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Introduction

Current medical evidence supports the use of syn-
thetic prosthetic materials to repair ventral hernias as 
a means to reduce recurrence rates (Burger et al., 2004; 
Luijendijk et al., 2000). However, the routine use of this 
material for ventral hernia repair has resulted in sev-
eral complications, most notably infection (Harth and 
Rosen, 2009). These prosthetic infections are a serious 
health problem and have emerged as one of the most 
challenging issues when considering ventral hernia 
repair. They are difficult to treat, lead to extended hos-
pitalizations, additional surgical procedures, hospital 
readmissions, and time off from work. Infections can 
arise as a consequence of direct material contamina-
tion during implantation or the hematogenous spread 
of bacteria. These infections depend on the ability of 
the bacteria to attach to the material surface and the 
surface characteristics of the material influence this 
attachment (An and Friedman, 1998; Engelsman et al., 
2008). Importantly, once attached, these microbes can 
begin to form a biofilm.

Staphylococcus aureus and Pseudomonas aeruginosa 
are two of the dominant causes of prosthetic infections. 
These opportunistic pathogens have the ability to attach 
to a substratum, accumulate biomass, and form a ses-
sile community of cells encased within a self-produced 
matrix of extracellular polymeric substance, which is 
defined as a biofilm. This biofilm protects bacterial 
cells against the host’s immune defenses and antimicro-
bial agents (Costerton et al., 1999; del Pozo and Patel, 
2007; Hall-Stoodley and Stoodley, 2005; Zimmerli et al., 
2004). The presence of a biofilm is increasingly being 
viewed as an important contributor to persistent pros-
thetic infections (Costerton et al., 2005 ).

In recent years, a new class of prosthetic materials 
made from animal and human products has emerged as 
a promising new material for the repair of ventral her-
nias, especially in contaminated surgical fields. These 
biologic prosthetics consist of an extracellular matrix, 
which has its cellular components removed. Unlike the 
synthetic prosthetics that are made from plastic, these 
biologic scaffold materials allow cellular in-growth 
(neovascularization) and site-specific tissue remodeling 
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into the original host’s tissue (Badylak et al., 2001). Bio-
logic prosthetics are believed to be more resistant to 
infections as the non-synthetic nature of the material 
allows for antibiotic diffusion. However, many different 
biologic prosthetics with diverse properties have been 
introduced on the market for clinical use and not all 
these materials are created equally (Bellows et al., 2011; 
Cornwell et al., 2009). Biologic prosthetics can differ 
in the tissue source, and manufacturing methods that 
decellularize and sterilize the material. These methods 
can have distinct effects on the surface characteristics of 
the resulting scaffold, thus affecting the ability of bac-
teria to attach and form a biofilm. The purpose of this 
study was to investigate biofilm production on biologic 
prosthetics with different composition and manufac-
turing properties using two different bacteria species 
in an in vitro model.

Experimental

Materials and Methods

Materials The biologic prosthetics used in this 
study were non-cross-linked human acellular dermis 
(ADM) (0.33–0.76 mm thickness; Alloderm, LifeCell, 
Branchburg, NJ), and non-cross-linked porcine small 
intestinal submucosa (SIS) (Surgisis Biodesign, Cook 
Surgical, West Lafayette, IN). 

Scanning electron microscopy. Scanning electron 
microscopy (SEM) was used to visualize the surface 
characteristics of the biomaterial and the biofilm growth. 
For visualization of biofilms, the bacterial biofilms were 
grown on each biomaterial for 24 hours, following the 
methods described below, and SEM was performed. 
Briefly, following incubation, disks of each biologic 
prosthetic were gently rinsed with 1X PBS and removed 
using sterile forceps. A sample of each biomaterial 
was fixed in Karnovsky’s fixative (Electron Microscopy 
Sciences, Hatfield, PA) for 30 minutes. After washing 
with cold cacodylate buffer, samples were post-fixed with 
1% osmium tetroxide (Sigma Aldrich, St. Louis, MO). 
Samples were then dehydrated in a series of ethanol solu-
tions (30% to 100%) and were dried at the critical point. 
Specimens were mounted on aluminum stubs with con-
ductive carbon cement, allowed to dry, and then coated 
with a thin layer of carbon (3–10 nm thickness). Samples 
were imaged using a Hitachi 4800 High-resolution SEM 
(Hitachi, Wallingford, CT). SEM experiments were car-
ried out in duplicate for each strain tested, and repre-
sentative images of biofilms were selected.

Bacterial strain and growth conditions. A clinical 
isolate of methicillin-resistant Staphylococcus aureus 
(MRSA) expressing GFP (provided by Dr. Alexander 
Horswill, Iowa University) and Pseudomonas aeru­

ginosa strain PAO1 expressing GFP (provided by 
Dr. Lisa Morici, Tulane University) were cultured from 
a frozen glycerol stock and grown in Luria-Bertani (LB) 
broth overnight. 

In vitro biofilm formation and experimental 
design. Biofilm formation was analyzed using a static 
biofilm system. Briefly, a sample of each biologic pros-
thetic was cut into 5 mm disks (surface area = 1.99 mm2) 
using a punch biopsy and rehydrated in phosphate buff-
ered saline (PBS) for 30 minutes. The disks were then 
placed into individual wells of a 96 well tissue culture 
plate. Single bacterial strain biofilms were grown by 
incubating the disks for a maximum of 24 hours at 37°C 
in minimal essential medium alpha (MEMA) media 
supplemented with 10% fetal bovine serum (FBS) and 
L-Glutamine (Invitrogen, Carlsbad, CA) containing 
1 × 107 CFUs/mL of S. aureus or P. aeruginosa respec-
tively. This inoculum was chosen based on the observa-
tion that the concentrations of bacteria on normal skin 
flora are 106–7/cm2 (Kloos, 1975). After 12 and 24 hours 
of incubation, biofilm-laden prosthetics were removed 
from each well, rinsed with 0.9% NaCl and gently dried 
by minimal touch with gauze to remove planktonic 
bacteria. Prosthetic-associated biofilms were then ana-
lyzed for numbers of viable bacteria and biofilm bio-
mass as described below. A single operator following 
a standardized protocol performed all experiments 
under sterile conditions. All experiments were per-
formed in triplicate.

Extraction and quantification of biofilm. Pros-
thetic-associated biofilms were cultivated as described 
above. Biofilms were then disrupted by placing the 
sample in 0.5 mL 0.9% NaCl containing α-amylase 
from Aspergillus oryzae (100 mg/mL) (Sigma-Aldrich, 
St. Louis, MO) and incubated at room temperature for 
90 minutes with gentle agitation. Serial dilutions (10–1 
to 10–4) of the cell suspension were plated on LB agar 
and grown at 37oC in ambient air for 24 hours to cal-
culate the numbers of viable bacteria as colony forming 
units (CFUs). This experiment was repeated three times 
with triplicates. Confocal microscopy confirmed nearly 
complete removal of the bacteria from the prosthetics. 

In a separate experiment, the biomass was measured 
with crystal violet (Christensen et al., 1985 ). Briefly, 
biofilm-laden prosthetics were rinsed with PBS to 
remove any non-attached bacterial cells, fixed with 
99% methanol for 15 min, air-dried and incubated for 
15 min with 0.2% crystal violet (Fisher Chemical, Pitts-
burgh, PA). The prosthetics were washed thoroughly 
with distilled H2O and air-dried for 2  hours. Sub
sequently, the crystal violet absorbed by the biofilm 
was released by incubation with 33% acetic acid 
for 15 min and the optical density was measured at 
635 nm (µQuant microplate reader; Biotek Instruments, 
Winooski, VT). The average OD635 nm value was 
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determined with three replicates. The background 
absorbance of the biologic prosthetics was measured 
and subtracted from the final data.

Statistical Analysis. Data represent the mean ± 
standard error. Comparisons between the two groups 
were made using a Mann-Whitney U Test. Multiple 
comparison were performed using one-way Analysis 
of Variance (ANOVA) with Tukey’s post hoc test if 
differences were found. All analyses were performed 
with Graphpad software (Graphpad, LaJolla, CA 
version  3.0). Statistical significance was defined as 
a p value less than 0.05.

Results

Biologic prosthetics surface characterization. 
Scanning electron micrographs showed morphologi-
cal and structural differences between the surfaces of 
the various biologic materials. Each biologic material 
had clefts and pores between the collagen fibers. One 
remarkably constant feature of ADM was the appear-
ance of numerous ridges on the surface of the material 

(Fig. 1A, B). By comparison, the surface of the SIS was 
relatively smooth characterized by tightly compacted 
clefts and pores (Fig. 1C, D). 

SEM analysis of in vitro grown biofilm on biologic 
prosthetic surfaces. As seen in Figure 1, the extracel-
lular polymeric substances (EPS) matrix of the biofilms 
was apparent in both MRSA and PAO1 biofilms and 
the different bacteria morphologies were clearly distin-
guishable under SEM. As demonstrated in Figure 1A, 
the surface of ADM demonstrated sparse bacterial colo-
nization with small clumps of coccoid species evident 
on ridge-like structures with sparse extracellular prod-
ucts surrounding the cells aggregates. By comparison, 
colonization of the ADM surface by the PAO1 strains 
was seen as micro-colonies and the cell morphology 
was short thick rods interlaced with extracellular poly-
meric substance (Fig. 1B). In contrast, the surface of SIS 
demonstrated numerous cocci and micro-colonies that 
were widely distributed across the surface of the mate-
rial within the biologic prosthesis (Fig. 1C). Figure 1D 
shows the scanning electron micrographs of the P. aeru­
ginosa biofilm on the surface of SIS. Interestingly, the 
PAO1 species demonstrated profuse growth and dense 

Fig. 1.  Representative Scanning electron micrographs (SEM) images of methicillin resistant S. aureus (A) and P. aeruginosa (B) biofilms 
established on human acellular dermis (ADM) and methicillin resistant S. aureus (C) and P. aeruginosa (D) biofilms established on por-

cine small intestinal submucosa (SIS) following 24 h incubation at 37°C. All images are 1000X magnification.
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colonization with recognizable thick extracellular prod-
ucts surrounding the cell aggregates (Fig. 1D). 

In vitro growth curves of biofilm. The influence of 
the different biologic prosthetics on the ability to form 
biofilms and the growth behavior of these biofilm over 
time for the two different bacterial species were investi-
gated. In general, we noted that both biologic prosthetics 
supported biofilm growth. However, more substantial 
biofilms in terms of bacterial growth (measured by CFU 
counts) and biofilm biomass (measured by crystal violet 
assay; OD635) were produced by PAO1 than by MRSA. 

The biofilms produced by MRSA and PAO1 showed 
remarkable differences in growth patterns on the bio-
logic prosthetics. For example, over the course of the 
48-hour experiment, the number of viable MRSA cells 
(as measured in CFUs) significantly increased on the 
surface of SIS during the first 24 hours (Fig. 2A). By 

comparison, the number of live MRSA cells present on 
ADM was consistently low at every time point and sig-
nificantly lower compared to SIS at 24 hours (p < 0.05; 
Fig. 2A). For PAO1, we noted that both biologic pros-
thetics supported a steady increase in the number of 
CFUs over the first 24-hour period. 

To further investigate the influence of the biologic 
prosthetics on biofilm formation, the biofilm biomass 
was determined at different time points post-inocula-
tion (12 and 24 hours). As measured with crystal violet, 
the MRSA biofilm biomass reached its maximum at 
12 hours after inoculation on the surface of ADM with 
a mean optical density (OD 635 nm) of 1.15 (Fig. 3A). 
This value remained generally unchanged over the next 
12 hours. By comparison, the MRSA biofilm biomass 
peaked at 24  hours after inoculation on the surface 
of SIS with mean optical density (OD 635 nm) value 
of 1.23 (Fig. 3A). 

Fig. 2.  Biofilm formation in vitro by S. aureus (A) or P. aeruginosa 
on human acellular dermis (ADM) or porcine small intestinal 

submucosa (SIS) as measured by CFUs over time (n > 6)
*  p < 0.05 vs. 12 hr; **  p < 0.05 vs. 24 hr; t p < 0.05 vs. ADM

Fig. 3.  Biofilm biomass formation in vitro by S. aureus (A) or 
P. aeruginosa (B) on human acellular dermis (ADM) or porcine 
small intestinal submucosa (SIS) as assessed by absorbance of 

crystal violet over time (n ≥ 5)
* p < 0.05 vs. 12 hr; ** p < 0.05 vs. 24 hr
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Discussion

The use of synthetic prosthetics for reinforcement 
has revolutionized the results of ventral hernia repair. 
However, due to concerns of infection many surgeons 
have turned to biologic prosthetics to repair complex 
abdominal wall defects especially in contaminated 
fields. However, this practice has resulted in a myriad 
of infectious complications related to the use of these 
biologic materials (Harth and Rosen, 2009). In fact, 
biomaterial-associated infections remain a major cause 
of failure of these prosthetic implants. Interestingly, data 
on the infection profile of the different biologic pros-
thetics in terms of susceptibility to bacterial adhesion 
and biofilm formation is sparse despite widespread use 
and significant associated costs (Bellows et al., 2013). Of 
the few studies in the literature, all have been conducted 
with reference to planktonic bacteria and less attention 
has been directed towards bacteria in the biofilm mode 
of growth. Understanding if the material type and/or the 
bacterial strain influences biofilm formation is essential 
for choosing the best prosthetic material.

The majority of these implant infections commonly 
involve opportunistic gram-positive (S. aureus) and 
gram-negative (P. aeruginosa) pathogens (Engelsman 
et al., 2007; Falagas and Kasiakou, 2005; Mavros et al., 
2011). Aggregates of these bacteria have a natural ten-
dency to adhere to the surface of different prosthetic 
materials, and form biofilms, which prevent eradication 
of these organisms by conventional methods of killing 
such as antibiotics, and disinfection (Hall-Stoodley and 
Stoodley, 2009). 

It is well-known that the initial bacterial cell attach-
ment is critical for the formation of a bacterial biofilm. 
Several studies have shown that the roughness and 
material characteristics of the implant surface largely 
determine initial bacterial adherence (Engelsman 
et al., 2008; Aydinuraz et al., 2009; Halaweish et al., 
2010; Stoodley et al., 2012). Therefore, using SEM for 
high-magnification imaging, we studied the surface 
morphology of the different biologic prosthetics. Inter-
estingly, rough surfaces and niches, which can provide 
increased surface area and more contact points ena-
bling adhesion of microorganisms, were observed on 
the surface of both materials. However, consistent with 
other authors, we also noted that the surface character-
istics of each material were distinctly different depend-
ing on the organ or tissue from which the material was 
harvested (Brown et al., 2010).

To our knowledge, this in vitro study is the first that 
quantifies MRSA and P. aeruginosa biofilm formation on 
biologic prosthetics. Although previous studies (Engels
man et al., 2008; Aydinuraz et al., 2009; Halaweish et al., 
2010; Stoodley et al., 2012) have defined similar models 
for synthetic prosthetics, an extensive literature search 
did not identify any studies that describe a method to 

quantify biofilms on biologic prosthetics. One of the 
major challenges in developing our model was effec-
tively eluting the bacteria from the surface of the bio-
logic prosthetics. Previous studies have used a combina-
tion of vortex and sonication to release bacteria from 
biofilms on synthetic prosthetics and to quantify it 
(Engelsman et al., 2008; Kobayashi et al., 2009). How-
ever, we found this method was ineffective on biologic 
prosthetics. Instead, we applied the results from a pre-
vious study by Craigen and colleagues who discovered 
that a commercially available α-amylase could rapidly 
detach biofilms of S. aureus, inhibit biofilm formation 
and reduce and disassociate S. aureus cell-aggregates 
grown in liquid suspension (Craigen et al., 2011). 

Overall, we have shown that among the biologic 
prosthetics tested, both were a suitable substratum for 
the production of biofilms containing viable, adherent 
cells over time under static conditions in vitro. Like 
others, we noted that the adhesion of P. aeruginosa was 
higher than S. aureus, leading to more robust biofilm 
formation (Borazjani, 2004; Reinis et al., 2011). How-
ever, we also observed that the biofilm development was 
highly variable on the surfaces of the different biologic 
prosthetics over time. In the MRSA group, the bacterial 
viability (as measured in CFUs) and the biofilm biomass 
production was more pronounced on the surface of SIS 
compared to ADM. In the Pseudomonas group, the bac-
terial viability was slightly higher on the surface of SIS 
but this did not reach statistical significance. However, 
it is noteworthy that the evident decrease in live bacteria 
from the surface of both biologic prosthetics measured 
by CFUs over time, did not equal the loss of biofilm bio-
mass measured by crystal violet. This observation sug-
gests a possible synergistic effect between the biologic 
prosthetics surfaces and P. aeruginosa biofilm biomass 
that promotes their persistence despite a loss of live 
bacteria. Interestingly, variances between biomass and 
viability measurements have also been shown with other 
medical devices (Henriques et al., 2006; Sule et al., 2009). 

Taking the results from all assays together, we can 
clearly see distinct differences among the biologic pros-
thetic materials tested in terms of their ability to sup-
port bacterial viability and biofilm biomass. This may 
stem from the fact that not all the materials are created 
the same. There are significant differences in the pro-
cess and manufacturing methods of the various bio-
logic prosthetics harvested from various tissue sources 
(Bellows et al., 2011; Cornwell et al., 2009). These meth-
ods can significantly impact the materials structure and 
surface topographies, which is used as substrata for 
bacterial attachment (Cornwell et al., 2009; Aydinuraz 
et al., 2009; Gilbert et al., 2006). 

There are several limitations of our study. We only 
studied two biologic prosthetics, but there are currently 
over a dozen commercially available biologic pros-
thetics for use in ventral hernia repair. Moreover, we 
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only conducted an in vitro analysis. These studies will 
need to be repeated in other relevant in vivo models to 
confirm these results.

In conclusion, before now little was known about 
the ability to form biofilms on biologic prosthetics. We 
observed that biofilm formation on biologic prosthetics 
was both material and species dependent. The type of 
material and/or the processing technique may influence 
the attachment and growth of certain microorganisms. 
This result could have significant implications for the 
selection of biologic prosthetics by surgeons in clinical 
settings, such as in contaminated surgical fields. 
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