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Abstract

A new in vitro chronic wound biofilm model was recently published, which provided

a layered scaffold simulating mammalian tissue composition on which topical wound

care products could be tested. In this paper, we updated the model even further to

mimic the dynamic influx of nutrients from below as is the case in a chronic wound.

The modified in vitro model was created using collagen instead of agar as the main

matrix component and contained both Staphylococcus aureus and Pseudomonas aeru-

ginosa. The model was cast in transwell inserts and then placed in wound simulating

media, which allowed for an exchange of nutrients and waste products across a filter.

Three potential wound care products and chlorhexidine digluconate 2% solution as a

positive control were used to evaluate the model. The tested products were com-

posed of hydrogels made from completely biodegradable starch microspheres carry-

ing different active compounds. The compounds were applied topically and left for

2–4 days. Profiles of oxygen concentration and pH were measured to assess the

effect of treatments on bacterial activity. Confocal microscope images were obtained

of the models to visualise the existence of microcolonies. Results showed that the

modified in vitro model maintained a stable number of the two bacterial species over

6 days. In untreated models, steep oxygen gradients developed and pH increased to

>8.0. Hydrogels containing active compounds alleviated the high oxygen consump-

tion and decreased pH drastically. Moreover, all three hydrogels reduced the colony

forming units significantly and to a larger extent than the chlorhexidine control treat-

ment. Overall, the modified model expressed several characteristics similar to in vivo

chronic wounds.
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1 | INTRODUCTION

The rising incidence of diabetes, blood pressure diseases, overweight

and a population with an increased lifespan are some of the rea-

sons why chronic wounds, particularly on lower limbs, are increas-

ing every year.1 To date, one of the most reliable treatments used

by physicians is sharp debridement and removal of dead and

infected tissue. However, since debridement rarely removes every

single microbe, any remaining bacteria may repopulate the

wound.2 For this reason, supporting topical treatments are

requested by the physicians, although these are often lacking in

efficiency when used in the clinic.3

For developing new wound care treatments, good in vitro models

are a necessity. The more realistic the model is, the higher the likeli-

hood that data obtained from the lab-scale in vitro model can be

translated to in vivo conditions and the treatment can prove success-

ful in practice.

We have previously published some ideas about the ‘perfect’
in vitro biofilm infected chronic wound model.4 In line with these

thoughts, we wanted our new model to:

• Contain Wound Simulating Medium (WSM)

• Be based on a matrix of suitable mammalian material

• Have nutrients continuously added

• Be able to contain several selected microbial species

• Express 3D gradients of nutrients, oxygen and pH

• Be devoid of shear flow

• Be devoid of non-mammalian components in the matrix or the

media

• Not be grown on a solid surface

The modified model in the present study was based on the lay-

ered chronic wound biofilm model (CWB) recently published by Chen

et al.,5 which contained both Staphylococcus aureus and Pseudomonas

aeruginosa. However, we made some significant changes according to

the abovementioned criteria. First, the matrix material was changed

from agar to collagen, and thus from a plant-derived to a mammalian,

human-relevant material. We hypothesized that changing the matrix

could affect antimicrobial tolerances. Second, the models were cast in

transwell inserts. This allowed for an exchange of nutrients and waste

products from the bottom without introducing shear flow. It was

hypothesized that it would allow the model to sustain growth for a

significantly longer period and maintain steady state in terms of bacte-

rial numbers and species-to-species ratio. Third, the physiological salt

water in the original model was replaced with phosphate-buffered

saline (PBS). It was conjectured that the buffered system would pro-

vide a more realistic environment. Chronic wounds are often charac-

terised by (i) an excess of nutrients where damaged tissue is assumed

to release a range of nutrients,6 (ii) an alkaline pH that is thought to

be partially due to bacterial activity, as several species are converting

nitrous compounds by ammonification leading to a net pH increase7

and (iii) predominantly hypoxic/anoxic conditions.8 The oxygen deple-

tion within chronic wounds9 is likely a result of the concerted oxygen

consumption of both bacteria and immune cells that consume O2 for

the production of the superoxide anion (O2
�) used in their respiratory

burst.10–12 Finally, the original CWB model was grown at room tem-

perature, while the modified model instead was grown at 33�C, to

more accurately reflect the average temperature found in the wound

bed of chronic ulcers.13

Three new hydrogels made from degradable starch microspheres

carrying different active compounds were tested for their antimicro-

bial effect on the modified in vitro model. A 2% chlorhexidine digluco-

nate solution (CHX) was used as a control. This compound has

previously been shown to be effective against both S. aureus and

P. aeruginosa and is currently used as a topical solution for infected

wounds.14 Since the newest recommendations for wound care advise

against the use of topical antibiotics, we decided not to test antibi-

otics in the modified in vitro model.15 All treatments were tested in

the original CWB model for comparison.

The motivation for making this new, modified in vitro model was

to create a wound-like microenvironment, in which novel topical

products could be tested under in vivo-like conditions. We wanted to

grow wound-relevant pathogens while emulating several environmen-

tal factors, such as pH, oxygen and temperature levels as well as a

continuous supply of nutrients, as we believe such factors to have a

large impact on potential treatments. Finally, we wanted the model to

be economically viable using readily sourced materials, and be easy to

replicate, giving the opportunity for semi-high throughput screenings

of new wound treatments.

2 | METHODS

2.1 | The layered CWB model

The layered chronic wound models produced for the present study

were made exactly as described previously, by Chen et al.5 The only

change in this study was the incubation temperature which was

increased from room temperature to 33�C.

2.2 | The modified layered chronic wound biofilm
model (mCWB)

Similar to the original, the modified model created for the present

study consisted of a dermis-like layer on top of a subcutaneous

fat-like layer.

The dermis-like layer consisted of 2% peptone water (Oxoid)

(w/v), 50% cattle serum (Sigma) (v/v), 5% laked horse blood (SSI Diag-

nostica) (v/v), 10% 10� PBS (v/v) and 21% distilled water (v/v).

Alpha-amylase (A6255, Sigma–Aldrich) was added to a final concen-

tration of 140 U/L. Highly concentrated rat tail tendon collagen (type

1) (Corning Inc.) was added to a final concentration of 2 mg/mL. This

was neutralised with NaOH by adding 0.023 μL of a 1 N NaOH solu-

tion times the added collagen volume in μL. This solution was pre-

pared on ice and kept on ice until use.
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The subcutaneous fat-like layer was prepared on ice and made of

2% peptone water (w/v), 10% pig fat (w/v), 20% cattle serum (v/v),

2% laked horse blood (v/v), 10% 10� PBS (v/v) and 56% distilled

water (v/v). Alpha-amylase was added to a final concentration of

140 U/L. A final collagen concentration of 2 mg/mL neutralised with

NaOH was obtained, as described above. The transwell inserts

(0.4 μm pore size) (ThermoFisher Scientific) were pre-heated on a

heating block set to 65�C together with the pig fat, which was melted

before being added separately into each insert. Afterwards, the trans-

well inserts were slowly cooled down to room temperature. The rest

of the subcutaneous fat-like solution was then removed from the ice,

left at room temperature for 5 min before being added to the trans-

well inserts and mixed with the melted pig fat.

The subcutaneous fat-like layer was left at 37�C to polymerise for

1 h. Small round silicone moulds of a 6 mm diameter were placed on

the polymerised subcutaneous fat-like layer before casting the

dermis-like layer on top creating the signature ‘void’ presented in

Chen et al.5 After the addition of the dermis-like layer, the model was

left for another hour at 37�C to polymerise where after the moulds

were removed, and excess liquid aspirated.

Overnight (ON) cultures of GFP-tagged S. aureus (strain RN4220)

and mCherry-tagged P. aeruginosa (strain PAO1) were grown in LB

medium the day before making the models. Both strains originate

from human infections as PAO1 was originally isolated from a wound

while RN4220 was originally isolated from a corneal ulcer. An esti-

mate of 25–100 colony forming units (CFU) of P. aeruginosa were

added to the dermis-like solution and added to each model. After

30 min at 37�C, approximately 75–200 CFU of S. aureus were mixed

with dermis-like solution and added on top of the P. aeruginosa layer.

After another 30 min at 37�C, each transwell insert was added to the

well of a 12-well-plate. In each well, 1 mL wound simulation medium

(WSM) was added, made from 50% bovine serum mixed with 50%

saline buffered peptone in a 0.1% concentration. All products used in

the model were purchased as sterile products.

The finished models were incubated at 33�C. The modified

models were placed on a shaker set to 60 rpm and WSM was

replaced every 24 h (see Figure 1 for a schematic overview of the

model).

2.3 | Microscopy

Confocal microscopy imaging of the CWB model was performed as

described in Chen et al.5 Briefly, three different stains were added to

the model: Syto™9, Sytox™Orange Dead Cell Stain and wheat germ

agglutinin (WGA) Alexa Fluor® 594 conjugate (Invitrogen). The model

was left to incubate with the stains in darkness for 15 min, before thin

vertical slices were cut with a razor blade.

For the mCWB model, fluorophore-tagged bacteria were used,

making it easy to distinguish between the two species. S. aureus was

GFP-tagged (green) while P. aeruginosa was mCherry-tagged (red)

hence the only stain added to the modified model was Sytox™Blue

Dead Cell Stain (Invitrogen). The models were wrapped in foil, snap-

frozen in dry ice for 10 min, and then thin vertical slices were cut

using a razor blade. This freezing step was performed to increase sec-

tioning precision.

Sections of the models were visualised in a Zeiss LSM

880 inverted confocal laser scanning microscope (Carl Zeiss GmbH)

using both a 10� and 63� oil objective and the images were subse-

quently processed using the IMARIS software (Bitplane AG). For over-

view images, a tile-scan approach was used.

2.4 | pH and oxygen measurements

Oxygen and pH measurements were performed using electrochemical

microsensors. The pH microelectrode and reference electrode both

had sensor tip diameters of 100 μm (PH-100, Unisense A/S, Aarhus,

F IGURE 1 Schematic drawing of the modified layered chronic wound biofilm model.
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Denmark) and the oxygen microelectrode had a 25 μm diameter sen-

sor tip (OX-25, Unisense A/S, Aarhus, Denmark). Sensors were con-

nected to a Microsensor Multimeter (Unisense A/S) and controlled by

a PC running the software Sensortrace Suite (Unisense A/S). The

microsensor tips were positioned in the middle of the void of the

model, and signals were recorded in vertical increments of 100 μm

until a depth of 1100 μm. During measurements, models were kept at

33�C by being placed on a thermostatic heating block.

pH measurements were also performed for a sample of each

treatment (see Table 1).

2.5 | Treatments

The three hydrogels (Hydrogel A, Hydrogel B and Hydrogel C)

were provided by Magle Chemowed AB. They contained undi-

sclosed active compounds in the form of various organic acids,

hence their acidic pH. The hydrogels were made from solid degrad-

able starch microspheres, containing liquid solutions of active

compounds added to them, creating viscous gels. Magle Che-

moswed AB also provided a placebo gel made from the same mate-

rial but containing 0.9% NaCl instead of an active compound.

Chlorhexidine gluconate (CHX) was bought as a 20% dilution

(Sigma–Aldrich) and diluted further to 2% in distilled water. Some

models had nothing added to them, termed ‘untreated’—not to be

confused with the placebo treatment.

2.6 | Harvest and CFU enumeration

For CFU enumeration, the models were removed from their insert

and added to 2 mL bead-beating tubes containing six ceramic beads

(2.8 mm). Every tube also contained 1 mL 0.9% NaCl. The tubes were

bead-beaten for 2 � 10 s at 6000 rpm. Dilution series were prepared

with 0.9% NaCl and subsequently 10 μL spots were made on two

types of selective media: Azide Agar (Sigma–Aldrich) which selects for

S. aureus and Cetrimide Agar (Sigma–Aldrich) which selects for

P. aeruginosa.

For the harvest of models treated with a hydrogel containing

an active compound, the bead-beating tubes contained 1 mL of

double-concentrated Dey-Engley broth (Sigma–Aldrich) instead of

0.9% NaCl to neutralise the effect of the hydrogels. For the models

treated with CHX, the tubes contained 1 mL of Mueller-Hinton

broth supplemented with 3% Tween 80 and 0.3% Lecithin, which

successfully neutralised the CHX treatment as suggested by

Zamany.16 The remainder of the steps were identical to the ones

for non-treated models.

The neutralising effect of double-concentrated Dey-Engley broth

against the three hydrogels was tested and confirmed beforehand, as

was the neutralising effect of the Mueller-Hinton broth supplemented

with Tween 80 and Lecithin against CHX (data not shown).

2.7 | Experimental setup

Following model assembly, measurements of O2 concentration and

pH, microscopy and CFU enumerations were performed after 0, 2,

4 and 6 days of incubation (see Figure 2 for experimental timeline).

Immediately after casting the first models, pH and oxygen measure-

ments were performed to establish a baseline in the model, before the

bacteria were able to affect their environment. All models were then

left at 33�C for 2 days, allowing the microbes to proliferate.

TABLE 1 pH of samples of the various treatments.

pH of treatments

Placebo Hydrogel Hydrogel A Hydrogel B Hydrogel C CHX 2%

6.5 2.5 2.2 2.3 5.9

24 h 24 h 24 h 24 h 24 h 24 h

Models are made Models are harvested Models are harvested Models are harvested

One of 6 different 
treatments are added

or

One of 6 different 
treatments are added

or

WSM is refreshed 
every 24 hours

Initial pH/oxygen 
measurements are 
performed on newly 
created models to 
establish a baseline.

pH/oxygen measurements 
are performed on 2 day 
old models. Microscopy 
images are captured.

pH/oxygen measurements 
are performed on 4 day 
old models which have 
been treated for 2 days. 
Microscopy images are 
captured.

pH/oxygen measurements 
are performed on 6 day old 
models which have been 
treated twice, for a total of 
4 days. Microscopy images 
are captured.

F IGURE 2 Timeline of the experimental setup of the mCWB. The experimental setup for the original CWB was similar, with the exception
that no WSM was refreshed every 24 h.
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After 2 days, microscopy was performed to visualise the distribu-

tion of the two bacteria species in the mature models and to investi-

gate the formation of microcolonies. pH and oxygen measurements

were obtained, to investigate how the mature biofilms had affected

the microenvironment within the model. Finally, some models were

harvested to establish a CFU count. The remaining models received

one of six different treatments: Hydrogel A, Hydrogel B, Hydrogel C,

CHX, placebo or untreated.

After 4 days, microscopy was performed on the untreated models

to investigate whether the distribution of the two species had chan-

ged, as well as to visualise the overall distribution of live and dead bac-

teria. pH and oxygen measurements were obtained again, to investigate

the effect of the treatments. Models of each treatment were harvested

and enumerated for CFU counts. Some models were then re-treated.

The remnants of the initial treatment were carefully removed without

disrupting the model before new treatment was added.

After 6 days, the last models were evaluated using microscopy,

pH and oxygen measurements, and CFU enumerations as described

for day 4.

Every 24 h, the WSM in the wells of the 12-well-plate was

exchanged with fresh media.

2.8 | Data analysis and statistics

For CFU enumerations and pH and oxygen measurements, three bio-

logical replicates (models made on different days, with different ON

culture) containing three technical replicates (models made on the

same day, with the same ON culture) were analysed, resulting in a

total of nine samples (n = 9) of each.

All statistical analyses were performed using GraphPad Prism ver-

sion 9. To denote statistical significance, the following symbols were

applied: ns = not significant (p > 0.05), *p < 0.05, **p < 0.01 and

***p < 0.001.

The lower limit of detection was 100 CFU/mL, so if no colonies were

observed, this was consequently plotted as ‘99’ for all statistical tests.
For comparing CFU numbers in untreated models over time, the

data was initially tested for Gaussian distribution. Since the test did

not confirm a normal distribution in all data sets, a Kruskal–Wallis test

was performed together with Dunn's multiple comparisons including

Dunn's correction. Mean pH values in each model over time were

tested similarly.

To test the statistical significance of the various treatment effects

a two-tailed Mann–Whitney U test for non-parametric data was used.

The placebo hydrogel treatment was compared to the three hydrogels

(hydrogel A, B and C) whilst the untreated models were compared to

the CHX treated models. The tests were performed on raw data for

CFU/mL. Pairwise comparison of oxygen flux rates and P. aeruginosa:-

S. aureus ratios were tested the same way.

Net consumption of O2 in the models was estimated from gas

fluxes of the measured steady state O2 profiles, using a modified ver-

sion of Fick's first law of diffusion,17

J¼0:5 �D
Ca�Cb

Xa�Xb

� �
þ0:5 �D

Cb�Cc

Xb�Xc

� �

where J is the flux of O2 (nmol O2 cm
�2 min�1) through points a, b, c;

D is the diffusion coefficient of O2 (2.94 � 10�5 cm2 s�1; 33�C;

9 psu); C is the concentration of O2 (μM), and X is the depth relative

to the surface of the models (μm).

3 | RESULTS

3.1 | Growth of microbes in the models

In the original CWB model, P. aeruginosa numbers remained almost

constant with a <1 log10 reduction in CFU/mL from 2 days to 6 days
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F IGURE 3 Staphylococcus aureus and Pseudomonas aeruginosa CFU data for untreated models over time in CWB and mCWB models. Panel A
and B shows individual values, mean and standard deviation (n = 9) for both species. The data sets were tested for Gaussian distribution, but not
all data sets were normally distributed. Therefore, Kruskal–Wallis tests were used with Dunn's multiple comparisons, including Dunn's correction
to compare the CFUs at day 2 to the CFUs on day 4 and day 6. Limit of detection was 100 CFU/mL, hence if zero colonies were observed, this
was plotted as 99 CFU/mL. Panel C shows the ratios between the two species in each model, which were calculated as log10(cfu)/log10(cfu).
Pairwise differences between the ratios at the different time points were tested using a two-tailed Mann–Whitney U test for non-
parametric data.
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(Figure 3A). S. aureus decreased significantly from day 2 to day 4 with

a �2 log10 reduction in CFU/mL and then decreased further at day

6. In the mCWB model, S. aureus numbers remained constant for

the duration of the experiments (Figure 3B). P. aeruginosa numbers

increased significantly by 0.6 log10 CFU/mL from day 2 to day

4, but then decreased again by day 6, resulting in no significant dif-

ference between the numbers at day 2 and day 6. In general, the

CFUs in the mCWB were slightly higher than those observed for

the original CWB.

The ratios between P. aeruginosa and S. aureus in the CWB model

increased successively over the 6 days, resulting in a large

P. aeruginosa:S. aureus ratio by day 6 (Figure 3C). In some untreated

CWB models, S. aureus was completely outcompeted by P. aeruginosa

at day 6. The ratios between P. aeruginosa and S. aureus in the mCWB

also increased over the 6 days, but not to the same extent. By day

6, there were on average just over 20 P. aeruginosa per S. aureus in

the mCWB model. The P. aeruginosa:S. aureus ratios in the two models

differed significantly at day 4 and day 6, despite a large variation

observed in the data for the CWB on day 6.

3.2 | pH and oxygen conditions in the untreated
models

pH depth profiles were found to exhibit little or no depth gradients

and averages across whole profiles were therefore calculated

(Figure 4A). The pH in the original CWB had a baseline level of 7.7,

which increased significantly after 2 days to 8.0 where after it

decreased to 7.7 and remained stable at 7.7 until day 6 (Figure 4A).

The baseline pH of the mCWB was 7.5, which increased significantly

to 8.4 after 2 days. After 4 days, it had decreased to 8.2, still being

significantly higher than the baseline pH. On day 6, the pH had further

decreased to 8.0.

Oxygen flux rates at day 0 were close to zero as also visualised by

the fully oxic conditions inside the models (Figure 4B). At day 2, the

flux increased to 11.1 ± 4.9 and 13.6 ± 3.0 for the CWB and mCWB,

respectively and reached asymptotic flux rates at day 4 and 6. At days

2, 4, and 6, the oxygen flux rates were slightly higher in the mCWB,

but only significantly so at day 4.

3.3 | Treatment effects on CFU in CWB
and mCWB

In the CWB, hydrogel A indicated complete eradication after 2 days

of treatment (Table 2). Hydrogel B eradicated all S. aureus after 2 days

while 3.27 log10 CFU/mL P. aeruginosa remained. After 2 � 2 days of

treatment, all bacteria were eradicated. Hydrogel C caused a sig-

nificant reduction of both species, with no colonies of S. aureus

observed after the first 2 days of treatment. The number of CFUs

did however increase again after 2 � 2 days of treatment with

hydrogel C for S. aureus. CHX significantly reduced the number of

S. aureus, compared to the untreated models after 2 days, but

apparently increased the number of P. aeruginosa. After 2 � 2 days

of treatment, there was no significant difference between CHX

treated samples of either species compared to the untreated

models, although P. aeruginosa still had slightly increased CFU

numbers after CHX treatment.

In the mCWB, all of the hydrogels caused a significant reduction

of CFUs for both species after 2 days of treatment as well as

2 � 2 days of treatment. However, none of them caused a complete

eradication (Table 3). CHX had no significant effect on S. aureus after

the first 2 days of treatment nor after 2 � 2 days of treatment. CHX

did, however, cause a significant 1.4 log10 reduction of P. aeruginosa

compared to the untreated models. This effect was further increased

to a 1.9 log10 reduction after 2 � 2 days of treatment.
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3.4 | pH and oxygen gradients in treated and
untreated CWB

The pH of the freshly inoculated CWB was stable at 7.8 and displayed

only a small depth gradient (Figure 5). Oxygen concentration

decreased slightly with increasing depth from a near air-saturated

concentration (200 μM) at the air-model interface decreasing to

150 μM 1.5 mm inside the model. After 2 days, the bacterial effect on

oxygen concentration was clear as a steep gradient had formed reach-

ing anoxic conditions �1 mm below the surface. pH remained stable

at �8 with no depth gradients.

The initial pH of the placebo hydrogel and CHX treatment was

6.5 and 5.9, respectively (Table 1). However, pH remained stable in

the models with placebo treatment at 7.9 after 2 days of treatment

and at 7.3 after another round of treatment (Figure 5). The pH for the

CHX treated models was very similar with a pH of 7.5 after one round

of treatment and 7.3 after the second round of treatment. The three

hydrogel treatments resulted in acidic conditions in the entire model.

The pH after the first treatment was 4.3, 3.8 and 4.0 for hydrogel A, B

and C, respectively. Following another treatment, the pH decreased

further, particularly for hydrogel B and C. On day 6, the pH was 3.9,

3.1 and 3.2 for hydrogel A, B and C respectively.

The oxygen concentrations within the wound models correlated

with the killing efficacy of the applied treatments where low killing

efficacy led to steeper oxygen gradients. The oxygen profiles for

hydrogels A, B and C were similar to the baseline profile observed at

day 0, suggesting low levels of O2 consumption (Figure 5). The oxygen

profile for CHX and the placebo hydrogel on day 4 and day 6 was sim-

ilar to the oxygen gradient for the untreated models, but with a less

steep concentration gradient. On day 6, oxygen penetrated deep into

TABLE 2 Effect of various
treatments on Staphylococcus aureus and
Pseudomonas aeruginosa in the CWB
after 2 days and 2 � 2 days of treatment
as seen on day 4 and day 6.

Treatment effects

CWB: log10 CFU/mL

After 2 days of treatment After 2 � 2 days of treatment

S. aureus P. aeruginosa S. aureus P. aeruginosa

Untreated 6.00 ± 0.50 8.10 ± 0.34 4.00 ± 1.99 7.86 ± 0.29

Placebo 5.72 ± 0.55 7.73 ± 0.17 4.93 ± 2.45 7.18 ± 0.38

CHX 2% 3.01 ± 1.23 (***) 8.58 ± 0.09 (**) 3.52 ± 1.77 (ns) 8.10 ± 0.36 (ns)

Hydrogel A <2 (***) <2 (***) <2 (**) <2 (***)

Hydrogel B <2 (***) 3.27 ± 1.28 (***) <2 (**) <2 (***)

Hydrogel C <2 (***) 5.36 ± 0.73 (***) 2.16 ± 0.49 (**) 3.71 ± 1.86 (***)

Note: Data represented as mean of log10 values ± SD (n = 9). The treatment effects were tested using

two-tailed Mann–Whitney U test for non-parametric data. The placebo treatment was compared to all

hydrogels (A, B and C) while the untreated models were compared to the CHX treated models. The

following symbols were used to denote statistical significance: ns = not significant (p > 0.05), *p < 0.05,

**p < 0.01, and ***p < 0.001. Tests were performed on raw, non-transformed data of CFU/mL. Lower

limit of detection was 100 CFU/mL. If zero colonies were observed, this was plotted as 99 CFU/mL.

TABLE 3 Effect of various
treatments on Staphylococcus aureus and
Pseudomonas aeruginosa in the mCWB
after 2 days and 2 � 2 days of treatment
as seen on day 4 and day 6.

Treatment effects

mCWB: log10 CFU/mL

After 2 days of treatment After 2 � 2 days of treatment

S. aureus P. aeruginosa S. aureus P. aeruginosa

Untreated 8.46 ± 0.42 9.62 ± 0.34 8.16 ± 0.27 9.38 ± 0.59

Placebo 9.26 ± 0.07 9.59 ± 0.11 9.28 ± 0.13 9.47 ± 0.19

CHX 2% 7.82 ± 1.16 (ns) 8.19 ± 0.81 (***) 8.15 ± 0.51 (ns) 7.53 ± 0.31 (***)

Hydrogel A 4.09 ± 1.66 (***) 4.08 ± 1.04 (***) 2.70 ± 0.92 (***) 4.10 ± 1.47 (***)

Hydrogel B 3.33 ± 1.14 (***) 5.74 ± 1.08 (***) 3.84 ± 1.82 (***) 4.84 ± 1.95 (***)

Hydrogel C 3.79 ± 1.75 (***) 6.76 ± 0.80 (***) 3.93 ± 1.74 (***) 5.56 ± 1.13 (***)

Note: Data represented as mean of log10 values ± SD (n = 9). The treatment effects were tested using

two-tailed Mann–Whitney U test for non-parametric data. The placebo treatment was compared to all

hydrogels (A, B and C) while the untreated models were compared to the CHX treated models. The

following symbols were used to denote statistical significance: ns = not significant (p > 0.05), *p < 0.05,

**p < 0.01, and ***p < 0.001. Tests were performed on raw, non-transformed data of CFU/mL. Lower

limit of detection was 100 CFU/mL. If zero colonies were observed, this was plotted as 99 CFU/mL.
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the models treated with CHX and placebo, causing a less steep gradi-

ent, despite the number of CFUs being similar to or larger than the

number of CFUs in the untreated models. Anoxic conditions in the

untreated models were reached at 0.6 mm depth on day 4 and at

0.8 mm depth on day 6.

3.5 | pH and oxygen gradients in treated and
untreated mCWB

Similar trends were observed in the mCWB as in the original

model. pH in the untreated models increased from 7.6 on day 0 to
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F IGURE 5 The pH and oxygen gradients in the CWB models over time. Mean values and standard deviations are shown (n = 9 for each
condition and every time point). On day 0, the newly cast untreated models were measured as a baseline. On day 2, the bacterial effect on pH
and oxygen of the untreated models was observed. On day 4 and day 6, the treatment effects on the pH and oxygen gradients were obtained as
well as the gradients of untreated models. (To see these graphs with individual data points see Supporting Information.)
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8.4 on day 2 with no depth gradients (Figure 6). On day 0, the

model did not display any O2 gradients but following 2 days of

incubation, bacterial respiration resulted in anoxic conditions at a

depth of 0.4 mm.

The placebo and CHX treatments had no effect on the pH, and both

treatments displayed similar levels as the untreated models, with a pH of

8.2 on day 4 and 8.0 on day 6. The three hydrogels decreased the pH to

4.7, 3.8 and 4.0 for hydrogels A, B and C, respectively on day 4. On day
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F IGURE 6 The pH and oxygen gradients in the mCWB models over time. Mean values and standard deviations are shown (n = 9 for each
condition and every time point). On day 0, the newly cast untreated models were measured as a baseline. On day 2, the bacterial effect on pH
and oxygen of the untreated models was observed. On day 4 and day 6, the treatment effects on the pH and oxygen gradients were obtained as
well as the gradients of untreated models. (To see these graphs with individual data points see Supporting Information.)
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6, the pH level for models treated with hydrogel A had decreased slightly

to 4.6. Hydrogel B and C both caused a pH level of 3.5 on day 6, which

was not quite as low as observed in the original CWB.

The oxygen gradients on day 4 and 6 for the placebo treatment

were identical to those of the untreated models, reflecting the very

similar numbers of CFUs between the two (Figure 6). Anoxic condi-

tions in the untreated models were reached at 0.2 mm depth on day

4 and at 0.4 mm depth on day 6. The CHX treatment reduced the

number of viable bacteria slightly and resultantly a less steep oxygen

gradient was observed on both day 4 and day 6. For all three hydro-

gels, the oxygen concentration gradients on day 4 and 6 were very

similar to the baseline treatment, corresponding to a significant reduc-

tion in CFUs observed for all three treatments.

3.6 | Formation of microcolonies in the models

After 2 days, microcolonies of the two species had formed in the

CWB model (Figure 7B). Both P. aeruginosa and S. aureus were

observed in the top and deeper into the model (Figure 7A). On day

4, live S. aureus were difficult to locate, only a few were observed in

the middle of the model. Instead, many aggregates of dead S. aureus

could be observed (Figure 7D). Live P. aeruginosa were still found

within the model, primarily at the top layers.

After 2 days the mCWB model contained microcolonies of both

species together with larger aggregates (Figure 8B). P. aeruginosa was

observed primarily in the top part of the model. S. aureus was

observed in the top as well as in the middle of the model all the way

down to the bottom edge (Figure 8A). After 4 days in the mCWB

model, P. aeruginosa had grown to a dominant presence in the top of

the model. S. aureus was present in large biofilm aggregates in the top,

but also in the deeper layers, as well as in the bottom of the model in

the middle (Figure 8C). On day 6 large biofilms of both species were

still observed as well as smaller microcolonies (Figure 8E,F).

4 | DISCUSSION

4.1 | The creation of the mCWB

The main objective of this study was to create a scaffold displaying

wound-like characteristics, on which topical wound treatments could

F IGURE 7 Overview of the CWB on day 2 (A) and day 4 (C). Colonies of both Staphylococcus aureus and Pseudomonas aeruginosa were
observed at day 2 (B). Aggregates of dead S. aureus could be observed on day 4 (D). Live bacteria = green, dead bacteria = orange.
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be tested. This was done in part by replacing agar with collagen as the

support matrix of an existing in vitro model, as collagen has been used

previously to grow wound-relevant biofilms18 and to mimic soft tissue

infections.19–21 Although differences between agar and collagen have

yet to be evaluated extensively, some fundamental differences

between the two matrix materials do exist. Agar is a kelp-derived,

polar carbohydrate22 previously found to interfere with certain antibi-

otic compounds,23 whereas collagen is a fibrous protein abundant in

the skin of humans, and other mammals.24 Collagen is relatively

hydrophobic, generally non-polar, and has previously been observed

to promote antimicrobial tolerance, as well as a change in the ratios of

the extracellular polymeric substances (EPS) contents of bacterial

F IGURE 8 Overview of the mCWB on day 2 (A), day 4 (C) and day 6 (E). Microcolonies of both Staphylococcus aureus and Pseudomonas
aeruginosa were observed on all days: on day 2 (B), day 4 (D) and day 6 (F). S. aureus = green, P. aeruginosa = red, dead bacteria = blue.
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biofilms.25–27 We made a decision to only include type 1 collagen in

our model, as it is the most abundant protein of the skin, well knowing

that human skin contains several different types of collagen, as well as

other proteins such as fibrin and elastin.28 We speculate that the

inclusion of collagen in our modified model could have had an effect

on the EPS produced by the two microorganisms and that this change

in EPS could affect the tolerance of the microbes. Although agar has

been considered the gold standard of matrix materials due to its ease

of use and low cost, alternatives such as poloxamer hydrogels29 and

cellulose30 have previously been applied to mimic in vivo-like wound

conditions. Various types of semi-solid models have been employed

for growing non-surface attached bacteria distributed in distinct bio-

film aggregates.31 In addition to a support matrix, the inclusion of a

wound-like medium is also important as the components of such

media can affect biofilm formation as well as tolerance toward antimi-

crobials.18,32,33 For example, Pitten et al.34 found that the presence of

albumin and defibrinated sheep blood reduced the efficiency of a

range of antiseptics against common pathogens. Finally, physiological

levels of amylase of 140 U/L, were added to the modified model.35

This was done to dissolve the biodegradable starch microspheres that

completely degrade in α-amylase. Amylase is an enzyme that catalyses

the hydrolysis of starch into sugars and has either salivary or pancre-

atic origin, and raised levels of amylase have previously been corre-

lated with complications in wound healing.36

Antimicrobial tests are often conducted for 24 h, although the

effect of a single treatment over several days or continuous treatment

over longer periods can be of relevance, particularly in terms of resis-

tance development. In these cases, an in vitro model able to sustain

prolonged growth of bacteria is required, which may be accomplished

by a continuous exchange of media over several days.21,37 Moreover,

while bacterial species in chronic wounds have been found to fluctu-

ate in abundance over time, several studies agree that chronic wounds

are polymicrobial.38–41 Steady-state communities of bacteria in vitro

are often grown in liquid incubators and are therefore not suitable for

testing topical treatments. Furthermore, shear flow is often present in

liquid incubators, which causes a distinctively different biofilm.42 Con-

tinuously adding nutrients, without introducing shear flow is not a

simple task but has been proposed previously, for example, by facili-

tating nutrient and waste exchange using perforated tubing.43 Alter-

natively, incubators have been designed where media enters the

system by basal perfusion.44 For the present study, it was decided to

use transwell inserts, an idea inspired by Price et al.20 This presented

a simple solution for sequential media exchange, which allowed us to

test treatment effects over longer periods. However, in some cases

contamination in the 0.4 μm filter separated media-reservoir beneath

the models was observed. When subjected to treatment, it has been

observed that both P. aeruginosa and S. aureus can reduce in size and

this could have caused them to escape through the filter.45 We war-

rant that this may have provided a reservoir of viable bacteria in the

nutrient chamber of the modified models, which potentially could

have migrated back into the model when conditions were more

favourable.

The formation of gradients in nutrients, oxygen and pH is in part

created by bacteria but can in turn also lead to a heterogenic distribu-

tion of bacterial aggregates as well as spatial variations in bacterial

activities and growth.46–48 Especially differences in growth rates have

previously been shown to play a role in antimicrobial tolerance49

where certain antibiotics target metabolic active processes, rendering

non- or slow-growing bacteria unsusceptible.50,51 In the mCWB

model, it was demonstrated that an alkaline pH of >8.0 was main-

tained over 6 days of incubation simulating a non-healing environ-

ment. Furthermore, steep gradients of O2 concentration quickly

established leading to a shallow top zone continuously exposed to O2

from the atmosphere while the major part of the model was anoxic,

mimicking in vivo conditions. Oxygen was only measured in the mid-

dle part of the model which represented the wound bed. A small pilot

study (data not shown) was performed which measured oxygen at

both the void of the model and the edge of the void of untreated

models. No difference was observed, hence we decided not to per-

form both measurements throughout further experiments. Yet, in the

future, measuring oxygen concentrations at both the middle and the

edge of the model might be warranted, as oxygen measurements at

the edge of the wound might provide further information regarding

the various treatment effects.

4.2 | The original CWB versus the mCWB model

From the analyses made in the present study it can be argued that the

mCWB model has the advantages that (i) a stable ratio of the two bac-

terial species P. aeruginosa and S. aureus can be retained, (ii) exchange

of media is facilitated without shear flow, and (iii) an alkaline pH can

be maintained for a longer period of time.

The mCWB model retained a stable ratio of the two species over

time, compared to the original CWB model, and we initially suspected

that the continuous addition of nutrients played a role. However, this

was disproved in supplementary experiments (see further below). The

incorporation of collagen instead of agar may also have affected the

growth of both species. A few studies comparing growth of human

cell lines in collagen versus agar have found improved growth in colla-

gen.52,53 Additionally, S. aureus can grow in a broader pH range than

P. aeruginosa (S. aureus range: 4.0–10.0, P. aeruginosa range: 4.5–

9.554,55), why the slightly more alkaline pH observed in the untreated

mCWB models could indicate a growth advantage for S. aureus. How-

ever, this remains speculative. Finally, the microscope images sug-

gested that S. aureus was found in areas free from P. aeruginosa.

Surprisingly, S. aureus was present in deeper layers in the mCWB,

although it was described to reside in the top layers in the original

CWB, as previously observed in chronic wounds.56 We hypothesize

that, since P. aeruginosa invaded the top layers of the model, perhaps

seeking the benefit of high oxygen levels, S. aureus proliferated

instead in the bottom of the model, maybe to avoid competition and

instead benefitted from being close to the nutrient source. It should

be noted that neither of the in vitro models contains a reactive
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immune response, which would arrive from within the wound and

inevitably also affect the distribution of the two species.

As previously described, chronic non-healing wounds are found

to be alkaline, and the mCWB maintained a more alkaline pH for a

longer period of time compared to the original CWB model. This

was somewhat surprising, since the mCWB contained phosphate

buffer instead of physiological saline. One explanation for the

higher pH could be due to the higher number of bacteria in the

model, as both S. aureus and P. aeruginosa are known to increase

the pH in tissue.57 Another reason could be the continuous addi-

tion of nutrients to the mCWB, presenting the residing bacteria

with more substrate which could potentially be converted into

ammonia or other alkaline compounds increasing the pH.58 The

addition of collagen instead of agar could also affect the pH, as

collagen is stepwise reduced to amino acids increasing the pH28

and both S. aureus and P. aeruginosa have been found to produce

collagenolytic enzymes.24

Even though oxygen displays similar effective diffusion coeffi-

cients in collagen and agar,59,60 slightly higher oxygen fluxes were

observed in the untreated mCWB models. In addition, the oxygen

penetration depth was lower in the untreated mCWB compared to

the original CWB model. This was probably due to the slightly higher

number of bacteria as well as the deeper distribution of bacteria in

the mCWB model.

4.3 | The effect of adding nutrients

Although several modifications were made to the original model, it

was questioned if the effect of adding nutrients could account for

most or all of the observed differences between the CWB and the

mCWB. Therefore, supplementary experiments were performed in

which continuous nutrients were added to the original CWB but

removed from the mCWB (see Supporting Information).

The mCWB displayed the same stability between species in

untreated models regardless of if nutrients were added or not

(Figure S1). The ratio between the two species in the original CWB

model was even more skewed when nutrients were added continu-

ously. This disproved our hypothesis that the addition of nutrients to

the mCWB was the main cause of the obtained species stability. How-

ever, continuously adding nutrients to the original CWB did increase

the survival of both species for all hydrogel treatments (Figure S2).

For the mCWB, removal of continuous nutrients caused a more pro-

nounced killing effect of the hydrogel treatments. We speculate that

the effects observed for both models were due to the altered pH

reductions observed (Figure S3): Continuously adding nutrients to the

CWB caused a less pronounced pH reduction by the hydrogel treat-

ments, while removing continuous nutrients from the mCWB caused

a more pronounced pH reduction for the three hydrogels. Hence,

while the addition of nutrients to the models seemed to have an

effect on the survival against treatments due to pH alternations, it

was not the main modification that played a role in terms of species

stability in the two models.

4.4 | Potential of new wound care products

We speculate that the differences between the two models listed

here, resulted in a less pronounced effect of the hydrogels in the

mCWB model than in the original CWB model. The phosphate-

buffered system of the mCWB could potentially alleviate the decrease

in pH created by the hydrogels as was seen in the original CWB model

possibly impacting the killing efficiency. Additionally, the media in the

mCWB model was continuously exchanged possibly diluting the

effect of the hydrogels. However, in both wound models the hydro-

gels decreased the pH after 2 days of treatment and restored the oxy-

gen levels back to baseline, despite the differences in bacterial

eradication between the two models. The acidification of the wound

milieu is a highly desired quality of the products, as natural healing

processes within wounds are associated with low pH and an alkaline

pH has been shown to be correlated with impaired healing.58 Restor-

ing oxygenation by preventing bacterial respiration within the wound

is also a favourable quality of the products, as oxygen is a necessity

for successful wound healing.61 The oxygen level within a wound is

associated with several facets of healing as it impacts (i) the growth of

the resident bacteria, (ii) the efficacy of antimicrobials, (iii) cellular

functions, reparative processes and the immune system where poly-

morphonuclear neutrophils in particular require oxygen for their respi-

ratory bursts.62,63

CHX was included as a positive control, as it is a commonly used

antiseptic previously found to be active against both S. aureus and

P. aeruginosa.14 Yet, in this study, CHX had a limited effect on bacte-

rial numbers. Surprisingly, oxygen profiles reflecting lower respiration

were observed for CHX treated models despite no or little reduction

in the number of CFUs. CHX has previously been found to act bacteri-

ostatic in low concentrations,64 so we speculate that only low concen-

trations of CHX have reached the microbes in the models, possibly

decreasing bacterial respiration, but leading to no CFU reduction.

5 | CONCLUSION AND PERSPECTIVES

Here, we presented a modified version of an existing in vitro model

that fulfilled eight proposed criteria of an ‘ideal’ in vitro infected

chronic wound model. It contained WSM, it was based on a collagen

matrix providing a semi-solid environment, nutrients were continu-

ously added without creating shear flow within the model, it

expressed several types of 3D gradients, and it contained no non-

mammalian components or solid surfaces on which the biofilm

could grow.

The established model maintained a stable ratio of S. aureus and

P. aeruginosa over 6 days. Moreover, it expressed alkaline conditions

with a pH level ≥8.0 and steep oxygen gradients resulting in an anoxic

microenvironment, which is similar to the conditions observed in

chronic wounds. Hence, it provided a scaffold onto which topical

wound treatments could be tested under in vivo-like conditions.

The three topical hydrogels tested here all displayed a significant

reduction in the numbers of CFUs. Moreover, they decreased the pH
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resulting in acidic conditions and they decreased bacterial oxygen

consumption, which are both qualities desired for a topical wound

healing product. It is very common to only measure the effect of

new antimicrobial treatments by evaluating the surviving patho-

gens. We advocate that changes in the microenvironment, such as

oxygen levels or pH that may aid in healing processes should also

be considered.

In vitro models will never correspond completely to the clinical

situation. There will always be certain limitations, such as a lacking

immune response or being able to see an organism as a whole. How-

ever, in vitro models are still a valuable tool in the early phases of

evaluating new treatments and it is therefore important to continue

improving upon the currently used in vitro models. The model pre-

sented here could potentially be improved by the addition of human

skin cells or human immune cells. Moreover, a more complex WSM

could be created, as has recently been done in other studies.65 Fur-

ther confirmation studies could be performed using RNA-sequencing

to see the transcriptomic behaviour of the residing bacteria and com-

pare this to RNA-sequencing data from bacteria obtained from clinical

samples.
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