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What is “Laser-Induced Breakdown Spectroscopy?”

Incident Laser Pulse

Laser-induced plasma

Rare-earth metal target

 Can be done with ns, ps, or fs lasers

 Threshold irradiance:  1010 – 1011 W/cm2



Experimental Apparatus

Overhead view

(c)Periscope side view

Optical Tables

Steel plasma 
in argon

steel LIBS spectrum – one laser pulse

Laser: Nd:YAG, 10 ns, 8 mJ
Spectrometer: high-resolution, 

broadband Echelle
Target: Steel in argon gas
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E. cloacae (green) and blank filter (magenta)
2 μs delay after plasma initiation
20 SCFH Argon environment 
Single laser pulse 
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Ar ~ from bath gas

An elemental assay of the bacterial cell composition!

Ca

HCN

Spectrum From Bacteria

Suggests a real-time method for pathogenic bacterial diagnosis.



 We can identify a bacterial species, certainly its genus, 
with high sensitivity and specificity (confirmed by 
others).

 We can differentiate strains of E. coli (demonstrated 
by others in MRSA).

 Multiple multivariate or ML techniques effective at 
discriminating spectra.

 LIBS bacterial limit of detection of 10,865 +/- 3,712 
CFU per laser ablation event for bacteria deposited on 
filters using a concentration device.

 

Escherichia 

Enterobacter 

Staphylococcus 

Streptococcus 

Mycobacterium 

A 5 genus classification 

E. coli 25922 

E. coli O157:H7 

 E. coli C 

 E. coli HF 

 E. coli K12 

 

B 

M. smegmatis WT 

 M. smegmatis TE 

 M. smegmatis TA 

 

E. cloacae 13047 

S. saprophyticus 

 S. aureus 

 

S. mutans 

 S. viridans 

 

13 species/strain classification 

Already Shown…



Sample ablated in Ar
environment

Sample mounted on 
steel with double-sided 
sticky tape

Methodology – Bacterial Growth & Sample Prep

Bacteria grown on 
agar plate

Harvested 
bacteria stored 
in MΩH2O

Centrifuge insert 
assembled with filter & 
cone Assembled 

piece placed 
in centrifuge 
tube

Samples centrifuged

Spectrum of bacterial sample

Bacterial negative 
specimens from hospital



DFA With RM2.5 Normalized Data

E. coli S. aureus E. cloacae

Sensitivity 70.00 % 60.00 % 60.00 %

Specificity 71.51 % 80.00 % 92.04 %

Classification Error 28.40 % 25.60 % 24.70 %

Diagnosing Species with Machine Learning

Chapter 5

ANN on Ratio 
Model 

PCA-ANN on Ratio 
Model

PCA-ANN on Full 
Spectrum Data*

ANN With RM2.5 Normalized Data

E. coli S. aureus E. cloacae

Sensitivity 63.33 % 66.09 % 64.44 %

Specificity 75.14 % 84.44 % 87.29 %

Classification Error 30.76 % 24.73 % 24.13 %

PCA-ANN With RM2.5 Data, 10 PC Scores

E. coli S. aureus E. cloacae

Sensitivity 58.82 % 62.50 % 78.07 %

Specificity 86.70 % 85.65 % 77.67 %

Classification Error 27.24 % 25.92 % 22.13 %

PCA-ANN With Full Spectrum Data

E. coli S. aureus E. cloacae

Sensitivity 98.04 % 93.27 % 91.23 %

Specificity 97.71 % 97.22 % 96.12 %

Classification Error 2.13 % 4.28 % 6.33 %

*The full spectrum spans 200 nm – 760 nm, 
but no lines of interest > 590 nm

•Started using the “whole spectrum” from 200 nm -
590 nm. 42,000 variables.

•Perform unsupervised PCA first (implemented in 
Python), reduce to 10 PC’s. 

•Models are trained on 80% of single shot data, 20% 
reserved for testing. (~15 seconds).

DFA on 
Ratio Model 

“Ratio Model” consists of 15 emission line 
intensities and 92 simple ratios.  107 independent 
variables.



Diagnosing Infection (Detecting Bacteria) in Urine

Chapter 6
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PCA-ANN With Full Spectrum Data*

S. aureus E. coli E. cloacae

Sensitivity 100 % 100 % 91.67 %

Specificity 100 % 95.83 % 100 %

Classification Error 0.00 % 2.09 % 4.17 %

Bacteria in urine
Urine

*classification using 80:20 split

Bacterial-negative specimens obtained from 
Windsor Regional Hospital DETECTION IN URINE

98.9% sensitivity 
100% specificity

 360 spectra of bacteria in urine
• 3 species, four filters of each

 240 spectra of sterile urine
• 8 filters



Chapter 6
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Blood
Bacteria in 
blood

PCA-ANN With Full Spectrum Data*

S. aureus E. coli E. cloacae P. aeruginosa

Sensitivity 100 % 100 % 100 % 100 %

Specificity 100 % 100 % 100 % 100 %

Classification Error 0.00 % 0.00 % 0.00 % 0.00 %

*classification using 80:20 split

Diagnosing Infection (Detecting Bacteria) in Blood
Bacterial-negative specimens obtained from 
Windsor Regional Hospital DETECTION IN BLOOD

96.3% sensitivity 
98.6% specificity

 600 spectra of bacteria in blood
• 4 species, five filters of each

 206 spectra of sterile urine
• 7 filters



External Validation of PCA-ANN in Blood and Urine

Urine E. coli S. aureus E. cloacae

Average 
Sensitivity

75.83 % 90.00 % 66.67 %

Blood E. coli S. aureus E. cloacae P. aeruginosa

Average 
Sensitivity

80.67 % 65.33 % 92.67 % 92.50 %

• External validation done in both urine and blood
• Improvements need to be made on external validation

Chapter 6

Urine

Blood

average sensitivity of 77.5%

average sensitivity of 82.3%



Conclusions

• Adding spectra improves 
discrimination in PLSDA

• Detection of bacteria in water 
improved; sensitivity = 100%, 
specificity = 100%

• Rigorous cleaning of cone & 
usage of ultrapure water 
reduces background signal

• Using PCA-ANN on full spectrum data provides the best results for discrimination between 
bacterial species (using 80:20 split)

• Average sensitivity = 94 %

• Average specificity = 96 %

PCA-ANN With Full Spectrum Data

E. coli S. aureus E. cloacae

Sensitivity 98.04 % 93.27 % 91.23 %

Specificity 97.71 % 97.22 % 96.12 %

Classification Error 2.13 % 4.28 % 6.33 %

Approximate increase from DFA ≈ 30 % (sensitivity), 16% (specificity) 

Adding 30 single-shot spectra to 
create one measurement per filter 
improves classification in PLSDA



• Future work for PCA-ANN:
• Improve external validation using PCA-ANN for bacterial species by creating new deposition method

• Try discrimination of lower concentrations of cells to find limit of identification (LOI)

• Bacteria can be detected (PLSDA) and diagnosed 
(PCA-ANN) in blood and urine

• Future work: 
• Determine LOD for bacteria in blood and urine

• Study how bacteria behaves in blood to ensure we are 
reproducing clinical conditions  

• Apply new deposition method to blood & urine
PCA-ANN With Full Spectrum Data (Urine)

S. aureus E. coli E. cloacae

Sensitivity 100 % 100 % 91.67 %

Specificity 100 % 95.83 % 100 %

Classification Error 0.00 % 2.09 % 4.17 %

PCA-ANN With Full Spectrum Data (Blood)

S. aureus E. coli E. cloacae P. aeruginosa

Sensitivity 100 % 100 % 100 % 100 %

Specificity 100 % 100 % 100 % 100 %

Classification Error 0.00 % 0.00 % 0.00 % 0.00 %

Conclusions
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2) removal of samples 

mass (ablation)

LIBS primer

Staph

Nitrocellulose filter

Nitrocellulose filter

Stainless steel

Human fingernail



The dynamic evolution of the plasma plume is then 

characterized by a fast expansion and subsequent 

cooling.  

Approximately 1 microsecond after the ablation pulse, 

spectroscopically narrow atomic/ionic emissions may 

be identified in the spectrum.  

crater
debris

4) expansion and 

element specific 

emission (atomic or 

ionic)

spontaneous emission

as atoms/ions decay to 

ground state

LIBS primer







 

filter 

(a) (b) 

(c) (d) (e) 

body 
base 

body 
base 

The Centrifuge Insert



(a) (b) (c) (d)

19 mm long Al cone

Holds 1 mL of fluid
1 mm hole at apex

Centrifuge tube cap presses
cone into filter

Cone vertex press fit into filter

Concentrating Bacteria With a Cone



Total LIBS intensity (A.U.)

Shooting Bacteria Concentrated With Cone 



Limits of Detection
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(b) 

LOD = 7,988  3,649 CFU 

blank filter 

LOD = 1,070  272CFU 

blank filter 

LOD = 1,784  657 CFU 

blank filter 

All elements; all concentrations 

blank filter 

(a) A calibration curves constructed from forty 
spectra obtained from each of nine different 
concentrations.

LIBS bacterial limit of detection of 10,865 
3,712 CFU per laser ablation event for bacteria 
deposited on filters using the metal cone.

LOD’s 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
1,784  657 CFU for calcium.  

LOD on filter better, but number of cells 
required in fluid specimen is WAY lower!



 We can identify a bacterial species, 

certainly its genus, with high sensitivity and 

specificity (confirmed by others).

 We can differentiate strains of E. coli

(demonstrated by others in MRSA).

Multiple multivariate techniques effective at 

discriminating spectra.

 

Escherichia 

Enterobacter 

Staphylococcus 

Streptococcus 

Mycobacterium 

A 5 genus classification 

E. coli 25922 

E. coli O157:H7 

 E. coli C 

 E. coli HF 

 E. coli K12 

 

B 

M. smegmatis WT 

 M. smegmatis TE 

 M. smegmatis TA 

 

E. cloacae 13047 

S. saprophyticus 

 S. aureus 

 

S. mutans 

 S. viridans 

 

13 species/strain classification 

When performed with no background



Results: We have already demonstrated…

LIBS spectral fingerprint is a sensitive and specific
(high rates of true positives, low rates of false 
positives) test to identify an unknown bacterial 
specimen or to differentiate between possible 
identifications

This spectral fingerprint is robust and reliable, and 
exists through time (multiple tests spanning years on 
same strains of bacteria)

In addition…

9 publications in Applied Physics Letters, Journal of Applied Physics, Applied Optics, Applied 

Spectroscopy, Spectrochimica Acta B, and others – confirmed by multiple other groups



Results: We have already demonstrated…

LIBS spectral fingerprint is:

 growth-medium independent

 independent of state of growth (how “old” the bacteria are)

 independent of whether the bacteria are live or dead (or 
inactivated by UV light)

 obtainable even when other types of bacteria or 
contaminants are present (mixed samples)

 obtainable from urine specimens

 capable of strain discrimination

 obtainable from about 500 bacteria

9 publications in Applied Physics Letters, Journal of Applied Physics, Applied Optics, Applied 

Spectroscopy, Spectrochimica Acta B, and others – confirmed by multiple other groups



(Poster 344) Bacterial Mounting and Concentration Techniques to Translate Laser-

Induced Breakdown Spectroscopy into a Clinical Setting; Alexandra Paulick

Dual stage 
centrifugation 
insert prototype

An E. coli suspension with tungsten powder (12 m APS) as the contaminant 
was deposited in the insert with the 5 m filter paper on top and the 0.45 m 
filter paper below it.

The tungsten powder 
was caught by the 5 m 
filter while  80% of the 
bacteria passed through 
it and settled onto the 
0.45 m filter.


