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there is a need for wound infection models capable of assessing antimicrobial

agents. In this study, an easily standardized wound infection model was estab-
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Key Messages

« There is a need for wound infection models capable of assessing antimicro-
bial agents as the transferability of experiments using either 2D cultures
with planktonic microorganisms or animal infection models are limited.

« In this study, an easily standardized wound infection model consisting of a
mechanically wounded human skin model on a collagen matrix infected
with various clinically relevant bacteria was established.

« Untreated infections led to induction of an inflammatory response following
recognition of the pathogens and caused significant tissue damage.

» Treatment with antimicrobial-releasing wound dressings reduced the bacte-
rial load and decreased the inflammatory reaction.
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1 | INTRODUCTION

The skin serves as a protective barrier against microbial
invasion. A wound facilitates the entry of various
opportunistic and pathogen micro-organisms,’ which can
disrupt the wound healing process through toxic by-
products and lead to the formation of a chronic wound.”
Furthermore, many of these microorganisms can become
or are already resistant to various antibiotics, which poses
a great socioeconomic problem for hospitals.> Chronic
wounds are often colonized by different kinds of microor-
ganisms, the most prominent being Staphylococcus
aureus and Pseudomonas aeruginosa.* S. aureus is a
gram-positive bacterium and a facultative pathogen,
which can cause a wide range of clinical infections.’
P. aeruginosa is a gram-negative bacteria that is a major
cause of hospital acquired infections.® It is further known
that about three quarters of the chronic wound patients
are colonized with S. aureus and 30% of these isolates
were found to be methicillin resistant.* Colonization and
local infections can be successfully treated with suitable
wound therapeutics. The efficacy of these agents is usu-
ally assessed with 2D cultures using planktonic microor-
ganisms.7 However, these methods lack a critical
inflammatory immune response.® Therefore, antiseptics
must be studied with a more complex model capable of
mimicking the wound environment. In accordance, ani-
mal models are often used as alternative test systems.
However, animal skin differs from human skin in terms
of structure and immunological response, which makes it
difficult to transfer the data to the human system.’
Human 3D full-skin models are, therefore, a good alter-
native for antimicrobial tests. They consist of a dermis
with fibroblasts and an epidermis with keratinocytes,
which form the stratum corneum.'® After infection, they
can be employed to study the interaction of microorgan-
isms with human skin or for testing of skin disinfection
efficacy."’"* So far, these investigations were performed
on intact skin model surfaces and did not include an
inflammatory wound environment. Human infection
wound models, on the other hand, are scarcely available.
In these models, wounds are either generated by thermal
injury or by mechanical damage to create cut or stab
wounds."*'® Yet, wounding is difficult to standardize
because the outcome depends on the duration and pres-
sure used by the person performing the procedure.

In this study, a wound infection model that can be
easily standardized is presented. It consists of a punched
skin model cultivated on a dermal matrix. The wound
models were infected with the two clinically relevant bac-
teria S. aureus and P. aeruginosa. These infection models
were used to assess the effectiveness of a silver-
containing as well as a polyhexamethylene biguanide
(PHMB)-containing wound dressing. Therefore, several

parameters such as microbial count, wound tissue pre-
sentation as well as cytokine secretion and gene expres-
sion was studied and compared between untreated and
silver dressing-treated models.

2 | MATERIALS AND METHODS

2.1 | Preparation of 3D-wound models
Three-dimensional skin models were prepared as previ-
ously reported.'>'” For artificial wounding, the skin
models were punched with a 3 mm biopsy punch (pfm
medical, Germany). Rat-tail collagen (medrix biomedi-
cals, Germany) mixed with a gel neutralizing solution
(medrix biomedicals, Germany) in a ratio of 4:1 was used
for the dermal acellular base component providing
mechanical stabilization and a wound bed for the cells to
re-grow into. After the collagen had solidified, the
punched skin model was placed on the top of this dermal
base component, creating a model wound with a stan-
dardized diameter of 3.2 mm and a depth of approx.
2.5 mm (Figure 1).

2.2 | Microorganism cultures

S. aureus DSM 4910 (DZMZ, Germany) and P. aeruginosa
DSM 1117 (DZMZ, Germany) were grown on Columbia
agar plates (bioMérieux, France). Bacteria were sus-
pended in tryptic soy broth (Oxoid, UK) and cultured
overnight at 37°C under vigorous shaking. The bacterial
suspension was washed twice in 0.9% NaCl solution and
the number of bacteria in the solution was determined by
serial dilution followed by plating on Columbia agar. The
agar plates were incubated for 24 h at 37°C, the colonies
were counted and the microbial count (in colony-forming
units/mL) of the bacterial suspension was calculated.

2.3 | Infection of the wound model

The wound models were infected with 10 pL of a
1 x 10° cfu/mL suspension of S. aureus or P. aeruginosa
placed into the centre of the wound (Figure 1). These
high infection doses yielded the best reproducibility for
establishment of an evenly spread infection over a short
period of time. After 24 h at 37°C in an atmosphere of 5%
CO,, the infected wound models were treated with either
a silver containing wound dressing (Suprasorb® A + Ag,
Lohmann & Rauscher, Germany) or a PHMB containing
wound dressing (Suprasorb® X 4+ PHMB, Lohmann &
Rauscher, Germany). The wound dressing was cut into
shape with a diameter of 11 mm. Infected and untreated
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FIGURE 1 Assembling the infected 3D skin wound models: A standardized wound is created with a 3 mm biopsy punch. The wounded
model is then transferred to an acellular collagen matrix. Subsequently, the wound is infected with S. aureus or P. aeruginosa.

wound models served as negative controls. The sampling
took place 24 h after the treatment. Supernatants were
collected and stored at —20°C for cytokine analysis. For
histology, the skin models were transferred to a 4% for-
malin solution (Dr. K. Hollborn & Séhne, Germany). For
gene expression analysis, the skin models were frozen
with liquid nitrogen and stored at —80°C.

2.4 | Determination of microbial counts
The microbial load was determined by rinsing the models
three times with 1 mL PBS and pooling the rinsing solu-
tion for serial dilution. The solution was serially diluted
and plated on Columbia agar. The agar plates were incu-
bated for 24 h at 37°C, colonies were counted and the
microbial count (in cfu/mL) was calculated.

2.5 | Determination of cytokine levels
Cytokine secretion was quantified using human interleu-
kin (IL)-6 (Mabtech, Sweden), IL-8 and IL-1a (R&D Sys-
tems, USA) enzyme-linked immunosorbent assay Kits
according to the manufacturers’ instructions. The optical
density was measured at 450 nm with a reference mea-
surement at 620 nm. Interleukin concentrations were cal-
culated according to a standard curve using a
4-parameter fit with lin-log coordinates for optical den-
sity. The concentration was expressed as fold secretion
and compared to the untreated control.

2.6 | Histological analysis

Formalin-fixed models were progressively dehydrated
and embedded in paraffin blocks (Merck, USA) using
standard histological protocols. Sections of 4 p thickness
were cut and mounted on object slides. The paraffin
contained in the tissue sections was removed by washing
in alcohol in descending order prior to staining. Auto-
mated deparraffinization and staining with haematoxy-
lin/eosin were performed in the Leica Autostainer XL
(Leica, Germany) according to manufacturer's recom-
mendations. The microscopic assessment was carried
out using the Keyence digital microscope (Keyence
Deutschland GmbH, Germany) and photographs were
taken.

2.7 | Visualization of bacterial infection
Microorganisms were visualized in real time using the
MolecuLight i:X™ imaging device (MolecuLight Inc.,
Canada) To do this, the models were irradiated with vio-
let light (405 nm) and presence of bacteria was assessed
by auto-fluorescence intensity.'®*°

2.8 | Determination of gene expression

RNA was isolated using the RNeasy Mini Purification Kit
(Qiagen, Germany). cDNA was synthesized using 20 ng
of isolated RNA and the High Capacity cDNA Reverse
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TABLE 1
chain reaction.

Primer sequences used for real-time polymerase

Primer sequence (5> 3')

Gene Forward primer Reverse primer
Interleukin-6 CCA CCG GGA GAG AAG GCA
ACG AAA GAG ACT GGA CC
AA GAA
Interleukin-8 QT00000322 (Qiagen)
Interleukin-la  CGC CAA TGA CTC  AGG GCG TCA TTC
AGA GGA AGA AGG ATGAA
Interleukin-23  QT00204078 (Qiagen)
TNFa QT00029162
GM-CSF TGA ACC TGA GTA  GCT CCT GGA GGT
GAG ACA CTG C CAAACATITC
B-actin QT01680476 (Qiagen)

Transcription Kit (Thermo Fisher, USA). Real-time-PCR
was performed with the QuantiNova SYBR Green PCR
Kit (Qiagen, Germany). PCR products were amplified
with an initialization step at 95°C for 180 s, followed by
40 cycles at 95°C for 5 s, at 57°C for 10s, and at 72°C for
10 s. The fold change of gene expression was calculated
based on the 2~ **“T method based on p-actin as house-
keeping gene. Primer sequences are listed in Table 1.

2.9 | Statistics

The experiments were performed four times and each
measurement was done in four technical replicates
(n = 4). The evaluation was performed using Excel 2010
(Microsoft Corp., USA) and OriginLab 9.0 (OriginLab
Corp., USA). Statistical analyses were performed with
SPSS version 27 (IBM Corp., USA). Statistical significance
was calculated based on the non-parametric Mann-
Whitney U-test with p < 0.05 being considered as statisti-
cally significant.

3 | RESULTS

3.1 | Bacterial infection causes tissue
damage

The 3D skin models consist of a fully differentiated epi-
dermis, which forms the layers stratum basale, stratum
spinosum, stratum granulosum and stratum corneum.
Adjacent to the epidermis, a self-produced, thin layer of
dermis is visible, which allows the construction of the
skin models without the addition of external matrix

components. The skin models were injured with a
biopsy punch and positioned on an acellular collagen
matrix. This procedure enables the creation of a stan-
dardized wound depth. The wound models were the
infected with S. aureus or P. aeruginosa (Figure 1). Dur-
ing the first hour after infection, neither structural
changes in the skin model occurred nor was the bacte-
rial infection visible. After 24 h, distinct bacterial growth
was noticeable by auto-fluorescence measurement
(Figure 2A) and in the histological sections (Figure 2B).
While S. aureus did not elicit visible changes in the skin
model morphology during this time, P. aeruginosa infec-
tion resulted in severe tissue damage and caused a loos-
ening of the skin structure (Figure 2B). The more
pronounced effect of P. aeruginosa was confirmed by a
significantly higher LDH release (p < 0.05, Figure 2C),
which serves as a marker for cell damage. Nonetheless,
S. aureus infection also caused a significant rise in LDH
levels (p <0.05) in the supernatant after 24 h
(Figure 2C). The lesser effect might be explained by the
observation that the S. aureus infection was first con-
fined to the wound margins and the P. aeruginosa infec-
tion already had spread throughout the models after
24 h (Figure 2A). Both, S. aureus and P. aeruginosa
infected skin models exhibited extensive tissue damage
and dissolution after 48 h, which was already macro-
scopically visible and featured an even more pronounced
bacterial invasion (Figure 2A). Histological assessment
corroborated these observations, where the loss of the
defined skin structure was found (Figure 2B) and an
increase of amounts of bacteria cells was observed.
Moreover, tissue damage was verified by significantly
increased LDH levels at 48 h after infection with
S. aureus and P. aeruginosa (Figure 2C).

3.2 | Cells exhibit an increased
inflammatory response after bacterial
infection

Bacterial infection led to an increase of the expression of
pro-inflammatory cytokine genes. Despite the slower
invasion of S. aureus into the wound and later establish-
ment of a fully formed infection compared to
P. aeruginosa, skin models responded to S. aureus with a
significant increase in IL1A and TNFA transcript levels as
early as 1 h after infection (p < 0.05, Figure 3A). After
24 h, gene expression of IL6, CXCL8, IL23 and GM-CSF
was also found to be significantly induced (p < 0.05,
Figure 3A).

The upsurge in gene expression after S. aureus infec-
tion extended beyond 48 h with the exception of IL23,
which exhibited a drop in transcript levels at this time. It
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Determination of the bacterial effects on the 3D skin wound models: (A) Visualization of bacterial growth using the

MolecuLight i:X™ imaging device. The S. aureus infection (red fluorescence) was first restricted to the wound margin, whereas P. aeruginosa

(green fluorescence) rapidly covered the entire model. (B) Histological evaluation of the 3D skin models after infection. Specimens were

stained with haematoxylin/eosin. Microbial growth, associated with increasing cell damage and tissue dissolution, was noticed over time.

Compared to S. aureus, infection with P. aeruginosa resulted in significantly earlier and more severe damage. (C) Assessment of cell damage
by lactate dehydrogenase (LDH) release. The LDH content was measured in the supernatant of the wound infection models after 1-48 h.
Significant cell damage was observed for S. aureus after 48 h and for P. aeruginosa 24 h after infection notable as a significant increase in

release compared to the untreated control. Asterisks indicate significant deviations from the untreated control: *p < 0.05.

could further be shown that S. aureus did not only lead
to a cellular reaction on mRNA levels but the effect was
also reflected in a significant secretion of IL-6, IL-8 and
IL-1a (p < 0.05, Figure 4A). After P. aeruginosa infection,
a much more pronounced inflammatory response com-
pared to S. aureus was noted, which is in accordance with
the observed more severe effect of P. aeruginosa on the
skin models. Already after 1 h, transcript levels of IL1A,
TNFA, IL6 and GM-CSF were significantly multiplied
(p < 0.05, Figure 3B). This process continued over 48 h
and ultimately also led to a significant increase of CXCL8
and IL23 gene expression (p < 0.05). However, in the
case of IL-1A, gene expression was found to be decreased
at 48 h after infection corresponding to the decline of
skin model viability. Interestingly, the secretion of IL-6
and IL-8 showed a time dependent decrease, while the
secretion of IL-la exhibited a significant rise over time
(p < 0.05, Figure 4B).

3.3 | Treatment with antimicrobial
wound dressing

Twenty four hours after infection, the models were trea-
ted with either a silver or PHMB containing wound dress-
ing for 24 h. It could be shown that this antimicrobial
intervention led to a significant decrease in S. aureus
obtainable from the 3d wound models (p < 0.01,
Figure 5A) as well as reduced P. aeruginosa occurrence
(p < 0.05, Figure 5A). Fluorescence imaging clearly con-
firmed these results for S. aureus, which exhibited a dis-
tinct decrease after treatment, whereas in the case of
P. aeruginosa infection an apparent fluorescence signal
was still notable despite the reduced microbial burden
(Figure 5B). The histological assessment demonstrated
the expected tissue damage after S. aureus infection. This
effect was not completely reversed during the treatment
time of 24 h with the antimicrobial wound dressings, still,
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Evaluation of inflammatory response after bacterial infection by gene expression analysis: (A) An increase of different pro-

inflammatory cytokine gene transcripts was noted after S. aureus infection. (B) Cells responded with earlier and partially with higher pro-

inflammatory cytokine gene transcripts levels to P. aeruginosa infection. The fold expression was calculated compared to the untreated

control. Asterisks indicate significant deviations from the respective control: *p < 0.05.

a reduction in bacteria at the wound margins was noted
(Figure 5C). While a significant decrease of IL-1o secre-
tion under S. aureus infection was observed for treatment
with the silver dressing (p < 0.05), IL-la release was
found to be only slightly reduced with the PHMB dress-
ing (Figure 5D). As anticipated from previous results,
infection with P. aeruginosa led to even greater tissue
damage and dissolution of the skin model, which was
also not impeded by treatment with the silver dressing
and only to a lesser extend with the PHMB
dressing (Figure 5C). Nonetheless, a positive influence on
the wound's inflammatory status was noted as treatment
with both the silver and the PHMB dressing significantly
reduced IL-1a secretion (p < 0.001) indicating a positive
treatment effect in the direction towards the control of
the P. aeruginosa infection (Figure 5D).

4 | DISCUSSION

Since 2D-cell cultures or test systems with planktonic
microbes cannot embody the complex and inflammatory

wound environment, the development of 3D-skin infec-
tion wound models represents an alternative way for
more realistic examination in a complex environment.
There are few wound infection models described in the
literature and which the wounds are generated ther-
mally** or with the help of a scalpel® or cannula.”® How-
ever, a standardized wound is difficult to obtain with
these methods because depth and width of the wound are
hard to control. Therefore, a standardized wound model
with defined wound width and depth was developed in
this study. This model was infected with two common
wound pathogens. The assessment of the antibacterial
effect of either a silver or PHMB containing wound dress-
ing was used to evaluate this model.

Infection of the wound model with S. aureus or
P. aeruginosa resulted in deleterious effects that included
dissolution of the tissue structure and secretion of the
cytotoxicity marker LDH. P. aeruginosa infection caused
earlier and more pronounced damage compared to the
infection with S. aureus. Similar results were reported by
Shepard et al. with a skin model infected with various
bacteria. Here, Pseudomonas also showed a more
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Secretion of pro-inflammatory cytokines as response to bacterial infection: (A) A significant increase of pro-inflammatory

cytokine release was observed in response to S. aureus infection. (B) P. aeruginosa infection of the 3D wound models resulted in a decreased
liberation of IL-6 and IL-8 and only elicited a significant rise of IL-1a release. Cytokine release was measured by enzyme-linked
immunosorbent assay. The fold secretion was calculated compared to the untreated control. Asterisks indicate significant deviations from

the respective control: *p < 0.05.

destructive effect compared to S. aureus. The advance in
invasiveness could be due to the release of alkaline prote-
ases and elastase by Pseudomonas.®

In this study, increased expression and secretion of
various pro-inflammatory cytokines were observed. Cyto-
kines are small proteins, secreted by a variety of cells
including keratinocytes, fibroblast and macrophages in
response to immune stimuli.** It was found that infection
of the skin models with both bacteria species resulted in
an increased gene expression of IL6, CXCL8, TNFA and
IL1A, which is consistent with previous studies using
keratinocytes,” 3D skin models'"'* and an infection
wound model.>> However, while the secretion of

S. aureus-infected wound models increased, infection
with P. aeruginosa resulted in decreased IL-6 and IL-8
levels. This could be due to the severe damage to the
wound models after infection. In contrast, the pro-
inflammatory cytokine IL-1a is one of the first secreted
cytokines in response to an infection and serves as an
alarmin for tissue damage.** Biologically active IL-la is
stored by keratinocytes for a rapid immune response.
This cytokine is released in the supernatant of the dam-
aged skin models,?> which explains the increased IL-la
secretion.

GM-CSF transcript levels increased significantly after
infection with both bacteria species. This cytokine
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FIGURE 5 Antimicrobial treatment of the infected 3D wound models with a silver-containing wound dressing: (A) Bacteria were

quantified after rinsing the models with PBS by plating of serial dilutions on agar plates. The bacterial burden was assessed in relation to the
untreated infection control. (B) Visualization of bacterial burden by MolecuLight i:X™ imaging. Treatment with the antimicrobial wound
dressings led to a reduction of the red S. aureus fluorescence indicating a treatment success compared to the untreated control. In contrast,

the cyan fluorescence of P. aeruginosa seemed not affected by the antimicrobial treatments. (C) Histological evaluation of the infected

wound models with and without antimicrobial treatments. Histological sections were stained with haematoxylin/eosin and photographs
were taken at 100-times and 1000-times magnification (insert) using the Keyence digital microscope. Despite a reduction in the bacterial
burden through antimicrobial treatment, tissue damage was visible at the endpoint. (D) Determination of IL-1« release after antimicrobial
treatments. Reduced IL-1a levels were noted after treatment with the silver-containing wound dressing compared to untreated S. aureus and
PHMB wound dressing treated wound models. In P. aeruginosa-infected wound models, both silver and PHMB wound dressings achieved a
significant reduction of IL-1a release. Cytokine secretion was measured by enzyme-linked immunosorbent assay. The fold secretion was
calculated compared to the untreated control. Asterisks indicate significant deviations from the respective control: *p < 0.05; **p < 0.01;

5 < 0,001

promotes the activation of immune cells and directs their
proliferation.”® Increased GM-CSF production was also
demonstrated by Matsubara et al. in correlation with the
presence of S. aureus peptidoglycan in human keratino-
cytes.”’” To the best of our knowledge, this is the first time
such an effect is described for skin (wound) models in
the presence of P. aeruginosa.

IL-23 is a pro-inflammatory cytokine involved in the
activation of inflammatory genes and in eliciting type-17
immune responses,”® which are important for defence
against bacteria.”® Infection of the wound models with
P. aeruginosa resulted in increased expression of IL23.
Similar effects were observed in lung infection of mice.*
However, S. aureus infection in our study only caused a

transient rise in IL23 gene expression, an effect observed
for the first time in human infection wound models,
which is inconsistent with other infection models.'*'*
Yet, Gurjala et al. found, for example, that biofilms of
S. aureus resulted in a reduced inflammatory response
compared to planktonic bacteria in rabbit ear wounds.*'
Since the S. aureus strain used in this study is a biofilm
former, suppression of IL-23 gene expression at later time
points could explain the effects observed.

For the evaluation of the usability of the wound infec-
tion models for assessment of antimicrobial treatments, a
silver and a PHMB containing wound dressing were cho-
sen as model therapies. The infected wound models were
treated with the antimicrobial wound dressings for 24 h.
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In both, S. aureus and P. aeruginosa infections, antimi-
crobial treatments resulted in a significant reduction in
microorganisms on the 3D skin wound models. In this
case, significance of the results is limited, as bacteria
were quantified in solution after a washing step, and bac-
teria that invaded into deeper layers, forming biofilm-like
structures that more strongly attach to the wound tissue,
would not be regarded. Nonetheless, histological assess-
ment corroborated a reduction in bacteria at the wound
margins. Moreover, the results could partially be verified
by fluorescence imaging, a quick and non-invasive
method for wound infection quantification. Bacteria pro-
duce different endogenous fluorophores, which can be
visualized by a hand-held fluorescence imaging device
when irradiated with violet light (405 nm). For instance,
S. aureus can be identified by the red fluorescence of por-
phyrins, natural by-products of bacterial heme produc-
tion. Cyan-fluorescent pyoverdines are fluorophores
specific to pseudomonads.'® Interestingly, experiments
with planktonic S. aureus, in contrast to clinical
wounds," did not yield a fluorescent signal (own, unpub-
lished data). This confirms the applicability of the present
wound infection model. In this study, the reduction for
S. aureus could be confirmed by the auto-fluorescence
images, while the intensity of the fluorescent signal for
P. aeruginosa remained high. Fluorescent signals from
bacteria may persist even after the bacteria themselves
have died.** Pyoverdines are essential for biofilm forma-
tion under iron starved conditions*® and may have been
overproduced here. However, further research needs to
be done to elicit the exact mechanism.

Antimicrobial effects of PHMB**"*? as well as of silver
containing wound dressings®** have been widely
reported. The cation PHMB interferes with the function
of negatively charged phospholipids in the bacterial
membranes leading to the loss of membrane integrity,
which leads to bacteria cell death.3® Moreover, it has
been shown that PHMB can enter bacteria cells and bind
to DNA hindering bacteria progeny.*> The positively
charged silver ions are also able to bind to and penetrate
the cell membrane. Interaction with bacterial thiol
groups results in inactivation of the respiratory enzymes,
inhibition of protein synthesis as well as arrest of bacte-
rial DNA replication.*® As IL-1a secretion after antimi-
crobial treatment was only reduced and not completely
inhibited, it is likely that treatment with the antimicro-
bial dressings only led to a decrease of the bacteria num-
bers, whereas the remaining bacteria and the by-products
of bacteria killing were able to trigger an inflammatory
reaction. Furthermore, treatment with the dressings
failed to completely prevent tissue damage from bacterial
invasion. In contrast, Reddersen et al. demonstrated a
protective effect of different antimicrobial substances on
skin infection models,"* though in their study the pre-
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infection time was shorter and the skin models were not
previously wounded. Compared to standard in vitro test
methods, the antimicrobial effect of the wound dressings
in this study appeared to be distinctly lower. For
instance, Wiegand et al. reported complete inactivation
of S. aureus in a co-culture model with HaCaT keratino-
cytes by the same type of PHMB wound dressing** and
showed effective killing of S. aureus and P. aeruginosa by
the silver-containing dressing in a standard contact test
method.*” However, these tests used only planktonic bac-
teria, which are more sensitive to antimicrobial agents.
The 3D skin wound models in this study were infected
with the microorganisms 24 h prior to antimicrobial
treatment, which allows for formation of biofilm-like
structures associated with higher antimicrobial tolerance.
The latter may very well more effectively mirror the clini-
cal situation. In accordance, the infection wound model
described in this study could close the gap between
in vitro test procedures and clinical testing.
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