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Abstract

We study the experimentally measured ciprofloxacin antibiotic diffusion through a gel-like

artificial sputum medium (ASM) mimicking physiological conditions typical for a cystic fibro-

sis layer, in which regions occupied by Pseudomonas aeruginosa bacteria are present. To

quantify the antibiotic diffusion dynamics we employ a phenomenological model using a

subdiffusion-absorption equation with a fractional time derivative. This effective equation

describes molecular diffusion in a medium structured akin Thompson’s plumpudding model;

here the ‘pudding’ background represents the ASM and the ‘plums’ represent the bacterial

biofilm. The pudding is a subdiffusion barrier for antibiotic molecules that can affect bacteria

found in plums. For the experimental study we use an interferometric method to determine

the time evolution of the amount of antibiotic that has diffused through the biofilm. The theo-

retical model shows that this function is qualitatively different depending on whether or not

absorption of the antibiotic in the biofilm occurs. We show that the process can be divided

into three successive stages: (1) only antibiotic subdiffusion with constant biofilm parame-

ters, (2) subdiffusion and absorption of antibiotic molecules with variable biofilm transport

parameters, (3) subdiffusion and absorption in the medium but the biofilm parameters are

constant again. Stage 2 is interpreted as the appearance of an intensive defence build–up

of bacteria against the action of the antibiotic, and in the stage 3 it is likely that the bacteria

have been inactivated. Times at which stages change are determined from the experimen-

tally obtained temporal evolution of the amount of antibiotic that has diffused through the

ASM with bacteria. Our analysis shows good agreement between experimental and theoret-

ical results and is consistent with the biologically expected biofilm response. We show that

an experimental method to study the temporal evolution of the amount of a substance that

has diffused through a biofilm is useful in studying the processes occurring in a biofilm. We

also show that the complicated biological process of antibiotic diffusion in a biofilm can be

described by a fractional subdiffusion-absorption equation with subdiffusion and absorption

parameters that change over time.
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Introduction

Biological processes are very complex, so mathematical modelling of these processes is a quite

difficult task. On the one hand, mathematical models are still being developed, even for rela-

tively simple geometries, for instance, for molecular chemical reactions involved in gene regu-

lation in bacteria cells [1–4]. On the other hand, in order to describe all important factors

affecting a biological process, sometimes a dozen or even several dozen variables describing

various factors and several equations governing the time evolution of these variables are used.

An example of this is the modelling of the development and transport of cancer cells [5]. In

practice, a system of many equations can be solved using numerical methods. The usability of

a model is usually checked by comparing theoretical results with empirical data. However, a

large number of fit parameters is often used when comparing theoretical and experimental

results. If there are not many empirical results determined with relatively small measurement

errors, the verification of such models may not be effective.

The process of transporting an antibiotic into a bacterial biofilm is such a complicated pro-

cess. A biofilm has a complex structure that changes over time. Special biofilm defence mecha-

nisms, not fully understood, that affect the diffusion of antibiotic molecules in the biofilm can

be activated [6–8]. Modelling the diffusion of antibiotics in a biofilm, we therefore propose to

use a different strategy. We assume that the process of diffusion through a biofilm is described

by a small number of equations that can be solved analytically. These equations contain a small

number of parameters that have a simple physical interpretation. These parameters are, how-

ever, allowed to change over time. The idea of this approach is that the complexity of the bio-

logical process can be manifested in complex forms of the temporal evolutions of parameters.

When the biofilm parameters cease to change despite the continuous diffusion of the antibiotic

through the biofilm, it can be concluded that the bacteria have stopped responding to the

action of the antibiotic. An important information for biologists is at what antibiotic concen-

tration and after what time this process will start. It is very likely that the bacteria are killed

then. However, linking changes in physical parameters with biological processes is typically a

challenge. In particular, we find that the time evolution of the transport parameters can be cap-

tured by simple functions with few parameters.

Nowadays, a variety of laboratory techniques are used to evaluate antibacterial properties of

drugs, mainly, disk-diffusion methods as a standard in microbiological laboratories, antimi-

crobial gradient methods (E-tests) which allow to determine the minimum inhibitory concen-

tration (MIC) of chemical agents, of ATP bioluminescence assay based on the measurement of

adenosine triphosphate (ATP) produced by bacteria and antibiofilm screening assays [9]. The

antibiofilm screening assays might be classified in three models of in vitro study: static, genetic

and flow. Static assays allow to measure early stages of biofilm formation. They are based on

colorymetric measurements of bacterial cells and biofilm matrix stained by crystal violet or saf-

ranin and fluorometric analysis using resazurin, SYTO-9 or propidium iodide to evaluate the

metabolic activity of cells formed biofilm. Genetic techniques are used to measure the gene

expression of coded proteins specific for forming biofilm, as Real Time Quantitative-Reverse

Transcription-PCR (qRT-PCR). Fluid dynamics is an important factor known to influence

biofilm formation in natural environments [10]. There are several methods as FC270 flow-cell

system or Microfluidics belonging to the employed ‘flow’ model. In our previous studies we

used a new optimized laser interferomery method to measure the biofilm degradation [11–13].

In this paper we show that the combination of this experimental method with the results pro-

vided by our theoretical model opens up new research avenues as well as offers concrete ways

to interpret the observed antibiotic concentration dynamics.
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Ciprofloxacin antibiotic is one of the most commonly used fluoroquinolone drugs in the

treatment of P. aeruginosa infections during cystic fibrosis. We present a model of the antibi-

otic diffusion in a biofilm that can be described as a ‘plumpudding’. Antibiotic particles can

interact with bacteria located in ‘plums’, pocked in the ‘pudding’ background while the pud-

ding is a diffusion barrier for the antibiotic. In the experimental system the ‘pudding’ repre-

sents the artificial sputum medium (ASM) which mimics cystic fibrosis patient sputum. The

bacteria plums correspond to bacterial cells making up microcolonies, i.e. biofilms, such as

Pseudomonas aeruginosa. In gel–like media subdiffusion is likely to occur [14–20]. Since the

ASM matrix (the pudding representing the cystic fibrosis EPS) has a gel–like consistency and

has physicochemical interactions with the diffusing antibiotic, subdiffusion is therefore

expected in this medium. As a result of the activation of bacterial defence mechanisms, an anti-

biotic particle can be permanently or temporarily retained in the plums or can be destroyed,

depending on the type of bacterial defence mechanism. The process that a molecule can be

permanently trapped or destroyed is effectively described by the subdiffusion-absorption

equation. The process of temporary retention of a molecule can be regarded as a reversible

reaction. In this case, the process is described by the subdiffusion equation in which the reac-

tion term is absent. The foundations of the theoretical model and calculation details are pre-

sented in [21], where subdiffusion of an antibiotic through a dense biofilm is described; in a

dense biofilm antibiotic molecules can interact with bacteria throughout the biofilm volume.

Here we present the model assumptions and basic equations. We use the function WB describ-

ing the temporal evolution of the amount of a substance diffusing through the biofilm. This

function takes different forms depending on whether or not antibiotic molecules are absorbed

in the biofilm. To derive this function, the homogeneous biofilm approximation and the

quasi-stationary approximation have been used [21]. Four stages in the process of transporting

antibiotics through a biofilm have been defined by means of two criteria: (a) whether or not

absorption of antibiotic particles in the biofilm occurs, (b) whether or not all biofilm parame-

ters remain constant over time. The question we pose here is whether a model based on the

above mentioned assumptions can be used to describe diffusion through a biofilm having a

more heterogeneous structure. In fact, biofilms may be significantly inhomogeneous and can

be thought of a ‘plumpudding geometry’, see below [22–24]. The modification of our mathe-

matical model to describe antibiotic transport through a plumpudding–like biofilm is pre-

sented. In particular, we show that the sequence of stages for this biofilm is different than for a

dense biofilm. Moreover, in one of the stages the function WB for the dense biofilm and the

‘plumpudding biofilm’ are qualitatively different. Thus, the model is useful in determining the

dynamics of antibiotic diffusion process through a biofilm and may even allow one to deduce

the degree of heterogeneity of the biofilm under study.

The aim of the study is threefold.

(1) We show that the transport of an antibiotic in a biofilm can be described by a fractional

subdiffusion-absorption equation. The ‘plumpudding biofilm’ is much more heterogeneous

than a ‘dense biofilm’, but in the model we use the approximation of a homogeneous bio-

film treating the transport parameters describing the process, the subdiffusion parameters α
and DM and the absorption coefficient κ, as non-local ‘effective parameters’ referring to the

entire biofilm. We also use a quasistatic approximation, which in practice means that to

describe the process we can use solutions of the subdiffusion-reaction equation with con-

stant parameters, and then replace the parameters with time-dependent functions that are

related to the changes in the biofilm structure. We show that the model gives theoretical

results that are consistent with the experimental data.
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(2) The approach here represent a non-invasive experimental method of studying the pro-

cesses occurring in a biofilm, observing diffusion of an antibiotic in external regions outside

the biofilm region. This method combines the ‘flow’ method described above with a theo-

retical model that predicts qualitatively different time evolution of the amount of antibiotic

that has passed through the biofilm. As we mentioned before, the method shows whether or

not absorption of the antibiotic in the biofilm occurs and whether or not the biofilm param-

eters change in time. Guided by these criteria we distinguish four stages of the process of

antibiotic diffusion in the biofilm. Three of them will be observed in subdiffusion of cipro-

floxacin through ASM with Pseudomonas aeruginosa biofilm structured as a plumpudding.

We suppose that the transition from one stage to another is related to a qualitative change

in the antibiotic-bacterial interaction. If the biofilm stops changing its state despite the con-

tinuous diffusion of the antibiotic into the biofilm, we conclude that the bacteria stopped

responding to the antibiotic action. This scenario occurs in diffusion of ciprofloxacin

through ASM with Pseudomonas aeruginosa biofilm. The substance concentration in this

setup was measured by means of laser interferometry [25, 26].

(3) Using the method described in (2), we show that ciprofloxacin reacts with Pseudomonas
aeruginosa bacteria found in the ‘plums’ located in the ASM. At a given initial concentra-

tion of the antibiotic, we determine the time after which the bacteria stop responding to the

antibiotic action, which we interpret as the moment when the major portion of bacteria are

incapacitated.

A primer of biofilms

Biofilms are defined as complex microbial communities of cells embedded into a matrix of

self-produced extracellular polymeric substance (EPS) with increased resistance to antibiotics

and host immune response. This is an important issue because in many clinical and industrial

settings biofilms represent a hazardous and costly problem. It is well documented that many

chronic infections (*65%), particularly those involving medical implants, causing urinary

tract infections or in the course of cystic fibrosis involve biofilm-forming bacteria species [27–

30]. Cystic fibrosis (CF) is a disease that causes thick, sticky mucus to build up in the lungs, the

digestive tract, and other areas of the body. It is an optimal niche for microorganisms inducing

chronic lung diseases in children and young adults, mainly by bacteria, such as Pseudomonas
aeruginosa (80%), Burkholderia cepacia and Staphylococcus aureus. These bacterial infections

lead to progressive pulmonary damage and emphysema. Eradication of bacterial biofilms

formed in mucus is a crucial problem because the diffusion of classic antibiotics into biofilm

structures is weak and their antibacterial activity might stimulate drug resistance, see Kindler

et al. [31], Dilanji et al. [32], and Delle Side et al. [33] for additional references. Biophysical

properties of biofilm structure EPS in gel-like mucus are directly associated with reduced sus-

ceptibility to antibiotics and limit the effective eradication of bacteria [34].

In this study, we focus on an experimental system mimicking physiological conditions typi-

cal to cystic fibrosis to measure antibiotic (ciprofloxacin) transport through a P. aeruginosa
biofilm. Artificial sputum medium (ASM) is a culture medium mimicking CF patient sputum.

This medium contains amino acids, mucin and free DNA. P. aeruginosa growth in this

medium is very similar to sputum during CF infections. Moreover, natural interactions of spu-

tum components with antibiotics used in bacteria eradication are observed in ASM, for exam-

ple ciprofloxacin may bind to secretory mucin in sputum or epithelial mucin that lines

airways, reducing free drug levels [35]. The most often used models of biofilms rely on surface
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attached biofilms whereas ASM biofilms resemble those observed in the CF lung. It seems to

be crucial becuse the reduced oxygen concentration in the mucus has been shown to alter the

behavior of P. aeruginosa and affect antibiotic susceptibility. PAO1 grown in ASM formed

clusters or microcolonies, that are attached to the components of ASM but not the abiotic sur-

face. This is thus an appropriate model of chronic lung colonization [23, 24].

Materials and methods

One of the main problems in the treatment of bacterial diseases is to check whether an antibi-

otic with a given initial concentration affects the bacteria, and if so, to determine the time after

which the bacteria stop defending themselves against the effects of an antibiotic. It can be

assumed that then the bacteria have been inactivated. In order to find the answer to this prob-

lem we study experimentally the time evolution of the amount of antibiotic WB that has dif-

fused from region A to B through the biofilm in a system presented schematically in Fig 1. The

theoretical description is derived from a model based on the subdiffusion-absorption equation

with fractional time derivative which describes antibiotic diffusion in a pure biofilm [21]. The

theoretical model shows that the form of WB depends on the presence of antibiotic molecule

absorption in the biofilm. Absorption of antibiotic molecules and/or a change in biofilm

parameters indicates that the bacteria sense the antibiotic and activate their defence mecha-

nism against the antibiotic. Analysis of the function WB obtained experimentally allows us to

estimate the time after which the bacteria will react to the antibiotic action and the time when

the bacteria cease to react.

Experiment

In Fig 2 a scheme of the experimental apparatus is presented, the ‘diffusion system’ corre-

sponds to the system shown in Fig 1. The main element of the measurement set is the

Fig 1. Diffusion of antibiotic molecules (blue circles) through a biofilm that looks like a plumpudding. The system

consists of diffusive media A and B and the subdiffusive medium M, and J denotes the fluxes through the boundaries.

The dark regions in M (plums) represent bacterial cells forming Pseudomonas aeruginosa biofilms which react with the

antibiotic molecules. The pudding (light background) represents the artificial sputum medium which mimics the

cystic fibrosis biofilm. The pudding is a diffusion barrier for antibiotic molecules in reaching the plums.

https://doi.org/10.1371/journal.pone.0243003.g001
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Mach-Zehnder interferometer. The light source is a helium-neon laser emitting light with

wavelength λ = 628.8 nm. In order to adjust the light intensity to the sensitivity of the light

detection system, the laser beam is weakened by the polarizer. Then it passes through a special

expander, where it is transformed into a collimated coherent beam with a uniform distribution

of intensity. Subsequently, the beam is separated by the input semipermeable mirror into two

beams, one of which passes through the diffusion system under study and the other through

the compensating plate. In one of the interferometer arms the tested diffusion system contain-

ing the solutions is placed. It consists of two glass cuvettes made from optical glass of very high

homogeneity. In the other arm there is a glass plate that compensates the difference in optical

paths brought in by the cuvette walls. Beams of light from both interferometer arms meet at

the output semipermeable mirror, where they superimpose. The resulting interference images

(interferograms) are registered by CCD camera and then analyzed by the computer system

with special software. If in the tested diffusion system the solute is homogeneous (there are no

concentration gradients), then as a result of beam interference we obtain an interference

image in the form of a parallel straight-line fringes. The refractive index of the solution

depends on the concentration of the diffusing substance. A concentration gradient generates a

distribution of the refractive index in the solution and causes that the interference fringes are

bent. The software examines the course of interference fringes, determines the deviation from

Fig 2. Scheme of the experimental setup, for its description see the text. The dashed horizontal line in the diffusion system represents the biofilm.

https://doi.org/10.1371/journal.pone.0243003.g002
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their straight line run and calculates the values of the refractive index in different points in the

solution. Using the relation between the substance concentration and the refractive index

(determined by means of a refractometer in a separate experiment) the space-time distribution

of concentration is determined [25, 26]. The measurement of the antibiotic concentration can

be conducted with high precision in one of the regions A or B only. The reason is that the

simultaneous measurement of the antibiotic concentration in A and B in the same experiment

requires a very precise positioning of the measurement cuvettes in the axis of the laser beam.

Then, the interference fringes in the upper and lower cuvettes are aligned with the same base-

line. The slightest inaccuracy of the diffusion system alignment may have a negative impact

on the measurement result. Therefore, we conduct the measure only in one region, here in

region B.

We determine the temporal evolution of the function WB(t). This function was calculated

numerically from experimental concentration profiles. The measurements of the concentra-

tion profiles were conducted in a vertically oriented vessel consisting of two glass cuboidlike

cuvettes (70 mm high, 10 mm wide, 65 mm long) separated by a horizontally located PET

membrane with PAO1 biofilm. The P. aeruginosa PAO1 mature biofilm was formed for 96 h

at 37˚C in artificial sputum medium (ASM) on the PET membrane with pore diameter 1 μm,

as an element of BD Falcon™ Cell Culture Inserts. ASM was formulated to mimic the sputum

of cystic fibrosis (CF) patients and to study microbial biofilms, for example, Pseudomonas aer-
uginosa colonization in CF lungs [36]. At the first step of the analysis, the percentage of the

membrane covered by PAO1 biofilm was estimated. The images of the membrane covered by

PAO1 biofilm were stained by CV (0.004%) for 15 min, converted to grey-scale digital images

and analyzed with the ImageJ computer imaging software program [37]. Initially, the upper

cuvette was filled with an aqueous solution of ciprofloxacin with C0 = 1 mg/ml = 3.02 mol/m3,

whereas the lower cuvette was filled with pure water. Since the concentration gradient is solely

in the vertical direction, antibiotic transport is effectively one dimensional.

Theory

We consider antibiotic diffusion in the system shown in Fig 1. We assume that the system is

homogeneous in a plane perpendicular to the x axis, thus the problem is effectively one–

dimensional. The system consists of the three regions A (x< x1), M (x1 < x< x2), and B (x>
x2); these symbols also label the concentrations in the relevant parts of the system. At the initial

moment part A contains a homogeneous aqueous solution of antibiotic (ciprofloxacin), while

part B is filled with pure water, the region M is free of antibiotic. The initial concentrations are

thus

CAðx; 0Þ ¼ C0; CMðx; 0Þ ¼ CBðx; 0Þ ¼ 0: ð1Þ

The equations which describe the process are the normal diffusion equation in regions A
and B

@CA;Bðx; tÞ
@t

¼ D
@

2CA;Bðx; tÞ
@x2

ð2Þ

with diffusion coefficient D, and the time–fractional diffusion–absorption equation

@CMðx; tÞ
@t

¼ DM
@

1� a

@t1� a

@
2CMðx; tÞ
@x2

� k2CMðx; tÞ
� �

; ð3Þ

where α, DM, and κ denote the subdiffusion parameter, the subdiffusion coefficient, and the

absorption coefficient, respectively, in the medium M. DM and κ have physical dimension
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[DM] = length2/timeα and [κ] = 1/length, respectively. Eq (3) contains the Riemann–Liouville

fractional time derivative of order 1 − α [38]. The Riemann–Liouville fractional derivative is

defined for 0< β< 1 as

dbf ðtÞ
dtb

¼
1

Gð1 � bÞ

d
dt

Z t

0

dt0
f ðt0Þ
ðt � t0Þb

:

We mention that for κ = 0 and in an infinite medium Eq (3) encodes the mean square dis-

placement h(Δx)2i = 2DM tα/Γ(1 + α) such that for 0< α< 1 we have subdiffusion and for α =

1 there is normal diffusion. The appearance of the fractional time derivative in the subdiffusion

equation means that the process has a long memory [38]. In a random walk picture the particle

is hindered in a subdiffusion medium, the sojourn time distribution for the next jump of the

particle ψ has a heavy tail, ψ(t)*1/t1+ α when t!1. Then, the mean value of this time is infi-

nite [38].

To describe diffusion-absorption in a biofilm, we use the approximation of a homogeneous

medium M. The parameters α, DM, and κ are effective parameters describing diffusion and

absorption throughout the medium; they represent antibiotic diffusion through the matrix

and the interaction with the biofilm plums. The boundary conditions at the border between

the media, which were derived in [21], are

ð1 � qAÞDCAðx�1 ; tÞ ¼ DM
@

1� aCMðxþ1 ; tÞ
@t1� a

; ð4Þ

JAðx�1 ; tÞ ¼ JMðxþ1 ; tÞ; ð5Þ

DM
@

1� aCMðx�2 ; tÞ
@t1� a

¼ ð1 � qBÞDCBðx
þ

2
; tÞ; ð6Þ

JMðx�2 ; tÞ ¼ JBðxþ2 ; tÞ; ð7Þ

where the diffusive fluxes are defined as JA,B(x, t) = −D@CA,B(x, t)/@x and JM(x, t) = −DM(@1−α/

@t1−α)@CM(x, t)/@x. The boundary conditions mean that the diffusion flux at the biofilm sur-

face is continuous and that the antibiotic molecule that tries to leave the biofilm can do so

without any obstacles, but its passage into the biofilm surface in the opposite direction can be

made with asymmetric probabilities 1 − qA (for the biofilm surface located at x1) and 1 − qB (at

x2) [21, 39].

In the experiment, we determine the temporal evolution of the function

WBðtÞ ¼ P
R1

x2
CBðx; tÞdx, whereP is the biofilm surface area. In [21] it was shown that the

form of the function WB depends on whether or not absorption takes place in the medium M.

Four stages of the diffusion process of the antibiotic through the biofilm were distinguished,

taking into account the following ‘physical’ criteria: (1) whether or not absorption of antibiotic

molecules in the biofilm is observed, and (2) if the biofilm parameters are constant or if at least

one of them changes over time. Since the function WB is qualitatively different at each stage, it

serves to identify these stages in the process under consideration. For a sufficiently long time,

this function takes the following forms when the biofilm parameters are constant [21]

W0BðtÞ ¼ C0Pða0

ffiffi
t
p
� b0t1� aÞ; k ¼ 0 ; ð8Þ

WkBðtÞ ¼ C0P ak �
bkffiffi

t
p �

ck
ta

� �

; k 6¼ 0 ; ð9Þ
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where a0 ¼ 2ð1 � ~qAÞ
ffiffiffiffi
D
p

=ð2 � ~qA � ~qBÞ
ffiffiffi
p
p

, b0 ¼ a2
0
pdð1 � ~qBÞ=2~DMGð2 � aÞ, aκ = 1/(1 −

qB)κ sinh(κd), bk ¼ ak coth ðkdÞ½1=ð1 � qAÞ þ 1=ð1 � qBÞ�=
ffiffiffiffiffiffiffi
pD
p

, cκ = aκ[1+ κdcoth(κd)]/2κ2

DM Γ(1 − α), and d = x2 − x1. In the above equations, we took into account that the biofilm

coefficients may be different for the cases described by Eqs (8) and (9). When κ = 0, the coeffi-

cients are denoted as ~DM, ~qA, and ~qB.

When absorption occurs and the biofilm parameters change over time, the following func-

tion has been proposed [21]W~kðtÞBðtÞ ¼ rðtÞWkBðtÞ, where ρ(t) is to be determined from

empirical data. For the case considered in this paper, the function ρ(t) = a − b/t gives a good

agreement of the WB function and experimental results in the time interval ht1, t2i. The times

t1 and t2 separating the subsequent stages are defined by the equations W0B(t1) = WκB(t1) and

WkBðt2Þ ¼W~kðtÞBðt2Þ. Thus, when κ 6¼ const. 6¼ 0, WB takes the form

W~kðtÞBðtÞ ¼ C0P a �
b
t

� �

ak �
bkffiffi

t
p �

ck
ta

� �

: ð10Þ

The parameters aκ, bκ, and cκ for the functions Eqs (9) and (10) are taken to be identical.

We also assume that the parameter α in Eqs (8), (9) and (10) is the same. The stage without

absorption and changing biofilm parameters has not been observed here, such that our obser-

vations split into three stages.

We suppose that the absorption probability of antibiotic molecules per unit length of bio-

film, which is controlled by the parameter κ, and the biofilm thickness d are small, κd� 1

[21]. If the parameters D and α are constant, by swapping the other parameters in Eq (9)

according to the formula

k!
k

rðtÞ
; 1 � qA;B ! ð1 � qA;BÞrðtÞ; DM ! DMr

2ðtÞ; ð11Þ

we obtain Eq (10).

Results and discussion

As already mentioned, the setup of our experiment following Figs 1 and 2 is fully non-invasive,

and our central observable is WB, the amount of substance that has diffused into part B. The

experimental results are shown in Fig 3. Points represent the experimental data, which have

been calculated from the experimentally measured antibiotic concentration profiles, and lines

represents the theoretical functions Eqs (8)–(10). We fit the theoretical functions to the experi-

mental data and find the values of the parameters given in the figure caption. In all cases, the

subdiffusion coefficient α = 0.96 is the same. This parameter has been determined as one of

the fitting parameters when analyzing Stage 1. Unfortunately, the statistic is too poor to deter-

mine the error for α. Because the consistency of ASM is very similar to the consistency of 1%

aqueous agarose solution for which α = 0.95 [40], we suppose that there is subdiffusion in the

ASM medium and the value of the parameter α is realistic. We note that anomalous diffusion

exponents as about of 0.9 are not exceptional and physically meaningful, see e.g. [14, 41, 42].

The remaining parameters have been determined by fitting the theoretical functions to the

experimental results as follows. Parameters a0 and b0 provide the best fit of the function W0B

Eq (8), line No. 1 in Fig 3, to empirical data. Similarly, parameters aκ, bκ, and cκ provide the

best fit of the function WκB Eq (9), line No. 2 in Fig 3, the same parameters have been used in

the function W~kðtÞB Eq (10), line No. 3, but the fit parameters are a and b here.

The observed order of the stages in Fig 3 is as follows: initially we see Stage 1 described

by Eq (8), followed by Stage 2 described by Eq (10), and finally we see Stage 3 described by
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Eq (9). We note that the function ρ(t) is increasing over time. Due to Eq (11), the parameter

κ is a function decreasing over time and the parameter DM increases over time in Stage 2.

The interpretation of the process is that at Stage 1 there is a sub-inhibitory concentration of

the antibiotic near the bacteria located in the biofilm plums. The bacterial defence mecha-

nisms are then not fully activated. We mention that W0B in Eq (8) also describes antibiotic

diffusion through ASM in which bacteria would not be present. The initial conditions Eq (1)

cause a continuous diffusion of the antibiotic from the region A to the regions M and B. We

therefore assume that the concentration of the antibiotic in ASM increases with time. Thus,

in Stage 2 the defence mechanisms is activated due to the increasing of antibiotic concentra-

tion near the plums. The antibiotic effect weakens the bacteria to such a level that the influ-

ence of factors causing absorption of antibiotic molecules and slowing down of diffusion

decreases, which causes changes in the biofilm parameters. At the moment t2 these parame-

ters stop changing, which can be interpreted as the inability of bacteria to continue their

active defence.

Fig 3. The amount of ciprofloxacin WB which diffuses into part B. Points represent the experimental data (see S1 File) and lines represent theoretical

functions. Line No. 1 (dashed line) corresponds to function W0B Eq (8) for a0 ¼ 2:79� 10� 6 m=
ffiffi
s
p

and b0 = 4.21 × 10−5 m/s0.04, line No. 2 (solid line)

represents W~kðtÞB Eq (10) for aκ = 1.59 × 10−4 m, bk ¼ 3:53� 10� 4 m
ffiffi
s
p

and cκ = 2.22 × 10−2 m s0.96, a = 1.28, and b = 1850 s, line No. 3 (dashed–dotted

line) represents WκB Eq (9), t1 = 3900 s, t1 = 6800 s, C0 = 3.02 mol/m3, andP = 7.0 × 10−5 m2. For all cases α = 0.96. The two vertical dotted lines are the

boundaries between the stages.

https://doi.org/10.1371/journal.pone.0243003.g003
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Conclusion

We have shown a method to experimentally check whether a biofilm in a plumpudding sce-

nario absorbs antibiotic particles and whether the biofilm parameters change over time. The

presented three-stage model describes subdiffusion of ciprofloxacin through ASM with Pseu-
domonas aeruginosa bacteria. However, when studying other processes it may be possible to

observe the fourth stage in which there is no absorption and the parameters of the biofilm

change over time; this stage is not observed in our date in Fig 3. The division into stages is

based on the physical aspects of the process. A biological interpretation of the processes

described by physical models seems to be a difficult task. It is not obvious which bacterial

defence mechanisms can be included in these stages, see [6, 7, 43–45]. However, we believe

that determining the order of the stages may facilitate the biological interpretation of the pro-

cess for various antibiotic-biofilm systems. We mention a few hypotheses in which the bacte-

rial defence mechanisms can occur in different stages. When an antibiotic molecule enters the

bacteria and then is excreted through them, as it happens in the efflux pump mechanism, it

causes some delay in the random walk of the molecule resulting in molecule diffusion with a

constant diffusion coefficient, absorption process does not occur there. If absorption does not

occur but the subdiffusion parameters change in time, the reaction of the bacteria can be a

gradual thickening of the biofilm. The formation of a diffusion barrier is one of the defence

mechanisms of bacteria [6, 7, 43, 45, 46]. When the biofilm density becomes very high, it is

possible to permanently retain antibiotic molecules in the biofilm, which is interpreted as

absorption of the molecule. There are many complex bacterial defence mechanisms in the bio-

film [6–8, 31, 47, 48], their assignment to individual stages of the process requires additional

consideration. However, we also believe that the presented experimental method may be useful

when planning treatment for cystic fibrosis patients who also have another bacterial infection.

In particular, this method allows to determine the time at which the bacteria intensify the pro-

cess of defence against the antibiotic and the time at which this process is stopped, these times

certainly depend on the antibiotic concentration.

A different course of the process has been observed when a ‘dense biofilm’ attacked by bac-

teria fills the entire space of the central part M of the system. In [21] it is shown that in this

case the order of the stages is as follows (we keep the notation used in the present paper): Stage

1, Stage 3, then Stage 2. The function ρ(t) is decreasing, so the absorption coefficient increases

while the subdiffusion coefficient decreases over time. The reason that the course of antibiotic

diffusion in a dense biofim and in the plumpudding scenario is qualitatively different is as fol-

lows. In a dense biofilm, antibiotic molecules can ‘feel the action’ of the bacterial defence

mechanisms the whole time inside the biofilm. In a plumpudding case, an antibiotic molecule

feels the defence mechanism after reaching a plum occupied by bacteria. This plum can be

attacked intensively, from all sides, by an antibiotic which concentration at the surface may

increase over time due to diffusion process. This leads to a weakening of the bacterial defences

faster than in a dense biofilm. We hypothesize that the order of states, which may be checked

experimentally, is indicative of the structure of the biofilm, namely whether or not it can be

treated as a dense biofilm. However, since there are a lot of mechanisms for the defence of bac-

teria against the effects of an antibiotic, whether the order of stages in both cases is universal

should receive further study along with improved experiments.
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