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Motivation
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• Current methods of bacterial identification in a clinical setting

– require transferring the sample to a lab

– require expertise in microbiology

– expensive/labor-intensive

– may only be useful for certain types of bacteria

– slow

For example: standard culturing techniques for bacterial identification take 1-3 days 

• Patients are treated with broad-spectrum drugs that have given rise to 

the crisis of antibiotic resistant bacteria

• Rapid and accurate diagnosis of bacterial infection are required so that 

more targeted treatment can begin as soon as possible
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• Laser-induced breakdown spectroscopy (LIBS) 

- identify bacteria in research settings 

- has potential to detect and identify bacteria in clinical specimens 

(i.e. blood/urine samples, throat/nasal swabs, etc.) within minutes

• Goal:
LIBS as a rapid point-of-care diagnostic tool in a 

clinical setting

- This includes developing quick bacterial preparation 

methods prior to testing that utilizes equipment and methods 

that are common or easy to implement in a clinical setting
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LIBS is an elemental analysis technique

Laser-Induced Breakdown Spectroscopy 

(LIBS)

Target material is 

vaporized, 

generating a cloud 

of atoms above the 

target surface

Cloud of atoms 

absorbs the 

remaining laser 

energy, forming 

a plasma

As the plasma 

cools, photons are 

emitted and 

collected for 

elemental analysis

Pulsed laser is 

focused on 

target surface

which absorbs 

laser energy
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LIBS Advantages

• Can be done on solids, liquids, gases and bacteria

• Little to no sample preparation

• Requires only g of sample (can detect attograms of an element)

• Fast: elemental composition can be determined in under 1 second

• Simultaneously detects all elements in periodic table 

• The use of the laser allows for point sampling & elemental 

mapping
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• Benchtop and portable hand-held LIBS devices have been made

• LIBS can be done remotely
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Previous Results for LIBS on Bacterial Samples

• Discriminate between bacteria and other biotypes (molds, pollens) 

Bacteria are discriminated based 

on elemental composition

Bacterial spectra are classified using 

discriminant function analysis (DFA)

 Unknown spectra are classified against a 

precompiled library of known spectra

Bacterial library:

 164 independent variables (intensities of   

elemental lines and ratios of these lines 

to each other)

 ~ 1500 spectra acquired over 3 months 

from 4 species of bacteria (E. coli, S. 

epidermidis, M. smegmatis, P. 

aeruginosa) 

Sensitivity 98  2%

Specificity 99  1%

D. J. Malenfant et al., Appl. Spectrosc., 70 (3), 485 (2016)

Bacterial classification based on elemental 

composition measured by LIBS
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• Discriminate between 

different strains of a 

single species of 

bacteria

• LIBS spectrum of a 

certain bacterial 

species does not 

change over time

• LIBS spectra from 

different species and 

strains naturally 

group together 

according to genus

Bacterial classification based on elemental 

composition measured by LIBS

S. J. Rehse et al., Appl. Opt., 49 (13), C27 (2010)

Genus                 Species        Strain

Escherichia          coli                O157:H7

Escherichia          coli K-12

Streptococcus      mutans

Streptococcus      viridans
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• Bacterial identification is independent of growth conditions of 

bacteria

• Membrane biochemistry of bacteria contributes to the LIBS-based 

identification

• Majority species in a two-species mixture can be identified provided it 

comprises at least 70% of the mixture

• LIBS determined to be feasible for diagnosing UTI’s
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Limitations of Previous Results

• Showed that LIBS is capable of bacterial identification in idealized lab 

settings

• Much of this work involved proof-of-concept experiments and has not 

yet fully addressed all aspects of actual clinical specimens

• Things to consider for actual clinical specimens:

– Unwanted material mixed in with bacteria (i.e. red/white blood cells in blood)

– Amount of bacteria present in a specimen

– Nature of the sample collection procedure (some samples collected with swabs)

– Easy and inexpensive sample preparation methods
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Overview of Methodology

Bacteria is cultured 

on TSA plates

Bacterial cells are 

removed and 

suspended in 1.5 mL 

deionized water

Bacterial suspension 

is vortexed and 

deposited on 

nitrocellulose filter 

paper

Filter paper is 

mounted on a steel 

piece and ablated 

with laser
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After laser ablation, light from the plasma is dispersed, 

revealing the sample’s elemental composition

P

C Mg

Ca

NaCN

Black – blank filter paper

Red – filter with bacteria
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(a) Overhead schematic of the optical train used to
direct laser pulses to the target. (b) Schematic side
view of laser pulses emerging from the iris and
directed to a target which is mounted on a steel
piece

Apparatus
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Preparation Method to Separate a 

Contaminant from a Bacterial Suspension

Cell sizes:

 Bacteria ~ 1 m

 Red blood cell ~ 6 – 8 m

 Eukaryotic cells ~ 10 – 100 m 

Biological samples (blood sample, swab 

sample, etc.) will likely contain unwanted 

cells that would need to be separated from 

the bacteria before testing with LIBS

centrifuge tube insert

centrifuge tube

5 m filter

0.45 m filter

filter papers are 

placed here

Isolate the bacteria using filter papers with different pore sizes (5 m and 0.45 m)

Chapter 4
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5 m filter

0.45 m filter

Tungsten powder (12 m average particle size) 

added to E. coli suspension to simulate unwanted 

cells in a biological sample 
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Black – 5 m filter

Red – 0.45 m filter

5 m filter 0.45 m filter

W

C

Mg

Ca Na

W powder

Bacterial emission lines observed 

in some spectra from 5 m filter

Chapter 4
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How much bacteria is caught on the 5 m filter?

 10% caught on 5 m filter   90% pass through

5 m filter

0.45 m filter

Chapter 4

% 𝑐𝑎𝑢𝑔ℎ𝑡 𝑜𝑛 5𝑚 𝑓𝑖𝑙𝑡𝑒𝑟 =
 𝐼5𝑚 −𝐼5𝑚

𝑏𝑙𝑎𝑛𝑘  

  𝐼5𝑚 −𝐼5𝑚
𝑏𝑙𝑎𝑛𝑘  + 𝐼0.45𝑚 −𝐼0.45𝑚

𝑏𝑙𝑎𝑛𝑘   
∗ 100%           
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Previous Bacterial Deposition Procedures

1) Well-plate

2) Centrifuge tube insert 

Bacterial LOD ~ 50 000 CFU 

per laser ablation event

Bacterial LOD ~ 90 000 CFU 

per laser ablation event

Bacterial lawn

filter paper

Number of bacterial cells present in 

clinical samples:

• < 100 CFU/mL in blood

• 0-200 CFU in typical nasal swab

These LOD’s are not clinically relevant. 

Bacterial LOD with LIBS MUST be lowered.  

13 mm

Chapter 5
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New Deposition Procedure: Metal Cone

bacteria

Metal cone to force deposition of bacteria onto smaller region at center of filter paper

Why do this? 

Increases the number of bacterial cells per unit area, leading to more bacterial cells 

ablated in a laser shot compared to previous deposition procedures

cap of centrifuge tube 

presses metal cone into 

filter paper

filter paper sits here 

Method:

metal cone

centrifuge tube insert

Bacteria is concentrated

at center of filter paper

Chapter 5
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Metal Cone: Bacterial Concentration

• E. coli deposited on filter paper with metal cone

• 569 LIBS spectra acquired across filter

Colour indicates bacterial LIBS intensity

 purple: no bacterial signal

 red: strong bacterial signal

Approximate location of 

where metal cone 

presses into filter paper

Intensity map depicting bacterial deposition on 

filter paper for bacteria deposited with metal cone

Image of filter paper after data acquisition

Discolouration due to 

presence of bacteria

Chapter 5
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Recall:

Well-plate  LOD ~ 50 000 CFU per laser ablation event

Insert  LOD ~ 90 000 CFU per laser ablation event

LOD  5 500 CFU per laser ablation event

Chapter 5

Metal Cone: Limit of Detection

well-plate insertmetal cone
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Bacteria Collected with Swabs

time consuming & require microbiology expertise

Swab is streaked on culture 

plate containing growth media 

for bacterial cells

Can we use LIBS instead?

If bacteria is present on the 

swab, it will grow on the plate

Many clinical specimens are collected with swabs (throat, nose, ear, eye swabs)

Chapter 7
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Want to ensure that samples collected using swabs can be tested with LIBS

(a) Flocked swab used in this work. (b) Flocked swab zoomed-in on the tip

(a) (b)
Cannot shoot right on the swab

 Surface is too irregular

 Bacterial cells are not 

concentrated
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Chapter 7

Instead of shooting swab 

Capable of detecting bacteria 

shaken off a swab

24



How long to vortex the swab in water?

 All but the 1s vortex time released a 

similar amount of bacteria

 All vortex times exhibited the same 

average total LIBS intensity

Recommended vortex time: 15 seconds

Chapter 7
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How much bacteria is released from the swab by vortexing in water?

Average absorbance value plotted for samples prepared by
pipetting a bacterial suspension onto a swab and vortexing it in
water to release the cells and by pipetting directly into water.
Error bars represent one standard deviation in the
measurements

 80% of bacteria picked up by swab 

were released after vortexing in water

Pipetted onto swab

Pipetted directly into water

Chapter 7
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Can LIBS detect bacteria that have been swabbed off of a surface?

(a) 100 L of E. coli pipetted onto surface of metal
plate. (b) Metal plate after heated on hot-plate for 2
minutes 20 seconds at 200 °C. Water has evaporated
and film of bacteria is observed

(a) (b)

3σ (blank filter)

average (blank filter)

Not good! 

Should be similar to blank filter. 

Where is this contamination coming from?

Chapter 7
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 More closely resembles specimen collection in a clinical 

setting

 Simulates hygiene surveillance tests in hospitals and food 

processing plants



blank filter

water swabbed off plate 

and deposited using 

metal cone

E. coli 1/500

swab vortexed in water 

and deposited using 

metal cone

water deposited using insert only

(no metal cone)

water deposited using metal cone

In
te

n
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ty
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U
)

Wavelength (nm)

Resulting averaged spectra from 20 single-shot LIBS measurements on different samples. All 
samples in this figure were tested at the same spectrometer amplification

Contamination not due 

to water (maybe)

Metal cone partially 

responsible for 

contamination

• Metal plate may be largely 

responsible for the 

contamination

• Contamination should be 

significantly reduced after 

further investigation and 

implementation of a 

sufficient cleaning method 

for the metal plate and cone

Chapter 7
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Conclusions

• Preparation method to separate unwanted material from bacterial suspension 

was effective

Future work: 

– Reduce the amount of bacteria lost

– Test this method using a contaminant that more closely simulates biological cells, or 

begin testing on actual clinical specimens 

• Metal cone:

– effective at concentrating bacterial cells to a small region of the filter paper 

– lowered bacterial LOD by an ORDER OF MAGNITUDE compared to previous methods 

of bacterial deposition

5 m filter

0.45 m filter

5 m filter 0.45 m filter
 10% of the bacteria are lost in this process

Metal cone  LOD  5 500 CFU per laser ablation event

Well-plate  LOD ~ 50 000 CFU per laser ablation event

Insert  LOD ~ 90 000 CFU per laser ablation event

well-plate insertmetal cone
29



• Bacteria collected with swabs:

– Cannot shoot directly on swab

– Optimal vortex time: 15 seconds

–  80% of the cells are released from the swab after vortexing

– LIBS capable of detecting bacteria swabbed off a surface

Future Work:

– Identify and eliminate all sources of contamination

– Quantify bacterial identification (identification accuracy and LOD for bacteria swabbed 

off surface)
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My Contributions to the Field

• Previous work in this field has 

shown that LIBS is capable of 

rapidly identifying bacteria in 

ideal lab settings

Avoided the issues of realistic 

sample preparation by:

1) Using pure cultures of bacteria

2) Using unrealistically large 

concentrations of bacteria

3) Not considering how clinical 

specimens are collected

4) Using difficult, expensive, 

and/or time-consuming 

sample preparation methods

• Aim of this work was to address some 

of the issues related to the LIBS 

testing of actual clinical specimens 

1) Investigated a technique to separate 

bacteria from unwanted material

2) Developed a new bacterial mounting 

procedure to reduce our LOD

3) Investigated whether LIBS could be 

used as a diagnostic tool for samples 

collected with swabs

4) Used easy, inexpensive, and fast 

sample preparation methods 

 Easy to introduce to a clinical setting

Suggests that LIBS is a feasible diagnostic tool

5 m filter

0.45 m filter
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Future Work

• Reduce LOD

‒ Mounting on different substrate (unlikely)

‒ Eliminate detection from C

‒ Notch filter to attenuate emission from C (expensive)

‒ Multiple spectrometers with smaller wavelength coverage (expensive)

• Determine identification accuracy using chemometric techniques

– How well can bacteria be classified when they are:

‒ prepared using the methods developed in this work

‒ obtained from different types of biological specimens (i.e. blood, CSF, urine, etc.)

• Optimize LIBS apparatus for clinical setting

– Portable or benchtop LIBS device

32
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Temporal evolution of a LIBS plasma

Element Wavelength (nm) Ionization State

C 247.856 I

P 213.618 I

P 214.914 I

P 253.398 I

P 253.560 I

P 255.326 I

P 255.491 I

Mg 279.079 II

Mg 279.553 II

Mg 279.806 II

Mg 280.271 II

Mg 277.983 I

Mg 285.213 I

Ca 317.933 II

Ca 393.366 II

Ca 396.847 II

Ca 422.673 I

Na 588.995 I

Na 589.593 I



Total LIBS intensities

(sum of all emission line intensities)

Emission lines

(i.e. C247 = 0, P213 = 1, …, Ca393 = 14, …, Na589 = 18) 

File name

Emission intensity of C 

(for 1st file)

Total LIBS intensity 

(for 20th file)



Order 29

a)

Wavelength (nm)

In
te

n
si

ty
 (

A
U

)

c)

b)

Wavelength regions not 

imaged (spectral gaps)

In
cr

ea
si

n
g 

w
av

el
en

gt
h

 Order 119 

ROI view from ESAWIN software. The line plot in red is the intensity as a function of the X-pixel
coordinates for 60 pixels. The vertical green line depicts the center of the peak according to ESAWIN,
and the blue line below and to the right of the vertical green line shows the expected location of an
emission line according to the NIST atomic database. The horizontal green lines designate the
background and the FWHM. The text in the upper left corner denotes the element. The numbers in
the upper right, from top to bottom, denote the ratio of the peak area to some reference line (not
used in this work) and the peak area. Numbers below the window are wavelengths in nm. Below the
window shows the portion of the échellogram corresponding to that ROI.



well-plate insertmetal cone blank filter

Suggestive of a lower LOD for bacteria 

deposited with metal cone 

Comparison of LIBS Signal to Previous 

Deposition Methods



Chapter 6

NOT EFFECTIVE

• Effect of Tween 20 in LIBS 

analysis of E. coli

• Effect of growth of E. coli

in liquid medium on LIBS 

analysis 

Two overlapped E. coli spectra taken side-by-side on the same filter paper, showing evidence of non-uniform
laser ablation. Black spectrum exhibits high bacterial signal and blue spectrum exhibits signal comparable to
a blank filter which is shown in red. Insets show zoomed-in sections of the emissions from phosphorus,
magnesium, and calcium

Wavelength (nm)
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high bacterial 

signal

low bacterial 

signal

blank filter

Efforts to Reduce Shot-to-Shot Variations in LIBS Signal of 

E. coli Cells



Effect of Tween 20 in LIBS Analysis of E. coli

Two overlapped E. coli spectra taken side-by-side on the same filter paper, showing evidence of non-uniform
laser ablation. Black spectrum exhibits high bacterial signal and blue spectrum exhibits signal comparable to
a blank filter which is shown in red. Insets show zoomed-in sections of the emissions from phosphorus,
magnesium, and calcium

Wavelength (nm)

In
te

n
si

ty
 (

A
U

)

high bacterial 

signal

low bacterial 

signal

blank filter

• Tween 20 is a detergent

• Detergents make 

compounds that are 

insoluble in water 

miscible in aqueous 

media

• Treatment with Tween 20 

may aid in distributing 

cells more evenly 

throughout, preventing 

bacteria from forming 

clumps

Provide a more consistent LIBS bacterial signal?



1/10        1/50         1/500        1/1000

Initial suspension 

of E. coli

test with Tween
(0.1% concentration of Tween)

test without Tween 

1/10        1/50         1/500        1/1000

with Tween no Tween

1/500 dilution





1/50 (no tween)

1/500 (tween) 1/500 (no tween)

1/1000 (tween) 1/1000 (no tween)

Filter paper

1/50 (tween)

Image not 
acquired

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n)

100 m 20 m

100 m 20 m 100 m 20 m

100 m 20 m

100 m

20 m

20 m 100 m 20 m



Is Tween only effective at a certain concentration?

 None of the concentrations of Tween used 

improved the shot-to-shot variations in 

bacterial LIBS signal

 Tween may only be effective on certain 

species of bacteria



Effect of Growing E. coli in Liquid Medium on LIBS 

Analysis

• Bacteria grow dispersed in liquid media

• More closely resembles growth of bacteria in the body

• Provide a more consistent LIBS bacterial signal?

 Growth of E. coli in liquid 

medium was ineffective at 

improving shot-to-shot variations

 Improve the incubation 

procedure


