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(Broadly) tunable narrow-band mid-IR lasers

QCL: quantum cascade laser, RT: room temperature, LN,: liquid nitrogen cooling, TE: thermoelectric cooling

Laser Wavelength | Tuning Power Operation
[um] Characteristics

CO2 9-11 Only line Watts (1 Operation
tunable

Sb-based

interband 2-53 Few nm > 0mW RT operation

cascade

QCL 4-12, THz | gr :' . >100 mWto W LNo/TE cooling,
L.>  per device also RT

DFG/OPO? 2 _ W ~ um for uW to mW RT operation
specific setup Watts

® DFG: difference frequency generation / OPO: optical parametric oscillator

Examples: PPLN (periodically poled lithium niobate, eventually with waveguide), AgGaSe,, LilnS,, LilnSe;, etc.
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Tunable narrowband mid-infrared lasers

Difference frequency generation Quantum cascade laser

RT 3 17 um broad tunlng TE, 4-12 um, “broad” tuning, compact
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Absorption measurement: Detection schemes
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Human breath analysis
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Concentration range

Molecule

% range N,, O,, H,0, CO,

ppm range CO, CH,, NH; acetone
ppb range NO, VOC’s, ...
Application type Examples

Traditional monitoring capnography

Biomarker tracing NO (asthma),

acetone (diabetes)

Stable isotope tracing

SN, BC (H. pylori), 2H

Deuterated tracers can be used to determine:

» Total body water

» Energy expenditure

» Glucose synthesis rates
» Cholesterol synthesis rates




Deuterated water (D,0O) as non-radioactive tracer

How to measure ?

- Ingested D,O mixes with
water (H,O) in the body 1. D(rjinks
== HDO ),

- HDO measurement in urine or
saliva samples

Our approach:
Measure HDO directly in breath
sample with laser spectroscopy 3. Urine or saliva samples
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Analysis of human breath for biomarkers: D/H ratio

16

I H, O
: m
"\.J_| 8 10‘24 .ll h..llﬁ.ﬁlll‘ ) )
5« 22 _ Simulation
@ L 10 C H.Yo (Hitran
oS - lu 2 database)
SC .q24 | | I i
25 10
:'\;/-g -22 ] | H 180
Rl 7 A 2
28 40 . llll. T I
2 <
3T 107% R-branch, v,-band_ R
S o —
2ok & M
52 10% - . '
S T | CO, I CH,
e _ “‘ | CO | NH3
10-20 ml I Iul IJ | 1 IMI 1 I rrrrprriri I

1000 2000 3000 4000 5000
-4
Wavenumber [cm ]

Laser Spectroscopy and Sensing s ETH Zurich s



DFG spectrometer

Broadly tunable, Mode-hop free, Room temperature

R

@)

Minimum detectable absorption coefficient: 5x107 cm-1 Hz1/2
(few ppm for many compounds of interest)
Laser Spectroscopy and Sensing

1 ECDL, 1520-1600nm
5mw CW

2 Wavemeter for ECDL

9 Nd:YAG, 1064.5 nm,
5 kHz, 6 ns, 300 mW av

14 PPLN, 5 cm, 8 periods

23 Heatable multipass cell
upto35m

21/25 Detectors (VIGO)

Idler: 150 uW av.

2817 - 2920 cm™ (29.5 um)
2900 - 3144 cm™ (29.9 um)
Step size 0.002 cm?!
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“Timetable” — Tuning of DFG spectrometer
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-4 M. Gianella
h R A [4; et al.:
/TR<AR> Appl. Opt.
W —— 50 (2011)

About 4 cm /min with a resolution < 0.02 cm (600 MHz)
Fully automatic scan over 250 cm in 1 hour, no manual adjustments
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Cell specifications

* max temp. 723 K
« 2.0 liters volume, variable pathlength from 9 to 35 m
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Time-dependent measurements after heavy water intake

15x10”? ——1——r—— 71— —1—7
:E;poarf cl‘)bé)e?r:tgke: 15226::16': taJ;—teeartgzo intake: :
Delta value 6D in %o I i ety ]
— 10 % —
D/H —D/H é’ : ,- S(zg) ‘ gac)) :
SD= sample standard % 1000 8 [ E ;Vg-band \;)and:
D/ Hstandard = =L { i
2788.8 2789.2 2789.6
Wavenumber [cm'1]
1000
8 e /
= S0 Half - life = 7.2 days
8 600 Total body water:
(U -
3 4001 N TR = D0 M _ 105 1e
E I — - 3
- 200 L 5 mL DZO é‘*Rstandard
f | Intake = 53.1%of 72 kg
O | y N 1 1 1 1 1 I 1 1 1 1 1 I
0 7 14
Time [days] R. Bartlome et al.: Opt. Lett. 34, 866 (2009)
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Surgical smoke: /n vivo studies

Smoke produced during minimal-invasive surgery with electro-knives or lasers.
Smoke samples are taken at the hospital, collected in Tedlar bags, followed by
laser and FTIR spectroscopic analysis in our lab

N

e
y
- \% g
5
o

Photo of electro-knife , o , __i»
"\ S vessel sealing device
‘ ) ™~ (LigaSure)
Collaboration with |
University Hospital Zlrich ~ smoke + co,outlet
(Dr. Dieter Hahnloser) '
. / N Abdominal cavity
M. Gianella et al.: Appl Phys. B 109, 485 (2012) filled with CO, &
M. Gianella et al.: Innov. Surgery (in print) )

Laser Spectroscopy and Sensing ETH Zurich  m——




Absorption ranges of species found in surgical smoke
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Spectral analysis
of surgical smoke

Measured spectrum
with DFG spectrometer

Principal Component
Analysis (PCA)

with improved
Mix-Match Algorithm
and PNNL database

M. Gianella et al.: Appl. Spectr.
63, 338 (2009)
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Spectrum of sevoflurane vapor (anesthetic)

not contained in PNNL database, recorded with DFG spectrometer
(250 ppm, p=950 mbar, T = 25 °C)
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Substance Crrvin REL
ppm ppm

Substance Crrin
ppm

Detection limits (c,,,,) and recommended exposure limits (REL)

Substance Cmin REL
ppm  ppm

(Cyclo) alkanes, -enes, -ynes
methane 1.0 10000
ethane 1.0 10000
propane 16 1000
butane 2.2 800
pentane 2.1 600
hexane 2.0 50
octane 1.4 300
nonane 11 200
decane 0.9
undecane 0.8

ethylene 5.0
1,3-butadiene 18

hexene 3.8
cyclohexane 0.5
cyclohexene 14

Amines
methylamine
dimethylamine
trimethylamine

=) Many

Nitriles
acetonitrile 32
acrylonitrile 150

(Cyclo) alcohols

methanol 7.8
ethanol 6.9
propanaol 4.5
isopropanol 3.0
cycohexanol 12

Aldehydes
formaldehyde 0.78
acetylaldehyde 50
benzaldehyde 15
acrolein 65

Carboxylic acids
formic acid 7.7
acetic acid 32

can be detected below REL if present in surgical smoke
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Inorganics

hydrogen chloride 0.92
nitrogen dioxide 11
water 450
hydrogen fluoride 0.0001

Aromatic compounds

benzene 8.7
m-xylene 1.7
o-xylene 7.6
p-xylene 6.5
styrene 11
toluene 8.8
furan 130
pyridine 12

Others

acetone
dichloromethane
nicotine
sevoflurane
ammonia

carbon monoxide




Chemical composition of in vivo samples

Gaseous component Average REL Detection limit
concentrations | Recommended
Exposure limit

Water vapor (H,O) 0.7% 120 ppm

Methane (CH,) 2.3 ppm 10’000 ppm 0.3 ppm

Ethane (C,Hy) =1 ppm 10’000 ppm 0.3 ppm

(3 of 16 samples)
Ethylene (C,H,) = 8 ppm 10’000 ppm 2 ppm
(2 of 16 samples)

Carbon monoxide (CO) 2 ppm 30 ppm 0.25 ppm
(Diode laser 2.3
pm)

Sevoflurane (C,H;F-,0) 60 — 450 ppm 2 ppm 5 ppm

(anesthetic gas)
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Diabetes as a human metabolic disease

« Patients need to measure the blood sugar level several times a day
* Glucose level of a healthy human: 65 — 120 mg/d|
« Common blood sugar measurements are invasive

Glucometer >
Test strip

\\V\\\‘ /
/

Lancet device

Blood sample

 Goal: Development of a non-invasive glucose sensor based on
mid-IR laser, photoacoustic detection and glucose monitoring in
Interstitial fluid through skin
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Glucose sensing technigues

Glucose measurements

v v v

Invasive Non-invasive Minimal-invasive
Pricking Implanted Optical Non-optical Micro-needle Laser induced
(blood sample) sensor techniques techniques technique micropores
Contin Single Fluorescence
-uous Spectroscopy i l i l
Reverse Ultrasound Bioimpedance Urine Test
iontophoresis Spectroscopy
Amperometric Viscometric
Sensor Sensor
Photoacoustic Polarimetry Raman Diffuse Reflection .
v v C. E. F. do Amaral et al., Med. Eng. Phys. 30, 541
Optical coherence Absorption Thermal emission (2008)
tomography Spectroscopy Spectroscopy
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Interstitial fluid glucose sensing

MIR light: Strong glucose absorption, less interference than in NIR
=> Opt. penetration < 100 pym
=> blood vessels are not reached

Epidermis: => Glucose diffusion into epidermal interstitial fluid
=> Correlation with blood glucose
=> No glucose in the stratum corneum

QCL and . sensitive technique with potential for miniaturisation
PA technique
Thickness Skin layer Water Glucose
[mm] [9%]

Diffusion of glucose

Capillaries

2—-4 Subcutaneous tissue =60 Interstitial fluid

Blood vesse
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Photoacoustic detection: Indirect PA signal generation

v
A
A

-
<«

___*_

Modulated laser beam Gas-filled PA chamber Sample Backing

Gas piston model

I IntenSity modulated with frequency f Case  Length ratao Charactenstics Approx. PA sagnal amplitude
1
U = Ds g with D = thermal dlfﬁlSlVlty 1 Hg & lig 3= I Opt. and therm. thin (1 —rlaf{pg ik IF
§ § 2 g = g =1 Opt. and therm. thin (1 —ilal(py ik IF
| 1 Hg &= = py Opt. thin, therm. thick — 1 gl gl o WF
. . . 1 g = Opt. thick, therm. th {1 — ol ke g, WV
4, =— with a = absorption coefficient e e i s
@ & Umuow O amithemihek  imemoP |
F depends on cell and coupling gas parameters
P piing gas p A. C. Tam, Rev. Mod. Phys. 58, 381 (1986)
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Photoacoustic detection in skin

I
Case 5 (us™> pa):  Soc—2
V-f
l,-a : .
Case 6 (ug < ) | S V?f” —»  f>50 Hz for epidermis, f > 200 Hz for water

—_ p_in water — H_ In epidermis

]

-

5

— H in epidermis

— M in water

-k
(=]

<—- Optical penetration depth M [am]

<—— Thermal diffusion length p_ [um]
<—— Thermal diffusion length p_ [um]
=)

© < Optical penetaﬁon depth y_ [um]

: j 0 100 : 00
10° 1 01“ 10 10° mL
Modulation frequency [Hz] Modulation frequency [Hz]
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Setup with
EC-QCL
and fiber-

DL Coupled PA
cell
= :
B T LOCK-IN Preamp A
— =
200__;;;:;;;;;551; ----------------------------------------------------------------------- ~0.15
s Power QCL 2
= Power CO2 laser [ 20
160 | e 4 g/dL glucose spectrum 1012
=120 0.09 §
Glucose spectrum £ )
and QCL tuning range £ w on

D 1 1 1 0
825 950 975 1000 1025 1050 1075 1100 1125
Wavelength [cm™]
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Fiber-coupled PA cell

with N, ventilation and relative humidity monitoring

< Silver halide fiber

Airoutlet

— N,inlet

Copper block:

Connector 35x 25 x4 mm

RH-T sensor

Microphone
Conical shaped PA chamber

Pressure seal
Volume: 35 mm?

Modulated beam

a) Sample

Epidermal skin sample

Human skin

=S ———
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Glucose detection in aqueous solutions and gels

1.07 T T . - T . -
FTIR glucose spectrum
106 |——PAsignal @ 1033 cm’ QCL
. - >
- - -PA signal @ 942 cm’" 0.15 | — 4 g/dL glucose
1.05 =2 g/dL glucose
=1 g/dL glucose
0121 —— 0.5 g/dL glucose
= 1.04 —— (0 g/dL glucose
=1
:_'; 8 0.09}
c 1.03 B
& 1.02 = 008y
‘ CO, laser
1.01 008

Wavelength [cm™]

} % % % } E 0 950 1000 1050 1100 1150 1200

0 100 200 300 400 500 BOO 700 BOO 900
Concentration [mg/dL]

- Detection limit: 30 mg/dL for a SNR=1
- From FTIR spectrum: Glucose absorption peaks at 1034 and 1080 cm?

J. Kottmann et al., Rev. Sci. Instrum., 82, 084903 (2011)
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Aqueous glucose solution: Mutorotation

14 1 ' | ! | ) 14
13_ .............................................. _13 Tlme dependent
CH,OH N Lo spectral changes
12} 0 vl om o, ou 412  of a-D-glucose
H H H H .
H HO—— 1 powder dissolved
M INS® = H——on "/ 1 inwater due to
HO OH HO Mutorotation
10 i CH,OH H 110 e
OH OH Equilibrium in water

: _ __ _ EC-QCL tuned in
........ \- : . Ogcm-lsteps
3 3 ' 3 ' | with external grating

PA signal [arb. units]

—— Immediately after preparation
6L --= 30 minutes later
- = -2h 30 min. hours later

4 ] | | | ] | | | 4
1010 1018 1026 1034 1042 1050 1058 1066 1074 1082 1090
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L I — = Glucose in keratinocyte solution
N | | _ (measured with flow cell and diamond)
__vomsy 1075 Normalized PA signal of keratinocyte
5 solution with stepwise increase of
@ Mo 10 glucose concentration
z Y
rost 1 025
10 [ . . 1 112 .|
@'Iﬁ? EI? NPAS d t d
) glucoseuégr?cst;ri?;:zﬁ nerease
0'9750 é 1I2 1l8 2I4 SIO 3‘6 4I2 4IB 5I4 6(? 975 M
Time [min.] * Relative PA signal
_ 1.081 1
z
3
< 1.06
o
% 1.04
Normalized PA signal at 1034 cm?  © ., _
vs glucose concentration in agqueous
solution (cf. physiological range: 30- 1 ;
500 mg/dl) | | | | | |
098 025 05 o075 1 125 15 175 2 225 25

Concentration [g/dl]
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Glucose detection in epidermal skin

In vitro measurements In Vivo measurements

Stratum corneum

Epidermis

Glucose diffusion

—) <=

i

<

Glucosesolution Blood vessels

The epidermal glucose concentration is altered through passive diffusion

Diffusion out of the Diffusion out of the
glucose solution blood vessels
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Diffusion process of glucose into epidermal skin

6.6

| 2}1 |
6.5 &3 A
3}1 r‘“"r: 1g/dL
E_EM \ | glucose
- 2 1 .
- Increase
67 &8 B2 7O l W

6.4
% 5% &6 v
— 6.3
o
= 1)
=2
» 62| Aty
< fal'ls«
o
6.1

6 rqw |
59 1 1 1 1 1 |

50 53 56 59 62 65 68 71 74 77 80
Time [min]

J. Kottmann et al.: Biomed. Opt. Express 3, 667 (2012)
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In vitro glucose detection in epidermal skin sample

7.6

< PA signal _
LinearfitR2=0_978 R o AR

~
~
T

Measured at 1034 cm-1
with 32 mW average
power

PA signal [mV]
-\l
)]

500 1000 1500 2000
Concentration [mg/dL]

- Detection limit = 100 mg/dL for SNR = 1 (physiological range of 65-120 mg/dL)
- Linear dependence from 0 — 10 g/dI
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In VIVO measurements at the forearm

Fiber connector Fiber RH sensor cable

Microphone cable PA cell Fixation bracelet

J. Kottmann et al.: Sensors 13, 535 (2013)
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In vivo glucose measurements
Oral glucose tolerance test

Measurement 1 Measurement 2
| -® LY |
| -.. LY 1
-® *

13.25 200 ? . .
) 13 : Y 51?5%
13.2} 175 © Y _ | o
= % = " J - %
E 13.15 1150 :—Ei .512'9' :' | , 5150%
: = E ‘ 5
® 13.1 l105 £ B | . 8
< & s < 128 % 1125 §
o ] o '] ‘ﬁ | @
13.05} 100 8 . . | 8
" O L | O
= * *e | =2
S 12.7 e ‘e 11000

13 75 ‘%

0 15 30 45 60 75 90 0 15 30 a5 60 75 %0
Time [min] Time [min]
— PAsignal - Invasive — PAsignal - Invasive
Corrected for RH & T variations, sensitive to arm movements
Qualitative correlation between Not always clear correlation
invasive and non-invasive between the invasive and non-
g|ucose measurement Invasive measurement
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Detecting cocaine in drugged drivers today

collect
Saliva

Stopping car due
to initial
suspicion

checking for drugs

Negative: driver

continues Positive: driver needs to

provide a blood sample for
lab analysis

Problems

» relative high false positive/negative outcome (Wille et al. For. Sci. Int. 2010)
m) - No quantitative result on the street (no risk assessment)

« Second expensive analysis necessary
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Optical detection method for cocaine and metabolites in body fluid
Attenuated Total Reflection (ATR) Spectroscopy

evanescent wave sample on crystal surface
S L G S G G S S S TR
incoming / . \ outgoing
light FTIR or QCL ZnSe crystal from ATR unit light
. . « Cocaine is metabolized in the body
enzoylecgonine _
X, Norcocaine  Cocaine and metabolites are In
CH, A i
r{ COOCH, /er Sallva
B:& Methyl Ester o Some metabolites are more toxic
Wahati and longer active than cocaine itself
Cocaine ) )
hen  Ratio between cocaine and
smoked \'“‘ alcohal metabolites varies => necessity to
Anhydroecgonine measure cocaine and metabolites
Methyl Ester Cocaethvlene

for quantitative results
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FTIR-ATR cocaine spectra, role of interfering compounds

'''''

A ,/J' oo AN ] Street cocalne

f
' H'I f |||
I| ll.-"'l Yil }Jlﬂ |Iu||“lﬂ'u

|
|
\ A U\
O’ \""‘"\"r-‘wj v

1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber [crn'1]

......

o

o
Cocaine peak

S

In TCE, dried

|1

\| Pure cocaine

« Cocaine absorption peaks: 1720 and 1750 cm, around 1280 cm-!

» Lactose and Mannitol: 1200 to 1000 cm™ : Natron around 1350 cm-!

« Caffeine between 1710 and 1200 cm, 1st caffeine peak interferes with
2"d cocaine peak

Hans et al.: Drug Testing & Analysis 4, 420429 (2012)
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Taking of samples

Saliva yields high background signal == EXxtraction
Into less absorbing solvent: tetrachloroethylene (TCE)

— Q
i Spike saliva

with COC or

metabolites / I

\
15t comparison i 2" comp. D ! i saliva phase
specimen specimen | ; | selvenfadine:

Extraction process

Collect & filter
saliva (filter
0.2 um)

l' u concentrated

buffer
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One-step extraction improvement of SNR

Extraction solvent: 0.8

Tetrachloroethylene (TCE)

0.7F
Saliva

85 pg/ml

0.6t
Absorbance of filtered saliva |
subtracted from spiked saliva

AV 4

o
)

 Saliva 8.5 pg/mi

]
T L WY Ly

P - )

| Extract
85 pg/ml

Absorbance
o o
[#4] i

o
A

: 0.1F Extract
) xirac
Spectra of extracts (no subtraction 8.5 pig/ml

necessary) Q e J
1

Wavenumber [cm‘1]
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FTIR-ATR results: Extraction efficiency
Tetrachloroethylene (TCE) as extracting solvent

Absorbance

A

Wavenumber [cm_1]

Laser Spectroscopy and Sensing

1800 1700 1600 1500 1400 1300 1200 1100 1000

Extract from saliva
spiked with street COC

Extract from saliva
spiked with pure COC

TCE directly spiked
with COC as reference
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Calculated vs initial COC concentration in saliva

+ Reference
x Extract

o))
o

$))
o

1 * 6 test persons

(age 27 — 64)

1 * 29 extractions

« Extraction
efficiency: =100%

e Current LOD:
=1 ug/ml
(no preconcentration)

N
o

N
o

E
S
(@]
S
c
S
T
—
o
$ 30
2
o
o
©
-
3|
4]
o

—
=)

0 10 - 20 30 40 50 60
initial concentration [pg/ml]
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Beam Splitter

QCL transmission studies

Reference Beam

Sample Beam

h

IR Detector ﬁ

QCI passes either trans-

ATR unit/
Transmission cell

Measurements of
reference beam and
sample beam at ~1750¢C

Transmission cell:

NaCl windows with NOA
channels and Teflon tubes
for sample inlet

Channel thickness: 1 mm
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m-1|R Detector

mission cell or ATR unit
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Quantum cascade laser (QCL)

K. Hans et al.: Proc. SPIE 8591, 85919F (2013)
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Conclusions

* DFG for isotope ratio determination in breath
Enhanced D/H ratio after ingestion of 5 ml D,O (for weeks)

* DFG for analysis of surgical smoke
guantitative in vivo studies, identification of several gases
Incl. anesthetic sevoflurane) at ppm level

« QCL and PAS for non-invasive glucose measurements
In vitro: time-resolved diffusion of glucose in skin samples
IN Vivo: promising results, stability, sensitivity ??

 FTIR-ATR and QCL detection of cocaine in saliva
Extraction, ug/ml sensitivity with compact system
Stability, sensitivity ?7?
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Outlook

* New laser developments

ICLs, Pb salt VECSELs
Frequency combs

* Detection schemes
Integrated devices
Combination with microfluidics

Microfludic chip Transmission cell

£ ..

Quantitative analysis for
cocaine on a microfluidic chip

* New application areas

L\' r 1.55 um pump diode

piezoelectric crystal

Si/SiO movable top mirror
50-100 pym cavity length

IV-VI active layer

IV-VI bottom 'front' mirror

mid-infrared laser output

A=3.4 um, Tuning range: >70 cm-?
Pulse power: 10 mW,, Duty cycle: 0.5%

Collaboration: phocone, Funding: KTI

Field & POC measurements, lab-on-a-chip
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Assignment of the vibrational absorption bands

Table 6.1 - Assignment of the vihmtional absorption bands of the measured FITH transmission and ATR spectra of the
investignted samples (i.e., kerntinocyte solution Fig. 6.14, epidermal skin sample Fig. 6. 1% and éir oo Fig. 6. 170 The assign-
meent is based on the references [138, 151, 182]. Used abbrewiations: v = very, 58 = strong, m = medium, w = weak, sh =
shoulder, br = hroad, § = deformation @ = wagging, v = stretch and %= ancertnin.

Freguency [em ™ Assignment Keratinocyte solution Epidermal sample  fa vive
ST unkmnown = w =
1HES v skeletal ci= conformation = =h i
1047 wi-CFP sh,w =h i
1077 vil () skeletnl frare conforemation T T w
10&d l.-I;F'II.'.IH F VTN TR RLFIE m m w
1114 wiCC) skeletal frams conformation ah zh w
117 wter w-0) psymmstric = w w
12244} WP, b asymmetric s ? 7
1245 ViCN) amide 111 7 i i
1254 AICHab - I w
1343 T Hzb - Y W
PETEN AICICHgz g ] symmetric m m m
1455 AICHg} asymmetric T m m
1545 SINHY and wCR) amads 1T wE wE =
i6dd) AlH 20 bending wE wE =
165 il =0 mmiede T wE wE =
174400 Wi =8 lipid 2 w W
g A # vy (Ha b eombination = mi, br w, hr
Z851 WiCHa b symmetric w m m
Z874 WiCHy b symmetric w w W
ot E WiCHo b asymmetric m m m
E5T WiCHy b asymmetric m m w



