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Current Method of Bacterial identification

Element % of fixed 
salt 
fraction

Sodium 2.6

Potassium 12.9

Calcium 9.1

Magnesium 5.9

Phosphorus 45.8

Sulfur 1.8

Iron 3.4

from “The Bacteria: A Treatise on Structure and Function” 
I.C. Gunsalus and R.Y. Stanier, eds



 Classification model based on inorganic elements

 164 independent variables
 19 line intensities (all divided by sum)
 145 ratios of intensities

Variable Down Selection



 No other metals.  Beware?
 Farooq (2014) sees S, Cl, Mn, Fe, Al, 

Cu, etc.
 Sivakumar (2015) only sees Ca, Na, 

Mg, K, O, H, C, P
 We see Ni, Fe, Ti only when 

contaminated!

Variable Down Selection
Manzoor et al., in air, 
Talanta 121 (2014)

Farooq et al., 
Plasma Science and Technology 16 (2014)



How unique is “unique”?
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 



Challenges
1. Can we determine what the presence of other trace 

metals in the local environment will do to the LIBS 
spectrum?

2. Can we simply separate bacteria in a liquid 
suspension from larger cells for “clean” LIBS testing?

3. Can we lower our bacterial LOD to clinically realistic 
titers?



Altering Cell Metal Content: Zinc

Zinc lines are not distinguishable from noise at normal growth conditions 
using our testing protocol.



Altering Cell Metal Content: Zinc

When zinc is added to the E. coli growth medium (TSA medium 
plates), cellular zinc is observed



Altering Cell Metal Content: Zinc

A linear fit of zinc line intensity 
to the excess zinc 
concentration gives an adjusted 
r2 of 0.994. 

The limit of detection (LOD) as 
calculated from this fit is 11 
ppm. 

The maximum concentration 
allowable for drinking water is 
5 ppm. 

Environmental Application
Since bacterial species take their nutrients from their environment, bacteria have been used as an indicator of 
environmental health, with trace metals in the cells being indicative of contamination of a water supply.



Altering Cell Metal Content: Magnesium

As excess Mg was added to 
the growth medium, the 
intensity of the Mg emission 
lines was largely unchanged.

The deviation in intensity 
reduced as the surplus 
increased. 

A sample was prepared 
wherein Mg was precipitated 
out of the agar solution using 
HCl prior to autoclaving. This 
plate provided no bacterial 
growth. 



What’s Next
1. Attempt this with other organisms (although 

coliform bacteria is a standard) and heavy metals in 
water.



Challenges
1. Can we determine what the presence of other trace 

metals in the local environment will do to the LIBS 
spectrum?

2. Can we simply separate bacteria in a liquid 
suspension from larger cells?

3. Can we lower our bacterial LOD to clinically realistic 
titers?



Composite coloured scanning electron micrograph (SEM) of sepsis. (Steve Gschmeissner/ Science Photo Library)

Adapted from “Blood ties: The inspiration behind a potential sepsis 
breakthrough,” Vanessa Hrvatin, Maclean’s, June 6, 2017 



(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.



(Poster 344) Bacterial Mounting and Concentration Techniques to Translate Laser-
Induced Breakdown Spectroscopy into a Clinical Setting; Alexandra Paulick

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.



What’s Next
1. Replace the inorganic metal powder with biologicals 

(probably yeast cells).

2. Eventually test blood/cerebral spinal fluid.



Challenges
1. Can we determine what the presence of other trace 

metals in the local environment will do to the LIBS 
spectrum?

2. Can we simply separate bacteria in a liquid 
suspension from larger cells?

3. Can we lower our bacterial LOD to clinically 
realistic titers?



Bacterial LOD

Bacterial Suspensions Deposited on Microbiological Filter Material for Rapid Laser-Induced Breakdown Spectroscopy 
Identification, Dylan J. Malenfant, Derek J. Gillies, and Steven J. Rehse, Applied Spectroscopy 2016, Vol. 70(3) 485–493



(Poster 344) Bacterial Mounting and Concentration Techniques to Translate Laser-
Induced Breakdown Spectroscopy into a Clinical Setting; Alexandra Paulick

>109 cfu/ml

30 L per spot

This is a LOT 
of bacteria!



(Poster 344) Bacterial Mounting and Concentration Techniques to Translate Laser-
Induced Breakdown Spectroscopy into a Clinical Setting; Alexandra Paulick

To concentrate all the bacteria into one spot (one laser shot) a custom funnel 
was constructed for our centrifuge insert

Each point on the map corresponds to a single laser shot, and 
the color indicates the LIBS bacterial intensity, with purple 
indicating no LIBS bacterial signal, and red indicating the region 
with the strongest LIBS bacterial signal.



Obvious what is “blank” filter 
and region with bacteria

One of our biggest challenges: the C247 line dominates the spectrum at low 
/ no concentration.  

This large constant intensity limits the amplification we can use on the ICCD
before damage.  

Suggestions?

P

C Mg

Ca

Ca Na Ar



What’s Next

1. Try different types of bacteria (cocci versus rods).

2. Culture bacteria in liquid media.  Keep lowering 
titer.

3. Further study use of Tween 20 to prevent sticky 
clumping of cells which should improve 
repeatability and increase transfer efficiency.

At low concentrations, bacteria do not deposit uniformly, 
they clump together.
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A real time assay for nutritional zinc 
deficiency

We have shown that 
LIBS fingernail zinc is 
related to dietary 
zinc.

LIBS spectra were 
acquired from 
clipped, buffed, 
cleaned nails. 

PLS-DA was used to 
create a calibration 
curve versus the MS-
measured zinc 
concentration.

ZnII 202

ZnII 206
ZnI 213





 Classification model based on inorganic elements only

 164 independent variables

Altering Cell Metal Content: Zinc

Zinc lines are not distinguishable from 
noise at normal growth conditions



Outline
1. Introduction of the Method.  Laser-induced 

breakdown spectroscopy (LIBS)

2. Advantages of LIBS over other analytic methods

3. Biomedical Applications of LIBS
a. A new paradigm for rapid pathogen 

identification
b. A real time assay for nutritional zinc deficiency

4. Concluding Thoughts



Outline
• Review of Current State of the Art

• Update on Our Group’s Methodology

• New Results / New Questions?

• Concluding Thoughts



Progress on Using LIBS for Bacterial Identification

2007-
2012

The bacterial LIBS spectrum for a given species is stable and does 
not change with time (experiments conducted on the same E. coli
strain over the course of multiple years). 

This result confirmed (Marcos-Martinez et al. Universidad 
Complutense, Madrid) on three similar growth media2011

Bacterial identification appears to be independent of the growth 
condition and culture medium in which the bacteria were grown.

2007&
2012

Salmonella enterica serovar Typhimuriumin identified at 
various concentrations in various liquids such as milk, chicken 
broth, and brain heart infusion. (Barnett et al. Alabama State) 

2011



Progress on Using LIBS for Bacterial Identification

Bacterial LIBS spectra do not change with time as the bacteria age/sit 
on an abiotic surface 

2011

This result confirmed (Multari et al. ARA) on cutting board, 
sink drainer

2013

Bacteria can be identified with high sensitivity and specificity when 
specimens are obtained from clinical samples (e.g. sterile urine 
containing organic and inorganic solutes) without the need to 
remove other compounds present in the sample.

2012

Live pathogenic Bacillus anthracis Sterne strain and Francisella 
tularensis can be differentiated regardless of mounting protocol (as 
lawn and/or colonies on agar, dilutions on agar, and dilutions on glass 
slides.) (Multari et al. ARA) 

2012



Progress on Using LIBS for Bacterial Identification

2011
2012

Bacteria in mixed samples are identifiable. The dominant or majority 
bacterial component of a two-component bacterial mixture is reliably 
identified provided it comprises 70% of the mixture or more.  Trace 
mixture or contamination is insignificant.

2011

Bacterial LIBS spectra can be obtained from killed (via autoclaving) 
or inactivated (via UV light) specimens, and such treatment (which 
renders the specimen completely safe for handling) does not
decrease identification specificity and does not decrease LIBS 
spectral intensity.

Heat killed bacteria are differentiable (Multari et al., ARA)2013

Inactivation by sonication / autoclaving is differentiable
(Sivakumar et al., Delaware State) with fs-LIBS & ns-LIBS.  
Changes in spectral intensity were observed.

2015



New Bacteria Testing Procedure

Previously: mounted on agar

Currently: mounting on 
nitrocellulose bacteriological filter

 Advantages: Flatter.  Easier to do.  More reproducible.  Less time.

x Disadvantages: Carbon background.  



New Bacteria Testing Procedure

Previously: light collected by fiber Currently: using matched parabolic 
reflectors into fiber

 Advantages: More light collected (solid angle)

x Disadvantages: More sensitive to vertical position



New Bacteria Testing Procedure
Previously: proper LTSD found by trial and error

Currently: Appropriate LTSD/focus found with laser indicator.  
Calibrated steel sample tested every day for intensity & spot size.  
Unnormalized intensities very reproducible and controlled.

Increasing LTSD

Each data step is 50 micron



Student-Actuated Focus Finder



Current Method



Filter



Filter



13 
mm

4.3 
mm

Scanning electron microscopy images 
verified complete coverage of the 
deposited bacterial lawn.

A steel disk was designed in order to
create a reproducible area for bacteria to
be placed on.

Can bacteria be deposited in a 
controlled manner?



13 
mm

4.3 
mm

Scanning electron images verified
complete coverage of the deposited
bacterial lawn.

A steel disk was designed in order to
create a reproducible area for bacteria to
be placed on.

Can bacteria be deposited in a 
controlled manner?



Can bacteria be deposited in a 
controlled manner?



With crater diameters 
of about 150 m, the 
quantity of cells 
vaporized for each 
spectrum was 
estimated at 106

(verified using optical 
densitometry.

Can laser ablate in a controlled 
manner?

172.78 μm
140.02 μm



Typical Bacterial Spectrum

• in argon
• single-shot, average of 5
• 5 mJ
• tdelay = 2 s, twindow = 20 s



Typical Bacterial Spectrum

• in argon
• single-shot, average of 5
• 5 mJ
• tdelay = 2 s, twindow = 20 s



• New classification model
• 164 independent variable

– 19 line intensities (all divided by sum)
– 145 ratios of intensities

• No other metals.  Beware?
– Farooq (2014) sees S, Cl, Mn, Fe, Al, Cu, etc.
– Sivakumar (2015) only sees Ca, Na, Mg, K, O, H, C, P
– We see Ni, Fe, Ti only when contaminated!

Variable Down-Selection



Performance With New Library

DFA (by filter) DFA (by species)
above

PLSDA (by species)
above

Sensitivity 0.930.07 0.980.02 0.970.03
Specificity 0.980.03 0.990.01 0.990.02

“by filter” means approximately 30 groups in DFA, no relationships between groups assumed

All external validation results



• Performed with serial dilutions.
• “Concentration 1”  harvest entire plate of colonies 

off TSA, suspend in 1.5 mL distilled H20 
• Measure with optical densitometry
• OD=0.1 measured for C=0.001  (from literature OD 

0.1=108 cells/mL). 
• C=1  1011 cells/mL 
• Implies for C=1, 106/shot

New Concentration Study
Previous result



Viability study - Autoclaved
• Live cells were placed in 1 mL of distilled water (microcentrifuge tube). 
• This was covered and placed in the autoclave on the liquid cycle. 
• Deposited on the filter in the same procedure after vortexing (obtaining solution close to the bottom of the tube).
• Viability was confirmed by restreaking and growth for 24 hours.



Viability study - Autoclaved

Previous result

Autoclaved E. coli classify 
>98% as live E. coli,
yet spectrum seems to be 
slightly distinct



Viability study - UV
• Live cells were deposited on the filter, the whole filter was then placed under UV light (4 W, 254 

nm at about 15 cm from the source) for 1 hr, 30 min, 15 min. 
• Saw no difference in signal and they classified as live. 
• 30 min was chosen for future experiments. 
• UV non-viability confirmed via pressing into TSA growth plate and cultured for 24 hours. 



Viability study - UV

Previous result

Of 118 UV’d E. coli spectra, 100% 
classified as live E. coli



• Cells were placed in 1 mL distilled water (microcentrifuge tube) sonicated at a setting of 3 W for 10 
seconds. 

• Deposited on the filter in the same procedure after vortex mixing (obtaining solution close to the 
bottom of the tube).

• When done the second time, 0.8 W for 10 5s-pulses

Viability study - Sonication



• Sonicated E. coli tested at multiple concentration (c=0.05, =0.025).  Both classified as autoclaved 
E. coli over live.

• Sonicated cells were clearly disrupted and rather than assisting in sample homogeneity, showed 
increased clumping/heterogeneity

Viability study - Sonication



Q:  So…are live bacteria differentiable from 
“non-viable” bacteria (autoclaved, UV, 
sonicated)?

Summary of Viability Study

A:  Do you want them to be, or don’t you?
We see some differences between them (not quantified yet) but they 
can classify as “live” when comparing against the live species library. 

Multari et al. and Sivakumar et al. both DO SEE differences in 
autoclave (or “heat killed”) and live; and also in sonicated vs. live.  
Claim is that cell lysis leads to a “leaking out” of material used for 
discrimination.

Q: If that is true, does our UV result confirm this?



 This leads to more sterilization tests (ongoing), asking the 
questions:
 Why are they different (from live)?
 If they are different from live, are they like each other? 
 If they are like each other, why? Should they be?  (structure dependence, 

nuclear loss, deposition on filter – do they lay the same? Clumping?)

Summary of Viability Study

Q:  Could it be because they are looking for them to be different?

A:  Do you want them to be, or don’t you?

Q:  Are the results consistent for all species? Results are just shown 
for E. coli but tests are in progress.



Summary of Viability Study
Q: Lastly, is everyone taking exceptional care to insure it 

is not the deposition of the bacteria on their substrates 
leading to perceived “differences?”

 Bacteria are definitely NOT inorganic microparticles that can be 
uniformly deposited easily, yielding background-independent LIBS 
spectra.  

 Great care must be taken.

Escherichia coli



So many questions…

…but all tests to date have proven the possibility of 
using LIBS for a rapid pathogen diagnostic, as 
well as numerous other biomedical applications.

Work continues, with generous help from:

• University of Windsor

• NSERC Discovery Grant

• CFI-LOF grant
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