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anosilver (nAg) is being manufac-

tured in large quantities and incor-

porated into consumer and medi-
cal products as a broad-spectrum
antimicrobial agent." 3 Products contain-
ing nanosilver include textiles, food storage
containers, antiseptic sprays, catheters, and
bandages.? With large production volume
come concerns about potential adverse ef-
fects on human health** and the
environment,>® because many products re-
lease silver in the form of nanoparticles, ag-
gregates, or soluble ions during use, wash-
ing, abrasion, or disposal.2® There is
significant interest in optimizing the formu-
lations of nAg for both product perfor-
mance and safety.>”~°

The biological activity of nanosilver has

been attributed to the associated silver cat-
ion and its soluble complexes,'®'! with a
likely additional contribution from particle
surface reactions that generate reactive
oxygen species (ROS) or catalyze oxidation
of cellular components.*'%13 Silver ion binds
to biological thiol groups in enzymes, such
as NADH dehydrogenase, and disrupts the
bacterial respiratory chain generating reac-
tive oxygen species (ROS) that can lead to
oxidative stress and cell damage.'>'
Nanosilver particles have been reported to
generate peroxide intermediates during re-
active dissolution, which could oxidize lip-
ids following particle attachment to cell
membranes, but there remains some con-
troversy about the importance of these
particle-based mechanisms.”>~'7 In con-
trast, there is broad agreement that ion re-
lease is a major pathway for the biological
activity of nanosilver. The function of nAg
particles in these ion-based toxicity path-
ways is (i) to generate a sustained flux of
Ag™ ions from an inventory of nAg particles
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ABSTRACT Major pathways in the antibacterial activity and eukaryotic toxicity of nanosilver involve
the silver cation and its soluble complexes, which are well established thiol toxicants. Through these
pathways, nanosilver behaves in analogy to a drug delivery system, in which the particle contains a
concentrated inventory of an active species, the ion, which is transported to and released near biological
target sites. Although the importance of silver ion in the biological response to nanosilver is widely
recognized, the drug delivery paradigm has not been well developed for this system, and there is significant
potential to improve nanosilver technologies through controlled release formulations. This article applies
elements of the drug delivery paradigm to nanosilver dissolution and presents a systematic study of
chemical concepts for controlled release. After presenting thermodynamic calculations of silver species
partitioning in biological media, the rates of oxidative silver dissolution are measured for nanoparticles
and macroscopic foils and used to derive unified area-based release kinetics. A variety of competing chemical
approaches are demonstrated for controlling the ion release rate over 4 orders of magnitude. Release can
be systematically slowed by thiol and citrate ligand binding, formation of sulfidic coatings, or the
scavenging of peroxy-intermediates. Release can be accelerated by preoxidation or particle size reduction,
while polymer coatings with complexation sites alter the release profile by storing and releasing inventories
of surface-bound silver. Finally, the ability to tune biological activity is demonstrated through a bacterial
inhibition zone assay carried out on selected formulations of controlled release nanosilver.

KEYWORDS: nanosilver - antimicrobial activity - biological partitioning -
drug delivery - controlled release

bound on substrates or imbedded in matri-
ces or (ii) to transport active Ag™ to sensitive
biological targets on cell membranes or
within cells following particle attachment
or endocytosis, respectively. Recent studies
have shown that the majority of silver ion
comes from oxidation of the zerovalent me-
tallic particle, typically by reaction with dis-
solved O, and mediated by protons and
other components in the surrounding fluid
phase.’®"

In ionic delivery pathways, nanosilver
acts in an analogous fashion to a drug deliv-
ery system, in which the nanoparticle con-
tains a concentrated inventory of an active
species, here the ion, which is transported
to and released at or near biological target
sites. Although the importance of silver
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Figure 1. Examples of silver nano- and microstructures of varying size and shape: (A) equi-axed particles physically deposited on tita-
nium surface following colloidal synthesis, (B) silver flakes nucleated on active sites along mechanically scratched Ti surface, (C) higher
magnification of silver flake cluster.
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cation in the biological response to nanosilver is widely
recognized, the drug delivery paradigm has not
been well developed for this system, and there is sig-
nificant potential to improve nanosilver technolo-
gies through controlled release formulations. The
specific benefits of controlled release nanosilver for-
mulations include (i) dose control to achieve de-
sired bactericidal or bacteriostatic effects; (ii) dose
limitation to avoid eukaryotic toxicity that can, for
example, slow wound healing in bandage applica-
tions;’ (iii) control of product lifetime, before disso-
lution and diffusion end antibacterial activity; (iv)
minimization of environmental release through ex-
cess ion production beyond that necessary for prod-
uct performance;*? (v) optimization of release pro-
file for targeted delivery to specific tissue or
intracellular targets.”°

Nanostructured silver shows tremendous variabil-
ity in size, shape, and surface chemistry (e.g., Figure
1), and it is likely that this variability can be exploited
to tune the biological activity and applied dose of
nanosilver products. There are published studies on
release from silver—polymer composites,'®22 but no
fundamental systematic studies of controlled re-
lease chemistry for colloidal nanosilver surfaces. The
present article therefore applies elements of the
drug delivery paradigm to nanosilver dissolution
and presents a systematic study of competing
chemical concepts for controlled release. Because
the major ion source is oxidation, we hypothesize
that ion release can be controlled through manipu-
lation of the oxidation pathways, involving surface
area (size), ligand binding, polymeric coatings, sul-
fidic films, scavenging of peroxy-intermediates, and
preoxidation treatments. After presenting thermo-
dynamic calculations of silver species partitioning in
biological media, the article examines and evalu-
ates each of these competing chemical approaches
for achieving controlled release nanosilver.

RESULTS AND DISCUSSION
Silver Partitioning in Biological Media. Before developing
nAg formulations for controlled ion release, it will be
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useful to consider the environment into which this re-
lease occurs and the subsequent speciation and parti-
tioning of soluble silver in biological media. A previous
publication discussed the equilibrium partitioning of
nanosilver in environmental media,'” where ultralow
concentrations typically favor complete solubility as
Ag*, AgCl(aq), or AgCl,'*(aq) following irreversible oxi-
dation of metallic Ag to Ag(l). Speciation in biological
systems is complicated by the possibility of higher sil-
ver concentrations and the presence of biological thi-
ols and chloride. In general, silver speciation is gov-
erned by the media composition and the coordination
chemistry of silver complexes. Silver binds to anionic
ligands that include Cl~, inorganic sulfide (5%), and or-
ganosulfur compounds (thiols—SH), and this binding
can drive free silver ion (Ag™) to very low concentra-
tions.2 Chloride is reported to dramatically reduce Ag-
NO; toxicity by precipitation and complexation,?® and
silver-thiol complex formation?* has been reported to
inactivate AgNOs antimicrobial activity.

Here, we performed equilibrium speciation calcula-
tions in biological media using visual MINTEQ (version
3.0) augmented with thermodynamic parameters for
silver-thiol interaction (Figure 2). In simple NaCl solu-
tions, free silver ion (Ag*) is the dominant soluble sil-
ver species at low Cl~ (Figure 2A), but drops rapidly with
increasing chloride. Further increase of ClI~ causes
AgCl,'™ to rise, which enhances total dissolved silver
(Ag®). Many experimental studies of silver in biologi-
cal systems are seen to take place in the supersaturated
region (Figure 2A), where the majority of silver precipi-
tates as AgCl(s). Indeed we observe precipitation upon
addition of silver salts to cell culture medium and saline
solution to form AgCl nanoparticles, which aggregate
over time (Figure 2C).

Thiols in living systems play a key role in anti-
oxidant defenses, protein synthesis and structure,
redox-sensitive signal transduction, xenobiotic metabo-
lism, and immune regulation. Thiol-containing proteins
have been reported to be the major targets for silver ion
toxicity.>?> Figure 2B shows the effect of thiols on Ag(l)
partitioning in saline. The gray dashed lines represent
typical physiological thiol concentrations, and most of
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Figure 2. Equilibrium speciation and chemical pathways of silver in biological media. (A) Silver speciation as a function of total input
chloride concentration with total input silver fixed at 1 mM. The red dashed curve gives total dissolved silver (Ag®*), which passes through
a minimum at 3 mM CI~. Gray dashed lines give typical chloride concentrations in environmental and biological scenarios: (a) ground-
water;? (b) surface freshwater;?® (c) mitochondria;?® (d) cytoplasm;®® (e) extracellular spaces; and (f) seawater. The shaded square gives
typical total silver and chloride concentrations used in example biological studies on (1) nitrifying bacteria;*® (2) E. coli;'® (3) primary hu-
man skin fibroblasts;?' (4) keratinocytes;*? (5) methicillin-resistant Staphylococcus aureus.® It is clear that many biological studies take
place in a supersaturated region where the primary equilibrium species is AgCl as a solid precipitate. (B) Silver speciation in thiol-
containing saline at pH 7.4 and 1 mM total silver. The red Ag® curve represents all soluble silver species other than silver—thiol com-
plexes. The gray dashed lines gives typical thiol concentrations in biological systems: (a) total glutathione in human blood plasma;**
(b) extracellular total thiol;* (c) total glutathione in epithelial lining fluid in human lungs;** (d) physiological cysteine in Gram-positive
bacteria;*¢ (e) glutathione in lung epithelial cells;*” (f) intracellular total thiol.** Silver thiol binding is very favorable, and above 0.2 mM
thiol, the soluble silver fraction is dominated by Ag—thiol complexes.?® (C) Chemical pathways for nanosilver vs conventional silver salts
in biological systems based on calculations in A and B. Light blue shaded area represents biologically active, soluble Ag* and AgCl,’™ com-
plexes. Silver salt addition to media (top) causes rapid precipitation of AgCl nanoparticles, which is a complicating factor in the interpre-
tation of silver salt toxicity data. Nanoparticle precipitation will be followed by dynamic aggregation, settling, and cellular uptake, or even
photoreductive processes that have not been properly defined or studied, but mediate the cellular response to silver salts. In contrast,
metallic nanosilver addition (bottom) causes gradual ion release. The high affinity binding of Ag to thiols (K, ~ 10'2, or K4 ~ 10~ '?) causes
direct thiol transfer at concentrations below the AgCl precipitation threshold. Thiol targets can be sufficiently abundant (typical intracel-
lular total thiol concentration is 12 mM) to receive all of this silver and thus avoid AgCl precipitation. The TEM shows AgCl nanoparti-
cles that result from mixing equal amounts of 0.2 mM AgNO; and NaCl solutions. Particle size distribution data is obtained by dynamic
light scattering following the addition of AgNO; into saline (silver 0.1 mM).

these concentrations fall in a range where Ag—thiol
complexes dominate the soluble silver fraction due to
the high-affinity of thiols for Ag* (log K; = 11.9 for cys-
teine as an example).?® The gray dashed lines also show
that thiol concentrations are often equal to or higher
than total Ag doses, so silver—thiol complexes become
major sinks that drive equilibrium Ag biopartitioning.
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On the basis of the calculations in Figure 2A,B, we
propose Figure 2C as a representation of the main
chemical pathways for nanosilver and conventional sil-
ver salts in in vitro biological studies (see caption).

Controlled Release Approaches: Particle Size. The release of
soluble silver from nAg surfaces is primarily a hetero-
geneous oxidation reaction involving the coopera-
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Figure 3. Effect of particle size on silver release rates. (A) Typical TEM image of nAg-4.8 nm synthesized by reduction of AgClO, with
NaBH, in presence of trisodium citrate, showing monodispersed spherical silver nanoparticles with an average diameter of 4.8 = 1.6

nm. (B) Typical TEM image of nAg-60 nm synthesized by reducing AgNO; with trisodium citrate while boiling, showing pseudospherical
and truncated triangular nanoparticles in a size range of 40—80 nm. (C) Image of a macroscopic square silver foil (4 mm X 4 mm x 0.127
mm). (D) Time-resolved mass-based soluble silver release measurements in air-saturated acetate buffer (pH 4), where [Ag], is the total sil-
ver atom concentration (all forms) in the system. Initial concentrations of nAg-4.8 nm and nAg-60 nm are 0.05 mg/L, while initial concen-
tration of silver foil is 10 700 mg/L (a 4 mm X 4 mm X 0.127 mm piece in 2 mL buffer). The release can be described by first order kinet-

ics: —(dm/dt) = km, shown by dashed lines. (E) Surface area-based soluble silver release renormalized from panel D.

tive effects of dissolved oxygen and protons.'” This
suggests surface area dependence and the potential
to control release through particle size control. The
limiting case of large particle size is a macroscopic
silver body, and there is interest in how ion release
from such surfaces compares to ion release from nAg
reported on an equal area basis. Figure 3 shows
soluble silver release from two nAg samples of differ-
ent size (4.8 and 60 nm) and a macroscopic silver
foil sample. Both nAg preparations use citrate anion
stabilization at 3/1 citrate/Ag* molar ratio to ap-
proximate materials with similar surface chemistry
but different surface area. The data show a mass-
specific release rate ranking of 4.8 nm > 60 nm >
foil, as expected, with first-order rate constants k,
from —(dm/dt) = km, as 4.1 day ™' for 4.8 nm nAg,
0.74 day ' for 60 nm nAg, and 1.1 X 107° day ' for
silver foil. Surface area renormalization collapses the
data from 5 orders of magnitude variation to less
than 1, demonstrating the dominant effect of area.
Interestingly, this implies a typical surface recession
rate of about 2 nm/day for all three silver solids un-

A‘“t\i/al\\@) VOL. 4 = NO. 11 = LIU ET AL.

der these conditions, which for macroscopic sur-
faces extrapolates to about 0.7 wm/year, a rate that
would preserve the size and shape integrity of
macroscopic silver bodies over their lifetime while
providing a continuous source of antibacterial ions
to adjacent fluid phases.

Controlled Release Approaches: Surface Modification. A sec-
ond class of techniques uses surface modification
to either inhibit or accelerate release. Figure 4A gives
time-resolved soluble silver release from nAg-4.8
nm postfunctionalized by addition of citrate anions,
Na,S or 11-mercaptoundecanoic acid (MUA). In all
cases, Ag™ release is inhibited, and some treatments
with Na,S and MUA reduce release rates to undetect-
able values. lon release is initiated by oxygen chemi-
sorptions accompanied by electron transfer,>® and
the citrate effect is likely due to occupation of these
initial chemisorptions sites. Although the original
nAg-4.8 nm particles are stabilized by citrate, two
wash cycles in the original synthesis leave only
tightly bound citrate anions on the surface, and
postfunctionalizing with additional citrate (10 mM)

Www.acsnano.org
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Figure 4. lon release control through surface modification. (A) Time-resolved silver ion release from modified nAg-4.8 nm
suspensions. Purified nAg stock solutions (40 mg/L) were treated with citrate, MUA, or sodium sulfide and diluted to 2 mg/L
for release kinetic measurements in air-saturated pH 5.6 acetate buffer in the dark at room temperature. (B) Cumulative sil-
ver ion release from modified silver foils. Release experiments were carried out in air-saturated pH 4 acetate buffer in the dark
at room temperature (initial silver concentration: 10 700 mg/L). (C) Optical image of pristine and 0.1 mM Na,S-treated sil-
ver foil, showing scale formation. (D—F) SEM images of silver foil that is (D) pristine, (E) 0.1 mM Na,S modified, and (F) 100
mM Na,S modified. Scale bars are 200 nm.

changes the {-potential from —45 to —48 mV sug-

gesting additional surface coverage.

A second inhibition mechanism is reversible surface

binding of Ag™, which reduces the apparent release
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rate in the early stages as a surface inventory of silver
is being accumulated. Munro et al*® reported orienta-
tion of citrate ion at the nAg colloid surface, in which
one terminal and the tertiary carboxylate groups of cit-
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Figure 5. Programmable two-stage ion release profiles following dry ozone treatment of nanosilver. (A) Time-resolved silver ion release
from Os-oxidized nAg powder. Experiments were carried out in air-saturated pH 5.6 acetate buffer in the dark at room temperature (ini-
tial nAg suspension: 2 mg/L, as shown by the dash line). (B) lon release measurements from nAg-4.8 nm impregnated glass microfiber fil-
ter papers preoxidized with O; (2300 ppm, 1 L/min) for 0, 10, and 60 min. Experiments were carried out in air-saturated pH 5.6 acetate
buffer in the dark at room temperature. Open squares represent the total silver (nAg particles and soluble forms) leaching from sub-
strates, while the red crosses give only dissolved silver concentration (initial nAg concentration: 2 mg/L, as shown by the dash line).
(C) TEM image and selected area diffraction pattern of nAg powder, showing nAg are polycrystalline with diameter of 20—40 nm. (D)
X-ray diffraction spectrum of nAg powders that is (a) acetic acid washed (to remove any existing oxide); (b) pristine; (c) preoxidized (2300
ppm O3, 1 L/min, 8 h) and (d) preoxidized (9400 ppm O3, 1 L/min, 18 h), showing the peaks of silver decrease while the peaks of Ag,0
and AgO increase after O; treatment. All data for nAg powder samples from QuantumSphere (CA, USA).

rate complex to the silver surface while the second ter-
minal carboxylate remains unbound and available for
Ag™* complexation. Geometric calculations show that
about 190 citrate ions can be bound on each nAg-4.8
nm particle by assuming that the particle is covered by
a monolayer of close-packed citrate ions, each ion occu-
pying an area of 0.38 sg-nm.*' In a 2 mg/L nAg suspen-
sion this corresponds to 0.1 mg/L maximum Ag ad-
sorbed, or 5% of the total silver, which is a significant
sink for silver ion. We believe the alkylthiol, MUA, inhib-
its by similar mechanisms, but is more effective due to

CINANC) voL. 4 = No. 11 « LV ET AL

N

higher affinity for silver surfaces and lower exchange
rates*>* that open transient active sites for oxygen at-
tack. In the case of Na,S, there is evidence that the
mechanism is sulfide film formation. As a soft metal, sil-
ver has high affinity for sulfur and can be readily sulfur-
ized by Na,5* to form Ag,S, which is highly insoluble
in water (Ky, = 5.92 X 107°") and protective of the un-
derlying silver surface.

Confirmation of these mechanisms comes from ex-
periments on well-defined silver foils. Treatment of the
foil surfaces with citrate and Na,S both inhibit ion re-
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Figure 6. Control of silver ion release by manipulation of
media composition. One day release data are gathered after
incubation of nAg-4.8 nm in air-saturated modified acetate
buffer media (pH 5.6) in the dark at room temperature for 1
day (initial nAg 2 mg/L). Upper dashed line represents the
total silver concentration (2 mg/L), and the lower dashed line
gives a typical 1-day silver ion release in acetate buffer (0.28
mg/L) with no additive.

lease (Figure 4B). Note that 1.45 M trisodium citrate
treatment gives the same citrate/surface area ratio as
in the synthesis of nAg-4.8 nm, allowing meaningful
comparison. As with the nanoparticles, sulfidation can
completely suppress ion release from the foil surfaces.
Figure 4C shows a dark scale after sulfidation, and dis-
tinctive surface morphology changes were observed by
SEM (Figure 4D—F). The smooth surface on the pris-
tine foil was transformed to irregular nodules and then
to a continuous film as the Na,S concentration was in-
creased in steps.

Many nAg formulations use macromolecular coat-
ings such as dextran,* starch,'? gum arabic,* or syn-
thetic polymers,*” which can block oxygen access.*® We
observe here that polyacrylamide, poly(acrylic acid)
and gum arabic coatings serve as sinks for Ag™ in solu-
tion through complexation, and the bound Ag™ under-
goes reversible adsorption—desorption influenced by
Ag™ concentration and Na* as a competing cation (Sup-
porting Information Figure S1). These O- and
N-containing polymer coatings can both delay and ex-
tend ion release by accumulating and releasing inven-
tories of bound Ag™*.

Controlled Release Approaches: Oxidant Availability. The
nanoparticle-to-ion transformation is necessarily an oxi-
dative process, so methods that enhance or disrupt oxi-
dation pathways are a promising route to controlled re-
lease. There is evidence'?'7?° for a global reaction
pathway of

H+
nAg + O, — nAg~0,—Ag" +

H+
reactive oxygen intermediates + nAg —'Agfr + H,0

M
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which gives multiple entry points for intervention to in-
hibit or accelerate release. Release can be inhibited by
scavenging reactive oxygen intermediates from the sur-
rounding medium using antioxidant enzymes SOD or
catalase (Supporting Information Figure S2), or by natu-
ral organic matter (NOM) in the environment.'”* Re-
lease can be promoted by methods to pre-establish the
chemisorbed oxygen complex, especially since the first
step in this pathway is believed to be rate limiting.!”

Figure 5 shows the effect of nAg preoxidation with
dry ozone on the subsequent release of soluble silver
from nAg surfaces. Ozone treatment greatly enhances
ion release in a manner that can be tuned by varying
the ozone contact conditions (Figure 5A,B). Interest-
ingly, ozone preoxidation gives a distinct two-stage
(fast/slow) release behavior, which we interpret as rapid
oxide dissolution followed by slow reaction between
the remaining metal and dissolved dioxygen. The
amount of silver release in these two distinct phases
can be selected by adjusting ozone exposure condi-
tions (Figure 5A,B). The structural changes of nAg pow-
ders after acid wash and O; treatment were detected
by X-ray diffraction (XRD) analysis, as shown in Figure
5D. After Oz oxidation, the FCC metallic silver peaks de-
crease while new peaks gradually appear correspond-
ing to silver oxides—Ag,0 and AgO.

Controlled Release Approaches: Media Composition. It is an-
ticipated that the fluid composition in the immediate vi-
cinity of nAg particle surfaces will provide additional de-
grees of freedom for tailoring ion release rates in
biological media. Figure 6 shows the effects of biologi-
cal reductants and sulfur-containing biomolecules on

Figure 7. Optical image of the results about the Kirby—Bauer anti-
microbial susceptibility test applied to controlled-release nAg formu-
lations (nAg-O; for fast release; nAg-MUA for slow release) and con-
trols. Silver-impregnated filter papers were placed on top of the E. coli
inoculated agar plate and the image was taken after 18 h incubation
at 37 °C. Filter paper diameter is 10 mm.
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Figure 8. Pictorial summary of chemical approaches to control the release of biologically active silver from nanosilver surfaces.

silver ion release under standardized condi-
tions. Compounds with free thiols (glu-
tathione, cysteine) along with sodium citrate
inhibit ion release presumably by surface
binding and oxygen exclusion from active
sites. The behavior of citrate is not a reduc-
tion of Ag*, because equal concentrations of
citrate added to Ag™ solutions had no effect.
Serine and methionine had no measurable ef-
fect, while oxidized glutathione (GSSG) was in-
termediate. These trends are consistent with
known binding affinities of silver. The stron-
gest silver binding is with free thiol com-
pounds, cysteine and glutathione (formation
constants log K¢ of 11.9 and 12.3, respec-
tively).2® The disulfide compound GSSG can
bind to nAg surfaces with the —S—S— bond
cleavage and may therefore have a similar
binding strength as glutathione. Methionine,
with sulfur bonded to two methyl groups has
a log K; of 6.45 and serine with no sulfur has a
log K; of 3.7.%° We also found the addition of 5
M cysteine or GSH to AgClO, solution drives
free silver ion to very low values, so rereduc-
tion of silver ion back to Ag® may also contrib-
ute to the overall apparent release.

Ascorbic acid behaves in a surprising man-
ner, greatly increasing silver ion release at low
concentration, while completely inhibiting re-
lease above 1T mM. This behavior is not cur-
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Figure 9. Unified comparison of ion release rate constants for a wide va-
riety of modified nanoscale and macroscopic silver surfaces in this study.
Open symbols, nanoparticles; solid symbols, foils. Release experiments
in pH 4 acetate buffer (5 mM) at room temperature in dark (initial silver
concentration for nAg samples is 0.05 mg/L and for silver foil samples is
10 700 mg/L). The unmodified silver samples from left to right are gum-
arabic-stabilized nAg (Strem Chemicals), gelatin-stabilized nAg (Strem
Chemicals), nAg-60 nm, nAg powder (QuantumSphere), nAg-4.8 nm, and
silver foil (Strem Chemicals). lon release rate can be described by —(dm/
dt);=o = kA, integrated 0—12 h release data are used for rate constant cal-
culation. Release rate constants can be varied over 4 orders of magni-
tude by the methods described here, especially ligand exchange, sulfide
coating, and preoxidation. Asterisk indicates initial (1 h) ion release rates
because of the two-stage release behavior.

Www.acsnano.org



rently understood, but may be related to reactive oxy-
gen species produced by metal-catalyzed ascorbate
autoxidation®! or ascorbate chelation of silver ions that
aids in their mobilization.

Demonstration of Controlled Release Nanosilver: Tuning
Microbial Inhibition. A central premise of this work was
that the biological activity of nanosilver could be tuned
by controlling the extent and timing of ion release. Hav-
ing controlled release formulations we can test this
premise by selecting representative samples (nAg-Os;
for fast release, nAg-MUA for slow release) and apply-
ing a Kirby —Bauer bacterial zone inhibition assay. Fig-
ure 7 shows the response of E. coli to silver-doped filter
papers, around which a clear zone of inhibition is ob-
served whose size decreases in order: AGNO; ~ nAg-O;
> nAg >=> nAg-MUA =~ negative control. The inhibi-
tion zone size falls in strict rank order with the initial re-
lease rates (Figure 4 and Figure 5) confirming the bio-
logical relevance of these new formulations.

MATERIALS AND METHODS

The reagents used for nanosilver synthesis and modification
were purchased from Sigma-Aldrich. The DI water (Millipore,
18.3 M() - cm) was used to prepare solutions.

Calculation of Equilibrium Silver Speciation. Silver speciation in bio-
logical media was calculated using visual MINTEQ (version 3.0)
from Gustafsson.>? Because MINTEQ 3.0 does not include organ-
othiol compounds, cysteine was adopted as a model thiol spe-
cies and the code augmented with the silver-cysteine formation
constant (log K; = 11.9)% and cysteine pK, values (1.71 for
—COOH, 10.78 for —NH,, and 8.33 for —SH).>

Commercial Silver Samples. Silver foil (99.9% Ag, 50 mm X 50
mm X 0.127 mm), gum-arabic-stabilized nAg (average diam-
eter 5—10 nm) and gelatin-stabilized nAg (average diameter,
5—10 nm) were purchased from Strem Chemicals (MA, USA). Sil-
ver nanopowder (average diameter 20—40 nm), manufactured
by a vapor condensation process, was purchased from Quantum-
Sphere (CA, USA).

Synthesis and Characterization of nAg Stock Suspensions. (1) nAg-4.8
nm: The detailed procedure for synthesizing citrate stabilized
nAg-4.8 nm stock solution (40 mg/L) was described previously.'”
(2) nAg-60 nm was prepared according to the method reported
by Lee and Meisel** with modification. A 5 mL portion of 1 mM
AgNO; solution was brought to boiling, followed by the addition
of 0.45 mL 1% trisodium citrate solution. Boiling was continued
for another 30 min, while pale yellow color gradually appeared
reflecting the formation of nanosilver. The turbid brownish gray
suspension was first filtered through a 0.2 wm syringe filter (Nal-
gene) and then washed by centrifugal ultrafiltration (Amicon
Ultra-4 3 K, Millipore, MA) with DI water addition in two cycles
to remove any soluble chemical residues. The silver concentra-
tion was determined to be 105 mg/L by atomic absorption spec-
troscopy. nAg stock suspensions were stored in the dark at 4 °C
for later use.

The morphology and size of nAg were determined by trans-
mission electron mictroscopy (TEM) on a Philips CM20 at 200
kV. Surface morphologies of silver foil samples were character-
ized on a LEO 1530 field-emission scanning electon microscope
(FE-SEM) under low acceleration voltage (3—5 kV). Size distribu-
tion and {-potential of nAg were evaluated by dynamic light
scattering methods, using a Zetasizer Nano ZS system (Malvern
Instruments). The UV —vis spectra were obtained using a Shi-
madze UV—1700 PharmaSpec, and the X-ray powder diffraction
patterns of samples were recorded on a Bruker AXS D8-
Advanced diffractometer with Cu Ka radiation (\ = 1.5418 A).
Sulfur concentrations in modified nAg suspensions were ana-
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SUMMARY

Figure 8 summarizes the various chemical ap-
proaches presented here for controlling the release
of soluble, biologically active silver from nanosilver
surfaces. The most effective approaches are surface
modification techniques involving preoxidation, sul-
fidation, and thiol ligand exchange. The quantitative
effects of these treatments on surface-normalized
rate constants are summarized in Figure 9, using as
reference samples citrate-stabilized nAg and com-
mercial nAg samples, some of which are supplied
with coatings. Release rate constants are quite simi-
lar for the citrate base materials and the commercial
materials, but can be varied over 4 orders of magni-
tude by the surface modification methods described
here. Together these methods constitute a flexible
tool kit for optimizing nanosilver formulations for
the performance targets of a variety of medical and
consumer antimicrobial applications.

lyzed by inductively coupled plasma emission spectrometer
(ICP-ES) on Jobin Yvon Emission JY2000, and the silver concen-
trations were quantified by graphite furnace atomic absorption
(AA) spectrometry (Perkin-Elmer AAnalyst 600 GFAAs).

Surface Modification of nAg-4.8 nm and Silver Foil. Freshly prepared
nAg suspensions (40 mg/L, 4 mL) were mixed with trisodium ci-
trate to citrate concentration at 0.4, 4, and 10 mM; the mixture
solutions were incubated at 4 °C for 24 h to allow the complex-
ation of citrate ions at nAg surface. The unbound citrates were
removed by centrifugal ultrafiltration (Amicon Ultra-4 3K), then
nAg particles were redispersed in DI water at 40 mg/L. The sur-
face charge as indicated by {-potential decreased from —45 to
—48 mV for 10 mM citrate modified nAg, reflecting increasing
surface coverage by citrate modification.

The sulfidation of nAg was achieved by incubating nAg (40
mg/L) with 0.4 mM Na,S solution for 30 min, followed by re-
moval of excess Na,S through centrifugal ultrafiltration and three
cycles of DI water wash. The final nAg concentration was
brought to 40 mg/L. Free sulfur concentration measured by ICP
was less than 0.002 mM after purification.

Ligand-exchange was used to modify nAg with 11-mercapto-
undecanoic acid (MUA). A 0.3 mL MUA solution (0.4 M) in etha-
nol was added dropwise into freshly prepared nAg solution (40
mg/L, 30 mL) and stirred in the dark at room temperature over-
night. Then nAg was harvested, washed with DI water for three
cycles to remove excess thiol, and redispersed into water to a
concentration of 40 mg/L. Free sulfur in nAg suspensions was
less than 0.002 mM after purification. In these nAg surface modi-
fication, DLS measurements detected no particle size change.

Silver foil (99.9% Ag) of 0.127 mm thickness was cut into 4
mm X 4 mm pieces. To remove possible organic contaminants
and oxide layers, the small foil sections were sonicated in ac-
etone and ethanol, consecutively, then dipped into 1% HNO;
for 5 min before use. A 10 mL portion of trisodium citrate solu-
tions (1.45 uM, 1 mM, and 1M) and Na,S solutions (0.1, 1, 10, and
100 mM) were used to modify the silver foils. After incubating
in trisodium citrate solution for 24 h or Na,S solution for 1 h, the
silver foils were rinsed thoroughly with DI water and blotted
dry. Upon Na,S treatment, the surface color gradually changed
from shiny silver to near black, indicating surface sulfidation. The
morphology of the Ag,S surface films was examined by scan-
ning electron microscopy (SEM).

0Ozonolysis of nAg. Ozone oxidation was carried out by placing
a small glass beaker containing 0.1 g nAg powder (Quantum-
Sphere) into a quartz chamber, and introducing 1 L/min of 2300
ppm ozone into the chamber using a CD10/AD Corona dis-
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charge ozone generator (ClearWater Tech. LLC) fed by com-
pressed air. The in situ O; concentration was detected by IN-2000
Locon ozone analyzer. A slight drop in exit O3 concentration
was observed after introducing the samples, indicating the con-
sumption of Oz by nAg oxidation. The nAg powder samples were
oxidized by O3 at 2300 ppm for 20 min, 2 and 8 h, respectively,
or at 9400 ppm overnight (18 h).

Glass microfiber papers were nAg impregnated by loading
0.4 mL of 500 mg/L (200 ng) nAg-4.8 nm suspension onto the pa-
pers (25 mm diameter, glass microfiber, Whatman, type GF/D).
After completely drying, a filter paper was placed in a tissue cas-
sette, then inserted into the quartz chamber and oxidized by O3
at 2300 ppm (flow rate 1 L/min) for 10 or 60 min.

Silver lon Release Experiments. lon release from nAg samples
was quantified by ultrafiltration/atomic absorption as described
previously."” The method begins by diluting nAg stock suspen-
sions or nAg powders with acetate buffer (5 mM) to a desired
starting concentration, and then tracking the appearance of dis-
solved silver by graphite-furnace atomic absorption (AA) spec-
troscopy. The detection limit was 0.001 mg/L, and all AA analy-
ses were done in duplicate. In addition, replicates from the full
dissolution/separation/analysis procedure were done on se-
lected samples. The dissolved silver phase was isolated by re-
moving nAg particles using Amicon centrifugal ultrafilter devices
(Ultra-4 3K, Millipore, cellulose membranes with 1—2 nm pore
size), subjected to centrifugation for 25 min at 4000 rpm (Allegra
X-15R, Beckman Coulter, Inc.). Control experiments in the ab-
sence of Ag™ ions show very low levels of silver postfilter, dem-
onstrating highly effective removal of even the finest silver nano-
particles, as discussed previously and confirmed by TEM."” No
agglomeration took place during the incubation of nAg in ac-
etate buffer over 1 day as detected by DLS. To investigate silver
ion release from silver foil samples, a small foil piece (4 mm X 4
mm X 0.127 mm) was incubated in 2 mL of pH 4 acetate buffer.
At a defined time the immersion liquid was exchanged com-
pletely with fresh buffer and soluble silver concentration was de-
termined by graphite-furnace AA analysis. All the above ion re-
lease experiments were conducted at room temperature (20 °C)
in 15 mL plastic tubes protected from light.

lon release from microfiber papers was measured by plac-
ing papers loading with 200 g nAg into a tissue cassette and
then into 100 mL acetate buffer solution (pH 5.6) under magnetic
stirring at 300 rpm. After the desired time interval, aliquots were
taken for AA analysis. One aliquot was digested with HNOs for
determination of total released silver (nAg particles and soluble
forms), another aliquot was filtered with centrifugal ultrafilter de-
vice for isolating the dissolved silver phase. The experiments
were conducted at room temperature in the dark.

To test the effects of media composition, a series of acetate
buffers (pH 5.6) containing a combination of trisodium citrate and
ascorbic acid at 0.0005—1 mM, and cysteine, glutathione, oxidized
glutathione, methionine, and serine at 0.00005—1 mM were pre-
pared freshly. The nAg-4.8 nm stock suspension (40 mg/L) was di-
luted with these modified buffer media to 2 mg/L, and the released
silver ion was quantified by centrifugal ultrafiltration and AA after
1 day incubation at room temperature in the dark.

Antimicrobial Susceptibility Test. A modified Kirby —Bauer disk dif-
fusion method*> was applied to investigate the antimicrobial ac-
tivity of different controlled release formulations of nAg. Silver-
impregnated antibiotic discs were prepared by loading
Whatman grade 1 filter papers (10 mm diameter) with nAg-4.8
nm, MUA modified nAg-4.8 nm, and AgNO; solutions at the
same silver dose. Dried nAg impregnated filter papers were also
preoxidized with Oz at 2300 ppm (flow rate 1 L/min) for 3 h. E.
coli K12 strain TOP10 (Invitrogen) was cultured in LB medium at
37 °C in a shaking incubator overnight. The resulted bacterial
suspension was diluted with LB medium to the approximate con-
centration of 1 X 108 CFU/mL and used as inoculum. A quantity
of this inoculation solution (150 L) was placed and spread on
Muller Hinton agar growth plates. After about 10 min to allow
absorption of surface moisture, silver antibiotic discs were gen-
tly placed onto the top of agar, a clean filter paper was placed in
the center as a negative control. After incubating overnight
(18 h) at 37 °C, colonies were visualized, and digital images of
the plates were captured.
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