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Purpose: This study evaluated the in vitro antibacterial activity and cytotoxicity of various
commercially available silver-containing dressings (Ag dressing).

Methods: Biohesive Ag (hydrocolloid, silver sulfadiazine), Aquacel® Ag (nonwoven fabric,
ionic silver [Agt]), Algisite™ Ag (nonwoven fabric, Ag®), Mepilex® Ag (foam, silver sulfate),
and PolyMem® Ag (foam, nanocrystalline silver) were tested for characteristics of Ag* release,
antibacterial activity, and cytotoxicity. The release of Ag* was investigated in cell culture medium
at immersion periods of 6, 24, and 48 hours. The antibacterial activity against Staphylococcus
aureus and Pseudomonas aeruginosa were accessed by a disc diffusion test. The cytotoxicity
was evaluated using V79 cells, by an extraction method.

Results: The cytotoxicity was not a monotonic function of the antibacterial activity among the
Ag dressings and could not be simply explained by Ag*-release properties. Biohesive Ag was
regarded as a slow-release Ag dressing, showing the lowest cytotoxicity, while the antibacterial
activity was classified as “strong” or “significant” against the two species of bacteria. Aquacel Ag
and Algisite Ag showed higher antibacterial activity and cytotoxic effects, which were supported
by the higher Ag* release. Mepilex Ag showed the highest release of Ag®, and the cytotoxicity
was the highest among the Ag dressings. However, the antibacterial activity was classified as
“significant” or “no activity” for P. aeruginosa and S. aureus, respectively. PolyMem Ag showed
the lowest Ag* release, and the antibacterial activity classified as “significant” or “no activity”
for S. aureus and P. aeruginosa, respectively, whereas the cytotoxicity was similar to those of
Aquacel Ag and Algisite Ag.

Conclusion: The efficacy and adverse effects of the Ag dressings revealed differences that
should be considered by clinicians during wound management.

Keywords: ionic silver, silver sulfadiazine, nanocrystalline silver, wound management, wound
infection, slow release

Introduction

Several types of silver-containing wound dressing (Ag dressing) are commercially avail-
able and clinically used for standard wound care.'? Silver ion (Ag") is the bioactive state
of silver; it is formed when Ag* are displaced by cations in anionic polymer substrates®
or when silver compounds capable of releasing Ag* are incorporated into polymer sub-
strates.* Silver-containing dressings (Ag dressings) are used to reduce the risk of wound
infection!* because of the broad antibacterial spectrum of silver.>!® Ag* reacts with
membrane proteins and the DNA of bacteria, leading to denaturation of the proteins and
interference in DNA replication.'' Clinical evidence on Ag dressings has accumulated
from clinical trials on patients with intractable ulcers,'*!* resulting in an international
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consensus on the efficacy and cost effectiveness of Ag
dressings, published by Wounds International in 2012.'

Despite the beneficial effect of silver, some adverse
effects of topical silver on wound healing have also been
described.'*!® Delayed wound healing has been explained
by cytotoxic effects and histological damage resulting from
excessive Ag* release to wound sites.'” Cytotoxic effects of
silver have been demonstrated by in vitro and in vivo studies,
in diabetic fibroblasts,'® human HaCaT keratinocytes,?® and
in tissue culture and animal models.?' Antibacterial activity
and cytotoxicity are inherently in a trade-off relationship;
therefore, the behavior of antibacterial silver in wound sites
should be regulated, depending on the conditions of wounds,
to achieve sufficient antibacterial activity while simultane-
ously minimizing cytotoxic effects.

The antibacterial effects of Ag dressings and their adverse
effects may primarily depend on the characteristics of Ag*
release.”? The release of Ag" is determined by several fac-
tors, including electrostatic interaction of Ag* and anionic
substrates, water solubility of the silver compounds, and the
structure and hydrophilicity of substrates, which regulate water
permeation and diffusion. Silver nitrate has the highest water
solubility (219 g/100 cm?) among inorganic silver compounds
and is used for the preparation of Ag dressings, in which Ag*
is adsorbed to charged groups of polymer substrates.? Silver
sulfate, with lower water solubility (0.8 g/100 cm? at 20°C), is
also incorporated into dressings. A hydrocolloid dressing con-
taining silver sulfadiazine (AgSD) has been recently released
commercially. Before the release of this dressing, AgSD, with
its extremely low water solubility (3 uM),? was widely used
for topical antibacterial ointments.'> Ag* or silver compounds
are incorporated into dressings in different manners, suggest-
ing that different characteristics of silver release are exhibited.
Furthermore, various polymeric substrates are used, including
foam, nonwoven fabrics, or hydrocolloids, which alter diffu-
sion of Ag*. However, there have been few studies that evalu-
ated the antibacterial activity and cytotoxic effects of various
commercially available Ag dressings in parallel.?

Table | Characteristics of Ag dressings employed in this study

The purpose of this study was to evaluate the antibacterial
activity and cytotoxicity of various commercially available
Ag dressings in parallel. We focused on the relationship
between antibacterial activity and cytotoxic effects, which is
believed to be useful information for clinicians addressing
risk management for infected wounds. Five Ag dressings,
composed of various silver compounds (Ag, silver sulfate,
nanocrystalline silver, and AgSD) and substrates (nonwo-
ven fabrics, foam, and hydrocolloid) were employed, and
their antibacterial activity and cytotoxicity were evaluated
in vitro. Ag*-release properties of the Ag dressings were
also evaluated, to explain the functions of Ag dressings. The
cytotoxicity was not a monotonic function of the antibacte-
rial activity among Ag dressings and could not be simply
explained by Ag*-release properties. Our findings suggested
that Ag dressings have different characteristics depending,
not only on Ag* release but also, other factors, such as spe-
cies of silver released and substrate properties, and should
be chosen according to wound conditions.

Material and methods

Ag dressings

Five Ag dressings were employed. The product names of
dressings, their manufacturers, and types of silver compounds
and substrates are listed in Table 1. The product data state
that all of these dressings can be applied to chronic wounds,
such as pressure ulcers or diabetic foot ulcers.

Silver release test

The characteristics of silver release from the Ag dressings were
assessed using minimum essential medium (MEM) containing
serum or ultrapure water as the releasing medium. All speci-
mens were cut to discs (diameter of 10 mm; area of 0.785 cm?)
and weighed. The specimens were immersed in 5 mL of the
releasing medium at 37°C. After an immersion period of 6,
24, or 48 hours (n=3), the specimens were collected. The
microresidues in the releasing media were removed with a
membrane filter (pore size 0.45 um). Ag* standard solutions

Product name Manufacturer Substrate Silver compound Weight per
area (mg/cm?)

Biohesive Ag ALCARE Hydrocolloid Silver sulfadiazine 131

Aquacel® Ag ConvaTec Nonwoven fabric lonic silver 12.1

Algisite™ Ag Smith and Nephew Nonwoven fabric lonic silver 16.9

Mepilex® Ag Molynlycke Health Care Foam Silver sulfate 67.7

PolyMem® Ag Ferris MFG Foam Nanocrystalline silver 787

Note: Full manufacturer details are as follows: ALCARE, Tokyo, Japan; ConvaTec, Princeton, NJ, USA; Smith and Nephew, London, UK; MéInlycke Health Care, Gothenburg,

Sweden and Ferris MFG, Burr Ridge, IL, USA.
Abbreviation: Ag dressings, silver-containing dressings.
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(0-0.2 ppm) were prepared by dilution of silver inductively
coupled plasma (ICP) standard (1,000 ppm in dilute nitric
acid) (Merck KGaA, Darmstadt, Germany) with ultrapure
water. The sample solutions were assayed with reagents for the
Ag*-measuring apparatus (AGT-131; Nihon Ion Co., Tokyo,
Japan). The assay system was based on a conventional method,
using 4-(3,5-dibromo-2-pyridylazo)-N,N-dimethylaniline and
sodium dodecyl sulfate for determining Ag* concentrations.>
The releasing media were diluted with ultrapure water to
achieve Ag* concentrations <0.2 ppm. The colored solutions
were measured spectrophotometrically, and the optical density
at 570 nm was used for determining Ag* concentrations.

Antibacterial evaluation

The antibacterial activity of the dressings was evaluated by
the disc diffusion test, as described in the Japanese Industrial
Standards number L 1902,% which indicates the diffusion of
antibacterial agents from specimens; we then counted the bac-
teria at the interface between the specimens and the agar gels
for quantification of the antibacterial activity on the surface of
specimens. The gram-positive bacterium Staphylococcus aureus
(American Tissue Culture Collection [ATCC] 12783) and gram-
negative Pseudomonas aeruginosa (ATCC 3080), commonly
found in infected wounds,?® were used as test bacteria. The
bacteria were precultured on agar plates containing Bacto™
Yeast Extract (BD Bioscience, Franklin Lakes, NJ, USA) and
Polypeptone™ (Nihon Pharmaceutical, Tokyo, Japan), and cul-
tured under shaking (100 rpm) with liquefied medium, at 37°C
for 4.5 hours. The bacterial suspension (3.4x107 colony forming
unit (CFU)/mL for S. aureus; 5.4x10° for P. aeruginosa) was
diluted ten times, and aliquots (200 pL) were spread onto agar
plates. The plates were subjected to the following tests.

Disc diffusion test

The disc specimen (diameter of 20 mm) was placed on the
center of the agar plate and then incubated at 37°C for 24 hours.
If inhibitory concentrations were reached, a clear (inhibition)
zone without colonies could be seen around the disc specimens.
The width of the inhibition zone was measured.

Counting of bacteria

The agar plates used in the agar diffusion test were then tested.
The agar gel in contact with the specimen (approximately
0.5%0.5 cm) was cut from the plate, and the bacteria were
extracted with 2 mL 0f 0.9% NaCl solution containing Tween®
20. The bacterial suspensions were spread onto agar plates, and
the numbers of colonies were counted and converted to CFU
per area of the contacted area (log (CFU/cm?). The bacterial

numbers for the Ag dressings were further converted to “log,,
reductions” by subtracting log, [CFU/cm? of a dressing contain-
ing no antibacterial agents (Aquacel®; ConvaTec Inc., Princeton,
NJ, USA). The results were classified as “no activity” (log,,
reduction <0.5), “slight” (log, , reduction =0.5-1), “significant”
(log,, reduction =1-3), and “strong” (log,, reduction >3),
according to a previous report.?

Cytotoxicity evaluation

The indirect cytotoxicity of the dressings was evaluated using
Chinese hamster lung fibroblast (V79) cells, according to the
International Organization for Standardization (ISO) 10993-5
standard test method but without determining half maximal
inhibitory concentrations (IC, ). Each dressing (area 5x5 cm)
was immersed in fresh culture medium for 24 hours. The
culture media, containing the water-soluble contents of the
dressings, were used for the following cell cultivation tests:
The V79 cells were first cultured using MEM containing
serum, and then the MEM was replaced with the extraction
medium or fresh medium (control). After 7 days of incuba-
tion, colonies were fixed with methanol and Giemsa-stained.
The stain was extracted from the colonies with 500 UL of
50% ethanol, and the optical density (OD) at 630 nm was
measured with a microplate reader (Sunrise Rainbow; Tecan
Group Ltd, Mannedorf, Switzerland). Cell growth inhibition
was determined by the staining, using the equation:

Cell growth inhibition (%)
=100 x (OD_-0OD_)/OD,, (1)

where OD_ and OD_ were the ODs of the cells cultured
in the extraction medium and fresh medium (control),
respectively.

The ISO 10993-5 is recommended as a test method for
evaluating the biological safety of medical devices in Japan.
Among three cell lines (1929, V79, and Balb/3T3) described in
the test method, V79 was employed in this study because it forms
colonies in the shortest period (6—7 days) among the cell lines.
This period is similar to that of the sustained delivery of silver
generally exhibited by commercially-available Ag dressings.!®

Statistics

The data for the antibacterial evaluation and cytotox-
icity evaluations were expressed as mean * standard
deviation (SD) (n=3) and evaluated by one-way analysis of
variance (ANOVA). Statistical significance among groups
was then determined by Tukey’s test (P<<0.05 was considered
significant).
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Results

Characteristics of Ag* release
The amounts of Ag* released were different between Ag dress-
ings and in the cell culture medium and in ultrapure water (Figure
1). The Ag' release was indicated as the release amounts per
specimen area (Llg/cm?) and per specimen weight (1g/g). The
time-dependent changes of Ag* release were not apparent com-
pared with the significant differences in Ag* release between the
samples; the statistical comparison of Ag* release between the
samples was performed for the data at an immersion period of
24 hours. The immersion period was identical to the extraction
period for the cytotoxicity tests and the contact time for the disc
diffusion tests. There were statistically significant differences in
Ag" release among Ag dressings (Figure 1).

When the data were indicated as the release amounts per
specimen area, an overwhelming release was observed for

®

Mepilex® Ag in the cell culture medium (Figure 1A). The
Ag* release characteristics of Aquacel Ag and Algisite™
Ag were intermediate among the samples (0.24+0.01
and 0.35%0.05 pg/cm?, respectively). Biohesive Ag and
PolyMem® Ag showed very low release (<0.1 pg/cm?);
however, statistical significance was not observed between
Biohesive Ag and Aquacel Ag in the triplicate specimens.

When the Ag* release values were indicated as the release
amounts per specimen weight, the release characteristics were
divided into two groups: Biohesive Ag and PolyMem Ag had
the lower release (<1.5 ug/g), and Aquacel Ag, Algisite Ag,
and Mepilex Ag had the higher release (>34 pg/g) (Figure 1B).
The weight per area of Mepilex Ag was much higher than that
of Aquacel Agand Algisite Ag (Table 1), and the overwhelming
Ag" release of Mepilex Ag per specimen area became similar
to those of Aquacel Ag and Algisite Ag when the Ag* release
was indicated as the release amount per specimen weight.

Figure 1C shows the Ag" release obtained by the release
test in ultrapure water. The released amounts of Ag" were much
higher than those in the cell culture medium, for all the samples.
In particular, the released amounts of Ag* from Aquacel Ag and
Mepilex Ag in ultrapure water were 24 times and 300 times
higher than those in the cell culture medium, respectively. Our
preliminary investigations using total silver analysis by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
supported the very high release of Ag* from Aquacel Ag and
Mepilex Ag in ultrapure water (data not shown).

Antibacterial activity

Figure 2 shows representative photographs of the agar plates
from the disc diffusion tests using the Ag dressings. The width
of the inhibition zone is also shown in the figure. Aquacel Ag

and Algisite Ag created clear inhibition zones, indicating that
sufficient Ag* was released to produce antibacterial activity
around the specimens. The other dressings created small or
no inhibition zones.
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Figure | Release of Ag* from the silver-containing dressings in MEM containing
serum or ultrapure water.

Notes: (A) Ag' release per specimen area (lg/cm?) in the cell culture medium, (B)
Ag' release per specimen weight (ug/g) in cell culture medium, (C) Ag' release per
specimen area (lig/cm?) in ultrapure water. The data are presented as mean  SD (n=3).
The P-values obtained by ANOVA were (A) 2x107%; (B) 2x107'% and (C) 5x10~'2 The
vertical bars indicate the statistical differences between the samples (**P<<0.01).
Abbreviations: Ag, silver-containing dressing; ANOVA, analysis of variance; MEM,
minimum essential medium; SD, standard deviation; h, hours.
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0.2+£0.1 mm 0.6£0.2 mm

ND ND

1.420.1 mm

1.5£0.1 mm

0.2+0.1 mm ND

Figure 2 Representative photographs of agar plates cultured with Staphylococcus
aureus (A—E) or Pseudomonas aeruginosa (F-J), following the disc diffusion test with
the Ag dressings.

Notes: Biohesive Ag (A and F); Aquacel® Ag (B and G); Algisite™ Ag (C and H);
Mepilex® Ag (D and I); and PolyMem® Ag (E and J). The width of the inhibition
zone (mean * standard deviation) (n=3) is shown at the bottom of each picture. ND
indicates not detected (<0.1 mm).

The CFU per area and log , reduction of Ag dressings are
presented in Figures 3 and 4. Against gram-positive bacterium
S. aureus, there was a significant difference in CFU per area
among Ag dressings (P=3x107"%) (Figure 3). Biohesive Ag,
Aquacel Ag, and Algisite Ag showed antibacterial activity
classified as “strong,” where there was a significant differ-
ence in CFU per area between Algisite Ag and Biohesive
Ag (P<0.01). The antibacterial activity of PolyMem Ag was
classified as “significant”. Mepilex Ag showed the lowest
reduction of bacteria; the antibacterial activity was classi-
fied as “no activity.” A similar tendency was observed in
the antibacterial tests against the gram-negative bacterium
P. aeruginosa, although the order of antibacterial activity of
PolyMem Ag and Mepilex Ag was reversed (“no activity” and
“significant”, respectively), and Biohesive Ag was classified

Log,,
reduction

Specimen Status

*%

Biohesive 3.8 T4 E_' —
Ag

Aqu:;e@ 57 +++]_|
Algisite™ 5.8 o+
Ag
H ®
MeK;IJex 0.2 - ,_‘_|
PonAl\/Iem® 1.2 + + i)
g | | | | | I**T
1.2 3 4 5 6 7 8
Log,,CFU/cm?

Figure 3 Antibacterial activity of the Ag dressings against Staphylococcus aureus.
Notes: The graph indicates CFU per area (mean + standard deviation) (n=3): the
bacterial activity in the area where the dressings were in contact with the agar plate
was measured by counting the viable bacteria.The initial number of bacterial colonies
on the agar plate was set to 3.4x107 CFU per area.The P-value obtained by ANOVA
was 3x107'°. The vertical bars indicate the statistical differences between the samples
(*P<<0.05; ¥*P<<0.01). (~) indicates no “antibacterial activity” (log,, reduction <0.5);
(++) indicates “significant antibacterial activity” (log,, reduction =1-3); and (+++)
indicates “strong” (log,, reduction >3).

Abbreviations: ANOVA, analysis of variance; CFU, colony forming unit.

as “significant” (Figure 4). There was a significant differ-
ence in CFU per area among Ag dressings (P=7x107"%). The
statistical differences in CFU per area between every pair of
samples are indicated in Figure 4.

Cytotoxicity

Figure 5 reveals the V79 cell growth inhibition obtained
by the cytotoxicity evaluation. There was a significant dif-
ference in the cell growth inhibition among Ag dressings
(P=2x107"). Biohesive Ag exhibited an inhibition of cell
growth (25%119%) significantly lower than those of the
other Ag dressings (>49%) (P<<0.01). Among the remain-
ing Ag dressings, a statistically significant difference in cell
growth inhibition was observed only between Aquacel Ag
and Mepilex Ag (P<0.05).

Discussion

Ag dressing has become a standard choice for conservative
wound management, to achieve optimal wound bed prepara-
tion by reducing the bioburden.!? The antibacterial activity
of Ag dressings has been well established; however, there
is little information on the relationship between the risks
(cytotoxicity and resulting delayed wound healing) and ben-
efit (sufficient antibacterial activity), which are determined

Chronic Wound Care Management and Research 2015:2
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reduction —
- Biohesive Ag | /————
Biohesive —~
++
Ag 2.3 I
Aquacel® 4.4 - ]_| Aquacel® Ag — N
Ag
AIgisiteTM 4.5 +++
Ag Algisite™ Ag ——
Mepilex® 26 ++ B
. - U
Mepilex® A HH
PolyMem®|  _q 4 - ,_|_| P 9
Ag *%
1 2 3 4 5 6 7 8
Log,,CFU/cm? PolyMem® Ag —
Figure 4 Antibacterial activity of the Ag dressings against Pseudomonas aeruginosa. 1 1 1 1 )

Notes: The graph indicates CFU per area (mean * standard deviation) (n=3): the
bacterial activity in the area where the dressings were in contact with the agar
plate was measured by counting the viable bacteria. The initial number of bacterial
colonies on the agar plate was set to 5.4x10¢ CFU per area. The P-value obtained by
ANOVA was 7x107'°. The vertical bars indicate the statistical differences between
the samples (**P<<0.01). (-) indicates “no antibacterial activity” (log,, reduction
<0.5); (++) indicates “significant antibacterial activity” (log ; reduction =1-3); and
(+++) indicates “strong antibacterial activity” (log,, reduction >3).
Abbreviations: ANOVA, analysis of variance; CFU, colony forming unit.

by the chemical properties of the silver compounds and the
physical properties of the polymeric substrates. This study
revealed that the efficacies of Ag dressings and their adverse
effects were different between commercially available Ag
dressings, thus, suggesting that these differences should be
considered by the clinicians during wound management.

The most notable finding in this study was the relation-
ship between the antibacterial activity and cytotoxicity of
commercially available Ag dressings. Before the study,
we had expected that antibacterial activity would increase
monotonically as a function of cytotoxicity. In contrast,
cytotoxicity was not a monotonic function of antibacterial
activity. Furthermore, the functions could not be simply
explained by Ag* release. To understand this remarkable
relationship, several factors should be considered, including
water solubility of the silver compounds, substrate properties,
and principles of the test methods.

The higher antibacterial activity and cytotoxic effects
of Aquacel Ag and Algisite Ag were simply due to substan-
tial releases of Ag*, as demonstrated in the silver release tests
and the disc diffusion tests. These Ag dressings have
relatively simple compositions, and it is reasonable that the
functions of the dressings only depend on Ag* release. The
nonwoven fabric substrates of Aquacel Ag and Algisite Ag

0 20 40 60 80 100
Cell growth inhibition (%)

Figure 5 Cell growth inhibition of the Ag dressings as determined by the indirect
cytotoxicity test.

Notes: Each dressing was immersed in fresh culture medium for 24 hours, and the
culture media containing the water-soluble contents of the dressings were used for
the V79 cell cultivation. Cell growth inhibition was a variable ranging from 0% (cell
growth is equal to that in fresh culture medium) to 100% (complete cell death). The
P-value obtained by ANOVA was 2x107'"7. The vertical bars indicate the statistical
differences between the samples (*P<<0.05; **P<<0.01).

Abbreviation: ANOVA, analysis of variance.

are carboxymethylcellulose and alginate, respectively. Ag*
is introduced into the anionic polymer substrates by ion
exchange in silver nitrate solution or other silver compound
solution.?*?’ Both the substrates are anionic polymers con-
taining carboxyl groups as ion exchange sites for Ag*, and
the release of Ag* occurs easily with the presence of other
organic and inorganic ions.

Aquacel Ag and Algisite Ag could each be categorized
as a “fast-acting” antibacterial wound dressing based on the
findings that substantial amounts of Ag* were rapidly released
in 6 hours. However, the high Ag* release is a potential
risk factor for histological damage and resulting delayed
healing. High cytotoxicity of these Ag dressings has been
demonstrated in previous reports.'®?° It has been reported
that silver was dissociated from Aquacel Ag in contact with
body fluids.?® The nonwoven fabric substrates show rapid
uptake of environmental liquids and diffusion of solutes,
accelerating the diffusion of Ag*. Clinicians in wound man-
agement take many factors into consideration when choosing
Ag dressings: level of exudate production, condition of the
wound bed, patient preference, clinical evidence, and cost
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effectiveness.”” The relationship between antibacterial and
cytotoxic properties could be additional information for
clinicians choosing Ag dressings.

Biohesive Ag showed the lowest cytotoxicity among the
Ag dressings. The antibacterial activity was lower than those
of Aquacel Ag and Algisite Ag but classified as strong or
significant. This unique relationship between antibacterial
activity and cytotoxicity was probably due to the lower Ag*
release demonstrated by the silver release tests. The extremely
low water solubility of AgSD (3 uM)* could contribute to
the lower release. Pectin, a cationic hydrocarbon contained
in Biohesive Ag (according to the product data), may adsorb
Ag". The dissolution of AgSD is at equilibrium in solution,
by which AgSD is considered to act as a “reservoir” of Ag*."?
This fact characterizes Biohesive Ag as a slow-release Ag
dressing.

Despite the low water solubility of AgSD, previous
studies have demonstrated the similarity of antibacterial
activity between Ag* releasing compounds and AgSD. Carr
et al* reported that the minimum inhibitory effect of AgSD
against S. aureus was similar to that of silver as a source of
Ag*. In an in vivo study by Chen et al,*’ similar decreases
in bacteria were observed on second-degree burn wounds in
response to a dressing containing Ag* and a cream contain-
ing AgSD. In several cases, the Ag" release from AgSD-
containing materials may exert strong antibacterial activity
in wound sites. In addition, the release characteristics of Ag*
from AgSD in the human body may be complex. Previous
study suggested that the solubility of AgSD increases in the
presence of ligands (amino acids and proteins) despite its
extremely low solubility in water.’' However, we must note
that our results and previous findings cannot ensure that Ag*
released from AgSD causes sufficient antibacterial activity
for every infected wound. The activity of Biohesive Ag was
actually low compared with that of Aquacel Ag and Algisite
Ag, suggesting that appropriate selection of Ag dressings
are required depending on patients’ conditions (in particular,
bioburden in the wound site and immunological condition
of the patient).

Mepilex Ag, in which a foam substrate was used, showed
low antibacterial activity but strong cytotoxicity comparable
with that in dressings containing Ag". The silver release
tests ensured that Mepilex Ag showed an extremely high
Ag* release, and therefore the strong cytotoxicity can be
explained by the Ag* release characteristics. The specimens
were soaked in the cell culture medium for the silver release
tests and cytotoxicity tests, where silver sulfate contained in
the substrate entirely released into the medium by electrolytic

dissociation. In the disc diffusion test evaluating antibacterial
activity, by contrast, silver existing around the interface
between the substrate and the agar gel contributed to the
antibacterial activity. In the case of Mepilex Ag, its unique
bilayer structure of substrate (silicone foam containing
water-soluble silver sulfate as a main layer and a hydropho-
bic silicone membrane with micropores as a contact layer)
did not appear to correspond with the disc diffusion test
results. In the interface between the contact layer and agar
plate, bacteria cultured on the agar could not contact silver
contained in the main layer, resulting in low activity in the
antibacterial tests. In contrast to our results, a previous study
demonstrated that the silicone foam dressing containing silver
had strong antibacterial activity against both S. aureus and
P. aeruginosa.® This contradiction is probably due to differ-
ences in water diffusion at the interface between the contact
layer and agar plate. It appears that the antibacterial activity
of Mepilex Ag depends on the diffusion of body fluid in the
interface between a wound site and the dressing.

For PolyMem Ag, the poor antibacterial activity was
observed at the same time as strong cytotoxicity. This
unique relationship was probably due to the characteristics
of nanocrystalline silver (metallic or uncharged form of sil-
ver [Ag’]), regarded as a slowly released silver.!? The poor
antibacterial activity is supported by a previous report’ and
can be explained by the lowest Ag* release demonstrated by
the silver release tests. The Ag® form released from nano-
crystalline silver is far less rapidly deactivated by chloride or
organic matter than the ionic form.* In solution, it exists in a
subcrystalline form, less than eight atoms in size, producing
Ag" by its equilibrium manner. Furthermore, nanocrystal-
line silver would be less diffusive in the disc diffusion test,
preventing Ag* release outside of the substrate.

The strong cytotoxicity of PolyMem Ag was inconsistent
with the lowest Ag* release. Although our data showed no
evidence to explain the strong cytotoxicity of PolyMem Ag,
we speculated that mammalian cells can uptake the larger
size of silver clusters by endocytosis. The test solution for
the cytotoxicity test was prepared by soaking the specimen
in the cell culture medium, where nanocrystalline silver or
its degraded states could be released more than in the disc
diffusion test using agar gels as the media. There is no report
on the comparison of silver uptake between mammalian cells
and bacteria; such comparative study would provide useful
information in determining the “risk—benefit” relationship of
Ag dressings. PolyMem Ag can be regarded as an Ag dressing
that exhibits a unique “risk—benefit” relationship, based on
the physicochemical properties of nanocrystalline silver.
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The advantage of our study is that the antibacterial activity
and cytotoxicity of Ag dressings were compared with the
Ag' release properties in the cell culture medium. Most
studies of Ag dressings have employed atomic absorption
spectrometry (AAS) as an analytical method for assaying
silver release.”'® However, the conventional hot nitric acid
treatments used for sample preparation can change Ag’ to
Ag*. It is widely accepted that Ag* plays a crucial role in the
biological functions of silver. AAS analyses would detect, not
only bioactive Ag*but also, less bioactive Ag’. We employed
the silver assay reaction to determine “Ag*” concentrations
in the releasing media. Furthermore, we demonstrated that
silver release tests for Ag dressings in ultrapure water resulted
in excessive release of Ag* because of the absence of organic
and inorganic ions. The behavior of Ag* in the cell culture
medium is complex and involves the formation of silver
complexes with amino acids, proteins, and chloride ions.?
It is apparent that the silver release test should be conducted
in releasing media in which the components mimic those of
body fluids.

One limitation of this study is that antibacterial activity
was evaluated only by the disc diffusion test, in which less
diffusive forms, such as nanocrystalline silver, are restricted
by rigid agar gels and in which antibacterial activity exhibited
at the interior of substrates is not detected. Our results sug-
gest that the antibacterial activity of Ag dressings in the disc
diffusion test was underestimated, depending on the struc-
tures and properties of substrates. In future studies, different
antibacterial tests and in vivo wound healing tests should be
conducted to obtain further information on the relationship
between antibacterial activity and cytotoxicity.

We must also note limitation of the cytotoxicity tests
attributed to the lack of IC,, determination. The result of
cell growth inhibitions without IC,, determination is useful
only for comparing the strength of cytotoxicity among Ag
dressings. Human fibroblasts were a possible candidate for
the test cells, but we placed higher importance on the use of
established and recommended cell lines (V79) in the standard
test method, to obtain more reliable and reproducible data
for cytotoxicity.

Conclusion

Five commercially available Ag dressings (Biohesive Ag,
Aquacel Ag, Algisite Ag, Mepilex Ag, and PolyMem Ag)
were investigated in vitro for a parallel evaluation of their
antibacterial activity and cytotoxicity. These properties
were different between the Ag dressings, and we found that
cytotoxicity was not a monotonic function of antibacterial

activity. Furthermore, the antibacterial activity and cyto-
toxicity could not be simply explained by Ag* release
properties, suggesting that Ag dressings have different
characteristics depending, not only on Ag" release but
also, on other factors, such as the species of silver released
and substrate properties. It can be concluded that the risks
and benefits differ among Ag dressings and that clinicians
should take these differences into consideration during
wound management.
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