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ABSTRACT: Portable rapid detection of pathogenic bacteria
such as Bacillus is highly desirable for safety in food
manufacture and under the current heightened risk of
biological terrorism. Surface-enhanced Raman scattering
(SERS) is becoming the preferred analytical technique for
bacterial detection, due to its speed of analysis and high
sensitivity. However in seeking methods offering the lowest
limits of detection, the current research has tended toward
highly confocal, microscopy-based analysis, which requires
somewhat bulky instrumentation and precisely synthesized
SERS substrates. By contrast, in this study we have improved SERS for bacterial analyses using silver colloidal substrates, which
are easily and cheaply synthesized in bulk, and which we shall demonstrate permit analysis using portable instrumentation. All
analyses were conducted in triplicate to assess the reproducibility of this approach, which was excellent. We demonstrate that
SERS is able to detect and quantify rapidly the dipicolinate (DPA) biomarker for Bacillus spores at 5 ppb (29.9 nM) levels which
are significantly lower than those previously reported for SERS and well below the infective dose of 104 B. anthracis cells for
inhalation anthrax. Finally we show the potential of multivariate data analysis to improve detection levels in complex DPA
extracts from viable spores.

Spore-forming bacteria, such as Bacillus, are prevalent in soil
and on plants and, as such, are commonly found in plant-

based foods. They can easily be transferred to meat and dairy
products during production, and although most forms are
harmless, certain types, for example B. cereus and B. subtilis,
release toxins that cause food poisoning.1 The most dangerous
and notorious form, B. anthracis, causes anthrax, and its
potential for use in bioterrorism was highlighted by the attacks
on the U.S. postal service in 2001.2 A method of rapid and
sensitive detection of spores, amenable for portable field use, is
therefore highly desirable.
The vast number of Bacillus strains and their associated

toxins means infective doses can range from 104−1011 spores/
cells;1 therefore, the lowest end of this range is the necessary
limit of detection (LOD). Biological analyses, such as PCR, are
able to identify and discriminate between bacteria at the strain
level, sometimes with as few as 10 spores,3 but even though
analysis can be completed in the region of 1 h,4 it is still far too
slow and interest has shifted toward small molecule biomarker
detection. This results in a compromise between loss of
discriminatory information and speed of analysis; the idea being
that rapid detection allows precautionary measures to be taken
while the specific danger level is more thoroughly assessed.
A particularly useful biomarker is dipicolinic acid (DPA), as it

is found in bacterial spores (usually as a Ca2+ chelate complex)
but not in other spores, such as mold or pollen, or other
commonly occurring environmental materials.5 DPA can be
detected and quantified by common laboratory-based techni-

ques, such as liquid chromatography,6 gas chromatography/ion
mobility mass spectrometry,7 and Fourier transform infrared
spectroscopy,8,9 although these techniques often lack the
sensitivity required, particularly when sensitivity has to be
compromised for portability (LODs in the tens of nanograms
in the case of HPLC-UV6 and the prototype portable GC/
IMS7).
Appropriate sensitivity has been achieved in a time scale of a

few minutes, by complexing Tb3+ with DPA and measuring
photoluminescence;10,11 however, this method is susceptible to
interference from other molecules, either through DPA binding
competition, leading to false positive results, or inhibition and
luminescence quenching,10 leading to false negatives. Despite
significant improvement,12 interference in environmental
samples cannot yet be completely eliminated.
Raman spectroscopy, in particular surface-enhanced Raman

spectroscopy (SERS), has been shown to be a useful tool for
DPA detection and quantification,13−20 as the vibrational
spectrum allows definitive identification of DPA from
interfering species, analysis time is less than 1 min, and
portable instrumentation is readily available. Its use has even
been demonstrated with samples collected from mail sorting
apparatus,14 albeit at milligram level.
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SERS exploits the enhancement in Raman signal intensity
observed when an analyte is brought into close proximity with a
metal surface that has nanoscale roughness features. These
surfaces can be loosely divided into two groups: solid surfaces
with immobilized nanoscale features and colloidal suspensions.
DPA quantification has been reported using both.
Very low LODs have been reported on solid surfaces, down

to 0.1 parts per billion (ppb) DPA.19 While this is an impressive
LOD, this technique requires the use of a Raman microscope,
which greatly limits the portability of the method. In our
opinion, the most practical approach to portable SERS
detection of Bacillus is to use colloidal nanoparticles, as
reported by Bell et al.15 This permits the use of smaller, simpler,
and less expensive instrumentation and provides a true
indication of analyte concentration, as the nanoparticles and
adsorbed analyte move within the laser path under Brownian
motion to give an averaging effect, rather than trying to
manually focus on one fixed point. It is the improved detection
of DPA using colloidal SERS that we report here along with
experiments to detect DPA from B. cereus and B. subtilis due to
their implications in food poisoning.

■ EXPERIMENTAL SECTION

Reagents. DPA (99%), manganese sulfate monohydrate
(99%), trisodium citrate dihydrate (99.5%), glutaric acid (96%),
and silver nitrate (99.9%) were used as supplied by Sigma
Aldrich Ltd. (Dorset, U.K.). Nitric acid (70%) was used as
supplied by Fisher Scientific (Loughborough, U.K.). Sodium
sulfate decahydrate (99%) was used as supplied by BDH Ltd.
(Poole, U.K.). Lab 28 blood agar base (without blood) was
used as supplied by Lab M (Bury, U.K.).
Colloid. Citrate-reduced silver colloid was prepared

according to the Lee and Meisel method.21 Briefly, 90.0 mg
of AgNO3 was dissolved in 500 mL of doubly distilled,
deionized water and brought to boiling. Then 10.0 mL of 1%
w/v aqueous sodium citrate solution was added with stirring,
and boiling was resumed for 1 h. We have previously
thoroughly characterized colloid prepared by this method
using transition electron microscopy (TEM)22 and scanning
electron microscopy (SEM)23 and here compared the UV−vis
absorbance spectrum to confirm that this colloid batch was
comparable (data not shown).
Instrumentation. SERS spectra were recorded using a

DeltaNu Advantage 200A portable spectrometer (DeltaNu,
Laramie, WY, USA), equipped with a 633 nm HeNe laser
giving a power of 3 mW at the sample, which was calibrated
using a polystyrene internal standard as supplied by the
instrument manufacturers. All analyses were conducted in
triplicate.
SERS Analysis of Pure DPA. DPA solutions of 1000 ppm

(5.98 mM) were prepared in both deionized water and 20.0
mM aqueous nitric acid. These solutions were further diluted
with their respective solvents to provide a range of different
concentrations.
SERS analysis was performed as follows: 200 μL of silver

colloid was added to a glass vial, followed by 200 μL of the
DPA solution, and lastly 50 μL of 0.100 M sodium sulfate
aggregating agent. The vial was capped and vortexed for 2 s,
and then a 30 s SERS spectrum was recorded. In preliminary
experiments (vide inf ra) aggregation times were assessed using
sequential 30 s spectral collections for 30 min (60 measure-
ments in total).

A color change of the colloid from light gray to darker gray
indicates successful aggregation. In the case of the nitric acid
solutions, it was apparent that self-aggregation was occurring
before addition of the aggregating agent; therefore, for these
samples the aggregating agent was omitted. In the experiments
where direct comparisons were made between the two solvent
systems, 50 μL of deionized water was added in place of the
aggregating agent to maintain comparable volumes and
concentrations. This was not required for all other measure-
ments. For quantitative measurements, an internal standard of
glutaric acid was added to the nitric acid solvent at a fixed
concentration of 2.00 mM.

Culture of Bacterial Spores. B. subtilis and B. cereus spores
were cultured according to the method reported by Goodacre
et al.9 Briefly, Lab 28 nutrient agar was prepared containing 5.0
mM MnSO4 to promote sporulation. Cultures were incubated
at 30 °C for 6 d, by which time the nutrient source had been
depleted and the colonies were no longer growing. Spore
colonies were scraped from the agar plates using an inoculating
loop and suspended in deionized water. The spore suspensions
were maintained at 50 °C in a water bath for 1 h to ensure
maximum sporulation had occurred.

DPA Extraction and Analysis. Two 1.0 mL aliquots of the
spore suspension were each washed once to remove any
dissolved impurities, such as salts from the growth medium, by
centrifuging at 17000g for 5 min and the supernatant was
discarded. One wash and resuspension cycle was determined to
be optimal (data not shown). One of the respective spore
pellets was resuspended in deionized water, serial diluted, and
used to perform a viable spore count. The other pellet was
resuspended in 40.0 mM (40.0 mM enabled better extraction
than the original 20.0 mM) nitric acid containing 2.00 mM
glutaric acid internal standard and diluted with more of this
solvent to provide a range of spore concentrations. These spore
samples were ultrasonicated for 10 min and analyzed in the
same manner as described above for the pure DPA samples.

Data Processing. All data analysis was performed using
Matlab software version R2008a (The MathWorks, Natick, MA,
USA). Univariate analysis comprised of normalizing the area
under the curve of the most prominent feature: the pyridine
ring-breathing mode at 1006 cm−1, to the C−H stretch of the
glutaric acid internal standard at 2934 cm−1, after baseline
correction using the asymmetric least-squares method24 and
scaling each spectrum on the intensity axis from 0 to 1.
Multivariate analysis was carried out using partial least-

squares (PLS) and kernel partial least squared (KPLS)
regression models, as reported previously by our research
group,25,26 which analyze the whole SERS spectra. The raw
spectra had been preprocessed using extended multiplicative
scatter correction (EMSC) applied prior to PLS and KPLS
analyses.
For all three analysis techniques, 40% of the data (the test

set) were randomly selected to be left out and a calibration
model was generated based on the remaining 60% (the training
set). This model was used to predict the “unknown”
concentrations of the data in the test set. Five different test
sets were randomly chosen for each species.

■ RESULTS AND DISCUSSION
For a starting point we repeated the method reported by Bell et
al.15 using our portable 633 nm Raman spectrometer, with the
aim of applying similar methodology to the analysis of DPA
extracted from viable spores. The spectra of DPA (Figure 1)
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dissolved in deionized water were compared directly to those of
DPA dissolved in 20.0 mM nitric acid, which has previously
been shown to extract DPA from Bacillus spores.16 It has also
been reported that acidic conditions (pH 2−4) provide the
optimum conditions for SERS of DPA.19 The potassium
thiocyanate internal standard described in the work by Bell et
al.15 was omitted at this stage to avoid undesirable reactions
with the nitric acid.
This comparison lead to some interesting observations: first

that the time taken for maximum SERS intensity to be achieved
using the Na2SO4 aggregating agent significantly increased as
the concentration of DPA was reduced (over 1 h approaching
the 1 ppm LOD) and second that the nitric acid solution was
capable of aggregating the colloid on its own, allowing any
additional salt-based aggregating agent to be omitted from the
nitric acid samples.
The relative SERS intensities for comparable DPA

concentrations after aggregation with Na2SO4 or HNO3 are
shown in Figure 2. Here we see that, for the same DPA
concentration, nitric acid aggregation significantly lowers the
time taken for maximum SERS intensity to be reached. It also
increases the overall signal intensity and improves the
reproducibility (as judged by the small standard deviation

error bars) compared to aggregation using sodium sulfate.
While we cannot confirm the exact mechanism of aggregation
that operates in either case, the presence of the nitric acid will
significantly lower the pH of the system, which has been shown
to rapidly initiate aggregation of silver nanoparticles even in the
absence of an additional salt.23 In the same work, it is also
observed that silver colloid aggregated with nitrate salt gives
stronger SERS enhancement than with sulfate. We believe that
a combination of these two factors allow for the dramatic
improvement in SERS signal we observe over the sulfate-based
aggregation. As the use of the thiocyanate internal standard
would necessitate stricter safety controls in combination with
the nitric acid (due to the liberation of cyanide), we instead use
glutaric acid, which will associate with the colloid in the same
manner as DPA (via the carboxylate groups) but provide a
C−H stretching mode not present in DPA for use as a
reference.

Univariate Analysis of Pure DPA. The univariate
calibration curve for DPA in 20.0 mM aqueous nitric acid is
shown in Figure 3a. The SERS signal is now normalized to the

internal standard to remove unavoidable effects such as colloid
load differences or fluctuations in laser fluency. Normalization
was achieved simply by dividing the area under the pyridine
ring-breathing mode of DPA at 1006 cm−1 by the area under
the C−H stretch at 2934 cm−1 from the glutaric acid (2.00
mM) internal standard. Note that in this plot the mean of three
triplicate preparations is shown along with the standard

Figure 1. Baseline-corrected SERS spectra of glutaric acid internal
standard, pure DPA, and DPA extracted from B. cereus and B. subtilis
spores. Highlighted are the DPA ring breathing vibration at 1006 cm−1

and the glutaric acid C−H stretch at 2934 cm−1 that are used for
quantification. Chemical structures of DPA and glutaric acid are
shown.

Figure 2. Time-related plot showing the effect of two aggregating
agents on SERS signal from DPA. A constant concentration of DPA
was used (5 ppm, 29.9 μM) and SERS signals were collected
sequentially after the initiation of aggregation by nitric acid and
sodium sulfate. The points are the mean areas under the ring-breathing
mode at 1006 cm−1 from baseline-corrected spectra, n = 3. Error bars
show one standard deviation.

Figure 3. (A) Calibration curve showing the variation of the mean area
under the 1006 cm−1 ring-breathing mode from DPA, normalized
against the glutaric acid internal standard C−H stretch at 2934 cm−1.
Data are from baseline-corrected and scaled spectra and the mean of n
= 3 measurements are shown. Error bars show one standard deviation
and the inset shows a close-up of the 0−100 ppb region. (B)
Logarithm of the mean areas shown in the inset in (A) against DPA
concentration, providing evidence for a nonlinear calibration.
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deviation error bars, again illustrating the excellent reproduci-
bility of this colloidal SERS approach.
In Figure 3a we see a curved relationship as we approach the

LOD. This is likely to be due to binding competition at the
nanoparticle surface between the citrate capping agent, DPA
and glutaric acid internal standard: an effect that has been
described in detail for mixed analyte detection by Stewart et
al.27 The amount of glutaric acid that is bound to the
nanoparticles appears to be unchanged in the curved region in
Figure 3a, thereby still enabling it to be used as an internal
standard. In fact, the glutaric acid is greatly in excess,
particularly at the lowest detectable DPA concentrations,
which is needed in order to detect the glutaric acid C−H
stretching vibration. We would expect the DPA to associate
preferentially with the nanoparticle surface due to the greater
rigidity of its pyridine structure compared to the flexible
backbone of the glutaric acid, making the second carboxylate
group of DPA ideally placed for binding once the first has
associated with the surface. We only observe a decrease in the
glutaric acid C−H stretch as the DPA concentration exceeds
200 ppb (data shown in the Supporting Information, Figure
S1): a tentative explanation for which is that due to its
preferential binding affinity, the DPA will be as close as possible
to the nanoparticle, with the glutaric acid having to occupy
secondary and higher order spheres of association. As the DPA
concentration increases and it begins to fill higher order
spheres, the glutaric acid is forced out of the enhancement
range, or to lose association with the nanoparticle altogether,
hence its SERS signal decreases.
Plotting the logarithm (here we use base 10) of the peak area

against concentration allows us to use a linear model for
predicting DPA concentrations in the range 0−100 ppb, as
shown in Figure 3b. Above this range we see a linear region
from 100−200 ppb, and then as the nanoparticle surface
becomes saturated, the signal levels out.
These data provide us with a LOD (based on 3 times the

standard deviation in the blank) of 5 ppb (29.9 nM) and a
LOQ (based on 10 times the standard deviation in the blank)

of 45 ppb (269 nM). However, when 40% of the data are
randomly removed from the calibration model to form the test
set (see Table 1), the practical LOD rises to 10.2 ppb (60.1
nM). As far as we are aware, the lowest previously reported
LOD of DPA using colloidal SERS is that by Bell et al. of 1
ppm (5.98 μM) using the sulfate-aggregated colloid; 2 orders of
magnitude higher than the LOD we report here.
It is difficult to relate the concentration of pure DPA to a

number of spores accurately, as different bacterial types and
even spores of the same type are likely to have differing DPA
content. However, a rough estimate can be calculated based on
10% of the spore mass being DPA28 and the approximate spore
mass determined by Zhang et al.16 of 1.8 × 10−11 g, giving 1.8 ×
10−12 g of DPA per spore. Our LOD of 10.2 ppb therefore
equates to approximately 1100 spores in our 200 μL sample
volume; a level well below the infective dose of 10000 for
inhalation anthrax.1

The vials used for all the analyses detailed in this report are
those commercially available to fit DeltaNu spectrometers,
which are cylindrical and 8 mm in diameter, requiring at least
400 μL of sample to record a spectrum (200 μL colloid and 200
μL sample, including aggregating agent and internal standard).
Given that the diameter of the laser beam is at most 1 mm, a
custom-made vial would reduce the sample volume required
further without reducing the sample interaction with the laser.
We believe that this would reduce the number of spores
detectable, by a factor of at least 10.

Univariate Analysis of DPA Extracted from Bacillus
Spores. The SERS spectra of the DPA extracted from spores
were processed in exactly the same manner as those of the pure
DPA; although instead of DPA concentration, our calibration is
now based on spore count. Representative spectra of the
extracts compared to pure DPA are shown in Figure 1. The
LOD of DPA based on the DPA pyridine ring/glutaric acid
C−H stretch in the B. cereus and B. subtilis extracts achieved was
1 954 000 spores and 2 230 000 spores respectively. This is
obviously very high but is an issue with respect to DPA
extraction rather than the SERS analysis per se.

Table 1. Comparison between Predictions from Three Different Data Analysis Methods, Aimed at Predicting Pure DPA
Concentration or Spore Counts from B. cereus or B. subtilisa

target metric univariate PLS KPLS

pure DPA conc./ppb factors N/A 6−10 4−8
Q2 0.842 (0.036) 0.786 (0.079) 0.839 (0.094)
R2 0.930 (0.021) 0.979 (0.021) 0.971 (0.016)
RMSEP 10.2 (1.3) 11.8 (2.12) 9.973 (3.087)
RMSEC 8.35 (1.02) 4.18 (1.95) 5.179 (1.594)

B. cereus spore count factors N/A 3−6 2−7
Q2 0.683 (0.225) 0.805 (0.159) 0.644 (0.280)
R2 0.860 (0.081) 0.944 (0.070) 0.964 (0.047)
RMSEP 2760000 (332000) 1310000 (974000) 2880000 (917000)
RMSEC 2340000 (395000) 1330000 (612000) 1090000 (749000)

B. subtilis spore count factors N/A 2−6 3−6
Q2 0.116 (0.200) 0.419 (0.141) 0.692 (0.117)
R2 0.475 (0.100) 0.906 (0.093) 0.954 (0.030)
RMSEP 123000 (34900) 83700 (9430) 59100 (4990)
RMSEC 109000 (9900) 43500 (18300) 30800 (12000)

aFive different test data sets, each containing 40% of the whole data set were randomly chosen for each target and this table shows the mean values
from the five data sets, with the standard deviation in brackets. Factors refers to the number of latent variables used in PLS or KPLS predictions, and
these are chosen by training set validation. Q2 and R2 are the correlation coefficients from the test and training data sets respectively when the DPA
concentration (or spore count) is predicted by the model. RMSEP and RMSEC are the root mean squared errors in the test and training data sets
respectively for the same five plots.
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Multivariate Data Analysis for Estimating DPA
Concentrations and Spore Counts. In addition to the
univariate analysis, we investigated multivariate calibration
using the supervised methods PLS and KPLS regression.
Example plots from these analyses are shown in Figure 4, with a
comparison between them and the univariate analysis shown in
Table 1.
Although the univariate analysis is excellent (comparable to

the multivariate analysis) for the pure DPA, we see that
multivariate analysis is better for analysis of the spore extracts.
This is perhaps as one would expect, given that the acidic
extract samples contain other components of the bacterial
spores rather than just the DPA, which may adversely affect the
accurate measurement of the area under the curve in the
univariate analysis. The standard deviations for the univariate
analysis are for the most part lower than those for the
multivariate techniques, which shows that in order to develop a
better quantitative model, the algorithms have needed to use
more subtle, and therefore variable changes in the spectra from
positions other than under the most prominent pyridine ring
feature.
This is the first study to use colloidal SERS to quantify DPA

extracted from spores and to attempt to relate these data to
spore numbers. The limitations of the method as it stands lie in
the extraction of the DPA from spore samples, and this is why
the lowest number of spores detectable is considerably higher

than desirable. The spectroscopic method is clearly able to
detect pure DPA at the required concentrations (equivalent to
100 spores in 20 μL of sample). Once an improved extraction
technique has been developed, we are confident that detection
of spores will be possible at the required low levels.

■ CONCLUSION
We have shown that SERS can achieve appropriate detection
levels of DPA biomarker for Bacillus bacterial spores in food
safety and bioterrorism contexts using cheap, easily produced
colloidal substrates and portable instrumentation. The current
limiting factor of this method is the extraction of the DPA from
the spores but we have shown that multivariate data analysis
can significantly improve quantification in complex extracts.
With improved DPA extraction, we believe this approach will
be readily suitable for rapid field analysis.
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Figure 4. Representative example plots of predicted DPA concentration or spore count against known DPA concentrations or spore counts. Three
different analysis methods are shown based on univariate assessment (area under 1006 cm−1), partial least-squares (PLS) and kernel PLS. Solid
circles show the training data set (60%) and outline circles shown the test data set (40%).
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