.
INTERNATION AL ATOMIO BNERGY AGENCY rl““]
UNITED NATIONS EDUCATIONAL, SCIENTIFIO AND CULTURAL ORGANIZATION e Fe

INTERNATIONAI CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - P 0.H.680 - MIRAMARE - RTRADA COSTIERA 11 - TELEPHONES: 224281/2/3/4/5:8
. CABLF: CENTRATOM - TELEX 480392-1 .

SMR/100 ~ 54

WINTER COLLEGE ON LASERS, ATOMIC AND NMOLECULAR PHYSIGS

{24 Janunary - 25 March 1583)

INTERACTION BEIWEEN LASER RADTATION AND BIOLOGICAL SYSTEMS

.

F. Hillenksmp

Institut fiir Biophyeik
Universitéit Frankfurt

Theodor Stern-Kai 7

D 6000 Frankfurt/Main

Ped. Rep. (Jermany

These are preliminary lecture notes, intended only for distribution to participante.
Misaing or extra copies are available from Room 230.







Edited by F. Hillenkamp, B. Praiez;,

ard . A Saachi
Bock ave oo Thesum Fulisning O
232 Bpring Street, .. York, H.Y.

INTERACTION BETWEEN LASER RADIATION AND BIOLOGICAL SYSTEMS

Franz Eillenkamp

Institur fiir Biophysik
Universitét Frankfurt

Theodor Stern-Kai 7

D 6000 Frankfurt/Mair Germany

INTRODUCTIOR

Laser application in biology and medicine is an interdiseipli-
nary field, requiring knowledge in leser-physics and ~teckrolegy, as
vweil &s physical chemistry ang biochemistry on the one eide and biol-
Gey &8s well as the thcoretical medical subjects, particularly phys—

iology and histology on the other. Though progress in such Tields
is usuvally brought about through a close cooperstion ATONE experis
of the various subjects invelved, it is essentiel that both. those
who plan to do research in the field and those wvho mere.y want to
apply the devslored new methods in their own speecizl Tield have &
minimum knowledge of the besic lavs and concer! »f zhe obher sub-
Jects. In its first peri this introcductery vhapter %111 ‘reat the
fundamental ciructure of matter with specicl reference 1o organic
end living syvstems ps well gs the preperties of ele:tromagnetic
radiation, particularly ‘n the vgvelengih vange frew the midile UV
(A> 200 nm) through the visible intc the middle infrared =t sbout
10me. In the second part the interaction processes between this
electromagnetic radistion mnd biclogical systems will be &iscussed
as well es some of the basic reactions of biclogie systems te such
interactions.

Most of the processes and reactione of tivlegical systems dis-
cussed in this chapter are not specific to interection with opties?
radiation from laser sources. This reflects the fact that though meny

ef the biomedical applications to be discussed in this volume have
been rendered possible only sfter lasers of suitable wavelengths

and of sufficient brightness have become available, the interactions

with living matter sre almost exciusively such that they could at

leasi in principle be induced by thermal sources as well. Only very
Tew biomedical imser applications have evolved so far tyat really
depend on the unique property of coherence (taken here in the re-
stricted sense of stable phase relationship for amplitude rather than
intensity superposition to apply). In &ll those applications the
change in the rediation field is investigated, not that in the biol-
ogical object {e.g. pattern recognition far vell sorting; deppler-
spectroscopy). Likewise there has as yet been no convincing evidence
that any noniinear optical interaction processes, & very important

field in modern optics, play & major role in biomedicsl laser work,

The only exception to this principle seems to be the recently developed
uicrosurgery of the anterior segments of the eye in which optical breskx-
down of transparent, dielectric structures is generated with Q-switched
or medelocked laser pulses. A scund knowledge of the results, obtained
in more than %0 years of research in photobiology and the basic subjects
pertinent to it, is a necessary, though certainly not sufficient pre-
requisite for successful work in the field of lasers in bioleogy and:
medicine.

The "intention of this chapter is to accumulate the very basie
facts of all the subjects involved and the diseussion of the various
topics will therefore necessarily have to remain incomplete and super-
ficial. A reader will inevitably find the sections pertinent to his
own education of little use to him and may on the other hand want =
more extended or in depth treatment of the others. As to the letter
he is referred to the large purber of textbooks on radiation— end
quantium physiecs, physical- and biochemistry, photochemistry end rhoto-
biology and perhaps physiclogy. No special references are given to
such bocks, because of a widely differing selection of aveilable books
in each country and language.

1. BASIC ATOMIC~ AND RADIATION PHYSICS

The well known Bohr atomic model postulates & positively charged
nucleus containing almost the entire mass of the atom, surrounded by
& number of negatively charged electrons on well defined circular or
ellipticel orbits, arranged in shells. The number of electrons equals
that of the protons in the nucleus — containing slse neutrons equal
or scmewhat larger in number than the protons - leaving the atom elec-
tricelly neutral. The chemicel and physicel behaviour of the atoms,
particularly their interaction with other atoms and with optical ra-
distion, is lergely Getermined by the electreons in the outermost
shell, the valence electrons. The Bohr atomic medel is very useful
for e general view of the atomic structure of matter. A real under-
stending of the interaction between stoms or molecules and radistion
can however be reached only if this model is refined or rather re-
interpreted in the light of quantum mechanics.

In the guantum mechanicsl description electrons are not small,
sclid spheres on fixed orbits, one rather gets spatisl probability
distributions for the electrons. The solutiens of the Schrédinger
equation, describing s given atom, render wave functions which can be
looked 8t as amplitude functions. The sguare of the amplitude



Tunctions are then intensities which are rel:. o io Lhs eleci-on
probebility density functions mentioned above. In molecules where

tvo or more atoms interact, the emplitude g@istribution of velence
e}ectrons mey — depending on their phase — constructively or destruc-
tively initerfere, forming new intensity, i.e. probability density
functions, similar to the way electromagnetic waves do in interference
experiments. Equivalent to the discrete orbits in the Bohr model,
only e discrete number of such probability functions can exist as
solutions of the Schrédinger eguaticn, specified by a set of guantum
numbers n, 1 and m,, that can attein integer velues only. n is the
principsl guantum humber defining the "electron shell”. The atoms
most important for the structure of bioclogicel matter, heve in their
ground-, i.e. nor excited, state electrons in the first (n =1 : H}
and second {n = 2 : C, O, N} shell. The following discussion will
therefore be restricted to the probability density functions of the
electrons of these two shells.

For the first shell (o = 1} 1 and m, are necessarily O and only
one alloved spatisl distribution, celled state, results., It is spher-
ically symmectrie about the nucleus. In the second shell (n = 2} %
mey be either O or 1. The-state n = 2,1 = 0 is spherically symmetric
agein. For n = 2,1 = 1 three states are allowed with m.  egual toc -1,
0 or +1. These ihree distributions are oriented aleng tﬁree mutuslly
perpendicular exis in space (Fig. 1). Historically, optical spectro-
scopy has been the experimental basis of the quantiun mechanical theory
of the atom. PBecause of terms, originaily introduced to describe

I=D =1 1 =1 1=1
m=0 mz=-1 m=0 m=+1
n= i
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Fig. 1 Graphic representation of seme electron
probability depsity functions.
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optical spectre, the shells are usually cefled K-shell {n =1},
1-shell {n = 2), M-shell {n = 3} and so on. Stetes with spherical
symetry (1 = O) are called s-states, those with one symmetry gxis

{1 = 1) p-states, then d- , f-states etc. The latter denominetion
will be used throughout the further discussion. A graphie repfese?t-
stion of the Tirsi few probability density functions is given in P15.1
slong with the varieus equivalent notetions. Strictly, these distrib-
wlions are only correct for the one electron atom (H), but they cen
be taken es good spproximstions for more electron etoms as well.

Electrons cen be looked mt as small spinning charges that heve =
megnetic moment, the spin. Two pearly antiparallel orientations of
this vector quantity are allowed, specified by the values of the spin
quentum pusbere s = —1/2 and 5 = +1/2. The Pauli exclusion principle
states thet only one electron can oceupy each state defined by & given
set of the quantum pumbers n, 1, m., and s within a given etom. Be-
cmuse of the two possible spin orientations, @ pair of two electrons
can therefore occupy each of the probability density states shown in
Fig. 1. The sazme exclusion principle applies to electrons in & mol-
ecule that interact with more than one atom, particularly the bind-
ing electrons. Atoms with one or more unpaired electrons in their
shells have a strong tendency to complement their electronic config-
uration. They will combine with atems of their own or ancther kind to
form molecules with both partners sharing & pair of electrons of
opposite spin orientation ine gammon_ﬂate.;'geuise molecules left
with one unpaired electiron after scme'exierns erturbation are
¥nown to be very reactive. They are called radicals.

Table 1 gives the electronic configurstion of the atoms of the
first two periods of the periodic table. The small errows indicate

electrons of a given spin orientation.

A definite energy of the whole etom is essociated with every
electronie configuration it mey heve. Though one of'ten speaks about
the epergy of &an electron in = certain state, it is in reality the
energy of the vhole system that is meant. Atoms, not perturbed by
theisr ‘environment will slways occupy the state of lowest total energy.
Intersction with the surrounding, e.g. with an electromagnetic field,
or through & collision with neighbouring atoms, may stimulate the
stom to go into an energetically higher state, i.e. one of the ?lec—
trons goes into s so fer unoccupied state of higher energy, leaving &
position in the lover state open. The stom will retutrn ta its ground
state either spontaneously after a certain time, or stimuleted by
& suiteble external field. {laser). All such transitions ere
associated with the absorption or relesse of energy amougtlng to the
energy Gifference betuveen the two states. In the discussion of the
interaction between optical rediation and biclogical opjects, the
energy exchanged in an individusl interaction process 1s the quantity
of perticular interest. Instead of drewing the exact probability

.density functions, one ususlly only specifies the energy of the



Table 1. Electronic configuration of the elements in
: the first two periods of the periodic table

element orbital

1s 2s 2px 2py 2pz

H i

He "

Li 4 1

Be t+ ﬂ
H

B t {

c i 4 4 t

N H ] t { 1
Y H 4 i % L
F i i L2 41 ]
Ne 4 K i t H

varicus states in a much simpler emergy level- or Jablonski disgram
as shown in Fig. 2. The different states are represented by horizon-
tal lines at different positions along the vertical energy axis. Rad-
iative transitions are indicated by vertical arrows, radiationless
trensitions via excited vibrationsl states by vertical waved lines.
The probsbility of transiticns, stimulated by an exterral radistion
field, depends linearly on the intensity of that field. The probabil-
ity for such transitions as well as that for spontanecus relaxation
of an excited state furthermore depends strongly on the type of the
two states involved,i.e. how strong the coupling between the two is.
This coupling is usually expressed as the oscillator strength of the
transition. For & first order estimate of a transition prodability,
one must distinguish between twso types of states, defined by the
arrangement of spin orientations. If ithe two electrons in the ground
state have antiparaliel spin oriertation, their two spin moments will
cancel each other. Upon excitation into & higher energy state, the
electron will usually retain its orientation, leaving the tolal spin
moment zero. States with both spins of the electron pair arranged
antiparallel even with one of the electrons iu an excited state, sare
called singlet states S., because for transition between such states
only single lines sre observed spectroscopically. If, particularly
through the additional interaction with another etom or molecule,
the spin upon transition reverses, the two spins of the electror
pair add. The resulting states &re called triplet states T., beczuse
Tor transition between such states three narrowly spaced lines are
observed in emission or asbsorpition spectroscopy. As spin reverscl is
very unlikely during & trensition, ST or T-8 transiticns &r- hiz
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Fig. 2 Schematic energy level diagrem of an atom

forbidden in atoms and still rather forbidden in molecules. Other
gquantum mechanical selection rules for transitions are less strict
and will not be discussed here. For sllowed transitions in molecules
the spatial overlap of the electron probability functions of the two
states involved is a good indicetion of the transition probability.
The fact that 5-T and T-S transitions are more or less forbidden is
of great importance for spectroscopy as well as photochemistry. Mol-
ecules mlmost excluzively have singlet ground states (important ex-
ception: 0,). Fxcitstion, e.g. by laser rediation, will then bring
them into &in excited singlet state. Because of the overlapping vibra-
tional bands (ref Fig. 9}, molecules will usually relax within a
time of about 10 s through the so ceiled internal conversion to
the first excited singlet stsie S,- The energy difference is trens-
ferred to the system as hesat. Because of the larger energy gap



between S5, and 5 end therefore less overlepsor vipgatjonal levels,
the electron will remain in S, for ebout 10 ° - 10 “s. Upon & trans-
ition from S, to 8 , the energy is frequently emitted as fluorescence
radiation. Two processes compete with the fluorescence, a radiation-
less decay via vibraticnal levels mc described above or a transition
to the always lower lying T, triplet state. This intersystem crossing,
though forbidden in principle, has messurable probebility because

the two states are close in energy. Heavy heterostoms Turther en—
hance this crossing. The transition from the T, triplet toc the 5
singlet ground state 1s rather strongly forbidden again. Electrens
will therefore remain in this state up to seconds {typically 107 3s).
The radiation emitted at a T. - 8 transition is called phosphores-
cence. It is usuelly very wesk because of the low transition probsb—
ility and competing redistionless desactivetion processes. Flucres-
cence and to a lesser extent phosphorescence, are important methods
for the investigations of molecules and their kineties. The relative-
ly long lifetimes of S -states, and much more that of T -states,
furthermore facilitate & great varlety of reactions, leading either
to a rearrangement within the molecule itself, even dissociation into
two fragments in rare cases, or Lo reactlons with other molecules.
Such reactions, otherwise suppressed by high enough energy barriers,
can well take place from excited states and are responsible for most
of the radiation damage of UV radiation.

In correspondence to discrete energy levels of atoms and molec—
ules, quantum mechaniecs strictly requires that upon interaction elec-
tromegnetic radiation fields exchange energy in discrete amounts only.
They are called photons. This energy exchange in discrete amounts,
not noticable in the macroscopic world, is of great importance at
the atomic level. Atoms and molecules will interact with a radiation
field only, if its photon energy equals the energy difference of an
allowed transition, usually starting from the ground state. The photon
energy E is related to the freguency ¥ of the electromagnetic radia-
ticn through the famous Planck equation

E=h -¥
h =663 - 10f3hJs {Planck's constant). A second useful equation
relates the speed of wave propagation (speed of light) to the fre-
quency ¥ and the wavelength A of the radiatiocn.

e = AV

¢ = 310% ms .

£n electromagnectic field can more0ﬁsr be characterized by the in-
verse wavelength, called wavenumber, ¥. The photon energy is further-
more given as either the energy of ome photon, measured in eV (elec-
tron volt), or the_energy of one_*ole of photons {one Einstein),
measured in kJ mol or kcal mol . All five quantities are used

frequently throughout the pertinent li?erature. Fig. 3 glvei_:if:agﬁ—
ical comperison for quick reference. Fig. 3 &lso shows the 1i 2

the various regions of interest. For leser app%1c§t10gs to biolegy .
and medicine, we mre interested in optical radistion 1n tt_xe range_o
200 rm£ A, < 1 mm. Opticsl radiation of gbout')\c. 200 nm is tra:s
mitted in the vacuum only, where vitel biclogical systems canno _
exist and is therefore of little interest herg. The.r§g10n.of ultra
violet radistion 200 nm& A 4 400 mm is sometimes dlv:ded‘znto the
middle UV, with sbout 2004 A & 320 nm and the near UV, with about.
320£ A < L00 nm. A more exact classificetion, loosely releted to
the interaction with bioclogicel systems and frequently referred to

in safety standerds, 1s

200 om < A € 280 nm ultravioiet: UV-C
280 nm < A € 315 nm ultraviolet: UV-B
315 nm < x £ 380 or LOO nm ultraviolet: UV-A
380 or LOC nm < A <« T6C or TEO mnm visible

760 or T80 nm < A € 1 mm infrared (IR}

At least st the moment, radiation of wavelengths longer than 9bout_
10 (COpo-1aser} is only of little interegt, because lesers in this
raﬁéi have only limited output power and bioleogical effects are ex
pected to be thermal &s holds for the smaller IR wavelengths.
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Fig. 3 Scales for photon energy, wavelength, wavenumber
and freguency
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0N Arnd matier woulsd te ig TECTre e absorption spee—

fracilon of the inciden R ourte s as a funetion

vvesengih o *he radiation. In the simplest case ohe cxpoated
resuit 13 deserited by Beer's law:
— ]

I = {1~107%

a ¢l
I = absorbed rediant exposure (ebsorbed intensity)
I; = incident rediant exposure
£ = absorplivity
g =

= path length of the rediation through the sagple

For substances dissolved in s solvent at & concentration c
further be broken up into

E=€ .
n

1

n* £ can

The molar absorptivity, £ , is the actual material constant sought.
Provided there is no interference from the solvent or other dissolv-
ed substances, £ is a direct measure of ihe trensition probability
{osciliator strefigth) between two involved states for the substance
under investigation. £ is therefore determined experimentally and
plotted as a functiou of wavelengih., Tt is most commonly measured
in the units melll.ep” Fig. 4 shows the abscrption spectrum of

g2 1073 mol-17 " solution of' benzene in cyclohexarne. As one would
expect, excitation of the molecule csp be achisved over a certain
range of photen energies or wavelengths rather than at one energy
only, because a number of perturbations widen the encrgy levels of
the various states into energy bands. The strong wodulation of the
absorption spectrum refliects the vibrational sotlevels belonging

to the same electronie transition. Such & good resolution of vibra-

tionel bands cannot usually be achieved for biological macromolec—
ules.

It must be Xept in mind Lkat Beer's las of absorption is not
usually followed fer absorpticn of opticid radistion in macroscopie
volumes of biolegical tissue because of sircag heterogeneity of
tissue and a high degree of scatiering. Even for microscopic samples
the interpretation of results in terms of Beer's law is usualiy not
possible because of the many differcr® sbsorbers present, Lhe bands
of which often overlap strongly. The abscrption spectra reported
later in this chapter have therefore ail been otiained from solu-
tions of pure substances.
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Fig. 4 Absorption spectrum of the WA =transition in benzene,
dissolved in cyclohexane
cn = 1073 po1 171

2. BASIC MOLECULAR PHYSICS

Biomolecules are hydrocarbons, i.e. molecules with ?ydrogen and
carbon atoms as the major atomlc constituents. Oxygen, mitrogen,
sulfur end phosphorus are the most frequent heteroatoms. Most of
the biomoclecules are macromolecules with up te some 30% atoms gnd
with relative molecular masses of up to 10° and a comple; Sthla{
structure. The vast majority of bonds between the atoms in the molec-
ules are predeminantly covalent,i.e. two atoms share two electrons
to form electron pairs of opposite spin orientation. The close prox-
imity of the atoms in molecules {0.1 - 0.2 nm) leads to a change in
the probebility distribution functions of the valence electrons.

The s- and p-ststes mix to unsymmetric so celled sp-hybrid orbitals
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Fig. % Formation of a® molecular orbital
from two sp-hybrid atomic orbitals.

88 shown in Fig. 5. Such orbitals of two atoms, e.g. two C-satoums,
cen overlep quite effectively leading to & new molecular orbital
(MO) and to a streng interaction. Depending on the relstive rhases
of the electrons weve {amplitude) function in the two over lapping
lobes, m strong bond resulte with the two electrons preferentially
in the space between the atom, or a sirong =ntibonding state with
the two electrous preferentially in the outer space. Such etates
with both atoms on the symmetry axis of the MO are called & -states,
the bond e§~-bond. The bindingG-state has lower energy than the
antibindingG *¥-state, so the atome will always bind togzather, unleus
excited e.g. by an externsl radiation field. All the basic bonds in
biomelecules areG -bonds. In additicn to hybrid crbitals les =ding to
the € -bond, valence atoms may have more or less disturbed p—orb1tals
vith symmetry lines in pianes perpendlcular to the line joining the
two atoms. If each of the atoms orbitazls has one unpaired electron,
& new MO results (Fig. 6) As before, a b]nﬁlnéﬁ‘ state is formed,
whereas the antibindingZr®-state is higher in energy &and will be
populated only after external energy transfer e.g. fror & radiation
field. Because of symmetry reasons, up to twe suchkF-bonds can form
between the two atoms in addition 1o the® -bond. The corresponding
electron density distribution functions are symmetrical to the two
mutually perpendicular planes containing the line joining to two
nuclei. They are usually indicated by two lines for the doutle bond
(e.g. C = 0) or three lines for the triple bond (e.z. CZC).

g-bond

Fig. 6 Formation of a Fmolecular orbital.

energ

g

Fig. T Energy level diesgram of formaldehyde {schematic}.

Heteroatoms may in sdditicn have orbitals with two paired elec—
trens (i.e. of opposite spin orientation). Such elecirons cannot con-
tribute to a bond, but there may nevertheless be & considerable over-
lap of their orbitals with binding G- or J-M0's. Upon interactien
e.g. with a radiation field, tran51t10ns between thﬂ nonbinding n-
states and antlblndlng](- orG Y states may occur. Fig. 7 shows the
energy level diagram of formeldehyde as sn example. For the transi-
tions between these states upon excitation by an externsl electro-
magnetlc field, energy generally increases in the sequence n 34
t-H*, n-G" & - (':T".Onlyn—n"*a.ndjr 7T—1nvary rare cases
u -G* - transitions can be excited with radiation in the middle or
near ultraviolet and the visible.

Meny biomolecules have what is called conjugated double bonds
i.e. sequences of alternating single- &5) and double- G+Z) bonds.
Benzene {Fig. §) is probably the most famous exsmple for such bonds.
In reality, theJl -orbitals of such molecules sre no longer local-
ized at two definite atoms (Mesomeric states}. Polyeentrie J0- or-
bitals ere formed, involving more than two atcoms. As & consequence
there is more than just one electron pair associated with this group

H

H et SN
I = | | =
H/c-‘%T/C\H /C\T/\
H

Fig. 8§ Mesomeric states of benzene.
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Fig. 9 Vibrationsl states of molecules {schematic).

of atoms, each of which must have a MO of given and different energy
according to the Pauli prineciple. As a result one finds a number of
50— and W% ctates or different energy in molecules with polycentric
MO's. The energy gap between the highest occupied H- and the.lowest non
©ccupied X~ state can be spall enough in such cases to allow for

en excitation with light in the near UV or even visible. The majority of

biomclecules, absorbing strongly in the visible, make use of this effect.

n—,7- &nd G -states are singlet-ctates, the excited T™™ ena G ™
states can be both, singlet— or triplet-states. 5~T transitions are
relatively allowed if the energy gap is scmall and/or if s nearby
heteroetom leads to a significant spin-orbit coupling.

Molecules cannct only be excited electronically by an external
radiation field or e.g. through chemical reactions, they can also
g0 into higher modes of oscillation of the atoms relative to each
other and rotaticn of parts or of the whole molecule. As was found
for the electronic states, quantum mechanics requires vibrational
and rotational states to be discrete and transitions between such
states to be assoc.isted with the gbsorption or emission of a specified
amount, of energy. Transition energies are much lower than those for
electronic excitation. Vibrationsl transitions can be excited with
optical rasdiation in the near- srd middle infrared and are therefore
of great importance for the interaction between laser-radiation and
living matter. Because of the vibrational modes, all electronic
states split up into a rumber of vibrationzl substates of different
erergy. This iz shown in principle in Fig. 9. For a lurge number of
molecules irradiated in a volume, energy goins into exnited vibrational
states macroscopically is realized as a temperature rise. Laser ex-
citation of molecule vibrations is therefore the process of prime
interest in all biomedical laser applications involving heat
production e.g. in laser surgery.

cooH oot COOH ’
| ]
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Tryptophane Tyrosine Phenylalanire
|
COOH CCOH FOOH
1 |
HyN—C—H HyN—C—H H;N*?—-H
¥ i
H C—SH HC— 5 —S-—-——CH;
Cysteine Cystine
COGH
f
Ha N—C—H
|
CH;
N
Hn -
Histidine

Fig. 10 Amino acids with noticable absorption in the ultraviolet.

3. THE STRUCTURE OF SOME BICMOLECULES AND THEIR
INTERACTION WITH OPTICAL RADIATION

Despite of the seemingly unlimiteé number of different biole-
ecules and their smazing adaptability to greatly different functionsl
tasks, their vast majority is constructed from & rather limited
number of bullding blocks, such as amino acids or nucleosides. As
the properties of these subunits primarily govern the int?ractio?
with optiecgl radistion st least in the visible and ultraviolet, it
seems worthwhile to introduce & few of the important ones.

Proteins, with amino acids as thelr bullding blocks, are the
most abundant biomolecules. The six amine acids most 1mp0?tant for
the interaction with ultraviolet radiation are shown in Fig. 10.



Fig. 11 shows the moler ebsorptivity of these gmino acids in th
1t can be very strong indeed. The chrcmophcres i.e. the sbsorbi
centers are the different residues of the emine acids. It is of
course not surprising that only amino acids with sromatic re51d
(polycentric I, Z* -states) end sulfur as heteroatom (n,7* -tr
tion) heve significant sbsorption in this wavelength range. In
tion, histidine has some absorption up to & wavelength of 220 nm
due to jts imidazole ring. All the other amino acids, par—

ticularly the ones with aliphatic rests, exhibit absorption

103
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motar absorptiviiy/mof’1- fem™!
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Fig. 11 Wavelength dependence of the moler ebsorptivity
of scme amino acids in the ultraviclet
() Tryptophane, (b) Tyrosine, {c) Phenylalanine,
(d} Cystine, (e) Cysteine
{from: McLaren, A.D. and D. Shugar: Photochemistry of

e UV.
ng

ues
ansi-
addi-

Proteins and Nucleic Acicds, Pergamon Press, Oxford 19654

in the vacuum~-UV only (A,é 200 mm), & region of no interest in the
investigation of 11v1ng systems. As is to be expected from the mol-
eculer structure, amino acids show no significant gbsorption in the
near-UV or visible.

A large number of aminc &cids, linked together by peptide bonds,
form the basic structure of polypeptides and proteins. With up to
103 amino scid in one such macromclecule, &n almost infinite number
of combinetions is possible, leading to the observed variambility.
In the netive simte, one or more polypeptide or protein chains are
arrenged into structures of high spetisl order, their conformetion.
Theok -helix andp -pleated sheets a&re the most common ones. Collagen,
the most abundent structural protein hes a very special triple helix
structure because of its high content in the amino acids proline and
hydroxyproline. The unigue structure gives it its mechanical proper-
ties discussed in the lecture on vessel coagulation with lasers. The
moleculer conformation is stabilized mainly through the inter-
action viz hydrogen bonds.Their binding energies sre in the range
of 0.04-0.4 eV, far below those of the covelent bonds. Exeitation
of molecules intoc higher vibrational states, corresponding to &
macroscopic rise in temperature, can therefore easily result in break-
age of hydrogen bonds.

The wavelength dependent absorption of proteins in the UV and
visible is essentially that of the sum of the aminoc acids they con-
tain. Neither does the peptide bond add substantially to the
electronic absorption bonds at X3 200 nm, nor does the conformation
significantly slter those of the emino acids discussed above. As is
to be expected, the vibraticnal states and their transition in the
infrared on the other hand very strongly reflect the conformation
of 2 molecule.

Nucleic sciés are also polycondensates of high spatial oracr.
The nuclepsides as building blocks are molecules consisting of &
monosaccharide ring (ribose or deoxyrxbose] and different bases,
derived from either the pyrimidine or purine ring (Fig. 12). A sec—
tion out of a deoxyribonucleic acid (DNA) is shown in Fig. 13. In
DNA only four different nucleosides occur, the bases of which are
jdentified in the figure. A section of ribonucleic acid (RNA) is
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Fig. 13 Section of a deoxyribonucleic scid (DWA ).

shown in Fig. 14. BNA has = larger variety in bases than DNA, Dut
four of them are by far the most atundant. Three of them are the
same as in DNA, only Thymine is replaced by uracil. Agszin, the ab-
sorption of optical radiztion in the wavelengnh region ¢f interest
resides with the aromatic, heterocyclic rings of the five bases.
Fig. 15 shows the waveiength dependence of the molar ahsorptivity
0{ the five bases in the UV. It should be noticed, that the absorp—
tion reaches very high peak values wiih £ % 10 mel hioen
Neither the ribose and deoxyribose nor the ‘phosphoric acid 1ink-
ing the nucleosides via two ester- Donas, contribute significantly
to the sbsorption of nuecleic acids in the range of A% 200 nm. Above
A » 320 nm the absorption of nucleic acids and their constituents
is negligible. The famous double helix structure of two corres pond~
ing DRA-strands, as well as the various conformational structures
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Fig. 1h Section of a ribonucleic aecid (RWA).

of REA mye agaln stabilized by hydrogen bonds. Though these bonds

do not gualitatively alter or &dd to the electronic abscorption band
in the UV, the clese proximity and spatial alignment of bases partic~
ularly in DNA results in hypochromism, & guantitatively diminished
absorbance as compared to the sum absorption of the bases contained.
As in amino acids, the confcrmational structure of nucleic acids is
the determining Tactor for their vibrational bands and transitions

in the infrared. Heating to only moderate temperatures above the
physiclogical ones wil: lead to breakage of the hydrogen bords and
partial or total loss of the conformational structure.

Certain bicchemical groups, particularly those with heteroatoms
may exhibit medium (usually n~X* transitjons) or strong {usually &~ 5"
transitions sbsorption in the UV. The carbonyl- group ol ketones and

1{i



16 |

x 1103 i |
W |

o Adenine %
Sup G 5
il 8 <\3 E
5 BT o ' buonine |
E \ VAR U ;
> br- \ s 7T " i
s 4l k L R\ \ Y |
%_ 4 v Cytnsine M \\ klhymme *
5 2 D !
AN T ’

= ] LNy st l
5 200 20 240 269 280 300 ¥k
S wavelength/nm —— J

‘Fig. 15 Wavelength dependence of the mclar ebsorptivity
of nucleic acid bases
{from: Davidson J.N. The Riochemistiry of the Nucleilc
Acids, Meihuen, London 1965)

aldehydes is one of the most prominent examples es already discussed
for the case of Tormaldehyde. Many such molecules are morecver known
to be very efficient as donors or acceptors for triplet state pop—
ulation or depopulation in intermolecular energy transfer processes.
They can therefore strongly influence the cownrs: of photochemical
reactions, even when present in only smell concentraticn. A similar
action may be achieved through vital staining of cells or ticsue.
Dves are added, the molecules of which svnecifically bind tc or inter-
calate with biomolecules without significantly disturbing their
vital function. Preferentially such dyes are used that abscrb in the
visitle or near-UV end then transfer their excitation energy 1o the
bicmolecule. 8-Metoxypsoralen, a dye that intercalates with DNA, is
e.g. used in the photochemotherapy of certain skin dieseases,
hematoporphyrines are used in laser cancer treatment.

Some of the more important biomolecules, absorbing optical rad-
iation in the visible, will be discussed as the last group. These
molecules are proteins with an added prosthetie— i.e. functional
group,vhich in our case contains the chromophore for the zbsorption
of visible light. Several such prosthetic groups are derived from

HOO i
HOO COOR
00H
HDOO
COOH
COGH  COCH
Uroporphyrine lil . Heme

Fig:‘16 Porphyrine ring and heme-molecule

the porphyrine ring shown in Fig. 16, Also shown in the same figure
is the heme-molecule that binds to the globin protein to form hemo-
globin, the oxygen transporting molecule in red blood cells. Fig.

17 shows the spectral absorption of oxvgenatefi- (Hb} and deoxygenated
-{Eb0,,} hemoglobin in the visible. When bound ‘to different proteins,
the same heme-molecule Torme the various cytgchromes that were orig-
inally found because of their absorption of yisidle light. Cytochrome
c e.g. is an important ccenzyme {better cosulstrate} in the respira-
tory cycle of cells, located mainly in the mjtochondria. With the
central Fe-ion replaced by a Mg-ion and some changes in the side
chains the photosynthetic pigment ¢hlorophyll evolves. All these
molecules have a large number of conjugated double honds that lead

to the absorption in the visitle. This holds mlso true for the
carotinoid retinal, shown in Fig. 18. When bound io the protein opsin
it forms the visual pigment rhodopsin in the photoreceptor cells of
the retina. Heduction of the carbonyl group tc the alcohol retincl
results in the vitamine A, which also absorbs in the visible. Other
enzymatic proteins with suiteble prosthetic groups such as the fla-
voproteins also absorb in the visible.

Melanine is the brown pigment found in tanned skin, but also
in many other organs e.g. in the pigment epithelijum of the retina,
where it plays an important role for proper vision and in therapeut-
ical photocosgulations of the retina. Its biosynthezis starts out
at the smino &cid tyrosine and ends at the indolylquinone ring. With-
in the ceil the indolylquinone molecules polimerize (Fig. 19) with
the result of chains of conjugated double bonds to render the visible
ebsorption characteristie shown in Fig. 2C.

20
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10 N sorb. Human cells and tissue are essentially transparent with the
Hbg} ey exceppion of‘high_'l.y melanine pigmented st.ructu?es and red blood cells which
é contain a suitable sbsorber at high concentration.
\ ~ for A » 1000 nm (infrared) all bicmolecules have specific and strong
1 vibraticnal sbsorption bands.
- all tissue is higHy scattering throughout the whole range of 200 nm < } £ 10 um.
It therefore appears translucent to visible light.
400 SO0 60C 700 800 60D 1000
wavelength/nm-—-—s L. SPECTROSCOPY IN EIOMEDICINE
The interaction between biomclecules and optical radiation can, at
least in principle, be used as & sensitive and straightforward
Fi 17T Spectral - spectroscopic tool in the investigetion of biclogical systems and in
& ?ﬁg? ;3 absorptivity of oxygenated {HbO,) and deoxygenated pedical dimgnosis. Several properties (monochromaticity, tunability,
(f .emoglobln at Ifhys:_xolog:cal concentration (150 g 1 ') collimation, short pulses) make lasers jdeal sources for many such
q ;:T' Welsch, M., K. Birngruber, K.-P. Boergen, V.-P. . applications. Several further lectures will deal with specifie spec-
ah{h 1and F. Hillenkemp. Ber. 75. Zusammenkunft der dtsch. ) troscopic methods and their application to & number of special prob-
op al. Ges. Bergmann Verl. 1978) lems. Only a very few, general rules will therefore be discussed here.

In summery, the following rough generel rules can be stated:

- for 200 nme& X £ 375 nm (UV-B and UV-C) biciogical objects such

as cells and tissue will generaliy absorh optical radiation very
strongly. Overlapping absorption bands of many different moleculer

will usually lead to a rather unspenifi i ; - R 0
cystems. pecific excitation of many sub- m Polymersisation
T ——
N

= for 31% nm £ A « 400 nm {WW-4) only a limited number of biomol- 0
- biomel
ecules s}_low a usually moderate ([:“40“ ol ter™ 1) zbsnrption
Interaction with specific molecular systems cen often be echieved

Melanine

- for 400 nr £ A\ £ 1000 nm (visitie) enly very few bicrolecules ab- Indolquinone

Fig. 1% TIndaolylguincre znd molzring
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Fig. 20 Spectral absorption of melanine in the visible
(from: Gabel, V.-P., R. Birngruber and F. Hillenkamp
Ber. Th. Zusmmmenkunft der dtsch. cphthal. Ges.
Bergmann Verl. 1977)

Identification of molecules through the wavelength dependence
of their absorption is the simplest form of spectroscopy. Determin-
ation of the degree of oxygenation of the hemoglobin in blood
through an absorption measurermznt at a wavelengih near TOC nm is &
routine method in medical diagnosis — and one of the very few cases
in which absorption speetroscopy can be successfully applied. Not
crly are most of the absorplion bands concenirated in the UV below
A= 315 nm,with strong overlap of the usually rather broad bands,
ihey are moreover caused by the rather unspecific tuilding blocks
end depend only very little on the weciual structure of the many
different macromolecules. Substructure in the spectre due to differ-
ent vibrational levels is rarely vesolved. The number of molecules
that could be identified through their absorption spectra ir the
visible and near-UV is very limited. Moreover,concentreticn of thesc
molecules (e.g. enzymes) in the cells and tissue very often is tao
low for an efficient detection. Specifl.: information ou the macro—

zl,

molecules end their conformation is contained in the vibrational
ebsorption spectra. Unfortunately living biclogical systems slways
contain & high percentage of wster ( 80% in human soft tissue) which
elso exhibits very strong absorption in the infrared, screening off
the bands of interest and rendering absorption spectroscopy in the
infrared on vital biological systems more or less obsolete.

Raman spectroscopy could be a very elegant solution to the
problem, because it transferes the measurement of infrared vibra-
tional transitions into the visible, thereby circumventing the water
absorption. By the very nature of the process, Raman intensities are
very weak however. In addition the Raman emission is very often lost
in & strong, unspecific background flucrescence in complex biological
systems. Only a few successful applicetions of Raman spectroscopy to
real biclogical systems have been reported so far, but for such ap—
plications the methed is still in its infancy. A number of physical
and technical improvements are possible and Raman spectroscopy may
eventually become & very powerful tool in biomedical research and
diagnosis.

Practically all biomolecules exhibit optical rotation, i.e.
they rotate the plane of linearly polarized light. Measurement of
the dispersion (wavelength dependence} of this optical rotation has
been & successful analytical method in biochemical reseerch on pure
substances in solution. In the very heterogenecus and highly scatt—
ering biclogical objects this method can however be of very limited
use only. The ssme holds true for circular dichroism, a different
absorption of waves circularly polarized in oppesite senses, exhibited
by many biomolecules.

Fluorescence spectroscopy from the lowest excited singlet state
after excitation with UV-radiation is another powerful tool. Az :n
analytical method it is superior to absorption spectroscopy, because
in fluorescence one has three parameters that carry information about
the emitting system: the spectral distribution of the emission itself,
its dependence on the excitation wavelength, related to the ebsorp—
tion spectrum in a complex way, and the flucrescence decay time after
pulse excitation, yilelding information on the lifetime of the &
excited state. Moreover, wesk fiuorescence, e.g. of low concentration
samples, can easily be detected with sensitive photodetectors, where-
s weak absorption cannot, because it would have to be determined as
e very small difference between the two large signals of the inci-
dent and transmitted light. Tn contrast to the absorption spectra,

luorescence spectra, even though they usually originate from the
excited states of the various tuilding blocks, carry impertant in-
formation on the macremoleculer structure and the molecular environ-
ment. Fast intramolecular energy transfer Trom the absorption site

to & fluorescing low energy excited state over considersble distances
slong the molecule is among the most presinent processes responsible
Tor this fact. Molecular vibrational med iead to & specific red
shift of the emission wavelength, because sbsorption and emission
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>- PHOTOCHEMICAL REACTIONS OF BIOMOLECULES

In many of the biomedical laser applications & specific and
controlled alteration of the biological system is intended. Such
appliceticns range from microirradiation of single cell organelles
1o macrosurgery on soft tissue ard bones. Therzsl sction: after
radiation absorption dominates ir the mejority of such spplications.
With tne advent of powerful lasers ig the UV or suitable siaining
dyes that interact with specific molsrular cfpters in cells and the
absorption of which is adapted to a specific laser wavelength
photochemical applications have gained considerable interest as well.
It seems appropriate therefore to discuss the most important aspeets
of photchemistry. This field is moreover particularly important in
safety considerations.

A reaction is said to be photochemical if it takes place frow
an, usually electronically, excited state of the molecuie that ab-
sorbed the photon or to whieh the energy has been transferred in an
identifyable, nonstatistic manner. The overwhelming mzjority of such
reactions can therefore be induced by UV-radiation only, preferen-
tially at wavelengths below 320 nm. The interpretation of such reac-
tions is often difficult, because they mey consist of a nber of

often too fast for the Intermediaste products te
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lvocules, excited Iinio higher states will usually relax through
conversion to the first excited singlet stete in times ico
©o chemical reacticons to occur. Some fact, particularly mono-
s reavtions start from the first excited singlet stste, but
i irvolves long lived T, triylet states after an
‘LE. The latter holde rarticularly for bi- or po
ons, where diffusion times muei be considered.
vent criterion for ihe likelihood of a photochemical react,
Seour e chenge in the electror densivy disiribution 7.
upor exzilation and possibly in the spaticl errangement o - pol-
ecule as = vonsequence of it. As a rough rule it can be sai. g
Ti—states are less different from the ground So—stane than 8q-%

F~57% transitions usually indoce greater rearrangemsntic’ther fo
n -~ W*runsitions. Associsted with such chenges 18 often-®L nblra-
molecul charge transfer resulting in considerable changes the

{dipole moment) of certsin groups cr the entire ool
changes in the pK -value may be cbzerved, respltizg 1
ation or deprotenization of the molecule, a very impor-ant
“ler in vany biochemieal reactions.

o e

© typical photochemicel reations will be discucsed as ey
Uissociation of a molecule sfter excitation is much less
zuenl tlhian one would expect,though the excitetion energy for
tranciticns In the UV is above thet of many bonde. The tinding
energy of a U-C single bond e.g- is only about 3.5 eV, correspend-
ing to & wavelength of about 350 nm. The reason ig that the energy,
absorbed &l the chromophore, is not usually fully transferred to
one particular binding site. In addition the Qipcle forces of the
water molzcules in hydrated molecules prevent the dissociation pro-
ducts frum separating spatially and the bond is reformed, after the
excitation energy is lost to the solvent.If dissociation occurs,
it is the structure of the molecule thal determines the cleavage
site, not so much the location of the chromophore. Becasuse of the
nature of the covalent bonds, discussed earlier, two radicals with
unpaired electrons usually result from cleavage, or & negative and
8 positive ion. Scometimes excitation leads just to the loss of &
hydrated electron, leaving a radical behind. The radicals are very
reactive and often responsible for the actual effect, induced in
the biological system. Photodissocietion of the sulphur beond has e.g.
been observed in cystine. This seems to be the dominating photo-
chemical reaction of proteins, excited by UV-redistion. As the
cystine-absorption is rather low in the UV, intrzmolecular energy
transfer from amino &cids with aromatic residues must be an impertent
factor in such resctions.

L)
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) Tn summary it cen be said that phetocherical reacticons dominate
blolog}cal effects of radiation below about 320 nm in wavelength. At
lgast_ln cases, where a physiological function is related tu.gézé* -
ticn 1n-the visible or near-Uv, photochemicslly induced damage ;u;?
be_con51dered even at radiation levels or exposure situ=tiérr o;l:h
s%lghtly sbove normal. In a living biologicel systerm a ;ari;:' nf
different and competing photcinduced remctions are usually ogie;vej
that make interpretation of results znd therepeutic use difficuii

The treatmert of cancer with lasers, ermitting visible radiation (Argon,
Kryton) after vital stairing with hematoporvhyrines is a good example.
Heither has the active dye and 1i's exact chemica: structure been fully
ipdentified yet, nor is it knows, to which subceliular structures it
binds and whst the details of it's photochemical action are. Experimental
resuits seem tc indicate that cne of the most important aspects is the
prolenged retention time of the dye in malignant cells relative to

benign ones and that molecular oxygen is important in the reaction
becease of it's tripilet ground state [photodyramic action). It is well
dorumented thet exvessive irradiaticn with UV-radiation significantly
increase Lbe occurrence rafe of skin cancer, most probably through
aiteration in the genetic apparatus of cells. Great care should therefore
e taken when using Uv-emliting lasers for blomedical applications.

6. THERMAL CHANGES IN CELLS AND TISSUE

For thermal reactions to occur, the energy, absorbed from the
radiation field,must first be randomized within & large ensemble
of molecules through statistical processes. The energy may be supp-
lied through excitation into electronicelly excited states, followed
bty a complete relaxation into vibraticnal modes {internal conversion
e.g. in hemoglobine Yor directly into the vibrational bands by infra-
red radistion. After the randomization, occupation density of the
various vibrational states as function of their erergy will follow
the well known Boltzmann distribution. The macroscopic parameter of
this distribution is the absolute temperature T. It should be kept
in mind that the border between photochemical and thermal effects
is not mn sbsolute one. Both types of reaction may lead to the same
final product {(but must not necessarily do so) and are therefore
often difficult to separate from each other. Photochemical reactions
from vibraticnalily highly excited ("hot"} ground states have also
been postulated. Most important, both types of reaction will usually
enhance each other.

As was explained earlier, a moderste rise in temperature on
the molecular level predominantly effects a breakage of hydrogen
and other van de Waal's bonds that stabilize the conformstion of
the molecule. This 1s called a denaturation of the molecules, be-
cause the majority of biochemical reactions require & sort of key
to keyhole fit in the spatiasl structure of the molecules for the
reactions to take place. Densturation therefore necessarily mesns
loss of vital function. It is interesting to note that such loss of
conformation can be seen directly through the change in optical
scattering, &s is well known e.g. for egg white. Energetically the
molecule cen reach the low final denaturated state 3 from the vitsl
state ) only by surpassing an intermediate state 2, higher in energy,
as shown in Fig. 1.
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) It has beern shown experimentally that such densturation reac-
tions are described to a good approximation by.the mathematical forma-
lism that holds for the kinetics of first order (involving one reae—
tion partner only) chemical reactions. The reaction rate of the
denaturation is then given as:

R . b oexp (-5 /RD)

with P es the velecity constant and E_ the activation energy. R is
the universal gas constant. Ea and P must be determined experimen-

tally for aqy given melecule. Order of magnitude values are e.g.
P=100s and Ea = 4.10°Jmol” 1 for liver tissue. The very large
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Fig. 21 Energy levels and transition in thermal depasturation

value of P reflects the dramatic increase in entropy for such reaec-
tions through the loss of spatiel order. The rate process model of
thermal denaturation predicts that the complete temperature - time
history governs the degree of denaturation, nol just the peak tem—
persture reached and experiments indeed support this predietion.

The details of such thermal denaturation processes will be discussed
in one of the seminars. In contrast st least to the general princinles
of photochemical reactions, thermal denaturation takes place evea in
non excited systems at room- or body tempersture. A rise in tempera-
ture only increases the reaction ratc, the increase bevcoming very
drastic however at certein specific lemperasturss, becsuse temperature
appears in an exponential function.

Thermal effects in biomedical laser applications usually in-
volve the irradiation and denaturation of complex, macroscopic
volumes. The effects are monitored through the macroscopic measure-
ments of the failure of certain sensitive subsystems such as enzyme
systems or the vital function of single cells or whole tissue volumes.
These methods of histochemistry and microscopic-or electronmicroscopic
histology will be discussed in & further lecture. It should be kept
in mind however that values thusly determined e.g. for a special
type of tissue, =s given above for liver tissue, must necessarily
represent the overall reactions of the whole complex system and can-
not usually be related to a single of the many involved molecular
species.

A method commonly used in attemptis to relate an observed over-
8ll reaction to the absorption of & specific chromephore or the known
wavelength dependence of & certain reaction is the recording of en
ection spectrum. For such an action spectrum the incident energy
E (A) is recorded, necessary to obtain the effect of interest, e.g.
& 50% survivel rate of cells in a cell culture. Becsuse the absorp-
ticn spectrum of the suspected chromophore reflects the ratio of ab-
sorbed to incident gquanta, the energy E {A) has to be scaled by multi-
plying it by A for the twc wavelength dependences to be comparable
qualitatively.

Py A AAD
(A4, ald)

For the judgement of macroscopic thermal effects in laser ir-
radisted tissue,a few more physical processes habe to be discussed.
The distribution of sbsorbed energy within an irredisted volume is
governed both by the scattering properties of the tissue and the ab-
sorptivity of it at the specific laser wavelength used. as explained
before, with the exception of blood, most tissues are essentially non
absorbing in the visible. Penetration of ragéation into the tissue
can therefore be deep, with irradiance (Wem “) or radiant exposure
(Jem °) however decreasing rapidly becasuse of scattering. A thecret-
iczl anelysis based on the theory of Reyleigh-and Mie-scattering
is difficult,because of the strong hetercgeneity of tissue and large
variations between different types of tissue. Often a number of
layers of tissue with different scattering properties are penetrated
gs e.g. 1n the laser irradiation of the wells of stomach or bladder.
Only rather recently have systematic experiments been started to
measure the ecatiering of iaser radiation in various types of tissue.
In favourable cases, e.g. for the pigment epithelium of the retina,
where the light sabsorption is cor'inzd to & cellular monolayer,
Beer's law can be applied as a good approximation. The penetration
depth (I”’IO = 1/e) of light intc tlood vessels, or blooed layers
covering tigsue, stays below etr . 7 mm throughout the entire visible
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spectrum, decreasing to less than 0.1 mp &t the hemogiobine absorp-
tion bands arcund 550 nm end below 450 nm. At the two major emission
wavelengths of the argon leser (488 and 514 nm), frequently used for
comgulation and even cutting, penetration depth is about (0.2 mm.

Both, absorptivity and scettering determine the penetration of visitle
light into blood. When using argon lasers for surgical purposes, the
irradistion field therefore always has to be clear of blood, if mere
superficial coagulation of the bldod is to be gvoided. For lasers
emitting in the infrared, most frequently used in & great variety of
surgical applicationc, the radiation is sbsorbed mainly by the water
Wwithin the tissue. For the neodypium laser, emitting in s wavelength
of A = 1.06 pn, used prefergqtia]ly for ccoguiation purpeses, absorp-
tivity of HJC is below 1 cm . Penetration deptr ic several centi-
meters, as demonsirated by the 40%F transmission of radiation al thic
wavelength through the refractive mediz of the eye. For this wave-
length the penetration of radistion into tissue will be limited by
scettering to typically some millimeters. COs-lasers, emitting at &

wavelength of 10.6 are meinly used for cutting of tissue end bones
and sealing of blodd vessels up to sbout 1 mm in diameter. At this
wavelength, the sbsorptivity of Hp0O is about 700 cx . Az & result,

COs-laser radiation will penstrate only & few rell lovers of the
tiesue and scattering will be of minor inTluence only.

The volwne of the affected tissue w!l1l be influenced by heet
conduction and possibly —convection throueh flowing blood as well.
The thermal parameters, specific heat, he conductivity and hest
diffusivity, of tissae are egual to that ol wrter, i wrain hete-
regeneity, partieularly the blood vessel supply within the alfected
volume;limit theoreticsl rredictions. Heat conduction 1 MOYecver
strongly influenced by the geometry of the beam and the irradiated
veium: and the time course of the irrediantion. A seminar will desal
with the problems of heat diffusion within tizsue.

Thermal densturation of biomolecules will be the dominating
heat effect up to temperatures of 100%C. The evaporation of the
tizsue water will mct as sort of a vuffer and limit the average tem-
perature to this value until sl]l the water has been evaporated. There
are strong indications however that ev.n within this regime of oper-
ation much higher temperatures can Le ~eached locally. After all the
water is lost, the tissue structure will desiniegrate, but carbonize-
tion of the organic material may occur under continued irradiation
or at the thermal hot spots mentioned before. The full extent of the
damage into the tissue can be judged affer z time delay of about one
day only, because of biolegical secondery reactions to sensitive,
vitally important subsystems within the cells e.g. of particular
enzymes, following thermal damage. In waler free structures such as
bone, temperature will go far beyond 100°C e.g. when cut with & COp
laser. Often strong emission of incandescent light from the irredi-
stion site is observed in such caser, indicating temperatures well
in excess of 1000°C.

7. EFFECTS OF VERY SHORT PULSES

Pulsed exposure, if suitably timed, would have the grest advantage of
avoiding or limiting heat conduction and confining the action to the
absorption center or it's immediaste surrounding: It can nevertheless be
stated az & general rule thet pulses of duration below about 1 ms are
not well suited for therapeutical medicel applications, because of difficult
to predict and contreol sideeffects.

o far, the only demonstrated exception is the laser microsurgery of
the anterior segments of the eye, used e.g. for disruption of physiological
{lens capsule) or pathological membranes or other inhomogeneities in the
transparent media. In such applications pulses of ns- (@switched-) or
pe— duratics {mode losked lasers) are focused to small spots to sochleve
irradiances shove about 109 Wem™2. At these irradiasnces optical breakdown
through avalanche-processes of free electrons or multiphoton absorpticn
{depending on tke wavelength used) occurs. A plasma results in the focus
that contains enougn energy to produce the desired action most probably
through a2 mechanc-acoustic elfect., Care must be taken to create a dense
enough plasma in =ncrt enough a time, to shield the underlying, very
sensitive retinz from all btut = mimate fraction of the laser pulse.

Irrediation with stort pulses of sufficient euergy will even without
optical breakdown lead to 2 steep temperature rise in the tissue. The
induced, fast adizbatic expansion will then create pressure waves {acoustic
transients) that nave been stown to have peak pressures of several hundred
atmospheres. Such transients can propagate quite well in tissue and,
depending on the wave geomelry can cause damasge even in pleces &
diztance away from the irradiation site. Such damage is expected to
oceur preferentially in highly ordered structures such as the chri-
stme of mitochondria cr the dises in the segment ends of photorecep-—
tors and hes in Tact been found there after irradiestion of the ~rtina
with Q-switsched laser pulses of about 20 ns duration. At least some
of the damage, observed afier irradiation with sub-ps pulses is cer—
tainly thermo-mechanical in nature rather than caufed by nonlinear
optica} effects ms sometimes suspected in the litersture. Mechanical
damage of the described type is unspecified and difficult to control.
As & general rule, short puises should therefore be avoided in thera-
peutic laser applicaticns. Depending on the irradiaticon paremeters
ss well as the optical and thermal parameters of the irradiated
tiseue, the safe lower limit will be between sbout 1 ms for small
spots in highly absorbing caces {1ike minimel spot retinal irradia-
tion) and sbout 1 npe Tor ihe less extreme situstions. The upper limit
for efficient expdsure times is of course sel by excessive energy
ioss from the irradiated volume through heat conduction.



CONCLUSIONE

The interaction mechanisms, discussed in this lecture, are all
not laser specific and most of.them have been seen to occur and inve-
stigated with thermal light sources as well. They ecan, at least in
principle, explain theoverwhelming majority of phenomena observed
in biomedical laser applications. A few other effects, e.g. wound

bealing and various.types of what is often called biostimulation with
low level laser irrasdistion at various wavelengihs. do not seem to fit -

inte the discussed frame. This does however not mean thet new, exotic

.j'interaction processes have to Be postulated, based e.g.:on the coher—.

ency of laser light. An investigétion inte the basic mechanisms of
these so far umexplainable phenomens could be very interesting and
-fruitful, should the phenomena themselves be proven beyond scientific
doubt. Anyone, who endeavours into this field, should however do it
. with the full knowledge and proper apprecistion of .the interactions

" already known to exist and with a scrutiny and cere comparable to

. that employed in the investigastions that have led us to our present
state of knowledge.






