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A B S T R A C T   

Approximately 80 % of persistent wound infections are affected by the presence of bacterial biofilms, resulting in 
a severe clinical challenge associated with prolonged healing periods, increased morbidity, and high healthcare 
costs. Unfortunately, in vitro models for wound infection research almost exclusively focus on early infection 
stages with planktonic bacteria. In this study, we present a new approach to emulate biofilm-infected human 
wounds by three-dimensional human in vitro systems. For this purpose, a matured biofilm consisting of the 
clinical key wound pathogen Pseudomonas aeruginosa was pre-cultivated on electrospun scaffolds allowing for 
non-destructive transfer of the matured biofilm to human in vitro wound models. We infected tissue-engineered 
human in vitro skin models as well as ex vivo human skin explants with the biofilm and analyzed structural tissue 
characteristics, biofilm growth behavior, and biofilm-tissue interactions. The structural development of biofilms 
in close proximity to the tissue, resulting in high bacterial burden and in vivo-like morphology, confirmed a 
manifest wound infection on all tested wound models, validating their applicability for general investigations of 
biofilm growth and structure. The extent of bacterial colonization of the wound bed, as well as the subsequent 
changes in molecular composition of skin tissue, were inherently linked to the characteristics of the underlying 
wound models including their viability and origin. Notably, the immune response observed in viable ex vivo and 
in vitro models was consistent with previous in vivo reports. While ex vivo models offered greater complexity and 
closer similarity to the in vivo conditions, in vitro models consistently demonstrated higher reproducibility. As a 
consequence, when focusing on direct biofilm-skin interactions, the viability of the wound models as well as their 
advantages and limitations should be aligned to the particular research question of future studies. Altogether, the 
novel model allows for a systematic investigation of host-pathogen interactions of bacterial biofilms and human 
wound tissue, also paving the way for development and predictive testing of novel therapeutics to combat 
biofilm-infected wounds.   

1. Introduction 

Impaired wound healing represents a major burden for today’s 
healthcare system, as it not only significantly decreases the patients’ 
quality of life but also has a high socio-economic impact [1]. Even 
worse, approximately 80 % of such wounds are affected by bacterial 
biofilms according to a meta-analysis of clinical studies [2]. Bacterial 
biofilms are characterized as persistent, structurally organized clusters 
of bacteria in a matrix, forming a protective shield against the host’s 
immune defense mechanisms and fostering antimicrobial resistance [3]. 
Biofilm models cultivated in vitro on artificial surfaces have successfully 
been used to gain a molecular and mechanistic understanding of biofilm 

formation and maturation [4]. However, to understand interactions of 
biofilm and biological tissue for the development and testing of effective 
therapeutics against wound infections, both components, the biofilm 
and the tissue, need to be represented in a suitable model. 

In vivo animal models are frequently used, with mice being the pre-
dominant species, accounting for over 70 % of the total usage in Ger-
many [5,6]. However, particularly in wound infection studies, the 
translatability of murine models to the human in vivo situation is limited 
due to differences in immune response and anatomy of the skin itself [7, 
8]. Further, the contraction of mouse skin upon wounding caused by an 
additional muscle layer in rodent skin (panniculus carnosus) poses 
another problem. Additional major disadvantages comprise high costs 
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and lacking standardization of experimental set-ups [9,10]. Against this 
background, the development of alternative human-based bio-
film-infected wound models is of particular importance. 

In general, in vitro wound models range from two-dimensional cell 
monolayers over three-dimensional tissue-engineered human skin 
models to human skin explants (ex vivo models) [11,12]. While cell 
monolayers offer a simple method for basic research purposes, the 
pathophysiology and microenvironment of human skin in vivo is not 
accurately reflected, since bacterial invasion and interaction with 
different cell types or the extracellular matrix cannot be mimicked [13]. 
Three dimensional models containing all layers of the native epidermis 
and dermis represent a more sophisticated approach. Briefly, they are 
generated by culturing dermal fibroblasts in a matrix in combination 
with primary keratinocytes at the air-liquid interface. Several providers 
offer commercially available human skin models, allowing for stan-
dardization across different laboratories [13]. Still, other features of the 
skin including immune cells or hair follicles are usually missing. Full 
human skin explants depict more native conditions, as they include all 
cellular elements and their interactions [9]. 

Different approaches for mimicking infected wounds with bacterial 
biofilms in vitro, either with tissue-engineered human in vitro skin 
models or ex vivo human skin biopsies, are reported in literature 
[14–16]. The co-cultivation of such in vitro human skin tissue models 
with bacteria is generally challenging, as cultivation media provide an 
excessive nutrition source for bacteria further promoting their expo-
nential replication kinetics. This results in overgrowth of the skin tissue 
by bacteria as well as toxic effects on the cells, significantly reducing 
their viability [17]. As a bacterial biofilm requires up to several days for 
maturation, direct inoculation of skin tissue with bacteria and subse-
quent biofilm formation and maturation in direct co-culture (as per-
formed in animal models) is impossible [18]. Nevertheless, this method 
is still used in in vitro studies for extremely limited cultivation periods 
without complete biofilm maturation [19–21]. Other approaches 
involve the separate cultivation of skin tissue and bacteria until biofilm 
maturation. As translocation of an intact biofilm cultivated in traditional 
model systems is impossible due to insufficient mechanical stability, 
biofilm fragments are transferred to the skin tissue [22]. However, as the 
complex biofilm architecture including the protective matrix signifi-
cantly contributes to the overall properties of the biofilm and its resis-
tance to antibiotics, such models unfortunately lack predictability for 
the situation in the human body, especially for testing of novel antibi-
otics. To overcome this issue, a biofilm model based on a 
three-dimensional fiber matrix was successfully developed, for the first 
time enabling the non-destructive transfer of a mature biofilm to tissue 
models [23]. 

Altogether, the number of studies conducted on in vitro models of 
biofilm-infected wounds is scarce and generally of limited predictability. 
In order to identify an appropriate model for future basic or translational 
studies in this research field, it is crucial to investigate which aspects of 
the biofilm-host interactions can be assessed with the different tissue 
models, the degree of comparability of the results and their trans-
latability to the human in vivo situation. For addressing this knowledge 
gap, we infected human in vitro and ex vivo wound models with intact, 
matured P. aeruginosa biofilms and investigated them regarding 
morphology, host-pathogen interactions and the response of the wound 
models to biofilm infection. 

2. Materials and methods 

2.1. Materials 

EpidermFT™ human in vitro skin models (antibiotic-free and 
antifungal-free media) were supplied by MatTek In Vitro Life Sciences 
Laboratories, s.r.o. (Bratislava, Slovak Republic). Gelatin (from porcine 
skin, 300 Bloom, type A), cellulose acetate (CA, Mn 30.000), and fetal 
calf serum (FCS) were purchased from Sigma-Aldrich (Steinheim, 

Germany). Glacial acetic acid 100 % and chloroform >99,8 % were 
obtained from VWR International GmbH (Darmstadt, Germany). Dul-
becco’s modified Eagle medium (DMEM), nutrient agar, Maxima H 
Minus First Strand cDNA Synthesis Kit, and Pseudomonas aeruginosa 
(P. aeruginosa, ATCC 27853) were purchased from Thermo Fisher Sci-
entific GmbH (Dreieich, Germany). Dulbecco’s phosphate-buffered sa-
line (PBS) was supplied by Biowest (Nuaillé, France). Formaldehyde 
methanol-free 30 %, xylol >97 %, paraffin (Paraplast®), ethanol 
>99,8 %, eosin G 0.5 %, and hematoxylin solution according to Mayer 
were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). 
Tri-Reagent was obtained by BIOZOL Diagnostica Vertrieb GmbH 
(Eching, Germany). Direct-zol™ RNA MiniPrep Plus Kit including DNase 
I Set was supplied by Zymo Research Europe GmbH (Freiburg, Germany) 
and PowerUp™ SYBR™ Green Master Mix was purchased from Applied 
Biosystems Deutschland GmbH (Darmstadt, Germany). 

2.2. Preparation of human ex vivo and in vitro wound models 

For the ex vivo models, human skin tissue was obtained from 
Caucasian adults, undergoing reduction surgery (Clinic for plastic and 
aesthetic surgery, reconstructive and hand surgery, Agaplesion Markus 
Krankenhaus, Frankfurt, Germany). The present study was approved by 
the local ethics committee (ethics commission of the state medical 
chamber, Hessen, 2020-1899-AF) and all skin donors gave their written 
informed consent. Skin explants were further processed within approx-
imately 2 h after excision. Briefly, after removal of the subcutaneous 
fatty tissue, the skin tissue was either frozen at − 21 ◦C for a minimum of 
2 days, representing the status “non-viable ex vivo models” or immedi-
ately further processed for tissue culture to maintain viability, delin-
eating the “viable ex vivo models” investigation group. To assure 
reproducible wounding conditions, the skin was stretched using an in- 
house developed device (Fig. S1) and full-thickness wounds were 
created by taking a standardized punch biopsy of 3 mm diameter. 
Subsequently, round-shaped 12 mm tissue punch samples comprising 
the wound surrounded by intact skin were transferred to sterile gauze 
soaked with DMEM +10 % FCS within a 12-well plate to allow for air- 
liquid cultivation and incubated overnight at 37 ◦C and 5 % CO2. All 
experiments with ex vivo wound models (non-viable/viable) were con-
ducted in triplicate with three different donors. 

Commercially available in vitro skin models (EpidermFT™) were 
wounded according to the manufacturer’s protocol [24]. Similar to the 
ex vivo models, wounds were created with a sterile 3 mm biopsy punch 
and wounded samples were incubated overnight at 37 ◦C and 5 % CO2 in 
antibiotic-free and antifungal-free maintenance medium, provided by 
the manufacturer. 

2.3. Preparation of biofilms and biofilm-infected wounds 

Mature biofilms of P. aeruginosa were prepared as previously 
described [23]. Briefly, electrospun fiber scaffolds, equally composed of 
cellulose acetate and gelatin, were fabricated via blend electrospinning 
of a homogenous solution of both polymers in 90 % acetic acid. Process 
parameters for fabrication were selected according to the aforemen-
tioned publication. The electrospun scaffolds were subsequently inocu-
lated with P. aeruginosa and cultivated on modified nutrient agar plates, 
containing 20 % FCS, at 37 ◦C. After 48 h cultivation, mature biofilms 
were used for further experiments. For wound infection, 3 mm punch 
biopsies of the mature biofilms were transferred onto the wound bed of 
the ex vivo and in vitro wound models. The infected wound models were 
incubated at 37 ◦C and 5 % CO2 until further analysis. 

2.4. Histology 

Histological analysis of infected ex vivo wound models (non-viable/ 
viable) was performed after 3, 6, 10, 24, and 48 h while the infected in 
vitro wound models were assessed after 3, 10, and 24 h. In parallel, 
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samples of uninfected, wounded models of each skin tissue condition 
were taken as controls and processed accordingly. Each tissue sample 
was fixed with 4 % phosphate-buffered formaldehyde solution for 6 h at 
room temperature. Afterwards, dehydration with an ascending ethanol 
series, clearing with xylol, and embedding in paraffin were performed, 
followed by the preparation of tissue cross sections measuring 5 μm in 
thickness using a rotary microtome (Cut 6062, SLEE medical GmbH, 
Nieder-Olm, Germany). In the next step, tissue sections were stained 
with hematoxylin according to Mayer and eosin G, following the man-
ufacturer’s protocol. Single micrographs were acquired with the bright 
field mode of a confocal laser scanning microscope (LSM 900, Carl Zeiss 
Microscopy GmbH, Jena, Germany) with the Axiocam 506 color camera 
(Carl Zeiss Microscopy GmbH, Jena, Germany) and a 10× objective 
(numeric aperture: 0.45, Plan-Apochromat, Carl Zeiss Microscopy 
GmbH, Jena, Germany). Subsequently, micrographs were stitched using 
corresponding Zeiss Zen blue software. Three samples were assessed for 
each condition to ensure accuracy and reliability of the results. 

2.5. Raman spectroscopy 

Label-free analysis of the biofilm infected ex vivo as well as in vitro 
skin tissues and uninfected controls was performed by recording Raman 
spectra at 24 h of cultivation based on the identical paraffin-embedded 
wound tissue samples as used for histological analysis. Tissue cross 
sections measuring 24 μm in thickness were mounted onto CaF2 glass 
slides followed by a deparaffinization step using a descending xylol/ 
ethanol series. The dry samples were analyzed using a WITec alpha 
300R+ microscope (WITec GmbH, Ulm, Germany) coupled with a 532 
nm diode laser, which was adjusted to a power of 3.0 mW in front of the 
objective (50×, numeric aperture: 0.8, EC Epiplan-Neofluar, Carl Zeiss 
Microscopy GmbH, Jena, Germany). Raman spectra of the dermis and 
the epidermis of infected and uninfected wounded models were recor-
ded with an integration time of 0.5 s and 10 accumulations and a 
spectral resolution of 4 cm− 1 in a range of 400–3700 cm− 1. Background 
subtraction of the spectra was performed using WITec Project Plus 
software (WITec GmbH, Ulm, Germany), the subsequent preprocessing 
(normalization and cosmic ray removal) as well as the multivariate data 
analysis were conducted in MATLAB (Version R2023a, MathWorks, 
USA). 

2.6. Quantification of colony forming units (CFUs) 

To determine the colony forming units (CFUs) of P. aeruginosa, punch 
biopsies with a diameter of 6 mm were taken from the infected ex vivo 
wound models after 3, 6, 10, 24, and 48 h of incubation, and from 
infected in vitro wound models after 3, 10, and 24 h of incubation. The 
samples included the entire biofilm-infected wounds and surrounding 
tissue. The skin samples were placed in centrifuge tubes filled with 
zirconia beads (1.4–1.6 mm) and homogenized with a bead mill ho-
mogenizer (Bead Mill MAX, VWR International GmbH, Darmstadt, 
Germany). Aggregates of bacteria were disrupted with sonication for 2 
min to obtain a single cell suspension of P. aeruginosa. Subsequently, 
serial 10-fold dilutions were prepared with sterile PBS and plated on 
nutrient agar plates. Visible colonies were counted after 24 h incubation 
at 37 ◦C. The experiments were performed in triplicate. 

2.7. Scanning electron microscopy (SEM) 

For visualization of the biofilm morphology and the host-pathogen 
interface as represented by the wound bed after biofilm removal, sam-
ples of infected viable and non-viable ex vivo wound models were 
collected and fixed as described above. After dehydration using an 
ascending ethanol series, tissues were divided in half and biofilms were 
detached from one section to reveal the infected wound bed. Following 
complete ethanol removal by critical point drying (Leica EM CPD300 
Automated Critical Point Dryer, Leica Mikrosysteme GmbH, Vienna, 

Austria), the samples were mounted on carbon tapes and sputter-coated 
with gold/palladium (80 %/20 %) for 3 min (SC7620, Quantum Design 
GmbH, Darmstadt, Germany). Micrographs were acquired at a magni-
fication of 2,000× and an acceleration voltage of 8 kV using a scanning 
electron microscope (EVO 10, Carl Zeiss Microscopy GmbH, Jena, Ger-
many) at room temperature. 

2.8. Analysis of cytokine gene expression 

For determining the gene expression of the selected cytokines and 
chemokines IL-1β, IL-6, IL-8, and TNFα via RT-qPCR, 3 mm biopsy 
punches of the infected wounds were obtained from viable ex vivo 
models after 3, 6, 10, and 24 h and from in vitro models after 3, 10, and 
24 h. As controls, samples of uninfected wound models were taken at the 
mentioned time points, accordingly. Immediately after collection, the 
tissue pieces were snap-frozen in liquid nitrogen and stored at − 80 ◦C 
until further processing. Prior to RNA isolation, samples were placed in 
Tri-Reagent and homogenized with zirconia beads (2.8 mm) using a 
bead mill homogenizer (Bead Mill MAX, VWR International GmbH, 
Darmstadt, Germany). Furthermore, samples were washed with chlo-
roform to optimize RNA yield and purity [25]. Total RNA was isolated 
using the Direct-zol™ RNA MiniPrep Plus Kit, following the manufac-
turer’s instructions. To impede contamination with genomic DNA, 
digestion with DNase was also performed. The final RNA concentration 
was determined using the NanoQuant plate in combination with a 
microplate reader (Spark multimode microplate reader, Tecan, 
Männerdorf, Switzerland). RNA was stored at − 80 ◦C until cDNA syn-
thesis, where 100 ng RNA was transcribed using the Maxima H Minus 
First Strand cDNA Synthesis Kit. Notably, solely oligo (dT)18 primers 
were applied in order to exclusively transcript eucaryotic mRNA and 
avoid bacteria-derived cDNA production. cDNA was quantified as 
already described for total RNA and stored at − 80 ◦C. RT-qPCR exper-
iments were performed with the PowerUp™ SYBR™ Green Master Mix, 
according to the manufacturer’s protocol, on a Real-Time PCR System 
(StepOnePlus, Applied Biosystems Deutschland GmbH, Darmstadt, 
Germany). The applied gene-specific primer sequences are listed in 
Table 1 (generated with primer-blast, National Center for Biotechnology 
Information, NCBI). Relative gene expression was assessed by normal-
izing to GAPDH, relating the Ct values to the corresponding uninfected 
control and determining fold changes according the 2–ΔΔCt method 
described by Livak and Schmittgen [26]. For each infected wound 
condition and time point, three samples were assessed. 

2.9. Statistical analysis 

CFU data is shown as mean ± standard deviation, calculated with 
Microsoft Office Excel. For RT-qPCR data, error bars were calculated 
according to Livak and Schmittgen [26] and statistical analyses were 
carried out based on ΔCt values. Two-tailed unpaired student-T tests 
were performed using Microsoft Office Excel for all statistical evalua-
tions. The results were considered statistically significant when p < 0.05 
(*p < 0.05, **p < 0.01, ***p < 0.001). 

Table 1 
Primers for RT-qPCR.  

PRIMER SEQUENCE (5’→ 3′) 

GAPDH forward: CGGGAAGCTTGTCATCAATGG 
reverse: GGCAGTGATGGCATGGACTG 

IL-1В forward: AGCTACGAATCTCCGACCAC, 
reverse: CGTTATCCCATGTGTCGAAGAA 

IL-6 forward: ACTCACCTCTTCAGAACGAATTG 
reverse: CCATCTTTGGAAGGTTCAGGTTG 

IL-8 forward: GAGAGTGATTGAGAGTGGACCAC 
reverse: CACAACCCTCTGCACCCAGTTT 

TNFА forward: CCTCTCTCTAATCAGCCCTCTG 
reverse: GAGGACCTGGGAGTAGATGAG  
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3. Results 

3.1. Histological characterization of biofilm-infected 3D wound models 

After inoculation with mature P. aeruginosa biofilms, non-viable and 
viable ex vivo as well as viable in vitro models and their respective 
controls were subjected to histological characterization based on he-
matoxylin and eosin staining with particular focus on structural 
appearance and host-pathogen contact after biofilm infection. The im-
ages presented in Fig. 1 are representative for three samples analyzed for 
each condition. 

To assure adequate tissue integrity before biofilm infection, unin-
fected tissue samples of all three wound model types were analyzed 
regarding their three-dimensional morphological appearance and 
structural intactness. In all three wound models, well-defined epidermal 
and dermal layers were observed. Furthermore, no signs of cell defor-
mation or tissue disruption due to the freeze-thawing process were 
detected in the non-viable ex vivo skin. A remarkable difference between 
the in vitro and ex vivo models was noticed in thickness and structure of 
the dermis. While the ex vivo dermis reached a thickness of up to 5000 
μm, the in vitro dermis showed a maximum thickness of 750 μm and 
appeared more homogeneous and denser. The wound size slightly var-
ied, both within and between the different models. 

For the viable ex vivo and in vitro models, wound healing in form of 
re-epithelialization occurred (Fig. 1B and C). While the wounded area of 
the in vitro model was completely re-epithelialized after 24 h, wound 
healing in the ex vivo model was limited to an epithelial tongue reaching 
into the wound bed. 

The images obtained from the infected models revealed close contact 
between the biofilm and the wound bed for all models with an increase 
in biofilm density over time. Disruption of the tissue structure became 
apparent after 10 h in all models. Specifically, the stratum corneum 
constituting the uppermost layer of the human skin was detached from 
the skin due to partial epidermolysis. This effect further intensified in 
the remaining observation period. 

3.2. Quantification of biofilm growth behavior in dependency of host- 
pathogen interactions 

To assess the impact of direct host-pathogen interactions of the 
different wound models on the bacterial growth behavior, quantification 
of CFUs was performed after inoculation with mature P. aeruginosa 
biofilms, comprising approximately 4.5*108 viable bacteria. Infected ex 
vivo as well as in vitro wound models were investigated after 3, 6, 10, and 
24 h or 3, 10, and 24 h, respectively (Fig. 2A). In the case of non-viable 
ex vivo models, the number of P. aeruginosa steadily increased up to 

6.3*108 (±1.8*108) bacteria per wound after 10 h, followed by a sta-
tionary phase. The results for the viable ex vivo and in vitro models 
revealed a significant decrease in bacterial viability at 3 h (Fig. 2B), with 
CFUs dropping to 2.8*108 (±4.6*107) and 2.0*108 (±1.5*107), respec-
tively. However, bacterial counts increased thereafter. Notably, for the 
viable ex vivo models, the number of CFUs exceeded the starting value 
already after 6 h with 4.9*108 (±1.1*108) bacteria per wound. By 24 h, 
the number of CFUs was comparable to that of the non-viable ex vivo 
models. In contrast, the bacterial count remained lower for the biofilm- 
infected in vitro models, reaching 4.7*108 (±7.3*107) CFUs after 24 h. 

3.3. SEM analysis of biofilm morphology and bacterial growth patterns 
influenced by model viability 

The growth and colonization patterns of P. aeruginosa biofilms on 
viable and non-viable ex vivo wound models were additionally examined 
by SEM in order to determine the effect of model viability on the in-
teractions with biofilm bacteria. Micrographs of the biofilms and the 
wound beds after biofilm removal were obtained at different time points 
(after 3, 6, 10, and 24 h), as shown in Fig. 3. After 3 h, a homogenous and 
dense bacterial growth was observed for all biofilms, independent of the 
underlying wound model. At this time point, nanofibers of the electro-
spun scaffolds were still visible. Over time, the biofilms appeared 
denser, with no discernible differences between the two wound models. 
After removal of the biofilms, imprints of electrospun fibers on the 
wound beds became visible in bacteria-free areas. Already after 3 h in-
cubation, all wounds were colonized by individual bacteria, which 
began to form colonies from 6 h. By 10 h, bacterial growth patterns 
varied considerably between the two models. On viable excised skin, 
extensive colonization and the formation of larger aggregates were 
observed (Fig. 3A). In contrast, significantly fewer bacteria were present 
on the wound beds of non-viable ex vivo models, mostly growing as in-
dividual cells (Fig. 3B). 

3.4. Investigation of the model composition and changes induced by 
biofilm infection using Raman spectroscopy 

Raman spectra were collected from cross sections of infected and 
uninfected models after 24 h of cultivation. Differences in the tissue 
composition between the wound models, as well as in response to the 
biofilm infection on a molecular level were assessed. For the analysis of 
the viable and the non-viable ex vivo model, samples of the same donor 
were selected, respectively. Spectra were acquired in the wounded area 
from the remaining epidermis and dermis of the infected models and 
compared to spectra obtained from the stratum corneum, the viable 
epidermis and dermis of the uninfected control models. 

Fig. 1. Representative brightfield images of hematoxylin & eosin-stained paraffin sections of uninfected controls and infected wound models: (A) non-viable ex vivo 
models, (B) viable ex vivo models, and (C) in vitro models. Infected wound models were inoculated with mature P. aeruginosa biofilms and samples for histological 
analysis were collected after 3, 10, and 24 h incubation period. P. aeruginosa biofilms are bordered with dashed lines as guide to the eye and arrows indicate areas of 
re-epithelization. Scale bar = 500 μm. 
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The Raman spectra of the epidermal regions primarily exhibited 
Raman signals associated with proteins and lipids (Fig. 4A). In detail, 
Raman signals at 1008 cm− 1, 1444 cm− 1, and 1650 cm− 1 represented 
the vibrational modes of aromatic amino acids, the deformation of C–H 
bonds and the carbonyl group (C––O) vibration of amide I, respectively 
[27,28]. Additional signals observed at 1134 and 1300 cm− 1 were 
attributed to the vibration of C–C bonds of lipids with skeletal trans 
conformation and the deformation of C–H2 bonds of lipids [27]. C–H 
stretching modes, corresponding to lipid alkyl chains, were assigned to 
signals in the range of 2850–2950 cm− 1 [29]. The Raman spectra of the 

dermal regions are additionally characterized by two double peaks at 
850 to 880 cm− 1 and 920 to 950 cm− 1, corresponding to C–C stretching 
of the protein backbone and the proline/hydroxyproline ring of 
collagen, and a distinct signal at 1246 cm− 1, representing the C–N 
stretching of amide bonds (Fig. 4B) [30]. 

The differences between the ex vivo and the in vitro models, as well as 
between the respective infected and uninfected models, were assessed 
using principal component analysis (PCA). The PCA was independently 
conducted with the epidermal spectra and the dermal spectra. Subse-
quent Pareto plots revealed that three principal components (PCs) 

Fig. 2. Evaluation of colony forming units (CFUs) to monitor bacterial growth of P. aeruginosa on viable ex vivo models, non-viable ex vivo models, and viable in vitro 
models of human wounds. (A) CFUs were determined at 0, 3, (6), 10 and 24 h after infection with mature biofilms. (B) The changes in viable bacterial counts from 
0 to 3 h were statistically evaluated using two-tailed unpaired student T tests with *p < 0.05, **p < 0.01, ***p < 0.001. All results are shown as mean with standard 
deviations and all experiments were conducted in triplicate. 

Fig. 3. Assessment of biofilm morphology and bacterial growth pattern on wound beds after biofilm removal using scanning electron microscopy (SEM). (A) Viable 
ex vivo wound models as well as (B) non-viable ex vivo wound models were infected with P. aeruginosa biofilms and cultivated for 3, 6, 10 and 24 h prior to SEM 
analysis. A magnification of 2,000× and an acceleration voltage of 8 kV were applied. Scale bar = 5 μm. 
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explained more than 50 % of the total variability of the epidermal 
spectra (PC 1: 26.3 %, PC 2: 14.4 %, PC 3: 10.3 %), while two principal 
components explained more than 50 % of the total variability of the 
dermal spectra (PC 1: 39.0 %, PC 2: 12.1 %) (Fig. S2). For clarity, the 
scores of the different models were plotted separately (Fig. 4C). The 
score plots of the epidermal spectra indicated that the stratum corneum, 
the viable and the infected epidermis can be distinguished on the basis of 
their Raman signals in case of the viable ex vivo model and the in vitro 
model. However, no clear separation of the groups was apparent for the 
non-viable ex vivo model. Further, compared to the in vitro model, both 
ex vivo models exhibited greater variability in the Raman spectra. The 
latter observation also applied to the score plots of the dermal spectra. 
Despite of the signal heterogeneity, distinct clusters of Raman spectra of 
the infected and uninfected samples were observed for the viable ex vivo 
model. In contrast, neither the score plot of the non-viable ex vivo model 
nor that of the in vitro model exhibited a clear separation of the dermal 
spectra. 

The PC loading plots revealed discriminant wavenumbers, reflecting 
different components of the tissue analyzed (Fig. 4D). Epidermal sam-
ples with a positive PC 1 score were correlated with an increase of the 
amide II signal, conversely, a negative PC 1 score indicated an elevated 

amide III signal. PC 2 was assigned to the relation of lipids (positive 
scores) to proteins (negative score), while PC 3 depicted the ratio be-
tween overall protein (positive score) and DNA Raman signals (negative 
score). Regarding the PCA of the dermal spectra, a positive PC 1 score 
was associated with lipids, whereas proteins were reflected by a negative 
PC 1 score. Differences in the collagen composition of the tissues were 
visualized by PC 2 (positive score). A full peak assignment can be found 
in the supporting information (Table S1). 

3.5. Evaluation of cytokine gene expression representing pro- 
inflammatory mediators of the immune response 

To analyze the innate immune response of the different wound 
models to the biofilm infection, the time-dependent gene expression of 
selected pro-inflammatory cytokines and chemokines, namely IL-1β, IL- 
6, IL-8, and TNFα, was evaluated in viable ex vivo and in vitro skin wound 
models infected with P. aeruginosa biofilms after 3, 6, 10, and 24 h or 3, 
10 and 24 h, respectively. The RT-qPCR results of biofilm-infected ex 
vivo wound models are shown in Fig. 5A. In the case of IL-1β, already 
after 3 h high expression levels of 12.7 (±12.6) could be observed, even 
though this increase in fold changes was not statistically significant. 

Fig. 4. Investigation of the tissue composition of the human-derived wound models and their response to biofilm infection after 24 h using Raman spectroscopy. (A) 
Mean spectra of the stratum corneum, the viable epidermis and the infected epidermis and (B) the dermis and the infected dermis of the viable and the non-viable ex 
vivo model as well as the viable in vitro model. (C) Score plots of the principal component analysis of the epidermal and the dermal spectra and (D) corresponding 
loading plots. 
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Notably, the lowest expression levels were found after 24 h incubation. 
For IL-6 and IL-8, RT-qPCR results revealed significantly higher gene 
expression levels during biofilm infection compared to the uninfected 
control for all time points examined. While the upregulation of IL-6 was 
already pronounced after 10 h reaching fold changes of 35.2 (+26.9/ 
− 23.1) and remained relatively stable thereafter, gene expression of IL-8 
peaked at 24 h with fold changes of 71.2 (±28.2) after showing low 
levels at the previous time points. Throughout the study, only low gene 
expressions of TNFα were observed compared to the control with fold 
changes reaching from approximately 1.5 to 3.7. In general, high stan-
dard deviations were revealed for the experiments conducted with ex 
vivo wound models. For experiments with the in vitro wound models, RT- 
qPCR results are shown in Fig. 5B. Gene expressions of biofilm-infected 
in vitro skin wounds showed similarities in cytokine expression after 3, 
10 and 24 h of biofilm infection compared to the ex vivo skin. IL-1β, IL-6, 
and IL-8 were significantly upregulated at all time points upon infection. 
While for IL-1β and IL-6 high and stable fold changes were obtained over 
the total investigated period with maximal values of 50.5 (±5.9) and 
92.0 (±14.8), respectively, IL-8 expression rose over time and reached a 
maximal fold change of 50.3 (±3.3) after 24 h. Again, minimal upre-
gulation of TNFα was observed for the later time points, while high fold 
changes of 52.8 (±44.4) occurred after 3 h. With a few exceptions, 
standard deviations were low for the experiments with the commercially 
available in vitro skin models. 

4. Discussion 

In the past, in vitro biofilm models cultivated in artificial environ-
ments were crucial for obtaining valuable fundamental molecular and 
mechanistic insights into the formation and maturation of bacterial 
biofilms, but unfortunately, certain limitations persist as they fail to 
reflect the interaction of biofilm and biological tissue present in the 
complex in vivo scenario [32]. Understanding this interplay is essential 
for the rational development and testing of effective therapeutics against 
wound infections. Consequently, it is imperative to create a suitable 
model that represents both components, the biofilm and the affected 
tissue. While it is ethically impossible to include humans in preclinical 
biofilm-related wound infection studies, the utilization of animal test 
models also poses several significant drawbacks including limited pre-
dictability to the human in vivo situation, due to substantial interspecies 

differences in structural composition as well as in immune and wound 
healing mechanisms [7,8]. Against this background, an urgent need for 
predictive alternative human-based infection models becomes evident. 
Yet, the accurate imitation of the biofilm-infection state of wound in-
fections in vitro remains challenging, due to detrimental effects of rele-
vant bacteria on the host tissue during biofilm maturation [18]. 
Consequently, current human-derived in vitro infection models mainly 
focus on the sole replication of the initial infection phase caused by 
planktonic bacteria, while assessment of more advanced infection stages 
with biofilm formation and corresponding host-pathogen interactions 
still depend on animal models. To cover this gap, a mature biofilm model 
based on an electrospun scaffold was developed, which can be trans-
ferred to in vitro tissue models without destruction [23]. In this study, a 
comparative approach of biofilm-infected wound models was employed 
by combining mature biofilms with different human ex vivo and in vitro 
wound models of varying complexity. A pre-cultivation period of 48 h 
was selected to attain biofilm maturity, which was previously verified by 
the emergence of crucial structural and functional biofilm characteris-
tics [23]. Simultaneously, the cultivation separately from the wound 
tissue was kept as short as possible to minimize the potential influence of 
abiotic elements of the in vitro setting on biofilm development. For the 
first time, intact and mature P. aeruginosa biofilms were used to induce 
advanced infections on wounded human ex vivo skin models (viable and 
non-viable) as well as on commercially available human in vitro skin 
models (EpidermFT™, MatTek In Vitro Life Sciences Laboratories, s.r.o). 
The infected wound models were subsequently investigated regarding 
morphology, host-pathogen interactions and the response of the 
wounded skin tissue to biofilm infection. This comprehensive analysis 
aimed at assessing the translatability of these models to the human body, 
while simultaneously identifying appropriate application fields for the 
different models under investigation. 

Based on histochemical analysis of the infected and uninfected 
models, detailed information in terms of morphological tissue charac-
teristics and structural changes induced by biofilm infection could be 
attained. Each wound model comprised the complex three-dimensional 
and hierarchically structured morphology of human skin characterized 
by a multi-layered epidermis with a cornified top-sheet and an under-
lying dermal compartment. Adverse effects on tissue integrity of the 
non-viable ex vivo models following freezing at − 20 ◦C and subsequent 
thawing could not be observed, which is in good accordance with the 

Fig. 5. Gene expression of pro-inflammatory cytokines in response to biofilm infection by RT-qPCR. (A) Viable ex vivo wound models as well as (B) in vitro wound 
models were infected with mature P. aeruginosa biofilms and gene expressions of IL-1β, IL-6, IL-8, and TNFα were determined after 3, 10, and 24 h cultivation. The 
dashed line indicates a fold change of 1. The mean expression ratio and error bars were calculated according to the 2–ΔΔCt method [31]. For statistical analysis, 
two-tailed unpaired student T tests based on ΔCt values was performed, comparing the infected samples with the corresponding uninfected control (*p < 0.05, **p <
0.01, ***p < 0.001). 
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literature [19]. This represents a non-negligible aspect, as tissue integ-
rity loss during model preparation impedes the identification of 
destructive effects caused by bacterial biofilms. Accordingly, these 
findings corroborated the general applicability of freeze-thawed wound 
models for evaluation of structural changes during infection. Differences 
in thickness and structural complexity of the dermal compartment be-
tween the ex vivo and in vitro models could affect the spatial-temporal 
penetration behavior of bacteria and nutrients. However, visible dif-
ferences in terms of bacterial invasion were not apparent. In addition, no 
adverse impact on epidermal-dermal cross-communication as manda-
tory key event for re-epithelialization could be detected, as visualized by 
pronounced epithelial tongue formation sprouting from the wound 
edges into the wound bed. As previously reported, the altered dermal 
structure in in vitro models does not hinder cellular key interactions 
required for proper wound healing [33]. Re-epithelialization as indica-
tor for skin viability was observed in both, viable ex vivo and in vitro 
control models, confirming a wound healing mechanism comparable to 
the human in vivo situation, in contrast to murine models, where exci-
sional wounds predominantly close by tissue contraction [8]. Confirm-
ing previous findings, the analysis of the infected models revealed 
adequate biofilm attachment to the wound bed, thereby promoting 
optimal conditions for host-pathogen interactions at the biofilm-tissue 
interface [23]. Hence, each tested wound model was suitable to mimic 
the close contact between biofilm and tissue, thus being capable of 
recapitulating the in vivo situation. The histological analysis further 
unveiled epidermolysis in all three infected models, characterized by the 
loss of keratinocytes and detachment of the epidermis from the under-
lying tissue, which is in line with literature knowledge [9,34]. Notably, 
this effect occurred in both, viable and non-viable models, suggesting 
that the defense mechanisms of viable skin cells were not sufficient to 
effectively combat biofilm-induced tissue disruption. From a histologi-
cal perspective, all tested biofilm-infected wound models served as 
suitable alternatives to animal testing if studying structural aspects is of 
interest. In this context, commercial in vitro models can be advantageous 
due to greater availability in case of limited access to excised tissue. 
Further, non-viable ex vivo models are an appropriate choice if the 
expertise to maintain skin viability during culture is lacking. 

Quantitative monitoring of the P. aeruginosa biofilm growth on the 
different wound models was assessed by CFUs analysis. Results from 
infected, non-viable ex vivo wound models were in accordance with 
typical, unhindered bacterial growth behavior in a nutrient-rich envi-
ronment, characterized by an initial exponential growth interval fol-
lowed by a stationary phase. These findings aligned with existing 
literature that supports the notion of P. aeruginosa providing various 
strategies for utilizing skin compounds as a source of nutrient supply to 
promote bacterial growth [35,36]. Additionally, the lack of active de-
fense mechanisms against bacterial growth within the non-viable 
models allows for unhindered bacterial growth. Interestingly, bacterial 
growth was initially impeded on infected viable wound models resulting 
in reduced numbers of viable P. aeruginosa at 3 h. This effect was 
particularly pronounced for the in vitro wound models. Since these 
models lack immune cells, the observed defense mechanism was pre-
dominantly originating from resident skin cells, such as keratinocytes 
and fibroblasts. In this context, one important component of the 
first-line defense cascade in response to bacterial infection is the pro-
duction of antimicrobial peptides (AMPs), particularly by epithelial cells 
[37]. AMPs produced by human keratinocytes have been shown to 
exhibit antibacterial activity against P. aeruginosa in both, planktonic 
and biofilm phenotypes, and thus may contribute to the observed sig-
nificant loss of bacterial viability in early infection [38,39]. Detection of 
such effects using animal models is restricted due to interspecies dif-
ferences in the quantity and variety of AMPs [40]. In the ex vivo models, 
an additional effect of active immune reactions by immune cells was 
conceivable. However, complete eradication of bacterial biofilms was 
not observed due to e.g., the lack of a vascular system, restricting 
adaptive immune mechanisms [41]. In all in vitro and ex vivo models, 

biofilms were able to recover and to persist, resulting in biofilm-related, 
advanced states of wound infections. The slightly reduced number of 
viable P. aeruginosa bacteria observed on in vitro models after 24 h could 
be attributed to a reduced supply with nutrients due to their denser 
dermis structure impeding diffusion. Furthermore, the composition of 
the collagen matrix might affect its degradation and metabolization by 
bacteria. 

The CFU analysis demonstrated that inoculation with mature 
P. aeruginosa biofilms resulted in a manifest wound infection on all 
tested models, since, at all time points, the total bacterial load exceeded 
the critical level of 105 bacteria/g tissue, indicating manifest tissue in-
fections [42]. For a detailed view, SEM micrographs of the biofilms and 
of the underlying wound beds were acquired for viable and non-viable 
ex vivo models. Consistent with previous reports, the biofilms were 
characterized by a homogenous bacterial distribution including dense 
aggregates on the nanofiber scaffolds [23]. Biofilm density steadily rose 
during the incubation time, without reflecting the initial reduction in 
bacterial viability on viable wound models observed by CFU analysis. 
This can be attributed to captured dead bacteria in the biofilm matrix 
being not distinguishable from viable ones by SEM visualization. While 
no significant differences in bacterial growth patterns within the bio-
films were detected among the two wound models, variations in bac-
terial growth behavior on the wound beds were apparent, depending on 
the viability status of the models. After 24 h, the formation of micro-
colonies in the wound beds of viable ex vivo models was consistent with 
the reported growth patterns of biofilms in clinical samples of human 
chronic wound infections [43,44]. Consequently, the predominant 
presence of individual bacteria in the wound beds of non-viable ex vivo 
models did not properly represent the in vivo situation. Previous litera-
ture suggests that multiple factors may contribute to this phenomenon. 
Kirketerp-Møller et al. assumed that single bacteria cannot withstand the 
hosts’ immune responses, thus, the presence of active immune mecha-
nisms forces the bacteria to form microcolonies protecting them against 
external attacks [44]. The presence of pro-inflammatory cytokines may 
also be relevant serving as stimulus for growth and biofilm formation of 
P. aeruginosa [45,46]. Even though general biofilm growth appeared 
similar on all wound models, our findings highlight the importance of 
considering the wound viability status when investigating the patho-
genesis of biofilm infections regarding biofilm-host interactions. 

Furthermore, confocal Raman microscopy was applied to gain 
deeper insights into biofilm-host interactions at a molecular level, 
influenced by differences in wound model composition. With its non- 
invasive and chemically selective working principle, Raman micro-
scopy allowed for a detailed analysis of tissue components without the 
need of labelling. Raman spectra of epidermal and dermal regions 
revealed chemically selective fingerprint peak patterns, containing in-
formation about the tissue composition, the structure of single molecules 
as well as the dynamics and interactions between different molecules. 
The peaks observed for the epidermal (represented by keratin) and the 
dermal (represented by collagen) compartment of the uninfected control 
models were overall consistent with previous studies [47,48]. However, 
the comparison of the models revealed varying peak ratios, suggesting 
distinct differences in the composition of the tissue models. The spectra 
of the two viable models showed similarities and reflected the terminal 
differentiation of keratinocytes in the viable part of the epidermis to 
corneocytes in the upper stratum corneum based on a decrease in 
DNA-derived and a simultaneous increase in protein-related Raman 
signals. No comparable findings were observed for non-viable ex vivo 
models. This can be attributed to the fact that the keratinocytes already 
died during the freezing process of the wound model for storage at 
− 20 ◦C. In the case of the dermal spectra, the in vitro model differed from 
both ex vivo models due to a decreased variability in the spectra 
regarding the lipid/protein ratio, corresponding to the homogenous 
appearance of the samples in the histological analysis. In a previous 
study, Ali et al. also applied Raman microscopy on tissue sections of 
human skin and the EpidermFT™ in vitro model, reporting comparable 
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spectra of the epidermal and dermal layers [49]. To evaluate the 
response to the biofilm infection, the spectra of the infected skin layers 
were compared to the corresponding uninfected control. Close similar-
ities between the spectra obtained from the infected and uninfected 
epidermal layers of non-viable ex vivo model can again be explained by 
the prior cell death during freezing. In contrast, the viable ex vivo model 
exhibited the bacterial damage of the epidermis by a decreased DNA 
Raman signal, which was comparable to the spectrum of the stratum 
corneum. Additionally, the variability in the lipid/protein ratio 
increased, which also applied to the infected epidermis of the in vitro 
model. However, while the spectrum of the viable ex vivo model is 
shifted towards a higher lipid signal, the spectrum of the in vitro model 
moved towards an increased protein signal. This difference was attrib-
uted to the fact that the epidermis of the in vitro model consisted 
exclusively of keratinocytes, whereas the epidermis of the excised 
human skin is more complex and additionally contained other cell types 
[49]. While for the dermal regions, no clear separation of the spectra 
groups was observed for the non-viable ex vivo model, dermal spectra of 
the viable ex vivo model showed a decrease of the collagen signal, 
indicating that collagen served as a nutrient source for bacteria. These 
pronounced changes were absent in the dermis of the in vitro model, 
supporting together with the differences in the lipid/protein ratio the 
hypothesis that compositional differences lead to a potentially reduced 
nutritional role compared to the ex vivo model. Thus, for investigating 
compositional changes of the wounded tissue upon biofilm infections at 
a molecular level, viable wound models proved to be particularly 
appropriate compared to the non-viable counterparts. Moreover, while 
ex vivo models exhibited a more complex composition and a closer 
similarity to the in vivo conditions, the advantage of commercial in vitro 
models lied in the lower variability. 

In a next step, viable wound models (ex vivo/in vitro) were assessed 
regarding their capability to evoke an in vivo-like human innate immune 
response induced by P. aeruginosa biofilm infection. Analysis of non- 
viable ex vivo models was not conducted due to the absence of active 
defense mechanisms. Gene expression profile of certain pro- 
inflammatory cytokines (IL-1β, IL-6, TNFα) and a chemokine (IL-8) 
were evaluated as these pro-inflammatory mediators play a significant 
role in the immune response during acute and chronic wound infections 
[50–52]. Chronic wound infections, mostly biofilm-related, are gener-
ally associated with a prolonged inflammatory phase exhibiting persis-
tent high levels of pro-inflammatory cytokines [52]. The initial 
upregulation of IL-1β, a crucial early-phase cytokine, is in line with 
literature und could be demonstrated for both viable model settings 
[53]. In contrast, the reduction of IL-1β gene expression after 24 h in the 
ex vivo models deviated from initial expectations for advanced, 
biofilm-related wound infections. However, it has been previously 
described that P. aeruginosa provides different immunomodulating 
mechanisms, impeding the production of pro-inflammatory cytokines 
including IL-1β [54,55]. The reasons why this effect is solely observed in 
ex vivo models remain not fully understood, probably due to the absence 
of immune cells, especially macrophages, in in vitro models [56]. For 
both wound models, the observed high fold changes of IL-6 after 10 h 
(early phase of infection), up to 24 h (persistent infection) were 
consistent with previous in vivo reports [53,57,58]. The detected 
time-delayed increase in IL-8 expression can be attributed to its de-
pendency on the prior expression of other cytokines, in particular IL-1β 
and TNFα [59]. The pro-inflammatory cytokine TNFα is reported to be 
extensively secreted during the early phase of skin inflammation, fol-
lowed by a rapid down-regulation thereafter [53]. In this study, an early 
up-regulation could only be observed in case of in vitro models. For all 
subsequent time points, the gene expression remained consistently low, 
thus mirroring in vivo observations. Overall, both, ex vivo and in vitro 
models exhibited similar patterns of cytokine gene expression dynamics, 
aligning with literature reports on human in vivo skin inflammation 
upon bacterial infection. The ex vivo models incorporating various cell 
types capable of cytokine production including resident immune cells 

and non-immune skin cells (e.g., keratinocytes and fibroblasts). A 
limited number of studies on immune response within infected ex vivo 
wound models exists, reporting elevated levels of pro-inflammatory 
cytokines upon infection, as also observed in the present study [9,60]. 
In contrast, commercially available in vitro models are characterized by 
their lack of harboring any immune cells. Nevertheless, these in vitro 
models demonstrated high levels of pro-inflammatory cytokines, high-
lighting the significant role of non-immune skin cells contributing to the 
innate skin immunity [50,61]. Previous in vitro studies using 
biofilm-conditioned media, demonstrated increased gene expression of 
pro-inflammatory cytokines [62,63]. Further, data derived from ex vivo 
models revealed high standard deviations due to a pronounced 
inter-individual variability, thus restricting reproducibility. Experi-
ments conducted with commercially available in vitro models showed a 
high level of reproducibility due to their well-defined standardization in 
terms of model composition. Thus, the applicability of both viable 
wound models could be proven for studying host immune responses to 
mature biofilm infections even though differing in immune complexity. 

In the present study, we identified the distinct strengths and ad-
vantages of biofilm-infected human three-dimensional ex vivo and in 
vitro wound models differing in biological complexity, accompanied by 
exploring the limitations of each model dependent on the scientific 
question of interest. The applicability of each presented wound model 
for common investigation purposes encompassing the determination of 
bacterial growth and the structural appearance could be verified to be 
independent of tissue viability status. However, we strongly recommend 
the use of viable models, especially, when direct biofilm-skin tissue in-
teractions are of major interest. Due to a notable biological complexity 
of biofilm-infected ex vivo wound models, results derived from these test 
settings possess a high predictive power for translation into a clinical 
setting. Hence, they are particularly suitable in the context of funda-
mental research questions with focus on the multicellular interplay in a 
complex, three-dimensional environment, thus paving the way for 
identification of new drug targets and site-specific delivery strategies for 
anti-infective therapy. Commercially available in vitro models provide 
precisely controlled tissue conditions including a well-defined compo-
sitional architecture, thus being superior when a high degree of stan-
dardization and reproducibility are crucial factors, such as comparative 
drug screening studies. In conclusion, our findings corroborate the great 
potential of the three-dimensional biofilm-infected human wound 
models to be used across various application fields spanning from 
fundamental to translational research purposes. 
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Jana Wächter: Methodology, Validation, Investigation, Formal 
analysis, Writing – original draft, Writing – review & editing, Visuali-
zation. Pia K. Vestweber: Methodology, Validation, Investigation, 
Formal analysis, Writing – original draft, Writing – review & editing, 
Visualization. Viktoria Planz: Methodology, Validation, Writing – 
original draft, Writing – review & editing. Maike Windbergs: Concep-
tualization, Resources, Writing – original draft, Writing – review & 
editing, Supervision, Project administration, Funding acquisition. 

Declaration of competing interest 

The authors declare the following financial interests/personal 
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