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A review of the use of laser-induced breakdown spectroscopy for bacterial = )
classification, quantification, and identification ook
Steven J. Rehse”
University of Windsor, Department of Physics, Windsor, Ontario N9B 3P4, Canada
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10 microliter

Early days (at Wayne State)

Advantages:

v Background free
mounting substrate

about 500-1500

Disadvantages: P ation
X Not reaIIy flat Nutrient-free bacto-agar
X Degrades

X Hard to make

X Watery




Moving to Filters
(Early Days at Windsor)
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How to get bacteria onto filters?

N
WD Mag HV |SpotSig HFW 5.0um
9.8 mm 8000x 12.0 kV| 3.9 SE|16.90 pm E. coli lawn




Typical bacterial LIBS spectrum
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791 3.42e+4 1.49e+3
39829 3894 2988 305 1463 550 262 791 34227 1493
CJ P P P P P Mg Mg L Mg J
s J L A |
(0) 247.856 213.618 214.914 253.398 253.560 255.326 255.491 279.079 279.553 279.806
2.09e+4 1.37e+3 2.7e+ 1.43e+4
20879 441 10416 1367 26956 14251 5554 12676 9975
MU Mg Mg L Ca Ca Ca Ca Na Na
L S DL
(10) 280.271 277.983 285.213 317.933 393.366 396.847 422673 588.995 589.593

e 164 independent variables

— 19 line intensities (all divided by sum) of C, P, Mg, Ca, Na

— 145 ratios of intensities
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Performance on filters
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Sterility DFA Test g " 3
DFA Classification Grouped by Species
? Of:Ecoi Escherichia TRUE | FALSE |Staphylococcus | TRUE | FALSE
S Esbrnmelioms Positive 98.28% | 0.77% Positive 97.75% | 1.44%
o Q4P nefogosn. Negative 99.23% | 1.72% Negative 98.56% | 2.25%
0 oclaved E. coli
5  Group Centroid TRUE | FALSE TRUE | FALSE
Positive 95.36% | 0.33% Positive 99.57% | 0.22%
3 Negative 99.67% | 4.64% Negative 99.78% 0.43%
o | Sensitivity: 98 + 2%  Specificity: 99 + 1% |
ug-
N ‘ PLS-DA Classification Grouped by Species ‘
) Escherichia TRUE | FALSE | Staphylococcus| TRUE FALSE
Positive 96.55% | 1.12% Positive 96.75% | 1.53%
e > B Negative 98.88% | 3.45% Negative 98.47% | 3.25%
o X, TRUE | FALSE TRUE FALSE
o Positive 97.02% | 0.41% Positive 98.92% | 0.33%
=] Negative 99.58% | 2.98% Negative 99.67% 1.08%
I T T | Sensitivity:97 3% Specificity: 99 £ 2% |
Function 1
All external validation results
- DFA | PLSDA i
DFA (by filter) (by species) SDA (by species)
above above
Sensitivity 0.93+0.07 0.98+0.02 0.97+0.03
Specificity 0.98+0.03 0.9940.01 0.99+0.02

A

Unlver5|tyofW|ndsor

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

relationships between groups assumed



Using filters, a better way:
the centrifuge insert
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The centrifuge insert for cell sorting

20658

5 um filter with tungsten

16527 | 0.45 pm filter with bacteria

* Approximately 10% of

Tungsten 12305 | bacteria caught on first
average filter.

size of 12‘5 * No evidence of tungsten at
used to si| &3 | all on second filter.
contaming

* Now being reproduced

with yeast cells.
4132 _

/w Vig . ‘ Ar
; AMJK J\ﬁm S LHMMPU

[ [
200.000 264200 328.400 392600 456.800 521.000 585.200 649.400 713.600 777.800 842.000
Wavelength (nm)

* Tungsten powder was chosen for its inertness, cost and availability, safety of use, ease of
preparation, biologically relevant size, and elemental purity.
* Tungsten powder was added to a suspension of E. coli, vortexed, and ~ 0.1 mL was

pipetted into the top of the insert prior to centrifugation.
\éﬁ universityof Windsor




Using filters, a better way: _
Remember?
the centrifuge insert




Using filters, an even better way:
the centrifuge cone

Centrifuge tube cap presses
19 mm long Al cone cone into filter

1 mm hole at apex Holds 1 mL of fluid

Cone vertex press fit into filter




Using filters, an even better way:
the centrifuge cone
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SEM micrographs

“rim” of cone
deposition
filter

WD Mag HV Spot HFW Sig
“ l9.5 mm 4000x 7.0 kV 3.9 33.80 ym SE

WD Mag| HY |Spot HFW Sig - 300.04m
6 mm 250x|7.0 kv| 3.9 |0.54 mm SE Staph no TWEEN

10.0pm
Staph no TWEEN

WD Mag HV Spot HFW [Sig -
9.6 mm 250x 7.0 kV 3.9 0.54 mm SE

300.0pm
Staph no TWEEN

» ,‘ : i"--“‘* e,
~J Staph with Tween - Staphowith Tween, £ -y
& § Lot RS geens ol
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‘rim’ of cone :
deposition |
Staph with Tween Sl

3
3

'-fillter

i x 5 b, " y » "
WD Mag HV Spot HFW |Sig - 300.0pm WD Mag HV Spot HFW Sig 300.0pm y Mag HV Spot HFW Sig
9 mm 250x 7.0 kY 3.9 0.54 mm|SE Staph TWEEN 9.9 mm 250x7.0 kV| 3.9 0.54 mm SE Staph TWEEN 9.9 mm 4000x 7.0 kV 3.9 33.80 um SE

10.0pm
Staph TWEEN
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Using filters, an even better way:
the centrifuge cone

j

(a) All elements; all concentrations (b) All elements; low concentrations
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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!




Collecting on swabs

So little bacterial sample is needed that
our specimens are all collected from
clinical flocked swabs.

=

rDeposit 100 uL of bacteriaw
suspended in DI water Deposit 10 L water
onto metal plate and heat onto swab tip and
L for 2 min and 20 s. p swab metal plate.

The swab was tested for traces of
contamination and did not
contribute to background emission.

r Place swab in\
centrifuge tube
with 1 mL of
water and vortex
tube for 15 s.
Discard swab. )

@ )

Deposit the 1 mL of sample from
vortexed tube into cone, place
insert into clean centrifuge tube.
Centrifuge insert at 5000 rpm,
\_ 2500 g's for 5 min Y.
‘AT

= =
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Collecting on swabs

) - @ |Blank Filter
220000 | L@ | I:B)Ila‘\?\:: tFllter 2400000 - DI Water*
. @ ater*™* o DI Water
, 200000 e DI Water 22000009 4 B coli 1/500
= 180000 - E. coli C =1/500 0000004 @ E.coli 17100
2 8 @ E.coliC=1/100 A @ E coli1/50
*2 160000 @ E.coliC=1/50 9 1800000 E. coli 1/10
'c 140000 - E. coli C = 1/10 532 E. coli 1/5
8 1 E.coliC=1/5 5 O 1600000
S 120000 ~ 85
Q ] = @ 1400000 °
Z 100000 4 ° £ g
2 80000+ I= % 1200000 - )
T so000- < 3 1000000 -
[=] | "6 % e 4
£ 40000 E S 300000 - ° °
o @
20000 1 600000 - o
07 L)
T T T T T T T T T T T T T T 1 400000 —r T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 0 2 4 6 & 10 12 14 16
Spectrum Number Spectrum Number
Two separate filters, 20 shots / filter Summing intensities of spectral lines.

(all single shot spectra).




Ag microparticle-enhanced LIBS

13389 Blue —E. coli LIBS signals vs. Red — Ag microparticle-enhanced E. coli LIBS signals
C

Library: E. coli K12 on two filters

10695 _| Mg \ PLSDA discrimination test
Ca TR . \ . . . S
8021 : g
Ag ’ .. tereesttee Ly Leie,
5348 " E > » ®
A Ca
‘ Library: E. coli K12 on filter with Ag micro
particles
2674 _| Test: E. coli K12 on filter with Ag micro particles
Ar o Ar
| Ar

\ Mg |
0 'rf‘!‘-ﬂ‘miv-jLﬁ»;,A '“ »L._UUL.),M__JL b At A ﬁ? _Ju A J

- | J

200.000 2587000 316.000 374.000 432.000 490.‘000 548:000 606:000 664.000 722.000 780.000

[4 P P P P P P Mg Mg Mg Mg Mg Mg ca Ca Ca Ca Na Na
:T:'iuge 17398.75| 262.1579| 129.6667| 45.6| 85.29412 44 40.2| 73.26316 2657.85| 150.1176| 1386.65| 31.63636 477.8| 107.3889| 1847.95| 905.2778 336.45 294.65 208.35 MethOdOIOgy: 0'5 - l miCron Sllver pOWder Was
rgiter transferred via swab and spread uniformly on
e o | nitrocellulose filter which was then placed
G S A A facedown on a second filter and pressed lightly

to transfer trace amounts of the powder.

Ratio Myco 1.052175| 1.283082| 1.034126| 1.200637| 1.DSDN 0.690789| 1.173228| 0.758315| 0.860698| 0.66146( 0.305237| 1.02381 0.654355| 2.711003| 1.885389| 1.880476| 1.134499| 2.238825| 2.010381

Ratio Pseudo | 1.325782| 1.15621| 1.556767| 1.087019| 0.821082] NSEBB 1.205788| 3.326932| 15.23731| 5.46253| 13.47256( 0.330553| 3.034346( 32.88412| 35.45526| 33.85862| 6.919711| 1.096589| 0.541077

939 113 435
P P P | |P
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J LA i A _.'I b /Y Il . ;\.
3.618

253398 263560 256

214914 326 255491




The people who did the work...

NSERC Discovery Grant

I o I Matural Sciences and Engineering
! Research Council of Canada

Consail da racharches an sciences
naturelles et en genie du Canada

| CFI-LOF grant
INNOVATION.CA

CANADA FOUNDATION | FONDATIOM CANADIENNE
FOR INNOVATION POURLINNOVATION

University of Windsor

gg} Universityof Windsor



http://www.nserc-crsng.gc.ca/NSERC-CRSNG/FundingDecisions-DecisionsFinancement/DGICAbout-CISDSujet_eng.asp
https://www2.innovation.ca/sso/signIn.iface
http://www.nserc-crsng.gc.ca/NSERC-CRSNG/FundingDecisions-DecisionsFinancement/DGICAbout-CISDSujet_eng.asp

..interested graduate students always
needed!
(Maybe you want to join the team)?

Email me:
rehse@uwindsor.ca







Using filters, a better way: _
Remember?
the centrifuge insert
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(a) All elements; all concentrations

i
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800001
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All elements; low concentrations

LOD = 10,865 + 3,712 CFU
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0 110 210 310 410 510‘"’
Concent tration (CFU)

Magnesium

LOD = 1,070 + 272CFU

] ebla kflt

0 1x: 10 2X 10 3x: 10 4x 10 5x: 106
Concen tration (CFU)

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.




Bacterial LOD

Tungsten powder, average particle size of 12 T | £ |
um, was used to simulate a contaminant. / : .
Tungsten powder was chosen for its mertﬁ"e%‘ﬂoﬂﬂ- T | . 1
cost and availability, safety of use, ease O\@ T '

200000 - T T -
preparation, biologically relevant size, ancﬁ _ %
[

350000 — .

elemental purity.
Tungsten powder was added to a suspensgon | .
of E. coli, vortexed, and ~ 0.1 mL was pipégctéoaom“_ %
into the top of the insert prior to s0000] ©

centrifugation. . s e —— e
0.01 0.1 1

c (relative cell concentration in a.u.)

150000 -

emiss

Figure 6. A log-lin calibration curve for bacterial samples. A
concentration of c= | corresponded to 10'" cells/mL as deter-
mined by optical densitometry resulting in approximately 10° cells
per ablation. This was the concentration achieved by transferring
24 h of growth for E. coli from a TSA plate to |.5mL distilled
water. The inset shows a linear fit to the lowest eight concen-
trations on a lin-lin plot.

erek J. Gillies, and Steven J. Rehse, Applied Spectroscopy 2016, Vol. 70(3) 485-493

oy UniversityofWindsor




Typical Bacterial Spectrum

@File View Configuration Measurement ROl Service File Service  Window  Help - |5 %
S BEEE K& 7 N2
On-Chip Accus |5 Gate "Width | 10000 ne w| Gate Delay (3000 ne w| Amplific. |2500 |
=] Aix D | A a1
19360

* in argon
15488 _|  single-shot, average of 5
e 5mJ

* tdelay =2 48, tyindow = 20 1S

11616 _|

7744 _|

3872 _|

: | ey

200.000 258000 316.000  374.000 432000  490.000 548000 606.000  664.000  722.000  780.000

482,738 nm 1: 92.439 X:3105 Y: 8171 Ord: 50 Element: Ne
Ready Mo Measure Expo: 500 ms



Varvalee Down-Selection

ile Vi Config Measurement
s B E l l e ? k‘?
Aocus [B s =] Gats Detoy [3000 [ns <] Ampfic: [2500 [

0On.
i

791 3.42e+4 1.49e+3
39829 3894 2988 305 1463 550 262 791 34227 1493

LI IE IE L T L P

(0) 247.856 213.618 214.914 253.398 253.560 255.326 255.491 279.079 279.553 279.806

2.09e+4 1.37¢+3 2.7e+4 1.43e+4
20879 441 10416 1367 36956 14251 5554 12676 9975
I\/Igj Mg Mg t Ca Ca Ca Ca Na Najk
W JEINEN N
(10) 280271 277.983 285213 317.933 393.366 396.847 422673 588.995 589.593

* 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!



Performance With New Library

Sterility DFA Test

DFA Classification Grouped by Species

g Ot:Eco Escherichia TRUE | FALSE |Staphylococcus | TRUE FALSE
el Positive 98.28% | 0.77% Positive 97.75% | 1.44%
o 5 L F serogioss. Negative 99.23% | 1.72% Negative 98.56% | 2.25%
{J Autoclaved E. coli
i  Group Certroid TRUE | FALSE |PSCUGOMONGSIN TRUE | FALSE
Positive 95.36% | 0.33% Positive 99.57% 0.22%
3 Negative 99.67% | 4.64% Negative 99.78% | 0.43%
o | Sensitivity: 98 + 2% Specificity: 99 + 1% |
s
[T
N PLS-DA Classification Grouped by Species
_ Escherichia TRUE | FALSE | Staphylococcus| TRUE FALSE
. Positive 96.55% | 1.12% Positive 96.75% | 1.53%
e ) Negative 98.88% | 3.45% Negative 98.47% | 3.25%
o X, TRUE | FALSE TRUE FALSE
o Positive 97.02% | 0.41% Positive 98.92% | 0.33%
& Negative 99.59% | 2.98% Negative 99.67% 1.08%
5 5 5 0 3 : ; | Sensitivity: 97 + 3% Specificity: 99 + 2% |
Function 1
All external validation results
DFA (by filter) DFA (by species) PLSDA (by species)
above above
Sensitivity 0.93+0.07 0.98+0.02 0.97+0.03
Specificity 0.9840.03 0.9940.01 0.99+0.02

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




New Concentration Study

300000

Calibration Curve

250000

‘q-, -
£ 200000
(-9
: I
£ 150000 i
& PS ¥y ¥
w T
£ 100000 T
= @
50000
0 ;
0.01 0.1
Relative Concentration
Calibration Curve without C247
300000
250000

Total Spectral Power
5 & S
g8 8 8
8 8 8

i

[T "]

Relative Concentration

Previous result

240000

—_
=

- 220000 o
©

N
S
S
1=
=
S
1

180000

160000

140000

120000

Total Power of the Spectrum (

100000 =
80000 ~ 3

60000 f T

O.I 0.14 I 0.I5 l 0?6 ' 0.I7 I 04I8 ' 079 I 1.I0 I 1.1
Number of Bacteria x 7500

5 laser sampling locations

~500 bacteria per locations

Performed with serial dilutions.

“Concentration 1” — harvest entire plate of colonies
off TSA, suspend in 1.5 mL distilled H,0

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, 108/shot
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How unique is “unique”? _oof[A] seenusclasifiatin |\
v We can identify a bacterial species, "’ -
certainly its genus, with high sensitivity and  § |
specificity (confirmed by others). ‘L: ool
v We can differentiate strains of E. coli E ao0]
(demonstrated by others in MRSA). "l

v Multiple multivariate techniques effective at §§8 5T n am @ o wm
discriminating spectra. Fomanant

—_— T ——— 13 species/strain classification
E. cOLI True False E. coLl True False 6.0l B
— — B 1: E. coli 25922
Positive 95.65% 9.17% Positive 89.63% 15.95% B2 £ ool O157-H7
Negative 90.83% 4.35% Negative 24.05% 10.37% 4,00 ;‘*" B3 E coliC
* B 4:E coliHF
#* B 5 E coliK12

STAPHYLOCOCCUS True False STAPHYLOCOCCUS True False

2.00 9: 5. mutans
* 10: S. viridans *

Positive 54.05% 0.51% Positive 86.49% 5.85%
Negative 99.49% 45.95% Negative 94.15% 13.51%
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