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Rapid detection of foodborne pathogens is one of the most effective ways to solve

food safety problems. To achieve rapid and noninvasive detection and classification

of foodborne pathogens, we modified a fiber confocal backscattering micro-spectral

system to suit an extremely small biological sample, that is, a bacterium. This

system offers single-bacterium level, label-free, convenient, and environmentally friendly

characterization. Three categories of common foodborne pathogens (Salmonella

typhimurium, Escherichia coli, and Staphylococcus aureus) were measured. The

scattering spectrum ranging from 450 to 900 nm was selected, and by the model

of principal component analysis (PCA) and error back propagation algorithm of back

propagation neural network (BPNN), the backscattering microscopic spectra of three

categories of pathogens were dimensionally reduced, identified, and classified. The

results showed that the identification accuracy of three categories of pathogens

was above 90%, under neutral, acidic, and alkaline culturing conditions, respectively.

The preliminary results demonstrated the feasibility of using confocal backscattering

microscopic spectra combined with PCA and BPNN algorithm to identify and classify

single bacterium in a rapid, noninvasive, and label-free manner.

Keywords: foodborne pathogens, elastic scattering, scattering spectra, classification, principal component

analysis

INTRODUCTION

At present, foodborne illness poses a serious public health threat. Foodborne pathogens are the
major cause of foodborne illness [1]. According to World Health Organization (WHO) estimates,
pathogenicmicroorganisms are responsible for 70% of the world’s foodborne disease patients [2]. In
the worldwide, there are 1.5 billion diarrhea cases caused by biocontamination of food every year, of
which about 3 million resulted in death among children <5 years old [3]. Contaminants are widely
distributed in nature, coming from air, water, or the feces of animals. Moreover, they are difficult
to eliminate because some of them often adhere to the surface of food or medical devices and form
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a biofilm that resists sterilization. For instance, Staphylococcus
aureus is commonly associated with device-related infections
after an implantation or operation [4]. Hence, the detection of
foodborne pathogens is an effective first step in controlling food
safety and reducing clinical infection rates.

In recent years, numerous methods of detecting foodborne
pathogens have been deployed, for example, enzyme-linked
immunosorbent assay (ELISA) [5], bioluminescence detection
[6], gene chip technology, and polymerase chain reaction (PCR)
technology [7]. However, conventional pathogen detection
methods for the detection and identification of different bacteria
still have some defects. For example, if the marker of a gene
probe is a radioactive group, it may harm the human body,
with its subsequent treatment relatively difficult. An adenosine
triphosphate (ATP) luminescence detection technology can
detect the total number of microorganisms contained in food
but cannot specifically detect a target microorganism. Enzyme-
linked immunity usually has a high false-positive rate, which
affects the accuracy of detection, and is time-consuming and
laborious. In addition, traditional detection methods do not
apply to many clinical instruments. Therefore, at present, in the
field of rapid detection of foodborne pathogens, optical means are
playing an increasingly important role [8]. Raman spectroscopy
has been found to have increasing applications in the field
of foodborne pathogen detection due to its rapid and ultra-
sensitive properties [9, 10]. Pan et al. reported a near infrared
(NIR) laser scattering imaging system for rapid and noninvasive
classification of foodborne pathogens [11]. The study results
explored the potential of this system combined with multivariate
calibrations for classifying three categories of common bacteria.
Wilson and Vigil proposed a dark-field imaging technique
capable of automated identification of individual bacterium [12].
Various reports in the literature have demonstrated that strategies
using optical methods are potentially able to identify foodborne
pathogens noninvasively, in real time, and in vivo.

Optical scattering is the main form of the interaction of a tiny
particle and light, while the characteristics of the scattered light
are directly related to the characteristics of the scattering particles
[13]. It is used to detect the structural variations of mitochondria,
measurements of macromolecular dipole moments, structural
changes in cells, mechanisms of swelling, and lysis of isolated
mitochondria, among other applications [14–17]. All of these
studies are based on scattering theory, that is, the principle
that structural differences may cause scattering differences. The
optical detection method based on elastic scattered light can
measure and analyze the internal structure distribution and
changes of living cells in a natural state without introducing
an external medium. Backscattering spectra carry structural and
chemical component information from inside the bacterial cell.

Here, a pilot study was carried out to identify three categories
of label-free bacteria using a fiber confocal backscattering micro-
spectrometer (FCBS). Every bacterial smear was measured by
the FCBS. The collected spectra were dimensionally reduced
based on principal component analysis (PCA), identified and
classified based on back propagation neural network (BPNN)
algorithm. Because artificial neural network algorithm has strong
nonlinear mapping function, which the representative model

is BPNN [18]. It is a multilayer feedforward network trained
by an error back propagation algorithm and can get good
prediction results.

MATERIALS AND METHODS

Experimental Device
The FCBS is a combination of optical fiber confocal and elastic
scattering to obtain the single-cell backscattering spectrum.
This method has been published in our earlier study and
was used for classification and identification of cancerous
cells in previous studies [15]. Here, we introduced mainly a
slight modification on FCBS suitable for bacteria detection.
We improved the original optical fiber confocal backscattering
spectrum system to reduce its light field diameter to fit
small biological samples. The detailed improved methods are
as following. The light is coupled by Port 3 of the fiber
coupler to the optic probe, which is made up of a flat-
field apochromatic (PLAN Apo) objective (NA = 0.4, 20X,
Olympus, Japan) as a collimator and another PLAN Apo
objective (NA = 0.65, 40X, Olympus, Japan) as an objective.
The diameter of the optical field for the modified FCBS is
about 3.5 µm.

Bacterial Samples
The cell samples for this experiment were Salmonella
typhimurium (S. typhimurium, ATCC14028), Escherichia
coli (E. coli, ATCC25922), and S. aureus (S. aureus, ATCC6538).
All bacterial samples were obtained from the Laboratory
of Microbiology, University of Shanghai for Science and
Technology. All cytological samples were free of sedimentation.
The experiment was completed within 24 h at room temperature.

The bacteria were separated in the following manner: The
three strains were cultured in a nutrient broth for 16 h, fixed
with 1% methanol (v/v), and then made the bacteria smear.
The procedure steps are as following: firstly, 200 µL of the
bacteria were placed in the Eppendorf centrifuge tube and
centrifuged for 5min at 5,000 rpm. Secondly, the supernatant was
removed. Thirdly, the precipitated part was resuspended with
1mL of deionized water to make the bacteria suspension. These
procedures were repeated three times before the bacteria were
finally resuspended in 500 µL of deionized water. After the clean
oil-free slides were baked on an alcohol lamp, 20 µL of bacterial
suspension were smeared on the prepared slide using a sterilized
coating rod.

Spectral Collection and Pretreatment
We used a silicon slice whose reflectivity was about 30% in the
visual and NIR range as the standard reflector for all bacteria
backscattering spectral analyses to accurately obtain the true
spectral characteristics of the measured samples. S. typhimurium,
E. coli, and S. aureus were individually placed on the microscope
slide, while the stage was manually adjusted to move along the
surroundings so that the spot of convergence could be scanned
in all directions. The microscopic information of the sample at
this point was measured at the single bacterium level.
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Analysis and Identification Method
In the spectrum range from 450 to 800 nm, the dimensionality
of spectrum is too high, making analysis and automatic
identification very difficult. Principal component analysis (PCA)
method is a multivariate statistical analysis technique. The
core idea is to compress and extract the data, compress the
linearly dependent variables into a few linearly independent
comprehensive variables. The new obtained comprehensive
variables contain most of the information of original variables.
The PCAmethod is used to reduce the dimensionality. The main
characteristics of the data are extracted by data decorrelation
[19]. Then the main information is included in the first few
principal components (PCs). In the process of comprehensive
analysis, the first few PCs with the largest variance are selected
and can be used in preliminary treatment for other machine
learning methods [20].

The basic idea of BPNN is to use the steepest descent method
to obtain the constant adjustment of the network weight and
threshold through back propagation, so as to obtain the smallest
square error of network error. To identify and classify the spectra
of three categories of pathogens, the samples of the test set
are pre-processed by PCA. The principal component vectors
of cumulative contributions over 85% are inputted into the
BPNN model are extracted for prediction. We set the deviation
of prediction results within ±0.15 as the correct prediction.
Conversely, there are two types of misjudgments: [1] when
the prediction value is not in the setting value range, the
misjudgment is occurred. However it is not recognized as another
type of bacteria; [2] when the prediction value is in another
bacteria value range, it will be recognized as other bacteria.
The number of trainings used is 5,000 and the target error
is 0.01.

EXPERIMENTAL RESULTS UNDER
NEUTRAL CULTURING CONDITIONS

In this experiment, the backscattering micro-spectra of S.
typhimurium, E. coli, and S. aureus that were cultured under
neutral condition, were measured using the modified FCBS.

Three Bacterial Spectra
The light scattering spectra of the three kinds of foodborne
pathogens were obtained and demonstrated by using BWspec
software. The experimental data for the backscattering micro-
spectra of the three kinds of bacteria are shown in Figure 1.

In the spectra range of 450 to 800 nm, the contribution
rate and cumulative contribution rate of variance for the first
five principal components calculated by PCA are shown in
Table 1. The cumulative contribution rate of the first two
principal components (PC1 and PC2) reaches 99.39%, indicating
that they already contain the primary information of the
original variables.

A PCA scatter diagram based on the first two principal
component scores, PC1 and PC2, is shown in Figure 2. Fifty
spectral data for each of the three kinds of bacteria are used in
the PCA. This result has demonstrated that the micro-spectra of

FIGURE 1 | Backscattering micro-spectra of three kinds of bacteria.

TABLE 1 | Contribution rate and cumulative contribution rate of the first five

principal components.

Main ingredient Contribution rate Cumulative contribution rate

PC1 91.3729 91.3729

PC2 8.0163 99.3892

PC3 0.3897 99.7789

PC4 0.0874 99.8663

PC5 0.0354 99.9017

FIGURE 2 | Discrimination of the spectra of the three kinds of bacteria by PCA.

S. typhimurium, E. coli, and S. aureus obtained using themodified
FCBS can be distinguished by the first two principal components
in the PCA.

Identification Results by BPNN
Spectral data of 150 samples were collected as prediction set
samples, 1–50, 51–100, and 101–150 cases were S. typhimurium,
E. coli, and S. aureus spectral data, respectively. The effective
spectral components of the microscopic spectra of bacteria
collected after the data dimension of spectra were reduced by
PCA method. The first and second principal component vectors
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were selected as the input of the BPNN model for testing.
The classification and identification results have been shown in
Table 2 for 150 prediction sample sets. The experimental results
have shown that the identification rate of all three bacteria is
above 90%.

EXPERIMENTAL RESULTS UNDER
DIFFERENT CULTURING CONDITIONS

During the actual detection process, the growth of foodborne
pathogens will also change with the external environment. The
use of back scattering spectroscopy for label-free classification
and identification of foodborne pathogens is an ongoing research.
To prove the ability of classification and identification of the
modified FCBS, it is necessary to consider the backscattering
of foodborne pathogens in on-site detection. The same three
foodborne pathogens are selected. Most of the oils and fats
are weakly alkaline, while most of the eggs and milk foods
are weakly acidic. Therefore, two pH values (pH = 6.6, pH
= 8.4) culturing condition are designed. The backscattering
spectra of three foodborne pathogens are studied by spectroscopy
combined with statistical methods, chemometric methods, and
deep learning algorithms.

Spectra of Three Foodborne Pathogens
Under Two pH Conditions
The experimental data of the backscattering micro-spectra of the
three kinds of bacteria under two conditions of pH value are
shown in Figure 3.

The contribution rate and cumulative contribution rate of the
variance of two pH value conditions for the first five principal
components calculated by PCA are shown in Tables 3, 4. In the
spectra range of 450 to 800 nm, the cumulative contribution of
the first two principal components (PC1 and PC2) reaches 86.179
and 98.6%, respectively, indicating that they already contain the
primary information of the original variables.

Under two conditions of pH values, PCA plots based on the
first two principal component scores, PC1 and PC2, are presented
in Figures 4, 5, respectively. A total of 50 samples of spectral data
for each of the three kinds of bacteria are used in the PCA. This
result has demonstrated that under acidic and alkaline culturing
conditions, the micro-spectra of S. typhimurium, E. coli, and S.
aureus obtained using the modified FCBS can be distinguished
by the first two principal components in the PCA.

TABLE 2 | Classification results.

Strain Output samples Correct samples Recognition accuracy (%)

Sty 50 45 90

E. coil 50 47 94

S. aureus 50 48 96

Total 150 140 93%

Identification Results by BPNN Under Two
pH Conditions
Under each of two pH conditions, spectral data of 150
samples are collected as prediction set samples respectively.
Same as under neutral culturing conditions, the samples of
the test set are also pre-processed by PCA, while the first
two principal component input BPNN model are extracted
for testing. The classification and identification result have
been shown in Tables 5, 6. The experimental results have

FIGURE 3 | Backscattering micro-spectra of three kinds of bacteria under

acidic condition (A) and alkaline condition (B).

TABLE 3 | Contribution rate and cumulative contribution rate of the first five

principal components (acidic condition).

Main ingredient Contribution rate Cumulative contribution rate

PC1 67.551 67.551

PC2 18.628 86.179

PC3 7.474 93.653

PC4 1.833 95.486

PC5 0.682 96.168

TABLE 4 | Contribution rate and cumulative contribution rate of the first five

principal components (alkaline condition).

Main ingredient Contribution rate Cumulative contribution rate

PC1 72.647 72.647

PC2 22.488 95.135

PC3 2.882 98.017

PC4 0.310 98.327

PC5 0.284 98.611
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FIGURE 4 | Discrimination of the spectra of the three kinds of bacteria under

acidic condition by PCA.

FIGURE 5 | Discrimination of the spectra of the three kinds of bacteria under

alkaline condition by PCA.

TABLE 5 | Classification results (acidic condition).

Strain Output samples Correct samples Recognition accuracy (%)

Sty 50 48 96

E. coil 50 48 96

S. aureus 50 48 96

Total 150 144 96

shown that the identification rates of all three bacteria are
above 94%.

TABLE 6 | Classification results (alkaline condition).

Strain Output samples Correct samples Recognition accuracy (%)

Sty 50 48 96

E. coil 50 48 96

S. aureus 50 47 94

Total 150 143 95

DISCUSSIONS AND CONCLUSION

Food safety issues are associated with the national economy
and people livelihood. Traditional techniques of bacterial
identification are time-consuming and offer poor detection
sensitivity. Our proposed test method here is noninvasive and
label free. It can extract the spatial information of the bacterial
cells into the spectral information and obtain the scattering
characteristics of various bacterial cells without complicated pre-
processing. By extracting the characteristic of the scattering
spectrum, different cells can be identified and classified.
Compared with the backscattering detection technology, such
as the Raman spectrum, the elastic light scattering spectrum
can better describe the cell morphological characteristics. Our
method has a number of advantages, such as the simplicity of the
system, good repeatability, and high precision of spectral signals.
Moreover, the system is more conductive to the design and
construction of portable detection equipment, thereby meeting
the requirements of detection in-situ. Backscattering micro-
spectral data from S. typhimurium, E. coli, and S. aureus are
collected from three foodborne pathogens based on our modified
FCBS. By utilizing PCA and BPNN algorithm, the three kinds of
bacteria were classified and identified, with good results obtained.
At the same time, the identification accuracy was improved,
which provided a new method for cell identification. The results
have shown that the identification accuracy of three categories
of common foodborne pathogens under neutral, acidic and
alkaline culturing conditions were all above 90%. In addition, it
could be observed that the spectral curves of the same species
of bacteria were significantly different under different culture
conditions. In response to this phenomenon, we speculate that
the morphological characteristics of bacteria changed under
acidic and alkaline culturing conditions, compared with neutral
culturing condition. Thus the elastic light scattering spectrum
changed [21].

With a greater understanding of food microorganisms, we
believe that additional foodborne pathogen analysis methods
and detection techniques can be applied in real-life situations.
In future, we will continue to optimize the identification
algorithm and collect a larger number of samples to confirm
our current data before establishing a database of bacterial
feature information. In addition, miniaturization equipment
can provide guarantee for in-situ rapid detection. However,
considerable work remains to be done in the future for
applying the discrimination of the bacteria based on the
modified FCBS. Given the complicated effect of the variety
of foodborne pathogens that usually exist in food, automatic
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classification of mixed bacteria and its application for clinical
detection and treatment needs further research. Full detection
of pathogenic bacteria in food cannot be accomplished using a
single method and requires a combination of various techniques
to enhance detection sensitivity and reduce detection time.
With the rapid development of microbiology, biochemistry,
molecular biology, and other disciplines, the development
of various multifunctional microbial detection systems has
become an important topic. Combining the optical technology
with other detection techniques can achieve accurate and
efficient detection of foodborne pathogens and requires
further research.
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