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Bacteria may be present in mixed samples under some (but certainly not all) conditions.
There are multiple clinical examples of sterile samples (i.e. blood, urine, CSF) where the bacteria
causing an infection will be the only bacteria present.* In these situations, concerns about
mixing with other bacteria are unfounded. Still, the presence of other biological material (i.e.
cells in blood, proteins in urine) may have some effect on the LIBS-based diagnosis. In
specimens obtained from stool, sputum, or contaminated food or water, or even specimens
contaminated by environmental bacteria, the bacteria causing the infection may be present along
with other minority bacteria. In this chapter we will investigate the effect that the presence of a
second bacterium has on the LIBS-based identification. Lastly, we will show that a discriminant
function analysis of LIBS spectra obtained from multiple genera of clinically relevant bacteria
(such as Escherichia, Streptococcus, and Staphylococcus) yielded a discrimination between
species that indicates an identification of unknown bacterial samples using a pre-compiled

reference library of spectral fingerprints is feasible.

5.2 Experiment

5.2.1 LIBS Experiment

In all LIBS experiments, 1064 nm ten nanosecond laser pulses from an Nd:YAG laser
were used to ablate bacteria. Pulse energies were 10 mJ/pulse. Moreover, LIBS spectra were
collected in an argon environment at atmospheric pressure. For the data acquisition, initially ten
micro-liters of a high-density bacterial suspension (pellet) were micro-pipetted to the surface of
the bacto-agar which was kept at room temperature. After that, five laser pulses were fired at
every sampling location and the spectra from five different locations were collected and

averaged, resulting in a spectrum of 25 averaged laser pulses per bacterial spectrum. Although
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data from five sampling locations was used in this study, a signal-to-noise ratio sufficient for
effective discrimination was usually achieved after only two locations, indicating that in the
future the quantity of bacteria required could be reduced. LIBS spectra were acquired at a delay
time of 2 us after the ablation pulse with an integration gate width of 20 us duration. LIBS
spectra were collected and were analyzed with a discriminant function analysis (DFA) as

described in our previous work and in previous chapters.>..’

5.2.2 Bacterial Sample Preparation

Multiple specie of bacteria were prepared in two separate microbiology facilities in the
course of this work. Gram-negative and Gram-positive bacterial species (Escherichia,
Streptococcus, and Staphylococcus) were prepared in the manner described in Chapter 3. In
addition, two conditional mutant strains of Mycobacterium smegmatis bacteria were grown for
24 hours on a 7H9/ADC agar plate containing 5 ng/ml tetracycline and 50 mg/ml hygromycin.
These bacterial cells were prepared in the laboratory of Dr. Choong-Min Kang (WSU,
Department of Biological Sciences) and are two of the three cell lines routinely prepared in that
laboratory which express different wag3l (a protein) alleles (DNA sequences) (wild-type,
phosphoablative, or phosphomimetic wag31).2 In all cases, bacteria were harvested from the
growth plates and suspended in 1.5 ml phosphate-buffered saline (PBS) or deionized water.
Finally, bacterial pellets were produced by centrifuging the tubes for 3 minutes at 5000 rev/min
at room temperature. The supernatant fluid was withdrawn and discarded. Spectra obtained
from bacteria isolated from PBS and water were identical, indicating that any small volumes of

residual buffer present after centrifugation were insignificant.
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5.2.3 Mixed Samples

Mixtures of known mixing fraction were prepared from suspensions M. smegmatis and E.
coli C (Nino). The mixing of these two particular species would almost certainly never occur in
a clinical setting, but the easily observed differences in the LIBS spectra of these two microbes
(resulting from the physiological variation between the two, one being a Gram-neutral
Mycobacterium and one a Gram-negative Escherichia) provided an optimal experiment in which
to initiate bacterial mixing experiments compared to, for example, the use of a mixture of two
highly-similar E. coli strains. Morphologically however, the two microbes are fairly similar.
Two separate suspensions (one of M. smegmatis and one of E. coli) were prepared prior to the
mixing. A spectrophotometer was used to measure the optical density of the two bacterial
suspensions to ensure equal concentrations prior to mixing. The turbidity or optical density of

the suspension of bacteria cells was measured at a wavelength of 600 nm (ODy,,) with the

bacteria in their mid-log phase of growth. The measured optical density was 1.83 for both. The
fact that the cell size of the M. smegmatis and the E. coli C cells are very similar (1.5-4 pm in

length and 0.3-0.5 pm in width) confirmed the initial numbers of bacteria were the same.’

After establishing the initial bacterial concentration, six separate mixtures were prepared

with a ratio M. smegmatis to E. coli C given by M, ,:C with x=0.0, 0.1, 0.2, 0.3, 0.5, 1.0.

Multiple 1.5 mL tubes of these mixtures were prepared, thoroughly agitated via vortex mixing,
then centrifuged for 3 minutes at 5000 rev/min. The supernatant was discarded to produce the
bacterial pellet. Again, 10 uL of the dense pellet was mounted on the agar surface prior to LIBS

testing.
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5.3 Results and Discussion
5.3.1 Mixing Experiment

LIBS spectra from pure samples of M. smegmatis wild type (WT), Streptococcus
viridans, and E. coli C bacteria were collected. S. viridans, a Gram-positive organism, was
included in the DFA of the M. smegmatis/E. coli mixtures to serve as a negative control. No
mixing fraction should ever classify as the control. In order to investigate the differences
between the bacteria, spectra from the agar substrates on which all the bacteria were ablated,
which lacked many of the elements present in the bacteria, were included in the DFA. Figure 5.1
shows the first three discriminant function (DF) scores for these four sets of spectra. A “leave-
one-out” (LOO) analysis of this data indicated that 100% of all samples were correctly classified
which shows that LIBS spectra obtained from the pure bacterial samples were distinctly different
from each other and from the agar substrate as well. In a LOO analysis, a single data point is
omitted during the construction of the discriminant functions. DF scores are calculated for the
omitted (assumed to be unidentified) point using the new functions and the unknown point is
assigned a group classification on the basis of these scores. Therefore rule sets for classification
are always created from “known” samples, but the specificity results are always obtained from
“unknown” or unidentified samples and all data points are tested as unknown.

A useful output generated by the DFA analysis is the structure matrix table which returns
the statistical weights of the elements or the atomic transition lines that comprise the various
discriminant function scores. The structure matrix from this analysis indicated that the two
213.618 nm and 214.914 nm phosphorus lines were primarily used in the discrimination between

bacterial and agar spectra, while the 396.837 nm calcium line and 285.213 nm magnesium line
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were responsible for the discrimination between E. coli C and M. smegmatis (WT) bacterial

spectra.
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Figure 5.1: The first three discriminant function scores from a DFA of the LIBS spectra from
pure samples of three different bacteria: (1) Mycobacterium smegmatis (WT), (2) E. coli C,
and (3) Streptococcus viridans, in addition to (4) the agar substrate on which they were

ablated.

Figure 5.2 shows a plot of the first two DF scores from a DFA of the LIBS atomic
emission spectra from pure samples of M. smegmatis (WT) and E. coli C, as well as the four
mixtures with the mixing fractions described above. As established earlier, the spectrum from a
sample of pure M. smegmatis (Group 1) was easily differentiable from a spectrum from a sample
of pure E. coli (Group 6). Spectra from mixtures classified strongly with each other, not with

spectra from pure samples, confirming the homogeneity of the mixtures. As the fraction of E.



101

coli in the mixture became progressively higher, the DF1 score of the spectra from the mixtures
(indicative of the primary discrimination between the two bacterial types) shifted closer to the
DF1 score of pure E. coli. Moreover, the DF1 score of the centroid (which is the effective
“center of mass” of the distribution of measurements) of the 50% mixture (Group 5) shifted
approximately 50% of the way between Group 1 and Group 6. The spectra from the 90% and
80% mixtures were closely grouped with the 100% pure sample spectra. This means that spectra
from M. smegmatis bacteria could be identified with a high confidence even in the presence of

low concentrations of E. coli. The previous result is in good agreement with what may occur in
some clinical samples in which microbial contamination can exist, but only at minority or trace
concentrations. In this setting, clinical microbiologists need to isolate the mixed organisms from
each other and grow them in pure culture in order to identify each organism. This process may
take several days in order to determine the correct organism. In contrast, our results can be

obtained almost instantaneously upon obtaining the mixed sample.
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Figure 5.2: DFA plot showing the first two discriminant function scores for the
spectra obtained from pure samples of two bacteria, (1) a wild-type strain of M.
smegmatis (WT) and (6) a strain of E. coli (C) and four mixtures of those two bacteria
at various mixing fraction (2-5).
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In order to determine the accuracy of the identification of the mixed samples, a DFA of
the LIBS spectra from the two pure samples, the four mixed samples, and the pure S. viridans
was performed. The DFA also performed a LOO classification on these spectra, which evaluated
the selectivity of the experiment by calculating the misclassification percentage of each group.

This is known as the resubstitution estimate and the corresponding results are shown in Table 1.

Table 5.1: Classification results from the discriminant function analysis of M. smegmatis/E. coli
mixed samples.

Classification Results

Category # of Spectra
M. smegmatis E. coli S. viridans
100% M. smegmatis, 0% E. coli 21 100% 0% 0%
90% M. smegmatis, 10% E. coli 20 100% 0% 0%
80% M. smegmatis, 20% E. coli 16 100% 0% 0%
70% M. smegmatis, 30% E. coli 21 76% 34% 0%
50% M. smegmatis, 50% E. coli 19 47% 53% 0%
0% M. smegmatis, 100% E. coli 25 0% 100% 0%

The spectra obtained from the control samples of S. viridans bacteria were completely
distinct from any other samples and no mixtures classified as the control. This test was repeated
with additional species of bacteria, and the mixtures only ever classified with the species that
comprised the mixture. The 90% and 80% mixtures classified 100% of the time with the
majority species, indicating the strong likelihood that spectra from mixtures with only trace
amounts or small minority fractions of contaminant bacteria will be easily identifiable as
belonging to the majority species. These experiments will need to be reproduced with a greater

number of specimens to statistically determine whether this identification accuracy is truly 100%
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or whether it is somewhat lower. The identification accuracy dropped quickly for mixing
fractions below 80%, achieving the anticipated 50% level for 50:50 mixtures. Because the DFA
must assign the spectrum to one of the two “pure” groups, it is not surprising that the
classification accuracy tracked the mixing fraction as the concentration of the majority species

was decreased.

5.4 Sample Dilution

To study the effect of cell number on the LIBS-based identification of a bacterial target,

three different bacterial concentrations of the wild-type (WT) strain of M. smegmatis were

prepared. The first concentration was the standard undiluted concentration, which was 4.7 x10°
bacteria/ml. This concentration was calculated in the standard microbiological way based on the
bacterial growth curve. For the second concentration, 10 uL of the bacterial suspension was
added to 10 uLL PBS, while the third concentration was achieved by adding 10 pL of the bacterial
suspension to 20 uLL PBS. In order to insure the homogeneity of the mixture, all samples were
agitated with a vortex mixer. 10 pL from each concentration was then mounted on the agar

surface.

5.4.1 Dilution Experiment

Figure 5.3 shows the first two DF scores for a DFA performed on spectra obtained from
the three different concentrations of M. smegmatis (WT), a similar mutant called M. smegmatis
(TE), and S. viridans. In this analysis, the group centroids of all concentrations of the M.
smegmatis (WT) were closely grouped together. This indicates that the LIBS spectra for all
concentrations of M. smegmatis (WT) were the same, regardless of the number of bacterial cells

present. This was not unexpected, as the spectra were always normalized by the total spectral
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power, and therefore should be independent of the number of cells. The centroid location of
Group 4, M. smegmatis (TE), was well-separated from that of Groups 1-3, M. smegmatis (WT),
but possessed a similar DF1 score. This confirmed the fact that M. smegmatis (TE) is highly-
similar to M. smegmatis (WT) and possessed a highly-similar LIBS spectrum, but both were
completely distinct from the S. viridans (a Gram-positive bacterium) spectrum. 100% of all M.
smegmatis (TE) spectra were correctly classified regardless of concentration. This is a
significant result for a clinical diagnostic, as some clinical tests are dependent on the pathogen
concentration or the absolute number of pathogens present. The LIBS-based chemometric
identification is independent of these factors. Also, as we attempt to extend this diagnostic to
clinical applications, a reference library of LIBS spectral fingerprints from important organisms
will be constructed, most likely using well-characterized strains and samples with a high-number

of cells to provide excellent signal-to-noise.
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Figure 5.3: A DFA plot showing the first two DF scores for three different
concentrations of M. smegmatis (WT) (1-3), a highly similar mutant called M.
smegmatis (TE) (4), and the Gram-positive S. viridans (5). The ability to identify and
differentiate the M. smegmatis (WT) samples was independent of sample concentration.
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It is important to prove that the LIBS spectra obtained from clinical specimens, which will
contain much lower numbers of bacteria, classify 100% of the time with the reference library
spectra obtained from samples with much higher numbers.

Using the known initial titer of our liquid bacterial suspension, the volume of suspension
mounted on the agar, the area of the mounted bacterial pad, and the area of our ablation craters
we calculated the number of bacteria ablated in any given sampling location. This number was
approximately 1500 cells for our normal “undiluted” samples. Because five sampling locations
were averaged together to make one LIBS spectrum, our initial calculations showed that we were
identifying approximately 7500 bacteria with every LIBS spectrum. All spectra from the two
dilutions were 100% correctly identified, indicating that 3750 and 2500 bacteria were also
identifiable. These estimates of the bacterial number have at least a 10% uncertainty.

Figure 5.4 shows a typical LIBS spectrum obtained from the lowest concentration tested
in the dilution study. Approximately 2500 bacterial cells total were ablated to obtain this
spectrum, which is dominated by emission from C, Mg, and Ca, and to a lesser extent emission
from P and Na. The signal-to-noise of these emission lines was still completely adequate for
identification purposes, as was shown in Figure 5.3, and the background was small. The LIBS
spectrum was acquired at the same experimental parameters as given before. These results are
encouraging, as the required number of bacterial cells is lower than the infectious dose for many

(not all) diseases as described earlier.

The limiting factor in the number of cells that can be identified was the emission
intensities of the phosphorus lines at 253.560 and 255.326 nm which eventually decreased below
the background intensity. However, our optical detection efficiency can be improved by

constructing a new light collection optical system. As mentioned before we used only an optical
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fiber with a 600 um core mounted ~2 cm away from the plasma to collect the emission. The
percentage of total emission that is collected with this arrangement is less than 1%. The use of
short focal length large diameter dual parabolic reflectors would increase the amount of collected
light by a factor of 1000 based on calculations which assume a purge chamber similar to what we
use now and commercially available parabolic reflectors. We also intend to explore the use of
dual-pulse nanosecond LIBS which could conservatively yield a factor of two increase in
emission intensity, although this has not yet been demonstrated in bacterial systems. A second
ns-Nd:YAG laser exists in our lab for this purpose. With these improvements we intend to lower

the minimum number of bacterial cells to around ten.
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Figure 5.4: A typical LIBS spectrum from the lowest concentration of M. smegmatis
(WT) tested in this study. The sample was ablated in argon and the emission lines are
identified. A total of approximately 2500 bacteria were ablated to create this spectrum,

The total spectral power measured from the various concentrations was linearly

dependent on the number of bacterial cells ablated. This is shown in Figure 5.5. The total
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spectral powers from all spectra from a given concentration were averaged and the standard
deviation is shown as the uncertainty. A linear fit to this data (R=0.953) shows the expected
linear dependence of the LIBS signal intensity with bacterial cell number. Based on this result, it
is possible we may be able to correlate the bacterial number with the measured total spectral
power in future experiments. This could have relevance as a rapid check of bacterial resistance
since many fast-growing bacterial species double their number every 15-20 minutes and since
the LIBS total spectral power can easily resolve a doubling of the bacterial number. An
experiment could be designed where a clinical bacterial sample is obtained and half is tested via
LIBS and half is exposed to a rich nutrient medium in the presence of an antibiotic. Twenty
minutes later another LIBS spectrum could be obtained from the sample growing with the

nutrient medium.
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Figure 5.5: The total spectral power associated with each of the five elements observed in
the LIBS spectrum of M. smegmatis (WT) ablated in argon as a function of bacterial cell
number. A linear dependence was observed.
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Antibiotic-sensitive bacteria should show no increase or a decrease in LIBS total spectral power
as the cells are unable to divide. Antibiotic-resistant bacteria on the other hand should multiply
exponentially, and a corresponding increase in LIBS total spectral power from the first test
should be observed. This process is traditionally done in a similar method, but with a “culture-
and-count” confirmation of bacterial growth. This method can take from 24-72 hours to

determine the presence of antibiotic resistant strains.

5.5 Bacterial Discrimination and Library

Four strains of E. coli (enterohemorrhagic E. coli O157:H7, C (Nino), HF4714, and
HfrK12), two conditional mutants of Mycobacterium smegmatis (WT and TA), two
Staphylococcus species (aureus and saprophyticus), and two Streptococcus species (viridans and
mutans) were ablated as described above and the spectra were analyzed together using a DFA.
The first two DF scores of this analysis are shown in Figure 5.6.

In this analysis, 79.0% of the variance between the groups was described by function 1,
12.2% by function 2, 3.6% by function 3, 2.5% by function 4, and the rest of the variance, 2.7%,
was described by the remaining discriminant functions. Only the first two DF scores are plotted
in Figure 6, which contain most of the variance, yet a statistically significant amount of variation
is contained in the rest of the functions which are not shown. In this analysis, 92.3% of all the
original grouped cases were correctly classified in a LOO. All errors of identification occurred
only between spectra belonging to the same genus or species, as is shown by the highlighted

cells in Table 5.2.
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Figure 5.6: A DFA plot showing the first two DF scores for LIBS spectra from two
species of Staphylococcus (aureus and saprophyticus), two species of Streptococcus
(viridans and mutans), two conditional mutants of M. smegmatis (WT and TE) and four
strains of E. coli (enterohemorrhagic E. coli 0157:H7, C, HF4714, and HfrK12).

Table 5.2: Classification results from the discriminant function analysis of 10 different bacteria.

Predicted Group Membership (%)

Group

1 2 3 4 5 6 7 8 9 10
1:M. smegmatis (TA) 824 176 O 0 0 0 0 0 0 0
2:M. smegmatis (WT) 280 720 O 0 0 0 0 0 0 0
3:E. coli (O157:H7) 0 0 960 4.0 0 0 0 0 0 0
4:E. coli (Nino C) 0 0 36 9%4 0 0 0 0 0 0
5:E. coli (HF4714) 0 0 0 0 1000 O 0 0 0 0
6:E. coli (HfrK-12) 0 0 6.7 0 0 933 O 0 0 0
7:Staph. saprophyticus 0 0 0 0 0 0 941 59 0 0
8:Staph. aureus 0 0 0 0 0 0 0 1000 O 0
9:Strep. mutans 0 0 0 0 0 0 0 0 95.0 5.0
10:Strep. viridans 0 0 0 0 0 0 0 0 0 100.0
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The results of this LIBS-based diagnostic applied to a variety of bacteria are indicative
that the technique is not merely basing an identification/discrimination on random differences in
the spectra. The fact that spectra are closely grouped by genus (Staphylococcus and
Streptococcus), and are even more closely grouped by genus and species (E. coli and M.
smegmatis) demonstrate that the technique is identifying the true microbiological diversity of
these organisms. It is important to point out that because N-1 discriminant functions are always
constructed when N groups are classified, as additional bacteria are added to the reference library
of existing LIBS spectral fingerprints, the phase space of the DFA correspondingly increases. In
this way, concerns about an “overcrowding” of discrimination space (and subsequent loss of
selectivity) as additional bacteria are added to the reference library may be unfounded. Lastly, it
is very important to note that as this diagnostic is extended toward clinical applications, patient
case histories will play an extremely important role in the determination of which potential
candidate bacteria are included in a reference library against which an unknown pathogen will be
tested. In most circumstances, knowledge of the case history will preclude all but a few suspect
pathogens. Therefore a DFA comparing an unknown pathogen against a reference library
composed of all known pathogens will almost certainly not occur. This clinical fact reduces
concerns about the ultimate selectivity of the technique based on the overcrowding of
discrimination space.

5.6 Conclusions / Summary

Nanosecond laser-induced breakdown spectroscopy followed by a discriminant function
analysis clearly showed the discrimination between several bacterial species, with a close

grouping based on specimen genus, species, and strain observed. The issues of sample dilution
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and sample mixing (important questions that must be addressed as the LIBS technology moves
toward the goal of clinical diagnoses) have been investigated.

We have characterized the effect that the presence of a second bacterial species in the
ablated specimen had on the identification of the majority species. It was shown that in a
mixture of two bacteria, accurate identification was possible down to a 80:20 mixing ratio, with a
subsequent loss of selectivity observed at lower mixing fractions. At no time were spectra from
mixed samples classified as anything other than one of the two bacteria comprising the mixture.

Bacterial specimens were diluted by a factor of two and three to determine the effect that
reducing the number of bacterial cells in the LIBS plasma would have on the bacterial
identification. All dilutions of a bacterial suspension classified 100% of the time with the most
dense “control” concentration, even when compared to a closely-related mutant of the same
species. It was shown that for the lowest dilution, approximately 2500 bacteria were required for
the accurate identification of the bacteria. This number can be reduced in the future (perhaps by
a factor of 1000) with the construction of a better light collection system. In addition, a linear

dependence of the total spectral power as a function of cell number was determined.

Lastly, high selectivity was obtained during the construction of a LIBS spectral library
composed of 10 bacterial specimens from four genera representative of bacteria that may be

encountered in a clinical setting.
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CHAPTER 7

Toward The Identification of Bacteria In Clinical Samples

7.1 Introduction

As we know, doctors order urine tests for their patients (most often women) to make sure
that the kidneys and other organs are functioning well or when the patient may have an infection
in his/her kidneys or bladder. Upon successful diagnosis, conducted with traditional culturing

techniques and taking at least 24 hours, the patient will be treated with the proper antibiotic.

Staphylococcus epidermidis is a Gram-positive bacterium cocci commonly found in the
natural skin flora that sometimes causes human illness.' Infection caused by S. epidermidis is
usually associated with medical devices, such as indwelling catheters since it has the ability to
form biofilms which will grow on those devices.? Hall and Snitzer investigated urinary tract
infections in children that may be caused by S. epidermidis. In their study, they concluded that
the presence of S. epidermidis bacteria in the urine culture should not be automatically
considered a contaminant, especially when the clinical findings are compatible with urinary tract

infection.®

In chapter 5, we proved that LIBS has the capability of identifying bacteria in mixed
samples, specifically discriminating between M. smegmatis and E. coli C. At that time we chose
the previous mentioned samples for the proof-of-principle. Moreover, in that study we studied
several mixture samples including 50:50 mixtures.* But in real-world situations where the LIBS-

based identification is desperately needed, the pathogen that may cause the infection will be the


http://wiki.medpedia.com/Staphylococcus
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majority species in any specimen of urine, blood, etc. Therefore, the ability to identify a species

in a 1:1 mixture with another species is most likely not necessary.

To this end, in this chapter | used LIBS to identify bacteria (S. epidermidis) in bio-fluids
such as urine to investigate if the presence of proteins, salts, and other bio-chemicals in the
sterile urine will interfere with the spectral identification. The effect of mixing bacterial samples
was quantified by creating mixtures of known titer. | mixed specimens of distinct bacteria, E.
coli ATCC 25922 and Enterobacter cloacae ATCC 13047 in a 10:1, 100:1, and 1000:1 ratio to
simulate real clinical situations. This was done to create samples that as faithfully as possible
simulated the properties of actual clinically-occurring cases.”> Finally, E. coli C bacteria will be
deposited on micro-membrane filter with 0.45 um pore size and LIBS testing will be conducted
directly on the filter in order to test the ability of LIBS for the detection of bacteria in quickly

filtered samples.

7.2 Experiment

7.2.1 Bacterial Sample Preparation

E. coli C samples were prepared in our lab in the manner described in Chapter 3. While
S. epidermidis, E. coli ATCC 25922, and Enterobacter cloacae ATCC 13047 were prepared in
the clinical microbiology lab at the Detroit receiving hospital by Dr. Robert Mitchell. In the case
of E. coli C, bacteria were harvested from the growth plates and suspended in 1.5 ml deionized
water. After that, the tubes were centrifuged and the supernatant was discarded in order to
produce the bacterial pellets. Two separate suspensions of E. coli ATCC 25922 and
Enterobacter cloacae ATCC 13047 were prepared prior to mixing, again using deionized water.

To be a reasonable test, the two suspensions must have the same bacterial concentration. To do
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this, the turbidity or the optical density of each suspension was measured using a
spectrophotometer at 600 nm (ODeggpy. In this device light is scattered as it passes through a
bacterial suspension and the amount of scatter is proportional to the number of bacteria in the
suspension. The measured optical density was 0.78 for both. The measurements were conducted

in the laboratory of Dr. Takeshi Sakamoto (WSU, Department of Physics and Astronomy).

Finally, samples of S. epidermidis were collected from the growth plates in identical
ways and then suspended in de-ionized water and sterile urine. Typically, in a 1.5 mL tubes.

After that samples of both were collected without washing to perform the LIBS experiment.
7.2.2 LIBS Experiment

The experimental setup used to perform LIBS on the bacteria samples is the same setup
that used in our previous studies.*®.” LIBS spectra were acquired in an argon environment at
atmospheric pressure at a delay time of 2 us after the ablation pulse, with an ICCD intensifier
gate width of 20 us duration. Specifically, 10 puL of pellet were transferred to 1.4% nutrient free
bacto-agar. For the identification of bacteria in mixture samples and in sterile urine, five laser
pulses were used to collect the spectra at one location and five accumulations at five different

locations were collected and averaged, resulting in a spectrum of 25 averaged laser pulses.

For the testing of bacteria on the micro-filter as shown in Figure 7.1 (more details on the
filter preparation are given below), four laser pulses were used to collect the spectra at one
location and four accumulations at four different locations were collected and averaged, resulting
in a spectrum of 16 averaged laser pulses. In Figure 7.1, the diameter of the membrane filter is
approximately 13 mm. Moreover, almost the whole area was covered with bacteria in order to

save as many LIBS spectra as we can for the DFA analysis. Nevertheless, one LIBS spectrum
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will be enough for future discrimination due to the robustness of the LIBS spectrum for a
particular bacterial sample. The selection of the previous parameters was based on the
homogeneity of the bacterial sample and to eliminate any possible contribution from the brass
mounting square, the yellow metal piece that appears in Figure 7.1, due to the thinness (150 um)

of the membrane filter.

Figure 7.1: E. coli C bacteria were deposited on a membrane filter with 0.45 pum pore size.
The filter was mounted on a brass sample which can be fitted easily inside the chamber.
Details of the filter study are provided below.

7.3 The Identification of S. epidermidis Bacteria in A Sterile Urine Suspension

LIBS spectra from E. coli C, S. viridans, and S. epidermidis bacterial specimens that were
suspended in water were acquired as described earlier. In addition to these three specimens,
LIBS spectra were also collected for S. epidermidis bacteria that were suspended in sterile urine.
Generally, normal urine consists of 96% water and 4% solutes. Organic solutes include urea,
ammonia, creatinine, and uric acid. Inorganic solutes include sodium chloride, potassium

sulfate, magnesium, and phosphorus.
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Figure 7.2 is a DFA plot showing the first two discriminant function scores of a DFA
performed on spectra acquired for the three specimens mentioned above. From this graph, it can
be seen easily that the LIBS spectral fingerprint from urine-exposed bacteria (3-Red) was
identical to water-exposed bacteria (2-Green), and a DFA correctly classified 100% of the urine-

exposed bacteria as being consistent with S. epidermidis.
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Figure 7.2: A DFA plot of the LIBS spectra from E. coli C, S. epidermidis harvested from
both urine and water, and S. viridans. The two S. epidermidis samples were identical to each
other and were discriminated with 100% accuracy from S. viridans bacteria.

To verify our results, LIBS spectra from S. epidermidis samples were compared to the
LIBS spectra obtained from two other bacterial species within the same genus, specifically S.

aureus and S. saprophyticus. For the DFA analysis, LIBS data of S. epidermidis harvested from
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urine were entered as unclassified cases (each case represents a whole spectrum). This means
that the identity of each unclassified spectrum was unknown and then the SPSS software was
asked to assign those cases to the most similar group. In our analysis, all the LIBS spectra of S.
epidermidis harvested from urine were identical to those that were collected from water and also
were distinguishable, 100% classified, from the other two Staphylococci species. The results of

the DFA are shown in Figure 7.3.
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Figure 7.3: A DFA plot of the LIBS spectra from S. epidermidis harvested from a urine
sample and water, S. aureus and S. saprophyticus. The two S. epidermidis samples
were identical to each other and were discriminated with 100% accuracy from other two
Staphylococci samples.
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7.4 ldentification of Bacteria in Mixed Clinical Samples

Figure 7.4 shows a plot of the first two DF scores from a DFA of the LIBS spectra from
pure samples of M. smegmatis, E. coli ATCC 25922, and Enterobacter cloacae ATCC 13047, as
well as the three mixtures with the mixing fractions mentioned in section 7.1. As can be seen
from the DFA plot, the LIBS spectral fingerprint of the Enterobacter cloacae ATCC 13047
(Group 1) bacterium was easily distinguishable from a spectrum obtained from a sample of pure

E. coli ATCC 25922 (Group 5). Spectra from the three mixtures (2-4) were classified as the
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Figure 7.4: DFA plot showing the first two discriminant function scores for
the spectra obtained from pure samples of two bacteria, (1) Enterobacter
cloacae ATCC 13047, (5) a strain of E. coli ATCC 25922, (6) M. smegmatis
and three mixtures of ATCC 25922 and ATCC 13047 at various mixing
fraction (2-4).
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same spectra of E. coli ATCC 25922 with 100 % accuracy. The previous results confirm the fact
that the bacterial concentration of E. coli ATCC 25922 was the dominant in all the mixture

samples.

In this analysis, notice that the DF2 score of the centroid (which is the effective “center
of mass” of the distribution of measurements) of the M. smegmatis samples was zero. On the
other hand, the rest of the samples (pure and mixtures) possessed almost the same DF1 score.
The interpretation of this is that the discrimination between the LIBS spectra from E. coli ATCC
25922 and Enterobacter cloacae ATCC 13047 and their mixtures was based on the difference
between their DF2 scores. In addition to that, there is a slight shift downward in the centroid of
the 10:1 or 90%:10% mixture (downward toward the DFA space of the minor component) as

expected.

This previous results suggest that spectra from E. coli ATCC 25922 bacteria could be
identified with a high accuracy even in the presence of low concentrations of Enterobacter
cloacae ATCC 13047, a common clinical contaminant. The previous result is in good agreement
with what we discussed back in chapter 5. In that chapter, we mentioned that in clinical samples
and in the case of mixtures the infection will most likely be caused by the microbe that has the

higher concentration.

7.5 The Detection of Bacteria on a Membrane Filtration Method

In this section | investigated the capability of using LIBS for the identification of bacteria
on a different substrate, specifically on a Millipore membrane filter with pore size 0.45um. For
all the experiments conducted before, bacteria were deposited on a 1.4% nutrient free bacto-agar

substrate. As we know, not only does the agar substrate keep the bacteria hydrated for many
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hours, which allow us to save the LIBS spectra easily, but it did not contribute directly or
indirectly to the LIBS spectra of the bacteria. But preparing the agar substrate requires boiling
and cooling which definitely slows down the process of bacterial identification. These agar
substrates are also not robust, being subject to dehydration from evaporation, which changed
their size and shape. Therefore, based on what | have previously discussed, and in order to ease
the process of identification, it was decided to try a new substrate. With this substrate, we
needed to wait approximately 10 minutes from depositing the bacteria on its surface until start
testing or sample. Moreover, a filter is a substrate which can be incorporated easily into a

flowing liquid system.

Figure 7.5 shows a typical LIBS spectrum obtained from the blank cellulose membrane
filter. As we can see from the figure, the spectrum lacked many of the elements the present in
the bacteria such as P, Mg, and Ca at the same time it is dominated by emission from C and a

small amount of Na.
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Figure 7.5: A typical LIBS spectrum from the Millipore cellulose membrane filter in this
study. The sample was ablated in argon and the emission lines are identified.
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E. coli C bacteria were deposited on the membrane filter discussed above. Figure 7.6
shows a typical LIBS spectrum of these bacteria. This spectrum is dominated by emission from
C, Mg, and Ca, and to a lesser extent emission from P and Na. It was acquired at the canonical
experimental parameters given before except that | changed the value of the MCP image
intensifier. Specifically, it was set to be 2600-2800 and in the case of the agar substrate the value
was set to be 3000. The reason for decreasing the value of the amplification was the over flow of

the atomic line intensities for some elements such as Ca.
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Figure 7.6: A typical LIBS spectrum from E. coli bacteria ablated on the
cellulose membrane filter in an argon atmosphere.
It can be seen easily that the LIBS spectrum of the E. coli bacteria is distinguishable from
that of the blank membrane filter. This results support our initial assumption about the
possibility of bacterial identification on this substrate. However the contribution of the filter to

the spectrum needed to be investigated.
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Figure 7.7 shows a DFA plot for two E. coli strains: C and ATCC 25922, M. smegmatis
(TA type), and the membrane filter. LIBS spectra for both ATCC 25922 and M. smegmatis
bacteria were acquired from testing on agar while E. coli C bacteria were tested on the
membrane filter. In this analysis, all group memberships were predicated correctly with 100%

accuracy.

What is immediately obvious is that while the two E. coli strains were distinguishable
from each other, whatever contributions came from the membrane filter were small compared to
the differences between the actual species. If this were not true, we would have expected the two
agar-tested specimens (1 and 2) to group closely together while the membrane-tested bacteria (3)
would have been separate or grouped closely with the spectra from the filter alone. This was not

the case.

There were two reasons behind using different E. coli strains in this test. Firstly, to test
whether E. coli strain C would group closely to any other E. coli sample. It doesn’t make sense
to compare C with itself (but tested on agar) because of the additional carbon concentration from
the membrane filter that would occur. Secondly, the same sample will have two slightly
different fingerprints due to the testing on two different substrates (slightly different
ablation/evaporation plasma conditions). Finally, I added the LIBS spectra of M. smegmatis
bacteria to the DFA to prove that not only is the spectral fingerprint of E. coli C close to another
E. coli strain regardless of substrate, but is still easily distinguishable from other types of bacteria

which belong to a different genus.

Successful discrimination between several bacterial samples tested on the membrane

filter may be achieved since the filter lacks those divalent cations that exist in the bacterial
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membrane. Those cations are responsible for the stabilization of the entire bacterial membrane

structure. 8.%.1°
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Figure 7.7: DFA plot showing the first two discriminant function scores for
the spectra obtained from, (1) E. coli ATCC 25922 ablated on agar, (2) M.
smegmatis (TA) ablated on agar, (3) E. coli C ablated on the membrane filter,
and (4) the membrane filter.

7.6 Summary

In this chapter | showed that the LIBS fingerprint of S. epidermidis harvested from urine
is identical to that obtained from de-ionized water. This result may suggest that the proteins,

salts, and other bio-chemicals present in fluids do not interfere with the spectral identification.
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Moreover, we again proved that the identification of bacteria in mixed cultures is possible, using
more clinically relevant microbes. Specifically, | found that the presence of microorganisms in
low concentration will not affect our ability to identify the dominant organism which is
responsible for the infection. Finally, I also found that a LIBS-based identification of bacteria on
a Millipore membrane filter is possible regardless of the high concentration of the carbon

element due to the cellulose of the filter.
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CHAPTER 8
Conclusions and Future Work
The results presented in this thesis indicate that the LIBS technique may be considered a
promising technology for biomedical applications because of its speed, minimum sample
preparation, and ruggedness. Several critical experiments have been conducted over the course
of three years. We proved that LIBS has the ability to identify bacteria in mixture samples,
specifically we have successfully identified the target bacteria when present in up to a 80:20
mixture ratio. This result is really encouraging since the mixture percentage in clinical samples

is less than that regardless of the low number of bacteria.

We were also able to show that identifying 2500 bacteria is possible but this number is
still far from our target. Our target is making LIBS an applicable technique for clinical
applications where the identification of a low number of bacteria, i.e. 100, is desperately needed.
We mentioned previously that the total percentage of the collected light from our LIBS plasmas
is less than 1%. Improving this percentage may lower our limit of detection. This can be done
by using a parabolic mirror which can increase the amount of the collected light by a factor of

1000.

We found that the LIBS spectrum of E. coli C grown in two different nutrition media
(TSA and MacConkey agar) are indistinguishable from each other. In addition to that, LIBS
spectra of S. epidermidis harvested from urine are the same as that obtained from bacteria in DI-

water.

For all the results mentioned above, it seems that bacterial separation and concentration

are the most important missions that may prevent or retard LIBS from competing with other
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technologies that | mentioned in Chapter 1 and from being a powerful tool for medical
applications. In real situations such as blood or urine samples, bacteria don’t exist in pure
culture. Therefore, suppose we have a blood sample that is infected with some type of
microorganism and we need to use LIBS to identify this microorganism. To do this, we need
initially to separate the bacteria from other contents that exist in our sample. As we know, blood
is composed of plasma, red and white cells, and platelets. After the separation, the second
challenging step is to concentrate the collected bacteria under the laser for further testing.
Successfully identifying bacteria in blood and urine will make LIBS one of the leaders among a

variety of different technologies.

One suggested way to overcome the separation and concentration problem is to use
microfluidic devices that may or may not be integrated with optical trapping. Using optical
trapping techniques (similar to the optical tweezers) use forces of laser radiation pressure
(typically on the order of piconewtons) to trap small objects. This has been particularly
successful in a variety of biological systems in recent years. With regards to the separation of
bacteria in blood samples, it has been shown (by colleagues at Translume, Inc. in Ann Arbor,
M) that large cells, such as blood cells, cannot pass through the optical trap, while the smaller
(bacteria—sized) platelets can. This proof-of-concept demonstrates that bacteria could simply and
automatically be isolated in a flowing blood sample. Subsequent concentration of the sample (as

described above) will follow this isolation.

If we proceed with the previous way, i.e. a microfluidic device, a library of LIBS spectral
fingerprints for the most important pathogens will be constructed. In hospitals, the number of

species of bacteria that need be identified on a daily basis is not that large. Therefore we will
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begin construction of the library with the most significant and medically relevant pathogens.

Table 8.1 shows some of those pathogens.

Table 8.1: A list of some bacteria which need to be analyzed by LIBS.

Enterohemorrhagic E. coli Staphylococcus aureus
Pseudomonas aeruginosa Staphylococcus epidermidis
Salmonella enterica Streptococcus viridans

Klebsiella pneumoniae Streptococcus pneumoniae
Staphylococcus saprophyticus

From the microbiology point of view, several experiments need to be conducted such as
the effect of bacteriophage infection on the LIBS spectrum of pathogenic and nonpathogenic
bacteria. In my case, | tried to investigate the effect of bacteriophage induction on the LIBS
spectrum of EHEC. This bacterium is pathogenic due to the toxin it produces. The gene for
toxin production is present in a dormant lysogenic phage (the phage DNA actually integrates into
the host chromosome). However, at a later time, the integrated genome can be excised and begin
to be actively transcribed producing virus particles that eventually burst the cell. My preliminary
results, not included in my thesis, showed the fingerprint of LIBS spectrum is independent of the
presence or absence of the bacteriophage in host microorganism (EHEC in our case). These
results need to be confirmed by taking the LIBS spectrum of the phage itself as a control.
Moreover, in my experiment I couldn’t confirm or disprove the presence of the phage inside the
bacterium cell and this confirmation is critical. Therefore more investigations into this novel
application are required. One way to activate the lysogenic process is by irradiating the infected

cells with UV light.
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Biofilm is a collection of microorganisms that adhere to environmental surfaces (e.g.. the
plaque on our teeth.) It is primarily composed of microbial cell and an extra-cellular polymeric
substance (EPS). EPS may account for 50% to 90% of the total organic carbon of the biofilm
and it is primarily composed of polysaccharides which allows it to resist host defenses and aids
in antibiotic resistance development. In our lab, I compared the LIBS spectrum from EHEC in a
biofilm to free-living (planktonic) EHEC. Our preliminary results showed that there is an
increase in carbon and a decrease in magnesium for EHEC grown in the biofilm state compared
to the planktonic state. The increase in the carbon concentration may be due to the EPS which is
mainly composed of carbon. Unfortunately, I couldn’t understand or explain the decrease in the
Mg concentration. Moreover, again I couldn’t confirm if the bacteria really existed in either the
biofilm or the planktonic state before or after testing. In order to create the planktonic state, the

bacterial culture was incubated in a water bath at 37 °C for 24 hours with shaking.

Another thought to improve our ability for the identification of bacteria is by integrating
the vibrational-molecular information obtained from Raman spectroscopy with the atomic one
obtained from LIBS. Upon a successful combination of results, a highly unique and robust
identification of the bacteria may be achieved which will broaden the impact of both modalities

in many areas - especially in the hospitals.

Finally, our preliminary experiments showed encouraging results in the discrimination
between different types of bacteria at the strain level and in the ability to identify bacteria in
mixtures and urine samples. At this point, significant support or investment is desperately

needed to push LIBS toward clinical applications. This is a really a difficult mission, since it
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requires a sample handling and preparation system in order to develop highly-reproducible

testing protocols and procedures.
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Degree: Doctor of Philosophy

Laser-induced breakdown spectroscopy (LIBS) has gained a reputation as a flexible and
convenient technique for rapidly determining the elemental composition of samples with
minimal or no sample preparation. In this dissertation, 1 will describe the benefits of using LIBS
for the rapid discrimination and identification of bacteria (both pathogenic and non-pathogenic)
based on the relative concentration of trace inorganic elements such as Mg, P, Ca, and Na. The
speed, portability, and robustness of the technique suggest that LIBS may be applicable as a
rapid point-of-care medical diagnostic technology.

LIBS spectra of multiple genera of bacteria such as Escherichia, Streptococcus,
Mycobacterium, and Staphylococcus were acquired and successfully analyzed using a
computerized discriminant function analysis (DFA). It was shown that a LIBS-based bacterial
identification might be insensitive to a wide range of biological changes that could occur in the

bacterial cell due to a variety of environmental stresses that the cell may encounter.
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The effect of reducing the number of bacterial cells on the LIBS-based classification was
also studied. These results showed that with 2500 bacteria, the identification of bacterial
specimens was still possible. Importantly, it was shown that bacteria in mixed samples (more
than one type of bacteria being present) were identifiable. The dominant or majority component
of a two-component mixture was reliably identified as long as it comprised 70% of the mixture
or more.

Finally, to simulate a clinical specimen in a precursor to actual clinical tests,
Staphylococcus epidermidis bacteria were collected from urine samples (to simulate a urinary
tract infection specimen) and were tested via LIBS without washing. The analysis showed that
these bacteria possessed exactly the same spectral fingerprint as control bacteria obtained from
sterile deionized water, resulting in a 100% correct classification. This indicates that the
presence of other trace background biochemicals from clinical fluids will not adversely disrupt a

LIBS-based identification of bacteria.
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