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Introduction

For a long time there has been the widespread belief that the second prin-
ciple of thermcdynamics would heve posed a mejor barrier to the spontaneous
appearance of ordered structures in metter. In particuler, thermodynamics
would have prevented the patural evolution from prebiotic matter to living
matter. This point of view, however, has been shaken when far from equili-
brium (non linear) processes have been taken into account and thermodynamics
of irreversible processes has began to be formulated. It has been recognized
that open systems kept far from thermodynamic equilibrium by an external flow
of energy can organize themselves spontanecusly, exhibiting definite ordered
patterns in space or in space and time. ’

Ilya Prigogine and the Brussels scho:l investigated & pumber of general con-
ditions which ensure the possibility of self-organizetion in matter.(i) This
line of investigation, however, mims to outline the very general structufes
vwhich are mathematically possible in the framework of a genersl theory of
dynamical systems. A complementary approach investigates the microscopic
mechanisms responsible for such ordering processes pointing out how atoms,
molecules and their intersctionscooperate to build up ordered structures out
of the initial random melecular distribution.(2,3).

Atoms, molecules and theirinteractions are successfully described by quant-
um theory. Furthermore, quantum field theory has proven to be the most effect-
ive tool for describing systems with so many degrees of freedom that they can
be phenomenclogically understood only in terms of a few microscopic parameters
cbtained through averages on a number of microscopic variables.

Quantum field theory (Q.F.T.) deseribes the interactions among the element-
ary constituents by "quasi-particles". These gquasi particles represent the col-

lective dynamice responsible for the difference between the initial set of un-~
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ordered elementary objects (atoms, molecules) and the resulting ordered struct-

ures. Examples of such quasi-particles are phonons In crystals, plasmons and

 s0 on. Furthermore, it should be noticed that a rollective structure sppears

as less symmetric than the unordered set of its elementary constituents. For
insﬁénce, & gas of atoms interacting éccording to the fundamental laws of
electromagnetisﬁ exhibits a rotetional invariance. However, when a collective
interaction among the stoms produces an {ordered} crystal, the original rote-
tional invariance usually disappears and is replaced by some discrete sym-
metry. Order has been produced at expense of symmetry.

Quantum Field Theory actually provides a possible dynemicel scheme for this
complementarity between symmetry and order {4)}. The spontanecus loss of symme-
try‘impliea the appearance of boson massless modes or "quasi-particles" which
act as the messengers necessary to establish the correlation among the element-
ary constituents. Is this way they are the building blocks of a collective
structure.

It would be interesting to provide a microscopic analjsis of living matter
along the lines elucidated above. Living matter is basieally a dielectrics, na-

mely & set of electric dipoles, with peculiar properties sinee the large number

of elementary components gives rise to high inhemogeneities in the dielectric

parameters. Our aim is to extract as much information as possible from general
symmetry prineiples without going into details, yet almost unknovm, of the
dynemic equations. The mathematical treatment is presented in Ref.5. Here we

limit ourselves to & purely guelitative spproach.

Electric polarization waves as a result of the dynemical rearrangement of symmetry

A living system can be schemetized as a set of many macromoleculsr electric
dipoles embedded into water,i.e.into another set of electrie dipoles. We consi-
der water ss the ground state ("vacuum") of our system and we describe the ex-
citations of the macromclecular dipeles by Heisenberg field operatorsﬂ*is. The
mecromolecular dipole interactions will be described by a Lagrangian whose ex-
plicit form cannct be specified, but can be expected to be rotationally invariant
too, the system will be a conservative one. Suppose on the contrary that ocur
vacuum, nemely water, depend upon & preferrsd direction, breaking the initial
rotational symmetry. This could occur for instance, in the presence of & water
electret; & net electric polarization P hes been actually observed around elmost
a1l bicmolecules and messurements on the hydration of the molecules allow to at-

tribute it to water surrounding the biomolecules. (6).



The existence of a rotationally non invariant vacuum induces via Goldstone
theorem a dynamicel rearrangement of the symmetry of the system. Let us re-
call the Goldstonc theorem. (7) Suppose a system be described by a Lagrangian
dependent upon & certain set of fieldsgﬁi, the Legrangian be invariant under
a certain group of transformations G. Suppose now that the ground state
(vacuum} of the system be non invariant under the same group; that means that
there exists some fields ¢i vhich does not annihilate the vecuum or in other
words whose average value on the vacuum is nonzeroc.

<olé. |0>4 0

The Goldstone theorem states that in such = case the physical spectrum of the
system must include states degenerate with the vacuum (zero mass states) who-
se quantum numbers correspond to the physical quentity non conserved by the
vacuum. The flow of quantum numbers carried by these Goldstone bosons take

in care the seeming nonconservation of the same quantum number by the criginel
system. Notice that for the velidity of the theorem gauge field must be absent.

In order to take care of the original @ipole rotational invariance, which
is broken when ithe electret state arises, massless boson modes must appear
which earry the quantum pumber corresponding to the broken symmetry. In our
case, the rotational tridimensional symmetry is reduced to a rotstional sym-—
metry around the electret sxis so that two massless bosons describing electric
dipole waves would appear. Moreover, by general theorems the symmetry dynamic-
al rearrangement gives rise to an "observable symmetry" of the same dimension
of the original one. (8) In our case the two broken rotations transform them-
selves into translations in the space of fields (i.e. B » B + ¢). This in-
variance implies that an extended homogenecus condensstion of the koson Gold-
stone quanta takes place.

The sbove considerations hold in the case of an infinite volume.In that
case the electric dipole waves would appear spontanecusly, namely without ex-
pense of energy. But & real living system has e finite size, so that the &—
bove symmetry transformation is not global but local, cccurring inside a fini-
te region, whereas the symmetry is preserved outside. In this case the boson
dipole guants are confined inside the finite region and this is in ccntrast
with a zero mass. The gquanta acquire a mass inversely proportional to the
size of the involved region. Conseguently the appearance of the dipole waves
requires some initial expense of energy, i.e. & threshold equal to the hoson
mass. It is interesting to point out that the smaller the system, the higher
the threshold. If these bosons are the correlating agents which bring about

coherence into the system, the sbove result shows that an energy supply is

required. Moreover the non invariance of the vacuum ensures that the guantum
mumber carried by such quanta is not conserved by the original system. We can
conclude that flow of such quantum number, and consequently the flow of ener-
gy carried by the corresponding bosons, must traverse the system. In conclu-
sion the macroscopic property of thermodynamic dissipativity at a microscopic
level sppears as the consequence of a spontanecus symmetry breakdown. The ro-
taticonal invariance of the set of macromolecule electric dipoles is broken by
a perturbation that introduces a preferred direction in the dynamics of the
system. The fact that the living matter is built up by electric dipoles, i.e.
iiving matter is a dielectric, implies that the energy flow required by the
dissipativity is realized by gisnt electric polarization waves, correspending
to extended condensations of boson guanta. The existence of such waves has
been predicted in 1968 by Herbert ¥Frhlich. (9) The argument discussed here
shows that these waves are a very general feature of living matter &nd thus

are not dependent upon the specific form of the dynamic equations.

Solitons and symmetry breaking

We have seen in the best section that electriec waves asppesr in a dissipati-
ve electric dipoles set when an energy threshold is overcome, since the symme-
try breaking element requires an expense of energy corresponding to that of
the threshold. This energy is inversely proportional to the size of the invol-
ved region.

In the case of a metabolically active cell we can describe its 1ife cycle
as an interplay of a charge and & discharge regime. In the charge regime ener-—
gy can be uptaken from the enviromment by specifie biomolecular chains at de-—
finite localized sites as discussed by Davydov for muscle cells,(10,12) The
energy produced by chemical reactions of small metabolites, whieh occur in
proximity of the cell bicpolymers, can be stored in form of a vibrational so-
liton on eertain onedimensional chains of the system. Davydov has studied in
detail the soliton dynamics on the  -helix proteins. However, it seems
likely that Davydov solitons can exist on a number of cnedimensional molecular
chains when a positive anharmonicity characterizes the dynemics of the molec-
ular groups elong the chain. {11) Spectroscopic evidence suggests that this
is the camse ford{ -helix proteins {12} as well as for DNA in B form (13,1L)
and other polymers,(15,16)

Energy stored in form of vibrationsl solitons can travel along molecular
chains and gives rise to & number of biologically relevent implications.‘First

of all it can be & very efficient carrier of energy at long distance in the



cell, overcoming the problem of bioenergetics as pointed out by Davydov.
Moreover, while travelling, this soliton induces conformationel changes in
the chein that can be relevant for its biolcgical function (possitly B-»a4
transition of DNA) (13) . Such conformational medifications together with
associated electronic ciianges in the system could in turn be responsible for
the observed variations in the water surroundings the chain (for instance,
changes in the hydration accompanying DNA conformational transition BA} (i3).
Furthermore it is important te note that an electret state has been reported
for a large number of biomolecules (proteins and nucleie acids) (6),i.e. a
net electric polarization lasting for a long time, say scme hours. It has
been observed that this electret state, which is mainly due to the water
molecules surrcunding the bicmolecule, requires an activation energy of appro-
ximately 0.3 eV per site. This value is of the same ¢rder of magnitude of the
energy that cen be trapped in e soliton form one -helixes. Moreﬁver, Davydov
has shown (17) that & soliton travelling on & chein behaves as 4 moving poten-
tisl well for loosely bound électrons. Consequently, a scliton would produce
en electric current on the chein without further expense of energy. This
current ecould induce an orientetional ordering of the water which in the pro-
ximity of the chain is known to exhibit ordered structures, spatial order
for bound water and yet & less defined order (possibly dynamical order) for
"vicinal" water. (18) The interaction between the sclitcn induced eurrent on
the chain and the surrounding water could then be responsible fur the appear—
ance of a net electric polarization and of an electret state. The numerical
equivalence between the energy trapped in soliton form and the activation ener-
gy of the electret supports the above hypothesis: no further expense of energy
is required for the electret formation once the scliton and the associated e-
lectric current is produced-in the chain. In cells the charge regime then
transforms the metébolic energy output into a water electret, via the solitons
on the chain. When enough energy has been stored in such an electret to reach
the threshold for the cnset of electric polarization waves, & different dynamic
regime is established, where energy is discharged all through the system in
form of the electric waves described in the last section.
We will sketch a possible role of such waves in the cell organization in

the next section. Before completing this section we stress that the one pre-

" sented here is one of the possible mechanism for getting the break-down of
the rotational symmetry necessary for the appearance of the electric waves. A
process leading to an electric polarization directed along some direction

would be av usaful atarting point. The corresponding threshold is fixed

according to the size of the invelved region. In non biologicel conditiens
ordering oceurring in a system with mecroscopic size would require a much smal-
1. - energy threshold than in cells. In the former case, smell fluctuations
therefore could be at the onset of the ordering process provided that the

fluctustion be along a preferred direction.

Organizetion in living systems as a result of the propagation of coherent

electric waves.

A relevent aspect of dissipetivity is the production of organization. In
this section we like to examine at & molecular level the organization that is
brought up in a biological system by the dissipative dynamics discussed above
vhich leads to the appesrance of coherent electric waves. It is important to
investigate the propagation of such waves in the biclogicel media, namely cell
cytoplasm and intercelluler media in the case of tissues. A model system for
these media is a water sclution of proper molecules: actin and tubulin in the
cytoplasm, plasma proteins such as fitrinogen and albumin in the suspending
medium of red blood cells. Notice that the biclogical medim are non linear di-
electrics. It has been found that very high electric fields are present in
living cells up to lO5 V/m .(3) For comparison it is interesting to note that
atomic electric fields in semiconductors are ebout 10%v/m and in dielectries
about C1¥/m. Non linear effects should be therefore taken into consideration’
when bioclogical systems are studied.

We investigate here the propagation of an electric coherent weve

E=3Z(r,t) exp i(‘uot——}fo.i!) + c.e. (1)

in an homogeneous aqueous solution of macromolecules taken &s a model for the
biclogical dielectrics. It will be seen that the propagstion of the wave will
induce inhomogeneities in this medium and pessible formation of moleculsr
structures. The medium, initially homogeneous, can be described by its refract-
ive index n, which is a function of electric field E

n=n + n2FA|2 + anA| + ... (2}

o is the linear index of refraction. Therefore the refractive index of the
medium will be different in presence or in absence of electric fields. If we
consider only the lowest term in {2 ), it can be seen that the region of the
medium traversed by the electricweve is cptically denser when n2>0.

Electric nonlinearities in the index of refraction of a system can be de-



tected at the lowest order 6¢E2) by the Kerr effect, where birefrisgence is
induced by an applied electric field. Positive bir@fringence corresponds to
né)O, vwhereas negative birifringence to n<0. It is interesting to recall
that in Kerr liquids with né>0 such as CSQ, CClh, nitrobenzene non linear
effects in the propagation of electric waves have been observed such as self-
focussing and self-trapping (19),The same behaviour iz therefore expected
for these biological media cheracterized by positive Kerr birBfringence. In-
deed this is the case for a number of relevant bicmolecules. Positive bi-
r@fringence has been cbserved mt values of the applied electric field of the
order of J,O}4 V/m for aguecus solutions of G-actin and F-actin of short poly-
mer length @1.5fnm) (20).Aetin accounts for the 20% of the totel proteins
contents in the ce;l and for the largest component in cell cytoplasm, and

can therefore be considered responsible for non linearities of the cell re-
fractive index. For intercellular suspending media of red blood erithrocytes,
it has been found that fibrinogen, one of the most abundant blood proteins,
also display positive birifringence with high Kerr constant. (21)

We consider now the consequences of the propagation of an electric coherent
wave in a biological medium having & nom linear refraction index with n2>0.
When the power of the electric field exceeds & critical value selffocusing of
the beam can take place, namely the beam shrinks to & limiting diameter after
& path in the medium of ¢ritical length

n
R,=3 2T (3

which is called effective selfifocusing length {& is the dimmeter of the in-
coming beam). If mon linear refraction compensates for the diffraction spread-
ing the wave is self-trapped within a thin waveguide ("filament") where the
medium is optically denser since nE)O . [22-25)

It has been shown (22} that these self effects, self-focusing and self-
trapping cen teke place only if the power of the electric field of the wave
exceed & critical value given by

232
p,_ = 4L:22)00% (4

er . 256 ny
A typlcal eritical power Por self focusing in’ water is. approxlmately 1 MW,

) 1n.Kerr llqu1as snch as’ CSZ and’ hen¢ene respectively 0. 2 M and O 25 MW,

The penetratlon depth of the " electrlc wave is greatly enhanced b self—
focusing and self-trapp;ng because the beam energy become conaantnated on:
‘the small eross sectlon af the rllament - & further enhanﬁement of the psme-.
tretion depth arises from the formstion of a waveguide around the’ ;;;amgnt

according to the following mechanism. The inhomogeneity in the dielectric per-
missivity induced by the beam self-focusing creates s force acting across the
filament boundary on molecules present in the solution. It is known from the
seneral theory of dielectrics that an electric field E and a magnetic field H
acting in a medium with electric polarization P produces & force per unit volu-

me:

f=p§+(§.3)ﬁ+%-§-§xﬁ (5)

Under very general assumption, which hold in the case considered here, the
second term can be rewritten in order to show the explicit dependence upon the
frequency of the wave and the typical vibrationel frequencies of the molecules
present in solution: (22)

(B.9)E = const. 1, {———t‘i— vE2 ‘ (6)

(w _w2)2+r2

One realizes that in the non linear regime for very high values of E, the
second term in eg.(5) is the dominent one because VEz_becomes very high at
the filament boundary. The coefficient of E2 displays & typical resonant
structure; when the fréquency of the propagating electric wave matches cne of
the frequency of the vibrationel spectrum of the molecules,the gradient force
becomes very high. Such a force is positive uhenw<%kand negative in the oppo-
site ease; small changes of ucan reverse the sign of the force.

A molecule with the appropriate frequency present in the solution, can be then
strengly attiracted toward the filament wave and & condensaticn of these mole-
cules builds up at its boundary. Moreover, because of the magnetic field as-
sociated to the transverse part of the electric field E, the third term of
€q.{5) introduces & longitudinal force acting on the concentrated molecules
in the direction parallel to the filament axis.

The final result is that identical molecules tied on the filament surface
are squeezed one against the other and this preagsociation process is an im-
portant prerequisite for polymerization. If such a process actually occurs,

the filament of energy produced by the propagating .electric wave gets surroun@:?;:u

ed by a material filament constructed as a long chain polymer of'tbe-mnngmer

molecule that has vibrationsel frequencies. almost resonant with the ‘one of the

bepm. This material filament behaves Bs & wave guide respect to the electyic

. slgnal: and: further enhances {ts penetretion 'depth.(26)

'The asbove mechanism is a' necessary eénsequence. 6f the propagation of cohe-

.rent electric polarization waves in a nep linear medium.



Notice that these forges have been observed in many experiments in the
framevork of laser physicvs. A well collimated monocromatic laser beam has
been observed to produce slong ite path condensation or rarefachiom of
molecules [isotope separation), or small sizedbodies (laser induced levita-
tion. (27,28)

Modern investigation on cell cytoplasm, on the other hand, has produced
some evidence that the "cptical mechanies" sketched above could be at work
in living matter also. The cytoplasm of & living cell appears &s & multi-

phase system with three separate networksof material filements, aleng which

many relevant biomeclecules are concentrated and water circulating in the inter-

stices.(29,30)Each network is built up by a peculiar protein: actin in the
case of microfilaments, tubulins for microtubules. These filaments are not

static structures but seem to be in a dynamical equilibrium, changing shape

and size according to the general state of the cell. Length and thickness of

the filaments sre controlled by a polymerization-depolimerization mechanism

maintained by & flow of monomers from the scluticn to the Filament ap. vice-—

versa. Moreover, transport of material occurs aleng these filaments (31,32)
both the meonomers and
Actually,

belts in the cell echemical plant.(18) Furthermore 8ll this cell architecture

is disrupted when the cell dyes, hinting that it is maintained by the dynamic-

al processes underlying the living states.
It is apparent the quelitative agreement of the observed behaviour of the
cytoplasm microstructures with the "optical mechanical" consequences of the

electric waves propageting in the ¢ell medium as derived sbove. (26,35)

Additionsl evidence on the filasmentstion of the basic biological interact-

ion mediated by the electric waves can be found also in the case of metzbolical=

ly active human erythrocytes as recently reported. (3%) Electron micrographs

show that contractile filaments connect erythrocytes when they are sligned in
aggregate forms called rouleaux. The appearance of material filements has been
found to depend upon the presence in the cell suspending medium of fidrinogen,

& blood protein for which high positive Xerr birigringence has been observed.

{21,35)

Structures and behaviour of the same kind can be observed eslso in the axon

of neural cells. {(32)

The reported evidence shows thet coherent electric waves could play a key role

in the cell biochemical orgapization. Coherent electric waves on the other hand

have been shown to be the necessary consequence at a microscopic level of the

other molecules invelved in the cell bioch: :istrr.

eytoplasm microstructures seem to play the role of transporting

macroscopic properties of dissipativities. These waves appear then the_éynamic

microscopic engine which transforms dissipativity into biochemical order.
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"IN VIVO" ORDERED STHUCTURES AS SEEN BY LASER RAMAN SPECTROSCOPY

E. Del Giudice(l), s. Doglia(g), M, M.ila.ni(3)

Dipartimento di Fisica, Universitd d4i Milamo, Via Celoris 16, Milano, Italy
&and
5.J. Webdb

42 Menhick Drive, Box 7¢, RRI, Fulford Harbour,British Columbiae, VOSICO
Canada

Abstract

Laser Reman Spectroscopy has been proposed and used to explore the inner
Sydney J. Webb
investigation of the Raman response of metabolically active cells. The strik-

dynamics of living matter. has performed an extensive
ing result is that the pattern of Raman lines changes with time and & spec-
trum dependence upon the different phases of the metabolic cycle is observed.
A number of difficulties in obtaining reprodueibility of the spectra have
been encountered. However, an apalysis of the Raman lines in the high fre-
quency range 300-300G cm_‘l has pointed out that & regular and common pattern
is exhibited in all the observed spectra. A1) the lines are integer multi-
ples, sums, or differences of a few fundamentals which appear in the first
period of the life cycle. The actual velues of the fundamentsl freguencies
change from cne cell type to another and seems to depend upon the supplied
nutrients. This reproducible pattern which has been proposed to arise from

& collective time dependent dynamic process, suggests that there is an
underlying order to the observed Raman specira.

A possible "in vivo" underlying order has been also recently suggested by
the analysis of the Raman lines of E. coli in the low 5-200 cm_l frequency
region. A striking correspondence is observed beiween the low frequency li-
nes of the cell and the Raman lines of the aminoacids that have been found at-
tached to the E. eoli DNA {mainly aspartic and glutammic acids). Since the
strength of the Raman response of these amincacids in microcrystalline form
has been found to depend upon the degree of order of the sample, the analysis
suggests that & time dependent ordering mechanism is et work in the cell, able

to produce "in vive" space-time ordered structures involving emincacids.

(1} Istitutc Kazicnsle di Fisiea Nucleare, Sezione di Milano
(2) Gruppo Nazionale Strutturs dells Materia del CNR, Milano
{3) alsc: Istituto Nazionale di Fisica Nucleare, Sezione di Milano



As in-vitro bicchemical knowledge has grown regarding the structure ang
function of its large macromolecules which 80 1o make up the anatomy of living
cells so it has become apparent that, "in-vivc", these macrcmolecules form a
specific somatic architecture in which (s) a1l molecular entities cequpy speci-
Tic positions in epece, relstive to one another; (b} function as complexes not
85 individuals and (c) at rates which far exceed those possible by random dif-
fusion and collision mechanisms. In addition, esch metabolic event cecurs st a
specific time in the lifetime of & cell and these form into time ordered series
leading to the synthesis of proteins, nucleic scids and polysaccharides by the
sequencial plecement &t & specific time of a specific aminoacid, mucleotide or
sugar to a growing chain. This process, nmow known Bs the cell or metabolic time
clock,is well established but its mechanism is not understood. To produce such
erder fror & random assortment of "putrient" molecules requires not only the
use of energy but its use at & specific place at a specific time,i.e.same form
of directional energy flow, and to affect the rapid rates of syntheses with the
accuracy performed by & cell necessitates. moreover,an equally rapid method of
transit for this energy. Since all the thermal functions of & cell mey be severe~
ly altered by a small increase &s from b to 5°C in temperature sbove an opt imum
of 37°C, "in vivo" physiclogical processes they appear to be isothermal ones dri-
ven by the sccumulation of electrical charges present in the vibrasticnal modes of
the chemicel groups of large macromolecules and complexes of them and the direct-
ional transit of this combined charge 1o vital sites in the cell at an appropri-
ate time.

For many years Frahlich(l)

has studied theoretically the possible condensations
of the oscillatory modes of large molecules and their importance in matters biolo-
gical and thus has postulated that rescnances of about lC}le should exist, It

has been shown(E) that such waves characterize the living dynamies under very
general conditions ir & quantum framework. In separate experimental science it
has now been established, without reascnable doubt, that external millimeter mi-
crovave fields of between 40 and 150 GEz {i.e. hxlolo to 1. 5xlOlle) are sable

to alter "in-vivo" metadolic activities and the cell time clock (3:4,5,6) b;

8 process that does not involve an elevation in temperature above 0.2°C; i.e.

by some nonthermal process. Such experiments have shown, morecver, the biologi-
cal activity of millimeter microwaves to be strongly dependent on their fre-~
quency with any given active frequency mble to produce its effect only at a
certain time, or times, during the lifetime of the cell. These findings suggest

first: & resonance-like interaction occurs between the electromegnetic waves

and the eell end second, the cell produces.and makes use of, spec;flc vibra-
tions only st particular tlmes durlng its development On the other hand a
similar nen thermal resonant effect has been recently observed(T) in the
visible interval st the red frequency of 6328 A. Just as in the microwave case
the effect appears only when a certain (very low) intensity threshold is over-
come.

Oscillations at "2 x 10ll Bz and above can, in principle, be observed by
Raman spectroscopy and an extensive study of this possibility bas been made
by Webd and his colleamgues over the past decade or ao.( Thies study was not
made originally to check any particular theoretical model on living matter,
but to explore the physical nature of the oscillatery modes of macromolecules
"in-vivo" since such studies hed provided valuatle new information regarding
the structure of such molecules isciated from the cell. An excellent review of
these biologicel works elong with appropriste easily understood Raman theory
has been published recently by Tu 9 who has spent many years researching the
use of Ramen spectroscopy to study the bioactivity of macromolecules.

Webd undertook the task of trying to adapt these findings and methods to in~

tact living cells, mainly those of Bacillus megaterium and Escherichia coli,

but some avian and mammalimn cells also were studied. Unexpectedly with whole
cells in a resting state, suspended in water or isotonic saline solutions, no
Raman spectra were recorded; only when the cells were activated by the additien
of an oxidizeble nutrient which set their metabolism in operation did a spec—
trum eppear. The implications from these observations were that a) in alive
but not metabolizing cells an organization existed arwong cell molecules "ip
vive" which rendered the whole cell Reman inactive ang b) metabolism required
and produced dinemicelly ordered structures responsible for the observed
strength of the Raman response.

In his review of these works Webb(s) reported that e large pumber of mecha-
nical technical problems involving the power and vavelength of the laser,
scanning retes, and the exposure time of the cells to the laser had to be over-
come before any spectrum could be observed but more important still was the
preparation of the cells and control over their biclogical activities. Of
greatest significance were the use of (&) cell populations in which their meta-
bolic activities had been synchronized; (b) a master shaken culture of cells
from which small 0.1 to 0.5 ml eliguots could be removed at appropriate times
for a 3 to 5 minute exposure to the laser during s Raman scan; (c) & constant
temperature control between the master culture's environment and that in the

Reman sample chamber; (d) cell populations of not mere than 3x10° ml to avoid



cell deaths and lysis es the latter process produces & mixture of free macro-
lolecules in the eulture medium a1l of which are Raman active; (e) & culture
medium of colourless inorgenic sslts containing a single oxidizable nutrient
such as glucose and () & continuous menitoring of the total cell numbers and
their size by Reyleigh scattering or the use of a Coulter counter. The latier

is impertant since the total elastic scatter Trom eny particulste suspension is
& funciion of the number of particles/ml, their size and shape and their refract-
ive index. Any suspension in which all or any of these parameters clanges repid-
1y with time will produce violent changes in elastic scatter and equally violent
erratic ups and dewns near the laser line and on the Reyleigh wings of a Raman
spectrum taken from particles in an agueous suspension. It is unfortunate that

in one particular reported research study,(lc)

due possibly to lsck of experien-
¢e, the authors ignored all of these warnings. They used an unwashed powder of
& commercisel preparation of dried yeast cells, made a slurry of them in H20 at
100 mg/m! and made & 1 in 10 dilution of this slurry by placing & small aliguot
of it on the top of & 0.45 ml Raman cuvette filled with H,0 and then measured
immediately the elastic scatter and Ramen scatter. Not surprisingly they obser-
ved violent changes in elastic scatter over s 3 or 4 min. peried after the

cells had been placed in the Raman cuvette and recorded a Raman spectrum which
they claimed was due simply to the changing elastic scatter. As & result they
concluded that coherence of the Fr3hlich type did not exist and all of Webb's

spectra were due to elastiec scatter changes.
A 100 mg/ml of a dried yeast powder would, in E,0, become 500 mg/ml wet weight

of cells, i.e. it would be 50% cells, many of which would be dead, many would
lyse and die, most would be in lerge clumps, and a lafge amount of culture nu-
trients and cell lytic debris would be released into the suspension. In such &
system the dedris and nutrients would ¥ield a Raman spectrum and the rapid set-
tling and bresk-up of clumps would produce erratic changes in elastie scatter,
in addition some cells, using the lytic debris as mutrients would begin to grow
and this may provide zomething to the Raman spectrum observed. With such error,
therefore, in the microbiology alone that was employed no reasonable correlat-
ion could be made between the elastic and Raman scatter observed, certainly the
vhole concepts of coherence, nonlinear phenomena and so on, observed and calcu-
lated by many physical- biological researchers, could not be thrown out on the
basis of this work &s the authors say they should.(lo)

'The ehOVefwork-(lo)

is discussed here because it is Telt important that al-
ternate or ﬂlfferlng opinioms mst alvays be considered; for the time being,
hovever, due t2 the lack of the proper procedures used in it, little ‘value.can

be placed on it, except as an example of the possible srtifacts that can ocecur

when vhole cells are used. With this in mind it is noteworthy that many re-
Bearchers have failed to observe a Reman spectrum from restlng Or non-synchro-
nized populations of cells, while others have recorded spectra, similar to
those of Webb, from ective E. 0011(11} although their cell time scale was much
longer. Moreover, analogous to the lack of Ramen sctivity from resting bacter-
isl cells, the strong Raman spectral lines of isolated ¢hlorophyll have been
shown to be ebsent from the spectra of intact algal cells even though these

12) suggesting, once again,

¢ells possess a large quantity of this material(
that the Raman activity of "in-vivo" molecular complexes is different from
that of isclated ones.

One of the main features of Webd's work was the discovery of the time de-
pendence of the Raman spectra obteined from active cells. With accurate control
over the cells lifetime from one eculture to another, he found that a given
spectrum appeared at & given time in the cell cycle and although some of these
lines appeared st other times, the in—toto spectrum changed as the cells pro-
gressed through e single lifetime. These changes, however, were not random but
proceeded in & definite repeatable pattern, which ecoculd be severely altered
Yy respiratory inhibitors such as gerbon monoxide or mzides and indeed, by
certain frequencies of millimeter microwaves. These findings alone reveal the
spectra observed to be derived from metsbolic activity and not vie the elastic
scatter from the surface of cells because this does mot change significantly
with time in-cultures in which the cell numbers remain constant and nc elump-
ing or settling cecurs. With this in mind the significant features of Webb's
spectra are the follewing: )

1} Two well separated groups of Raman lines could be reccgnized, cne ineluding

frequencies higher than 300'cm-1, the other freguencies lower taan 200 cm L.
2) The lines of the first group have fixed frequencies, but their intensity is

time dependent. Lines up to 900 em = appeared between the 10th and the 2%5th

‘minute of the cell life cyecle; lines from 900 to 1500 cm_l between the 25th

and the LOth minute, lines above 1500 cm-l in the final part of the life

eycle. )

3) The low frequeney group of lines arises just after the appearance of some of
‘the first high freguencies lines, i.e. after approximately 15 winutes of in-
ecubetion tize.

Although the low freguency lires appeared to show & gradual move to lower

frequencies with increasing time, the major effect was mgain a strong time

dependence of their intensity. -
L} Antistokes counterparts of the low frequency lines with essentially the saie



%ntensity and the seme time dependence have been observed. The corresponding
intensity ratic between AntiStokes and Stokes lines was higher than the value
txpected at thermel equilibrium, well sbove the experimentel uncertainties.

An analysis of the Raman lines in the frequency range 300-3000 en™? has re-
vealed that a regular pattern exists in 2ll observed spectra with all lines
being integer multiples, sums or differences of a fev fundamerntal frequencies
whick appear in the eariy part of the first period of the cells life cycle.(l3)
Moreover, these fundementals vary from cell type to cell type and depend on
the nature of the supplied nutrients, particularly the oxidizable carbon sour-
ce. This reproducible pattern, which has been suggested to arise from a col-
lective time dependent dynamic process(l indicates an underiying order to
the observed Raman spectra. A possible underlying order recently has been
suggested also for the lines between 5 and 200 cm_l as some of the low fre-
qQuency lines seen in bacterial cell spectra have been found at essentially
the same wave numbers in the spectra of aminoscids and proteins in erystaliine
and s0lid states although absent in the spectra of solutions of these pmacro-
molecules. Moreover, they are not present in spectra of highly disordered
erystals so it seems, therefore, that these lines are connected with the ex-
istence of some kind of orderin5(15’17) of molecules in the intact metabolical-
iy active cells.

To explore the nature of this ordering system it is perhaps pertinent to
examine some of the general features of Raman scattering in systems with vary-
ing degrees of order &s outlined in = previous paper.(la)

Raman effect is a very sensitive tool to look at the inner dynamics of a
system through the detection of its vibratiensl states and of the correspond-
ing populamtions.If the system has for instance twe levels whose energy differ-
ence is E2-El-huo, an impinging photon with an energy Eshy (v>>u0) may
scatter elastically (Rayleigh scattering) or inelastically (Raman scattering)
by inducing & transition between the levels. A transition 1+2 gives rise to =
Stokes line with m scattering frequency V~VO, vwhile the opposite transition
2+1 gives rise to an Antistokes line with & fregquency V+Vo. It is appsrent
that the Antistokes/Stokes intensities ratio measures the ratio between the
population of the two levels. Moreover if the incoming redistion (laser Raman
Bpectroscopy) is coherent, the degree of coherence of the Raman scattered
radiation is just a meesurement of the degree of coherence among the scatter-
‘ers in the target. In the extreme case of a completely amorphous material the

negative interference among the wavelets emitted by scatterers uncorrelated

both spatially and dypamically produces & spectrum with very broad bands

around the expected shift frequencies. A sharp peak spectrum on thé contrary

is got when the wavelets are allowed to add up constructively, as for instance
in the case of a perfectly ordered crystal whose Raman spéctrum coincides with
the spectrum of its moleculsr econstituents. 4 sharp line spectrum can be got

alsc in & completely different case where no spatial order exists at all, but

a part of the constituents oscillates coberently in phase because of some col-

lective dynamics.(l

It has been often pointed cui thet a living system does not exhibit spatial
order only as & crystsl does, but since it is a dissipative system kept far
from thermcdynamic eguilibrium by the flow of metabolic energy, it can organi-
ze itself by tuilding up a dynamical orderglo’eokhe reported Raman spectra of
bacterials fits completely into this thecretical framework. As & matter of
fact they exhibit:

e) a sharp line spectrum which means that scme kind of order must exist in a
metabolically active system.

b) A spectrum dependence upon time, with a reproducible law. This result means
that the above mentioned order is time dependent and follows the evolution
of metabolism , nutrition and external stimuli with time. By the way, the
time dependence of the spectra of synchronized cultures of bacteriels (in-
cluding an empty spectrum in the first ten minutes of incubation time) would
make indeed very troublesome &an explanation of these results by means of
Reyleigh Wcattering again: actuslly clusters or debris possibly present in
the target would give indeed an average spectrum throughout all the incuba~
tion time without any reproducible time dependence.

¢) The observed value of the Antistokes/Stokes intensities ratio indicates a
population ratio higher than the one expected in the thénmal eguilibrium
case. This is a proof that the observed living system is out of the thermo-
dynamic equilibrium.

As & last point we will show now that at least the low frequency group of
the lines can be linked to & time-dependent ordering of some aminoacids of the
cell.

Comparison eof the low freguency Raman spectra of E. eoli and pure mmincacids

In sccordance with the sbove considerations, the low Irequency Raman spectra
of E. coli and of amincacids have been examined to try to connect each with
the metabolic activity of the cells in the minimal salts wedium used to culiture

the cells for Raman experiments. The early synthesis of aminoacids and their



distribution has been widely investigated by Webb(zl’ folloving reports by
Several workers t¥ t many eminoscids become attached to the cell's DNA which
camot be removed by DNA purification methods only by the hydrolysis of

Dug, (22-2h)

By the use of lhc labelled glucose, Webb was able to show that (a) these
aminoacids were newly synthesized omes (b) they were produced during the first
15 minutes of the cell cycle and (e) they mttached to the DNA as individual
*minoacids not as proteins. Since almost a ten fold increase in the quantity
of these aminoacids attached to the DNA of cells grown in & minimel mediug
vhere all genes are in operation, a&s opposed to the quantity associated with
the DNA of cells grown in a rieh infusion medium where many genes are repressed
Webb concluded that the association of these particular amincaecids with DNA
played some role in the transcription of the DNA genetic code, not its repress—
ion as was once thought and were perhaps responsible for the enhanced stabili-
ty of minimal medium grown cells to bhysical stresses from dehydration and
various types of radiations. The composition and quantities of these mmino-
acids for E. coli INA and the effect of nutrition end radiations on them is
documented fully in Ref.20.

As mentioned sbove aminoacids in crystelline form have been surveyed in the
region between 20 and 200 cm‘l.(l5’17) The purity of the specimen has been va-
ried by adding controlled small amounts of impurities in order to check the de-
pendence of the Raman spectra upon the (spatial) order existing in the crystal.
The results agree with the above scheme. First of all a strong dependence of
the peaks upon the order has been found.(lT) Small impurities induce large
broadening of the lines. Moreover the intensities of these low frequency peeks
are greater than the intensities of the other pesks in the spectrum.(IT)

A comperison between the low frequency Raman lines of the crystalline amino-
acids and the lines of E. coli is presented in Teble 1 of Ref.{18). All of the
low frequency lines of E. coli could be essigned to the lines of erystalline
amincacids and those found attached to the DNA of E. coli. On the other hand we
know that aminoacids in the cell are not in the crystalline form. In the E. coli
spectre a similar dependence of these lines upen the integrity and metabolisme
of the cell is found as in crystal experiments. Therefore we have to conclude
that & different ordering mechanism is at work in the ¢ell that at definite time
selects definite subsets of aminoacids enhancing their Reman spectra and making
them observable. Actually the above discussion on the relationship between sharp

Raman lines spectre and order suggests that the mere appearance of & Raman

spectrum indicates the existence of some kind of order.
. -1
Mereover, the E. coli strong lines at 45, 85 and 90 cm ~ correspond to
Aspartic and Glutamic Acid which happen to be the most abundent of the smino-

@1) It is known that Glutsmic and Aspartic

acids found attached to E. coli DNA.
acids are the first formed aminoacids which are then metabolized into other
eminoacids. Thus if the above interpretation of the low frequency Raman spect-
rum of E. coli is correct, one would expect to observe first the lines of
Aspartic and Glutamic acids. But, as the cell progresses through its lifetime,
the dominant lines might become those of the amincacids known to be biochemical-
ly produced from Aspertic and Glutmmic acids. Low frequency Raman spectr. of
synchronized cells ecultures would allow the elucidation of the discussed mecha-
nism.

In coneclusion, the emergence thxtagh the Raman Spectroscopy of & dynamical
order existing in the cell could ‘allow to get a8 glimpse on the correlated order
of the biochemical reacticns, responsible for the cell material structures.
These structures eould involve the DNA snd thus the message transeribed from

it et a given time.

REFERENCES
1., FROHLICH H. {(1980) Adv. Electrom. Electron Phys. 53, &%.
2. DEL GIUDICE E., DOGLIA D., MILARI M. and VITIELLO G. (1583} Phys. Lett. 95A

104,
. WEBB S.J. and DODDS D.D. {1968) Nature 218, 37h.
WEBB $.J. and BOOTH A.D. (1965} Nature 222, 1199.
. BERTEAUD A.J. et al. (1575) C.R. Acad. Sci. Paris 281, 843.
. GRUNDLER W. et al. {1983) in "Ccherent Excitations in Biol. Systems" ed.
H. Fréhlich, F. Kremer, Springer Verlag, p. 21.
7. KARU T.J., TIPHLOVA O.A., LETOKHOV V.S. and LOBKO V.V. {1983) Il Nuovo Ci-
mento 2D, 1138.
8. WEBB S.J. (1980), Phys. Rev. 60, 201.
9. TU A.T. (1982) "Ramén Spectroscopy- in Biology", J. Wiley, N.Y. USA.
10. COOPER M.5., AMER N.M. {1983) Phys. Letters 984, 138.
il. DRISSLER F. and SANTC L. (1983) "Coherent Excitations in Biol. Systems",
. ed. E. Frihlich, F. Kremer, Springer Verlag, p.6.
12. DRISSLER F. end MACFARLANE R.M. (1978} Phys. Lett. 69Aa, 65.
i13. DEL GIUDICE E., DOGLIA S., MILANI M. and WEEB S5.J. (1982) Phys. Lett. 514,

N W W



14,
15.

16.

17.
18.

20.
21.

22.
23.
2k,

257.

DEL GIUDICE E., DOGLIA 5. and MILANI M. (1982) Physica Scripta 26, 232,
SIMONS L., BERGSTROM G., BLOMFELT G., FORSS S., STENBACK H. and WANSEN G.,
{1972} Comment. Fhys.-Math. 42, 125.

BROWN K.G., ERFURTH 5.C., SMALL E.W. and FETICOLAS W.L. (1972) Proc. Natl.
Acad. S5ci. US 69, 1467.

For some general reviews see: Amorphous Semiconductors, BRODSKI M. H. éd.,
Springer Verlag, K.Y. 1979; Light Scattering in Solids, CARDONA M. éd.,
Springer Verlag, N.Y. 1975; see &lso: QUITTET A.M., BELL M.I., KRAUZMAN M.
RACCAH P.J. (1976) Phys. Kev. Blk, 5068 snd MARIOTTC G., FONTANA A., CAZZA_
NELLI E., FONTANA M.P. (1980) Phys. Stat. Solidi (v) 101, 3k and

SHUXER R., GAMMON R.W. (1970) Phys. Rev, Lett. 25, 222,

COISSON R. and FONTANA M.P., submitted to Phys. Lett. A.

DEL GIUDICE E., DOGLIA S., MILANI M. and FONTANA M.P. (1953 "Raman Spect-

roscopy and Order in Biclogical System", submitted for publication.

» PRIGOGINE I. and NICOLIS G. (1977} "Self-Organization in Non Eguilibrium

Bystems from Dissipative Structures to Order through Fluctuations, Wiley
N. Y.

BAKEN H. (1977)"Synergeties: An Introduction", Springer, Berlin.

WEBB 5.J. (1976} "Mutrition Time and Motion in Metabolism and Genetics"
{C.C. Thomas, Springfield, USA)

BALIS M.E., SALSEV J.S. and ELDER A. {1964) Nature 203, 1170,

SALSEV J.S. and BALIS M.E. (19€9) J. Bicl. Chem. 2Lk, 822,

FLAMM W.E. and BIONSTEIL M.I, {196L) "Nuclechistones", Holden=-Day Publ.

OPEN PROBLEMS @2

— Existeuce awd élblof‘cal, aole of .m'&'i‘msﬁdu dA

chaw . Role af otdes
N
- Orden ther Qud auaciorop'c [ baishler 4
Fuohboel" 5 aneded Mo oG B A f&m
Gauwnbiow : cude - deigider  awd ol —codin
biatn bows ) S

-—

o, Ohowut excitobion of a n&g]:. #fo«- Ascodly
Ecitobion of a aushofoble biplly polor state

Watiows  arinds ol Luorr o> hrocames.
aud 9{%# awre to Lot Czc&f) er fofée -Vollerra

oxxcllotiows .

— Bhdic oud dhchiguan @ wode uderachisg
with  dlelogicsl Fpbes,
:b AU H\MMAQ'\

: n.{{u,b,

o Eldte owd MDMS\ALHC. whik  tld mnions
Ot 'L'x'ologc'c,,l ')'15“'%44

~  Salteu c(-.co..j

'b-:'o ‘o Ka'(,a,\ aud A.o.lsl-c.-.{ |

avad  _tudreasetod cmw\ F\«ohu,

fein ot






