2017-01-25

Plasmonic Biosensors

Lecture2/2
Andreas B. Dahlin

adahlin@chalmers.se
http://www.adahlin.com/

2017-01-25 Biotechnical Physics 1

CHALMERS

Outline

Aboutplasmonichiosensors:

Awnhat is a surfacbased biosensor?
APlasmonsn nanoparticles and on surfaces.
AExamples oplasmonicsn biotechnology.

The connection to binding kinetics to surfaces: We can now meaésure
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What is a Biosensor?

One definition can be found in the handbook from the International Union for Pure anc
Applied Chemistry (IUPAC):

A device that uses specific biochemical reactions mediated by isolated enzymes,
immunosystemsissues, organelles or whole cells to detect chemical compounds usual
by electrical, thermal or optical signals.

The use of recognition elements vanalyte 4
(or receptorg is sometimes (biological or not) \

referred to as oaffinity b (1(‘) )

biosensing signal
Y %
. 1
v Yrecognitionelement I
(biological) otransducer
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Biosensors in Everyday Life

Not many! New biosensor technologies are more common in research environments.

Glucose sensor changed the life of diabetes patients. By some considered tonhe the
truly successful biosensor and still developing. Quantitative!

Pregnancy tests (ateral flow assaydetect human chorionic gonadotropin from urine.
(Also for ovulation.) Qualitative!

;@m C\é%a\'b\“e
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— A “ b
~10nmAu b g

Yao etal. Clearblue g
Biosensors and Bioelectronics 2011 http://www.clearblue.com/
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Sensor Terminology

Most sensors, not the least biosensors, needlitarated In a calibration experiment the
response to known doses of the variable of interest is measured.

Thesensitivity dynamic range@nddetection limitare defined from the calibration curve.

dynamic range

. = - —
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SEensor response
(measured)

slope = sensitivity

zero <7
responseTrrﬁT”!/

T environmental variable
detection limit (controlled)
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The Challenge of Specificity

Most biosensors need to opertatieeHreeto y e
be useful. This means that they work even if / : \;ﬁ'signa‘
theanalytedoes not carry any artificial label. / /- wansduction

bait (probe, receptor, // /
When operating labdtee, the biggest recognilonelemen) / S
problems in biosensor technology is arguably r‘%
false positiveresults. 2N {

e |

When we search for analytes (fish) in
biological samples we will always have a lot =

of other molecules (fishes) present that can @ @j C:%
interfere with the detection. sample solution

target @nalytg

o We €
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Surface Sensitive Techniques

Detectanythingthat binds to a surface! Several instruments exist, most are based on
optical measurements, some mechanical techniques and also a few other.

In this course you will learn about two techniques: Surface Plasmon Resonance (SPR
and Quartz Crystal Microbalance (QCM).

Biacore (GE Healthcare) Qsense (Biolin Scientific)
http://www.gelifesciences.com/ http://www.gsense.com/
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Know Your Techniques!

You will learn the physics behind the
boxesd6 to you when you encounter them

Someti mes things go wrong when scienti

Review |

Received: 23 February 2011 Accepted: 25 February 2011, Published online i Wikey Online Library: 2011

(wileyonlinelibrary.com) DOF: 10.1002/jmr.1138

Survey of the 2009 commercial optical
biosensor literature

Rebecca L. Rich® and David G. Myszka®*

We took a different approach to reviewing the commercial biosensor literature this year by inviting 22 biosensor
users to serve as a review committee. They set the criteria for what to expect in a publication and ultimately decided
to use a pass/fail system for selecting which papers to include in this year's reference list- Of-the-1514-publications in
2009 that reported using commercially available optical biosensor technology. only 20% passed their cutoff, The
most common criticism the reviewers had with the literature was that “the biosensor experimeénts tould have been
done better.” They selected 10 papers to highlight good i technique, data ion, and unique

lications of the is review process was educational for everyone involved and one we
will not soon forget. Copyright © 2011 John Wiley & Sons, Ltd.

Rich & Myszka
Journal of Molecular Recognition 2011
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SurfaceBased Detection

The surfacenustbe chemically T 'e°°9"i“°"e'ememY
functionalized such that only the inert background %}
analytebinds.

l functionalization

. . . s *, analyte

The techniques work in reéime, A )
which gives information about %I %%%Y%YD@Y R
' ' "

binding kinetics

sample solution
other molecules binding x

Optical techniques like SPR often  to recognition element

enablemultiplexing, detection of / \ \/
multiple targets, by imaging mode. M
specific interaction
analyte binding to surfac

X

\ /SNEL / \

Ya YaY &Y NuYeyeY
gr:jrrfrzgéecules binding x

iy
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Biosensor Scenarios

In vivo: Inside the living organism. Not falasmonichiosensors!
In situ: Biological sample analyzed in artificial setting. Possible but difficult!

In vitro: Artificial setting, bottoraup synthetic biology. Perfect!
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Implications from Binding Kinetics

Remember the models for binding kinetics to surfaces! Let the A molecules represent
receptors and the B molecules targets

If the surface is a sensor that gives a measurable response proportibnal to

A Rteme bperation needed to determiggandk,; and to confirm equilibrium.
Measuring the equilibrium coverage gives oKlyfrom C, or vice versa.

A Diffusion models can estimate perfor
surface without binding to it, but not bind to the surface without first diffusing to it.

A Flow is often needed to prevent diff

A Smal | sensors give a higher diffusiwv
is poor under flow (many molecules will be lost).
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What is a Plasmon?

Physical understandinglasmonsare
collective oscillations in the free electrons
of metals.

Mathematical understandinBlasmons
are solutions to Mj
certain metaldielectric geometries.

ambient light light inside cup

For a metal nanoparticle, the polarization
enhanced at certain frequencies of light.
For noble metals, this occurs for visible
light, which gives strong colors.

TheLycurgus Cups the oldest example ‘
(year ~400) of this kind of staining.

Ag, Au, Cu (60%, 30%, 10%) in glass

British Museum
http://www.britishmuseum.org/
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Absorption and Scattering

The polarizability ) of the particle determines tldsorptionandscatteringcross
sections ). Theextinctionis the sum of absorption and scattering.

For gold nanoparticles (small and spherical):

Blue light is absorbed (true for all gold).
Greenlight is absorbed and scattered (by pteesmor).
Red light is transmitted (low extinction).

8., =kIm(U)
o k* -

sca G*MZ
l‘:Iabs = lfjexl - L'tlsca

Herek is the incidentvavevectotk = 2) arldUis
defined as a volume. The cross sectionsaegas
(shadows)!

British Biocell International
http://www.bbisolutions.com/
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Electrostatic Approximation

By considering the electric field of light agatic the polarizability can be calculated
easily for a sphere:

CI)ZS’\/ C(/)'Qn

a/)+2G,

Jackson
Classical Electrodynamics Wiley 1999

This is valid for particles that are small compared to the wavelength of light (<50 nm).

107

T T T T T T T T

R (nm) |
25 H,O
20 i

®

The symbolJrepresents (relative)

permittivity at optical frequenciest 7
4

. -1
For simple transparent materials 5

15 i
like water,Uis roughly the squareg j 10 |
of the refractive index=n?. 2 5 _ _

8 3 geometricCross section ares
For metals, the permittivity is ~ © 2 ]
complex(energy absorption) and 1 1
dispersivga-dependent). o : :

450 500 550 600 650 700 750 800 850
wavelength &, nm)
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The Optical Neafield

The absorption and scattering cross se
the nanopatrticles, i.e. they describe what happens to a light wave that passed the part

One can al so tfailekl dadb,0 uit. e .h et hien elaac al el

on thenanoscaleThis is very important when using the particles as biosensors!
O

The field is strongest at the metal and 0 407, 20 30: Rd0R 0

. . . field enhancement&|/E,)
typically extends a distance approximately 2° '
equal to the radius of the particle.
10
Electrostatic theory can be used to £
calculate the near field as well: s°
«, 10
E(x, Y, z) = c >
N E
eC ex 3xp C C (jm 20
X - - + + oy =
Eogx Rdao)gr:i r.5 [XX yy z Hj ;:0526 nm e
U 20 0 0 10 20 30
2017-01-25 Biotechnical Physics (x, nm) 15
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SurfacePlasmons

Surfaceplasmonsre similar to ordinary light (electromagnetic plane wave) but confinec
to theinterfacebetween a metal (conductor) and a dielectric (insulator).

The surfaceplasmonpropagateslong the interface (like a wave on a water surface).
Eventually the wave energy has dissipated (normally by heating the metal).

The wave must haveansverse magnetfolarization.

2 E field vector inz direction
H field vector iny direction
wave propagation ix direction

metal

E(x t) = E,exd- ivt)exd- ikx)X H(x z,t) = Hyexdi[k,x° k,z- ¥t])y

2017-01-25 Biotechnical Physics 16
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The Dispersion Relation

There exists a relation between thementumandenergyof a surfaceplasmon In
contrast to nanoparticles, surfggdasmonsexist in acontinuunof frequencies!

Problem: Momentum is always lacking for the incident light! The dispersion relation
does not cross that of photons in the dielectric medium!

15

Xlo T T T T T T T T T T F
' /* w wje
’E\ 3] / ] /// 7kx|/y):i A /m
_ photonin~ -~ \/ cVelw+e,
2.8 ) -~ |
g photonin water -
c 26 , Yy 1
S vacuum S
o> 24 / y 1
o ’ yyd
= 22 / P H,O i
- 2 / P
© g
= 2F - J
=) ) ) Au
8 14 ]
16, a , , , , , , , o
0.6 0.7 0.8 0.9 1 11 1.2 1.3 14 15 1.6
7
real part of wavevector (R, ml) — *°
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Excitation of Surfac&®lasmons

The additional momentum needed can be added in
several ways.

One is to introduce a periodigatingon the

surface. The gratinggavevectoradds to that of the  dielectric Re)
incident photons. The condition for excitation is:
. metal
a /e @
Re®|—-2~m_0=n_sin(g)+--2
(; 6'(/0)+6’m 9 " 5
One can also use a high refractive index material,
athin metal film andtotal internal reflection dielectric Re,)
configuration. The resonance condition is then: metal
prism
a wle. 0 . g .
Re®|— T ( jm8: n, sin(q) d :
g ew)+e, © N kafsin@)
\\ ko \A
N\ analyze
reflection
2017-01-25 Biotechnical Physics 18
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Total Internal Reflection

When measuring the reflected light one segsrdmum representing SPR! One can vary
either theangleor thewavelengthof incident light (spectroscopy at fixed angle).

; : .

j
]
i

w 08F ; ]
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a reflection:

T o2- — 1

—/—fﬁ resonance ®a 630 nm
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angle of incidenced, A
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Surface Plasmon Nedrield

At any time, the surfacplasmonhas .

3 . distribution /.
negative and positive poles on the metal ofEfeld /
surface.

The electric field has two components in
thexzplane. Magnetic field only ig.

Thetime-averagedield only depends on

the distance from the surface dueto 3
symmetry. <

@
The field extends approximatetalf of §
the wavelengthof light used to excite the3

surfaceplasmon

H,0

a4 Au

.

electric field

. . (o . L L
0.5 1 15 2 25 3 35 4 45

position in propagation directiorx,(em)
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Checklist

You do not have to learn any equations for calculating stuff related to the optics, such .
how to predict the resonance of a certain nanoparticle etc. However, you need to
understand the basic physics.

Checklist of some important concepts and the differences between nanoparticle and
surfaceplasmons

AElectrostatic approximation.

AExtinction, absorption and scattering cross sections.
ADispersion relation and momentum of incident light.

AHow to exciteplasmongy light and spectroscopy methodology.

AElectromagnetic field extension, difference between-fielar and fasfield.

2017-01-25 Biotechnical Physics 21

Biosensingwvith Plasmonics

The most commoplasmonicbiosensor principle ieefractometricdetection

AWnhen a molecule binds to the surface, the refractive index changes. All molecules of
interest have a refractive index which is higher than water.

AThe properties of thelasmonare changed because they depend on the refractive inde:
close to the metal.

ABy optical spectroscopy, changes in intensity of light for different wavelengths can the
be detected. The resonance shifts in the spectrum.

This holds both for surfaggasmongthe SPR technique) and nanopartjg@smonglab
exercise 2).
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Commercial SPR

Liedberg et al.
Sensors and Actuators 1983

AFirst paper published in 1983.

APharmacia Biosensor started shortly after. Becarr
Biacorelater, which is now part of GHeathcare

ASPR is now the most established biosensor
technology for studyinpiomolecularinteractions.

ABut not used for medical diagnostics...
AThe instruments are expensive, but primarily bec

they contain efficient liquid handling and temperatt
stabilization etc. SPR can be cheap!

BIgRE
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Label-free interaction analysis in real time

CHALMERS

SPR Imaging

SPR can be operatedimagingmode which enables multiplexing: Several interactions
can be probed simultaneously using the same sample solution.

One molecule in solution: See how it interacts with different receptors on different spot
Ideal for proteomics and in principle for drug development.

Several molecules in solution: Detect the presence of multiple analytes in one sample
using different recognition elements. High risk of problems from nonspecific binding.

CEEEEEEER
FHEEEERERRE
HEEEmREmERS -
TEIiEIIEL —
dBESBEREBEEE . -
CRRRERERRRERE -
sl EEERESR
a£:£ BEEtEia) Homola

PSS S W.S gl | Chemical Society Reviews 2008 ~100em spots, ~100 in total
2017-01-25 Biotechnical Physics 24

12



CHALMERS

Other Optical Techniques

Plasmonss definitely not the only way to go!
AEllipsometry(often for air environment).
AOptical waveguiddightmodespectroscopy.
ADual polarization interferometry.

Very similar since all are based mfractometricdetection!

Microvacuum
http:/www.owls-sensors.com/
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Importance of Field Extension

If the electromagnetic field extends very little, molecules far away will not be detected.

If the field extends far, only a part of the detection capability is utilized and the system
becomes more sensitive to fAbul k effect

ST

monolayer gel matrix highest signal nanoparticle
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Miniaturized Nanoparticle Sensors

If SPR is so great, why bother wiglasmonidbiosensors based on nanoparticles?
One reason is that people want to resahgdividual molecules binding to the surface.

SPRis hard to make sufficiently small, but through measurements on single
nanoparticles one can perhaps reach single molecule resolution?

scattered light in dark
field illumination

Murray & Barnes
Advanced Materials 2008
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Resolving Single Molecules

Very large proteins adsorbing directly on the surface.

Hel p of compl ementary techniques can m

4 14 I8
3 I T
= 1 Le
£3 ] . J MM “‘M if
3 i‘wz | % ’m‘wv " Mla e
S o 2
S, 8 | s 2
g” E V23
=] E L2
< =] M
% Z10
2 1 A
&
s
N protein free solution |
00 200 400 600 800 Counts / nm 0 100 200 300 400 500 600 700 800
Time (s) Time (s)
Amentet al. Zijlstra et al.
Nano Letters 2012 Nature Nanotechnology 2012
Cool, but is it useful?
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Sandwich Assays

Use secondary receptor and signal amplification post binding.

Improves detection limit, but excludes real time analysis té geindk,;!

second tagged
receptor
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Competitive Assays

Measure the reduction in receptor binding to receptor t/_\

N . solution
the surface, which contains a receptor for the target.

receptor. .
. ‘

Target binding to the receptor in solution
blocks binding site for receptor on surface.

Excellent for small molecules and

. . . - receptor on
interaction occurs in solution! ’

But again ndk,, andk,g!
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Detection Based on Particle Coupling

sequence

 recognition

Instead of detecting changes in y Ly o el " ~,
refractive index on the metal '-q
surface, one can utilize the fact ¢ - ¢

Y

&

that nanoparticles close to each e
other will change theiplasmon
resonances.

free particles

In general, the spectral changes
are much larger and the
sensitivity is better.

linked particles
However, this requires that the )
analyteeither cleaves the link L’( 4‘\/ ’
between particles or couples ‘ s
them together. ‘ 4‘< L’« 4
Y
ﬁ ’ sandwich double *&

Y
? A& 0 recognition
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Other Uses of Nanopatrticles

Gold and silver nanoparticles have bee

Also, they are great labels since they do not bleach!

W Hoistics B
@] Kolioidalt
(N Silver j

Apetent

Holistics
Y Kolloidalt |
| Gud

{ CIésiblue

b

- ol

Wikipedia: Argyria
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Reflections & Questions
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