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Abstract  

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. 
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advantages and limitations should be aligned to the particular research question of future studies. Altogether, 21 
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 Introduction 29 

Impaired wound healing represents a major burden for today’s healthcare system, as it not only significantly 30 

decreases the patients’ quality of life but also has a high socio-economic impact [1]. Even worse, approximately 31 

80% of such wounds are affected by bacterial biofilms according to a meta-analysis of clinical studies [2]. Bacterial 32 

biofilms are characterized as persistent, structurally organized clusters of bacteria in a matrix, forming a 33 

protective shield against the host’s immune defense mechanisms and fostering antimicrobial resistance [3]. 34 

Biofilm models cultivated in vitro on artificial surfaces have successfully been used to gain a molecular and 35 

mechanistic understanding of biofilm formation and maturation [4]. However, to understand interactions of 36 

biofilm and biological tissue for the development and testing of effective therapeutics against wound infections, 37 

both components, the biofilm and the tissue, need to be represented in a suitable model.  38 

In vivo animal models are frequently used, with mice being the predominant species, accounting for over 70% of 39 

the total usage in Germany [5,6]. However, particularly in wound infection studies, the translatability of murine 40 

models to the human in vivo situation is limited due to differences in immune response and anatomy of the skin 41 

itself [7,8]. Further, the contraction of mouse skin upon wounding caused by an additional muscle layer in rodent 42 

skin (panniculus carnosus) poses another problem. Additional major disadvantages comprise high costs and 43 

lacking standardization of experimental set-ups [9,10]. Against this background, the development of alternative 44 

human-based biofilm-infected wound models is of particular importance.  45 

In general, in vitro wound models range from two-dimensional cell monolayers over three-dimensional 46 

tissue-engineered human skin models to human skin explants (ex vivo models) [11,12]. While cell monolayers 47 

offer a simple method for basic research purposes, the pathophysiology and microenvironment of human skin 48 

in vivo is not accurately reflected, since bacterial invasion and interaction with different cell types or the 49 

extracellular matrix cannot be mimicked [13]. Three dimensional models containing all layers of the native 50 

epidermis and dermis represent a more sophisticated approach. Briefly, they are generated by culturing dermal 51 

fibroblasts in a matrix in combination with primary keratinocytes at the air-liquid interface. Several providers 52 

offer commercially available human skin models, allowing for standardization across different laboratories [13]. 53 

Still, other features of the skin including immune cells or hair follicles are usually missing. Full human skin explants 54 

depict more native conditions, as they include all cellular elements and their interactions [9]. 55 

Different approaches for mimicking infected wounds with bacterial biofilms in vitro, either with tissue-56 

engineered human in vitro skin models or ex vivo human skin biopsies, are reported in literature [14–16]. The 57 

co-cultivation of such in vitro human skin tissue models with bacteria is generally challenging, as cultivation 58 

media provide an excessive nutrition source for bacteria further promoting their exponential replication kinetics. 59 

This results in overgrowth of the skin tissue by bacteria as well as toxic effects on the cells, significantly reducing 60 

their viability [17]. As a bacterial biofilm requires up to several days for maturation, direct inoculation of skin 61 

tissue with bacteria and subsequent biofilm formation and maturation in direct co-culture (as performed in 62 

animal models) is impossible [18]. Nevertheless, this method is still used in in vitro studies for extremely limited 63 

cultivation periods without complete biofilm maturation [19–21]. Other approaches involve the separate 64 

cultivation of skin tissue and bacteria until biofilm maturation. As translocation of an intact biofilm cultivated in 65 
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traditional model systems is impossible due to insufficient mechanical stability, biofilm fragments are transferred 66 

to the skin tissue [22]. However, as the complex biofilm architecture including the protective matrix significantly 67 

contributes to the overall properties of the biofilm and its resistance to antibiotics, such models unfortunately 68 

lack predictability for the situation in the human body, especially for testing of novel antibiotics. To overcome 69 

this issue, a biofilm model based on a three-dimensional fiber matrix was successfully developed, for the first 70 

time enabling the non-destructive transfer of a mature biofilm to tissue models [23].  71 

Altogether, the number of studies conducted on in vitro models of biofilm-infected wounds is scarce and 72 

generally of limited predictability. In order to identify an appropriate model for future basic or translational 73 

studies in this research field, it is crucial to investigate which aspects of the biofilm-host interactions can be 74 

assessed with the different tissue models, the degree of comparability of the results and their translatability to 75 

the human in vivo situation. For addressing this knowledge gap, we infected human in vitro and ex vivo wound 76 

models with intact, matured P. aeruginosa biofilms and investigated them regarding morphology, host-pathogen 77 

interactions and the response of the wound models to biofilm infection.  78 
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2 Materials and Methods 79 

 80 

2.1 Materials  81 

EpidermFTTM human in vitro skin models (antibiotic-free and antifungal-free media) were supplied by MatTek In 82 

Vitro Life Sciences Laboratories, s.r.o. (Bratislava, Slovak Republic). Gelatin (from porcine skin, 300 Bloom, type 83 

A), cellulose acetate (CA, Mn 30.000), and fetal calf serum (FCS) were purchased from Sigma-Aldrich (Steinheim, 84 

Germany). Glacial acetic acid 100% and chloroform >99,8% were obtained from VWR International GmbH 85 

(Darmstadt, Germany). Dulbecco’s modified Eagle medium (DMEM), nutrient agar, Maxima H Minus First Strand 86 

cDNA Synthesis Kit, and Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853) were purchased from Thermo 87 

Fisher Scientific GmbH (Dreieich, Germany). Dulbecco’s phosphate-buffered saline (PBS) was supplied by Biowest 88 

(Nuaillé, France). Formaldehyde methanol-free 30%, xylol > 97%, paraffin (Paraplast®), ethanol > 99,8%, eosin G 89 

0.5%, and hematoxylin solution according to Mayer were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, 90 

Germany). Tri-Reagent was obtained by BIOZOL Diagnostica Vertrieb GmbH (Eching, Germany). Direct-zolTM RNA 91 

MiniPrep Plus Kit including DNase I Set was supplied by Zymo Research Europe GmbH (Freiburg, Germany) and 92 

PowerUpTM SYBRTM Green Master Mix was purchased from Applied Biosystems Deutschland GmbH (Darmstadt, 93 

Germany). 94 

 95 

2.2 Preparation of human ex vivo and in vitro wound models  96 

For the ex vivo models, human skin tissue was obtained from Caucasian adults, undergoing reduction surgery 97 

(Clinic for plastic and aesthetic surgery, reconstructive and hand surgery, Agaplesion Markus Krankenhaus, 98 

Frankfurt, Germany). The present study was approved by the local ethics committee (ethics commission of the 99 

state medical chamber, Hessen, 2020-1899-AF) and all skin donors gave their written informed consent. Skin 100 

explants were further processed within approximately 2 h after excision. Briefly, after removal of the 101 

subcutaneous fatty tissue, the skin tissue was either frozen at -21 °C for a minimum of 2 days, representing the 102 

status “non-viable ex vivo models” or immediately further processed for tissue culture to maintain viability, 103 

delineating the “viable ex vivo models” investigation group. To assure reproducible wounding conditions, the 104 

skin was stretched using an in-house developed device (Fig. S1) and full-thickness wounds were created by taking 105 

a standardized punch biopsy of 3 mm diameter. Subsequently, round-shaped 12 mm tissue punch samples 106 

comprising the wound surrounded by intact skin were transferred to sterile gauze soaked with DMEM + 10% FCS 107 

within a 12-well plate to allow for air-liquid cultivation and incubated overnight at 37 °C and 5% CO2. All 108 

experiments with ex vivo wound models (non-viable / viable) were conducted in triplicate with three different 109 

donors. 110 

Commercially available in vitro skin models (EpidermFTTM) were wounded according to the manufacturer’s 111 

protocol [24]. Similar to the ex vivo models, wounds were created with a sterile 3 mm biopsy punch and wounded 112 

samples were incubated overnight at 37 °C and 5% CO2 in antibiotic-free and antifungal-free maintenance 113 

medium, provided by the manufacturer.  114 

 115 
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2.3 Preparation of biofilms and biofilm-infected wounds  116 

 Mature biofilms of P. aeruginosa were prepared as previously described [23]. Briefly, electrospun fiber scaffolds, 117 

equally composed of cellulose acetate and gelatin, were fabricated via blend electrospinning of a homogenous 118 

solution of both polymers in 90% acetic acid. Process parameters for fabrication were selected according to the 119 

aforementioned publication. The electrospun scaffolds were subsequently inoculated with P. aeruginosa and 120 

cultivated on modified nutrient agar plates, containing 20% FCS, at 37 °C. After 48 h cultivation, mature biofilms 121 

were used for further experiments. For wound infection, 3 mm punch biopsies of the mature biofilms were 122 

transferred onto the wound bed of the ex vivo and in vitro wound models. The infected wound models were 123 

incubated at 37 °C and 5% CO2 until further analysis.  124 

 125 

2.4 Histology  126 

Histological analysis of infected ex vivo wound models (non-viable / viable) was performed after 3, 6, 10, 24, 127 

and 48 h while the infected in vitro wound models were assessed after 3, 10, and 24 h. In parallel, samples of 128 

uninfected, wounded models of each skin tissue condition were taken as controls and processed accordingly. 129 

Each tissue sample was fixed with 4% phosphate-buffered formaldehyde solution for 6 h at room temperature. 130 

Afterwards, dehydration with an ascending ethanol series, clearing with xylol, and embedding in paraffin were 131 

performed, followed by the preparation of tissue cross sections measuring 5 µm in thickness using a rotary 132 

microtome (Cut 6062, SLEE medical GmbH, Nieder-Olm, Germany). In the next step, tissue sections were stained 133 

with hematoxylin according to Mayer and eosin G, following the manufacturer’s protocol. Single micrographs 134 

were acquired with the bright field mode of a confocal laser scanning microscope (LSM 900, Carl Zeiss Microscopy 135 

GmbH, Jena, Germany) with the Axiocam 506 color camera (Carl Zeiss Microscopy GmbH, Jena, Germany) and a 136 

10x objective (numeric aperture: 0.45, Plan-Apochromat, Carl Zeiss Microscopy GmbH, Jena, Germany). 137 

Subsequently, micrographs were stitched using corresponding Zeiss Zen blue software. Three samples were 138 

assessed for each condition to ensure accuracy and reliability of the results. 139 

 140 

2.5 Raman spectroscopy  141 

Label-free analysis of the biofilm infected ex vivo as well as in vitro skin tissues and uninfected controls was 142 

performed by recording Raman spectra at 24 h of cultivation based on the identical paraffin-embedded wound 143 

tissue samples as used for histological analysis. Tissue cross sections measuring 24 µm in thickness were mounted 144 

onto CaF2 glass slides followed by a deparaffinization step using a descending xylol / ethanol series. The dry 145 

samples were analyzed using a WITec alpha 300R+ microscope (WITec GmbH, Ulm, Germany) coupled with a 146 

532 nm diode laser, which was adjusted to a power of 3.0 mW in front of the objective (50x, numeric 147 

aperture:  0.8, EC Epiplan-Neofluar, Carl Zeiss Microscopy GmbH, Jena, Germany). Raman spectra of the dermis 148 

and the epidermis of infected and uninfected wounded models were recorded with an integration time of 0.5 s 149 

and 10 accumulations and a spectral resolution of 4 cm-1 in a range of 400-3700 cm-1. Background subtraction of 150 

the spectra was performed using WITec Project Plus software (WITec GmbH, Ulm, Germany), the subsequent 151 

preprocessing (normalization and cosmic ray removal) as well as the multivariate data analysis were conducted 152 

in MATLAB (Version R2023a, MathWorks, USA). 153 
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 154 

2.6 Quantification of colony forming units (CFUs) 155 

To determine the colony forming units (CFUs) of P. aeruginosa, punch biopsies with a diameter of 6 mm were 156 

taken from the infected ex vivo wound models after 3, 6, 10, 24, and 48 h of incubation, and from infected in vitro 157 

wound models after 3, 10, and 24 h of incubation. The samples included the entire biofilm-infected wounds and 158 

surrounding tissue. The skin samples were placed in centrifuge tubes filled with zirconia beads (1.4 - 1.6 mm) and 159 

homogenized with a bead mill homogenizer (Bead Mill MAX, VWR International GmbH, Darmstadt, Germany). 160 

Aggregates of bacteria were disrupted with sonication for 2 min to obtain a single cell suspension of 161 

P. aeruginosa. Subsequently, serial 10-fold dilutions were prepared with sterile PBS and plated on nutrient agar 162 

plates. Visible colonies were counted after 24 h incubation at 37 °C. The experiments were performed in 163 

triplicate. 164 

 165 

2.7 Scanning electron microscopy (SEM) 166 

For visualization of the biofilm morphology and the host-pathogen interface as represented by the wound bed 167 

after biofilm removal, samples of infected viable and non-viable ex vivo wound models were collected and fixed 168 

as described above. After dehydration using an ascending ethanol series, tissues were divided in half and biofilms 169 

were detached from one section to reveal the infected wound bed. Following complete ethanol removal by 170 

critical point drying (Leica EM CPD300 Automated Critical Point Dryer, Leica Mikrosysteme GmbH, Vienna, 171 

Austria), the samples were mounted on carbon tapes and sputter-coated with gold / palladium (80% / 20%) for 172 

three minutes (SC7620, Quantum Design GmbH, Darmstadt, Germany). Micrographs were acquired at a 173 

magnification of 2,000x and an acceleration voltage of 8 kV using a scanning electron microscope (EVO 10, Carl 174 

Zeiss Microscopy GmbH, Jena, Germany) at room temperature.  175 

 176 

2.8 Analysis of cytokine gene expression 177 

For determining the gene expression of the selected cytokines and chemokines IL-1β, IL-6, IL-8, and TNFα via 178 

RT-qPCR, 3 mm biopsy punches of the infected wounds were obtained from viable ex vivo models after 3, 6, 10, 179 

and 24 h and from in vitro models after 3, 10, and 24 h. As controls, samples of uninfected wound models were 180 

taken at the mentioned time points, accordingly. Immediately after collection, the tissue pieces were snap-frozen 181 

in liquid nitrogen and stored at -80 °C until further processing. Prior to RNA isolation, samples were placed in 182 

Tri-Reagent and homogenized with zirconia beads (2.8 mm) using a bead mill homogenizer (Bead Mill MAX, VWR 183 

International GmbH, Darmstadt, Germany). Furthermore, samples were washed with chloroform to optimize 184 

RNA yield and purity [25]. Total RNA was isolated using the Direct-zolTM RNA MiniPrep Plus Kit, following the 185 

manufacturer’s instructions. To impede contamination with genomic DNA, digestion with DNase was also 186 

performed. The final RNA concentration was determined using the NanoQuant plate in combination with a 187 

microplate reader (Spark multimode microplate reader, Tecan, Männerdorf, Switzerland). RNA was stored at -188 

80 °C until cDNA synthesis, where 100 ng RNA was transcribed using the Maxima H Minus First Strand cDNA 189 

Synthesis Kit. Notably, solely oligo (dT)18 primers were applied in order to exclusively transcript eucaryotic mRNA 190 
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and avoid bacteria-derived cDNA production. cDNA was quantified as already described for total RNA and stored 191 

at -80 °C. RT-qPCR experiments were performed with the PowerUpTM SYBRTM Green Master Mix, according to the 192 

manufacturer’s protocol, on a Real-Time PCR System (StepOnePlus, Applied Biosystems Deutschland GmbH, 193 

Darmstadt, Germany). The applied gene-specific primer sequences are listed in Table 1 (generated with primer-194 

blast, National Center for Biotechnology Information, NCBI). Relative gene expression was assessed by 195 

normalizing to GAPDH, relating the Ct values to the corresponding uninfected control and determining fold 196 

changes according the 2–ΔΔCt method described by Livak and Schmittgen [26]. For each infected wound condition 197 

and time point, three samples were assessed.  198 

Tab. 1: Primers for RT-qPCR 199 

Primer Sequence (5’→ 3’) 

GAPDH forward: CGGGAAGCTTGTCATCAATGG 

reverse: GGCAGTGATGGCATGGACTG 

IL-1β forward: AGCTACGAATCTCCGACCAC, 

reverse: CGTTATCCCATGTGTCGAAGAA 

IL-6 forward: ACTCACCTCTTCAGAACGAATTG 

reverse: CCATCTTTGGAAGGTTCAGGTTG 

IL-8 forward: GAGAGTGATTGAGAGTGGACCAC 

reverse: CACAACCCTCTGCACCCAGTTT 

TNFα forward: CCTCTCTCTAATCAGCCCTCTG 

reverse: GAGGACCTGGGAGTAGATGAG 

 200 

2.9 Statistical analysis 201 

CFU data is shown as mean ± standard deviation, calculated with Microsoft Office Excel. For RT-qPCR data, error 202 

bars were calculated according to Livak and Schmittgen [26] and statistical analyses were carried out based on 203 

ΔCt values. Two-tailed unpaired student-T tests were performed using Microsoft Office Excel for all statistical 204 

evaluations. The results were considered statistically significant when p < 0.05 (*p < 0.05, 205 

**p < 0.01, ***p < 0.001).   206 
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3 Results 207 

3.1 Histological characterization of biofilm-infected 3D wound models  208 

After inoculation with mature P. aeruginosa biofilms, non-viable and viable ex vivo as well as viable in vitro 209 

models and their respective controls were subjected to histological characterization based on hematoxylin and 210 

eosin staining with particular focus on structural appearance and host-pathogen contact after biofilm infection. 211 

The images presented in Figure 1 are representative for three samples analyzed for each condition.  212 

To assure adequate tissue integrity before biofilm infection, uninfected tissue samples of all three wound model 213 

types were analyzed regarding their three-dimensional morphological appearance and structural intactness. In 214 

all three wound models, well-defined epidermal and dermal layers were observed. Furthermore, no signs of cell 215 

deformation or tissue disruption due to the freeze-thawing process were detected in the non-viable ex vivo skin. 216 

A remarkable difference between the in vitro and ex vivo models was noticed in thickness and structure of the 217 

dermis. While the ex vivo dermis reached a thickness of up to 5000 µm, the in vitro dermis showed a maximum 218 

thickness of 750 µm and appeared more homogeneous and denser. The wound size slightly varied, both within 219 

and between the different models.  220 

For the viable ex vivo and in vitro models, wound healing in form of re-epithelialization occurred (Fig. 1B and 1C). 221 

While the wounded area of the in vitro model was completely re-epithelialized after 24 h, wound healing in the 222 

ex vivo model was limited to an epithelial tongue reaching into the wound bed.  223 

The images obtained from the infected models revealed close contact between the biofilm and the wound bed 224 

for all models with an increase in biofilm density over time. Disruption of the tissue structure became apparent 225 

after 10 h in all models. Specifically, the stratum corneum constituting the uppermost layer of the human skin 226 

was detached from the skin due to partial epidermolysis. This effect further intensified in the remaining 227 

observation period. 228 

 229 

Fig. 1: Representative brightfield images of hematoxylin & eosin-stained paraffin sections of uninfected 230 

controls and infected wound models: (A) non-viable ex vivo models, (B) viable ex vivo models, and (C) in vitro 231 

models. Infected wound models were inoculated with mature P. aeruginosa biofilms and samples for histological 232 

analysis were collected after 3, 10, and 24 h incubation period. P. aeruginosa biofilms are bordered with dashed 233 

lines as guide to the eye and arrows indicate areas of re-epithelization. Scale bar = 500 µm.  234 
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3.2 Quantification of biofilm growth behavior in dependency of host-pathogen interactions 235 

To assess the impact of direct host-pathogen interactions of the different wound models on the bacterial growth 236 

behavior, quantification of CFUs was performed after inoculation with mature P. aeruginosa biofilms, comprising 237 

approximately 4.5*108 viable bacteria. Infected ex vivo as well as in vitro wound models were investigated after 238 

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 239 

of P. aeruginosa steadily increased up to 6.3*108 (± 1.8*108) bacteria per wound after 10 h, followed by a 240 

stationary phase. The results for the viable ex vivo and in vitro models revealed a significant decrease in bacterial 241 

viability at 3 h (Fig. 2B), with CFUs dropping to 2.8*108 (± 4.6*107) and 2.0*108 (± 1.5*107), respectively. 242 

However, bacterial counts increased thereafter. Notably, for the viable ex vivo models, the number of CFUs 243 

exceeded the starting value already after 6 h with 4.9*108 (± 1.1*108) bacteria per wound. By 24 h, the number 244 

of CFUs was comparable to that of the non-viable ex vivo models. In contrast, the bacterial count remained lower 245 

for the biofilm-infected in vitro models, reaching 4.7*108 (± 7.3*107) CFUs after 24 h.  246 

 247 

Fig. 2: Evaluation of colony forming units (CFUs) to monitor bacterial growth of P. aeruginosa on viable ex vivo 248 

models, non-viable ex vivo models, and viable in vitro models of human wounds. (A) CFUs were determined at 249 

0, 3, (6), 10 and 24 h after infection with mature biofilms. (B) The changes in viable bacterial counts from 0 to 3 h 250 

were statistically evaluated using two-tailed unpaired student T tests with *p < 0.05, **p < 0.01, ***p < 0.001. 251 

All results are shown as mean with standard deviations and all experiments were conducted in triplicate.  252 
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3.3 SEM analysis of biofilm morphology and bacterial growth patterns influenced by model viability 253 

The growth and colonization patterns of P. aeruginosa biofilms on viable and non-viable ex vivo wound models 254 

were additionally examined by SEM in order to determine the effect of model viability on the interactions with 255 

biofilm bacteria. Micrographs of the biofilms and the wound beds after biofilm removal were obtained at 256 

different time points (after 3, 6, 10, and 24 h), as shown in Figure 3. After 3 h, a homogenous and dense bacterial 257 

growth was observed for all biofilms, independent of the underlying wound model. At this time point, nanofibers 258 

of the electrospun scaffolds were still visible. Over time, the biofilms appeared denser, with no discernible 259 

differences between the two wound models. After removal of the biofilms, imprints of electrospun fibers on the 260 

wound beds became visible in bacteria-free areas. Already after 3 h incubation, all wounds were colonized by 261 

individual bacteria, which began to form colonies from 6 h. By 10 h, bacterial growth patterns varied considerably 262 

between the two models. On viable excised skin, extensive colonization and the formation of larger aggregates 263 

were observed (Figure 3A). In contrast, significantly fewer bacteria were present on the wound beds of non-264 

viable ex vivo models, mostly growing as individual cells (Figure 3B).  265 

 266 

Fig. 3: Assessment of biofilm morphology and bacterial growth pattern on wound beds after biofilm removal 267 

using scanning electron microscopy (SEM). (A) Viable ex vivo wound models as well as (B) non-viable ex vivo 268 

wound models were infected with P. aeruginosa biofilms and cultivated for 3, 6, 10 and 24 h prior to SEM 269 

analysis. A magnification of 2,000x and an acceleration voltage of 8 kV were applied. Scale bar = 5 µm. 270 
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3.4 Investigation of the model composition and changes induced by biofilm infection using Raman spectroscopy 271 

Raman spectra were collected from cross sections of infected and uninfected models after 24 h of cultivation. 272 

Differences in the tissue composition between the wound models, as well as in response to the biofilm infection 273 

on a molecular level were assessed. For the analysis of the viable and the non-viable ex vivo model, samples of 274 

the same donor were selected, respectively. Spectra were acquired in the wounded area from the remaining 275 

epidermis and dermis of the infected models and compared to spectra obtained from the stratum corneum, the 276 

viable epidermis and dermis of the uninfected control models. 277 

The Raman spectra of the epidermal regions primarily exhibited Raman signals associated with proteins and lipids 278 

(Fig. 4A). In detail, Raman signals at 1008 cm-1, 1444 cm-1, and 1650 cm-1 represented the vibrational modes of 279 

aromatic amino acids, the deformation of C-H bonds and the carbonyl group (C=O) vibration of amide I, 280 

respectively [27,28]. Additional signals observed at 1134 and 1300 cm-1 were attributed to the vibration of C-C 281 

bonds of lipids with skeletal trans conformation and the deformation of C-H2 bonds of lipids [27]. C-H stretching 282 

modes, corresponding to lipid alkyl chains, were assigned to signals in the range of 2850-2950 cm-1 [29]. The 283 

Raman spectra of the dermal regions are additionally characterized by two double peaks at 850 to 880 cm-1 and 284 

920 to 950 cm-1, corresponding to C-C stretching of the protein backbone and the proline / hydroxyproline ring 285 

of collagen, and a distinct signal at 1246 cm-1, representing the C-N stretching of amide bonds (Fig. 4B) [30]. 286 

The differences between the ex vivo and the in vitro models, as well as between the respective infected and 287 

uninfected models, were assessed using principal component analysis (PCA). The PCA was independently 288 

conducted with the epidermal spectra and the dermal spectra. Subsequent Pareto plots revealed that three 289 

principal components (PCs) explained more than 50% of the total variability of the epidermal spectra (PC 1: 290 

26.3%, PC 2: 14.4%, PC 3: 10.3%), while two principal components explained more than 50% of the total 291 

variability of the dermal spectra (PC 1: 39.0%, PC 2: 12.1%) (Fig. S2). For clarity, the scores of the different models 292 

were plotted separately (Fig. 4C). The score plots of the epidermal spectra indicated that the stratum corneum, 293 

the viable and the infected epidermis can be distinguished on the basis of their Raman signals in case of the 294 

viable ex vivo model and the in vitro model. However, no clear separation of the groups was apparent for the 295 

non-viable ex vivo model. Further, compared to the in vitro model, both ex vivo models exhibited greater 296 

variability in the Raman spectra. The latter observation also applied to the score plots of the dermal spectra. 297 

Despite of the signal heterogeneity, distinct clusters of Raman spectra of the infected and uninfected samples 298 

were observed for the viable ex vivo model. In contrast, neither the score plot of the non-viable ex vivo model 299 

nor that of the in vitro model exhibited a clear separation of the dermal spectra. 300 

The PC loading plots revealed discriminant wavenumbers, reflecting different components of the tissue analyzed 301 

(Fig. 4D). Epidermal samples with a positive PC 1 score were correlated with an increase of the amide II signal, 302 

conversely, a negative PC 1 score indicated an elevated amide III signal. PC 2 was assigned to the relation of lipids 303 

(positive scores) to proteins (negative score), while PC 3 depicted the ratio between overall protein (positive 304 

score) and DNA Raman signals (negative score). Regarding the PCA of the dermal spectra, a positive PC 1 score 305 

was associated with lipids, whereas proteins were reflected by a negative PC 1 score. Differences in the collagen 306 

composition of the tissues were visualized by PC 2 (positive score). A full peak assignment can be found in the 307 

supporting information (Tab. S1). 308 

Jo
urn

al 
Pre-

pro
of



12 
 

 309 

Fig. 4: Investigation of the tissue composition of the human-derived wound models and their response to 310 

biofilm infection after 24 h using Raman spectroscopy. (A) Mean spectra of the stratum corneum, the viable 311 

epidermis and the infected epidermis and (B) the dermis and the infected dermis of the viable and the non-viable 312 

ex vivo model as well as the viable in vitro model. (C) Score plots of the principal component analysis of the 313 

epidermal and the dermal spectra and (D) corresponding loading plots.  314 
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3.5 Evaluation of cytokine gene expression representing pro-inflammatory mediators of the immune response 315 

To analyze the innate immune response of the different wound models to the biofilm infection, the 316 

time-dependent gene expression of selected pro-inflammatory cytokines and chemokines, namely IL-1β, IL-6, 317 

IL-8, and TNFα, was evaluated in viable ex vivo and in vitro skin wound models infected with P. aeruginosa 318 

biofilms after 3, 6, 10, and 24 h or 3, 10 and 24 h, respectively. The RT-qPCR results of biofilm-infected ex vivo 319 

wound models are shown in Figure 5A. In the case of IL-1β, already after 3 h high expression levels of 12.7 (± 320 

12.6) could be observed, even though this increase in fold changes was not statistically significant. Notably, the 321 

lowest expression levels were found after 24 h incubation. For IL-6 and IL-8, RT-qPCR results revealed significantly 322 

higher gene expression levels during biofilm infection compared to the uninfected control for all time points 323 

examined. While the upregulation of IL-6 was already pronounced after 10 h reaching fold changes of 324 

35.2 (+26.9 / -23.1) and remained relatively stable thereafter, gene expression of IL-8 peaked at 24 h with fold 325 

changes of 71.2 (± 28.2) after showing low levels at the previous time points. Throughout the study, only low 326 

gene expressions of TNFα were observed compared to the control with fold changes reaching from 327 

approximately 1.5 to 3.7. In general, high standard deviations were revealed for the experiments conducted with 328 

ex vivo wound models. For experiments with the in vitro wound models, RT-qPCR results are shown in Figure 5B. 329 

Gene expressions of biofilm-infected in vitro skin wounds showed similarities in cytokine expression after 330 

3, 10 and 24 h of biofilm infection compared to the ex vivo skin. IL-1β, IL-6, and IL-8 were significantly 331 

upregulated at all time points upon infection. While for IL-1β and IL-6 high and stable fold changes were obtained 332 

over the total investigated period with maximal values of 50.5 (± 5.9) and 92.0 (± 14.8), respectively, IL-8 333 

expression rose over time and reached a maximal fold change of 50.3 (± 3.3) after 24 h. Again, minimal 334 

upregulation of TNFα was observed for the later time points, while high fold changes of 52.8 (± 44.4) occurred 335 

after 3 h. With a few exceptions, standard deviations were low for the experiments with the commercially 336 

available in vitro skin models.  337 

 338 

Fig. 5: Gene expression of pro-inflammatory cytokines in response to biofilm infection by RT-qPCR. (A) Viable 339 

ex vivo wound models as well as (B) in vitro wound models were infected with mature P. aeruginosa biofilms and 340 

gene expressions of IL-1β, IL-6, IL-8, and TNFα were determined after 3, 10, and 24 h cultivation. The dashed line 341 

indicates a fold change of 1. The mean expression ratio and error bars were calculated according to the 2–ΔΔCt 342 

Jo
urn

al 
Pre-

pro
of



14 
 

method [31]. For statistical analysis, two-tailed unpaired student T tests based on ΔCt values was performed, 343 

comparing the infected samples with the corresponding uninfected control (*p < 0.05, **p < 0.01, ***p < 0.001).  344 
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4 Discussion 345 

In the past, in vitro biofilm models cultivated in artificial environments were crucial for obtaining valuable 346 

fundamental molecular and mechanistic insights into the formation and maturation of bacterial biofilms, but 347 

unfortunately, certain limitations persist as they fail to reflect the interaction of biofilm and biological tissue 348 

present in the complex in vivo scenario [32]. Understanding this interplay is essential for the rational 349 

development and testing of effective therapeutics against wound infections. Consequently, it is imperative to 350 

create a suitable model that represents both components, the biofilm and the affected tissue. While it is ethically 351 

impossible to include humans in preclinical biofilm-related wound infection studies, the utilization of animal test 352 

models also poses several significant drawbacks including limited predictability to the human in vivo situation, 353 

due to substantial interspecies differences in structural composition as well as in immune and wound healing 354 

mechanisms [7,8]. Against this background, an urgent need for predictive alternative human-based infection 355 

models becomes evident. Yet, the accurate imitation of the biofilm-infection state of wound infections in vitro 356 

remains challenging, due to detrimental effects of relevant bacteria on the host tissue during biofilm maturation 357 

[18]. Consequently, current human-derived in vitro infection models mainly focus on the sole replication of the 358 

initial infection phase caused by planktonic bacteria, while assessment of more advanced infection stages with 359 

biofilm formation and corresponding host-pathogen interactions still depend on animal models. To cover this 360 

gap, a mature biofilm model based on an electrospun scaffold was developed, which can be transferred to in vitro 361 

tissue models without destruction [23]. In this study, a comparative approach of biofilm-infected wound models 362 

was employed by combining mature biofilms with different human ex vivo and in vitro wound models of varying 363 

complexity. A pre-cultivation period of 48 h was selected to attain biofilm maturity, which was previously verified 364 

by the emergence of crucial structural and functional biofilm characteristics [23]. Simultaneously, the cultivation 365 

separately from the wound tissue was kept as short as possible to minimize the potential influence of abiotic 366 

elements of the in vitro setting on biofilm development. For the first time, intact and mature P. aeruginosa 367 

biofilms were used to induce advanced infections on wounded human ex vivo skin models (viable and non-viable) 368 

as well as on commercially available human in vitro skin models (EpidermFTTM, MatTek In Vitro Life Sciences 369 

Laboratories, s.r.o). The infected wound models were subsequently investigated regarding morphology, 370 

host-pathogen interactions and the response of the wounded skin tissue to biofilm infection. This comprehensive 371 

analysis aimed at assessing the translatability of these models to the human body, while simultaneously 372 

identifying appropriate application fields for the different models under investigation.  373 

Based on histochemical analysis of the infected and uninfected models, detailed information in terms of 374 

morphological tissue characteristics and structural changes induced by biofilm infection could be attained. Each 375 

wound model comprised the complex three-dimensional and hierarchically structured morphology of human 376 

skin characterized by a multi-layered epidermis with a cornified top-sheet and an underlying dermal 377 

compartment. Adverse effects on tissue integrity of the non-viable ex vivo models following freezing at -20 °C 378 

and subsequent thawing could not be observed, which is in good accordance with the literature [19]. This 379 

represents a non-negligible aspect, as tissue integrity loss during model preparation impedes the identification 380 

of destructive effects caused by bacterial biofilms. Accordingly, these findings corroborated the general 381 

applicability of freeze-thawed wound models for evaluation of structural changes during infection. Differences 382 
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in thickness and structural complexity of the dermal compartment between the ex vivo and in vitro models could 383 

affect the spatial-temporal penetration behavior of bacteria and nutrients. However, visible differences in terms 384 

of bacterial invasion were not apparent. In addition, no adverse impact on epidermal-dermal cross-385 

communication as mandatory key event for re-epithelialization could be detected, as visualized by pronounced 386 

epithelial tongue formation sprouting from the wound edges into the wound bed. As previously reported, the 387 

altered dermal structure in in vitro models does not hinder cellular key interactions required for proper wound 388 

healing [33]. Re-epithelialization as indicator for skin viability was observed in both, viable ex vivo and in vitro 389 

control models, confirming a wound healing mechanism comparable to the human in vivo situation, in contrast 390 

to murine models, where excisional wounds predominantly close by tissue contraction [8]. Confirming previous 391 

findings, the analysis of the infected models revealed adequate biofilm attachment to the wound bed, thereby 392 

promoting optimal conditions for host-pathogen interactions at the biofilm-tissue interface [23]. Hence, each 393 

tested wound model was suitable to mimic the close contact between biofilm and tissue, thus being capable of 394 

recapitulating the in vivo situation. The histological analysis further unveiled epidermolysis in all three infected 395 

models, characterized by the loss of keratinocytes and detachment of the epidermis from the underlying tissue, 396 

which is in line with literature knowledge [9,34]. Notably, this effect occurred in both, viable and non-viable 397 

models, suggesting that the defense mechanisms of viable skin cells were not sufficient to effectively combat 398 

biofilm-induced tissue disruption. From a histological perspective, all tested biofilm-infected wound models 399 

served as suitable alternatives to animal testing if studying structural aspects is of interest. In this context, 400 

commercial in vitro models can be advantageous due to greater availability in case of limited access to excised 401 

tissue. Further, non-viable ex vivo models are an appropriate choice if the expertise to maintain skin viability 402 

during culture is lacking.  403 

Quantitative monitoring of the P. aeruginosa biofilm growth on the different wound models was assessed by 404 

CFUs analysis. Results from infected, non-viable ex vivo wound models were in accordance with typical, 405 

unhindered bacterial growth behavior in a nutrient-rich environment, characterized by an initial exponential 406 

growth interval followed by a stationary phase. These findings aligned with existing literature that supports the 407 

notion of P. aeruginosa providing various strategies for utilizing skin compounds as a source of nutrient supply 408 

to promote bacterial growth [35,36]. Additionally, the lack of active defense mechanisms against bacterial 409 

growth within the non-viable models allows for unhindered bacterial growth. Interestingly, bacterial growth was 410 

initially impeded on infected viable wound models resulting in reduced numbers of viable P. aeruginosa at 3 h. 411 

This effect was particularly pronounced for the in vitro wound models. Since these models lack immune cells, the 412 

observed defense mechanism was predominantly originating from resident skin cells, such as keratinocytes and 413 

fibroblasts. In this context, one important component of the first-line defense cascade in response to bacterial 414 

infection is the production of antimicrobial peptides (AMPs), particularly by epithelial cells [37]. AMPs produced 415 

by human keratinocytes have been shown to exhibit antibacterial activity against P. aeruginosa in both, 416 

planktonic and biofilm phenotypes, and thus may contribute to the observed significant loss of bacterial viability 417 

in early infection [38,39]. Detection of such effects using animal models is restricted due to interspecies 418 

differences in the quantity and variety of AMPs [40]. In the ex vivo models, an additional effect of active immune 419 

reactions by immune cells was conceivable. However, complete eradication of bacterial biofilms was not 420 
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observed due to e.g., the lack of a vascular system, restricting adaptive immune mechanisms [41]. In all in vitro 421 

and ex vivo models, biofilms were able to recover and to persist, resulting in biofilm-related, advanced states of 422 

wound infections. The slightly reduced number of viable P. aeruginosa bacteria observed on in vitro models after 423 

24 h could be attributed to a reduced supply with nutrients due to their denser dermis structure impeding 424 

diffusion. Furthermore, the composition of the collagen matrix might affect its degradation and metabolization 425 

by bacteria.  426 

The CFU analysis demonstrated that inoculation with mature P. aeruginosa biofilms resulted in a manifest wound 427 

infection on all tested models, since, at all time points, the total bacterial load exceeded the critical level of 428 

105 bacteria/g tissue, indicating manifest tissue infections [42]. For a detailed view, SEM micrographs of the 429 

biofilms and of the underlying wound beds were acquired for viable and non-viable ex vivo models. Consistent 430 

with previous reports, the biofilms were characterized by a homogenous bacterial distribution including dense 431 

aggregates on the nanofiber scaffolds [23]. Biofilm density steadily rose during the incubation time, without 432 

reflecting the initial reduction in bacterial viability on viable wound models observed by CFU analysis. This can 433 

be attributed to captured dead bacteria in the biofilm matrix being not distinguishable from viable ones by SEM 434 

visualization. While no significant differences in bacterial growth patterns within the biofilms were detected 435 

among the two wound models, variations in bacterial growth behavior on the wound beds were apparent, 436 

depending on the viability status of the models. After 24 h, the formation of microcolonies in the wound beds of 437 

viable ex vivo models was consistent with the reported growth patterns of biofilms in clinical samples of human 438 

chronic wound infections [43,44]. Consequently, the predominant presence of individual bacteria in the wound 439 

beds of non-viable ex vivo models did not properly represent the in vivo situation. Previous literature suggests 440 

that multiple factors may contribute to this phenomenon. Kirketerp-Møller et al. assumed that single bacteria 441 

cannot withstand the hosts’ immune responses, thus, the presence of active immune mechanisms forces the 442 

bacteria to form microcolonies protecting them against external attacks [44]. The presence of pro-inflammatory 443 

cytokines may also be relevant serving as stimulus for growth and biofilm formation of P. aeruginosa [45,46]. 444 

Even though general biofilm growth appeared similar on all wound models, our findings highlight the importance 445 

of considering the wound viability status when investigating the pathogenesis of biofilm infections regarding 446 

biofilm-host interactions. 447 

Furthermore, confocal Raman microscopy was applied to gain deeper insights into biofilm-host interactions at a 448 

molecular level, influenced by differences in wound model composition. With its non-invasive and chemically 449 

selective working principle, Raman microscopy allowed for a detailed analysis of tissue components without the 450 

need of labelling. Raman spectra of epidermal and dermal regions revealed chemically selective fingerprint peak 451 

patterns, containing information about the tissue composition, the structure of single molecules as well as the 452 

dynamics and interactions between different molecules. The peaks observed for the epidermal (represented by 453 

keratin) and the dermal (represented by collagen) compartment of the uninfected control models were overall 454 

consistent with previous studies [47,48]. However, the comparison of the models revealed varying peak ratios, 455 

suggesting distinct differences in the composition of the tissue models. The spectra of the two viable models 456 

showed similarities and reflected the terminal differentiation of keratinocytes in the viable part of the epidermis 457 

to corneocytes in the upper stratum corneum based on a decrease in DNA-derived and a simultaneous increase 458 
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in protein-related Raman signals. No comparable findings were observed for non-viable ex vivo models. This can 459 

be attributed to the fact that the keratinocytes already died during the freezing process of the wound model for 460 

storage at -20°C. In the case of the dermal spectra, the in vitro model differed from both ex vivo models due to 461 

a decreased variability in the spectra regarding the lipid / protein ratio, corresponding to the homogenous 462 

appearance of the samples in the histological analysis. In a previous study, Ali et al. also applied Raman 463 

microscopy on tissue sections of human skin and the EpidermFTTM in vitro model, reporting comparable spectra 464 

of the epidermal and dermal layers [49]. To evaluate the response to the biofilm infection, the spectra of the 465 

infected skin layers were compared to the corresponding uninfected control. Close similarities between the 466 

spectra obtained from the infected and uninfected epidermal layers of non-viable ex vivo model can again be 467 

explained by the prior cell death during freezing. In contrast, the viable ex vivo model exhibited the bacterial 468 

damage of the epidermis by a decreased DNA Raman signal, which was comparable to the spectrum of the 469 

stratum corneum. Additionally, the variability in the lipid / protein ratio increased, which also applied to the 470 

infected epidermis of the in vitro model. However, while the spectrum of the viable ex vivo model is shifted 471 

towards a higher lipid signal, the spectrum of the in vitro model moved towards an increased protein signal. This 472 

difference was attributed to the fact that the epidermis of the in vitro model consisted exclusively of 473 

keratinocytes, whereas the epidermis of the excised human skin is more complex and additionally contained 474 

other cell types [49]. While for the dermal regions, no clear separation of the spectra groups was observed for 475 

the non-viable ex vivo model, dermal spectra of the viable ex vivo model showed a decrease of the collagen 476 

signal, indicating that collagen served as a nutrient source for bacteria. These pronounced changes were absent 477 

in the dermis of the in vitro model, supporting together with the differences in the lipid / protein ratio the 478 

hypothesis that compositional differences lead to a potentially reduced nutritional role compared to the ex vivo 479 

model. Thus, for investigating compositional changes of the wounded tissue upon biofilm infections at a 480 

molecular level, viable wound models proved to be particularly appropriate compared to the non-viable 481 

counterparts. Moreover, while ex vivo models exhibited a more complex composition and a closer similarity to 482 

the in vivo conditions, the advantage of commercial in vitro models lied in the lower variability. 483 

In a next step, viable wound models (ex vivo / in vitro) were assessed regarding their capability to evoke an 484 

in vivo-like human innate immune response induced by P. aeruginosa biofilm infection. Analysis of non-viable 485 

ex vivo models was not conducted due to the absence of active defense mechanisms. Gene expression profile of 486 

certain pro-inflammatory cytokines (IL-1β, IL-6, TNFα) and a chemokine (IL-8) were evaluated as these 487 

pro-inflammatory mediators play a significant role in the immune response during acute and chronic wound 488 

infections [50–52]. Chronic wound infections, mostly biofilm-related, are generally associated with a prolonged 489 

inflammatory phase exhibiting persistent high levels of pro-inflammatory cytokines [52]. The initial upregulation 490 

of IL-1β, a crucial early-phase cytokine, is in line with literature und could be demonstrated for both viable model 491 

settings [53]. In contrast, the reduction of IL-1β gene expression after 24 h in the ex vivo models deviated from 492 

initial expectations for advanced, biofilm-related wound infections. However, it has been previously described 493 

that P. aeruginosa provides different immunomodulating mechanisms, impeding the production of 494 

pro-inflammatory cytokines including IL-1β [54,55]. The reasons why this effect is solely observed in ex vivo 495 

models remain not fully understood, probably due to the absence of immune cells, especially macrophages, in in 496 
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vitro models [56]. For both wound models, the observed high fold changes of IL-6 after 10 h (early phase of 497 

infection), up to 24 h (persistent infection) were consistent with previous in vivo reports [53,57,58]. The detected 498 

time-delayed increase in IL-8 expression can be attributed to its dependency on the prior expression of other 499 

cytokines, in particular IL-1β and TNFα [59]. The pro-inflammatory cytokine TNFα is reported to be extensively 500 

secreted during the early phase of skin inflammation, followed by a rapid down-regulation thereafter [53]. In this 501 

study, an early up-regulation could only be observed in case of in vitro models. For all subsequent time points, 502 

the gene expression remained consistently low, thus mirroring in vivo observations. Overall, both, ex vivo and 503 

in vitro models exhibited similar patterns of cytokine gene expression dynamics, aligning with literature reports 504 

on human in vivo skin inflammation upon bacterial infection. The ex vivo models incorporating various cell types 505 

capable of cytokine production including resident immune cells and non-immune skin cells (e.g., keratinocytes 506 

and fibroblasts). A limited number of studies on immune response within infected ex vivo wound models exists, 507 

reporting elevated levels of pro-inflammatory cytokines upon infection, as also observed in the present study 508 

[9,60]. In contrast, commercially available in vitro models are characterized by their lack of harboring any 509 

immune cells. Nevertheless, these in vitro models demonstrated high levels of pro-inflammatory cytokines, 510 

highlighting the significant role of non-immune skin cells contributing to the innate skin immunity [50,61]. 511 

Previous in vitro studies using biofilm-conditioned media, demonstrated increased gene expression of 512 

pro-inflammatory cytokines [62,63]. Further, data derived from ex vivo models revealed high standard deviations 513 

due to a pronounced inter-individual variability, thus restricting reproducibility. Experiments conducted with 514 

commercially available in vitro models showed a high level of reproducibility due to their well-defined 515 

standardization in terms of model composition. Thus, the applicability of both viable wound models could be 516 

proven for studying host immune responses to mature biofilm infections even though differing in immune 517 

complexity. 518 

In the present study, we identified the distinct strengths and advantages of biofilm-infected human 519 

three-dimensional ex vivo and in vitro wound models differing in biological complexity, accompanied by exploring 520 

the limitations of each model dependent on the scientific question of interest. The applicability of each presented 521 

wound model for common investigation purposes encompassing the determination of bacterial growth and the 522 

structural appearance could be verified to be independent of tissue viability status. However, we strongly 523 

recommend the use of viable models, especially, when direct biofilm-skin tissue interactions are of major 524 

interest. Due to a notable biological complexity of biofilm-infected ex vivo wound models, results derived from 525 

these test settings possess a high predictive power for translation into a clinical setting. Hence, they are 526 

particularly suitable in the context of fundamental research questions with focus on the multicellular interplay 527 

in a complex, three-dimensional environment, thus paving the way for identification of new drug targets and 528 

site-specific delivery strategies for anti-infective therapy. Commercially available in vitro models provide 529 

precisely controlled tissue conditions including a well-defined compositional architecture, thus being superior 530 

when a high degree of standardization and reproducibility are crucial factors, such as comparative drug screening 531 

studies. In conclusion, our findings corroborate the great potential of the three-dimensional biofilm-infected 532 

human wound models to be used across various application fields spanning from fundamental to translational 533 

research purposes.  534 
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Highlights 

• All models enable investigation of interactions between biofilms and wound 

tissue. 

• Bacterial quantity and growth pattern strongly depend on wound model 

viability. 

• Label-free Raman spectroscopy revealed changes in tissue composition upon 

biofilm infection. 

• Inflammatory response of infected wound models was consistent with in vivo 

reports. 
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