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ABSTRACT: With the growing interest in developing silver-based antimicrobials, there is a need to better understand the behavior
of silver within biological systems. To address this, we showed that single-photon emission computed tomography (SPECT) is a
suitable method to noninvasively image 111Ag-labeled compounds in mice. Formed by neutron irradiation of palladium foil, 111Ag
can be rapidly isolated with a high degree of purity and stably incorporated into antimicrobial silver nanoparticles. The imaging
showed that nanoparticles are retained in the lungs for up to 48 h following intratracheal instillation, with limited uptake into the
systemic circulation or organs of the reticuloendothelial system. Furthermore, in a mouse model of pulmonary Pseudomonas
aeruginosa infection, the nanoparticles reduced the bacterial burden by 11.6-fold without inducing the production of pro-
inflammatory mediators. Overall, SPECT imaging with 111Ag is a useful tool for noninvasively visualizing the biodistribution of silver-
containing compounds in rodents. This knowledge of how silver nanoparticles distribute in vivo can be used to predict their
therapeutic efficacy.
KEYWORDS: antimicrobial, nanoparticles, silver, silver-111, imaging, SPECT/CT

■ INTRODUCTION

The antimicrobial activity of silver is well-established.1,2 With
increased resistance to conventional antibiotics, there has been
an interest in developing silver-based antimicrobials, which
show excellent results even against multidrug-resistant
bacteria.3 Colloidal silver nanoparticles (AgNPs) are the
most widely studied silver-based antimicrobial, although
silver-containing organometallic complexes,4,5 polymeric nano-
particles,6,7 and metal-organic frameworks8,9 have all been
reported with antimicrobial activities. Despite claims that silver
is minimally toxic to humans,10,11 silver can induce oxidative
stress and DNA damage in mammalian cells.12−14 Additionally,
bioaccumulation of silver has been detected in marine
animals.15 Because of these concerns, there is a need to
develop techniques to study silver-containing materials in
mammalian systems.
We are interested in noninvasively imaging silver com-

pounds in vivo to discover their tissue distribution and

pharmacokinetics. This has been performed in microscopic
marine organisms using fluorogenic Ag+ sensors and optical
microscopy.16,17 These techniques, however, have limited
translatability to larger animal systems. In mouse models,
silver imaging thus far has mainly relied on indirect radio- or
fluorescent labeling to generate a detectable probe.18−20 These
types of studies rely on the assumption that the silver
compound and label remain conjugated in vivo. Multiple
studies, however, have shown that the primary mechanism of
action of silver-based antimicrobials is through Ag+ release, so
it is inherent within the design of these materials that the active
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agent is released from the probe.21,22 It is, therefore, critical to
specifically measure the silver component of these compounds.
Nuclear imaging with a radioisotope of silver would allow for

the unambiguous detection of silver with a noninvasive
imaging modality. The isotope 111Ag suits this purpose. It
has a half-life of 7.45 days and undergoes 100% β decay (Emax

= 1.04 MeV) into stable 111Cd, with two main γ emissions at
245 keV (1.0%) and 342 keV (7.1%).23 These γ emissions are
suitable for detection by single-photon emission computed
tomography (SPECT).23,24 111Ag can be produced by neutron
irradiation of 110Pd to generate 111mPd and 111Pd,25,26 both of
which give rise to 111Ag by β decay and an isomeric transition
through a short-lived 111mAg intermediate.25,26 The production
and decay scheme for 111Ag is shown in Figure 1A. To date,
there are only a handful of studies that have used 111Ag for
studying silver in biological systems, and we could not find any
that performed 111Ag SPECT imaging. Aweda et al. used 111Ag
γ counting to quantify the biodistribution of silver-loaded
polymeric nanoparticles and silver carbene complexes in
mice.27,28 Chattopadhyay et al. used 111Ag-labeled hydrox-
yapatite particles for radio synovectomy treatment of joint
inflammation.29 They observed retention of their particles in
the joint using γ camera imaging.29

The aim of this study was to evaluate SPECT/CT as a
method to noninvasively image silver-based antimicrobials in
vivo. Here, we developed and optimized a simple and rapid
procedure to isolate 111Ag from neutron-irradiated palladium
and incorporate it into colloidal AgNPs. We administered the
radiolabeled nanoparticles intratracheally to mice and imaged
them at multiple time points up to 48 h with SPECT/CT to
determine their tissue distribution. Lastly, we evaluated the
antimicrobial activity of the AgNPs in vitro and in vivo in a
mouse model of pulmonary Pseudomonas aeruginosa infection.
Overall, this paper highlights the utility of 111Ag SPECT
imaging in the preclinical evaluation of silver-based antimicro-
bials and shows how it can guide the design of silver-based
therapeutics.

■ RESULTS AND DISCUSSION

Separation of 111Ag from Neutron-Irradiated Palla-
dium Foil. 111Ag was formed by neutron irradiation of an
isotopically enriched 110Pd foil (Figure 1A).30 Prior to AgNP
synthesis, the desired silver isotope had to be isolated from the
palladium. Complete removal of palladium was particularly
important since the AgNP synthesis produced particles with a
different size distribution in the presence of trace amounts of
palladium (Supporting Information, Figure S1A).

Figure 1. Preparation of 111Ag for silver nanoparticle radiolabeling. (A) Neutron activation and decay scheme of 111Ag. Data are from NuDat 3.0
(https://www.nndc.bnl.gov/nudat3/). (B) Scheme for the separation of 111Ag from neutron-irradiated palladium foil.
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A carrier-added protocol was used for this separation, which
is outlined in Figure 1B. The palladium foil and 111Ag were first
dissolved and oxidized to Pd2+ and Ag+ in a mixture of nitric
and hydrochloric acids. Once the hydrochloric acid had
evaporated, nonradioactive silver nitrate was added as a carrier
to allow for the precipitation of the 111Ag as silver chloride.
Because palladium chloride salts are highly soluble, the solid
silver chloride could then be isolated. It was then redissolved in
ammonium hydroxide to generate silver diamine chloride
[Ag(NH3)2Cl]. This procedure was performed in under an
hour with a 111Ag recovery of 93% and a palladium removal of
>99.99% (Supporting Information, Figure S1B). It is note-
worthy that cadmium, the decay product of 111Ag, is also

soluble as a chloride salt, so any decayed 111Ag contaminants
would also be removed with this protocol.31

Synthesis and Characterization of 111Ag-Labeled
AgNPs. In our previously reported synthesis of AgNPs, lignin,
a naturally occurring phenolic polymer from plants, was used
as a reducing and capping agent, with silver nitrate as the silver
source.32 These AgNPs could be synthesized in 10 min using
microwave irradiation to rapidly heat the mixture to 120 °C.32

The 111Ag separation procedure produced soluble silver
diamine chloride. While there are many ways to convert this
silver form to silver nitrate,33−35 we found that AgNPs could
be formed from silver diamine chloride directly under
otherwise identical reaction conditions to our previous
synthesis. The scheme for this synthesis is shown in Figure

Figure 2. Synthesis and characterization of unlabeled and 111Ag-labeled AgNPs. (A) Scheme for the synthesis of AgNPs from silver diamine
chloride using lignin as a reducing and capping agent. (B) Intensity percent size distribution of unlabeled and 111Ag-labeled AgNPs in water
measured using dynamic laser light scattering (DLS). (C) UV−vis spectra of unlabeled and 111Ag-labeled AgNPs. (D) TEM image of unlabeled
AgNPs. (E) TEM image of unlabeled AgNPs with a uranyl acetate negative stain to visualize the lignin coating. (F) Core AgNP diameter measured
from the TEM images, n = 120 nanoparticles.
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2A. The AgNPs had a hydrodynamic diameter of 36 ± 6 nm
and polydispersity index of 0.125 ± 0.03 (mean ± SD of 6
batches) (Figure 2B). The ζ-potential of the particles was −52
± 8 mV (mean ± SD of 4 batches). The AgNPs displayed the
characteristic surface plasmon resonance (SPR) absorption for
AgNPs at 420 nm (Figure 2C).36 When viewed with
transmission electron microscopy (TEM) (Figure 2D), the
particles had an average core diameter of 33 nm (Figure 2F).
The lignin coating was visible with a negative stain and was
approximately 2 nm thick (Figure 2E). X-ray diffraction
analysis of the AgNPs confirmed that silver was only in the
reduced Ag0 oxidation state (Supporting Information, Figure
S2). The particles were stable in water and showed no signs of
silver leeching or aggregation after two months of storage
(Supporting Information, Figure S3). The AgNPs formed
aggregates in saline and phosphate-buffered saline (PBS)
(Supporting Information, Figure S4). In serum, the particles
acquired a protein corona which stabilized them from forming
the larger structures observed in saline and PBS (Supporting
Information, Figure S4). The hydrodynamic diameter of
serum-coated AgNPs was roughly stable when incubated at
37 °C up to 48 h, after which it began to decrease (Supporting
Information, Figure S5). When uncoated particles were
incubated in water at 37 °C, the particle size was stable up
to 13 days (Supporting Information, Figure S5).
When 111Ag was incorporated into the AgNPs to make

[111Ag]AgNPs, there was no change in the particle character-
istics (Figure 2B,C). The radiochemical yield for the synthesis
was 83.9%. When this synthesis was performed with non-
radioactive silver, the yield was 84.0 ± 11.4% (mean ± SD of 3
batches), which is very much in line with the radiochemical

yield. During purification of the crude product by ultra-
centrifugation, there were negligible amounts of 111Ag in the
supernatants past the first wash (Figure 3A). This indicates
that the radioisotope was stably incorporated into the AgNPs.

In Vitro Evaluation of AgNP Antimicrobial Activity.
The lignin-capped AgNP synthesis was slightly modified from
previous studies due to the way we extracted 111Ag. To confirm
the antimicrobial activity of the AgNPs produced from silver
diamine chloride, we compared them to lignin-capped AgNPs
produced from silver nitrate, which were highly active against a
variety of organisms.32 Activity against P. aeruginosa and
Acinetobacter baumannii was high in AgNPs produced with
silver diamine chloride, with minimal inhibitory concentrations
(MICs) and minimal bactericidal concentrations (MBCs) in
the low μg/mL range (Table 1). Activity against K. pneumoniae
and Staphylococcus aureus was lower, as found in other studies
on AgNPs.37,38 There was minimal variability in the
antimicrobial activity between batches, and the activity in the
low μg/mL range was retained after one month of storage
(Supporting Information, Table S1).

SPECT/CT Imaging of [111Ag]AgNPs. To determine the
suitability of [111Ag]AgNPs for SPECT, a quantity of known
activity and radionuclidic purity as determined using a High
Purity Germanium (HPGe) detector (Mirion Technologies
(Canberra) Inc., Atlanta, GA) with Genie 2000 software was
imaged in a test tube (Figure 3B), and a γ spectrum was
acquired (Figure 3C). The γ spectrum contained the expected
photopeaks at 245 and 342 keV. As we used the high-energy
collimator, the more abundant 342 keV peak was used to
calculate a calibration factor for quantitative in vivo imaging.

Figure 3. Characterization of 111Ag-labeled AgNPs for SPECT imaging. (A) Quantification of 111Ag in wash supernatants during the purification of
crude particles. Minimal 111Ag was detected after the first wash, showing that 111Ag was stably incorporated into the particles. (B) SPECT/CT
image of 111Ag-labeled AgNPs in a test tube. (C) γ spectrum of photons detected during the acquisition of the image in (B).

Table 1. Antimicrobial Activities of AgNPs Diluted in 50% Water and 50% Mueller−Hinton Broth against Different Bacterial
Strainsa

MIC (μg/mL) MBC (μg/mL)

media: 50% water/50% MHB batch 1 batch 2 batch 3 batch 1 batch 2 batch 3

P. aeruginosa LESB58 2−4 2 2 4−8 8 8
P. aeruginosa LESB65 1−2 1 2 2−8 4 8
P. aeruginosa PA01 4−8 4−8 8 4−16 8 8
S. aureus USA300 >128 >128 >128 >128 >128 >128
A. baumannii 4−8 4−8 8 8−16 4 8
K. pneumoniae 64−128 >128 >128 >128 >128 >128

aMIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration.
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[111Ag]AgNPs were administered intratracheally to healthy
female C57BL/6 mice, and the mice were imaged using
SPECT up to 48 h post administration. A full-body computed
tomography (CT) scan was performed following each scan to
allow for anatomical localization of the 111Ag signal. Each
mouse received, on average, 13.1 MBq of 111Ag, which equates
to a silver dose of 4.0 mg/kg. This dose was well tolerated by
all mice and did not induce any visible signs of respiratory
distress. Figure 4A shows representative SPECT/CT images
acquired at each time point. The [111Ag]AgNPs were primarily
deposited in the lungs, averaging 81.0 ± 6.2% of the
administered dose (% AD) immediately after administration.
The distribution of particles in the lungs was asymmetric
(Figure 4B), which is typical for the intratracheal instillation
method used.39 Most particles were retained in the lungs for
the duration of the study, with 73.5 ± 5.2% AD remaining after

48 h (Figure 4C). High lung retention following pulmonary
deposition has been reported for many AgNPs, though there is
considerable variability between residence times.40,41 Particle
size and surface coating play a large role in the elimination
kinetics. For perspective, Anderson et al. found that 98% of
citrate-coated AgNPs were retained in the lung after 21 days,
while only 9% of poly(vinylpyrrolidone)-coated AgNPs were
retained in the same time frame.40 Since many AgNPs with
different coatings and sizes have been reported, comparisons
between studies are difficult.
The rest of the dose was deposited in the mouth and trachea

during the placement and removal of the catheter−syringe
system for the intratracheal instillation. Some mouth and
trachea deposition was also due to internal back splashing of
the suspension and partial exhaling, which cannot be
completely avoided. An average of 6.2 ± 1.9% AD was

Figure 4. SPECT image analysis of intratracheally administered 111Ag-labeled AgNPs in mice. C57BL/6 mice were administered 4.0 mg/kg (13.1
MBq) [111Ag]AgNPs via intratracheal instillation and were imaged with SPECT/CT up to 48 h. (A) Representative SPECT/CT renderings of the
111Ag signal at each time point. (B) Quantification of the asymmetric 111Ag distribution between lungs for each mouse at the 0.2 h time point. (C)
Quantification of 111Ag signal in the lungs as a percentage of the administered dose; n = 4, mean ± SD. (D) Quantification of the residual 111Ag
dose in the mouth and trachea; n = 4, mean ± SD.
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deposited in the mouth and trachea (Figure 4D). Most of this
was removed within 24 h, with 1.2 ± 0.40% AD still present at
this time point. This remained more or less constant for the
remainder of the study, with 1.1 ± 0.19% AD present at the
final 48 h time point. The radiation signal in the gastro-
intestinal tract (mainly the stomach) after 3 h suggests that
some of the AgNPs deposited in the mouth and throat were
swallowed (Figure 4A). An additional contribution came likely
from the large airways, where AgNPs moved by mucociliary
clearance upward and were then swallowed. This has been
reported for other inhaled nanomaterials.42

Biodistribution of [111Ag]AgNPs. After 48 h, the mice
were sacrificed, organs were harvested, and the amount of
111Ag in each organ was quantified with γ counting. Organs
with the highest 111Ag content are shown in Figure 5 while the
rest of the organs are shown in the Supporting Information,
Table S2. Consistent with the image analysis, most of the
[111Ag]AgNPs were in the lungs (89.3 ± 5.7% AD), though the
image analysis reported a value 18% lower than this. After the
lungs, the organ with the highest silver concentration was the
trachea (22.9 ± 14.1% AD/g), with very minor amounts in the
liver (0.43 ± 0.40% AD/g), small intestine (0.41 ± 0.37% AD/
g), and spleen (0.35 ± 0.13% AD/g).
Uptake into the organs of the reticuloendothelial system

(RES), namely the liver and spleen, was expected. The RES is
well-known for its efficiency in clearing the blood of
nanomaterials, and previous studies have shown high uptake
into the RES for intravenously-administered AgNPs.19 Any
lung-deposited AgNPs that were absorbed into systemic
circulation would have likely been cleared by RES macro-
phages. The low [111Ag]AgNP concentration in the RES (<1%
AD/g) as well as minimal AgNP content in the blood (0.18 ±
0.12% AD/g at 48 h) suggests that few AgNPs were
systemically absorbed.
In Vivo Evaluation of AgNP Antimicrobial Activity.

The AgNPs showed strong antimicrobial activity against three
P. aeruginosa strains and were particularly effective against the
epidemic cystic fibrosis clinical isolate LESB65 in vitro (Table
1). With the imaging results showing excellent lung retention,
we hypothesized that the AgNPs would be effective at treating
pulmonary infections. To test this, we evaluated the

antimicrobial activity of AgNPs in an established mouse
model of acute P. aeruginosa infection.43 AgNPs administered
intranasally at a single dose of 5 mg/kg reduced the bacterial
burden by 11.6-fold after 24 h (Figure 6). Smaller doses of 0.5

and 1.67 mg/kg also reduced the bacterial burden, though the
results were not statistically significant (Figure 6). When the
particles were administered to uninfected mice at 5 mg/kg,
there was no induction of the pro-inflammatory mediators
MCP-1, KC, IL-6, and IL-1α (Figure 7). In addition, the
particles did not alter the levels of P. aeruginosa-induced pro-
inflammatory cytokines (Figure 7). This suggests that the
AgNPs exerted a direct antimicrobial effect instead of killing
bacteria through the modulation of host inflammation.
Treatment of infected mice with AgNPs did not reduce the
amount of pro-inflammatory mediators in the lung.
The in vivo bactericidal activity of AgNPs has been studied

in mouse models of gastrointestinal, intraperitoneal,44 and

Figure 5. Biodistribution of intratracheal 111Ag-labeled AgNPs in mice 48 h after administration. C57BL/6 mice were administered 4.0 mg/kg
(13.1 MBq) [111Ag]AgNPs via intratracheal instillation. After 48 h, the mice were sacrificed, and organs were removed for 111Ag quantification with
γ counting. (A) 111Ag concentration in organs expressed as % AD/g of tissue; n = 4, mean ± SD. (B) 111Ag concentration in organs expressed as %
AD/organ n = 4, mean ± SD.

Figure 6. AgNPs significantly reduced bacterial load in a murine
model of P. aeruginosa infection. P. aeruginosa LESB65-Lux (∼107
CFU) were inoculated dropwise into the left naris of CD-1 mice.
Mice were treated with endotoxin-free H2O (vehicle control) or 0.5,
1.67, or 5 mg/kg AgNPs 24 h post nfection. Lung homogenates were
used to enumerate bacterial burden; n ≥ 4 mice per group, geometric
mean ± geometric SD, *** p < 0.001, according to Kruskal−Wallis
test, followed by Dunn’s correction.
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cutaneous infection.45,46 While we found one report of a
polymeric system designed to release silver in a mouse lung
bacterial infection model, we could not find any literature that
used colloidal AgNPs in a lung bacterial infection model.47 A
wide range of in vivo antimicrobial activities has been reported
for AgNPs, with reductions in bacterial burden ranging from 3-
fold to greater than 100-fold.44−48 Differences in nanoparticle
characteristics, dose, infection model, and route of admin-
istration contribute to this wide range of results in the
literature. Our AgNPs caused an 11.6-fold reduction in P.
aeruginosa in the lungs. While this value is well within the range
of reported in vivo AgNP activities, it is lower than that found
in some studies. Our group has recently used SPECT to
compare three different modes of pulmonary administration,
and intranasal administration resulted in an average lung
deposition of 29%.49 With this knowledge, roughly 36 μg of
the administered AgNPs should have reached the lungs,
resulting in a concentration of 180 μg/g based on an average
lung mass of 0.2 g. Since this value is much larger than the
MBC of these AgNPs against this P. aeruginosa strain, the in

vivo bacterial clearance could have been higher. This argument,
however, assumes a homogeneous distribution in the lungs,
which likely did not occur in vivo.49,50 It is possible that the
AgNPs formed areas of focal accumulations in the lungs with
high levels of bacterial killing, while bacteria continued to grow
in spaces devoid of the AgNPs. The use of a spraying device
could be employed in future studies to assure a more
homogeneous lung distribution.50 In addition, AgNPs and
other nanomaterials are rapidly taken up by alveolar macro-
phages.40,41,51 The resultant reduced levels of extracellular
AgNPs in the lung could have reduced their effective
concentration below the MBC of the AgNPs. Delivery of
AgNPs to the infected sites in the lung, therefore, remains a
barrier to the development of AgNP-based antimicrobials.
Lastly, our study only evaluated the antimicrobial activity of
the AgNPs after a 24-h treatment. With our imaging data
showing that the AgNPs are still present in high amounts up to
48 h, it is possible that more pronounced antimicrobial effects
could have been observed by increasing the treatment time.

Figure 7. AgNPs did not modulate bacterial-mediated immune responses. P. aeruginosa LESB65-Lux (∼107 CFU) was inoculated dropwise into the
left naris of CD-1 mice. Mice were treated with endotoxin-free H2O (vehicle) or 5 mg/kg AgNPs 24 h post infection. Lung homogenates were used
to determine the production of chemokines (A) MCP-1, (B) KC/CXCL1 and pro-inflammatory cytokines, (C) IL-6, and (D) IL-1α; n ≥ 6 mice
per group, geometric mean ± geometric SD, * p < 0.05, ** p < 0.01, according to Kruskal−Wallis test, followed by Dunn’s correction.
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Future studies should evaluate the antimicrobial activity of
these AgNPs at later time points.
Many studies have shown that AgNPs are pro-inflammatory

in the lungs, though this was not observed in our case. This
was unexpected since our dose of 5 mg/kg was high compared
to doses that other groups have used to show inflammatory
responses in the lungs to AgNPs.52−56 The pulmonary
response to AgNPs is characterized by a large influx of
neutrophils, an increase in protein content in bronchoalveolar
lavage fluid, and the release of pro-inflammatory media-
tors.52−55 Although we did not specifically measure neutrophil
levels, the chemokine KC is secreted by mast cells and
macrophages in the lungs and plays an important role in
neutrophil recruitment.53,57,58 It was not upregulated when our
AgNPs were administered. There is less of a consensus on the
MCP-1 and IL-6 response to AgNPs, with some studies
showing they are upregulated and some showing they are
unchanged.53,54,59 Our data suggests that the current dose of
AgNPs does not mediate an acute inflammatory response 1 day
post administration. It is possible that AgNPs may induce a
delayed immune response similar to a previous study by
Botelho et al., which observed upregulation of pro-inflamma-
tory mediator expression after 3 days post-AgNP admin-
istration but not after 1 day.56 Future studies should evaluate
the effects of these AgNPs in the lungs on a longer timescale.

■ CONCLUSIONS
We were interested in validating SPECT imaging as an
effective method to image 111Ag-labeled silver antimicrobials.
To do this, we optimized a protocol for the separation of 111Ag
from neutron-irradiated palladium and subsequently incorpo-
rated the radioisotope into lignin-capped AgNPs. These
AgNPs were intratracheally instilled into mice, which under-
went a series of SPECT/CT acquisitions for the following 2
days. The images showed high retention of the AgNPs in the
lung, and we detected minimal (<1% AD/g) uptake into the
systemic circulation, the liver, or the spleen in the time frame
of this study. We then evaluated the antimicrobial activity of
the AgNPs in a mouse P. aeruginosa infection model with the
rationale that high lung retention would allow for efficient
bacterial killing. Within 24 h, the AgNPs caused an 11.6-fold
reduction in the bacterial burden in mice, and the nano-
particles showed no pro-inflammatory activity. This study
identifies an important role of 111Ag SPECT imaging in the
preclinical development of silver antimicrobials.

■ METHODS
Separation of 111Ag from the Irradiated Palladium Target.

111Ag was produced from 110Pd at the University of Missouri Research
Reactor (MURR) by direct neutron capture via the irradiation of
metallic 110Pd foil targets. Briefly, a piece of enriched 110Pd foil
(98.99% enrichment) weighing 1.18 mg was irradiated for 99.22 h in a
sealed quartz vial in the MURR flux trap (∼1.8 × 1014 n cm−2 s−1

thermal neutron flux position). Eight days after the end of irradiation,
the target (124.7 MBq) was dissolved in 500 μL of 1:4 concentrated
hydrochloric acid: concentrated nitric acid within 1−2 min with light
heating (∼50 °C), then 2 mL of concentrated nitric acid was added,
and the solution was gently evaporated to ∼800 μL to expel any
hydrochloric acid. This solution was diluted with 300 μL of water,
then 50 μL of 118 mM silver nitrate was added. Silver was isolated by
the addition of 200 μL of phosphate-buffered saline (PBS) at pH 7.4
to precipitate silver chloride. The solid AgCl was separated by
centrifugation, then dissolved in 200 μL of 29% ammonium
hydroxide. To generate ultrapure silver chloride, the solution was

diluted with 1 mL of water, then silver chloride was re-precipitated by
the addition of 200 μL of conc. hydrochloric acid. This AgCl was
separated by centrifugation and dissolved in 29% ammonium
hydroxide. The separation efficiency was determined by performing
this procedure in triplicate with nonradioactive palladium and
quantifying the palladium content in the purified solutions using a
fluorescent palladium detection kit (EIAPDAPIF, Thermo Fisher
Scientific). Quantification of 111Ag was performed using a CRC-55tR
dose calibrator (Capintec).

Synthesis of Lignin-Capped AgNPs. Silver chloride was
produced by addition of PBS to aqueous silver nitrate and isolated
by centrifugation. The solid silver chloride was dissolved in 29%
ammonium hydroxide to a concentration of 29.5 mM, and a 1% (w/
v) solution of lignin was made in water. The silver chloride and lignin
solutions were mixed with a silver chloride: lignin volume ratio of 2:3.
This mixture was then heated to 120 °C in an Initiator Microwave
Synthesizer (Biotage) for 10 min. The crude particles were collected
by ultracentrifugation (15,000 rcf × 10 min) and were washed with
ultrapure water until the pH was between 7 and 8 (typically 2−3
washes). Nanoparticle concentrations were determined by lyophiliz-
ing (Labconco Freezone 2.5 Plus, Kansas City, MO) a known volume
in a preweighed test tube overnight and then weighing the amount of
powder left over. For the 111Ag-labeled AgNPs, 101.1 MBq of
[111Ag]AgCl (17.3 MBq/μmol on day of synthesis) in 200 μL 29%
ammonium hydroxide was reacted with 300 μL of 1% lignin.

Characterization of Lignin-Capped AgNPs. UV−Vis Spectros-
copy. UV−vis spectra of AgNP solutions were measured using a
Nanodrop 2000 spectrophotometer (Thermo Scientific). AgNPs were
measured at a concentration of roughly 10 μg/mL in water.
Absorbance values were normalized by the absorbance at 420 nm,
the wavelength of the characteristic surface plasmon resonance (SPR)
band for silver, centered between 400 and 422 nm.36,60

Dynamic Light Scattering and ζ-Potential. Hydrodynamic
diameter and ζ-potential measurements were made in water using a
Malvern Zetasizer ZS 3600 (Malvern PANalytical, Malvern, U.K.).

Transmission Electron Microscopy. Transmission electron mi-
croscopy was performed at the University of British Columbia
Bioimaging Facility. Images were acquired on an FEI Tecnai G20
TEM (FEI Company, Hillsboro, OR). AgNPs in water were
deposited on a Formvar/Carbon coated 200 mesh copper grid that
had been previously glow-discharged. For negative staining, samples
were stained with an aqueous 1% uranyl acetate solution prior to
deposition. Particle sizes were analyzed from the images using ImageJ
software.61

Powder X-ray Diffraction. AgNP samples were lyophilized
overnight, and the resulting powder was spread out with a thin
layer of oil on a glass slide. X-ray diffraction spectra were acquired at
UBC’s Department of Chemistry on a Bruker D8 Advance X-ray
diffractometer (Billerica, MA).

AgNP Serum Stability. AgNPs were dissolved in either water or
mouse serum to a concentration of 0.5 mg/mL in a dynamic laser
light scattering (DLS) cuvette. Samples were incubated at 37 °C, and
the hydrodynamic diameter was measured by DLS at each time point.

Animal Care and Ethics. Animal experiments were performed in
accordance with the Canadian Council on Animal Care (CCAC)
guidelines. All protocols were approved by the University of British
Columbia Animal Care Committee. All mice were obtained from
Charles River Laboratories. For the imaging study, healthy female
C57BL/6 mice (22.0 ± 2.5 g) at the age of 19 weeks old were used.
For the infection model study, healthy female CD-1 mice (25 ± 5 g)
at the age of 7−8 weeks were used. Special care was taken to prevent
contact between infected and noninfected mice. All animals were
housed in cohorts of 4, and standard animal husbandry protocols were
employed.

SPECT/CT Acquisition. The procedure used for intratracheal
instillation (IT) has been described in detail previously.62 Prior to IT,
healthy female C57BL/6 mice (19 weeks old) were anesthetized using
isoflurane via inhalation (5% in oxygen) in an induction chamber.
[111Ag]AgNPs were diluted to a concentration of 592 MBq/mL (4.0
mg/mL) in water on the day of the animal study, and 25 μL of this
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solution was administrated directly to the trachea using a glass syringe
equipped with a blunt-tipped 22G catheter (BD Insyte Autoguard
shielded IV catheter, BD Biosciences, San Jose, CA). The
administered dose was determined by measuring the radioactivity in
the syringe before and after administration. Thereafter, the mice were
transferred to the animal imaging bed and static SPECT images were
acquired at 0.2, 0.4, 2, 5, 24, and 48 h using a preclinical VECTor/CT
scanner63 (MILabs, Utrecht, The Netherlands) equipped with a high-
energy ultrahigh-resolution mouse pinhole collimator (HE-UHR-1.0
mm). CT scans were acquired with a tube setting of 55 kV and 615
μA. During the entire scanning procedure, the mice were kept under
anesthesia with 1.5−2% isoflurane in oxygen, and the body
temperature was maintained constant using an integrated heating
pad in the scan bed. After each scan, the animals were recovered
individually with heat support and nearby access to a HydroGel gel-
based water source (ClearH2O, Portland, ME). Once recuperated
from anesthesia, the animals were returned to their normal group
housing until their next scan.
Images were reconstructed using pixel-based ordered-subset

expectation maximization (POSEM)64 algorithm using 16 subsets,
six iterations, and an isotropic 0.4 mm voxel grid. The energy
photopeak for 111Ag was centered at 342 keV ± 12.5% (25%). All
images were decay-corrected and, using the CT image, attenuation
correction was applied. To convert the reconstructed SPECT images
to activity concentration, a calibration factor was determined by
scanning a point-source phantom with a known concentration of
111Ag, following the procedure described by Wu et al.65

SPECT/CT Image Analysis. The obtained SPECT/CT images
were analyzed using AMIDE,66 a public domain software for medical
imaging data, which was used to generate maximum intensity
projections (MIPs) as well as for placing and analyzing volumes of
interest (VOIs). VOIs were manually drawn inside each tissue/organ
using the CT image to determine the time−activity pattern per target
organ or tissue. The main interest regions were the right and left
lungs. Additional analysis of the mouth and the trachea was
conducted to quantify the residual activity in those areas.
Biodistribution Study. Following the terminal SPECT/CT scan

at 48 h post administration, the mice were euthanized by CO2
asphyxiation under isoflurane anesthesia. The cardiac puncture was
promptly performed to recover blood, and the organs of interest
detailed in Table S2 were harvested. Each organ was weighed, and its
111Ag was activity measured on a calibrated γ counter (Packard Cobra
II Autogamma counter, PerkinElmer, Waltham, MA) using an energy
window from 280 to 400 keV. The amount of 111Ag in each organ was
decay-corrected and expressed as the percentage of the administered
dose per gram (% AD/g) and per organ (% AD/organ).
Bacterial Growth Conditions. All bacteria were streaked onto

Luria−Bertani broth (LB) agar plates (Thermo Fisher Scientific)
from frozen stocks and grown overnight at 37 °C. The following day,
an individual colony was used to make an overnight culture in LB
broth by incubating at 37 °C with shaking at 250 rpm for 16−18 h.
Bacterial growth was monitored by measuring the optical density with
a spectrophotometer (Eppendorf) at 600 nm (OD600). Subcultures
were achieved by diluting overnight bacterial cultures to OD600 = 0.1
and growing to an OD600 = 1. Bacterial subcultures were washed
twice with sterile PBS and resuspended in appropriate media.
Minimal Inhibitory Concentration (MIC) and Minimal

Bactericidal Concentration (MBC). MIC and MBC were
performed similarly to what was described previously.32 Briefly, the
activity of the AgNPs was tested against the Gram-positive isolate S.
aureus USA300 (CDC, 2003) and various Gram-negative isolates,
including A. baumannii (ATCC BAA-747), Klebsiella pneumoniae 124,
P. aeruginosa strain LESB58,67 P. aeruginosa LESB65,43 and P.
aeruginosa PA01. All bacteria were grown as described above.
Testing was done in round-bottom 96 well plates with 50%

Mueller−Hinton broth with either 50% PBS or water and an
inoculum that yielded a final optical density at 600 nm (OD600) of
0.05. Nanoparticles were added in a range of 0.25−128 μg/mL into a
total volume of 100 μL. Microplates were shaken at 37 °C for 24 h.
Turbidity or cell pellets indicated bacterial growth. The first well

without visible growth was determined as the MIC. To determine the
MBC, 10 μL of each well from the MIC plate was plated onto LB agar
plates and incubated for an additional 24 h at 37 °C. All tests were
performed at least in triplicates.

In Vivo Intranasal Infection Model. The intranasal infection
model was performed as previously described.43 Briefly, P. aeruginosa
LESB65 subcultures were washed twice with sterile PBS and further
adjusted to 0.5 × 109 CFU/mL. Twenty microliters (20 μL) of
bacteria were instilled into the left naris of female CD-1 mice under
anesthesia (2.5% isoflurane). Animals were monitored and given heat
support immediately following the infection. All animals were allowed
to recover from anesthesia before returning to cages. Mice were
treated with endotoxin-free water (vehicle control) or 0.5, 1.67, or 5
mg/kg AgNPs 24 h post infection.

At the experimental end point 24 h after infection, mice were
euthanized by intraperitoneal injection of sodium pentobarbital (120
mg/kg), followed by cardiac puncture. Whole lungs were collected in
sterile PBS and homogenized using Mini Beadbeater-96 cell disrupter
(BioSpec Products) for 5 min. Serial dilutions of lung homogenates
were used to enumerate bacterial burden, and the remaining liquid
was stored at −200 °C until further use in protein quantification via
ELISA according to the manufacturers’ descriptions. Fold changes in
bacterial burden were calculated as the geometric mean CFU per
gram of lung tissue in the vehicle control group divided by the
geometric mean CFU per gram of lung tissue in the treatment group.
IL-6 was determined with a mouse assay (Cat14-7061-81 and 13-
7062-81; Thermo Fisher, Burnaby, BC, Canada) and IL-1α as well
(Cat# DY400, R&D Systems Inc., Minneapolis, MN). The chemokine
KC was analyzed with a CXCL1/KC duo set assay (Cat# DY453-05,
R&D Systems Inc., Minneapolis, MN), and the chemokine MCP-1
(Cat# 14-7091-81 and 13-7096, Thermo Fisher, Burnaby, BC,
Canada), with a monoclonal antibody assay.

Statistical Analysis. Unless stated otherwise, all data are
presented as the arithmetic mean ± 1 standard deviation. Prism 9
software (GraphPad, San Diego, CA) was used to perform all
statistical tests. All experiments were performed at least in triplicate.
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