Title: Biokinetics and Biodynamics of Nanomaterial Interactions

USAFOSR Contract Number: FA9550-08-1-0182

Final Report Period: March 1, 2008 — June 30, 2009
Program Manager: Walter Kozumbo, Ph.D.

Principal Investigators: Nancy A. Monteiro-Riviere, Ph.D.
Co-Investigators Jm E. Riviere, D.V.M, Ph.D.DSc(hon)

Xin-Rui Xia, Ph.D.

Principal Investigator: Nancy A. Monteiro-Riviere, Ph.D., FATS, ACT
Professor of Investigative Dermatology and Toxicology
Center for Chemical Toxicology Research and Pharmacokinetics
North Carolina State University
4700 Hillsborough Street
Raleigh, NC 27606
Telephone: (919) 513-6426
Fax: (919) 513-6358
E-mail: Nancy_Monteiro@ncsu.edu



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
30 SEP 2009 2 REPORT TYPE 01-03-2008 to 30-06-2009
4. TITLE AND SUBTITLE 5a CONTRACT NUMBER

Biokinetics And Biodynamics Of Nanomaterial I nteractions 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
North Carolina State University,Center for Chemical Toxicology | NUMBER
and Phar macokinetics,4700 Hillsborough Street,Raleigh,NC,27606 | - AFRL-OSR-VA-TR-11-045

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONY M(S)

11. SPONSOR/MONITOR'S REPORT NUMBER(S)
AFRL-OSR-VA-TR-11-045

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
a. REPORT b. ABSTRACT c. THISPAGE Same as 63
unclassified unclassified unclassified Report
(SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



Table of Contents

A. Executive Summary
B. Studies with Silver Nanoparticles
Introduction
Materials and Methods
Results
Discussion
C. Studies with Aluminum Nanoparticles
Introduction
Materials and Methods
Results
Discussion
D. Studies with nCgo Nanoparticles
Introduction
Materials and Methods
Results
Discussion
E. Studieswith Ag, Al, and nCs, Nanoparticles
Materials and Methods
Results and Discussion
F. References
G. Appendix |: Publications and Abstracts



A. Executive Summary

A requirement to assess toxicity of nanomaterials is to assess their interactions with
available viahility assays. Single-walled carbon nanotubes (SWCNT), fullerenes (Cgo), carbon
black (CB), nCgo, and quantum dots (QD) were studied in vitro to determine their toxicity in a
number of cell types. The classical dye-based assays such as MTT and neutral red (NR) that
determine cell viability produced invalid results with some NM (nanomaterials) due to NM/dye
interactions and/or NM adsorption of the dye/dye products. In this study, human epidermal
keratinocytes (HEK) were exposed in vitro to CB, SWCNT, Cg, NCgo, and QD to assess viahility
with calcein AM (CAM), Live/Dead (LD), NR, MTT, Celltiter 96 AQueous One (96 AQ),
damar Blue (aB), Celltiter-Blue® (CTB), CytoTox One™ (CTO), and flow cytometry. In
addition, trypan blue (TB) was quantitated by light microscopy. Assay linearity (R* value) was
determined with HEK plated at concentrations from O to 25,000 cells per well in 96-well plates.
HEK were treated with seria dilutions of each NM for 24 h and assessed with each of the
viability assays. TB, CAM and LD assays, which depend on direct staining of living and/or dead
cells, were difficult to interpret due to physical interference of the NM with cells. Results of the
dye-based assays varied a great deal, depending on the interactions of the dye/dye product with
the carbon nanomaterials (CNM). The optimal assay for use with carbon and noncarbon NM was
96 AQ. Unlike small molecules, CNM interact with assay markers to cause variable results with
classical toxicology assays and may not be suitable for assessing nanoparticle cytotoxicity.
Therefore, more than one assay may be required when determining nanoparticle toxicity for risk
assessment.

Quantum dots were used to determine endocytic pathways of nanoparticles (NP). Due to
the superior photoemission and photostability characteristics, quantum dots (QD) are novel tools
in biological and medical applications. However, the toxicity and mechanism of QD uptake are
poorly understood. QD NP with an emission wavelength of 655 nm are ellipsoid in shape and
consist of a cadmium/selenide core with a zinc sulfide shell. It was shown that QD with a
carboxylic acid surface coating were recognized by lipid rafts but not by clathrin or caveolae in
human epidermal keratinocytes (HEK). QD were internalized into early endosomes and then
transferred to late endosomes or lysosomes. In addition, 24 endocytic interfering agents were
used to investigate the mechanism by which QD enter cells. Our results showed that QD
endocytic pathways are primarily regulated by the G-protein—coupled receptor associated
pathway and low density lipoprotein receptor/scavenger receptor, whereas other endocytic
interfering agents may play arole but with less of an inhibitory effect. Lastly, low toxicity of QD
was shown with the 20nM dose in HEK at 48 h but not at 24 h by the live/dead cell assay. QD
induced more actin filaments formation in the cytoplasm, which is different from the actin
depolymerization by cadmium. These findings provide insight into the specific mechanism of
QD nanoparticle uptake in cells. The surface coating, size, and charge of QD NP are important
parameters in determining how nanoparticle uptake occurs in mammalian cells for cancer
diagnosis and treatment, and drug delivery.

The toxicity of silver nanoparticles (Ag NP) was evaluated. Products utilizing the
antimicrobial properties of silver may be found in health and consumer products. To assess the
potential cytotoxicity, inflammatory potential, and interactions of Ag NP in neonatal HEK, their
interference with common toxicity assays, and their penetration into porcine skin in vivo was
studied. Eight different types of Ag NP were defined as: unwashed and uncoated (20, 50 and
80nm), washed and uncoated (20, 50 and 80nm), and carbon-coated (25 and 35nm). Cell



viability was assessed by MTT, alamarBlue (aB), and CellTiter 96Aqueous One (96AQ), and
inflammation was assessed with cytokines IL-1p, IL-6, IL-8, IL-10, and TNF-a. The effect of the
unwashed and uncoated Ag NP on HEK viability after 24 h exposure indicated a significant dose
dependent decrease (p<0.05) at 0.34ug/ml with aB and 96AQ and at 1.7ug/ml with MTT.
However, the washed and uncoated Ag NP and the carbon-coated Ag NP showed no significant
decrease (p<0.05) in viability for any of the concentrations assessed by MTT, aB or 96AQ. For
each of the unwashed and uncoated Ag NP a significant increase (p<0.05) in concentration of the
cytokines IL-1f, IL-6, IL-8, and TNF-a was noted. TEM depicted localization of al Ag NP in
cytoplasmic vacuoles of HEK. Solutions of 34, 3.4, and 0.34ug/ml of 20nm and 50nm washed
and unwashed Ag NP were topically applied daily to in vivo porcine skin for 14 days.
Macroscopic observations showed no gross irritation, while microscopic and ultrastructural
observations of the Ag NP showed focal inflammation and localization of Ag NP in the stratum
corneum layers of the skin. This study provides a better understanding of the toxicity of Ag NP
in vitro as well as provides a basis for occupational and risk assessment.

The toxicity of aluminum nanoparticles (Al NP) were also evaluated. Al NP have been
used in applications as diverse as drug delivery, material surface coatings, and as an ingredient
for solid rocket fuel in military explosives and artillery. Although Al NP are used in many
civilian and military applications, the health and safety implications of these nanosize particles
are not known. HEK were exposed to 50nm and 80nm Al NP ranging from 4.0mg/ml to
0.0004mg/ml to assess the cytotoxicity and inflammatory potential. Viability did not decrease in
HEK exposed to both the 50nm and the 80nm Al NP at al treatment concentrations with MTT,
CellTiter 96 AQueous One, and alamar Blue® viability assays. TEM depicted Al NP localized
within the cytoplasmic vacuoles of the cells. Cytokine data was variable, indicating possible
nanoparticle interactions with the cytokine assays. These studies illustrate the difficulties
involved in assessing the biological safety of nanomaterials such as Al NP due to media- and
temperature-dependent particle agglomeration and nanoparticle interactions with biomarkers of
cytotoxicity.

Fullerenes were also assessed for toxicity. Carbon fullerenes (Cgp) possess unique
properties, and thus have widespread applications in a number of disciplines. Although industrial
production continues to increase, toxicity of colloidal Cgp (NCgo) On living cells has not been
completely established. Fullerenes were suspended in water to yield nCg at a concentration of
107ug/ml. HEK were exposed to nCg at concentrations ranging from 85 pg/ml to
0.000544ug/ml (n=24 wellg/treatment) for 24h. MTT and 96 AQ viability assays showed no cell
death at the highest nCgy concentrations, while alamar Blue (aB) data was variable. Nanoparticle
controls (with cells and without cells) revealed nonspecific interactions of the nCgy with the
viability assays. The UV-Vis spectra was determined for MTT, 96 AQ, and aB, media in the
presence of NCg. The spectra for MTT and aB were consistent with the nanoparticle controls,
while the 96 AQ spectrum showed no nCg effect. The inflammatory mediator IL-6 showed a
significant (p<0.05) concentration response, while IL-8, IL-1f, and TNF-a showed no response;
IL-10 concentrations were below detectable limits. TEM revealed that the nCgy were readily
internalized by HEK, bioconcentrated in cytoplasmic vacuoles.

The biologicaly active surface area (BASA) index was developed for Ag, Al, and nCqg
NP. The framework of the BASA index was established with a set of 32 diverse probe
compounds, which backed our hypothesis that the adsorption of a set of diverse probe
compounds can be used to characterize the surface properties of NM in a biologically-relevant
context. These surface physicochemical properties can be indexed with a set of five solvation



parameters and depicted in a radar graph, which can be used to predict the biological activity of
the nanomaterials. The adsorption coefficients of fullerenes can be predicted from the solvation
index following the established model, Log Knano = —1.32 + 0.64R — 0.64 P + 0.43A —1.29 B +
2.28V, with correlation coefficient (R?) of 0.90. Ag NP showed weak adsorption toward the
probe compounds, indicating weak biological interactions of the Ag NP in biological systems. Al
NP may be safe to the environment because the adsorption property of Al NP is altered
completely in agueous solutions. The Al NP showed moderate adsorption toward the probe
compounds, with no adsorption when oxidized in agueous solutions. Fullerenes showed strong
adsorption toward the probe compounds and the adsorption strength coefficients can be predicted
using the established membrane-coated fiber (MCF) indexes with a correlation coefficient (R?)
of 0.93.

Most of these studies have been published in peer-reviewed journals or have been
submitted to peer-reviewed journals.



B. Studieswith Silver Nanoparticles

I ntroduction

Historically, silver (Ag) compounds have been used in numerous fields to prevent
microbial growth. Like many non-essential heavy metals Ag is a natural biocide, but compared
to titanium, zinc, and copper, Ag nanoparticles (Ag NP) show the highest antimicrobial efficacy
against bacteria, viruses and other eukaryotic microorganisms (Gong et a., 2007). The
Phoenicians coated milk bottles with Ag to inhibit bacterial growth, doctors have administered
drops of Ag nitrate solutions to newborn babies to prevent neonatal conjunctivitis (Crede, 1881),
and Ag sulfadiazine creams have long been considered the standard of care for the prevention of
widespread bacterial growth on burn patient’s denuded skin (Moyer et al., 1967). Both dietary
supplements and homemade varieties of Ag colloids have been sold for decades as a “ cure-all”
for diseases such as tuberculosis, syphilis, scarlet fever, shingles, herpes, pneumonia, and
arthritis (NCCAM, 2006). Furthermore, advances in nanotechnology have facilitated the increase
of Ag-containing merchandise available to the public, making Ag the most used nanomaterial of
all manufacturer-identified products in the world (www.nanotechproject.org). Products such as
room deodorizing sprays, acne creams, clothing that prevents body odor, baby wipes, and
pacifiers all exploit the natural antimicrobial activity of Ag (www.nanotechproject.org).

The increasing number of consumer products utilizing nanomaterials requires toxicity
tests to ensure their safety. Such tests have reported on the ability for quantum dots of diverse
physiochemical properties and fullerenes to penetrate into the intercellular lipid layers of the
stratum corneum of porcine skin (Zhang et al., 2007; Ryman-Rasmussen et al., 2006; Rouse et
a., 2007), and multifocal pulmonary granulomas to develop in rats after exposure to carbon
nanotubes (Lam et al., 2004). Additionally, topical application of zinc oxide localized NP in the
upper stratum corneum with minimal penetration (Cross et al., 2007; Gamer et al., 2006).

Although rare, studies indicating Ag toxicity do exist; as early as 1983, Rungby and
Danscher showed that intraperitoneal administered Ag salts can accumulate in neurons and in
protoplasmic glia cells of the brain and spinal cord. Additionally, internalized Ag may lead to
neurological defects such as vertigo and seizures (Westhofen et al., 1986; Ohbo et al., 1996;
Mirsattari et al., 2004). Studies on in vitro cell lines illustrate that 25pug/ml with 25nm Ag NP
produce reactive oxygen species and oxidative stress that could potentially contribute to
neurodegenerative diseases (Schrand et al., 2008), toxicity has been shown in hepatic cells from
5-50pg/ml of 15nm and 100nm Ag NP (Hussain et al., 2005), and to germ-line stem cells at
10pg/ml for 15nm Ag NP (Braydich-Stolle et a., 2005). HEK and fibroblasts treated with Ag
NP dissolved out from commercially bought Ag-based wound dressings showed cytotoxicity at
15ug/ml (Burd et a., 2007), and interactions between Ag NP ranging in size from 7-20nm and
human skin carcinoma cells showed the onset of apoptosis at 0.78ug/ml and 1.56pg/mi
respectively (Aroraet a., 2008), and polyvinylpyrrolidone-stabilized Ag NP with a mean size of
25nm have shown to penetrate into the upper layers of the epidermis in excised human skin in
static diffusion cells (Larese et a ., 2007).

It has long been known that Ag is responsible for causing argyria, the benign condition
characterized by the bluish-graying of the skin that occurs through its preferential deposition in
the basal lamina of soft tissues such as the skin, liver and spleen (Fung and Bowen, 1996),
choroid plexus (Van Breemen and Clemente, 1955), and blood vessels, gastrointestinal tract,
liver, and kidney (Danscher, 1980). Although argyriais most commonly reported clinically after
excessive Ag ingestion, silver deposition has been seen after Ag sulfadiazine treatment of burned



skin (Lee and Lee, 1994; Marshall, 1979; Temple and Farooqi, 1985). In response to argyria, not
to Ag toxicity, the National Institute for Occupational Safety and Health set a daily exposure
limit for all forms of Ag at 0.01 mg/m®, and the Environmental Protection Agency established
the oral reference dose at 0.005mg/kg/day (NIOSH, 2003; EPA, 1996). Furthermore, over-the-
counter Ag colloid products were banned by the Federal Drug Administration in 1999 to reduce
the number of cases of argyria (FDA, 1999).

The ability for Ag NP to reduce the bacterial loads that people encounter without toxic
side effects has not been supported by adequate research. Coupled with an increase in exposure
to Ag NP, the ability for Ag NP to enter cells and cause toxicity calls for further research. The
present study utilized HEK to evaluate the cytotoxic potential of Ag NP of varying size and
surface conditions. Porcine skin was topicaly dosed daily for 14 days to evaluate the
inflammatory and penetrating potential of Ag NP. Additionally, since it has been shown that NP
are capable of interfering with viability assay dye and dye products (Monteiro-Riviere et al.,
2009; Zhang et a., 2007; Monteiro-Riviere and Inman 2006), the interactions of Ag NP with

common, dye-based in vitro toxicity tests were evaluated.

Materialsand M ethods

Silver nanoparticles
Eight types of Ag NP were used in this study, the properties of which are summarized in

Table 1.

Table 1. Silver nanoparticle properties

Manufacturer- Actual Ag Stock Particle ZetaPotential
Designated Diameter State of Ag NP | Concentration | Concentration | in deionized
Diameter (nm) (nm) (mg/ml) (particles/ml) | water (mV)
20, uncoated, Colloidin
unwashed 22.4+2.6 deionized water 0.20 2.41E+12 -29.7
50, uncoated, Colloidin
unwashed 49.446.2 deionized water 0.20 4.44E+11 -27.8
80, uncoated, Colloidin
unwashed 79.2+8 deionized water 0.20 7.09E+10 -33.2
20, uncoated, Colloidin
washed 21.41+3.11 | deionized water 2.86 1.89E+14 -46.0
50, uncoated, Colloid in
washed 50.00+5.88 | deionized water 3.45 5.01E+12 -44.3
80, uncoated, Colloidin
washed 77.03+6.02 | deionized water 2.79 1.07E+12 -43.7
25, carbon-coated,
unwashed 27.2+10.3 Powder N/A N/A -24
35, carbon-coated,
unwashed 37.0£11.6 Powder N/A N/A -29

The Ag NP used in this study consisted of the following: unwashed and uncoated Ag NP
suspended in deionized water with manufacturer-designated diameters of 20nm, 50nm and 80nm




(0.2mg/ml, 0.2mg/ml, 0.2mg/ml), washed and uncoated Ag NP suspended in deionized water
with manufacturer-designated diameters of 20nm, 50nm and 80nm (2.86mg/ml, 3.45mg/ml,
2.79mg/ml), carbon-coated Ag NP with manufacturer-designated diameters of 25nm and 35nm.
The sizes of each type of Ag NP was determined by the manufacturer and also confirmed by the
authors by dynamic light scattering (DL S) and transmission electron microscopy (TEM) prior to
any experimentation. TEM of each type of Ag NP are shown in Figure 1.

Figure 1. Transmission electron
micrographs of Ag NP. (a) 20nm unwashed and uncoated; (b) 50nm unwashed and uncoated; (c) 80nm unwashed
and uncoated; (d) 20nm washed and uncoated; (€) 50nm washed and uncoated; (f) 80nm washed and uncoated; (g)
25nm carbon-coated; (h) 35nm carbon-coated.

The Ag NP were provided by nanoComposix (San Diego, CA). Both the unwashed and
washed Ag NP were synthesized by ammonium hydroxide catalyzed growth of Ag onto 5nm
gold (Au) seed particles. Concentration of the particles was achieved via tangentia flow
filtration (TFF). The unwashed samples included minute amounts of the unreacted solvent
formaldehyde and the byproduct methanol from the formation of the particles. The washed Ag
NP were identical to the unwashed Ag NP, but were washed 20 times with 2mM phosphate



buffer to remove contaminants. The supernatant from the synthesized particles (“as synthesized”)
as well as from the washing process was collected from the 5", 10", 15™ and 20™ washes. The
samples were ultracentrifuged (Beckman Coulter, Inc.; Fullerton, CA) for 30 min at 40,000rpm
to obtain the supernatant samples. The Ag NP were stored at 4°C in the dark. The carbon-coated
Ag NP were synthesized by a pulsed plasma reactor. The particles were dried and stored at room
temperature.

Cdll culture and silver nanoparticle treatment

Cryopreserved primary neonatal HEK (Lonza, Walkersville, MD) were grown in
keratinocyte growth medium-2 (KGM-2; Lonza, Walkersville, MD) in cell culture flasks (75cm?;
1,000,000 cells) and grown to approximately 80% confluency in a 37°C humidified 5% CO,
incubator. The cells were passed into clear or black 96-well microplates (12,500cell/well; 200ul)
where the peripheral wells contained only KGM-2 to prevent the evaporation of treatment
medium. Between 18-24h later, after reaching approximately 80% confluency, the HEK were
exposed to either KGM-2 (control) or serial dilutions of each Ag NP (n=6).

An initial dose response study was conducted to assess the concentrations of Ag NP that
could affect HEK after 24h exposure. The majority of the colloidal Ag NP tested were supplied
in both low volume and concentration which limited the highest HEK dosing concentration to
1.7pg/ml. The dosing concentrations of all subsequent samples were matched to that of the
original samples. Combined with KGM-2 medium, a 1.7ug/ml stock solution of the Ag NP was
serialy diluted (1:5) to provide concentrations ranging from 1.7 to 0.000544ug/ml. The effect of
the Ag NP on the HEK viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), adamarBlue (aB), and CellTiter 96 AQueous (96 AQ)
assay’s.

MTT viability assay

Cdll culture medium containing Ag NP was removed from each treatment well and 200ul
of 0.5mg/ml MTT (Sigma-Aldrich, St. Louis, MO) in KGM-2 warmed to 37°C was added to Ag
NP and vehicle-treated wells. The plates were incubated for 3 h, the MTT medium was removed,
and HEK s rinsed with 200pl of Hank’ s balanced salt solution (HBSS) for 2 min. The HBSS was
removed, 100ul of 70% isopropanol was added to each well, and the plates were agitated for 25
min. Microplates were read at 550nm in a Multiskan RC microplate reader (LabSystems,
Helsinki, Finland) equipped with Ascent software (version 2.6). Data was plotted as a percentage
of the vehicle-treated control. Data are expressed as the means = SEM of the two experiments.

aB viability assay

One hundred microliters of cell culture medium containing Ag NP was removed and 10ul
of aB (Molecular Probes, Invitrogen, Eugene, OR) solution was added to Ag NP and vehicle-
treated wells. The plates were incubated for 3h and the microplates were read on a Molecular
Dynamics Gemini EM (Molecular Devices Corp.; Sunnyvale, CA) spectrophotometer at the
excitation wavelength of 560nm and emission wavelength of 590nm. Data was plotted as a
percentage of the vehicle-treated control. Data are expressed as the means + SEM of the two
experiments.



96 AQ viability assay

One hundred microliters of cell culture medium containing Ag NP was removed and 20ul
of 96 AQ (Promega, Madison, WI) was added to Ag NP and vehicle-treated wells. The plates
were incubated for 3h, and the microplates were read at 450nm in a Multiskan RC microplate
reader (LabSystems, Helsinki, Finland) equipped with Ascent software (version 2.6). Data was
plotted as a percentage of the vehicle-treated control. Data are expressed as the means + SEM of
the two experiments.

When Ag NP did not show toxicity at 1.7ug/ml, and if higher concentrations and
volumes were available, their dosing concentrations were scaled upward. Additionally, to
differentiate the potential cytotoxicity between the particles and the contaminants present in the
colloidal solution, the “as synthesized” supernatant and the 5", 10", 15" and 20" washing
supernatant was evaluated against HEK after 24h at concentrations ranging from 1.7ug/ml to
0.068ug/ml.

Two different controls were run in parallel with each viability assay as described by
Monteiro-Riviere et a. (2009). One control was to assess nonspecific interactions between the
Ag NP and the assay dye without the use of cells (nanoparticle control). In this case, Ag NP
dosing solutions equal to those used for viability tests were placed into collagen-coated 96-well
plates devoid of cells, incubated for 24h, replaced the media with the assay solution, and read
according to normal assay protocol as described above. Any change in absorbance values was
reported and compared to control. The second control was to assess the specific interactions
between the Ag NP and the metabolized dye (nanoparticle/cell contral). In this case, two plates
were involved: in one 96-well plate, Ag NP dosing solutions equal to those used for viability
tests were placed into collagen-coated wells devoid of cells; in the other 96-well plate, cells were
plated and grown. After incubating each plate for 24h, the cell-containing plate was assayed
according to normal protocol and read as described above. Immediately after reading, the
particle-containing plate was spun down, the medium removed, and the assay solution from each
well of the cell-containing plate was transferred into the corresponding well of the particle-
containing plate. After incubation for 3h, the plate was read and the difference in absorbance
(before and after Ag NP) was recorded.

Cytokinerelease

To determine the inflammatory potential of the Ag NP cytokine analysis was conducted
by assessing the release of interleukin (IL)-8, IL-6, tumor necrosis factor (TNF)-a, IL-10, and
IL-1B8. Analysis was performed for Ag NP that showed toxicity, at the concentrations that
decreased HEK viability. The medium from each treatment set of the dosed cells was removed,
pooled into a microfuge tube, and quickly frozen to -80°C until assayed. On the day of the assay,
samples were thawed and 50ul of each sample added (in triplicate) to a filler plate with beads
coupled to the cytokine antibodies (Bio-Plex Cytokine Assay, Bio-Rad Laboratories, Hercules,
CA) and the assay performed following the manufacturer’s instructions. Samples were assayed
on a Bio-Plex System (Luminex x MAP Technology) equipped with Bio-Plex software (version
4.0). Unknowns were quantified by linear regression to logarithmic standard curves. Cytokine
levels were normalized relative to MTT absorbance. Data was expressed as the means + SEM of
the two experiments.
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I n vivo macroscopic porcine skin exposure

The effects of the unwashed and uncoated colloidal Ag NP were compared to the washed
and uncoated colloidal Ag NP in vivo. Due to site number limitations the comparison was limited
to the 20 and 50nm washed and unwashed samples. Combined with deionized water, a 34ug/ml
stock solution of each sample was made to provide seria dilutions (1:10) from 34.0 to
0.34pug/ml. The final dilution was chosen in order to compare to the in vitro studies. Two female
weanling pigs (Sus scrofa) weighing 20-30kg were housed in an AALAC accredited facility on
elevated floors and were provided water and 15% protein pig and sow pellets ad libitum.
Approximately 24h before the topical application of the Ag NP, the pigs were sedated with an
injection of telazol-ketamine-xylazine (TKX) and the excess hair on the dorsum carefully
clipped. On thefirst day of the experiment each pig was sedated with TKX, and placed in adling.
Fourteen sites, 7 on each side of the midline, were randomly assigned on the back of each pig
and photographed with a digital camera. All sites were immediately topically dosed with 500pl
of the appropriate Ag NP solution, allowed to air dry and then occluded with a Hilltop® chamber
inset with a cotton pad (19mm inside diameter, 283.53mm? surface area). The chambers were
secured with non-irritating Medipore® (3M, St. Paul, MN) tape, followed by tape to secure the
chamber. Lastly, abody stocking was placed over the entire dorsum of each pig to further secure
the chambers. After 24h, the pigs were sedated with TKX, the chambers were removed and
erythema and edema evaluated using the Draize scoring system (erythema: 0, no change; 1, very
dlight change; 2, pale red in defined area; 3, definite red in well-defined area; 4, crimson red;
edema: 0, no change; 1, very dlight change; 2, dlight change with edges barely defined; 3,
moderate change, with arearaised 1 mm; 4, severe change, with area raised more than 1mm and
extending beyond the exposure area) (Draize et al., 1944). Any change in the skin was recorded
and photographed. After this, the pigs were redosed, chambers replaced, and secured as
described above and the dosing regiment was repeated for 14 days. At the conclusion of the 14
day study, a final Draize score was assessed, al sites photographed, and pigs were euthanized
with 100mg/kg Euthasol® (Delmarva Laboratories, Inc., Midlothian, VA). The dosing sites were
biopsied and placed in 10% neutral buffered formalin for light microscopy (LM) and in Trump’'s
fixative for TEM. In addition, samples were also frozen in liquid nitrogen and stored at -80°C.

Microscopic observations

To assess morphological alterations during the in vivo study, tissue samples were quickly
harvested after the pigs were euthanized, cut into approximately 2mm x 3mm sections, and
immersed into NBF fixative for several days. The fixed tissue was rinsed in 70% ethanol,
processed through graded ethanol, cleared in Clear-Rite 3 and infiltrated and embedded in
Paraplast® Plus tissue embedding medium (Fisher Scientific; Houston, TX). Approximately 5um
thick sections were mounted on positive-charged slides and stained with hematoxylin and eosin
(H&E) for evaluation on an Olympus BH-2 light microscope. The sections were evaluated for
intercellular and intracellular epidermal edema and dermal edema and inflammation using the
following scoring system: 0, no change; +1, inflammation on less than half the sample; +2,
inflammation on half the sample; +3, inflammation on greater than half the sample.

Ultrastructural observations

Particle size analysis was conducted to confirm the manufacturer-identified diameters and
surface characterization. Information was collected on a Zetasizer (Mavern Instruments Ltd.) at
25°C. Samples were prepared by either diluting the uncoated Ag NP with deionized water, or
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suspending the carbon-coated Ag NP in deionized water and sonicating for 10 min. Additionally,
TEM was used to visualize particle morphology uniformity. Images were observed with an
FEI/Philips EM 208S transmission electron microscope operating at an accelerating voltage of
80 kV. The samples were prepared by placing a drop of homogenous suspension of each Ag NP
(colloid; dry Ag NP suspended in deionized water) onto a formvar-coated copper mesh grid and
allowed to air dry. Images of the 20, 50 and 80nm uncoated, 25 and 35nm carbon-coated Ag NP
were taken (Figure 1).

To localize Ag NP uptake in vitro, HEK were grown to approximately 70% confluency in
cell culture flasks (25cm?) and treated for 24h with each Ag particle at 1.7ug/ml in KGM-2. The
cells were harvested with trypsin, rinsed in HBSS, and fixed for at least 24h in Trump’s fixative
at 4°C. The cells were rinsed in 0.1M phosphate buffer (pH 7.2), pelleted in a microfuge tube,
resuspended, and quickly pelleted in 3% molten agar. Agar embedded samples were post fixed in
1% osmium tetroxide (Polysciences, Inc., Warrington, PA) in 0.1M phosphate buffer for one
hour at 4°C, washed with deionized water, dehydrated through an ascending ethanol series,
cleared in acetone, infiltrated with Spurr resin, and polymerized at 70°C overnight. Ultrathin
sections, 800-1000A thick, were mounted on copper grids, and examined on a FEI/Philips EM
208S TEM operating at an accelerating voltage of 80 kV. Cells were not stained to allow for
better visualization of the Ag NP and to ensure the absence of stain artifacts resulting from lead
citrate and uranyl acetate. Additionally, unstained samples were anayzed by X-ray
microanalysis (EDS) with a Hitachi HF2000 FE TEM equipped with an Oxford Instruments
INCA EDS.

To assess the penetration of the Ag NP in vivo, skin samples were quickly harvested, cut
into approximately 1mm thin sections and immersed in Trump'’s fixative at 4°C. The sections
were then dehydrated and embedded in Spurr resin as described above. The samples were
sectioned on a diamond knife and placed onto formvar-coated copper mesh grids for added
stability and to help prevent both rolling of the edges and separation of the stratum corneum from
the epidermis. The sections were observed on an FEI/Philips EM 208S TEM operating at an
accelerating voltage of 80 kV. Additionally, unstained samples were analyzed by X-ray
microanalysis (EDS) with a Hitachi HF2000 FE TEM equipped with an Oxford Instruments
INCA EDS.

Statistical analysis

The mean values for HEK percent viability and cytokine concentration (normalized by
viability) for each treatment were calculated and the significant differences (p < 0.05) determined
using the PROC GLM Procedure (SAS 9.1 for Windows; SAS Institute, Cary, NC). When
significant differences were found, multiple comparisons were performed using Tukey’'s
Studentized Range HSD test at p<0.05 level of significance. For cell cultures, the Dunnett’ s t-test
was performed to determine the significance at p<0.5 of differences between control and
treatment groups.

Results
Treatment of HEK with silver nanoparticles
Exposure of HEK to 20, 50 and 80nm unwashed and uncoated Ag NP ranging in

concentration from 0.000544 to 1.7ug/ml for 24h resulted in a dose-dependent viability decrease
with all three assays. Figure 2a shows that 20nm unwashed Ag NP caused a significant decrease
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in viability at 0.034ug/ml for both aB and 96AQ and at 1.7ug/ml for MTT. In this case, aB
showed the greatest decrease in viability at both 0.034ug/ml and 1.7ug/ml, while MTT was the
least sensitive of the three assays. The toxicity of the 50nm unwashed Ag NP is similar to the
20nm unwashed Ag NP, showing a significant decrease in viability at 0.034ug/ml for aB and
96AQ while at 1.7ug/ml for MTT (Figure 2b). For these Ag NP, aB was again the most sensitive
assay at both the 0.034pg/ml and 1.7ug/ml concentrations, and MTT was the least sensitive
assay at the 0.034pg/ml concentration while 96AQ was the least sensitive at the 1.7ug/mi
concentration. Conversely, Figure 2c shows that 80nm unwashed Ag NP caused a significant
decrease in viability at 0.034pg/ml for all three assays. At the 0.034ug/ml concentration aB is the
most sensitive assay while at the 1.7ug/ml concentration MTT is the most sensitive while at both
levels 96AQ is the least sensitive assay. The “as synthesized” supernatant obtained from the
unwashed Ag NP showed a significant decrease in viability at 0.034ug/ml for MTT and aB
assays and at 1.7ug/ml for 96AQ (Figure 2d). 96AQ was the most sensitive assay at both the
0.034pg/ml and 1.7pug/ml concentrations. Toxicity was not present for any of the supernatant
obtained from the 5", 10", 15" or 20" washing steps.
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Figure 2. Comparison between the three viahility assays for HEK treated with different Ag NP (a) 20nm unwashed
and uncoated; (b) 50nm unwashed and uncoated; (¢) 80nm unwashed and uncoated; (d) As synthesized unwashed
Ag NP supernatant. Capital letters, lower case letters, or Greek letters denote significant differences (p<0.05)

between each Ag NP at different concentrations.

Exposure of HEK to washed 20nm (Figure 3a), 50nm (Figure 3b), and 80nm (Figure 3c)
Ag NP ranging in concentration from 0.000544 to 1.7ug/ml for 24h showed no significant
decrease in viability with any assay. HEK treated with 25nm (Figure 4a) and 35nm (Figure 4b)
carbon-coated Ag NP at concentrations ranging from 0.000544 to 1.7ug/ml for 24h did not cause
adecreasein viability.
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The nanoparticle controls that assessed the nonspecific interactions between the Ag NP
and unreacted dye showed a statistically significant increase in absorbance at the highest dosing
concentration of 1.7ug/ml for the majority of Ag NP. The unwashed 20nm (Figure 5a), 50nm
(Figure 5b), and 80nm (Figure 5¢c) Ag NP caused a significant increase in absorbance values at
1.7ug/ml concentration for both 96AQ and MTT assays but not for aB assays. The 20nm washed
Ag NP caused a significant decrease in absorbance value at the 1.7ug/ml concentration for
96AQ and a significant increase in the aB fluorescence value at the 0.034ug/ml concentration
(Figure 5d). The 50nm washed Ag NP caused a significant increase in absorbance values for
96AQ at the 1.7ug/ml concentration and for aB at the 0.034ug/ml concentration (Figure 5€). The
80nm washed Ag NP caused a significant increase in absorbance and fluorescence values at the
1.7ug/ml concentration for all three assays (Figure 5f). The 25nm carbon-coated Ag NP caused a
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significant increase in absorbance values for both 96AQ and MTT assays at the 1.7ug/ml
concentrations (Figure 5g). The 35nm carbon-coated Ag NP caused a significant increase in
absorbance for 96AQ at the 0.034pg/ml concentration and at 1.7pug/ml for MTT (Figure 5h).

120 - A 120 - 5 A
a a a a B a a C a c a BC a BC , a a a
100] BB BB BB 88 B T 100{ B 8 B B =
[
S 80+ 2 801
g g
= O
O 60 = 607
E 40 &
20 | 20 A
0 : . 0 : .
0000544  0.00272 0.0136 0.068 034 17 0.000544  0.00272 0.0136 0.068 0.34 1.7
Concentration (ug/ml) Concentration (kg/mi)
a D96 AQ oMTT maB b 096 AQ oMTT maB
120 - A 120 -
A A
a B 2 B a B a =2 a A a A o A A a
100 1 B a B B B B B - 100 { —rE C —rEC —{|c == C 2 =0 B
[ [
2 80 © 80
c ©
= F=
O 60 O 60 |
=4 =4
8 8
S 404 S 40
& &
20 A 20 A
0 T T T T T 0 T T
0.000544 0.00272 0.0136 0.068 0.34 1.7 0.000544  0.00272 0.0136 0.068 0.34 1.7
Concentration (ug/ml) Concentration (ug/ml)
c 096 AQ oMTT maB d 096 AQ aMmTT maB
1204 a 120 1 L
[ B B [
A A 5 A p A A B By B BB % ™=
wo] P=pc B=ec B, L 2c L= wod 8 =b 3y ZFb =Fp EEb
[ [
© 80 © 801
© ©
< =
O 60 O 60
=4 c
] 8
5 407 g w0
20 | 20
0 : : : : 0 . .
0.000544 0.00272 0.0136 0.068 0.34 17 0.000544 0.00272 0.0136 0.068 0.34 17
Concentration (ug/ml) Concentration (ug/ml)
€ 096 AQ OMTT maB f 096 AQ amTT maB
. A 140
140 AB . 5 A
120 1 c B B B " 120 1 B B B orb
a B[ |a B| |a B| |a a b b x| [P b Bl |b
o 100, P Bl 2 o 1001 * x X
(=2} o
c c
2 80 S g
O O
S 60 £ 60
o o
& 40 & 40
20 A 20 4
0 . . . o
0.000544  0.00272 0.0136 0.068 0.34 1.7 0.000544 0.00272 0.0136 0.068 034 17
Concentration (ug/ml) Concentration (ug/ml)
g 0 96AQ oMmTT maB h 096 AQ oMTT maB

Figure 5. The nanoparticle controls indicating nonspecific interaction between each assay and Ag NP. (a) 20nm
unwashed and uncoated; (b) 50nm unwashed and uncoated; (¢) 80nm unwashed and uncoated; (d) 20nm washed and
uncoated; (e) 50nm washed and uncoated; (f) 80nm washed and uncoated (g) 25nm carbon-coated; (h) 35nm
carbon-coated. Capital letters, lower case letters, or Greek |etters denote significant differences (p<0.05) between
each Ag NP at different concentrations.
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The nanoparticle/cell controls depict a statistically significant increase in Ag NP
absorbance greater than for cells alone for both the 25nm (Figure 6a) and 35nm (Figure 6b)
carbon-coated Ag NP at the concentration of 1.7g/ml for the MTT assay only.
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Figure 6. Nanoparticle/cell controls indicating interaction between viability assays and different Ag NP. (a) 25nm
carbon-coated; (b) 35nm carbon-coated. Asterisk denotes significant differences (p<0.05) with paired treatment.

Cytokinerelease

There was a significant increase in IL-1p (Figure 7a), IL-6 (Figure 7b), IL-8 (Figure 7c)
and TNF-a (Figure 7d) release from the HEK normalized to viability after exposure to 0.34ug/mli
unwashed and uncoated 20, 50 and 80nm Ag NP for 24h. The limit of detection for each
cytokineis denoted by a horizontal solid red line on each graph (IL-1p, 0.8pg/ml; IL-6, 1.1pg/ml;
IL-8, 0.5pg/ml; IL-10, 0.9pg/ml; TNF-a, 3.0pg/ml). The values for IL-10 were below the
detectable limit of the assay (data not shown).
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denotes detectable limit for each cytokine; IL-8 detectable limit 0.5pg/ml.
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Macroscopic observations of silver nanoparticles on porcine skin in vivo

No erythrema or edema was noted in any of the treated sites during the entire 14 day
study. At the completion of the 14 day study, the dosed skin appeared gray but no irritation,
edema, or lesions was present.

Microscopic observations

Porcine skin treated with deionized water appeared normal with a compact stratum
corneum (Figure 8a). Porcine skin dosed daily with Ag NP for 14 days exhibited a concentration-
dependent response, regardless of particle size or purity (washed or unwashed). Porcine skin
treated with the lowest dosing concentration of 0.34ug/ml of 20nm washed Ag NP showed +1
intercellular epidermal edema (Figure 8b), treatment with 3.4ug/ml of the 20nm washed Ag NP
showed +2 intracellular and intercellular epidermal edema (Figure 8c) and treatment with the
highest concentration of 34ug/ml of the 20nm washed Ag NP showed +3 intracellular and
intercellular epidermal edema with focal dermal inflammation and parakeratosis (Figure 8d).

At the lowest concentration of 0.34pg/ml, the 20nm unwashed Ag NP showed +1
intercellular epidermal edema (Figure 8e). Treatment with 3.4ug/ml of the 20nm unwashed Ag
NP showed +2 intracellular and intercellular epiderma edema (Figure 8f). The highest
concentration of 34ug/ml of the 20nm unwashed Ag NP showed +3 intracellular and intercellular
epiderma edema with focal areas of intragpidermal infiltrates, superficial dermal edema and
papillary inflammation (Figure 8g).

Figure 8. Porcine skin control and treated with Ag NP. (a) control; (b) 20nm washed Ag NP, 0.34ug/ml; (c) 20nm
washed Ag NP, 3.4ug/ml; (d) 20nm washed Ag NP, 34ug/ml; (€) 20nm unwashed Ag NP, 0.34ug/ml; (f) 20nm
unwashed Ag NP, 3.4ug/ml; (g) 20nm unwashed Ag NP, 34ug/ml. SC, stratum corneum; E, epidermis; D, dermis.
H&E.
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Ultrastructural observations of HEK exposed to silver nanoparticles

The untreated HEK controls appeared normal with a prominent nucleus, nucleolus and
mitochondria (Figure 9a). HEK dosed with Ag NP of all sizes and surface conditions depicted
Ag NP localization within membrane-bound cytoplasmic vacuoles (Figures 9b-9i).

Figure 9: Transmission electron micrographs of HEK exposed to different Ag N'Pf’(a) C%Htrol; (b) 20nm unwashed "
Ag NP; (¢) 50nm unwashed Ag NP; (d) 80nm unwashed Ag NP; (e) 20nm washed Ag NP; (f) 50nm washed Ag NP;
(g) 80nm washed Ag NP; (h) 25nm carbon-coated Ag NP; (i) 35nm carbon-coated Ag NP. Arrows identify Ag NP.

N, nucleus; unstained sections.
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EDS analysis of HEK dosed with the 20nm washed, uncoated Ag NP confirmed the
presence of Ag in the vacuoles (Figure 10a). In addition, copper from the grid and Au from the
particle seed was present.

T

0 2 4 B 8 2 1 20 22 M4 % 28 30 4 2 4 L] g 2 16 16 20 22 24 2% 28 30
Figure 10: Energy dispersive X-ray spectrum for samples dosed with Ag NP. (8) HEK dosed with 20nm washed and
uncoated Ag NP; (b) porcine skin dosed with 20nm washed and uncoated Ag NP. Arrows identify Ag peaks.

The control skin consisted of a normal compact stratum corneum with approximately 20-
30 layers attached by desmosomes (Figure 114). The porcine skin dosed daily for 14 daysin vivo
with 34ug/ml of the 20nm washed, uncoated Ag NP retained the Ag NP on the superficial layers
of the stratum corneum (Figure 11b). The 50nm washed, uncoated Ag NP were also seen within
the superficia layers of the stratum corneum (Figure 11c). EDS analysis conducted in the areas
detected Ag, osmium from the post fixation process and copper from the grid (Figure 10b).

ol S Sl | 100nm

) Figure 11 Trahémiséion elebtrbn micrographs of in vivo porcine skin. (a) DI water control; (b) 20nm washed Ag
NP; (c) 50nm washed Ag NP. Arrows denote Ag NP. SC, stratum corneum; unstained sections.
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Discussion

Ag NP have been integrated into hundreds of products that affect the daily lives of
millions of people in many countries. Their main usage is for disinfection in wound care and
usage in products such as odor-reducing clothing, acne creams and face masks. The mgjority of
these products come into direct contact with skin, the largest organ of the human body and could
be a potential route for nanoparticle penetration. Therefore, the relationship of Ag NP in skin
needs to be investigated with particular focus on their toxicity, penetration and localization in
skin and skin cells. This study evaluated the cytotoxic potential of Ag NP of varying size and
surface conditions on HEK, their penetrating capacity into porcine skin after topical repetitive
daily dosing for two weeks, and the localization of the Ag NP within HEK and porcine skin.

Nanomaterials are capable of interfering with viability assay dye and dye products
through the adsorption of cell medium constituents and cytokines, examples of this such as
single-walled carbon nanotubes (Zhang et al., 2007), carbon black (Monteiro-Riviere and Inman,
2006), and fullerenes and quantum dots (Monteiro-Riviere et al., 2009). It is important to utilize
several assays in order to determine the optimal one for use with Ag NP, and for this reason the
viability of HEK was evaluated using three different assays. MTT, aB and 96AQ viability
assays did not show toxicity for the 25nm and 35nm carbon-coated Ag NP as well as the 20nm,
50nm and 80nm washed, uncoated Ag NP. All three assays also showed that the 20nm, 50nm
and 80nm unwashed, uncoated Ag NP contributed to a decrease in HEK viability at 24 h after
exposure to the 0.34-1.7ug/ml concentrations, but did not show a size-dependent decrease in
viability. However, it can be inferred that the difference in toxicity between the unwashed and
washed, uncoated Ag NP is due to the presence of contaminants in the unwashed solution. These
residual contaminants were removed by the 5™ wash step, as indicated by the lack of cell death
after exposure to any of the 5™, 10", 15", and 20" washing supernatant.

The 0.34-1.7ug/ml toxic concentrations of the 20, 50 and 80nm unwashed, uncoated Ag
NP are dlightly more sensitive compared to the in vitro toxicity studies conducted by othersin
different cell lines. Studies on in vitro cell lines illustrate that 25ug/ml with 25nm Ag NP
produce reactive oxygen species and oxidative stress that could potentially contribute to
neurodegenerative diseases (Schrand et al., 2008), toxicity has been shown to hepatic cells at
concentrations ranging from 5-50ug/ml of 15nm and 100nm Ag NP (Hussain et al., 2005), and to
germ-line stem cells at a concentration of 10ug/ml for 15nm Ag NP (Braydich-Stolle et al.,
2005). A study on HEK and fibroblasts treated with Ag NP dissolved out from commercially
bought Ag-based wound dressings showed cytotoxicity at approximately 15ug/ml (Burd et al.,
2007), and interactions between Ag NP ranging in size from 7-20nm and human skin carcinoma
cells showed the onset of apoptosis at concentrations of 0.78ug/ml and 1.56pg/ml respectively
(Aroraet a., 2008).

To further identify the potential interactions between assays and Ag NP, controls were
run and generaly showed an increase in absorbance and fluorescence values at the highest
concentration. The nanoparticle controls for MTT and 96AQ for the 20nm, 50nm and 80nm
unwashed, uncoated Ag NP had increased absorbance values at the highest concentration of
1.7pg/ml. An increase in absorbance was found at 1.7pg/ml for MTT for the 80nm washed,
uncoated Ag NP and for the 25nm and 35nm carbon-coated Ag NP. An increase in absorbance
was also detected at 1.7ug/ml for 96AQ for 50nm and 80nm washed, uncoated Ag NP and for
the 25nm and 35nm carbon-coated Ag NP. An increase in the fluorescence for aB was noted at
1.7pg/ml for the 20, 50 and 80nm washed, uncoated Ag NP and for the 35nm carbon-coated Ag
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NP. The increase in absorbance and fluorescence values could cause the toxicity of the Ag NP to
HEK to be underestimated. Additionally, the nanoparticle/cell control showed that both the 25nm
and 35nm carbon-coated Ag NP interfered with the MTT assay at the 1.7pug/ml concentration
due to the increase in absorbance values following incubation of the reduced formazan product
with the Ag NP (Figure 6a and b). Overall it did not appear that any one assay was unaffected by
the Ag NP, and based on its absorbance values aB may be the best viability assay to be used
when conducting experiments with Ag NP, while MTT and 96AQ may be less effective.

Keratinocytes produce proinflammatory cytokines that serve as mediators for
inflammatory and immunologic reactions in skin exposed to irritants (Allen et al., 2000, 2001a,b;
Corsini and Galli, 2000; Monteiro-Riviere et al., 2003; Barker et al., 1991; Nickoloff et al.,
1991). The proinflammatory cytokines IL-8, IL-6, TNF-a, and IL-1 have been very well studied
and characterized and are regularly used as indicators of inflammation (Grone, 2002; Barker et
al., 1991; Nickoloff et al., 1991). Although different toxicants may elicit different responses in
HEK, studies in our laboratory have shown cytokine release by HEK in response to jet fuel
exposure (Allen et a., 2000, 2001a,b; Chou et a., 2003; Monteiro-Riviere et a., 2003), multi-
walled carbon nanotubes (Monteiro-Riviere et a., 2005), 6-aminohexanoic acid-functionalized
single-walled carbon nanotubes (Zhang et a., 2007), and fullerenes (Rouse et a., 2006). The
inflammatory potential of the Ag NP was confirmed by the increase in cytokines IL-18, IL-6, IL-
8, and TNF-a.

Nanomaterials are also capable of being internalized into cells and penetrating through
the skin; QD621 have the ability to penetrate into the intercellular lipid layers of the stratum
corneum of porcine skin (Zhang et al., 2008), QD 565 and 655 with diverse physiochemical
properties have been shown to penetrate into the stratum corneum (Ryman-Rasmussen et al.,
2006), derivatized fullerenes were localized within the intercellular space of the stratum
granulosum layer of flexed excised porcine skin (Rouse et a., 2007), and multifocal pulmonary
granulomas were seen to develop in rats after exposure to carbon nanotubes (Lam et al., 2004).
Additionally, topical application of zinc oxide 26-30nm in a sunscreen formulation on in vitro
human skin localized NP in the upper stratum corneum with minimal penetration (Cross et al.,
2007) and microfine zinc oxide with a mean size of 80 nm and agglomerates of titanium dioxide
less than 160 nm were not shown to penetrate the porcine stratum corneum layer of in vitro static
diffusion cells (Gamer et al., 2006). To evauate the inflammatory response and penetrating
potential of the Ag NP in vivo, the established in vivo porcine skin model for human penetration
was utilized due to its comparable thickness and absorption rates to human skin (Reifenrath et
al., 1984; Bronaugh et al., 1982; Monteiro-Riviere and Riviere, 1996). The Ag NP ranging from
0.34ug/ml to 34pg/ml did not cause macroscopic irritation after 14 days, athough the gray
appearance of the skin sites might have masked the subtle signs of inflammation. When viewed
microscopically foca inflammation and edema increased with an increase in Ag NP
concentration. TEM depicted the localization of Ag NP in the superficia layers of the stratum
corneum which was similar to results found in a static cell diffusion study (Larese et a., 2008),
and suggests ionic flux into the epidermis which could attribute to focal inflammation. It is also
likely that many Ag NP not bound to the skin were washed away during both light and electron
MiCroscopy processing, yet their location is confirmed by other dermal studies with NP that were
not shown to penetrate the stratum corneum (Cross et al., 2007; Zhang et a., 2008; Zhang and
Monteiro-Riviere, 2008). This study also showed that Ag NP of different sizes, surface
conditions, and method of synthesis are al internalized into membrane-bound vacuoles in HEK.
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Although a decrease in viability was not seen at 24h for the washed and carbon-coated Ag NP,
an increase in cytoplasmic vacuoles in HEK was noted.

In summary, this study indicates that toxicity of Ag NP in HEK is influenced by the
presence of residual contaminants in the Ag NP solutions, and that the Ag NP themselves may
not be responsible for decreased viability. It is important for complete characterization of not
only NP but also the vehicle in order to distinguish between Ag NP and contaminant toxicity.
Additionally, this study showed that 20, 50 and 80nm washed and unwashed Ag NP as well as
25nm and 35nm carbon-coated Ag NP interfered and/or reacted with MTT, 96 AQ, and aB
viability assays and that aB may be the best viability assay due to its lower interference with
these Ag NP. Since Ag NP of several types have been shown to enter cells and remain on the
skin, it is important to consider the possibility of entry into the body through damaged skin,
particularly since many Ag-containing products specialize in wound care. With the ability for Ag
NP to enter HEK, their degradation within the cell may create reactive oxygen species (ROS)
that would be damaging to cell machinery and DNA. Given that focal inflammation, specifically
intracellular and intercellular epidermal edema, was seen after 14 days of topical application of
Ag NP to skin the potential for the Ag NP to cause inflammation cannot be ruled out and long
term studies over severa weeks should be investigated. Overall, this study provides knowledge
on the toxicity and Ag NP penetration in both in vitro and in vivo as well as provides a basis for
occupational and risk assessment.
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C. Studieswith Aluminum Nanoparticles
I ntroduction

Aluminum is one of the most ubiquitous elements in the environment and is covered by
an oxide film that generally inhibits corrosion. Acute and chronic exposure to Al has been shown
to be toxic to animals and humans (Y okel and McNamara, 2001). Al may function as a pro-
oxidant to increase oxidative damage in vivo (Exley, 2004). Aluminum nanoparticles (Al NP)
have medical, military, and commercial applications. Encapsulation of non-ionic, insoluble drugs
by Al NP may act as a site-specific drug delivery system (Tyner et a., 2004). Iron aluminide and
iron aluminum carbide have been shown to be corrosive resistant and have a higher tensile
strength. The military has used Al NP in explosives and in artillery surface coatings. Metastable
intermolecular composites (MIC) are mixtures of metallic nano powders that possess exothermic
properties. Metallic mixtures of Al particles possess these properties and the energy released
after explosion has been shown to be based on the size of the particle (Miziolek, 2002). The US
Navy is investigating the use of Al NP in lithium batteries to improve performance, as a
replacement for lead primers in artillery, and as resistant coatings on propeller shafts (Looney,
2004). The US Army is pursuing the use of Al NP in ammunition and explosives, while NASA is
investigating the use of Al NP in solid rocket fuel. One of the major interests of Al NP for the
US Air Force is in rocket fuels. Al NP have been added to increase the specific impulse of a
composite propellant and later found that due to their small particle size combustion was much
improved. Al has been used for fuel in boosters and key missiles such as the Polaris rockets A1-
A3, the Minuteman | rockets stage 1-3, the Titan 3 solid rocket motors, and the current space
shuttle solid rocket booster (Hunley, 1999). It has been suggested that in the mission to Mars the
addition of Al NP to solid rocket fuel could increase the specific impulse of a stable composite
propellant. NASA hasindicated that 20-100nm Al NP covered by a 2-3nm coating of aluminum
oxide (Al,0s3) produces new nanoengineered metallized gelled fuels. These fuels provide higher
density, added safety, reduced fuel slosh and leakage, and increased exhaust velocity
(Palaszewski, 2002). Researchers have also found that adding Al NP to diesel fuel may
significantly improve the radiative and heat/mass transfer properties and cause the fuel droplets
to ignite at a much lower temperature. Commercial uses of Al and Al oxide NP include scratch-
resistant and abrasive-resistant coatings on sunglasses, car finishes, and flooring. Aluminum
oxide NP, which have good dielectric and abrasive properties, have been studied as potential
orthopedic implants and may be more effective with fewer adverse affects than conventional
materials of larger size on bone structure (Gutwein and Webster, 2004). Alumina particles have
caused the release of inflammatory mediators in co-cultures of mouse macrophages and primary
cultured human osteoblasts (Rodrigo et a., 2006). Endothelial cells exposed to alumina NP
exhibit an increase in MRNA and protein expression of VCAM-1, ICAM-1, and ELAM-1 aswell
as an increase in adhesion to monocytes (Oesterling et a., 2008).

In earlier studies, Al NP with a diameter of 30nm caused no mortality in immortalized
mouse keratinocytes and endothelial cells (Rooney et a., 2004). Anincrease in Al concentration
in the body has been shown to cause neurotoxicity, while many Al salts are irritating and
corrosive to the skin such as auminum borohydride used in jet fuels (Burrows et al., 1999).
Exley et a. (2007) suggested that Al in antiperspirants may even cause breast cancer. Al in
drinking water and food has been implicated as a potentia factor in cognitive impairment in the
elderly and in Alzheimer’'s disease (Flaten, 2001). It is well known that the physicochemical
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properties and concentration of NP will determine their toxicity (Monteiro-Riviere and Tran,
2007). Studies by Yang and Watts (2005) showed that Al NP coated with phenanthrene can
reduce toxicity. Similar results in our lab have shown that the surface coatings on quantum dots
(QD) determines their penetration, cytotoxicity, and irritation potential (Ryman-Rasmussen et
al., 2007).

Cytotoxicity assays provide accurate assessment on viability for classic small molecule
cytotoxicity studies, but have proven less than reliable when assessing NP. Recent studies have
shown that viability assays on cells treated in culture with carbon-based nanomaterials provide
inaccurate results (Monteiro-Riviere and Inman, 2006; Worle-Knirsch et al., 2006; Casey et al.,
2007; Monteiro-Riviere et al., 2009). While the affect of metallic NP on viability assays has not
been reported, metal oxide NP have been shown to adsorb components of cell culture media and
thus influence the cytotoxicity evaluation (Horie et a., 2009). The interactions of Al NP with the
viability assays MTT, CellTiter 96° AQueous One (96 AQ), and alamar Blue® (aB) must be
determined before accurate viability results can be correctly interpreted.

The objective of this study is to determine the cytotoxic effects of varying concentrations
of two sizes (50nm and 80nm) of Al NP in human epiderma keratinocytes (HEK) and to
determine their inflammatory potential. This study also evaluated the effect of three viability
assays with Al NP to determine the optimal assay to assess HEK exposure to metallic NP.

Materials and M ethods
Nanoparticles:. Commercialy available Al NP, 50nm (AI50) and 80nm (Al80) in diameter with
a 2-5nm oxide coat, were synthesized and provided by nanoComposix (San Diego, CA).

Nanoparticles were highly agglomerated and spheroidal in shape, with a light gray appearance.
Initial characterization of the 50nm and 80nm NP is summarized in Table 2.

Table 2. Characterization properties of the 50nm and 80nm Al NP.

50 nm Al NP 80 nm Al NP
TEM Diameter (nm) 475+ 24.6 60.1 + 30.5
Coefficient of Variation (%) 52.8 50.7
TEM Minimum/Maximum Diameter (nm) 7.3/125.8 11.3/240.2
DL S Hydrodynamic Diameter (nm) 215+ 99 210+ 95
Zeta Potential (mV) 35 42

Nanoparticle characterization: The Al NP were suspended in deionized water and in serum-free
keratinocyte growth medium (KGM-2) and size measurement characterization carried out by
dynamic light scattering (DLS) with a Zetasizer Nano-ZS (Malvern Instruments, Inc). The
readings were taken at 25°C (standard characterization temperature) and at 37°C (cell culture
conditions) immediately after preparation (t = Oh) and after a 24h incubation at 37°C (t = 24h).
The measurements were repeated five times, with the number of runs (typically 12 to 20) and
other parameters (e.g., attenuation) optimized by the instrument software. Data was culled based
on the Correlogram, Size Quality Report, and Expert Advise rendered by the software
(Dispersion Technology Software, version 5.03). The NP size was also determined by
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transmission electron microscopy (TEM). The Al NP were suspended in deionized water at a
concentration of 0.4mg/ml, pipetted onto a formvar-coated grid, and air-dried overnight at room
temperature. The samples were photographed on a FEI/Philips EM208S transmission electron
microscope operating at an accelerating voltage of 80KV. In addition, the samples were analyzed
by X-ray microanalysis (EDS) on a Hitachi HF2000 FE transmission electron microscope
equipped with an Oxford Instruments INCA EDS operating at an accelerating voltage of 200KV .

UV/Vis Spectrum: These measurements were conducted to determine interactions of the metallic
NP with the viability assays. Al NP were suspended in centrifuge tubes containing MTT medium
(0.5 mg/ml in KGM-2), 96 AQ medium (20ul/100ul KGM-2), or aB medium (10ul/100ul KGM-
2) at 4.0, 0.4, 0.04, 0.004, and 0.0004mg/ml and incubated for 3h. For MTT, the NP were
pelleted by centrifugation, rinsed, and extracted with isopropanol. The extracted solutions and
the 96 AQ medium from each Al NP concentration were transferred to quartz cuvettes and
absorbance quantitated at intervals from 300-700nm on a Spectronic Genesys 5 UV-Vis
spectrophotometer (Thermo-Fisher Scientific). The aB medium was transferred to a black plate
and fluorescence read at intervals between 565-640nm on a Spectra Max Gemini EM
spectrophotometer with the excitation/emission wavel ength 545nm/590nm.

Nanoparticle controls. These controls, smilar to the UV/Vis measurements, determined whether
the NP interfered with the assay to cause afalse-positive result. Each well of a 96-well plate was
coated with rat tail collagen to enhance adhesion and the Al NP added at 4.0, 0.4, 0.04, 0.004,
0.0004mg/ml. The controls (n=6 wells/treatment) were incubated for 24h, centrifuged to pellet
the Al NP, and the KGM-2 medium replaced with MTT, 96 AQ, or aB medium for 3h. The
absorbance or fluorescence was read as above.

Cdll culture: Cryopreserved first pass neonatal HEK (Lonza Walkersville, Inc.) were seeded in
75cm? flasks and grown to ~75% confluency, harvested, and plated in the inner wells of 96-well
plates at 12,500 cells/well in KGM-2 medium. Medium was placed in the peripheral wells of the
plate to help stabilize plate temperature and minimize evaporation from the inner wells. The cells
were grown for 18h in a 5% CO, atmosphere at 37°C. The stock solution (4.0mg/ml) was
prepared in KGM-2 by a brief agitation followed by 30 min sonication, then serially diluted to
provide dosing solutions at 0.4, 0.04, 0.004, and 0.0004mg/ml. HEK were exposed to each
dosing solution (n=24-30 wells/treatment, 6 wells/plate) for 24h. The medium was harvested and
stored at -80°C for analysis of cytokines and the viability of the cells assayed by MTT
(Sigma/Aldrich), 96 AQ (Promega Corp), and aB (Invitrogen).

Photographs from the 0.4, 0.04, and 0.004 experiments performed on different days were
analyzed to determine the size of the Al NP agglomerates. The size could not be determined in
the 4.0mg/ml treatment because NP agglomerates had completely covered the field of view or in
the 0.0004mg/ml treatment since the NP agglomerates were below the resolution of the
microscope. Agglomerates were selected randomly and the area of each cal culated.

Cytotoxicity assays. The treatment medium was harvested from each well and the cells were
incubated with MTT medium for 3h. The tetrazolium dye was extracted from the cells,
transferred to a new plate, and the absorbance quantitated at 550nm (Multiskan RC plate reader,
Labsystems). For 96 AQ, 100ul of medium was removed from each well, 20ul of the 96 AQ
solution was added, and cells incubated for 3h. The solution was transferred to a new plate and
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the absorbance quantitated at 450nm. For the aB assay, 100ul of medium was removed from
each well of ablack plate, 10ul of aB solution added to each well, and the cells incubated for 3h.
The fluorescence was quantitated (top read) on a Spectra Max Gemini EM spectrophotometer
with the excitation/emission wavelength 545nm/590nm. The values for al assays were
normalized by the controls and expressed as percent viability. The plates were centrifuged after
incubation to help ensure the NP did not interfere with the absorbance or fluorescence readings.

The NP/cell controls (n=6 wells/treatment) determined how the NP affected the assay
after the dye/reagent reacted with the viable cells. HEK media was changed rather than treated
with NP and norma HEK viability assayed at 24h. Plates containing the Al NP concentrations
(without cells) were incubated in parallel. Once the viability of the normal HEK were assayed,
the dye/reagent was transferred to the parallel Al plates and incubated for 3h. The difference in
the absorbance or fluorescence after incubation with the Al indicated the affect on the
dye/reagent. For these controls, the plates were centrifuged to help ensure the NP did not
interfere with the readings.

Intralaboratory controls and particle controls were carried out to verify the integrity of the
HEK from stock. For the intralaboratory controls, HEK were treated with seria dilutions of SDS
(99%; Sigma-Aldrich) for 24h. The calculated LD50 value was consistent with previous HEK
stock (Monteiro-Riviere et al., 2009). For particle controls, HEK viability was determined after
24h exposure to Min-U-Sil 5 (U.S. Silica). As previoudly shown (Monteiro-Riviere et al., 2009),
the silica particles interacted with the viability assays to affect results.

Cytokines. The human cytokines IL-8, IL-6, IL-1B, IL-10, and TNF-a were quantitated by
multiplexing with the Bio-Plex suspension array system (Bio-Rad Laboratories). Treatment and
control media from the 96 AQ experiment were incubated with the capture antibody (conjugated
to beads), fluorescently labeled, and analyzed. The cytokines were quantitated relative to a
standard curve. The limit of detection for each cytokine is as follows. IL-8, 0.5pg/ml; IL-6,
1.1pg/ml; 1L-1, 0.8pg/ml; IL-10, 0.9pg/ml; TNF-a, 3.0pg/ml). The data from each cytokine was
normalized to the 96 AQ viability data.

To determine if the Al NP interact with the cytokine assay, Al150 and Al80 medium was
spiked with each cytokine standard to provide a final NP concentration of 0.4mg/ml at highest
concentration on the standard curve for each cytokine (e.g., 1793.6pg/ml for IL-8; 2337.7pg/ml
for IL-6; 2821.7pg/ml for IL-1p; 5665.7pg/ml for TNF-a).

TEM/EDS. To study nanoparticle uptake in HEK, the cells were grown to 70% confluency in
25cm? flasks and exposed to 0.4mg/ml Al NP for 24h. The HEK were harvested with
trypsin/EDTA, rinsed in Hanks' Balanced Salt Solution (HBSS), and fixed in Trump’s fixative.
The cells were rinsed in phosphate buffer, embedded as a pellet in 3% agar, and post-fixed in 1%
osmium tetroxide. The cells were rinsed in distilled water, dehydrated through graded ethanols,
cleared in acetone, and infiltrated and embedded in Spurr’s resin. Thin sections (~800A) were
mounted on copper grids and examined unstained on a FEI/Philip