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PULMONARY AND CARDIOVASCULAR RESPONSES OF RATS TO INHALATION
OF SILVER NANOPARTICLES

Jenny R. Roberts1, Walter McKinney1, Hong Kan1, Kristine Krajnak1, David G. Frazer1,
Treye A. Thomas2, Stacey Waugh1, Allison Kenyon1, Robert I. MacCuspie3,
Vincent A. Hackley3, Vincent Castranova1

1National Institute for Occupational Safety and Health, Morgantown, West Virginia, USA
2U.S. Consumer Product Safety Commission, Bethesda, Maryland, USA
3National Institute of Standards and Technology, Gaithersburg, Maryland, USA

Exposure to wet aerosols generated during use of spray products containing silver (Ag) has not
been evaluated. The goal was to assess the potential for cardiopulmonary toxicity following
an acute inhalation of wet silver colloid. Rats were exposed by inhalation to a low concentra-
tion (100 µg/m3 ) using an undiluted commercial antimicrobial product (20 mg/L total silver;
approximately 33 nm mean aerodynamic diameter [MAD]) or to a higher concentration (1000
µg/m3) using a suspension (200 mg/L total silver; approximately 39 nm MAD) synthesized to
possess a similar size distribution of Ag nanoparticles for 5 h. Estimated lung burdens from
deposition models were 0, 1.4, or 14 µg Ag/rat after exposure to control aerosol, low, and
high doses, respectively. At 1 and 7 d postexposure, the following parameters were moni-
tored: pulmonary inflammation, lung cell toxicity, alveolar air/blood barrier damage, alveolar
macrophage activity, blood cell differentials, responsiveness of tail artery to vasoconstrictor or
vasodilatory agents, and heart rate and blood pressure in response to isoproterenol or nore-
pinephrine, respectively. Changes in pulmonary or cardiovascular parameters were absent or
nonsignificant at 1 or 7 d postexposure with the exceptions of increased blood monocytes
1 d after high-dose Ag exposure and decreased dilation of tail artery after stimulation, as well
as elevated heart rate in response to isoproterenol 1 d after low-dose Ag exposure, possibly
due to bioavailable ionic Ag in the commercial product. In summary, short-term inhalation of
nano-Ag did not produce apparent marked acute toxicity in this animal model.

Nanoparticulate (“nano”) silver (Ag) and
nano anatase titanium dioxide (TiO2) exhibit
antimicrobial properties. These antimicrobial
properties are being exploited by the incor-
poration of these nanoparticles into numerous
commercial products, including disinfectants,
filters, odor-resistant clothing, bandages, and
medical devices (Wijnoven et al., 2009). The
antimicrobial properties of nano anatase TiO2
have been associated with the generation of
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reactive oxygen species (ROS) in the presence
of ultraviolet light (Xue et al., 2010), while
the antimicrobial action of nano Ag particles
is due to the dissolution into ionic Ag and
resultant oxidant injury to the microbes (Kittler
et al., 2010). The active properties of these
nanomaterials render them particularly useful
as spray products, such as sunscreens, deodor-
ants, surface disinfectants, and topical medical
sprays. Potential exposure to the nanomaterials
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652 J. R. ROBERTS ET AL.

contained in these products and the effects of
the exposures are of concern in both worker
and consumer product end use.

There are few data available in regard to
emissions of Ag from spray products. A study
by Quadros and Marr (2011) examined size
and amount of Ag contained in three differ-
ent Ag spray products that varied in application
purpose (anti-odor spray, surface disinfectant,
and throat spray), concentration, and parti-
cle size distribution. The form in which Ag
was present in these sprays (elemental, ionic,
in compound with other contaminants) was
not well described by the manufacturers with
the exception of the throat spray, which was
described as colloidal Ag. Quadros and Marr
(2011) calculated a range of 0.24–55.6 ng per
spray action of the various cans and estimated
the lung burdens that might result from a sin-
gle use of the products (60–70 ng). However, to
date, there are no apparent measures available
in the breathing zone of workers during use of
Ag spray products, which may likely result in
exposure to greater amounts of the products.

Recently, Chen et al. (2010) characterized
the generation of TiO2 particles during the use
of an antimicrobial spray product containing
nano anatase. Results indicated that particulate
levels in the breathing zone of an individual
applying the spray to a vertical surface might
reach 3.4 mg/m3, with most of these TiO2
particles being less than 110 nm in diameter.
Results of a rat study with inhalation of this
TiO2 spray demonstrated a dose-dependent
increase in breathing rate, pulmonary inflam-
mation, and lung cell injury 24 h after expo-
sure (3.79 mg/m3, 4 h/d, 4 d) (McKinney
et al., 2012). To evaluate the potential effects
of aerosol exposure to Ag spray, a similar
inhalation study was performed. The objec-
tives of the current study were to (1) design
and construct an aerosol generation system
for an antimicrobial nano Ag consumer spray
product; (2) characterize the wet aerosol gen-
erated; and (3) determine pulmonary and
cardiovascular responses to an acute inhalation
of Ag nanoparticles using a rat model.

Numerous commercial spray products
containing Ag claim to be colloidal in nature

(particles in suspension), although the degree
to which these claims are true colloids is
questionable, and these products may con-
tain Ag in its ionic form or bound to other
compounds. An antifungal spray (MesoSilver)
was selected for this study as it was reported
by the manufacturer to be a true colloid
(predominantly Ag particles with low free
ion concentration), and the particle size and
concentration were also provided by the man-
ufacturer. In addition, to attain a higher dose
exposure, a second Ag colloid was provided
by the National Institute for Standards and
Technology (NIST). An aerosol delivery system
was designed to maintain a constant level
of exposure to a “wet” aerosol. Rats were
exposed for 5 h to a low dose (100 μg/m3

using the commercial colloid sprayer, high
(1000 μg/m3) dose of Ag spray using the
colloid provided by NIST, or sterile deionized
water as a control spray. The low dose was
selected to be equivalent to the threshold limit
value time-weighted average (TLV-TWA) set
by the American Conference of Governmental
Industrial Hygienists (ACGIH) for particulate
Ag. It is well understood from epidemiological
studies that pulmonary particulate matter (PM)
exposure has been associated with adverse
cardiovascular effects (Pope et al., 1995,
2002; Samet et al., 2000; Liao et al., 2011;
Beckerman et al., 2012; Hsieh et al., 2010).
More recently, respiratory exposure to various
nanoparticles in animal models was also found
to produce cardiovascular responses (Mann
et al., 2012; Simeonova and Erdely, 2009),
which are at times present in the absence
of pulmonary measures toxicity (Nurkiewicz
et al., 2008). Therefore both pulmonary and
cardiovascular indices of toxicity were exam-
ined at 1 and 7 d after exposure to Ag sprays.

MATERIALS AND METHODS

Ag Nanoparticles
Two sources of Ag nanoparticles were

used in this study. The first was an advertised
antimicrobial product purchased from the
company website (MesoSilver, Purest Colloids,
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TOXICITY FOLLOWING INHALATION OF Ag NANOPARTICLES 653

Inc., Westampton, NJ).1 Company data indi-
cated that the product was a deionized water
solution containing 20 mg/L total Ag (75%
colloidal silver and 25% silver ions; primary Ag
nanoparticle size was described as 0.65 nm).
The second Ag nanoparticle sample was
synthesized at National Institute of Standards
and Technology (NIST) (approximately 100%
colloidal; approximately 1000 mg/L stock
concentration Ag in deionized water), syn-
thesized as described by MacCuspie et al.
(2011). Particle size and concentration were
characterized at NIST using dynamic light
scattering (DLS) and ultraviolet–visible (UV-vis)
absorbance, using a Zetasizer Nano (Malvern
Instruments, Westborough, MA) and a Lambda
750 (Perkin Elmer, Waltham, MA ), respectively.
Samples were measured in a semimicro dispos-
able cuvette transferred between instruments
immediately after completion. DLS data from
5 consecutive measurements are reported
as the mean ± 1 standard deviation of the
Z-average diameter, reflecting the repeatability
of the measurements and not the width of the
size distribution.

The commercial product had a trimodal
size distribution with peaks at 3, 20, and
150 nm, indicating a polydisperse distribution.
The average diameter of this preparation was
55.7 ± 1.2 nm. UV-vis spectra indicated that
4.23 mg/L of the solution was in particulate
form, relative to the 20 mg/L total Ag concen-
tration reported by the manufacturer. It is note-
worthy that sizes less than 1 nm as reported by
the manufacturer may not be detected by DLS,
and that the lower limit of detection for this
model of UV-vis spectraphotometer is 0.17 nm.
Therefore, a greater portion of the sample was
either below the limit of detection or a greater
percentage of the solution was ionic in nature.
DLS data of the NIST colloid showed a bimodal
size distribution with peaks at 3 and 40 nm. The
average diameter was 15.2 ± 0.1 nm. UV-vis

1Certain trade names and company products are men-
tioned in order to adequately specify the experimental proce-
dures and equipment used. In no case does such identification
imply recommendation or endorsement by the National Institute
of Standards and Technology (NIST), nor does it imply that the
products are necessarily the best available for the purpose.

spectra confirmed a particulate concentration
of 1030 mg/L. Prior to aerosolization, the NIST
sample was diluted further to a concentration of
200 mg/L in sterile deionized water so that one
order of magnitude difference in concentration
would exist between the two samples, rep-
resenting a high and low dose of Ag spray
aerosol. In addition, scanning electron micro-
scope (SEM) images of the aerosols for both
the high- and low-dose samples were collected
through the inhalation system. The SEM mea-
sures verified the DLS data showing that the
fraction of the low-dose sample with diameter
of less than 1 nm was minor. For the high-dose
sample, the SEM data showed particle sizes to
be slightly greater than the mean determined
by DLS. Data are discussed in greater detail
below.

Exposure System
An inhalation exposure system was

designed and assembled to generate wet
aerosols that were representative of those
produced while using spray-on Ag products.
The exposure system requirements were to:
(1) deliver a wet aerosol of small H2O droplets,
typically less than 150 nm diameter, comprised
of nanosized Ag particles and Ag ions to the
animal’s breathing space; (2) maintain auto-
matically constant exposure levels (number
of particles per milliliter) within the expo-
sure chamber while minimizing fluctuations;
(3) control automatically chamber pressure, air
flows, and total exposure time; and (4) monitor
and record the temperature and humidity
within the exposure chamber.

A block diagram of the nano-Ag spray
aerosol inhalation exposure system is shown in
Figure 1. Air from the NIOSH facility’s water
seal compressor was conditioned by passing it
through a dryer, a charcoal filter, and then a
HEPA filter. This clean air was then regulated
down to a pressure of 0.24 MPa (35 pounds
per square inch [PSI]) to provide air to two cal-
ibrated rotameter flow controllers (10 L/min
each, Dwyer Instruments, Michigan City, IN)
and to two model 3076 aerosol generators
(3 L/min each) (TSI, Inc., Shoreview, MN). The
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654 J. R. ROBERTS ET AL.

FIGURE 1. Diagram of the computer controlled nano-silver spray aerosol exposure system. Dimensions of the chamber are given in
inches (color figure available online).

FIGURE 2. Diagram of the TSI 3076 aerosol generator.

TSI 3076 aerosol generators, shown in Figure 2,
were collision-type atomizers that generated
wet aerosols from a solution in the form of small
droplets (less than 200 nm in diameter). During

an exposure, one of the two Ag suspensions
was pulled passively into the generators via vac-
uum pressure created by high-velocity airflows
through a 0.343-mm (0.0135-inch) diameter
hole (Figure 2). A computer-controlled valve
(Cole Parmer Instruments) was used to dis-
tribute the supply of solution to the genera-
tors as needed. Excess fluid within the gen-
erators was returned to the solution through
drain lines. Output air from the two aerosol
generators was mixed with the clean dry air
from the two flow controllers, resulting in a
total flow of 26 L/min being delivered to
the exposure chamber. This flow (26 L/min)
was used to provide adequate exposure cham-
ber air changes per hour to maintain CO2,
ammonia, temperature, and relative humid-
ity within acceptable levels. A custom-built
150-L stainless-steel exposure chamber (Cube
150), capable of accommodating 12 rats within
individual cage partitions, was used. A con-
densation particle counter (CPC model 3775,
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TOXICITY FOLLOWING INHALATION OF Ag NANOPARTICLES 655

TSI, Inc., Shoreview, MN) was used to mon-
itor continuously the particle-count concen-
tration within the exposure chamber, and an
instrument based on light scattering proper-
ties of aerosols (DataRAM 4, Thermo Scientific,
Franklin, MA) was used to monitor continuously
the mass concentration of Ag particles inside
the exposure chamber. Dry Ag aerosol concen-
trations were determined gravimetrically with
37-nm cassettes containing Teflon filters and
used to calibrate and verify the DataRAM read-
ings after each exposure run. After the aerosol
exited the exposure chamber, it was passed
through a HEPA filter, and the air was exhausted
through a mass flow controller to a vacuum
system. The pressure inside the exposure cham-
ber was measured continuously with a pressure
transducer (Serta, model 264, Serta Sensing
Solution, Boxborough, MA). The exposure sys-
tem’s control software was designed to make
adjustments automatically to the exhausted
flow controller to keep the exposure chamber
at a negative pressure of −12 Pa (−0.05 inches
H2O). This slight negative pressure was main-
tained to minimize air leaks and to aid in
preventing the aerosol from escaping the expo-
sure chamber into the room. The temperature
and humidity of the air inside the exposure
chamber were measured continuously with a
temperature/humidity sensor (Vaisala, model
234, Boulder, CO).

Inhalation Exposures
Table 1 describes the three exposure condi-

tions used in this study. The 20-mg/L concen-
tration representing the total Ag in the commer-
cial product was the value used for the low-
dose sample for aerosol calculations, although
a portion of this was likely ionic in nature,
as discussed earlier. For the high-dose sam-
ple synthesized at NIST the stock solution with
1030 mg/L concentration was diluted in ster-
ile deionized water to a weight of 200 mg/L for
aerosolization. Number of particles in the expo-
sure airspace was measured using the CPC.
Median dry particle weight in the exposure
airspace was measured using the DataRAM-4,
and verified by the gravimetric filter readings

taken during each exposure run. Estimated lung
burden in the alveolar region was calculated
using the following equation:

Lung burden = (MV) × (T) × (CON) × (DF)

= (190 ml/min)(300 min)

(100 or 1000 μg/m3)

(1 m3/1, 000, 000ml) (0.25)

where (MV) is the minute ventilation of the
exposed animal (ml/min); (T) is the total expo-
sure time (min); (CON) is the average expo-
sure concentration in (μg/m3); and (DF) is the
pulmonary deposition fraction for the alveolar
region for the particles inhaled. A minute ven-
tilation of 190 ml/min was used because this
value is typical for the average age, weight, and
strain of lab rat used in this study; however, it
should be noted that this variable is dependent
on a number of factors that may vary among the
rats from a given lot, including, but not limited
to, weight and activity level in the cage during
exposure. The value for the DF was extrapo-
lated from validated lung deposition curves for
the rat model (Raabe et al., 1976; Anjilvel and
Asgharian, 1995; Freijer et al., 1999; Winter-
Sorkina and Cassee, 2003), based on the MAD
of the particles, the minute ventilation of a
rat, and the fractional residual lung capacity
of a rat. Although there is a degree of uncer-
tainty in the published deposition curves, these
data provide the basis for an estimation of the
total acinar deposition. Therefore, lung bur-
dens were estimated to be 0, 1.4 or 14 μg/rat
for control, low-dose, and high-dose animals,
respectively.

Recorded runs lasting 5 h of exposure to
the high-dose, low-dose, and control solutions
are displayed in Figure 3. All three exposure
runs had temperatures in the range of 22.7 to
23.3◦C, and relative humidity from 70 to 75%.
The particles were not dried fully before enter-
ing the exposure chamber because it is believed
that a “wet” particle mimics more closely the
type of nano Ag particle produced during con-
sumer aerosol spray-on use.
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656 J. R. ROBERTS ET AL.

TABLE 1. Study Exposure Conditions

Exposure type

Count median
aerodynamic
diameter

Weight of
Ag in
solution

Exposure chamber
dry mass
concentration

Exposure chamber wet
particle concentration
(number/ml)

Estimated
lung
burden

High dose 39 nm 200 mg/L 1000 μg/m3 2100 × 103 14 μg
Low dose 33 nm 20 mg/L 100 μg/m3 550 × 103 1.4 μg
Controls 27 nm 0 mg/L <5 μg/m3 350 × 103 0 μg

Note. All exposures were 5 h for 1 d. Lung burdens are estimations derived from use of an average minute ventilation for a given age,
weight, and rat strain and a DF for a given particle size.

Aerosol Sizing
Particle distribution and morphology of the

aerosols inside the exposure chamber were
determined with a scanning mobility particle
sizer (TSI, SMPS model 3034) and scanning
electron microscopy (JEOL 6400, JEOL, Inc.,
Tokyo, Japan). The particle size distributions for
each of the three exposure types are repre-
sented in Figure 4 with particle diameter (μm)
on the x axis and a normalized number of par-
ticles on the y axis. The median particle count
size was approximately 33 and 39 nm, accord-
ing to the instrument, for low and high doses,
respectively. The control dose for both particle
concentrations had a slightly smaller size distri-
bution of water droplets with a median particle
size of 27 nm. The images in Figure 5 show the
morphology of dry Ag particles collected from
the exposure chamber using the low dose solu-
tion (MesoSilver) onto a polycarbonate filter;
the images in Figure 6 show the dry Ag particles
collected from the exposure chamber using the
high-dose solution (NIST). The most common
physical diameter of the Ag particles on both
filters was in the 30 to 80 nm range.

Animals
Male Sprague-Dawley (Hla: SD CVF) rats

weighing approximately 300 g (9 wk of age),
obtained from Hilltop Labs (Scottdale, PA),
were used in accordance with a protocol
approved by the Institutional Animal Care and
Use Committee. Animals were given a Teklad
2918 diet and tap water ad libitum, housed
in a clean-air and viral- and antigen-free room
with restricted access in an Association for
Assessment and Accreditation of Laboratory

Animal Care International (AAALAC)-approved
animal facility under a 12 h:12 h light: dark
cycle, and allowed to acclimate for 1 wk prior
to use. Two sets of exposures with paired con-
trols were conducted for each dose. For each
exposure set and each dose, 12 rats were
exposed to air (n = 6 for d 1 and n = 6 for
d 7) and 12 rats were exposed to Ag particles
(n = 6 for d 1 and n = 6 for d 7). Rats from one
set of exposures were euthanized at d 1 and
7 for pulmonary response and microvascular
studies. Rats from the second set of exposures
were euthanized at d 1 and 7 following mea-
surements for hemodynamic response study.
Rats were randomized as they were added to
the exposure chambers and at selection for rats
designated for d-1 studies.

Measurement of Pulmonary Responses
On d 1 and 7, in rats from the first

set of exposures to Ag nanoparticles or
air, bronchoalveolar lavage (BAL) was per-
formed by washing the lungs with aliquots of
phosphate-buffered saline (PBS) in order to
obtain pulmonary cells for morphological and
functional analysis, and the acellular lavage
fluid was retained for analysis of indicators of
tissue damage and cellular activity, as described
previously by Roberts et al. (2011) (n = 6 per
group per time point per dose). Rats were
euthanized with an overdose of sodium pento-
barbital (>100 mg/kg; Sleepaway; Fort Dodge
Animal Health, Madison, NJ), trachea was can-
nulated, chest cavity was opened, left lung was
clamped off, and BAL was performed via the
tracheal cannula. The acellular fraction of the
first lavage was obtained by filling the lung
with 2 ml/100 g body weight PBS, massaging
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TOXICITY FOLLOWING INHALATION OF Ag NANOPARTICLES 657

A

B

C

FIGURE 3. Exposure chamber concentration data for the high dose (NIST sample; 200 mg/L) aerosol exposure (A), the low-dose
(MesoSilver sample; 20 mg/L) aerosol exposure (B), and the control (deionized water) aerosol exposure (C). Particle number (×103)
and particle mass (μg/m3) are given on the y axis (color figure available online).

for 30 s, withdrawing, and repeating the pro-
cess one more time. This concentrated aliquot
was withdrawn, retained and kept separately,

and designated as the first fraction of BAL fluid
(BALF). The subsequent aliquots were 6 ml
in volume, instilled once with light massaging,
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658 J. R. ROBERTS ET AL.

FIGURE 4. Aerosol particle size distribution data from the SMPS
(scanning mobility particle sizer) collected from inside the expo-
sure chamber (color figure available online).

170 nm

104 nm

55 nm
30 nm

FIGURE 5. Scanning electron microscopy images of dry nano
silver particles collected from inside the exposure chamber on
a polycarbonate filter during the low dose exposure. The most
commonly observed particle sizes were 30–80 nm.

withdrawn, and combined until a 30-ml vol-
ume was obtained. For each animal, both
lavage fractions were centrifuged (10 min, 1200
× g); the cell pellets were combined and resus-
pended in 1 ml PBS; and the acellular fluid
from the first lavage fraction was retained for
further analysis.

The presence of albumin and the lac-
tate dehydrogenase (LDH) activity in BALF of
rats after exposure to air or Ag were mea-
sured to evaluate the loss of integrity of the
alveolar–capillary barrier and general cytotoxic-
ity, respectively. Measurements of both albumin
and LDH activity in the acellular fluid were

140 nm

80 nm

25 nm

60 nm

FIGURE 6. Scanning electron microscopy images of dry nano
silver particles collected from inside the exposure chamber on
a polycarbonate filter during the high dose exposure. The most
commonly observed particle sizes were 30–80 nm.

obtained using a Cobas C111 clinical chemistry
analyzer (Roche Diagnostic Systems, Montclair,
NJ). Albumin was determined by spectropho-
tometric measurement of the reaction product
of albumin with bromcresol green according to
a method indicated by Sigma Diagnostics (St.
Louis, MO). LDH activity was quantified by
detection of the oxidation of lactate, coupled
to the reduction of NAD+ at 340 nm.

The total number of BAL cells and the
total number of alveolar macrophages (AM)
collected from rats exposed to air or Ag were
counted using size fractionation on a Coulter
Multisizer II (Coulter Electronics; Hialeah,
FL) for use in cell differential counts and
for use in the chemiluminesence (CL) assay.
Cell differentials were performed to deter-
mine the total number of AM, neutrophils,
lymphocytes, and eosinophils. Briefly, 105 cells
from each rat were spun down onto slides
with a Cytospin 3 centrifuge (Shandon Life
Sciences International; Chesire, England) and
labeled with Leukostat stain (Fisher Scientific,
Pittsburgh, PA) to differentiate cell types. Two
hundred cells per slide were counted, and
percentages of AM, neutrophils, lymphocytes,
and eosinophils were multiplied by the total
number of cells to calculate the number of
each cell type.

To estimate phagocyte oxidant produc-
tion, luminol-dependent CL was performed
on BAL cells as a measure of light gener-
ated by the production of reactive oxygen
species (ROS) by AM and neutrophils using
a Berthold LB953 luminometer (Wallace Inc.,
Gaithersburg, MD) as described previously by
Antonini et al. (1994). Baseline oxidant produc-
tion by the cells was measured in the absence
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TOXICITY FOLLOWING INHALATION OF Ag NANOPARTICLES 659

of a stimulant. Phorbol 12-myristate 13-acetate
(PMA) (10 μmol/L), a soluble stimulant of
total BAL phagocytes (AM and neutrophils), or
nonopsonized, insoluble zymosan (2 mg/mL), a
stimulant of only AM (Castranova et al. 1990),
was added to the assay immediately prior to
CL measurement to determine the contribu-
tion of both AM and neutrophils to the overall
production of ROS in the lungs of the rats.
Measurement of CL was recorded for 15 min
at 37◦C, and the integral of counts per minute
(cpm) per 106 cells versus time was calcu-
lated. CL was calculated as cpm of stimulated
cells minus cpm of corresponding resting cells.
The values were normalized using the Coulter
counter measurements for total number of BAL
cells (reflecting AM plus neutrophils) for PMA-
stimulated CL and to number of AM in the BAL
for zymosan-stimulated CL.

Blood Studies
Blood samples were obtained from

anesthetized rats prior to BAL to evaluate
the potential for a systemic inflammatory
response to inhalation of nano Ag indicated
by increased white blood cell populations.
On d 1 and 7 postexposure, white blood cells
(neutrophils, lymphocytes, monocytes, and
eosinophils) were counted and differentiated
using a Hemavet 950 veterinary multispecies
hematology system (Drew Scientific Group,
Dallas, TX).

In Vitro Microvessel Measurements
As described previously by Krajnak et al.

(2011), tails were dissected from rats used in
the pulmonary response studies (n = 6 rats
per group per dose per time point) after
exsanguination and placed in cold Dulbecco’s
modified Eagle’s medium with glucose
(Invitrogen/Gibco; Carlsbad, CA). Ventral
tail arteries from the C14–C15 region of the
tail were dissected shortly after euthanasia,
mounted on glass pipettes in a microvessel
chamber (Living Systems; Burlington, VT), and
perfused with biocarbonated-HEPES buffer
warmed to 37◦C. Arteries were pressurized
to 60 mm Hg and allowed to equilibrate for

approximately 1 h. Phenylephrine (PHEN,
α-1 adrenoreceptor agonist)-mediated vaso-
constriction and acetylcholine (ACh)-mediated
redilation were assessed. Krajnak et al. (2006,
2010, 2011) previously used these methods
and doses of PHEN and ACh to demonstrate
changes in vascular responsiveness as indica-
tors of endothelial cell dysfunction. PHEN was
applied to the chamber in half-log increments
(−8.5 to −6.5 log mol/L) and the internal
diameter was recorded after vessels stabilized
(approximately 5 min between application
of doses). Because ventral tail arteries usually
display little basal tone, endothelial-mediated
redilation was assessed after constriction with
PHEN by adding ACh in half-log increments
(−8.0 to −5.5 mol/L) using the procedures
that were used to apply PHEN.

In Vivo Hemodynamic Measurements
Rats in exposure sets designated for

hemodynamic studies (n = 6 rat per group per
time point per dose) were anesthetized prior
to catheterization with inhaled 2% isoflurane
mixed with oxygen at a flow rate of 2 L/min
as described previously (Krajnak et al., 2011).
Using aseptic technique, a custom catheter,
made according to the method described by
Wang et al. (2004), was inserted into the left
ventricle through the carotid artery. The correct
position of the catheter tip in the left ventricle
was confirmed by the waveform of the left ven-
tricular pressure visualized on a computer mon-
itor. Heart function was assessed by measuring
maximal left ventricular systolic pressure (LVSP).
To study vascular function, in vivo systemic arte-
rial blood pressure (BP) was determined by
using a fluid-filled arterial catheter that was
placed in the femoral artery and connected to a
pressure transducer coupled to a computerized
cardiovascular continuous monitoring system (a
PowerLab/4SP analog-to-digital converter; AD
Instruments, Chalgrove, UK). Another catheter
(polyurethane, 2 French size) was inserted into
the jugular vein for the administration of iso-
proterenol (ISO) or norepinephrine (NE). Both
chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). All three catheters were
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exteriorized through subcutaneous tunneling
and suturing on the back. The arterial catheters
were connected to a fluid-filled pressure trans-
ducer for at least 20 min prior to measure-
ments being made (or until rats displayed stable
heart rate and BP measures). Heart rate (HR)
and BP were recorded and analyzed using
cardiovascular continuous monitoring software
(PowerLab/4SP, AD Instruments, Colorado
Springs, CO). Cardiopulmonary responses and
spinal reflexes were monitored to determine
that the proper depth of anesthesia was main-
tained. Each rat was euthanized with carbon
dioxide after measurements were completed.

Statistical Analysis
Results are expressed as mean ± standard

error of the mean (SEM) or standard deviation
(STD), depending on the analysis. Aerosol
concentration in the exposure chambers was
collected over time during actual exposures,
and mean concentration ± standard devia-
tion during the exposure was calculated by
a custom script generated in MATLAB (The
MathWorks, Inc.).

Statistical analyses for blood cells and lung
toxicity data were carried out with a SigmaStat
11.0 statistical program (Chicago, IL). The sig-
nificant differences between Ag-exposed rats at
a given dose and their paired controls were
evaluated at each time point using analysis
of variance (ANOVA). Significance was set at
p < .05. The analyses of measures of BP,
HR, and LSVP in response to dose-dependent
changes in ISO and NE were generated using
SAS/STAT software, version 9.1, of the SAS
system for Windows (SAS Institute, Inc., Cary,
NC). Dose-dependent changes in the internal
diameter of ventral-tail arteries in response to
stimulation with PHEN or Ach were analyzed
using Jmp 5.1 (SAS Institute, Inc., Cary, NC).
PROC MIXED (SAS Institute, Inc., Cary, NC)
was utilized to run a two-way factorial analy-
sis of variance with the concentration of ISO or
NE as a repeated measure to account for multi-
ple measures in individual animals. Treatment
comparisons were then calculated at each
level of drug utilizing the “slice” option. Dose

responses to PHEN and ACh were analyzed
using repeated measures of variance where the
concentration of PHEN or ACh was used at
the repeated measure. Measures collected from
rats 1 and 7 d after exposures were performed
separately. Treatment comparisons were made
with Student’s t-test. All statistical tests were
considered significant at p < .05.

RESULTS

Pulmonary Response
LDH activity and albumin concentration

were measured in the acellular first fraction
of BAL fluid recovered from rats 1 d and
7 d post exposure to a low- or a high-dose
Ag spray aerosol as indices of lung cell cyto-
toxicity and alveolar permeability, respectively
(Figure 7). There were no significant differ-
ences in LDH activity (Figure 7A) or albumin
levels (Figure 7B) in the low or high dose of
silver spray aerosol groups when compared to
respective air controls. Lung cells recovered by
BAL were differentiated and counted to eval-
uate the inflammatory potential of Ag spray
exposure (Table 2). The numerical increase in
the number of neutrophils present in the BAL
samples recovered from rats exposed to the
high dose of Ag spray aerosol on d 1 and
7 post exposure when compared to respective
air control group was not significantly differ-
ent. There were no significant differences in
total number of cells recovered by BAL or
in numbers of macrophages or lymphocytes
when comparing Ag spray groups to their con-
trols. No eosinophils were detected in any of
the treatment groups. Chemiluminescence was
performed on BAL cells recovered by lavage
1 and 7 d postexposure to assess oxidant
potential in the lung. There were no signifi-
cant differences in either PMA-stimulated or
zymosan-stimulated oxidant production by BAL
cells among groups (data not shown).

Hematology
Leukocyte differentials were evaluated in

blood collected at d 1 and 7 post exposure to
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FIGURE 7. Lactate dehydrogenase (LDH) activity (A) and
albumin concentration (B) in the acellular first fraction of BAL
fluid collected from rats 1 and 7 d after exposure to a low or
a high dose of silver spray aerosol, or filtered air as a control
(n = 6 per group per time point) as a measure of cytotoxicity
and lung injury. There were no significant differences in animals
exposed to the high or low doses of silver spray aerosol when
compared to their respective control group. Values are means ±
SEM (n = 6 per group per time point).

the low- and high-dose Ag spray aerosols rel-
ative to respective air control (Table 3). There
was a significant increase in blood monocytes

on d 1 after exposure to the high dose of
Ag spray. There was also a quantitative rise in
blood monocytes on d 1 after exposure to the
low dose of Ag spray, although this did not dif-
fer statistically from the control. There were no
significant differences at either time point in
regard to lymphocyte, neutrophil, or eosinophil
number in the blood collected from animals
exposed to the high or low dose of Ag spray
aerosol.

In Vitro Microvessel Measurements
The dose-dependent vasoconstriction

induced by PHEN was similar in arteries from
control and exposed rats at both doses (data
not shown). Exposure to the low dose of Ag
spray resulted in a significant reduction in vas-
cular responsiveness to ACh-induced redilation
on d 1 after the exposure (Figure 8A). However,
this difference was no longer apparent 7 d after
the low-dose exposure (Figure 8B). Although
arteries from rats exposed to the high dose of
Ag spray also appeared to display numerically
reduced sensitivity to ACh-induced redilation
1 d after inhalation exposure, this difference
was not significant. There also was no treat-
ment difference in ACh-induced redilation in
arteries collected from rats 7 d after high dose
exposure (Figure 8C).

In Vivo Cardiovascular Responses
Pulmonary inhalation of Ag spray did not

markedly change basal HR, maximum LVSP, or
mean BP (MBP) compared to control (exposed
to filtered air) at 1 or 7 d postexposure (data

TABLE 2. Bronchoalveolar (BAL) Cell Differentials

Time Post-Exposure Exposure Group Total BAL Cells (105) Macrophages (105) Neutrophils (105) Lymphocytes (105)

Day 1 Control - Low Dose 110 ± 7.30 109 ± 7.12 0.03 ± 0.02 0.22 ± 0.22
Silver Spray - Low Dose 113 ± 7.12 112 ± 7.11 0.09 ± 0.09 0.55 ± 0.21
Control - High Dose 121 ± 7.12 121 ± 7.14 0.29 ± 0.13 0.00 ± 0.00
Silver Spray - High Dose 106 ± 9.79 105 ± 9.79 0.50 ± 0.20 0.08 ± 0.08

Day 7 Control - Low Dose 113 ± 3.50 112 ± 3.41 0.18 ± 0.12 0.46 ± 0.17
Silver Spray - Low Dose 120 ± 7.57 119 ± 7.59 0.20 ± 0.13 0.57 ± 0.15
Control - High Dose 124 ± 7.84 123 ± 7.91 0.38 ± 0.13 0.09 ± 0.09
Silver Spray - High Dose 119 ± 6.07 118 ± 6.06 0.67 ± 0.18 0.00 ± 0.00

Note. Values are means ± SEM (n = 6 per group per time point.).
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TABLE 3. Leukocyte Differentials in Blood

Time
Post-Exposure Exposure Group

Total WBC
(K/uL)

Monocytes
(K/uL)

Lymphocytes
(K/ul)

Neutrophils
(K/uL)

Eosinophils
(K/uL)

Day 1 Control - Low Dose 6.296 ± 0.730 0.246 ± 0.045 4.686 ± 0.655 1.358 ± 0.158 0.006 ± 0.002
Silver Spray - Low Dose 6.870 ± 0.775 0.360 ± 0.040 4.472 ± 0.589 1.712 ± 0.179 0.014 ± 0.007
Control - High Dose 5.333 ± 0.346 0.165 ± 0.027 3.950 ± 0.263 1.210 ± 0.119 0.008 ± 0.002
Silver Spray - High Dose 5.567 ± 0.397 0.280 ± 0.024∗ 3.570 ± 0.181 1.707 ± 0.333 0.010 ± 0.003

Day 7 Control - Low Dose 6.20 ± 0.27 0.288 ± 0.040 4.702 ± 0.205 1.200 ± 0.106 0.005 ± 0.002
Silver Spray - Low Dose 5.92 ± 0.50 0.255 ± 0.032 4.515 ± 0.374 1.142 ± 0.136 0.010 ± 0.006
Control - High Dose 6.873 ± 0.652 0.332 ± 0.055 4.805 ± 0.510 1.723 ± 0.223 0.010 ± 0.004
Silver Spray - High Dose 6.070 ± 0.547 0.345 ± 0.026 4.343 ± 0.400 1.372 ± 0.173 0.003 ± 0.002

Note. Values are means ± SEM (n = 6 per group per time point.); asterisk indicates significantly different from corresponding control
group (p < .05).

not shown). HR in response to the highest dose
of ISO was increased significantly only at 1 d
postexposure to the low concentration of Ag
spray (Figure 9A). LVSP in response to ISO
was reduced only at 7 d postexposure at the
high dose of Ag spray (Figure 9B). Alteration
in response to β-adrenergic stimulation is a
common characteristic of cardiac dysfunction;
however, the alterations in HR and LVSP only
occurred in response to the highest does of
ISO, suggesting that pulmonary inhalation of Ag
spray exerted only a minor effect on the heart.
The impact of inhalation of Ag nanoparticles
on vascular function was assessed by monitor-
ing MBP. There was no marked effect of Ag
spray inhalation on MBP in response to NE
(Figure 9C). These results indicate that compen-
satory mechanisms of the cardiovascular system
were sufficient to overcome minor changes in
vascular function induced by inhalation of Ag
spray.

DISCUSSION

In this study, rats were exposed by inhala-
tion to a wet aerosol of Ag nanoparticles at a
lung burden of either 1.4 μg/rat or 14 μg/rat.
No significant cytotoxicity (BAL LDH activity) or
air/blood-barrier damage (BAL albumin level)
was noted at 1 or 7 d post exposure to either
dose. Similarly, BAL differential cell counts and
BAL cell activity (chemiluminescence) were
unaffected by Ag nanoparticles. The increase
in BAL neutrophils (1.75-fold above control at

1 and 7 d postexposure) was not found to be
statistically significant. With the exception of
a significant 1.7-fold rise in blood monocytes
1 d after exposure to the high dose of Ag,
differential blood counts were not markedly
changed following pulmonary exposure to Ag
nanoparticles. Inhalation of Ag nanoparticles
did not markedly affect vasoconstriction of the
tail artery in response to PHEN, or basal HR,
maximal LVSP, or MBP. However, a decreased
dilation of tail artery in response to ACh and
an increase in heart rate in response to ISO
were noted 1 d after low-dose Ag exposure.
Such changes were not seen after high-dose
exposure on d 1 or 7 post exposure to either
the high or low dose. The presence of slight
cardiovascular changes seen at Ag burdens of
1.4 μg/rat but not 14 μg/rat may be due to
the fact that a substantial fraction of the com-
mercial spray used for low-dose exposure was
ionic rather than particulate Ag, in contrast to
the NIST sample used for the high-dose expo-
sure. Therefore, it is possible that ionic Ag
translocated to cardiovascular tissue, produc-
ing these low-level responses. Nevertheless, at
lung burdens achieved in the present study, in
general no striking pulmonary or cardiovascular
changes were observed.

Recently, a wet aerosol study related to
TiO2 spray exposure was conducted by our lab.
In that study, inhalation of a wet aerosol nano
TiO2 from a commercial antimicrobial spray
product increased neutrophils harvested by
BAL of rats by 2.1-fold above control levels at
1 d postexposure (McKinney et al., 2012). This
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A

B

C

Low Dose

Low Dose

High Dose

FIGURE 8. Acetylcholine (Ach)-induced redilation of ventral
tail arteries after inhalation of low- and high-dose silver spray.
Exposure to the low-dose silver spray (A) resulted in a reduction
in sensitivity of arteries to ACh-induced redilation 1 d after the
exposure (asterisk indicates different from controls, p < .05), but
this effect was no longer apparent 7 d after the exposure (B).
Inhalation of the high dose of silver spray did not result in any
significant differences in ACh-induced redilation at 1 or 7 d after
the exposure (C). Values are means ± SEM (n = 6 per group per
time point).

animal model was identical to that employed
for the current Ag spray study with regard to
animal age/weight, duration of exposure, and
times postexposure; however, the target TiO2
concentration was higher. Nano TiO2 lung bur-
dens achieved were 43 μg/rat. In the present
study, despite a lack of statistical significance,
inhalation of the high dose of nano Ag (lung
burden 14 μg/rat) increased BAL neutrophils
by 1.75-fold above control at 1 d postexposure,
a rise that may be amplified at an equivalent

lung burden as that attained for TiO2. Based
on the current TLV-TWA for TiO2 (10 mg/m3)
versus particulate Ag (0.1 mg/m3), the poten-
tially greater potency of Ag versus TiO2 in wet
aerosol form is not surprising. The potential dif-
ference in potency may be due to the presence
or liberation of ions from the Ag particles as
compared to a relatively insoluble TiO2, which
may subsequently lead to an elevation in oxi-
dant production at levels sufficiently high to
damage cell membranes. It is well understood
that soluble Ag is considered to be more toxic
than coarse or fine particulate, as reflected in
the respiratory regulation by the ACGIH for sol-
uble Ag (0.01 mg/m3) versus the particulate
form (0.1 mg/m3).

Indeed, cell damage from nano Ag was
associated with ROS generated by ionic Ag
(Kittler et al., 2010), while nano TiO2, in the
absence of UV irradiation, failed to generate
substantial ROS both in the absence and in
the presence of macrophages (Rushton et al.,
2010). In addition, there have been several
studies that showed that the mode of action
of Ag nanoparticles against pathogens is related
to their size, shape, and surface area, allowing
for a greater surface for release of Ag ions and
generation of free radicals (Wijnhoven et al.,
2009). There are numerous factors affecting sol-
ubility of Ag nanoparticles, including, but not
limited to, size (Ma et al., 2012), surface coat-
ing (Li et al., 2012; Tejamaya et al., 2012; Zook
et al., 2011), pH (Elzey and Grassain 2010;
Rogers et al., 2012), and the solution concen-
tration of sulfur (Levard et al., 2011) or sodium
chloride (Kent and Vikesland, 2012). The mul-
titude of factors renders an estimation of the
dissolution of the commercial product used in
this study difficult, as the amount of ion ver-
sus particle may change measurably in the time
between manufacturing and end use. However,
the preparation of the sample from NIST was
known to be almost entirely particulate at the
time of exposure, and this sample as a wet
aerosol did not produce significant alterations
in pulmonary or cardiovascular responses.

Several inhalation studies examined res-
piratory exposure to aerosols generated from
Ag in the dry powder form, where only
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A

B

C

FIGURE 9. Cardiovascular changes after pulmonary exposure to silver spray. (A) Heart rate (HR) changes in response to isoproterenol
(ISO). (B) Left ventricular systolic pressure (LVSP) in response to ISO. (C) Mean blood pressure (MBP) in response to norepinephrine (NE).
Values are means ± SEM (n = 6 per group per time point.). Asterisk indicates a significant difference between silver spray and the air
control group (p < .05).

the highest doses (5- to 7-fold higher than
the TLV-TWA of 0.1 μg/m3) for durations
greater than 1 mo produced adverse pul-
monary effects. In an inhalation dose-response
study, Sung et al. (2009) reported that expo-
sure of rats to the highest dose of aerosolized Ag
nanoparticles used (515 μg/m3, 6 h/d, 5 d/wk
for 13 wk or 65 d) produced histopathological
changes that included the following: alveo-
lar inflammation, small granulomatous lesions
in the lung, and bile-duct hyperplasia in the

liver. When exposure duration was increased to
90 consecutive days, decreases in tidal volume
and minute ventilation were noted, in addition
to the alveolar inflammation and small gran-
ulomas reported after the 13-wk (5 d/wk or
65 d) inhalation (Sung et al., 2008). Decreases
in lung function and pulmonary inflammation
recovered to normal levels 12 wk after cessa-
tion of inhalation exposure in female rats, while
recovery was incomplete in male rats (Sung
et al., 2013). It should be noted that total lung
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burdens in the Sung et al. (2009) study were as
much as 40-fold greater than those achieved in
the present investigation due to a longer dura-
tion of exposure and higher doses. In the Sung
et al. (2009) study, a no-observable-effect limit
(NOEL) of 100 μg/m3 for 13 wk (5 d/wk) of
inhalation exposure was reported. Whether the
lung toxicity observed at the high doses in the
studies discussed earlier was due to ion release
over time in lung or the particle itself is difficult
to determine.

Inhalation studies employing lower aerosol
levels and/or shorter durations of exposure
reported no marked changes in blood cell dif-
ferentials or blood chemistry, and minimal lung
inflammation (Ji et al., 2007; Stebounova et al.,
2011). A dry powder aerosol study with com-
parable Ag particle size, dose, and exposure
duration to the present one was performed
by Sung et al. (2011). In this study, rats were
exposed for 4 h to one of 3 doses of dry powder
Ag aerosol (18–20 nm diameter Ag particles):
76, 135, or 750 μg/m3. Lung function, body
weight, and organ weights were monitored at
various time points for up to 2 wk following
exposure. No marked effects were observed.
Similarly, no statistically significant pulmonary
changes were reported in the current inhalation
study examining wet aerosols of Ag, and only
minor cardiovascular changes were observed
with the low-dose commercial spray product
which likely contained Ag ion. No alterations
in cardiovascular measures were found with
the high-dose Ag spray which was known to
contain little soluble Ag relative to particle con-
tent. These studies taken together indicate that
acute inhalation exposure to particulate Ag in
the size range of approximately 20–60 nm
at doses of up 1000 μg/m3 poses minimal
cardiopulmonary hazard, whether the aerosol
is a dry powder or a wet spray. However, this
may not be the case if the wet aerosol con-
tains significant amounts Ag ions, as may be
the case in the commercial product used in this
study, and the concentration of the ion fraction
is high enough to induce toxicity. Further inves-
tigation of exposure to wet aerosols from spray
products with different particle:ion ratios and
concentrations is warranted.
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