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HIGHLIGHTS
e Bacteria are readily trapped on sub-micron pore size filter media.
e Centrifuging bacterial suspensions easily collects cells on removable filters.
e A metal cone concentrates bacterial cells in an area less than 1 mm in diameter.
e The limit-of-detection was reduced to approximately 11,000 cells per laser shot.

GRAPHICAL ABSTRACT
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ABSTRACT

A metal cone device has been designed and fabricated for use with a custom centrifuge tube insert to
allow the simple and rapid concentration of bacterial cells in a circular area with a diameter of 1 mm. The
device concentrates cells suspended in up to 1 mL of liquid at the center of a highly flat disposable filter
medium which can be easily removed from the centrifuge tube insert for subsequent testing with laser-
induced breakdown spectroscopy. Two-dimensional elemental mapping of the filter evidenced a high
concentration of bacteria on the filter under the location of the cone hole, as well as detection of reduced
bacterial signal in peripheral areas slightly outside the footprint of the cone hole indicating some leakage
of bacteria. Nine different dilutions of a suspension of E. coli were prepared and after measurement of
the titer by optical densitometry, deposited on the filter media using the cone concentrator. A calibration
curve constructed from forty spectra obtained from each of the nine different concentrations returned a
LIBS bacterial limit of detection of 10,865 * 3,712 CFU per laser ablation event for bacteria deposited on
filters using the metal cone. Limits of detection calculated using only certain elements observed in the
LIBS spectra and present in very low concentrations in the filter were even lower: 1,070 + 272CFU for
magnesium and 1,784 + 657 CFU for calcium. This represents a factor of 50 reduction in the limit of
detection compared to our previously reported value.
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1. Introduction

The use of the spectroscopic technique known as laser-induced breakdown spectroscopy (LIBS)
for a variety of important medical, clinical, and biomedical applications has been well-
documented [1,2,3,4]. Of particular importance in this area of application is the rapid detection
and subsequent identification of infectious pathogens in clinical specimens or in the
environment. The LIBS spectra from pathogenic micro-organisms such as fungal spores and yeast
have been obtained and the suitability of these spectra for differentiating those pathogens from
other microorganisms has been investigated [5,6,7,8]. In addition, the use of LIBS for virus

identification, while not well-studied, has been demonstrated [9,10].

The use of LIBS for bacterial detection and identification has been studied to a significantly
greater extent than all the other pathogens, as evidenced by the number of publications that
have appeared on the topic over the past fifteen years [11]. This work has consistently
demonstrated the ability of LIBS to differentiate or discriminate the LIBS spectra obtained from
bacterial cells due to the uniqueness of the elemental composition of different bacterial genera
and species [12,13,14]. This unigueness extends to subtle difference between strains of a species

that can be reliably detected in the LIBS spectra [15,16,17,18].

Given the sensitivity and specificity demonstrated in these previously described works, it is clear
the use of LIBS for rapid bacterial detection or identification could be an important tool for the
clinical microbiologist if the calculated performance metrics persisted for the low bacterial cell
count (titer) anticipated in clinical specimens and not merely for tests performed on arbitrarily,
but unrealistically large, numbers or concentrations of cells [19,20,21]. As such, the
guantification of the limit-of—detection (LOD) or the limit-of-identification (LOI) of the technique,
and the demonstration of efficacy on specimens with clinical titers, is paramount. Ideally, a LIBS
spectrum which could be used to detect and correctly identify unknown pathogenic bacteria
could be obtained from specimens with a concentration of 1-100 colony forming units (CFU)/mL

(the concentration of microbes in a typical blood sample from a bacteremic patient [22]) or



specimens containing an absolute cell count in the range of 0-200 CFU (the number of cells of
methicillin-resistant S. aureus (MRSA) typically recovered from a nasal swab of an infected

patient [23]).

While spectra from single cells or spores have been obtained, the methods used to generate
these spectra do not readily recommend themselves for use in a clinical environment [7]. Other
studies have investigated the LOD by performing sequential experiments on serial dilutions of
bacterial suspensions or preparations of various bacterial titers. Typical LODs of around 10° — 10°
CFU/mL have been found [24,25], although some studies have shown good identification with
concentrations in the range of 103 — 10* CFU/mL [26,27] and at least one study has shown
efficient discrimination of two bacterial species for all concentrations in the range of 10° — 10°

CFU/mL [28].

In this paper we present a description of a rapid and efficient technique for concentrating
bacterial cells suspended in a liquid medium upon inexpensive disposable filtering medium. The
technique utilizes a custom fabricated centrifuge-tube insert and cone device that is used during
centrifugation of the liquid specimen. The entire assembly and process has been designed to be
rapid, safe, and performable by laboratory personnel with little specialized training and requiring
little specialized apparatus. In this way we were able to filter sizeable volumes of bacteria-
containing liquid (in this case water, but equally applicable to blood, urine, cerebral spinal fluid,
etc.) and create bacterial depositions that possessed enough cells to fall within the anticipated

limits of detection as reported previously in the literature.



2. Material and Methods
2.1 LIBS apparatus

The LIBS apparatus used in this work has been described elsewhere [25]. It consisted of a 1064
nm Nd: YAG laser operating at 10 Hz with a pulse duration of approximately 10 ns and a pulse
energy of 8 mJ focused to a circular spot approximately 75 um in diameter utilizing a long working
distance AR-coated microscope objective. Ablation was performed within a purged Plexiglas
ablation chamber to enable ablation of the target in a controlled gas environment. All work
described in this manuscript was performed in an argon over-pressure environment by

maintaining an argon flow of 20 SCFH during data acquisition.

The chamber possessed a manual translation stage allowing translation of the target in three
dimensions, ensuring sampling of the target at different locations and efficient focusing onto the
surface of the target. All targets ablated in this work were thin lawns of Escherichia coli (E. coli)
deposited on circular 13 mm diameter disposable nitrocellulose filter papers with a pore size of
0.45 um (HAWPO01300, Millipore-Sigma) which were mounted on a steel piece using double-sided
tape. Prior to any testing, all filters were trimmed to an outer diameter of 9.5 mm to allow them

to fit within the centrifuge tube insert.

Emission from the LIBS plasmas in the range 200 — 840 nm was collected by a pair of matched
parabolic reflectors and directed into an Echelle spectrometer (ESA 3000, LLA instruments GmbH)
by an optical fiber. The Echelle spectrometer was equipped with an intensified charge coupled
device (ICCD) for time gating of the plasma observation. A personal computer running
manufacturer-provided software (ESAWIN v3.20, LLA Instruments GmbH) was used to control
the gating of the ICCD with respect to the firing of the laser pulses. Plasma emission was collected
at a delay time of 2 ps after plasma formation with a gate window of 20 us. In all cases, a single
laser shot was sufficient to remove all the bacteria illuminated by the laser pulse. This removal

was verified both spectroscopically — subsequent laser pulses yielded spectra that were not



distinguishable from blank filter spectra — as well as by scanning electron microscopy and high-
resolution optical microscopy. The focal spot was translated 0.25 mm to expose a new surface
after every laser shot. Single laser shots provided adequate signal-to-noise for quantification and
spatial mapping, and occasionally three single-shot spectra were digitally averaged to minimize
shot noise. Fig. 1(a) shows three representative LIBS spectra acquired in this study for two
concentrations of E. coli and the blank filter upon which they were deposited. The blank filter
spectrum is the average of 20 individual single-shot spectra and the two E. coli spectra are the
average of 40 individual single-shot spectra to improve the signal-to-noise. The spectra have
been overlaid to illustrate the relative strengths of the LIBS emissions. To better highlight the
difference observed in measured emission lines, zoomed-in details of the spectra surrounding
emission lines in phosphorus (253.560 nm), magnesium (279.553, 279.806, and 280.271 nm), and
calcium (393.366 and 396.874 nm) are shown in Fig. 1(b), 1(c), and 1(d), respectively.

A total of 19 emission lines from carbon, phosphorus, magnesium, calcium, and sodium were
used in the analysis of bacterial spectra. The background-subtracted integrated area-under-the-
curve intensities of these 19 emission lines were measured by the ESAWIN software. The sum of
the intensities of the 19 emission lines represented the total LIBS intensity for a single spectrum,
which is proportional to the number of cells deposited on the filter. Table 1 lists the 19 emission
lines used in this work and also the averaged values (in arbitrary units) obtained by measuring 40
spectra from two representative E. coli concentrations and 20 spectra from a blank nitrocellulose

filter upon which no bacteria were deposited.
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Fig. 1. (a) Overlay of three LIBS spectra, each the average of 40 single-shot LIBS spectra (for E. coli) or 20 single-shot spectra (for
the blank filter) acquired with the same parameters. Spectra were acquired from two concentrations of E. coli bacteria: 4.98 x 106
CFU (green) and 6.6 x 10° CFU (blue) and a blank nitrocellulose filter upon which all the bacteria were deposited (red). (b) A
zoomed in detail of the spectra in the region of the P | emission line at 253.560 nm. (c) A zoomed in detail of the spectra in the
region of three Mg Il emission lines at 279.553, 279.806, and 280.271 nm. (d) A zoomed in detail of the spectra in the region of
two Ca Il emission lines at 393.366 and 396.874 nm.



Table 1
Identification of the nineteen LIBS emission lines used for bacterial limit of detection measurements and
averaged values for two representative bacterial titers and a blank nitrocellulose filter.

Average LIBS Emission ~ Average LIBS Emission  Average LIBS Emission

Element Wavelength Intensity (AU) - Bacteria  Intensity (AU) - Bacteria Intensity (_AU) -
(nm) 4.98x10% CFU 6.6x10°CFU Blank Filter

Cl 247.856 40342 37365 38082

Pl 213.618 1649 1428 83

Pl 214914 879 391 98

Pl 253.398 81 46 33

Pl 253.560 387 128 46

Pl 255.326 146 65 35

Pl 255.491 79 45 37
Mg Il 279.079 722 196 37
Mg Il 279.553 23476 8672 318
Mg I 279.806 1306 441 34
Mg I 280.271 12769 4613 163
Mg | 277.983 141 80 42
Mg | 285.213 3343 1918 112
Call 317.933 3698 1409 61
Call 393.366 41316 17735 722
Call 396.847 19527 9144 380
Cal 422.673 4275 3330 237
Na | 588.995 2751 2699 837

Na | 589.593 1829 1763 572




2.2 Metal cone and centrifuge insert

The apparatus used for centrifugation and concentration is shown in Fig. 2 and details of its
construction have been described elsewhere [29,30]. A 40 mm long centrifuge tube insert
capable of holding and filtering at least 1.5 mL of liquid was designed and fabricated via 3-D
printing. This centrifuge tube insert was designed to fit inside a standard 10 mL capacity
centrifuge tube equipped with a hinged plastic cap (specifically the filtrate collection tube from
an Ultrafree-CL centrifugal filter device, Millipore). The lightweight composite insert consisted
of a cylindrical tube-shaped main body with a 14 mm outer diameter. The base of the insert
served as a platform upon which the filter was placed (shown in Fig. 2(a)). Screwing the base
securely into the main body created a seal around the edge of the filter through applied pressure.
The top of the main body was slightly wider at 17 mm, allowing it to rest on the lip of the

centrifuge tube without falling to the bottom, shown in Fig. 2(c) and 2(d).
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Fig. 2. sassembled centrifuge insert with filter paper placed on the base. (b) The metal cone prior to being placed in the
insert. (c) The metal cone inside the insert which is inside a standard 10 mL centrifuge tube. (d) Cap of the centrifuge tube presses
the metal cone firmly into the filter paper sitting on the base of the insert.

A lightweight hollow metal cone was designed and constructed to fit inside this centrifuge tube
insert, forcing the bacterial suspension to pass through the 1 mm diameter hole at its apex during
centrifugation (Fig. 2(b)). The 19 mm long metal cone was designed to sit on a lip at the top of
the centrifuge tube insert and was held securely in place by the centrifuge tube cap, shown lifted
in Fig. 2(c) and in place in Fig. 2(d). When the insert base was screwed into the main body of the

insert, the filter was pressed firmly into the apex of the cone, forcing the bacterial cells to settle



onto a region of the nitrocellulose filter approximately the size of the 1 mm diameter hole as the
liguid was pulled through the filter during centrifugation. The cone could hold approximately 1
mL of bacterial suspension and all samples were centrifuged for 5 minutes at 5,000 rpm (2,500
g’s of force), sufficient to pull all the liquid through the filter. In these experiments, a Unico
PowerSpin BX centrifuge was used, but this cone and centrifuge insert are compatible with any
centrifuge equipped with a 15 mL rotor. After centrifugation, the apparatus was disassembled
to remove the filter which was then mounted to a 25 mm x 25 mm steel piece using double-sided

tape and tested with LIBS.

2.3 Bacterial growth and preparation

Non-pathogenic Escherichia coli was used for all experiments described in this work. E. coli from
a mother culture was inoculated on the surface of tryptic soy agar (TSA) nutrient media,
incubated at 37° C, harvested as colonies from the surface of the growth plates 24-72 hours after
streaking, then suspended in 1.5 mL of deionized water for storage. The bacterial suspensions
were stored in a refrigerator until they were required for an experiment. Prior to any experiment,
the suspension was vortex-agitated to distribute the cells evenly throughout the suspension. The
concentration in CFU/mL for each suspension was determined through optical densitometry

measurements on representative volumes of the suspension.

3. Results and Discussion
3.1 Distribution of deposition on filter

To test the distribution of bacterial cells deposited on a filter after centrifugation through the
metal cone, 50 uL of an E. coli suspension with a concentration of 9.2 x 10’ CFU/mL was
centrifuged through the metal cone with the conditions described in section 2.2. Single-shot LIBS
spectra were acquired across the surface of the filter. Fig. 3(a) shows a false-color map of the
total LIBS intensity (in arbitrary units) as a function of position on the filter. The color represents

the total measured LIBS intensity as defined in section 2.1. This intensity is the bacterial signal,



where purple corresponds to no bacterial signal and red corresponds to strong bacterial signal.
Purple regions where no bacterial signal was observed are dominated by carbon emission due to
ablation of the nitrocellulose filter medium. Each black dot represents a single laser shot and the
superimposed black circle (1 mm in diameter) shows the approximate location of where the cone
was pressed into the filter. Fig. 3(b) shows an optical micrograph of the filter taken after data
acquisition. The array of craters due to the stepping of the laser shots are visible across the filter.
The 1 mm diameter region of bacterial deposition at the center of the filter is slightly discolored
compared to the rest of the filter. Subtle trapezoidal shapes surrounding the bacterial deposition
can be seen pressed into the filter and these are due to support pillars intentionally fabricated in
the insert base which press into the filter when the base is screwed into the insert main body.
These shapes can be used to trivially locate the area of the filter where bacteria have been

deposited even when no obvious discoloration is evident.

A comparison of Fig. 3(a) and 3(b) show that most of the region with the strongest bacterial signal
is located inside the region where the cone was pressed into the filter, demonstrating that the
cone was indeed effective at depositing bacterial cells onto a smaller region at the center of a
filter. Measurement of non-zero bacterial signal outside of the limits set by the cone hole
indicate that some cells moved laterally from underneath the cone hole during the centrifugation
process. Elimination of this spreading would require the construction of a better temporary seal
between the cone apex and the filter medium, perhaps by constructing a sharper apex that would
press more firmly into the filter. Solutions to this spreading are hindered by the fact that the

filter medium must be kept sterile and free from contamination prior to testing with LIBS.
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Fig. 3. (a) Color map depicting total LIBS intensity as a function of position on the filter. Each black dot represents the location of
a data point corresponding to a single laser shot. The black circle indicates the approximate location of the 1 mm diameter cone
hole on the filter. (b) Image of the filter after data acquisition. The array of craters due to the stepping of the LIBS laser can be
seen. A slight discoloration due to the bacterial lawn is evident in the 1 mm diameter circular area at the center of the filter. The
four trapezoidal indentations surrounding the bacterial lawn are due to support pillars constructed in the base of the centrifuge
insert to hold the filter medium. The overall purplish tinge to the photograph is due to the camera and illumination.

3.2 Limit of detection

Nine different dilutions of a suspension of E. coli were prepared by serial dilution, and 30 pL from
each of the nine suspensions was deposited on filters using the metal cone with the conditions
described in section 2.2. Representative volumes were tested with optical densitometry to

determine the actual concentration. Each suspension was deposited on two separate filters for



redundancy, and 20 single-shot LIBS spectra were collected in the region where the cone was
pressed into the filter, resulting in a total of 40 LIBS spectra acquired for each suspension. The

average and standard deviation of these 40 measurements were calculated. These data are

presented in Fig. 4.
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Fig. 4. (a) Plot of average total LIBS intensity as a function of CFU deposited on the filter for nine different initial concentrations
and one blank filter. Error bars represent one standard deviation in the forty measurements. (b) Linear fit to the six concentrations
which lie in the linear regime of the curve in (a). The LOD is the calculated 3o/m value. (c)-(e) Linear fits and calculated LODs for
the six lowest concentrations when only the emission lines of phosphorus, magnesium, and calcium are utilized. The error bars
for the blank filter are present, but are smaller than the data points.

Fig. 4(a) shows a calibration curve constructed from the average total LIBS intensity as a function
of the total number of bacterial cells (in CFU) deposited on the filter for each of the nine

suspensions along with a blank filter sample which contained no bacterial cells. It is important



to note that this figure does not present a bacterial suspension concentration in units of CFU/mL
as described previously. Due to the way in which the suspension is tested in this work (i.e.
centrifuged and passed through a filter) the volume of water was actually immaterial, and thus a
concentration quantity is meaningless. For example, 1x10’ CFU suspended in both 1 mL and 2
mL of water would yield identical measured LIBS signals after being passed through the filter, but
possessed different initial concentrations in units of CFU/mL. It is therefore much more practical
to report the “concentration” merely as the quantity of bacteria, the total number of cells

deposited on the filter, in units of CFU.

In Fig. 4(a) it can be seen that the sum of the background-subtracted intensities of the 19
emission lines measured to determine the number of bacterial cells deposited on the filter never
actually reached zero when no bacteria were deposited, possessing an average total LIBS
intensity around 40,000 arbitrary units due to the presence of strong carbon emission in the filter
spectra, as well as smaller emissions from the trace elements. This is shown in the last column
of Table 1 as the blank filter LIBS emission intensity. These data are labeled as “blank filter” in all
the graphs of Fig. 4. Some amount of filter was unavoidably ablated with each shot and there
was some contribution to the bacterial LIBS emission spectra from the filter for all concentrations
of bacteria deposited on filter media. In principle, this quantity of observed filter emission could
be subtracted from all summed intensities in an effort to “background subtract” the data.
However the amount of filter media ablated was in general dependent on the thickness of
bacterial deposition on the filter, and so the contribution to the spectra was not constant for the
varying bacterial concentrations shown in Figure 4. Therefore the removal of the “blank filter”
spectral contribution, which would be slightly different for every concentration and could not be

determined, was not performed.

The average total LIBS intensity for each suspension was calculated by averaging the total LIBS
intensities of the 40 spectra acquired for one suspension. It can be seen from Fig. 4(a) that a

linear regime for this concentration curve exists for quantities of bacteria below approximately 1



x 107 CFU. A linear fit was performed on the six data points in the linear dynamic range (excluding
the blank filter data) and this is shown in Fig. 4(b). The errors in the measurements were included
in the fit to calculate an uncertainty to the slope and the limit of detection (LOD). The LOD was
determined using the standard 3o0/m definition. The resulting LIBS bacterial LOD for bacteria
deposited on filters using the metal cone was determined to be 10,865 * 3,712 CFU per laser
ablation event. This represents a five-fold improvement over the ~50,000 CFU per laser ablation
event required for detection when cells were deposited with a custom-built circular metal jig as
described in previous work [25] and the ~90,000 CFU per laser ablation event required for
detection when deposited with the centrifuge tube insert device alone [29] as described

previously.

The filter spectra possessed very low emission intensities for the trace elements of phosphorus,
magnesium, and calcium relative to the bacterial emission spectra, as can be seen in Table 1. In
addition the uncertainties in those intensities were small. Therefore concentration curves were
constructed using only the emission lines measured for those specific elements and LOD
measurements were constructed using these values. For each element, the intensities of all lines
from that element were summed to calculate a single LIBS emission intensity for that element.
Figs. 4(c-e) show the concentration curves for phosphorus, magnesium, and calcium,
respectively. In each graph, the measured intensity for the blank filter is shown, with its
appropriate uncertainty. In 4(d-e) the error bars in the filter measurements are smaller than the
data points. Calculated limits of detection are given in Fig. 4 and are for phosphorus: 7,988 +
3,649 CFU; for magnesium: 1,070 £ 272CFU; and for calcium: 1,784 + 657 CFU. These values are
approximately 50 times lower than our previously reported value. While these values represent
a significant improvement in the LOD of the system, it is important to note that the limit of
identification (LOI) will most likely require the measurement of many or most of the LIBS emission
lines in the spectrum for efficient discrimination, and so is more likely to be on the order of the
10,865 CFU determined when utilizing all the lines observed in the spectrum. This is currently

under investigation.



4. Conclusions

A unique two-stage centrifuge tube insert device has been fabricated for rapid and convenient
deposition of bacterial cells on disposable and inexpensive nitrocellulose filter media from liquid
suspensions of arbitrary concentration. A custom metal cone utilized in conjunction with this
insert allowed controlled deposition of an arbitrarily large or small number of bacterial cells
within a circular area of approximately 1 mm diameter. This cone concentrated all the cells in a
liquid suspension within a known area prior to LIBS testing regardless of the suspension’s initial
concentration. The bacteria deposited in this manner formed a uniform layer of bacterial cells

which could be detected and identified on the basis of their LIBS spectra.

By testing suspensions with varying initial concentrations, an absolute limit of detection of 10,865
+ 3,712 CFU per laser ablation event was calculated. Approximately 20 single-shot ablations
could be performed upon each filter, although Fig. 3(b) shows clearly that a greater number of
shots could be obtained by decreasing the translation distance between shots. However, for
clinical applications it is not anticipated that a greater number of data points will be required, or
even desired. In fact, it is most likely that only a single representative measurement will be
needed for a diagnosis. To achieve this, all the spectra within the deposition region could be
summed, reducing the LOD by greatly reducing the noise of the measurements (by the square
root of the number of measurements so summed, in this case the square root of forty, or
approximately 6.3). Conversely, fewer shots could be taken but the deposition area could be
reduced, again reducing the LOD but this time by increasing the measured signal. As shown in
Fig. 4(a), the signal is expected to grow linearly with increased bacterial cell numbers, but not

indefinitely so it is not known to what extent this approach could lower the ultimate LOD.



Lastly, while volumes of only 50 uL were tested in this manuscript, the cone was designed to hold
up to 20 times that volume, and in theory this technique could be scaled up further by
constructing larger apparatus to fit inside larger centrifuges. If a significantly large volume of
liquid could be passed through the cone-filter apparatus, the initial concentration could be quite
low, perhaps in the 10’s of CFU/mL range, because the LOD of the test on the filter medium is
independent of the initial concentration. It is dependent only on the absolute number of cells

present in the liquid prior to centrifugation and filtration.

We have shown that this testing protocol can be done safely and rapidly (sample preparation
steps required only minutes). In addition, since LIBS testing is performed on the surface of
convenient and disposable filter media, there is no reason why a custom-fabricated benchtop
apparatus could not be constructed to accept such filters which would require the operator to
have little or no familiarity with the LIBS technique. Spectra so acquired could be identified
autonomously by an appropriate chemometric model, providing almost real-time clinical
diagnosis; although it is not yet known what the limit of identification is or what the sensitivity
and specificity of the test are when using this apparatus. Nonetheless, due to the advantages
just mentioned, this approach shows great promise for eventually being utilized in clinical or

environmental microbiology laboratories.
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