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‘Injections through skin colonized
‘with Staphylococcus aureus biofilm
‘introduce contamination despite
e standard antimicrobial preparation
et procedures

YiWang, Valery Leng, Viraj Patel & K. Scott Phillips

. While surgical site preparation has been extensively studied, there is little information about resistance

. of skin microbiota in the biofilm form to antimicrobial decontamination, and there are no quantitative

© models to study how biofilm might be transferred into sterile tissue/implant materials during injections

. for joint spine and tendon, aspiration biopsies and dermal fillers (DF). In this work, we develop two in
vitro models to simulate the process of skin preparation and DF injection using pig skin and SimSkin
(silicone) materials, respectively. Using the pig skin model, we tested three of the most common

. skin preparation wipes (alcohol, chlorhexidine and povidone iodine) and found that during wiping

. they reduced the biofilm bacterial burden of S. aureus (CFU cm~—2) by three logs with no statistically

. significant differences between wipes. Using the SimSkin model, we found that transfer of viable
bacteria increased with needle diameter for 30G, 25G and 18G needles. Transfer incidence decreased as
injection depth was increased from 1 mm to 3 mm. Serial puncture and linear threading injection styles
had similar transfer incidence, whereas fanning significantly increased transfer incidence. The results
show that contamination of DF during injection is a risk that can be reduced by modifying skin prep and
injection practices.

. The skin is an immune barrier! and ecosystem colonized by diverse microorganisms. Although most of this
° microbiota is harmless or even beneficial to the host, the presence of pathogenic bacteria can lead to infection if
. the ecosystem is disturbed?. There are a number of skin penetrating medical procedures where antimicrobial skin
. preparation is essential, such as surgery, injections into joints, spine and tendon (steroids or hyaluronic acid),
. needle aspiration for biopsies, and injection of dermal fillers (DF) and urethral bulking agents. While surgical site
© preparation is extensively studied®*, less is known about how injection site preparation might reduce the chance
. of contamination by skin microbiota.

DF are used with increasing frequency in the US (market size of ~$5 billion in 2014°). Injections of foreign
© materials such as DF present additional risk because the initial number of pathogenic bacteria required to over-
- whelm host defense mechanisms is low®. Bacteria can rapidly colonize injectable DF hydrogels and acquire anti-
: microbial resistance in vitro”8. When DF biofilm matures, even the highest tolerable doses of antibiotics are often
. insufficient to eradicate it. Explant is frequently needed, putting the patient at risk for tissue scarring, deformity,

and nerve and structural damage. While clinically detectable infections associated with DF injection are normally
rare, patients with a compromised immune system (HIV, cancer, immunotherapy, diabetes) have been reported
. to have infection rates as high as 19%'%'2. Some minimally biodegradable filler materials have also been reported
© to have higher rates of delayed-onset infection!?.
: The pathogenesis of implant infection in general is thought to depend on three steps: transfer of bacteria from
skin surface to tissue cells beneath, invasion of tissue with evasion of host defenses, and production of toxins'*.

United States Food and Drug Administration, Office of Medical Products and Tobacco, Center for Devices and
Radiological Health, Office of Science and Engineering Laboratories, Division of Biology, Chemistry and Materials
Science, 10903 New Hampshire Ave, Silver Spring, MD, 20993, USA. Correspondence and requests for materials
should be addressed to K.S.P. (email: kenneth.phillips@fda.hhs.gov)

SCIENTIFICREPORTS | 7:45070| DOI: 10.1038/srep45070 1


mailto:kenneth.phillips@fda.hhs.gov

www.nature.com/scientificreports/

In individuals with co-morbidities, infection may spread without medical intervention'>'. Clinical detection of
biofilm colonized implants is challenging'®!”. The presence of foreign material in the dermis and sub-dermis can
lead to sterile abscesses, granulomas, cellulitis or nodules. Infection may have similar signs which appear months
or years after injection, varying from erythema, edema, inflammatory nodules and pain/itching to systemic
responses!’. Biopsies of suspect sites are often culture negative, contributing to the belief that most adverse events
are due to allergic or foreign body reactions. Positive biopsies have been explained as instances of contamination
during sampling®®. It has also been argued that DF do not favor bacterial growth! because many hydrogels used
for DF materials have antifouling properties®*~*%. However, there is growing evidence linking chronic inflamma-
tion, device failure and other adverse events with bacterial colonization of tissues and implant materials?. The use
of molecular diagnostics (PCR, PNA FISH) and advanced imaging (CLSM, SEM) techniques**~2® has conclusively
demonstrated correlation and causality. Our group has also shown that bacteria can colonize and form biofilm
on ultrasoft hydrogels throughout the range of elastic moduli used for most DF’. Injection of some materials can
create discontinuities that serve as a protected, microenvironmental niche for bacteria.

Since DF are provided sterile, contamination likely occurs when microbiota on the skin are transferred dur-
ing needle penetration. Hematogenous bacterial spread is also believed to be a potential risk for all implants
in general, but likely represents a smaller fraction of infections when precautions are taken!>?’. Even though
DF injections are normally considered a “low-risk” nonsurgical intervention, it is suggested that “extreme care”
should be taken to prevent initial contamination associated with injection?. The fact that injection near infected
skin regions is contraindicated because it increases complications also shows the importance of the skin as a
source of contamination®. There is increasing comprehension that biofilm is the default lifestyle of bacteria?*,
and recent studies suggest that many bacteria colonizing the skin produce biofilm®', which is resistant to dessi-
cation®. During injection, bacteria in biofilm can be introduced from the dermal matrix. Sebaceous glands have
significant biofilm burden®. Wounds or dermatitis may also harbor increased bioburden. Another source of
contamination is injection through colonized oral or nasal mucosa, which is more likely to have mature biofilm**.

Since contamination during injection is the first step in the pathogenesis process, preventative measures may
play an important role in reducing infections. Studies have suggested that 20% of resident skin flora are not
removed by preoperative skin prep procedures for open incision surgeries®, and DF skin prep is less stringent
than most surgical site prep procedures. If transfer of bioburden can be reduced, many of the challenges asso-
ciated with treating colonized implants can be avoided, thereby improving patient experience and increasing
antimicrobial stewardship. To reduce contamination, we need to understand 1) how to better prepare the skin to
reduce biofilm burden, and 2) how to best perform injection to reduce the transfer of remaining burden. Most
current antimicrobial test methods are based on planktonic efficacy and may be less predictive of performance
against bacteria in biofilm. Models have been developed to test skin preparation®’-*°, but do not use biofilm.
Bacteria in biofilm are resistant to antimicrobials through a number of mechanisms*. It is important to test
common preparation methods to determine how well they reduce biofilm burden on an organic matrix like skin.
Previous studies have shown reduced antimicrobial efficacy in murine*! and pig* skin models. In addition, no
studies have been performed to understand how factors such as needle size/shape and injection style affect the
potential for contamination. It is important to develop appropriate biofilm models to determine how these factors
might affect transfer of bacteria.

The goal of this work was to develop methods for assessing contamination during skin preparation and injec-
tion, and to use them to assess practices used in the clinic. To measure the removal of biofilm burden after skin
preparation, we developed an ex vivo porcine skin explant model. Three commercially available disinfectant
preparation pads were tested. To assess how injection techniques affected bacterial transfer, we developed an in
vitro injection model with artificial silicone skin (SimSkin) of specific thicknesses to represent depth of place-
ment. Injection was simulated using several sizes of needles with common techniques (puncture, threading and
fanning). Bacterial transfer for planktonic and biofilm bacteria on skin surfaces was compared.

Materials and Methods

Bacterial culture. Green fluorescent protein (GFP) producing Staphylococcus aureus (S. aureus) AH2547%
provided by Dr. Alexander Horswill (Department of Biology, The University of Iowa, Iowa City, IA) was streaked
for isolation on a source agar plate (tryptic soy agar (TSA) with 5% Sheep Blood; Remel™, Thermo Scientific™)
from frozen stock cultures and incubated overnight (16-18h) at 37°C. A dispersed single/double bacterial cell
solution was prepared using previously described methods*. The concentration was determined to be 10° CFU
mL~! by plating on agar plates. The solution was re-suspended to concentrations used in the study. Different inoc-
ulum densities (102-108 CFU mL~!) were cultured at 37 °C in tryptic soy broth (TSB, Becton Dickinson) over-
night to generate biofilm bioburden. For comparison, bioburden from planktonic contamination was introduced
to skin surfaces with the same inoculum density for 5 min and followed with a phosphate buffered saline (PBS,
pH 7.4, Thermo Scientific™) rinse. Chloramphenicol (10 pg/mL) was added to all culture media to maintain
the stability of plasmid*® and also inhibit native microorganisms on pig skin. All experiments were replicated in
triplicate with three independent S. aureus cultures.

Ex vivo porcine skin explant biofilm model for skin preparation. An ex vivo porcine skin explant
biofilm model was developed to assess the bioburden removal efficacy of commercially available disinfectant
preparation pads and topical treatments (Fig. 1). Porcine skin explants (Pel-freeze Biologicals, Rogers, AR) were
grafted and cut to blocks with dimension of ~1in X 1in X 0.5in. Silicone tubing (autoclaved, 6 mm ID, Thomas
Scientific, NJ) was cut to 10 mm long and glued to skin blocks (one tube/block). Neutral electrolyzed water
(NEW) (Aquaox, Fontana, CA) was used to sterilize skin pieces*. Diluted NEW solutions (HOCI, 80 mg/1) were
applied twice (15 min/each) to the skin glued with tubing. The whole blocks were rinsed with sterile PBS and
stored sterile.
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Figure 1. Biofilm model to assess skin preparation.
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Figure 2. Simulated injection model (A) and trails in agar showing different injection techniques (B).

Overnight biofilms were generated in each tube by inoculating with 200 pL 10° CFU mL! bacteria. Inoculated
tubes were rinsed 3x with PBS and removed from the skin. Skin was wiped with preparation pads and rinsed with
PBS after 10s. Three pad types (alcohol, chlorhexidine and povidone-iodine) were applied to biofilms on porcine
skins with controlled force and direction (4 lateral wipes with return stroke). A coverslip was placed on the wiped
location and the assembly attached to a glass slide. Confocal Laser Scanning Microscopy (CLSM, Leica SP8, Leica
Microsystems, Germany) was used to acquire images of bioburden before and after wiping. CLSM images were
collected with 485 nm excitation/535 nm emission. Simulated fluorescence projections through the biofilm were
generated using the Leica LAS software, from which live bacteria were enumerated for nine samples (9 locations/
sample). All experiments were replicated in triplicate with three independent S. aureus cultures.

SimSkin in vitro injection model. The filler injection-mimicking artificial skin system (Fig. 2A) was pre-
pared by laminating an epidermis and dermis-simulating layer (Silicone 1, SIMSKIN, Chicago, IL, - 1, 1.8 or
3 mm thickness silicone elastomer containing reinforcing fibers) to an overlayer of 8 mm thick Silicone 2. The
epidermis layer (0.1 mm) is made of a high tear strength elastomer. Silicone 2 was punched with 6 mm wide
holes as a reservoir for bacteria and the assembly was cut to fit a 12-well plate. Silicone 2 created the reservoir for
bacterial inoculation, while the Slicone 1 underlayer served as the skin mimetic material in testing.. Modified
TSB agar (with 5:1 gelatin:TSB by mass) was filled in a 12-well plate. The model skin system was held to the agar
plate underneath by directly attaching Silicone 1 to the modified TSB agar in order to assess different injection
techniques (needle size and shape, serial puncture, linear threading, and fanning) (Fig. 2B). A sterile liquid with
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Figure 3. Porcine skin planktonic and biofilm bioburden (CFUcm™2) before (A) and after (B) skin preparation.
CLSM images (Insert, A) of the biomass formed with inoculum density of 10° CFU mL~'. SEM images (Insert,
B) show similar textures of preparation pads.

similar elastic properties to DF (DF simulant) was used for all injections. Bacterial reservoirs were inoculated
with 200 pL bacteria (102 10% and 108 CFU mL~!) to mimic clinical (CLIN), normal (NORM) and contaminated
(CONT) bioburden levels for injections*’-#°. DF simulant was also injected for each condition to serve as a con-
trol. Silicone 1 with thickness of 1, 1.8 and 3 mm was used to model injection in the superficial dermis, deep der-
mis and subcutaneous, respectively. To compare different injection conditions, 18, 25, and 30 gauge sharp needles
(1.5in., Becton Dickinson) and 25 gauge blunt-tipped microcannula (1.5in., DermaSculpt) were tested. Three
parallel conditions were applied and repeated with 9 independent S. aureus cultures. To mimic the dermal filler
injection, 5 entries were performed through each bacterial reservoir and model skin to the agar beneath (Fig. 2B).
After injection, the model skin system was removed, and the agar plates were incubated at 37 °C for 24-48h. To
validate the artificial skin model, porcine skin was grafted to ~2mm thick and cut and glued to sterile Silicone
2. The same sterilization and injection protocols were followed as for the silicone model. Bacterial transfer was
evaluated after overnight culture. Transfer incidence and error bars were generated by averaging the possibilities
of transfer from each agar plate for the nine sets of injection experiments.

Scanning electron microscopy. Disinfectant preparation pads were air dried overnight and sputter coated
with gold/palladium (10 nm, EMS150T, EMS, PA), and imaged using SEM (JSM-6390 LV, JEOL, MA) at a voltage
of 5kv.

Statistical analysis. Statistical analysis was performed using one-way analysis of variance (ANOVA)
to detect the presence of statistically significant differences (P < 0.05) between groups. All experiments were
repeated at least three times.

Results

Efficacy of skin preparation wipes for reduction of biofilm bacterial burden. Porcine skin
surface was inoculated with S. aureus (10° CFU mL™') and cultured overnight for biofilm formation. Initial
bioburden was quantified with image analysis. Before applying the preparation wipes (Fig. 3A), no significant
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Figure 4. Representative images of bacterial transfer for different injection conditions with the SimSkin
model (needle size, depth of placement and planktonic/biofilm bacterial contamination).

difference was found in the amount of bioburden formed with the same inoculum. Using a log-log transfor-
mation to compare bioburden in planktonic and biofilm forms, the increase of surface bioburden was linear
(slope =0.3487, R2=0.9975), suggesting that the relationship between inoculum densities and both planktonic
and biofilm burden fit closely to power law. For planktonic inoculation, the CLIN, normal NORM and con-
taminated CONT bioburden levels result in surface bacterial densities of (0.16 4-0.056) x 10%, (1.7 4-0.53) x 10%,
and (31 48.5) x 10*cm~2. For biofilm, the bioburden left on the skin surface also increased with inoculum den-
sities (10% 10% 10* CFU mL™!) corresponding to surface densities of (185 +74.1) x 10%, (576 +212) x 10* and
(866 £ 106) x 10*cm 2. An assumption of linearity was used for the 10°CFU mL~' inoculum. In general, there
was a 3log difference in cell counts between planktonic burden and overnight biofilm burden.

After skin preparation with disinfectant wipes, greater spatial heterogeneity of live bacteria was observed on
skin surfaces. Less bacteria remained on the 10% povidone-iodine treated skin (log,, (B) = 3.9, Fig. 3B). No sig-
nificant difference was seen between 70% alcohol (log,, (B) =4.4) and 2% chlorhexidine (log,, (B) =4.3) treated
skin. Overall, there was less than one log difference between the three disinfectant wipes. SEM images (Fig. 3B)
showed that all wipe textures and fiber widths were similar.

Transfer of bacterial biofilm burden during injection.  Representative images (Fig. 4) show how bacte-
rial colonies that grew at the site of contamination were used to track bacterial transfer during injection. Porcine
skin was initially used but was later replaced by SimSkin which compared favorably for transfer incidence for a
limited subset (Fig. 5). The SimSkin format was used to assess how the transfer incidence depends on: needle size
- G (gauge, larger gauge = smaller needle size), injection depth, growth forms of bacteria (planktonic vs. biofilm)
and common DF injection techniques (serial puncture, threading and fanning) (Fig. 6). All of the experiments
were done with serial puncture except for those that compared other injection techniques.

The results for all conditions are summarized in the graphs in Fig. 6. For all experiments, transfer incidence
increased with needle size and starting bioburden and decreased with injection depth. Only 30G needles were
tested with both planktonic and biofilm bioburdens. Biofilm transfer incidence was much higher than plank-
tonic transfer incidence. The transfer incidence for serial puncture and threading was similar at all depths and
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Figure 5. Bacterial transfer incidence of porcine skin (2 mm) and SimSkin (1.8 mm) with 18G, 25G and
30G needles and biofilm as initial bioburden. Confocal fluorescence image stacks (200 pm x 200 pm x 80 pm)
of biofilm formed from inoculum of 10° CFU mL™.

bioburden, while fanning had significantly higher transfer rates for all depths and bioburdens. There was no sig-
nificant increase in transfer incidence for fanning with a blunt-tipped microcannula vs. sharp tip needle.

Discussion

Skin preparation. The current clinical practice for DF injection involves preparing the site of injection
with an antiseptic wipe®. Three of the most common antiseptics, isopropyl alcohol (IPA), chlorhexidine (CHG)
and povidone iodine (PI), are lethal to bacteria through different mechanisms®'. Some reports studying the per-
formance of these disinfectants against biofilm have shown decreased effectiveness®>~. In this work, all three
antiseptics achieved a similar ~3log reduction of biofilm burden after wiping. While the porcine skin explant bio-
film model did show statistically significant differences among bioburden reduction by various antiseptic wipes
(P <0.05), the <% log difference is not practically different with regards to effectiveness*2.

The porcine skin format shows that the medium of skin, due to the surface roughness, absorption of liquid,
and abundance of organic material, may play a role in neutralizing antiseptics to some extent and possibly fur-
ther protecting biofilm. Confocal microscopy images of biofilm on the skin (Fig. 5) showed that it was hetero-
geneous because of surface irregularities. Biofilm bacteria in those cracks and crevices may be more resistant to
the mechanical force of wiping. This may explain in part why the reduction in bioburden was only 3logs for all
preparations. Depending on the location®, flora on skin can exceed 1.6 x 10° aerobic CFU and >0.9 x 10° fungal
colonies. Considering these levels, a 3 log reduction still leaves significant bioburden.

Injection. The SimSkin testing showed that transfer rarely occurred at all with the smallest 30G needle except
at the 1 mm depth, while it increased with diameter for the 25G and 18G needles. The needle tip shape (sharp vs.
blunt-tipped microcannula) did not make a significant difference in outcome. These results are promising because
it is reported that the blunt microcannula technique may produce less brusing® in some situations. Of particular
importance, the incidence of biofilm burden transfer at 1 mm depth and high inoculum (CONT) was 100% for
all needle sizes. Even for biofilm with the smallest needle size and lowest initial inoculum (CLIN), the incidence
of transfer was high-100% at 1 mm, 33% at 1.8 mm, and 10% at 3 mm. Higher transfer incidence for biofilm was
likely a result of the increased density and protective EPS matrix. The barrier function of the skin depended on
the distance of cutaneous tissue through which the needle traveled.
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Figure 6. Quantification of bacterial transfer under different injection conditions (needle size/shape,
depth of placement, injection techniques and initial bioburden).

Moreover, the injection technique that shared the same entry points (fanning) resulted in higher transfer
probability than techniques with separate entry points (serial puncture and threading). The transfer incidence
was the highest for fanning, with the CONT bioburden level resulting in 100% probability for all three injection
depths, and even the NORM bioburden resulting in 70-100% probability. Although fanning is reported as a com-
mon technique for filler injection®®, based on the results obtained here, further evaluation is warranted.

Putting it all together. While in vitro simulation is a limitation of this work, the reduced variability in test
conditions achieved through these models provides significant insight as to where further investigation is nec-
essary in vivo. Combining the information from skin preparation and injection testing, it becomes clear that the
chance of DF contamination is likely in many scenarios despite skin preparation. Considering a best case scenario
(planktonic bacteria at the CLIN bioburden level, 10*CFU cm™2), for shallow (1 mm) injections, the only way to
completely eliminate the probability of bioburden transfer is to use a very small (30G) needle and avoid the fan-
ning style. The same is mostly true for intermediate depth (1.8 mm) injections, with exception of serial puncture.

Given the limitation that in most cases clinicians may need to use a particular needle/injection style to achieve
a desired outcome, there are still some ways to ensure safer DF use. The first is improved antiseptic strategies to
decrease the biofilm burden. Greater wipe time and multiple wipe steps are simple measures to improve skin
preparation. More sophisticated ways to improve performance might include novel antimicrobials to help pen-
etrate or dissolve biofilm. Recent studies have shown that infection is more likely when a bolus of biofilm is
injected than individual planktonic cells****>. Filler materials that resist colonization or contain anti-biofilm
components may also interfere with colonization.

Methods that are developed to improve skin preparation for DF injection may also benefit other types of injec-
tion where infection is a risk. The most frequent complication of joint, tendon and muscle injections is infection®.
In the specific case where injections are given pre- or post-operatively with arthroplasty, they are also associated
with an increased risk of prosthetic joint infection®’. Prosthetic joint infection is a devastating complication for
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patients, increasing both morbidity and mortality®>. In particular, orthopedic oncology with its higher infection
incidence stands to benefit®.

Disclaimer. The mention of commercial products, their sources, or their use in connection with mate-
rial reported herein is not to be construed as either an actual or implied endorsement of such products by the
Department of Health and Human Services. The findings and conclusions in this article have not been formally
disseminated by the U.S. Food and Drug Administration and should not be construed to represent any Agency
determination or policy.

References

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.
28.
. Kragh, K. N. et al. Role of Multicellular Aggregates in Biofilm Formation. mBio 7, €00237-16 (2016).
30.
3L
. Greene, C., Vadlamudi, G., Newton, D., Foxman, B. & Xi, C. The influence of biofilm formation and multidrug resistance on
33.
34.

35.
36.

37.
38.

39.

. Bangert, C., Brunner, P. M. & Stingl, G. Immune functions of the skin. Clin. Dermatol. 29, 360-376 (2011).
. Cogen, A. L., Nizet, V. & Gallo, R. L. Skin microbiota: a source of disease or defence? Br. J. Dermatol. 158, 442-455 (2008).
. Swenson, B. R. et al. Effects of Preoperative Skin Preparation on Postoperative Wound Infection Rates: A Prospective Study of 3 Skin

Preparation Protocols. Infect. Control Hosp. Epidemiol. 30, 964-971 (2009).

. Harrop, . S. et al. Contributing Factors to Surgical Site Infections. J. Am. Acad. Orthop. Surg. 20, 94-101 (2012).
. ASAPS. Cosmetic Surgery National Data Bank Statistics (The American Society for Aesthetic Plastic Surgery, 2014).
. von Eiff, C,, Jansen, B., Kohnen, W. & Becker, K. Infections associated with medical devices: pathogenesis, management and

prophylaxis. Drugs 65, 179-214 (2005).

. Wang, Y. et al. Interactions of Staphylococcus aureus with ultrasoft hydrogel biomaterials. Biomaterials 95, 74-85 (2016).
. Sadashivaiah, A. B. & Mysore, V. Biofilms: Their Role in Dermal Fillers. J. Cutan. Aesthetic Surg. 3, 20-22 (2010).
. Van Dyke, S., Hays, G. P, Caglia, A. E. & Caglia, M. Severe Acute Local Reactions to a Hyaluronic Acid-derived Dermal Filler. J.

Clin. Aesthetic Dermatol. 3, 32-35 (2010).

Keefe, J., Wauk, L., Chu, S. & DeLustro, F. Collagen biomaterialsClinical use of injectable bovine collagen: A decade of experience.
Clin. Mater. 9, 155-162 (1992).

Lowe, N. J., Maxwell, C. A. & Patnaik, R. Adverse reactions to dermal fillers: review. Dermatol. Surg. Off. Publ. Am. Soc. Dermatol.
Surg. Al 31, 1616-1625 (2005).

Nadarajah, J. T. et al. Infectious Complications of Bio- Alcamid Filler Used for HIV-Related Facial Lipoatrophy. Clin. Infect. Dis. 55,
1568-1574 (2012).

Funt, D. & Pavicic, T. Dermal fillers in aesthetics: an overview of adverse events and treatment approaches. Clin. Cosmet. Investig.
Dermatol. 6,295-316 (2013).

McAdam, A. ], Milner, D. A. & Sharpe, A. H. In Robbins and Cotran Pathologic Basis of Disease (Elsevier Inc., 2015).

De Boulle, K. & Heydenrych, I. Patient factors influencing dermal filler complications: prevention, assessment, and treatment. Clin.
Cosmet. Investig. Dermatol. 8, 205-214 (2015).

Vertes, A., Hitchins, V. & Phillips, K. S. Analytical Challenges of Microbial Biofilms on Medical Devices. Anal. Chem. 84, 3858-3866
(2012).

Phillips, K. S., Patwardhan, D. & Jayan, G. Biofilms, medical devices, and antibiofilm technology: Key messages from a recent public
workshop. Am. J. Infect. Control 43, 2-3 (2015).

Lemperle, G., Nicolau, P. & Scheiermann, N. Is there any evidence for biofilms in dermal fillers? Plast. Reconstr. Surg. 128, 84e-85e
(2011).

Alijotas-Reig, J. et al. Are Bacterial Growth and/or Chemotaxis Increased by Filler Injections? Implications for the Pathogenesis and
Treatment of Filler-Related Granulomas. Dermatology 221, 356-364 (2010).

Wang, Y. et al. Length-Scale Mediated Differential Adhesion of Mammalian Cells and Microbes. Adv. Funct. Mater. 21, 3916-3923
(2011).

Roosjen, A., van der Mei, H. C., Busscher, H. J. & Norde, W. Microbial Adhesion to Poly(ethylene oxide) Brushes: Influence of
Polymer Chain Length and Temperature. Langmuir 20, 10949-10955 (2004).

Wang, Y., Firlar, E., Dai, X. & Libera, M. Poly(ethylene glycol) as a biointeractive electron-beam resist. J. Polym. Sci. Part B Polym.
Phys. 51, 1543-1554 (2013).

Busscher, H. J. et al. Biomaterial-associated infection: locating the finish line in the race for the surface. Sci. Transl. Med. 4, 153rv10
(2012).

Constantine, R. S., Constantine, F. C. & Rohrich, R. ]. The ever-changing role of biofilms in plastic surgery. Plast. Reconstr. Surg. 133,
865e-872¢ (2014).

Alhede, M., Christensen, L. H. & Bjarnsholt, T. Microbial biofilms and adverse reactions to gel fillers used in cosmetic surgery. Adv.
Exp. Med. Biol. 831, 45-52 (2015).

Bjarnsholt, T., Tolker-Nielsen, T., Givskov, M., Janssen, M. & Christensen, L. H. Detection of bacteria by fluorescence in situ
hybridization in culture-negative soft tissue filler lesions. Dermatol. Surg. Off. Publ. Am. Soc. Dermatol. Surg. Al 35 Suppl 2,
1620-1624 (2009).

Southwood, R. T,, Rice, J. L., McDonald, P. J., Hakendorf, P. H. & Rozenbilds, M. A. Infection in experimental hip arthroplasties. J.
Bone Joint Surg. Br. 67, 229-231 (1985).

Lafaille, P. & Benedetto, A. Fillers: Contraindications, Side Effects and Precautions. J. Cutan. Aesthetic Surg. 3, 16-19 (2010).

Wang, Y.., Jayan, G.., Patwardhan, D. & Phillips, K. S. In Antimicrobial Coatings and Modifications on Medical Devices (Book Chapter
in Antimicrobial Coatings and Modifications on Medical Devices Springer, to be published, 2017).
Grice, E. A. & Segre, J. A. The skin microbiome. Nat. Rev. Microbiol. 9, 244-253 (2011).

environmental survival of clinical and environmental isolates of Acinetobacter baumannii. Am. J. Infect. Control 44, E65-E71
(2016).

Ashkenazi, H., Malik, Z., Harth, Y. & Nitzan, Y. Eradication of Propionibacterium acnes by its endogenic porphyrins after
illumination with high intensity blue light. FEMS Immunol. Med. Microbiol. 35, 17-24 (2003).

Marusza, W. et al. Probable biofilm formation in the cheek as a complication of soft tissue filler resulting from improper endodontic
treatment of tooth 16. Int. |. Nanomedicine 7, 1441-1447 (2012).

Mackenzie, I. Preoperative skin preparation and surgical outcome. J. Hosp. Infect. 11, Supplement B, 27-32 (1988).

Reller, L. B., Weinstein, M., Jorgensen, J. H. & Ferraro, M. J. Antimicrobial Susceptibility Testing: A Review of General Principles and
Contemporary Practices. Clin. Infect. Dis. 49, 1749-1755 (2009).

Bush, L. W,, Benson, L. M. & White, J. H. Pig skin as test substrate for evaluating topical antimicrobial activity. J. Clin. Microbiol. 24,
343-348 (1986).

Stahl, J. B., Morse, D. & Parks, P. J. Resistance of antimicrobial skin preparations to saline rinse using a seeded bacteria model. Am.
J. Infect. Control 35, 367-373 (2007).

Armstrong, E. P, Patrick, K. L. & Erstad, B. L. Comparison of preoperative skin preparation products. Pharmacotherapy 21, 345-350
(2001).

SCIENTIFICREPORTS | 7:45070 | DOI: 10.1038/srep45070 8



www.nature.com/scientificreports/

40. Parvizi, J. et al. Novel developments in the prevention, diagnosis, and treatment of periprosthetic joint infections. J. Am. Acad.
Orthop. Surg. 23, $32-543 (2015).

41. Roche, E. D, Renick, P. J., Tetens, S. P. & Carson, D. L. A Model for Evaluating Topical Antimicrobial Efficacy against Methicillin-
Resistant Staphylococcus aureus Biofilms in Superficial Murine Wounds. Antimicrob. Agents Chemother. 56, 4508-4510 (2012).

42. Phillips, P. L. et al. Antimicrobial dressing efficacy against mature Pseudomonas aeruginosa biofilm on porcine skin explants. Int.
Wound J. 12, 469-483 (2015).

43. Pang, Y. Y. Schwartz, J., Thoendel, M., Ackermann, L. W,, Horswill, A. R. & Nausee, W. M. agr-Dependent Interactions of
Staphylococcus aureus USA300 with Human Polymorphonuclear Neutrophils. J. Innate Immunity. 2(6), 546-59 PMC2982852
(2010).

44. Wang, Y. & Libera, M. S. epidermidis Biofilm Development on Patterned Surfaces. Microsc. Microanal. 14, 1558-1559 (2008).

45. Malone, C. L. et al. Fluorescent Reporters for Staphylococcus aureus. J. Microbiol. Methods 77, 251-260 (2009).

46. Ge, L. et al. Feasibility study of the sterilization of pigskin used as wound dressings by neutral electrolyzed water. J. Trauma Acute
Care Surg. 72, 1584-1587 (2012).

47. R. H., E. MIcrobiologic environment of the conventional operating room. Arch. Surg. 114, 772-775 (1979).

48. Subbiahdoss, G., Kuijer, R., Grijpma, D. W., van der Mei, H. C. & Busscher, H. J. Microbial biofilm growth vs. tissue integration: ‘the
race for the surface’ experimentally studied. Acta Biomater. 5, 1399-1404 (2009).

49. Koénig, C., Simmen, H. P. & Blaser, J. Bacterial concentrations in pus and infected peritoneal fluid--implications for bactericidal
activity of antibiotics. J. Antimicrob. Chemother. 42, 227-232 (1998).

50. World Health Organization. WHO Best Practices for Injections and Related Procedures Toolkit. (2010).

51. McDonnell, G. & Russell, A. D. Antiseptics and Disinfectants: Activity, Action, and Resistance. Clin. Microbiol. Rev. 12, 147-179
(1999).

52. Knobloch, J. K. M., Horstkotte, M. A., Rohde, H., Kaulfers, P.-M. & Mack, D. Alcoholic ingredients in skin disinfectants increase
biofilm expression of Staphylococcus epidermidis. J. Antimicrob. Chemother. 49, 683-687 (2001).

53. Epistein, A., Pokroy, B., Seminara, A. & Aizenberg, J. Bacterial biofilm shows persistent resistance to liquid wetting and gas
penetration. PNAS 108, 995-1000 (2011).

54. Taha, M. et al. Biofilm-forming skin microflora bacteria are resistant to the bactericidal action of disinfectants used during blood
donation. Transfusion (Paris) 54, 2974-2982 (2014).

55. Presterl, E. et al. Effects of alcohols, povidone-iodine and hydrogen peroxide on biofilms of Staphylococcus epidermidis. J.
Antimicrob. Chemother. 60, 417-420 (2007).

56. Oh, J. et al. The altered landscape of the human skin microbiome in patients with primary immunodeficiencies. Genome Res. 23,
2103-2114 (2013).

57. Fulton, ., Caperton, C., Weinkle, S. & Dewandre, L. Filler injections with the blunt-tip microcannula. J. Drugs Dermatol. JDD 11,
1098-1103 (2012).

58. Buck, D. W, Alam, M. & Kim, J. Y. S. Injectable fillers for facial rejuvenation: a review. J. Plast. Reconstr. Aesthet. Surg. 62, 11-18
(2009).

59. Hadaway, L. C.Skin Flora and Infection. ] Infus Nurs. 26, 44-48 (2003).

60. Cheng, J. & Abdi, S. COMPLICATIONS OF JOINT, TENDON, AND MUSCLE INJECTIONS. Tech. Reg. Anesth. Pain Manag. 11,
141-147 (2007).

61. AAOS Online Newsroom | Steroid injections administered too close to hip, knee replacement surgery may increase infection risk.
Available at: http://newsroom.aaos.org/media-resources/Press-releases/steroid-injections-administered-too-close-to-hip-knee-
replacement-surgery-may-increase-infection.htm. (Accessed: 6th October 2016).

62. Frontiers | Current Animal Models of Postoperative Spine Infection and Potential Future Advances | Infectious Diseases. Available
at: http://journal.frontiersin.org/article/10.3389/fmed.2015.00034/full. (Accessed: 6th October 2016).

63. Ruggieri, P. et al. Infections in Orthopedic Oncology: Incidence, Treatment and Outcome. Orthop. Proc. 94-B, 67-67 (2012).

Acknowledgements

The authors thank Drs. Janette Alexander and S.W. Yoon (both Medical Officers in the Office of Device Evaluation,
Center for Devices and Radiological Health, FDA) for assistance with clinical aspects of the work and manuscript
review. This work was supported by the FDA Office of Women’s Health. This project was supported in part by an
appointment to the ORISE Research Participation Program at the CDRH, U.S. Food and Drug Administration,
administered by the Oak Ridge Institute for Science and Education through an interagency agreement between
the U.S. Department of Energy and FDA/Center.

Author Contributions
Y.W. and K.S.P. wrote the manuscript; YW., V.L. and V.P. performed experiments. All authors reviewed the
manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Wang, Y. et al. Injections through skin colonized with Staphylococcus aureus biofilm
introduce contamination despite standard antimicrobial preparation procedures. Sci. Rep. 7, 45070; doi:
10.1038/srep45070 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:45070 | DOI: 10.1038/srep45070 9


http://newsroom.aaos.org/media-resources/Press-releases/steroid-injections-administered-too-close-to-hip-knee-replacement-surgery-may-increase-infection.htm
http://newsroom.aaos.org/media-resources/Press-releases/steroid-injections-administered-too-close-to-hip-knee-replacement-surgery-may-increase-infection.htm
http://journal.frontiersin.org/article/10.3389/fmed.2015.00034/full
http://creativecommons.org/licenses/by/4.0/

	Injections through skin colonized with Staphylococcus aureus biofilm introduce contamination despite standard antimicrobial ...
	Materials and Methods

	Bacterial culture. 
	Ex vivo porcine skin explant biofilm model for skin preparation. 
	SimSkin in vitro injection model. 
	Scanning electron microscopy. 
	Statistical analysis. 

	Results

	Efficacy of skin preparation wipes for reduction of biofilm bacterial burden. 
	Transfer of bacterial biofilm burden during injection. 

	Discussion

	Skin preparation. 
	Injection. 
	Putting it all together. 
	Disclaimer. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Biofilm model to assess skin preparation.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Simulated injection model (A) and trails in agar showing different injection techniques (B).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Porcine skin planktonic and biofilm bioburden (CFUcm−2) before (A) and after (B) skin preparation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Representative images of bacterial transfer for different injection conditions with the SimSkin model (needle size, depth of placement and planktonic/biofilm bacterial contamination).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Bacterial transfer incidence of porcine skin (2 mm) and SimSkin (1.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Quantification of bacterial transfer under different injection conditions (needle size/shape, depth of placement, injection techniques and initial bioburden).



 
    
       
          application/pdf
          
             
                Injections through skin colonized with Staphylococcus aureus biofilm introduce contamination despite standard antimicrobial preparation procedures
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45070
            
         
          
             
                Yi Wang
                Valery Leng
                Viraj Patel
                K. Scott Phillips
            
         
          doi:10.1038/srep45070
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45070
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45070
            
         
      
       
          
          
          
             
                doi:10.1038/srep45070
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45070
            
         
          
          
      
       
       
          True
      
   




