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Outline

* Optical sensing: spectroscopy

* Using light for manipulation
— Laser tweezers, laser scissors

» Using light for therapy



Optical detection — overview

Why use optical detection?

Non-invasive, minimally disturbing
Fast = real-time monitoring
Sensitive

High spatial resolution

Limitations?

Penetration depth
Source of signal/contrast



Light-matter interaction

Scattering/emission
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Spectroscopy

Measure wavelength dependent light intensity
after interaction of light with sample

Wavelength is related to energy levels of
molecules (E=hv = v is frequency of light, % is
Planck’s constant 6.63x10-34 J.s)

Can be used to identify types of molecules and
quantitatively measure amount (concentration)

Many different techniques: e.x. absorption,
fluorescence, Raman scattering, diffuse
scattering



Absorption spectroscopy

If u, >>u,, attenuation is due to absorption only (ex. in a solution)

Beer-Lambert’s law

I(A) = ]0(1).e—uau)L _ 10(/1)-e“9“)CL

where C is the concentration of the absorbing compound in the solution;
L is the path length of incident light in sample (cm)

Light intensity decays

exponentially due to absorption
B Note: in biological tissues, the

absorption coefficient u, is used
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Absorption spectroscopy

For molecules dissolved in solution

_ _—E(A)CL
(1) = 1y (4)-e Sample holder, typically L=1cm

The wavelength dependent
1,(4) 1(1)

absorption of the molecule, g(A), — —— | spectrograph
can be measured
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The absorbance is defined as (also called optical density)
1,(4)
1(4)

where g(1) is the molar extinction coefficient (M-'cm-1) of the compound

A(A) =log( )=¢&(A)CL



Absorption spectroscopy

In an atom or a molecule, electrons
exist in certain “orbitals”, which have

distinct energy levels Molecular energy levels

Chemical bonds in a molecule can

also vibrate or rotate in certain

preferred modes 1 S
__ —

S: Electronic energy levels %

v: vibrational energy levels %

r: rotational energy levels & %
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Energy difference corresponds ‘1\— += f,’f

to wavelength of light ??’

E,~E,=hv=hc/2

Molecular geometry



Absorption spectroscopy — example

Hemoglobin absorption spectra
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Note the difference between oxygen carrying and
non-oxygen carrying hemoglobin



Fluorescence

Absorption of incident light
- Electrons are excited to higher energy level

Emission of fluorescence

- Some of the electrons returning to the ground energy level
emit light (the probability of emission is called quantum yield)
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Fluorescence spectroscopy instrumentation

Select emission
wavelength and
measure the
intensity

intensity
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Fluorescence spectra of biomolecules

Emission spectra of 3 amino acids Fluorescence spectra of
5 enzyme cofactors
3

TYR 1.0
TRP
0.5} 0.5
PHE

D.

9 i , . 1.0F

50 300 350 400
WAVELENGTH (nm)
0.5F
n 1 i i i 1
300 400 500 600_ 5

Wavelength (nm)



Fluorescence detection

If the absorption and emission characteristics (such as peak
wavelengths) are known, optical filters can be used to select proper
excitation wavelength and detect intensity of fluorescence emission

Detector (photodiode,

Example: Cy3 PMT, CQ.D’ etc.)
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Application — flow cytometry
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Flow cytometry data

Histogram of single fluorescence Scatter plot of
intensity from individual cells fluorescence intensities
of 2 labels (each binding
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Raman scattering

Scattering is redirection of light due to interaction between light and
matter

In Raman scattering (inelastic scattering), energy transfer occurs and
the difference in photon energy between the scattered and incident
light is related to the structure of the molecule

Stokes Raman scattering is much more likely than anti-Stokes since at room
temperature most electrons are in the lowest vibrational state
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Raman spectroscopy

The difference in energy of light (called Raman shift) is expressed in
wavenumber (cm-1) = 1/A
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Raman spectroscopy

Since there are many possible vibrational modes in a molecule,
Raman scattering often has many spectral peaks, which enable
identification of molecules via matching with spectral databases

Example: Raman spectrum of P22 virus
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Raman spectroscopy

.: - .’ F

Handheld Raman systems

Potential application with huge market: non-invasive detection
of blood glucose for patients with diabetes
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Optical trap — introduction

A small spherical particle under laser radiation

TEMoo

1. Refraction of light at interfaces

2. Conservation of momentum results in Fa, Fb

3. Fa > Fb due to the intensity profile of the laser
beam

4. The net force is pushing the sphere forward
and toward the center of the beam

> The sphere can be trapped using two laser
oA @ '8 beams propagation in opposite directions

2-BEAM TRAF

IEEE J Selected topics in quantum electronics 6, 841-856 (2000) 20



Optical levitation trap

scattering
force HEIGHT
A SENSOR
o
v
g ravi ty LEVIT ﬁTl%?dsfPP.&HAT us FEEDBACK APPARATUS

Micrometer particles can be “lifted” and moved around
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Optical tweezers

Ray-optics illustrating the stability of optical tweezers

LASER BEAM

Any displacement of the particle
generates force that pulls the particle
back to the central position

Typically near IR lasers such as Nd:YAG
1064nm are used for less photon energy
and less damage to biological samples
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Optical tweezers applications

Moving cells and organelles

Study of molecular motors such as interactions
of kinesins and dyneins with microtubules and
actin filaments

Study of mechanical properties of microtubules,
actin filaments, and DNA bio-polymers

|solation and separation of bacteria and other
biopolymers in vivo :

23




Use of Laser for treating diseases

Interaction between laser and tissue: Absorption spectra of main
absorbers: melanin in skin and hemoglobin (HbO,) in blood
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Laser-tissue interaction (cont.)

Absorption of water . .| =~ ]

Absorption coefficient (cm™’

visi|b|e
0.3 0.5 1 2 & 5 10
Wavelength (um)
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The broad absorption band in the IR of water is used to transfer
optical energy into kinetic energy (heat) in tissue

In the visible range, light absorption by water is low, which can be
used for in vivo interrogation of tissue

In UV, light scattering in tissue increases significantly (oc1/A%) = less

penetration depth in tissue s



Laser-tissue interaction (cont.)

Thermal effects of laser radiation (raised temperature in tissue)

Temperature Biological effect
37°C Normal
45°C Hyperthermia
50°C Reduction in enzyme activity,
cell immobility
—_— 50°C Denaturation of proteins and collagen,
coagulation '
80°C Permeabilization of membranes
100°C Vaporization,
thermal decomposition (ablation)
> 100°C Carbonization
> 300°C Melting

Note that protein and collagen denature at around 60°C

Heating tissue at 60°C can lead to cell necrosis = can be used to Kill
cancer cells

26



Tissue coagulation

Uterine tissue of rat (top) and human cornea (bottom) coagulated with
lasers (>60°C); H&E stained histologic slides
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Laser ablation

With enough photon energy, laser can be used as a scalpel. Even
better, tissue can be removed very precisely without any appearance of
thermal damage

Dissociation energy of some chemical bonds present in
biological tissues

Type of bond Dissociation energy (eV) 1eV =1.6x1019 J
C=0 7.1
C=C 6.4
O-H 48
N—-H 4.1
C-0 3.6
C-C 3.6
S—H 3.5
C-N 3.0
C-5 2.7

The required energy corresponds to UV radiation and can be supplied
by excimer lasers such as ArF @193nm and KrF @248nm, or 4th

harmonic of a Nd:YLF @263nm s



Laser ablation (cont.)

The absorption of laser energy in tissue follows Beer-Lambert's law
There exists a threshold at which the absorbed energy is high
enough to cause decomposition of tissue
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Ablation of rabbit cornea obtained with

Typical pulse duration: 10-100 ns an ArF laser (14ns pulse duration)

Typical power density: 107-1010 W/cm?
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Application — Laser surgery for myopia

Structure of cornea Focus of light is in front of the
J— retina in nearsightedness
(myopia)
1 : Epithelium
. _ Bowman's
- membranea
= Stroma
= E Descemel’'s
:‘a membransg
- ; Endothelium
— e ,,,;j
— - - L e
— e ﬁﬂf
77— Correction of the focus is achieved by
A\ = e .
e = changing the curvature of the cornea

500-700 pm
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Eye laser surgery (cont.)

Schemes for correction of myopia and hyperopia

Front view
Cross-section m I::Q
Radial keratectomy Keratomileusis Keratomileusis
for myopia (only) for myopia \ “for hyperopia
cut out detach
Tensile force leads to Directly “shape” the cornea

flattening of the surface

31



Laser Assisted In-Situ
Keratomileusis

A “flap” of cornea is formed

Change in curvature of cornea is
achieved by removing stroma
instead of the epithelium = faster
recovery and less chance of side
effects such as opacification of the
cornea
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Photodynamic therapy (PDT)

Photochemical interaction: light can induce chemical
effects within macromolecules or tissues

1. A chromophore compound that absorbs light efficiently
IS called a photosensitizer

2. Photosensitizer is excited by laser irradiation

3. Decay of this excited photosensitizer (to its original
state) results in various reactions that eventually cause
oxidation of essential cell structures

33



Photodynamic therapy (PDT)

In order to have therapeutic effects for cancer, the
photosensitizer molecules need to be at higher
concentrations in tumor cells than in normal cells

Example: hematoporphyrin (HpD)

In healthy tissue: most HpD is cleared from tissue
after 48-72 hours
In tumor cells: concentration does not decrease much

In 3 days

34



Laser

PDT example

Tumor

Irradiation

Laser irradiation:

3-7 days after injection of HpD

He-Ne laser 633nm

Transfer reactions

2.5-5mg per kg body weight
IV injection

Cledrance'

Necrosis

35



Photodynamic therapy (PDT)

Example: cell viability in PDT using HpD
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Note: photosensitizers are usually organic dyes that also emit
fluorescence, which can be used to measure the concentration
of the photosensitizer and diagnose cancer = simultaneous
diagnosis and therapy of tumors!

36



References

Laser-Tissue Interactions: Fundamentals
and Applications, by Markolf H. Niemz
— Ch3: interaction mechanisms

— Ch4: Medical Applications of Lasers, 4.1
Laers in Ophthalmology

37




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


