple filopodia. This morphology is consistent with that of

Figure 3. NR8383 cell (living and in culture media) after 24 h
exposure in a 1 ug/mL AgNW solution. Scale bar is 10 ym. (A) BF
image of the NR8383 cell. (B) Confocal image acquired at 1.96 ym
above the glass—cell interface. (C) Overlay of (A) and (B), revealing a
long AgNW partially internalized by the cell.

https://dx.doi.org/10.1021/acs.jpcb.0c08132
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Figure 4. Confocal images overlaid with bright field optical images for three representative NR8383 cells after exposing the set of the cells to 10
ug/mL AgNWs for 24 h. Scale bar is 10 ym. (A) Confocal slice taken at 1.5 ym above the cell—glass interface. The arrow clearly points to a fully
engulfed AgNW. (B) Single confocal slice acquired at 8 ym above the cell—glass interface. The arrow indicates a partially internalized AgNW, 6.1
um long. (C) Single confocal slice acquired at 9 ym above the cell-glass interface. The arrow points to a partially internalized AgNW, 19.7 ym

long.

known healthy NR8383 cells.”>***® The confocal imaging was
acquired slice-by-slice from the glass—cell interface upward at
280 nm increment, from which the height of the cell was
measured as 14.5 um. Figure 3B represents a single confocal
slice starting at 1.96 um above the glass cover slip. A 19.5 ym-
long AgNW was clearly visible. Combined display of Figure
3A,B is shown in Figure 3C, revealing the location of the long
AgNW with respect to the cell; 12 pm inside and 7.5 ym
outside. The intracellular portion of the wire appears to be
mostly in plane of the confocal slice, while the extracellular
portion curves at approximately 69° from the surface normal.
In contrast to the long AgNW that is partially internalized,
multiple short AgNWs and AgNPs were completely taken in by
the cell (see the green contrast inside the cell in Figure 3B).
Among four sets of experiments carried out under the same
conditions as those in Figure 3, and over 30 cells subjected to
the detailed confocal and bright field optical imaging, three
cases of frustrated phagocytosis occurred. In our attempts to
verify the robustness of the observed frustrated phagocytosis,
the AgNW concentration was increased to 10 pg/mL. At this
concentration, four sets of experiments were carried out, and
14 out of 30 NR8383 cells exhibited partially internalized
AgNWs after 24 h exposure. Clearly, the probability for
frustrated phagocytosis increased with increasing AgNW
concentration.

In order to determine length threshold, the length of
AgNWs was measured for all 226 cases of frustrated
phagocytosis in this investigation. For each cell, we also
measured the longest AgNWs that were fully engulfed. Three
regions became clear. AgNWs longer than 15 pm caused
frustrated phagocytosis upon interactions with NR8383 cells,
while wires shorter than S pm were fully engulfed. The
transient region includes AgNWs ranging from 5—15 pm, in
which full and partial internalizations were both observed.
Three representative examples are shown in Figure 4 to
illustrate our findings. In the NR8383 cell shown in Figure 4A,
a large amount of AgNWs was engulfed (green contrast). We
measured the lengths of the fully engulfed AgNWs, the longest
being 4.2 ym (as indicated by the arrow). In the NR8383 cell
imaged in Figure 4B, a AgNW, 6.1 um long, was partially
internalized. Figure 4C shows an NR8383 cell with a 19.7 ym
long AgNW, clearly exhibiting frustrated phagocytosis. Our
findings are consistent with prior studies of nanowire-induced
frustrated phagocytosis, where the threshold length of
frustrated phagocytosis for AgNWs was 14 and 10 pym for

THP-1 and mouse lung alveolar macrophages, respectively, as
determined from SEM imaging of fixed cells."”

While frustrated phagocytosis was captured among living
cells for silicon nanowires’” and CNTs,*® our results represent
the first direct observations of AgNW-induced frustrated
phagocytosis in situ and among living cells, to the best of
our knowledge.

Cytoskeleton Structural Changes as Results of Nano-
wire-Induced Frustrated Phagocytosis. In conventional
frustrated phagocytosis, when the phagocyte attempts and fails
to internalize a microwire, the cell would begin with
pseudopod extension, as mediated by actin filaments near
the interface. The pseudopod matures into a phagocytic cup,
creating a tight seal at the end of the pseudopod, partially
surrounding the object being internalized.*”** The seal has
been recently shown to be an extremely actin-rich cuff, in
contrast to the rest of the pseudopod and often the rest of the
cell cortex.”® Given the much smaller diameter of AgNWs (40
nm in our study), it becomes a fundamental question if
frustrated phagocytosis of nanowires follows similar behavior.
To address this question, we transfected NR8383 cells with
Lifeact-TagRFP, which induced cells to express an actin-
binding fluorescent tag. These transfected cells, referred to as
NR8383-RFP, allowed clear visualization of the cytoskeleton
evolution live and in situ. After incubation with 10 ug/mL
AgNW in the cell culture media for 24 h, live cells were imaged
using LSCM following similar protocols as that in Figure 3.
Among 11 sets of experiments and 74 NR8383-RFP cells
examined, 63 cells participated in frustrated phagocytosis.

Since RFP and AgNWs exhibit different fluorescence
spectra, it is easy to capture both at the same time using
confocal imaging; under 458 nm excitation, AgNWs emit at
500—520 nm (Figure 2), while RFP exhibits emission at $95—
665 nm under 543 nm excitation. Figure 5 shows two AgNWs
causing frustrated phagocytosis in a NR8383-RFP cell. One of
the AgNWs was 20 pum long (arrow 1), which clearly crossed
the cellular membrane and actin cortex of the NR8383-RFP
cell, with 4 ym of the total length inside the cell. This AgNW
was inclined at 81.9° from the surface normal. At the entry site,
actin wrapped the external portion of the AgNW, extending
out to 8 ym from the actin cortex. The other AgNW (arrow 2)
was 18 pym long and was inclined at 80.4° from the surface
normal. Its proximal end appeared to have reached the main
actin cortex. Similar to the first AQNW, the actin protrusion
extended 8 ym from the main actin cortex, wrapping around

https://dx.doi.org/10.1021/acs.jpcb.0c08132
J. Phys. Chem. B 2020, 124, 11584—11592


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08132?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08132?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure 5. NR8383-RFP cell exposed to 10 pg/mL AgNWs for 24 h.
The confocal images were acquired at 1.2 ym above the cell—glass
interface, by overlaying the AgNW (green) and RFP (tagging actin)
fluorescence (red) images. Arrow 1 points to a partially internalized
AgNW. Arrow 2 points to another AQNW whose end just reached the
cell’s actin cortex. Scale bar is 10 pm.

the AgNW, and appeared to have been pulling the AgNW into
the cell.

Actin density, as observed by the intensity of the RFP, was
stronger in the actin cortex than in the pseudopods wrapping
around the AgNWs. The actin distribution inside the
pseudopod was observed to be roughly homogeneous from
its end all the way to its base. As mentioned earlier, frustrated
phagocytosis of microfibers involves the pseudopod growth
and formation of highly actin-enriched cuff at the distal end of
the pseudopod, 3—5 um in width.*” The highly actin-enriched
cuff appears to be conserved among many cell types, as it was
also observed during frustrated phagocytosis in Dictyostelium
discoideum,*’ and during normal phagocytosis in NR8383
cells.*” The high concentration of actin at the entry sight was
similarly shown for frustrated phagocytosis of microscale
bundles of polymer nanofibers, along with intracellular actin
accumulation around the incompletely engulfed bundles.'® In
contrast, the AgNW-induced frustrated phagocytosis signifi-
cantly differs. In the case of AgNWs, a tight actin is wrapped

along the pseudopods from the base to the end, with only
minor enrichment occurring closer to the cortex. The fact that
the cortex and the pseudopod have similar concentrations of
actin represents another indication that the local structural
perturbations at entry sites caused by AgNWs appeared to be
smaller than that of the microwires. In contrast, the
cytoskeleton actin “climbed up” along the nanowire in the
case of AgNW-induced frustrated phagocytosis. This observa-
tion suggests that the actin remodeling during nanowire-
initiated frustrated phagocytosis is unique to nanomaterials and
certainly warrants further investigation.

Occasionally, multiple cells in neighboring positions
participated in frustrated phagocytosis with multiple AgNWs.
In Figure 6, four NR8383-RFP cells are arranged approx-
imately linearly, as seen from both the confocal image taken at
7.4 pm above the glass—cell interface (Figure 6A) and the
bright field optical image (Figure 6B). The two adjacent cells
were “linked” via AQNWs, each having internalized a portion of
the AgNWs, analogous to the concept of a skewer. The partial
internalization between adjacent cells represents another
situation of frustrated phagocytosis, referred to by us as
cellular aggregation via frustrated phagocytosis. A single
AgNW is shown involved at the first joint (arrow 1). The
AgNW is visible crossing from the first to the second cell,
pointed at by the white triangles. Similar behavior is shown at
joints 2 and 3. In these cases, the wires appeared bundled as
they present crossing from cell to cell. As indicated in previous
sections, AgNWs remained dispersed as individual entities in
the solution and media: thus, the bundling and alignment were
the results of AgNW—cell interactions. These AgNWs
appeared as yellow contrast (see sites indicated by the three
arrows), as a result of the superposition of the AgNWs (green)
and the RFP-actin (red) fluorescence. This observation is
consistent with our earlier conclusions that AgNWs are
wrapped by actin at frustrated phagocytosis sites. The actin
was likely the structural support to the cellular membrane,
creating partial wrapping of the AgNWs. In contrast to the
situation observed in Figure 5, Figure 6 revealed accumulation
of red fluorescence at the cytoskeleton near the nanowire
entry, suggesting the enrichment of actin, in the case of cellular
aggregation via frustrated phagocytosis. In the 11 sets of
experiments, i.e., 74 NR8383-RFP cells examined, 63 cells
participated in frustrated phagocytosis among which eight

Figure 6. (A) Single confocal slice taken at 7.4 um above the cell—glass interface, displayed by overlaying the AgNW (green) and RFP-actin (red)
fluorescence images. Arrows point to the cellular entry sites where frustrated phagocytosis occurred. White triangles point at AgNWs that clearly
cross from one cell to another. The degree of transfection varied from cell to cell (e.g., the third cell has lower transfection than others). (B) Bright
field optical image taken at the same time over the same region. Scale bar is 10 ym.
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cellular aggregates (2—8 cells) were observed. Macrophage
aggregation around microwires*’ and nanowires'* has been
previously observed using bright field microscopy of fixed cells.
Here, we show evidence of frustrated phagocytosis-driven
aggregation in live cells, resulting in a "skewered” geometry.
The observation is significant to our understanding of the
impact of nanowire—macrophage interactions and potential
toxicity downstream. Macrophages typically form an aggregate,
when individual macrophages cannot remove the foreign
material.** Such aggregates are likely to lead to reduced AQNW
clearance in the lungs, since macrophages need to migrate to
bronchioles in order to be picked up by the mucociliary
escalator.**** Bulk macrophage motility assays have previously
shown a strong positive correlation between AgNW length and
reduction in motile function.”” This linear macrophage
aggregation due to long AgNWs could be one of the reasons
for reduced motility. If left in this state for a prolonged period
of time, this type of macrophage aggre%ation is likely to result
in formation of foreign body giant cells,"* which tend to form if
foreign materials cannot be removed in two to four weeks.*

Probing the Impact of AgNW-Induced Frustrated
Phagocytosis on Cellular Mechanical Properties. It is
known that conventional frustrated phagocytosis causes
significant changes to the cellular membrane and cytoskeleton,
especially at the entry sites.*>*” These structural changes are
expected to alter the cellular mechanical properties. Due to the
ultrasmall diameter and high aspect ratio, nanowire leads to
structural changes different from that in conventional
frustrated phagocytosis, as discussed in previous sections.
Therefore, this section investigates whether the cellular
mechanics would change due to AgNW-induced frustrated
phagocytosis.

Our prior work (see also the Introduction and Methods
sections) has indicated that single cell compression (SSC)
provides a sensitive and accurate means to assess the
mechanical properties of the membrane and cytoskeleton
qualitatively and quantitatively at a single cell level.”***"** In
addition, all SCC measurements could be taken in culture
media and under incubation conditions to preserve the
integrity of the cellular biostatus.*” To tease out the impact
of frustrated phagocytosis of AgNWs, with minimal interfer-
ence by Ag nanoparticles and short wires in the mixture, we
utilized a low concentration of AgNWs, 1 ug/mL, and 24 h
incubation. Additionally, NR8383 cells with a single event of
AgNW phagocytosis, and minimal intake of Ag nanoparticles,
were selected to be probed by SCC.

Figure 7 compares the force-deformation profiles of a
control (black) versus a NR8383 cell undergoing frustrated
phagocytosis (blue). The two profiles appear to be very similar.
It took 22.3 and 88.1 nN of normal force to compress the
NR8383 cell undergoing frustrated phagocytosis to 30 and
60% deformation, respectively, while the forces measured as
14.2 and 96.6 nN are for that of the control cell. Among all
cells subject to SCC measurements, 30 and 60% deformation
required forces of 20.3—33.5 nN and 88.1-139.1 nN,
respectively, for cells undergoing frustrated phagocytosis. The
forces required were 6.3—29.0 nN and 69.6—139.0 nN,
respectively, for that of cells without AgNW exposure.
Therefore, NR8383 cells remain viable based on the
morphology (see optical microscopy images) and force
profiles. A dead cell would exhibit softer mechanics due to
damage to the membrane, based on our prior work?® and work
by others.’® The similarity of force-deformation profiles
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Figure 7. Force versus relative deformation measurements for the two
presentative NR8383 cells. All scale bars in the inset images are 10
pum. Left inset: a bright field optical image overlaid with a confocal
slice acquired at 6.72 ym above the cell—glass interface. Right inset: a
bright field optical microscopy image only. A NR8383 cell (blue
curve) after exposure to 1 yg/mL AgNWs for 24 h was undergoing
frustrated phagocytosis induced by a 19.5 um-long AgNW (left
image). Another NR8383 cell (black curve) without exposure to
AgNWs (right image).

suggests that a single AgNW-induced frustrated phagocytosis
had little impact on the overall cellular mechanics.

Least square fitting of the F-g profiles shown in Figure 7
using eq 1 yielded Young’s modulus of the membrane (E,,) as
1.38 and 1.31 MPa for the cells with and without AgNW
exposure, respectively. Among all cells investigated, the
Young’s modulus E_ ranged from 1.38—1.95 MPa for
NR8383 cells undergoing a single AgNW-induced frustrated
phagocytosis, while unexposed cells were ranged from 0.79—
1.71 MPa. The membrane Young’s modulus measured for
NR8383 cells appears to be similar to that of other phagocytic
cell lines, such as BV-2 microglia (E,, = 0.62 + 0.28 MPa),*
and softer than MDA-MB-468, a mammary gland cell line (E,,
= 1.5—3.1 MPa), and MLC-SV40, a prostatic epithelial cell line
(Em = 1.7-4.9 MPa).”" These comparisons are rational as
NR8383 belong to the phagocytic cell lines. The observed
similarity among control and single-wire penetrated cells
indicates that the effect of a single AgNW-driven frustrated
phagocytosis was localized, and the actin cortex and membrane
mechanics at the cellular level did not seem to alter
significantly. In a recent work, there was evidence of a possible
increase of local stiffness due to frustrated phagocytosis of
microscale bundles of polymer nanofibers, which is partially
attributed to actin accumulation.'® In our case, the fact that the
mechanical properties of the cell did not significantly change
suggests that the structural changes caused by nano-frustrated
phagocytosis were very localized to the entry sites. This is
consistent with our confocal imaging studies. Since the AQNW
diameters ranged from 35 to 85 nm, the immediately affected
area of the membrane, and the gap in the continuity of the
actin cortex on this cell was between 962 and 5672 nm?. Using
eq 2, the cell surface area was calculated using the
approximation of a sphere that is missing a cap. For this cell,
whose diameter measured to 14.4 ym, and the cap diameter
(surface patch) measured to 6 pm, the total cell membrane
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area was calculated to be 6.5 X 10® nm?, which was § orders of
magnitude larger than that of the AQNW penetrated regions.

B CONCLUSIONS

Frustrated phagocytosis has been suspected of and attributed
to causing the toxicity of long nanowires. This investigation,
using single cell-based methods such as laser scanning confocal
microscopy and single cell mechanics, captured frustrated
phagocytosis of long AgNW:s in their entry into NR8383 cells.
Frustrated phagocytosis was observed at AQNW concentrations
as low as 1 ug/mL after 24 h of exposure. Tagging cytoskeleton
actin with RFP, we were able to reveal the role of actin. At the
frustrated phagocytosis site, actin wrapped around the AgNWs
extruding away from the membrane, as far as 8 um, ie,
forming pseudopods. From our SCC measurements, the single
wire-induced frustrated phagocytosis did not exhibit significant
impact to the overall cellular mechanical properties, which is
consistent with confocal imaging revealing actin changes
remained localized at the entry sites. In some cases of
frustrated phagocytosis, NR8383 aggregation happened, where
wires connected neighboring cells like a skewer. This observed
aggregation is likely to contribute to reduced AgNW clearance
from the lungs due to reduced macrophage motility and is
probably a precursor to foreign body giant cell formation.
Work is in progress to probe further the actin remodeling due
to nanowire—cell interaction and to pursue time-dependent
investigations of AgNW—cell interactions. This study clearly
reveals the unique and characteristic behavior of nanowire-
induced frustrated phagocytosis, which deepens our under-
standing of nanowire—cell interactions and nanocytotoxicity.
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