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Outline

Elements of an Optical Biosensor (very basic principles)
Immunosensors: Principles
Landscape of optical Readouts

W N

Examaples of some Techniques and Applications

- Lateral Flow Assay (LFA = Strip-Test)

- Scanning Confocal Fluorescence Spectroscopy (SCFS)

- Diffusion Analysis with Fluorescence
Fluorescence Correlation Spectroscopy (FCS)
Fluorescence Polarisation Analysis (FPA)

- Integrated Optical Sensing (Labelfree detection)
Different concepts of grating couplers

5. Conclusions
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Elements of an Optical Biosensor

* Biological system (fish) reacts to an environmental parameter (poison)
» The reaction is detected by an optical set-up (light barrier)

=> Light interacts with the biological system (light barrier is disrupted)
=> [nformation about the biological system is stamped on the light

o Light will be analyzed => information is transferred in an electronical form

» Data is analyzed and transfered in a user-friendly format (bell rings)

@ |
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Requirements on the Biological and Optical Systems

The ,reaction” of the biological system to a target should

 occur with only a single ,type“ of target => Specificity
,‘  be induced by a small stimulus (concentration) => Sensitivity

 easy to be detected => Sensitivity

» have reproducible features (long term stability) => Robustness

The optical system should response to

» small changes in the biological system => Sensitivity

* a single parameter of the bio.system (no cross talk) => Specificity
Statistical definitions of Sensitivity / Specificity:

# pos. detected Samples / # true pos. Samples => Sensitivity

# neg. detected Samples / # true neg. Samples => Specificity
4 Ch. Stamm, 17. 3. 09
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Biological ,,sensing elements*

response size specificity

Organsim behaviour

‘ Cell shape
Y<¢> antibody binding

(builds complex
with target)

mu.u_ DNA- fragment  binding

(oligonucleotids) (builds complex
with target)
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Immunosensors: Principles

|. Detection of an Antigen with an immuno-sandwich:

false positive result
(=>reduced speC|f|ty)

b &

’u’YYY Y

labeling (dye, mass, beads,DNA...)

detection antibody (second Ab)

S (Readout)

TARGET: Antigen
capture antibody

glass, plastic

Il. Detection of an Antibody (immuno-response):

false positive result

(=> reduced specifity)

) L
A

- >
v

A

45

Fa

/Q

<~

labeling (dye, mass, beads,DNA...)

secondary antibody (against target-Ab)

TARGET: Antibody

antigen (parts of antigen)

glass, plastic

A

Optical Biosensors — Concepts and Applications

p © (Antigen)

S (Readout)
A

> ¢ (Antibody)
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Immunosensors: Principles

lll. Detection of an Antibody (Competition format):

S (Readout)

A TARGET- Antibody ( A)
displaces (= Competition) }f
ég )g‘ labelled detection Antibody ( )
> c (Antigen)
(weakly bound before to the Antigen)
IV. Detection of an Antibody ( in solution):

(artificial) Antigen (&)
S (Readout)
A induces a polymerisation (aggregation) A
of the
A TARGET- Antibody [ A )
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Kinetics of an immuo reaction (elemantary case):
Equilibrium Reaction: Ab = Antibody; Ag = Antigen

[Ab] [Ag] «—  [Ab,Ag]= % = Immunocomplex

koff
d/dt [Ab, Ag] = k,,, [Ab] [Ag] — K¢ [Ab,Ad] Kp= ----- characterizes the ,,strength® of
Ko, the Ab-Ag interaction (Affinity)

0 for equilibrium

c(complex) / ¢, =>technical READOUT (Output)

small Ky
1/2 low affine Ab e
high affine Ab  Nigh sensitivity
Technical
detection limit
_// c(free Ag)
>

First posibﬁD
diagnosis 8 Ch. Stamm, 17. 3. 09
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Landscape of Optical Readouts

lllustrated with the detection of Antibodies

Configuration Optical Read-Outs:

Labelfree Labeled Labelfree Labeled

Waveguides Fluorescence
Plasmon resonance Chem.lumin.
;\;\ $ Reflectrometry FRET
+ | Spectroscopy Quenching

surface (waveguide) | plastic plate Absorption

on surface

(immobilized)

Fluor. Polarisation

in solution W % Visible by eye (FPA)

(homogenious) Light scattering

20 %@ _ Fluor. Correlation
% Absorption (FCS)
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Principles of optical interactions => Readout-Techniques

1. Absorbance

coloured beads, Example: Lateral-flow Assay (BSE-Test)
surface plasmon resonance (SPR) Examples: see www.biacore.com
spectroscopy (UV, Infrared) Examples: see www.micro-biolytics.com

2. Fluorescence => intensity, polarisation, quenching, lifetime

dye-labelled ,tracer*” Examples: Scanning Fluor. Spec. (SFS)
(Antibody, peptide, DNA) Fluor. Corr. Spec. (FCS)
antigens or DNA Fluor. Polari. Analysis (FPA)

3. Speed of light => refractive index Examples: Grating couplers
integrated optics => waveguides Interferometers

4. Light scattering => Shape of molecules defines the pattern of scattering
Examples: see www.ap-lab.com
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Example of Absorbance Readout: Lateral flow Assay
Detection of missfolded Prion Proteins (PrP) (related to BSE = made cow desease)

Controlline
Testline

Strip
(paper of nitrocellulose)
=> Lateral flow Assay

Immuno Sandwich

negativ positiv

Latex or gold bead => Absorbance

11 Ch. Stamm, 17. 3. 09



13th SSOM Engelberg Lectures on Optics, March 2009  Optical Biosensors — Concepts and Applications

Human readable signals

The result is clear-cut:

<+ Detection of a BSE case on strip F

Strip E: Control=3903, Test=6568

250
200

150

100 - TN,
5uj \ — ‘
0 100 :

Ul

one line means BSE negative

two lines means BSE positive
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Automated readout for High troughput

1. Assay in 96-well format: 2.Electronic read-out with a Scanner

Comh# 1 2 3 4 5 6 7 ] 9 10 1n 1
..__m'__ Tatr el b = o I;m I. L e
A 0 OfB8 Of o o o o
B7. o 0 0 0o o 0
Ceat el s T i s e Ti [+
c o o o o o o o 0
. i nn s T2 e 50 1% 4
D7 o o o 0 0o o of o
EY. 0 o 0 0 0 o
F. o o 0 0 o o 0 o0
 Conk nG 50 iz s 268 s *n am
Go o o 0 0 o o o 0
- ws| a4 7350 m ] 0 ol
He o 0 0 o 0 0 0 0
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Example of a fluorescence based readout (Intensity)

labeling = fluorophore = dye
10..30 nm detection antibody (second Ab)

TARGET: Antigen

YYYYYY

glass

<«

Requirements on an efficient sensitive readout:

Reduction of background signals produced by molecules in solution
Reduction of background signals produced by illuminatation of the target

Strategies: Confine the region from where signals are detected.
Separate illumination and emission by different wavelengths

14 Ch. Stamm, 17. 3. 09
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Fluorescence

Energy

A dark Transission

Excitation \k detection (Photomultiplier)
Excitation: at a ,short* wavelength
/\/\/ Emission: at a ,longer* wavelength

Principle:

xab Aéw
» time
T 5x10°s
wavelength shift (stokes shift)
. 2000
I // [ spectral window Realisation in Practise:
l%plzsg@g nm)—/ (645-690 nm)

1500

Separation of the light
of excitation and emission

1000

| , \// |

500 600 ' 700 15 800 Ch. Stamm, 17. 3. 09
wavelength / nm

arb. units

N
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Focusing into the region of interest

Region of interest

>

il

6 um

Immobi
lization Shape of the laser beam
chemistry and antibodies are not to scale

(Hight of an antibody is about 12 nm)
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Confocal set-up

signals comming from the region of interest are detected only

light source image detector

(fluorescence labelled molecule)

—
-~
% | % —

A

lens pinhole lens
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,LOversampling“ by Scanning an area (1000 Samples / mm)

6 um

Il mm-i’lurmwwum
%-O
B
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Realisation of the confocal optical set-up

Laser focus Raw data:

180 . , . ,

Sample

Cover slide

120 -

Ohjective

photon counts

60 -

0 3 6

Messposition / arb.units

R Detection limits

Emissios filter :
Computer

e
== I
i

Lens

Dye: 10" M
Antibody 10°M

AP

‘Ld"/_ ‘-.-:;.l&h o
Optical Fiber
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Enhancement to two wavelengths (Correlation)

Sumple

Cower slide

Cibjective

Beam expander

Dicroic mirmr l
[Mcroic mirmor % ; "
M [ I i
o 3 = - / Alirmor ’
: i r Spatial filter
o . Computer
i

"

Emission fiker AR

Lens

Crptical fibre
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Detection of an immuno sandwich with correlated signals

I ' I ' I ' I ' I ' I
100 -
80 | —
u
S 60} _
(@]
o
[ - 4
9o
o
20 -
i Ik WWNWNWV«J\AANW\/\«/\
1 N 1 N 1 N 1 N 1 N 1
6119 6120 6121 6122 6123 6124

position / arb.units
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Results:

225000 — T

200000 - | Signal reduction due to

175000 w high number of peaks
% (peaks cannot anymore
o 150000 + \ be discriminated)
f, 125000
S
8 100000 + T
(Al
5 75000 - // I I
E d I
@ 50000 - - I

25000 — I
0 | | | | | | | | | '%l
Y . e

\% . . D> O [ o . .
R R T SR RS */‘}Zs@“eg“ow‘“

. . . Dilution of BSE Brain Homogenate
Limitations:

* Reproducibility (inhomogenities of the surface)

» Unspecific Signals (unspecific binding of the secondary dye-labelled antibody)
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Diffusion Analysis with Fluorescence in Diagnostics

-> Antigen (fragment) labelled with a T
fluorphore (dye) => Tracer -~

-> Binding of the tracer to the antibody $ i'
(to be detected) occurs in solution %
(homogenious Assay) %‘ %‘

— T

-

Read-out:

Analysis of the Brownian motion (diffusion)
of the Tracer (small) and the Tracer-Antibody (larger) Immuno Complex

=> Small particles are faster than large particles
=> The free Tracer is faster than the Immuno-Complex (Tracer-Antibody)

23 Ch. Stamm, 17. 3. 09
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How we can measure the speed of motion ?

$rr::ﬂ

Translations:
V=AX/At

Rotation:

o =A¢p /At

Concepts of Measurements:

Ax is fixed, At is measured => Fluorescence Correlation
Spectroycopy (FCS)

At is fixed, A¢ is measuerd => Fluorescence Polarisation
Analysis (FPA)

24 Ch. Stamm, 17. 3. 09
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Principle of FCS (Correlation Spectroscopy)

lllumination (and detection) of fluorescence-labelled molecules in a very small
volume (in a confocal set-up) (,Ax is given*).

Diameter of the focus A

Diffusiontime 1 (At) through the focus of a

laserbeam is measured.
(tp correspond to the time beeing in the focus)

Relation to the geometry of the Tracer / Complex

r = radius of Tracer /
A 17 Immuno-Complex
T = Temperatur [T] = K
T A = Diameter of the focus
n = viscosity of the buffer

Tp &

=> Diffusion time is related to the radius
of the Immuno-Complex

25 Ch. Stamm, 17. 3. 09
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Measurement of the diffusion time

Fluorescene-labelled diffuse in and out
of the focus:

T e => Noise of the intensity is analyzed
=> small focus volume /

low concentrations result in

high noise of the relative intensity.

e © (good results for few molecules in the focus
e ® o (10-50 molecules)
0o o O O/ o => Analysis of the noise is done by an
. ® “.. WMM Auto-Correlation of the Intensity:
° o ©
°
Q
Pt (10 1(t+ 0)d
. > t (t) . (t + T) t
[
_ 0 _
G(r) = - > 1

j | (t)dt
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Normalized Autocorrelation of the Fluorescence Intensity I(t)

3 4 5

10 10

A —
Autokorrelationszeit t / us

=> Diffusiontime 7
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Results: Different ratios of Antibody (target) to Tracer

0:1

0,33:1

1:1 T

3:1

10:1 N\

30:1
] Ratio

Antibody:Tracer
] concentration
10* 102 10° 10* 10° 10°

Autokorrelationszeit t / ps
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Principle of the Fluorescene Polarization Assay

Energie
Intervall of time is given by the A
lifetime of the excited state of the

fluorescene dye (At is given).

Measured is the angle of rotation
(A®) of the molecule in the given
time intervall At

strahlungsloser Ubergang

ab A

em

p Zeit

Relation to the geometry of the
tracer /complex ;

~

o At y T r = radius of the tracers / complex

A¢ 3 T = temperature
77 I n = viscosity

29

At=5x10°s

12000

10000
8000 -

& 6000+
o

4000 -

2000 -

L L L L L L L
10 15 20 25 30 35 40 45 50
t/ns
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Measurement of the rotation angle:

IS based on the polarization of the emitted light:
Model experiment:

N&N
1) Single fixed molecules: % E i
At
2) Single free molecule (in solution): ﬁ
fAto

3) Many free molecules (in solution): E

=> Emitted light is partially depolarized

30 Ch. Stamm, 17. 3. 09
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Measurment of the degree of polarization

- Unpolarized light => =1,
Polarisation-Filters Detectors |
- parallel polarized light=> "1 —

@ @ - Def.of the degree of polarisations
- po
R
A

Common units: 1 P = 1000 mP (Millipolarization Units)
31 Ch. Stamm, 17. 3. 09
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Dynamic range of Polarization values

Degree of polarization of stationary but randomly oriented fluorescence dipol moments

Polarisation of excitation

~""angle distribution of | |

" “excited-dipol moments T
1., ;
0.8.]
E':“' Polarisation filter
02, perpendicular to Degree of polarization for free
0 polarisation . )
] of excitation rotating dyes (typically)
.4
1.6 .
08 Detector P min — 002
KW

|, #0

=> Rather small dynamical range (500 times the resolution of precise FP-Reader)
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Instruments:

1) 96-well reader (e.g. Tecan GeniosPro):
(automated injection of buffer and tracer):

2) Single-well, handheld instrument FLUPO
(PDA driven, no moving parts) ZHAW-prototype

33 Ch. Stamm, 17. 3. 09
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FPA in diagnostics: e.g. Detection of Antibodies

Artificial antigen (peptide, sugar, part of a bacteria etc) is labelled
by a fluorescence dye = Tracer

D =Tracer @ Tracer+ Y Antikérper = Y Immunkomplex

slight and small” molecule (dye labelled)  big and heavy* molecule (dye labelled)

=> fast rotation => unpolarized light => slow rotation => (partially) polarized light
Negative Probe Positive Probe
=unpolarized light = (partially) polarized light
= 70 mP (typical) — 300 mP (maximal); 130 mP (typical)

34 Ch. Stamm, 17. 3. 09
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Example 1: Detection of Brucellosis (in bovine sera)

Brucellosis = bacterial desease in cattle, sheep, dogs (human)

N neg

l) 30
®© n= 247
£
C 504
@©
s Yx
3 N
= N\ S
g 20+ §
N\

7 6 5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10

Difference to negative Control
100 % Specifity

35

Number of animals

7z

Y pos

0+ n= 156

difference to negative controle

98% Sensitivity

Ch. Stamm, 17. 3. 09
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Tracer Development: Influence of the linker (dye labelling):

AmP - Werte / mP

160

140

120}

100

80 F

60 |

40 F

20

AmP in dependance of the antibody excess

TMR-FLAG 5 nM

TMR:iLinkertFLAG 5 nM

1:1

0,33:1 Verhaltnisse AB zu Tracer

2 4 6 8 10 12

Konzentration AB ¢ / mol It

36

3|
o
30:1
- AB = anti-FLAG
. antibody
14 16
x10°°
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Tracer Development: Influence of the lifetime of the dye

500 r
t=5ns
450 } §
=10 ns
400 } T 4
AmP
350 B T = 30 ns -
n_ /
£
— 300
S
‘= 250} .
]
0 t=100ns
5 200} /
©
Q 450} i
100 | —__:33_0_2.3_.—-
50 £=1000ns 7
0 '] ']
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
3 -1
T molares Volumen / m " mol
*
20 kDa 150 kDa
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Optimized lifetime of the exicted state

opt
A Calculated for a typical immuno-
320 - assay, i.e., detection of antibodies
300 |- Tracer my= 2 kDa
Immunocomplex my =152 kDa
280 |— (Antibody + Tracer)
£
4 260 [
240 |— ~ .
\/ My - My
220
200 I I I I I I >

0 2 4 6 8§ 10 12 14

Fluoreszenz-Lebensdauert/ ns

38 Ch. Stamm, 17. 3. 09



13th SSOM Engelberg Lectures on Optics, March 2009  Optical Biosensors — Concepts and Applications

Features of an ideal tracer for FPA (and FCS)

« High affinity to the ,target* (antibody) => Sensitivity (K, determines the detection limit)
* No cross reaction with other molecules in the sample => Specifity
 Small mass (relative to ,target) (FP: free tracer should depolarize the light)

» Dye should not distrub the binding process; Binding should not disturb the fluorescence
mechanism (quentching!)

 ,Good” fluoerescence features
- Brightness is essential for working with low tracer concentration => detection limit
- Optimized lifetime of the excited state is essential for broad dynamic range (FPA)
- Rigid binding of the dye to the specific part of the tracer => no propeller effect (FPA)

Development of an FPA (FCS) & Tracer Development
Tracer Development for FPA is more ambitious than for FCS
Instrumentation for FPA is much simpler than for FCS

39 Ch. Stamm, 17. 3. 09



13th SSOM Engelberg Lectures on Optics, March 2009  Optical Biosensors — Concepts and Applications

Integrated Optical Sensing: Detection Principles

& 5 & &
Label-Free / B o )
Refractometric Sensors | & & © & © p® g C=Cover(waten
AL = (biol.) Adlayer

Measuring surface mass F = Film (Ta0)

density I'. [I'] = ng/mm?

S = Substrate
Basic idea:

1. The evanescent field of waveguide mode probes the additional layer
built by binding molecules (for example antibody-antigen binding)

2. The effective refractive index N depends on properties (refractive index,
thickness) of the additional layer (adlayer).

3. Changes of the effective refractive index N has to determined:
Instrumentes: Grating couplers, Interferometers etc.

Reminder: Effective refractive Index N (of a waveguide mode) = ¢, / Cyo4e

N = N(A,ng, dg, nCoIarization)

40 Ch. Stamm, 17. 3. 09
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Parameter Optimization

Geometry of the waveguide determines the sensitivity for changes in the

adlayer parameter, i.e, the thickness of the adlayer d.,,

—4

4°10 | | | | |
3010 4 — ‘?
a, T s
AL ¢>
nm 110 4 _
d;
0 | | | | |
0 50 100 150 200 250 300
dp

waveguide thickness d. / nm

= > Thickness of the waveguide has to be optimized

100 nm

2
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Integrated Optical Grating-coupler

Reminder: Effective refractive Index of mode: N =c;/ Cyuqe

=> Wavevector of the mode = N k, , (k, = wavevector in vacuum =2x /)

Coupler concept:

1.
2.

The incomming light is diffracted on a surface relief grating: (k, =k, + 27/A)
The wavevector of the diffracted light (k) has to match with the wavevector
K, '= N k, of the excited mode (sometime called resonance)

The wavevector k, of the incomming light is varried by the coupling angle o
(=> resonance angle)

IS NN

N =n, sin(a) +A/A (Coupling condition)

A = wavelength; A = Period of the grating

42 Ch. Stamm, 17. 3. 09
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From the ,,input” to the ,,readout®:

Input: Biological /chemical interactions =>
change the adlayer (thickness, density etc.)
change the effective refractive index N
change coupling conditions

For excitation of the mode coupling parameters
(angle, grating periode, wavelength) have to be adjusted

N=n, sin(a) + A/ A
: Association Dissociation
(pOSSIb'&) OUtDUtS: Dissociation
coupling angle <=> mechanical rotation gnstant Ky

Association

coupling periode <=> chirped gratings Constant K

=> couple position
coupling wavelength <=> tuneable laser Signal
=> Changes on the surface can be
monitored in real time Time

- Kinetic measurement
- Affinity analysis

43 Ch. Stamm, 17. 3. 09
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Experimental results:

reaction of 6H4 and secondary AB (goat-a-mouse): surface mass density
(serie Dec.99)

[ 1 y T ' T ' T ' T ' T ]
6H4 of concentraion |
28 - P -
goat-o-mouse ~~ ~ — — 10ug/ml

B PBS / d

2.4 50 ug/ml 7

2.0 .

2 ug/ml

(\IA -

€ 16 4

£ ]
~~

o 1.2 0.4 ug/ml _|
c

N -
~~

. 0.8 .

0.4 .

0.08 ug/ml_

0.0 " | ref. signals|

[ 1 . 1 . 1 . 1 . 1 . 1 i

60 80 100 120 140 160

time / minutes
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Working principle: Integrated optical light pointer (chirped grating)

Top View: Detector Intensity
Image Distribution

Sensing e |
Pad e -
A(y) ]

Reference
Pad 2
G ® =6.0945° L |

1

Y. IOLP 0.0 0.2 04 06 0.8 1.0

Intensity (normalized)

[R. Kunz, CSEM, Neuchatel]
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Grating coupler (set-up)
Side View:

In T Out

— Fluid Cell

- 10-Chip

Laser

Angle Turning Mirror Detector

[Rino Kunz, CSEM, Neuchatel]
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Working principle: wavelength-Interrogated Optical Sensor (WIOS)

Input pad Output pad

LELELEL B BB B | LB L L

e L L L L FLEL FLEL] 10 TN O N O = T

[R.Kunz, CSEM]

Ch. Stamm, 17. 3. 09




13th SSOM Engelberg Lectures on Optics, March 2009  Optical Biosensors — Concepts and Applications

Optical Chips: TaO: film on a glass substrate

Sensing pad array AFM image

Grating nano-structured opto—chips
(period: 360 nm, depth: 12 nm, step: 150nm)

[ Max Wiki, Dynetix Biosystems,Landquart]
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Commercial Instrument;

29 cm

8 parallel channels
Sampling rate 10 Hz

DYNETIX i Details see: www.dynetix.ch

B | &% % ST E N S
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Modell experiments: Binding of Biotin (244 Dalton) to Neutravidin

234 A 5
PBS Biotin 1ug/ml Biotin
[ ]
[ ]
Neutravidin ﬂm m

. 233
Biotin binding

Sensor signal [a. u.]

N

w

N
Q
(=2
o
=4

f

4

r

>

20 pglmm2 BSA reference channel
231 - 1
BSA R .o o« Biotin
T -
230 T T T T T T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5
Time [min]

Std. Dev.: 180 fg/mm?2 / Detection Limit: 550 fg/mm?2

[Rino Kunz, CSEM, Neuchatel]
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Conclusions: Fluoresence versus Labelfree detection

Fluoresence Labelfree

+ No labeling, no disturbance of the
biological interactions
+ Direct detection with only one antibody

+ Extremely high (physical) sensitivity
+ Information about surface homogenity
+ Multiplexing with high density arrays

- Direct detection needs 2 specific antibodies *+ Signal in real-time => kinetic studies
- Labeling can disturb biological interactions ~ * NO secondary antibody has to be used
- Costly labeling (FPA) + Insensitive to autofluorescene

- Reasonable sensitivity (compared to Fluors.)
Sensitive for unspecific signals (any
additional mass generates a signal)
Sensible to the refractive index of buffers
Fluidhandling can be delicate (bubbles etc.)
- Waveguides are still expensive

(Alternative labelfree techniques like

reflectometry is cheaper to realize).

- Possible quentching effects by the sample
- Autofluoescence can mask real signal
- Surface scanning instruments and plates
are quite expensive
+ Assays solution (FPA)
+/- no washing steps (homgenious assay)
robust and simple detection (point of care)

However:

=> Limitation in sensitivity of fluorescence based biosensors are given
manly by the biological unspecific interaction/bindung

and not by the optical read-out system
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