


Label-Free SERS for Rapid
Species Identification of

Escherichia Colli,
Monocytogenes,

Listeria
and Salmonella

Typhimurium Bacteria

The need for rapid detection of foodborne bacteria has long been a hot topic for a
wide range of individuals, from policy makers to manufacturers. The traditional
method, nucleic acid-based polymerase chain reaction (PCR), and antibody-based
biosensors have been developed as viable tools to identify the bacteria. Generally,
these methods are labor-intensive and multistep procedures, and they also require
species-specific antibodies-probe reagents. Colloidal silver surface-enhanced Raman
scattering (SERS), as demonstrated here, could be an important alternative tech-
nique in the rapid and simultaneous screening of the presence of the three most
common outbreak bacteria because the technique uses exclusive biomarkers, is

label-free, and provides easy sampling.

Yongliang Liu, Yud-Ren Chen, Xiangwu Nou, Moon S. Kim, and Kuanglin Chao

food products are great concerns for federal regulators
and manufacturers, not only because of the public health
issue but also because of the subsequent economic loss. To
meet the requirement for rapid detection of foodborne bacte-
ria, a number of new techniques, such as nucleic acid-based
polymerase chain reaction (PCR) and capture antibody—detec-
tion (Jabel) antibody-based sandwich immunoassays (1,2),
have been developed. However, these methods have several
potential problems, such as a high rate of false negatives and
false positives, slow speed, selection of species-specific antibod-
ies and probe reagents, and multistep sample preprocessing
with the use of numerous chemical reagents.
Fast microbial detection requires minimal sample prepa-
ration, permits routine analysis with a shorter data collec-

Frequent recalls of bacteria-contaminated ready-to-eat

tion interval and simpler operation, and it is hoped, reduces
the probability of bacterial cross-contamination during the
identification process. Surface-enhanced Raman scattering
(SERS) studies of bacteria adsorbed on fresh borohydride-
reduced or citrate-reduced silver colloids is an alternative ap-
proach. Not only has it been used to obtain the fingerprint-
ing characterization of bacterial structure (3-5), but it also
has an easy sampling attribute by mixing silver colloids di-
rectly with incubated cultures (5).We have identified the
unique SERS bands in Escherichia coli and Listeria monocy-
togesies bacteria and subsequently have developed simple two-
band algorithms for rapid and routine identification of E.
coli and L. monocytogenes cultures on silver colloidal nanopar-
ticles that were prepared from different batches and had un-
dergone various storage durations (5).
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Figure 1: (a) Average SERS spectrum of seven fresh silver colloidal suspensions prepared with a
batch process; (b) SERS spectrum of a potassium phosphate aqueous solution (final concentration

of 5.0 X 1073 M).

The objectives of this study were to
unravel the characteristic SERS bands
of Salmonella typhimurium bacteria and
to verify the simple and universal algo-
rithms established earlier (5). The ulti-
mate goal is to develop label-free SERS
for rapid, accurate, specific, and routine
screening of E. coli, L. monocytogenes,
and S. typhimurium bacteria for public
safety and security.

Experimental

Chemical reagents. Chemical reagents
(silver nitrate, >99%, and trisodium cit-
rate, >99% from Sigma-Aldrich Co., St.
Louis, Missouri) and trypic soy broth
(TSB) media (Becton, Dickinson and
Co., Sparks, Maryland) were used with-
out further purification.

Silver colloid preparation: During a
12-month period, 10 batches of citrate-
reduced silver colloidal suspensions were
prepared by a modified Lee and Meisel
procedure (6) and were described in de-
tail previously (5).

Bacterial culture preparation: More
than 14 batches of E. coli strains (E. coli
ATCC 25922), L. monocytogenes strains

(L. monocytogenes ATCC 13932),and S.
typhimurium strains (S. typhimurium
ATCC 14028) were incubated in TSB
growth media at 37 °C for approxi-
mately 17-20 h without agitation in a
1-year span. This growth procedure rou-
tinely yielded a culture containing ~10?
colony forming units { CFU)/mL of each
respective bacterium at stationary phase.

SERS spectral collection and analysis.
SERS spectra were collected on a Fourier
transform (FT)-Raman module using a
DTGS KBr detector and XT-KBr beam-
splitter (Nicolet 670 FT-IR bench, Madi-
son, Wisconsin). Raman scatter was accu-
mulated using 180° reflective mode with
1 W of laser power at 1064 nm excitation
and 256 scans at 8-cm~! resolution. All
spectra were transformed into .spc files
(Grams file format) and then were
smoothed with the Savitzky-Golay func-
tion of two polynomial and 11 points by
the use of Grams/32 software (Version 7.0,
Galactic Industries Corp., Salem, New
Hampshire). The data set was loaded into
Microsoft Excel 2000 (Microscoft, Red-
mond, Washington) to execute simple al-
gorithm analysis.
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Figure 2: Representative SERS spectra of the same batch of £ cofi in two batches of silver colloids.
As a comparison, an FT-Raman spectrum of £. coli culture, labeled as intact, was provided. Spectra
were shifted vertically for direct comparison.
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Figure 3: Representative SERS spectra of the same batch of L. monocytogenes in two batches of
silver colloids. As a comparison, an FT-Raman spectrum of L. monocyfogenes culture, labeled as
intact, was provided. Spectra were shifted vertically for direct comparison.

state were introduced into 6 mm X 50
mm commercial glass tubes (Fisher Sci-
entific, Suwanee, Georgia) to evaluate

Two types of measurements were per-
formed. First, 50 pL of different silver
colloidal batches in both fresh and aging
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Figure 4: Representative SERS spectra of the same batch of S. typhimurium in two batches of silver
colloids. As a comparison, an FT-Raman spectrum of S. typhimurium culture, labeled as intact, was
provided. Spectra were shifted vertically for direct comparison.
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Figure 5: Plot of the ratio of /775//33, (horizon) vs. ane of /gy/kss, (vertical) for E coli cultures (0),
L. monocytogenes cultures (@), and S. fyphimurium cultures (A). Each point was the average of at
least four SERS measurements in two silver colloidal batches that were stored for less than 40 days.

thew reproducibility and stability, and 40
pL of an aqueous tribasic potassium
phosphate solution was added to the
same volume of silver colloids to exam-
ine the binding effectiveness of silver
nanoparticles. Second, bacterial suspen-
sions were mixed with silver colloids at
a volume ratio of 1:1 (40 WL/40 pl) to
get the respective SERS spectra. For one
bacterial or potassium phosphate solu-
tion against one batch colloidal solution,
two measurements were taken. Immedi-
ately after mixing two solutions, the tubes
were shaken vigorously five times and
then kept untouched for 10 min before
the subsequent SERS measurements.

Results and Discussion

Assessment of reproducibility, stability,
and bending effectiveness of silver col-
loids. One of the major concerns in SERS
studies is to prepare reproducible silver
colloids with the batch process, because
the fabrication procedure is sensitive to
many factors, such as temperature and
rate of addition of reagents (7). As an al-
ternative, the flow system has been de-
veloped to produce reproducible and sta-
ble colloids (8). However, batch-based
colloidal fabrication is still attractive and
practical because of its simplicity and its
ease of operation (9).

Although UV-vis spectroscopy has
been used to reveal the characteristics
of silver colloids (3,7,8), Raman spec-
tra can provide the information result-
ing from chemical residuals in colloids
(5,9). Figure 1 shows the average spec-
trum of normalized SERS signals at 215
cm~! from 10 fresh silver colloidal sus-
pensions prepared with the batch
process in the 1100-300 cm~! region,
in which no significant SERS peaks
arising from decomposed chemical
residuals in silver colloids were ob-
served. Meanwhile, there were no ad-
ditional SERS peaks observed for the
silver colloids during an eight-week
storage period at room temperature,
suggesting the stability of the silver col-
loidal suspensions (5).

In addition, probe compounds such
as dyes and inorganic phosphate have
been introduced into colloidal solutions
to assess their binding effectiveness (5,8).
We selected potassium phosphate as an
analyte because it is much smaller than



the silver colloidal nanoparticles and has
characteristic P-O vibrations. Figure 1
(b) shows the SERS spectrum of an aque-
ous potassium phosphate solution at a
final concentration of 5 X 103 M, and
intense and separated v1 bands at 922
cm~! were used to evaluate the binding
effectiveness of silver colloidal nanopar-
ticles at both fresh and aging states (5).
SERS characteristics of E. coli, L. mono-
cytogenes, and S. typhimurium cultures:
Figures 2 through 4 show typical SERS
spectra in the region of 1100-300 cm ™!
from mixtures of two batches of silver col-
loidal suspensions and one batch of E.
coli, L. monocytogenes,and S. typhimurium
culture, respectively. As a comparison, FT-
Raman spectra of individual cultures are
given as intact, and they do not show any
apparent bands. As expected, there are
large variations in both relative intensity
and position of SERS-active bands be-
cause of subtle changes among silver col-
loidal batches and unpredicted “hot”
binding sites. Because incubated bacter-
ial cultures consist of numerous species
that were preexisting in growth media
and were produced as by-products dur-

ing bacterial growth, clear understanding
of the origins of SERS-active bands is not
straightforward.

The most striking differences of SERS
spectra among E. coli, L. monocytogenes,
and S. typhimurium cultures ate the ap-
pearance of more prominent SERS peaks
in the E. coli and S. typhimurium suspen-
sions than in L. monocytogenes suspen-
sions. Such distinctions could be a reflec-
tion of their genetic, structural, or
metabolic differences. Close examination
of all SERS spectra over a period of more
than one-year indicates that an intense
712-cm~1! SERS peak is common in E.
coliand S. typhimurium suspensions and
could be used to discriminate them from
L. monocytogenes cultures, whereas the
390-cn~! SERS band not only is indica-
tive of L. monocytogenes cultures but also
could be used to discriminate E. coli cud-
tures from S. typhimurium cultures.

Identification of E. coli, L. monocy-
togenes, and S. typhimurium cultures:
Ratios of I,,/1,5 and I5y/I5s5, for three
types of bacterial cultures were ob-
tained by the same procedure we de-
veloped earlier (5) and are plotted in

Figure 5. Three cultures display much
scatter distribution, probably as a re-
sult of a number of factors, such as the
variations of chemical components
and heterogeneities over batches of
bacterial cultures and colloidal suspen-
sions, and time after mixing bacteria
and colloids. However, the greatness
of the two ratios differs among the
three species. Careful examination in-
dicates that the E. coli and S. ty-
phimurium cultures can be separated
from L. monocyrogenes by the ratio val-
ues of I;),/1,5, greater than 1.04, and
the E. coli and S. typhimurium cultures
can be identified from each other by
the ratio values of I3g/ I35, around 0.97,
respectively. Notably, the classification
model is based upon SERS spectra ac-
quired from different colloidal batches
stored for different lengths of time.
Although multivariate data analy-
sis of SERS spectra has been at-
tempted to discriminate different bac-
terial species, SERS data from only
one batch of colloid were used, and
SERS spectra were preprocessed by
subtracting a linearly increasing base-
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line (3). Clearly, it is impractical and
time-consuming. Consequently, de-
velopment of ratio algorithms utiliz-
ing the unique SERS bands directly is
simple and can be applied universally
for fast, accurate, and routine screen-
ing of E. coli, L. monocytogenes, and
S. typhimurium species on a variety
of silver colloidal suspensions over
batches and storages.

Conclusion
This study suggests the usefulness of the
SERS technique in rapid and routine

species identification of E. coli, L. mono-
cytogenes, and S. typhimurium cultures
as a result of the technique’s simple and
easy sampling attribute as well as exclu-
sive SERS biomarkers. To reveal consis-
tent SERS bands from poor repro-
ducibility of SERS signal of bacterial
analyte, numerous spectra of mixing
various batches of bacterial cultures
with different colloidal batches were ex-
amined carefully. Characteristic bands
at 712 and 390 cm~? that appeared con-
sistently and had the strongest inten-
sity were identified. Two unique bands
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were then used to identify E. coli, L.
monocytogenes, and S. typhimurium cul-
tures with 100% success.

To assess the reproducibility and sta-
bility of citrate-reduced silver colloids
over batch process and over storage pe-
riod as well as their binding effective-
ness, FT-Raman spectra of silver col-
loid suspensions and ratio of
SERS-active P-O band at 922 ¢cm~1 in
potassium phosphate aqueous solu-
tions were used. The measures will en-
sure the quality control of batch-based
silver colloids in the routine applica-
tion over a long period.
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