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Rapid identification of five species of bacteria based on
confocal Raman spectroscopy of single bacterial cells

DOU Xuechen”, CAI Tianyu”, WANG Guan, LIU Peipeng, LI Chao, DU Yaohua’,

TIAN Feng’

Institute of Medical Support Technology, Institute of Systems Engineering, Academy of Military Sciences of Chinese
PLA, Tianjin 300161, China

Abstract: [Background] Despite the extensive research on the application of confocal Raman
spectroscopy in imaging and component identification, there are few studies focusing on the rapid
detection and identification of a variety of bacteria. [Objective] A method for rapid classification and
identification of single bacterial cells was established with confocal Raman spectroscopy. [Methods]
We optimized the excitation wavelength of confocal Raman spectroscopy by using the single cells of
Escherichia coli, and studied the influence of storage time on the Raman spectrum of E. coli.
Furthermore, we performed confocal Raman spectroscopy tests for Staphylococcus albus, Escherichia
coli, Staphylococcus aureus, Salmonella, and Pseudomonas aeruginosa. We then analyzed the Raman
spectra of the 5 bacterial species to design a rapid identification method combining confocal Raman
spectroscopy with support vector machine (SVM) model for the 5 bacterial species. [Results] Among
the three common Raman detection wavelengths of 532, 633, and 785 nm, 532 nm had the best
excitation efficiency and spectral signal-to-noise ratio for the identification of single bacterial cells. The
SVM model showed the sensitivity and specificity above 96.00% and the overall accuracy rate of
98.25% for the identification of these bacteria. Moreover, the Raman spectra showed good repeatability
and stability for the E. coli stored for different time, and the matching rate of SVM model was above
90.00%. [Conclusion] Single-cell Raman spectroscopy combined with SVM model can quickly and
accurately classify the five bacterial species, and different storage time has little effect on the
identification of E. coli based on Raman spectra.

Keywords: confocal Raman spectroscopy; single bacterial cells; classification and identification; support
vector machine
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Figure 3 Raman spectrum comparison before and after data preprocessing. A: The collected original Raman
spectrum data; B: The Raman spectrum processed by the least square method; C: The Raman spectrum after
the first smoothing by the weighting method; D: The second smoothing by the weighting method Raman

spectroscopy.
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Figure 4 FE. coli Raman repeatability test under different excitation wavelength laser. A: E. coli Raman
repeatability test under laser with excitation wavelength of 532 nm; B: E. coli Raman repeatability test under
laser with excitation wavelength of 633 nm; C: E. coli Raman repeatability test under laser with excitation
wavelength of 785 nm; D: Comparison of E. coli Raman spectra under 3 excitation wavelengths.
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Table 1 Signal-to-noise ratio of the same
characteristic peak of Escherichia coli under different
laser intensities

1 5 e e 532nm 633 nm
Raman spectra peak (cm™')

720 4.752 3.766
784 5.506 3.468
1003 8.200 8.480

1 048 3.684 2.841

1 340 6.040 3.062

1 448 9.135 5.810
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Figure 5 Raman spectra of five bacteria.
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Table 2 Raman spectrum data set
i # 42 Number of spectra

I/ Bacteria

S. albus 434
E. coli 314
S. aureus 275
Salmonella 133
P. aeruginosa 184
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Table 3 Classification results of SVM model

44 Bacteria S.albus E.coli S.aureus  Salmonella  P. aeruginosa Sensitivity (%)  Specificity (%)
S. albus 104 0 4 0 0 96.30 100.00

E. coli 0 77 0 1 0 98.72 99.62

S. aureus 0 1 67 0 0 98.53 98.54
Salmonella 0 33 0 100.00 99.68

P. aeruginosa 0 0 46 100.00 100.00
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Figure 7 Microscopic pictures of Escherichia coli stored for different times. A: Storage time is 12 h; B:
Storage time is 24 h; C: Storage time is 36 h; D: Storage time is 48 h; E: Storage time is 60 h; F: Storage time

is 72 h.
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Figure 8 Repeatability test of Raman spectra of
Escherichia coli stored for 0 h.
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Figure 9 Repeatability test of Raman spectra of Escherichia coli stored for different time. A: Storage time
is 12 h; B: Storage time is 24 h; C: Storage time is 36 h; D: Storage time is 48 h; E: Storage time is 60 h; F:

Storage time is 72 h.
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Figure 10 Raman spectra of Escherichia coli with
different storage time.

WA, Salmonella. P. aeruginosa HJ)REE
BE T 100%, S. albus. E. coli. S. aureus YR
WERE] T 96%LA s S. albus Fl P. aeruginosa
RS ERE] T 100%, E. coli. S. aureus

x4 AETFERETER Escherichia coli 12 1%
HiE&

Table 4 Raman spectrum data sets of Escherichia
coli with different storage time

A7 BT [A] Storage time (h)  JGi% %L & Number of spectra

0 28
12 20
24 23
36 20
48 22
60 21
72 32

Salmonella R SFPERIER] T 98%LL E. HT
5 FhE B R A BRSO B A AR
FINGELIEA B, S. albus. E. coli. S. aureus
W RBE N E. coli, S. aureus Fl Salmonella 1)
R AR — 8 B Ab 25 ]
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£ 5 AEEMEER Escherichia coli H1 8 ¥ 1% SVM 1R AR R 45 ]
Table 5 Recognition results of Escherichia coli Raman spectrum SVM model with different storage time

S [E] Storage time (h) — S. albus E.coli  S.aureus  Salmonella  P.aeruginosa VUL 3 Match rate (%)
0 0 26 1 1 0 92.86
12 0 18 1 1 0 90.00
24 0 21 2 0 0 91.30
36 0 18 1 0 1 90.00
48 0 20 0 1 1 90.91
60 0 19 0 0 2 90.48
72 0 29 1 1 1 90.63
e, XARFERAERTEIE E. coli $i 2615 Surface-enhanced Raman spectroscopy combined with
AT S MR H L 5 2 A . E. coli (o stable isotope probing t.o monitor nitrogen assimilat.ion
at both bulk and single-cell level[J]. Analytical
SRHEIE IO, FRIHARIFERES RN E. coli 1Y Chemistry, 2017, 89(11): 5793-5800
Tﬁ%j{ﬁiﬁé‘ %%ﬂ»?ﬂﬁ?ﬁ:o 25+ SVM ;ﬁgﬂg{l\ [3] Zhou HB, Yang DT, Mircescu NE, Ivleva NP,

iE, 0. 12, 24, 36. 48, 60 1 72 h YJREVEM
VERCE] E. coli, FfHILELHEITEE 90%LL I, &
BN [RAERC TXF E. coli T8 3% 1 I 2511 1]
JLF- T .

Zr BTk, T RN AL R 2 G R
FAR T LIS BUAE R IE . JOHG 58 ) B 20 B 2
SPRTEBM , ARV N FREAS R BEEL . HEA
DA PR A, SCBTE R . A RSE
D ECREE SR T BRI AT R AN B A2 . 454 SVM
R AT LS BN B R S A DL S ), Rk AT 3
X Z RN S S PSR, T
FREE RS e RAE T A E2 2], I SEBAE
ZRIEE T . IRARM G Z AR AR B A2
P S 51
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