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Abstract

Although nanocrystalline silver is used commercially to treat burns and
wounds, the mechanisms of action (MOA) for its activity are not clear. The
purposes of this work were to determine if nanocrystalline silver has anti-
inflammatory activity, determine physicochemical properties critical for its MOA,
and develop nanocrystalline silver-derived solutions for use in the treatment of
lung diseases, including ARDS and pneumonia. In a porcine contact dermatitis
model, nanocrystalline silver had anti-inflammatory activity independent of
antimicrobial activity, with increased apoptosis induction in inflammatory cells,
but not keratinocytes; decreased expression of TNF-a, TGF-f, IL-8, and MMPs;
and increased expression of I[L-4, EGF, KGF, and KGF-2. Treatment with
AgNO; (Ag") increased inflammation, and caused apoptosis induction in
keratinocytes. Thus, nanocrystalline silver releases additional species, perhaps
Ag”-containing clusters, resulting in anti-inflammatory activity. SIMS analysis
showed significant deposition of Ag-clusters after nanocrystalline silver, but not
AgNO;s, treatment. Nanocrystalline silver had a systemic effect, despite SIMS
analysis showing minimal skin penetration by silver, suggesting that
nanocrystalline silver interacts with cells near tissue surfaces that release signals
altering the inflammatory cascade. Relative to various Ag -releasing dressings,
nanocrystalline silver had significantly enhanced antimicrobial activity, Ag'-
resistant bacteria kill, and was not prone to development of resistant bacteria,
indicating that nanocrystalline silver releases antimicrobial species additional to

Ag’, and has multiple bactericidal MOA. Single silver nanocrystals are inactive,



and heat treatment of nanocrystalline silver resulting in crystallites over ~30 nm
caused loss of antimicrobial activity, soluble silver, silver oxide, and oxygen.
This indicates a poly-nanocrystalline silver structure is necessary for optimal
antimicrobial activity, as is having silver oxide to pin the nanostructure,
preventing its growth. While oxygen is necessary during sputtering to produce
silver oxide, too much oxygen reduces antimicrobial activity, as silver oxide is
predominantly deposited. Sufficient total silver, modifiable with current and
time, is also important for activity. Nanocrystalline silver-derived solution
properties vary significantly with dissolution conditions. Solutions generated at
pH 4-6 have stronger antimicrobial activity, and solutions generated at pH 9 have
stronger anti-inflammatory activity. Overall, nanocrystalline silver-derived
solutions have biological properties similar to nanocrystalline silver, indicating

that they may be useful in a variety of medical applications.
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Volume 1
Chapter 1 - Introduction and Review of the Literature’
Introduction

Silver has been used medicinally for centuries. In the 1700s, solid silver
nitrate was used for opening abscesses, removing warts, and treating a variety of
ulcers[1]. This use of solid silver nitrate continued into the 1900s[2]. In the
1800s, the use of silver nitrate-containing solution became more common. These
solutions were used to remove hypertrophic granulation tissue, promote crust
formation on burn wounds, and prepare wound surfaces for skin grafting[1].
Shortly after the discovery of the existence of microbes, the antibacterial
properties of silver were demonstrated, and in 1880, Crede recommended the use
of 2% silver nitrate for the treatment of opthalmia neonatorum[3]. A few years
later, Halsted began using silver wire stitches and silver foil dressings for their
antibacterial effect during the treatment of hernias[4]. After the early 1940s, with
the development and use of antibiotics, there was less interest in the use of silver,
although silver foil was still used in burn and graft wounds for its pain-reducing
effects, bactericidal activity, stimulation of granulation tissue growth, and good
cosmetic results[1]. In 1965, Moyer et al.[5] introduced the use of 0.5% silver
nitrate in the treatment of burns as the lowest concentration that remained active
against bacteria in vitro and in vivo but, according to their work, did not have a
toxic effect on growing epidermal cells (0.1% silver nitrate was not active against

bacteria, while 1% killed epidermal cells)[5]. They recommended wetting the

! A version of this chapter has been published in: Nadworny and Burrell 2008, Journal of Wound
Technology, 2:6-13, and Nadworny and Burrell 2008, Journal of Wound Technology, 2:14-22.



dressings with fresh silver nitrate solution every three to four hours, and changing
the dressings one to two times per day[5]. In 1967, Fox[6] introduced the use of
silver sulfadiazine, which is still used as a 1% cream, and is generally applied one
to three times per day[7]. Some of the benefits of silver sulfadiazine (or SSD)
included decreased frequency of sepsis in burn patients, and the fact that the
dressings didn’t need to be attended to every three to four hours. However, SSD
did not provide sufficient protection against gram negative bacteria in badly burnt
patients, and slowed wound healing[8]. This led, in the late 1990s, to the testing
of various combinations of SSD with other agents, including cerium nitrate[9],
and the testing of silver nylon dressings containing about 25% metallic silver,
with[10] or without[11] attempts to increase silver ion concentrations by
electrolysis.

Nanocrystalline silver dressings, one of the world’s first applications of
medical nanotechnology, were also developed in the late 1990s by Burrell and
coworkers. The dressings, designed to release bactericidal levels of silver
continuously over a period of days[12], were initially introduced into burn care as
antimicrobial dressings. However, both clinical and lab studies indicated that the
antimicrobial activity observed was beyond that expected for an Ag" releasing
dressing[13-16]. As well, it was discovered that nanocrystalline silver dressings
caused dramatic improvements in wound healing, possibly due to anti-
inflammatory activity of the nanocrystalline silver[17-19]. While the exceptional
antimicrobial activity of nanocrystalline silver has been lifesaving, as

nanocrystalline silver has proven effective against fungi and many types of



bacteria including those resistant to antibiotics and heavy metals[12-16, 20], its
anti-inflammatory activity could prove even more valuable clinically. Evidence
suggests that nanocrystalline silver could be used to treat inflammatory skin
diseases such as allergic contact dermatitis, atopic contact dermatitis, and
psoriasis[21, 22], and to treat inflammatory bowel disease[23]. If nanocrystalline
silver can be used to treat skin conditions, it is likely that it can also be used to
treat other organs which derive from epithelium. If the correct structure and
delivery system were designed, nanocrystalline silver could be delivered to the
lung to treat inflammatory diseases such as pneumonia and adult respiratory
distress syndrome, or to the gastrointestinal tract to treat diseases such as
inflammatory bowel diseases.

To utilize fully the unique biological properties of nanocrystalline silver —
its antimicrobial and anti-inflammatory activity — a better understanding of its
mechanisms of action is necessary. This would allow for the creation of silver
products designed specifically for each body system and application. For
example, to treat inflammatory diseases in the lung, a form of silver could be
developed which has a higher concentration of the species responsible for anti-
inflammatory activity, with less of the species responsible for antimicrobial
activity. It could also be designed specifically for delivery to the lung, such that it
could be inhaled and these species would reach the deep lung in their active form.

Since the development of nanocrystalline silver dressings, there has been a
rapid increase in the number of silver dressings available to physicians, including

dressings containing pure metallic silver, and silver compounds such as silver



carboxymethylcellulose, silver phosphate, and silver chloride. The large number
of dressings now available can make it confusing for caregivers to decide which
product to use. This is another important reason to improve the understanding of
the impact of the silver structure on its activity. As storage, processing, and
conditions of use may modify the structure of nanocrystalline silver, the impact of
heat on the dressings is important, and may also provide clues as to which
properties are important for the activity of the thin films. With the development
of antibiotic resistance, clinicians are seeking alternative antimicrobial treatments.
If nanocrystalline silver kills bacteria by multiple mechanisms of action, as has
been suggested, it may be difficult for bacteria to develop resistance to
nanocrystalline silver, making nanocrystalline silver a good replacement therapy
for antibiotics. This provides yet another reason to improve understanding of the
antimicrobial mechanisms of action of nanocrystalline silver.
Background
Chemistry of Silver

Silver is a noble metal, in the same family as gold, platinum, and
palladium. Some properties of these metals are shown in Table 1-1, which shows
that they are structurally very similar. Silver is most commonly available in the
form of silver metal, Ag(o), which, in bulk, is unreactive. Ionic silver is most
commonly found in the form of Ag" (ionization energy: 731 kJ/mol), but it can
also be ionized to Ag®" (ionization energy: 2070 kJ/mol) and Ag>* (ionization

energy: 3361 kJ/mol)[24].



Table 1-1. Characteristics of noble metals (data from reference [25])

Metal | Atomic | Atomic | Group in | Period in | Structure Cell
Number | Weight | Periodic | Periodic Parameters
Table Table (pm)
Pd 46 106.4 10 5 ccp | a0=c=389.07
a=B=y=90
a=b=c=408.53
Ag 47 107.8 11 5 CCP P
Pt 78 195.1 10 6 CCP a=b_=c_=3_92,(4)12
a=B=y=90
Au 79 197.0 11 6 CCP a=b_=c_=4_07,§2
a=B=y=90

CCP=cubic close-packed, also known as face-centered cubic (FCC)

Chemical Reactivity (Bio-availability) of Silver

Tonic silver (Ag") reacts strongly with amino acids, proteins, and chloride
to form low solubility compounds. For example, the K, for AgCl is 1.8x10"°'M
[26]. This means that in a pure AgCl/water solution, the free silver concentration
would be about 1.4 mg/L. However, the chloride contents of bacterial growth
media (e.g. Tryptic Soy Agar, which has ~3050 mg/L chloride) and serum (which
contains 3500 mg/L chloride[27]) are on the order of 1x10" M. Therefore, in
these solutions, the free silver concentration is much lower, and thus the silver is
unavailable for antimicrobial activity. For example, if silver is utilized at
concentrations of about the mg/L level (~10°M) in either of these situations, a
1:10 000 Ag":Cl ~ratio exists, and the free silver falls to less than 0.3 pg/L (see
I.C.E. table calculations for 1 ppm and 25 ppm in Tables 1-2 and 1-3), as it is
converted to insoluble silver chloride. These calculations have been confirmed
experimentally by measuring silver ion concentration using a specific ion
electrode both during application of silver dressings to exuding burn surfaces, and

in bacteriological broth containing various concentrations of sodium chloride[28]




(see Figure 1-1), and the resulting AgCl formed has been shown experimentally
not to be bactericidal, as Ricketts et al.[28] concluded that the antibacterial effect
of silver in burn dressings was dependent on the availability of silver ions, and not
silver chloride. Thus, it is very important to consider the quantity of bioavailable
silver, as opposed to total silver, when developing or selecting silver-containing
dressings for clinical applications.

Table 1-2. ICE table for Ag" = 1 ppm

[Ag ] [Cl ]
I 9.25926x10° M 9.85915x10° M
C -X -X
E 9.25926x10° - X M 9.85915x10%2 - XM
Ko =[Ag']s

1.8x107'%=(9.25926x10° — X)(9.85915x107 — X)
X=9.25743x10° mol/L > Ag" at equilibrium = 1.8259x10™ M or 0.1981 pg/L

Table 1-3. ICE table for Ag" =25 ppm

[Agaq] [Clag]
I 2.31481x10* M 9.85915x10° M
C -X -X
E 2.31481x10* - X M 9.85915x107 - X M
K = [Ag][CI]

1.8x107'% = (2.31481x10™ — X)(9.85915x107 — X)

X=2.31480x10"* mol/L > Ag" at equilibrium = 1.8300x10™ M or 0.1986 ug/L
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Figure 1-1. The effect of varying chloride concentrations in solution on the free
silver (Ag") concentrations generated from 40 mg/L silver nitrate. Data extracted

from Ricketts et al.[28]
Physical and Chemical Properties of Nanocrystalline Silver

Commercial nanocrystalline silver dressings are composed of three layers
of material spot welded together. The two outer layers are composed of
nanocrystalline silver-coated high-density polyethylene mesh. The inner layer is
an absorbent rayon/polyester non-woven gauze. The nanocrystalline silver coated
layers are produced by a magnetron sputtering process in which the silver atoms
are layered down atom by atom onto the coating, forming poly-nanocrystalline
columnar structures. The base (antimicrobial) layer of the film is produced in an
argon atmosphere with 4% oxygen, and the upper (optical interference) layer is

produced in 4% oxygen at half the power[29]. With the two layers combined, the



total dressing thickness is approximately 900 nm.

Atomic force microscopy (AFM) images of the upper layer show
uniformly distributed submicron grainy aggregate structures with the smallest
grains being 10-20 nm in size[30]. Scanning electron microscopy (SEM) images
demonstrate this same structure[31]. According to AFM, the lower layer has
larger grain sizes (50-100 nm)[30]. However, as will be discussed later, other
studies using x-ray diffraction (XRD) indicate that the grain size is 11-15 nm[31].

Because of the method by which nanocrystalline silver is produced, the
silver is in a highly energized state due to the large number of both point and line
defects in the crystal lattice. As well, a high percentage of the total atoms are
grain boundary atoms because of the small grain sizes present. These grain
boundary atoms, according to Birringer[32], may represent a unique state of solid
matter, in addition to amorphous and crystalline matter. Amorphous matter is
made up of molecules demonstrating short range order, while molecules in
crystalline matter demonstrate long range order due to the lattice structure. Grain
boundary atoms, however, are not a part of a crystal lattice structure, but they are
affected by the lattice structures of the crystals around them, preventing them
from achieving the short range order of amorphous materials. This suggests that
grain boundary atoms may behave differently from either amorphous or
crystalline materials, and so the high concentration of grain boundary atoms in
nanocrystalline silver would be expected to have an impact upon its properties.

From both chemical and biological perspectives, nanocrystalline silver has

proven to be unique. Chemical studies have shown that, not surprisingly, Ag"



dissolution from nanocrystalline silver has been observed via specific ion
electrode and scanning electrochemical microscopy (SECM) techniques[12]. Of
more interest is that Ag(0) has also been observed to dissolve from
nanocrystalline silver, using voltametric electrochemical analysis and SECM[30].
Voltametric studies and x-ray diffraction showed that the lower (antimicrobial)
layer contained slightly over 50% Ag(0) and slightly under 50% oxidized silver,
while the upper (optical interference) layer contained mostly oxidized silver[30].
These study results also suggested that neither layer appeared likely to contain
higher oxidation-state silver species[30]. SECM results indicated that no soluble
Ag(0) species were detected leaving the upper layer, but that both soluble Ag()
(reducible silver) and Ag(0) (oxidizable silver) containing species were detected
in the lower layer. As well, the diffusion coefficient for the dissolvable Ag(I)-
containing species was lower than that expected for Ag’, suggesting that the
Ag(I)-containing species might be in a cluster form. The results of studies they
performed using electrochemically induced dissolution and SECM further
suggested that the dissolution of nanocrystalline silver dressings is facilitated by
the coexistence of an Ag(I)/Ag(0) mixed-valence species in a cluster[30]. Since
nanosized Ag” particles or clusters are unstable in water, and bare atoms of Ag'®
are unlikely to be found on their own, they suggested oxide encapsulation might
be improving the stability of the soluble Ag'”[30]. Furthermore, results from
quartz crystal microbalance measurements indicated that perhaps both silver
oxide (such as Ag,0) and silver hydroxide (such as AgOH) species might be

dissolving from the nanocrystalline silver films. Overall, these results suggested



that the dissolution products from nanocrystalline silver dressings likely include
small clusters containing Ag(0), Ag(I), oxygen, and hydrogen[30]. It is not
known whether these clusters are charged, or uncharged, or a mixture of both. In
addition, a silver species of higher oxidation state has been observed dissolving
from nanocrystalline silver coatings using cyclic voltametry[12]. It is thought that
the highly energetic and active surface of nanocrystalline silver, which evidently
has silver present in various oxidation states, may produce complex metastable
silver hydroxide compounds at the surface of the crystals, which, being
metastable, would be able to migrate into the surrounding environment and
produce biological interactions which typical silver compounds could not[12].
Recent studies by this group have provided some insight into the physical
characteristics necessary to produce these dissolution products, which appear to
be responsible for the unique antimicrobial activity observed in nanocrystalline
silver. Nanocrystalline silver dressings were heat-treated for 24 hours at
temperatures between 23°C and 110°C[31, 33]. For heat treatments at 90°C or
above, the dressings were no longer bactericidal, and bacteriostatic longevity was
reduced. Soluble silver dropped significantly at the same temperature, indicating
nanocrystalline silver is both thermally unstable and necessary for antibacterial
activity[33]. There was also evidence of sintering, with a significant increase in
crystallite size, and a loss of both silver oxide and total oxygen from the
dressings[31]. These results suggested that the decomposition of silver oxide
allowed for crystallite growth and sintering, resulting in the observed decrease in

silver dissolution and antimicrobial activity. Thus, the silver oxide acts to pin the

10



nanostructure of the metallic silver-containing nanocrystals, preventing the
nanocrystals from growing at room temperature. The results also indicated that
dressings with crystallite sizes greater than 32 nm were not effective antimicrobial
agents, suggesting that unstable crystallite surfaces and grain boundary atoms
may be important in the unique biological properties of nanocrystalline silver
dressings[31], since as surface area decreased and crystallite size increased, the
percentage of total atoms in grain boundaries would also have decreased, leading
to the change in dissolution behavior, and thus antimicrobial activity, observed at
high heat-treatment temperatures[31].
Infection and Inflammation in Wound Healing

One of the main uses for nanocrystalline silver dressings is in the
treatment of colonized/infected burns and wounds. In these types of clinical
situations, both inflammation and infection are often present, and both can slow
healing and result in healing via scarring rather than through regeneration. An
acute inflammatory response to injury or trauma can be recognized by four
cardinal signs. Redness, swelling, and heat are produced by a combination of
local vasodilation, fluid leakage into the extravascular space, and blockage of
lymph drainage. Pain is produced by distention of tissue spaces from swelling
and pressure, or by the irritation of receptors for chemicals[34].

Response to wounding, and subsequent healing of the wound, goes
through three overlapping phases: the clotting phase, the inflammatory and
proliferative phase, in which inflammation, phagocytosis and deposition of

granulation tissue occurs, and the remodeling phase, which involves contraction

11



and re-epithelialization. The primary function of the clotting phase is to create a

temporary plug thereby protecting the host from attack by pathogens, and

preventing excessive blood loss due to the injury. The primary function of the

inflammatory phase is to attract phagocytes to the injury to remove pathogens and

wound debris so that the repair process can begin[34]. The repair and remodeling

phase involves re-epithelialization, formation of granulation tissue, angiogenesis,

and remodeling in the ECM. The acute inflammatory response usually lasts 24-

48h, and should be completed within two weeks. Figure 1-2 shows a timeline of

normal wound healing, and indicates where some of the involved cells are active.

After the acute response, a subacute phase may last for another two weeks[34].
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Figure 1-2. Timeline of wound healing and corresponding cell populations in the
wounds (Witte et al., 1997, in reference [35]).

Chronic inflammation is an inflammatory response that lasts for more than

days or weeks. A chronic wound is one that “deviates from expected sequence of
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repair in terms of time, appearance, and response to aggressive and appropriate
treatment”[36]. Chronic wounds are characterized by prolonged inflammation,
elevated protease activity, a defective wound matrix, and a failure to re-
epithelialize[37]. The rate of wound closure is a result of multiple factors,
including the wound size (both area and volume), wound location, underlying
pathophysiology, presence of infection, and the patient’s medical status, including
other medications being taken, and standard of nutrition[36]. Thus, chronic
wounding can be the result of a combination of these factors at work. Chronic
wounding can also be considered a form of "frustrated repair" — everything
needed for repair is present and working, but repair efforts are impeded because
the agent causing inflammation is still present[38].

Chronic inflammation can develop in two ways. The first is that acute
inflammation can proceed to chronic inflammation if it is not resolved
completely[34]. Chronic inflammation can also occur when necrotic tissue seals
the wound; excessive edema, eschar, or debris is present; or when the
inflammatory response is unable to eliminate initial infection or the agent causing
injury[38]. For example, chronic inflammation can occur when phagocytes ingest
a microorganism, but the microorganism then resists enzymatic and oxidative
killing. Another example is if the microorganism is killed, but its cell wall can't
be phagocytized, so it remains in the site of injury, still acting as an antigen.
Also, if components of the host cross-react with the bacterial antigen, they may

themselves be attacked by the immune system[37].
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Many chronic wounds are associated with high levels of colonization by
bacteria, which can lead to infection. As well, many pathogens, especially
anaerobic bacteria, can affect cell-mediated responses that would normally occur
during wound healing, such as inhibiting keratinocyte migration, fibroblast
migration, and re-epithelialization, further hindering wound closure[37]. Thus,
there is a close link between inflammation, colonization/infection, and wound
healing. The same links are present in other types of inflammatory diseases. This
indicates that the antimicrobial activity combined with the potential anti-
inflammatory/pro-healing activity of nanocrystalline silver could prove very
beneficial in a variety of clinical applications.

Antimicrobial Activity of Silver

Minimum Inhibitory Concentrations Required For Silver Treatments

Ricketts et al.[28] found that the minimum inhibitory concentration (MIC)
for silver (Ag"), tested against P. aeruginosa, was 20 - 40 mg/L in nutrient broth.
They also showed that the presence of organics in the test medium could increase
the required amount of silver by greater than 80 times. Carr et al.[39] determined
silver sulfadiazine MICs for 643 organisms. The MICs for P. aeruginosa ranged
from 0.8 to 50 mg SSD/L (0.2 — 15 mg Ag /L) in their experiments[39]. These
are conservative numbers, since sulfadiazine also has some antimicrobial activity.
The MIC o, the concentration required to effectively inhibit all test organisms,
ranged from 25 — 100 mg SSD/L (7.5 — 30 mg Ag'/L) depending upon the
bacterial species tested[39]. Carr et al. then tested an additional 14 organisms and

found MICs that ranged from <0.8 — 100 mg SSD/L (<0.2 — 30 mg Ag'/L)[39].
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Ten of the additional 14 organisms had MICs >3.13 mg SSD/L (1 mg Ag'/L).
Spadaro et al.[40] showed that Staphylococcus aureus and Escherichia coli had
MICs of 7 and 4.9-5.8 mg Ag'/L, respectively. Berger et al.[41] determined
MIC:s for 16 organisms in nutrient broth. They ranged from 0.08 — 1.25 mg
Ag'/L. Hall et al.[42] determined 24 and 48 hour MICs for nine organisms in a
tryptone-marmite-glucose medium. The MICs ranged from 3.8 - 45 mg Ag'/L
with eight of the nine organisms having values greater than 12.5 mg Ag'/L at 24
hours. There was little difference between MICs determined at 24 hours versus
48 hours. Maple et al.[43] determined 24 hour MICs for 80 strains of MRSA to
silver sulphadiazine in Iso-Sensitest agar. MICs ranged from 64 — 128 mg SSD/L
(21 — 42 mg Ag'/L) with MICsy and MICy values of 85 mg SSD/L (28 mg
Ag'/L) and 120 mg SSD/L (40 mg Ag'/L). Li et al.[44] measured silver nitrate
and silver sulphadiazine MICs for Escherichia coli that were susceptible and
resistant to Ag'. The parent or susceptible strain had MICs of 8 (5 mg Ag'/L) and
16 mg/L (5 mg Ag /L) for silver nitrate and silver sulphadiazine, respectively.
The silver resistant E. coli had an MIC greater than 1024 mg AgNOs/L (650 mg
Ag'/L). They also observed that if CI' was omitted from their test medium the
MIC dropped to 64 mg Ag'/L. Yin et al.[14] compared MICs for three different
silver sources (silver sulphadiazine, AgNO3 and nanocrystalline silver) and five
organisms. The MICs observed ranged from 5 — 12.5 mg Ag/L. Overall, the data
for MICs presented above, which was generated over the last 40 years, is
remarkably consistent. It shows that bacteria have MICs for silver that are

generally greater than 1 mg/L in complex media. In fact, over 80% of the
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organisms tested in complex media had MICs that exceeded this value. This
suggests that if broad spectrum control is a requirement for a silver-containing
medical device, then the silver release should significantly exceed 1 mg/L. In
fact, in clinical applications, a range of concentrations should be avoided that
extends from the minimum inhibitory concentration (MIC) of most susceptible
cells to the MIC of the least susceptible single-step bacterial mutants (this
concentration is the mutant prevention concentration (MPC) which is
approximately the minimum bactericidal concentration (MBC)), as concentrations
within this range will select for resistant organisms[45]. Such a selection process
would have a serious negative impact on wound care, particularly in burn units
where silver is often the first line of defense against wound infections. Thus,
silver must be delivered at a concentration greater than the MBC of the least
susceptible cells, not merely at the MIC of a species or strain of choice.

Minimum Bactericidal Concentrations Required for Silver Treatments

MBC tests were used as part of the process in determining protocols for
silver usage in the early 1960s. As a result, silver nitrate was used at a
concentration of 0.5% (3176 mg Ag'/L) and silver sulfadiazine was formulated as
a 1% cream (3025 mg Ag'/kg). Ricketts et al.[28] found that the supernatant of
an AgCl solution had no bactericidal efficacy. Berger et al.[41] determined
MBC:s for 16 organisms. They found that they ranged from 0.73 — 10.05 mg
Ag'/L. 12 of the 16 organisms had MBCs greater than 2 mg Ag'/L. They noted
that the MBCs were about a factor of 10 greater than the MICs for their test

organisms. Hall et al.[42] measured MBCs (which ranged from 3.8 to >50 mg
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Ag'/L) for nine organisms. They found eight organisms had MBCs greater than
12.5 mg Ag'/L and 5 were greater than 40 mg Ag'/L. Contrary to Berger et
al.’s[41] observations, Hall et al.[42] found that the MICs and MBCs were of the
same order of magnitude. Maple et al.[43] determined MBCs for silver
sulfadiazine with 80 strains of MRSA. The range of MBCs measured was from
64 — 256 mg SSD/L (21 — 84 mg Ag+/L). The MBCsy and MBCgyy were 100 and
200 mg SSD/L (33 and 66 mg Ag'/L), respectively. Yin et al.[14] measured
MBC:s for five organisms in Mueller Hinton Agar which ranged from 5 — 12.5 mg
Ag'/L. These values were identical to their measured MIC values, which was in
agreement with Hall et al.[42]

Based upon the MBC values reported in the literature over the last 40
years in complex media (such as serum, or growth media), broad spectrum
bactericidal control, including control of MRSA, will only be guaranteed if silver
is supplied at a minimum of 40 - 50 mg Ag'/L.

Bactericidal Activity of Various Silver-Containing Dressings

Spadaro et al.[40], Deitch et al.[10], Simonetti et al.[46], Wright et
al.[20], Richard et al.[47], and Yin et al.[14] have all shown that log reduction
testing in a complex medium containing organics and chloride is a sensitive way
to differentiate the bactericidal activity of various forms of silver. It is difficult to
compare literature values for log reductions because of different incubation times,
media, and so on. However, the following authors have reported on silver-based
microbial log reductions in complex media at various exposure times ranging

from 0.5 hours to 48 hours: Spadaro et al.[40] (one, two, three, and four hours),
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Marino et al.[48] (seven and 23 hours), Deitch et al.[10] (four, seven, and 23
hours), Hall et al.[42] (24 and 48 hours), Wright et al.[20] (0.5 and two hours),
Yin et al.[14] (0.5, one, two, four, and six hours), Spacciapoli et al.[49] (one and
24 hours), Taylor et al.[33] (0.5 hours), Fraser et al.[50] (0, 0.5, two, four, six,
eight, and 24 hours) and Ip et al.[51] (0, 0.5, two, four, six, and 24 hours). To
compare the data from all of the above papers, log reductions were calculated
from all data points provided. As a result, there is a broad range of incubation
times in the data, but they are still instructive. The data were split into two groups
based upon silver concentrations (<36 mg Ag/L and >36 mg Ag'/L). When
silver concentrations were <36 mg/L, 16 percent of the data showed log
reductions great than three (bactericidal[52]), while the remaining 84 percent of
the data had log reductions less than three (not bactericidal). When silver
concentrations were >36 mg/L, 67.9 percent of the test points were for log
reductions greater than three. If the latter data is stratified into nanocrystalline-
derived silver and all other forms of silver (which only release Ag"), 100%
(14/14) of the nanocrystalline-derived silver (which releases 70-100 mg Ag/L)
treated organisms had log reductions greater than three in 0.5 to two hours. With
all other forms of silver (36 — 3176 mg Ag'/L), 58% had log reductions greater
than three.

Bactericidal Activity of Nanocrystalline Silver

As indicated in the previous section, in vitro studies have shown that
nanocrystalline silver has exceptional antimicrobial activity. This includes being

active against a variety of bacteria, including many common wound pathogens
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such as Staphylococcus aureus, Pseudomonas aeruginosa, Bacteroides fragilis,
Staphylococcus epidermidis, Escherichia coli, and Klebsiella pneumoniae[14, 16,
20]. These studies show that nanocrystalline silver has excellent bactericidal
efficacy against a broad spectrum of bacteria, as indicated by log reduction assays
which showed that nanocrystalline silver produced a log reduction of greater than
five in all species tested in less than half an hour. In addition, these studies have
shown that nanocrystalline silver has bacteriostatic longevity, as determined by
plate-to-plate corrected zone of inhibition assays. Studies have also shown that
nanocrystalline silver can greatly decrease bacterial counts in delayed healing
porcine models and human chronic wounds[16, 18, 19], as will be discussed
further below.

Nanocrystalline silver is also able to kill antibiotic-resistant bacteria. In
one study, nanocrystalline silver, silver nitrate, and silver sulphadiazine were
tested for bactericidal efficacy against eleven different clinical isolates which
demonstrated resistance to multiple antibiotics, using log reduction assays[15].
The results of the study showed that while silver nitrate and silver sulfadiazine
were only active against certain species, nanocrystalline silver was bactericidal
against all of the antibiotic-resistant bacteria, and had very rapid kill rates[15].
This was true whether the bacteria were inoculated in water, physiological saline,
or 50% calf serum, indicating that the bactericidal activity of the nanocrystalline
silver was not negatively impacted by either chloride or proteins which would be
found in the wound environment[15]. The authors of the study suggested that the

combination of speed, efficacy, and broad spectrum activity in the antimicrobial
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efficacy of nanocrystalline silver would limit the ability of bacterial cells to
develop resistance to nanocrystalline silver as well[15]. In another study,
nanocrystalline silver dressings and film dressings, which included a silver salt
incorporated into a furnace-fused complex of calcium and sodium phosphates,
were tested for bactericidal activity using log reductions against a multiply
resistant Staphylococcus aureus and a multiply resistant Alcaligenes sp.[20]
While the film dressing was not bactericidal against these organisms after 30
minutes of exposure, the nanocrystalline silver dressing was, producing log
reductions greater than five[20]. In a third study, nanocrystalline silver dressings
were tested against five species of multiply antibiotic resistant bacteria for both
bactericidal efficacy and bacteriostatic longevity[16]. As with the above studies,
the nanocrystalline silver dressings showed excellent bactericidal activity, with
log reductions of greater than five produced in less than half an hour for all
species tested and bacteriostatic activity lasting at least three days[16].
Nanocrystalline silver has also demonstrated excellent anti-fungal activity.
In an in vitro study, nanocrystalline silver, silver nitrate, mafenide acetate, and
silver sulfadiazine were tested for their ability to kill various fungi and their
spores, including Candida albicans, Candida glabrata, Candida tropicalis,
Saccharomyces cerevisiae, Aspergillus fumigatus, and a Mucor sp. isolate[13].
The results of the study indicated that the nanocrystalline silver was highly
effective in killing all fungi and some types of spores, while other agents were
less effective, and that the time to kill for nanocrystalline silver was much more

rapid than the other agents[13].
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The above studies all indicate that nanocrystalline silver has excellent
antimicrobial properties, and that it is significantly more active than traditional
silver-containing treatments such as 0.5% silver nitrate or 1% silver sulphadiazine
cream, despite the fact that the aqueous concentration of silver ions released from
nanocrystalline silver is about 3% of that released from either of the traditional
dressings[12]. Studies have also shown that nanocrystalline silver is much more
active than the various other commercial silver-containing dressings which have
appeared on the market after the development of nanocrystalline silver, all of
which release only Ag" (see, for example, [16, 20, 52]). This suggests that
nanocrystalline silver releases antimicrobial species in addition to Ag". The kill
kinetics of nanocrystalline silver also suggest that silver species in addition to Ag"
are released[12], since nanocrystalline silver has broad spectrum activity with
higher rates of kill than Ag" only-containing treatments, as described earlier. It
has been speculated that an increased variety of oxidized silver species would be
expected to cause an increased solubility and higher overall activity, such as that
observed with nanocrystalline silver[12]. Thus, the higher oxidation state silver
species observed in nanocrystalline silver coatings via cyclic voltametry may be
the source of its exceptional antimicrobial activity[12]. Demling and Burrell[12]
have speculated that the highly active surface of nanocrystalline silver, with silver
present in various oxidation states, may produce unusual metastable silver
hydroxide compounds which would have the ability to migrate into, and interact
with, the surrounding environment. The rapid kill of bacteria and fungi by

nanocrystalline silver suggests a speedy uptake of the active silver species. It is

21



believed that these metastable silver hydroxide compounds may be taken into the
cell via the orthophosphate uptake route, since orthophosphate uptake into cells is
quick, and it is possible that other metal oxides with a similar configuration, such
as an Ag,(OH), configuration, could be taken up accidentally by bacteria via this
route[12]. This mechanism of action could explain the rapid uptake and kill of a
broad spectrum of microorganisms, which has been observed both in vitro and in
vivo.

In Vivo and Clinical Outcomes Related to the Antimicrobial Activity of
Nanocrystalline Silver

A thermal injury study in rats performed by Burrell et al.[53] compared
the efficacy of control dressings, silver nitrate-containing dressings, and
nanocrystalline silver dressings as barriers to bacterial infection. The burn injury
was not lethal, as 100% of the burn control animals survived. However, only 5%
of the infection control group survived, and none of the group treated with silver
nitrate survived[53]. Eighty-five percent of the rats treated with nanocrystalline
silver dressings survived, however[53]. Weight loss was also significantly less in
the animals treated with nanocrystalline silver, demonstrating that the
nanocrystalline silver dressings reduced morbidity and mortality by acting as
bacterial barriers[53].

Another thermal injury study using a modified Walker-Mason model in
rats by Heggers et al.[54] compared the antimicrobial activity of a nanocrystalline
silver dressing, a metallic silver dressing created through an autocatalytic

deposition on nylon, and a silver chloride dressing, on debrided infected wounds.
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They found that the nanocrystalline silver dressing was the most active and
effective antimicrobial agent[54].

Two studies from this same group used another modified Walker-Mason
model in rats[55, 56]. In both of these studies, rats received 15% TBSA full
thickness dorsal scald burns, followed by seeding with 0.5 mL broth containing
10® CFU of MRSA[55] or P. aeruginosa[56]. 24 hours later, the rats began
various treatments which lasted seven days, after which weight loss was measured
and various specimens were cultured. One study compared nanocrystalline silver
dressings, chlorhexidine acetate dressings, and fusidic acid cream[55], while the
other compared nanocrystalline silver dressings, chlorhexidine acetate dressings,
and silver sulfadiazine 1% cream[56]. Both studies showed that all treatments
were a significant improvement over controls, preventing the systemic spread of
the organisms.

Wright et al.[18] used a contaminated porcine wound model to compare
the antimicrobial activity of nanocrystalline silver dressings to silver nitrate
soaked dressings, and found that animals treated with nanocrystalline silver
dressings appeared to have little or no bacteria at Day 7, whereas the other
dressings had an abundance of bacteria. Wright et al.[16] used the same model to
compare a nanocrystalline silver dressing to a polyhexamethylene biguanide
(PHMB)-containing dressing. In the porcine model, the PHMB effectively
reduced the bacterial population initially, but could not keep it in check to the
same degree as the nanocrystalline silver dressing[16].

Tredget et al.[57] compared a nanocrystalline silver dressing to silver
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nitrate soaks in the treatment of clinical burn wounds. In this randomized
matched pair study, 50 biopsies were taken from 34 wounds over the course of
treatment. Half were taken from each dressing treatment. They reported 16
bacteremias from the silver nitrate treatments and five from the nanocrystalline
silver treatments[57].

A clinical study examined the use of various dressings post-operatively in
160 bone-anchored hearing aid implantations, and found that compared to Tri-
adcortyl, Mepitel, and Allevyn, treatment with nanocrystalline silver dressings
with Allevyn resulted in a significantly lower infection rate[58].

Another clinical study demonstrated the ability of nanocrystalline silver
dressings to prevent infection and allow re-epithelialization of primary burn
injuries in premature neonates, despite the sensitivity of their skin[59].
Interestingly, serum silver levels in these neonates were very low, except for one
infant who had received treatment with silver sulfadiazine prior to treatment with
nanocrystalline silver[59]. In contrast, conventional silver based topical agents
caused irritation, did not penetrate eschar well, formed pseudoeschars, caused
wound maceration, and slowed epithelialization[60, 61].
Anti-Inflammatory/Pro-Healing Activity of Nanocrystalline Silver

Although anecdotes from clinical cases have suggested that
nanocrystalline silver, but not ionic silver, may have anti-inflammatory activity in
addition to its antimicrobial activity, there is very little on this subject in the
published literature. One of the first such studies was performed in a porcine

contaminated wound model[18]. In that study, swine were given 2 cm full-
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thickness wounds which were contaminated by covering them with sponges
soaked with bacterial inoculum for 15 minutes. The wounds were then bandaged
with various dressings, including nanocrystalline silver burn dressings. Skin
grafting experiments were then performed, in which 0.5 mm skin grafts were
obtained and sutured over fresh wounds, over wounds which had been dressed for
four days with nanocrystalline silver burn dressings, or over control dressings.
Dressing treatments were continued for the next seven days[18]. Wounds treated
with nanocrystalline silver showed enhanced development of granulation tissue
over controls, with decreased erythema and edema. Grafts over the granulation
tissue from nanocrystalline silver treated wounds were healthy and integrated
well, indicating that the granulation tissue was healthy, while grafts over controls
became necrotic[18]. In this study, matrix metalloproteinase (MMP) activity was
examined. MMPs are required for tissue healing after injury, as they are involved
in the removal of dead tissue and extracellular matrix, and in keratinocyte
migration and angiogenesis. However, excessively high MMP levels may result
in damage to healthy tissue, and may prevent wound closure[62, 63]. On
examination of MMP levels, the authors found that in wounds treated with silver
nitrate or control dressings, the MMP levels spiked after two days and remained
high throughout the experiment. However, in wounds treated with
nanocrystalline silver, the MMP levels remained low throughout the experiment,
with active MMP-9 levels decreasing over time, suggesting that nanocrystalline
silver was effective in modulating overall MMP activity[18]. In addition, controls

and silver nitrate-treated wounds showed large numbers of polymorphonuclear
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leukocytes (PMNs) and bacterial cells, while nanocrystalline silver treated
wounds showed larger numbers of fibroblasts and monocytes, with increased
angiogenesis and an absence of bacterial cells[18]. Increased apoptosis was also
observed in wounds treated with nanocrystalline silver as compared to wounds
treated with silver nitrate or controls, particularly in PMNs. Apoptosis is a
process by which cells go through a specific set of steps leading to their death and
removal in such a way that the contents of the cells are not released to their
external environment. Thus, apoptosis prevents the inflammation which would
result if the cells were to die by necrosis, the process in which dying cells swell
and disintegrate, releasing their contents[64, 65]. The increased level of apoptosis
observed when using nanocrystalline silver thus was at least a partial explanation
for the lower levels of PMNs observed, the reduced inflammatory response, and
the modulation of MMPs via nanocrystalline silver, which resulted in accelerated
wound healing[18].

Another study using a swine model compared the rates of healing of donor
sites treated with nanocrystalline silver dressings to petrolatum-impregnated
absorbent gauze. The study demonstrated significantly increased rates of re-
epithelialization and decreased times to complete re-epithelialization with the use
of nanocrystalline silver dressings[66].

More recently, Bhol et al.[21] performed a study in which guinea pigs
were sensitized to 5% 2,4-dinitrochlorobenzene (DNCB), and then allergic
contact dermatitis was elicited nine days later with 5% DNCB. Some guinea pigs

were left untreated, while in other guinea pigs the dermatitis was treated with
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nanocrystalline silver in an emollient cream vehicle, steroids, or an
immunosuppressant[21]. 0.5% and 1% nanocrystalline silver creams significantly
reduced erythema and edema scores within one day of treatment as compared to
vehicle-treated and untreated guinea pigs, and completely abolished both
erythema and edema within five days. Histopathological inflammatory scoring
indicated a significant reduction in inflammation with 0.5% and 1%
nanocrystalline silver treatments as compared to the vehicles and untreated guinea
pigs after five days of treatment[21]. They concluded that nanocrystalline silver
was as active as the steroids and immunosuppressants, but that its effect appeared
to be more rapid[21].

This study was followed up by a study in which mice were sensitized to
0.5% dinitronitrofluorobenzene (DNFB) in 4:1 acetone:olive 0il[22]. After five
and seven days, allergic contact dermatitis was induced on their ears by painting
with 0.2% DNFB. The mice were then treated with a high potency steroid, 1%
nanocrystalline silver cream, an immunosuppressant, or a vehicle. The study
found that the nanocrystalline silver cream significantly reduced ear thickness and
erythema, and the number of inflammatory cells present in the skin[22]. As well,
the nanocrystalline silver significantly reduced expression of IL-12 and TNF-a
(both mRNA and protein levels). IL-12 is a cytokine which is capable of
mounting an inflammatory response, and which promotes neutrophil activation,
acts as a growth factor for preactivated T and natural killer cells, induces cytokine
production, enhances the activity of cytotoxic T lymphocytes, and promotes

differentiation of Th1 cells[38, 67]. TNF-a is also a pro-inflammatory cytokine.
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Some of its functions include activation of neutrophils, coagulation, and NF- «B;
and the promotion of the expression of various other pro-inflammatory
molecules[67, 68]. Thus, downregulation of expression of these two cytokines
would be expected to have an anti-inflammatory effect. Nanocrystalline silver
also increased the number of inflammatory cells (but not keratinocytes)
undergoing apoptosis. The latter was not observed in any other treatment group.
These results suggest that nanocrystalline silver may have an anti-inflammatory
effect in skin, and that downregulation of TNF-a and IL-12, and the induction of
apoptosis may be partly responsible for this effect[22]. However, these studies
both used rodent skin models, which heal very differently from human skin[69],
so it was not clear whether the results applied to human healing. As well, in these
studies, the nanocrystalline silver was incorporated into an emollient cream,
which may actually inhibit the nanocrystalline silver from entering the rash, since
emollient creams are hydrophobic barriers to the skin surface, thus reducing the
efficacy of the nanocrystalline silver. More impressive results could perhaps have
been achieved using nanocrystalline silver burn dressings. Interestingly, the same
authors have demonstrated, in a rat model, that nanosilver preparations may be
effective in the treatment of inflammatory bowel disorder[23].

A study in which guinea pigs were given infected or non-infected grafts
over split-thickness wounds and treated with either control mesh dressings or
nanocrystalline silver dressings showed that nanocrystalline silver dressings did
not alter the cell-mediated immune response, but did increase parameters of innate

immunity[70].
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Another recent study found that, compared to controls and silver
sulfadiazine-treated animals, treatment of thermal injuries in mice with silver
nanoparticles increased the rate of healing and decreased scarring[71]. This was
accompanied by an increased expression of cytokines including IL-10 (an anti-
inflammatory molecule with roles including reduction of TNF-a activity,
induction of apoptosis in neutrophils and macrophages, and reduction of IL-6 and
IL-8 production([67, 72]), VEGF (which promotes angiogenesis), and IFN-y
(which can cause activation of macrophages, endothelial cells, and natural killer
cells, can induce production of IL-2, -12, and -18, and can reduce apoptosis in
neutrophils and macrophages[67]); a reduced expression of IL-6 (a pro-
inflammatory signaling molecule, with roles including promotion of activated T
and B cell maturation, inhibition of the growth of fibroblasts, induction of
neutrophil activation, inhibition of phagocytosis of senescent/dysfunctional
neutrophils, induction of monocyte chemotactic protein-1 (MCP-1), activation of
macrophages, stimulation of keratinocyte migration and proliferation, and
stimulation of angiogenesis[67, 73]); and a higher TGF-B1 expression initially,
followed by significantly lower TGF-B1 expression later on[71]. TGF-Bis a
pleotropic growth factor which regulates many biological events, including cell
proliferation and differentiation, angiogenesis, and the inflammatory/immune
response, where it plays a dual role[74]. TGF- is a strong chemoattractant for
leukocytes and mast cells, and thus is able to initiate an inflammatory
response[75], but later in the healing process, TGF-3 contributes to the resolution

of inflammation[74]. Thus, the pattern of TGF-f expression observed by Tian et
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al.[71] would not be expected to enhance wound healing. However, the increased
expression of IL-10 and VEGF, with decreased expression of IL-6 suggests an
anti-inflammatory effect of the silver nanoparticles. Again, this study was
performed in an infected rodent model, so it was unclear whether the results were
clinically relevant and whether the wound healing observed was the result of
anything more than antimicrobial activity.

A clinical study was performed in which patients with various chronic
wounds were evaluated before and during application of nanocrystalline silver,
using the Pressure Sore Status Tool, photography, and measurements of protease
levels[19]. MMP activity decreased dramatically during the first few days of
treatment, and remained low until the wounds healed[19]. This reduction in
MMPs could have been due to the silver inhibiting bacterial proteases directly
through its antimicrobial activity, or it could have been due to the fact that
reducing the bacterial population would decrease the level of neutrophils attracted
to the wounds, thereby lowering the MMPs produced by neutrophils[19].

Another possible explanation was that nanocrystalline silver directly affected pro-
inflammatory cytokines such as IL-1 and TNF-a, and through them impacted the
MMP levels, which would indicate a direct anti-inflammatory effect.

Another clinical study examined the use of nanocrystalline silver dressings
in chronic wounds and found that suppression of MMP-9 and TNF-a levels
approached significance over 21 days of treatment, suggesting that the alterations
in MMP-9 and TNF-a levels could be responsible for the improved wound

healing observed with these dressings[76].
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In a clinical study of re-epithelialization of meshed skin grafts on excised
burn wounds, nanocrystalline silver dressings were shown to significantly
increase re-epithelization rates (>40%) relative to xeroform and 8-ply gauze
dressings moistened with neomycin and polymyxin[77].

A multi-center randomized experiment with blinding and positive parallel
control also demonstrated increased healing rates with nanocrystalline silver[78].
In this study, nanocrystalline silver dressings were compared to silver sulfadiazine
treatments for the management of post-burn residual wounds, and, in addition to
significantly increased rates of bacterial clearance, the time to heal was
significantly lower with nanocrystalline silver treatments[78].

Based on the above studies, Demling et al.[79, 80] created a theoretical
model to explain the differences in healing between nanocrystalline silver and
other common topical antibiotics used to treat deep partial thickness burns. In
these injuries, excessive inflammation occurs with increased presence of
neutrophils and increased protease activity, which can impair wound healing and
cause the wounds to convert to deeper injuries. Under typical antimicrobial
dressings, Demling et al. suggested that burn conversion is caused by excessive
inflammation, uncontrolled bacterial colonization, excessive exudate, and
increased protease activity causing tissue breakdown to exceed its synthesis[79,
80]. They postulated that with nanocrystalline silver treatment, inflammation is
decreased as a result of decreased bacterial presence, suppression of protease
activity, and decreased exudate, preventing the wound from deepening and

enhancing the rate of healing[79, 80].
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Overall, these studies indicate that nanocrystalline silver may have an anti-
inflammatory effect in addition to its antimicrobial activity, although this was not
clearly proven in the published literature. It is believed that the soluble Ag'”,
likely present in Ag”-containing clusters as discussed earlier, may be the species
responsible for the anti-inflammatory activity of nanocrystalline silver[12]. One
reason for this is that the other species released from nanocrystalline silver are
unlikely to have anti-inflammatory properties. Ag', which is a potent oxidizer,
may, in fact, be pro-inflammatory[81-83], and therefore any higher oxidation
states of silver would likely be pro-inflammatory as well. In addition, there is
evidence to suggest that other noble metals, such as gold, platinum, and
palladium, may have anti-inflammatory activity, and that this activity may result
from their reduced form. Platinum is used in the treatment of certain forms of
cancer, originally in the form of cis-platin (and more recently in various other
salts due to the side effects caused by cis-platin). Its anti-cancer activity is
believed to be due, at least in part, to its ability to induce apoptosis in cancer cells
by binding to DNA, which prevents the repair of the bound DNA, prevents some
DNA repair mechanisms from binding to their natural targets, inhibits DNA
transcription and cell cycle progression, and damages telomeres[84]. It may also
induce apoptosis by damaging phospholipids in the cell membrane, or by binding
to glutathione and other thiol-containing proteins, blocking their natural
functions[84]. As mentioned earlier, apoptosis induction of inflammatory cells is
one mechanism for anti-inflammatory activity, linking platinum to anti-

inflammatory properties. Furthermore, a study showed that platinum reduced
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erythema in a guinea pig rheumatoid arthritis (RA) model and inhibited various
inflammatory substances present in the RA fluid[85]. The same study indicated
that gold also produced inhibition of biologically active substances in the RA
fluid, and the authors suggested that this inhibition might be explained by a
reaction of gold and platinum with —SH radicals[85]. Gold, like platinum, has
demonstrated good antitumor activity both in vitro and in vivo, due to induction of
apoptosis in cancer cells, possibly due to DNA binding or anti-mitochondrial
activity[86, 87]. Another study, using a rat adjuvant-induced arthritis model,
showed that a mixture of copper, gold, and silver salts had an anti-rheumatic
effect with decreases in clinical and biochemical signs of illness, including
decreased haptoglobin, ceruloplasmin, and PGE; levels[88]. In the past, gold
chloride has been used to decrease inflammation in rheumatoid arthritis.
However, a large number of side effects has led to a decrease in its use. Gold,
like platinum, has been shown to induce apoptosis by binding to DNA, thus
inhibiting DNA synthesis and mitosis[89], and by interacting with thiols and
selenols[90]. Gold thiolates in particular have been shown to inhibit NF-kB, an
important transcription factor in the inflammation process[90]. As well, gold
sodium thiomalate has been demonstrated to inhibit IL-5 from preventing
eosinophil apoptosis, which led to speculation that the gold may influence
intracytoplasmic signal transduction for protein synthesis in eosinophils[91].
Gold salts may also inhibit the release of histamine and reduce serum IgE levels
in asthma patients[91], and appear to have immunomodulatory effects on T cells,

B cells and macrophages[92]. As well, gold salts inhibit the ability of IL-2 to
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stimulate T-cell proliferation[91], which appears to occur by suppression of IL-2
and IL-2 receptor mRNA accumulation in T-cells. Other studies have shown that
in monocytes, gold and palladium cause TNF-a and IL-1p suppression at high
concentrations, and that gold also decreases IL-6 expression at high
concentrations, which led to speculation that the gold and palladium acted by
binding to NF-kB subtypes[93]. Together, these results suggest that gold (and
palladium) may have anti-inflammatory effects by direct modulation of cell
signaling. Furthermore, in vitro and in vivo studies have indicated that formation
of Au” appears to occur during oxidation of Au" (the form gold treatments are
provided in) to Au®* (which is generally considered to be the active species in RA
treatment)[94]. These studies have also shown that Au'® appears to suppress the
activity of inflammatory cytokines such as IL-6 and TNF-o; immune complexes
such as IgG and IgM; and rheumatoid factor in RA patients[94]. In addition,
patients treated with colloidal gold lacked the side effects of other gold
treatments, but did have decreased RA symptoms[94]. This has led some
researchers to speculate that the active ingredient for anti-inflammatory activity is
Au”, and that the side effects with traditional gold treatments may be caused by
A’ " contaminants, or the salts with which the gold is delivered[92, 94, 95]. As
with silver, it is unlikely that bare gold atoms will exist in solution, and therefore,
these Au'® species may also be in a cluster form. Furthermore, the crystal
structure (face-centred cubic) and Pauling covalent radii for silver and gold are
essentially equal, since their “metallic radius” in close-packed cubic lattices is

almost the same[96]. The lattice constants are 4.0862 A for silver, and 4.07824

34



A for gold[97]; the nearest-neighbor interatomic distances are 2.889 A (Ag-Ag)
and 2.884 A (Au-Au) for coordination number 12[98]; and for a two-coordinate
M(I) compound the atomic radii are 1.33 A for silver, and 1.25 A for gold[96].
The result of these physical similarities is that silver and gold can replace each
other one-to-one in a crystal lattice with very little strain on the lattice, suggesting
that Au® and Ag(o)-containing clusters should be nearly identical physically, and
therefore may have similar biological activity. This gives further evidence that
the anti-inflammatory activity of nanocrystalline silver (and potentially platinum
or palladium which also induce apoptosis and have anti-inflammatory activity)
may be due to a reduced form, such as Ag”-containing clusters. Much has yet to
be discovered regarding these clusters and their mechanisms of action.
Purpose

This thesis continues exploration of medical applications for
nanocrystalline silver. Its aim is to improve understanding of the antimicrobial
activity, and to prove the existence of the anti-inflammatory activity of
nanocrystalline silver, and to use this knowledge to develop appropriate silver-
containing agents for use in the treatment of infectious and inflammatory
conditions which are not easily treated with nanocrystalline silver thin film
dressings, such as lung conditions. In Chapters 2-3, the anti-inflammatory effect
of nanocrystalline silver in dressing form is proven, and then examined in terms
of mechanisms of action and systemic effects. In Chapter 4, the antimicrobial
effect of nanocrystalline silver in dressing form is examined in comparison to

other dressings, in terms of silver resistance development, and in comparison to
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single silver nanoparticles. In Chapters 5-7, nanocrystalline silver-derived
solutions are developed and analyzed in terms of their physical, chemical, optical,
antimicrobial, and anti-inflammatory activity. In Chapter 8, the effect of
modifying sputtering conditions on the resulting physical, chemical and
antimicrobial properties of nanocrystalline silver thin films is examined, while in
Chapter 9, the kinetics of post-sputter heat treatment on the resulting properties of
nanocrystalline silver thin films is examined, in order to better understand the
mechanisms of action of nanocrystalline silver, the properties necessary for its
unique activity, and the conditions which could negate that activity, such as heat.

A study flow guide for the thesis is shown in Figure 1-3.
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Mechanisms of Action of Nanocrystalline Silver

What structure is necessary
for nanocrystalline silver
antimicrobial efficacy?

Is nano-size necessary for
nanocrystalline silver efficacy?

[
Yes — see Chapter 9,
which shows the impact
of grain growth on
activity. Silver release is
also shown to be
important, indicating it
should be possible to
generate solutions with
antimicrobial activity.

Is polycrystallinity also
necessary for nanocrystalline
silver efficacy?

Yes — see Chapter 4, Study
#3, which compares single
nanocrystals to
polynanocrystals.

What is the effect of
varying sputtering
parameters on
antimicrobial activity?

|
See Chapter 8, which
indicates that the silver oxide
pinning structure is
necessaray for activity.

How does this structure
impact antimicrobial activity?

Is nanocrystalline silver
antimicrobial activity different
from Ag -only releasing
dressings against common
wound pathogens?

[

Does nanocrystalline silver differ from
Ag'-only releasing dressings in terms of
its ability to kill Ag" resistant bacteria
and its ability to prevent the
development of resistant bacteria?

Yes. See Chapter 4,
particularly Study #1.

Figure 1-3.

Yes. See Chapter 4, Study #2.
Nanocrystalline silver must release
multiple anti-microbial species and
may also have a different route/rate
of untake by bacteria.
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Does nanocrystalline silver have anti-
inflammatory activity independent of
anti-microbial activity?

Yes. This is related to apoptosis induction in
inflammatory cells, decreased MMP levels, and
decreased expression of TNF-a and IL-8. See Chapter 2.

Is this effect caused by Ag"?

Is this a direct or indirect effect?

No, AgNO; does not have the same
effect, and may delay healing. See

Chapter 2. Treatment with

nanocrystalline silver, but not AgNOs,
results in the deposition of silver
clusters in tissue, which may be
responsible for this effect. See SIMS
study, Chapter 3. Since nanocrystalline
silver releases these additional species,
it should be possible to generate anti-

inflammatory solutions.

Chapter 3.

Indirect, indicating the involvement of a
biological cascade. See SIMS study,

Is this effect transferable to distant
sites of inflammation?

Yes. See Chapter 3. 1L-4, EGF,
KGF, and KGF-2 upregulation are
shown to occur in addition to the
observations made in Chapter 2.

Solution Development

Can nanocrystalline silver-derived solutions have the
properties of nanocrystalline silver dressings?

Do dissolution conditions
affect the properties of
nanocrystalline silver-
derived solutions?

Do nanocrystalline
silver-derived solutions
have antimicrobial
efficacy?

Do nanocrystalline
silver-derived solutions
have anti-inflammatory/
pro-healing activity?

Yes. See Chapter 5 for
optical properties, total
silver release profile, pH
profiles, and the effect of
dissolution on the films
bheingo dissolved

They can, particularly
when dissolution is
started at pH 5.6, but it
is very dissolution-
condition dependent.
See Chapter 5.

[
Yes, particularly
when dissolution
is started at pH 9.
See Chapter 7.

See Chapter 6 for initial testing of nanocrystalline
silver-derived solutions delivered to a lung model.

Figure 1-3, cont’d. Study flow diagram for the thesis.
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Chapter 2 — Testing Nanocrystalline Silver Dressings For Anti-inflammatory
Activity'
Introduction

Nanocrystalline silver dressings were originally designed to be, and
introduced commercially as, equilibrating antimicrobial burn dressings.
However, animal and clinical studies using nanocrystalline silver dressings have
also demonstrated improved wound healing[1-3]. This unusual biological
response may result from anti-inflammatory activity[4-6]. The unique activity of
nanocrystalline silver may be due to the small (~11-15 nm) grain sizes present,
which result in a high percentage of the grain boundary silver atoms. As
described in Chapter 1, these grain boundary atoms may represent a unique state
of solid matter[7].

One of the unique physicochemical properties of nanocrystalline silver,
which may be of interest in terms of potential anti-inflammatory activity, is its
dissolution behavior: in addition to Ag", Ag” dissolves into solution, possibly in
clusters of a few atoms[6, 8]. These Ag” clusters could be anti-inflammatory, as
there is evidence that other noble metals, including gold and platinum, have anti-
inflammatory activity which may result from their reduced form[9-14]. Au" is the
gold species delivered in some treatments for rheumatoid arthritis (RA). In the
body, it reacts to form Au’", which has generally been considered the active
agent. However, in vitro and in vivo studies indicate that Au’ is formed during

this reaction[15]. Au’ nanoparticles have also been shown to suppress the activity

! A version of this chapter has been published. Nadworny, Wang, Tredget, and Burrell, 2008.
Nanomedicine: Nanotechnology, Biology, and Medicine. 4:241-258
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of inflammatory cytokines such as IL-6 and TNF-a while reducing RA
symptoms[15], suggesting that Au’ may be the anti-inflammatory agent resulting
from gold treatments, while Au’" may actually cause some of the side effects
observed with gold treatment[13, 15, 16]. Similar to silver, individual Au’ atoms
would not exist stably in solution, indicating that the anti-inflammatory activity of
Au” may be due to a reduced cluster form. Furthermore, the Pauling covalent
radii for silver and gold are essentially equal, since their “metallic radii” in close-
packed cubic lattices are almost the same[17]. The lattice constants are 4.0862 A
for silver, and 4.07824 A for gold[18]; the nearest-neighbor interatomic distances
are 2.889 A (Ag-Ag) and 2.884 A (Au-Au) for coordination number 12[19]; and
for a two-coordinate M(I) compound the atomic radii are 1.33 A for silver, and
1.25 A for gold[17]. Silver and gold also both form face centered cubic crystal
lattices. The result of these physical similarities is that silver and gold can be
replaced one-to-one in a crystal lattice with very little strain on the lattice,
suggesting that small Au” and Ag” containing clusters should be nearly identical
physically, and thus may have similar activity. This is further evidence that the
anti-inflammatory activity of nanocrystalline silver may be due to a reduced form,
such as Ag” containing clusters.

A recent study found that, compared to controls and silver sulfadiazine-
treated animals, treatment of thermal injuries in mice with silver nanoparticles
increased the rate of healing and decreased scarring[20]. This was accompanied
by an increased expression of cytokines including IL-10, VEGF, and IFN-y; a

reduced expression of IL-6; and a higher TGF-B1 expression initially, followed by
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significantly lower TGF-B1 expression later on[20].

In a porcine contaminated wound model, nanocrystalline silver-treated
wounds showed enhanced development of healthy granulation tissue, which was
able to support a graft at four days. At the same time, these wounds demonstrated
decreased erythema, edema, and inflammatory cells compared to controls and
silver nitrate treated wounds[2]. An increase in PMN apoptosis was also observed
in nanocrystalline silver treated wounds. In addition, MMP levels remained low
in nanocrystalline silver treated wounds, while they rose in other groups[2]. This
impact on MMP levels was confirmed in a clinical study performed on patients
with various chronic wounds[3]. Taken together, these data indicate that
nanocrystalline silver may have an anti-inflammatory effect. However, in these
studies, the wounds were infected, and thus it was not possible to distinguish
whether the apparent anti-inflammatory activity of the nanocrystalline silver was
independent of its antimicrobial activity[3].

Direct evidence for an anti-inflammatory effect of nanocrystalline silver
appeared in studies by Bhol et al.[4, 5, 21] In their first study, guinea pigs were
sensitized to 5% 2,4-dinitrochlorobenzene (DNCB) in acetone. Allergic contact
dermatitis was elicited 9 days later with 5% DNCB. Some guinea pigs were left
untreated, while the dermatitis of other guinea pigs was treated with various
concentrations of nanocrystalline silver cream, steroids, immunosuppressants, or
their vehicles[4]. They found that 0.5 and 1% nanocrystalline silver creams
significantly reduced erythema and edema scores within 24h. Histopathological

inflammation scores were significantly reduced with 0.5 and 1% nanocrystalline
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silver treatments as compared to controls after 5 days, and the nanocrystalline
silver appeared to be equally active as, but more rapid than, the steroids and
immunosuppressants[4].

This study was followed up by a study in which mice were sensitized to
0.5% dinitronitrofluorobenzene (DNFB) in 4:1 acetone:olive o0il[5]. After 5 and 7
days, allergic contact dermatitis was induced on their ears using 0.2% DNFB.
The mice were then treated with a high potency steroid, 1% nanocrystalline silver
cream, an immunosuppressant, or a vehicle. Nanocrystalline silver cream
significantly reduced ear thickness and erythema, and the number of
inflammatory cells present[5]. It also significantly reduced expression of the pro-
inflammatory molecules IL-12 and TNF-a. In addition, nanocrystalline silver
increased the number of inflammatory cells undergoing apoptosis, while
keratinocyte apoptosis was not induced. This was not observed in other treatment
groups. These results suggest that nanocrystalline silver may have an anti-
inflammatory effect in skin[5]. However, these studies both used rodent skin
models, which heal very differently from human skin[22], in that they heal mostly
by contraction, while human skin heals more by re-epithelialization, and have
significant differences in physiology, including the relative thickness of the
epidermis and dermis, and the number of dermal appendages present.
Furthermore, rodents do not develop hypertrophic scar or intra-abdominal
adhesions, indicating further differences between rodent and human healing[22].
Thus, it is not clear whether the results are clinically relevant. As well, in this

study, the nanocrystalline silver is incorporated into a hydrophobic emollient
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cream, which may have inhibited the nanocrystalline silver from entering the rash,
reducing its efficacy.

More recently, the same group performed a study using a rat ulcerative
colitis model[21]. Colitis was induced via an intracolonic injection of
dinitrobenzensulfonic acid in ethanol. Nanocrystalline silver was delivered as
nanodispersions in 5.7% polyvinyl alcohol, either orally or by intracolonic dosing.
The nanocrystalline silver treated rats were compared to untreated rats, vehicle
controls and sulfasalazine treated rats[21]. They found that both local and oral
nanocrystalline silver treatments, at different doses, were able to significantly
reduce total IBD scores (colonic ulcer score + colonic thickness score + stool
consistency score) and histopathological scores, while improving body
weight[21]. Nanocrystalline silver treatments also suppressed the expression of
MMP-9, TNF-a, IL-12, and IL-1p, as measured by immunohistochemistry; and of
gelatinases as measured by zymography[21]. Although the study was not
performed in the skin, this suggests that nanocrystalline silver may have anti-
inflammatory activity in the skin, since the colonic tissue is also epithelial.

In this study, treatment of dinitrochlorobenzene-induced rashes with
nanocrystalline silver, silver nitrate, or saline was examined. The purpose of this
study was to determine if nanocrystalline silver has anti-inflammatory activity in
the skin independent of its antimicrobial activity. To produce data which could
readily be extrapolated to clinical situations, a porcine model was chosen. Pig
skin is an excellent model for human skin because of the similarities between

them[23, 24], including relative thickness of the epidermis and dermis; presence
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of a similar density of dermal appendages[25]; and similarities in healing[23, 24].
Figure 2-1 compares control animal data from two excisional mouse models of re-
epithelialization[26, 27], a partial thickness porcine wound model of re-
epithelialization[ 1], and a clinical study of meshed skin graft re-
epithelialization[28]. Figure 2-2 compares the effect of treatment with
nanocrystalline silver dressings on an excisional mouse model of re-
epithelialization[26], a partial thickness porcine wound model of re-
epithelialization[1], and a clinical study of meshed skin graft re-
epithelialization[28]. Both figures show that while results of mouse models may
not be clinically relevant, the data generated using porcine models agreed closely
with clinical results. As well, the juvenile pig is an excellent model for studies on
skin because the pigs are small and relatively easy to handle and house, have a
reproducible pattern of gene expression during healing, do not have significant
differences in RNA and mRNA yields between pigs or between locations on a
single pig, and have closely correlated total RNA and DNA values, which, in turn,
parallel fluctuations of cellularity in the skin[23, 24].

A DNCB-induced contact dermatitis model was chosen in order to
distinguish antimicrobial from anti-inflammatory activity. In this model, animals
are gradually sensitized to DNCB until they develop a severe skin rash. This
model has no introduction of bacteria and no open wounds. DNCB is a type [V
hapten, and DNCB-induced contact dermatitis is considered the prototype of T-
cell mediated delayed-type hypersensitivity reactions[4, 5, 29]. This type of

contact dermatitis occurs in two phases. In the sub-clinical sensitization phase,
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Figure 2-1. Comparison of control animal data from two excisional mouse
models of re-epithelialization[26, 27], a partial thickness porcine wound model of
re-epithelialization[ 1], and a clinical study of meshed skin graft re-
epithelialization[28].
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Figure 2-2. Comparison of the effect of treatment with nanocrystalline silver
dressings on an excisional mouse model of re-epithelialization[26], a partial
thickness porcine wound model of re-epithelialization[1], and a clinical study of
meshed skin graft re-epithelialization[28§].
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hapten which contacts the skin is taken up and processed by epidermal
Langerhans cells, which go from a resting state to an active state due to direct
effects of the hapten, and also due to keratinocyte secretion of inflammatory
cytokines[4, 5, 29, 30]. The Langerhans cells then travel to lymph nodes, where
the hapten is presented to naive T-cells (mainly CD8+ effector T cells) which
become active hapten-specific effector T cells[4, 5, 29, 30]. In the elicitation
phase, when hapten contacts the skin, antigen presenting cells, including
Langerhans cells, present the hapten to the hapten- specific T-cells, which are
recruited to the skin. The activated T-cells then release pro-inflammatory
cytokines and attract other inflammatory cells. These actions lead to mast cell
degranulation; vasodilatation; and an influx of neutrophils, mononuclear cells and
other T cells, resulting in severe dermal inflammation[4, 5, 29, 30]. In this study,
nanocrystalline silver treatments reduced erythema and edema, increased
inflammatory cell apoptosis, and decreased levels of gelatinases, TGF-f3, TNF-a,
and IL-8, suggesting that nanocrystalline silver is anti-inflammatory independent
of its antimicrobial activity.
Materials and Methods
Materials

Unless otherwise mentioned, reagents were purchased from Fisher
Scientific Inc. (Ottawa, Ontario, Canada).
Animals

12 young domestic, commercially produced, Large White/Landrace swine

(20-25 kg) were used in this study. The animals selected were healthy and
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without significant wounds or scars on their backs. The animals were kept in
individual pens at the Swine Research and Technology Centre (Edmonton, AB)
with a 12 hour light/dark cycle, where they were allowed to acclimatize seven
days prior to starting experiments. Three animals were used in all experimental
groups, except as noted below. The animals received antibiotic-free water and
hog ration ad libitum during the first three weeks of the experiment. Rations were
limited prior to procedures on Day 0 through 3. The study was approved by the
University of Alberta Health Sciences Animal Policy and Welfare Committee
(HSAPWC) and was conducted with humane care of the animals in accordance
with guidelines established by the Canadian Council of Animal Care (CCAC).
Sensitization to DNCB and Elicitation of Inflammatory Reaction

Inflammation was induced using DNCB, similar to procedures described
in the literature[4, 30-32]. On Day -14, the hair on the left side of the backs of 12
pigs was shaved using electric clippers. 10% DNCB (in 4:1 acetone:olive oil)
was painted over an area of approximately 15 cm x 25 cm on the shaved portion
of the back, which was caudal to the scapula running over the rib cage and five
centimetres off the dorsal median line. The total body surface area painted was
about 5%, as determined by the equation of Kelley et al.[33] The volume of
DNCB painted per pig was 7 mL on average. This procedure was repeated on
Days -7, -3, and 0. On Day -1, pigs were given fentanyl patches (Duragesic,
Ortho-McNeil-Janssen Pharmaceuticals, Inc., Titusville, NJ, USA) on shaved skin
away from the rash, to avoid discomfort to the pigs during the final application

and treatment. The remaining 3 pigs, which were used as negative controls, were

54



left unexposed to DNCB, but also received fentanyl patches on Day -1. The pigs
were weighed after their final DNCB application.
Treatment

Four hours after the final application of DNCB, treatment of the pigs was
commenced with the pigs being placed under general anesthetic. On Day 0,
visual observations were made, blood samples were taken from the anterior vena
cava, and six 4 mm biopsies were obtained from the rash. Biopsies were obtained
towards the front of the rash but well within the border of the rash, to ensure that
the biopsies were taken from areas which had received full DNCB sensitization
and elicitation. On subsequent days, biopsies were taken in a line towards the rear
of the pig, spaced sufficiently far apart that the results from the new biopsies
would not be affected by the previous biopsies, and still well within the border of
the rash. Biopsies taken on each day were randomly assigned for different
analyses. One biopsy was placed in 4% paraformaldehyde and kept at room
temperature. One biopsy was placed in 0.9% saline, and later frozen in liquid
nitrogen, covered with Shandon Cryomatrix'", and placed in a freezer at -80°C
for long term storage. The other four biopsies were snap-frozen in liquid nitrogen
and then kept at -80°C until use. Calcium alginate dressings (Seasorb®,
Convatec, R. Squibb & Sons, L.L.C., Princeton, NJ, USA) were used to reach
hemostasis. The pigs were then treated. Nanocrystalline silver burn dressings
(ActicoatTM, Smith and Nephew, PLC, London, UK) soaked in sterile reverse
osmosis water was used to treat three pigs with rashes. Three pigs with rashes

were treated with a sterile dressing composed of two layers of HDPE (Delnet,
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Applied Extrusion Technologies, Inc., Middletown, Del., USA) with a
rayon/polyester core (Sontara Style 8411, DuPont, Mississauga, Ontario, Canada)
(the same composition as the nanocrystalline silver dressings) and saturated with
0.5% silver nitrate in sterile reverse osmosis water. 0.5% silver nitrate was
chosen because this concentration is used clinically in burn treatments[34]. Ata
concentration of 0.5% AgNOj is bacteriostatic, but is considered not to be
harmful to healing epithelium[34]. At 1%, AgNO:s kills epidermis, while at 0.1%
it is no longer bacteriostatic[34]. Three positive controls (referred to as saline
treated pigs) and three negative controls were treated with a sterile dressing of the
same composition, but saturated with 0.9% sodium chloride in sterile reverse
osmosis water. New fentanyl patches were applied, if they had come loose.
Surgical drape was placed over each dressing to provide moisture control (see
Figure 2-3), and elastic adhesive dressing was wrapped around the pigs’ rash area

to hold the dressings in place.

Figure 2-3. Images of application of a nanocrystalline silver dressing over a
DNCB-induced rash. a) The moistened nanocrystalline silver dressing was
placed over the entire rash and secured. b) Surgical tape was placed over the
dressing for moisture control. Elastoplast was then used to secure the dressings in
place. Over the rump, elastoplast and crazy glue were used to help secure the
Fentanyl patch, which was placed on skin with the hair removed. On the right,
the pig’s pulse and oxygen levels are monitored via the clip on the ear.
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The procedure of Day 0 was repeated on Day 1 and Day 2, except that no
blood samples or weights were taken, and all fentanyl patches were replaced on
Day 1. On Day 2, pigs received fentanyl patches as necessary. On Day 3, blood
samples and weights were again taken, as were biopsies. There was visual
inspection, but rather than being re-bandaged, the pigs were then euthanized using
euthansol (>150 mg/kg) while they were still under anesthesia. The weight
change of each pig during treatment was calculated as the final weight minus the
initial weight for each pig, and then the weight change was averaged for each
group.

Visual Observations

Pictures were taken of the rash areas regularly during the sensitization
period and on each treatment day. Scales were included in the pictures on
treatment days with the use of wound rulers (Johnson & Johnson, New
Brunswick, NJ, US). Erythema was graded on a scale of 0-4 on Day 0 through 3.
A score of 0 represented no redness as compared to a negative control on Day 0, a
score of 1 represented barely visible redness, a score of 2 represented moderate
redness, a score of 3 represented severe bright red erythema, and a score of 4
represented dark red/purple coloration over the entire rash area. Edema was also
graded on a scale of 0-4 on Day 0 through 3. A score of 0 represented no
swelling as compared to a negative control on Day 0, a score of 1 represented
mildly raised tissue covering parts of the rash, a score of 2 represented moderately
raised and firm tissue covering parts of the rash, a score of 3 represented obvious

swelling and hardness of tissue over most of the rash, and a score of 4 represented
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hard raised tissue over the entire rash area. The pigs were also scored on the level
of bleeding at biopsy sites on Day 2 and Day 3, with -1 indicating minimal
bleeding, 0 indicating moderate bleeding, and +1 indicating considerable
bleeding. The scores were the result of observation by three people. The weight
change from Day 0 to Day 3 was also recorded.
Histopathology

All samples to be paraffinized were placed in 4% neutral buffered
paraformaldehyde. They were then rinsed with PBS three times before being
placed in 70% ethanol and stored at 4°C. The samples were then dehydrated in
alcohol and xylene; oriented and embedded in paraffin; and sectioned (5 pm).
For histopathological analysis, sections were stained with hematoxylin and eosin
following standard procedures[35]. Images were taken of the slides at 20x and
100x magnification at various depths using an optical microscope with an
attached digital camera (Nikon Optiphot I, with Nikon Coolpics 950, Nikon
Canada, Mississauga, Ontario, Canada). It was determined that the most
representative images were those taken at 100x magnification which showed the
epidermal-dermal junction, and for which the epidermis took up no more than half
of the image.

Epidermal, dermal, and total skin thicknesses were measured in samples
stained with hematoxylin and eosin from all pigs using the ruler present in the
microscope at 20x and 100x magnification. Thicknesses were measured at two

different places in each sample and averaged.
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Gelatinase Zymography

To extract protein, snap-frozen tissue samples were powdered using a
Mikro-Dismembrator (B. Braun Biotech International, Allentown, PA, USA).
Prior to use, the chambers and metal balls for the dismembrator were soaked in
detergent overnight, scrubbed, rinsed with distilled water, and allowed to air dry.
Tissue samples were taken from -80°C and snap-cooled in liquid nitrogen for 5
minutes. They were then sliced thinly using a scalpel, placed into a dismembrator
chamber with 2 metal balls, and the chambers were clamped shut and placed back
in the liquid nitrogen for at least five minutes. The samples were powdered in
the dismembrator for 45s at 2600 rpm. The freezing and powdering steps were
repeated as necessary for sufficient homogenization of the tissues. 400 pL
aliquots of lysis buffer (1% Triton-X 100, and 20% glycerol in 10 mmol/L PBS)
were added to powdered samples to extract the protein. The buffer was then
collected, and centrifuged at 13 000 rpm for 30 min at 4°C to remove debris. The
supernatants were collected. To quantify the total proteins extracted, a BCA
protein assay reagent kit (Pierce Biotechnology, Inc., Rockford, IL, US) was used.
1uL of samples were added to 799 pL aliquots of distilled water and 200 pL of
Bio-Rad protein assay dye, and the optical densities were measured at 595 nm
using a spectrophotometer. BSA standards of 0, 1, 2, 4, 8, 16 and 32 ug/mL were
made starting from a 10 mg/mL standard. The 0 pg/mL sample was used to zero
the spectrophotometer, and the optical densities of BSA standards were used to
make a standard curve of protein concentration versus optical density. A best fit

line of the three closest BSA standard data points was calculated in Excel and
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used to calculate the protein concentrations present in the experimental samples.
Protease activity was run on gelatin zymographs[36]. To run the
zymogram, a 0.75 mm thick 12% polyacrylamide separating gel with 0.15%
gelatin (gelatin contained 0.1% NaNj3 to prevent bacterial contamination) was
made (3 mL double distilled water, 1 mL 1% gelatin, 2.5 mL 1.5 M Tris-HCI pH
8.8, 100 uL 10% SDS, 3.3 mL 30% acrylamide/bis, 50 uL 10% APS, 5 pL
TEMED). The gel was allowed to solidify for half an hour under a cover of
isopropyl alcohol to prevent oxidation. A stacking gel was made (6.1 mL double
distilled water, 2.5 mL 0.5M Tris-HCl, 100 pL 10% SDS, 1.3 mL 30%
acrylamide/bis, 50 uL 10% APS) and poured over the separating gel, a comb was
placed in it, and it was allowed to set for about half an hour. 3X loading buffer
(2.4 mL 0.5M Tris-HCI pH 6.8 , 4.6 mL 10% SDS, 3 mL glycerol, 0.006 g
bromophenol blue) and 10X running buffer (25 mM Tris Cl, 100 mM glycine,
0.1% SDS) were made. The gel was placed in the electrophoresis chamber, which
was filled with 1X running buffer. Samples were applied to the gels under non-
reducing conditions without heating. 20 pL of protein ladder (SDS-PAGE) was
placed in the first well. In subsequent well, samples were loaded containing 75
ug of protein in 1x loading buffer plus the amount of extraction buffer (same
recipe as lysis buffer) required to produce a total volume of 20 puL. This was
added to subsequent wells, except in the case of negative controls, which
contained 37.5 pg per well because of the low protein content in those samples.
One sample was run twice to be used as a control for the experiment, as will be

described subsequently. In any empty wells, 20 uL. of 1X loading buffer was
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added. Trypsin standards were also run, using concentrations of 100, 50, 25, 10,
1, 0.1 and O pg per well. The gel was run at 50V for approximately 20 minutes,
and then increased to 150V for another half an hour. The stacking gel was
removed from the separating gel, and the control well was cut away from the rest
of the separating gel. The gel, including the control well, was then placed in 2%
Triton-X 100 and shaken for 20 minutes to wash off the SDS. Next, the main
portion of the separating gel was placed in incubation buffer (50 mM Tris pH 8.0,
0.1 mM CaCl,). The control sample was placed in 50 mM Tris with 0.5 mM
EDTA. Both parts of the gel were then incubated overnight at 37°C. The gel was
rinsed with distilled water and stained by being placed in 100 mL of coomassie
blue (0.25% coomassie brilliant blue, 10% acetic acid, 40% methanol, 50%
double distilled water) on the shaker for half an hour. Excess stain was then
removed by placing the gel in a destaining solution (50 mL acetic acid, 200 mL
methanol, 250 mL double distilled water) for half an hour on the shaker. The gel
was rinsed with distilled water, and images were then taken of the gel. The gels
were then preserved using a Promega Gel Drying Kit (Promega Corporation,
Madison, WI, USA. © 2005). The gels were soaked in a destaining solution (40%
methanol, 10% glycerol, 7.5% acetic acid) for about five minutes. A sheet of gel
drying film was moistened in the above solution for less than one minute. The gel
drying film was placed smoothly on the gel drying frame, and the gels were
placed on the film, such that there were no bubbles. A second film was moistened
with the above solution and placed on top of the gel (again with no wrinkles or

bubbles), and then the top of the frame was placed over the film and the film was
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clamped in. The frame was set up vertically and the gels were allowed to air dry
in the films. Gelatinase activity appears as a clear band (indicative of cleavage of
the gelatine substrate) on a blue background. For quantitative analysis,
photographs of the gels were loaded into Alphalmager software (AlphaEase, FC
Software Version 4.1.0, Alpha Innotech Corporation, San Leandro, CA, USA ©
1993-2004). The integrated density values (IDV) of each band was measured,
holding the band area constant. Each IDV was then divided by the IDV of a
portion of the gel background of the same area, to correct for differences in gel
densities.
Apoptosis Detection

Detection of the presence of apoptotic cells in tissue samples was
determined using the In Situ Cell Death Detection Kit (Roche Applied Sciences,
Basel, Switzerland), which allows for immunohistochemical detection of
apoptosis. During apoptosis, cleavage of genomic DNA occurs, resulting in
double-stranded, low molecular weight DNA fragments and single strand breaks
in high molecular weight DNA. This test, using TUNEL (Terminal
deoxynucleotidyl Transferase mediated Biotin-dUTP Nick End Labeling)
technology, allows these DNA strand breaks to be identified by labeling free 3’-
OH termini with modified nucleotides via an enzymatic reaction[37]. Testing was
performed on paraffinized tissue samples following the manual provided with the
kit[37]. Dewaxing and rehydration was performed as follows. Paraffinized tissue
samples were placed in an oven at 60°C for half an hour. They were then placed

in 100% xylene for five minutes, and then transferred to fresh 100% xylene for an
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additional five minutes. Following this, they were placed in 100% ethanol for 5
minutes, and then transferred to fresh 100% ethanol for an additional 5 minutes.
After this, they spent five minutes each in the following solutions: 95% ethanol,
80% ethanol, 70% ethanol, and PBS. All solutions were made using double
distilled water. After rehydration, the samples were treated with proteinase K. A
2.5 mg/mL proteinase K stock solution in Tris-HCI (pH 7.4-7.8) was made and
stored at -20°C. From this 1:100 dilutions were made just prior to use, to create
the working concentration of approximately 25 pg/mL. The working solution
was stored on ice until used. 100 puL of the proteinase K working solution was
added to each tissue, and then the tissues were placed in a moist dark chamber and
incubated for half an hour at 37°C. The slides were then rinsed three times for
five minutes each in 1xPBS. Positive controls were treated with a 1:200 dilution
of DNAse (in PBS) and incubated at room temperature for 15 minutes.

The sections were then incubated overnight with a FITC-labeled dNTP
and terminal deoxynucleotidyl transferase (TdT) enzyme working solution at 4°C.
The enzyme solution used contained TdT from calf thymus, recombinant in E.
coli, in storage buffer. The label solution used contained a nucleotide mixture in
reaction buffer. 50 pL of the enzyme solution was added to 450 pL of the label
solution to create the TUNEL reaction mixture. These solutions were kept on ice
until use, and unused solution was stored at -20°C. In the dark, 40 pL of the
TUNEL reaction mixture was added to all samples except negative controls. 40
pL of the labeling solution only was added to the negative controls. During this

step, the DNA strand breaks are labeled via TdT, which catalyzes polymerization
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of labeled nucleotides to free 3’-OH DNA ends in a template independent
manner[37].

After overnight incubation, the cells were rinsed in PBS for half an hour.
Cell nuclei were then counterstained with DRAQ5™ (Alexis Biochemicals, San
Diego, CA, USA), and rinsed in PBS for another half hour. The tissue samples
were mounted with coverslips using 50% PBS/50% glycerol containing 4 mg/mL
n-propyl gallate (Sigma, Oakville, ON, Canada). Sections were then examined,
and images obtained, using a Zeiss LSM510 multi-channel laser scanning
confocal microscope (Carl Zeiss Microlmaging GmbH, Oberkochen, Germany).
Multiple images were taken of the epidermal-dermal junction of samples from
each pig. Quantitative analysis was performed using ImageJ software (Rasband,
W., v1.37, NIH, Rockville, MD, USA. © 2007). First, the epidermis or dermis
was manually selected. A set threshold was used for all samples processed on the
same day, since they were stained and imaged under identical conditions. Total
numbers of green (apoptotic stained) and red (nuclear stained) pixels were
counted. A ratio of green to red pixels was calculated to obtain a relative
concentration of cells undergoing apoptosis. Images in which apoptotic staining
did not coincide with nuclear staining were excluded from this analysis.

First attempts at staining for apoptosis were performed as follows: The
tissues were dewaxed and rehydrated as described earlier. They were then treated
with proteinase K as above. The FITC-labeled dNTP and terminal
deoxynucleotidyl transferase (TdT) enzyme working solution was applied and the

slides were incubated at 37°C for one hour. Negative controls for the experiment
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received the labeling solution only for this step. The slides were rinsed three
times, for five minutes each, using PBS. The slides were then incubated with 50
pL of Converter AP (alkaline phosphatase), and the samples were incubated in the
dark at 37°C for half an hour. This step allows for detection of incorporated
fluorescein by anti-fluorescein antibody Fab fragments from sheep, conjugated
with alkaline phosphatase. The slides were then rinsed again. Fast Red substrate
solution was made by placing a Tris buffer tablet and a Fast Red tablet in double
distilled water. This solution was filtered, and the tissue samples were treated
with 50 uL of the solution, incubated for ten minutes at room temperature in the
dark. Ifthe slides appeared stained at this point, they were placed in double
distilled water to stop the reaction. Crystalmount® mounting solution was used
to mount coverslips over the tissue samples. Once the tissues were dried, images
were obtained using the microscope with attached camera, as described above.
Because of uncertainty as to whether or not the staining was specific, an
additional step was added after the proteinase K treatment. The slides were
treated with levamisole (1:1 w/v in PBS) for 37°C for 30 minutes in the dark. As
well, the slides were incubated with the Fast Red substrate solution for half an
hour. After the Fast Red step, the cells were counterstained by incubation for 30
seconds with 100 pL methyl green (0.5% w/v). The methyl green staining
seemed weak, so the concentration was increased to 5% (w/v). Although the
staining appeared bright at first, it faded with time. Attempts were made to
remove the coverslides and restain the slides with methyl green one day prior to

imaging, if the samples were not imaged within 24 hours of the original staining,
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but this was not particularly successful either. Staining time with methyl green
was increased to 10 minutes at 60°C, but it was found that, again, after the
coverslips were placed on, the staining faded. The mounting solution was
switched to Permount™™ mounting solution. Unfortunately, this mounting
solution is not an aqueous solution, and so when it was applied without
dehydrating the samples (by taking them through ethanol to xylene) water bubbles
were trapped in the mounting solution, obscuring the image. However,
dehydration of the samples was not possible, as the Fast Red was removed by the
xylene. An attempt was made to dehydrate the samples by drying them carefully
with kimwipes and then drying them for 10 minutes at 37°C before mounting
them with Permount™ mounting solution. Unfortunately, the Fast Red substrate
solution appeared to fade in the Permount™ mounting solution, and it was not
possible to obtain clear images of the staining due to the fact that the substrate
solution began diffusing through the mounting solution almost immediately. This
made it unclear whether the staining was specific for cells undergoing apoptosis.
In conclusion, the use of Fast Red substrate solution and methyl green as a
counterstain was not found to be an effective way to locate apoptotic activity in
these tissues, as the counterstaining faded when Crystalmount®, an aqueous
mounting solution was used, but the apoptotic staining faded when Permount™™, a
non-aqueous mounting solution was used, so it was hard to obtain clear images.

This is why staining with the fluorescent labels appeared more effective.
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Mast Cell Staining and Counts

Mast cell staining was performed using toluidine blue[38], which turns the
heparin present in mast cell granules violet, and turns cell nuclei blue. A stock
solution of toluidine blue was made up by adding 1.0 g of toluidine blue to 100
mL of 70% ethanol and was stored at 4°C in the dark. Toluidine blue working
solution was made fresh by adding 5 mL of the toluidine blue stock solution to 45
mL of 1% NaCl (in distilled water). Paraffinized tissue samples were dewaxed
and rehydrated to distilled water following the method described in the
histopathology section. 100 pL of the toluidine blue working solution was placed
on the tissue samples for three minutes and then rinsed off with distilled water.
Cell counts in ten different fields were immediately performed under the
microscope at 300x magnification, and images were taken. The slides were then
dried carefully and coverslips were placed over the tissue samples using
Crystalmount® mounting solution. The staining appeared to fade over time.

An attempt was made to confirm that cells stained by the toluidine blue
(particularly clumps in silver nitrate treated samples, see Results) were, in fact,
mast cells. This was done by immunohistochemical staining for histamine,
which, if it co-localized with the toluidine blue staining, would provide
confirmation that the cells were indeed mast cells. For histamine staining,
paraffinized samples were dewaxed and rehydrated to PBS as described earlier.
No antigen retrieval step was used. The samples were then treated with 3% H,0,
(in PBS) for half an hour in the dark at room temperature. This was followed by a

five minute wash in PBS. The samples were then blocked in 10% goat serum in
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PBST (PBS with 0.05% Tween 20) for 1 hour at room temperature. Next, the
tissues were incubated overnight at 4°C in a 1:100 dilution of rabbit-anti-
histamine (Sigma, Product H 7403), the primary antibody. Negative controls
were incubated with rabbit IgG (1:120 dilution from 1 mg/mL). The slides were
then washed in PBST three times for five minutes each. The secondary antibody,
goat-anti-rabbit-HRP (horse radish peroxidase, Endogen, Thermo Fisher
Scientific, Inc.) diluted 1:400 in PBST with 1% pig serum, was added to the slides
and they were incubated at room temperature for one hour. Next, the slides were
washed in PBST and stained with DAB (diaminobenzoate — 25 mg DAB, 50 pL
H,0; in 50 mL PBS) for 5 minutes. The slides were then counterstained with
hematoxylin, dehydrated and mounted as described in the Immunohistochemistry
section (see below). Staining was weak and non-specific (data not shown),
suggesting that the antibody purchased was not capable of specifically staining for
histamine in paraffinized porcine skin.
mRNA Signal Detection

Tissue powdering. To extract RNA, tissues were powdered using a
Mikro-Dismembrator, similar to the procedure above. Prior to use, dismembrator
chambers and metal balls were washed with detergent, rinsed with distilled water,
soaked with 0.1% DEPC water, and then allowed to air dry. Tissue samples were
removed from -80°C and placed in liquid nitrogen for 10 minutes. They were
then cut into vertical slices with a scalpel, and placed in dismembrator chambers
which were clamped shut and placed in liquid nitrogen for 5 minutes. Chambers

were then placed in the dismembrator and the samples were powdered. The
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freezing and powdering was repeated if necessary. 1 mL of Trizol was added to
the powdered samples and then collected into 1.5 mL tubes.

RNA extraction. RNA extraction and purification was performed using a
Qiagen RNeasy ® Mini Kit by following the manual provided (Qiagen, Inc.,
Mississauga, Ontario, Canada). The tubes were centrifuged for 30 minutes at 12
000 rpm. Next, 300 pL of chloroform was added to each tube. The tubes were
vortexed for 15 seconds, and then allowed to stand at room temperature for 5
minutes. The samples were then spun at 12 000 rpm for 15 minutes. The aqueous
phase, which was about 600 pL, was transferred to new tubes and the organic
phase was discarded. Next, 600 pL of 70% ethanol was added to each tube, and
the tubes were mixed by inversion. 600 pL of the samples were loaded into spin
columns and then spun at 12 000 rpm for 15 seconds. The collection tubes were
emptied and then placed back under the columns. The remainder of the sample
was placed into the columns and spun (12 000 rpm, 15 s). Again the collection
tubes were emptied and replaced. 350 pL of RW1 wash buffer was added to the
spin columns and the columns were spun (12 000 rpm, 15 s). New collection
tubes were placed under the columns, and 10 pL. of Qiagen DNAse in 70 pL of
DNAse buffer was added onto the spin column membranes. The columns were
spun again (12 000 rpm, 15 s), and the spin thru was pipetted back onto the
columns which were then allowed to sit at 37°C for one hour to break down any
DNA in the samples. The columns were then spun (12 000 rpm, 15 s). 350 pL of
RWI1 wash buffer was then loaded onto each column and the columns were again

spun (12 000 rpm, 15 s). The collection tubes were emptied and replaced on the
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columns. 500 pL of RPE wash buffer was added to each column and the columns
were spun again (12 000 rpm, 15 s). The collection tubes were emptied and then
this step was repeated. The spin columns were transferred to 1.5 mL tubes and
loaded with 40 pL. of RNAse free water. The columns were then incubated at
room temperature for 15 minutes, and then spun at 12 000 rpm for one minute.
The spin columns were then discarded and the tubes were stored at -80°C until
use.

RNA quantification. 400 uL of double distilled water was placed into a
1.5 mL tube, and 2 pL of an RNA sample was added. A spectrophotometer
(Unicam, Helios, Thermo Fisher Scientific, Inc.), which was zeroed using double
distilled water, was used to measure optical densities of the RNA-containing
samples at 260 nm. Some samples’ optical densities were also measured at 280
nm to check that the samples were uncontaminated. The optical density of the
samples as measured at 280 nm should be about half that of the optical density
measured at 260 nm, if the samples are not contaminated. Results showed that the
samples did not appear to be contaminated. The concentration of RNA in each
sample was calculated as:

(OD at 260 nm * Dilution * (40 pg/mL RNA per OD unit at 260 nm) (2-1)
(1000 pL/mL)

Reverse transcription (creation of cCDNA). Reverse transcription was
performed using an Enhanced Avian RT First Strand Synthesis Kit (Sigma)
following the manual provided. 1 uL of ANTP, 1 uL. of random nonamers, 0.5 pg
of RNA as calculated above, and enough distilled water to bring the volume to 10

uL were added to a thin-walled PCR microcentrifuge tube. The contents were
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mixed and centrifuged (15 s, 12 000 rpm). The tubes were then placed at 70°C for

10 minutes, followed by centrifugation (15 s, 12 000 rpm). Next 2 uL of 10x

buffer for eAMV-RT, 1 puL of enhanced avian RT, 1 uL. of RNase inhibitor, and 6

uL of distilled water were added. The tubes were incubated at 25°C for 15

minutes, and then incubated at 50°C for 50 minutes. cDNA was kept on ice if it

was going to be used immediately, or stored at -20°C for longer wait times.
Primers. Primers were designed using Real Time PCR Primer Design

software (© 2008, GenScript Corporation, Piscataway, NJ, USA), and were

synthesized by Operon Biotechnologies, Inc. (Huntsville, Alabama, USA):

Porcine HPRT forward primer: AATGCAAACCTTGCTTTCCT

Porcine HPRT reverse primer: GGTCTATAGCCAACACTTCGAG

Porcine HPRT probe: [6-FAM]TCACCAGCAAGCTTGCAACCTTG[Tamra-Q]

Porcine IL-1B forward primer: GACTGCAAACTCCAGGACAA

Porcine IL-1p reverse primer: AAGCTCATGCAGAACACCAC

Porcine IL-1p forward primer (1): ACCTGGACCTTGGTTCTCTG

Porcine IL-1p reverse primer (1): CATCTGCCTGATGCTCTTGT

Porcine IL-1 forward primer (2): GGCAGATGGTGTCTGTCATC

Porcine IL-1p reverse primer (2): TCATTGCACGTTTCAAGGAT

Porcine IL-1 forward primer (3): GTGGTGTTCTGCATGAGCTT

Porcine IL-1 reverse primer (3): GGCGTGTCATCTTTCATCAC

Porcine IL-1p probe (3):
[6-FAM]TGTCATCGCTGTCATCTCCTTGCA[Tamra-Q]

Porcine IL-8 forward primer: GACCAGAGCCAGGAAGAGAC
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Porcine IL-8 reverse primer: ACAGAGAGCTGCAGAAAGCA

Porcine IL-8 probe: [6-FAM]CTGCCAAGAAGGCAACAGCCAG[Tamra-Q]
Porcine IL-10 forward primer: CCAAGCCTTGTCAGAGATGA

Porcine IL-10 reverse primer: TGAGGGTCTTCAGCTTCTCC

Porcine IL-12 forward primer: TCAACAGTGAGACTGTGCCA

Porcine IL-12 reverse primer: GCTCATCATTCTGTCGATGG

Porcine IL-12 forward primer (1): CACTTCAGAAGGCCAAACAA
Porcine IL-12 reverse primer (1): GCAACTCTCATTCGTGGCTA

Porcine IL-12 forward primer (2): ACCACCTGGACCATCTCAGT

Porcine IL-12 reverse primer (2): TGGTTGAGGCATTTGAACAT

Porcine IL-12 probe (2): [6-FAM]JCAACCACAGCAGGCCCAGGA[Tamra-Q]
Porcine TNF-a forward primer: GACAGATGGGCTGTACCTCA

Porcine TNF-a reverse primer: GAGGTTGACCTTGGTCTGGT

Porcine TNF-a probe: [6-FAM]TCACACCATCAGCCGCATCG[Tamra-Q]
Porcine TGF- forward primer: GCACGTGGAGCTATACCAGA

Porcine TGF-P reverse primer: ACAACTCCGGTGACATCAAA

Porcine TGF- forward primer (1): CACTCTCAGCCTCTCTGCTG
Porcine TGF-f reverse primer (1): GTACCAGAGGTGGGTGGTCT
Porcine TGF- forward primer (2): GTGGTAACCTACCCGACTGG
Porcine TGF-P reverse primer (2): CACAGCCGGACCTTTAACTT
Porcine TGF- forward primer (3): AAAGCGGCAACCAAATCTAT
Porcine TGF-f reverse primer (3): CCCGAGAGAGCAATACAGGT

DNAse/RNAse free water (BioRad, Mississauga, Ontario, Canada) was added to
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the lyophilized primers for a primer concentration 100 uM.

Traditional RT-PCR amplification. This was performed with four samples
(one from each treatment group on Day 3), or two samples (one from a
nanocrystalline silver treated pig, and one from a saline treated pig on Day 3) and
each pair of primers, to ensure that the cDNA synthesis was successful and that
the primers worked. This was done using iQ Supermix (Bio-Rad), and following
the instructions provided with it. 12.5 pL of iQ Supermix, 1 pL of the forward
primer to be tested, 1 pL of the reverse primer to be tested, 1 pL of the cDNA
sample, and 9.5 puL of PCR water were combined in a 200 pL thin-walled PCR
tube. The PCR reaction was run under the following conditions for 40 to 45
cycles: Denature: 95°C for 30s; Anneal and extend: 60°C for 1 minute; Final
extension: 60°C for 7 minutes. Hold at 4°C.

Electrophoresis. Electrophoresis was performed on these samples using a
1.5% agarose gel containing 1 pg/mL ethidium bromide. To make this gel, 5x
TBE was made using 54g Trizma base, 27.5 g boric acid, 20 mL of 0.5 M EDTA
(pH 8.0) and double distilled water to bring the total volume to 1 L. A 1.5%
agarose solution was made in 1XTBE, followed by heating the solution to dissolve
the agarose. 1 pg/mL ethidium bromide was then added, and the gel was allowed
to set for half an hour with a 20 well comb in it. The gel was then placed into an
electrophoresis chamber and covered with 1XTBE. 2.5 uL of 10x DNA loading
buffer (6.25 mL H,O, 0.025 g xylene cymol, 0.025 g bromophenol blue, 1.25 mL
10% SDS, 12.5 mL glycerol) was added to the PCR product, and 15 pL of the

product was loaded per well. DNA standards were run as well. The gel was run
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at 100 V for about 45 minutes, and then imaged using a Gel Doc system (Bio-
Rad).

Real time RT-PCR. Real time RT-PCR was performed on cDNA samples
created as described above. The first attempt was performed using HPRT
primers. A master mix was made, consisting of 350 uL. iQ Supermix (Bio-Rad),
28 uL forward primer, 28 pL reverse primer, 238 pL. PCR H,0, and 28 uL. Sybr
Green (Bio-Rad). 24 pL of the master mix was placed in each real time RT-PCR
tube, and then 1 pL of each sample was added to each well. One well contained
PCR grade H,O as a control for the experiment. The RT-PCR tubes were placed
into two Supercyclers (Bio-Rad) set to measure Sybr green. This procedure was
repeated using the IL-8, TNF-a, IL-10, IL-1B (3), IL-12 (2), and TGF-B (2)
primers, which were selected as described above. Analysis of the results was

performed in Excel using the formulas:

ACTgene = CTgene - CTuprr (2-2)
AAC’l—‘gene = AC’l—‘gene - ACTaverage negative control pig gene (2'3)
Fold difference = 24T (2-4)

where CT is cycle threshold, and HPRT (hypoxanthine
phosphoribosyltransferase) is the chosen housekeeping gene. As the results were
unclear (see Results section), the real time RT-PCR was performed for all
samples using HPRT and IL-1f (3) primers using an Applied Biosystems 7300
Real Time PCR System using Applied Biosystems Sequence Detection Software
Version 1.3.1 with the 7300 System SDS Software RQ Study Application and the

SDS Relative Quantification Study Plug In (© 2005 Applied Biosystems, Ltd.,
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Foster City, CA, USA) with the same procedures as before, so that the samples
were not having to be run on two machines. The runs were performed using the
standard 7300 run mode with the following settings: The volume was set to 25
uL, Stage 1 had one repetition at 50°C for 2 minutes, Stage 2 had one repetition at
95°C for 10 minutes, Stage 3 had 40 repetitions at 95°C for 15 seconds, each
followed by a hold at 60°C for 1 minute, when data collection occurred. As the
cDNA appeared to have degraded by this time, and the correct reagents for this
machine were not used, this experiment was repeated with freshly made cDNA
(which was diluted by adding 20 pL. PCR water). The master mix used consisted
of 350 uL Power Sybr Green master mix (ABI, Foster City, CA, USA), 238 uL
PCR H;O, 28 puL forward primer, and 28 pL reverse primer. 24 pL of the master
mix was added per well of a 96 well plate (ABI PRISM™, ABI) and then 2 uL of
cDNA sample (or PCR H,O for negative controls) was added per well. The wells
were covered and run in the Applied Biosystems 7300 Real Time PCR System.
After testing HPRT and IL-1p (3) this way, the procedure was repeated for IL-12
(2), TNF-a, and TGF-f (2). As the results were not clearer (see Results section),
probes were used, along with ten times less primer, for HPRT and IL-8. The new
master mix used was 175 pL ABI mix, 1.4 pL forward primer, 1.4 puL reverse
primer, 0.7 pL probe, 143.5 pL PCR H,0. 23 pL of this master mix was added to
each well, and 2 pL of cDNA (or DNAse/RNAse free H,O for negative controls)
was added per well. At this point, it appeared that the cDNA had broken down
again, and so fresh cDNA was made via the procedure described above. The real

time RT-PCR still did not work, and so a traditional RT-PCR was run as
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described above using negative control and saline treated pig cDNA samples with
the primers for HPRT and IL-8. This test indicated that the purified RNA used to
create the above sets of cDNA had broken down, as the primer dimers were much
stronger than cDNA signals (image not shown). Therefore, fresh tissues were
used to collect and purify RNA, the quantity of RNA was measured again, a
reverse transcription of the RNA to make cDNA was performed, and a real time
RT-PCR was performed, using probes, with HPRT, IL-8, IL-12 (2), and TNF-a
primers. Reasonable results still were not achieved (see Results Section).
Immunohistochemistry

Tissue samples after 24h and 72h of treatment were analyzed for the
presence of TGF-B. Tissue samples after 72h of treatment were also analyzed for
the presence of TNF-a and IL-8. Paraffinized samples were deparaffinized and
rehydrated as described for apoptosis detection. For antigen retrieval, the samples
were incubated in 25 ug/mL proteinase K at 37°C for 20 minutes. They were next
treated with 3% H,0, for 30 minutes at room temperature to quench endogenous
peroxidase activity, and then blocked for one hour at room temperature with the
sera from the species that the secondary antibody was raised in (rabbit for TGF-
B1 analysis; goat for TNF-a or IL-8 analysis). For TGF-f analysis, sections were

then incubated for one hour at room temperature with a chicken anti-hTGF-B1 (10
ng/mL, AF-101-NA, R&D Systems, Minneapolis, MN, USA). The sections were
subsequently incubated with rabbit-anti-chicken antibody conjugated with
horseradish peroxidase (Sigma, Product A 9046, 1:400 dilution plus 2% pig

serum) for an hour. For TNF-a and IL-8 analysis, sections were incubated
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overnight at 4°C with a mouse-anti-pTNF-o (5 pg/mL, MP390, Endogen), or
mouse-anti-pIL-8 antibody (5 pg/mL, MP800, Endogen), respectively. Sections
incubated with anti-TNF-a or anti-IL-8 primary antibodies were subsequently
incubated with a biotinylated goat-anti-mouse antibody (R&D Systems) for 45
minutes at room temperature, followed by treatment with streptavidin-HRP (R&D
Systems) for 30 minutes at room temperature. Cytokines in the tissues were then
stained using 3,3’-diaminobenzidine and H,O; (25 mg DAB, 50 uL H,O; in 50
mL PBS). The samples were then washed in double distilled water, and
counterstained with hematoxylin (30 seconds), followed by washing in double
distilled water. To preserve the stain, the cells were placed successively in 70%,
90%, and 3 rounds of 100% ethanol for 1 minute each, followed by two rounds of
100% xylene for 5 minutes each. Coverslips were then mounted using
Permount™ ™ mounting solution. Images of the samples were taken as described
for histology images. All samples stained for one cytokine were run at the same
time under identical conditions, including exposure time, temperatures, and
dilutions, and, therefore, the intensity of staining can be used as a qualitative
indication of the relative quantity of cytokines present in the tissues. Image
analysis was attempted using ImageJ software, but because the software was
unable to clearly distinguish brown (the cytokine staining) from purple (the
nuclear counterstaining) and the two colors were of similar intensity, it was not
possible to obtain reliable quantitative results. Changing the contrast, inverting
the images, changing the gamma, and eliminating red, green, or blue from the

images were all attempted, with each image having the same adjustments made,
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but none of these attempts to separate the brown from purple staining worked
consistently for all images.
Statistics

During testing, one of the pigs from the group being treated with
nanocrystalline silver died on Day 1, apparently from complications due to the
anesthetic. Therefore, another 3 pigs were run through the protocol and treated
with nanocrystalline silver. The pig from this second set of three which had
baseline data (Day 0 histology) most similar to all pigs with rashes in the first
time running the experiment was chosen to be used as a replacement for the pig
which died at Day 1 for Day 2 and Day 3 data. Tests were performed on all three
pigs from each group (since each group contains 3 pigs for all data points) to
confirm result repeatability, except for the zymograms, in which the first two pigs
from each group were used. For numerical results, one-way ANOVA with the
Tukey-Kramer Multiple Comparisons post test was performed using GraphPad
InStat version 3.06 (GraphPad Software, San Diego, California, USA,
www.graphpad.com, © 2003). Standard deviations are plotted as error bars for all
data points on all figures. For some data points, the experimental error was very
small.
Results
Visual Assessment

Figure 2-4 shows representative pictures of pigs during sensitization to
DNCB. Over two weeks, the pigs progressed from mild erythema in the painted

area, to yellow-red scabbing on some portions of the skin, to severe erythema,
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edema, and a full scab by Day 0.

¢) Day -1 . d) Da}; 0 (Zlh after .4th application)

Figure 2-4. Images of porcine DNCB-induced rashes at various time points
during elicitation of the rash. a) A representative image of the DNCB-painted
skin on Day -7, just prior to the second application of DNCB. b) A
representative image of the DNCB-painted skin on Day -3, just prior to the third
application of DNCB. ¢) A representative image of DNCB-painted skin on Day -
1, between the third and fourth application of DNCB. d) A representative image
of the DNCB-induced rash four hours after the final DNCB application (Day 0).

Figures 2-5 to 2-7 show representative pictures of pigs after one (Fig. 2-5),
two (Fig. 2-6), and three (Fig. 2-7) days of various treatments. The saline and
silver nitrate treated pigs did not show much visual improvement over the course
of treatment. The negative controls appeared normal throughout the study, and
did not demonstrate any negative consequences from going through the study.
The nanocrystalline silver treated pigs showed visual improvement with

decreased redness and swelling. Some pigs’ scabs began to peel off, revealing

near-normal tissue underneath.
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a) Negative control

: 25N 3
¢) Silver nitrate treated d) Nanocrystalline silver treated

Figure 2-5. Representative images of porcine DNCB-induced rashes after one
day of treatment. Treatment was done using: b) saline, c) silver nitrate, or d)
nanocrystalline silver. A negative control, treated with saline, is shown in a).
Wound rulers are included to indicate the image scale in centimetres.
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a) Negative control b) Saline treated

05784 f 5

¢) Silver nitrate treated d) Nanocrystalline silver treated

Figure 2-6. Representative images of porcine DNCB-induced rashes after two
days of treatment. Treatment was done with: b) saline, c) silver nitrate, or d)
nanocrystalline silver. A negative control, treated with saline, is shown in a).
Wound rulers are included to indicate the image scale in centimetres.
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¢) Silver nitrate treated d) Nanocrystalline silver treated

Figure 2-7. Representative images of porcine DNCB-induced rashes after three
days of treatment. Treatment was done with: b) saline, c) silver nitrate, or d)
nanocrystalline silver. A negative control, treated with saline, is shown in a).
Wound rulers are included to indicate the image scale in centimetres.

Erythema scores over the three days of treatment are shown in Figure 2-
8a. Pigs treated with nanocrystalline silver had significantly lower erythema
scores after two days of treatment as compared to the pigs treated with silver
nitrate or saline.

Figure 2-8b, which shows edema scores over three days of treatment,
indicates that pigs treated with nanocrystalline silver had significantly lower

edema scores than the pigs treated with silver nitrate or saline by Day 1, and they

were not significantly different from the negative controls by Day 3.
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Figure 2-8. Erythema and edema scores for pigs with DNCB-induced contact
dermatitis treated for three days with nanocrystalline silver, silver nitrate, or
saline. a) Daily average erythema scores and b) daily average edema scores
(mean + S.D., n=3 for all data points) for pigs with DNCB-induced contact
dermatitis treated for three days with nanocrystalline silver, silver nitrate, or
saline. Negative controls were treated with saline. Statistical analyses were
performed using one-way ANOV As with Tukey-Kramer post tests. The one-way
ANOVA tests indicated that the differences between groups were extremely
significant (p<0.0001 for erythema scores on all days, and p<0.0001 for edema
scores on Day 0-2, p=0.0001 for edema scores on Day 3). Results from the post
tests are displayed on the figures as follows: *** or ** indicates significantly
different from the negative control (p<0.001, and p<0.01 respectively). TiT or ¥
indicates significantly different from nanocrystalline silver treated pigs (p<0.001,
and p<0.01 respectively). Error bars represent standard deviations.

Biopsy Bleeding

Figure 2-9, which shows biopsy bleeding scores on the second and third
days of treatment, indicates that the nanocrystalline silver treated animals
demonstrated significantly lower biopsy bleeding than silver nitrate treated

tissues.
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Figure 2-9. Biopsy bleeding scores for pigs with DNCB-induced contact
dermatitis treated for three days with nanocrystalline silver, silver nitrate, or
saline. Negative controls were treated with saline. A score of -1 indicated
minimal bleeding, while a score of 1 indicated considerable bleeding. Statistical
analyses were performed using one-way ANOV As with Tukey-Kramer post tests.
The one-way ANOVA tests indicated that the differences between groups were
not significant on Day 2 (p=0.1404), but that on Day 3, they were extremely
significantly different (p=0.0001). Results from the post tests are displayed on
the figure as follows: *** or * indicates significantly different from the negative
control (p<0.001, and p<0.05 respectively). T indicates significantly different
from nanocrystalline silver treated pigs (p<0.05). Error bars represent standard
deviations (n=3 for all data points).

Weight

Figure 2-10 shows the average weight change and standard deviation for
each group. There were no significant differences in weight changes between
groups. On average, there was weight loss in all groups, including the negative
controls. This suggests that the pigs responded poorly to the set of procedures
they went through each day, or that they were not getting sufficient time to
recover and eat between procedures. However, in each group, one pig gained

weight, leading to the large standard deviation.
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Figure 2-10. Weight change over three days for pigs with DNCB-induced contact
dermatitis treated with nanocrystalline silver, silver nitrate, or saline. Negative
controls were treated with saline. Statistical analyses were performed using a
one-way ANOVA with a Tukey-Kramer post test. The one-way ANOVA tests
indicated that the differences between groups were not significant (p=0.9251).
Error bars represent standard deviations (n=3 for all data points).
Histology

Representative histological images for each group are shown over a series
of days in Figure 2-11. Figure 2-11a shows the negative control on Day 0. The
negative controls appeared to have normal skin, with well-defined intact
epidermis and dermis, and low cellularity. Some flaking of the keratinized layer
was observed, which is common in healthy pigs. The negative control
histological samples did not show any significant changes over the test period

(Fig. 2-11b to 2-11d), suggesting that the saline-soaked dressings had minimal

impact on skin morphology.
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Figure 2-11. Representative images of tissue sections stained with hematoxylin
and eosin for pigs with DNCB-induced contact dermatitis treated with saline,
silver nitrate, or nanocrystalline silver. Negative controls are also shown. Images
were taken showing a portion of the epidermis and a portion of the dermis. Tissue
samples from negative controls treated with saline are shown before treatment (a),
and after one day (b), two days (c), and three days (d) of treatment. Tissue
samples from pigs treated with saline are shown before treatment (¢), and after
one day (f), two days (g), and three days (h) of treatment. Tissue samples from
pigs treated with silver nitrate are shown before treatment (i), and after one day
(j), two days (k), and three days (1) of treatment. Tissue samples from pigs treated
with nanocrystalline silver are shown before treatment (m), and after one day (n),
two days (0), and three days (p) of treatment. Cell nuclei are stained purple with
hematoxylin, while cytoplasm was stained pink with eosin. The scale bar
represents 50 pm.

Prior to the start of treatment, all animals sensitized and exposed to DNCB
demonstrated massive inflammatory responses (Fig. 2-11 e, i, m). Large
quantities of red blood cells and inflammatory cells had infiltrated the epidermis

and upper dermis. Biopsies also showed tissue damage, with delaminated

epidermis due to excessive edema.
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The saline treated tissues (Figure 2-11 e through h) showed little
improvement over the course of the experiment. This indicates that the
inflammation induced by DNCB would not have returned to normal on its own
within the experimental time period.

Silver nitrate treated tissues (Figure 2-11 i through 1) appeared similar to
saline treated pigs throughout the experiment - after three days of treatment, there
was minimal histological improvement. Epidermal and dermal tissues both
remained damaged, with extensive edema and strong infiltration by inflammatory
and red blood cells.

After one day of treatment with nanocrystalline silver (Fig. 2-11n), there
were no significant changes. By Day 2 (Fig. 2-110), however, the old epidermis
was gone from many areas, and a new epidermis was forming. Some red blood
cells and inflammatory cells were still present near tissue surfaces, but did not
extend deep into the dermis. By Day 3 (Fig. 2-11p), some portions of the skin
were near-normal, and could only be distinguished from negative controls by the
epidermis, which was not fully developed. Inflammatory cells were present only
at very low levels.

Skin Thickness

Figure 2-12 shows measurements of total skin thickness of biopsies over
72h after various treatments. On Day 0, there were significant differences
between the groups (p=0.0339), with the samples to be saline treated being
significantly thicker than the negative controls (p<0.05). On Day 3, there were

also significant differences between the groups (p=0.0467). Over time, there was
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a trend towards decreasing overall skin thickness in nanocrystalline silver treated
groups relative to saline and silver nitrate treated groups. This did not reach
statistical significance, but suggests that there was decreased edema, tissue
damage and infiltrating cells, leading to decreases in tissue thickness. Statistical
significance was likely not reached due to the large variation in tissue sample
thickness. This may be partly due to stretching or compressing of the tissue while
the biopsy was taken and the samples were processed, partly due to natural
differences in the skin tissue thickness in growing pigs, and partly due to the
disruption of the epidermis present in some samples, and lack of epidermis in

others due to tissue damage.
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Figure 2-12. Total skin thickness in millimetres measured over time for DNCB-
induced rashes treated with saline, silver nitrate, and nanocrystalline silver.
Negative controls are also shown. Statistical analyses were performed using one-
way ANOVAs with Tukey-Kramer post tests. The one-way ANOVA tests
indicated that the differences between groups were significant on Day 0
(p=0.0339) and Day 3 (p=0.0467), but not on Day 1 (p=0.1998) or Day 2
(p=0.2253). Results from the post tests are displayed on the figure as follows: *
indicates significantly different from the negative control (p<0.05). Error bars
represent standard deviations (n=3 for all data points).
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In an attempt to eliminate some of this variability, the thickness of the
epidermis only (where present) was measured, as shown in Figure 2-13. Again,
there were significant differences between groups on Day 0 (p=0.0184), with the
animals to be treated with saline having significantly thicker epidermis than the
negative controls (p<0.05). On Day 3, there were also significant differences
between groups (p=0.0496). On Day 2 and 3, the nanocrystalline silver treated
groups had lower average epidermal thicknesses than the silver nitrate and saline
treated animals, but this did not reach statistical significance, likely due to the
above stated reasons. Measuring epidermal thickness only, therefore, did not

improve the results.
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Figure 2-13. Epidermal thickness in millimetres measured over time for DNCB-
induced porcine rashes treated with saline, silver nitrate, and nanocrystalline
silver. Negative controls are also shown. Statistical analyses were performed
using one-way ANOV As with Tukey-Kramer post tests. The one-way ANOVA
tests indicated that the differences between groups were significant on Day 0
(p=0.0184) and Day 3 (p=0.0496), but not on Day 1 (p=0.3366) or Day 2
(p=0.4202). Results from the post tests are displayed on the figure as follows: *
indicates significantly different from the negative control (p<0.05). Error bars
represent standard deviations (n=3 for all data points).
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Gelatinase Zymography

Figure 2-14 shows the protein concentration standard curve created using
the BSA standards. The linear best fit line for the region the tissue sample ODs
occurred in is shown, along with the corresponding equation and R* value. The
R? value indicates a good linear fit in the selected region, although the overall
curve was nonlinear. Figure 2-15 shows the total protein in each sample as
calculated from their ODs using the above-mentioned equation. No statistical
analysis was performed, due to the fact that the total protein recovered was
generally much higher from the tissues of the second group of pigs than the first
group, due to the fact that the second recovery of protein was performed on a
different day. However, it is interesting to note that the total protein decreased
from Day 1 to Day 3 in both nanocrystalline silver treated samples, whereas there
was no clear trends in any of the other treatment groups. Figure 2-16a
demonstrates the sensitivity of the zymogram assay using known concentrations
of trypsin — 1 ng of trypsin can be detected and different concentrations between 1
ng and 50 ng can be distinguished. Figure 2-16b shows a representative

zymogram of tissues from different groups at various time points.
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Figure 2-14. Standard curve of optical density versus protein concentration
created using BSA standards. A linear fit was performed in Excel for the region
shown on the left, and the resulting equation and R? value are shown on the
figure.

91



1=
-’

g 3000 T—
% 2000 [] Saline
'ﬂ_,z 1500 - O Silver Nitrate
& 1000 B Nanocrystalline Silver
§ 500 N Negative Control
~ 0
"’g 8000
g 6000 -
g
2 4000
S
(a9
—= 2000
°
~ 0
B A N
Day: 0 1 3

Figure 2-15. Total protein (ug/mL) in biopsies from DNCB-induced rashes
treated with saline, silver nitrate, or nanocrystalline silver at different time points.
Total protein in biopsies from negative controls are shown as well. The total
protein from the biopsies of the first pig in each group is shown in a). The total
protein from the biopsies of the second pig in each group is shown in b).
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Figure 2-16. Gelatinase activity of tissue samples from DNCB-induced rashes
treated with saline, silver nitrate, or nanocrystalline silver, along with negative
controls. a) A representative zymogram showing trypsin standard gelatinase
activity. The protein standard is shown on the left, and 0 ng, 0.1 ng, 1 ng, 10 ng,
25 ng, 50 ng, and 100 ng standards are shown from left to right, indicating the
specificity of the assay. b) A representative zymogram of porcine gelatinase
activity. The protein ladder is in the first lane (labeled Protein Standard),
followed by a negative control after three days of saline treatment (1); then a Day
0 rash before treatment (2); a saline treated pig after three days of treatment (3); a
silver nitrate treated pig after one day of treatment (4), and after three days of
treatment (5); and a nanocrystalline silver treated pig after one day of treatment
(6), and after three days of treatment (7). A lane was run with the same saline
treated pig tissue sample after three days of treatment as above, except that it was
incubated with EDTA overnight instead of with calcium. The bands in that lane
were very weak (data not shown), indicating that the bands shown in this image
are due to gelatinase activity.

Figure 2-17a contains quantitative analysis of pro MMP-9 (pMMP-9)
levels, which showed very significant differences between groups (p=0.0070).
On Day 0, pigs exposed to DNCB had significantly higher pMMP-9 than negative

controls. After 72h, the amount of pPMMP-9 decreased in saline-treated animals,
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and was not significantly different from negative controls. pMMP-9 in AgNO;-
treated pigs increased over time, and at both 24h and 72h was significantly higher
than negative controls. After 24h, nanocrystalline silver-treated tissues did not
have significantly different pMMP-9 levels from negative controls. By 72h, in
nanocrystalline silver-treated pigs, pMMP-9 levels had dropped further, and were
significantly lower than levels in AgNOs-treated pigs or pre-treatment levels.

Panel b shows quantitative analysis of active MMP-9 (aMMP-9) levels,
which showed very significant differences between groups (p=0.0087). While
negative control, Day 0, saline-treated, and nanocrystalline silver-treated animals
did not have statistically different aMMP-9 levels, aMMP-9 increased over time
with AgNOs; treatment, so that by 72h, AgNO; treated samples had significantly
higher aMMP-9 levels than negative controls and nanocrystalline silver
treatments after 24h or 72h. It is interesting to note that both nanocrystalline
silver- and saline-treated samples had decreases in aMMP-9 over time.

Panel ¢ shows quantitative analysis of pMMP-2, which demonstrated very
significant differences between groups (p=0.0017). pMMP-2 levels of DNCB-
exposed samples at Day 0 were not significantly different from levels in negative
controls. pMMP-2 levels increased over time in saline-treated animals, and at 72h
were significantly higher than negative controls, and than the animals treated with
nanocrystalline silver for 72h. Similarly, pMMP-2 levels increased over time
with AgNOs treatment, and, by 72h, were significantly higher than negative
controls, Day 0 levels, or nanocrystalline silver treated samples at 24 or 72h. In

nanocrystalline silver-treated animals, pMMP-2 levels decreased over time. By
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72h, they had significantly less pMMP-2 present than saline- or AgNOs-treated
pigs, and were not significantly different from negative controls.

Panel d shows quantitative analysis of aMMP-2, which demonstrated very
significant differences between groups (p=0.0038). aMMP-2 levels increased
over time in saline-treated animals — by 72h, their levels were significantly higher
than negative controls, Day 0 levels, AgNOs-treated pigs after 24h, and
nanocrystalline silver-treated pigs after 24h or 72h. aMMP-2 levels in AgNOs-
treated pigs also increased over time. There was no significant difference
between aMMP-2 levels in AgNOs- and saline-treated pigs at 72h.
Nanocrystalline silver-treated pigs showed a much smaller increase in aMMP-2

levels, which was not statistically significant.
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Figure 2-17. Semi-quantitative analysis of gelatinase activity in DNCB-induced
porcine rashes treated with saline, silver nitrate, or nanocrystalline silver, as well
as in negative controls. Integrated density values (IDV) are shown relatives to the
gel background IDV for the bands pro MMP-9 (a), active MMP-9 (b), pro MMP-
2 (¢), and active MMP-2 (d). ANOVA tests indicated that there were very
significant differences between groups for all four bands (p=0.0070, p=0.0087,
p=0.0017, and p=0.0038, respectively). Statistical analyses were performed using
one-way ANOVAs with Tukey-Kramer post tests. * or ** indicates significantly
different (p<0.05, and p<0.01 respectively). Error bars represent standard
deviations (n=2 for all data points).
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Apoptosis Detection

Figure 2-18 shows representative images of negative controls (a) and
positive controls (b) for the In-Situ Cell Death Detection kit. Negative controls,
which were not exposed to the enzyme solution, show no apoptotic staining, while
the positive controls, which were incubated with DN Ase before testing, show
apoptotic staining of nearly all cells. This indicates that the assay was working

correctly.

Apoptotic Cells Nuclei Combined Image

Figure 2-18. Representative fluorescence images for immunohistochemical
detection of apoptotic cells in positive and negative controls for the experiment.
Delineation between the epidermis and dermis is shown as a dashed white line.
The first column shows staining for apoptotic cells (green). The second column
shows counterstaining for nuclei (red). The third column shows the combined
images of the apoptotic cell and the nuclear imaging. Overlapping staining for
apoptosis and nuclei appears yellow. a) A negative control for the experiment, in
which samples were not exposed to the enzyme solution. b) A positive control
for the experiment, which was treated with DNAse. The scale bar (lower right)
represents 20 pm.
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Figure 2-19 shows representative images of staining for apoptotic cells
after 24h of treatment. There were very few apoptotic cells in the negative
controls (Figure 2-19 a through c). Saline-treated pigs (Figure 2-19 d through f)
demonstrated some apoptosis in the epidermis and upper dermis. AgNOs-treated
pigs (Figure 2-19 g through 1) showed high levels of apoptosis near tissue
surfaces. Keratinocytes, as well as some inflammatory cells and fibroblasts, show
apoptotic staining, suggesting that AgNO; induced cell death in all cell types it
contacted. In contrast, animals treated with nanocrystalline silver (Figure 2-19 j
through 1) demonstrated increased inflammatory cell apoptosis compared to all
other groups. This apoptosis was in the dermis, and did not target the
keratinocytes in the epidermis. Figure 2-20a shows semi-quantitative analysis of
the apoptotic staining in the epidermis, which confirmed that AgNO; treatment
resulted in significantly more apoptosis in the epidermis, which is largely
composed of keratinocytes, than in all the other treatments. Figure 2-20b shows
semi-quantitative analysis of the apoptotic staining in the dermis. Relative to the
other groups, nanocrystalline silver-treated tissues had significantly higher
apoptosis in the dermis, which was highly infiltrated with inflammatory cells.
AgNOj; induced apoptosis in the dermis to a certain depth, below which no
apoptosis was induced, while nanocrystalline silver induced apoptosis in
inflammatory cells throughout the dermis (see Figure 2-21a, b). Thus, had the
analysis been performed deeper in the dermis, the difference would have been

even more significant.
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Apoptotic Cells Nuclei Combined Image
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Figure 2-19. Representative fluorescence images for immunohistochemical
detection of apoptotic cells in the epidermis and upper dermis of DNCB-induced
porcine rashes treated with saline, silver nitrate, or nanocrystalline silver, as well
as negative controls. Delineation between the epidermis and dermis is shown as a
dashed white line. The first column shows staining for apoptotic cells (green).
The second column shows counterstaining for nuclei (red). The third column
shows the combined images of the apoptotic cell and the nuclear imaging.
Overlapping staining for apoptosis and nuclei appears yellow. Images a) to c) are
a negative control pig. Images d) to f) are a saline treated pig. Images g) to i) are
a silver nitrate treated pig. Images j) to 1) are a nanocrystalline silver treated pig.
The scale bar, shown in 1), represents 20 um.
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Figure 2-20. Semi-quantitative analysis of apoptotic staining after treatment of
DNCB-induced rashes with saline, silver nitrate, or nanocrystalline silver.

Results for negative controls are also shown. Panels a) and b) show the ratio of
green (staining for apoptosis) to red (staining for nuclei) pixels in the epidermis
and dermis, respectively. In the epidermis, a one-way ANOVA indicated there
were extremely significant differences between groups (p<0.0001). Tukey-
Kramer Multiple Comparisons post testing indicated that the silver nitrate treated
group was extremely significantly different from all other groups (p<0.001), and
no other groups were significantly different from one another. In the dermis, a
one-way ANOVA indicated that there were extremely significant differences
between groups (p=0.0003, ***). Tukey-Kramer Multiple Comparisons post tests
indicated that the nanocrystalline silver was significantly different from the silver
nitrate treated group (p<0.5, *), very significantly different from the saline treated
group (p<0.01, **), and extremely significantly different from the negative
control (p<0.001, ***), while no other groups were significantly different form
one another. Error bars represent standard deviations.
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a) Silver nitrate treated b) Nanocrystalline silver treated

Figure 2-21. Representative fluorescence images for immunohistochemical
detection of apoptotic cells in the deep dermis of DNCB-induced rashes treated
with a) silver nitrate or b) nanocrystalline silver. Cells undergoing apoptosis are
stained green. The scale bar, shown in b), represents 20 um.
Mast Cell Counts

Images of staining for mast cells are shown for saline treated tissues
(Figure 2-22a) and silver nitrate (Figure 2-22b) treated tissues at three days of
treatments. With the exception of the silver nitrate treated samples at three days
of treatment, the image of the saline treated tissue (a) is representative of the
tissues from all the groups at all time points. Average mast cell counts are shown
for each treatment group over the course of the study in Figure 2-23. There were
no significant differences between negative controls, pigs treated with saline, and
pigs treated with nanocrystalline silver on any days of treatment — they all
contained low levels of mast cells. However, by Day 3 there were extremely
significant differences between the groups (p=0.0002). In pigs treated with silver

nitrate, significantly higher numbers of mast cells had accumulated in clusters in

the epidermis and upper dermis than were present in any other group.
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a) Saline treated . b) Silver nirat treatd
Figure 2-22. Mast cell detection in DNCB-induced rashes after treatment with
saline or silver nitrate. Panel a) shows typical staining for mast cells, in which the
mast cells appear purple (arrows point to mast cells) and other cells stain blue.
The image was taken from a tissue treated 72h with saline. Images of negative
controls and tissues treated with nanocrystalline silver appeared similar, as did
tissues treated with silver nitrate at early timepoints (images not shown). Panel b)
shows a representative image of the clusters of mast cells that appeared in silver
nitrate treated tissues by 72h of treatment. The scale bar in a) is 50 um.
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Figure 2-23. Mast cell quantification in DNCB-induced rashes after treatment
with saline, silver nitrate, or nanocrystalline silver. Quantification for negative
controls is also shown. The average number of mast cells was counted under high
magnification (200x) over three days of treatment for DNCB-induced rashes
treated with saline, nanocrystalline silver, or silver nitrate. Counts were also
performed for negative controls. Statistical analyses were performed using one-
way ANOVAs with Tukey-Kramer post tests. The one-way ANOVA tests
indicated that the differences between groups were not significant on Day 0, Day
1, and Day 2 (p=0.6533, 0.3449, and 0.4831, respectively). Differences between
groups were extremely significant on Day 3 (p=0.0002). Tukey-Kramer Multiple
Comparisons post tests indicated that silver nitrate was significantly different
from all other groups tested (p<0.001=***). Error bars represent standard
deviations (n=3 for all data points).
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Primer Testing

Images from traditional PCR reactions, testing cDNA synthesis and the
designed primers, are shown in Figure 2-24. From Figure 2-24a, it appears that
the HPRT primer and IL-10 primer worked well (and therefore were selected for
real time RT-PCR experiments), while the TNF-a primer had extra bands that
may be extra primer dimers or TNF-a isoforms. The TGF-f primer did not work
at all. cDNA synthesis was successful in all samples tested. In Figure 2-24b, the
IL-8 primer worked (and therefore was selected for real time RT-PCR
experiments), but the IL-12 primer had a very strong primer dimer signal. The
TGF-B (mouse) primer did not work, and the IL-1P primer signal was weak, and it
appears that in the IL-1 runs, some heavier DNA strands, possibly contaminant
genomic DNA, were amplified. Figure 2-24c¢ indicates that the IL-1f primer (1)
signal was weak, and the IL-1[ primer (2) was weak, with primer dimers stronger
than the actual signal. The IL-1f primer (3) signal was strong and no other bands
were present, so this primer set was selected for real time RT-PCR experiments.
The TGF- primer (1) had many bands, and the TGF-3 primer (3) didn’t work at
all, so the TGF-f3 primer (2) set was selected for further experiments, as it had the
strongest signal bands, although it has an extra high molecular weight band
present in the saline treated sample. The IL-12 primer (1) set didn’t work, but the
IL-12 primer (2) set did, so although it was a weak signal, and somewhat smeared
for the nanocrystalline silver treated sample, it was selected for experimentation

with real time RT-PCR.
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Figure 2-24, continued. Testing for successful primer design and cDNA
synthesis. In both a) and b), well 1, 6, 11, and 16 are DNA standards, while the
wells in between the standard wells are as follows: negative controls are in wells
2,7, 12, and 16; nanocrystalline silver treated samples are in wells 3, 8, 13 and
17; silver nitrate treated sample are in wells 4, 9, 14, and 18; and saline treated
samples are in wells 5, 10, 14, and 20. All samples are from the third day of
treatment. In a), wells 2-5 were run with the TNF-a primers, wells 7-10 were run
with the IL-10 primers, wells 12-14 were run with the HPRT primers, and wells
16-20 were run with the TGF-f primers. In b), wells 2-5 were run with IL-1(
primers, wells 7-10 were run with IL-8 primers, wells 12-14 were run with IL-12
primers, and wells 16-20 were run with TGF-$ (mouse) primers. In c), wells 1,
10, and 19 are DNA standards. Wells 2, 4, 6, 8, 11, 13, 15, and 17 contain a
nanocrystalline silver treated sample after three days of treatment, and wells 3, 5,
7,9, 12, 14, 16, and 18 contain a saline treated sample after three days of
treatment. Wells 2-3 were run with IL-1 (1) primers, wells 4-5 were run with
IL-1PB (2) primers, wells 6-7 were run with IL-1B (3) primers, wells 8-9 were run
with TGF- (1) primers, wells 11-12 were run with TGF-f (2) primers, wells 13-
14 were run with TGF-f (3) primers, wells 15-16 were run with IL-12 (1)
primers, and wells 17-18 were run with IL-12 (2) primers.
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Semi-quantitative analysis of mMRNA expression

All mRNA expression shown in this section was calculated relative to
negative control tissue samples. Figure 2-25 shows the expression of IL-13
mRNA for treatments at various timepoints. mRNA levels for Figures 2-25 to 2-
30 were measured using Supercyclers (Bio-Rad). Statistical analysis indicated
that there were significant differences between groups (p=0.0120) and that pigs
treated with nanocrystalline silver for 24h had significantly higher IL-1f mRNA
levels than their 72h levels, Day 0 rashes, pigs treated for 24h with silver nitrate,
or saline treated animals at 72h. Most of the other tissue samples appeared to
have similar IL-1f expression levels to the negative controls. Figure 2-26 shows
the expression of IL-8 mRNA for treatments after various amounts of time. Day
0 levels appeared higher than any of the treatment groups. On Day 1, the
nanocrystalline silver treatments appeared to have higher IL-8 mRNA expression,
with silver nitrate treated samples having the lowest expression. By Day 3,
however, the saline and silver nitrate treated samples had similar IL-8 expression
levels, and the nanocrystalline silver had the lowest IL-8 expression, which was
near that of the negative controls. However, these patterns were not statistically
significant (p=0.2202). Figure 2-27 shows the IL-10 mRNA expression for
treatments at various time points. The Day 0 IL-10 mRNA levels were lower than
those of the negative controls. Saline treated and silver nitrate treated tissue IL-10
levels were relatively constant over time, with the IL-10 levels being lower for the
silver nitrate treated pigs than for the saline treated pigs. IL-10 levels were

highest of any group for nanocrystalline silver treated pigs on Day 0, but they
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dropped by Day 3, so that the IL-10 mRNA expression was lower than any other
group, and lower than the negative controls as well. However, none of these
trends reached statistical significance (p=0.0913). In Figure 2-28, IL-12 mRNA
expression for treatments at various time points is displayed. The Day 0 rash
tissues, saline treated tissues on Day 1 and 3, and nanocrystalline silver treated
tissues on Day 1 all showed similar IL-12 mRNA expression to that of the
negative controls. Silver nitrate treated samples were quite low on Day 1,
increasing slightly by Day 3. Nanocrystalline silver treated samples show a large
decrease in IL-12 mRNA expression by Day 3. A one-way ANOVA test
indicated that there were significant differences between groups (p=0.0138), but
post tests did not indicate any significant differences between individual groups.
Expression of TNF-o mRNA with various treatments over time is shown in
Figure 2-29. There were significant differences in measured TNF-o mRNA
expression between groups (p=0.0043). TNF-a mRNA expression was similar in
Day 0 rashes and saline treated animals at 24h. The mRNA expression was lower
in silver nitrate treated samples at Day 1. Saline treated and silver nitrate treated
animals showed increased TNF-a expression over time, but this expression was
not higher than that of the negative controls. Nanocrystalline silver treated tissues
at 24h showed significantly higher TNF-a expression than silver nitrate treated
samples at 24h. However, TNF-a expression by nanocrystalline silver treated
samples dropped significantly by 72h. Figure 2-30 displays TGF-f mRNA
expression with various treatments over time. There were significant differences

between groups (p=0.0425), and post testing indicated that nanocrystalline silver
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and silver nitrate treated tissues expressed significantly lower TGF-f at 72h than
nanocrystalline silver treated tissues did at 24h. It is interesting to note that TGF-
B mRNA levels also decreased over time with both saline and silver nitrate

treatment, but these trends did not reach significance.
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Figure 2-25. Relative expression of IL-13 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-1p mRNA levels were measured using the IL-1f (3)
primer set via real time RT-PCR using Supercyclers (Bio-Rad). mRNA
expression of IL-1f in Day 0 Rash samples, and samples treated with saline,
silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative to the
mRNA expression by negative controls. Statistical analyses were performed
using one-way ANOV As with Tukey-Kramer post tests. The one-way ANOVA
tests indicated that the differences between groups were significant (p=0.0118).
Results of the Tukey-Kramer Multiple Comparisons post tests are indicated on the
figure as follows: p<0.5 =*, and p<0.01 = **. Error bars represent standard
deviations (n=3 for all data points).
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Figure 2-26. Relative expression of IL-8 mRNA in negative controls and DNCB-
induced porcine rashes treated with saline, silver nitrate, or nanocrystalline silver.
IL-8 mRNA levels were measured via real time RT-PCR using Supercyclers (Bio-
Rad). mRNA expression of IL-8 in Day 0 Rash samples, and samples treated
with saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated
relative to the mRNA expression by negative controls. Statistical analyses were
performed using one-way ANOV As with Tukey-Kramer post tests. The one-way
ANOVA tests indicated that the differences between groups were not significant
(p=0.2323). Error bars represent standard deviations (n=3 for all data points).
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Figure 2-27. Relative expression of IL-10 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-10 mRNA levels were measured via real time RT-PCR
using Supercyclers (Bio-Rad). mRNA expression of IL-10 in Day 0 Rash
samples, and samples treated with saline, silver nitrate, or nanocrystalline silver at
Day 1 or 3 was calculated relative to the mRNA expression by negative controls.
Statistical analyses were performed using one-way ANOV As with Tukey-Kramer
post tests. The one-way ANOVA tests indicated that the differences between
groups were not significant (p=0.0805). Error bars represent standard deviations
(n=3 for all data points).
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Figure 2-28. Relative expression of IL-12 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-12 mRNA levels were measured using the IL-12 (2)
primer set via real time RT-PCR using Supercyclers (Bio-Rad). mRNA
expression of IL-12 in Day 0 Rash samples, and samples treated with saline,
silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative to the
mRNA expression by negative controls. Statistical analyses were performed
using one-way ANOV As with Tukey-Kramer post tests. The one-way ANOVA
tests indicated that the differences between groups were significant (p=0.0161),
but the post tests did not indicate any significant differences between individual
groups. Error bars represent standard deviations (n=3 for all data points).
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Figure 2-29. Relative expression of TNF-a mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. TNF-a mRNA levels were measured via real time RT-
PCR using Supercyclers (Bio-Rad). mRNA expression of TNF-a in Day 0 Rash
samples, and samples treated with saline, silver nitrate, or nanocrystalline silver at
Day 1 or 3 was calculated relative to the mRNA expression by negative controls.
Statistical analyses were performed using one-way ANOV As with Tukey-Kramer
post tests. The one-way ANOVA tests indicated that the differences between
groups were significant (p=0.0048). Results of the Tukey-Kramer Multiple
Comparisons post tests are indicated on the figure as follows: p<0.01 = **. Error
bars represent standard deviations (n=3 for all data points).
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Figure 2-30. Relative expression of TGF-f mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or nano-
crystalline silver (n=3 for each). TGF-B mRNA levels were measured using the
TGF-p (2) primer set via real time RT-PCR using Supercyclers (Bio-Rad).
mRNA expression of TGF-f in Day 0 Rash samples, and samples treated with
saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative
to the mRNA expression by negative controls. Statistical analyses were
performed using one-way ANOV As with Tukey-Kramer post tests. The one-way
ANOVA tests indicated that the differences between groups were significant
(p=0.0341). Results of the Tukey-Kramer Multiple Comparisons post tests are
indicated on the figure as follows: p<0.5 = *. Error bars = standard deviations.

However, there were some significant concerns with the data presented in
Figures 2-26 to 2-30. Firstly, the mRNA expression measured for all the
molecules tested was barely stronger than the negative controls, and was often
lower than the negative controls, no matter what treatment group or time point
was considered. This seems unlikely as, for example, Day 0 rashes should have

exhibited much higher expression for pro-inflammatory molecules such as TNF-a

and IL-1B. Another concern was the high variability in expression within groups.
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As well, there seemed to be similar relative mRNA expression patterns between
groups no matter what molecule was tested, whether it be pro-inflammatory (eg
TNF-a), anti-inflammatory (e.g. IL-10), or pleotropic (e.g. TGF-f). Furthermore,
although the real time RT-PCR was run simultaneously for all samples, they were
run in two machines as they did not all fit into one, and there seemed to be a
pattern in which samples tested in one machine had lower expression levels on
average than those samples run in the other machine. Therefore the above results,
while interesting, are considered to be unreliable.

In order to eliminate the problem of differences in measurements between
the two machines, an Applied Biosystems 7300 Real Time PCR System was used,
which could fit all the samples at once. Fresh cDNA was made from the RNA as
well, in case the cDNA used to generate the previous figures had begun to
degrade. Figures 2-31 to 2-35 show analysis of relative mRNA expression using
this equipment. In Figure 2-31, measurements of the relative expression of IL-10
mRNA are shown over time for various treatments. IL-1 mRNA expression
appeared low in Day 0 rashes, and Day 1 rashes treated with saline. 1L-1§
expression was slightly higher on Day 1 for nanocrystalline silver treated samples,
and decreased by Day 3. Saline treated samples showed increased IL-18
expression by Day 3. Silver nitrate treated samples had much higher IL-1p
expression, which was relatively constant from Day 1 to Day 3. None of these
trends reached statistical significance (p=0.0657). Figure 2-32 shows IL-8
mRNA expression over time for various treatments. The pattern seen in this

figure is nearly identical to that of Figure 2-31, and again, the trends observed did
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not reach statistical significance (p=0.4546). Figure 2-33 shows relative
expression of IL-12 mRNA for various treatment groups over time. Day 0 rash
samples and Day 1 samples treated with saline showed similar levels of IL-12
mRNA expression, which were slightly elevated relative to the negative controls.
Silver nitrate treated samples showed stronger IL-12 mRNA expression on Day 1,
while nanocrystalline silver treated samples showed a much lower expression on
Day 1. However, saline and silver nitrate treated samples showed decreases in
expression over time, while the nanocrystalline silver treated samples showed an
increased expression at Day 3. Again, these trends were not statistically
significant (p=0.2390). The same pattern is again observed in Figure 2-34, which
shows the measured relative expression of TNF-o mRNA. However, the trends
are less pronounced than in the previous figure, and again, the trends are not
significant (p=0.2976). Figure 2-35, which displays the expression of TGF-3
mRNA, shows a nearly identical pattern to Figure 2-34. Day 0 rashes and saline
treated samples at Day 1 show similar expression levels, which are slightly
elevated relative to the negative controls. Silver nitrate treated tissues show
higher TGF-P expression on Day 1, which decreases by Day 3. Saline treated
tissues also show decreased expression at Day 3. Nanocrystalline silver treated
samples showed lower TGF- expression than the other groups on Day 1, but

higher expression on Day 3. The trends observed were not statistically significant

(p=0.1830).
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Figure 2-31. Relative expression of IL-18 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-1p mRNA levels were measured using the IL-18 (3)
primer set via real time RT-PCR using an Applied Biosystems 7300 Real Time
PCR System. mRNA expression of IL-1f in Day 0 Rash samples, and samples
treated with saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was
calculated relative to the mRNA expression by negative controls. Statistical
analyses were performed using one-way ANOV As with Tukey-Kramer post tests.
The one-way ANOVA tests indicated that the differences between groups were
not quite significant (p=0.0861). Error bars represent standard deviations (n=3 for
all data points).
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Figure 2-32. Relative expression of IL-8 mRNA in negative controls and DNCB-
induced porcine rashes treated with saline, silver nitrate, or nanocrystalline silver.
IL-8 mRNA levels were measured via real time RT-PCR using an Applied
Biosystems 7300 Real Time PCR System. mRNA expression of IL-8 in Day 0
Rash samples, and samples treated with saline, silver nitrate, or nanocrystalline
silver at Day 1 or 3 was calculated relative to the mRNA expression by negative
controls. Statistical analyses were performed using one-way ANOVAs with
Tukey-Kramer post tests. The one-way ANOVA tests indicated that the
differences between groups were not significant (p=0.4709). Error bars represent
standard deviations (n=3 for all data points).
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Figure 2-33. Relative expression of IL-12 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-12 mRNA levels were measured using the IL-12 (2)
primer set via real time RT-PCR using an Applied Biosystems 7300 Real Time
PCR System. mRNA expression of IL-12 in Day 0 Rash samples, and samples
treated with saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was
calculated relative to the mRNA expression by negative controls. Statistical
analyses were performed using one-way ANOV As with Tukey-Kramer post tests.
The one-way ANOVA tests indicated that the differences between groups were
not significant (p=0.2596). Error bars represent standard deviations (n=3 for all
data points).

117



(9]

L1 Negative Control

M Day 0 Rash

® Saline

O Silver Nitrate
Nanocrystalline Silver

&
O
|

AN
|

w
(9,
|

W
|

o
|

—
()]
|

Relative mRNA Expression - TNF-alpha
[\
— ()]

o
[
|

i

N ~
Day 0 Day 1 Day 3

Figure 2-34. Relative expression of TNF-a mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. TNF-a mRNA levels were measured via real time RT-
PCR using an Applied Biosystems 7300 Real Time PCR System. mRNA
expression of TNF-a in Day 0 Rash samples, and samples treated with saline,
silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative to the
mRNA expression by negative controls. Statistical analyses were performed
using one-way ANOVAs with Tukey-Kramer post tests. The one-way ANOVA
tests indicated that the differences between groups were not significant
(p=0.2041). Error bars represent standard deviations (n=3 for all data points).

118



O Negative Control

M Day 0 Rash

B Saline

O Silver Nitrate
Nanocrystalline Silver

(%
I

i
1

Relative mRNA Expression - TGF-beta
[\ w

—_—
1

N

g ~ N
Day 0 Day 1 Day 3

Figure 2-35. Relative expression of TGF-f mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or nano-
crystalline silver (n=3 for each). TGF- mRNA levels were measured using the
TGF-pB (2) primer set via real time RT-PCR using an Applied Biosystems 7300
Real Time PCR System. mRNA expression of TGF-f§ in Day 0 Rash samples,
and samples treated with saline, silver nitrate, or nanocrystalline silver at Day 1 or
3 was calculated relative to the mRNA expression by negative controls.

Statistical analyses were performed using one-way ANOV As with Tukey-Kramer
post tests. The one-way ANOVA tests indicated that the differences between
groups were not significant (p=0.1853). Error bars represent standard deviations.

Despite eliminating the potential problem of performing measurements on
two machines, there were still concerns about the data presented in Figures 2-31
through 2-35. One concern was that the pattern of expression between groups
remained similar no matter what molecule was tested for. Another was that for
many of the molecules tested, their mRNA expression by Day 0 rashes was lower

or similar to the expression by negative controls, even though the pro-

inflammatory molecule mRNA expression would be expected to be upregulated
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four hours after the last application of dinitrochlorobenzene. Cytokine mRNA
expression after treatment for various time points was also surprisingly low.
Another concern was the large variability between samples within a group, and
the lack of statistically significant data.

Because of the above concerns, experiments were run in which probes
were used along with the primer sets in the Applied Biosystems 7300 Real Time
PCR System in order to improve specificity of the assay, with hopes that this
would also eliminate some of the variability observed. For this test, RNA was
purified from a second set of snap-cooled tissue samples, and cDNA was made
from this fresh RNA. The results of this testing are shown in Figures 2-36 to 2-
38. The relative expression of IL-8 mRNA measured using probes is shown in
Figure 2-36. IL-8 expression was highest in Day 0 rash samples. IL-8 expression
decreased over time with all treatments. Saline treatment showed the highest IL-8
expression at any given time point, with nanocrystalline silver treatment showing
the lowest IL-8 expression on Day 1, and silver nitrate treatment showing the
lowest IL-8 expression on Day 3. Statistical analysis indicated that the
differences between groups were significant (p=0.0014), and that silver nitrate
and nanocrystalline silver treated groups at Day 3 had significantly lower I1L-8
mRNA expression than Day 0 rash levels. Silver nitrate treated samples also had
significantly lower IL-8 mRNA expression on Day 3, relative to saline treated
samples on Day 1. However, all mRNA levels measured were equal to or lower
than negative control levels, with all Day 3 treatment levels being significantly

lower. Figure 2-37 shows the relative expression of [L-12 mRNA measured using
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probes. Again, the negative controls showed the strongest mRNA expression,
followed by the Day 0 rash samples. On Day 1, the saline treated samples had the
strongest IL-12 mRNA expression, with the silver nitrate treated samples having
the second highest expression on Day 1 and the lowest expression on Day 3.
Samples treated with nanocrystalline silver had very similar levels on Day 1 and
Day 3, making it the strongest signal on day 3. There were statistically significant
differences between groups (p<0.0001). Post tests indicated that all groups except
the Day 1 saline treatment group had significantly lower IL-12 mRNA expression
than Day 0 rash levels. Silver nitrate and nanocrystalline silver treated samples at
Day 3 expressed significantly less IL-12 mRNA than the saline treated group at
Day 1. However, all groups at all time points except the Day 0 Rash showed
significantly lower IL-12 mRNA expression than negative controls. TNF-a
mRNA expression for the various treatment groups, measured with probes, are
shown over time in Figure 2-38. A similar pattern of expression was measured
for this cytokine as was measured for IL-12. Again, there were significant
differences between groups (p=0.0005), and the Day 0 rash samples had
significantly higher expression of TNF-a mRNA than any other group except the
saline treated animals on Day 1. However, silver nitrate and saline treated
animals on Day 3 had significantly lower levels measured compared to negative
controls, and only the Day 0 rash tissues showed increased TNF-a mRNA

expression relative to negative controls.
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Figure 2-36. Relative expression of IL-8 mRNA in negative controls and DNCB-
induced porcine rashes treated with saline, silver nitrate, or nanocrystalline silver.
IL-8 mRNA levels were measured using the probe accompanying the primer set
via real time RT-PCR using an Applied Biosystems 7300 Real Time PCR System.
mRNA expression of IL-8 in Day 0 Rash samples, and samples treated with
saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative
to the mRNA expression by negative controls. Statistical analyses were
performed using one-way ANOV As with Tukey-Kramer post tests. The one-way
ANOVA tests indicated that the differences between groups were significant
(p=0.0021). Results of the Tukey-Kramer Multiple Comparisons post tests are
indicated on the figure as follows: p<0.5 =*, and p<0.01 = **. Error bars
indicate standard deviations (n=3 for all data points).
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Figure 2-37. Relative expression of IL-12 mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. IL-12 mRNA levels were measured using the IL-12 (2)
primers and probe set via real time RT-PCR using an Applied Biosystems 7300
Real Time PCR System. mRNA expression of IL-12 in Day 0 Rash samples, and
samples treated with saline, silver nitrate, or nanocrystalline silver at Day 1 or 3
was calculated relative to the mRNA expression by negative controls. Statistical
analyses were performed using one-way ANOV As with Tukey-Kramer post tests.
The one-way ANOVA tests indicated that the differences between groups were
extremely significant (p<0.0001). Results of the Tukey-Kramer Multiple
Comparisons post tests are indicated on the figure as follows: p<0.5=*, p<0.01

=**_and p<0.001 = ***_ Error bars represent standard deviations (n=3 for all
data points).
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Figure 2-38. Relative expression of TNF-oo mRNA in negative controls and
DNCB-induced porcine rashes treated with saline, silver nitrate, or
nanocrystalline silver. TNF-o mRNA levels were measured including a probe via
real time RT-PCR using an Applied Biosystems 7300 Real Time PCR System.
mRNA expression of TNF-a in Day 0 Rash samples, and samples treated with
saline, silver nitrate, or nanocrystalline silver at Day 1 or 3 was calculated relative
to the mRNA expression by negative controls. Statistical analyses were
performed using one-way ANOVAs with Tukey-Kramer post tests. The one-way
ANOVA tests indicated that the differences between groups were extremely
significant (p=0.0005). Results of the Tukey-Kramer Multiple Comparisons post
tests are indicated on the figure as follows: p<0.5=*, p<0.01 = **, and p<0.001
= ***_Error bars represent standard deviations (n=3 for all data points).

Immunohistochemistry

Figure 2-39 shows representative images of immunohistochemical
staining for TGF-B, TNF-a, and IL-8 for each group of pigs at 72h. Negative
controls showed little TGF-f staining, with some staining localized in the
epidermis (Figure 2-39a). Saline-treated and AgNOs-treated tissues (Figure 2-
39b, c¢) demonstrated intense staining for TGF-B. The staining appeared most

widespread in AgNOs-treated tissues, while in saline-treated tissues it was
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concentrated around inflammatory cells. Nanocrystalline silver-treated pigs

(Figure 2-39d) showed similar levels of TGF-f staining to negative controls.

Negative control Saline Silver nitrate Nanocrystalline silver

TGF-B
TNF-a

IL-8

Figure 2-39. Representative images for immunohistochemical detection of
cytokines after 72h of treatment of DNCB-induced porcine rashes with saline,
silver nitrate, or nanocrystalline silver, as well as negative controls. The scale bar
represents 50 pm. a)-d) show staining for TGF-f, e)-h) show staining for TNF-a,
and 1)-1) show staining for IL-8. a), e), and 1) contain images of negative control
pigs; b), f), and j) contain images of saline treated pigs; c), g), and k) contain
images of silver nitrate-treated pigs; and d), h), and 1) contain images of
nanocrystalline silver-treated pigs. Staining of TGF-, TNF-a and IL-8 is brown,
while the cell nuclei are counterstained purple using hematoxylin.

Negative controls (Figure 2-39¢) showed minimal staining for TNF-a, as
did nanocrystalline silver-treated pigs (Figure 2-39h). Saline-treated pigs showed
widespread intense staining (Figure 2-39f) which was primarily localized to cells.
AgNOs-treated pigs had less widespread but similarly intense staining (Figure 2-
39¢).

Although staining was generally less intense for IL-8, a similar pattern
emerged to that of TNF-a and TGF-B. There was minimal staining, with some

present in the epidermis, for negative controls and nanocrystalline silver-treated

pigs (Figure 2-391, 1). Saline- and AgNOs-treated pigs (Figure 2-39j, k)
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demonstrated stronger cell-associated staining.

Since there were differences in staining at 72h, immunohistochemistry
was performed at 24h for TGF-B. Figure 40 shows representative images of
staining in a saline treated animal (a), a silver nitrate treated animal (b), and a
nanocrystalline silver treated animal (c). Although the differences are less
pronounced at 24h, the same pattern is observed as that seen at 72h — the staining
is clearly weaker and less diffuse in nanocrystalline silver treated animals than in

silver nitrate or saline treated animals.

a) Saline b) Silver Nitrate ¢) Nanocrystalline Silver
Figure 2-40. Representative images for immunohistochemical detection of TGF-
B after 24h of treatment with a) saline, b) silver nitrate, or ¢) nanocrystalline
silver. The scale bar represents 50 um. Staining for TGF-f appears brown, while
the cell nuclei are counterstained purple using hematoxylin.

Discussion

Studies have suggested that nanocrystalline silver may have an anti-
inflammatory effect[1-6], but its molecular and cellular mechanisms of action
have not been fully elucidated. In this study, contact dermatitis was induced
using DNCB in a porcine model. DNCB-induced dermatitis is the prototype of T-
cell mediated delayed-type hypersensitivity reactions[4, 5, 29], which occur in

two phases. In the sensitization phase, Langerhans cells take up haptens and

present them to naive T-cells which become active hapten-specific effector T-
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cells[4, 5, 29, 30]. During the elicitation phase, reapplication of the hapten results
in recruitment of these cells, which release pro-inflammatory cytokines and attract
other inflammatory cells. This leads to mast cell degranulation, vasodilatation
and an influx of T cells, neutrophils, and mononuclear cells, resulting in dermal
inflammation[4, 5, 29, 30]. DNCB applications resulted in a consistent rash by
Day 0 in this study.

Nanocrystalline silver treatments decreased DNCB-induced erythema and
edema, increased apoptosis in inflammatory cells, and decreased MMP and pro-
inflammatory cytokine expression compared to AgNOs and saline treatments.
This study is believed to be the first to report a direct anti-inflammatory effect of
nanocrystalline silver in a DNCB-induced porcine contact dermatitis model.

Apoptosis is a form of cell death with unique morphologic and
biochemical hallmarks. It is involved in eliminating inflammatory cells from
inflamed tissues[39]. Hence, compounds which induce apoptosis, such as noble
metals, may be beneficial in the treatment of inflammatory diseases. Various
gold-containing compounds, used as anti-inflammatory agents in the treatment of
rheumatoid arthritis, induce apoptosis in cells including T-cells and macrophages
through multiple mechanisms[10-13, 15, 40, 41]. The observed significant
induction of apoptosis in inflammatory cells by nanocrystalline silver is consistent
with the literature. For example, Bhol et al.[5] found that nanocrystalline silver
promoted apoptosis in inflammatory cells, and Wright et al.[2] observed an
increase in apoptosis in PMNs in wounds treated with nanocrystalline silver, but

not in controls. The significant induction of apoptosis in dermal inflammatory
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cells by nanocrystalline silver observed in this study suggests a highly
discriminatory process, related to the unique silver species released (e.g. Ag’),
that is different from the indiscriminate activity of Ag'. Silver ions can interfere
with the respiratory chain at the cytochromes[42] and can interact with the
electron transport chain[43] to activate the intrinsic signalling pathway to
apoptosis through the activation of downstream procaspases[44]. In this study
nanostructured silver apoptotic activity was discriminatory (dermal cells) and
AgNOs apoptotic activity was indiscriminate — apoptosis was induced in all cell
types at the tissue surface, including keratinocytes. This has important
implications for the treatment of burns and other wounds as induction of apoptosis
in keratinocytes and fibroblasts would be expected to retard wound healing. This
induction may be due to the release of a toxic bolus[34] of Ag’, resulting in
indiscriminate induction of apoptosis and potentially necrosis[39]. Addition of
AgNO;j to rat mitochondria in vitro caused accelerated respiration and
mitochondrial swelling, leading to the release of cytochrome c[45], which triggers
events leading to apoptosis, confirming that AgNOs can induce apoptosis. These
results contradict Moyer et al.[34], who indicated that 0.5% AgNOs; treatments
did not harm epithelial tissue, but that a concentration of 1% would cause
necrosis. It is unlikely that the concentration of AgNO; would have increased to
1% in this model, as the dressings were still moist when removed and the large
quantities of proteins and chlorides in the scabs likely reacted with Ag’,
decreasing its concentration. It is also possible that the nitrate component may

have a negative impact on cells[46]. In nanocrystalline silver treatments, Ag"

128



clusters may induce apoptosis via cellular interactions causing the production of
pro-apoptotic signal molecules which act specifically on inflammatory cells. By
inducing inflammatory cells to undergo apoptosis, the cells are prevented from
releasing inflammatory chemicals and attracting further inflammatory cells. They
are also prevented from undergoing necrosis, in which cells burst, releasing
cytotoxic inflammatory compounds including proteases, oxygen radicals, and
acids[2, 12]. By undergoing apoptosis instead, these compounds are contained
until they are broken down by macrophages. Thus, it appears that the increase in
apoptosis of inflammatory cells observed with nanocrystalline silver treatments
provides at least a partial explanation for the lower levels of inflammatory cells
and the reduced inflammatory response observed[2].

In DNCB-induced contact dermatitis, pro-inflammatory cytokines
including TNF-a, IL-1, and IFN-y are upregulated due to cellular contact with
haptens[47]. In this model, the primary source of TNF-a, a major inflammatory
response mediator[48], was likely inflammatory cells such as T lymphocytes,
PMNs, and macrophages. In nanocrystalline silver-treated animals, decreased
TNF-a, as indicated by immunohistochemistry, likely resulted from the
elimination of inflammatory cells by apoptosis. It should be noted that the
immunohistochemical data from tissue samples taken at 72h indicates that TNF-a
protein levels were much higher in saline and silver nitrate treated animals
relative to negative controls. This indicates that prior to Day 3, TNF-a mRNA
expression must have been increased in these animals relative to the negative

controls, and therefore the data presented in Figure 2-38 is not reliable, as all
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groups show lower TNF-a mRNA expression than negative controls.

IL-8 is another major mediator of inflammatory responses. Secreted by
several cell types in response to inflammatory stimuli, it acts as a chemoattractant
for neutrophils, basophils, and T-cells[39]. The staining pattern of IL-8 in this
study resembled that of TNF-a. Decreased IL-8 in nanocrystalline silver-treated
pigs may have resulted from the elimination of inflammatory cells via apoptosis.
Again, the immunohistochemical data indicates an increase in the presence of IL-
8 protein expression in saline and silver nitrate treated samples by 72h, relative to
negative controls. This indicates that the IL-8 mRNA expression must have been
increased in these tissues relative to negative controls at some point prior to this
time, and therefore, as suspected, the data presented in Figure 2-36 is not reliable,
as it indicates the IL-8 mRNA expression in all groups at all times was equal to or
lower than that of negative controls. This indicates that the PCR experiments
were flawed. One possibility is that samples were not taken soon enough to
measure increased cytokine expression relative to negative controls. Another
possibility is that something was wrong with the negative controls themselves, or
that something went wrong during the processing of the tissues. This is suggested
by the fact that the total RNA levels were similar in Day 0 rashes and negative
controls, which should not have been the case, considering the cellularity present
in the Day 0 rashes as indicated by the histology. Another possibility is that using
HPRT as the house keeping gene (see Equation 2-2) was a poor choice, as there is
some suggestion in the literature that HPRT expression can be modified during

wound healing[49]. HPRT is an enzyme involved in the salvage pathway, and
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can be found in high levels in healing skin wounds, particularly in keratinocytes at
the hyperproliferative epithelium at wound edges[49]. While in this study, there
were no open wounds, it is possible that HPRT would be upregulated while new
epidermal tissues were being formed, which would impact the results, as the
house keeping gene should be one whose expression is not changed during the
course of the experiment. Perhaps if a larger number of pigs had been used in
each group, outliers would have been evident, in which case, they could have
been removed. With only three pigs per group, this was not possible. In any case,
the immunohistochemical data confirms that the mRNA expression data should
not be used to make any definite conclusions.

Increased TGF-P3 was observed after AgNOs and saline treatment as
measured via immunohistochemistry, while nanocrystalline silver treatment
decreased TGF-p staining by Day 3. TGF-p is a pleotropic growth factor
regulating many biological events including cell proliferation and differentiation,
angiogenesis, and the inflammatory/immune response, where it plays a dual
role[50]. TGF-B is a strong chemoattractant for leukocytes and mast cells, and
thus is able to initiate an inflammatory response[51]. Later in the healing process,
TGF-B contributes to the resolution of inflammation[50]. The increased TGF-f3
staining in the saline- and AgNOs-treated groups likely was a measure of its role
as a chemoattractant for inflammatory cells, since the tissue samples were taken
early in the healing process, as indicated by the histology of saline-treated
animals. Immunohistochemical data after 24h of treatment indicates that

decreases in TGF- protein expression began to occur very early with
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nanocrystalline silver treatment, during the time that TGF-f plays a pro-
inflammatory signalling role. Decreased TGF-f staining in nanocrystalline silver-
treated tissues may, again, be due to the elimination of inflammatory cells by
apoptosis.

Overexpression of matrix metalloproteinases including MMP-2 and
MMP-9 contributes to tissue injury and inflammation[51]. Therefore, MMP
inhibition has been suggested as a therapeutic approach to controlling
inflammation[36]. In this study, MMP levels remained high throughout saline
and AgNOs treatments with increased levels of the active forms over time.
However, both pMMP-9 and aMMP-9 decreased over time with nanocrystalline
silver treatment, and at 72h, levels for both were significantly lower than levels
present in AgNOs-treated tissues. A similar pattern was observed for pMMP-2,
while in aMMP-2, the nanocrystalline silver-treated animals had significantly
lower levels than saline-treated animals at 72h, but were not significantly different
from AgNOs-treated animals. These results showing decreased gelatinase
expression and activity after nanocrystalline silver treatment corroborate the
literature[2, 3], which indicates that MMP levels drop and/or remain low within
the first few days of treatment with nanocrystalline silver, but are not completely
eliminated. Together, these results suggest that nanocrystalline silver is capable
of modulation of overall MMP presence and activity such that inflammation is
decreased and healing is promoted in a variety of tissue injury models[2, 3]. It is
important to note that in this study, as well as previous studies, MMP activity was

never completely eliminated by treatment with nanocrystalline silver. This is
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critical because, although elevated MMP levels may lead to excessive breakdown
of tissues and thus to slowed healing, MMPs break down extracellular matrix and
damaged cellular components, as well as creating pathways for cell migration and
angiogenesis, and therefore a complete shutdown of MMP activity would prevent
healing[52, 53]. Kirsner et al.[3] postulated that MMP modulation in
nanocrystalline silver treatments could be the result of its antimicrobial activity.
However, in the current study, the rashes were not infected, and so Kirsner’s
theory cannot explain these results. As an alternative, Kirsner et al.[3] also
suggested that nanocrystalline silver could directly affect cytokines such as IL-1
and TNF-a, and through them impact MMP levels. This remains a possible
explanation, as the current study demonstrated that treatment with nanocrystalline
silver decreased the expression of pro-inflammatory molecules TNF-a, IL-8, and
TGF-B, via apoptosis of inflammatory cells. Wright et al.[2] also suggested that
the mechanism for MMP modulation by nanocrystalline silver could be partly
through the induction of apoptosis in PMNs, because they produce MMPs. Thus,
the decreased overall MMP expression after nanocrystalline silver treatment
likely resulted from the reduction of inflammatory cells via apoptosis, since these
cells contain high MMP levels[54], and produce pro-inflammatory molecules
which also regulate MMP expression. The decrease in active MMPs suggests
there may also be a direct or indirect suppression of MMP activity.

Consistent with the above results, the histology demonstrated that
nanocrystalline silver treatment decreased inflammation. By 48h, there was

decreased inflammatory cells and evidence of a new epidermis forming. By 72h,
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nanocrystalline silver-treated tissues appeared similar to negative controls. In
contrast, AgNOj and saline treatments did not demonstrate decreased
inflammation over 72h. Visual observations, biopsy bleeding scores, and
erythema and edema scores demonstrated a significant improvement in the rate of
resolution of inflammation with the nanocrystalline silver treatments as compared
to AgNO; or saline treatments. This is supported by observations from rodent
DNCB models treated with nanocrystalline silver cream[4, 5]. Animal weights
and skin thicknesses did not appear to be good measures of the pigs’ response to
different treatments due to high inter-animal variability, or (for the latter)
treatment of tissue during collection and processing.

Overall, the results indicate that AgNOj is not anti-inflammatory, and may
irritate the inflamed area and slow healing by inducing apoptosis of keratinocytes
and fibroblasts. Other studies have demonstrated that AgNO; has pro-
inflammatory properties in the lungs and joints[3, 55-57], confirming this
outcome. Silver nitrate treatments also resulted in significantly increased mast
cell counts in the epidermis and upper dermis over 72h, relative to all other
treatment groups. Mast cells play a key role in allergic responses, by releasing
granules containing histamine; proteoglycans such as heparin, serine proteases,
prostaglandins and leukotrienes; and cytokines after contact with an allergen.
They also are involved in the recruitment of inflammatory cells to the skin when
activated by antibodies and complement compounds, and they are integral to the

innate immune response[58]. This suggests that silver nitrate treatment in this
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model may have resulted in the development of an allergic sensitivity or other
immune response.

Since silver nitrate treatment, which releases only Ag’, did not have the
same anti-inflammatory effect observed with nanocrystalline silver treatments, a
species other than Ag”, such as soluble Ag’ clusters[8], must be responsible for
the anti-inflammatory activity of nanocrystalline silver. This suggests that the
species responsible for the anti-inflammatory activity of other noble metals, such
as gold, may be in a reduced cluster form. Developing a form of silver with a
higher Ag’ cluster concentration could therefore prove valuable in the treatment
of anti-inflammatory diseases.

It appears that nanocrystalline silver has anti-inflammatory activity
independent of its antimicrobial activity in the DNCB-induced porcine contact
dermatitis model. This activity may be due in part to the induction of apoptosis in
inflammatory cells, and suppression of MMP activity. Nanocrystalline silver may
also suppress the production of pro-inflammatory cytokines TNF-a, IL-8 and
TGF-B, as well as others, including IL-12[5]. Due to the similarities between
human and pig skin[23, 24], nanocrystalline silver may have a similar impact on
the treatment of human skin inflammatory conditions, such as contact dermatitis

and psoriasis.
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Chapter 3 — Systemic Effect of Nanocrystalline Silver Dressings’
Introduction

Studies have demonstrated that nanocrystalline silver has pro-healing and
anti-inflammatory activity in infected wounds, rashes, and meshed skin grafts[1-
4]. In Chapter 2, it was shown that nanocrystalline silver had an anti-
inflammatory effect independent of its antimicrobial activity[5]. However, the
study did not elucidate the mechanisms of action for this effect. One possible
mechanism was that silver molecules traveled to, and directly interacted with,
individual inflammatory cells, causing their apoptosis. This then led to reduced
inflammation via reduced production and activation of MMPs, and reduced
production of pro-inflammatory signaling molecules. Another possibility was that
nanocrystalline silver interacted with native cell types near tissue boundaries,
causing them to release biological signals which modified the inflammatory
cascade, resulting in the anti-inflammatory effects described in Chapter 2. If the
latter was the primary mechanism of action, then nanocrystalline silver could have
an impact on inflammation distant from the site of treatment. Interestingly,
clinical observations have suggested that nanocrystalline silver may have anti-
inflammatory/pro-healing effects on tissues in locations distant from the treatment
site (personal communications, Dr. Burrell). In addition, a study of adjuvant
arthritis in rat paws showed that when a solution containing silver proteinate, gold
thioglucose, and copper gluconate was injected intraperitoneally, the paws had

improved healing relative to controls[6].

" A version of this chapter has been submitted for publication. Nadworny, Landry, Wang,
Tredget, and Burrell, 2009. Wound Repair and Regeneration.
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The purpose of this study was to determine whether the anti-inflammatory
effect of nanocrystalline silver occurs solely through direct action on cells such as
inflammatory cells, or whether it works by triggering a biological cascade
resulting in indirect anti-inflammatory effects. A second goal of this study was to
determine whether or not nanocrystalline silver treatments could result in anti-
inflammatory/pro-healing effects on tissues distant from the site of application of
nanocrystalline silver, and if so, to determine some of the signaling molecules
involved in this effect.

Materials and Methods
Materials

Unless otherwise mentioned, all reagents were purchased from Fisher
Scientific Inc.

Samples

Tissue samples and blood samples from animals used in the study
performed in Chapter 2 were used in this chapter as indicated. Please see Chapter
2 for the procedures performed on these animals. Positive controls from the
experiment in Chapter 2 were also used as positive controls for the animal study
performed in this chapter, since this study was performed in parallel to the study
in Chapter 2.

Testing for Silver Deposition in Tissues
XPS and SIMS
X-ray photoelectron spectroscopy (XPS) and Time-of-Flight secondary

ion mass spectrometry (ToF-SIMS) were used to detect the presence, depth, and
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concentration of various silver species in paraffinized porcine tissue samples from
Chapter 2 which were treated directly with nanocrystalline silver, silver nitrate, or
saline. Tissues of the negative controls were also analyzed. Prior to analysis,
samples were deparaffinized as follows: Tissue samples were incubated at 60°C
for half an hour. They were then placed in 100% xylene for five minutes,
transferred to fresh 100% xylene for another five minutes, and then placed in
100% ethanol for 10 minutes to remove the xylene. They were then allowed to air
dry.

XPS was completed using an Axis Ultra spectrometer (Kratos Analytical,
Shimadzu Corp., Kyoto, Japan) with a base pressure of 5x10™° Torr, at the
Alberta Center for Surface Engineering and Science (ACSES). The x-rays were
generated using an Al Mono (Ka) source operated at 210 W. Spectra were
collected at normal (90°) take-off angle, with an analyzer pass energy of 160 eV.
The analysis was performed in the mid-dermis and in the subcutaneous fat layer.

ToF-SIMS was performed using an ION-TOF IV (ION-TOF GmbH,
Munster Germany) in the imaging operational mode, at ACSES. Scans were
performed at the tissue surfaces to obtain mass spectra and mass-selective images
for tissues after 24 and 72 hours of treatment. Optical images were taken parallel
to the ToF-SIMS images to locate tissue morphology in the SIMS images.
Gallium ions were used as an analytical beam, and the Ga" gun was operated at 25
keV in a static mode. Burst alignment mode was used for the mapping. The size
of the area mapped is shown on each image. Both positive and negative

secondary ions were collected. Metallic silver, silver nitrate, silver chloride,
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silver oxide, and silver cluster species weights were analyzed (see weights tested
in Table 3-1), using instrument software to generate the mass-selective images.
The images generated show the summed intensities for all weights tested for each
silver species. The total counts (tc) and maximum intensities (mc) were measured
for each image to compare the levels of silver in the different tissues. mcs from
multiple images for each tissue were averaged and tested for statistically
significant differences. Each image was scaled from 0 to its mc.

Table 3-1. Weights used in SIMS analysis.

Species Isotopes Atomic Weights Analyzed
Ag Ag: 107,109 107, 109

AgO Ag: 107,109; O: 16 123,125

AgCl Ag: 107, 109; CI: 35,37 142, 144, 146

AgNO;  Ag: 107,109; N: 14, 15; 169, 170, 171, 172

O: 16

Ag> Ag: 107,109 214,216, 218

Ag,0 Ag: 107,109; O: 16 230, 232,234
Ags Ag: 107,109 321, 323, 325, 327
Ags Ag: 107,109 428, 430, 432, 434, 436
Ags Ag: 107,109 535, 537, 539, 541, 543, 545
Agg Ag: 107,109 642, 644, 646, 648, 650, 652, 654
Ag; Ag: 107,109 749, 751, 753, 755, 757, 759, 761, 763

Testing for Remote Anti-inflammatory/Pro-healing Effects
Animals

Three young domestic, commercially produced, Large White/Landrace
swine (20-25 kg) were used in this study, which was performed in parallel to the
study of Chapter 2. The animals selected were healthy and without significant
wounds or scars on their backs. The animals were kept at the SRTC under the
same conditions as those described in Chapter 2 (individual pens, 12 hour

light/dark cycle, seven day acclimatization period, ad libitum antibiotic-free water
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and hog ration). Rations were limited prior to procedures on Day 0 through 3.
The study was approved by the HSAPWC and was conducted with humane care
of the animals in accordance with guidelines established by the CCAC.
Sensitization to DNCB and Elicitation of Inflammatory Reaction

Inflammation was induced as described in Chapter 2. Briefly, on Day -14,
the hair on the left side of the three pigs’ backs was shaved, and 10% DNCB (in
4:1 acetone:olive oil) was painted over the shaved area as described in Chapter 2
(25 cm x 15 cm, caudal to the scapula running over the rib cage and five
centimeters off the dorsal median line, for a total body surface area of
approximately 5%(7]). The volume of DNCB painted per pig was 7 mL on
average, as before. This procedure was repeated on Days -7, -3, and 0. On Day -
1, the pigs were given transdermal fentanyl patches on shaved skin away from the
rash and the future location of the treatment area (between their shoulder blades)
to mitigate potential discomfort during the final application and treatment period
without impacting the inflammation in the skin or the treatment. Animals were
weighed on Day 0 before commencing treatment.
Treatment

Four hours after the final application of DNCB, treatment of the pigs was
commenced with the pigs being placed under general anesthetic. On Day 0,
visual observations were made (see procedure below), and blood samples were
taken from the anterior vena cava. Six 4 mm biopsies were obtained from the
rash and randomly assigned for different analyses as described in Chapter 2. On

Day 0, skin samples were obtained near the front of the rash, but well within its
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borders. On subsequent days, biopsies were taken in a line caudally, spaced such
that newly biopsied tissues would not be influenced by previous biopsies.
Calcium alginate dressings were used to achieve hemostasis. The pigs’ rashes
were then treated with a sterile dressing composed of two layers of HDPE with a
rayon/polyester core (same composition as the nanocrystalline silver dressings)
moistened with sterile 0.9% saline. On the right side of the pigs’ backs, the hair
was shaved from an area of the same size as the rash (15 cm x 25 cm), and
nanocrystalline silver dressings moistened with sterile reverse osmosis water were
placed over the shaved area. These animals, which received nanocrystalline silver
on the opposite side of their back from the rash, and had saline placed directly on
the rash, will herein be referred to as receiving “remote” nanocrystalline silver.
Surgical drape was placed over both dressings on each pig to provide moisture
control, and Elastoplast adhesive dressing was wrapped around the pigs to hold
their dressings in place. New fentanyl transdermal patches were applied as
needed.

The procedure of Day 0 was repeated on Day 1 and Day 2, except that no
blood samples were taken. On Day 3, blood samples and weights were again
taken, and biopsies and visual inspections were performed, and then the pigs were
euthanized using Euthansol (>150 mg/kg) while still under anesthesia.

Visual Observations

Pictures were taken of the rash areas on each treatment day. Erythema and

edema scores were graded on a scale of 0-4 on Day 0 through 3, with the scoring

system described in Chapter 2. The pigs were also scored on the level of bleeding
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at biopsy sites on Day 2 and Day 3, with -1 indicating minimal bleeding, 0
indicating moderate bleeding, and +1 indicating considerable bleeding. The
scores were the result of observation by three people.
Storage of Blood Samples

Blood samples for serum analysis were collected into heparin-free tubes
for the groups of pigs described in Chapter 2, as well as for this group of pigs.
The samples were kept at room temperature, and then centrifuged for 15 minutes
at 1500 rpm. The supernatant was then collected (3-4 mL) and stored at -20°C.
Histopathology

All samples to be paraffinized were placed in 4% neutral buffered
paraformaldehyde. They were then rinsed with PBS three times before being
placed in 70% ethanol and stored at 4°C. The samples were then dehydrated in
alcohol and xylene; oriented and embedded in paraffin; and sectioned (5 pm).
For histopathological analysis, sections were stained with hematoxylin and eosin
following standard procedures[8]. Representative images (100x magnification,
showing the epidermal-dermal junction, with no more than half the image taken
up by the epidermis) were taken of the slides using an optical microscope with an
attached digital camera (Nikon Optiphot I, with Nikon Coolpics 950).
Apoptosis Detection and Quantification

Detection of the presence of apoptotic cells in tissue samples of positive
controls and animals treated indirectly with nanocrystalline silver was performed
using the In Situ Cell Death Detection Kit (Roche Applied Sciences, Basel,

Switzerland), as described in Chapter 2, with a few modifications. Briefly, testing
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was performed on paraffinized tissue samples following the manual provided with
the kit[9]. Dewaxing and rehydration was performed as described in Chapter 2.
After rehydration, the samples were treated with 100 pL proteinase K at a
working concentration of 25 pg/mL, and incubated for half an hour at 37°C. The
slides were then rinsed three times for five minutes each in 1xPBS. Positive
controls for the apoptosis assay were treated with a 1:200 dilution of a 151
units/uL. DNAse stock solution (in PBS), and incubated at room temperature for
15 minutes.

All tissues were then incubated overnight with a FITC-labeled dNTP and
TdT working solution at 4°C. Labeling solution only was added to the negative
controls for the apoptosis assay. After overnight incubation, the cells were rinsed
in PBS three times for 10 minutes each. The tissue samples were mounted using a
polyvinyl alcohol based mounting medium containing 1:1000 DAPI (4°,6-
diamidino-2-phenylindole, provided by the Department of Oncology Cell Imaging
Facility, University of Alberta) for nuclear counterstain. Sections were then
examined, and images obtained, using a Zeiss LSM510 multi-channel laser
scanning confocal microscope (Carl Zeiss Microlmaging GmbH, Oberkochen,
Germany) at the Department of Oncology Cell Imaging Facility, University of
Alberta. Images were taken of the epidermal-dermal junction of samples from
each pig using the following settings: objective: 40x 1.3; laser for DAPI: 364 nm,
1% power, 477 pm pinhole; and laser for FITC: 488 nm, 10% power, 66 um
pinhole. Quantitative analysis was performed using ImageJ software (Rasband,

W., v1.37, NIH, Rockville, MD, USA. © 2007). Images were excluded when
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apoptotic and nuclear staining did not coincide. The epidermis or dermis was
manually selected. A set threshold was used for all samples, since they were
processed on the same day, and stained and imaged under identical conditions.
Total numbers of green (apoptotic stained) and blue (nuclear stained) pixels were
counted. A ratio of green to blue pixels was calculated to obtain a relative
concentration of cells undergoing apoptosis.
Immunohistochemistry

Paraffinized tissue sections from rash biopsies after treatment for 24h and
72h (remote nanocrystalline silver, direct nanocrystalline silver, or saline only)
were analyzed for the presence of TNF-q, IL-8, IL-4, IL-10, TGF-B, EGF, KGF
(FGF-7), and KGF-2 (FGF-10). Paraffinized samples were deparaffinized and
rehydrated (see Chapter 2). To improve antigen retrieval, samples used to test for
TNF-a, IL-8, and KGF were incubated in 25 pg/mL proteinase K at 37°C for 20
minutes. All samples were then treated with 3% H,0, for 30 minutes at room
temperature to quench endogenous peroxidase activity, and then blocked for one
hour at room temperature with the sera from the species that the secondary
antibody was raised in (rabbit for TGF-f1, KGF, KGF-2, or IL-4 analysis; goat

for TNF-a, IL-8, IL-10, or EGF analysis). For TGF- analysis, sections were

then incubated for one hour at room temperature with a chicken-anti-hTGF-1
(10 pg/mL, AF-101-NA, R&D Systems, Minneapolis, MN, USA). Control
tissues were incubated with chicken IgG (10 pg/mL). The sections were
subsequently incubated with rabbit-anti-chicken antibody conjugated with

horseradish peroxidase (Sigma, Product A 9046, 1:400 plus 2% pig serum) for an
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hour. For all other analyses, sections were incubated overnight at 4°C with 5
pg/mL of the appropriate antibody: mouse-anti-pTNF-a (MP390, Endogen),
mouse-anti-pIL-8 antibody (MP800, Endogen), goat-anti-pIL-4 (AF654, R&D
Systems), mouse-anti-hEGF (MAB236, R&D Systems), mouse-anti-pIL-10
(MAB6932, R&D Systems), goat-anti-hFGF-7 (KGF, AF-251-NA, R&D
Systems), or goat-anti-hFGF-10 (KGF-2, AF345, R&D Systems). For sections
incubated with primary antibodies produced in mouse, negative control tissues
were incubated with 5 pg/mL mouse IgG during the primary antibody incubation
step. These sections were subsequently incubated with a goat-anti-mouse-HRP
solution (R&D Systems, 1:400 plus 2% pig serum) for one hour at room
temperature. For sections incubated with primary antibodies produced in goat,
negative control tissues were incubated with PBS during the primary antibody
incubation step (using a 1:50 dilution of goat serum invariably resulted in dark
staining of the negative controls). These sections were subsequently incubated
with a rabbit-anti-goat-HRP solution (R&D Systems, 1:400 plus 2% pig serum).
All tissues were then stained using DAB and H,0O, (25 mg DAB, 50 uL H,0, in
50 mL PBS). The samples were then washed in double distilled water, and
counterstained with hematoxylin (30 seconds), followed by washing in double
distilled water. To preserve the tissues, the cells were dehydrated by successive
placement in 70%, 90%, and three rounds of 100% ethanol for one minute each,
followed by two rounds of 100% xylene for five minutes each. Coverslips were
then mounted using Permount™ mounting solution. Images of the samples were

taken as described for histology images. Samples stained for one cytokine were
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all run at the same time under identical conditions, including exposure time,
temperatures, and dilutions. Therefore, the intensity of staining can be used as a
qualitative indication of the relative quantity of cytokines present in the tissues.
Negative controls for the experiment, which were performed in parallel to each
test tissue, were stain-free.

Testing for Systemic Effect Via the Blood

IL-10 Detection (Tissue) and Quantification (Serum)

IL-10 detection in tissues from Chapter 2 was performed using a
polyclonal antibody before the IL-10 monoclonal antibody was developed which
was used above. The techniques and results are provided for comparison
purposes. Paraffinized samples were deparaffinized and rehydrated. For antigen
retrieval, the samples were incubated in 25 ug/mL proteinase K at 37°C for 20
minutes. They were next treated with 3% H,O, for 30 minutes at room
temperature to quench endogenous peroxidase activity, and then blocked for one
hour at room temperature with rabbit serum. Sections were then incubated with
the primary antibody, goat-anti-pIL-10 (15 pg/mL, AF693, R&D Systems),
overnight at 4°C in a dark moist chamber. Negative controls were incubated in
goat serum diluted 1:50 in PBS. The sections were subsequently incubated with
rabbit-anti-goat-HRP (1:200 dilution in PBS with 2% pig serum, Sigma, Product
A 5420) for an hour. Cytokines in the tissues were then stained using DAB and
H,0, (25 mg DAB, 50 pL H,0O, in 50 mL PBS). The samples were then washed
in double distilled water, and counterstained with haematoxylin (30 seconds),

followed by washing in double distilled water. To preserve the stained tissues,
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the cells were dehydrated as described above, and then mounted using
Permount™™ mounting solution. All samples stained for one cytokine were run at
the same time under identical conditions, including exposure time, temperatures,
and dilutions. Using this method, there was non-specific staining, including on
negative controls. To try to improve specificity of stain, a citrate buffer (0.01M
citric acid in PBS) treatment for antigen retrieval was used. The slides were
placed in citrate buffer, covered and microwaved until the buffer boiled
(approximately 40s). After five minutes, it was microwaved for another five
seconds, and then allowed to cool for an hour. Other slides were treated with a
proteinase K antigen retrieval step. The tissues were added to 0.5 mg/mL
proteinase K and incubated at 37°C for 20 minutes. Lower concentrations of the
primary antibody were also used (5 pg/mL). Incubations were tried where the
primary antibody and the negative controls (goat serum) were made up in 10%
rabbit serum in PBS. The secondary antibody was also diluted 1:400. However
after all these changes, the negative controls still stained strongly, although there
seemed to be some improvement in the specificity of the staining of the samples.
Samples were tried in which the negative controls were incubated overnight in
PBS without goat serum. As well, the primary antibody was pre-incubated with
1% pig serum in an attempt to block non-specific staining. While these
modifications decreased the staining present on the negative control tissues, there
still appeared to be non-specific staining on the tissues treated with the primary
antibody, such as staining of the collagen, where IL-10 is unlikely to be present.

This suggests that the primary antibody obtained from R&D Systems (AF693)
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may not be truly specific for immunohistochemical analysis of paraffinized pig
skin, which may perhaps be due to the fact that it is a polyclonal antibody. This is
why subsequent experiments described above, and in Chapter 7, used the
monoclonal antibody described earlier in this chapter.

Serum IL-10 levels were analyzed using a Quantikine Porcine IL-10
immunoassay kit (P1000, R&D Systems). This analysis was also performed
before the monoclonal antibody for IL-10 immunohistochemistry was available.
All solutions were allowed to reach room temperature before starting the
experiment. The kit control was reconstituted with 1 mL distilled water. The kit
control contains lyophilized recombinant porcine IL-10, and the concentration
measured when this sample is reconstituted can be used to check the accuracy of
the assay. 1 mL of conjugate concentrate was added to 22 mL of conjugate
diluent in the dark. The conjugate concentrate contains a polyclonal antibody
against porcine IL-10 conjugated to horseradish peroxidase. 25 mL of wash
buffer concentrate was added to 600 mL of double distilled water. The
lyophilized pIL-10 standard was reconstituted with 2.0 mL of calibrator diluent
RD6-33 (a buffered protein solution) to produce a stock solution of 2000 pg/mL,
which was gently mixed for five minutes. 2-fold dilutions of this stock solution
down to 31.25 pg/mL were made by adding 300 pL of the solution to 300 pL of
the calibrator diluent RD6-33. The calibrator diluent RD6-33 alone was used as a
0 pg/mL standard. 120 pL of each serum sample was diluted 2-fold in Calibrator
Diluent RD6-33 for a total volume of 240 uL. 100 pL of assay diluent RDIW (a

buffered protein solution) was added to the wells of the porcine IL-10 microplate,
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which is coated with a mouse monoclonal antibody specific for porcine IL-10.
100 pL of sample, control, or standard was added to each well. The microplate
was then placed in a moist dark chamber and incubated at room temperature on a
shaker for two hours. The wells were then decanted and washed by filling each
well with wash buffer (approximately 400 uL). The wells were decanted and
tapped dry, and this procedure was repeated four times. Next, 200 pL of the
dilute pIL-10 conjugate was added to each well, and the wells were again placed
in a moist, dark chamber and incubated for two hours at room temperature on a
shaker. The wells were decanted and washed, as above. Color reagents A and B
were mixed 1:1 within 15 minutes of use. Color reagent A is stabilized hydrogen
peroxide, and color reagent B is stabilized tetramethylbenzidine (a chromogen).
120 pL of this substrate solution was added to each well. The wells were then
incubated for 30 minutes at room temperature in a dark moist chamber (not on a
shaker). As there was limited color development, the wells were incubated for an
additional 10 minutes at room temperature, followed by a 20 minute incubation at
37°C. At this point, 120 pL of the stop solution (dilute hydrochloric acid) was
added to each well and the wells were tapped to ensure good mixing. The optical
density of each well was measured within 30 minutes, using a microplate reader
(Thermomax Microplate Reader, Molecular Devices, Inc., Sunnyvale, CA, USA)
at 450 nm, with wavelength correction at 540 nm. The absorbance of the
standards was plotted against the concentration of each standard, with the
background absorbance (read using the 0 pg/mL sample) subtracted from each

sample. A best fit log curve was drawn using the data from the standards which
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covered the range of the sample optical densities (see Figure 3-1). However,
when the concentrations of the test samples were then calculated by interpolating
from the curve, the optical density of many of the samples was below that of the
lowest standard, and thus, the best fit logarithmic equation produced large
negative numbers for these samples. Therefore, a linear best fit was performed
instead, which appeared to be a good fit for the optical densities over the entire
range of standards (see Figure 3-2). The background absorbance was subtracted
from the sample optical densities, and the concentration of IL-10 in serum sample
was calculated by interpolating from the linear best fit curve and multiplying the
interpolated value by the appropriate dilution factor. A few samples had negative
optical densities after the background absorbance was subtracted from the sample

optical density, and the IL-10 concentration in these samples was set to zero.
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Figure 3-1. Standard curve for the optical densities of the lowest concentration
standards versus pIL-10 concentration (pg/mL). Standards were created by
dilution of a pIL-10 standard which came with the Quantikine Porcine IL-10
immunoassay kit. A logarithmic fit was performed in Excel for the region shown,
and the resulting equation and R* value are displayed on the figure.
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Figure 3-2. Standard curve for the optical densities of all standards versus pIL-10
concentration (pg/mL). Standards were created by dilution of a pIL-10 standard
which came with the Quantikine Porcine IL-10 immunoassay kit. A linear fit was
performed in Excel over the entire concentration region as shown, and the
resulting equation and R? value are displayed on the figure.
Serum c-Reactive Protein Quantification

CRP serum concentrations were quantified using a “PHASE” CRP-
Porcine Species Specific Acute Phase Protein Assay kit (Tridelta Development,
Ltd., Bray County, Wicklow, Ireland). Concentrated diluent and wash buffer
from the kit were diluted 1:10 and 1:20 with distilled water, respectively. Serum
samples were diluted 1:100 in sample dilution buffer prior to the start of the
procedure. A 1:10 dilution was also tried on one sample from each group. A
1500 ng/mL standard was provided with the kit and two fold dilutions in the

diluent buffer were used to make standards down to 46.9 ng/mL. Diluent buffer

alone was used for the 0 ng/mL standard. 100 pL of diluted sample or standard
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was added to each well of the microplate, which was coated with an antibody
specific for porcine CRP. The wells were incubated in a dark, moist chamber at
37°C for 15 minutes. The plates were then decanted and washed four times with
diluted wash buffer, as described above for the IL-10 quantification procedure.
Next, 100 pL of anti-porcine CRP conjugate was added to each well, and the
wells were again incubated in a dark, moist chamber for 15 minutes at 37°C. The
wells were again decanted and washed four times as described above. Next, 100
uL of TMB substrate solution was added to each well, which were then incubated
in a dark, moist chamber for 15 minutes at room temperature. 100 pL of stop
solution was then added to each well, and the absorbance of each well was read at
450 nm. A standard log curve was made as described above, with the background
absorbance subtracted from the optical densities of the standard solutions (see
Figure 3-3). The background absorbance was also subtracted from the optical
densities of the samples, and then the concentrations of CRP in test samples were
determined from the standard curve by interpolating and multiplying that value by
the appropriate dilution factor. With a 1:100 dilution, the optical densities in the
samples were all higher than the most concentrated standard, therefore an
additional 3-fold dilution was performed, for a final dilution of 1:300, and the test

was repeated.
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Figure 3-3. Standard curve for the optical densities of the highest concentration
standards versus CRP concentration (ng/mL). Standards were created by dilution
of a CRP standard which came with the PHASE Porcine CRP kit. A logarithmic
fit was performed in Excel for the region shown, and the resulting equation and
R? value are displayed on the figure.
Statistics

Results of treatments with remote nanocrystalline silver were compared to
results for positive control animals treated with saline only. Tests were performed
on all pigs in each group to confirm result repeatability. When selecting images
for inclusion, all images were viewed together, and the median image in terms of
tissue structure and staining intensity was selected. For numerical results, one-
way ANOVAs with the Tukey-Kramer Multiple Comparisons post test were
performed using GraphPad InStat version 3.06 for data with a normal distribution.
For data which was not normally distributed (mcs), statistical analyses were

performed using Kruskal-Wallis Tests (non-parametric ANOVAs), with Dunn’s

Multiple Comparisons post tests. When only two groups were compared,
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unpaired t-tests were performed with the Welch correction, again using GraphPad
InStat version 3.06. Standard deviations are plotted as error bars for all data
points on all figures. For some data points, the standard deviations were very
small.
Results
Testing for Silver Deposition in Tissues
XPS and SIMS

XPS analysis performed in the mid-dermis and in the subcutaneous fat
layer of tissues treated directly with nanocrystalline silver, silver nitrate, or saline
did not indicate the presence of silver in any of the animals tested. An example of
the compositional data for an animal treated directly with nanocrystalline silver
for 24 hours is shown in Table 3-2. No silver was detected, and the silicon
detected is likely from the slides that the tissues were mounted on.

Table 3-2. XPS analysis of tissue composition after direct nanocrystalline silver
treatment (24h).

Mid-Dermis Subcutaneous Fat Layer
Atom & Atomic Concentration (%) Atomic Concentration (%)
Orbital (Average + Standard (Average + Standard
Measured Deviation) Deviation)
Na 1s 0.97 £0.26 0.62 +0.35
Zn 2p 0.24 +0.02 0.35+0.04
O1s 25.15+£1.82 21.77+547
N 1s 7.98 +1.74 9.20+3.04
Ca2p 0.17+0.04 0.20+0.10
Cls 58.63 +£2.25 63.24 + 6.94
Si2p 6.88 £ 1.89 4.62+4.12

Because silver was not detected in the mid-dermis by XPS, a SIMS
analysis in the imaging mode was performed, in which the epidermis and upper

dermis were scanned (approximately the top 300 to 500 um of the tissues). SIMS
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is a very sensitive surface science technique, and therefore more likely to detect
the trace levels of silver expected to be present in the tissue. Representative
SIMS images for negative controls (Figure 3-4a), and DNCB-induced rashes
treated for 24 and 72 hours with saline (Figure 3-4 b to c), silver nitrate (Figure 3-
4 d to e), or nanocrystalline silver (Figure 3-4 f to g) are shown. Optical images
are provided corresponding to each SIMS image, to indicate the orientation of the
tissues. Summed weights corresponding to all the isotopes of Ag, AgO, AgCl,
and AgNOs (top row); Ag, Ag,O, Ags, Ags (second row); and Ags, Ags, Ag7 and
the sum of all silver weights analyzed (third row) are shown for each image. In
all samples, the intensity of the image should be compared to the intensity of the
slide (background) to determine where there is staining for silver. In addition,
each image is scaled from zero (black) to the maximum count (mc) present in that
image (white), so images cannot be compared directly to each other based on
color intensity. The negative control tissues (a), and positive control tissues (b
and c) either appeared darker than the background (the slide), or were
indistinguishable from the slide, for all the silver species tested, indicating that
there was no silver present in the tissues, as expected. Silver nitrate treated
tissues (d-e) showed deposition of species in the epidermis, with some penetration
into the dermis, for weights corresponding to silver species analyzed in the top
row of the image (metallic silver, silver oxide, silver chloride, and silver nitrate).
This penetration into the dermis did not exceed a few hundred micrometers into
the skin, and in some samples, silver species were not observed deposited in the

dermis at all. For silver species measured in the second and third rows (excepting
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the image showing the sum of all silver weights, and possibly the Ag, image at 72
hours), the tissue appears darker than the background, indicating that those
species were not present in the tissue. In nanocrystalline silver treated samples (f-
g), the majority of the species imaged were deposited in a thin layer at the surface
of the epidermis. The only species demonstrating penetration into the dermis at
24 hours appeared to be weights corresponding to silver chloride and the silver
oxides, and these did not appear to penetrate more than 150 pum into the tissue. At
72 hours, other silver species also demonstrated some penetration into the dermis,
but again, this was minimal. Unlike silver nitrate treatment, weights
corresponding to all the silver species tested, including silver clusters, were
detected in the epidermis of the nanocrystalline silver-treated tissues. This is
particularly clear from the 24 hour image shown (f). The mcs detected for the
summed weights corresponding to each silver species were averaged from
multiple images of each tissue, and are displayed in Figure 3-5. The
nanocrystalline silver-treated tissues showed significantly higher mcs for weights
corresponding to all silver species tested relative to the negative and positive
controls, except Agy at 24 hours. The silver nitrate-treated tissues only showed
significantly higher mcs for the weights corresponding to Ags relative to the
negative and positive controls. At 72 hours, mc trends were less clear. However,
nanocrystalline silver treated animals showed significantly higher total silver and
Ag? deposition relative to positive controls, while silver nitrate treated animals
showed significantly higher deposition of AgO and AgCl relative to positive

controls. The fact that mcs showed fewer significant differences at 72 hours
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despite similar visual observations could be due to the unusual shadowing effect
observed with most of the nanocrystalline silver treated samples at 72 hours (see
Panel g). This could be due to the tissue lifting away from the surface of the
slide, or it could be an artifact of ToF-SIMS, and may explain the increased
variability and lack of significance observed. Another possibility is that
comparing mcs may not be an ideal way to compare silver deposition in tissues,
since it only indicates the maximum deposition in one location, rather than the
total silver in the tissues. While tcs appeared to be the obvious choice, it is clear
from the images of the negative controls (a) that the brightest parts of the images
are sometimes the background, and so for tcs to be a useful measure, the counts
from the background would need to be eliminated. This was not possible with the
current software available, and would be difficult even if it were possible, as
tissue processing caused various small cracks in the tissues, which reveal the

background, and therefore would also need to be eliminated from the analyses.

161



Field of view: 500.0 x 500.0 um?

a) —100pm 100 pm

Sum of AgCl
mc:11 tc:42002
=100 um

Sum of AghNO
mc:17 tc:80509 mc:10 tc: 36531 mc:7 tc 16178
—— 100 um —— 100 ym —— 100 um H

Sum of Ag Sum of AgD

—— 100 g

uong4 .
mc:2 tc 1647
—— 100 um

u Agg
mc:3 tc:2598
—— 100 um

ofg;
mc:5 tc 8399 mc:4 tc:5421
—— 100 um —— 100 ym

Sum of Ag Compound
me:36 tc:195420

Sum of Ags Sum of Ags
mc:2 tc: 1068 mc:2 tc:G53

Sum of Ag;
me:1tc:418

Field of view: 500.0 x 500.0 pm?

b) =100 m —100Lm

sum ongO '
mc:5 tc:12040

Sum of Agl
me:10tc:35612
——100 um

Sum of AgO
mc:9 tc:27240
—— 100 ym

mec:13 tc:55564
——100 ym

Sum ofﬁu =
mc:2 tc:1479
100 pm

um of gg
mec:2 tc:2237
100m

Smo ;O
mc:3 tc: 4688
100 um

Sum of Ag;
mc:4 tc:6987
——100 um

Sum of Ags Sum of Age Sum of Ag Sum of Ag Compound
mc:2 tc:968 mc:2 tc:G47 mc:1tc:403 mc:27 tc: 147865

Figure 3-4
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Figure 3-4, continued.
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Figure 3-4, continued.
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Figure 3-4, continued. Representative images of SIMS analysis of summed
weights of various silver species deposited in porcine epidermis and upper dermis.
Top row of each image: Ag, AgO, AgCl, AgNOs; second row of each image:
Agr, Ag,0O, Ags, Ags; third row of each image: Ags, Ages, Agy, and sum of all Ag
compounds, with silver species/weights tested as indicated in Table 3-1. Images
are shown for negative control animals treated with saline at a) 24h. Images are
also shown for direct treatment of DNCB-induced porcine rashes with saline at b)
24 and c) 72h; silver nitrate at d) 24h and e) 72h; and nanocrystalline silver at f)
24h and g) 72h. Optical images are also provided, with the area in green being
the area scanned for SIMS analysis. mc = maximum count, tc = total count. The
coloration of each image is scaled from 0 (black) to the mc for that image (white).
Each intensity scale is different, and image intensities should not be compared to
one another directly.
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Figure 3-5, continued. Comparison of maximum count measurements for silver
species deposited in the upper dermis and epidermis of pigs receiving various
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treatments for DNCB-induced rashes. Average maximum counts found via SIMS
analyses are shown for the summed weights of Ag” and all silver species
summed at a) 24h and d) 72h; silver compounds AgO, AgCl, AgNOs, and Ag,O
at b) 24h and e) 72h; and silver clusters Agy, Ags, Ags, Ags, Ags, and Agy at ¢)
24h and f) 72h. Statistical analyses were performed using Kruskal-Wallis Tests
(non-parametric ANOV As), since the data were not normally distributed, with
Dunn’s Multiple Comparisons post tests. The results of the Kruskal-Wallis Tests
were as follows: 24 hours: Ag’ — p =0.0002, sum of all silver species — p=0.0003,
AgO —p=0.0003, AgCl — p=0.0002, AgNO; — p=0.0004, Ag,O — p=0.0004, Ag, —
p=0.0004, Ag; — p=0.0002, Ags — p=0.0009, Ags — p=0.0026, Ags — p=0.0004,
Ag; —p=0.2307; 72 hours: Ag’— p=0.0203, sum of all silver species — p=0.0238,
AgO —p=0.0309, AgCl — p=0.0226, AgNO; — p=0.0610, Ag,O — p=0.0929, Ag, —
p=0.0375, Ags — p=0.0479, Ags — p=0.1080, Ags — p=0.0316, Ags — p=0.3527,
Ag7—p=0.2778. Results of the post tests are shown on the figure as follows: *,
** or *** indicates significantly different (p<0.05), very significantly different
(p<0.01), or extremely significantly different (p<0.001), respectively. Error bars
represent standard deviations.

Testing for Remote Anti-inflammatory/Pro-healing Effects
Visual Observations

Figure 3-6 shows the images over time of the rashes for pigs treated with
remote nanocrystalline silver. Images a-d are from the first pig, images e-h are
from the second pig, and images i-1 are from the third pig. The rashes at Day 0
were similar to those observed in Chapter 2, although the third pig appears to
have been the most strongly affected. Over the three days of treatment, some
improvements were observed in pigs receiving remote nanocrystalline treatments,
including some loss of scabbing (j), with decreased redness around the scabbing,
and a decrease in the overall size of the rash area. However, these effects are not

as great as those seen with direct nanocrystalline silver treatment (see Figure 2-5).
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Figure 3-6. Representative images of porcine DNCB-induced rashes over three
days of treatment with remote nanocrystalline silver. Images a)-d) are from the
first pig treated this way. Images e)-h) are from the second pig treated this way.
Images 1)-1) are from the third pig treated this way. Day 0 images —a), e) and 1) —
are in the first row. Day 1 images —b), f) and j) — are in the second row. Day 2
images — ¢), g) and k) — are in the third row. Day 3 images — d), h) and I) — are in
the fourth row. Wound rulers are included to indicate the image scale in
centimetres.

Figure 3-7 shows the average erythema scores for the pigs treated with
remote nanocrystalline silver. For comparison, the erythema scores for pigs
treated with saline only are also shown. Relative to pigs treated with saline only,
the pigs treated with remote nanocrystalline silver showed significantly decreased

redness on Day 2 only (p=0.0377).
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Figure 3-7. Erythema scores with remote treatment. Daily average erythema
scores for pigs with DNCB-induced contact dermatitis treated for three days with
remote nanocrystalline silver, or saline only on the rash. The statistical analyses
were performed using unpaired t-tests with Welch corrections. The t-tests
indicated that the differences between groups were not significant on Day 0, Day
1 and Day 3 (p>0.05), but were significant (p=0.0377) on Day 2. * indicates
significantly different from the pigs treated with saline only (p<0.05). Error bars
represent standard deviations (n=3 for each data point).

The edema scores for pigs treated with remote nanocrystalline silver are
shown in Figure 3-8, in comparison to scores for pigs treated with saline only. On
Day 1, pigs treated with remote nanocrystalline silver had significantly lower
edema scores than pigs treated with saline only (p=0.0132). At Day 2, scores for
pigs treated with remote nanocrystalline silver were extremely significantly lower

(p<0.0001) than scores for pigs treated with saline only. By Day 3, however, the

scores were not quite significantly different (p=0.0572).
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Figure 3-8. Edema scores with remote treatment. Daily average edema scores for
pigs with DNCB-induced contact dermatitis treated for three days with remote
nanocrystalline silver, or saline only. The statistical analyses were performed
using unpaired t-tests with the Welch correction. The t-tests indicated that the
differences between groups were not significant on Day 0 (p=0.1161), significant
(p=0.0132) on Day 1, extremely significant on Day 2 (p<0.0001), and not quite
significant on Day 3 (p=0.0572). *** and * indicates significantly different from
the pigs treated with saline only (p<<0.0001 and p<0.05, respectively). Error bars
represent standard deviations (n=3 for each data point).

Biopsy Bleeding

Figure 3-9 shows the biopsy bleeding scores on Day 2 and 3 for the pigs
treated with remote nanocrystalline silver, and for pigs treated with saline only.
There was a large variability in biopsy bleeding scores, and there were no

significant differences between the two groups.
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Figure 3-9. Biopsy bleeding scores for pigs with DNCB-induced contact
dermatitis treated for three days with remote nanocrystalline silver, or saline only.
A score of -1 indicated minimal bleeding, while a score of 1 indicated
considerable bleeding. Statistical analyses were performed using unpaired t-tests
with the Welch correction. The t-tests indicated that the differences between
groups were not significant on Day 2 or 3 (p>0.05). Error bars represent standard
deviations (n=3 for each data point).
Weight Change

The average weight change for the pigs treated with remote
nanocrystalline silver was -2.33 kg (£ 0.92 kg S.D.). Pigs treated with saline only
had an average weight change of -0.8 kg (+ 0.84 kg S.D.). The weight changes
were not significantly different between these two groups. However, it should be
noted that one pig treated with nanocrystalline silver away from the rash injured a
toe on the first day of treatment, and that he lost nearly twice as much weight as
the other two pigs in the group. Thus his toe injury may have been a

compounding factor affecting his weight change, and therefore the average weight

change of this group.
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Histopathology

Representative histological images over the course of treatment are shown
for the pigs treated with remote nanocrystalline silver in Figure 3-10. For
comparison, images of pigs treated with saline only are also shown (Figure 3-10 a
through d). Pig 1 (Figure 3-10¢) and Pig 3 (Figure 3-10m) appear to have very
highly inflamed tissues on Day 0, with severe tissue damage due to edema, and
infiltration of a large number of red blood cells and inflammatory cells. However,
Pig 2 (Figure 3-101) appears to have started somewhat less inflamed. After one
day of treatment (Figure 3-10f, j, n), the pigs treated with remote nanocrystalline
silver did not show significant improvements relative to the saline-only treated
animals (Figure 3-10b). The third pig appeared to have shed the epidermis over
the biopsy area (Figure 3-10n). The first pig receiving remote nanocrystalline
silver showed a decrease in red blood cells by Day 2 (Figure 3-10g), and a new
epidermis appeared to be forming by Day 3 (Figure 3-10h). There were still fairly
high levels of inflammatory cells present, although the levels were lower than
those present in the saline-only treated pigs. As well, some tissue damage was
still present in the dermis, indicating continued edema. In the second pig, a trend
of decreasing inflammatory cell and red blood cell presence was observed on Day
2 and 3 (Figure 3-10k, 1). In the third pig, while there was a clear decrease in the
number of red blood cells and inflammatory cells present in the tissues over time,
the tissue morphology on Day 2 was somewhat unusual (Figure 3-100). The
epidermis appeared to be developing very deep ridges. However at Day 3, the

tissue did not show this type of organization. This may be due to differences in
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tissue morphology dependent on the location that the biopsy was taken from.
Overall, although some improvements were observed relative to the saline-only
treated pigs, the changes were not as marked as those observed when the tissues

were treated directly with nanocrystalline silver (see Figure 2-9).
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Figure 3-10. Representative histological images of remotely-treated tissue.
Sections were stained with hematoxylin and eosin. Images were taken showing a
portion of the epidermis and a portion of the dermis. Tissue samples from pigs
treated with saline are shown before treatment (a), and after one day (b), two days
(c), and three days (d) of treatment. Tissue samples from the first pig treated with
remote nanocrystalline silver are shown before treatment (e), and after one day
(f), two days (g), and three days (h) of treatment. Tissue samples from the second
pig treated with remote nanocrystalline silver are shown before treatment (i), and
after one day (j), two days (k), and three days (1) of treatment. Tissue samples
from the third pig treated with remote nanocrystalline silver are shown before
treatment 