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a b s t r a c t 

In the light of pandemic spreads of multi-drug-resistant micro-organisms, alternative antimicrobial strate- 

gies to the use of antibiotics are the focus of research attention. As a prerequisite for medical applica- 

tion, the aim of this study was to develop a three-dimensional full skin infection model to evaluate the 

bioactivity and biocompatibility of antiseptics in application-relevant concentrations. A three-dimensional 

(3D) full skin model consisting of collagen-embedded fibroblasts as dermis and a fully differentiated 

epidermis built from keratinocytes was infected with Staphylococcus aureus. Infected skin models were 

treated for 24 h with the antiseptics polihexanide, octenidine dihydrochloride, chlorhexidine digluconate 

and povidone-iodine. Infection resulted in detrimental effects, a strong immune response with increased 

secretion of lactate dehydrogenase and pro-inflammatory cytokines, and increased gene expression of 

pro-inflammatory cytokines and antimicrobial peptides after 24 h. Application of antiseptics protected 

the skin models from damage due to S. aureus infection while demonstrating good biocompatibility. The 

best ratio of bioactivity to biocompatibility was observed for polihexanide. Polihexanide also enhanced 

the innate immune response by increasing the gene expression levels of antimicrobial peptides such as 

human β-defensin 2, human β-defensin 3, psoriasin and ribonuclease 7. The developed model provides 

an excellent tool to investigate the response of human cells to microbial infections in a complex 3D struc- 

ture. Furthermore, the infection model is appropriate for evaluation of bioactivity and biocompatibility of 

antiseptics. As such, the model presented in this study is a promising approach to evaluate the mecha- 

nisms and effectiveness of new antimicrobial strategies. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Topical antiseptics play a key role in preventing nosocomial in-

ections as well as treating acute and chronic wounds [1] . However,

he evaluation of bioactivity and cell compatibility is often carried

ut in separate studies. On the one hand, antiseptic efficacy is

etermined with planktonic bacteria such as Staphylococcus aureus,

seudomonas aeruginosa, Escherichia coli, Streptococcus pneumoniae 

nd Clostridium perfringens [2] . On the other hand, biocompatibil-

ty is tested with monolayer cultures of keratinocytes, fibroblasts,

hyroid cancer cells and epithelial cells [3–7] . Only a few studies

ave combined the assessment of bioactivity and biocompatibility

f antiseptics, either in parallel [1,8,9] or in co-culture models

10] . There are further major limitations for testing antiseptics in
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wo-dimensional (2D) models, such as communication between

he cell and its matrix or adjacent cells and the interplay between

ifferent cell types are not accounted for when culturing cells in

wo dimensions [11] . Cells react more sensitively in 2D monolayers

ompared with complex 3D cell structures where cell-to-cell inter-

ctions between different cell types take place [12] . In accordance,

he concentration range for testing antiseptics in 2D models is

ignificantly lower than application-relevant amounts [3,5,7,8] . 

Cells and micro-organisms need to be investigated in more

omplex model systems to improve in-vitro to in-vivo extrapola-

ion of test results. A number of studies on microbial colonization

sing 3D epidermal models have been published to date. These

ommercially available or in-house epidermal models consist of

ifferentiated keratinocytes on an artificial membrane. The skin

odels provide the same specific conditions as human skin for

acteria to attach to the surface because of formation of a stratum

orneum [13] . Adhesion and colonization of S. aureus, P. aeruginosa,

taphylococcus epidermidis, Acinetobacter baumannii and Acinetobac- 

er junii have been studied using 3D epidermal models [13–16] .
rved. 
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Only a few of these studies combined microbial colonization of

the epidermal models with testing of antiseptic strategies. Mueller

et al. [14] used an in-house epidermal model to study the resid-

ual antimicrobial activity of chlorhexidine and octenidine against

S. aureus and P. aeruginosa after topical exposure for 15 min. De

Breij et al. [13] studied the eradication of A. baumannii from an in-

house epidermal model by chlorhexidine. However, none of these

studies employed different cell types that are present in human

skin. To reflect a more in-vivo-like situation, 3D full skin models

can be used. These models feature a dermal layer with fibroblasts

and an epidermal layer with differentiated keratinocytes. Full skin

models have been used to investigate the colonization of a variety

of micro-organisms: S. aureus, S. epidermidis, Propionibacterium ac-

nes and Malassezia furfur [17–20] . However, none of the approaches

to date have investigated the interaction of different skin cells, mi-

crobes and antiseptics in one in-vitro model. Little information is

currently available on the interaction of human skin cells in a com-

plex environment and antiseptics following bacterial infection. 

Therefore, the aim of this study was to develop a 3D full skin

model infected with S. aureus to generate a reliable tool to investi-

gate bioactivity and biocompatibility of antiseptics in application-

relevant concentrations. 

2. Material and methods 

2.1. Generation of 3D skin equivalents 

Three-dimensional skin models were cultured according to

Wiegand et al. [21] . Minor alterations were applied. Keratinocytes

were seeded at day 8, and models were cultured submersed for

10 days and air lifted for 10 days. Prior to the infection experi-

ments, the last two media changes were performed without gen-

tamicin. 

2.2. Preparation of the bacterial suspension 

S. aureus ATCC 6538 (DZMZ, Braunschweig, Germany) was incu-

bated on Columbia agar plates (biomérieux, Marcy l’Etoile, France)

overnight at 37 °C. Bacteria were suspended in tryptic soy broth

(Oxoid, Basingstoke, UK) and cultivated for 24 h at 37 °C under vig-

orous shaking. The bacterial suspension was washed twice in 0.9%

NaCl. The number of bacteria in the solution was determined by

serial dilution followed by plating on Columbia agar. After 24 h

of incubation at 37 °C, colonies were counted and microbial count

(in colony-forming units/mL) of the bacterial suspension was cal-

culated. 

2.3. Infection and antibacterial treatment of the 3D skin equivalents 

The 3D skin equivalents were infected with 5 μL of a 1 × 10 9 

colony-forming units/mL suspension of S. aureus . Five microlitres of

NaCl was added to non-infected control models. Microbial density

was determined in previous experiments (data not shown) to cause

significant damage to the skin models after 24 h of incubation. Af-

ter 1 h, the infected models were treated with the following anti-

septics: chlorhexidine digluconate 0.2% (CHX, Sigma, St Louis, MO,

USA), polihexanide 0.02% (PHMB, Fagron, Rotterdam, The Nether-

lands), octenidine dihydrochloride 0.01% (OCT, Schülke, Norderst-

edt, Germany) and povidone-iodine 1% (PVP-IOD, Mundipharma,

Cambridge, UK). Concentrations of the antiseptics in these studies

were chosen according to the range of clinical applications on skin.

Deionized water as antiseptic diluent, antiseptics without previ-

ous infection, and 1% SDS were included as controls. Sampling was

carried out 24 h after treatment. Supernatants were collected and

stored for analysis of cytokine levels at -20 °C until analysis. Skin

models were transferred to 4% formalin solution (Dr K. Hollborn &
öhne, Leipzig, Germany) for histology or used for RNA isolation to

nalyse gene expression. 

.4. Determination of antibacterial activity 

Microbial burden after incubation was determined by rins-

ng the skin models with 5 × 1 mL 0.2% Tween 20 (Carl Roth

mbH, Karlsruhe, Germany) in phosphate buffered saline (Carl

oth GmbH). The combined rinsing solutions were serially diluted

nd plated on Columbia agar (biomérieux). After 24 h of incuba-

ion at 37 °C, colonies were counted and the microbial burden of

he skin models was calculated. 

.5. Determination of cytotoxicity 

Cytotoxic effects of bacteria and antiseptics on the skin models

ere determined by measuring the activity of lactate dehydro-

enase (LDH) in the surrounding media using a cytotoxicity

etection kit (Roche, Basel, Switzerland). Due to cell damage

ollowing necrotic cell death, LDH is released to the medium.

he assay was run as recommended by the manufacturer. A plate

hotometer was used to measure optical density at 490 nm (PO-

ARstar Galaxy, BMG Labtech GmbH, Ortenberg, Germany). LDH

elease during infection and antibacterial treatment was expressed

n relation to the untreated skin model. 

.6. Determination of cytokine levels 

Cytokine production was quantified using human interleukin

IL)-6 (Mabtech, Stockholm, Sweden), IL-8 and IL-1 α (R&D Sys-

ems, Minneapolis, MN, USA) enzyme-linked immunosorbent assay

its according to the manufacturers’ instructions. Optical density

as measured using a plate reader (Fluostar Galaxy, BMG, Orten-

erg, Germany) operating at 450 nm with reference measurement

t 620 nm. IL concentrations were calculated according to a four-

arameter fit with lin-log coordinates for optical density (linear

cale) and concentration (logarithmic scale). 

.7. Determination of gene expression levels 

RNA was isolated after removal of the skin models from the

nserts using the Qiagen RNeasy Mini Purification Kit (Qiagen,

ilden, Germany). cDNA was obtained by conversion of 20 ng of

he isolated RNA using the High Capacity cDNA Reverse Transcrip-

ion Kit (Life Technologies, Waltham, MA, USA). Real-time poly-

erase chain reaction (PCR) was carried out using the KAPA SYBR

AST qPCR Kit (KAPABiosystems, Wilmington, MA, USA). For this,

00 nM of each primer and 2 × SYBR Green-Mix at a total sample

olume of 20 μL were run on the Rotor-Gene-Q (Qiagen). PCR prod-

cts were amplified with an initialization step at 95 °C for 180 s,

ollowed by 40 cycles of 95 °C for 5 s, 60 °C for 10 s, and 72 °C for

0 s. Expression analysis was based on the 2 −��Ct method [22] us-

ng β-actin as the housekeeping gene. Primer sequences are listed

n Table 1 . 

.8. Histological analysis 

After fixation in 4% formalin solution, samples were dehydrated

tepwise and embedded in paraffin blocks (Merck, Kenilworth, NJ,

SA) using standard histology protocols. Samples were sectioned

nto 4-μm-thick sections, mounted on glass slides, rehydrated, and

tained with haematoxylin and eosin (Merck) using an automated

lide stainer (Leica, Wetzlar, Germany). The stained sections were

maged and photographed using the Axio Scope A.1 (Carl Zeiss,

berkochen, Germany) coupled to the digital camera Color-View II

Soft Imaging Systems, Berlin, Germany). 
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Table 1 

Primer sequences used for real-time polymerase chain reaction. 

Gene name Primer sequence (5 ′ –> 3 ′ ) 

Forward primer Reverse primer 

Interleukin 6 CCA CCG GGA ACG AAA GAG 

AA 

GAG AAG GCA ACT GGA CCG AA 

Interleukin 8 ATG ACT TCC AAG CTG GCC GT TCC TTG GCA AAA CTG CAC CT 

Interleukin 1 α CGC CAA TGA CTC AGA GGA 

AGA 

AGG GCG TCA TTC AGG ATG AA 

Human β-defensin 2 CCA GCC ATC AGC CAT GAG 

GGT 

GGA GCC CTT TCT GAA TCC GCA 

Human β-defensin 3 AGC CTA GCA GCT ATG AGG 

ATC 

CTT CGG CAG CAT TTT GCG CCA 

Psoriasin (S100A7) GTC CAA ACA CAC ACA TCT 

CAC TC 

AGC AGG CTT GGC TTC TCA AT 

Interleukin 23a QT00204078 (Quiagen) 

Ribonuclease 7 QT00239463 (Quiagen) 

Toll-like receptor 2 QT00236131 (Quiagen) 

β-actin QT01680476 (Quiagen) 

Fig. 1. Histology of the infected and treated skin models and staining with haematoxylin and eosin. In contrast to the untreated control (a), incubation with the positive 

control SDS (b) and infection with Staphylococcus aureus (c) distinctly damaged the epidermal layers. After incubation of the untreated and the infected skin models with 

chlorhexidine digluconate (CHX), polihexanide (PHMB), octenidine dihydrochloride (OCT) and povidone-iodine (PVP-IOD), little influence on the structure of the skin models 

was observed (d–k). Only the antiseptic control of CHX revealed distinct structural damage of the epidermis (e). Original magnification x200. 

2

 

m  

c  

(  

±  

S  

o  

M  

e

3

 

3  

l  

s  

s  

a  

c  

S  

A  

P  

t  

t  

(

 

e  

R  

u  

b  
.9. Statistics 

Experiments were performed in triplicate, and each sample was

easured in four replicates. Evaluation was performed using Ex-

el 2010 (Microsoft Corp., Redmond, WA, USA) and OriginLab 9.0

OriginLab Corp., Northampton, MA, USA). Data are given as mean

standard deviation. Statistical analyses were undertaken using

PSS Version 24 (IBM Corp., Armonk, NY, USA). Determination

f statistical significance was calculated using the non-parametric

ann–Whitney U-test with P ≤0.05, P ≤0.01 and P ≤0.001 consid-

red to indicate significance. 

. Results 

The histological structure of the haematoxylin-eosin coloured

D skin models is shown in Fig. 1 . Besides the dermis with fibrob-
asts embedded in collagen, a fully differentiated epidermis con-

isting of keratinocytes is visible. In the epidermis, different layers

uch as the stratum basale, stratum spinosum, stratum granulosum

nd stratum corneum can be distinguished. Twenty-four-hour in-

ubation of the skin models with the positive controls SDS and

. aureus exerted detrimental effects on the epidermis ( Fig. 1 b,c).

fter incubation of the untreated and infected skin models with

HMB, CHX, OCT and PVP-IOD, little influence on the structure of

he skin models was observed ( Fig. 1 d–k). Only the antiseptic con-

rol of CHX revealed distinct structural damage of the epidermis

 Fig. 1 e). 

Antimicrobial treatment of the S. aureus infected skin mod-

ls revealed excellent bioactivity of all tested antiseptics ( Fig. 2 ).

eduction of the microbial burden after 24 h exceeded 3 log

nits for all compounds used in this study. The highest antimicro-

ial effects were observed for CHX, followed by PHMB, PVP-IOD
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Fig. 2. All tested antiseptics exhibited high antimicrobial activity reducing Staphylococcus aureus counts after 24 h of treatment. The bacterial burden was calculated by 

plating serial dilutions of the rinsing solution on Columbia agar and compared with the untreated infected control. Differences between the antiseptics were not statistically 

significant. Data presented are mean LOG-reduction ± standard error ( n = 3). CHX, chlorhexidine digluconate; PHMB, polyhexanide; OCT, octenidine dihydrochloride; PVP-IOD, 

povidone-iodine. 
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was observed. 
and OCT. Differences between the antiseptics were not statistically

significant. 

A strong cytotoxic effect was observed 24 h after infection of

the 3D skin models with S. aureus ( Fig. 3 ). The leakage of the cy-

totoxicity marker LDH into the culture medium was comparable

to the impact of the positive control SDS. After 24 h of treatment

of the infected models with antiseptics, LDH levels were signifi-

cant lower with PHMB, OCT and PVP-IOD compared with the in-

fected model. PHMB, OCT and PVP-IOD did not cause an increase

in LDH release on their own. Incubation of the infected and un-

infected models with CHX resulted in the highest cytotoxic effects

compared with the other antiseptics. 

Infection of the skin model with S. aureus resulted in a dis-

tinct inflammatory response after 24 h, with elevated secretion

and gene expression levels of IL-6, IL-8, IL-1 α and IL-23 α ( Figs. 4

and 5 ) compared with the untreated control. The inflammatory re-

sponse was comparable to the impact of SDS as a positive control.

Treatment of the infected models with antiseptics reduced the se-

cretion of pro-inflammatory cytokines. In particular for PHMB, the

secretion of IL-6, IL-8 and IL-1 α was significantly lower than in the

infected control ( Fig. 4 a,c,e). Similar results were obtained for the

relative gene expression levels of IL-6, IL-8 and IL-23 α ( Fig. 4 b,d,

Fig. 5 a). For CHX, IL-1 α exhibited a significantly decreased secre-

tion level compared with the infected control ( Fig. 4 e). IL-6 and IL-

8 secretion levels were still elevated due to cytotoxic effects of CHX

as demonstrated in the antiseptic’s uninfected control ( Fig. 4 a, c).

However, incubation with CHX reduced the gene expression levels

in comparison with the infected control for IL-6, IL-8 and IL-23 α
( Fig. 4 b,d, Fig. 5 a). Incubation of the infected models with OCT re-

duced the secretion of IL-1 α significantly ( Fig. 4 e). No reduction

of IL-6 or IL-8 secretion was observed ( Fig. 4 a,c). The gene expres-
ion levels after treatment of the infected models with OCT were

ignificantly reduced for IL-6, IL-8 and IL-23 α ( Fig. 4 b,d, Fig. 5 a).

VP-IOD treatment of the infected models reduced the secretion

f IL-6 and IL-1 α significantly, but did not reduce the secretion of

L-8 ( Fig. 4 a,c,e). Gene expression levels of the pro-inflammatory

ytokines after treatment with PVP-IOD were significantly reduced

or IL-23 α ( Fig. 5 a). 

The expression levels of genes associated with innate immune

efence were analysed by real-time PCR, in particular Toll-like re-

eptor 2 (TLR2), β-defensin 3 (DEFB3-1), β-defensin 2 (DEFB2-2),

ibonuclease 7 (RNAse7) and psoriasin (S100A7). Infection of the

D skin models with S. aureus increased the levels of TLR2 and

NAse7 after 24 h ( Fig. 5 b,f) and decreased S100A7 expression sig-

ificantly ( Fig. 5 e) Expression levels of DEFB3-1 and DEFB2-2 were

ot altered during infection with S. aureus ( Fig. 5 c,d). 

Innate immune defence responses of the infected skin mod-

ls were found to be increased after treatment with PHMB and

VP-IOD. The effect was most pronounced for treatment of the in-

ected model with PHMB, where gene expression levels of DEFB2-

, DEFB3-1, S100A7 and RNAse 7 were significantly increased com-

ared with the infected model, the PHMB uninfected control and

he untreated control, respectively ( Fig. 5 c–f). Gene expression lev-

ls were increased more than two-fold. For the PHMB uninfected

ontrol, this effect was not visible compared with the untreated

ontrol. Treatment of the infected skin model with PVP-IOD re-

ulted in a significant increase in the gene expression levels of

uman DEFB3-1 and RNAse 7 compared with the uninfected, in-

ected and antiseptic controls ( Fig. 5 c). For CHX and OCT, no signif-

cant increase in expression levels of genes associated with innate

mmune defence after treatment of infected or uninfected models
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Fig. 3. A significant toxic effect after 24 h of incubation with Staphylococcus aureus was observed by excretion of the toxicity marker lactate dehydrogenase (LDH). Incubation 

with the antiseptics polihexanide (PHMB), octenidine dihydrochloride (OCT) and povidone-iodine (PVP-IOD) after infection reduced this toxic effect significantly. Incubation 

of the infected and uninfected models with chlorhexidine digluconate (CHX) displayed significant cytotoxic effects. PHMB, OCT and PVP-IOD did not cause elevation of LDH 

release in the uninfected controls. 
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. Discussion 

Application of topical antiseptics is an important aspect in

reating infected acute or chronic wounds and preventing noso-

omial infections, especially considering the increasing number of

trains resistant to antibiotics (e.g. meticillin-resistant S. aureus ).

or application of antiseptics, evaluation of tissue compatibility

nd bioactivity against a number of microbes is a prerequisite. Test

ystems such as 2D cell cultures or planktonic microbes do not re-

ect the complex interactions between different cell types in hu-

an skin and microbes during infection. The development of artifi-

ial 3D skin models is a reasonable way to bridge the gap between

nimal models and cellular monolayers. In this study, an artificial

D full skin model infected with S. aureus was developed for eval-

ation of bioactivity and biocompatibility of antiseptics. 

S. aureus, a widespread Gram-positive pathogen, is the most

ommon cause of cutaneous and systemic infections. It may tran-

iently colonize the anterior nares in 20–40% of healthy individuals

23] . Due to its growing resistance to various antibiotics, it is an

ncreasing challenge [24] . In the present study, infection of the 3D

kin model with S. aureus resulted in distinct detrimental effects.

he structure of the dermis was broken up, and secretion of the cy-

otoxicity marker LDH was enhanced significantly compared with

he untreated control. Twenty-four hours after infection, a signif-

cant increase in secretion of pro-inflammatory cytokines was ob-
erved. Cytokines are small soluble proteins with growth, differ-

ntiation and activation functions that act as key modulators of

cute and chronic inflammation via a complex cascade of inter-

ctions [25] . Cytokines are secreted by a number of cells such as

acrophages, monocytes, T cells, mast cells, natural killer cells, en-

othelial cells, keratinocytes and fibroblasts. 

Infection of the 3D skin model with S. aureus increased secre-

ion of the cytokines IL-6, IL-8 and IL-1 α, which is in accordance

ith S. aureus infection studies on HaCaT keratinocytes [10] , epi-

ermal models [15] and full skin models [26] . The results of cy-

okine secretion were mirrored in the gene expression analysis.

he gene expression level of the pro-inflammatory cytokine IL-

3 α was enhanced significantly after infection, which was also ob-

erved by Holland et al. [27] . The pro-inflammatory cytokine IL-

3 α is involved in activation of IL-17-producing cells such as T

ells, mast cells and neutrophils. IL-17 is a key cytokine in defence

gainst S. aureus [28] . 

The antimicrobial innate immune defence is associated with

pregulation of pattern recognition receptors such as TLR2 for de-

ection of bacterial lipopeptides. Keratinocytes acting as a physi-

al barrier of the skin and as mediators of the immune system

re the major source of antimicrobial peptides (AMPs) such as

EFB2-2, DEFB3-1, S100A7 and RNAse7. AMPs are small, commonly

ationic proteins with direct bacteriostatic or bactericidal activ-

ty against bacteria such as S. aureus [29] , which are synthesized
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Fig. 4. Secretion (a,c,e) and relative gene expression levels (b,d,f) of the cytokines IL-6, IL-8 and IL-1 α revealed significant damage of the skin models after 24 h of incubation 

with Staphylococcus aureus. Treatment with the tested antiseptics after infection reduced the damage caused by S. aureus significantly . Secretion was measured by enzyme- 

linked immunosorbent assay, and the relative gene expression levels compared with the non-treated control were determined by real-time polymerase chain reaction. 

Asterisks indicate significant deviations from the respective control: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. CHX, chlorhexidine digluconate; PHMB, polyhexanide; OCT, octenidine 

dihydrochloride; PVP-IOD, povidone-iodine. 
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by keratinocytes, epithelial cells of the eccrine glands, sebocytes

and mast cells [30] . Production of AMPs is stimulated through TLR

signalling. In the authors’ studies, the gene expression of TLR2

and RNAse7 was significantly upregulated after S. aureus infection,

S100A7 expression was downregulated, and no difference was ob-

served in DEFB2-2 and DEFB3-1 expression compared with the

untreated control. Previous studies on S. aureus infection of full

skin models and skin explants also demonstrated increased gene

expression or secretion of TLR2 and RNAse7 [26,27,31] . RNAse7
s an AMP with a broad antimicrobial spectrum, and one of the

ajor AMPs involved in cutaneous S. aureus defence [31] . In the

resent study, no increase in gene expression of DEFB2-2 and

EFB3-1 was observed after S. aureus infection. These findings con-

rast with previously published data, where gene expression of

EFB2-2 and DEFB3-1 after S. aureus infection was found to be up-

egulated in vitro using keratinocyte monolayers [32,33] , full skin

odels [26] and testing patients infected with S. aureus in vivo

34] . 
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Fig. 5. Relative gene expression levels of the pro-inflammatory cytokine IL-23a and Toll-like receptor 2 (TLR2) demonstrated significant damage of the skin models 24 h after 

infection with Staphylococcus aureus. Treatment of the infected three-dimensional skin models with the antiseptics decreased the detrimental effects caused by Staphylococcus 

aureus significantly . No or little increase in the gene expression level of the antimicrobial peptides human β-defensin 3 (DEFB3-1), human β-defensin 2 (DEFB2-2), psoriasin 

(S100A7) and ribonuclease 7 (RNAse7) after infection was observed. The antiseptics augmented immune responses of the infected skin models significantly. The relative 

gene expression levels compared with the non-treated control were determined by real-time polymerase chain reaction. Asterisks indicate significant deviations from the 

respective control: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. CHX, chlorhexidine digluconate; PHMB, polyhexanide; OCT, octenidine dihydrochloride; PVP-IOD, povidone-iodine. 
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This study demonstrated strong bioactivity of the antiseptics

HMB, CHX, OCT and PVP-IOD in the infected 3D skin models,

nd good biocompatibility of PHMB, PVP-IOD and OCT in the un-

nfected models at application-relevant concentrations. Cytotoxic 

amages were only observed for CHX. Due to its cytotoxic effects,

he risks of anaphylactic reactions and the progressive develop-

ent of resistant microbes, CHX has now generally been replaced

n wound treatment [35] . The highest bioactivity in combination
ith the best biocompatibility was observed for PHMB. This is in

ccordance with Hirsch et al. [1] . Mueller and Kramer [9] defined

he biocompatibility index of a number of antiseptics by measuring

he antibacterial activity against Escherichia coli and S. aureus and,

n parallel, the cytotoxicity on cultured murine fibroblasts after in-

ubation for 30 min. They stated a rank order for biocompatibility

f OCT > PHMB > CHX > PVP-IOD, with OCT and PHMB yielding bio-

ompatibility index values > 1 meaning that these substances are
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more toxic to the tested micro-organisms than the murine fibrob-

lasts [15] . 

Application of the tested antiseptics to the infected 3D skin

models prevented the strong damage that was observed 24 h after

S. aureus infection in the skin models without treatment. LDH se-

cretion of the antiseptic-treated infected models was significantly

lower than in the infected model and comparable to the unin-

fected controls. Secretion of the pro-inflammatory cytokine IL-1 α
was also significantly lower after application of the four tested an-

tiseptics. For IL-6 secretion, this effect was observed for PHMB and

PVP-IOD, and for IL-8 secretion, it was observed for PHMB alone.

Gene expression levels of IL-6, IL-8 and IL-23 α indicated a simi-

lar reaction. For IL-1 α, significant differences in cytokine secretion

between the infected model and the antiseptic-treated infected

model were observed, but no significant differences were seen in

IL-1 α gene expression. The biologically active IL-1 α is stored in

keratinocytes, and is one of the important proteins that are re-

leased in the early stage of immune response to microbial attack

[29] . Hence, differences in significance between IL-1 α secretion

and gene expression can be explained by the timeline of the im-

mune response, revealing that IL-1 α is quickly released upon in-

fection. This cytokine release can be prevented by application of

antiseptics. 

Surprisingly, application of PHMB to the S. aureus -infected 3D

skin models improved the innate immune reactivity of the model,

and gene expression levels of DEFB2-2, DEFB3-1, S100A7 and

RNAse7 were significantly upregulated. To the authors’ knowledge,

this is the first study to report such an effect. Addition of PHMB to

the uninfected models did not evoke such a response. A possible

explanation for this observation is the destruction of the microbial

cells by PHMB, and subsequent presentation of an increased num-

ber of microbial recognition sites to the human cells, leading to an

augmented innate immune response of the skin model. Due to the

structural similarities to AMPs, PHMB can incorporate into bacte-

rial cell membranes and kill bacteria by permeabilizing the bacte-

rial membrane and inducing cell lysis [36] . An increased immune

response of the human cells was not observed after application of

CHX, OCT or PVP-IOD to the infected 3D skin model. However, the

observations are in accordance with in-vitro [3,4,37] and in-vivo

studies [38,39] that show improved wound healing after treatment

with PHMB. Hence, PHMB is the recommended antiseptic for treat-

ing critically colonized wounds and burns, and for decontamina-

tion of chronic wounds [35] . 

5. Conclusions 

This study demonstrates the suitability of the developed S.

aureus -infected artificial skin model as a tool to investigate the im-

mune response of human cells in a complex 3D structure to mi-

crobial infections. It is also appropriate for evaluating the bioactiv-

ity and biocompatibility of antiseptics. The reproducible structure

with low sample-to-sample variation is advantageous compared

with other test systems like ex-vivo models or animal testing. Us-

ing the S. aureus -infected artificial skin model, it could be shown

that the detrimental effects caused by S. aureus infection can be

prevented by antiseptic treatment. Moreover, the biocompatibil-

ity of application-relevant concentrations of antiseptics could be

demonstrated here. Hence, the developed infection model provides

a promising tool to evaluate new targets for antimicrobial strate-

gies due to improved in-vitro to in-vivo extrapolation capability of

the test results. 
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