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Abstract
There is a continuing need to develop new techniques for the rapid and specific identification of
bacterial pathogens in human body fluids especially given the increasing prevalence of drug
resistant strains. Efforts to develop a surface enhanced Raman spectroscopy (SERS) based
approach, which encompasses sample preparation, SERS substrates, portable Raman microscopy
instrumentation and novel identification software, are described. The progress made in each of
these areas in our laboratory is summarized and illustrated by a spiked infectious sample for
urinary tract infection (UTI) diagnostics. SERS bacterial spectra exhibit both enhanced sensitivity
and specificity allowing the development of an easy to use, portable, optical platform for pathogen
detection and identification. SERS of bacterial cells is shown to offer not only reproducible
molecular spectroscopic signatures for analytical applications in clinical diagnostics, but also is a
new tool for studying biochemical activity in real time at the outer layers of these organisms.

Introduction
The ability to rapidly detect and identify bacterial cells in human body fluids at relatively
low cost and in point-of-care settings is a continuing need for health care providers
worldwide. Bacteremia, the presence of bacteria in blood, results from severe infections at
sites in the body, surgical wounds, or contaminated implanted devices and may lead to the
potentially fatal condition of sepsis. Owing to a ~40% mortality rate, sepsis ranks 13th
among the causes of death overall in the United States.(1–3) Urinary tract infections (UTI),
evidenced by the appearance of bacteria in urine, are among the most common types of
infections in humans. Approximately 50% of all woman will have at least one UTI in their
lifetime and a sizable percentage of those will suffer from chronic UTIs.(4, 5) In the US
alone, UTIs are responsible for more than 7 million doctors office visits and over one
million hospital admissions at a cost of approximately $1 billion per year. Sepsis and UTI
are caused by a variety of bacterial species and strains. Furthermore, the increasing
proliferation of drug resistant strains places an increasing premium on being able to
indentify these microbes with strain specificity in a time frame useful for narrow spectrum
antibiotic drug prescription.(6) In addition, the need for rapid bacterial identification
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methods for food and water safety applications has been illustrated by the several high
profile incidents reported nationwide over the past few years.(7)

Traditional methods of bacterial identification are phenotypic based approaches that require
a cell growth period and are consequentially slow (24 – 48 hours or longer). Furthermore,
distinguishing closely related strains may be difficult via traditional methods and it is not a
point of care technique. The best current methods are molecular diagnostic approaches that
utilize specific primers or probes for particular gene targets, such as “real time” polymerase
chain reaction methods (PCR),(8) which are increasingly finding use in clinical settings. If
no culturing is required PCR time frames are typically in the 2 – 6 hour framework.
However, PCR is not without some limitations or liabilities such as sample contamination,
infectious mixture resolution, need for required primer sets, speed, cost and point-of-care
capabilities.(9) Hence, at the very least, there is a continuing need for competing or
orthogonal bacterial identification methods.

For the past few years we have been developing an optical approach for rapid, sensitive and
specific bacterial diagnostics based on surface enhanced Raman spectroscopy (SERS).(10–
14) SERS is a well-known spontaneous light scattering technique, discovered ~35 years ago
which results in the 105 – 108 effective enhancement of the Raman scattering intensity of
some molecular vibrational modes of molecules that are close (≤ ~5 nm) to nanostructured
metal surfaces.(15, 16) This effect is predominantly attributed to the plasmonically enhanced
local electric fields that become concentrated near nanosized structures that are coincident
with the surface plasmon resonances of these nanomaterials. These plasmon resonances are
usually in the NIR to visible for the most commonly employed metals, Ag or Au. Aside
from the advantages of speed, ease of use and potentially cost introduced by the
development of an optical approach for bacterial diagnostics, a SERS based platform also
offers the advantage of portability since only a few milliwatts of laser power is required for
acquisition of high quality SERS spectra. This portability is central for the application of this
SERS platform to a wide variety of applications in addition to clinical bacterial diagnostics,
such as forensics, food and water safety testing, and in situ studies of works of art and
cultural heritage materials.

Overview of SERS platform description
The total SERS pathogen detection platform may be viewed as consisting of four key
components:

1. Sample preparation device/procedure. Although often overlooked, sample
preparation is a key ingredient for the effective use of novel pathogen detection
methods. We are developing a two stage approach for bacterial enrichment from
human blood.(12, 17) Detecting bacteria in blood is extremely challenging because
red blood cell concentrations are ~109/mL in human blood and other particles, such
as white blood cells and platelets are present at ~106/mL levels. In contrast
medically relevant concentrations corresponding to bacteremic presentations are in
the 102 – 103 /mL range, and the surface area of a red blood cell is about an order
of magnitude larger than that of a typical bacterial cell. However, via selective
lysis, centrifugation, and micro-evaporation sufficient enrichments of ~105 can be
achieved allowing acquisition of SERS spectra in 100 nL volumes starting with 10
mL of infected blood. Sensitivities down to 103/mL have already been achieved in
a bench top procedure and an automated device is currently being developed in our
lab.(12) Required sample preparation procedures for UTI detection is simpler
because the concentration of other cells in urine is normally low normally and the
clinical levels of bacterial infection concentrations are much higher in urine (≥105/
mL) than blood as described further below.
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2. SERS substrate. Most of our SERS data has been acquired from bacterial cells
placed on a substrate produced by a Au ion doped sol-gel procedure.(10) These
substrates are found to yield strongly enhanced, reproducible SERS signal for
vegetative bacterial cells with 785 nm excitation. As shown in Fig. 1, these
substrates have clusters of 80 nm Au nanoparticles physi-adsorbed to the outer
surface of a SiO2 matrix. Further improvements in SERS chip performance will
only enhance the value of this technique. We have collaborated on the design and
production of several engineered substrates,(18–20) however, the sol-gel Au
nanoparticle “chips” have proven to provide the best signal/noise for bacterial
identification purposes of those we have tested.

3. A portable SERS signal acquisition instrument. Although several hand held Raman
devices with nearly point and click capabilities are commercially available, true
microscopic capabilities are necessary for this SERS application. Thus, we
designed and built several prototype high-performance (cooled CCD array, ~5
cm−1 spectral resolution, piezo-driven sample positioning stages, submicron
imaging resolution) portable Raman microscopes for this purpose. This unique
instrument allows positioning of the 785 nm Raman excitation on a specific cell or
sample region on the SERS substrate for Raman analysis. Imaging also provides
additional morphology information that can aid identification procedures. Our most
recent version of the Raman microscope was built in collaboration with BioTools,
Inc. (Jupiter FL).

4. Bacterial identification software. As described further below we have developed a
novel multivariate data analysis technique that provides accurate distinction
between the SERS spectra of closely related bacterial species and strains when
combined with a previously developed reference library.

Characteristics of bacterial SERS
Following multiple cycles of centrifugation and washing with distilled water, bacterial cells
are resuspended in water and placed on the SERS substrate for signal acquisition. The
maximum scattering intensity of the SERS spectrum on a per bacterium, not per molecule,
basis is between 104 to 105 times larger than the observed maximum signal for the normal
Raman spectrum of the same bacterium.(10) This per bacterium signal enhancement factor
enables signal acquisition close to the single cell level, although usually SERS spectra are
acquired from about 10 – 20 bacterial cells in the sample region. This level of signal
enhancement allows the development of a portable Raman instrument because excellent
signal to noise scattering can be achieved with low incident laser power at 785 nm. Aside
from a measure of sensitivity, the capability of obtaining spectra at the single cell level
offers the possibility of resolving infectious mixtures by selectively interrogating different
members of the bacterial population.

Interestingly, there is no correspondence between the vibrational bands observed in the
normal Raman spectrum and those in the SERS spectrum.(10, 13) Due to the distance
dependence of the SERS enhancement mechanism, only those molecules at the outer layers,
or very close to the cell wall, can contribute to the bacterial SERS spectrum. In contrast, all
the molecules in the Raman illuminated region contribute to the normal Raman spectrum
and that volume is dominated by the cell cytoplasm. Hence the SERS and normal Raman
spectrum of a given bacterial cell type are from totally different parts of the cell and have
virtually no features in common.
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Specificity
SERS spectra of 8 different lab cultured bacterial species from 5 genera are shown in Fig. 2.
These spectra are acquired with 10 seconds of ~2 mW of 785 nm incident laser power and
results from the Raman excitation of 10 – 20 cells typically. Spectra with excellent signal-to-
noise ratios are obtained on our SERS substrates. As evident in this figure, each species
exhibits a unique SERS signature. Although the spectra have been arranged top to bottom by
phylogenic proximity, only moderate correlation with this lineage is observed. Furthermore,
no clear distinction between Gram-positive and Gram-negative bacteria is apparent. An
under-appreciated aspect of bacterial SERS spectra is that, in addition to the enhanced
sensitivity that SERS provides, the spectral differences between SERS spectra of different
species/strains is greater in SERS than for normal Raman.(13) In other words, SERS results
in enhanced specificity as well as enhanced sensitivity for bacterial samples.

Software for bacterial diagnostics
To be able to exploit these unique SERS signatures for bacterial diagnostics, we have
developed a principle components analysis (PCA) based methodology for matching the
acquired SERS spectrum to that of a known species/strain in a previously compiled library.
(13) After Fourier filtering the SERS spectrum, a barcode is generated by using the sign of
the second derivative of the spectrum, i.e. whether the spectrum has curvature up or
curvature down at each wavenumber, to assign a “one” or a “zero” as a function of scattered
frequency. An example of a SERS based barcode is shown in Fig. 3 for a SERS spectrum of
B. cereus. These barcodes, or arrays of ones and zeroes, color-coded as black (curvature
down) or white (curvature up) per wavenumber interval in this figure, are the inputs for PCA
and related standard analyses such as DFA or HCA. The barcode methodology results in
significantly enhanced diagnostic specificity and is the tool used for quantitative measures
of reproducibility.

As an example of the effectiveness of this barcode methodology and how it is used for
bacterial diagnostics, two PCA plots (PC2 vs. PC3) are shown in Fig. 4. The left hand panel
results when six SERS spectra of four closely related Bacillus bacteria (B. thuringiensis, B.
cereus, B. anthracis Sterne, B. anthracis Ames) are the input vectors to a standard PCA
procedure. Each spectrum corresponds to a “dot” in this plot, which has been color coded to
indicate the organism it represents and the rings correspond to 2D standard deviations. The
tightness of the clusters for a given species/strain characterizes the reproducibility of the
spectra and the distance between the color-coded clusters represents the specificity offered
by these measurements. B. anthracis Ames and B. thurengiensis for example cannot be
separated in this treatment (Fig. 4, left). However, when the input to the PCA treatment are
the barcode spectra, all species/strain are well-separated, and much tighter clusters are
obtained as seen in the PCA plot on the right hand side in Fig. 4. The contrast between these
two panels illustrates the enhanced specificity that results from this barcoding procedure and
is key to the use of this methodology for bacterial diagnostics.(13)

Following acquisition of the SERS spectrum of the unknown sample, the spectrum is
converted to its corresponding barcode and PCA analysis is performed with groups of
barcode SERS spectra of known bacterial identity selected from a previously developed
library in order to identify the unknown bacteria. The species/strain group that the unknown
clusters with determines the identity of the unknown. The identification method is only
limited by the library size, which can be continuously and readily expanded, and is not
dependent upon specific primer sets or antibody specificity. This approach is quite general
and in principle could be expanded to other pathogens such as fungi or viral particles.
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Origin of SERS signals
The molecular origins of the vibrational bands usually observed in the SERS spectra of
vegetative bacterial cells are usually attributed to the diversity of lipoproteins, proteins,
lipids, and other cell wall components at the outer membrane layer of these bacterial cells.
(21–23) The distance dependence of the SERS enhancement mechanism supports such a
supposition. However, we have discovered that nearly all of the observed vibrational
signatures are due to small metabolites which are concentrated at the outer region of
bacterial cells.(24) In particular, the largest features in the SERS spectra are generally
products in the purine degradation pathway. The large range and unique reproducible
signatures found for the SERS bacterial spectra result from the large number of enzymatic
variations in these metabolic pathways and the resulting different relative concentration of
the many small molecules found in this near extracellular region. Thus, SERS offers not
only reproducible molecular signatures for analytical detection and identification
applications as shown here, but also a new tool for studying biochemical activity in real time
at the outer layers of these organisms.

An example: UTI diagnosis
Although the bulk of our effort has been directed towards the very challenging problem of
bacteremia diagnostics, efforts in our laboratory have recently expanded to develop this
SERS based approach for UTI diagnostics. With relatively routine centrifugation based
techniques bacterial concentration enrichments of 103 to 104 can be achieved in urine
samples that have been spiked at the clinically relevant concentration of 105 cfu/mL. Fig. 5
shows the PCA plot for three different organisms known to be causative agents of UTI.
These bacteria were spiked into human urine at 105 cfu/mL concentration, enriched via a
centrifugation procedure and then placed on the SERS substrate for data acquisition. Distinct
clusters are readily obtained for the bacterial cells after recovery from urine indicting that
species-specific SERS spectral signatures can be identified by this SERS barcode procedure.
This prototype, bench top UTI test took about 30 minutes to perform and the SERS based
analysis illustrates the potential value of this promising methodology.

Conclusion
The elements and basis for a SERS based platform for bacterial diagnostics, which includes
a sample preparation device, a portable Raman microscope, SERS substrates and software
for bacterial identification, have been described. This novel optical approach is a potentially
transformative diagnostic procedure for the rapid, reliable identification of bacterial species/
strains in patients presenting with infectious disease symptoms. In addition, SERS provides
an effective tool for learning about the chemical activity of molecules at the outer layers of
these organisms and, in particular, is a new methodology for use in the recently established
field of metabolomics.
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Figure 1.
A scanning electron micrograph image of the Au nanoparticle covered SERS substrate
produced by an Au ion doped sol-gel process. Clusters of 1–15 ~80 nm Au particles are
evident on the surface of the SiO2 SERS chip.
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Figure 2.
SERS spectra of eight bacterial species obtained on gold aggregate coated SiO2 chips
(Figure 1). An incident laser power of ~2 mW and a data accumulation time of 10 seconds
were used to obtain these spectra. Spectra are offset vertically for display purposes and top-
to-bottom ordered according to their phylogenetic relationship.
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Figure 3.
SERS spectrum of B. cereus and the corresponding second derivative “barcode” spectrum is
given below. The barcode is determined only by the sign of the second derivative (curvature
up = white, curvature down = black). These barcodes are the inputs for the principal
component analysis (PCA) used to identify unknown bacteria via SERS demonstrated in
Figs 4 and 5.
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Figure 4.
Comparison of PCA plots (PC3 vs, PC2) for SERS spectra of four closely related Bacillus
organisms (B. thuringiensis, B. cereus, B. anthracis Sterne, B. anthracis Ames). When the
observed SERS spectra are the inputs to the PCA, the contour plot shown in the left hand
panel results. By contrast, when the input to the PCA are the barcode representations of the
observed SERS spectra, the contour plot shown in the right hand panel results. The
enhancement in specificity resulting from the barcode spectra is clearly evident by this
comparison.
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Figure 5.
A PCA plot resulting from a SERS barcode cluster analysis for three bacteria (E. coli, K.
pneumoniae, and S. saphrophyticus) that were recovered from spiked urine samples at
medically relevant concentrations (105/mL).
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