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Simulation and design of a LPGFS system for detection
of Escherichia coli bacteria infestation in milk
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The paper presents simulation results to be used for improved design of a portable short time response bio-sensor device
dedicated to dairy industry for early detection of possible infestation with pathogen bacteria Escherichia coli and/or other
micro-organisms in milk. A two-component model was developed: the first component is defined on computational
biochemistry basis and refers to the quantitative definition of life cycle of bacteria or other type of micro-organisms while the
second optimizes the constitutive characteristics of the Long Period Grating Fiber Sensors. The model predicts the
modifications of the refractive index of the milk due to the presence of the bacteria and provides information about its

concentration.
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1. Introduction

The measurement of important chemical and
biological parameters, such as composition and related
compound concentrations, density, aggregation state and
temperature in diversified environments is an important
issue for wvarious research, industrial, environment
protection, biotechnology and medical applications [1-21].
For example, in the case of air and water quality control,
the on-line monitoring of chemical compounds (e.g.
greenhouse gases) and biological agents (e.g. toxins,
bacteria), respectively, is crucial. This is a common issue
as well for dairy/milk processing, pork meat processing,
sheep meat, whether meat, poultry meat processing
industry [1-14]. In several industrial circumstances,
namely in anaerobic digesters, aquaculture tanks, the real-
time monitoring of chemical parameters is critical.

Unfortunately, in a wide variety of situations,
adequate technology is not available, or the employed
techniques often require sample pre-treatment and are time
consuming. Long waiting times between sample collection
and processing results often compromise any time
effective corrective actions. In this context, a real-time
technology will be a very valuable tool.

A potential technology that will offer this benefit is
optical fiber based, and is based on refractometric sensing.
Optical fiber based refractometric sensing devices are a
solution to these problems [9-12]. Among these optical
fiber sensing devices LPGFS (Long Period Grating Fiber
Sensors) with operation based on evanescent light field
interaction with the ambient represent a newly appeared
one with increased expansion class [9-20]. This
technology has many benefits that makes it a promising

alternative solution to standard technologies: high
sensitivity, immunity to electromagnetic interferences,
chemically and biologically inert, small size, and
capability for in-situ, real-time, remote, and distributed
sensing are some of the most appealing characteristics that
motivate a growing scientific community. All these above-
mentioned facts lead to the necessity of designing real-
time, in-line sensors, able to perform accurate
measurements of chemical and biological parameters in
short time on the minute time scale [7-12].

The design of such LPGFS devices for measuring
chemical and biological parameters relies on proper
modeling of light guided propagation through optical fiber
core and on choosing the proper pitch of the grating [21-
28]. Another important purpose of the modeling is the
analysis of the evanescent field interaction with the
ambient [21-45].

In this paper we discuss the simulation and design of
an LPFGS sensor for detecting E. coli infestation in milk.

A special care is allocated for new design approaches
applied in order to overcome cross sensitivity effects
between several parameters to be measured, especially
from temperature [21-45]. Another important task of the
performed simulations consists of investigating LPGFS
interrogation  schemes, their implementation and
characterization, with related virtual instrumentation for
refractometric sensing devices [46-63].

The developed simulation model presented in the
paper has two components. One component of the two
previously mentioned is defined on computational
biochemistry basis and refers to the quantitative definition
of functional cycle of bacteria or other type of micro-
organism under investigation [17-20]. From this first
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model there are obtained concentrations of enzymes,
polysaccharides, lipids and others which are generated by
the investigated micro-organism. In the same time this
biochemistry-based model gives information concerning
the substances, mostly chemical elements absorbed by the
micro-organism. The second component of the
investigated simulation model has the task to optimize the
constitutive characteristics of one or two Long Period
Grating Fiber Sensors (LPGFS) used simply as it is or in
interferometric Mach-Zehnder in-fiber setups such as
cascade or twins’ arrangements [21-46]. The second
simulation model has an important feature: it is developed
for the case of an ambient of the LPGFS with a refractive
index value higher than that of the fiber cladding. As an
exemplification there are presented the results obtained in
the case of detection of bacteria Escherichia coli placed in
milk.

Nevertheless, while optical fiber sensing technology is
already in the market, this is mostly true for the
measurement of physical parameters such as strain or
vibration in structural health monitoring applications. In
this regard, the measurement of bio-chemical parameters is
intrinsically more complex as it typically requires
interaction of light with the measurand in a gaseous or
liquid phase. Therefore, a great deal of challenges is still at
hand making this a fertile research field.

2. Theory

2.1. Simulation model of Escherichia coli

Brief remarks concerning the Escherichia coli
bacterium. Escherichia coli (denoted also as E. coli) is a
Gram-negative, facultative aerobic, rod-shaped, coliform
bacterium of the genus Escherichia. Escherichia coli is
commonly found in the lower intestine of warm-blooded
organisms (endotherms). There are indexed about forty E.
coli strains of which most are harmless, but with ten
exceptions [2-8].

Among pathogenic bacteria, E. coli has a particular
important place because of its enormous population of
different bacterial strains which exhibit a very high degree
of both genetic and phenotypic diversity. E. coli has many
bacterial strains, over 40, four of them, K12, B, C, and W
being thought of as model organism strains. It must be
underlined that only 20 % of the genes in a typical E. coli
genome are shared among all strains.

Another characteristic of E. coli model organism
strains worth to be emphasized consists in its chemical
type: it is chemoheterotrophic, unable to fix carbon to
form their own organic compounds, utilizing organic
energy sources such as carbohydrates, lipids, and proteins
for reproduction. Among the E. coli bacterial strains, the
most dangerous is the Escherichia coli O157:H7 one. It is
known as E. coli EHEC strain. O157:H7 is an
enterohemorrhagic serotype E. coli which causes severe,

fatal illness, typically through consumption of
contaminated and raw food such as raw milk, meat and/or
vegetables [10-21].

Brief remarks concerning the E. coli biochemistry
simulation model. The E.coli model was developed based
on a commercial software package, namely MATLAB 8.9,
for quantitatively defining the functional cycle of E. coli
bacterium under investigation [13, 17]. In the structure of
the bulk of the developed computational biochemistry
simulation model enters 274 routines and sub-routines
with 55545 lines of program code which allows evaluation
of an optimal path from several known possible chemical
reactions involving the biochemical compounds previously
known as possible being in the composition of the
investigated E. coli bacterium strain. For a given set of
ambient conditions, from the computational biochemistry
simulation model of an investigated E. coli bacterium
strain there are obtained concentrations of enzymes,
polysaccharides, lipids, fatty acids, proteins and other
biochemical compounds which are generated/interchanged
with the ambient by the micro-organism under
investigation. This means concentrations of an E. coli
bacterium strain biochemical compounds at every moment
of its functional cycle. Each of an E. coli bacterium strain
biochemical compounds has optical (refractive index) and
spectroscopically characteristic parameters which finally
allows accurate identification using optical detection
devices such as LPGFS.

There are five infrared (IR) spectral windows which
were considered in connection with the developed
computational biochemistry simulation model. The first
window, situated between 3000 and 2800 cm™, contains
C-H stretching vibrations of CH, CH, and CHj in the
functional groups of membrane fatty acids and of amino
acid side-chains, the second window, situated between
1800 and 1500 cm™, contains C=0 stretching vibrations of
amides linked to proteins, N-H deformation of amides
linked to proteins, >C=0 stretching vibrations of the ester
groups in lipids and >C=0, >C=N, >C=C< stretching of
the DNA or RNA bases, the third window, situated
between 1500 and 1200 cm’, contains >CH, and -CH;
bending modes, the fourth window, situated between 1200
and 900 cm™, contains symmetric stretching vibrations of
PO groups in nucleic acids C-O-C and C-O-P stretching
of carbohydrates and poly-saccharides in the cell
membrane and the fifth window, situated between 900 and
700 cm’, contains aromatic ring vibrations of aromatic
amino acids [16-20]. The life cycle of the E. coli
bacterium nucleus simulation model, bacterium considered
to have 20 % of the genes common to all E. coli strains, is
presented schematically in [9]. This means that the
chemical reactions specific to the E. coli bacterium
nucleus simulation model involves 792 bio-chemical
compounds [9-12]. There are considered 1057 possible
chemical reactions [9-12].
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In the case of E. coli detection when infesting milk
using a LPGFS a specific issue arises, namely that of the
milk as the ambient of the investigated measurement
process [13-14]. Basically, the LPGFS is exploited as a
refractometer which accomplishes a measurement of the
refractive index of the ambient where the LPGEFS is
mounted. Therefore, an accurate value of milk refractive
index must be considered. Since milk can be thought as
water into which fat is dissolved at different
concentrations, the value of its refractive index depends on
fat content concentration [13, 15-17].

2.2. LPGFS simulation model

The structure of the detection setup incorporating a
LPGFS is presented schematically in Fig. 1. The sensing
component, the LPGFS is incorporated into a single mode
(SM) optical fiber by inducing a permanent spatial
modulation of the light propagation characteristics over a
length L. The permanent spatial modulation represents an
equivalent periodic perturbation of n,,,, of the fiber core
refractive index, typically with a period of between 1 pm
and 1000 pm, constituting a diffraction grating denoted as
Long Period Grating (LPG). LPG causes light propagating
through the optical fiber core as the fundamental mode to
be coupled by scattering to the cladding light co-
propagating modes which constitutes a discrete set. The
coupling process represents energy transfer from light
fundamental mode propagating through the core to the
cladding co-propagating modes for which the Bragg
resonance condition if fulfilled [21-35]. It is necessary to
emphasize that the term copropagating modes refers to
light propagation in the same sense. The energy
transferred from the fundamental propagation mode is lost
from it [36-45]. For the LPGFS operation one important
feature deduced from this analyzes consists in the fact that
the Bragg resonance condition imposes a discrete set of
cladding modes which can be coupled by the grating with
the core fundamental mode [46-63].

Core Sealed enclosure
—>

) TR |
T Intake LPG Escape

Cladding

Interrogator Circulator

H

Fig. 1. Schematic representation of a LPGFS and its
operation mode.

As can be observed in Fig. 1, the light beam having an
input spectrum which is generated by a broadband source
incorporated into a PC commanded interrogator is coupled
through the circulator into the optical fiber core through
which it is propagating as the fundamental mode until it is
incident on LPG at blazing angle. LPG scattering process
induces the energy transfer (an energy loss) from the
fundamental mode to higher modes co-propagating
through the optical fiber [21-61]. The cladding co-
propagating modes are divergent at different angles from
the optical fiber axis. Lower angle of divergence is
equivalent to propagation in a volume closed to the core
from where light can be coupled back to the fundamental
mode when incidence on another LPG is accomplished. In
Fig. 1 it is important to notice that the milk under
investigation if it is or not contaminated with E. coli
bacterium is flowing over the outer surface of the cladding
through the intake, sealed enclosure and escape. For higher
values of divergence angle of the light energy lost from the
fundamental mode is transported to the cladding external
surface [26-61]. At this point of analysis, it is worth to
observe that the SM optical fiber zone containing the LPG
has no mechanical PMMA protective layer [26-61].
Therefore, in this zone, the SM optical fiber cladding is in
direct contact with the ambient into which the LPGFS is
mounted, in our case, the milk possible infested with E.
coli bacteria. This LPGFS constructive characteristic is
very important for their use as chemical sensors, which is
the investigated case. It is essential to notice that the
energy lost from the fundamental mode by coupling on the
LPG with the cladding co-propagating modes is observed
as absorption bands located into the transmission spectrum
of the LPG. According to Fig. 1, the LPG transmission
spectrum is transmitted through the circulator back to the
interrogator where it is analyzed and recorded.

The energy transfer characteristic absorption bands
maxima are located at discrete wavelengths A’ defined by
the Bragg resonance condition [26-41]:

A :(nq[f_nilad)-A )

where 1’ is the peak wavelength of the absorption band
observed in the LPGFS transmission spectrum which
corresponds to the i* cladding propagation mode, ey is the
effective value of the refractive index of the optical fiber

core, n',,, is the refractive index effective value of the *

possible cladding propagation mode and A is the period of
the LPG. For a clearer analysis it is useful to observe from
a mathematical point of view that for both effective values
of refractive index of core and cladding propagation
modes there are only numerical solutions obtained by
solving the equations of electromagnetism theory,
equations which imply the ambient refractive index.
Equation (1) is useful for sensing observing that the
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effective values of refractive index of core and cladding
modes depend on the ambient refractive index [27-45].
Any infinitesimal modification of the ambient refractive
index represents a change in characteristics of light
propagation through the LPGFS and is sensed by the LPG
by observing the spectral shifting and broadening of each
absorption bands induced in optical fiber transmission
spectrum [30, 33-37, 46-57].

It is worth to underline that Equation (1) is obtained
considering the coupling by LPG scattering of
fundamental mode of light guided propagation through the
optical fiber core to the cladding co-propagating modes as
the single interaction between optic fiber modes. This is an
acceptable or not approximation depending on the
difference between the refractive index values of the
ambient and cladding and on the optical quality of the
external surface of optical fiber commonly made of fused
silica. For detection of pathogen bacteria such as some of
E. coli strains which are placed in water or milk as
ambient are it is often necessary to improve LPGFS
sensitivity. The starting point for this improvement
consists in using a modified version of Equation (1)
namely [27, 30, 46-50]

A= (nez?” - nj‘lad )A + (ch “Ketal ) 2

where 1/, n.rand n;,,, have the same significance while ...

and .. are the self-coupling coefficients of the core
mode and the cladding mode, respectively. Equation (2)
expresses mathematically that a small fraction of the
cladding mode field, the evanescent field, travels outside
the optical fiber, into the ambient interacting with it,

changing then,, and thus changing the A'. The LPGFS

sensing principle relies on measuring the changes in A’, the
smaller the period of refractive index variation (A) the
larger would be cladding mode evanescent field leading to
high sensitivity. It is a thin line between the domains
where Eq. (1) or Eq. (2) is enough accurate to be used
instead of the other. It can be justified theoretically that the
sensitivity to ambient refractive index of LPGFSs, more
precisely of the LPG, can be increased up to 2500 nm/r.i.u.
which is enough for E. coli. A more carefully investigation
of the E. coli detection process reveals that the E. coli
biochemical compounds interactions between them and/or
with the optical fiber material on the LPG surface changes
the ambient refractive index. This specific process in turn
causes the Bragg resonance center wavelength down shifts
of the LPG. The wavelength shifts are measured and are a
measure of the bacteria concentration [26-61]. To achieve
maximum sensitivity of the LPG it is made in a way that
its turning point is around the refractive index of water in
which the bacteria is to be detected. This is done by
deliberate controlled etching of the LPG. However, if E.

coli is to be measured in milk, then it matters what the
refractive index of milk is and how it varies with fat
content [13, 15-17].

3. Simulation results

The simulation of a LPGFS device which is designed
to detect E. coli infesting milk is performed in two main
stages each having several sub-stages with the final task to
obtain the spectral shift of a characteristic absorption band
induced in the LPGFS transmission spectrum. The first
major stage consists of defining the LPGFS spectral
parameters. The second major stage consists in obtaining
spectral information concerning the E. coli specific
biochemical compounds and their spectroscopic
parameters. There is an interaction between these two
main stages. In this sense it must be underlined that E. coli
specific biochemical compounds spectroscopic parameters
are used for defining the one up to five points of interest to
be investigated in the LPGFS output according to the five
spectral windows specified in Section 2.

The first step of the first main stage consists in
defining the geometrical and refractive index parameters
of the SM optical fiber into which the grating is
manufactured. For Corning SMF 28e¢ and Fibercore SMF
750 optical fibers the parameters are: core radius = 2.8
pum, core refractive index = 1.4589, cladding radius = 62.5
pm, cladding refractive index = 1.4557 and cut-off
wavelength = 650 nm [30, 39-46]. These two SM optical
fibers imposed on the market as standard for
communications and sensing devices manufacturing. A
special mention refers at the value of the optical fiber
ambient refractive index. The refractive index water is
1.3352. It was considered that water is the milk main
component. During simulations several fat concentrations
as dissolved in water were considered. According to
literature there is no Sellmeier analytical relation for
water, only tabulated numerical data. Implicitly, in the
case of milk the situation is the same. Without reducing
the generality of the approach of the numerical method, for
the performed simulations a constant value of milk with a
fat concentration of 3.5 % refractive index of 1.3810 was
used. This agrees with the data presented in literature [36-
47, 50-63].

Another issue of interest which was investigated
consists in whether to consider or not a constant value of
optical fiber core refractive index. In Figs. 2 and 3 there
are presented the dispersion curves of fused silica doped
with Ge 3.5 % and 5.8 % concentrations [21, 30].
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Fig. 2. Dispersion curve of fused silica doped with Ge
at 3.5 % concentration.

The dispersion curves are defined using Sellmeier
equation with coefficients obtained from Corning. Corning
uses the technique of doping the fused silica with Ge for
manufacturing the optical fiber core with a refractive index
value slightly larger than that of the cladding. It can be
observed that the variation with wavelength in the spectral
domain of interest of the optical fiber core refractive index
value is very low, only the sixth or seventh decimal figure
being different with wavelength. In consequence, during
simulations, a constant value of optical fiber core was
considered, namely that observed for Ge doping at 3.5 %
concentration.
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Fig. 3. Dispersion curve of fused silica doped with Ge
at 5.8 % concentration.

The second step of the first main stage consists in
evaluation of the LPGFS parameters. This is accomplished
using Eq. (1) or (2). At the end of this step the
characteristic phase matching curves (PMC) are obtained.
It must be observed that for a given LPGFS the PMC are a
set of parametric bidimensional curves each of them
representing a light mode of propagation through the
optical fiber. Each point of such a curve represents a pair
of light wavelength and grating period (Arpg) satisfying

the Bragg resonance condition. This means that for a fixed
Avrpg the points on the PMC set are the wavelengths A’
where are located the peaks of the absorption bands
existing in the LPGFS transmission spectrum. PMC are
used afterwards for correlating the E. coli biochemical
compounds characteristic spectroscopic data with the
wavelengths at which the spectral shifts of the absorption
bands of LPGFS transmission spectra will be observed
[21-57].

Firstly, there will be defined the inputs of Egs. (1) and
(2), namely the refractive index effective values of the

core and cladding propagating modes, n.; and n',., which

are obtained by numerically solving the equations of light
propagation through the optical fiber. The formulation of
these equations depends on the geometrical and refractive
index parameters of the SM optical fiber into which the
grating is manufactured. In Figs. 4 and 5 are presented the

simulation results obtained for the n.; and n,,, variations
versus light wavelength in the investigated system. 7.4 and
n,., are calculated using a three layers model of the

optical fiber - the optical fiber core and cladding are the
first two layers and the ambient is the third one. This is the
point of the simulation process where the ambient
intervenes directly. It must be mentioned that in Fig. 5
there are presented the variations of the light modes
propagating through the optical fiber cladding with the
largest possible divergence angle from the optical axis, i.e.
near the optical fiber cladding outer surface. These
cladding light modes are important for LPGFS
applications in biochemistry, i.e. for detection of E. coli
pathogen bacteria. The absorption bands in the LPGFS
transmission spectra corresponding to these light
propagation modes are broaden with the largest full width
half measure (FWHM) of this kind of absorption bands.
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Fig. 4. Variation of SM optical fiber core effective value of
refiractive index nyy vs light wavelength.
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Fig. 5. Variations of the SM optical fiber cladding effective
value of refractive index n;,ad (neyin figure) vs light

wavelength of nine cladding modes.

In Figs 6 - 9 there are presented the simulation results
obtained for PMC using Egs. (1) and (2). In Figs. 6 (using
Eq. (1)) and 8 (using Eq. (2)) there are presented PMC as
(wavelength, A pg) parametric curves. In Figs. 7 (using
Eq. (1)) and 9 (using Eq. (2)) there are presented PMC as
(wavelength, A;pg) parametric curves. For both Egs. (1)
and (2) simulation results obtained for PMC are presented
in two alternative variants of analyzing PMC as parametric
curves. The comments referring at LPGFS operation mode
become clear after the significance of the PMC is carefully
analyzed. It appears that the following simple procedure is
applicable: in the plots presented in Figs. 6 - 9 imagine a
horizontal or vertical line, i.e. corresponding to a given
value of Arpg or light wavelength; the intersection points
of this horizontal or vertical line with the phase matching
curves defines the peaks A’ of absorption bands appearing
in the LPGFS transmission spectrum. In the case of E. coli
infesting milk detection using LPGFS, for a given Appg, is
chosen a /1 situated in the vicinity of the peak wavelength
corresponding to a maximum absorption band of the
transmission spectrum of a biochemical compound
characteristic of E. coli. For detection of a given E. coli
strain using a given LPGFS, by choosing one or several, at
least five uniquely characteristic biochemical compounds
for the given E. coli strain, compounds which have
transmission spectra with absorption bands situated in the
five spectral windows, it becomes possible to find a set of
minimum one A’ corresponding to fulfilment of Bragg
resonance condition for the given LPGFS. It must be
observed that at this point of the simulation process the
role of the E. coli life cycle simulation model is important
and evident by providing the information concerning the
E. coli characteristic biochemical compounds. E. coli life
cycle simulation model provides also the concentrations of
the bacteria biochemical compounds at every moment, a
detail important for defining the E. coli bacteria status,
dead or alive. In the case of E. coli bacteria infesting milk
special care should be taken for avoiding the situation of
bio-chemical compounds common to the milk and E. coli.

In Fig. 10 there are presented the simulation results
obtained for observing the spectral shifts of the
absorption bands peaks caused by the milk infestation
with E. coli. It was considered the case of milk with a
concentration of 3.5 % fat substances, at room
temperature. It was investigated an absorption band
specific to a E. coli biochemical compound of lipo-
polysaccharide type.
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Fig. 6. The PMC obtained using Eq. (1) of the investigated
LPGFS represented as Apg vs wavelength
parametric curves for nine cladding light modes.
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Fig. 7. The PMC obtained using Eq. (2) of the investigated
LPGFS represented as A;pg vs wavelength
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Fig. 10. The simulated spectral shift of LPGF'S absorption
band induced by the E. coli infestation of milk.

The maximum absorption band of the E. coli
biochemical compound is situated at 1535.5 nm. It
was considered a concentration of E. coli bacteria of
5x107 cfu/ml, cfu being the acronym of Colony
Forming Units, a unit for quantification of pathogen
bacteria concentration. The value of A’ for Bragg
resonance condition was 1530.0 nm. As expected, a
slight increase of ambient refractive index was
observed causing a spectral shift of 2’ down to 1515.5
nm. According to the simulation there was a decrease
of full width half measure bandwidth (FWHM) from
218.3 nm to 211.5 nm. The value of E. coli bacteria
concentration is deduced implicitly through the
concentration of the observed lipo-polysaccharide.

4. Conclusions

In conclusion, the simulation approach presented in
this paper opens a new pathway for the design of LPGFS
for E. coli detection in infested milk. The new design

method can be used, with the necessary changes, for the
detection of other pathogen bacteria or germs. The
accuracy of the detection method can be largely improved
by imposing an enlarged number of specific spectral
identification points.

Also, on the basis of the presented newly developed
simulation method consisting in analyzing correlation of
biochemical characteristics of biological tissue cell with its
optical ones, further developments such as detection of
tuberculosis, nosocomial infections or various cancer
forms using LPGFS devices becomes possible.
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