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Abstract

Although silver is an efficient antimicrobial and is a widely used antiseptic in wound
healing, previous studies have reported the cytotoxic in vitro effects of silver dress-
ings. Moreover, few studies have addressed the distribution of silver in chronic
wounds. The study compares the healing of chronic wounds treated with a standard-
of-care silver dressing (Ag-CMC) and a dressing containing antiseptic octenidine
(OCT-HA). Biopsies were taken from two wound areas before the commencement of
treatment (baseline), after 2 weeks and after 6 weeks (the end of the study). We ana-
lyzed the histopathologic wound-healing score, silver distribution, and expression of
selected genes. The wound-healing score improved significantly in the wounded area
treated with OCT-HA after 2 weeks compared to the baseline and the Ag-CMC. The
Ag-CMC wound areas improved after 6 weeks compared to the baseline. Moreover,
collagen maturation and decreases in the granulocyte and macrophage counts were
faster in the OCT-HA parts. Treatment with OCT-HA resulted in less wound slough.
The silver, visualized via autometallography, penetrated approximately 2 mm into
the wound tissue and associated around capillaries and ECM fibers, and was de-
tected in phagocytes. The metallothionein gene expression was elevated in the Ag-
CMC wound parts. This exploratory study determined the penetration of silver into
human chronic wounds and changes in the distribution thereof during treatment. We
observed that silver directly affects the cells in the wound and elevates the metal-
lothionein gene expression. Octenidine and hyaluronan dressings provide a suitable
alternative to silver and carboxymethyl cellulose dressings without supplying silver

to the wound.
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1 | INTRODUCTION

Chronic wounds are both unpleasant for the patient (pain,
limited movement, social distancing, etc) and costly for the
healthcare system (US$ 449-US$ 2307 per patient per year).!
Several factors lead to the stalling of wound healing, and one
of the major wound healing complications concerns bacte-
ria.” Thus, antiseptics are widely used to lower the bacterial
load in chronic wounds and thus to mitigate or eliminate the
adverse impacts of bacteria.

Silver is an established and popular wound-healing anti-
septic. The activity of the various chemical forms of silver
applied (ionic silver, silver oxysalts, nanoparticles) is ensured
through Ag* ions.>* Silver ions bind to proteins and thus dis-
rupt both their structure and function.” This results in the cor-
ruption of energy metabolism and the elevation of oxidative
stress, which may lead to DNA damage and cellular death.’
These effects are broad spectral and result in the elimination
of gram-positive and gram-negative species. A number of
studies have reported the beneficial anti-inflammatory ef-
fects of silver wound-healing products in chronic wounds.”®
However, other studies revealed that silver exhibits cytotox-
icity toward eukaryotic cells in vitro.”!” Studies have even
demonstrated the adverse effects of silver in the wound-
healing process.“’12

A number of authors have detected and quantified
topically-applied silver in the wounds and organs of exper-
imental animals."*'® Human studies have focused on the
amount of silver that penetrates from the wound dressing via
the wound to the serum, liver, kidneys, and other organs.”'19
One study analyzed the distribution of silver in a burn injury
patient.17 Recently, Roman et al analyzed the silver distri-
bution and its chemical fate in the chronic wounds of four
patients.20

The relatively novel octenidine antiseptic, which com-
prises a cationic, surface-active substance, is also used in
the treatment of infected chronic wounds.?' Octenidine dis-
rupts bacterial cellular membranes via the destabilization
of phospholipids.zz’23 Cellular death induced by octenidine
occurs via a different mechanism to that of silver and is ef-
fective against multidrug-resistant bacteria (MRSA, VRE)
even in their biofilm phenotypes.24 Octenidine is consid-
ered a safe antiseptic since it does not induce skin damage
in premature newborn infants or result in adverse events
when applied to chronic wounds.”?® Moreover, octeni-
dine evinces a lower capability with respect to penetrating
through skin ex vivo.?’ A recent study has reported the sim-
ilar anti-inflammatory effects of octenidine to those of sil-
ver, and the ex vivo inflammatory response of Langerhans
cells to wounding was observed to diminish when treated
with octenidine.”® In addition, octenidine contributes to the
healing of chronic wounds via the inhibition of the pro-
duction and activity of matrix metalloproteinase and other

eukaryotic proteases.zg’30 Several bacterial species produce
proteases as virulence factors that contribute to the deg-
radation of wound granulation tissue, and octenidine has
even been observed to inhibit proteases secreted by bacte-
ria that were isolated from chronic wounds.*’ In summary,
octenidine positively affects the healing of chronic human
wounds. !

Hyaluronan (HA) is an unbranched polysaccharide and
is a natural component of skin, where it acts to maintain
viscoelasticity. Apart from its structural role, hyaluronan
influences the wound-healing process with respect to in-
flammation, epithelialization, granulation tissue formation
and fibrosis.”> HA crosslinking has the potential to enhance
the number of inflammatory cells at inflammatory sites.*
Hyaluronan cleaves (enzymatically or non-enzymatically)
to smaller molecular sizes especially during inflammation.
The resulting lower-molecular-weight HA evinces altered
signaling properties and may act to enhance inflammation
and angiogenesis.34 Hyaluronan synthesis is initiated early in
the wound-healing process, and synthesis has been observed
to be sustained longer with concern to scarless fetal wound
healing than to adult wound healing.35 Further, the topical ap-
plication of hyaluronan to adult human wounds improves the
appearance of scars.’®’ Keratinocytes migrate more rapidly
when treated with HA in vitro; moreover, the application of
hyaluronan has been observed to enhance re-epithelialization
in acute animal wounds.*® Re-epithelialization was seen to
be retarded in cases where keratinocytes were unable to bind
the HA (the conditional knockout of CD44—the hyaluronan
receptor).” In short, treatment with hyaluronan significantly
improves the healing of human chronic wounds, burns, and
acute wounds.*’

Despite the widespread use of silver, its distribution in
chronic human wounds and wound healing has not been ade-
quately described to date. Thus, the study aimed to compare
the healing of chronic human wounds via the application of
wound dressings containing silver and dressings contain-
ing octenidine. We treated different parts of the same large
wounds simultaneously with the two dressings, an approach
that allowed us to directly compare the effects of the dress-
ings on wound healing and to evaluate the distribution of sil-
ver over time.

2 | MATERIALS AND METHODS

2.1 | Ethics

The study was conducted in compliance with the current ver-
sion of the Declaration of Helsinki. The Ethical Committee
of the Faculty Hospital in Hradec Kralove, Czech Republic,
approved the study protocol and the experimental proto-
col (201405 S10ZP). The experiments were performed in
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accordance with the relevant guidelines and regulations.
All the patients in the study provided their written informed
consent.

2.2 | Patient inclusion and exclusion criteria
The study participants were selected according to the fol-
lowing inclusion criteria: age 60-90 years; non-healing leg
wound for >6 weeks; wound size of 100-400 cmz; willing-
ness to participate in the study.

The exclusion criteria were as follows: autoimmune disor-
ders; ongoing oncological treatment; treatment with antibiot-
ics (systemic or local) < 1 week before the start of the trial;
pregnancy or lactation; sensitivity to the active compounds
of the proposed dressings; known alcohol or substance abuse;
renal insufficiency or liver failure; deep venous thrombosis
or varicose vein surgery less than three months before the
baseline of the trial; participation in another trial that may
have interfered with the results.

2.3 | Patient characteristics

Nine patients entered the study, which was scheduled to run
for 6 weeks. Seven patients finished the 6-week treatment.
One patient healed before the end of the 6-week evaluation
period, and one patient did not finish the study due to reasons
not connected with the trial. Three patients had diabetes mel-
litus type II. Five patients were women (72.2 + 7.6 y), four
were men (74.5 + 11.2 y). The ulcers were caused by venous
(n=15), or mixed with dominant venous (n = 4) insufficiency.
The patients were hospitalized at the Third Department of
Medicine, Faculty Hospital and Medical Faculty, Charles
University in Hradec Kralove, Czech Republic.

2.4 | Study protocol

Following debridement, the wound of each patient was di-
vided into two parts and randomized for treatment. The
wounds were treated with OCT-HA (Sorelex, Contipro a.s,
Dolni Dobrouc, Czech Republic) and Ag-CMC (Aquacel
Ag+, Convatec, Berkshire, UK) dressings. Both the
OCT-HA and Ag-CMC dressings were covered with several
layers of sterile gauze, that is, a secondary dressing which
was changed daily. It was verified that the dressings were
unable to move beneath the secondary dressings and, thus,
potentially influence the wound-healing process outside of
the intended area. The minimal displacement of the dressings
was also supported by the fact that the patients were hos-
pitalized during the whole of the study. The percentage of
the wounds covered by slough was assessed at weeks 0, 2,
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4, and 6. Biopsies were taken using a bioptic punch (4 mm,
Kai Medical, Seki, Japan) following local anesthesia (1.8 mL
Marcaine 5 minutes prior to the procedure) at weeks 0, 2, and
6. The biopsies were taken as far away as possible from the
part of the wound treated with the second dressing so as to
minimize the mutual influence of the investigated changes.
The silver autometallography of the OCT-HA samples con-
firmed that the Ag-CMC dressings had not leaked silver into
the OCT-HA-treated parts of the wounds. Moreover, the bi-
opsies were taken a minimum of three centimeters away from
previous biopsy areas so as to minimize the effect of the close
harvesting of the tissue. The taking of the wound biopsies did
not negatively affect the overall wound-healing process.*!
Nevertheless, the biopsy sites were monitored for possible
wound-healing complications.

2.5 | Processing of the histological samples
Formaldehyde-fixed tissue samples were dehydrated via the
use of increasing concentrations of ethanol and xylene (Penta,
Prague, Czech Republic) and transferred to liquid paraffin
using a Leica TP1020 processor (Leica, Wetzlar, Germany).
Subsequently, the samples were embedded in the paraf-
fin and cooled using an EG1150H (Leica) paraffin embed-
ding station, and 5 pm sections were cut using an RM 2250
(Leica) rotary microtome. The sections were hydrated using
xylene, decreasing concentrations of ethanol and deionized
water (Aqual 29; Aqual, Brno, Czech Republic), followed by
staining.

The hydrated samples were stained with hematoxylin and
eosin (both from Merck, Kenilworth, NJ, USA) according to
the manufacturer's instructions, dehydrated and mounted into
a Pertex (Histolab, Vistra Frolunda, Sweden) aqueous-free
mounting medium.

With respect to the Masson's trichrome staining, hydrated
samples were stained with Weigert's hematoxylin (50 min-
utes; Bamed, Ceske Budejovice, Czech Republic) and dif-
ferentiated. The differentiated samples were then immersed
in Ponceau solution (1% of xylidine Ponceau, 1% of phos-
photungstic acid [both from Bamed], and 1% of glacial ace-
tic acid [Sigma-Aldrich, St. Louis, USA]) with acid fuchsin
(1% of acid fuchsin [Bamed] and 1% of glacial acetic acid)
for 5 minutes, rinsed with deionized water, and stained with
1% of phosphotungstic acid (5 minutes). The samples were
immersed in an aniline blue solution (comprising 2.5% of
aniline blue [Bamed] and 2.5% of glacial acetic acid). The
subsequent differentiation was conducted using 1% of acetic
acid. The samples were mounted into an ImmunoHistoMount
(Sigma-Aldrich) aqueous-based mounting medium.

Hydrated samples were stained using the Van Gieson's
picrofuchsin kit (Cat. No. C0602; DiaPath, Martinengo, Italy)
according to the manufacturer's instructions. The samples
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were then dehydrated and mounted into a DPX aqueous-free
mounting medium (Sigma-Aldrich).

Hydrated samples were stained using a naphthol AS-D
chloroacetate esterase kit (Cat. No. 91C-1KT; Sigma-
Aldrich) according to the manufacturer's instructions. The
samples were mounted into an ImmunoHistoMount aqueous-
based mounting medium (Sigma-Aldrich).

The silver autometallography was performed according to
Danscher et al*? Hydrated samples were immersed in 0.5%
of gelatin (Sigma-Aldrich) and dried at 20°C for 20 minutes.
The slides were then coated with a developing agent (30% of
Gum arabic, 2.55% of citric acid, 2.35% of sodium citrate,
0.85% of hydroquinone, and 0.11% of silver lactate [all from
Sigma-Aldrich]) in darkness at 20°C for 90 minutes. The
samples were rinsed with warm tap water for 20 minutes and
immersed in 0.9% of sodium thiosulfate (Sigma-Aldrich) and
0.1% of sodium ferrocyanide (Merck) for 19 seconds, rinsed
with deionized water, dehydrated, and mounted into Pertex.

2.6 | Histological evaluation

The following parameters were evaluated using an Olympus
BX51 microscope (Olympus, Tokyo, Japan) by a histo-
pathologist who was blinded to the treatment.

The histopathological score was defined via the sum of six
parameters (Table S1) according to Sultana et al*} Parameters
1-4 were evaluated for the hematoxylin-eosin stained sam-
ples and parameters 5 and 6 were evaluated for the Masson's
trichrome stained samples. The healing status was classified
according to the histopathological score as poor (6-11), fair
(12-15), and good (16-20).

The wound slough was assessed for the hematoxylin-
eosin stained samples according to the semiquantitative score
as high—1, moderate—2, minimal—3, focal—4, absent—35.
Grades 1—3 represented a wound slough layer that extended
over the whole of the wound bed of the biopsy.

The average count of naphthol AS-D chloroacetate
esterase-positive cells per microscopic field was obtained
using an Olympus DP73 camera and ImagePro 5.1 computer
image analysis software. The cells were tagged manually and
counted in six randomly selected microscopic fields per sam-
ple at 400X magnification. The microphotographs were taken
from the area of newly formed connective tissue in close
vicinity to the wound bed.

The percentage content of collagen fibers per microscopic
field (Van Gieson's picrofuchsin) was evaluated using a cam-
era with computer image analysis. The positivity was detected
within the Red/Green/Blue scale in the ranges: red 180-218,
green 62-128, and blue 121-185, and expressed in percent
(%). Six microscopic fields were randomly selected from the
area of newly formed connective tissue in close vicinity to
the wound bed.

The distribution of silver ions was evaluated over the whole
extent of the wound biopsy in the silver-stained samples.

The statistical significance of the differences in the
evaluated histological parameters was assessed using the
Wilcoxon rank-sum paired test IBM SPSS Statistics 24, IBM
Corporation, Armonk, NY, USA). The test was applied for
the statistical analysis of the Ag-CMC and OCT-HA samples
at particular times. The differences were considered signifi-
cant if P <.05.

2.7 | Fluorescence microscopy

Histological sections on Superfrost PlusTM glass slides
(Thermo Fisher Scientific, Waltham, MA, USA) were de-
paraffinized and incubated overnight with a primary anti-
body (1:100, CD68 Antibody (KP1), MAS5-13324, Thermo
Fisher Scientific), followed by 90 minutes of incubation
with a secondary antibody with Alexa Fluor 555 (ab150114,
Abcam, Cambridge, UK; dilution 1:10 000) and mount-
ing with ProLong Diamond Antifade Mountant with DAPI
(ThermoFisher Scientific). The sections were imaged using a
Leica TCS SP8 X confocal microscope with a Leica HC PL
APO CS2 objective (20%, 0.75 NA, water) and a 405 nm laser
line for the DAPI excitation and a 550 nm white light laser
line for the Alexa 555 excitation. The images were acquired
in z-stacks covering the thickness of the whole of the section
applying 1.8 um steps in the quantitative mode. A maximum
intensity projection was performed in the fluorescence chan-
nels. The fluorescence quantification of all the images was
performed using FiJi software.** The fluorescence intensity
was analyzed in three to five fields near the wound bed. The
results were expressed as an average percentage of the pixels
above the threshold (30 for all the images). The cutoff value
for the threshold was determined using a negative control
image (secondary antibody only). The statistical significance
of the differences between the samples was evaluated via the
Wilcoxon rank-sum paired test in R.* The test was used for
the statistical analysis of the Ag-CMC and OCT-HA samples
at particular times.

2.8 | Gene expression analysis

The RNA isolation, cDNA synthesis, and qPCR gene expres-
sion analysis were performed as previously described.*® The
TagMan Real-Time PCR Assays (ThermoFisher Scientific)
used for the qPCR analysis comprised: IL1B—Hs01555410_
ml; TNF—Hs01113634_gl; CD3E—Hs01062241_ml,
CD4—Hs01058407_m1; CD8A—Hs00233520_m1;
CD14—Hs02621496_s1; MT1G—Hs01584215_¢gl;
MT1H—Hs00823168_gl; GADD45G—Hs00198672_m1;
RPL13A—Hs04194366_g1. The threshold cycle values were
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normalized to the RPL13A housekeeping gene and related to
the average of the biopsies sampled prior to the treatment of
the respective patient via the 2745 method.*” The signifi-
cance of the differences in the gene expression at each time
point was evaluated using the paired Wilcoxon signed-rank
test in R.

3 | RESULTS

Patients with large chronic wounds were treated with a
standard-of-care dressing containing silver-impregnated car-
boxymethyl cellulose (Ag-CMC, Aquacel Ag+ Extra) and a
dressing containing octenidine with hyaluronan on a polyes-
ter secondary layer (OCT-HA, Sorelex). Biopsies were taken
from the wounds before treatment and after 2 and 6 weeks
of treatment. The distribution of silver in the biopsies was
visualized by means of silver autometallography (Figure 1).
Although no silver staining was apparent prior to treatment
(Figure 1A), silver was detected relatively deep (more than
2 mm) within the granulation tissue after 2 and 6 weeks of
treatment (Figure 1B,C). The distribution of the silver was
heterogeneous. As neovascularization progressed, silver

(A)
(D) FAR
FIGURE 1
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positivity dominated around the adventitial and periadven-
titial tissue (Figure 1D). As the granulation tissue matured,
positive silver staining became increasingly apparent around
the ECM filamentous structures, and the positivity around the
vasculature was observed to be less pronounced than in the
earlier wound stages (Figure 1E,F).

Silver was also detected in phagocytes (Figure 2A)
in the area rich in CD68+ macrophages (Figure 2B,C).
Unfortunately, the phagocytes could not be concomitantly
stained for silver and CD68 since the staining protocols were
not compatible. The amount of CD68 signal present near
the wound bed was evaluated using IHF. The amount of the
CD68 signal increased in 5 out of 7 samples after 2 weeks
of treatment with Ag-CMC and in 4 out of 7 samples after
6 weeks of treatment. The increase was not statistically sig-
nificant for either the 2- or 6-week interval when compared
to the baseline.

In contrast, the CD68 signal was significantly lower in
those parts of the wounds treated with OCT-HA than those
treated with Ag-CMC (Figure 3). Moreover, the parts of the
wounds treated with Ag-CMC exhibited significantly higher
numbers of granulocytes (marked by the esterase activity to-
ward naphthol AS-D chloroacetate), (Figure 3). A significant

Silver distribution patterns in chronic wounds. Wound biopsies from the Ag-CMC part of the wound (female, 83). The top-row

images are oriented with the wound bed facing upwards. A, A sample prior to treatment with the silver dressing (the outline of the sample was

traced post-acquisition so to highlight its boundaries), (B) after 2 weeks of treatment, (C) and 6 weeks of treatment with Ag-CMC. The scale bars

(A-C) correspond to 1 mm. D, Staining was apparent around the veins in the periadventitial space (male, 68). E, As wound healing progressed, the

positivity of the veins was less apparent and, subsequently (F) the association of silver with the fibrillar ECM dominated. Images (E) and (F) are

magnifications of (B) and (C), respectively, from the areas indicated by the rectangles. The scale bars (D-F) correspond to 50 pm
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(A)

FIGURE 2

(©)

Silver in phagocytes. Phagocytes containing silver visualized via silver autometallography (A), the corresponding area stained

with HE (B) and with the antiCD68 antibody with DAPI nuclear counterstaining (C), (female, 74). The scale bars correspond to 100 um
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FIGURE 3 Granulocytes and macrophages in the wound biopsies. A, A set of representative images stained with the antiCD68 (macrophages)

antibody in biopsies from the Ag-CMC-treated and OCT-HA-treated parts of the wound of the same patient (female, 74). The lower set of images

shows the histochemical staining of the naphthol AS-D chloroacetate esterase activity (granulocytic lineage cells) in biopsies treated for 2 weeks
with Ag-CMC and OCT-HA (male, 68). B, The evaluation of the CD68 signal in the corresponding parts of the wounds treated with Ag-CMC and
OCT-HA. The boxplots illustrate the median and interquartile ranges. The gray lines connect the biopsies from the same wound at a given time.

Wilcoxon rank-sum test (n = 9 for weeks 0 and 2, n = 7 for week 6). C, The quantification of naphthol AS-D chloroacetate synthesis positive cells

via image analysis. The values represent the mean + SD from six non-overlapping microscopic fields per sample at 400x magnification. *P < .05

Wilcoxon paired rank-sum test. The scale bars correspond to 250 um

decrease in granulocytes from the baseline values occurred
after 2 weeks of OCT-HA treatment and after 6 weeks of
Ag-CMC treatment. A portion of each wound biopsy was
analyzed for gene expression changes in inflammatory cell
markers (Figure 4A). CDI4, which is widely expressed by
monocytes and macrophages, was observed to be upregulated
in the Ag-CMC parts of the wounds after 2 and 6 weeks of
treatment. The gene expression of the CD4 T-cell marker was
significantly lower in the OCT-HA parts of the wounds after
2 weeks, and decreased more rapidly than in the Ag-CMC

parts. The gene expression of CD8A was enhanced (although
not statistically significantly) in the Ag-CMC parts, and
CD3E was expressed in both the CD4+ and CD8+ T cells.
We also measured a lower, although statistically insignifi-
cant, CD3E expression in the OCT-HA-treated wound parts.
In order to reflect the presence of classic pro-inflammatory
cytokines, we also measured the gene expression levels of
ILIB and TNF (Figure 4B).

Although both of the pro-inflammatory mediators de-
creased as the wounds healed, the decrease was more
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FIGURE 4 The gene expression analysis of inflammatory cell markers and mediators. A, The gene expression of the CD 74 monocyte/
macrophage marker gene and the CD3E, CD4, and CD8A T-lymphocyte markers. B, The gene expression of pro-inflammatory markers in biopsies
taken at weeks 0, 2, and 6 from parts of a wound treated with Ag-CMC and OCT-HA. The boxplots illustrate the median and interquartile ranges.
The gray lines connect the gene expression values from the same wound and time. The P values above the boxplot pairs highlight the significance
of the differences between the two approaches at corresponding times and were calculated via the Wilcoxon rank-sum test (n = 9 for weeks 0 and 2,
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FIGURE 5 Wound-healing histopathology. A, A representative histological evaluation of the part of a wound (male, 68) treated for 2 weeks
with Ag-CMC (the left set of images) following HE staining and picrofuchsin staining. Moderate amounts of granulation tissue and inflammatory
infiltrate are present under a thick layer of wound slough (#). The collagen (pink) orientation is mainly vertical and the collagen pattern is mixed.
The aggregate histopathological score of the Ag-CMC part of the wound according to Sultana et al** was 10. The right set of images show a
biopsy from the same wound as described above from the part of the wound treated with OCT-HA. The layer of wound slough is thin (#) and is
accompanied by only scanty granulation tissue and a moderate amount of inflammatory infiltrate. The collagen orientation and pattern are mixed.
The aggregate histopathological score of the OCT-HA part of the wound was 12. B, The total score of the histological parameters. A higher score
signifies more advanced healing. *P < .05, n = 7, Wilcoxon paired rank-sum test. C, Computational image analysis of the collagen intensity
staining of samples stained by means of the Van Gieson's picrofuchsin method. The collagen staining decreases as the wound heals. Image of

the sample from the OCT-HA part stained by means of picrofuchsin features four dark pink lines (interfolds) which comprise artifacts from the
preparation of the sample. Mean + SD. *P < .05, n = 7, Wilcoxon paired rank-sum test. The scale bars correspond to 500 pm
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pronounced with concern to the OCT-HA-treated parts of the
wounds (statistically significant for TNF after 6 weeks).

In addition to inflammation, we also investigated several
histological parameters of wound healing status in the Ag-
CMC- and OCT-HA-treated parts of the wounds according
to Sultana et al* The assessed parameters (amount of early
or late collagen, the orientation of collagen fibers, the amount
of granulation tissue, the presence of immune cells in HE-
stained sections) were scored according to a semiquantitative
scale, then summed and expressed as a wound healing score,
based on which the wounds were seen to have healed signifi-
cantly faster in the OCT-HA-treated parts after 2 weeks of
treatment (Figure 5, Table S2).

The histological score improved in the Ag-CMC-treated
parts of the wounds only later, as evinced by the analysis after
6 weeks of treatment.

We subsequently investigated the percentage of collagen
near the wound bed in the histological sections by means
of image analysis (Figure 5). The intensity of the collagen
staining decreased as the granulation tissue matured. After
2 weeks of treatment with OCT-HA, a significant improve-
ment was observed in terms of this parameter. A significant
decrease in collagen staining was observed in the Ag-CMC
parts of the wounds after 6 weeks of treatment.
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As wounds heal, the wound slough should diminish. The
wound beds treated with Ag-CMC for 2 weeks contained
significantly more slough than the corresponding OCT-HA-
treated parts, which was evident from the samples stained
with picrofuchsin (Figures 5SA and 6A). The macroscopic
observation concurred with these results, and confirmed that
wound slough covered a higher proportion of the wounds
treated with Ag-CMC than those treated with OCT-HA after
2,4, and 2 weeks (Figure 6B,C).

Silver (and certain other metals) induces an increase in the
gene expression of metallothioneins in cells, which serves to
mitigate the toxicity of the metal. Hence, we assayed the gene
expression of MT1G and MTIH, which was observed to be
markedly elevated and attained statistical significance with
respect to MTIH after 2 weeks of treatment with the silver
dressing compared to the parts of the wounds treated with
OCT-HA (Figure 7).

4 | DISCUSSION

Silver was detected via silver autometallography in the granu-
lation tissue of the chronic wounds to a depth of approximately
2 mm. A study by Rigo et al detected silver from a dressing

Week 2

FIGURE 6 Wound slough. A, The wound slough was evaluated in IHC sections according to a semiquantitative scale (high 1—absent 5) and
expressed as the median + IQR. *P < .05 Wilcoxon paired rank-sum test. B, Macroscopic overview of the wound-healing process for the Ag-CMC
and OCT-HA, and the quantification of the wound slough (female, 83). Half of the wound was treated with Ag-CMC and half with OCT-HA. The
appearance of the wound prior to treatment, with the applied dressings, after 2 weeks and after 6 weeks of treatment. C, Macroscopic assessment of

the wound bed slough coverage. Mean + SD. *P < .05, n = 7, Wilcoxon paired rank-sum test
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FIGURE 7 The gene expression of MT1G and MT1H metallothioneins in biopsies taken at weeks 0, 2, and 6 from the parts of the wounds
treated with Ag-CMC and OCT-HA. The boxplots illustrate the median and interquartile range. The gray lines connect the gene expression values

from the same wound and time. The P-values illustrate the significance of the differences between the two treatment approaches at corresponding

times. Wilcoxon paired rank-sum test (n = 9 for weeks 0 and 2, n = 7 for week 6)

Acticoat Flex 3 with nanoparticles at a depth of 4 mm in a
burn wound using TEM, that is, twice the depth indicated by
our results.'” We applied a dressing containing silver chloride,
which may well penetrate at a different rate to that of silver
nanoparticles, with respect to which the shape of the nanopar-
ticles may also influence the degree of penetration through
skin. Rods have been observed to be more effective in terms of
penetration through mouse skin into the blood than spheres or
triangles.48 Roman et al detected the majority of silver nano-
particles in chronic wounds up to a depth of 1.5 mm.”

We observed the association of silver with elastic and col-
lagen fibers and localization around capillaries in the chronic
wounds. Fredriksson et al observed a similar silver distri-
bution pattern in ex vivo explanted human skin treated with
the same silver dressing (Aquacel) as used in this study.49
Similar silver distribution patterns were also observed in sev-
eral studies that investigated argyria in the eye following the
application of eye-drops containing silver, and skin argyria
as a result of acupuncture using silver needles.'” Admittedly,
argyria, which creates insoluble silver deposits, is a some-
what extreme case (although observed in wound healing®”) of
long-term exposure to silver.

The enhanced presence of silver around capillaries ob-
served in this and the aforementioned studies suggests a pas-
sive silver elimination pathway from wounds to the blood.
It has been demonstrated previously that silver associates
with serum proteins such as albumin, as well as with gluta-
thione.>' Enhanced levels of serum albumin in patients with
chronic wounds serve for protection against increased silver
concentrations in the blood.* The speciation of silver pre-
sented in a study by Roman et al suggested that silver binds
predominantly to chloride in the upper layers (up 45 um) and
to glutathione in the deeper parts of the wound.?® Therefore,

silver-protein complexes may well provide a silver removal
pathway from wounds.

A further approach to eliminating silver from wounds
comprises phagocytosis. We discovered cells (proba-
bly macrophages) loaded with silver in the wound biop-
sies. Macrophages are capable of the engulfment of silver
nanoparticles.53 In vitro studies have revealed that the phago-
cytosis of silver nanoparticles both enhanced inflammation
and damaged macrophages.54’55 It is, therefore, possible that
macrophages in chronic human wounds are also damaged
by phagocytosed silver. Consequently, silver-treated wounds
would require a greater amount of macrophages in order to
remove debris and to participate in other wound-healing pro-
cesses. Our results revealed significantly higher numbers of
macrophages in the Ag-CMC-treated parts of the wounds
than in the OCT-HA-treated parts. Souza et al demonstrated
an increase in the number of macrophages during the granu-
lation phase of the healing of a burn wound in a rat following
treatment with SSD (silver sulfadiazine).56

In tandem with the presence of silver as revealed via auto-
metallography, we further discovered that the silver released
from the silver dressing acted to elevate the expression of
metallothionein genes. It has been determined that the gene ex-
pression of metallothioneins increased following the stimula-
tion of macrophages with Ag* in vitro®’ and in vivo in the lungs
when exposed to silver nanoparticles.58 Moreover, Lansdown
et al observed the elevated production of metallothionein in
sterile rat wounds treated with silver sulfadiazine.”® In addition
to metals, cellular stress also induces the expression of metal-
lothioneins, which play anti-inflammatory and cytoprotective
roles.®’ The gene expression of metallothioneins was detected
in our samples at week O (prior to treatment with Ag-CMC
and OCT-HA), which most likely corresponded to the natural
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cytoprotective role it plays in (chronic) wounds. Subsequently,
however, the Ag-CMC treatment acted to elevate the metallo-
thionein gene expression, most likely in order to mitigate the
silver oxidative effects.

We compared Ag-CMC and OCT-HA wound dressings
side-by-side in chronic human wounds. Although both parts
of the wounds healed, we detected differences in both the
inflammation resolution and the ECM maturation in favor
of OCT-HA. Moreover, the appearance of the wound bed
and the slough coverage were seen to be better following
OCT-HA treatment. A decrease in the numbers of neutrophils
and macrophages, which is necessary in order to mitigate the
inflammatory phase, was observed in the parts of the wounds
treated with OCT-HA within 2 weeks of treatment, whereas
a decrease in the presence of neutrophils and macrophages
was observed later (between weeks 2 and 6) with respect to
the Ag-CMC dressings. Correspondingly, the gene expres-
sion of the TNF, ILIB, and CD4 pro-inflammatory markers
decreased more prominently in those parts of the wounds
treated with OCT-HA. In line with our results, Krasowski
et al demonstrated via a randomized controlled trial that treat-
ment with octenidine supported wound healing to a greater
extent than did a silver dlressing.(’l

We noticed the differences between the two approaches
primarily after 2 weeks of treatment. After 6 weeks of treat-
ment, no significant difference was apparent between the
Ag-CMC and OCT-HA approaches in terms of the collagen
intensity staining or the number of neutrophils. With regard
to the collagen intensity staining, the minimum of this param-
eter (the lower the better) was attained in the OCT-HA parts
after 2 weeks and remained the same for a further 4 weeks,
suggesting that no further decrease was likely in terms of this
parameter during the wound-healing process. The Ag-CMC
parts of the wounds attained the collagen staining minimum
significantly later.

A decrease was observed in the number of neutrophils in
the OCT-HA parts of the wounds after 2 weeks, and the de-
crease continued until the sixth week of treatment. The Ag-
CMC parts evinced an increase in neutrophils after 2 weeks of
treatment followed by a decrease to similar values as observed
in the OCT-HA parts. The possibility cannot be excluded in
this respect that the earlier resolution of inflammation in one
part of the wound may have expedited the resolution of inflam-
mation in the other part. Thus, the healing of both parts would
converge due to paracrine signaling from the cells in the better
healed part of the wound. Previously, granulation tissue has
been transplanted within a wound so as to expedite healing in
problematic areas (eg, on exposed bone).%? Chen et al isolated
cells from the healing granulation tissue of control mice and
injected them into a wound margin of y-irradiated mice.®

Our results did not indicate that silver evinces an anti-
inflammatory effect in chronic human wounds. Indeed, other
studies have even shown that silver acts in a pro-inflammatory

manner in model animals. Silver sulfadiazine (SSD) was ob-
served to retard the healing of a burn wound in mice and to in-
duce an increase in the number of neutrophils and a decrease
in the amount of rnacrophages.12 Similarly, nanocrystalline
silver (Acticoat) was seen to more than double the number
of pro-inflammatory cells in acute porcine wounds, although
the overall wound healing rate was not affected.*

In contrast, Nadworny et al applied solutions of a nano-
crystalline dressing to dermatitis (dinitrochlorobenzene-
induced inflammation in pigs) and subsequently observed
decreased inflammation.*> Thomason et al reported a de-
crease in inflammation in mice wounds following the appli-
cation of silver oxysalts.66 Lansdown et al presented mitigated
inflammation in rat wounds following treatment with SSD.¥
Silver nanoparticles embedded in a collagen/chitosan gel pro-
moted wound healing and decreased the number of CD68+
cells and the levels of pro-inflammatory cytokines in rat skin
wounds.®’” Silver sulfadiazine (SSD) was observed to de-
crease the neutrophil and macrophage count in chronic human
wounds relative to the control as the wounds were healing;
however, PVP-I and chlorhexidine digluconate were seen to
decrease the presence of pro-inflammatory cells even more
rapidly than did SSD."! However, none of these in vivo studies
presented the direct anti-inflammatory mechanism of silver.

We applied commercially available wound dressings with
two different antiseptics. However, the dressings also differed
in terms of their construction. While the use of commercially
available dressings allowed for a real-world comparison of
their performance, it cannot be excluded that some of the
impacts on wound healing were due to the differing param-
eters of the wound dressings (eg, exudate absorption capac-
ity, the presence of hyaluronan). Since the amount of silver
varies from one type of silver dressing to another as does the
amount of silver that penetrates into the skin,® the magnitude
of the effects observed in this study may not be the same for
other silver dressings. We also acknowledge that our sample
size was small in comparison to most other studies that have
investigated wound healing under various conditions. We fo-
cused to a greater extent on providing a detailed description
of the events that occurred during the wound healing process
with respect to a smaller group of patients. Nevertheless, our
results may serve as the basis for the selection of parameters
for investigation using a larger patient cohort.

Silver is used to treat millions of complicated wounds
worldwide and it is often perceived as a surface-active anti-
septic that is removed with the tissue slough or exudate. We
have provided a detailed histological analysis that considers
the distribution of silver in chronic wounds and the associated
changes in the gene expression in the resident cells. These
observations may serve to increase the awareness of clini-
cians who use silver to treat wounds of the behavior of the
metal in wounds. We also demonstrated via a side-by-side
comparison approach that a dressing containing octenidine
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and hyaluronan supported wound healing more efficiently
than did a silver dressing.
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