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Abstract

Four species of bacteria, E. coli, S. epidermidis, M. smegmatis, and P. aeruginosa, were harvested from agar nutrient medium
growth plates and suspended in water to create liquid specimens for the testing of a new mounting protocol. Aliquots of
30 uL were deposited on standard nitrocellulose filter paper with a mean 0.45 um pore size to create highly flat and
uniform bacterial pads. The introduction of a laser-based lens-to-sample distance measuring device and a pair of matched
off-axis parabolic reflectors for light collection improved both spectral reproducibility and the signal-to-noise ratio of
optical emission spectra acquired from the bacterial pads by laser-induced breakdown spectroscopy. A discriminant
function analysis and a partial least squares-discriminant analysis both showed improved sensitivity and specificity com-
pared to previous mounting techniques. The behavior of the spectra as a function of suspension concentration and filter

coverage was investigated, as was the effect on chemometric cell classification of sterilization via autoclaving.

Keywords

Laser-induced breakdown spectroscopy (LIBS), Pathogen identification, Bacterial classification, Discriminant function ana-
lysis (DFA), Partial least squares-discriminant analysis (PLS-DA)

Date received: 27 May 2015; accepted: |7 July 2015

Introduction

The first publications reporting the efficacy of laser-induced
breakdown spectroscopy (LIBS) for bacterial identification
appeared approximately |2 years ago.'™ Since these initial
investigations, considerable effort has been invested in
increasing the number and variety of bacterial species and
strains that can be identified,*” investigating the effect that
the bacterial mounting surface or growth medium has on
the LIBS bacterial spectrum,®~'" and enhancing the medical/
clinical/professional relevancy of the LIBS-based pathogen
diagnostic.'>™'> The potential to provide information
about the metabolic state of the microbiological organism
(e.g., reproducing in the log-phase, lysed by autoclave or
sonication, dormant due to deposition on an abiotic
surface, growing in a biofilm, undergoing bacteriophage
induction, or inactivated by bactericidal ultraviolet light
exposure) has also been an area of very recent
interest.®'¢!7

It has been shown in the laboratory that the LIBS tech-
nology can provide a rapid, accurate diagnostic for assessing
the presence and the species of bacteria in a variety

of samples. This could be extremely useful for medical diag-
noses, defense against bioterrorism, and assessments of
ecological wellbeing and safety. However, current methods
of sample preparation (bacterial mounting protocols) have,
for the most part, not been realistic to a clinical setting,
typically involving time-consuming steps such as freeze-
drying and pelletizing, requiring the use of a bulky centrifuge
and other laboratory equipment not common in clinical
environments, or mounting on unrealistic platforms that
would not typically be used in a clinical pathology laboratory.

In an effort to simplify the preparation protocol, bacterial
suspensions have been mounted on disposable nitrocellulose
filter paper in place of the commonly used bacto-agar,'z’I8
silicon chips,I4 or glass slides.'” This has both decreased the
time of the preparation process and provided more control
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over the ablation surface while also introducing techniques
more reminiscent of those used in a clinical setting

This method of mounting was used to produce a library
of 1513 spectra acquired from four bacterial species
increasing the statistical significance of the resulting chemo-
metric classification. This is a far greater library size than
most other LIBS-based bacterial studies which typically util-
ize less than 100 spectra per classification category/class. As
the intensity of the carbon background in the LIBS spec-
trum was dependent on the bacterial coverage deposited
on the filter, studies were performed to determine the
effect of the bacterial suspension concentration on the
LIBS spectrum and an attempt was made to determine
the concentration required to produce a useful bacterial
signal. Lastly, the testing of samples that had been auto-
claved (sterilized) prior to testing was also performed.

Apparatus

The apparatus used to perform these LIBS experiments has
been described in detail elsewhere,'" although it should be
mentioned that, in the interim, this entire apparatus was
deconstructed, crated, shipped to a new country, and reas-
sembled in a new facility with slight modifications as
described below. A 1064nm Nd:YAG laser (Spectra
Physics LAB-150-10) with 10 ns pulses operating at 10 Hz
was used in all experiments. The pulses were focused by a
high-damage threshold AR-coated 5x infinite conjugate
microscope objective with a long working-distance (LMH-
5X-1064, OFR). A CCD camera was placed in line with this
objective to allow for observation of the sample as data
were collected, as was an alignment He—Ne laser to visu-
alize the laser beam focus on the sample (Figure I).
Samples were held in the microscope objective focus on
a weakly magnetized sample holder inside a newly
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Figure |. The experimental apparatus utilized in this work.
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constructed Plexiglas argon purge chamber mounted on a
manual translation stage. A typical kitchen magnet has field
strengths of less than 50 G, which is far too weak to have
any effect on LIBS plasma emission.?® This stage could be
moved in three dimensions, allowing for focusing on targets
of variable height. During data acquisition, the chamber was
flushed with argon at a flow rate of 20 SCFH.

Optical emission from the plasma was collected and
relayed to the spectrometer via two matched off-axis repli-
cated aluminum parabolic mirrors (3.8] cm diameter,
5.08 cm effective focal length) which focused the light into
a | m steel-encased multimode optical fiber (core diameter,
600 pum; numerical aperture [NA], 0.22). The fiber was then
coupled to an Echelle spectrometer with a 1024 x 1024
pixel (24 um?) intensified charge coupled device (ICCD)
camera (LLA Instruments, Inc., ESA3000). The spectrom-
eter provided full spectral coverage in the range of 200—
840 nm. The spectrometer was controlled by a personal
computer  running  manufacturer-provided  software
(ESAWIN v3.20), which controlled both the ICCD shutter-
ing as well as the operation of the laser via an on-board
fast-pulse generator. This minimized timing jitter between
the laser firing and plasma observation.

The introduction of the parabolic mirrors into the
experimental setup increased light collection from the
plasma, increasing the apparatus’ sensitivity, but also intro-
duced a greater dependency on the location of the target
relative to the laser focus in the observed emission. To
reproducibly relocate specimens at the appropriate LTSD
(lens-to-sample distance) a height alignment system was
introduced. A heavily attenuated secondary helium-neon
laser (Uniphase Model I55A) illuminated the flat sample
through the purge chamber wall at an angle of approxi-
mately 45°. Vertical translation of the sample stage resulted
in horizontal motion of the laser spot across the sample
surface when viewed from above by the CCD camera. An
ideal LTSD was determined based on both emission inten-
sity and data reproducibility, and the corresponding pos-
ition of the attenuated laser spot on the monitor was
marked, allowing for realignment of the sample as neces-
sary. To monitor the reproducibility of this LTSD calibration
and detect any other day-to-day variations, five single-shot
LIBS spectra (preceded by two cleaning pulses) were
acquired from five fresh locations on a polished flat steel
standard after aligning at the appropriate LTSD. These five
spectra were then averaged to create a standard spectrum
prior to each day’s measurements. In this fashion, the func-
tioning of the system over the course of the entire experi-
ment was quantified.

Previously, the bacterial spectra were approximately
background-free due to the use of a watery agar mounting
matrix. Use of the 13 mm diameter 0.45 um pore size dis-
posable nitrocellulose filters (EMD Millipore) introduced a
significant carbon background signal to the LIBS bacterial
spectrum. The intensity of the carbon emission line at
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247 nm limited the image-intensifier amplification that could
be used when acquiring weak signals from a small number
of cells. While the bacterial signal diminished into the noise
as the bacterial cell number was decreased, the strength of
the persistent carbon signal from the filter precluded the
use of greater amplification which would damage the ICCD
at the location of the dispersed 247 nm emission peak.

This study was performed on four bacterial species, E.
coli, S. epidermidis, M. smegmatis, and P. aeruginosa. These
species were chosen for their varying response to the
Gram staining procedure, a standard phenotypic classifica-
tion test. E. coli and P. aeruginosa are gram negative, S.
epidermidis is gram positive, and M. smegmatis is categorized
as an acid-fast bacterium. Bacterial samples were grown at
37 °C on tryptic soy agar (TSA) plates. The time allowed
for growth was dependent on species, with E. coli
and S. epidermidis being allowed to grow for 24h, and
M. smegmatis and P. aeruginosa being grown for 48h to
achieve the same amount of coverage on the TSA plates.
Colonies from the plates were transferred to |.5mL of
distilled water and briefly vortex mixed to create a uniform
suspension of cells. Concentration of this suspension
was found to be 10" cells/mL via optical densitometry.
Bacteria were then transferred to a nitrocellulose filter
using a steel disc with three 4.7mm diameter wells
(Figure 2). A total of 30 uL placed in each well produced
three highly-uniform bacterial depositions on the filter with
a coverage of approximately 10° cells/em® once dried.
Drying was accomplished in a biosafety hood for approxi-
mately 25 min. The filter was then mounted on a small piece
of flat steel using double-sided tape and the steel was then
placed on the translation stage in the sampling purge
chamber.

Figure 3 shows LIBS spectra from the blank filter
(Figure 3a) and a bacterial deposition on a filter
(Figure 3b). LIBS spectra were acquired with a delay of
2 ps after plasma formation and observed with an ICCD
gate width of 20 pus. These times were chosen as they gave
the strongest emission from the observed lines while mini-
mizing the broadband emission characteristic of newly
formed plasmas. Spectra were acquired from single shots
and the sample stage was translated 0.635mm between
shots. Three single-shot spectra were acquired and digitally
averaged to minimize noise, creating a spectral fingerprint
comprising three laser shots. Each laser pulse resulted in
the ablation of approximately 10° cells based on calcula-
tions of known cellular concentration and filter coverage.
In previous studies, accumulations of five spectra were
taken at each location on an agar plate prior to translation
and five of these accumulated spectra were then averaged,
creating a spectral fingerprint comprising 25 laser shots.'’

Ablation craters in the deposited bacterial pad were
measured using scanning electron microscopy and found
to be approximately 100 um in diameter on average.
Microscopy was accomplished using a low-vacuum
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Figure 2. Bacterial mounting for the experiments described in
this work. (a) The steel disc with three wells used to create three
uniform bacterial depositions on the filter paper. Each well con-
tained 30 pL of bacterial suspension that was allowed to settle
through the filter paper. (b) A dried filter paper after deposition
showing the three bacterial pads. About |5-20 spectra of three
averaged laser shots were acquired from each circular deposition
region.

environmental SEM (Quanta 200 FEG, FEI) without
carbon or gold coating. Figure 4a is an SEM image of a
freshly deposited E. coli pad, Figure 4b is a magnification
of that same SEM image with bacterial cells clearly visible,
and Figure 4c is an SEM image of a second bacterial pad
after laser ablation and data collection. The bacterial pads
consistently evidenced smooth, uniform deposition at all
magnification scales. Upon drying, the bacterial pad
became a hard, glass-like thin film. Cracks which formed
when the filter was left to dry could be observed through
this film as seen in Figure 4a. These cracks and other
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Figure 3. Typical LIBS spectra from (a) a blank nitrocellulose filter and (b) a live bacterial suspension deposited on a filter. Both spectra
were acquired in argon 2 ps after plasma formation and observed with an ICCD gate width of 20 ps.

evidence of fracturing and uneven ablation were also
observed around ablation craters as shown in Figure 4c.
These craters showed little sign of melting or thermal
damage as might be expected for a bacterial specimen. It
is likely that this non-uniform removal of material from the
bacterial pad thin-film was the cause of the significantly
higher scatter or shot-to-shot variation that was observed
in this data compared to the previous ablation on the agar
substrate.

Due to an increase in overall signal-to-noise, a new bac-
terial spectrum discrimination model was created. Our pre-
vious model, “ratio-model two” or “RM2,” consisted of 80
independent variables, the first 13 of which were merely
the intensities of the |3 strongest emission lines observed
in the spectrum and the remaining 67 variables were simple
ratios of those |3 intensities. The new model which was

referred to as RM3 consisted of 164 independent variables
of which 19 were the intensities of the strongest observed
atomic emission lines and the remainder were again simple
ratios of those intensities. A thorough investigation of the
effects of various ratio model choices on the bacterial clas-
sification sensitivity and specificity can be found elsewhere.’
Measured spectral lines were normalized to the sum of the
integrated intensity of all measured lines to account for any
variation in intensity due to the amount of material ablated.

Sterilization was performed by autoclaving the [.5mL
bacterial suspension for 40 min prior to deposition on the
filter. The deposition was then performed in the same
manner as the live samples as described above. Some of
the suspension was then used to re-streak a TSA plate and
incubated for 2 days to confirm sterilization. No regrowth
was observed from the autoclaved specimens.
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Figure 4. SEM images of bacteria after deposition on the filter
paper. (a) One of the three bacterial pads on the filter. After
drying, the bacteria formed a smooth, glasslike surface. Cracks
formed as the drying occurred. (b) The bacteria were deposited
with uniform coverage with no gaps or visible height variations.
Individual cells are clearly visible. (c) Laser shots resulted in a
fracturing of the glassy surface of the bacterial pad, with multiple
cracks and other damage being evident. Craters varied in size,
averaging approximately 100 pm.
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Results
Classification

For each of the four species, approximately 350—400 spec-
tra were acquired over the course of approximately
three months and analyzed using both discriminant function
analysis (DFA) and partial least squares discriminant analysis
(PLS-DA), both of which have been discussed previously.”
These spectra were acquired from multiple filters and mul-
tiple generations of bacteria (from multiple growth plates
and multiple suspensions) to ensure that any variation
observed in the analysis was representative of changes in
the bacteria itself and not any small differences in prepar-
ation. This provided a large, robust library for discrimin-
ation. A truly robust library attempts to account for all
possible sources of variation that may be encountered in
future unknown specimens by itself containing a large
number of data points per classification group acquired
under as many conditions as possible and excluding no out-
liers encountered during construction of the library.

The quality of the library and the classification was
assessed using an “external validation” in which all the spec-
tra acquired from a single prepared filter were withheld
from the library then classified using the remaining spectra
acquired from different filters on different days. This was
done to eliminate bias in the classification toward data that
was acquired at the same time. The results of the DFA on
this new library are given in Figure 5 which shows a classi-
fication library composed of 1513 individual spectra from
four bacterial species. Confusion matrices or truth tables
for the external validation tests of this library by both DFA
and PLS-DA are given in Table I.

The quality of a classification test is best described by
the test’s sensitivity, or true positive rate, and specificity,
the true negative rate. Using DFA, the library possessed a
sensitivity of 98 £2% and a specificity of 99 £ 1%. Using
PLS-DA, the library possessed a sensitivity of 97 3% and
a specificity of 99 +2%. This performance was identical
within uncertainty. For comparison, testing of bacterial
spectra acquired on an agar medium utilizing RM2 gave a
sensitivity and specificity, respectively, of 91 £ 16% and
97 + 9% for DFA and 93 = 10% and 91 & 21% for PLS-DA.>

Concentration

Serial dilutions of the standard E. coli suspension were made
corresponding to fractional concentrations of c=1, 0.1,
0.075, 0.066, 0.05, 0.033, 0.025, 0.0125, and 0.01. After
deposition, these suspensions provided from 10° (c= 1)
to 10* (c=0.01) cells per ablation event. For this study,
E. coli was used as the representative bacterial species, as
no significant dependence on the species of bacteria was
anticipated. Seventeen single-shot spectra were acquired at
each concentration. For each spectrum the sum of the
integrated area under all of the peaks used for classification
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Figure 5. The first two discriminant function scores of a DFA performed on 1513 spectra acquired from live bacteria deposited on
nitrocellulose filters. Each spectrum was down-selected to |64 independent variables utilizing a combination of emission peak intensities

and ratios (RM3) prior to analysis.

Table I. Truth table results for two multivariate techniques (DFA and PLS-DA) utilized in an externally-validated classification of four

bacterial genera.

DFA PLS-DA
True False True False

Escherichia Escherichia

Positive 98.28% 0.77% Positive 96.55% 1.12%

Negative 99.23% 1.72% Negative 98.88% 3.45%
Staphylococcus Staphylococcus

Positive 97.75% 1.44% Positive 96.75% 1.53%

Negative 98.56% 2.25% Negative 98.47% 3.25%
Pseudomonas Pseudomonas

Positive 99.57% 0.22% Positive 98.92% 0.33%

Negative 99.78% 0.43% Negative 99.67% 1.08%
Mycobacterium Mycobacterium

Positive 95.36% 0.33% Positive 97.02% 0.41%

Negative 99.67% 4.64% Negative 99.59% 2.98%
Sensitivity 98 £2% Sensitivity 97 £3%
Specificity 99+ 1% Specificity 99 +£2%
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was calculated. This sum is denoted as the “total emission
intensity.” The average total emission intensity for the 17
spectra as a function of cell concentration is shown in
Figure 6. The associated uncertainty bars are the one-
sigma standard deviations of the 17 measurements. In the
typical low-concentration regime of a LIBS calibration
curve, the measured LIBS intensity is linearly dependent
on the concentration of the analyte up to a saturation
point, where the intensity can become relatively constant.
The bacterial serial dilutions behaved in a similar fashion (as
can be seen in the Figure 6 inset) with a saturation or flat-
tening out of the LIBS total emission intensity observed at
concentrations greater than ¢ =0.l corresponding to 10°
cells per shot or more. This total emission intensity
decreased in a linear fashion to a minimum noise value at
approximately ¢ =0.01. Because the total emission intensity
included the observed emission from the carbon 247 nm
line which was the dominant feature of the blank nitrocel-
lulose filter spectrum (Figure 3a), this value never went to
zero in the absence of any bacterial cells.

This behavior matched the expected trend, although the
variations in measurements were very high at lower con-
centrations. It is believed that this was caused by bacteria
clumping together, forming some areas of high concentra-
tion and some areas of bare filter, rather than a thinner but
still smooth bacterial pad as was observed at the full con-
centration (essentially one large and continuous clump).
Attempts are currently being made to allow for more uni-
form distribution at any concentration.
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Figure 6. A log-lin calibration curve for bacterial samples. A
concentration of c= | corresponded to 10" cells/mL as deter-
mined by optical densitometry resulting in approximately 10° cells
per ablation. This was the concentration achieved by transferring
24 h of growth for E. coli from a TSA plate to 1.5mL distilled
water. The inset shows a linear fit to the lowest eight concen-
trations on a lin-lin plot.
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Sterilization

Autoclaved E. coli was prepared and data were taken in the
same method as described previously. LIBS spectra were
then compared to the live bacterial library using a discrim-
inant function analysis. Because DFA cannot produce a null
result, meaning that an unidentified sample must be classi-
fied as one of the classes in the library, all spectra from
autoclaved sterilized E. coli classified consistently (100%)
as live E. coli even though the plot of the first two discrim-
inant function scores clearly indicates a detectable and
reproducible difference between live and dead cells
(Figure. 7). It has been proposed previously that this
effect is due to autoclave-induced cell lysis and the subse-
quent omission of nuclear material or other cellular mater-
ial from the LIBS spectrum.I6 If this is indeed the case, the
new methodology described here would allow for this
effect to be more readily observed as cellular contents
lost in lysis would presumably be lost through the filter
paper that might otherwise be retained on an agar plate.
These results are currently under investigation using other
destructive and nondestructive inactivation techniques such
as sonication and UV inactivation, respectively.

Conclusions

The introduction of a new mounting technique resulted
in a LIBS-based bacterial discrimination that more closely
resembled the techniques with which pathologists and
clinicians are already comfortable and is more realistic
in a clinical setting. This method also allowed for faster
sample preparation and removed the necessity for cen-
trifugation from the process. While the introduction of
nitrocellulose filters introduced a carbon background
signal to the bacterial spectrum, this did not result in
any reduction in the accuracy of the technique for dis-
crimination. In fact, the accuracy of the technique as
determined by the calculated sensitivity and specificity
of a four genus live bacteria test was improved since
this method was implemented.

This introduction of a new mounting protocol has cur-
rently increased the required number of cells for measure-
ments to be taken. This is due to the intensity of the carbon
247 nm line from the filter which limits the amplification of
the camera which can be used, and it also seems to be
related to a clumping of the bacterial cells upon deposition.
Should a more uniform lawn of low concentration cells be
achieved, this problem can be overcome.

A DFA of autoclaved cells tested against a library of live
cells showed a spectral difference between live and dead E.
coli that was previously unobserved by our group but that
has been indicated recently by other groups. This is cur-
rently believed to be a result of material lost through the
filter paper after the lysis of cells. This new mounting
method allows for this possibility to be investigated more
thoroughly in future experiments.
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