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ARTICLE INFO ABSTRACT
Article history: Background: Rapid diagnosis of microbes in the burn wound is a big challenge in the medical
Accepted 2 September 2021 field. Traditional biochemical detection techniques take hours or days to identify the species

of contaminating and drug-resistant microbes. Near-infrared spectroscopy (NIRS) is
evaluated to address the need for a fast and sensitive method for the detection of bacterial

contamination in liquids.

Keywords: Methods: Herin, we developed a novel technique which by using NIRS together with
Wound infection supporting vector machine (SVM), to identify the microbial species and drug-resistant
Microbiology microbes in LB medium, and to diagnose the wound colonization and wound infection
Noncontact models of pigs.

Near-infrared spectroscopy Results: The device could recognize 100% of seven kinds of microbes and 99.47% of the multi-
Supporting vector machine drug resistant Staphylococcus aureus (S. aureus), with a concentration of 10° cfu ml™* in LB

medium. The accuracy of the microbial identification in colonized and infected wounds in-
situ was 100%. The detection limit of NIRS with SVM for the detection of S. aureus and
Escherichia coli (E. coli) was 10" cfu m1~* in LB medium. Identification time was less than 5 s.
Conclusion: Our findings validate for the first time a novel technique aimed at the rapid,
noncontacted, highly sensitive, and specific recognition of several microbial species
including drug-resistant ones. This technique could represent a promising approach to
identify diverse microbial species and a potential bedside device to rapidly diagnose infected
wounds.
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1. Introduction

Rapidly diagnosis of specific microbial infections in-situ is
critically important for infection control via selecting effective
antibiotics, which leads to saving patients’ lives and control-
ling medical costs. Conventional methods for the identifica-
tion of microbial pathogens mainly depend on microbiological
and biochemical approaches. However, although being highly
sensitive and accurate, the usefulness of such methods is
greatly hampered by being time consuming and by the cost of
the instruments employed [1,2]. Hence, it is necessary to
develop new quicker, simpler, and non-destructive technolo-
gies as alternatives aiming at identifying the types of microbes
in the wound.

For more than two decades, NIRs has been applied to
many different fields such as food industry [3] and
agriculture [4,5]. In recent years, with the development of
spectroscopic technologies and chemometric methods, the
medical application of NIRS has significantly progressed.
This method reproducibly distinguished different Escherichia
coli isolates and conclusively identified the relationship
between a new isolate and one of the tested species [6].
Since then, the study of NIR spectroscopy (NIRS) technolo-
gies for the rapid recognition of microbial cells in suspen-
sions has become quite popular [7,8]. However, hitherto the
potential of NIRS for detecting infections in-situ and for
discriminating different resistant strains has never been
investigated.

This study aimed at developing a rapid, non-invasive, and
accurate technique based on NIRS integrated with chemo-
metrics to identify the microbial species and drug-resistant
microbes in LB medium, and to diagnose the wound infection
in-situ.

2. Materials and methods
2.1. Ethical consideration

All of animal studies have been approved by the Management
Committee of Laboratory Animals Use of the Shenzhen
Translational Medicine Institute (AUP-190708-YMF-003). A
total of two Bama miniature pigs aged 4 months were used
in this study.

2.2.  Strains and growth conditions

In this study, we used strains of Staphylococcus aureus
(ATU25923), methicillin-resistant S. aureus (ATCC43300), E. coli
(ATU25922), Enterococcus faecalis (201511199), Proteus vulgaris
(201511208), Klebsiella pneumoniae (201512054), Acinetobacter
baumannii  (201512065), and Pseudomonas  aeruginosa
(201512043) obtained from the culture collection of the Medical
Microbiology Laboratory, Institute of Burn Research, Southwest
Hospital, TMMU, Chongging.

After confirming the identity via biochemical tests, the
cultured strains were kept frozen in a mixture of LB medium
(L7275, Sigma, USA) and glycerol to maintain both cryopro-
tection and the supply of nutrients.

2.3. Inoculum preparation

Microbial strains were inoculated into Nutrition Agar (PM2101,
Chongging Pang Tong Medical Devices Company, China) at 35
°C for 12 h. Individual colonies were grown aerobically
overnight in 20 ml LB medium at 37 °C with shaking at 150
rpm. Afterwards, each culture was centrifuged (6000 rpm for 10
min). The obtained pellet was resuspended in 10 ml LB
medium and centrifuged again; this process was repeated
three more times. The Optical density (OD) of bacterial solution
was measured at a wavelength of 600 nm using microplate
reader (HIMF, BioTek, USA). The final dilution to the desired
concentration was then prepared.

2.4.  Porcine wound infection model [9,10]

Two pigs were sedated with 25 mgkg~* sodium pentobarbital
(concentration, 2%; Shanghai Chemical Reagent Company,
China) by an ear intravenous drip. When they fully anesthe-
tized, the backs were carefully shaved, disinfected with 3%
iodine, and washed with 75% alcohol followed by saline.

A 3.0 cm diameter, four Full-thickness of round wounds
were made on the both sides of dorsal spine of each pig. Pigs
were divided into two group: infected group and colonized
group. The next day, the wounds of the infected group were
inoculated with 1 x 10° cfu ml~* Sau in 200 w1 LB medium per
wound, while the wounds of the colonized group were covered
with Mupirocin ointment-treated gauze.

Animals were fed separately. To determine whether we
successfully created an infected wound in a pig model, we
examined the microbial population within the wounds 24 h
after infection.

2.5.  Quantification of bacteria

One day after inoculation, when a stable wound infection had
been established, the wounds were washed with NS. Once the
wounds had dried, their NIR spectra were collected. 630
spectrum samples were collected for each animal group.

To determine the bacterial counts in the tissue samples,
biopsy specimens were individually weighed and homogenized
in 2 ml of PBS using a glass homogenizer. The homogenates of
each wound were then serially diluted in PBS (1:10, 1:100,
1:1,000, and 1:10,000). Take 200 1 diluent, plated on agar plates
in triplicates. The plates were then incubated overnight in a
bacterialincubatorat37°C. All colony counts were expressed as
log10 CFU per gram tissue. Bacterial counts of 10° cfu g~ were
considered to indicate bacterial infection.

2.6. NIRS measurements

NIRS measurements were made using the NIR Quest 256—2.1
spectrograph (Ocean Optics, USA). The spectral range varies
from 900 to 2200 nm and made records with a spectral
resolution of 4.91 nm, with 64 scans co-added.

2.7. Chemometrics

In this paper, we reduced the dimension of each sample data
using the Principal Component Analysis (PCA) method. We
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used the top three principal components as the input vector for
the SVM, and the output of the SVM was the microbial species.
The trainingset and test set were divided into two groups using
the hold-out method. Two-thirds of the samples were
randomly selected as training samples, and one-thirds were
used as test samples. The supervised training was performed
using the default parameter SVM setting. The SVM model was
used to distinguish and identify the test samples. Each
recognition experiment was performed 10 times. The identifi-
cation results were obtained by comparing the three kernel
functions, linear, polynomial and RBF, used in the SVM.

Let X = X1,Xy,...,Xy] € RPN be the spectrum data matrix,
the projection of the original sample in the new space is W'x;.
The main idea of PCA is to separate the projected samples as
much as possible, hence the variance of the projected samples

should be maximized. The objective function of PCA can be
formulated as

maxy tr(WTXXTW) s.t. WTW =1

The goal of SVM is to map the sample data into a higher
dimensional feature space, construct a maximum separated
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hyperplane, and maximize the interval from the mapped
sample data to the separation hyperplane. Hence, the
objective function of SVM can be formulated as

2
maXw g ”W)

st Y(WIX+B)>1

where W is the weight factor, B is the deviation.
The model is implemented by Matlab R2018b.

3. Results

3.1.  Analysis of diffuse reflectance spectra of seven
microbial species in LB medium

720 spectrum samples were collected for each bacteria. Fig. 1A
shows the average spectra of the seven microbial species we
examined at a concentration of 10° cfu ml~*. It was difficult on
the basis of the original NIR spectra to detect differences
between the different microbial species. Clearly, it was

PCA3
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e
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Fig. 1 - Analysis of diffuse reflectance spectra of several microbial species in LB medium. (A) The curves of average spectral
intensities. (B) The score cluster plot of top three PCA scores over the wavelength range of 900—2200 nm. (C) The average
intensity curves of the spectra of MSSA and MRSA. Red, the MSSA spectral curve. Blue, the MRSA spectral curve. (D) Score cluster
plot of the top three PCA microbial scores over the wavelength range of 900—2200 nm. Red dots, the MSSA spectral data. Blue
dots, the MRSA spectral data. (Sau) S. aureus, (Eco) E. coli, (Efa) E. faecalis, (Pvu) P. vulgaris, (Kpn) K. pneumoniae, (Aba) A. baumannii,
(Pae) P. aeruginosa, (MRSA) methicillin-resistant S. aureus, (MSSA) methicillin-susceptible S. aureus. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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necessary to extract the optical properties of each of the tested
pathogenic microorganisms. Thus, the microbial spectral data
were reduced by PCA. A score plot model based on three
principal components (PCs) was created. Seven distinct
clusters were distributed in the score plot. This brought
forward that a clear boundary existed among four microbial
species, excepting the groups of P. aeruginosa, E. faecalis and A.
baumannii (Fig. 1B). On the other hand, the results employing
SVM classification performed well as they achieved a predic-
tion capability of 100% for all the seven microbial species
examined. The classification results of SVM models with
linear, polynomial, and Radial Basis Functions (RBF) kernel
functions were 1, 1, and 0.995, respectively, which indicated
that NIR technology could identify the microbes suspended in
LB medium.

3.2 Analysis of diffuse reflectance spectra of MRSA and
MSSA in LB medium

The previous experiments’ results had shown that NIRS
techniques could differentiate the tested seven species of
microbes. To understand whether NIRS would also be able to
discriminate the antibiotic-resistant microbes from the
antibiotic-sensitive ones, we selected the two most popular
strains of Gram(+) microbes, i.e. MRSA and MSSA.

4500 spectrum samples were collected for each group.
Fig. 1Cshows the high overlap of the two cocci original spectra.
They had no obvious boundaries in the score plot (Fig. 1D). This
similarity of a high degree might be related to the same
components of the two kinds of microbial cells.

Then we used SVM to distinguish the two bacteria, and its
powerful differentiating function was fully demonstrated. The
RBF kernel function had the highest percent, i.e. 99.47%, of
distinction with a standard deviation of 0.0044.

3.3. Analysis of diffuse reflectance spectra of S. aureus and
E. coli in LB medium

The concentration of the test suspension for the bacteria was
10° CFU ml™! which required 6 h of culture. To better
understand the detection limit of NIRS, the diffuse reflectance
spectra of E. coli and S. aureus in LB medium were collected at
concentrations of 10, 102,103, 10%, 10°, 108, 107, 108 and 10° cfu
ml ' respectively. The number of spectral samples collected by
each group is shown in the Table 1

The results in Fig. 2 showed the overlap of the original
spectral bands of the two microbial species at the same
concentrations. There were more overlaps in the score plot of
the two microbes at all concentrations save for those of 10®
and 10° cfu ml~* (Fig. 3). This indicated that PCA, a very
popular unsupervised dimensionality reduction method,
might not have a sufficient capability to achieve clear
separation, as it becomes ineffective when the within-group
variations are greater than the between-group variations.
Again, the RBF kernel displayed its powerful mapping
capability, as the distinction accuracy could reach 100%
even when the concentration was down to 10 cfu ml™?
(Table 1). Therefore, the NIRS used together with SVM can
accurately identify the microbial species at a concentration
of as low as 10* cfu ml™%.

he number of spectral samples collected by each

10 102 10® 10* 10° 10° 107 10® 10°

S.aureus 925 1065 1079 604 712 720 639 1270 1067
E. coli 969 1057 1167 683 695 708 683 591 1187

3.4.  Detection of microbes in the wound in situ by NIRs

As shown above, NIRs has been proven to be a powerful
identification function for recognizing bacteria in suspension
solution. We next used it to detect in vivo models of infection.
Microbial load in wounds can affect the clinical outcome. An as
early as possible specific control of the microbial load will
definitely benefit the wound healing as well as the patients'
systemic conditions. While wound cultures remain a routine
part of the standard detection tools, real-time detection of the
microbes in the in-situ wound remains an unmet need.

Itis well known that bacterial colonization is inevitable in
exposed wounds. If the wound is critically colonized, a
localized infection usually sets in place [11]. If the bacterial
load is higher than 10° cfu g%, the wound infection morbidity
will occur with a high probability, thereby negatively
affecting wound healing and the survival of skin grafts
[12,13]. To this end, we created two wound models in
pig skin, i.e. the colonized model with a microbial load of
4.7 x 10° cfu g%, and the infected model with a microbial load
of 7.3 x 10° cfu g%

Photographs of the two wound models showed no signifi-
cant differences. Histological examinations could detect the
microbes in both the colonized wounds and the infected
wounds. Indeed, a small number of microorganisms were
allocated around the edges of the colonized wound. A greater
number of microbes were detectable in the infected wound. In
the latter, the microbes had invaded the muscle layer and were
allocated throughout the wound and the cutaneous layers
(Fig. 4).

630 spectrum samples were collected for each animal
group. Conversely, the NIR spectral curves of the two wounds
exhibited neat differences (Fig. 5A). Moreover, the PCA score
map (Fig. 5B) and the SVM results with values of 100% showed
that the different microbial loads of the two wounds could be
clearly distinguished.

4, Discussion

In recent years, researches have well documented the
potential of NIRs for the identification of microorganisms in
vitro. The key factor for successful identifications is the
selection of appropriate and powerful data analysis techni-
ques. Statistically and experimentally, The complex biochem-
ical composition of microbes yields NIR vibrational transitions
(overtone and combination bands) which can be used as
markers to classify and identify microbes [14,15]. Owing to the
multitude of cellular components, broad and superimposed
spectral bands occur within the NIR spectra, makingit difficult
to extract individual spectral bands.
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Fig. 2 - The average spectral intensity curves of two microbial species at different concentrations. (A) 10" cfu ml . (B) 10* cfu ml
~1,(C)10% cfuml ™. (D) 10* cfuml . (E) 10° cfuml ™. (F) 10° cfu ml . (G) 107 cfu ml *. (H) 10® cfu m1 . () 10° cfu ml . Blue, spectral
curve of (Sau) S. aureus. Red, spectral curve of (Eco) E. coli. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Over-fitting may occur when the number of input data
(absorption values at specific wave numbers) significantly
exceeds the number of samples, which is a problem most
studies face. Our present research used PCA to select
representative spectra for the entire data set to reduce the
input data numbers, which will be further analyzed through
supervised techniques. The SVM method has a superior
efficiency and stronger generalization capability in the case
of small samples. Consequently, the maximum recognition
error rate is very low, the results are quite stable, and samples
parametric changes have little impact over a wide range of
applications [16—18]. The results from our current experiment
confirmed that SVM was a suitable classifier for developing
models that analyze the entire NIR spectrum.

After we confirmed that NIRs could detect both different
species and multiple-drug resistant microbes suspended in LB
medium at the high concentration of 10° cfu ml~! which
needed 6 h of culture, we started to explore the NIRs detection
limits of Eco and Sau in LB medium. Our results demonstrated
that NIRs could successfully detect Eco and Sau bacteria at as
low as 10 cfu ml~*. These results were similar to those of
previous studies [19]. We developed several empirical models
that linked the multiple spectral intensities from many
calibration samples to known species of microbes. Unknown
samples can be measured with no pretreatments, which
makes detection and analysis time shorter than 5 s, i.e. much
faster than any conventional detection method (usually 24 h
—36 h).
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~1.(1)10° cfuml *. Blue dots, spectral data pertaining to (Sau) S. aureus. Red dots, spectral data of (Eco) E. coli. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Our most important aim was testing whether NIRS might
detect and differentiate microbes in wounds in-situ. It is well
known that microbial colonization is unavoidable in exposed
wounds, and that wound infections definitely impact on
wound healing and skin graft survival [19,20].

Therefore, we set up models of colonized wounds and
infected wounds on the back of pigs. The microbial load of
the colonized wounds was 4.7 x 10° cfu g * and that of the
infected wounds was 7.3 x 10° cfu g~. We concluded that
the model preparation method was feasible. The results of
HE stained slides showed that the distribution of bacteria
was rather even except for the edges of the wounds where it
was dense. Because of this observation, we only collected
the spectra of the central area of the wounds. The final
results showed that the NIRS combined with SVM can
successfully distinguish the colonized wound from the
infected wound, and the identification accuracy was equal
to 100%.

During our study, each recognition experiment was
performed 10 times to measure distinction results and prevent
their over-fitting. To ensure the further development and
clinical applications of this technology, we need to build an
extended and comprehensive database using data gained from
alarge number of representative samples. In future studies, we
will continue to explore whether there might be a better data
processing method to build models requiring such a large
number of samples.

Moreover, it is clear that NIRS is a noncontacted and non-
invasive technology which can completely avoid secondary
harm and microbial cross-contaminations to the patients. In
addition, NIRS technology does not require any reagents, such
as dyes or nanometal particles, which significantly reduces the
costs. On the other hand, NIRS can work at the bedside as well,
which is extremely important for physicians to detect any
disease worseningin time in the critical ill patients and to help
doctors timely administer proper antimicrobial agents to
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Fig. 4-Photographs and HE-staining result of the two wound models. (A) colonized wound. (B) Infected wound. Lower left black
rectangular boxes indicate the magnified skin regions. Arrows show the infected region of the wound.
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Fig. 5 - Detection of wound infecting microbes in situ by NIRs. (A) The average spectral intensity curves of the colonized wound
and of the infected wound. In black, spectral curve of the colonized wound. In red, spectral curve of the infected wound. (B) Score
cluster plot of the top three PCA scores of the colonized wound (blue dots) and of the infected wound (red dots). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

control infection and reduce mortality. To this aim, a movable
mini-clinical lab is desirable.

In summary, we developed a novel approach for the
detection of microbial infections, which is rapid, inexpensive,
easy to handle, noncontacted, non-invasive, and working
online in real time. It can achieve the rapid and dynamic
detection of infections in wounds, body fluids, biopsy samples,
surgically exposed organs, et cetera. A movable mini-clinical
lab could be expected in the future.
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