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ABSTRACT 

The recalcitrance of bacterial biofilms to current antimicrobials has presented a major cause of 
clinical recurrence of wound infections. These biofilm-associated infections are often present in 
polymicrobial nature associated with the presence of Pseudomonas aeruginosa and Staphylococcus 
aureus creating a large heterogeneity that shares a common resistance to current antimicrobials 
making pathogen eradication extremely challenging. In this study, we overcome the intrinsic 
biofilm barriers by delivering ultrasmall-sized silver nanoparticles (AgNP) using a smart 
hydrogel system that allows slow and sustained release of silver ions mediating successful 
accumulation and penetration of bacterial biofilms. The antibiofilm efficacy of the AgNP hydro-
gel was assessed using ex vivo porcine wound polymicrobial biofilms. Treatment with AgNP 
hydrogel resulted in significant dispersion of early to mature biofilms, 2–5-log reduction of 
bacteria compared to untreated controls. This approach overcomes the enhanced tolerance and 
resistance of polymicrobial biofilms by using the combined benefits of smart delivery system 
and the antibiofilm properties of ultrasmall AgNPs to ensure biofilm complete destruction and 
elimination.  

Keywords: antimicrobial resistance, biofilm, hydrogel drug delivery, polymicrobial infection, 
silver nanoparticles. 

Introduction 

Infected chronic wounds remain a major global health threat with up to 80% of wound 
infections being associated with biofilm development. Biofilms are a community of 
pathogenic bacteria attached to a surface surrounded by a self-produced extracellular 
polymeric substance (EPS).1 The complex three-dimensional structure of biofilms act as a 
mechanical and physical shelter to protect bacterial cells against antimicrobials and host 
immune responses making elimination extremely difficult.2 This inevitable emergence of 
resistance to conventional antibiotics contributes to widespread treatment failure.3 

Further, most wound infections are polymicrobial in nature, adding further challenge 
to our ability to manage wound infections due to the recalcitrance of biofilms to the 
current antimicrobials.4 Polymicrobial pathogen interactions lead to much harder bio-
films with increased pathogenicity compared to singles species. Current strategies are 
limited by the poor penetration of antimicrobial agents through physical biofilm barriers 
reducing their efficacy. Interspecies interaction of Pseudomonas aeruginosa and 
Staphylococcus aureus are commonly associated with nosocomial infection bacteria 
and most common pathogens in chronic wounds, playing a major role in disease progres-
sion, virulence factors and biofilm recalcitrance, all contributing to impaired wound 
healing.5 

Polymicrobial wound biofilms are highly resistant to antimicrobials which necessitates 
an improved understanding to regulate the damaging impact on healthcare-associated 
infections. As an alternative, nanomaterial based products have been investigated against 
bacteria including two-dimensional black phosphorus,6 gold nanoparticles,7 zinc oxide 
nanoparticles8 and silver nanoparticles (AgNPs).9 Among all, AgNPs antibacterial formu-
lations have been most studied in wound dressings, coatings, and hydrogels. AgNPs are best 
known for the multifaceted mechanism of action showing activity against a broad spectrum 
of pathogens with the potential to overcome drug-resistant infections and with clear 
applications in clinical wound management. However the major challenge with the use 
of current AgNPs include toxicity to surrounding cells, uncontrolled release, lack of activity 
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against mature biofilms especially biofilms associated with 
multiple species, and the possibility of developing resistance 
over time.10 Previously we have shown that AgNPs can be 
developed to overcome some of the current limitations by 
structural adjustment,11 optimisation of mode of delivery,12 

and exposure to the target site presenting an ideal platform 
for antibacterial therapy without bacterial resistance.13 We 
have also shown that biofilm integrity can be dispersed using 
structurally modified AgNPs targeting biofilm development 
process.14 Here we speculate that ultrasmall-sized AgNPs 
with biofilm-modified structural properties may facilitate 
enhanced permeation through the cell membrane to induce 
overall biofilm dispersion. The slow and sustained release of 
silver ions will present high localised concentrations at the 
biofilm interface providing durable and effective activity 
against mature polymicrobial biofilms. 

In this study, we tested the activity of advanced antibac-
terial AgNP hydrogel using ex vivo porcine skin polymicro-
bial wound biofilm model. The use of ex vivo porcine culture 
of mature biofilms provides more strictly controlled 
experimental conditions than those of in vivo models. 
Additionally, using porcine skin as both the substrate for 
bacterial attachment and the source of nutrition would 
produce a microbial biofilm that more closely resembles 
the characteristics of clinical wound biofilms.15 The porcine 
skin was cleaned and sterilised prior to creating a 10-mm2 

excisional wound using a punch biopsy.16 The skin was 
partially submerged in DMEM supplemented with FCS 
(10%) at the air–liquid interface (Fig. 1a). The created 
wound bed was inoculated with a combination of P. aeru-
ginosa (Xen 41) and S. aureus (Xen 29) to establish an early 
(24 h) and mature (48 h) polymicrobial biofilm in a 37°C 
incubator (Fig. 1b). After each time point, the planktonic 
bacteria were gently washed, and the wounds were treated 
with AgNP hydrogel (100 mg of AgNP hydrogel per wound 
sample equating to 20 µg of silver per wound), blank hydro-
gel, silver sulfadiazine (Ag SD), and PBS as described previ-
ously.17 The biofilm eradication capacity was assessed using 
selective bacterial counts supported by bacterial staining to 
analyse 3-dimensional (3-D) structure of biofilm integrity 
after the treatments. 

The efficiency of the AgNP hydrogel was first assessed 
using selective counts for P. aeruginosa and S. aureus. The 
initial observation indicated that the bacterial species 
detected within biofilms are predominantly P. aeruginosa. 
This is consistent with previous studies showing that the 
majority of the interaction of P. aeruginosa in a mixed species 

is competitive in nature with only a few interactions of a 
cooperative nature.18 In general, P. aeruginosa is a strong 
biofilm former and has been associated with the inhibition 
of other pathogenic microbes including Staphylococcus and 
Streptococcus species. P. aeruginosa has numerous counter 
attacking mechanisms mediated by its motile properties 
and ability to produce toxins including pyocyanin, and 
hydrogen cyanide affecting the electron transport pathway 
and thereby slowing the growth of S. aureus.18 These two 
wound pathogens are commonly found together in a clinical 
setting, however when co-cultured P. aeruginosa thrives 
far better. This was also observed in our study where we 
saw higher colony forming unit (CFU) counts for untreated 
P. aeruginosa (1 × 1012 and 2 × 1013 CFUs per tissue) 
within 24 and 48 h respectively compared to 3 × 106 and 
9 × 105 CFUs per tissue) for S. aureus (Fig. 2a–d). 

However, bacterial biofilms were highly sensitive to the 
treatments where Ag SD and AgNP hydrogel was able to 
induce a 2.8- and 4.9-log reduction of early biofilms of 
P. aeruginosa respectively compared to untreated control 
(Fig. 2a, b). The log reduction for the mature biofilms was 
2 and 3.28. The reduced susceptibility of mature biofilm is 
expected due to the increased biofilm biomass supported 
with tougher structural integrity including overexpression 
of EPS production.19 Providing an optimal environment 
allows biofilms to persist with enhanced resistance mecha-
nism to external agents including low penetration of anti-
microbials.20 A similar trend of bacterial elimination was 
also observed against S. aureus where Ag SD and AgNP 
hydrogel was able to induce a 1.1- and 2.1-log reduction 
and 1.4- and 3.1-log reduction after 48 h (Fig. 2c, d). Blank 
hydrogel with no AgNP showed negligible activity against 
these polymicrobial biofilms (Fig. 2a–d). The increased sus-
ceptibility of P. aeruginosa and S. aureus biofilms accounts 
for potent antibiofilm capacity of ultrasmall AgNPs that can 
accumulate within biofilm structure facilitating structural 
damage and enhanced bacterial penetration.14,21 We have 
previously shown that the small sized AgNPs can overcome 
single species biofilm structural barrier with favourable 
uptake resulting in biofilm disintegration, against both 
Gram-negative and -positive bacteria using clinically rele-
vant in vitro and preclinical animal infection wound models 
where their application was safe and no adverse effects were 
observed.14,21 Nanoparticle’s size dependent antibacterial 
effect of silver has also been studied using mesoporous silica 
nanoparticles,22 biofilm responsive nanoantibiotic contain-
ing small sized AgNPs23 and surface coated ultrasmall 
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Fig. 1. (a) Schematic illustration of 
air–liquid interface biofilm set up using 
porcine skin. (b) Digital photographs of 
biofilm growth within the wound region 
after 24 h.    
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AgNPs to boost antibacterial efficacy.24 It is noteworthy that 
ultrasmall size AgNPs are highly susceptible to fast oxidation 
and dissolution, facilitating fast leaching of silver ions and 
short antibacterial duration with associated potential toxic-
ity.25 The use of biocompatible hydrogel delivery system is 
therefore a promising approach to overcome these deficien-
cies providing a localised and targeted delivery of AgNPs 
which contributes to efficient dispersion and elimination of 
wound infection. 

The biofilm structural integrity was also analysed using 
fluorescence staining through confocal microscopy. The 
biofilms were stained with live–dead viability kit contain-
ing SYTO9 that stains the nucleic acids of all bacteria 
fluorescent green, whereas propidium iodide rapidly 
penetrates bacteria with damaged membranes fluorescing 
red.26 The 3-D biofilm was reconstructed through Imaris 
Software (ver. 9.3.0, Bitplane AG) to visualise total cell 
viability as well as biofilm biovolume (Fig. 3a, b). We saw 
a reduced total bacterial cell viability in response to Ag 
SD 55% and AgNPs 40% within 24 h followed by further 
reduction after 48 h resulting in 42 and 26% bacterial 
cell viability respectively (Fig. 3c). Consistent with the 
CFU, AgNP treatment resulted in dramatic reduction in 
cell viability. We also observed progressively reduced 
biovolume over the 2 days of AgNP hydrogel while the 
untreated control progressively matured into thicker bio-
film (90 µm) (Fig. 3b, d). This is because P. aeruginosa 
and S. aureus readily form mature biofilms and are 
notoriously resistant to current antimicrobials if left 
untreated. 

Despite the great potential of AgNPs to kill bacterial 
pathogens, the complex defence mechanism of biofilms 
has challenged most of the current AgNP composites, failing 
to overcome the barriers resulting in reduced response 
against mature biofilms. In this study we have shown that 

AgNP hydrogel presents effective strategy to serve as AgNP 
reservoir by providing controlled, sustained release for bio-
film treatment. We have shown that ultrasmall nature of 
AgNPs could reach the biofilm interface resulting in 
enhanced penetration, and bacterial death. The significantly 
dispersed biofilm biomass as well as reduced cell viability 
indicates a promising antibiofilm capacity of AgNP hydrogel 
to eliminate a clinical chronic wound biofilm. Interestingly, 
it performed significantly better than the Ag SD which 
remains the gold standard antibacterial topical treatment 
for infection wound management in a clinical setting. The 
difference is attributed to the carrier, which can safely reach 
the bacterial site of infection, can penetrate, accumulate in 
high concentration, and display antimicrobial activity deep 
inside an infectious biofilm triggered by the antibiofilm 
properties of delivered silver ions. 

In summary, biologically adhered mature biofilms are 
generally very difficult to eradicate because of acquired 
resistance and tolerance to current antimicrobials, and 
their persistence and continuous pathogenicity has chal-
lenged the healthcare system. The ever-growing nano-
particle therapy has been re-purposed taking advantage of 
the multifunctional roles against bacteria to fight against 
biofilm associated maturation and resistance where the 
antibiotics have failed greatly. Using ultrasmall silver 
nanoparticles delivery mechanism, we have exploited the 
combination of ultrasmall size and controlled release 
mechanism to overcome biofilm barriers hence resulting in 
a significant capacity to eradicate both early and mature 
polymicrobial biofilms similar to those encountered in 
chronic wounds in a clinical setting. Daily application of 
treatment results in progressive loss of biofilm integrity and 
biovolume. Therefore, this study presents a promising trans-
lational clinical pathway to fight against drug resistant 
chronic wound associated biofilm infections. 
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Fig. 2. Colony counts of polymicrobial biofilm bacteria selective for Pseudomonas aeruginosa and Staphylococcus 
aureus. (a) Representative P. aeruginosa colony forming unit (CFU) plates of 24 h after treatment, (b) the 
corresponding quantitative analysis of P. aeruginosa bacteria. (c) Representative S. aureus CFU plates of 24 h 
after treatment, (d) the corresponding quantitative analysis of S. aureus bacteria. Data presented as mean ± s.d.    
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Fig. 3. Three-dimensional (3-D) fluorescence reconstruction of polymicrobial biofilm in response to treatment groups after 24 
and 48 h. (a, b) representation of 3-D biofilm biovolume after 24 and 48 h of treatment compared to control. (c) Quantitative 
analysis of total cell viability after each time points. (d) Quantitative analysis of total biovolume of each treatment group after 24 
and 48 h of treatment.    
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