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ABSTRACT: Single-cell mechanics, derived from atomic force microscopy-based
technology, provides a new and effective means to investigate nanomaterial—cell
interactions upon in vivo exposure. Lung macrophages represent initial and
important responses upon introducing nanoparticles into the respiratory tract, as
well as particle clearance with time. Cellular mechanics has previously proven
effective to probe in vitro nanomaterial—cell interactions. This study extends
technology further to probe the interactions between primary alveolar macro-
phages (AM) and silver nanoparticles (AgNPs) upon in vivo exposure. Two types
of AgNPs, 20 and 110 nm, were instilled to rat lung at 0.5 mg AgNPs/kg body
weight, and allowed 24 h interaction. The consequences of these interactions were
investigated by harvesting the primary AMs while maintaining their biological
status. Cellular mechanics measurements revealed the diverse responses among AM cells, due to variations in AgNP uptake and
oxidative dissolving into Ag®. Three major responses are evident: zero to low uptake that does not alter cellular mechanics,
intracellular accumulation of AgNPs trigger cytoskeleton rearrangement resulting in the stiffening of mechanics, and damage of
cytoskeleton that softens the mechanical profile. These effects were confirmed using confocal imaging of F-actin and
measurements of reactive oxygen species production. More detailed intracellular interactions will also be discussed on the basis of
this study in conjunction with prior knowledge of AgNP toxicity.
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B INTRODUCTION

Silver nanoparticles (AgNPs) have sparked an increasing
demand for high throughput production and are being used
widely in consumer product applications,"”” medical use,” and
cloud seeding.” The increased inhalation exposure to AgNPs in
occupational settings,’ as well as in daily life,” has raised
concerns about potential acute and chronic health impacts
following their entry into human body.” Toward this direction,
alveolar macrophage—nanoparticle (NP) interactions represent
the initial and critical steps in pulmonary responses to
exogenous particulates, therefore attracting much attention.' ™
In vivo studies using animal models have shown that entry of
silver nanoparticles (AgNPs) into the respiratory tract can
induce acute pulmonary inflammation and chronic lung

subsequent inflammation' and changes in lung structure, such
as granulomatous lesions and thickened alveolar walls."®

To understand the mechanism and consequence of AgNPs’
interactions with macrophages, in vitro assays have been
completed with RAW264.7 (mouse macrophage) and NR8383
(rat alveolar macrophage) cell lines."'” These in vitro studies
have the advantages of screening a high number of cells with
high reproducibility, and being free of animal use. In vitro
assays have provided important insights regarding NP—cell
interactions. For example, AgNPs were found to trigger
inflammatory responses, increase ROS production, and induce
cell death in a dose-dependent manner upon in vitro
exposure.”' "' #""7*! In vitro studies have also found smaller
AgNPs, such as 15, 20, and 35 nm AgNPs, to be more toxic
than the larger ones, such as 55 or 110 nm NPs,'1920

damage.”®® In the case of acute responses, macrophages
migrate to sites of NP deposition in the lung parenchyma. This
occurs even upon a single exposure to AgNPs.”'’ Macrophages
could intake AgNPs via endocytosis, "'> phagocytosis via
scavenger receptors,g’13 or direct entry.14 One consequence is
the release of inflammatory mediators, such as cytokines and
reactive oxygen species (ROS).¥'>!13116 Thege macrophage—
NP interactions often produce acute pulmonary inflamma-
tion.”'” NPs may also produce frustrated phagocytosis among
macrophages leading to cell death.”” In the case of chronic
responses, substances released by macrophages can lead to
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Despite informative studies, in vitro assays are frequently
questioned and challenged regarding their relevance to in vivo
nanotoxicology.””** The basis of these challenges originates
from the fact that in vitro studies could not effectively mimic in
vivo NP—cell interactions. For example, physicochemical
properties of NPs in the culture media in vitro could differ
from those in vivo. One outcome is the protein coronas that
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form when nanomaterials contact the mucous lining layer of the
lung.%25 To attain measurable responses, in vitro doses are
typically much higher than those given in vivo; thus, local
concentrations of NPs in culture media could be higher than in
the animal lung***” Further, the monoculture systems and
unnatural uniformity of in vitro assays may not effectively
mimic multiple cell types and heterogeneity inside animal
lungs.”® Finally, the possible interference of NPs with assay
reagents also raises concerns regarding the reliability of in vitro
assays.””

To address these challenges, primary alveolar macrophages
(AM) from unexposed animals have been used for in vitro
exposures and assays.” Utilization of primary cells brought these
measurements a step closer to in vivo relevancy. However, this
approach still could not effectively mimic the complexity of in
vivo exposure. One difficulty is the heterogeneity and variation
in the local environment in vivo, which could not be effectively
investigated using in vitro biochemical assays, where the
exposures are relatively similar among cells, and the outcome is
based on the average responses of the 10*—10° cells.” Single-
cell-based methods in conjunction with primary cells upon in
vivo exposure could bring us one more step closer to addressing
the challenges.

Atomic force microscopy (AFM) technique has been widely
used to quantify nanomechanical properties in living cells and
biological materials.”"~** However, most AFM-based mechan-
ical measurements probe local mechanics and are therefore
highly dependent on probe size and targeting position and
require multiple curves to map the mechanical properties of the
whole cell’® An AFM-based method was developed by our
team that offers a single-cell-based readout toward this
requirement.”’ The concept is illustrated in Figure 1. A cell is
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Figure 1. Schematic diagram to illustrate atomic force microscopy-
based single-cell compression concept.

compressed under a spherical probe, while the deformation and
corresponding forces are simultaneously recorded and moni-
tored. Cellular mechanics are known to be sensitive to the
changes in the biological status of cells.”"**** Our prior work
demonstrates the capability and sensitivity of single-cell
mechanics to reveal cellular membrane stiffening with a cell
tracing dye at below normal dosage, and distinctive responses
to the aggregation forms of amyloid $ peptide.*" "™ Cell

mechanics measurements have also been shown to be sensitive
to interactions between NPs and living human aortic
endothelial cells (HAEC) following in vitro exposure.*® Results
show that ZnO NPs stiffen the membrane and cause ion flux
dysfunction, and eventually inflammation at the low concen-
tration of 10 pg/mL, whereas SiO, NPs appear benign in
HAEC.* The current work takes single-cell mechanics studies
one step further to explore the feasibility, advantages, and
limitations as a readout for AQNP—pulmonary AM interactions
following in vivo exposure to the respiratory tract through
intratracheal instillation (IT), a technique commonly used in
lung toxicity studies.”’ Because the focus of this study is to test
the effectiveness of our approach in revealing NP—AM
interactions upon in vivo exposure, we adopt the previously
established IT protocols over inhalation to attain quantitative
and consistent dosage.”’~* Measurements at the single-cell
level after in vivo exposure shall provide a better understanding
of the heterogeneity of AM responses to NPs. This approach
also has potential to establish correlation of the cytotoxicity
between in vitro and in vivo systems.

B EXPERIMENTAL METHODS

Silver Nanoparticles. AgNPs (NanoComposix, San Diego,
CA, USA) utilized in this study were supplied by the National
Institute of Environmental Health Sciences Centers for
Nanotechnology Health Implications Research (NCNHIR)
consortium and characterized by dynamic light scattering and
transmission electron microscopy.so‘51 Two sizes of AgNPs, 20
and 110 nm, were supplied as 1 mg/mL stock suspensions in 2
mM citrate buffer. Stock suspensions were diluted in 2 mM
citrate buffer to reach 0.5 mg/mL for instillation studies. Two
millimolar citrate buffer, pH 7.5, was prepared by dissolving
trisodium citrate dehydrate (Sigma, St. Louis, MO, USA) in
endotoxin free water (Fisher Scientificc Hanover Park, IL,
USA). AgNP stock suspensions were sonicated for S min, to
break up aggregates immediately prior to use/dilution.

AgNP Characterization. AFM measurements were per-
formed on a MFP-3D AFM (Asylum Research, Santa Barbara,
CA, USA). Silver nanoparticle (1 mg/mL) suspensions were
immobilized on a 0.1% (w/v) poly-L-lysine (P8920, MW
150 000—300 000 Da, Sigma, Saint Louis, MO, USA)-coated
mica (0001) surface. Sharpened silicon cantilevers (AC240,
Olympus) were used for imaging. Images were acquired using
tapping mode in air. The imaging speed was 5.0 ym/s. The
driving frequency was set at the fundamental resonance of the
cantilever, typically 75 kHz. The imaging set point was adjusted
to 75% damping of the free amplitude.

In vivo Exposures Using Animal Models. The animal
study was performed under protocols approved by the
University of California Davis IACUC in accordance with
National Institutes of Health guidelines. Intratracheal instilla-
tion and harvesting of AMs followed established proto-
cols.”'=>3 Briefly, 12 week old male Sprague—Dawley (SD)
rats (Harlan Laboratories, Hayward, CA, USA) were acclimated
for 1 week prior to treatment. The animals were anesthetized
with 3% isoflurane via a Quantiflex anesthesia unit (Medmark
Crop., Versailles, OH, USA) and intratracheal instillations were
carried out with 0.5 mg/kg body weight (b.w.) of AgNPs and
350 uL total volume. A total of 26 rats were used in this study.
The number of rats used per exposure was 10 and 8 for AgNP1
and AgNP2, respectively, and we ran at least 4 sets for each
condition at different days. To examine the true impact of Ag
ions on cellular mechanics, AgNO; was dissolved in endotoxin
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free water and was used at a dosage of 0.05 mg/kg b.w. typically
with 2 rats per instillation condition. For each experiment, we
designated one rat into which only 350 yL of 2 mM citrate
buffer was instilled. Citrate buffer instillation serves as a good
control because this buffer solution has little impact on acute
pulmonary responses.”™>"** Further, reference instillation
must be performed to extract the impact of AgNPs which
disperse into the citrate buffer media.

Twenty-four hours after instillation, the animals were
necropsied and AMs were collected by bronchoalveolar lavage
(BAL) from the right lobe of each lung by washing with the
same 8 mL of prewarmed 0.9% sterile saline three times.
Bronchoalveolar lavage is proven to be an adequate and
informative technique that can give valuable insight into
inflammatory processes of the lung>> by harvesting cells from
the alveoli and airways. The method is widely used in human
medicine to establish diagnosis on the pathological features of
the collected sample.”> The main factor to have successful
lavage and to remove the cells in the epithelial lining fluid of the
lung is the amount of used lavage fluid. Our prior studies
demonstrated that 8 mL of saline solution three times washing
of rat lung produced excellent results.”” By using this high
volume lavage protocol to collect BALF, we made sure that the
collected cells represent the cell population being present in the
alveoli of examined rats.

Cells were collected and excessive AgNPs from BALF were
removed by centrifugation of the BALF at 2000 rpm at 4 °C for
10 min. This level of centrifugation causes cells to pellet, but
AgNPs not internalized by cells remain in suspension. Cells
were again suspended, maintained in fresh physiological saline
solution, and placed on ice to prevent further AgNP uptake
during BALF collection and transportation.

Macrophage Cell Preparation for Single-Cell Mechan-
ics Measurements. Upon receipt of BALF, precautions were
taken to ensure purity and high population of AMs for single-
cell mechanics measurements. Cells derived from BALF consist
predominantly of neutrophils [polymorphonuclear leucocytes
(PMNs)], and alveolar macrophages (AMs), as determined by
cytospin staining.*’ Because PMNs are much less adherent to
glass than are AMs, they can be mostly removed by
immobilization on the glass substrate and subsequent washing
steps. Therefore, cells were first suspended in Roswell Park
Memorial Institute (RPMI) 1640 medium containing 10% fetal
bovine serum (Gibco, Grand Island, NY, USA), and then most
AMs were allowed to adhere to the glass bottom of a MatTek
dish (MatTek, Ashland, MA, USA) for 1—1.5 h at 37 °C in a
5% CO, humidity incubator. The dish was washed using
medium to remove loosely bound PMNs. The attachment and
washing could be repeated if needed to increase the purity of
AMs. The purity of the sample was verified by optical
microscopy because macrophages are twice the size as
leukocytes. Prior to single-cell mechanics measurement, fresh
medium was introduced.

Optical Microscopy and Simple Quantification of
Darkness Score. The level of dark optical contrast of
individual AM was quantified using Image] on optical images
captured under a 60X objective during the cell compression
process. These images were recorded by a CCD camera that
detects only the intensity of the sample and produces a gray
scale image (Sony) coupled with GrabBee software (Video-
Home Technology Corp.) and are displayed at a gray scale
from 0 to 255, where O represents the darkest color and 255
represents the whitest color. Under optimal focus and same

setting of optical microscopy, the degree of dark contrast,
defined as darkness, was calculated via

darkness score = (area of dark features within selected cell
X mean grey value of background readings

— integrated density) /10000 (1)

Cells with a score below 7 are considered to have low darkness,
whereas a score above 21 is considered high darkness. Medium
darkness is between 7 and 21. The low darkness threshold is
double the maximum darkness value of the control cells to
compensate for the uncertainty of optical microscopy measure-
ment, whereas the high darkness threshold is set to be triple the
low darkness threshold and reflects the optical contrast where
actin network damage occurred upon AgNP exposure.

Single-Cell Mechanics Measurements. Atomic force
microscopy-based single-cell compression was developed by
our team and reported previously.*' Briefly, a cell is compressed
between a modified AFM spherical probe and the glass
substrate, as illustrated in Figure 1. A soft silicon cantilever
(AC240, spring constant of 1—2 N/m, Olympus America,
Center Valley, PA, USA) was modified by attaching a 40 + 2
um glass sphere to apex of the AFM tips using a premixed two-
component epoxy (S-31, ITW Performance Polymers, Riviera
Beach, FL, USA). Our goal is to probe the mechanics of an
entire cell instead of local or regional mechanics within the cell.
Therefore, the glass sphere must be sufficiently large to probe
the responses from the entire cell during compression. On the
contrary, we hope to use spheres as small as possible to gain a
good view of cells during experiments. Empirically, the
diameter must be much larger than the cellular height. To
ensure detection from the entire AM cell underneath, we tested
spheres with diameter ranging from 20 to 100 ym and found
that the 40 ym glass spheres are sufficiently large.*"*>* To
ensure the fidelity of the single-cell mechanics to reflect the
entire cell in response to treatment, we only reported the
compression cycle of cell upon the first compression above the
center. The actual spring constant of the modified AFM probe
was measured and quantified using the added mass method®®
and corrected with respect to the probe position.”” Force
deformation profiles of cells were measured with a MFP-3D
AFM (Asylum Research Corp., Santa Barbara, CA, USA). The
AFM was combined with an inverted optical microscope (IX50,
60X objective, Olympus America, Center Valley, PA, USA)
under bright field illumination to guide alignment of the
modified AFM probe with respect to the target cell. Prior to
each single-cell compression, cells were inspected via optical
microscopy to ensure the representative populations were
selected. The morphology of the cell was monitored during the
compression cycle via optical microscopy.

Force-deformation profiles were first acquired on a glass
substrate nearby to establish an internal reference and force
profile for cell height calculation. Each cell was compressed
once at the apex of the cell as the deformation profile was
recorded. The compression was performed at a relatively low
rate of 2 um/s to prevent hydrodynamic contributions.*" All
cell compression experiments were restricted to less than 40
min in culture medium with 5% CO, atmosphere. Individual
cell viability was confirmed before seeding and after cell
mechanics measurement using trypan blue stain (21 uM,
Invitrogen, Carlsbad, CA, USA) as described previously.M’46
The cells were confirmed to be >95% viable.
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Table 1. Single-Cell Mechanics Measurements of AMs
Exposure to AgNPs

single-cell cells volume

treatment and abbreviation ~ mechanics  selected height (um) (um?®)
citrate buffer (CAM) unchanged 13 129 + 1.3 2314 + 573
AgNP1 in citrate buffer stiffer 3 13.7 + 1.6 2495 + 629
(AgNP1-CAM) unchanged 8  122+16 2098 + 613
softer 8 129 + 1.3 2183 + 479
AgNP?2 in citrate buffer stiffer 3 148 + 1.1 3135 + 698
(AgNP2-CAM) unchanged 7 12408 2239 + 528
softer 8 13.5 + 1.4 2587 + S78
0.05 mg Ag*/kg stiffer 6 168+05 4773 + 418

(Ag'(0.03))

in Conjunction with Results from Optical Imaging upon in Vivo

F (nN) @ F (nN) @
darkness (au) e=03 e=06 E,, (MPa) E. (kPa)
14 £ 1.0 304 + 16.0 156 + 61 1.1 £0.5 59 +27
63+79  623+187 288+46 11+06 12.5+ 6.9
7.0 + 6.3 249 + 7.8 162 + 36 12 + 0.5 6.0 + 2.7
180 + 204 7.2 + 46 48420 03+02 22412
20+ 06 8684+ 121 324426 12+04 192+ 63
102 + 13.6 184 + 5.6 110 + 23 1.1 £0.S5 35+12
142 + 116 62 + 2.1 40+13 03+02 11+06
1.5+ 1.0 55.1 + 15.5 222 + 45 09 + 0.6 72 + 1.6

Because cell shapes remain similar, the profiles are displayed
as force vs relative deformation (g).*"*® Relative deformation,
g, is defined as change in cell height (Az) over the initial
uncompressed cell height (D). The cell volume was calculated
using lateral measurements taken from optical images of cells
on the substrate and from initial cell height measured by AFM.
The cell shape was modeled as a spherical cap.”

Calculation of Membrane Young’s Modulus from
Cellular Mechanics Measurements. To quantify Young’s
modulus of cellular membrane (E,,) and cytoskeleton (E.) from
force profiles, cells were approximated as balloons containing
liquid.*"***>® Hertzian contact mechanics were adapted to
allow analytical quantification of force profiles under relatively
low deformation, where the assumptions remain valid."" When
the balloon is compressed between two parallel plates, the
force-deformation follows a cubical relationship for the
membrane, whereas the cytoskeleton contribution follows a
different power law (3/2), as shown in eq 2:

V2E,

3(1 -y "

m 2.3/2

F=F +E=2x hRe> +

1 -y,

)

where ¢ is relative deformation of the cell, R, and h are the
radius of the uncompressed cell and membrane thickness,
respectively, v, and v, represent Poisson ratios of membrane
and cytoskeleton, respectively, and E. and v, represent the
Young’s modulus and the Poisson ratio of cytoskeleton. At
relatively small deformation and before cellular damage, this
equation remains valid and one could quantify the E,.*"**~*>°
The two Poisson ratios, v,, = 1/2 and v, = 0, respectively, mean
cells remain nonpermeable during the full range of
compression. The cellular diameter, D; can be measured
from AFM imaging as well as cellular compression, from which
radius can be determined, R, = 0.5D,. For most cells, h = 4 nm.
Therefore, least-squares fitting of the force-deformation profiles
using eq 2 allows quantification of E, and E_ in one
step #4658

Osmotic Pressure Quantification. Given the swelling due
to direct instillation of Ag*, ion flux dysfunction is expected to
have occurred.”*® Assuming the observed left-shift is solely
due to ion flux dysfunction, the change in intracellular ion
concentration (AC) can be estimated from force vs ¢ profiles
using the following method reported previously:* Briefly here,
the increase in osmotic pressure could be estimated using the
force vs € profile following eq 3

AF =TI-S (3)

15121

where AF, I1, and S are force difference between the selected
cell in comparison to the corresponding control cell at given
deformation, osmotic pressure increase, and cell-probe contact
area, respectively. The contact area, S, between the glass probe
and the hemispherical cell at the small deformation can be
estimated following eq 4:

S = 27R% )
where R is the contact radius, and it equals cell height in this
approximation.

With the known AF and S for a target cell, AC can be
calculated using the following eq S from the osmotic pressure—
ion concentration relationship:

IT
AC=—
RT (s)
where R and T are the gas constant and temperature,
respectively.

Detection of Alveolar Macrophage Activation and
ROS Production. To probe macrophage activation, CellROX
orange reagent was used (Life Technologies, Grand Island, NY,
USA). Upon production of oxidative stress, CelROX reagent
forms a fluorescent product whose intensity is proportional to
the amount of reactive oxygen species (ROS) produced by the
AM.® Following the same AgNP treatment and sample
preparation protocols, staining was done immediately before
confocal imaging. AMs were incubated in RPMI medium with
10% FBS with S uM CellROX reagent for 30 min in a culture
incubator. After washing with PBS buffer (pH = 7.4), the
samples were immediately imaged using a confocal microscope
(Olympus, Flouview FV1000). The excitation and emission of
CellROX orange peaked at 543 and 565 nm, respectively. Z
stack images were acquired at 0.4—0.6 pm/slice, to harness
intracellular fluorescent signals. We kept imaging conditions
identical for all specimens to enable comparison.

Characterization of AM Cytoskeleton Integrity.
Following the AgNP treatment and sample preparation
protocols, AMs were fixed with 3.7% formaldehyde in PBS
buffer for 30 min. After washing with PBS solution, AMs were
permeabilized with 0.1% Triton-X 100 for 3 min. Upon
removal of the detergent, and gentle washing with PBS, 0.17
UM AlexaS68 conjugated Phalloidin (Moleclar Probes, Grand
Island, NY, USA) were introduced and staining was allowed for
20 min. The dye solution was then removed by PBS washing,
and the cells were imaged under confocal microscopy
(Olympus, Flouview FV1000). This protocol enables detection
of the actin network of the AM cytoskeleton.’” The excitation
was at 543 nm, and emission was collected 560—660 nm. Z
stack images were acquired at 0.4—0.6 pm/slice, to harness
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intracellular fluorescent signals. We kept imaging conditions
identical for all specimens to enable comparison.

Statistics. In each treatment, one control rat plus 2 rats per
exposure category were used. Four to five sets of independent
treatments were performed. In each in vitro cellular sample, we
inspected cells under optical microscopy and determined how
many representative groups there were from shape and optical
contrast. For each group, we selected 3—10 cells for single-cell
mechanics measurements. The overall time in each experiment
was kept under 1 h to maintain fidelity of the AMs’ biostatus.
Single-cell mechanics measurements were carried in 33 control
cells, 43 from AgNP1 exposure, 34 from AgNP2 exposure, and
24 from Ag" ion exposure. Post data acquisition optical analysis
was performed to ensure the alignment between AFM probe
and the target cell was good. The cell numbers for each
treatment used for calculations after optical analysis are listed in
Table 1. The quantification of force and membrane Young’s
modulus are shown in Table 1, as average value + standard
deviation. To compare difference in single-cell mechanics, two
tailed student’s t tests were performed by comparing each
treatment group to the control CAMs to assess treatment
impacts. Differences in means were considered significant if p <

0.0S, and highlighted in bold font in Table 1.

B RESULTS AND DISCUSSION

Particle Characterization. Nominal 20 and 110 nm
citrate-stabilized AgNPs were utilized in this study. These
AgNPs are round robin samples from the consortium by
NIEHS.* ™" The nanomaterials were manufactured using a
seeded method with a 7 nm gold core and kept in 2 mM citrate
buffer upon completion of reactions.”’ In addition, citrate
buffer media are known to keep AgNPs well dispersed via
electrostatic repulsion.””™" Preliminary inspection, using
dynamic light scattering (DLS) and transmission electron
microscopy (TEM), indicated little aggregation and determined
the sizes: 19.9 + 2.8 nm and 108.5 + 8.8 nm, respectively.””>’
Due to the instability of colloidal systems, AFM was utilized to
verify their quality and size distribution. For AFM imaging,
AgNPs were immobilized on a poly-L-lysine-coated mica
(0001) surface. As shown in Figure 2, the small AgNPs

AgNP2

Height (nm)
A 0 o
(=]

0 00 200 300T
Distance (nm)

200 400 600
Distance (nm)

Figure 2. AFM topography images of (A) AgNPI and (B) AgNP2
immobilized onto poly-L-lysine coated mica (0001) surfaces. AFM
images were acquired under ambient conditions using a silicon
cantilever. Scale bar = 500 nm. Inset: 2(A) shows a zoom-in view to
reveal AgNP2 more clearly. Scale bar = 200 nm for the inset. Cursor
profiles are indicated in and shown below the corresponding images.

(AgNP1) were well dispersed on the surface. The height of the
two representative AgNP1 particles were 21.9 nm (particle on
left) and 21.1 nm (particle on right), as indicated by the red
line drawn through the two particles and red cursor profile
below (Figure 2A). The mean diameter of S3 AgNP1 particles
was measured and found to be 20 & 2 nm, which was in good
agreement with the results of initial DLS and TEM measure-
ments. The larger AgNPs (AgNP2) were also well dispersed on
the mica surface (Figure 2B), and the mean diameter was
measured as 96 + 9 nm, which was consistent with
manufacturer measurements. The AFM images indicate that
both AgNPs were well dispersed before intratracheal
instillation.

Single-Cell Mechanics of Primary Alveolar Macro-
phages upon Instillation of 20 nm AgNPs. Previous study
indicates that citrate buffer has little acute impact on lung
inflammatory responses.”® Therefore, 2 mM citrate buffer
instillation, abbreviated as CAM treatment, was used as control
for this investigation. The citrate buffer treatment allows
accurate extraction of the effect by AgNPs on the macrophage,
as the buffers serve as media for AgNPs to disperse within. A
typical force vs € profile for AM-CAM, AM recovered from rats
after IT of citrate buffer, is shown in Figure 3 (black curve).

"o
0.8 =

L] L] L] 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative Deformation, ¢

Figure 3. Typical F vs € profiles for primary AMs upon exposure to
citrate buffer (control, black) and AgNP1 (red lines). Three distinct
mechanical behaviors were observed in comparison to the control
cells: unchanged (curve 1), stiffer (curve 2), and softer (curve 3).
Insets show optical images of the corresponding AM cells prior to
compression. Scale bar = 10 pm.

The cell measured was 13.2 pm tall and its force profile
appeared smooth and nonlinear. The morphology and
mechanics are almost identical to that recovered from rat
lungs without any treatment; therefore, our technology
confirms that CAM provides a good reference and control
for this investigation. The mechanical strength of the AM-CAM
fell between that of a mouse neuroblastoma (N2a) cell and a
human Jurkat T cell*'* It requires 28.9 and 144 nN to
compress the cell by 30% and 60% of its original height,
respectively. To achieve the same degree of compression (30%
and 60%), N2a cells require 6.6 and 63 nN, and Jurkat T cells
require 23 and 163 nN, respectively."”* The membrane
Young’s modulus (E,,) of the control AM-CAM extracted from
the nonlinear fitting to its force profile is 1.4 MPa. The same
fitting also yielded cytoskeleton modulus E, = 3.0 kPa. All AMs-
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CAM appeared round and with relative homogeneous intra-
cellular optical contrast, as shown in Figure 3 (inset, black
frame). The morphology and mechanical property among all
control experiments are summarized in Table 1, where the cell
height measured 12.9 + 1.3 um, E = 1.1 + 0.5 MPa, and E, =
5.9 + 2.7 kPa. Overall, the control cells exhibit a high degree of
homogeneity and consistency in both morphology and force
profile.

Upon in vivo exposure to AgNP1 (referred to as AgNPI-
CAM treatment), we observed a high degree of variation
among cells harvested, under optical microscopy as well as
single-cell mechanics measurements. These observations
intrinsically differ from our prior investigation of nano-
cytotoxicity upon in vitro treatments.*® Human aortic
endothelial cells (HAECs) reveal relatively homogeneous
responses upon ZnO NP treatment, with the majority of
populations exhibiting increases in membrane elastic com-
pliance at the dosage of 10 yg/mL.*® Therefore, the single-cell-
based approach is more critical in this investigation to probe
the genuine outcome of the cellular responses to NPs. Three
types of mechanical profiles are representative among AMs
upon AgNP1-CAM: (1) unchanged, (2) stiffer than control, as
indicated by the left-shift of force vs ¢ profile, and (3) softer, as
indicated by the right-shift of force profile. The cellular
populations are 42%, 16%, and 42%, respectively. Figure 3
reveals the three profiles from representative cells. For stiffened
AMs (e.g., red curve 2), it requires 84 and 341 nN force to
deform the cell by 30% and 60%, respectively. This is nearly
twice as much force as that for controls (black curve). E,, = 1.5
MPa, which is similar to that of AM-CAM, whereas E_ increases
to 14.1 kPa, indicating a stiffer cytoskeleton. Among all
stiffened cells, E,, = 1.1 + 0.6 MPa and E_ = 12.5 + 6.9 kPa (see
also Table 1). The observed stiffening is consistent with the
rearrangement of the macrophage cytoskeleton, as prior
investigations indicated that endocytosis or phagocytosis of
AM:s could lead to actin rea1‘rangement.62_64 For AM cells from
AgNP1-CAM treatment with softer profiles (e.g., Figure 3, red
curve 3), Young’s moduli measure E,, = 0.5 MPa and E = 1.4
kPa. Among all softened cells measured, the E, = 0.3 + 0.2
MPa, significantly smaller than that in controls. In addition, the
E_ also decreases to 2.2 + 1.2 kPa, about one-third that of the
controls (5.9 + 2.7 kPa). The cells do not seem to swell or alter
the morphology, e.g, height = 12.9 + 1.3 um, which is very
similar to that of the AMs-CAM. Therefore, we infer that
AgNP1 uptake and its intracellular accumulation damages the
cellular membrane and disrupts the cytoskeleton network,
which is analogous to the previously known damages by AgNPs
to other cell types such as fibroblast cells and cortical
neurons.” %%

To check the AgNP1 intake in all three responses, we
examined the corresponding optical images (see examples
shown in Figure 3, insets) and quantified the darkness scores.
The dark contrast, i.e, less transmission of photons, is due to
intracellular nanoparticles (typically aggregates), as reported
previously.7’12’19 For cells shown in Figure 3, the darkness
scores are 1.1 for control and 5.6, 15.4, and 61.2 for curves 1, 2,
and 3, respectively. Among all the control cells (AMs-CAM)
examined, the darkness score range is 0.2—3.5, which serves as a
reference to evaluate AgNP intake. With 2X and 6X of the
control darkness as threshold, i.e., score = 7 and 21, cells
represented by curve 2 mostly fall into medium (7—21) AgNP1
intake, whereas cells represented by curve 3 are high (21-62)
darkness. For AMs from AgNPI-CAM treatment that are

harder than AMs-CAM, we observe a darkness score range of
1.3—15.4, i.e, mostly medium darkness score. The softer cells
indicate a high amount of intracellular AgNPs. These
observations further support our previous conclusions deduced
from single-cell mechanics measurements, where higher uptake
led to disruption of cytoskeleton. In addition, the single-cell
mechanics is evidently more sensitive and potentially more
quantitative to cellular changes than optical inspection
(compare responses 1 and 2).

To verify cellular damages suggested by cellular mechanics
measurements and probe the activation status of AMs, reactive
oxygen species (ROS) production and F-actin network were
investigated. Using identical conditions as AgNP1 treatments
discussed above, we stained the AMs upon harvesting to
CellROX reagent to probe ROS production.”” CellROX
emission is at 565 nm, the intensity reflecting the ROS
produced by the macrophages at the designed time. Figure 4
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Figure 4. Z-stacking confocal images of AMs from control CAM
treatment (A), and AgNPI-CAMs treatment (B—D) stained with
CellROX (orange) to reveal intracellular ROS production. The
intensity of orange contrast reflects the amount of ROS produced by
the macrophage. The corresponding bright field optical images are
displayed below to reveal the amount of intracellular AgNP 1s. Scale
bar = 5 pum.

compares the results from control CAM cells (Figure 4A) with
those post AgNP1 exposures (Figure 4B—D). All CAM cells
exhibited a very low fluorescence signal, indicating low ROS
production and lack of activation among AMs. All AMs from
AgNP1-CAM treatment showed elevated ROS production in
comparison to controls. Panels B—D of Figure 4 show the three
representative confocal images corresponding to low, medium,
and high AgNP1 uptake, with darkness scores of 4.4, 12.2, and
25.3, respectively. At low to medium AgNP1 intake (Figure
4B,C), the ROS intensity is higher than that under high
intracellular AgNP1 (Figure 4D). This is consistent with the
time profile of the ROS-based cytotoxic effect, where the ROS
production increases and peaks during initial AgNP uptake and
then decreases upon cytoskeleton damage, and decreased
viability and NADPH oxidase activities.”’~

Figure § illustrates the changes of AM F-actin network due to
IT of AgNP1. The control cell (Figure SA) has well-defined
stress fibers and dense, actin-rich lamella podia. This
observation is consistent with the conclusion that citrate buffer
(2 mM) had little impact on AMs. Panels B—D of Figure 5
reveal the intracellular distributions and integrity of F-actin that
correspond to low, medium, and high intracellular AgNP1, with
darkness scores of 1.7 (Figure SB), 1.3 (Figure SD1), 6.2
(Figure SC), and 25.9 (Figure SD2), respectively. The amount
of intracellular AgNP1 correlates well with the increasing
degradation of actin network among AMs from AgNP1-CAM
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Figure S. Z-stacking confocal images of AMs with treatment of CAM
(A) and AgNP1-CAMs (B-D). All cells are stained with Alexa Fluor
568 conjugated phalloidin to reveal the changes of cytoskeleton F-
actin. The corresponding bright field optical images are displayed
below to reveal the intracellular AgNP1 uptake. Scale bar = S ym.

treatment. The AM from AgNP1-CAM treatment with high
intracellular AgNPs (Figure SD’2) exhibit very low fluorescence
intensity, indicating severe damage of the cytoskeletal actin
network.

Longer post time exposure reveals that the population of
stiffening and damaged cells decreases significantly after 7 days,
and only a small portion is detectable after 21 days. This
observation further demonstrates that mechanical changes were
caused by AgNP exposure and took a long time to clear and
recover. Because the current study focuses on the acute effects
of AgNPs on AM cells, we keep our focus on the AMs collected
24 h post exposure.

Single-Cell Mechanics of Primary Alveolar Macro-
phages upon Instillation of 110 nm AgNPs. Upon
instillation of 0.5 mg/kg b.w. of AgNP2 (110 nm), we found
three types of mechanical behaviors among the AMs that are
similar to those of AgNP1 exposure: (1) unchanged, (2) stiffer
than control, and (3) softer than control. Figure 6 reveals the
three mechanical profiles from representative cells. The cellular
populations are 39%, 17%, and 44% among the three
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Figure 6. Typical F vs ¢ profiles for primary AMs upon exposure to
citrate buffer (control, black), and AgNP2 by IT (green lines). Three
distinct mechanical behaviors were observed in comparison to the
control cells: unchanged (curve 1a), stiffer (curve 1b), and softer (2
and 3). Insets show optical images of the corresponding AMs prior to
compression. Scale bar = 10 ym.

mechanical responses. The examples of all three responses
are shown in Figure 6.

Although the cellular mechanics are similar to that of AgNP1
exposures, the corresponding AgNP?2 intake reveals some subtle
differences. Following similar procedures as that in comparing
20 nm AgNP intake, the darkness score for AMs-AgNP2-CAMs
were measured. Insets la and 1b in Figure 6 belong to low
uptake (score = 2.6 and 1.8, respectively), inset 2 is medium
darkness (score = 11.6), and inset 3 represents a high uptake
(score = 31.2). Unlike AgNP1, we did not observe a darkness
score higher than 56, among all AMs from AgNP2-CAM
experiments. This is an indication that 110 nm Ag NPs exhibit
less intracellular aggregation than 20 nm AgNPs under the
same exposure conditions.

For AMs with a mechanical profile (Figure 6, green curve 1a)
similar to that of AMs from CAM treatment (black curve), their
cellular morphology such as height, shape, and spreading
appeared to be very similar to that of controls (Figure 6,
insets). For AM cells harder than controls (e.g, green curve
1b), it requires a higher load, 81 and 305 nN, to reach 30% and
60% deformation, respectively. The forces are nearly twice as
much as that for controls (black curve). The nonlinear fitting of
the force profile yields E, = 0.9 MPa and E_ = 19.6 kPa. The
morphologies among cells with stiffer profiles were very similar
to those of the control, with height 14.8 & 1.1 ym. Analogous
to AgNP1 treatment, the stiffening of AMs is likely due to the
rearrangement of cytoskeleton caused by activated phagocy-
tosis.”* For AgNP2-CAM treated cells exhibiting softer
mechanics, two examples were shown in Figure 6 (green
curves 2 and 3), representing low and medium AgNP intake. At
low intake, the E | = 0.2 MPa and E_ = 0.5 kPa. At higher AgNP
intake E,, = 0.2 MPa and E. = 2.1 kPa, which are similar to
values for low intake. Among cells with softened mechanics, E,,
= 0.3 + 0.2 MPa and E_ = 1.1 + 0.6 kPa, significantly softer
than values for the control (p-value <0.05). These observations
indicate that AgNP2 also damages the cell membrane and
disrupts the actin cytoskeleton network.

To verify cellular damages suggested by cell mechanics
measurements and probe the activation status of AMs, ROS
production and F-actin network were investigated following the
same protocols used in AgNP1 exposure. Figure 7 compares
the results of AMs from control CAM treatment with those for
AgNP2 exposure. All AMs from AgNP2-CAM treatment
showed elevated ROS production in comparison to the cases

CellROX

Figure 7. Z-stacking confocal images of AMs from control CAM
treatment (A) and AgNP2-CAM treatment (B—D) staining with
CellROX (orange) to reveal intracellular ROS production. The
intensity of orange contrast reflects the amount of ROS produced by
the macrophage. The corresponding bright field optical images are
displayed below to reveal the amount of intracellular AgNP 2s. Scale
bar = § pym.
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of the controls, regardless of the amount of intracellular AgNP2
aggregates. Panels B—D of Figure 7 show the three
representative confocal images corresponding to low, medium,
and high AgNP2 uptake, with darkness scores of 2.8, 15.0, and
23.4, respectively. At low to medium AgNP2 intake (Figure
7B,C), the ROS intensity is higher than that under high
intracellular AgNP2 (Figure 7D). This is very similar to the
trend observed in the case of AgNP1 exposure.

Figure 8 illustrates the changes of the AM F-actin network
due to AgNP2 instillation. Compared with the image of the

Phalloidin

Optical

Figure 8. Z-stacking confocal images of AM-CAM (A) and AMs-
AgNP2-CAM (B-D) staining with Alexa fluor 568 conjugated
phalloidin to highlight the changes of cytoskeleton F-actin. The
corresponding bright field optical images are displayed below to reveal
the intracellular AgNP2 aggregates. Scale bar = 5 ym.

control cell (Figure 8A) that has well-defined stress fibers and
dense, actin-rich lamella podia, panels B—D of Figure 8 reveal
the intracellular distributions and integrity of F-actin, which
correspond to low, medium, and high intracellular AgNP2, with
darkness scores of 2.0, 8.0, and 21.8, respectively. The amount
of intracellular AgNP2 correlates well with the increasing
degradation of actin network among AMs-AgNP2-CAM.
Clearly, AgNP2-CAM with high intracellular AgNP 2s (Figure
8D’) exhibits low fluorescence intensity, indicating severe
damage of the cytoskeletal actin network. However, the impacts
of AgNP2 on F-actin disruption are less pronounced compared
to that of AgNP1. Even with moderate intracellular AgNP2
intake, AM-AgNP2-CAM still exhibit a well preserved actin
cytoskeleton (Figure 8C). It requires high intracellular AgNP2
intake to reach comparable degradation of F-actin caused by
moderate AgNP1 intake, comparing Figure 8D with Figure SC.

Taken collectively, these results demonstrate that single-cell-
based technology is necessary because of the variations in
AgNP intake and responses among cells in the situations of in
vivo exposures. In both treatments, the mechanics measure-
ments clearly reveal that about 20% of AMs take up very little
AgNPs, whereas about 40% population has moderate or high
intake of nanoparticles. In addition, single-cell mechanics
provides an informative readout of the AgNP—cell interactions.
Both AgNPs exhibit similar trends with the increasing
intracellular AgNPs: low intake of NPs leads to stiffening of
the cells due to rearrangement of cytoskeleton, whereas higher
intracellular AgNPs manifest softening of the cells due to higher
ROS production and cytoskeleton damages. This trend is
confirmed by the measurements of ROS production and actin-
network imaging. Our investigations also reveal some differ-
ences between 20 and 110 nm AgNPs under the same dosage
and exposure time. The 110 nm AgNPs exhibit less damage of
the actin-network (compare Figures 5 and 8) than of 20 nm
AgNP treatments. These findings are in agreement with other

studies which also found that bigger AgNPs are less toxic than
smaller ones.'"”?>*" Our results further indicate that 20 nm
AgNPs enter AM cells more readily than larger ones, and
aggregations often occur leading to higher darkness scores. In
the case of 110 nm AgNP exposures, single-cell mechanics
senses the stiffening even when the amount of intracellular
AgNPs is not detectable from optical imaging. The force-
deformation profiles could probe quantitatively the structural
and mechanical changes of membrane and cytoskele-
ton,**#*7495% The mechanism of different responses among
AMs to AgNPs in vivo is not yet clear to us, due partly to the
complexity and variation in microenvironment of the
lung.'""#"721%° This aspect warrants further technology
development and in vivo investigations in situ.

Single-Cell Mechanics of AMs upon Instillation of
Solutions Containing Ag(l). To verify that the damage of
AgNPs is due to nanoparticles instead of Ag(I) ions, we
measured AM mechanics after IT of solutions containing Ag".
Soluble Ag(I) or Ag* in the form of silver nitrate solution was
instilled directly into the rat lung at a concentration of 0.05 mg
Ag*/kg body weight. The concentration of Ag" was chosen on
the basis of the knowledge that ~5—6% of AgNPs dissolved in
culture medium and intracellularly within 24 hours."**"%*"" A
typical force vs ¢ profile for AMs post IT of Ag" (abbreviated as
AM-Ag*(0.05)) is shown in Figure 9. In comparison to the
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Figure 9. Typical F vs ¢ profiles for a AM-CAM (control, black), an
AM after IT with 0.05 mg Ag'/kg b.w. (blue), a AM-AgNP1-CAM
(red), and a AM-AgNP2-CAM (green). AM cells are selected from
populations exhibiting stiffer responses than the control, to be
compared with Ag" treatments and elucidating mechanism. Scale bar =
10 pym.

AgNP exposures, Ag ion treatments exhibit one similarity and
three significant differences. Similar to nanoparticle treatments,
the AM-Ag*(0.05) cell is harder than control. It requires 53 and
258 nN of force to reach 30% and 60% deformation for the
AM-Ag*(0.05), respectively, which are higher than those of
controls. Unlike AgNP treatments, the AMs-Ag*(0.05) show
less heterogeneity: height = 16.8 + 0.5 ym, E, = 0.9 + 0.6
MPa, and E. = 7.2 & 1.6 kPa. Under optical microscopy, cells
appear round and have almost identical darkness scores (0.1—
2.6) as control (0.2—3.5), as also summarized in Table 1. In
addition, the silver ions caused cellular swelling, e.g., height =
16.7 um with a cell volume of 5200 ym?. Finally, there is little
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Figure 10. Schematic diagram illustrating interactions between AgNPs and AMs and the resulting cellular responses upon instillation of AgNPs.

softening observed for AMs-Ag*(0.05). In other words, Ag ions
led to little damage of membrane or cytoskeleton.

Because the cellular volume of AM-Ag*(0.05) was approx-
imately twice that of the control AM-CAM (Table 1), ion-flux
dysfunction was likely taking place leading to swelling. This is
also consistent with a prior report that Ag* could interact with
membrane and proteins leading to dysfunction of ion
channels.”” Following previously established procedures (also
briefly described in Experimental Methods),*** one could
quantify the ion flux dysfunction. The change in intracellular
ion concentration (AC), extracted from the force profiles, is
18.7 + 122 uM for AMs-Ag*(0.05). If applying the ion flux
dysfunction model forcefully to AgNP treated AMs, the AC
values are 34.8 + 13.3 and 56.1 + 15.6 uM for AMs-AgNP1-
CAM and AMs-AgNP2-CAM, respectively. Both values are
higher than those for Ag ion treatment, which are not valid
chemically or physically, as the ion concentration is not nearly
as high as AMs-Ag*(0.05), and AgNPs do not lead to swelling
of cells. Therefore, we conclude that the ion flux dysfunction
model is not valid in the case of AgNP treatments, nor the key
cause of the stiffening among these stiffened cells. In other
words, the changing of cytoskeleton structures is primarily
responsible for the stiffening of AMs cells. Because Ag" did not
cause softening of cells, we infer that the AgNPs are solely
responsible for formation of ROS and ROS based damages.
Prior reports indicated that ambient oxygen could react with
AgNPs, forming peroxide intermediates, such as hydrox;fl
radicals, superoxide, hydrogen peroxide, and single oxygen.”””
Given the acidic environment inside the AM cell, these
reactions are likely the chemical basis for generation of ROS,
which led to the damage of cellular membrane and
cytoskeleton. The relatively high uncertainty is another
indication of the heterogeneity among AMs upon NP exposure
in vivo. Therefore, we note that single-cell-based approaches
should be utilized to probe these interactions.

B CONCLUSIONS

Using a simple in vitro method of single-cell mechanics, this
work demonstrates that single-cell-based measurements are
important and necessary to reveal interactions between AgNPs
and AM cells upon in vivo exposure, such as intratracheal
instillation. Single-cell mechanics reveals three primary

scenarios as summarized in Figure 10: (1) little to no intake
of AgNPs, which leads to no mechanical changes in comparison
to the case of the control; (2) low to medium uptake of AgNPs,
which results in rearrangement of cytoskeleton, which is
primarily responsible for cellular stiffening; (3) high amount of
intracellular AgNPs, which elicits ROS production and AM
actions, eventually leading to disintegration of actin network in
the cytoskeleton, manifesting in softening of cellular mechanics.
The conclusions regarding interactions and responses were
verified by optical microscopy in situ, whose darkness score
allows comparison of the AgNP uptakes, as well as by single-
cell-based fluorescence microscopy to image ROS production
and cytoskeleton integrity. The results from this investigation
offer important insights into the NP—cell interactions in vivo
and reveal the complexity and heterogeneity of the cellular
responses. This information shall hopefully attract further
technology development, such as in situ functional tests, to
study nanoparticle—cell interactions in vivo. Given the single-
cell nature of this method, work is in progress to give this
approach higher throughput in the future.
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B ABBREVIATIONS

IT: intratracheal instillation

NP: nanoparticle

BAL: bronchoalveolar lavage

BALF: bronchoalveolar lavage fluid

AFM: atomic force microscopy

SD: Sprague—Dawley

AM: alveolar macrophage

CAM: treatment with citrate buffer

AMs-CAM: alveolar macrophages recovered from rats after
IT with citrate buffer

AgNP1-CAM: treatment with AgNP1 in citrate buffer
AMs-AgNP1-CAM: alveolar macrophages recovered from IT
with AgNP1 in citrate buffer

AgNP2-CAM: treatment with AgNP2 in citrate buffer
AMs-AgNP2-CAM: alveolar macrophages recovered from IT
with AgNP2 in citrate buffer

Ag*(0.05): treatment with 0.05 mg of Ag*/kg of body weight
AMs-Ag*(0.05): alveolar macrophages recovered from IT
with Ag"

ROS: reactive oxygen species
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