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Streptomyces-derived actinomycin D inhibits biofilm formation by Staphylococcus 
aureus and its hemolytic activity

Jin-Hyung Leea†, Yong-Guy Kima, Kayeon Leea, Chang-Jin Kimb, Dong-Jin Parkb, Yoonjung Jub, Jae-Chan Leec, 
Thomas K. Woodd and Jintae Leea

aSchool of Chemical Engineering, Yeungnam University, Gyeongsan, Republic of Korea; bKorea Research Institute of Bioscience and Biotechnology, 
Daejeon, Republic of Korea; cInstitute of Microbial Ecology and Resources, Mokwon University, Daejeon, Republic of Korea; dDepartment of 
Chemical Engineering, Pennsylvania State University, University Park, PA, USA

ABSTRACT
Staphylococcus aureus is a versatile human pathogen that produces diverse virulence factors, and its 
biofilm cells are difficult to eradicate due to their inherent ability to tolerate antibiotics. The anti-biofilm 
activities of the spent media of 252 diverse endophytic microorganisms were investigated using three 
S. aureus strains. An attempt was made to identify anti-biofilm compounds in active spent media and to 
assess their anti-hemolytic activities and hydrophobicities in order to investigate action mechanisms. 
Unlike other antibiotics, actinomycin D (0.5 μg ml−1) from Streptomyces parvulus significantly inhibited 
biofilm formation by all three S. aureus strains. Actinomycin D inhibited slime production in S. aureus 
and it inhibited hemolysis by S. aureus and caused S. aureus cells to become less hydrophobic, thus 
supporting its anti-biofilm effect. In addition, surface coatings containing actinomycin D prevented S. 
aureus biofilm formation on glass surfaces. Given these results, FDA-approved actinomycin D warrants 
further attention as a potential antivirulence agent against S. aureus infections.
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Introduction

The long-term use of antibiotics has generated multid-
rug resistant bacteria. Staphylococcus aureus is a versa-
tile pathogen of humans and animals that is responsible 
for many outbreaks of nosocomial infections, and often 
exhibits antibiotic resistance (Lowy 1998). S. aureus 
preferentially attaches to various surfaces, producing a 
self-produced extracellular polymeric matrix (a biofilm) 
and cells within these biofilms are difficult to eradicate with 
antibiotics because of their inherent antibiotic tolerance, 
defense systems, and external stresses (Costerton et  al. 
1999). Furthermore, subinhibitory concentrations of sev-
eral antibiotics often increase biofilm formation (Hoffman 
et al. 2005; Linares et al. 2006; Kaplan et al. 2012). Since 
conventional antimicrobial treatments are usually unsuc-
cessful at eradicating biofilms, new antimicrobial agents are 
urgently required to control S. aureus biofilms.

Diverse mechanisms and environmental cues contrib-
ute to biofilm formation by S. aureus. For example, quo-
rum sensing, c-di-GMP, protease, DNase, cis-2-decenoic 
acid, d-amino acids, phenol-soluble polypeptides, and 
pH change can all affect biofilm formation by S. aureus 

(O’Gara 2007; Boles & Horswill 2011; Arciola et al. 2012; 
Otto 2013). In addition, α-toxin produced by S. aureus 
causes hemolysis, and contributes to biofilm formation 
(Caiazza & O’Toole 2003) and cell surface hydrophobicity, 
which may also play a role (Pagedar et al. 2010).

In natural niches, bacteria coexist in multispecies com-
munities and compete with each other for resources and 
space. As a result, many bacteria have developed the ability 
to adapt to environmental niches. For example, actino-
bacteria produce antibacterials (Mahajan & Balachandran 
2012), antifungals (Gupte et al. 2002), and a number of 
useful anti-tumor drugs (Flick & Gifford 1984). Recently, 
some actinomycete species were reported to produce 
S. aureus biofilm inhibitors. Methanol extracts of coral-as-
sociated Streptomyces akiyoshiensis (Bakkiyaraj & Pandian 
2010), extracellular proteases from Streptomyces sp. BFI 
250 and Kribbella sp. BFI 1562 (Park, Lee, Kim et  al. 
2012), alnumycin D from Streptomyces albus, granaticin 
B from Streptomyces violaceoruber (Oja et al. 2015), and 
streptorubin B from Streptomyces sp. MC11204 (Suzuki 
et al. 2015) were shown to inhibit biofilm formation and 
also disrupt pre-established S. aureus biofilms. Also, ethyl 
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for further usage. The most active Streptomyces sp. strain  
# 56 was deposited as EB120060 at KRIBB. Standard actin-
omycin D extracted from Streptomyces sp. was purchased 
from Sigma-Aldrich (St Louis, MO, USA).

16S rRNA gene sequencing

Genomic DNA was prepared using the method previ-
ously described (Tamaoka & Komagata 1984). The 16S 
rRNA gene was amplified by PCR with the forward primer 
Eubac 27F and the reverse primer 1492R (DeLong 1992). 
Direct sequencing of PCR-amplified DNA was carried out 
using an automated DNA sequencer (model ABI 3730XL, 
Applied Biosystems, Carlsbad, CA, USA). 16S rRNA 
strain sequences were compared with available sequences 
in GenBank using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/) to determine approximate phylogenetic affilia-
tions. Sequence similarity values were computed using 
the EzTaxon server (http://www.eztaxon.org/; see Chun 
et al. 2007).

Crystal-violet biofilm assay

A static biofilm formation assay was performed in 96-well 
polystyrene plates (SPL Life Sciences, Pocheon, Korea), 
as previously reported (Pratt & Kolter 1998; Park, Lee, 
Cho et  al. 2012). Briefly, cells were inoculated into LB 
medium (total volume 300 μl) at an initial turbidity of 0.05 
at 600 nm and cultured with or without spent media for 
24 h without shaking at 37°C. Biofilms were stained with 
crystal violet, dissolved in 95% ethanol, and absorbances 
were measured at OD570 to quantify total biofilm forma-
tion. Cell growth in 96-well plates was also measured at 
OD620. Biofilm formation and static cell growth results are 
the averages of at least 12 replicate wells.

HPLC analysis of actinomycin D

High-performance liquid chromatography (HPLC) was 
used to measure the concentrations of actinomycin D in 
the spent medium of Streptomyces parvulus, as previously 
reported (Damen et al. 2009). Actinomycin D levels were 
measured by reverse-phase HPLC using a 4.6 × 250 mm 
Agilent HC-C18 column (Agilent Technology, Santa Clara, 
CA, USA) and 1 mM ammonium acetate-acetonitrile at 
a flow rate of 0.4 ml min−1 by gradient elution (Damen 
et al. 2009) using a photodiode array detector. Under these 
conditions, the retention time and the absorbance maxi-
mum of actinomycin D were 3.7 min and 450 nm. Spent 
bacterial culture medium was filtered through a 0.2 μm 
syringe filter before injection, and commercial actinomy-
cin D (Sigma-Aldrich) was used as a standard for HPLC 
and UV/visible spectral studies.

acetate extracts of Bacillus firmus and Vibrio parahemo-
lyticus have been shown to exhibit anti-biofilm activity 
against S. aureus (Gowrishankar et al. 2012).

In this study, attempts were made to identify new 
S. aureus biofilm inhibitors in a library of diverse endo-
phytic microorganisms. Confocal microscopy, scanning 
electron microscopy, hemolysis analysis, and a hydro-
phobicity assay were used to determine the mechanisms 
responsible for biofilm inhibition. In addition, a bio-
degradable PLGA (poly(lactic-co-glycolic acid)) film 
(Zodrow et  al. 2012) incorporating biofilm inhibitor 
actinomycin D was produced and its ability to prevent 
biofilm formation by S. aureus was investigated.

Materials and methods

Bacterial strains, growth measurements, and 
materials

Two methicillin-sensitive S. aureus strains (MSSA; 
ATCC 25923 and ATCC 6538), and one MRSA strain 
(ATCC 33591) were used in the study. Experiments 
were conducted at 37°C in LB medium for the MSSA 
strains and in LB medium containing 0.2% glucose for 
the MRSA strain. For cell growth measurements, optical 
densities were measured at 600 nm using a spectropho-
tometer (UV-160, Shimadzu, Kyoto, Japan). Each exper-
iment was performed using at least three independent 
cultures.

A culture library of diverse endophytic microorgan-
isms was established at the Microbial Exploitation Lab 
of KRIBB (Korea Research Institute of Bioscience and 
Biotechnology, Daejeon, Republic of Korea). Initially, 
252 endophytic microorganisms were isolated from 
25 plants in Korea. Source plants and information on 
sequenced-endophytic microorganisms are detailed 
in Table S1 (supplemental material). In order to isolate 
endophytic microorganisms, 25 different plant samples 
were pretreated with 5% NaClO for 5 min, 2.5% Na2S2O3 
for 10 min, 75% ethanol for 3 min, and 10% NaHCO3 for 
10 min and the plant samples were maintained at 28°C 
for seven days on three different agar plates, viz. R2A agar 
plates containing 5 g of proteose peptone (Difco), 0.5 g of 
dextrose, 0.5 g of soluble starch, 0.3 g of sodium pyruvate, 
0.3 g of dipotassium phosphate, 0.05 g of magnesium sul-
fate, and 15 g of agar per liter (pH 7.0), TYAR agar plates 
containing 5 g of tryptone glucose, 3 g of yeast extract, 0.7 g 
of calcium chloride and 15 g of agar l−1 (pH 7.0), or humic 
acid-vitamin agar (pH 7.0). The strain of Streptomyces sp. 
that most inhibited biofilm formation by S. aureus was 
cultured for seven days in R2A liquid medium at 28°C and 
140 rpm. Spent medium was passed through a 0.45 μm 
filter to completely remove all bacteria and kept at 4°C 
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Confocal laser microscopy and COMSTAT analysis

S. aureus biofilm formation in the presence of biofilm 
inhibitors was also evaluated by confocal laser micros-
copy (Nikon Eclipse Ti, Tokyo, Japan) and compared to S. 
aureus biofilms grown in medium alone. MSSA 6538 cells 
were stained with carboxyfluorescein diacetate succinim-
idyl ester (Invitrogen, Molecular Probes, Inc., Eugene, OR, 
USA) (Weston & Parish 1990) and samples were visu-
alized using a 20 × objective and an Ar laser (excitation 
wavelength 488 nm, emission wavelength 500 to 550 nm). 
All confocal images of the same strains were captured 
under the same conditions. Color confocal images were 
constructed using NIS-Elements C version 3.2 (Nikon 
Eclipse). In each experiment, at least four random posi-
tions of two independent cultures were observed, and 20 
planar images were analyzed per position.

To quantify biofilm formation, color confocal images 
were converted to gray scale using ImageJ (http://imagej.
nih.gov/ij/), and COMSTAT (Heydorn et al. 2000) was 
used to quantify biomass (μm3  μm−2 substratum area), 
mean thickness (μm), substratum coverage (%), and maxi-
mum thickness (μm). Thresholding was fixed for all image 
stacks, and at least four positions and 20 planar images 
per position were analyzed.

Scanning electron microscope (SEM)-based biofilm 
assay

Scanning electron microscopy was used to observe bio-
film cells, as previously described (Lee et al. 2011). Briefly, 
S. aureus strain MSSA 6538 cells were inoculated onto a 
nylon filter (0.5 × 0.5 mm square) at an initial OD600 of 
0.05. Cells on nylon filters were incubated in the pres-
ence of S. parvulus (0.2 or 1%) or actinomycin D (0.02 or 
0.1 μg ml−1) at 37°C for 24 h without shaking. After criti-
cal-point drying, specimens were examined under a SEM 
(S-4100; Hitachi, Tokyo, Japan) at 15 kV and 10,000 ×.

Slime assay using Congo red agar (CRA)

Colony morphologies and phenotypic changes were inves-
tigated using CRA, as previously described (Freeman et al. 
1989). The CRA was composed of 37 g l−1 of brain–heart 
infusion broth (BD Biosciences, Franklin Lakes, NJ, USA), 
36 g l−1 of sucrose (Sigma-Aldrich), 15 g l−1 of agar (BD 
Biosciences), and 0.8 g l−1 of Congo red (Sigma-Aldrich). 
S. aureus cells on CRA were incubated with and without 
actinomycin D for 24 h at 37°C before taking images.

Hemolysis assay

The efficacies of human red blood cell lysis were meas-
ured using whole cultures of S. aureus grown in the 

presence of the biofilm inhibitors, as described pre-
viously (Lee et  al. 2013). Briefly, S. aureus cells were 
diluted at 1:100 in LB medium and cultured with or 
without test compounds for 16 h at 250 rpm. Cell cul-
tures (including cells and culture supernatants) were 
then added to diluted human red blood cells (previ-
ously separated by centrifugation at 890 × g for 2 min 
and washed three times with PBS buffer) in PBS buffer 
(330  μl red blood cells per 10  ml of PBS buffer). To 
determine hemolytic activities, mixtures of blood and 
S. aureus (200 μl of cell culture) were incubated at 37°C 
for 1 h at 250 rpm. Supernatants were collected by cen-
trifugation at 16,600 × g for 10 min and optical densities 
were measured at 543 nm.

Cell-surface hydrophobicity assay

Cell surface hydrophobicity was assayed as previously 
reported (Pérez et al. 1998; Häussler et al. 2003). Briefly, 
after incubation for 20 h in LB with shaking at 250 rpm, 
S. aureus cell cultures were harvested by centrifugation 
at 7,000 × g for 5  min. Harvested cells were suspended 
in 2 ml of PBS and mixed with 400 μl of xylene (Sigma-
Aldrich) at a ratio of 5:1 by vortexing for 120 s. Mixtures 
were allowed to stand for 30 min at room temperature 
to enable phase separation. Aqueous phase absorbances 
were measured at OD600. The decrease in the OD of the 
aqueous phase was taken as a measure of the cell sur-
face hydrophobicity (H%), which was calculated with the 
formula H%=[(ODo – OD)/ODo] × 100, where ODo and 
OD are the OD before and after extraction with xylene. 
Experiments were performed using two independent cul-
tures per condition.

Preparation of actinomycin D load surface coatings

To fabricate biofilm inhibitor loaded films, biode-
gradable poly(D,L-lactide-coglycolide) (PLGA) was 
used, as previously reported (Zodrow et  al. 2012). 
Briefly, actinomycin D (0, 0.2, or 1.0  μg  ml−1, final 
concentration) was mixed with 2% PLGA dissolved 
in chloroform, and 30 μl of this mixture were applied 
to slide-glass bottomed dishes to produce coatings of 
diameter 0.7–0.8  cm. The dishes were then air-dried 
for 1 h and UV sterilized for 4 h. For forming biofilms 
on glass surfaces, S. aureus cells were re-inoculated 
at a 1:100 dilution ratio into LB medium and incu-
bated at 37°C for 24  h. After staining S. aureus cells 
with carboxyfluorescein diacetate succinimidyl ester 
(Invitrogen, Molecular Probes, Inc.) (Weston & Parish 
1990), planktonic cells were discarded, and biofilm 
cells in PBS buffer were visualized by confocal laser 
microscopy.
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Further biofilm experiments showed that the spent 
medium of S. parvulus inhibited biofilm formation by all 
three strains of S. aureus in a dose-dependent manner 
(Figure 2A, B, and C). Specifically, at 1% concentration, 
it decreased MSSA 6538 and MRSA 33591 biofilm forma-
tion by ≥ 90% and by MSSA 25923 by ≥ 80%. However, 
the use of spent medium in the range 0.1–0.2% increased 
biofilm formation by the MRSA strain.

Identification and anti-biofilm activity of 
actinomycin D

The colonies and spent medium of S. parvulus were yel-
low, presumably due to the presence of actinomycin D 
(Figure 3A and B) in accordance with a previous study 
(Waksman & Woodruff 1940). Compared to the authentic 
actinomycin D in HPLC (Figure 3C), the mean level of 
actinomycin D in the spent culture medium of S. parvulus 
was 12 ± 1 μg ml−1.

Corroborating the results with the spent medium of S. 
parvulus (Figure 2A, B, and C), actinomycin D extracted 
from Streptomyces sp. (Sigma-Aldrich) effectively and 
inhibited biofilm formation by all three S. aureus strains 
in a dose-dependent manner (Figure 3D, E, and F). 
Specifically, it decreased biofilm formation by MSSA 6538, 
MSSA 25923, and MRSA 33591 at 0.1 μg ml−1 by ≥ 80%, 
≥ 70%, and ≥ 80%, respectively. MSSA 6538 was more 
sensitive to actinomycin D than the other two strains 
by one order of magnitude. Unlike the biofilm increase 
in MRSA in low concentrations of spent medium of  
S. parvulus (0.1 and 0.2% in Figure 2C), actinomycin D 
dose-dependently decreased biofilm formation over all 

Results

Spent culture medium of Streptomyces parvulus 
inhibited biofilm formation by S. aureus

To identify anti-biofilm compounds, the spent media 
of 252 endophytic bacterial species were tested against 
S. aureus MSSA 6538 in 96-well plates at 1% (v/v) con-
centration to minimize growth inhibition. Screening 
demonstrated the ability to control S. aureus biofilm 
formation varied (Figure 1). Detailed information on S. 
aureus growth and biofilm formation in the presence of 
the spent media of the 252 endophytic bacterial species 
is provided in Table S1. The library of endophytic micro-
organisms is diverse as there are 17 different genera 
among the 71 sequenced bacteria, including 31 Bacillus 
spp., 10 Sphingomonas spp., six Enterobacter spp., four 
Streptomyces spp., and 12 other genera. Spent media 
that inhibited biofilm formation by ≥ 60% were scored 
as primary hits and eight spent media were further 
confirmed with three independent cultures (Figure 1).  
Notably, four hits (#56, 156, 242, and #251) inhibited S. 
aureus biofilm formation by > 85%. #56 was the most 
active and reduced bacterial growth less than the other 
three strains and became the focus of further study 
(Figure 1).

16S rRNA gene sequence of strain #56 (1,426 nucleo-
tides) was determined and a BLAST search showed that 
it was Streptomyces parvulus (GenBank accession num-
ber: KJ200636.1) with a sequence similarity of 100%. This 
strain was deposited as EB120060 at KRIBB. S. parvulus 
was originally isolated from the plant Codonopsis lance-
olata in South Korea.

Figure 1. Anti-biofilm screening and the inhibitory effect of endophytic microbial spent culture medium on S. aureus biofilm formation. 
Histogram of S. aureus biofilm formation in the presence of the spent media of the 252 endophytic microorganisms. Biofilm screening 
for S. aureus ATCC 6538 was performed at a concentration of 1% (v/v) spent medium in 96-well plates over 24 h. As a negative control, 
bacterial culture medium (R2A) 1% (v/v) was used. The numbers on the tops of bars indicate numbers of spent media. The eight most 
active spent media are shown in the table with S. aureus growth and biofilm formation data.
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by actinomycin D occurred at concentrations 10-fold 
lower than the MIC. S. aureus cell growth curves were 
also measured in the presence of spent culture medium of  
S. parvulus or actinomycin D (Figure S3). As was expected, 
0.1 × MIC (0.1 μg ml−1) of actinomycin D slightly delayed 
cell growth as generation times for an untreated control 
and the addition of actinomycin D (0.1  μg  ml−1) were 
26 ± 1 and 34 ± 1 min, respectively. The cell growth and 
microscopic results indicate that inhibition of S. aureus 
biofilm formation by actinomycin D is due to anti-biofilm 
activity rather than antimicrobial activity.

Inhibition of slime production by actinomycin D

Slime is defined as the extracellular polymeric substance (a 
main component of biofilm) that is mainly formed by PIA 
in staphylococci strains (Hall-Stoodley et al. 2004). Hence, 
Congo red plates were used to detect slime production by 
S. aureus strains. In accordance with biofilm inhibition 
in the 96-well plate and microscopic observation, slime 
production by all three S. aureus strains was markedly 
reduced by actinomycin D (Figure 5).

Anti-hemolytic activity of actinomycin D in S. aureus

S. aureus produces α-toxin that causes hemolysis (Song 
et al. 1996) and contributes to biofilm formation (Caiazza 
& O’Toole 2003); therefore the effect of actinomycin 
D on blood hemolysis by S. aureus was investigated. 
Interestingly, spent culture medium of S. parvulus and 
actinomycin D dose-dependently inhibited hemolysis by  
S. aureus (Figure 6), while three negative controls, such 
as LB medium, spent medium of S. parvulus (1%, v/v), or 
actinomycin D (0.1 μg ml−1) in the absence of S. aureus 
cells, did not cause hemolysis. Notably, 0.1 × or 0.01 × MIC 

concentrations (Figure 3F), which indicates the biofilm 
increase was not due to the presence of actinomycin D 
and probably due to some unknown components in the 
spent medium of S. parvulus. These results indicate that 
actinomycin D is probably the component produced by 
S. parvulus responsible for inhibiting S. aureus biofilm 
formation.

Confocal laser microscopy and SEM were also used 
to analyze changes in biofilm formation. In line with 
the 96-well biofilm quantitative data (Figures 2 and 3), 
fluorescent images indicated that both the spent cul-
ture medium of S. parvulus and actinomycin D dose- 
dependently inhibited S. aureus MSSA 6538 biofilm for-
mation (Figure 4A). SEM analysis revealed fewer biofilm 
cells attached to nylon filters in the presence of either S. 
parvulus culture spent medium or actinomycin D, but no 
morphologic abnormality was observed in the presence 
of actinomycin D (Figure 4B). Similarly, the anti-biofilm 
activities of the spent medium of S. parvulus and actin-
omycin D against MSSA 25923, and MRSA 33591 were 
also observed (Figures S1 and S2).

Biofilm inhibition was further confirmed by COMSTAT 
analysis. The spent culture medium of S. parvulus or 
actinomycin D reduced all four measured parameters 
(biomass, mean thickness, substratum coverage, and 
maximum thickness) of MSSA 6538 biofilm (Table 1). 
Specifically, biomass (volume/area) and mean thickness 
were reduced more than 98% by the spent medium of 
S. parvulus (1%, v/v) or actinomycin D (0.1  μg  ml−1), 
and substratum coverage was also reduced 20-fold by  
S. parvulus or actinomycin D. MIC values of the spent cul-
ture medium of S. parvulus and actinomycin D were 10% 
(v/v) and 0.5–1.0 μg ml−1 against S. aureus strains, which is 
consistent with previous reports for use of this compound 
as an antimicrobial (Kirk 1960). Hence, biofilm inhibition 

Figure 2. The effects of S. parvulus spent medium on biofilm formation by three S. aureus strains. Two methicillin-sensitive S. aureus 
strains (MSSA, ATCC 25923 and ATCC 6538) and a methicillin-resistant S. aureus strain (MRSA, ATCC 33591) were used (A, B, and C). Four 
independent experiments were conducted (total 12 wells). Error bars indicate SDs. *p<0.05 vs the control group.
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Biofilm inhibition on solid surfaces by an 
actinomycin D loaded coating

PLGA polymer containing actinomycin D (0.2 × MIC, 
0.2  μg  ml−1) markedly reduced biofilm formation on 
a glass surface of all three S. aureus strains (Figure 8), 
but the numbers of planktonic cells were not affected 
by the PLGA/actinomycin D coating (data not shown). 
COMSTAT analysis confirmed that actinomycin D (0.2 × 
MIC, 0.2 μg ml−1) reduced biofilm biomass, mean thick-
ness, substratum coverage, and maximum thickness of the 
three S. aureus biofilms (Table 2). Also, actinomycin D was 
more active in inhibiting biofilm formation by the MSSA 
25923 strain than the MSSA 6538 strain. Specifically, bio-
mass and mean thickness were reduced > 90% by actin-
omycin D (1.0 μg ml−1) in MSSA 25923 and biomass and 
mean thickness were reduced 60% in MSSA 6538. Also, it 
is notable that PLGA coating alone produced less biofilms 
(biomass and mean thickness) than no coating in all three 
S. aureus strains (Tables 1 and 2).

of spent culture medium of S. parvulus (0.1%, v/v) or 
actinomycin D (0.01 μg ml−1) reduced hemolytic activity 
by ≥ 85%, suggesting inhibition of S. aureus biofilm forma-
tion by actinomycin D is partially associated with its inhi-
bition of hemolytic activity. Furthermore, actinomycin D 
clearly reduces the hemolysis virulence factor of S. aureus.

Actinomycin D decreased cell-surface 
hydrophobicity

Since surface hydrophobicity plays a role in S. aureus bio-
film formation, as it facilitates adherence to hydrophobic 
surfaces (Pagedar et al. 2010), a cell-surface hydropho-
bicity assay was performed to examine the mechanism 
underlying the inhibitory effect of actinomycin D on S. 
aureus biofilm formation. It was found the addition of 
spent culture medium of S. parvulus or actinomycin D 
caused cells to become less hydrophobic (Figure 7), which 
explains at least in part the inhibitory effect of actinomy-
cin D on biofilm reduction.

Figure 3. Actinomycin D from S. parvulus: its identification and anti-biofilm activity. (A) Colony morphology of S. parvulus. (B) Aqueous 
phase of the spent medium of S. parvulus. (C) HPLC analysis of the spent medium of S. parvulus. Chemical structure and UV/visible 
spectra of the spent medium of S. parvulus (1%) and of actinomycin D (20 μg ml−1) are shown as insets. (D–F) The inhibitory effects of 
actinomycin D on biofilm formation by the three S. aureus strains examined. Biofilm formation (OD570) by S. aureus was quantified in the 
presence of actinomycin D after culture in 96-well plates for 24 h without shaking. Four independent experiments were conducted (total 
12 wells). Error bars indicate SDs. *p<0.05 vs the control group.
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FDA-approved antitumor agent actinomycin D exhibits 
anti-biofilm and anti-hemolytic activity against S. aureus.

Actinomycin D (also called Dactinomycin) was the 
first antibiotic shown to have anti-cancer activity (Hollstei 
1974). It was initially isolated from Streptomyces sp. in 
1940 (Waksman & Woodruff 1940), approved by the 
FDA in 1964, and has been used to treat tumors and as 

Discussion

Chronic S. aureus infections are frequently associated 
with biofilms that are difficult to eradicate with conven-
tional antibiotics, and thus an ever-increasing amount of 
research is aimed at identifying new anti-biofilm agents 
and at understanding how bacteria control biofilm for-
mation. This study demonstrates for the first time that the 

Figure 4. Microscopic observations of the effects of actinomycin D on biofilms. Biofilm formation by S. aureus strain ATCC 6538 was 
analyzed after 24 h in 96-well plates by (A) confocal laser microscopy and (B) SEM. SEM was used to examine biofilm cells grown on pieces 
of 0.45 μm nylon filters in the presence of S. parvulus (1%) or actinomycin D (0.1 μg ml−1). At least two independent experiments were 
conducted. The scale bars represent 100 μm (A) and 3 μm (B), respectively.

Table 1. COMSTAT analysis of S. aureus 6538 biofilms at different concentrations of inhibitory agents.

Concentration 
Volume/area 
(μm3 μm−2)

Mean thickness 
(μm)

Substratum coverage 
(%)

Maximum thickness 
(μm)

S. parvulus spent medium (%) 0 21 ± 2 20 ± 2 99 ± 1 39 ± 2
0.2 5 ± 1 5 ± 1 53 ± 2 24 ± 1
1.0 0.3 ± 0.1 0.3 ± 0.2 4 ± 1 19 ± 1

Actinomycin D (μg ml−1) 0 22 ± 2 20 ± 2 99 ± 1 39 ± 2
0.02 3 ± 2 3.5 ± 0.4 45 ± 9 26 ± 2
0.1 0.36 ± 0.03 0.39 ± 0.03 5 ± 1 19 ± 1
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actinomycin D by Bacillus subtilis is well known (Sterlini 
& Mandelst 1969), little is known about resistance to it 
by S. aureus. Interestingly, actinomycin D, unlike other 
antibiotics, was found to completely suppress the ability of 

an antibiotic for many years. Actinomycin D inhibits the 
initiation of RNA synthesis in S. aureus and has power-
ful bacteriostatic effects on many Gram-positive bacteria 
(Kirk 1960). Although the development of resistance to 

Figure 5. Inhibition of slime production by actinomycin D. Slime production was analyzed using Congo red agar plates. S. aureus was 
cultured with and without actinomycin D (0.2 μg ml−1) on Congo red agar plates for 24 h at 37°C. Three independent experiments were 
conducted and one set of representative results is shown.

Figure 6. Anti-hemolytic activities of (A) the spent medium of S. parvulus and (B) actinomycin D. The hemolysis of human blood by S. 
aureus ATCC 6538 was quantified in the presence of S. parvulus spent medium or actinomycin D after incubation for 16 h. Images of the 
spectrophotometer cuvettes are shown. *p<0.05 vs the control group.
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Figure 7. Effects of (A) the spent medium of S. parvulus and (B) actinomycin D on the hydrophobicities of cell surfaces. S. aureus ATCC 
6538 cells were grown for 20 h, and hydrophobicity assays were performed by hexadecane extraction. Aqueous phase absorbance was 
measured at OD600 and high turbidity indicated less hydrophobicity. Tested tubes are shown. *p<0.05 vs the control group.

Figure 8. Inhibition of biofilm formation by a PLGA coating containing actinomycin D. Biofilm formation by S. aureus MSSA 25923, MSSA 
6538, and MRSA 33591 was investigated by confocal laser microscopy. Actinomycin D (0.2 or 1.0 μg ml−1 (final concentration)) was mixed 
into PLGA and biofilms were grown for 24 h without shaking on glass-bottomed dishes. Scale bars represent 50 μm.
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activities (Olano et al. 2009), it would be interesting to 
investigate their effects on S. aureus biofilms.

The mechanism of S. aureus biofilm formation is a 
complex process that involves many environmental 
factors (Boles & Horswill 2011). In particular, protease 
treatment and the activation of agr quorum-sensing in S. 
aureus inhibited biofilm formation and dispersed estab-
lished biofilms (Boles & Horswill 2008; Park et al. 2012; 
Lister & Horswill 2014). However, in the present study, 
actinomycin D up to 0.2 μg ml−1 did not disperse a pre-ex-
isting biofilm of S. aureus (Figure S4), which suggests 
actinomycin D is not associated with biofilm dispersal 
systems such as agr quorum sensing or the actions of 
proteases. Further investigation will be required to under-
stand the genetic and molecular mechanism of actino-
mycin D using metaproteomics and metatranscriptomics 
approaches.

S. aureus to recover from thermal injury (Iandolo & Ordal 
1966). Thus, it could be speculated that its anti-biofilm 
effect is associated with low tolerance of actinomycin D 
by S. aureus.

Since subinhibitory concentrations of several antibi-
otics often increase biofilm formation (Hoffman et  al. 
2005; Linares et al. 2006; Kaplan et al. 2012), the effects on 
S. aureus biofilm formation of six other antibiotics, chlo-
ramphenicol, erythromycin, gentamycin, kanamycin, and 
streptomycin, were investigated at subinhibitory concen-
trations. Five antibiotics were less effective at inhibiting 
S. aureus biofilm formation than actinomycin D and 
inhibited cell growth (Figure 9). For tetracycline, this 
result concurs with a previously reported result that tet-
racycline exhibits anti-biofilm and antibacterial activity 
(Monzón et  al. 2001). Since actinomycin D derivatives 
also have antibiotic (Brockmann 1960) and antitumor 

Table 2. COMSTAT analysis of S. aureus biofilms on PLGA containing different concentrations of actinomycin D.

Strain Actinomycin D (μg ml−1) 
Volume/area 
(μm3 μm−2)

Mean thickness 
(μm)

Substratum coverage 
(%)

Maximum thickness 
(μm)

MSSA25923 0 4.2 ± 0.4 4.3 ± 0.4 88 ± 1 13 ± 1
0.2 1.4 ± 0.4 1.6 ± 0.5 59 ± 8 10 ± 1
1.0 0.3 ± 0.1 0.3 ± 0.1 22 ± 6 9 ± 1

MSSA 6538 0 6.0 ± 1.0 5.0 ± 1.0 96 ± 3 21 ± 3
0.2 2.2 ± 0.4 1.8 ± 0.4 65 ± 8 15 ± 1
1.0 1.5 ± 0.3 1.4 ± 0.2 41 ± 11 14 ± 1

MRSA 
33591

0 4.4 ± 0.6 3.7 ± 0.5 95 ± 8 16 ± 1
0.2 1.9 ± 0.5 1.6 ± 0.4 62 ± 15 14 ± 1
1.0 0.6 ± 0.1 0.5 ± 0.1 27 ± 5 11 ± 1

Figure 9. Effect of six antibiotics on biofilm formation by S. aureus. Biofilm formation (OD570) and cell growth (OD620) of S. aureus ATCC 
6538 were quantified in the presence of antibiotics after culture in 96-well plates for 24 h without shaking. Two independent experiments 
were conducted (total 12 wells). Error bars indicate SDs. *p<0.05 vs the control group.
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doi:10.1371/journal.ppat.1000052
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tim.2011.06.004
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prokaryotes based on 16S ribosomal RNA gene sequences. 
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284:1318–1322. doi:10.1126/science.284.5418.1318

Damen CW, Rosing H, Schellens JH, Beijnen JH. 2009. 
Application of dried blood spots combined with high-
performance liquid chromatography coupled with 
electrospray ionisation tandem mass spectrometry 
for simultaneous quantification of vincristine and 
actinomycin-D. Anal Bioanal Chem. 394:1171–1182. 
doi:10.1007/s00216-009-2775-z

DeLong EF. 1992. Archaea in coastal marine environments. 
Proc Natl Acad Sci USA. 89:5685–5689. doi:10.1073/
pnas.89.12.5685

Dunne WM Jr. 2002. Bacterial adhesion: seen any good 
biofilms lately? Clin Microbiol Rev. 15:155–166. doi:10.1128/
CMR.15.2.155-166.2002

Flick DA, Gifford GE. 1984. Comparison of in vitro  
cell cytotoxic assays for tumor necrosis factor. J  
Immunol Methods. 68:167–175. doi:10.1016/0022-
1759(84)90147-9

Freeman DJ, Falkiner FR, Keane CT. 1989. New method 
for detecting slime production by coagulase negative 
staphylococci. J Clin Pathol. 42:872–874. doi:10.1136/
jcp.42.8.872

Gowrishankar S, Duncun Mosioma N, Karutha Pandian S. 
2012. Coral-associated bacteria as a promising antibiofilm 
agent against methicillin-resistant and -susceptible 
Staphylococcus aureus biofilms. Evid Based Complement 
Alternat Med. 2012:862374.

Gupte M, Kulkarni P, Ganguli BN. 2002. Antifungal antibiotics. 
Appl Microbiol Biotechnol. 58:46–57. doi:10.1007/
s002530100822

Hall-Stoodley L, Costerton JW, Stoodley P. 2004. Bacterial 
biofilms: from the natural environment to infectious diseases. 
Nat Rev Microbiol. 2:95–108. doi:10.1038/nrmicro821

Häussler S, Ziegler I, Löttel A, von Götz F, Rohde M, 
Wehmhöhner D, Saravanamuthu S, Tümmler B, Steinmetz I. 
2003. Highly adherent small-colony variants of Pseudomonas 
aeruginosa in cystic fibrosis lung infection. J Med Microbiol. 
52:295–301. doi:10.1099/jmm.0.05069-0

Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov 
M, Ersboll BK, Molin S. 2000. Quantification of biofilm 
structures by the novel computer program COMSTAT. 
Microbiology. 146:2395–2407. doi:10.1099/00221287-146-
10-2395

Bacterial surface hydrophobicity significantly affects 
biofilm formation, and generally bacteria with hydro-
phobic properties prefer hydrophobic material sur-
faces (Dunne 2002). It has been shown S. aureus favors 
hydrophobic surfaces (Pagedar et  al. 2010) and that 
oligomer-based biofilm inhibitors decrease the hydro-
phobicity of S. aureus cells (Lee et al. 2015). Therefore, 
it appears that a decrease in cell-surface hydrophobicity 
prevents attachment of S. aureus cells to the surfaces of 
plastic wells (Figure 3), nylon membranes (Figure 4B), 
and glass (Figure 8). The above-mentioned findings sug-
gest that increasing the surface hydrophilicities of medical 
devises may offer a means of inhibiting biofilm formation 
by S. aureus, which is the most frequent cause of infections 
associated with indwelling medical devices (Otto 2008). 
Recently, PLGA coatings incorporated with biofilm inhib-
itors (cinnamaldehyde, carvacrol, and thermoresponsive 
oligo(N-vinylcaprolactam)) have been shown to exhibit 
antibacterial and anti-biofilm activities against S. aureus 
(Nostro et al. 2012; Zodrow et al. 2012; Lee et al. 2015). 
The present study demonstrated for the first time the 
anti-biofilm efficacy of PLGA/actinomycin D coatings 
on glass against S. aureus (Figure 8), and suggests studies 
on actinomycin D coatings on medical and engineering 
materials in vitro and in vivo might be worthwhile.

The inhibition of biofilm formation and toxin produc-
tion could provide an alternative means of reducing bacte-
rial virulence of antibiotic resistant S. aureus strains. The 
results indicate actinomycin D exhibits anti-biofilm and 
anti-hemolytic activities. Actinomycin D warrants further 
attention as a potential antivirulence strategy against per-
sistent S. aureus infection.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by a National Research Founda-
tion of Korea (NRF) grant funded by the Korea government 
(MSIP) [grant number #2015R1A2A2A01004542] to J. Lee; 
and the Priority Research Centers Program [grant number 
2014R1A6A1031189] through the National Research Founda-
tion of Korea (NRF) funded by the Ministry of Education.

References

Arciola CR, Campoccia D, Speziale P, Montanaro L, Costerton 
JW. 2012. Biofilm formation in Staphylococcus implant 
infections. A review of molecular mechanisms and 
implications for biofilm-resistant materials. Biomaterials. 
33:5967–5982. doi:10.1016/j.biomaterials.2012.05.031

Bakkiyaraj D, Pandian SK. 2010. In vitro and in vivo antibiofilm 
activity of a coral associated actinomycete against drug 

D
ow

nl
oa

de
d 

by
 [

Pe
nn

 S
ta

te
 U

ni
ve

rs
ity

],
 [

T
ho

m
as

 W
oo

d]
 a

t 0
6:

33
 1

1 
Ja

nu
ar

y 
20

16
 

http://dx.doi.org/10.1080/08927014.2010.511200
http://dx.doi.org/10.1371/journal.ppat.1000052
http://dx.doi.org/10.1016/j.tim.2011.06.004
http://dx.doi.org/10.1016/j.tim.2011.06.004
http://10.1128/JB.185.10.3214-3217.2003
http://10.1099/ijs.0.64915-0
http://10.1099/ijs.0.64915-0
http://10.1126/science.284.5418.1318
http://10.1007/s00216-009-2775-z
http://10.1073/pnas.89.12.5685
http://10.1073/pnas.89.12.5685
http://10.1128/CMR.15.2.155-166.2002
http://10.1128/CMR.15.2.155-166.2002
http://10.1016/0022-1759(84)90147-9
http://10.1016/0022-1759(84)90147-9
http://10.1136/jcp.42.8.872
http://10.1136/jcp.42.8.872
http://10.1007/s002530100822
http://10.1007/s002530100822
http://10.1038/nrmicro821
http://10.1099/jmm.0.05069-0
http://10.1099/00221287-146-10-2395
http://10.1099/00221287-146-10-2395
http://10.1016/j.biomaterials.2012.05.031


56    J.-H. Lee et al.

Otto M. 2008. Staphylococcal biofilms. Curr Top Microbiol 
Immunol. 322:207–228.

Otto M. 2013. Staphylococcal infections: mechanisms of 
biofilm maturation and detachment as critical determinants 
of pathogenicity. Annu Rev Med. 64:175–188. doi:10.1146/
annurev-med-042711-140023

Pagedar A, Singh J, Batish VK. 2010. Surface hydrophobicity, 
nutritional contents affect Staphylococcus aureus biofilms 
and temperature influences its survival in preformed 
biofilms. J Basic Microbiol. 50:S98–S106. doi:10.1002/jobm.
v50.5s

Park J-H, Lee J-H, Cho MH, Herzberg M, Lee J. 2012. 
Acceleration of protease effect on Staphylococcus aureus 
biofilm dispersal. FEMS Microbiol Lett. 335:31–38. 
doi:10.1111/fml.2012.335.issue-1

Park J-H, Lee J-H, Kim C-J, Lee J-C, Cho MH, Lee J. 
2012. Extracellular protease in Actinomycetes culture 
supernatants inhibits and detaches Staphylococcus aureus 
biofilm formation. Biotechnol Lett. 34:655–661. doi:10.1007/
s10529-011-0825-z

Pérez PF, Minnaard Y, Disalvo EA, De Antoni GL. 1998. Surface 
properties of bifidobacterial strains of human origin. Appl 
Environ Microbiol. 64:21–26.

Pratt LA, Kolter R. 1998. Genetic analysis of Escherichia coli 
biofilm formation: roles of flagella, motility, chemotaxis and 
type I pili. Mol Microbiol. 30:285–293. doi:10.1046/j.1365-
2958.1998.01061.x

Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux 
JE. 1996. Structure of staphylococcal α-hemolysin, a 
heptameric transmembrane pore. Science. 274:1859–1865. 
doi:10.1126/science.274.5294.1859

Sterlini JM, Mandelst J. 1969. Commitment to sporulation 
in Bacillus subtilis and its relationship to development of 
actinomycin resistance. Biochem J. 113:29–37. doi:10.1042/
bj1130029

Suzuki N, Ohtaguro N, Yoshida Y, Hirai M, Matsuo H, 
Yamada Y, Imamura N, Tsuchiya T. 2015. A compound 
inhibits biofilm formation of Staphylococcus aureus from 
Streptomyces. Biol Pharm Bull. 38:889–892. doi:10.1248/
bpb.b15-00053

Tamaoka J, Komagata K. 1984. Determination of DNA base 
composition by reversed-phase high-performance liquid 
chromatography. FEMS Microbiol Lett. 25:125–128. 
doi:10.1111/fml.1984.25.issue-1

Waksman SA, Woodruff HB. 1940. Bacteriostatic and 
bactericidal substances produced by a soil actinomyces. P 
Soc Exp Biol Med. 45:609–614. doi:10.3181/00379727-45-
11768

Weston SA, Parish CR. 1990. New fluorescent dyes for 
lymphocyte migration studies. Analysis by flow cytometry 
and fluorescence microscopy. J Immunol Methods. 133:87–
97. doi:10.1016/0022-1759(90)90322-M

Zodrow KR, Schiffman JD, Elimelech M. 2012. Biodegradable 
polymer (PLGA) coatings featuring cinnamaldehyde and 
carvacrol mitigate biofilm formation. Langmuir. 28:13993–
13999. doi:10.1021/la303286v

Hoffman LR, D’Argenio DA, MacCoss MJ, Zhang Z, Jones RA, 
Miller SI. 2005. Aminoglycoside antibiotics induce bacterial 
biofilm formation. Nature. 436:1171–1175. doi:10.1038/
nature03912

Hollstei U. 1974. Actinomycin – chemistry and mechanism of 
action. Chem Rev. 74:625–652. doi:10.1021/cr60292a002

Iandolo JJ, Ordal ZJ. 1966. Repair of thermal injury of 
Staphylococcus aureus. J Bacteriol. 91:134–142.

Kaplan JB, Izano EA, Gopal P, Karwacki MT, Kim S, Bose JL, 
Bayles KW, Horswill AR. 2012. Low levels of beta-lactam 
antibiotics induce extracellular DNA release and biofilm 
formation in Staphylococcus aureus. mBio. 3:e00198-12.

Kirk JM. 1960. The mode of action of actinomycin-D. Biochim 
Biophys A. 42:167–169. doi:10.1016/0006-3002(60)90769-1

Lee J-H, Cho MH, Lee J. 2011. 3-Indolylacetonitrile 
decreases Escherichia coli O157:H7 biofilm formation and 
Pseudomonas aeruginosa virulence. Environ Microbiol. 
13:62–73. doi:10.1111/emi.2011.13.issue-1

Lee J-H, Kim Y-G, Lee K, Kim S-C, Lee J. 2015. Temperature-
dependent control of Staphylococcus aureus biofilms and 
virulence by thermoresponsive oligo(N-vinylcaprolactam). 
Biotechnol Bioeng. 112:716–724. doi:10.1002/bit.v112.4

Lee J-H, Park J-H, Cho HS, Joo SW, Cho MH, Lee J. 2013. 
Antibiofilm activities of quercetin and tannic acid against 
Staphylococcus aureus. Biofouling. 29:491–499. doi:10.1080
/08927014.2013.788692

Linares JF, Gustafsson I, Baquero F, Martinez JL. 2006. 
Antibiotics as intermicrobial signaling agents instead of 
weapons. Proc Natl Acad Sci USA. 103:19484–19489. 
doi:10.1073/pnas.0608949103

Lister JL, Horswill AR. 2014. Staphylococcus aureus biofilms: 
recent developments in biofilm dispersal. Front Cell Infect 
Microbiol. 4:178.

Lowy FD. 1998. Staphylococcus aureus infections. N Engl J 
Med. 339:520–532. doi:10.1056/NEJM199808203390806

Mahajan GB, Balachandran L. 2012. Antibacterial agents 
from actinomycetes - a review. Front Biosci. 4:240–253. 
doi:10.2741/E373

Monzón M, Oteiza C, Leiva J, Amorena B. 2001. Synergy 
of different antibiotic combinations in biofilms of 
Staphylococcus epidermidis. J Antimicrob Chemother. 
48:793–801. doi:10.1093/jac/48.6.793

Nostro A, Scaffaro R, D’Arrigo M, Botta L, Filocamo A, 
Marino A, Bisignano G. 2012. Study on carvacrol and 
cinnamaldehyde polymeric films: mechanical properties, 
release kinetics and antibacterial and antibiofilm activities. 
Appl Microbiol Biotechnol. 96:1029–1038. doi:10.1007/
s00253-012-4091-3

O’Gara JP. 2007. ica and beyond: biofilm mechanisms and 
regulation in Staphylococcus epidermidis and Staphylococcus 
aureus. FEMS Microbiol Lett. 270:179–188. doi:10.1111/
fml.2007.270.issue-2

Oja T, San Martin Galindo P, Taguchi T, Manner S, Vuorela 
PM, Ichinose K, Metsä-Ketelä M, Fallarero A. 2015. Effective 
anti-biofilm polyketides against Staphylococcus aureus 
from the pyranonaphthoquinone biosynthetic pathways 
of Streptomyces species. Antimicrob Agents Chemother. 
59:6046–6052. doi:10.1128/AAC.00991-15

Olano C, Mendez C, Salas JA. 2009. Antitumor compounds 
from actinomycetes: from gene clusters to new derivatives 
by combinatorial biosynthesis. Nat Prod Rep. 26:628–660. 
doi:10.1039/b822528a

D
ow

nl
oa

de
d 

by
 [

Pe
nn

 S
ta

te
 U

ni
ve

rs
ity

],
 [

T
ho

m
as

 W
oo

d]
 a

t 0
6:

33
 1

1 
Ja

nu
ar

y 
20

16
 

http://10.1146/annurev-med-042711-140023
http://10.1146/annurev-med-042711-140023
http://10.1002/jobm.v50.5s
http://10.1002/jobm.v50.5s
http://10.1111/fml.2012.335.issue-1
http://10.1007/s10529-011-0825-z
http://10.1007/s10529-011-0825-z
http://10.1046/j.1365-2958.1998.01061.x
http://10.1046/j.1365-2958.1998.01061.x
http://10.1126/science.274.5294.1859
http://10.1042/bj1130029
http://10.1042/bj1130029
http://10.1248/bpb.b15-00053
http://10.1248/bpb.b15-00053
http://10.1111/fml.1984.25.issue-1
http://10.3181/00379727-45-11768
http://10.3181/00379727-45-11768
http://10.1016/0022-1759(90)90322-M
http://10.1021/la303286v
http://10.1038/nature03912
http://10.1038/nature03912
http://10.1021/cr60292a002
http://10.1016/0006-3002(60)90769-1
http://10.1111/emi.2011.13.issue-1
http://10.1002/bit.v112.4
http://10.1080/08927014.2013.788692
http://10.1080/08927014.2013.788692
http://10.1073/pnas.0608949103
http://10.1056/NEJM199808203390806
http://10.2741/E373
http://10.1093/jac/48.6.793
http://10.1007/s00253-012-4091-3
http://10.1007/s00253-012-4091-3
http://10.1111/fml.2007.270.issue-2
http://10.1111/fml.2007.270.issue-2
http://10.1128/AAC.00991-15
http://10.1039/b822528a

	Abstract
	Introduction
	Materials and methods
	Bacterial strains, growth measurements, and materials
	16S rRNA gene sequencing
	Crystal-violet biofilm assay
	HPLC analysis of actinomycin D
	Confocal laser microscopy and COMSTAT analysis
	Scanning electron microscope (SEM)-based biofilm assay
	Slime assay using Congo red agar (CRA)
	Hemolysis assay
	Cell-surface hydrophobicity assay
	Preparation of actinomycin D load surface coatings

	Results
	Spent culture medium of Streptomyces parvulus inhibited biofilm formation by S. aureus
	Identification and anti-biofilm activity of actinomycin D
	Inhibition of slime production by actinomycin D
	Anti-hemolytic activity of actinomycin D in S. aureus
	Actinomycin D decreased cell-surface hydrophobicity
	Biofilm inhibition on solid surfaces by an actinomycin D loaded coating

	Discussion
	Disclosure statement
	Funding
	References



