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ABSTRACT

In recent years, bacterial infections have become a major
public health concern due to their ability to cooperate be-
tween single and multiple species resisting to various forms
of treatments (e.g., antibiotics). One form of protection is
through biofilms, where the bacteria produce a protective
medium known as the Extracellular Polymeric Substances
(EPS). Researchers are pursuing new multi-disciplinary ap-
proaches to treating and kerb the evolving process of these
infections through the biofilms, to lower the humans’ an-
tibiotic dependence that can result in the so-called “super-
bugs”. Although various solutions have been proposed to
break biofilms, they are based on applying drugs or us-
ing nanoparticles. In this paper, we propose an alternative
approach, where bacteria will cooperate and surround the
biofilms to consume the nutrients. By hijacking the nutri-
ents in the environment and blocking the flow from reaching
the biofilms, this will lead to starvation, forcing them to
break their structure. Preliminary simulations show that a
small action radius of quorum sensing molecules is needed
to maximise bacteria attraction to a particular location and
create the protective wall. Therefore, this formation is ca-
pable of speeds up biofilm dispersal process by two hours.
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1. INTRODUCTION

Bacterial infections are prevalent today and the continued
resistance to various types of drugs has led them to emerge as
super bugs [19]. The continued and evolved strength against
antibiotics is due to their functionalities, which include their
ability to interact, signal and communicate, move towards
areas of favourable conditions, forming protective structures,
as well mutation process that occurs in their DNAs [8, 26].
In this paper, we will focus on one particular functionality of
bacteria that protects and enables them to evolve and resist
to antibiotic treatment, and this is known as biofilms.

Biofilms are communities of bacteria that come together,
attach to a surface and form a protective medium [8]. The
formation of a biofilm begins when bacteria communicate
with each other and receive signals from the environment
triggering regulatory networks [8] to promote their attach-
ment to a surface with favourable conditions (e.g., sufficient
amount of nutrients). After performing the attachment, the
signalling process will promote cell division to populate the
surface, and production of a protective medium known as the
Eztracellular Polymeric Substances (EPS) [8]. After creat-
ing the EPS, bacteria within this protective medium perform
complex communication processes to maintain the biofilm
(e.g., division of labor) [10]. Protected by the EPS, the
biofilm is hard to penetrate, leading the bacteria to evolve
and survive in harsh environments.

Numerous chemical treatments have been developed to
treat biofilms [26]. Those treatments will usually lead to
dispersal of biofilms [4, 26]. Another solutions includes jam-
ming the communication process between the bacteria to
prevent them to signal in order to create EPS [11]. Also,
probiotic bacteria have been used to treat certain biofilm-
related diseases. For example, patients with bowel inflam-
mation and oral mucositis have been subjected to bacteria-
based treatments [13, 15]. In this paper, we propose an alter-
native mechanism that will disperse biofilms using molecular
communication to induce a nutrient competition among dif-
ferent bacterial species. Molecular communication is a new
paradigm where the communication system is constructed to
represent the signalling process among cells [2, 6]. This new
area of research also extends towards developing artificial
communication systems [1, 3, 6].

The contributions of this paper include:
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Figure 1: A bacterial wall is formed around the
biofilm inducing a competition for available nutri-
ents. Free-moving bacteria are attracted to the wall
if their distance from the bacterial wall were smaller
than the action radius of quorum sensing molecules.

e Design of biocompatible technique to disperse
biofilms: The process concentrates on the natural sig-
nalling process between bacteria to induce competing
behaviour. The bacteria swim towards an established
biofilm, surrounds it and consume nutrients within the
environment leading to biofilm starvation (the implicit
objective is to trigger social competition within the
biofilm that will lead to conflicts and breakage of the
biofilm).

e Simulation evaluation: Simulation scenarios are pro-
posed to show the effectiveness of breaking the biofilm
through a population of bacteria that surrounds and
intercepts the nutrients flowing towards the biofilm.

This paper is organised as follows. In Section 2, the
biofilm dispersal process is characterized. The proposed sys-
tem is formally characterized in Section 3. Section 4 presents
the analysis and simulation of the bacterial competition that
will lead to the breakage of the biofilm. Lastly, Section 5
presents the conclusion.

2. BIOFILM AND BREAKDOWN
APPROACHES

Within the human body, biofilms can be formed between
the edges of tissues that contain implantable devices [7]. Af-
ter the biofilms are matured, the EPS protects the bacteria
from physical attacks and drug treatments such as antibi-
otics. Bacteria inside biofilms constantly monitor the envi-
ronment and induce specific phenotypes as response to any
sensed signal [9]. As a response to harsh environments, the
dispersal mechanism is activated. This mechanism, com-
monly used to assure community survival, can also be used
to reach other surfaces and spread the biofilm further [19].
In certain cases, these dispersed cells (biofilm flocks or free-
moving bacteria) are as harmful as the biofilm itself. For
example, in air pipes, biofilm flocks can be carried by the
air which can affect people who inhale them [7]. At the same
time, biofilms in water pipes must be constantly monitored
because they develop a high resistance to chlorine used to
treat the water, resulting in high levels of contamination [7].

The current pharmaceutical products are capable of treat-
ing biofilms at the early formation stages [26]. However,
drugs do not have the same efficiency to kill bacteria inside
mature biofilms and, even worse, can promote the develop-
ment of drug resistance genes. China have recently reported

the emergence of “superbugs” that are resistant to all known
antibiotics [14]. Therefore, numerous research efforts have
been put into mechanisms of dispersing biofilms as a pre-
ventive measure for the superbugs [4, 16].

Current techniques to induce biofilm dispersal applies quo-
rum sensing molecules and the use of nano particles. Re-
searchers have investigated how disrupting quorum sensing
could be used to disperse biofilms and have applied this
technique towards the development of new antibiotics [4,
12]. Others are studying how to use nanoparticles as antimi-
crobials, as they can be lethal to free-moving bacteria [5].
Nanoparticles, as silver ions, can penetrate into biofilms and
bond to EPS molecules disrupting it [25]. Although these
novel approaches can break biofilms, they require an appli-
cation of drugs or foreign materials which is not suitable
for application in humans since they can result in harmful
side effects. For example, nanoparticles need to be precisely
injected close to the biofilm, and must not accumulate in
specific areas of the tissue due to their high toxicity [21].

An alternative approach is proposed in this paper (see Fig-
ure 1). The basic idea is introduce a harsh environment by
reducing the amount of available nutrients in order to affect
the biofilm’s capacity of maintaining the structure. The ob-
jective is to utilise bio-compatible mechanism of competing
free-moving bacteria to hijack the nutrients. This will pre-
vent the flow of nutrients into the biofilm and disrupt their
upkeep leading to the breakage. The paper will present nu-
merical evaluations to demonstrate how the blockage of con-
sumed nutrients by free-moving bacteria can induce biofilm
dispersal.

3. SYSTEM MODEL

We propose in this paper an induced ecological compe-
tition among engineered free-moving bacteria and biofilms.
The competition analysis consist of two steps, which are
illustrated in Figure 2. The first step consists of sensing
biofilm within the environment. Engineered free-moving
bacteria will detect a concentration level of QS molecules
emitted by the biofilm, and terminate their movement once
these levels indicate their proximity to the biofilm in order
to form the protective wall. The free-moving bacteria will
emit more QS molecules to attract other bacteria within the
vicinity to increase the size as well as strengthen the wall.
The biased movement results from the activation of their
regulatory network once they sense a minimum level of QS
molecules [18].

The second step is the nutrient consumption phase by the
free-moving bacteria that results in the wall’s growth. Due
to the number of bacteria within the wall, after a certain
period the nutrient consumption rate will be greater than
the nutrient renewal process. Therefore, higher efficient nu-
trient consumption results in increased efficiency to disperse
biofilms.

To analyse this process, we model the attraction of free-
moving bacteria towards the biofilm to create the wall as
a single event (see Subsection 3.1). In Subsection 3.2 we
present the growth rate and nutrient consumption rate mod-
els for both biofilms and free-moving bacteria.

3.1 Attraction Model

To evaluate the attraction process of the free-moving bac-
teria to the wall we need to obtain the concentration levels
of quorum sensing molecules (A.) that are produced by the
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Figure 2: Flow diagram of proposed system. Free-
moving bacteria are attracted to the wall and unbal-
ancing the nutrient competition towards them and
inducing biofilm to disperse.

wall. These levels can be evaluated as [20, 23]

D2Nbacrvﬁ (1)
(1+ D)(1 + D + DNyacrs) (o + 8)’

where D is the diffusion coefficient, Nps is the number of
bacteria, r, is the ratio of cell volume and the volume ex-
ternal to the cell, and « and B are the transcription rates.
These molecules will be diffused into the environment and
will decay exponentially with the distance from the origin,

Ac =

Ap = Acexp (—\/(x—wo)2+(y—yo)2) ) (2)

where Ap is the autoinducer concentration at position (x, y)
and (xo,yo) are the biofilm coordinates.

Considering the A, as the maximum QS level, it is possible
to specify the maximum action radius of the protective wall
[9]. The action radius is the maximum distance that a bac-
terium can be with respect to the protective wall, in order
for the attraction process to occur. This can be represented

as follows
3 3cawDdt
Ros =\ ZDdA, —can’ (3)

where Rgs is the maximum action radius; d is the maxi-
mum distance achieved by the diffused molecules; ca., is the
transcription basal level for AHL produced by free-moving
bacteria at the wall and ¢ is the diffusion time.

3.2 Growth Rate and Nutrient Consumption
Rate Models

Mathematical models were used to study the effect of free-
moving bacteria consumption of nutrients and its effect on
the biofilm growth. For the free-moving bacteria, the nutri-
ent consumption and biomass growth rate are represented
by (4) and (5) [22]:

d{Soac] _ [Stac]

w = (“[S}%KJ [ (4)
d[Nl} = [Sbac]

di <’“m ’ml) [N1] (5)

where [Shac] is the nutrient consumption by the bacteria;
[N1] is the bacterial concentration; p; is the maximum growth

rate; K g1 is the half-saturation constant for free-moving bac-
teria; m; is the maintenance rate of bacteria cells and U; is
an utility parameter.

For the biofilms, other parameters are used to represent
the growth and nutrient consumption. Quorum sensing sys-
tem and EPS production have important roles in biofilm
growth, and is highly related to the nutrient consumption
rate. For the quorum sensing process, we considered the N-
acyl-L-homoserine lactone (AHL) molecules and the LuzR
receptors, and their rates are described by (6)-(9) [17]

dlA] _ ka[C]
o =eat m — ko[A] — ka[R][A] + ko[RA]  (6)
% —cr+ % — ka[A] = k1 [RI[A] + ko[RA]  (7)
d[zA] — k1 [R[A] — ko[ RA] — 2ka[RAP + 2k5[C]  (8)
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where [A], [R], [RA], [C] are the AHL, LuzR, LuzR - AHL
complex and dimerized complex concentration, respectively.
The EPS production that results from the quorum sensing
process is represented as [24]

d[EPS]

i = kEpS[ [C] (10)

Cl+ Ko’

The rate expression for the biofilm growth N2, consider-
ing that bacteria has a limited growth and fixed maintenance
rate (this is related to the nutrient consumption when bac-
teria is neither growing nor dividing) is represented as

d[Ns] _ ( [Sbio]

i = (g ey —ma) ) )

The nutrient consumption rate [Sy;o] function which is the
weighted sum of all rate functions of this process [22, 24] is
represented as follows

d[Sbio] _ [Sbio] B dlA] _
dt Uz ('u2 Kg2 + [Sbio] No = Uany dt
d|R d|[EPS
— ULuxR% - UEPS%7 (12)

where ca and cg are the transcription basal levels for AHL
and LuxR, respectively; ka and kr are the transcription
rates; K4 and Kgr are the degradation rates; us are the
maximum specific growth rate for the free-moving as well
as bacteria inside the biofilm; ko, k1, k2, k3, k4, ks are the
translation rates; Ko is the half-saturation constant for the
biofilm; ms is the maintenance rate; kgps is the maximum
EPS production rate; K¢ is the dimerized complex degra-
dation rate and Uz, Uanr, Uruzr, Urps are the utility
parameters.

Considering that free-moving bacteria and biofilms are co-
existing and competing for the same nutrients [S], (5), (11)
and (12) are modified as follows,
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Figure 3: Numerical results of free-moving bacteria
nutrient consumption and growth rate when isolated
([Svac] and [Ni], respectively) and co-existing with
the biofilm ([S] and [N:], respectively).
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The growth rate of free-moving bacteria attracted to the
wall [Ne] is

d[Ne]
dt
where (i, is the rate of free-moving bacteria that is attracted
to the wall per hour.
Therefore, both (5) and (15) will be modified to consider
(16), and is represented as follows

— pulNel, (16)
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Figure 4: Numerical results of biofilm nutrient con-
sumption and growth rate when isolated ([Ski,] and
[N2], respectively) and co-existing with free-moving
bacteria ([S] and [N:], respectively).

4. BIOFILM DISPERSAL

In this section, we present the analysis of the biofilm’s
breakdown mechanism due to the starvation process. All
equations shown in Section 3 are solved using the parame-
ters presented in Table 1. The nutrient consumption rate,
biofilm and free-moving bacteria growth rate are required to
understand the biofilm’s breaking process.

4.1 Numerical Results

We analysed the bacterial growth and nutrient consump-
tion rates for the free-moving bacteria and biofilm when they
are isolated as well as mixed (forming the wall) in the same
environment using (4)—(15). The population of the free-
moving bacteria, when isolated, will grow and consume the
nutrients as shown in Figure 3. After growing for 7.4 hours,
those free-moving bacteria will die due to insufficient nutri-
ents. Figure 3 also shows that they have the same behaviour
when they co-exists with the biofilm.

Figure 4 presents the biofilm growth rate over time. Nu-
trient concentration decays non-linearly over time towards
zero producing a fast decaying process for the biofilm af-
ter 33 hours when isolated. However, when co-existing with
free-moving bacteria, the biofilm decays with a higher rate
than when isolated. Its take 10 hours to deplete the nutri-
ents and start the decaying process. From Figures 3 and
4 we can observe that the decay rate of the biofilm is in-
creased by the competition with the free-moving bacteria.
Therefore, in order to quickly disperse the biofilm, it is nec-
essary that most of the free-moving bacteria are attracted
to the wall within 7.4 hours (this is of course with respect
to the quantity of nutrients we have considered).

4.2 Simulation Results

Since our objective is to attract most of the free-moving
bacteria from the environment towards the biofilm location,
we simulated a scenario to determine the quantity of bacte-
ria that will successfully arrive at that location within 7.4
hours. We placed one biofilm at a random position in a
closed area (1000 x 1000um), with 1000 free-moving bacteria
swimming in the area. On average, 53% of free-moving
bacteria were attracted to the wall. We observed the
attraction probability over time (five time steps from 1 to 5
hours) to evaluate the rate of free-moving bacteria that will
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70

500 bacteria = = = 1000 bacteria 1500 bacteria

60

50

40F

30

20

Attraction Probability (%)

10 15 20
Action Radius Length (zm)

0 5
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radius lengths and three free-moving bacteria num-
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continuously enter into the wall. Once the attraction prob-
ability of the five time steps are calculated, we used linear
regression to obtain the rate of bacteria attraction to the
wall p,, = 0.11, and this was used to evaluate (16) — (18).
The results of integrating the rate of bacteria attraction is
illustrated in Figure 5. As we can see from the figure, with
continuous addition of free-moving bacteria to the wall, the
biofilm started to decay in 5.4 hours making the natural
competition process for the nutrients more efficient.

Figure 6 evaluates the attraction probability when the ac-
tion radius is varied as well as the number of free-moving
bacteria. Once again the biofilm was placed in a random
position in a closed area of size 1000 x 1000um. The Rgs is
varied between 1 and 20 pm and the number of free-moving
bacteria is varied between 500, 1000 and 1500. The total
simulation period is set at 1 hour. As shown in Figure 6,
the attraction of free-moving bacteria increases accordingly
to that action radius for all considered bacteria number. For
1000 and 1500, the system achieved its maximum attraction
at Rgs = 15um. However, the same does not occur for a few
number of bacteria (e.g. 500) in which case a wider action
radius is needed.

S. CONCLUSION

Over the years, researchers have been developing new so-
lutions that can treat biofilms. The formation of the biofilm
results from the bacteria’s cooperative behaviour, and once

Table 1: Parameters used to evaluate Eq. (1)-(18)

| Variable | Value | Unit
ca 2.7 %1072 nM
CAw 2.7 %1072 nM
CR 2.7 %1072 nM
ka 2x 1073 d-!
kr 2x 1073 d-!
ko 1x1072 d-!
k1 0.1 d-!
k2 0.1 d-!
ks 1x1072 d-!
k4 0.1 d-!
ks 0.1 d-!
keps 1 d—!
Ka 2x1073 gm™3
Kr 2x1073 gm™3
K¢ 1 gm 3
Ks 1 gm ™3
Imaz 1x107* gm™3
m 1x107* gm 3
Ux 0.6 -
Uantr 2 x 1072 —
Ugeps 2% 1072 -
~ 0.23 -
r 1.35 h~!
Npae from 1000 to 10000 -
a 0.004 gm™3
mp 0.25 gm_3
D from 100 to 1000 m?d~!
! 6.93 nM/(gm™?d™1)
B 2.93 nM/(gm2d~1)

they are formed will create a protective shield that makes
them hard to kill. This can lead to infections within the hu-
man body as well as contamination within the environment
(e.g., biofilms formed in water). Although solutions have
been proposed to break and disperse the biofilms, they are
based on using nanoparticles or drugs. This paper proposes
the use of engineered free-moving bacteria that will coop-
erate and surround biofilms to hijack the nutrients within
the environment. The consumption of the nutrients by free-
moving bacteria will lead to minimum nutrients flowing into
the biofilm leading to its breakdown. Our numerical analysis
has shown how a certain quantity of bacteria that consume
the nutrients can grow and populate, and at the same time
the starvation of the biofilm can lead to negative growth.
Our simulation have also shown that through the coopera-
tive communication of autoinducers by the free-moving bac-
teria, this can lead to an attraction process that draws in a
certain quantity of the microbes towards the biolfim. The
proposed approach has shown the promise of using synthetic
biology to engineer bacteria that can be used to breakdown
and disperse biofilms.
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