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A B S T R A C T

Chronic wounds are increasing in numbers and biofilm-producing bacteria are highly prevalent in these wounds 
and often create resilient polymicrobial infections. Moreover, estimates suggest that up to 23 % of wounds 
contain fungi, particularly Candida albicans. Currently, inter-kingdom chronic wound models are scarce; thus, 
this study presents one of the few in vitro models that incorporate both bacterial and fungal species in a wound- 
relevant environment, addressing a critical gap in current biofilm research. The newly developed model con
tained the commonly isolated wound bacteria Pseudomonas aeruginosa and Staphylococcus aureus, and the fungus 
Candida albicans. Inter-species interactions were investigated through selective plate counting and pH and ox
ygen measurements, as well as confocal microscopy. Investigations were carried out before and after exposure to 
commonly used clinical antimicrobial treatments, including silver-infused bandages. When grown in a tri-species 
consortium, P. aeruginosa and S. aureus exhibited a higher tolerance towards silver-infused bandages than when 
they were grown individually. This suggests that C. albicans plays a protective role for the bacteria. In addition, 
the treatment also caused a shift in species ratios, moving from a P. aeruginosa-dominated consortium to a 
S. aureus-dominated consortium. Moreover, confocal microscopy revealed a change in biofilm architecture when 
comparing single-species models to tri-species models. Finally, we observed that silver-infused bandages 
increased the pH in the tri-species model as well as partially restoring the oxygenation within the wound model. 
In conclusion, our novel model exemplifies how inter-kingdom interactions in fungal-bacterial infections can 
complicate both the microenvironment and treatment efficacy.

1. Introduction

Fungal biofilm infections pose a significant burden on hospitals due 
to several predisposing factors in patients, such as immunosuppression, 
catheters, disruption of mucosal barriers, chemotherapy and the use of 
broad-spectrum antibiotics [1]. Fungi are responsible for at least 13 
million infections globally each year, and the prevalence is steadily 
increasing [2]. Candida albicans, a commensal fungus living on mucosal 
surfaces, is one of the fungi most frequently associated with biofilm 
formation [1]. Candida species are increasingly attracting attention due 
to their role in the pathophysiological processes within the wound 

microenvironment and interactions across biological kingdoms. Biofilm 
production enables fungi and bacteria to adapt to and resist environ
mental changes – including antimicrobial treatments [3]. The increased 
resistance to conventional antibiotic treatments raises significant con
cerns in relation to chronic wounds, as the microenvironment provides 
an ideal habitat for biofilm-forming microbes [4]. Moreover, a recent 
rise in general fungal resistance to antifungal agents has been observed 
[5]. This includes resistance to a single class of drugs as well as multi
drug resistance towards several classes [6], both of which have been 
observed in wounds.

It is estimated, that up to 80 % of chronic wounds contain biofilm, 
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although it is often speculated that all chronic wounds may contain some 
amount of biofilm [7]. Pseudomonas aeruginosa and Staphylococcus 
aureus are two of the most frequently isolated bacteria from chronic 
wounds, and both organisms can adapt to co-exist [8–11]. This 
co-existence creates a polymicrobial infection, where the two organisms 
often display intricate interactions that complicate treatment [8]. The 
fungal involvement in wounds is often overlooked, although recently, 
the presence of fungi in wounds has received more interest. Some studies 
estimate that up to 23 % of chronic wounds contain fungal species [5,12] 
However, a study on diabetic foot ulcers, using molecular techniques, 
found fungal species in 80 % of the assayed wounds, with Candida being 
one of the most predominant genera [13,14]. Furthermore, it is believed 
that fungi contribute to more than 50 % of the microbial quantity burden 
in most wounds [12].

Interactions between fungal and bacterial species are thought to 
complicate treatment further. Although they are only sparsely studied, 
initial reports suggest that co-infections may exacerbate the infection. 
Studies have found that in vitro co-cultures of S. aureus and C. albicans 
display increased virulence factors, upregulated drug resistance genes, 
and heightened toxin production [15,16]. Animal studies conducted in 
mice showed that single-species intra-abdominal infections of either 
S. aureus or C. albicans were non-lethal, but co-infections with the same 
doses caused 100 % mortality [17,18].

The human chronic wound environment is a complex milieu, con
taining several distinct features. The microenvironment is alkaline with 
pH levels ranging from 7.5 to 8.9 [19]. Wounds with a very alkaline pH 
have been reported to heal significantly slower than those with neutral 
pH [20]. Hence, pH levels play a significant role in healing and are also 
found to affect microbial growth, as some microbes favour alkaline 
conditions [21]. The chronic wound environment is believed to be 
highly anoxic due to the large oxygen consumption exhibited by mi
crobes as well as human skin and immune cells [22]. Gradients of oxy
gen within wounds are believed to create microniches allowing for a 
larger variety of phenotypically distinct populations [23,24]. Thus, the 
biogeography and the heterogeneity of the species found within a 
wound may depend on gradients of oxygen and nutrients, although this 
topic is not yet fully understood.

Inter-kingdom in vitro models that mimic the wound environment are 
scarce, yet highly valuable. Initial reports investigating the effects of 
treatment on such tri-species consortia suggest that protective in
teractions may occur [25]. In this study, we aimed to establish a robust 
tri-species inter-kingdom chronic wound model consisting of C. albicans, 
P. aeruginosa, and S. aureus. The model was based on a previously 
published version which only included P. aeruginosa and S. aureus [26]. 
In this newly established model, we tested the effect of a commonly used 
clinical treatment, namely silver-infused bandages. Additionally, we 
treated the models with a combination of silver bandages and the 
antifungal compound caspofungin. Caspofungin was chosen because 
many clinical guidelines suggests using this echinocandin as first-line 
therapy for candidal infections and its effectiveness against Candida 
biofilms has been found to be more potent compared to other antifungal 
agents [27]. The treatment effects were compared between tri-species 
models and single-species models. These effects were evaluated using 
selective agar plate counts, oxygen and pH microsensor measurements, 
and confocal laser scanning microscopy (CLSM).

2. Materials and methods

2.1. Strains

GFP-tagged S. aureus (strain RN4220) [28] and mCherry-tagged 
P. aeruginosa (strain PAO1) [29] were grown as overnight (ON) cul
tures in peptone (Oxoid). C. albicans (strain ATCC 18804) were grown in 
peptone supplemented with glucose (1 g/L). ON cultures were grown at 
37 ◦C with shaking (160 rpm).

2.2. The collagen-based layered chronic wound biofilm model

The models were made as previously described [26]. In short, a 
subcutaneous fat-like layer composed of peptone (Oxoid), cattle serum 
(Sigma-Aldrich), laked horse blood (SSI Diagnostica), highly concen
trated rat tail tendon collagen type 1 (Corning Inc.) at a final concen
tration of 2 mg/ml, alpha-amylase (A6255, Sigma–Aldrich), pig fat, 1 N 
NaOH, 10x PBS, and distilled water was cast in ThinCert cell culture 
inserts (0.4 μm pore size, Greiner Bio-One GmbH). On top of this, a 
dermis-like layer was cast with the same components at slightly different 
concentrations, but with the pig fat omitted. See Fig. 1 for a schematic of 
the model.

For tri-species models, P. aeruginosa was added on top of the dermis- 
like layer, followed by a short incubation period, after which S. aureus 
and C. albicans were added together. An estimate of 25–100 colony- 
forming units (CFU) of P. aeruginosa, 75–300 CFU of S. aureus, and 
200–500 CFU of C. albicans were added. For single-species models, only 
one species was added on top. For dual-species models, the two chosen 
species were added in the same manner as in tri-species models; 
P. aeruginosa was always added first, followed by S. aureus and 
C. albicans together.

Once the models were made, the inserts were placed in a 12-well 
plate containing wound simulating medium (WSM), composed of 50 
% bovine serum mixed with 50 % saline-buffered peptone at a 0.1 % 
concentration. This medium has previously been used in similar studies 
to simulate wound fluid [30–32] as the major components of wound 
fluid are damaged host tissue and plasma [33]. The models were incu
bated at 33 ◦C on a shaker set to 60 rpm. The WSM was replaced every 
24 h.

2.3. Microsensor measurements

Microsensor measurements of oxygen and pH were performed using 
electrochemical sensors (Unisense A/S). The oxygen microelectrode had 
a sensor tip diameter of 25 μm and both the pH microelectrode and 
reference electrode had sensor tip diameters of 100 μm. The software 
Sensortrace Suite (Unisense A/S) was used to control the sensors, which 
were connected via a Microsensor Multimeter. The microsensors were 
angled vertically and positioned directly above the center of each model 
before measurements were taken. Readings were obtained every 100 μm 
within the model until a depth of 1 mm was reached.

2.4. Confocal laser scanning microscopy

Before the models could be visualised by confocal laser scanning 
microscopy (CLSM), they were wrapped in foil, snap-frozen in dry ice for 
5 min, and then thin vertical slices were cut using a razor blade. The 
slices were subsequently placed on 0.17 mm glass slides. When baseline 
models were visualised, a drop of Calcofluor white (Sigma-Aldrich) was 
added to stain the fungi and Syto™62 (Invitrogen) was added as well. 
When comparing treated to untreated models, a drop of Sytox™Orange 
Dead Cell Stain (Invitrogen) or Propidium Iodide (PI) (Sigma-Aldrich) 
was added to visualise dead microbes. A Zeiss LSM 880 inverted 
confocal laser scanning microscope (Carl Zeiss GmbH) was used to 
visualise the models using a 10x, 20x, or 63x oil objective. The final 
images were processed using Imaris 10.0.1 software (Bitplane AG). 
Overview images were taken using a tile-scan approach with a 10 % 
overlap and z-stacks with step sizes of 50 μm covering the entirety of the 
sample.

2.5. Treatments and caspofungin MIC determination

All treatments were applied to 48-h-old models. Silver-infused ban
dages (Acticoat Flex 3, Smith & Nephew) were cut into 1 × 1 cm pieces 
and gently placed on top of the models. When testing three times the 
normal amount, three layers of bandages were placed on top of the 
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models. Minimum inhibitory concentration (MIC) values of caspofungin 
(Sigma-Aldrich) were determined by performing broth microdilution 
following the protocol of Wiegand et al. [34]. In short, the turbidity of 
C. albicans was adjusted to the OD600 equivalent of a 0.5 McFarland 
standard. A dilution series of caspofungin was made, ranging from 0.03 
μg/ml to 64 μg/ml. C. albicans were inoculated in a 96-well plate with 
the different antibiotic concentrations in duplicates at 37 ◦C for 20 h 
before the results were read by visual examination. When models were 
treated, they were treated with 1000x MIC, as biofilms are often 
described to be drastically more tolerant towards antimicrobials 
compared to planktonic cells [35].

2.6. CFU enumeration

When CFU enumeration of the models was performed, the total 
content of each insert was transferred to a bead-beating tube containing 
6 ceramic beads (2.8 mm) (Precellys) and 1 ml of Dey-Engley neutral
ising broth (Sigma-Aldrich). The broth was found to effectively 
neutralize the effect of the silver bandages, as previously described [36], 
hence all models were harvested using this broth. The tubes were 
bead-beaten on a MagNA Lyser (Roche) for 2 × 10 s at 6000 rpm. 
Subsequently, the tubes underwent 5 min of degassing, followed by 15 
min of sonication in a water bath. Dilution series were made in 0.9 % 
saline, and spots from each dilution were plated on selective media: 
Azide agar (Sigma-Aldrich) was used to enumerate S. aureus, Cetrimide 
agar (Sigma-Aldrich) was used to enumerate P. aeruginosa, and Sabo
uraud Glucose agar with chloramphenicol (Sigma-Aldrich), supple
mented with ciprofloxacin (10 μg/ml), was used to enumerate 
C. albicans.

2.7. Statistical analysis

All statistical analyses were performed in GraphPad Prism version 10 
(GraphPad Software Inc.). For comparing several groups, ANOVA tests 
were used if the data had a Gaussian distribution, and Kruskal-Wallis 
were used if not. For comparing only two groups, a t-test was used for 
data with a Gaussian distribution, and a Mann-Whitney U test was used 
if not. The lower limit of detection (LOD) was set at 100 CFU/mL; hence, 
if no colonies were observed, the value was plotted as ‘99’ for all data 
visualisation and statistical tests. To denote statistical significance, the 
following symbols were used: ns = not significant (p > 0.05), *p < 0.05, 
**p < 0.01 and ***p < 0.001.

3. Results

3.1. Establishment of a tri-species model

A stable consortium of P. aeruginosa, S. aureus, and C. albicans was 
established within the chronic wound model. The CFUs remained stable 
over the tested duration of 6 days, with a slight decrease in C. albicans 
observed on day 6 (Fig. 2A). Oxygen measurements were taken at 100 
μm intervals in the top 1 mm of the model on days 0, 2, 4, and 6 (Fig. 2B). 
A percentage drop in oxygen at 1 mm was calculated for each day. The 
model was almost fully oxygenated at day 0, with a modest decrease to 
93 % at 1 mm, but a sharp decrease in oxygen availability was observed 
on day 2, with even steeper gradients on days 4 and 6. pH measurements 
were performed in the same manner as the oxygen measurements, but 
since the pH levels remained constant throughout the model’s depth 
(Suppl Figure 1), the pH values are presented as averages instead 
(Table 1). On day 0, the models were neutral, tending towards alkaline, 
with an average pH of 7.99. On day 2, the pH level had increased by 
almost one unit to 8.88. The pH levels remained alkaline during all 6 
days.

3.2. Models treated with silver-infused bandages

Tri-species models and single-species models were treated with 
silver-infused bandages for 24 h. When single-species C. albicans models 
were treated with silver-infused bandages, a slight reduction in CFUs 
was observed compared to untreated models (Fig. 3A). When 
P. aeruginosa single-species models were treated with silver-infused 
bandages, it caused an almost complete reduction in bacterial 
numbers, with growth observed in only one out of nine replicates 
(Fig. 3A). When single-species S. aureus models were treated with silver- 
infused bandages, it caused a complete reduction in six out of nine 
replicas, while some growth was still observed in the remaining three 
replicas (Fig. 3A).

When tri-species models were treated with silver-infused bandages, a 
curious trend was observed. Both P. aeruginosa and S. aureus showed 
significantly higher survival in the tri-species models (Fig. 3B). Viable 
P. aeruginosa was found in all models, and viable S. aureus was present in 
all but one model, showing a large difference between the CFU numbers 
of single-species models and tri-species models treated with bandages. 
To determine if this difference was significant, despite slightly higher 
CFU numbers in the untreated single-species models compared to tri- 
species models, log reductions were calculated for both single-species 
and tri-species models after bandage treatment (Fig. 3C). A 

Fig. 1. Schematic of the model.
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statistically significant difference between the CFU numbers of the 
model types was observed, with lower log reductions in the tri-species 
model. This suggested better survival in the tri-species models than in 
the single-species models following bandage treatment. Moreover, the 
CFU of each species was calculated as a percentage of the total CFU 
within the tri-species models for both untreated and bandage-treated 
conditions (Fig. 3D). A shift in species dominance was observed; for 
untreated models, P. aeruginosa comprised over 80 % of the total CFU, 
while in bandage-treated models, S. aureus became the dominant spe
cies, accounting for over 70 % of the total CFU.

Since all untreated single-species models showed slightly higher CFU 

Fig. 2. A) Baseline CFUs of the tri-species model at days 2, 4, and 6. CFU numbers for each day were compared within each species using a Kruskal-Wallis test. Lines 
and bars represent mean ± SD, n = 9 and LOD = 100 CFUs. B) Oxygen levels measured within the top 1 mm layer of the tri-species model on days 0, 2, 4, and 6. Error 
bars represent SD, n = 9.

Table 1 
pH levels within the top 1 mm depth of the tri-species model on days 0, 2, 4, and 6. All 
10 values from 0 μm to 1000 μm were averaged, and then the mean was calculated 
from n=9 replicates. An ANOVA was used to compare the value of day 0 to the other 
days.

Baseline pH of tri-species models (mean ± SD)(statistical significance)

Day 0 Day 2 Day 4 Day 6

7.99 ± 0.008 8.88 ± 0.019(***) 8.54 ± 0.041(***) 8.70 ± 0.054(***)

Fig. 3. A) CFUs of single-species models, both untreated and treated. The treated models have been compared with their respective untreated models for statistical 
testing. Lines and bars represent mean ± SD, n = 9, and LOD = 100 CFUs. B) CFUs of tri-species models, both untreated and treated. The treated models have been 
compared with their respective untreated models for statistical testing. Lines and bars represent mean ± SD, n = 9, and LOD = 100 CFUs. C) Log reductions were 
calculated from single-species and tri-species data in A) and B) and tested for statistical difference using Mann-Whitney U tests for each species. Lines and bars 
represent mean ± SD, n = 9, and LOD = 100 CFUs. D) The total CFU counts of both untreated and bandage-treated tri-species models were converted to 100 %, and 
the proportion of each species was subsequently calculated and plotted.
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counts than their untreated tri-species counterparts (Suppl Fig. 2A), a 
direct comparison of the CFUs in treated models was also performed. 
This test aimed to determine if there was a significant difference be
tween the single-species and tri-species models treated with bandages, 
regardless of their untreated counterparts. For both P. aeruginosa and 
S. aureus, this was the case; their survival in the tri-species models was 
significantly higher (Suppl Figure 2B).

3.3. Dual-species models

To investigate whether the reduced effect of silver bandages 
observed in the tri-species models would also occur when only two 
species were present, dual-species models were created (see Suppl 
Figure 3). Most notably, it was observed that when treated with silver 
bandages, P. aeruginosa did not grow, whether it was grown with 
C. albicans or S. aureus. S. aureus, on the other hand, remained viable at 
all times when grown with either C. albicans or P. aeruginosa.

3.4. Oxygen measurements

Oxygen measurements were obtained in both single-species and tri- 
species models. The addition of bandages had a restorative effect on the 
oxygen levels in all models, causing the levels to rise after only 24 h of 
treatment (Fig. 4). All models had dropped to 0 % oxygen at a 1 mm 
depth before treatments were added, except single-species C. albicans 
models, which were at 2 %. The day after, all untreated models 
remained at 0 % oxygen, except for the single-species C. albicans models, 
which averaged 3 % oxygen. When treated with bandages, single-species 
C. albicans models reached 81 % oxygen at a 1 mm depth. Single-species 
P. aeruginosa models reached 90 % oxygen after bandage treatments, 
and single-species S. aureus models reached 61 %. Tri-species models 
treated with bandages were at 69 % oxygen at 1 mm depth, indicating 
that although several microorganisms survived the bandage treatment 
in the tri-species models, oxygenation within the models was still 

partially restored.

3.5. pH measurements

pH measurements were performed in all models before and after 
treatments (Table 2). Before treatment, the pH level was 8.67 in the tri- 
species models, however, after 24 h of silver-infused bandage treatment, 
the pH level had slightly increased to 8.84. while the pH in the untreated 
models was virtually unchanged. All single-species models had similar 
starting pH values, ranging from 8.84 in C. albicans models to 8.49 in 
S. aureus models. After bandage treatments, the pH levels in C. albicans 
and P. aeruginosa models increased to above 9, measuring 9.29 for 
C. albicans and 9.06 for P. aeruginosa. The pH in S. aureus models barely 
increased, with a post-treatment pH of 8.53.

Fig. 4. Oxygen measurements were taken at every 100 μm within the models to a depth of 1 mm. Measurements were performed before treatment and after 24 h of bandage 
treatment, or in models left untreated. Each symbol represents mean ± SD, n=9. The measurements were conducted for A) tri-species models, b) single-species C. albicans 
models, C) single-species P. aeruginosa models, and D) single-species S. aureus models.

Table 2 
pH levels within the top 1 mm depth of the tri-species model and single-species 
model before treatments, after bandage application, and for untreated models. 
All 10 values from 0 μm to 1000 μm were averaged, and the mean was calculated 
from n = 9 replicates. ANOVA tests were conducted to compare “Before treat
ment”-values to “After bandages” and “Untreated”-values.

pH of models before and after treatments (mean ± SD)(statistical significance)

Type of model Before 
treatment

After bandages Untreated

Tri-species 8.67 ± 0.031 8.84 ± 0.023 
(***)

8.69 ± 0.025 
(ns)

Single-species 
C. albicans

8.84 ± 0.018 9.29 ± 0.030 
(***)

8.91 ± 0.016 
(***)

Single-species 
P. aeruginosa

8.74 ± 0.020 9.06 ± 0.016 
(***)

8.89 ± 0.031 
(***)

Single-species S. aureus 8.49 ± 0.011 8.53 ± 0.031 
(**)

8.50 ± 0.030 
(ns)
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3.6. Models treated with silver-infused bandages and caspofungin

We tested the antifungal compound caspofungin in the hope that a 
combination of silver-infused bandages and caspofungin would suc
cessfully kill all microbes in the tri-species model. We hypothesised that 
the caspofungin would reduce the numbers of C. albicans which would in 
turn reduce its protective effect. Using a broth microdilution method, a 

caspofungin MIC value of 0.125 μg/ml was determined for C. albicans. 
For the treatments, a concentration of 1000 times the MIC was used. In 
the tri-species models, the combination of silver-bandages and caspo
fungin did not affect the C. albicans nor the S. aureus CFU. The numbers 
of P. aeruginosa increased slightly after the combination treatment 
(Suppl Figure 4A). The oxygen level, however, did appear to decrease 
slightly less when caspofungin was added (Suppl Figure 4C). 

Fig. 5. CLSM images of the tri-species models containing P. aeruginosa (red), S. aureus (green), C. albicans (blue), and DNA (purple). A) An overview image of the 
model on day 2. B) A hyphal network in the middle of a P. aeruginosa biofilm on day 2, with microcolonies of S. aureus visible. C) Microcolonies of all species present 
on day 2. The white arrows point to two special C. albicans forms suspected to be clumped blastospores, and the red arrow points to a possible chlamydospore. D) 
Microcolonies, single cells, and mixed biofilms of S. aureus and P. aeruginosa on day 4. E) A hyphal network surrounding an S. aureus biofilm on day 6. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Caspofungin was also tested in single-species models of C. albicans but 
was found to be less effective than the silver-infused bandages (Suppl 
Figure 4B). Nonetheless, caspofungin did affect the oxygen levels within 
the model, resulting in higher levels than in untreated models (Suppl 
Figure 4D). The tri-species model was also treated with three times the 
normal amount of silver bandages. This was done to ensure that the 
amount of silver particles was not a limiting factor in treating the tri- 
species models and it was performed by placing three layers of ban
dages on top of each other on the models. The average untreated tri- 
species model contained around 1.1x109 organisms in total. While 
models containing S. aureus or C. albicans alone had fewer organisms 
(4.0x108 and 4.5x107, respectively), models with P. aeruginosa alone 
actually contained more organisms (1.7x109). Nonetheless, we wanted 
to ensure that the tri-species models were saturated with the silver 
treatment. However, there was no difference in CFU between models 
treated with one layer and models treated with three layers of silver- 
infused bandages (Suppl Figure 4A).

3.7. Biogeography of the different species in the models

To establish the baseline, tri-species models were visualised by 
confocal microscopy after 2, 4, and 6 days (Fig. 5). At all time points, 
P. aeruginosa was observed to form a thick biofilm layer near the top of 
the models. Smaller biofilms, microcolonies, and single cells of 
P. aeruginosa could also be seen, primarily in the top parts of the models. 
S. aureus and C. albicans were distributed throughout the model, in both 
top and bottom regions. S. aureus appeared as both single cells and larger 

biofilms but was primarily seen as microcolonies. C. albicans formed 
both yeast-biofilms and hyphal networks, as well as single cells. The 
hyphal networks were often found in close contact with both S. aureus 
and P. aeruginosa. Single-species and multi-species biofilms, in various 
combinations, were observed within the tri-species models. Addition
ally, special forms of C. albicans were also observed, including forms 
suspected to be clumps of blastospores and chlamydospores. Occasion
ally, the bacteria dropped their plasmid containing their fluorescence, 
hence Syto62 was added to the models. Small S. aureus microcolonies 
that were not fluorescently green were occasionally detected but were 
only visible when using Syto62 stain. Interestingly, the blastospores and 
chlamydospores of C. albicans exhibited strong fluorescence with 
Syto62, suggesting high DNA content.

Treated and untreated tri-species models were visualised as well (see 
Fig. 6). In the bandage-treated models, the top layers were almost 
empty, but some growth was observed deeper within the models. Hyphal 
networks and yeast biofilms were still present, although yeast biofilms 
appeared to be confined to the deeper layers of the model. Large biofilms 
of S. aureus and P. aeruginosa were no longer observed. Instead, only 
smaller colonies or single cells were seen, both near and far from the 
C. albicans biofilms. Cells with clear SytoxOrange staining were 
observed as well for all three species. The untreated models resembled 
the baseline models, with large mixed biofilms observed throughout the 
models.

Single-species models of each microbe were visualised as well. 
Single-species C. albicans models contained large biofilms throughout 
the models (Fig. 7). When treated with silver bandages, the biofilms 

Fig. 6. CLSM images of treated (A and B) and untreated (C and D) tri-species models containing P. aeruginosa (red), S. aureus (green), C. albicans (blue), and dead 
cells (orange). A) A hyphal network and smaller microcolonies of S. aureus in a bandage-treated model. B) Dead and alive P. aeruginosa stained in orange and red. 
The white arrows point to dead C. albicans yeast, which appear both orange and blue. C- D) Untreated models showing large hyphal networks surrounded by S. 
aureus and P. aeruginosa. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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remained, but several of the cells, particularly the yeast forms, were 
stained with PI, indicating permeable membranes (Fig. 7C and D). 
Strikingly, untreated single-species models of P. aeruginosa and S. aureus 
did not contain any large biofilms (Fig. 7E and G). Instead, they mostly 
contained microcolonies, thin layers of biofilms, or single cells spread 
throughout the model. When treated with silver bandages, there was 
barely any P. aeruginosa left to observe in the models, except for a few 
cells stained with SytoxOrange (Fig. 7F). The single-species S. aureus 
models treated with bandages still contained numerous microcolonies, 
but they all stained with PI, except for a few sporadic cells (Fig. 7H).

4. Discussion and conclusion

In this paper, we have developed a tri-species inter-kingdom model 
simulating a realistic wound environment. Very few such models 
currently exist that incorporate both bacterial and fungal species while 
also providing a suitable, wound-relevant 3D environment.

When establishing the wound model presented in this paper, the key 
to maintaining stable CFU numbers over time appeared to be the initial 
inoculum size. Initial failed attempts to create a stable consortium were 
performed with much lower numbers of C. albicans. However, as pre
vious studies have found that the initial inoculum plays a significant role 
in cultures growing together [8], we adjusted the starting inoculum to 
the current level, which resulted in a stable C. albicans presence within 
the model for at least 6 days. When evaluating the stability of the model, 
we also examined the presence of C. albicans hyphae, interpreting their 
establishment as visual confirmation that the fungus had established 
itself within the model. Hyphal growth compensates for the lack of 
motility in fungi and serves as a nutrient-scavenging mechanism [37]. 
Moreover, hyphae are key drivers of fungal pathogenesis and strong 
indicators of virulence [37].

In addition to hyphae, alternative forms of C. albicans were observed 
using CLSM. We suspect these forms to be tightly clumped blastospores 
and chlamydospores. Chlamydospores are often described as occurring 
under sub-optimal growth conditions as a survival mechanism for 
C. albicans during stressful conditions [38]. The formation of chla
mydospores could be a result of the stress C. albicans might endure when 
growing with two bacterial species, as these structures were not 
observed in single-species C. albicans models.

After establishing a stable presence of all three species, we investi
gated the antimicrobial effect of silver-infused bandages in both single- 
species models and the tri-species model. We observed a protective ef
fect when the three species were grown together. Particularly the sur
vival of P. aeruginosa and S. aureus was markedly higher when grown in 
the tri-species model compared to single-species models. However, we 
are not the first to report this protective phenomenon. Townsend et al. 
[39] created an in vitro model that included the same species investi
gated here. The substrate in their models was composed of a cellulose 
matrix and a polymerised hydrogel made of 10 % 3-sulfopropyl acrylate 
potassium salt, 0.95 % v v–1 poly(ethylene glycol) diacrylate, 0.01 % v 
v–1 1-hydroxycyclohexyl phenyl ketone, to which 50 % heat-inactivated 
horse serum was added. Using this model, Townsend et al. [25] found 
that S. aureus in their tri-species model was more tolerant to ciproflox
acin than the single-species S. aureus counterpart. Kean et al. [40] grew a 
biofilm-defective strain of S. aureus together with C. albicans on the same 
model scaffold as Townsend et al. [25], and observed significantly 
higher survival of S. aureus against miconazole in dual-species models 
than in single-species models. Using CLSM and scanning electron 

microscopy, Kean et al. observed that S. aureus grew in close association 
with C. albicans hyphae. Their co-culture also demonstrated increased 
secretion of eDNA, and the tolerance to miconazole appeared to corre
late with eDNA levels. Additionally, a metabolomic investigation sug
gested that S. aureus may scavenge components of the fungal cell wall, 
promoting its growth. Hence, the relationship between S. aureus and 
C. albicans seems to have many facets. In our bandage-treated tri-species 
models, we did not observe a consistent close contact between 
C. albicans biofilms and either of the bacterial species. Therefore, we 
speculate that the protective effect was caused by factors beyond close 
physical contact, such as secreted molecules, alterations in the micro
environment or gene expression changes.

Several in vitro studies have investigated the co-culture of 
P. aeruginosa with S. aureus. Among other benefits, these studies have 
found that P. aeruginosa exhibits increased tolerance to antibiotics, 
altered metabolism, and modified biofilm architecture, which can pro
vide increased protection [8,41,42]. Using CLSM, we observed that 
neither of the single species models of P. aeruginosa nor S. aureus 
developed large biofilms after 48 h of growth. However, when grown 
together in a dual-species model (as seen in a previous version of the 
model in [26]) or in a tri-species model as shown in this paper, large 
biofilms were observed for both species. We hypothesize that the pres
ence of other microorganisms may drive the microbes to produce a 
denser biofilm more rapidly, contributing to the persistent species sta
bility within the model and, in turn, leading to increased tolerance to 
silver-infused bandages. Curiously, when P. aeruginosa was grown in 
dual-species models and treated with bandages, it did not survive, sug
gesting that the presence of both S. aureus and C. albicans was necessary 
for its survival, and that the altered biofilm architecture alone may not 
provide full protective effects.

S. aureus, similar to P. aeruginosa, may also experience several ben
efits from being co-cultured. When grown in co-cultures, S. aureus has 
previously been observed to convert to the phenotype known as small 
colony variant (SCV). SCV is often associated with a decreased metabolic 
rate and increased resistance to various stresses, including antibiotics 
[43,44]. We speculate that co-cultures containing S. aureus might drive 
its conversion to the SCV phenotype, enhancing its tolerance to stress, 
including silver-infused bandages. It is possible that this conversion to 
SCV may even occur occasionally when S. aureus is grown alone and 
challenged by stress, which would explain why some single-species 
models of S. aureus survived the bandage treatment.

Using microsensor measurements, we observed that although the 
silver bandages did not eradicate the infection in the tri-species model, 
they still caused a marked increase in oxygen levels. We suspect this to 
be due to two main factors: the lower microbial burden in the model and 
possibly halted metabolic state of the microorganisms, leading to slower 
oxygen consumption. There is substantial evidence supporting the 
benefits of using silver-infused bandages in clinical settings, and we 
postulate that this may be partly due to the reduction in microbial 
burden, as well as a slower metabolism, which leaves more oxygen 
available for human skin and immune cells.

Bandage treatments appeared to cause alkalinisation in all models, 
both tri-species and single-species, as all treated models had a higher pH 
than their untreated counterparts. The pH of the bandage itself was not 
investigated in this study, but has been reported previously in Parsons 
et al. [45]. After soaking the Acticoat™ dressing in deionized water for 
3 h, the authors found the pH to be 9.5, but after 24 h, it had decreased to 
7.7. We suspect that the silver-infused bandages, in concert with 

Fig. 7. CLSM images of single-species models of C. albicans in A-D), P. aeruginosa in E-F) and S. aureus in G-H). A-B) Untreated C. albicans (blue) models displaying 
hyphal networks and yeast biofilms. C-D) Bandage-treated models showing PI-stained cells (red) indicating permeable cell walls. E) Untreated P. aeruginosa models 
showing several live cells (red). F) Bandage-treated P. aeruginosa models. The two white arrows point to SytoxOrange-stained P. aeruginosa cells (orange), indicating 
cell permeability. G) Single-species model of S. aureus (green) left untreated displaying both single cells and microcolonies. H) Bandage-treated S. aureus models, in 
which most of the cells are stained with PI (red), but the white arrows point to a few that remain alive. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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microbial metabolism, contributed to the elevated pH in the models. The 
effect of pH on silver alginate wound dressings has previously been 
investigated, showing that the silver dressings were more effective at 
lower pH levels [46]. However, it is uncertain if this is also applies to the 
silver-infused dressings used in this study. The alkaline environment of 
infected chronic wounds is often considered a significant hindrance to 
wound healing, hence if a treatment increases the pH in a wound even 
further, caution should be advised.

The models in this study were only treated with a single layer of 
silver-infused dressings. Therefore, to ensure that the presence of bac
teria observed in the tri-species model treated with silver bandages was 
not due to a limited amount of the treatment, i.e. silver particles, we also 
treated some tri-species models with thrice the amount of silver ban
dages. However, there was no difference between three layers or one 
layer of treatment, suggesting that the increased survival observed in the 
tri-species model was not due to a lack of silver particles.

In conclusion, we believe we have successfully created a reliable 
inter-kingdom consortium in a realistic chronic wound model environ
ment. The model closely mimics the infectious environment found in 
patients suffering from chronic wounds, hence we believe results ob
tained in the model to have high translatability. Our model maintains 
stable CFU numbers for at least 6 days, exhibits high oxygen consump
tion, and shows alkalinisation of the microenvironment. Biofilms, 
microcolonies, single cells, as well as fungal hyphae, are present within 
the model at all time points. Finally, we have demonstrated that within 
the model, a protective effect of the bacteria appears to occur, as 
treatment with silver-infused bandages does not result in the same 
antimicrobial impairment observed in single-species models. We believe 
this model platform is highly useful for future studies related to 
bacterial-fungal interactions and for investigating the efficacy of various 
wound treatments. It provides a platform for testing novel antimicrobial 
strategies that target both bacterial and fungal components of biofilms, 
potentially leading to more effective treatments for chronic wounds and 
other inter-kingdom infections. Future work on the model could explore 
the molecular mechanisms underlying the observed inter-species in
teractions and investigate the efficacy of combination therapies target
ing both bacterial and fungal components.
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