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Abstract

Nanomaterials increasingly are playing a role in society for uses ranging from biomedicine to
microelectronics; however pharmacokinetic studies, which will be necessary for human health risk
assessments, are limited. Currently the most widely used nanoparticle in consumer products is
silver (Ag). The objective of this study was to quantify the local biodistribution of two types of Ag
nanoparticles, Ag-citrate and Ag-silica, in the isolated perfused porcine skin flap (IPPSF). IPPSFs
were perfused for 4 h with 0.84 pg/ml Ag-citrate or 0.48 png/ml Ag-silica followed by a 4-h
perfusion with media only during a washout phase. Arterial and venous concentrations of Ag were
measured in the media by ICP-OES. Venous concentrations of Ag for both types of nanoparticles
were best fit with a two compartment model. The normalized volumes of distribution estimated
from the noncompartmental analysis of the venous concentrations indicated distribution of Ag
greater than the vascular space, however, because total Ag was measured, the extravascular
distribution could be attributed to diffusion of Ag ions. The estimated clearance for both types of
Ag nanoparticles was 1 ml/min, which was equal to the flap perfusion rate, indicating no
detectable elimination of Ag from the system. By 4 hrs following infusion of the Ag nanoparticles,
the recovery of Ag in the venous effluent was 90 = 5.0% and 87 + 22 % of the infused Ag for Ag-
citrate and Ag-silica, respectively.
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INTRODUCTION

Nanoparticles are playing an increasingly important role in society through a variety of
applications ranging from electronics to medicine. Largely due to its antimicrobial
properties, silver (Ag) is currently the most widely used nanoparticle in consumer products
and can be found in textiles, medical devices, contraceptives, water disinfectants, and room
sprays, (Woodrow Wilson International Center for Scholars, 2011). Because of the
widespread use of Ag nanoparticles and thus potential intentional and accidental exposure
(Chen and Schluesener, 2008) the health risks of Ag nanoparticles need to be assessed,
particularly the dose-response relationship. As with exposure to other chemicals in the
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environment, the pharmacokinetics of nanoparticles will be important for correlating dose
with target tissue concentration and potential adverse event (Hagens et al, 2007; Riviere,
2009).

There have been several studies investigating in vivo pharmacokinetics of Ag nanoparticles
in rodents (Kim et al., 2008; Kim et al., 2010; Garza-Ocanas et al., 2010, Park et al., 2010).
Garza-Ocanas et al. (2010) studied BSA-coated Ag nanoparticles (core diameter 2 nm)
deposition in rats after intraperitoneal injection. The highest concentration of Ag after
exposure was found in reticuloendothelial tissues, and intact nanoparticles were detected in
tissues images analyzed by TEM and STEM. Garza-Ocanas et al. detected Ag, but not intact
nanoparticles, in the brain. Kim et al. (2008) exposed male and female Sprague-Dawley rats
for 28 days by oral gavage to 30, 300 or 1000 mg/kg Ag nanoparticles (diameter range 52.7—
70.9 nm) and detected Ag in all tissues following exposure. In a subchronic study with male
and female mice exposed to Ag nanoparticles (diameter 60 nm by TEM) by oral gavage for
90 days to 30, 125 and 500 mg/kg, Ag was again detectable in all tissues sampled at the end
of the 90 day exposure, and the tissue concentration increased nonlinearly with dose (Kim et
al., 2010).

In addition, several studies have reported plasma concentrations of Ag in humans following
medical treatment of wounds with Ag (Trop et a., 2006) or ingestion of Ag colloids
(Bowden et al., 2011). Trop et al. (2006) studied the disposition of Ag in humans who were
being treated with Ag-coated wound dressings. Agryia was noted in patients, as well as an
increase in liver enzymes in serum. Whether the effects are the result of Ag nanoparticles
gaining access to the systemic circulation and distributing to other regions or from
dissolution of Ag ions from the nanoparticles is not known.

There have been several studies investigating the in vitro cellular uptake or in vivo
pharmacokinetics and have demonstrated differences in uptake and distribution for Ag
nanoparticles with different physicochemical properties including size, shape, and charge
(Croteau et al., 2011; Farkas et al, 2011; Lankveld et al., 2010). Croteau et al. (2011)
reported differences in the bioaccumulation of Ag in the invertebrate Lymnaea stagnalis (the
great pond snail) exposed to dissolved AgNO3 versus Ag-citrate or humic-acid-coated Ag
nanoparticles. Farkas et al. (2011) studied Ag uptake into cultured gill cells exposed to
AgNO3, Ag-citrate or polyvinyl pyrrolidone (PVP)-coated Ag nanoparticles. While ionic Ag
had the greatest uptake, the uptake of Ag-citrate was greater than the PVVP-coated Ag
nanoparticles despite PVP particles displaying greater transmembrane diffusion. Lankveld et
al. (2010) looked at the distribution of 3 sizes of Ag nanoparticles (20, 80, and 100 nm) in
rats after intravenous injection. For 80 and 100 nm Ag nanoparticles the predominant sites
of accumulation were liver, lungs, and spleen, while the 20 nm did not accumulate. Since all
studies have measured total Ag in the tissues and media, the portion of the uptake and
distribution due to intact nanoparticles versus Ag ions is currently not known.

There have been recent efforts to develop physiologically based pharmacokinetic (PBPK)
models for nanoparticles, which will be useful tools for predicting nanoparticle distribution
to assist with extrapolation of responses from in vitro and in vivo. Preliminary work has
been published for quantum dots (Lee et al., 2009; Lin et al., 2008) and Ag (Lankveld et al.,
2010). One of the issues in the development of the models is the need to accurately describe
the distribution of the nanoparticles in the tissues, as the blood-flow limited model most
commonly used for chemicals (International Programme on Chemical Safety, 2010) will not
be appropriate for nanoparticles (Lee et al., 2009; Lin et al., 2008; Lankveld et al., 2010).
For the Ag PBPK model Lankveld et al. (2010) described uptake into tissues as a first order
rate process. Information is still needed to develop relationships to help predict the rates of
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diffusion of the Ag nanoparticles as well as the Ag ions formed from dissolution of the
nanoparticles into the various tissues.

The objective of this study was to quantify the local biodistribution of two types of coated
Ag nanoparticles in the ex vivo tissue perfusion system, the isolated perfused porcine skin
flap (IPPSF). IPPSF is representative of intact skin, a target tissue of interest for Ag, and
may provide information on rates of distribution in skin to assist in the development of
mathematical models to predict the pharmacokinetics of Ag in vivo. The IPPSF recently has
been used to investigate the distribution of quantum dots (Lee et al., 2007) and fullerenes
(Leavens et al., 2010), the latter of which were shown to primarily distribute only in the
vascular space of the flap. The study used two different types of Ag nanoparticles, Ag-
citrate and silica-coated Ag, to investigate potential differences in the local biodistribution
due to physicochemical properties such as size and surface charge. Like previous
pharmacokinetic studies with Ag, this system measured both the Ag nanoparticles and Ag
ions present in the media.

MATERIALS AND METHODS

Animals

Materials

Female, weanling, Yorkshire/Landrace cross pigs (20-30 kg, n=4) were acclimated for one
week prior to surgery. Both prior to and following surgery, the pigs were housed singly in an
AALAC-accredited facility on an elevated floor and provided water (ad libitum) and 16%
min protein pellets (PMI Nutrition International, LLC, Brentwood, MO). For the surgery the
animals were initially anesthetized with a mixture of telazol, ketamine, and xylazine
administered intramuscularly, followed by isoflurane by inhalation for the duration of the
surgical procedure (Bowman et al., 1991). After surgery the pigs were given banamine (2
mg/kg) to alleviate pain and discomfort. The IPPSF model allows biodistribution studies to
be conducted when the tissue has been removed from the animal, thereby minimizing
numerous cannulations and distress to animals. The IPPSF was originally touted as an
humane alternative animal model both by the Psychologists for the Ethical Treatment of
Animals (Bernstein, 1987) and by listing in the ECVAM registry.

The citrate BioPure™ Ag (20nm) and silica-coated (40nm) Ag nanoparticles were provided
by nanoComposix. In addition to the size and zeta potential provided by nanoComposix
(Table 1), the stability of the nanoparticles in the perfusion medium as indicated by Ag
agglomeration was determined by dynamic light scattering (DLS). The nanoparticles were
placed in perfusate at a target concentration of 0.855 g/ml and incubated at 37°C for 8 h to
mimic infusion conditions in the flap. The size of the nanoparticles was determined by DLS
on a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at 0, 4, and 8 h.

Preparation of perfusion media

The IPPSF perfusion media (modified Krebs/Ringer’s buffer) consisted of a Krebs-Ringer
bicarbonate buffer solution (pH 7.4) containing the following in g/liter: NaCl, 6.89; KC1,
0.36; CaCl,, 0.28; KHyPQy, 0.16; MgSOy4 -7H50, 0.30; NaHCO3, 2.75; dextrose, 1.2; and
bovine serum albumin (Cohn Fraction V), 45. The media also contains the antibiotics
Amikacin (0.0315 g/L) and Penicillin G (12,500 units/L) and the anticoagulant sodium
heparin (5000 units/L).

Preparation of IPPSF

The details and diagrams of the preparation of IPPSFs and the perfusion apparatus used for
the study can be found in the original research articles by Bowman et al. (1991) and Riviere
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et al. (1986), as well as in a review by Riviere and Monteiro-Riviere (1991). One difference
in the current study was the use of a single flow-through perfusion with separate arterial and
venous reservoirs for media, compared with the originally designed recirculating system.
Previous examples for the use of IPPSF to study nanoparticle distribution included Leavens
et al. (2010) and Lee et al. (2007).

Briefly, two single pedicle, axial pattern flaps with intact microvascular were surgically
prepared in the inguinal region of each pig, one per side. At 48 h post surgery, the skin flaps
were cannulated, harvested, and flushed with heparinized saline, then transferred to the
perfusion apparatus, which was enclosed in specially designed temperature and humidity-
regulated plexiglass chamber to maintain a temperature of 37°C and humidity of 60 to 80%.
The flaps were perfused with media at a flow rate of 1 mL/min for one h prior to exposure to
Ag nanoparticles, while arterial and venous media was collected and to analyze Ag.

Perfusion of IPPSFs with Ag-citrate or Ag-silica

The IPPSF were infused with citrate BioPure Ag (n=5) and silica-coated Ag (n=5) at a
concentration of 342 g in 400 ml of media (0.855 pg/ml) for 4 h (dose phase), followed by
an additional 4-h media perfusion (wash-out phase). Arterial and venous media were
sampled at 5 min intervals for the first 30 min, at 15 min intervals from 30 min to 2 h, and at
30 min intervals from 2 h to 4 h. For the washout phase the venous media was sampled at
the same intervals as the dosing phase, while the arterial media was only sampled each hour.

Analysis of perfusion media

Analysis of arterial and venous samples for Ag was performed with a Model 2000DV Perkin
Elmer inductively coupled plasma optical emission spectrometer (ICP-OES). Samples (500
pl) were pipetted into 15 ml polypropylene tubes and 1 ml of 15.8 M nitric acid was added
to each sample. Samples were digested at room temperature for at least 6 h, after which
silica-coated samples received an addition of 0.1 ml of 29 M hydrofluoric acid to digest the
coating. Samples subsequently were heated in a water bath at 95°C for 30 min and then
cooled. The samples were brought to a final volume of 5 ml by the addition of 2%
hydrochloric acid, shaken, and then analyzed at the appropriate wavelength for Ag (328.069
nm). A laboratory check standard was analyzed every 6 samples, and the standard curve
rerun for any difference greater than + 5%. No carryover was observed in the sample
transport system. A glass Meinhardt nebulizer and cyclonic spray chamber were used for the
highest sensitivity for the Ag samples, while a PFA opal mist nebulizer and cyclonic spray
chamber were used for the samples containing hydrofluoric acid. Standards were prepared
with backgrounds matched to the samples. An internal standard was run with the samples
adjoined to the sample transport line to correct for minor differences in sample transport and
background matrices. If the internal standard varied more than 20%, the analysis was
stopped and the sample torch was cleaned. Method blanks were prepared in the same
manner as samples and analyzed for Ag background.

Analysis of Arterial and Venous Ag concentration data

The overall mass balance equation for the flap is given below in equation (1), where Cg;is
the infused arterial concentration, C,p, is the venous concentration from the flap, Vjppsgeis
the volume of the flap, and N, is the irreversible loss from the system.

dc
V o — Q( Cart—Clen )—N, loss (1)

IPPSF dt

At steady state
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dc

IPPSE _ )

i @

Therefore

NlosszQ(Cart_Cven) ®3)

The extraction percentage, which is the percentage of the influx eliminated can be calculated
as

Carf _Cven

YoExtraction=100 + ————— (4)

Cart

The system was assumed to be at steady state when an ANOVA for the effect of time on the
arterial and venous concentration was no longer significant at p < 0.05.

Phoenix WinNonLin v 6.1 (Pharsight Corporation, Cary, NC) was used to perform both a
noncompartmental analysis (NCA) and compartmental analysis of the Ag concentration data
in the venous effluent from the flap. The analysis was performed on each individual skin
flap, and a visual fit was used to determine the best model.

The area under the curve was calculated from time 0 to the last time point (AUCyas;) for the
arterial and venous Ag concentrations. The ratio of AUC; st for the arterial versus the
venous was used to determine a percentage recovery on the Ag infused according to the
following equation:

ven

%Recovery=100 + ———

The percent extraction and percent recovery between the two types of media were compared
for statistically significant differences with a two-tailed t-test at p<0.05.

The properties of the two types of Ag nanoparticles and their respective concentrations in
the perfusion media are listed in Table 1. The Ag-citrate and Ag-silica did not agglomerate
over time in the perfusion media at the exposure concentrations used; the diameter measured
by DLS decreased between 0 and 8 h for both particle types (not shown). The actual
concentration of Ag measured in the media includes the Ag both from the nanoparticle, as
well as possible free ions of Ag present in the media from dissolution during storage in an
aqueous environment (Kittler et al., 2010). While the actual concentration of Ag for the Ag-
citrate particles was within range of the targeted concentration, the measured concentration
of Ag for the Ag-silica particles was only 56% of the target concentration. This may be
caused by the silica coating masking the Ag to provide incomplete analysis.

The arterial and venous concentration profiles (X + SD) for the Ag-citrate and Ag-silica
particles are shown in Figure 1. While the arterial concentrations of Ag for both types of
particles remained steady during the 4 h infusion, the venous concentrations of Ag for both
types did not reach steady state. Therefore the extraction ratio could not be determined for
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either Ag-silica or Ag-citrate to determine if there was irreversible cellular uptake of either
the Ag nanoparticle or Ag ions, which may have been present in the media.

The individual concentration versus time profiles for the Ag-citrate and Ag-silica perfusions
were analyzed by a noncompartmental analysis. The analysis was conducted on all 5 flaps
for Ag-citrate, but only 4 of the flaps for Ag-silica, since one of the flaps had an inadequate
washout phase data. For that flap only the 5-min post-exposure time point had
concentrations of Ag above the LOD (0.002 pg/ml). A summary of the mean and SD for the
estimated parameters are listed in Table 2. The PK parameters, including tyonz, MRT, V3,
Vgss, and Cl, were not significantly different between the two Ag nanoparticle types. The
larger values for Ag-silica were due to an individual flap whose concentration profile for Ag
varied significantly from the other three analyzed. The larger AUCy.« was due to the higher
infusion concentrations of the Ag-citrate compared with the Ag-silica. The mean of
clearances in the flap (CI) was equal to the perfusion flow rate through the flap.

While the extraction ratio could not be determined, the AUC_y55t for the arterial
concentration and the AUCy.oo for the venous concentrations of Ag were used to calculate a
percentage recovery of the Ag (Figure 2). The percentage recoveries of Ag during and
following the perfusion of the IPPSFs were 87 + 22 % and 90 + 5 % for Ag-silica and Ag-
citrate, respectively, which were not significantly different between the two nanoparticle
types because of the large variability in Ag concentrations among flaps. While the steady-
state arterial concentrations of Ag for the silica-coated nanoparticles varied among flaps 6.8
to 23% for the different time points, the venous concentrations of Ag varied 30 to 49%
among the flaps at the sampled time points.

The calculated V4g5 Was normalized to the flap weight to determine whether the Ag from the
perfusion appeared to be localized to the vascular space or was diffusing out into the
interstitial or intracellular space. One change that was noted from the perfusion studies was a
large change in the flap weight (Figure 3A), which was significantly different than observed
previously with IPPSF studies with chemicals and nCgq. Therefore, the Vyss was normalized
to both the weight of the flap prior to infusion and the weight of the flap at the end of the
study for comparison. Although the Ag-silica had a larger normalized V 4¢5 based on both the
pre weight and post weight of the flap, it was not statistically different from Ag-citrate,
again due to the large variability in the Ag-silica perfusions. The means of the normalized

V 4ss for the pre and post weights, respectively, were 0.716 + 0.363 and 0.412 + 0.22 L/kg
for Ag-citrate and 1.96 + 2.46 and 1.39 * 1.83 L/kg for Ag-silica.

Because V, was larger compared with Vs, consistent with a multiple compartment
distribution, the individual venous Ag concentrations were analyzed with a two
compartment model for an iv infusion. The average of the arterial concentrations for all time
points in each flap was used as the infusion concentration. All flaps for Ag-citrate were well
fit by the two compartment model, however only 2 of the 5 flaps for Ag-silica could be
analyzed. As mentioned for the NCA, one flap had only one post-exposure time point with a
measureable Ag concentration, and the other two flaps did not have a venous concentration
profile that was consistent with the iv infusion model with a central and peripheral
compartment. The values for parameters from the two compartment analysis are listed in
Table 3; the mean and SD of the estimates are listed for Ag-citrate, while the individual
values for the two flaps for the Ag-silica are listed for comparison. In all the Ag-citrate
nanoparticles and in one of the Ag-silica flaps, the distribution phase was not pronounced
with ratios of ky,/kyq of 0.5 to 0.73, while for the other Ag-silica flap there appeared to be
an extensive distribution phase (kqo/ky1 = 4.1). However, as shown by the larger terminal
phase half life (ty/2g) compared with the elimination half life (t1/2ejim), the rate of
distribution from the peripheral compartment limited the rate of elimination from the flap.
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Similar to the results with the NCA, the systemic clearance (ki9*V1) was approximately 1
ml/min and reflected the perfusion flow rate used in the study. There was insufficient data to
determine if the Ag distribution from the Ag-citrate nanoparticles differed significantly from
Ag-silica.

DISCUSSION

As the use of nanoparticles in consumer products increases, the potential for accidental
exposure from environmental contamination in addition to intentional exposure due to
cosmetic or medical use increases. Currently the lifecycle of nanoparticles from source to
distribution in the environment leading to exposure and ultimately target tissue dose is
poorly defined, although there have been recent efforts to begin to fill in critical data gaps
(Gottschalk and Nowack, 2011). Ag is the most widely used nanoparticle in consumer
products (Woodrow Wilson International Center for Scholars, 2011) and there have been
recent studies of its pharmacokinetics in vitro and in vivo, including development of a
preliminary PBPK model in rodents (Lankveld et al. 2010), to better aid in prediction of
target tissue doses from exposure to Ag nanoparticles. The purpose of this research was to
quantitate the biodistribution of two types of Ag nanoparticles in an ex vivo skin model, to
begin to provide quantitative information to help determine the dose response relationship of
Ag exposure and potential toxicity.

Soluble forms of Ag have been shown to distribute systemically from ingestion, inhalation
or dermal exposure (Drake and Hazelwood, 2005). One of the target tissues for Ag is the
skin, in which it results in argyria, noted by a bluish gray discoloration. Historically cases of
argyria were noted from medical treatments and occupational exposure, and more recently
are being noted from consumption of Ag colloids in dietary supplements and from use of
Ag-coated wound dressings. There have been recent reports in the literature of individuals
who have developed argyria following ingestion of colloidal Ag for alternative medicinal
purposes (Drake and Hazelwood, 2005). The US Food and Drug Administration recently
issued a consumer advisory for dietary supplements containing Ag (U.S. Food and Drug
administration, 2009). Vlachou et al. (2007) showed that Ag was systemically available in
burn patients treated with Acticoat, a wound dressing coated with nanocrystalline Ag. The
serum concentrations increased with increased exposure to Acticoat, with maximum
concentrations ranging from 0.0048 to 0.23 mg/L (mean=0.0834 mg/L), but returned to
normal within 6 months of treatment. Trop et al. (2007) noted the argyria-like symptoms and
elevated Ag plasma (0.107 mg/L) in a burn patient treated with Acticoat. One difference in
symptoms noted in the individuals treated with Ag-coated wound dressings is that the skin
discoloration was reversible, whereas historically argyria has been considered an irreversible
disorder with no known cure, including the use of metal chelators.

The current available data on the development of argyria following exposure to Ag is not
adequate to define a dose response for ingestion or dermal exposure to Ag-containing
products and development of argyria. The US Environmental Protection Agency has
established a reference dose (RfD) of 0.005 mg/kg/day to be an estimate of a daily oral dose
without appreciable deleterious effects over a lifetime (US Environmental Protection
Agency, 1991), but the assessment is based on the dose response for argyria from a study of
Ag in humans administered Ag arsphenamine intravenously (Gaul and Staud, 1935). As
noted in the FDA advisory, argyria may develop quickly following large doses or slowly
following chronic exposure to low doses. Pharmacokinetic data is needed on the distribution
of Ag into the skin from exposure to Ag nanoparticles.

The infusion conditions used in the IPPSF in this study were similar to possible in vivo
exposures of the skin compartment to systemically absorbed Ag nanoparticles. The flow rate
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in the flap was 1.0 ml/min, which was a normalized flow rate of 2.6 to 6.8 ml/min/100g.
Regional blood flow rates for skin in humans have been reported to be 3.3 to 8.6 ml/min/
100g (Williams and Leggett, 1989). In addition the media concentrations of the two Ag
nanoparticles, 0.840 mg/L and 0.480 mg/L for Ag-citrate and Ag-silica, respectively, used in
this study were a similar magnitude compared with plasma concentrations noted in humans
exposed to Ag-containing products. Blood concentrations of Ag for argyria patients have
been reported in the range of 0.005 mg/L to as high as 0.5 mg/L. Kim et al. (2009) reported
serum concentrations of 0.381 mg/L in a woman who had been ingesting 0.63 mg/kg/day of
Ag colloid for 16 month and was diagnosed with argyria.

Unlike previous infusions with nCgq particles (Leavens et al., 2010), the NCA analysis
results indicated that the Ag from the nanoparticle infusions distributed outside of the
vascular space, most likely into the interstitial fluid, since the normalized volumes of
distribution at steady state (Vyss) Were greater than 0.2 L/kg for both the Ag-citrate and Ag-
silica. In addition to the Vs being larger than 0.2 L/kg, the estimated terminal volume of
distribution (V) was approximately 3 to 6 times greater than Vg, indicating that the Ag in
the perfusion media was distributing between multiple compartments within the flap. This
distribution from the vascular space may represent either Ag ions or intact nanoparticles,
since the ICP-OES method used in the study measured total Ag in the media. However,
since the arterial capillaries of the flap, if intact, would be expected to be lined with
continuous, nonfenestrated endothelial cells, the Ag ion is most likely the form diffusing
across the membrane.

Although the venous concentration profiles for Ag did not reach steady state during the
infusion so that an extraction ratio could be estimated, the estimated recovery of the infused
Ag was essentially 100% for both types of Ag nanoparticles. In addition the estimated
clearance of Ag from the flap was 1.0 ml/min, which was the flow rate of the media through
the flap. Therefore, in this system there did not appear to be irreversible uptake of Ag into
cells of the flap as has been seen in vitro with HEK cell cultures (Samberg et al., 2010).
However if the rate of uptake into cells is slow, the length of infusion may not have been
adequate to quantitate the rate of uptake. Based on the mechanism of action for the
development of argyria in the skin following Ag exposure, Ag would be expected to be
irreversibly distributed to cells. Lankveld et al. (2010) included both an irreversible fraction
and freely distributed fraction of Ag in the tissues of their PBPK model for Ag. Their PBPK
model did not specifically include skin because of the focus on the liver and brain and the
responses in those tissues, but did include a remaining tissue compartment, which would
include the skin. The predicted steady state concentration ratio between the central and
peripheral compartment concentrations in this study, which equals k15*V1/kp1*V>, range
from 0.99 to 1.1, similar to the tissue blood partition value, which represents reversible
distribution, for the remaining tissue compartment in the Lankveld PBPK model.

The results from this study can provide guidance for developing mathematical models to
predict Ag distribution in vivo for use in dose response models for skin toxicity. For the skin
compartment, the distribution of Ag between the blood and interstitial fluid will be best
represented as a central and peripheral compartment with slow uptake into cells in the
dermis. However this data is a preliminary step in the process, since the current work is
similar to other pharmacokinetic studies with Ag nanoparticles and cannot distinguish the
intact particle kinetics from those of the Ag ions (Johnston et al. 2010), which will be
important to describe in vivo. The results of this study also did not indicate a difference in
the distribution between the Ag-citrate and the Ag-silica particles, however the results for
the Ag-silica infusions were highly variable. More research is needed to determine whether
there will be pharmacokinetic differences among Ag nanoparticle types in vivo.
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Avrterial and venous Ag concentrations versus time both during infusion and washout of A)
Ag-citrate and B) Ag-silica nanoparticles.
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Figure 2.
Percentage recovery of the Ag infused into the flap in the venous effluent for both Ag-citrate

and Ag-silica. There was no significant difference in recovery between the two types of
nanoparticles.
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Figure 3.

A) Weight of flaps prior to (pre weight) and following (post weight) perfusion for Ag-citrate
and Ag-silica and B) Comparison of the estimated volume of distribution at steady state
normalized to the preweight and postweight for both types of Ag nanoparticles.
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