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Abstract: Biofilms are aggregates of microorganisms that coexist in socially coordinated micro-niche
in a self-produced polymeric matrix on pre-conditioned surfaces. The biofilm matrix reduces the
efficacy of antibiofilm strategies. DNase degrades the extracellular DNA (e-DNA) present in
the matrix, rendering the matrix weak and susceptible to antimicrobials. In the current study,
the effect of DNase I was evaluated during biofilm formation (pre-treatment), on preformed biofilms
(post-treatment) and both (dual treatment). The DNase I pre-treatment was optimized for P. aeruginosa
PAO1 (model biofilm organism) at 10 ug/mL and post-treatment at 10 pg/mL with 15 min of contact
duration. Inclusion of Mg?* alongside DNase I post-treatment resulted in 90% reduction in biofilm
within only 5 min of contact time (irrespective of age of biofilm). On extension of these findings,
DNase I was found to be less effective against mixed species biofilm than individual biofilms. DNase I
can be used as potent antibiofilm agent and with further optimization can be effectively used for
biofilm prevention and reduction in situ.

Keywords: biofilms; DNase I; pre-treatment; post-treatment; mixed species biofilm; disintegration of
matrix; antibiofilm methods

1. Introduction

Microorganisms prefer to coexist in an extremely coordinated surface adhered lifestyle, known as
biofilm. Biofilms are a grave concern across various industries like food, textile, paper, oil, aviation,
shipping and even the medical sector. They have accounted for reduced efficacy of heat exchange
processes, corrosion of materials, blocking of membranes and degradation of ship hulls. Biofilms
mediated infections contribute to almost 80% of clinical infections reported globally [1]. In the food
industry, biofilms on food contact surfaces pose a food safety hazard and product quality issues.
Antibiofilm strategies in the healthcare sector include use of antibiotics and/or biocides. However,
in food industry scrapping, hot water treatment, acid/alkali treatments and biocides as a part of
the cleaning regime are used to combat biofilms. As biofilms are notorious for being resistant to
conventional antibiofilm approaches, alternative antibiofilm strategies like using proteases, amylases,
bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP) and quorum sensing inhibitors have
been explored [2]. These methods are reportedly more effective for prevention of biofilm formation
and may or may not be effective on pre-formed biofilms [3-5].

For development of an effective antibiofilm strategy, a thorough understanding of the biofilm
formation process (initial adhesion, maturation, quorum sensing and dissemination), a metabolic
state of biofilm inhabitants and composition of biofilm matrix is required. Biofilm inhabitants display
a reduced metabolic rate, enhanced efflux, adaptive and cross-resistances and hence are more resistant
to antimicrobials than their planktonic counterparts [6,7]. In addition, the biofilm matrix acts as
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a protective barrier and reduces the percolation of antimicrobials to a deeper strata of biofilm structure.
The biofilm matrix is composed of 40-95% polysaccharides, 1-60% proteins, 1-40% lipids and 1-10%
nucleic acid [8]. Prevalence of the e-DNA in the biofilm matrix has been reported in biofilms of
several microorganisms, both Gram-positive and Gram-negative. The release of e-DNA is mediated
by autolysis (programmed cell death i.e., suicide and altruistic cell death-fratricide) [9] and through
vacuoles and membrane vesicles [10]. The e-DNA contributes to cell-surface and cell-cell interactions,
horizontal gene transfer, integrity, cohesivity and viscoelasticity of the biofilm matrix and thus plays
a major role in biofilm stability [11].

In view of significance of e-DNA in biofilm matrix and biofilm formation [11], it is indeed
a potential target for development of antibiofilm strategies by using DNA degrading enzymes i.e.,
DNase. Antibiofilm effect of DNase has been studied for organisms such as S. aureus and P. aeruginosa,
E. coli, Acinetobacter baumannii, Haemophilus influenzae and K. pneumoniae. Most of these studies have
been conducted using commercially available DNases like DNase I (derived from bovine pancreas),
DNase 1L.2 (human keratinocyte DNase), Dornase alpha (recombinant human DNase), A exonuclease
(viral DNase), NucB and streptodornase produced by Bacillus licheniformis and Streptococcus spp.,
respectively [12]. Moreover, microorganisms producing nucleases have been shown to form lesser
biofilm than their non-nuclease producing mutants [13]. Addition of L-methionine that induces DNase
secretion by P. aeruginosa, resulted in reduced biofilm formation [14]. The antibiofilm effect of DNase
has been studied with or without antibiotics, dispersinB [15,16] and glutathione [17]. Previous studies
have reported that, in the presence of DNase, a lower concentration of antibiotics was required to
inhibit biofilm formation by Campylobacter jejuni [18,19]. Most of the published studies have used
DNase in growth medium itself i.e., its addition at time point O of biofilm formation. In the current
investigation, such a biofilm preventive effect has been described using the term “pre-treatment”.

On the other hand, DNase based treatments of pre-formed biofilms have not been explored much.
There are only a few reports available [20,21], which describe application of DNase in combination
with proteinase K [22,23], EDTA [24] and dextranase [25] on already formed biofilms. Such a biofilm
control/therapeutic effect has been discussed using the term “Post-treatment” in this study. Most
of these studies have been carried out on single species biofilm and thus mixed species biofilms yet
remain to be explored. Moreover, the antibiofilm effect of DNase evaluated on a single organism may
not be directly applicable on in situ biofilms that are formed by mixed species consortia. In purview
of reviewed literature, it appears that a study comparing the effect of DNase on biofilms formed
by different pathogens will be an addition to the existing knowledge. Therefore, in the current
investigation, the antibiofilm efficacy of DNase I treatments (pre and post) were optimized on
P. aeruginosa PAO1 biofilms. Pseudomonas spp. is a concern in food industry due to its inherent
antimicrobial resistance and potential to produce heat stable proteases and lipases [26]. Though
P. aeruginosa is not a typical food related pathogenic organism, its presence in drinking water poses
a health hazard [27]. In addition, P. aeruginosa forms copious biofilm and thus is considered as a model
organism for biofilm formation. In this study, the DNase I treatments optimized using P. aeruginosa
PAO1 were extended to mixed-species biofilm of organisms (Staphylococcus aureus, Klebsiella spp.,
Enterococcus faecalis, Salmonella Typhimurium) that are relevant to food industry.

2. Materials and Methods

2.1. Culture Maintenance

Microorganisms used in the current investigation were Pseudomonas aeruginosa PAO1 (MTCC 3541),
Enterococcus faecalis (ATCC 29212), Salmonella Typhimurium (ATCC 23564) and Staphylococcus aureus
(ATCC 25923). These cultures were obtained either from the Microbial Type Culture Collection (MTCC)
at the Institute of Microbial Technology, Chandigarh, India or American Type Culture Collection
(ATCC), Manassas, VA, USA. One Klebsiella spp. that was isolated from a biofilm sample obtained
from the food industry was also used in this study. The cultures were maintained in tryptone soy broth
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(TSB) or on agar plates and stored as glycerol stocks at —40 °C. Culture inoculum for experiments was
prepared by adjusting optical density (OD) of overnight activated culture to 0.5 (c.a., 8 Log cfu/mL)
at 620 nm. All materials and reagents were procured from HiMedia Labs, Mumbai, India, unless
specified otherwise.

2.2. Biofilm Formation Assay

The assay was carried out in accordance with a previously published protocol [28]. Briefly, 200 uL
of TSB per well of sterile 96-well plate made of polystyrene (Axiva Biotech, New Delhi, India) was
inoculated with 20 pL of inoculum and the biofilm was allowed to develop at 37 °C/24 h. Later,
the contents of the wells were decanted and wells were washed 3—4 times with sterile PBS (Phosphate
Buffered Saline) to dislodge the loosely adhered cells. The remaining biofilms were vigorously blotted
on stack of paper towels and air dried [29]. The biofilms were stained with 1% crystal violet, rinsed
3—4 times with water in a large Petri dish to remove the excess stain, blotted on stack of paper towels
and air-dried. The crystal violet bound to biofilms was then resolubilized using 33% glacial acetic acid
and absorbance was measured at 595 nm (A595 nm; plotted on the primary y-axis) using a microplate
reader (EPOCH 2c¢, BIOTEK, Winooski, VT, USA). As a negative control, uninoculated wells containing
TSB were treated similarly and readings obtained were subtracted from the test readings.

2.3. Optimization of DNase I Concentration for Pre-Treatment

A gradient of DNase I in the range of 0-50 ng/mL was prepared by dissolving lyophilized powder
in nuclease free water and diluting it with 0.15 M NaCl solution to achieve the desired concentrations.
For optimization of DNase I concentration for pre-treatment, biofilms of P. aeruginosa PAO1 were
formed in the presence of different concentrations of DNase I for 24, 48, 72, 96 h and quantified as
A595 nm. As negative control, uninoculated wells containing TSB and diluent were treated similarly
and readings obtained were subtracted from the test readings. Positive control wells containing
inoculated TSB without DNase I were considered as “Control A595 nm”. The biofilm percentage
reduction (BPR was calculated as below and plotted on the secondary y-axis:

BPR — ( Control A595 nm — test A595 nm) « 100

Control A595 nm

2.4. Optimization of Contact Time and Concentration of DNase I for Post Treatment

As described in previous sections, biofilms of P. aeruginosa PAO1 were formed for 24, 48, 72, 96 h.
The contents of the plate were decanted and rinsed using sterile PBS. The wells containing pre-formed
biofilms were refilled with TSB containing DNase I at a concentration optimized for pre-treatment.
The plate was left undisturbed to maintain contact duration of 0, 5, 10, 15, 20, 25, 30, 35, 60, 75 and
120 min. Subsequently, the plate was decanted, rinsed, air-dried, stained, destained and quantified as
A595 nm. Test controls containing only diluents (0.15 M NaCl) were also evaluated for antibiofilm
effects, if any, for respective contact times.

Furthermore, the concentration of DNase I was also optimized in the presence of Mg?* ions
(10 mM) for a contact time of 15 min. The antibiofilm effect of Mg?*, if any, was also evaluated by
setting up a test control containing only Mg?* in absence of DNase I.

2.5. Pre-Treatment, Post-Treatment and Dual Treatment of Microbial Biofilms by DNase 1

Individual biofilm formation by P. acruginosa PAOL, E. faecalis, S. Typhimurium, S. aureus and
Klebsiella spp. was done in TSB for 24 h and subjected to pre-treatment, post-treatment and dual
treatment using DNase I (without Mg2+) as described earlier. Biofilm quantification was done in terms
of A595 nm.
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2.6. Pre-Treatment, Post-Treatment and Dual Treatment of Mixed Species Biofilm by DNase I

In order to prepare mixed species consortium, either of the pathogen was added in 2x
concentration than others in a cocktail (for example: in P. aeruginosa PAO1 2x cocktail, the ratio
of test pathogens P. aeruginosa PAO1: S. aureus: Salmonella Typhimurium: E. faecalis: Klebsiella spp. was
2:1:1:1:1). Similarly, 2 x cocktails with one of the pathogens as dominant were also prepared, namely,
S. aureus 2x, Salmonella 2x, E. faecalis 2 x, Klebsiella spp. 2x and used for biofilm formation for 24
and 48 h. The biofilms were subjected to DNase I pre-treatment, post-treatment and dual treatment
(without Mg?") and quantified as described in previous sections.

2.7. Statistical Analysis

All the experiments were conducted in triplicate and minimum three trials were carried out for
each experiment. The results were calculated as average values of three readings along with standard
deviation depicted as error bars. The average, standard deviation, for the readings obtained was
determined by using Microsoft Excel Software (Microsoft Office 2010, Redmond, WA, USA). Statistical
tool XL-statistics v4.5 was used for carrying out Student’s t-test (with Bonferroni post hoc analysis) and
Analysis of variance (ANOVA). The statistical tool is a freeware of set of workbooks for Microsoft excel
and available online [29]. “Significance’ is expressed at the 5% level (p < 0.05) or mentioned otherwise.

3. Results
3.1. Optimization of Pre-Treatment and Post-Treatment

3.1.1. DNase I Concentration for Pre-Treatment

P. aeruginosa PAOL1 biofilm was developed in varying concentrations of DNase I (0-50 pg/mL;
without Mg2+) for 24, 48,72, and 96 h. The results are expressed in terms of both biofilm quantification
(A595 nm; Figure 1) and biofilm percentage reduction (BPR) (Figure 1). In comparison to control
biofilm (DNase concentration 0 ug/mL), a reduction of 68.6% was observed when biofilm was grown
for 24 h in the presence of 5 pg/mL of DNase I. The BPR observed for biofilms cultivated for 48, 72,
96 hin 5 ug/mL of DNase I was only 36%, 10%, 7%, respectively. On the other hand, when biofilms
were cultivated in the presence of 10 ug/mL DNase I, BPR was found to be 70%, 50%, 48%, 26% for 24,
48,72, 96 h old biofilms, respectively. Further increase in concentration of DNase I, beyond 10 pg/mL,
did not result in significant difference in BPR (p > 0.05). The susceptibility of 96 h biofilm was least at
all the DNase I concentrations tested. However, the susceptibility of biofilms when cultivated for 48
and 72 h was almost at par (50% biofilm reduction). Based on these findings, 10 ug/mL of DNase I
was selected as the optimal concentration for pre-treatment.

3.1.2. DNase I Contact Time for Post-Treatment

The preformed biofilms of P. aeruginosa PAO1 biofilm were treated with 10 ug/mL of DNase I
(without Mg?*) for varying contact duration ranging from 0 to 120 min. However, the result as
presented in Figure 2a has been shown only until 35 min of contact duration as the observations at
other contact durations were more or less similar. Irrespective of the age of biofilm, BPR observed
was in the range of 45-53% at contact duration of 5 min and 73-77% for contact duration of 10 min
of DNase I treatment. Notably, insignificant difference, irrespective of the age of the biofilms, was
observed in BPR when post-treatment was done for more than 10 min (p > 0.05; Figure 2a). Thus, to be
on the safer side, 15 min of contact duration was selected for post-treatment.

Further efficacy of DNase I for post treatment was evaluated in the presence of Mg?* ions (10 mM).
It was found that, in the presence of Mg?*, DNase I could effectively reduce P. aeruginosa PAO1 biofilm
by 90% at a concentration of 5 pg/mL irrespective of the age of biofilm (Figure 2b). Increasing the
concentration of DNase I in the presence of Mg?* did not result in significant difference in biofilm
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reduction (p > 0.05). A control containing only Mg?* (without DNase I) did not exert any biofilm
reduction effect.
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Figure 1. Effect of DNase I (without Mg?*) pretreatment on P. aeruginosa PAO1 biofilm grown for 24,
48, 72,96 h in varying concentrations of DNase I (0-50 pg/mL). Biofilm quantification (A595 nm) on
the primary y-axis and biofilm percentage reduction (line graph) on the secondary y-axis. OD: optical
density; BPR: biofilm percentage reduction.

In view of these observations, DNase I concentration in the presence of Mg?* was optimized
over a range of 0 to 5 pg/mL in steps of 0.5 while keeping the contact duration constant at 15 min.
In this experiment, in addition to polystyrene, antibiofilm efficacy of DNase I was also evaluated on
polypropylene. It was found that 1.5 pg/mL and 2 ng/mL of DNase I could effectively reduce the 24 h
old P. aeruginosa PAO1 biofilm by 80% on polystyrene and 75% on polypropylene, respectively (Figure 2c).
The same assay was reconducted at constant DNase I concentration (1.5 pg/mL for Polystyrene and
2 ng/mL for polypropylene), but, for variable contact time, showed that aforementioned antibiofilm
efficacy could be achieved within only 5 min of contact duration. It is apparent from the above-mentioned
results that Mg?* ions are essential for antibiofilm efficacy of DNase 1.
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Figure 2. Effect of variable time of post-treatment on 24, 48, 72, 96 h old P. aeruginosa PAO1 biofilm
with (a) DNase (10 pg/mL; without Mg2+) and for varying contact time; (b) DNase (10 pug/mL) in the
presence of Mg2+ (10 mM) and for contact time of 15 min; (c) variable DNase (ug/mL) in the presence
of Mg2+ (10 mM) and for contact time of 15 min.

3.2. DNase I Treatment (Pre, Post and Dual) of Individual and Mixed Species Biofilms

The effect of DNase I treatments (without Mg?*) on biofilm formation was evaluated in three
sets of experiments: (Case-A) Individual pathogen: One test pathogen alone was used as inoculum to
form biofilm for 24 h (Figure 3a); (Case-B) Pathogen 2x 24 h: mixed biofilm was formed for 24 h using
all the pathogens at 1x inoculum level except one that was used at the 2x inoculum level. Hence,
five different biofilms that were initiated with inoculum having one organism out of five at the 2 x
level and remaining at 1x (Figure 3b); (Case-C) Pathogen 2 x 48 h: Similar to case b except the age of
biofilm, which was 48 h (Figure 3c).
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Figure 3. Effect of DNase I (without Mg?*) pre-treatment, post-treatment and dual treatment on

biofilms formed by (a) test organism (individual); (b) test organism 2 x mixed species biofilm formed

for 24 h; (c) test organism 2 x mixed species for biofilm formed for 48 h.
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The BPR as a result of three treatments (Pre, Post and Dual) seems to be similar for case-A,
as evident by overlapping error bars in Figure 3a and statistical insignificant difference (p > 0.05).
In reference to case-B, overall post-treatment was significantly better than pre-treatment (p < 0.05)
but on par with dual-treatment (p > 0.05) except P. aeruginosa PAO1 2 x, Salmonella Typhimurium 2.
Pre-treatment of Salmonella Typhimurium 2 x, E. faecalis 2, Klebsiella 2 x with DNase I resulted in BPR
of 7%, 9% and 15%, respectively. It is interesting to note that using pathogen at 2x inoculum level did
not result in greater biofilm formation than when they were used at 1x inoculum level, not even in the
case of P. aeruginosa PAO1 2 x. However, at extended incubation time, control biofilm in case-C was
significantly greater than that of case B (p < 0.05). In terms of BPR data, the efficacy of post-treatment
was found to be reduced (p > 0.05) when pathogen 2 biofilm was grown for 48 h.

4. Discussion

Owing to several roles played by e-DNA in biofilm formation and strengthening of biofilm
matrix, it has recently received much deserved attention by the research community. The current study
involves pathogens like model biofilm forming organism P. aeruginosa PAO1 and other test organisms
viz. Klebsiella spp., S. aureus, E. faecalis and Salmonella Typhimurium. These organisms either display
biofilm mediated pathogenesis, or form enhanced biofilm in the presence of e-DNA, or are of relevance
to the food industry [30]. The effect of DNase I on biofilm formation by test organisms was evaluated
by pre-treatment, post-treatment and dual treatment. Optimization of treatments were done using
P. aeruginosa PAO1 and the effect of the optimized treatments was evaluated on biofilm formation
potential of individual and 24 and 48 h old mixed species biofilm.

The findings indicate that DNase I pretreatment (10 ug/mL) resulted in BPR of 68%. These
findings can be corroborated with a previously published study that reported 40% reduction in
biofilms when grown in the presence of 5 ug/mL DNase for 24 h [31]. Pretreatment of DNase at a
concentration 5 ug/mkL has been reported to reduce E. coli and S. aureus biofilm by 47-54% [32]. It can
be concluded that DNase I concentration optimized in the current study for pre-treatment of biofilms
is therefore comparable to the published literature.

Interestingly, we observed an inverse relation between the antibiofilm effect of DNase I
pre-treatment and age of biofilm. Reduced vulnerability of the aged biofilm to DNase I indicates
lower dependence of such biofilms on e-DNA. The mature biofilms might also scavenge the e-DNA
in biofilm matrix to use it as a source of nutrition [8]. Moreover, the presence of DNase I throughout
the process of biofilm formation (as during pre-treatment) may have propelled the biofilm to devise
alternative strategies to compensate for the roles e-DNA plays [33]. The mature biofilm may still
have e-DNA in the matrix but strengthening of the matrix by methods other than e-DNA in mature
biofilms might render DNase ineffective. The results obtained in the current study are in complete
agreement with a very recently published study wherein the antibiofilm effect of DNase was reported
to be diminishing with the advancing age of biofilm [34]. Moreover, the efficacy of DNase is also
dependent on availability of Mg?* ion as discussed in detail in the following section.

After optimization of pre-treatment, post treatment was optimized at 10 pg/mL DNase I and
contact duration of 15 min that resulted in 73-77% BPR. Most of the published studies have reported
lower BPR at higher DNase concentrations and contact duration. A previously published study has
reported 50% reduction in clinical P. aeruginosa biofilms when post-treated with glutathione and DNase
(40U) [17]. Using DNase concentration almost 200 times higher, only 60% BPR could be achieved
against preformed biofilms of Acinetobacter baumannii [10]. In another study with Helicobacter pylori,
a very high concentration of DNase (1000 pg/mL) was used to achieve 50% BPR [35]. A previous
report has documented 50% reduction in L. monocytogenes biofilm when pre-treated with DNase at
concentration of 100 ug/mL and 75% reduction in case of post-treatment on 72 h old biofilm with
contact duration of 24 h [22]. The basis for higher BPR achieved in this study further alludes that,
in P. aeruginosa PAO1, e-DNA has a very crucial role to play in the process of biofilm formation [11,12].
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Another valuable outcome of the current study is the synergistic effect of Mg?* ions on efficacy of
DNase I against P. aeruginosa PAO1 biofilms. Introduction of Mg?* reduced the effective concentration
of DNase I by 85% (reduction from 10 to 1.5 ug/mL) to achieve 80% and 75% BPR on polystyrene and
polypropylene, respectively. We could not come across any study wherein introduction of Mg?* has led
to such a drastic increase in efficacy of DNase I. However, studies are available wherein introduction
of Mg?* has been reported to restore the antibiofilm effect of DNase I against P. aeruginosa biofilms [36].
Divalent ion, Mg?* is a cofactor of DNase I and their addition seems to have improved the efficacy of
the enzyme. These ions, however, have also been reported to reduce the efficacy of antibiotics [37,38].
Therefore, further studies are required for coming up with a strategy encompassing antimicrobials,
DNase and Mg?* ions for effective control of biofilms.

DNase I pre-treatment, post treatment and dual treatment (combination of pre-treatment and
post treatment) on individual and mixed species biofilm revealed very interesting results. There was
an insignificant difference in the effect of treatments on individual biofilms. The susceptibility of
biofilms to DNase I was organism specific. These findings indicate that the biofilms vary with respect
to their dependence on e-DNA for biofilm formation. To the best of the authors” knowledge, there is
a lack of reports wherein multiple pathogens have been compared in reference to antibiofilm effect of
DNase I treatments (pre, post and dual); therefore, the findings could not be corroborated.

The optimized DNase I treatments were tested against mixed species biofilms, which is a more
accurate simulation of biofilms in real-life scenarios. The biofilms formed by test organisms individually
were greater than that formed when the respective organism was dominant (2 x inoculum) in mixed
species. This observation can be attributed to the competitive and/or antagonistic interaction in
the mixed species biofilm [39]. On the contrary, synergism amongst biofilm inhabitants has also
been reported [30,40]. Overall, in the mixed species biofilm, DNase I was not as effective as against
individual biofilms. The post treatments of mixed species biofilms grown for 24 h led to BPR in
the range of 36-76%, which further declined to 13-53% with the ageing of biofilm for 48 h, except
Kelbsiella 2 x biofilms. Overall, mixed species biofilm is explored to lesser extent than individual
biofilms and therefore we could not come across any study, wherein biofilms of more than two
organisms were developed and treated with DNase 1. The findings of the current investigation are
slightly better than published studies on dual species biofilm of Candida albicans and S. epidermidis
and C. albicans and Streptococcus gordonii, which have reported BPR of 35% and 25% [41,42]. Others
have reported 45% and 80% reduction in viable cell count in dual species 48 h old biofilm formed by
L. monocytogenes—E. coli and L. monocytogenes—Pseudomonas fluorescens, respectively, when post-treated
with DNase (400 pg/mL, contact duration of 30 min) [43].

The prospect of using DNase I treatment as a part of clean-in-place regimes in the food industry
are bolstered by the fact that it is heat sensitive and would be deactivated during heat treatments
deployed in the food industry [44,45]. Moreover, if ingested along with the food items, acidic pH
prevalent in stomach will degrade the enzyme [45]. DNase I based human therapeutics agents
are also being developed for cystic fibrosis and rapid wound healing [46-48]. DNase I coating on
polymethylmethacrylate biomaterial has been suggested for effective antibiotic delivery [49]. These
reports indicate that time has ripened for the development of DNase based antibiofilm formulations
for the food industry.

5. Conclusions

In general, the findings of the current study indicate that post-treatment with DNase I was superior
to pre-treatment and dual treatment even when applied to solo or mixed biofilms. In addition, DNase
is effective to remove biofilms on various substrates used in the food industry like polypropylene and
polystyrene. DNase itself is not an antimicrobial but can effectively sensitize the biofilm structure for
antimicrobial. DNase can be considered for clean-in-place regimes in food industries in view of its
efficacy in reducing biofilm formation or removing pre-existing biofilms. However, further research
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is required to understand the effect of DNase especially on mixed species biofilm in nature where
conditions are not conducive for DNase.

Acknowledgments: The authors acknowledge the extramural funding provided by the Department
of Biotechnology (DBT, New Delhi) under the “Bio-CARe” scheme. The authors are also thankful to
Chotubhai Lallubhai Patel, Chairman, CharutarVidya Mandal, Vidya Nagar, Anand and Rajeev Kumar Jain,
Principal, AD Patel Institute of Technology, New VallabhVidya Nagar for providing necessary infrastructure and
dedicated lab space for research. We also express heartfelt gratitude to Shivmurti Srivastav, Head, Food Processing
Technology, ADIT for constant support and encouragement.

Author Contributions: A.P.S. conceived and designed the experiments; K.S. performed the experiments; and the
contribution of A.P.S. and K.S. for analyzing and writing the paper was 70:30, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lebeaux, D.; Chauhan, A.; Rendueles, O.; Beloin, C. From in vitro to in vivo Models of Bacterial
Biofilm-Related Infections. Pathogens 2013, 2, 288-356. [CrossRef] [PubMed]

2. Singh, A.P; Singh, J. Antibiofilm strategies. In Biofilms in Bioengineering, 1st ed.; Simoes, M., Mergulhao, F,, Eds.;
Nova Biomedical; Nova Science Publishers: Porto, Portugal, 2013; Volume 1, p. 363. ISBN 978-1-62948-161-6.

3. Lasarre, B.; Federle, M.]. Exploiting Quorum Sensing to Confuse Bacterial. Pathogens 2013, 77, 73-111.
[CrossRef] [PubMed]

4. Chen, X.; Schauder, S.; Potier, N.; Van Dorsselaer, A.; Pelczer, I.; Bassler, B.L.; Hughson, EM. Structural
identification of a bacterial quorum-sensing signal containing boron. Nature 2002, 415, 545-549. [CrossRef]
[PubMed]

5. Chang, H.; Zhou, J.; Zhu, X,; Yu, S.; Chen, L.; Jin, H.; Cai, Z. Strain identification and quorum sensing
inhibition characterization of marine-derived Rhizobium NAOL. R. Soc. Open Sci. 2017, 77, 73-111. [CrossRef]

6. Pagedar, A.; Singh, J.; Batish, V.K. Efflux mediated adaptive and cross resistance to ciprofloxacin and
benzalkonium chloride in Pseudomonas aeruginosa of dairy origin. J. Basic Microbiol. 2011, 51, 289-295.
[CrossRef] [PubMed]

7. Pagedar, A,; Singh, J. Influence of physiological cell stages on biofilm formation by Bacillus cereus of dairy
origin. Int. Dairy J. 2012, 23, 30-35. [CrossRef]

8. Flemming, H.C.; Wingender, J. Extracellular Polymeric Substances (EPS): Structural, Ecological and Technical
aspects. In Encyclopedia of Environmental Microbiology; Bitton, G., Ed.; John Wiley & Sons: New York, NY,
USA, 2002; pp. 1223-1231.

9.  Montanaro, L.; Poggi, A.; Visai, L.; Ravaioli, S.; Campoccia, D.; Speziale, P.; Arciola, C.R. Extracellular DNA
in biofilms. Int. J. Artif. Organ. 2011, 34, 824-831. [CrossRef] [PubMed]

10. Sahu, PK; Iyer, P.S.; Oak, A.M.; Pardesi, K.R.; Chopade, B. Characterization of eDNA from the Clinical
Strain Acinetobacter baumannii AIIMS 7 and Its Role in Biofilm Formation. Sci. World J. 2012, 1-10. [CrossRef]
[PubMed]

11.  Whitchurch, C.B.; Tolker-Nielsen, T.; Ragas, P.C.; Mattick, ].S. Extracellular DNA required for bacterial
biofilm formation. Science 2002, 295, 1487. [CrossRef] [PubMed]

12.  Fleming, D.; Rumbaugh, K. Approaches to Dispersing Medical Biofilms. Microorganisms 2017, 5, 15.
[CrossRef] [PubMed]

13. Beenken, K.E.; Spencer, H.; Griffin, L.M.; Smelter, S.M.; Camilli, A. Impact of extracellular nuclease
production on the biofilm phenotype of Staphylococcus aureus under in vitro and in vivo conditions.
Infect. Immun. 2012, 80, 1634-1638. [CrossRef] [PubMed]

14. Gnanadhas, D.P; Elango, M.; Datey, A. Chronic lung infection by Pseudomonas aeruginosa biofilm is cured by
L-Methionine in combination with antibiotic therapy. Sci. Rep. 2015, 5, 16043. [CrossRef] [PubMed]

15. Izano, E.; Amarante, M.; Kher, W.B.; Kaplan, J.B. Differential roles of poly-N-acetylglucosamine surface
polysaccharide and extracellular DNA in Staphylococcus aureus and Staphylococcus epidermidis biofilms.
Appl. Environ. Microbiol. 2008, 74, 470-476. [CrossRef] [PubMed]

16. Kaplan, J.B,; Lovetri, K,; Cardona, S.T.; Madhyastha, S.; Sadovskaya, I.; Jabbouri, S.; Izano, E.A. Recombinant
human DNase I decreases biofilm and increases antimicrobial susceptibility in staphylococci. J. Antibiot.
2012, 65, 73-77. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/pathogens2020288
http://www.ncbi.nlm.nih.gov/pubmed/25437038
http://dx.doi.org/10.1128/MMBR.00046-12
http://www.ncbi.nlm.nih.gov/pubmed/23471618
http://dx.doi.org/10.1038/415545a
http://www.ncbi.nlm.nih.gov/pubmed/11823863
http://dx.doi.org/10.1098/rsos.170025
http://dx.doi.org/10.1002/jobm.201000292
http://www.ncbi.nlm.nih.gov/pubmed/21298686
http://dx.doi.org/10.1016/j.idairyj.2011.10.009
http://dx.doi.org/10.5301/ijao.5000051
http://www.ncbi.nlm.nih.gov/pubmed/22094562
http://dx.doi.org/10.1100/2012/973436
http://www.ncbi.nlm.nih.gov/pubmed/22593716
http://dx.doi.org/10.1126/science.295.5559.1487
http://www.ncbi.nlm.nih.gov/pubmed/11859186
http://dx.doi.org/10.3390/microorganisms5020015
http://www.ncbi.nlm.nih.gov/pubmed/28368320
http://dx.doi.org/10.1128/IAI.06134-11
http://www.ncbi.nlm.nih.gov/pubmed/22354028
http://dx.doi.org/10.1038/srep16043
http://www.ncbi.nlm.nih.gov/pubmed/26521707
http://dx.doi.org/10.1128/AEM.02073-07
http://www.ncbi.nlm.nih.gov/pubmed/18039822
http://dx.doi.org/10.1038/ja.2011.113
http://www.ncbi.nlm.nih.gov/pubmed/22167157

Foods 2018, 7, 42 11 0f12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Klare, W,; Das, T; Ibugo, A.; Buckle, E; Manefield, M.; Manos, J. Glutathione-disrupted biofilms
of clinical Pseudomonas aeruginosa Strains Exhibit an Enhanced Antibiotic Effect and a Novel Biofilm.
Antimicrob. Agents Chemother. 2016, 60, 4539-4551. [CrossRef] [PubMed]

Brown, H.L.; Reuter, M.; Hanman, K.; Betts, R.P; Van Vliet, A.H.M. Prevention of biofilm formation and
removal of existing biofilms by extracellular DNase of Campylobacter jejuni. PLoS ONE 2015, 10, e0121680.
[CrossRef] [PubMed]

Brown, H.L.; Hanman, K.; Reuter, M.; Betts, R.P,; van Vliet, A.H.M. Campylobacter jejuni biofilms contain
extracellular DNA and are sensitive to DNase I treatment. Front. Microbiol. 2015, 6, 1-11. [CrossRef]
[PubMed]

Fuxman Bass, J.I.; Russo, D.M.; Gabelloni, M.L.; Geffner, J.R.; Giordano, M.; Catalano, M.; Zorreguieta, A.;
Trevani, A.S. Extracellular DNA: A Major Proinflammatory Component of Pseudomonas aeruginosa Biofilms.
J. Immunol. 2010, 184, 6386—6395. [CrossRef] [PubMed]

Tetz, G.V.; Artemenko, N.K.; Tetz, V.V. Effect of DNase and antibiotics on biofilm characteristics.
Antimicrob. Agents Chemother. 2009, 53, 1204-1209. [CrossRef] [PubMed]

Nguyen, U.T,; Burrows, L.L. DNase I and proteinase K impair Listeria monocytogenes biofilm formation and
induce dispersal of pre-existing biofilms. Int. ]. Food Microbiol. 2014, 187, 26-32. [CrossRef] [PubMed]
Fredheim, E.G.A.; Klingenberg, C.; Rohde, H.; Frankenberger, S.; Gaustad, P.; Flaegstad, T.; Sollid, J.E. Biofilm
formation by Staphylococcus shaemolyticus. ]. Clin. Microbiol. 2009, 47, 1172-1180. [CrossRef] [PubMed]
Cavaliere, R.; Ball, J.L.; Turnbull, L.; Whitchurch, C.B. The biofilm matrix destabilizers, EDTA and DNasel,
enhance the susceptibility of nontypeable Hemophilus influenzae biofilms to treatment with ampicillin and
ciprofloxacin. Microbiol. Open 2014, 3, 557-567. [CrossRef] [PubMed]

Kawarai, T.; Narisawa, N.; Suzuki, Y.; Nagasawa, R.; Senpuku, H. Streptococcus mutans biofilm formation is
dependent on extracellular DNA in primary low pH conditions. J. Oral Biosci. 2016, 58, 55-61. [CrossRef]
Arslan, S.; Eyi, A,; Ozdemir, F. Spoilage potentials and antimicrobial resistance of Pseudomonas spp. isolated
from cheeses. J. Dairy Sci. 2011, 94, 5851-5856. [CrossRef] [PubMed]

Guidelines for Drinking-water Quality. Available online: http://apps.who.int/iris/bitstream /10665 /
254637 /1/9789241549950-eng.pdf?ua=1 (accessed on 16 March 2018).

O’Toole, G. Microtiter Dish Biofilm Formation Assay. J. Vis. Exp. 2011, 10-11. [CrossRef] [PubMed]
XLstatistics Add-in Tool for Excel. Available online: http:/ /www.deakin.edu.au/~rodneyc/XLStatistics/
(accessed on 16 March 2018).

Jahid, I.K.; Ha, S.D. The Paradox of Mixed-Species Biofilms in the Context of Food Safety. Comp. Rev. Food
Sci. Food Saf. 2014, 13, 990-1011. [CrossRef]

Sharma, K.; Singh, J.; Singh, A.P. Combating biofilm mediated antimicrobial resistance using efflux pump
inhibitor and Deoxyribonuclease. Int. J. Mgmt. Appl. Sci. 2017, 5, 16-19.

Tetz, V.V,; Tetz, G.V. Effect of extracellular DNA destruction by DNase I on characteristics of forming biofilms.
DNA Cell Biol. 2010, 29, 399—-405. [CrossRef] [PubMed]

Alhede, M.; Kragh, K.N.; Qvortrup, K.; Allesen-Holm, M.; van Gennip, M.; Christensen, L.D.; Jensen, P.J.;
Nielsen, A.K.; Parsek, M.; Wozniak, D.; et al. Phenotypes of non-attached Pseudomonas aeruginosa aggregates
resemble surface attached biofilm. PLoS ONE 2011, 6, €27943. [CrossRef] [PubMed]

Schlafer, S.; Meyer, R.L.; Dige, I.; Regina, V.R. Extracellular DNA Contributes to Dental Biofilm Stability.
Caries Res. 2017, 51, 436-442. [CrossRef] [PubMed]

Grande, R.; Giulio, M.; Bessa, L.]J.; Di Campli, E.; Baffoni, M.; Guarnieri, S.; Cellini, L. Extracellular DNA in
Helicobacter pylori biofilm: A backstairs rumour. J. Appl. Microbiol. 2011, 110, 490-498. [CrossRef] [PubMed]
Mulcahy, H.; Charron-Mazenod, L.; Lewenza, S. Extracellular DNA chelates cations and induces antibiotic
resistance in Pseudomonas aeruginosa biofilms. PLoS Pathog. 2008, 4, €1000213. [CrossRef] [PubMed]
Zimelis, V.M.; Jackson, G.G. Activity of Aminoglycoside Antibiotics against Pseudomnionas aeruginosa specificity
and site of calcium and magnesium antagonism. J. Infect. Dis. 1973, 127, 663-669. [CrossRef] [PubMed]
Beware Mixing Antibiotics with Magnesium. Available online: https:/ /www.newsmax.com/Health/Health-
Wire/magnesium-supplements-antibiotics-mixing /2015/05/27/id / 646969/ (accessed on 16 March 2018).
Rendueles, O.; Ghigo, ].M. Multi-species biofilms: How to avoid unfriendly neighbors. FEMS Microbiol. Rev.
2012, 36, 972-989. [CrossRef] [PubMed]

Varposhti, M.; Entezari, F.; Feizabadi, M.M. Synergistic interactions in mixed-species biofilms of pathogenic
bacteria from the respiratory tract. Rev. Soc. Bras. Med. Trop. 2014, 47, 649-652. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/AAC.02919-15
http://www.ncbi.nlm.nih.gov/pubmed/27161630
http://dx.doi.org/10.1371/journal.pone.0121680
http://www.ncbi.nlm.nih.gov/pubmed/25803828
http://dx.doi.org/10.3389/fmicb.2015.00699
http://www.ncbi.nlm.nih.gov/pubmed/26217328
http://dx.doi.org/10.4049/jimmunol.0901640
http://www.ncbi.nlm.nih.gov/pubmed/20421641
http://dx.doi.org/10.1128/AAC.00471-08
http://www.ncbi.nlm.nih.gov/pubmed/19064900
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.06.025
http://www.ncbi.nlm.nih.gov/pubmed/25043896
http://dx.doi.org/10.1128/JCM.01891-08
http://www.ncbi.nlm.nih.gov/pubmed/19144798
http://dx.doi.org/10.1002/mbo3.187
http://www.ncbi.nlm.nih.gov/pubmed/25044339
http://dx.doi.org/10.1016/j.job.2015.12.004
http://dx.doi.org/10.3168/jds.2011-4676
http://www.ncbi.nlm.nih.gov/pubmed/22118075
http://apps.who.int/iris/bitstream/10665/254637/1/9789241549950-eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/254637/1/9789241549950-eng.pdf?ua=1
http://dx.doi.org/10.3791/2437
http://www.ncbi.nlm.nih.gov/pubmed/21307833
http://www.deakin.edu.au/~rodneyc/XLStatistics/
http://dx.doi.org/10.1111/1541-4337.12087
http://dx.doi.org/10.1089/dna.2009.1011
http://www.ncbi.nlm.nih.gov/pubmed/20491577
http://dx.doi.org/10.1371/journal.pone.0027943
http://www.ncbi.nlm.nih.gov/pubmed/22132176
http://dx.doi.org/10.1159/000477447
http://www.ncbi.nlm.nih.gov/pubmed/28728145
http://dx.doi.org/10.1111/j.1365-2672.2010.04911.x
http://www.ncbi.nlm.nih.gov/pubmed/21143715
http://dx.doi.org/10.1371/journal.ppat.1000213
http://www.ncbi.nlm.nih.gov/pubmed/19023416
http://dx.doi.org/10.1093/infdis/127.6.663
http://www.ncbi.nlm.nih.gov/pubmed/4196445
https://www.newsmax.com/Health/Health-Wire/magnesium-supplements-antibiotics-mixing/2015/05/27/id/646969/
https://www.newsmax.com/Health/Health-Wire/magnesium-supplements-antibiotics-mixing/2015/05/27/id/646969/
http://dx.doi.org/10.1111/j.1574-6976.2012.00328.x
http://www.ncbi.nlm.nih.gov/pubmed/22273363
http://dx.doi.org/10.1590/0037-8682-0262-2013
http://www.ncbi.nlm.nih.gov/pubmed/25467269

Foods 2018, 7, 42 12 0of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

Pammi, M,; Liang, R.; Hicks, J.; Mistretta, T.A.; Versalovic, J. Biofilm extracellular DNA enhances mixed
species biofilms of Staphylococcus epidermidis and Candida albicans. BMC Microbiol. 2013, 13, 257. [CrossRef]
[PubMed]

Jack, A.A.; Daniels, D.E.; Jepson, M.A.; Vickerman, M.M.; Lamont, R.J.; Jenkinson, H.F.; Nobbs, A.H.
Streptococcus gordonii com CDE (competence) operon modulates biofilm formation with Candida albicans.
Microbiology 2015, 161, 411-421. [CrossRef] [PubMed]

Rodriguez-Loépez, P; Carballo-Justo, A.; Draper, L.A.; Cabo, ML. Removal of Listeria monocytogenes dual-species
biofilms using combined enzyme-benzalkonium chloride treatments. Biofouling 2017, 33, 45-58. [CrossRef]
[PubMed]

Deoxyribonuclease I from Bovine Pancreas, Product Information. Available online: https://www.
sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Product_Information_Sheet/dneppis.pdf
(accessed on 16 March 2018).

Thermo Fisher Scientific. Available online: https://www.thermofisher.com/in/en/home/references/ambion-
tech-support/nuclease-enzymes/ general-articles /dnase-i-demystified.html (accessed on 28 October 2017).
Torbic, H.; Hacobian, G. Evaluation of Inhaled Dornase Alfa Administration in Non-Cystic Fibrosis Patients
at a Tertiary Academic Medical Center. J. Pharm. Pract. 2016, 29, 480-483. [CrossRef] [PubMed]

Maxwell, R.E.; Loomis, E.C. Fibrinolysin-Desoxyribonuclease for Enzymatic Debridement. Available online:
https:/ /www.google.co.in/patents /US3208908 (accessed on 28 October 2017).

Hanson, D.P. Composition for Enzymatic Debridement. Available online: https://www.google.com/
patents/US20130156745 (accessed on 28 October 2017).

Swartjes, J.J.; Das, T.; Sharifi, S.; sharifi, S.; Subbiahdoss, G.; Sharma, PK.; Krom, P.B.; Busscher, H.].;
Vander Mei, H.C. A functional DNase I coating to prevent adhesion of bacteria and the formation of biofilm.
Adv. Funct. Mater. 2013, 23, 2843-2849. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/1471-2180-13-257
http://www.ncbi.nlm.nih.gov/pubmed/24228850
http://dx.doi.org/10.1099/mic.0.000010
http://www.ncbi.nlm.nih.gov/pubmed/25505189
http://dx.doi.org/10.1080/08927014.2016.1261847
http://www.ncbi.nlm.nih.gov/pubmed/27918204
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Product_Information_Sheet/dneppis.pdf
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Product_Information_Sheet/dneppis.pdf
https://www.thermofisher.com/in/en/home/references/ambion-tech-support/nuclease-enzymes/general-articles/dnase-i-demystified.html
https://www.thermofisher.com/in/en/home/references/ambion-tech-support/nuclease-enzymes/general-articles/dnase-i-demystified.html
http://dx.doi.org/10.1177/0897190014568385
http://www.ncbi.nlm.nih.gov/pubmed/25667210
https://www.google.co.in/patents/US3208908
https://www.google.com/patents/US20130156745
https://www.google.com/patents/US20130156745
http://dx.doi.org/10.1002/adfm.201202927
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Culture Maintenance 
	Biofilm Formation Assay 
	Optimization of DNase I Concentration for Pre-Treatment 
	Optimization of Contact Time and Concentration of DNase I for Post Treatment 
	Pre-Treatment, Post-Treatment and Dual Treatment of Microbial Biofilms by DNase I 
	Pre-Treatment, Post-Treatment and Dual Treatment of Mixed Species Biofilm by DNase I 
	Statistical Analysis 

	Results 
	Optimization of Pre-Treatment and Post-Treatment 
	DNase I Concentration for Pre-Treatment 
	DNase I Contact Time for Post-Treatment 

	DNase I Treatment (Pre, Post and Dual) of Individual and Mixed Species Biofilms 

	Discussion 
	Conclusions 
	References

