
Lawrence Berkeley National Laboratory
Recent Work

Title
THE ABSENCE OF COHERENT VIBRATIONS IN THE RAMAN SPECTRA OF LIVING CELLS

Permalink
https://escholarship.org/uc/item/6b72g2rw

Authors
Cooper, M.S.
Amer, N.M.

Publication Date
1983-05-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6b72g2rw
https://escholarship.org
http://www.cdlib.org/


LBL-16389 
Preprint "·d... 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

LIBh:;..IRY l-li·.JD 
DOCUMENTS SECTION 

Submitted to Physics Letters A 

THE ABSENCE OF COHERENT VIBRATIONS IN THE RAMAN 
SPECTRA OF LIVING CELLS 

M.S. Cooper and N.M. Amer 

May 1983 
TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 6782. 

ENERGY 
AND ENVIRONMENT 

DIVISION 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain conect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wananty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



The Absence of Coherent Vibrations 

in the Raman Spectra of Living Cells 

M.S. Cooper and N.M. Amer 

Applied Physics and Laser Spectroscopy Group 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

USA 

May 1983 

This work was supported by the Office of Energy Research, Physical & 
Technological Research Division, of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098 and National Research Service 
Award No. l-T32-GM07379. 



Abstract 

~ Absence of Coherent Vibrations 
in ~ Raman Spectra of Living Cells 

M.s. Cooper and N.M. Amer 

Applied Physics and Laser Spectroscopy Group 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, CA 94720, USA. 

Mie scattering from cell density fluctuations reproduces the major-

ity of reported spectra from a Raman study of living cell suspensions. 

These previous spectra do not represent evidence for coherent vibrations 

of intracellular macromolecules predicted by FrHhlich. 

ICSU classification: SA (Biophysics) 
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Fifteen years ago, Fr8blich proposed that longitudinal electric 

vibrations in the 1011 to 1012 Hz frequency region might be coherently 

excited in living systems with metabolic energy [1,2]. FrBhlich showed 

theoretically that when a critical rate of energy is supplied to a group 

of dipolar oscillators, such as the hydrogen bonds in a macromolecule, a 

Bose-like condensation of phonons can occur, resulting in the coherent 

excitation of the lowest longitudinal electric vibration of the system. 

A variety of experiments have been interpreted as giving support to 

Fr8hlich's theory [3]. Among these is a set of Raman spectra taken by 

Webb et al. from bacterial and mammalian cell suspensions [4-10]. In 

these Raman scattering experiments, strong lines are reported to occur 

when cell populations are metabolically synchronized. This activity is 

reported to be absent in metabolically inactive or dead cells. Above 

-1 
200 em , transient and often narrow lines are observed. The lines are 

claimed to follow regular temporal sequences, and have been attributed 

to strongly excited vibrations of macromolecules involved with metabol-

ism and activities of the cell cycle [4,9,10]. In addition, non-thermal 

anti-Stokes to Stokes intensity ratios have. been observed for low fre-

quency lines (< 200 -1 em) in the spectra of synchronized bacteria. 

These ratios are considered to be evidence for the coherently excited 

macromolecular vibrations predicted by Fr8hlich [6]. To date, however, 

a molecular basis has not been established for any of the above spectra. 

Sullivan and Santo have reported that there are several effects 

which can produce spurious Raman lines when scattering from cell suspen-

sions [11], including Mie scattering from settling cell clumps. In this 

paper we demonstrate that much of the spectra recorded in [4-10] can be 
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closely reproduced by this effect. Furthermore, we argue that these 

spectra cannot be explained in terms of Raman scattering from coherently 

vibrating intracellular molecules. 

Raman spectra were recorded at 5 em-l resolution using F/8 optics, 

a 1-m focal length double monochromator (Jobin-Yvon, !SA Ramanor HG2-S) 

with holographic gratings and convential photon counting detection. The 

4880 X line of an Ar+ laser (Spectra-Physics 165-03) , polarized paral-

lel to the scattering plane, was used for excitation. All spectra were 

recorded using 90° scattering, from samples at room temperature. For 

each spectrum shown, the intensity of a standard benzene line at 992 

-1 em is included to reference the throughput of the optical systemo 

As suggested in [11], an auxillary detector was included to record 

elastic Mie scattering from cell suspensions. Total light entering the 

monochromator was monitored by inserting a glass plate between the 

scattering collection lens and the monochromator entrance slit. The 

reflected light was imaged on an EG&G SGD-lOOA photodiode by use of a 

second lens. A 2 X 2 mm aperture was constructed 1 em from the sample 

to restrict the light mointored simulataneously by the monochromator and 

the photodiode to the same scattering volume. 

Fig. 1 shows such a simultaneous recording at a fixed wavenumber 

setting of the monochromator. 50 vl of a 100 mg/ml suspension of com-

mericial yeast in deionized water was added to the open top of 1 mm X 1 

em X 4.5 em cuvette already filled with deionized water, and allowed to 

settle. Numerous intense lines were recorded from the monochromator's 

output as cell density fluctuations occurred at the laser beam. These 

lines were exactly correlated in t·tme with the elastic light monitored 
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by the photodiode. This Mie scattering declined in intensity with time 

as the settling and mixing of the yeast suspension proceded. This pat

tern matches the temporal activity recorded from resuspended ~· coli 

cells under similar optical conditions [ref. 4, Fig. 12 & ref. 8]. 

Webb et al. utilized an experimental procedure in most of their 

work which greatly enhances the probability of Mie scattering artifacts 

in their recorded spectra. After they determined that spectra could 

only be produced for about 6 minutes when a cell suspension was placed 

in the laser beam, they adopted a technique by which they scanned a 

given sample for only 3 minutes, then changed to a fresh sample of cells 

from a master culture [4]. This procedure would systematically intro

duce settling and mixing artifacts for each scan. 

In several spectra of [41 (Fig. lc, Fig. 5, Fig. 7), there are very 

narrow lines, with linewidths smaller than the instrumental resolution. 

These spikes are of comparable amplitude to neighboring lines in the 

same spectra with normal linewidths. Such narrow lines have been previ

ously described in [11] as transient cell clumps passing through the 

laser beam. It is our experience that during a Raman scan, a clump of 

cells may cause either a noticeably false narrow line or a seemingly 

real line, of comparable amplitude and normal linewidth, depending upon 

the clump's transist time through the laser beam. 

Another characteristic of elastic Mie scattering resulting from 

changes in cell density is baseline fluctuation in spectral scans. Such 

fluctuations can be seen in Fig. 1b between 1300 and 1600 cm-1 and Fig. 

8 of [4]. To illustrate this, we recorded a Raman spectrum of a set-

tling yeast suspension (see Fig. 2a). False lines and baseline 
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fluctuations are again well correlated with the light fluctuations seen 

in the photodiode output. This scan resembles those of E. £2!1 suspen-

sions in [4], Fig. 2. When the same sample of yeast is well mixed, 

these false lines are no longer observed (Fig. 2b). 

Figs. 1 and 2 illustrate that Mie scattering can easily produce 

large false Raman lines throughout the range of the monochromator, 

-1 including the Q-200 em region. Many of the low frequency (< 200 em-1) 

lines reported in [4-10] could therefore also be due to Mie scattering. 

For example, numerous lines from an .!• coli suspension are seen with 

large baseline changes, indicative of cell density fluctuations, in Fig. 

8 of [4]. 

The lines observed in [4-10] have been attributed to coherently 

vibrating intracellular molecules. We now examine the extent to which 

Fr8hlich's theoretical coherent vibrations could increase the cross-

section for Raman scattering of intracellular molecules. For non-

resonant scattering, the power radiated from a molecule due to a Raman 

process is given classically by 

4 4 
I 

161T v • 
- 4 

3c 
(1) 

where I is the incident power per sq em, v the exciting light frequency, a 
0 

the molecular polarizability, and Q the normal mode coordinate [12]. 

aa/aQ is essentially constant for small displacements from equilibrium 

and actually decreases at large displacements when the molecular vibra-

tion is strongly excited [12]. Thus, aa/aQ cannot contribute to large 

increases in Raman scattering from a coherently excited molecular vibra-

tion. 
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2 The quantum value for Q is given by 

Q2 (n + ~)h 
- 2 2n v 

(2) 

m 

where v is the molecular vibration frequency, and n the excitation 
m 

number [12]. The intensity of Raman scattering is therefore linear in 

n. 

The lines above 200 -1 em in [4-10] are in range of local 

intramolecular vibrations, such as c-c streching and bending modes. For 

such covalent bonds, the vibrational excitation number, n, cannot reach 

values on the order of 100 without the bond rupturing. With this rough 

limit on possible enhanced scattering due to an excited vibration, we 

point out that the concentrations of specific components in the cell 

suspensions used in [4-10] would be too small to produce detectable 

lines, even if the molecules were coherently vibrating. 

In order to obtain non-resonant Raman spectra of pure biomolecules 

in aqueous solution, 1-10% (by weight) solutions must usually be 

employed [13-16]. Bacteria and mammalian tissue cells are an extremely 

heterogeneous mixture of· materials. At all times the concentration of 

specific cellular components within a suspension of 5 X 107 cells/ml 

(concentrations used in [4-10]), will be below the limits of detection. 

This is true regardless of any metabolic synchrony in the cell suspen-

sion. 

It is therefore important to reexamine the experiments in which 

non-thermal anti-Stokes to Stokes intensity ratios were observed for low 

frequency lines from metabolically synchronized E. coli suspensions [6]. 

A line near 120 cm-1 was reported to range from 118 cm-1 to 125 cm-1 
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depending on the age of the cells used. It is also reported that when a 

Stokes line reached its maximum intensity so did the corresponding 

Anti-Stokes line, but detailed analysis of the intensity ratio proved 

difficult because of the need to change the cell sample between succes-

sive runs [4]. The ratio R of the intensity of Anti-Stokes:Stokes line 

was found 
1 . 

to be R • 1.01 ± 0.10 at 118 em- and R • 0.93 ± 0.13 at 125 

cm-1• At these frequencies, the thermal equilibrium value of R • 

exp(-hv /kT) is 0.55 and 0.57, respectively. The excitation number of a 
m 

vibrational mode can be calculated from the line intensity ratio [3] by 

n/(1 + n) = R (3) 

For the observed values in [6], the vibrational excitation number could 

range anywhere from n • 4 for R • 0.8 to n • m for R • 1.0. However, we 

-1 point out again that for a vibrational mode at 120 em , n cannot exceed 

2 approximately 10 due to the constraint on bond dissociation energy dis-

cussed above. With this limit on possible scattering enhancement, it is 

highly unlikely that the observed lines in [6] are due to a coherently 

vibrating intracellular component. Since there was no monitoring of 

total light entering the monochromator in these experiments, it is 

impossible to tell whether the lines are due to Mie scattering or some 

other mechanism. 

Non-thermal anti-Stokes to Stokes intensity ratios of the magnitude 

reported in [6] have not been reproduced or established by others. A 

Raman study of active algae found that most of the enhancement of anti-

Stokes lines of intracellular carotenoids was due to resonance enhance-

ment effects although some additional non-thermal population of the 

vibrational states might have been present [17]. A subsequent study, 

.. 

.... 
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however, found that carotenoid line intensities from living algae are 

given by a normal Boltzman distribution (18]. In addition, it was 

determined that deviations from expected thermal equilibrium values 

could be produced by experimental factors such as laser heating of the 

cell suspension. 

In conclusion, we have shown that Mie scattering from cell density 

fluctuations provides a plausible explanation for the majority of the 

spectra reported in [4-10], whereas Raman scattering from strongly 

vibrating molecules do not. Various theories of coherent macromolecular 

vibrations (1-3,19-23]. and solitons [24] in cells therefore can not be 

supported on the basis of these experiments. 

This work was supported by the Office of Energy Research, Physical & 

Technological Research Division, of the US Department of Energy under 

Contract No. DE-AC03-76-SF00098 and National Research Service Award No. 

1-T32-GM07379 • 
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Figures 

Fig. ~· Hie scattering from a settling cell suspensione 50 ~1 of a 100 

mg/ml yeast suspension is added to a Oe45 ml cuvette filled with deion-

ized water (arrows). Changing cell density in the laser beam results in 

large elastic (Hie) scattering fluctuations. 

A. Photodiode record of elastic light intensity entering monochromator. 

B. Output of monochromator held at a fixed 1273 em-1 setting. 5 -1 em 

instrumental bandwidth, sensitivity 103 cps, 0.4 second time constant. 

c. Optical configuration. Single pass laser beam, 400 mW, 4880 R. The 

peak -1 height of the 992 em benzene line under the same scattering con-

ditions is 1.6 X 104 cps. 

Fig. ~· Raman scan of a settling cell suspension. Same conditions as 

-1 Fig. 1 except monochromator is scanned at 200 em /min. 

A. False Raman lines and background fluctuations (lower trace) are 

correlated with photodiode record of elastic light fluctuations (upper 

trace). 

B. Same sample is well mixed and scanned. False lines disappear. Ben

zene 992 em-1 standard, 2 X 104 cps. 
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