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Abstract 

Diabetic Foot Ulcers (DFU) constitute one of the major and devastating complications of Diabetes mellitus. 

Staphylococcus aureus and Pseudomonas aeruginosa are two of the most important pathogenic agents 

isolated from infected DFU and their increased resistance to traditional antibiotic-based treatments prompts 

the development of new therapeutic alternatives, with antimicrobial peptides (AMP) being a promising strategy. 

A three-dimensional (3D) collagen model was developed aiming at mimicking the ulcer microenvironment, 

to evaluate the inhibitory potential of a guar gum biogel supplemented with nisin, pexiganan and the antibiotic 

(AB) gentamicin, being tested individually and in several combinations. Results retrieved from the collagen 3D 

model allowed to observe that the guar gum gel supplemented with nisin plus pexiganan was able to eradicate 

one of the clinical isolates present in the model. Several combinations including AMP, AB and AMP plus AB 

presented an inhibitory activity against one of the isolates, but none of them allowed its eradication from the 

model, being required further studies in order to develop new antimicrobial alternatives. 

In conclusion, the dual AMP biogel constitutes a promising alternative or complement to antibiotic-based 

therapy, for topical application in diabetic foot infection (DFI) treatment. 

 

Key-words: antimicrobial peptides; biofilm; collagen model; diabetic foot ulcer; Pseudomonas aeruginosa; 
Staphylococcus aureus.

1. Introduction 

Diabetic foot ulcers (DFUs) constitutes one of 

the most frequent complications of diabetes 1,28 and 

Staphylococcus aureus is considered the most 

prevalent bacterial species isolated from infected 

DFU, followed by Pseudomonas aeruginosa. They 

are frequently co-isolated 2,3 and produce biofilms 

structures 4,5,27, increasing their resistance to 

conventional treatments, namely antibiotics, 

impairing diabetic foot infection (DFI) treatment. 

Therefore, the development of new alternatives is 

required 6,29. 

Antimicrobial peptides (AMP) are produced by 

all living organisms 7, with a broad action spectrum 
8,9, acting through bactericidal activity and 

immunomodulatory effect, constituting a promising 

alternative 9,10. 

Two examples of AMP are nisin and pexiganan. 

Nisin is produced by Gram-positive bacteria, 

namely Lactococcus lactis 11,12 and acts through 

the connection with lipid II, inhibiting the cell wall 

synthesis or through pore formation, killing the 

bacteria 13-15. Regarding pexiganan, an analog 

from magainin, it presents a broad action range, 

namely Gram-positive and Gram-negative 

bacteria, acting through pore formation on the 

cytoplasmatic membrane 16. 

Several studies have demonstrated that the 

efficacy of individual lantibiotics 11,17 can be 

enhanced by their combination with other AMP 
17,18, presenting three types of possible interactions 
19,20. Also, it is known that AMP and antibiotics have 

been combined in a synergistic form, in order to 

increase their action against bacterial species 12. 

In spite of the potential of AMP, their inhibitory 

action can be affected by their inhibition or 

degradation before it reaches the target zone at 

therapeutic concentrations. Therefore, to 

guarantee its successful action, it is necessary to 

find a proper delivery system 21,22, such as guar 

gum 22,23. 

Several in vitro studies have been performed to 

evaluate new possibilities for DFI treatment. These 

studies allow an improved understanding of the 

product in study, being essential before in vivo 

studies. For DFI, the studies performed so far were, 

generally, based in microtiter plates protocols used 

for evaluating the effect of a potential treatment in 

test, including of nisin incorporated in a guar gum 
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gel, in a two-dimensional model (2D) 24. Therefore, 

it is necessary to evaluate the characteristics of the 

same product in a representative three-

dimensional model (3D) aiming at mimicking the in 

vivo conditions. This model will allow to mimetize 

the environment conditions present in DFI, allowing 

to evaluate bacteria dissemination and treatments 

efficacy in deeper tissues. For the construction of 

3D models, one material that can be used is 

collagen 1,25.  

The main aim of this work was to establish an in 

vitro collagen-based three-dimensional DFI model, 

to evaluate the inhibitory activity of the guar gum 

gel supplemented with antimicrobial compounds, 

alone and in combination against selected DFI 

isolates present in the 3D DFI model.  

This model allowed to study the AMP efficacy in 

in vitro conditions that better mimetize in vivo 

conditions, representing a further step in the 

evaluation of the therapeutic potential of these 

AMP to be applied as an alternative or as a 

complementary therapy to antibiotherapy in DFI 

treatment. 

 

2. Material and Methods 

2.1. Bacterial isolates 

Two DFI clinical isolates that belong to a 

collection previously obtained from DFU samples 2 

were used. These isolates were already 

characterized 2,3,26.  

 

2.2. Antimicrobial Peptides and Antibiotic 

preparation 

 
Pexiganan solution 

A stock solution of pexiganan (Innovagen, 

Sweden) was used, and provided by Castanho’s 

Laboratory at the Institute of Molecular Medicine 

(IMM), in Lisbon.  

 
Nisin solution 
A stock solution of nisin (Sigma-Aldrich, USA) 

was prepared and stored at 4ºC until further use 24. 

 

Antibiotic preparation  

The stock solution of gentamicin (ITW 

Reagents; Italy) was previously prepared 

according to the manufacturer PanReac Appli 

Chem. and kept at -80ºC until use. 

 

Guar gum gel  

A guar gum gel of 1.5% (w/v) was prepared. 

Before the assays, dilutions of nisin, pexiganan and 

antibiotic were incorporated within the gel in a 

proportion of 1:1. 

 

2.3. Establishment of a Collagen DFI 3D 

Model 

For the establishment of the DFI 3D model, a 

collagen suspension were prepared using 

Collagen I High Concentration from rat tail 

(Corning, US), cold Simulated Wound Fluid (SWF), 

being composed by 50% of fetal bovine serum 

(FBS; biowest; France) plus 50% of peptone water 

(PW; Biokar Diagnostics; France), acetic acid at 

0.1% (Sigma-Aldrich; USA) and sodium hydroxide 

at 0.1M (NaOH, Merck; Germany), with a final pH 

of 7.5 (Macherey-Nagel; Germany) (Price et al., 

2016).  

The system used to reproduce the collagen 

ulcer model was composed by a 6 well-plate 

(Corning; Falcon, USA), in which an insert (High 

Density translucent PET Membrane, 6 well 3.0 µm 

pore size; Corning, Falcon; USA) was placed in the 

wells. A volume of the collagen suspension 

previously prepared was placed in the insert, and 

afterwards a peg-lid, previously washed and 

sterilized was placed on the plate, followed by 

incubation to allow collagen polymerization (Price 

et al., 2016). 
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2.3.1. Evaluation of Inhibitory Potential of 

the AMP/Antibiotic biogel in a DFI 3D model 

 

Evaluation of the inhibitory activity of 

antimicrobial biogel using the 3D DFI model 

The evaluation of the inhibitory activity of 

antimicrobial solutions was performed with 

different incubation periods, namely one with a 

single antimicrobial solution and other assay with 

intervals of antimicrobial solution. 

For both incubation periods, after 

polymerization of the collagen model (2.3.), 

bacterial suspension was added to the model after 

which the plate was incubated to allow bacterial 

diffusion. 

In the first assay, after incubation, an 

antimicrobial solution was added to the insert, 

following incubation. Afterwards, bacterial 

quantification was performed.  

In the assay performed with antimicrobial 

solution intervals, after incubation, an antimicrobial 

solution was added to the insert, following 

incubation. Afterwards, another antimicrobial 

solution was added to the insert, after removing a 

volume of the inoculated SWF present in the well, 

that was used for bacterial quantification. The 6-

well plate were posteriorly incubated. This process 

was repeated one more time, after which bacterial 

quantification was performed. 

Bacterial quantification was performed in the 

liquid and solid phases of the collagen model of 

both assays. For the bacterial quantification in the 

liquid phase, a volume of the inoculated SWF was 

removed from the well, and 10-fold serial dilutions 

were performed. Regarding the solid phase, it was 

performed after sectioning the collagen model into 

three areas. Afterwards, each area was placed in 

falcons, to which a volume of collagenase solution 

was added, followed by incubation 1. Then, each 

suspension was centrifuged (HERMILE Z383K) to 

obtain the pellet 25. Then, a volume of the 

resuspended pellet was 10-fold serial diluted. 

For both phases, a volume of each bacterial 

dilution was inoculated in TSA plates in duplicate 

and posteriorly incubated. After incubation, 

bacterial colonies were quantified.  

The inhibitory potential evaluation occurred for 

the AMP nisin and pexiganan and for the antibiotic 

gentamicin. The experiments were performed in 

duplicate.

 

 

2.3.2. Histochemical Evaluation of the supplemented biogel inhibitory activity in the DFI 3D Model  

 

Bacteria and antimicrobial solutions diffusion 

were also evaluated using the collagen 3D model 

by histochemical analysis These protocols were 

performed with the collaboration of the Laboratory 

of Pathology of the Faculty of Veterinary Medicine 

of the Lisbon University.

  

 

Statistical Analysis 

The average and standard deviation of the results obtained from the collagen models were determined 

using Microsoft Office Excel 2016. 
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3. Results 
3.1. Evaluation of the inhibitory activity of antimicrobial solutions using a DFI 3D model 

 

The inhibitory activity of antimicrobial solutions against the clinical isolates was determined according to the performed assays (Table 1). 

 
Table 1. Evaluation of antimicrobial solutions inhibitory potential for the clinical isolates (individually and for a dual inoculum) using a DFI 3D model (results in average according to the 

performed assays). 

Evaluation of antimicrobial solution biogel inhibitory potential using a DFI 3D model  
(CFU/mL) 

Antimicrobial biogel 
solution 

Bacterial Strains 
Before 

Antimicrobial 
addition 

Liquid Phase 
Solid Phase 

Area 1 Area 2 Area 3 

Nisin Clinical isolate 
4.2 × 108 3.7 × 107 8.3 × 105 1.7 × 106 5.1 × 106 

4.2 × 108 2.9 × 106 2.6 × 104 9.2 × 104 1.9 × 105 

Pexiganan 

Clinical isolate 1.0 × 109 1.9 × 109 2.8 × 108 1.6 × 108 3.2 × 108 

Clinical isolate 2.2 × 108 1.1 × 108 7.5 × 106 1.3 × 107 1.5 × 106 

Clinical isolate 5.0 × 108 Uncountable 1.7 × 108 9.0 × 107 3.3 × 108 

Dual AMP 
Dual 

inoculum 

Clinical isolate 5.2 × 107 0 0 0 0 

Clinical isolate 3.0 × 108 1.3 × 109 3.6 × 107 1.1 × 108 1.1 × 108 

Gentamicin 

Clinical isolate 8.0 × 107 2.6 × 108 6.6 × 107 1.4 × 108 7.0× 107 

Clinical isolate 6.5 × 109 6.0 × 109 1.4 × 108 1.7 × 108 5.6 × 108 

Clinical isolate 1.6 × 108 1.0 × 108 8.7 × 106 1.2 × 107 3.6 × 107 

Clinical isolate 7.0 × 108 4.5 × 108 8.5 × 107 8.8 × 107 7.8 × 107 

Dual 
inoculum 

Clinical isolate 8.5 × 106 1.1 × 107 7.5 × 106 4.1 × 107 1.5 × 107 

Clinical isolate 6.2 × 108 1.1 × 109 5.2 × 107 3.0 × 108 Uncountable 

Nisin plus Pexiganan 
plus Gentamicin 

Dual 
inoculum 

Clinical isolate 3.0 × 107 5.0 × 106 1.9 × 106 8.5 × 105 6.0 × 106 

Clinical isolate 1.7 × 109 1.4 × 109 2.5 × 108 1.8 × 108 1.8 × 108 

Legend. AMP: Antimicrobial Peptides; AB: Antibiotic; Areas of the model: Area 1, Area 2, Area 3; Uncountable: plates without possibility of counting/number of colonies superior 
to 300. 
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Regarding the evaluation of the inhibitory 

potential of nisin biogel using a DFI 3D model 

(Table 1), the bacterial diffusion occurred across 

the collagen 3D model. However, in the first assay, 

the bacterial concentration increased from Area 1 

(8.3 × 105 CFU/mL) to Area 2 (1.7 × 106 CFU/mL), 

stabilizing in Area 3 (5.1 × 106 CFU/mL). The same 

was observed when the AMP was added to the 

model 3 times. Nevertheless, it is important to refer 

that in this assay bacterial counts were always 

lower than in the first assay, as follows: 2.6 × 104 

CFU/mL (Area 1); 9.2 × 105 CFU/mL (Area 2); and 

1.9 × 105 CFU/mL. Considering the liquid phase of 

each assay, it was possible to observe a high 

bacterial concentration, which demonstrated 

diffusion from the insert to the well. 

The evaluation of pexiganan biogel inhibitory 

potential demonstrated bacterial diffusion across 

the collagen 3D model (Table 1) for both assays. In 

the first assay with a clinical isolate, the bacterial 

concentration was similar among the three areas of 

the collagen model, as follows: Area 1 (2.8 × 108 

CFU/mL); Area 2 (1.6 × 108 CFU/mL) and Area 3 

(3.2 × 108 CFU/mL); regarding the assay with AMP 

addition within intervals, for the same isolate, the 

bacterial counts decreased from Area 1 (1.7 × 108 

CFU/mL) to Area 2 (9.0 × 107 CFU/mL), increasing 

in Area 3 (3.3 × 108 CFU/mL), in comparison with 

the first assay. Nevertheless, for the other clinical 

isolate, the bacterial concentration decreased in 

the three areas in comparison with the bacterial 

concentration before the AMP addition, as follows: 

Area 1 (7.5 × 106 CFU/mL); Area 2 (1.3 × 107 

CFU/mL) and Area 3 (1.5 × 106 CFU/mL). 

Considering the liquid phase of each assay, it 

allowed to observe a high bacterial concentration, 

demonstrating diffusion from the insert to the well. 

Regarding the results of the inhibitory potential 

of the dual AMP biogel (Table 1), it presented a 

high impact on one of the clinical isolates, since it 

allowed its eradication in the collagen model. 

Nevertheless, the other isolate diffused across the 

three areas of the collagen model and although the 

AMPs presented some inhibitory activity against 

this strain, it was not high enough to eradicate it.  

Considering the evaluation of gentamicin biogel 

inhibitory potential (Table 1) using a DFI 3D model, 

the bacterial diffusion occurred across the collagen 

3D model, the bacterial concentration of one of the 

isolates increased from Area 1 (6.6 × 107 CFU/mL) 

to Area 2 (1.4 × 108 CFU/mL), decreasing in Area 

3 (7.0 × 107 CFU/mL). For the other isolate, the 

bacterial concentration among the three areas 

presented some variability, as follows: 1.4 × 108 

CFU/mL (Area 1); 1.7 × 108 CFU/mL (Area 2) and 

5.6 × 108 CFU/mL (Area 3); in the second assay, 

the results were similar. Nevertheless, the 

gentamicin biogel presented a higher inhibitory 

activity against one of the isolates without 

promoting its complete eradication. In fact, for this 

isolate, the bacterial concentration presented a ten-

fold decrease in Area 1; concerning the dual 

inoculum and comparing both isolates, it was also 

observed that gentamicin biogel does not present 

an effective inhibitory activity against these two 

isolates. Regarding the liquid phase of both 

assays, it was possible to observe a high bacterial 

concentration of both isolates as well as in the dual 

inoculum, demonstrating that occurred diffusion 

between the insert and the well. 

The evaluation of inhibitory potential of the 

multiple combination biogel composed by nisin, 

pexiganan and gentamicin (Table 1), it was 

possible to observe a higher decrease of bacterial 

concentration of one of the isolates. Bacterial 

diffusion occurred across the collagen model, with 

bacterial concentrations decreasing ten to twenty-

fold. Regarding one of the isolates, the bacterial 

concentration was maintained throughout the 

model, with a ten-fold decrease in all areas, being 

also in higher concentration in the liquid phase. 

Therefore, these results confirmed that both 

bacterial species selected for this study are able to 

diffuse across the collagen 3D model and 

demonstrated that the triple combination of nisin 

plus pexiganan plus gentamicin biogel did not allow 

the complete inhibition of the dual inoculum.  
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3.2. Histochemical Evaluation of the inhibitory activity of antimicrobial biogel solutions in the DFI 3D Model 

Regarding the results of histochemical analysis (Figure 1), it allowed to 

observe the clinical isolates individually and in combination in the three areas 

of the collagen model through the staining protocols. 

In conclusion, this type of analysis allowed to confirm the results obtained in 

bacterial quantification. 

 

Figure 1. Evaluation of the clinical isolates individually and in a dual inoculum. through histochemical analysis. Legend. Areas of the model: Area 1, Area 2, Area 3 (Original, 1000x). 
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4. Discussion/Conclusion 

The development of a three-dimensional (3D) 

representation of an ulcer 1 was considered 

important to evaluate several parameters that are 

directly related with the success of DFI treatment, 

such as the diffusion of bacteria, of antimicrobial 

peptides (AMP) and of antibiotics. Therefore, a 3D 

ulcer model aiming at better mimetizing the in vivo 

conditions of a diabetic foot ulcer (DFU) was 

developed using collagen.  

The 3D model was established using collagen 

due to several properties 30-34, allowing to evaluate 

the distribution and the inhibitory activity of a guar 

gum gel supplemented with antimicrobial 

compounds, tested individually or in several 

combinations, through the collagen 3D model. 

The inhibitory activity of nisin biogel was 

evaluated by mimicking its application to a DFI 

infected with a clinical isolate. Two protocols were 

tested. Some variability was found across the 3D 

model, which could be due to the bacteria diffusion 

ability bacteria, to the AMP action and to the 

properties of the collagen matrice 33. In general, a 

lower concentration of bacteria was detected in the 

three areas of the collagen model in the second 

assay. These results were expected, since a high 

AMP concentration was present in the model, 

namely in Area 1 that was four times higher in this 

assay in comparison with the first assay. Also, the 

bacterial concentration was lower in comparison 

with the results from the bacteria diffusion 

evaluation assay (without AMP), with a 10 to 20-

fold decrease of bacterial concentration, 

demonstrating the inhibitory effect of nisin biogel.  

The final aim of the development of this gel is its 

topical application to infected mucosa. At the 

concentration used in the collagen model, the 

application of this supplemented guar gum gel can 

be considered to have a low toxic potential, 

considering the acceptably daily intake (ADI) of 0 

to 2 mg/kg defined by WHO and FAO in 2013. This 

ADI value was determined for the oral 

administration of nisin 37, but they can be 

extrapolated for its topical application to DFI, 

considering that the absorption by digestive tract 

mucosa is similar 24. Moreover, the widely 

application of nisin as food preservative suggests 

that it could be safely used not only in food industry 

as well as in the clinical setting 11,36. Therefore, the 

application of nisin incorporated in a guar gum gel 

with the aim of topical application to DFI could be 

considered safe and effective for DFI patients 24. 

Considering the pexiganan inhibitory ability 

regarding other clinical isolate, a single addition of 

pexiganan followed by incubation did not allow the 

eradication of this isolate from the model. 

Pexiganan is an AMP with inhibitory activity against 

Gram-positive and Gram-negative bacteria. 

However, as previously referred, the cell wall 

composition of Gram-negative bacteria is more 

complex in comparison with Gram-positive 

bacteria, which may influence pexiganan action 
10,38,39, together with the presence of an increased 

Lipid A concentration 40 or with modifications on 

Lipid A 41. The inhibitory potential of pexiganan 

against both clinical isolates was also evaluated. 

Results suggested that pexiganan biogel 

presented a higher inhibitory activity against one of 

the isolates. This may be due to not only to the fact 

that the interaction between bacteria and the AMP 

depends on the bacterial groups, since in Gram-

positive bacteria it occurs through teichoic acids 

and in Gram-negative bacteria occurs through the 

LPS present in the outer membrane, but also it 

could be due to differences in the biofilm production 

mechanisms. In a bacterial species, biofilm 

production involves the presence of alginate, which 

impairs the AMP action as previously referred 41. 

Additionally, pexiganan may not have been able to 

correctly align with the bacterial membrane surface 

and promoting a rearrangement between the 

bacterial membrane and the AMP, not allowing its 

intake and consequently the formation of pores in 

the cytoplasmic membrane 8,10.  

Afterwards, a guar gum simultaneously 

supplemented with nisin and pexiganan was 

prepared, aiming at producing a biogel with 

increased antimicrobial potential, being tested 

against the two bacterial species under study. The 

dual AMP biogel was added to the polymicrobial 

DFI model three times, being observed that it 

presented an effective inhibitory action against one 

of the isolates, promoting the eradication of this 

strain in all areas of the model, which allowed to 

confirm the higher inhibitory effect of this dual AMP 

biogel 19,20. However, the other clinical isolate was 

not eradicated from the ulcer model, as it remained 

in the three areas of the collagen model. Therefore, 

considering the dual AMP solution composition, 

only pexiganan acts against Gram-negative 

bacteria whereas against Gram-positive bacteria, 

both nisin and pexiganan present antimicrobial 

activity 24,42, constituting an explanation for the 
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results. Additionally, one of the bacterial species 

presents a higher survival ability which could be 

due to its ability to produce toxins that can also 

inhibit another bacterial species 43, as well as its 

cell wall properties and biofilm production ability, as 

previously referred 41.  

Therefore, a final assay was performed, with the 

further incorporation of an antibiotic in the guar 

gum gel aiming at promoting the eradication of one 

of the isolates from the model. Gentamicin was the 

antibiotic chosen for this assay, as it constitutes a 

promising treatment for topical application to DFI 

treatment 44. The inhibitory activity of a gentamicin 

biogel in the collagen DFI 3D model was evaluated, 

being observed that this biogel did not present a 

high antibacterial effect, particularly against this 

isolate. This antibiotic acts through the inhibition of 

protein synthesis 45, being effective against Gram-

negative and Gram-positive bacteria 35,45. 

However, this bacterial species resistance to 

aminoglycosides was already described and 

related to the presence of the outer membrane, 

since it presents low permeability acting as a 

selective barrier, impairing its action 46. When 

gentamicin biogel was applied three times, the 

results were similar to the previously described as 

also observed in the assay aiming at evaluating its 

inhibitory effect against a dual inoculum. 

Finally, a guar gum biogel supplemented with 

Nisin, Pexiganan and Gentamicin was prepared, 

aiming at evaluating its distribution in the collagen 

DFI 3D model, as well as its inhibitory potential 

against a polymicrobial ulcer. In this assay, it was 

possible to observe a lower concentration of one of 

the isolates in all areas of the model, demonstrating 

the inhibitory potential of this combination against 

Gram-positive bacteria 3,24,42,44. However, 

regarding the remaining isolate, the inhibitory 

activity of the multiple supplementation of the 

biogel with the two AMP plus the Antibiotic did not 

present relevant improvements, since it did not 

allow the inhibition of this species.  

Although several studies have demonstrated 

that the combination of AMP with antibiotics 

promote an enhanced action 18, the combination of 

nisin plus pexiganan plus gentamicin was not 

studied until now. Results similar to the ones 

obtained with the dual AMP biogel were expected; 

however, since the eradication of both bacterial 

species was not observed, the results suggested 

that the addition of gentamicin could have had an 

antagonist impact on the multiple guar gum biogel, 

since a lower inhibitory activity was observed as it 

did not eradicate one of the isolates 20. Therefore, 

other antibiotics must be evaluated in further work.  

The collagen 3D models from all assays were 

also evaluated by histochemical analysis, 

confirming the results obtained in the bacterial 

quantification process. 

This work represents a novelty regarding the 

other studies 1,25, since it was not only based on the 

evaluation of bacterial diffusion across the collagen 

model but also focused on the study of new 

potential alternatives to conventional DFI 

treatments. In conclusion, the 3D representation of 

an ulcer is an important step in order to obtain a 

better understanding of the bacteria diffusion in the 

DFU environment in vivo 1,25, aiming at the 

development and testing of new alternatives to 

conventional treatments 2. In this work, the study of 

the inhibitory potential of a biogel supplemented 

with several antimicrobial combinations, including 

AMP and the antibiotic gentamicin, was evaluated 

using a 3D collagen model. In spite the 

supplemented biogel ability to eradicate one of the 

bacterial species present in the 3D collagen ulcer 

model, further studies are required to develop new 

strategies for the other bacterial species and 

biofilm eradication.  

It is important to refer that a 0.8% pexiganan 

acetate cream (Locilex®) has already been 

subjected to clinical trials aiming at its clinical 

application, however, its approval failed 47. Our 

results suggest that the further supplementation of 

this cream with a complementary AMP, such as 

nisin, may allow to increase its inhibitory potential. 

Finally, the 3D representation of an ulcer allowed 

to understand the bacterial diffusion as well as the 

AMP and antibiotic diffusion in vitro, constituting an 

important tool aiming at the development of 

innovative DFI treatment strategies. 
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