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Microbial infections of the cornea are potentially devastating and can result in permanent visual loss or require vision-rescuing
surgery. In recent years, there has been an increasing number of reports on nontuberculous mycobacterial infections of the cor-
nea. Challenges to the management of nontuberculous mycobacterial keratitis include delayed laboratory detection, low index of
clinical suspicion, poor drug penetration, slow response to therapy, and prolonged use of antibiotic combinations. The ability of
nontuberculous mycobacteria to evade the host immune response and the ability to adhere and to form biofilms on biological
and synthetic substrates contribute to the issue. Therefore, there is an urgent need for new antimicrobial compounds that can
overcome these problems. In this study, we evaluated the biofilm architectures for Mycobacterium chelonae and Mycobacterium
fortuitum in dynamic flow cell chamber and 8-well chamber slide models. Our results showed that mycobacterial biofilms were
quite resistant to conventional antibiotics. However, DNase treatment could be used to overcome biofilm resistance. Moreover,
we successfully evaluated a new antimicrobial compound (AM-228) that was effective not only for planktonic mycobacterial cells
but also for biofilm treatment and was compared favorably with the most successful “fourth-generation” fluoroquinolone, gati-
floxacin. Finally, a new treatment strategy emerged: a combination of DNase with an antibiotic was more effective than an anti-
biotic alone.

Keratitis, inflammation of the cornea of the eye, is often due to
an infection by either bacteria or fungi. Effective antibiotic

treatment can require considerable time, increasing the risk to
vision and the need for sight-restoring surgery. Common risk fac-
tors for infectious keratitis include ocular trauma, contact lens
wear, recent ocular surgery, preexisting ocular surface disease, dry
eye, lid deformity, impairment of corneal sensation, chronic use of
topical steroids, and systemic immunosuppression (1–4). Bacte-
rial keratitis is one of the most important causes of corneal opaci-
fication, which is the second most common cause of legal blind-
ness worldwide, after cataracts (5). In Minnesota, the incidence of
ulcerative keratitis was found to increase 435% from the 1950s to
the 1980s (6). Since Runyon classified mycobacteria in 1959 (7),
nontuberculous mycobacteria (NTM) have become increasingly
recognized as an important cause of ocular morbidity (8). NTM
can cause periocular, cutaneous, adnexal, orbital (9–11), conjunc-
tival (12, 13), scleral (12, 14), and corneal (15–17) infections.
Among NTM isolates, the most prevalent pathogenic strains for
the eye are Mycobacterium chelonae and Mycobacterium fortuitum
(18–20). One study found that among 183 NTM clinical isolates
from an ophthalmology clinic, keratitis comprised (36.6%) of the
cases, which was the most common pathogenesis, followed by
scleral buckle infections (14.8%) and socket and implant infec-
tions (14.8%) (18). There were several reports showing that NTM
keratitis developed following refractive surgery (21, 22).

Biofilms are communities of bacteria adhering to the tissue
surface and to each other by producing an extracellular polysac-
charide matrix often called slime. It has been suggested that 80%
of all bacterial infections have a biofilm stage, and recent studies
have emphasized biofilm involvement in eye infections (23, 24).
The biofilm matrix is mainly composed of extracellular DNA, pro-
teins, and polysaccharides. Bacteria can adhere to biotic or abiotic

surfaces, where they communicate by forming single-species or
multispecies colonies. Other factors may also contribute to bio-
films in mycobacteria, such as the long-chain myclic acid lipids
(25, 26). Glycopeptidolipids coat the cell wall and have been sug-
gested to be important for attaching the mycobacterial biofilm to
surfaces (27). Biofilm research in recent decades has shown that
biofilms are complex and dynamic communities with substantial
phenotypic diversification allowing microorganisms to adapt to
diverse environments (28–34).

It is generally accepted that the presence of a biofilm is associ-
ated with increased antibiotic resistance. Mycobacterium fortui-
tum and Mycobacterium chelonae biofilms have been found under
various conditions of both low and high nutrient contents (35). In
this study, we successfully monitored the biofilm architecture de-
veloped by M. chelonae and M. fortuitum in a dynamic flow cell
model and in an 8-well chamber slide model. We identified a new

Received 1 July 2015 Returned for modification 20 July 2015
Accepted 21 September 2015

Accepted manuscript posted online 12 October 2015

Citation Aung TT, Yam JKH, Lin S, Salleh SM, Givskov M, Liu S, Lwin NC, Yang L,
Beuerman RW. 2016. Biofilms of pathogenic nontuberculous mycobacteria
targeted by new therapeutic approaches. Antimicrob Agents Chemother
60:24 –35. doi:10.1128/AAC.01509-15.

Address correspondence to Liang Yang, yangliang@ntu.edu.sg, or
Roger W. Beuerman, rwbeuerman@gmail.com.

Copyright © 2015 Aung et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0
Unported license, which permits unrestricted noncommercial use, distribution,
and reproduction in any medium, provided the original author and source are
credited.

crossmark

24 aac.asm.org January 2016 Volume 60 Number 1Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.01509-15
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01509-15&domain=pdf&date_stamp=2015-10-12
http://aac.asm.org


antimicrobial compound, AM-228, which had outstanding anti-
microbial properties against NTM in both planktonic and biofilm
modes. Moreover, we proposed a new treatment strategy, a com-
bination of DNase and antibiotic, which outperformed an antibi-
otic alone.

MATERIALS AND METHODS
Bacterial strains. M. chelonae ATCC 35752 and M. fortuitum (M. new-
orleansense) ATCC 49404 were used in this study. Bacteria were grown in
Middlebrook broth containing 0.05% Tween 80 supplemented with albu-
min-dextrose-catalase (ADC) enrichment medium with shaking at 35°C.
The liquid cultures were incubated for 3 to 5 days to obtain the desired
growth.

Growth testing of suitable media for biofilm work. Growth testing in
different media (Luria broth [LB], tryptic soy broth, Middlebrook broth,
and minimal 63 medium) was carried out for 7 days. The liquid cultures
were adjusted to an optical density at 600 nm (OD600) of 0.05 in different
media prior to the experiments. The cultures were incubated at 35°C in a
rotary shaker (200 rpm). All media were supplemented with 0.05% Tween
80 to prevent cell clumping. An aliquot of the culture was taken out to
check the growth with a spectrometer, and OD600 was determined at 12,
24, 48, 72, 96, and 120 h.

Establishment of flow cell system for nontuberculous mycobac-
teria. Mycobacterial biofilms were cultivated in flow chambers of three
channels with dimensions of 40 mm by 4 mm by 1 mm. The flow chamber
was set up as previously described (36) using Luria broth medium at 35°C.
A diluted culture of 500 �l of M. fortuitum or M. chelonae at an OD600 of
0.1 was inoculated into each flow cell chamber. The flow cells were in-
verted without flow for 2 h after inoculation. Then the flow cells were
changed back to an upright position, medium was fed into the flow cells
using a Watson Marlow 205s peristaltic pump at a flow rate of 7.7 ml h�1,
and the cells were incubated at 35°C for 10 days. Luria broth containing
Syto-9 (green fluorescence) from a LIVE/DEAD BacLight kit (L-7007;
Molecular Probes) was added into each channel and viewed with a Zeiss
LSM780 confocal laser scanning microscope (CLSM; Carl Zeiss, Jena,
Germany) at an excitation wavelength of 480 nm and an emission wave-
length of 500 nm. CLSM images were taken at days 3, 5, 7, and 10.

Establishment of the 8-well chamber slide model for nontubercu-
lous mycobacteria (high-throughput screening). Mycobacteria were
cultivated in a �-Slide 8-well glass bottom chamber slide (ibidi, Germany)
for high-throughput biofilm analysis to screen antimicrobial compounds.
Mid-log growth cultures were determined at an OD600 of 0.1 in Luria
broth medium prior to inoculations. Two hundred microliters of the cul-
ture was placed into each well of an 8-well chamber slide and incubated at
35°C for 5 days (37). Fresh prewarmed medium was added along the wall
of each chamber every 24 h without disrupting the biofilm. At each time
point, medium was removed from the well and the resident biofilm was
washed gently, twice, with sterile phosphate-buffered saline (PBS). Syto-9
(green fluorescence) from a LIVE/DEAD BacLight kit (L-7007; Molecular
Probes) was added into each well and viewed with Zeiss LSM780 confocal
laser scanning microscope (Carl Zeiss, Jena, Germany) at an excitation

wavelength of 480 nm and an emission wavelength of 500 nm, and images
were taken at days 1, 3, and 5.

General procedure for synthesis of AM-228. �-Mangostin (500 mg,
1.22 mmol) was dissolved in 10 ml of acetone. Potassium carbonate (7.5
eq) and 1,4-diiodobutane (15.0 eq) were added. The reaction mixture was
refluxed for 24 h. After the reaction was complete, the solvent was re-
moved under reduced pressure. The oil residue was diluted with ethyl
acetate (EtOAc) and washed twice with saturated brine and once with
water. The organic phase was dried over anhydrous Na2SO4 and then
purified via silica gel column chromatography (petroleum ether-EtOAc,
15/1, vol/vol) to obtain intermediate AM-227.

Then, to a solution of AM-227 (100 mg, 0.11 mmol) in dimethyl
sulfoxide (DMSO; 4 ml), diethylamine (4 ml) was added. The mixture was
stirred at room temperature for 4 h. After completion of the reaction, the
mixture was diluted with 50 ml of ethyl acetate and then washed with
aqueous NaHCO3 and saturated brine (each three times). The organic
phase was dried over anhydrous Na2SO4 and concentrated under vac-
uum. The residual crude oil was purified via silica gel column chromatog-
raphy (EtOAc-MeOH-Et3N, 100/2/1, vol/vol) to afford AM-228. The gen-
eral synthetic route of AM-228 is shown in Fig. 1.

Hemolytic activity. Potential drug toxicity was carried out using a he-
molysis assay with fresh rabbit red blood cells (RBCs) for AM-228. The study
was done under a protocol approved by the SingHealth IACUC and was in
accordance with guidelines for animal research of the Association for the
Research in Vision and Ophthalmology. Freshly isolated rabbit red blood cells
were centrifuged at 3,000 rpm for 10 min and thoroughly washed with sterile
PBS twice. The compound was mixed with RBCs to obtain the desired con-
centration (final vol/vol of RBCs � 45) and incubated at 37°C for 1 h in a
96-well plate (SPL Life Science). One hundred microliters of supernatant was
transferred for measuring absorbance (576 nm) with a Tecan infinite 200-
microplate reader. Triton X-100 (2%) was set up as a positive control, and
PBS and N,N-dimethylformamide (DMF) (1%) were used as a negative con-
trol. The following equation was used to calculate the percentage of hemoly-
sis: percent hemolysis � (mixture A576 � negative-control A576)/(positive-
control A576 � negative-control A576) �100 (38).

Chemical toxicity testing using rabbit corneal wound healing
model. Six New Zealand rabbits were purchased from the National Uni-
versity of Singapore. All animal experiments were conducted in compli-
ance with the ARVO statement for the use of animals in ophthalmic and
vision research and the Guide for the Care and Use of Laboratory Animals
(39) and under the supervision of the SingHealth Experimental Medical
Centre (SEMC). Ethics approval was obtained from SingHealth IACUC.
Six New Zealand White rabbits were assigned randomly into two groups,
a control group treated with PBS and a group treated with AM-228 at 3
mg/ml. Rabbits were anesthetized, and corneas received 1% xylocaine. A
corneal wound was made by using a 5-mm trephine, and mechanical
removal of epithelial cells was carried out by sterile miniblade (BD-Bea-
ver), leaving the basal lamina intact (40). Topical application of the re-
spective drug was done 3 times/day. The cornea wound was visualized
every day until closure by the aid of cobalt-blue filter-equipped slit lamp
biomicroscopy, with staining with Minims fluorescein sodium eye drops,

FIG 1 General synthetic routes for AM228. Reaction conditions were as follows: for route a, I(CH2)4I, K2CO3, acetone, reflux, 24 h, and 62% yield percentage,
and for route b, diethylamine, DMSO, room temperature, 4 h, and 34% yield percentage.
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which are routinely used in the ophthalmology clinic to check cornea
damage. Fluorescein-stained images were analyzed for wound area by
ImageJ. The results showed that AM-228 at 3 mg/ml did not delay wound
healing compared with the control, PBS.

Determination of antimicrobial activity. Susceptibility testing for all
compounds was performed in Luria broth (LB), since it did not show any
MIC change from Middlebrook broth with ADC supplement (data not
shown), and biofilm experiments used Luria broth. The broth microdilu-
tion method in accord with the NCCLS guidelines, with minor modifica-
tions, was followed (41). To determine the MIC, broth microdilution was
used with LB containing 0.05% Tween 80. Briefly, AM-228 was dissolved
in DMF to make 1,000-�g/ml stock solutions. Thereafter, LB was used to
prepare serial 2-fold dilutions of the compound in the wells. The cultured
suspensions were prepared in sterile PBS to a density of 0.5 MacFarland
standard (OD600 � 0.1). One hundred microliters of this culture suspen-
sion was transferred into 15 ml of LB to make approximately 106 CFU/ml.
The bacterial suspension (100 �l) in LB was transferred to each well with
the compound to be tested. After inoculation, each well contained ap-
proximately 5 � 105 CFU/ml. The dilutions were tested in duplicate.
Bacteria were incubated with the compounds for 5 days at 35°C prior to
reading with a Tecan Infinite 200 microplate reader. The MIC was ob-
tained by measuring the OD600 and visible growth (42, 43).

Time-kill kinetics. The culture was suspended and adjusted in LB to
obtain a bacterial suspension with 105 to 106 CFU/ml. Then, the inoculum
was treated with various concentrations of gatifloxacin or AM-228 in LB
containing 0.05% Tween 80 and incubated at 35°C. Culture aliquots were
removed at 6 h and on days 1, 2, 3, 4, and 5 for viable plate counts. The
aliquots were serially diluted 10-fold, plated on LB agar plates, and incu-
bated at 35°C for 3 to 5 days. Cell viability was determined by enumerating
colonies growing on the plates. Bactericidal activity was defined as a 3-log
reduction of viable counts in culture treated with the antimicrobial com-
pound compared with that of the untreated control at a specific time
point.

Biofilm treatment using AM-228 or gatifloxacin (8-well chamber
slide biofilm model). M. fortuitum and M. chelonae were grown in an
8-well chamber slide as detailed above. The optimal DNase concentration
that led to a significant reduction of biomass was determined by serial
2-fold dilutions of DNase I RQ1 RNase-Free DNase (M6101; Promega)
using Luria broth. To evaluate the effects of antibiotic alone and in com-
bination with DNase on NTM biofilm, AM-228 and gatifloxicin at 10�
MIC individually as well as AM-228 at 10� MIC with DNase at an optimal
concentration were diluted in LB. All the above-listed respective com-
pounds were added to day 4 mycobacterial biofilms. The medium was
untouched in the control well, and 24-h treatment of each compound was
carried out.

(i) LIVE/DEAD cell imaging. At the end of the experiment, the me-
dium was aspirated and Luria broth containing Syto-9 (green fluores-
cence) and 20 �M propidium iodide (PI) from a LIVE/DEAD BacLight kit
(Molecular Probes) was dispensed into the antimicrobial-treated wells
and control wells. For DNase experiments, wells with DNase alone re-
ceived Luria broth containing Syto-9 and wells containing antibiotic and
DNase received Luria broth containing Syto-9 and 20 �M PI from a LIVE/
DEAD BacLight kit (Molecular Probes) to stain the biofilm. Stained cells
were observed under CLSM using an argon laser (excitation wavelength of
480 nm and emission wavelength of 500 nm) and helium laser (excitation
wavelength of 490 nm and emission wavelength of 635 nm), respectively.
Confocal images were analyzed using IMARIS to obtain the live/dead
ratios of the cells in antibiotic-treated wells and live biovolume in the
DNase-treated wells. Three independent experiments were carried out,
and five images were taken from each experiment for analysis. In brief,
three-dimensional (3D) biofilm images were reconstructed using Surpass
mode by IMARIS software. Surfaces were created for each channel, Syto-9
(green fluorescence) and propidium iodide (red fluorescence), in order to
generate the biovolume. Finally, the average of the total biovolumes was
exported and used for further analysis (44, 45). Statistical analysis used

nonparametric tests (Kruskal-Wallis test and Mann-Whitney U test) and
post hoc pairwise comparison employed by using PASW statistic 18. P
values of �0.05 were considered statistically significant.

(ii) CFU measurement. At the end of experiment, the medium was
aspirated and wells were washed thoroughly with PBS. Sterile 3-mm glass
beads were used to disperse the biofilms. The aliquots were serially diluted
10-fold, plated on LB agar plates, and incubated at 35°C for 3 to 5 days.
Cell viability was determined by enumerating colonies growing on the
plates. The experiments were done in triplicate, and the results are shown
as means � standard deviations (SDs). Nonparametric testing (Mann-
Whitney U test) was performed by using PASW statistic 18. P values of
�0.05 were considered to be statistically significant.

RESULTS
Establishment of biofilm architectures in dynamic flow cell
model and 8-well chamber slide model. Biofilms are bacterial
communities embedded within a secreted matrix of extracellular
polymeric substance (EPS). Initiation of a biofilm through attach-
ment followed by microcolony formation and subsequent forma-
tion of heterogeneous biofilm communities are the initial steps to
form a mature biofilm. These bacterial communities develop bio-
mass, which conveys an extra measure or therapeutic resistance to
an infection (46). Thus, we examined the in vitro biofilm forming
potential and architecture using the dynamic flow cell biofilm
model and 8-well chamber slide biofilm model. Mycobacteria
were tested in different media in order to choose a suitable me-
dium for biofilm experiments. The experiments indicated that
growth was better in Middlebrook medium followed by tryptic
soy broth and Luria broth (data not shown). However, M. fortui-
tum and M. chelonae formed thicker biofilms in Luria broth than
in Middlebrook and minimal media (data not shown). Our results
showed that M. fortuitum formed a biofilm earlier (day 1) than M.
chelonae (day 3) in Luria broth (Fig. 2 and 3). Multiple finger-like
projections and greater biofilm mass were observed in M. fortui-
tum biofilms (Fig. 2), while irregular diffuse colonies were formed
in M. chelonae biofilms (Fig. 3). The results from 8-well chamber
studies correlated with the flow cell model, and similar biofilms
were observed in the 8-well chamber slide model for both myco-
bacteria (data not shown). Void areas were observed within ma-
ture biofilms of M. fortuitum.

Action of a new antimicrobial, AM-228, and biofilm resis-
tance to antibiotic treatment. In clinical practice, the regimens
to treat NTM infections of the cornea often require a combi-
nation of antibiotics applied for 2 to 3 months (20, 47). How-
ever, the slow therapeutic response complicated by poor drug
penetration due to biofilm formation is an important barrier
for treating NTM infections in the eye or skin. Therefore, new
antimicrobial compounds which could eradicate infections of
NTM more quickly would provide significant patient benefits.
We have tested a new antimicrobial which was synthesized in
our laboratory using a core molecule extracted from a natural
compound found in a common Asian fruit, mangosteen. The
results showed that AM-228 had good biocompatibility as
demonstrated by the in vitro hemolysis assay (molecular
weight, 792.1 g/mol; HC50 in testing with rabbit RBCs, �200
�g/ml) and in vivo rabbit corneal wound healing results (Fig. 4)
and outstanding antimicrobial activity (Table 1). Time-kill studies
revealed that AM-228 acted much more rapidly than the most active
commercially available antibiotic, gatifloxacin. AM-228 essentially
sterilized the M. fortuitum infection even when used at 1� MIC
(Fig. 5). AM-228 and gatifloxacin showed a 3-log reduction in an
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FIG 2 Formation of M. fortuitum biofilm in dynamic flow cell system. Finger-like projections from base of the structure formed as early as day 3. The biofilm
mass increased as the days progressed, and the thickness was the greatest at day 10 (100 �m).

FIG 3 Formation of M. chelonae biofilm in the dynamic flow cell system. Biofilm formation started by day 5 as irregular short, flat structures in small
microcolonies. Large diffuse microcolonies formed at days 7 and 10.
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M. chelonae time-kill study after 48 h of treatment, but regrowth
was seen with gatifloxacin treatment (Fig. 6).

It is generally acknowledged that bacteria in biofilms are
resistant to antibiotic treatment, and nearly all bacterial infec-
tions have a biofilm component. We investigated the resistance
of mycobacterial biofilms to antimicrobial compounds. It was
found that mycobacterial biofilms were resistant to conven-
tional antibiotics, such as gatifloxacin, while AM-228 was more
active in killing biofilms formed by NTM in our study. AM-228
showed outstanding activity in terms of biovolume and CFU in
treating both M. fortuitum biofilms (AM-228 versus control, P �
0.003 for biovolume and P � 0.021 for CFU; gatifloxacin versus
control, P � 0.019 for biovolume and P � 0.021 for CFU) (Fig. 7)
and M. chelonae biofilms (AM-228 versus control, P � 0.004 for
biovolume and P � 0.021 for CFU; gatifloxacin versus control,
P � 0.005 for biovolume and P � 0.021 for CFU) (Fig. 8).

DNase in mycobacterial biofilm treatment. Biofilm architec-

ture is formed as a fibrous 3-dimensional network comprised of
proteins, polysaccharides, lipids, and nucleic acids that act as a
barrier for the penetration of antibiotics (48–50). Extracellular
DNA (eDNA) has an important role in antibiotic resistance, and
the destruction of eDNA was found to increase the efficacy of
antibiotics (51). Moreover, eDNA plays a major role in horizontal
gene transfer within the biofilm matrix, creating an opportunity
for fast transmission of virulence factors and antibiotic resistance
genes from one bacterial genome to another bacterial genome
(52). The presence of eDNA in biofilm infections reduces chemo-
kine production, prevents phagocytosis, and interferes with the
innate immune response for the eradication of the infections (53).
Therefore, the present study was designed to evaluate the role of
eDNA in the treatment of NTM biofilms and to potentially de-
velop a new treatment strategy, i.e., combining DNase and an
antibiotic. An optimal DNase concentration that could maximally
reduce the biomass was found (Fig. 9). Combination treatments
(10� MIC of AM-228 plus optimal DNase concentration and
10� MIC of gatifloxacin plus optimal DNase concentration) for
NTM biofilms were tested. The results showed that the combina-
tion treatments were more effective than the use of antibiotic
alone to treat M. fortuitum biofilms (combination versus AM-228,
P � 0.018 for biovolume and P � 0.021 for CFU; combination
versus gatifloxacin, P � 0.002 for biovolume and P � 0.043 for
CFU) (Fig. 10 and 11). For M. chelonae biofilm, the results were as
follows: combination versus AM-228, P � 0.006 for biovolume
and P � 0.021 for CFU; combination versus gatifloxacin, P �
0.002 for biovolume and P � 0.021 for CFU (Fig. 12 and 13).

FIG 4 Chemical toxicity testing of AM-228 on corneal re-epithelialization in a rabbit wound healing model. Slit lamp images showed the normal wound healing
pattern and rate compared with that of the control. There were no signs of inflammation or toxic effects on rabbit corneas treated with AM-228.

TABLE 1 MICs of AM-228, gatifloxacin, amikacin, and tobramycin
against M. fortuitum ATCC 49404 and M. chelonae ATCC 35752

Antimicrobial

MIC (�g/ml) for:

Mycobacterium chelonae
ATCC 35752

Mycobacterium fortuitum
ATCC 49404

AM-228 12.5 12.5
Gatifloxacin 0.195 0.195
Amikacin 25 3.125
Tobramycin 3.125 25
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FIG 5 Time-kill curve of AM-228 and gatifloxacin on M. fortuitum. A 3-log reduction was seen at approximately 72 h after treatment with 1� MIC of AM-228,
and the infection was sterile at 96 h after treatment. At 2� and 4� MIC, the solution was sterile at 72 h. Gatifloxacin treatment led to a 3-log reduction at
approximately 48 h at 1� MIC. But at 2� and 4� MIC, the infection was not sterile until 120 h and 72 h after the treatment, respectively.

FIG 6 Time-kill curve of AM-228 and gatifloxacin on M. chelonae. A 3-log reduction was seen at 48 h after treatment with AM-228 at 2� MIC or 4� MIC.
Gatifloxacin treatment at 2� MIC and 4� MIC provided a 3-log reduction at 48 h posttreatment. However, there was bacterial regrowth seen with 1� MIC and
2� MIC at 120 h after treatment.
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FIG 7 Confocal images of control M. fortuitum biofilm (day 5) (A) and M. fortuitum biofilm after treatment with AM-228 (B) or gatifloxicin (C) at 10� MIC.
Green color represents live biomass, whereas red is dead biomass. Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of
M. fortuitum biofilm. Scale bar, 50 �m. The values shown are means � SDs from one representative experiment (five images); three independent experiments
were done. Nonparametric tests (Kruskal-Wallis test and Mann-Whitney U test) and post hoc test (pairwise comparison) were employed using PASW statistic 18.
AM-228 versus control, P � 0.003 for biovolume and P � 0.021 for CFU; gatifloxacin versus control, P � 0.019 for biovolume and P � 0.021 for CFU. * and **,
P � 0.05 (considered to be statistically significant).

FIG 8 Confocal images of control M. chelonae biofilm (day 5) (A) and M. chelonae biofilm after treatment with AM-228 (B) or gatifloxicin (C) at 10� MIC.
Green color represents live biomass, whereas red is dead biomass. Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of
M. chelonae biofilm. Scale bar, 50 �m. The values shown are means � SDs from one representative experiment (five images); three independent experiments were
done. Nonparametric tests (Kruskal-Wallis test and Mann-Whitney U test) and post hoc test (pairwise comparison) were employed by using PASW statistic 18.
AM-228 versus control, P � 0.004 for biovolume and P � 0.021 for CFU; gatifloxacin versus control, P � 0.005 for biovolume and P � 0.021 for CFU. * and **,
P � 0.05 (statistically significant).
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FIG 9 Response of M. fortuitum biofilm to DNase treatment (A) and response of M. chelonae biofilm to DNase treatment (B). Biovolume was compared following
serial dilutions of DNase. The values shown are means � SDs from one representative experiment (five images); three independent experiments were done. A
nonparametric test (Kruskal-Wallis test) and post hoc test (pairwise comparison) were employed by using PASW statistic 18. There was a significant difference
(P � 0.05) between groups (12.5, 25, and 50 �g/ml) when DNase was compared against the control for both strains. *, P � 0.05 (statistically significant).

FIG 10 Combination treatment of AM-228 (10� MIC) and DNase (12.5 �g/ml) on M. fortuitum biofilm. Confocal images of M. fortuitum biofilm after
treatment with AM-228 at 10� MIC (A) or AM-228 at 10� MIC and DNase at 12.5 �g/ml (B) are shown. Green color represents live biomass, whereas red is dead
biomass. Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of M. fortuitum biofilm. Scale bar, 50 �m. The values are
means � SDs from one representative experiment (five images); three independent experiments were done. Combination treatment performed somewhat better
than AM-228 alone. Live/dead ratios and CFU were compared using Mann-Whitney U test for the combination versus AM-228. P � 0.018 for biovolume, and
P � 0.021 for CFU. *, P � 0.05 (statistically significant).
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FIG 11 Combination treatment using gatifloxacin (10� MIC) and DNase (12.5 �g/ml) on M. fortuitum biofilm. Confocal images of M. fortuitum biofilm after
treatment with gatifloxacin at 10� MIC (A) or gatifloxacin at 10� MIC and DNase at 12.5 �g/ml (B) are shown. Green color represents live biomass, whereas
red is dead biomass. Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of M. fortuitum biofilm. Scale bar, 50 �m. The
values are means � SDs from one representative experiment (five images); three independent experiments were done. Combination treatment performed
somewhat better than gatifloxacin alone. Live/dead ratios and CFU were compared by using Mann-Whitney U test between two different groups. Combination
versus gatifloxacin, P � 0.002 for biovolume and P � 0.043 for CFU. *, P � 0.05 (statistically significant).

FIG 12 Combination treatment of AM-228 (10� MIC) and DNase (12.5 �g/ml) on M. chelonae biofilm. Confocal images of M. chelonae biofilm after treatment
with AM-228 at 10� MIC (A) or AM-228 at 10� MIC and DNase at 12.5 �g/ml (B) are shown. Green color represents live biomass, whereas red is dead biomass.
Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of M. chelonae biofilm. Scale bar, 50 �m. The values shown are
means � SDs from one representative experiment (five images); three independent experiments were done. Combination treatment was more efficient than
AM-228 treatment. Live/dead ratios were compared using the Mann-Whitney U test between two different groups. Combination versus AM-228, P � 0.006 for
biovolume and P � 0.021 for CFU. *, P � 0.05 (statistically significant).

Aung et al.

32 aac.asm.org January 2016 Volume 60 Number 1Antimicrobial Agents and Chemotherapy

http://aac.asm.org


DISCUSSION

Nontuberculous mycobacteria (NTM), atypical mycobacteria, are
nonmotile, non-spore-forming slender bacilli that are aerobic,
opportunistic free-living pathogens found in the environment,
including soil and water sources, food, dust, aerosols, and animals
(54, 55). They have also been discovered in drinking water distri-
bution systems and are relatively resistant to chlorine, organomer-
curials, and other routine disinfectants (54, 56, 57). Moreover,
they possess the ability to form biofilms and survive under a wide
range of temperature, pH, salinity, oxygen tension, and low-nu-
trient conditions (56, 58). Diagnosis of mycobacterium infection
requires considerable time due to its slow growth, and patients
may be misdiagnosed with infections with other bacteria, such as
diphtheroids or Nocardia (59).

The average time required for the conclusive diagnosis of my-
cobacterial keratitis was around 4 months in postsurgical cases in
south Florida (60). Nontuberculous mycobacterial infections in
and around the eye are clinically recalcitrant to treatment, recur
after cessation of therapy, and require long-term therapy (2 to 3
months) to eradicate (20, 47). The treatment of NTM infections is
also complicated because identification and determination of in
vitro antibiotic sensitivities can be delayed for weeks. These factors
and a low index of clinical suspicion often result in inefficient
treatment of NTM infections. Moreover, topical steroid usage
prior to a correct diagnosis may worsen the prognosis (61). Ami-

kacin was an early treatment of choice, but this drug has been
shown to have poor penetration through an intact corneal epithe-
lium (62). Another report showed that amikacin was not effective
in NTM infections of the eye (61). Combination therapy with
clarithromycin and amikacin for 3 to 4 months has been used for
treating NTM infections (20, 47). Recent studies have suggested
that the fluoroquinolones are useful for treating NTM infections
(63). Reports on NTM resistance to ciprofloxacin and gatifloxacin
have been published (64–66).

NTM infections are further complicated by the fact that bacte-
rial biofilms play important roles in ocular infections (23). NTM
growth in a biofilm is associated with numerous genetic and phe-
notypic differences because of their high hydrophobicity, with
increased resistance to antibiotic therapy as the result (67). Myco-
bacteria can readily form biofilms and, because of their hydropho-
bicity and metal resistance, are among the earliest-known biofilm
formers (67). In this study, we attempted to understand the treat-
ment response of NTM biofilms. Different biofilm architectures
for M. chelonae and M. fortuitum as well as the response to anti-
microbial compounds were observed. We observed void areas
within mature biofilms of M. fortuitum, which might result from
production of biofilm-dispersing agents, such as biosurfactant. M.
chelonae and M. fortuitum formed thick biofilms with irregular
shapes that were relatively resistant to conventional antibiotics
even at 10� MIC. Our data indicated that gatifloxacin, a “fourth-

FIG 13 Combination treatment of Gatifloxacin (10� MIC) and DNase (12.5 �g/ml) on M. chelonae biofilm. Confocal images of M. chelonae biofilm after
treatment with gatifloxacin at 10� MIC (A) or AM-228 at 10� MIC and DNase at 12.5 �g/ml (B) are shown. Green color represents live biomass, whereas red
is dead biomass. Histograms show comparison of live/dead ratios and viable bacteria (CFU) after treatment of M. chelonae biofilm. Scale bar, 50 �m. The values
shown are means � SDs from one representative experiment (five images); three independent experiments were done. Combination treatment was more
effective than individual treatment. Live/dead ratios and CFU were compared using the Mann-Whitney U test for the combination versus gatifloxacin (P � 0.002
for biovolume and P � 0.021 for CFU). *, P � 0.05 (statistically significant).
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generation” fluoroquinolone, is an effective antibiotic against
NTM, corroborating clinical observations. However, our new an-
timicrobial AM-228 showed outstanding bacterial killing effi-
ciency in time-kill studies and eradication of mycobacterial bio-
films comparable to that with gatifloxacin. Bacteria within
biofilms resist antibiotics more than planktonic bacteria not only
because of limitation of antibiotic penetration but also because the
biofilm matrix may inactivate antimicrobials (68). eDNA has been
discovered in Mycobacterium avium biofilms, and combination
treatment with DNase and antibiotic has been investigated (51).
However, this is the first report showing the effectiveness of DNase
treatment for Mycobacterium fortuitum and M. chelonae biofilms.
In this study, DNase treatment of NTM biofilm reduced the bio-
film biomass, suggesting that eDNA might be present with a role
in the properties of the biofilm. Combination treatment with
DNase (12.5 �g/ml) and 10� MIC of AM-228 or gatifloxacin
clearly showed a significant eradication of bacteria in NTM bio-
films, suggesting that destruction of eDNA by DNase leads to a
decrease in the extracellular matrix, allowing better penetration
and efficacy of AM-228 or gatifloxacin. However, future studies
focusing on NTM biofilm matrix and the role of eDNA in NTM
biofilm communities as well as studies of AM-228 in in vivo
should be carried out in order to fill the gap of new drugs for NTM
eye infections.
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