focusing the 488 nm laser beam ~2 mm deep into the
bulk of the crystals to avoid contributions from potential
depletion layers. As shown in Fig. 1b, the dependence of
the Raman shift on the degree of deuteration is almost
perfectly linear and fits very well with D = —2.684cm*R
+ 2452.6, where D is the degree of deuteration (in %)
and R is the spectral mean of the PO, vibration in cm ™.
A linear correlation coefficient of 0.998 indicates an ex-
cellent linear dependence of the Raman peak shift with
degree of deuteration. This result shows that the shift of
the PO, peak is simply caused by the linear increase in
atomic mass due to isotope substitution, which decreases
the length of hydrogen-like bonds.

This excellent linear dependence allows us to map the
profile of the D/H exchange layer at the surface of DKDP
crystals by acquiring Raman spectra and determining the
position of the PO, peak for various depths. This method
is preferable over other methods such as determining the
strength of the OD vibration directly (e.g., at 715 cm™!),
because the position of the most intense peak in the Ra-
man spectrum can be measured more precisely than the
intensity of some of the weakest peaks in the spectrum.
This is demonstrated in Fig. 2, where depth-dependent
Raman spectra (Fig. 2a) and the resulting exchange layer
profiles for two DKDP crystals are shown (Fig. 2b). The
spectra in Fig. 2a were obtained from a depth scan of a
DKDP crystal with 75% degree of deuteration in the
bulk, grown at 45 °C. The spectra start out as DKDP with
~30% deuteration close to the surface and approach the
bulk DKDP spectrum within a few micrometers of depth.
The fact that the relative degree of deuteration does not
extend to 0% D is due to the limited depth resolution of
the Raman microprobe, which averages over ~4 um in
depth. Figure 2b depicts the resulting D/H exchange layer
profiles for this and a second crystal grown at 63 °C,
respectively. Both crystals had the same exposure to am-
bient conditions and their main difference is the temper-
ature at which they were grown. The different exchange
layer profiles indicate that crystals grown at different
temperatures have different proton conductivities,!?
which leads to a difference in their rate of deuterium
depletion. The parameters controlling this behavior are
currently the objective of a detailed study, the results of
which will be reported elsewhere.

CONCLUSION

In conclusion, we have shown that the shift of the to-
tally symmetric PO, stretch mode in the Raman spectrum
of DKDP crystals scales linearly with degree of deuter-
ation. This allows us to correlate Raman peak positions
to deuteration levels in these crystals. We have presented
a new technique to determine D/H diffusion profiles in
DKDP frequency conversion crystals based on micro-Ra-
man spectroscopy. This technique is fast, inexpensive,
and works under various environmental conditions,
which will allow us to better understand and control deu-
terium depletion in DKDP crystals.
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INTRODUCTION

The anxiety caused by the distribution of anthrax en-
dospores through the U.S. postal system in October 2001
was exacerbated by the long time required for positive
identification of the Bacillus anthracis spores and the un-
known extent of their distribution. Since that time, many
methods capable of rapid field analysis have been inves-
tigated to augment or replace the laboratory method of
growing microorganisms in culture media, which takes
days to perform.!? Prominent among these approaches
are polymerase chain reactions (PCR),> immunoassays,
and detection of calcium dipicolinate as a biochemical
signature. PCR employs primers to separate organism-
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specific nucleic acid sequences (e.g., capsular protein en-
coding gene for Bacillus anthracis),* and polymerases to
amplify the segment until it is detectable. Recently, am-
plification times have been substantially reduced, and
complete analysis can now be performed in an hour or
less. Immunoassay methods are also being developed that
use competitive binding of the bioagent (as an antigen)
and its labeled conjugate for a limited number of anti-
bodies. Although analyses can be performed in under 30
minutes, a well-defined anthrax antigen has not yet been
identified,>’ and consequently, the false-positive rate is
unacceptably high.?

A number of other methods are being developed with
a focus on the detection of calcium dipicolinate (CaDPA)
and its derivatives as a B. anthracis signature. This is so
because only spore-forming bacteria contain CaDPA and
the most common potentially interfering spores, such as
pollen and mold spores, do not. Relatively fast methods
have been developed to chemically extract CaDPA and
then detect it directly by fluorescence® or indirectly by
luminescence.!®!! In the latter case, hot dodecylamine
(DDA) has been used to extract dipicolinic acid (DPA),
and terbium has been utilized to form a highly lumines-
cent DPA complex.!! Although measurements have been
performed in as little as five minutes, it was found that
as many as three concentration-dependent complexes can
form, each with different lifetimes. This, coupled with
the fact that the Tb?* cation produces the same lumines-
cence spectrum, makes determinations of low spore con-
centrations problematic.

It has been long known that Raman spectra of Bacilli
spores are dominated by bands associated with CaDPA!?
and that these spectra may provide a suitable anthrax sig-
nature at the genus level.!®> Since that time considerable
improvements in Raman instrumentation have led to lab-
oratory measurements of single Bacilli spores'* and to
field measurements of spores captured from a mail-sort-
ing system.!> However, the single spore measurements
required complex instrumentation that is not rugged,
while the field measurements required milligrams of sam-
ple. Furthermore, the Raman spectra of both measure-
ments contained fluorescence contributions that would in-
crease uncertainty in quantification.

In related research, we demonstrated that nanogram
quantities of DPA could be detected by fluorescence-free,
surface-enhanced Raman spectroscopy (SERS).!®* We also
demonstrated that microliter volumes of chemicals can
be detected by SERS using metal-doped sol-gel-packed
glass capillaries.!” Towards the goal of developing a rap-
id, field, SERS-based, anthrax spore detector, we have
combined our previous research, and we now report that
DPA can be extracted from a 10 pg B. cereus spore sam-
ple using DDA in 1 minute and can be detected by SERS
in an additional 1 minute.

EXPERIMENTAL

Dipicolinic acid (2,6-pyridinedicarboxylic acid, DPA)
and dodecylamine (DDA) were used as received from
Sigma-Aldrich (Milwaukee, WI). Lyophilized B. cereus
spores, prepared according to the literature,!’> were sup-
plied by the University of Rhode Island and used as re-
ceived. Multiple particles, approximately 0.1 mm? each,
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were separated and weighed at 5 to 15 g, representing
0.5 to 1.5 million spores. The sample masses were con-
sistent with a previous determination of spore density at
0.081 g/mL that indicated a high degree of entrained air.

All chemicals used to prepare the silver-doped sol-gel
coated capillaries were also obtained and used as received
from Sigma-Aldrich. According to previously published
procedures,!” two precursor solutions were prepared,
mixed, and then drawn into 1-mm-diameter glass capil-
laries. The silver amine precursor consisted of a 5/1 v/v
ratio of 1 N AgNO; to 28% NH,OH, while the alkoxide
precursor consisted of a 2/1 v/v ratio of methanol to te-
tramethyl orthosilicate. The alkoxide precursors were
mixed with silver amine precursor in an 8/1 v/v ratio.
Approximately 0.15 mL was drawn into the capillary,
coating a 15-mm length. After sol-gel formation, the in-
corporated silver ions were reduced with dilute sodium
borohydride, which was followed by a water wash to re-
move residual reducing agent.

A 100 L drop of a 50 mM DDA solution in ethanol,
pre-heated to 78 °C, was added to each of the B. cereus
particles to digest the spore coat. After 1 minute the re-
sultant solution was drawn into a SER-active capillary
that was immediately fixed horizontally to an XY posi-
tioning stage (Conix Research, Springfield, OR) just in-
side the focal point of an f/0.7 aspheric lens. The lens
focused the beam into the sample and collected the scat-
tered radiation back along the same axis. A dichroic filter
(Omega Optical, Brattleborough, VT) was used to reflect
the excitation laser to the lens and pass the Raman scat-
tered radiation collected by the lens. An f/2 achromat
was used to collimate the laser beam exiting a 200-pm-
core-diameter source fiber optic, while a second f/2 ach-
romat was used to focus the scattered radiation into a 365
wm fiber optic (Spectran, Avon, CT). A short-pass filter
was placed in the excitation beam path to block the sil-
icon Raman scattering generated in the source fiber from
reflecting off sampling optics and reaching the detector.
A long-pass filter was placed in the collection beam path
to block the sample Rayleigh scattering from reaching
the detector. A 785 nm diode laser (Process Instruments
Inc., model 785-600, Salt Lake City, UT) was used to
deliver 100 to 150 mW of power to the sample. A Fourier
transform Raman spectrometer (Real-Time Analyzers,
model IRA-785, East Hartford, CT) and a silicon photo-
avalanche detector (Perkin Elmer model C30902S, Stam-
ford, CT) were used to acquire the SER spectra.

RESULTS AND DISCUSSION

As an initial experiment, the SER spectrum of 1 g/L
of DPA in water was measured using the newly devel-
oped silver-doped sol-gel-coated capillaries (Fig. 1A). At
this concentration, a high signal-to-noise ratio (S/N) is
obtained in 1 min. In fact, a reasonable spectrum is ob-
tained in the same time frame for 1 mg/L (Fig. 1B). The
SER spectra are reasonably similar to the normal Raman
(NR) spectrum obtained for a saturated solution of DPA
in 1 N KOH (Fig. 1C), and the following band shifts are
observed (NR to SER): 647 to 657 cm~!, 817 to 815
cm~!, 998 to 1008 cm~!, 1384 to 1382 cm~!, 1434 to
1428 cm™!, and 1569 to 1567 cm™!. Many of these bands
have been previously assigned,'>!3 such as 998 cm™' to
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Fic. 1. SERS of DPA in water using silver-doped sol-gel-coated glass
capillary for (A) 1 g/L and (B) 1 mg/L. (C) NR of saturated DPA in 1
N KOH in a glass capillary. Spectral conditions: (A) and (B), 150 mW
of 785 nm, l-min acquisition time; (C) 450 mW of 785 nm, 5-min
acquisition time; both 8 cm~! resolution.

the symmetric ring stretch, 1384 cm~! to the O-C-O
symmetric stretch, 1428 cm™! to the symmetric ring C—
H bend, and 1569 cm™! to the asymmetric O-C-O
stretch.

The first B. cereus samples consisted of 2 mg of spores
in 2 mL of 5 mM hot DDA. The samples were main-
tained at 78 °C for 40 min, and while hot, approximately
10 L was drawn into a SER-active capillary. Since spec-
tra of DPA were obtained for these initial samples, small-
er spore masses, higher DDA concentrations, and shorter
heating periods were examined. In due course it was
found that 10 wg of spores could be digested by 100 pL
of 50 mM hot DDA in one minute and detected (Fig.
2A). In fact the signal was sufficiently intense that it can
be observed in as little as two seconds (Fig. 2B). The
amount of DPA that was extracted was estimated to be
between 5 and 10 mg/L by comparing the signal intensity
of the 1008 cm~! band to that measured for DPA in water.
This is consistent with previous research that found that
the majority of the DPA is extracted from spores using
DDA! and that B. cereus spores contain approximately
10% DPA by weight."® The S/N of 127 for the 1008 cm™!
band in the 1-minute SER spectrum suggests a limit of
detection of approximately 250 ng of B. cereus spores
based on a S/N of 3. Finally, it should be noted that DDA
did not produce a detectable SER spectrum, as shown in
Fig. 2C.

CONCLUSION

We have demonstrated that by combining rapid extrac-
tion of dipicolinic acid from Bacillus cereus spores with
chemical identification by surface-enhanced Raman spec-
troscopy, as little as 10 wg of spores can be detected. In
fact, the entire measurement, from the time of adding hot
dodecylamine to the spores to the time when the dipi-
colinic acid SER spectrum is acquired and analyzed,
could be performed in less than two minutes. The ability
of this method to distinguish between spore-forming bac-
teria, such as Bacillus anthracis, and non-DPA containing
powders could help prevent costly shutdowns associated
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FiG. 2. SERS of DPA extracted from ~10 pg B. cereus particle using
100 pL of 50 mM hot DDA acquired in (A) 1 minute and (B) 2 seconds.
(C) Attempted SERS of 50 mM hot DDA in ethanol using silver-doped
sol-gel-coated glass capillary acquired in 1 min. Spectral conditions:
150 mW of 785 nm, 8 cm~! resolution.

with the appearance of suspicious material or intentional
mailing of common substances as an anthrax hoax. This
method could also prove useful in detecting the location
of anthrax endospores in mail distribution facilities if an-
other verified attack should occur.

Research continues to fully characterize the surface-
enhanced Raman spectroscopy signal intensities as a
function of sample concentration and to explore other
extractants that do not require the use of elevated tem-
perature.
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