


ELEMENTS OF
BIOPHYSICS

R

JAMES E. RANDALL, BSEE, \45., PhD

- dsspciate Professor of. Physwfogy aﬂd Bzopkyszcs
“Department of Physivlogy and Pharmacology '
University of Missouri Medical Center

\

THE ’&EAR BOOK L YBL‘SHERS . INC
o 200.EAST ILLINOIS STREET - €ricaco .

s






’

COPYRIGHT 1958 BY THE YEAR BOOK PUBLISHERS, INC. .

P
1
N i
‘ .
-
y ‘.\f ! .
Ly
L [
PRINTED IN U.5.A,
g T .
/ - ~






Preface

A UNIVERSALLY AGUE TaBLE DEFINITION oi bxophyszcs apncars to be
an 1m'>ossxbllity at this writing, Of course in its hrondest seuse’ hie
_.term signifies“the union of the physu.al and the life sciences, but
o~ sucha gt.nerahmt:oq arriés Httle 'g:anfymg information.’ It.is
- important for the reader of this buok to uierstand that this text
... . was not undertaken in an att=mpt to define what shovid e con-
- mdercd as biophysics, but rathet as an erort'ro preaent to the
~ student of biolegy znd muedicing the physwdl and quamxtam c.

cnnceptc of basic importauce 1o these fields.
*If the current literature and resedrch activities can be taken as .
- A mdex, this is truly aid era in which physical concepts play a -
£undamental role in bxologk:al and medical exper:-memanon and
. gomprehension,” It is the, thougbt of ~many that phvsxcal ideas
\fquemed dn; blologu:al situations deserve more attention in the.
bxologzsts training. Such’, Bhysmal med\,amsrm and  physical
propemes are of 1mportance at all levels of biological fuhetion..
Ct s very pmbable that ‘the. full underctand\ng of some of the .

most 1merestmg bmlogrcal xmechamsms-—-as, - for emmpl(: the

. specificity of hormone and antigeén- -antibody react,ona-—can only
"be undersicod by cons:dermg both the chemtcal and the physical
Actaons operating at the molecular leve} However, for didactic- .

v reasons, I have chosen-the illustrations for, the eoucepts p:vescqteda )
- her ein from the systems level of: biology because actions’at this .
Ievd “dre more ep&ly perceiver by ihe st,udcnt. The cﬂuccpt.} are -
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introduced withia a suf clently broad framework that they can be ,

apphed in most cases, o biology generally o
In giving this material with breadth it has been. nececsary e

" limit the (often frightening) rigorously quantitative and analyt- .

- cal contributions that biophysics can make. But it is hoped that
this text will provide for the student a steppm stone between his.
- undérgraduate physics and the current physxcal mterest in btology
and medicine. ’ -

This text has developed lfmm a 32 1€cture cour.,e in bxophysms
given by the authcr at the University of Missouri Medical Center.
The studerits in the course ¢onsist of the members of the freshman
medical class and graduate students from the bmlogxcal sciences,
:all of whom fnave bad one year of college phys:cs and at-least
aIgebra. The first four chapters of the book introduce. certain
aspects of the quantitation process which are important in carrent .
medical - thinking but which are jpt usually experienced ih a

~ student’s background 'I’his section begins by, pointing out the in-
herent sxmphc:xty bf quantitation which results from defining all
\ physxcal“ quantities in terms of mass, length, and time. Also sev-
‘eral’ mathematical - cperztions upon quinutxes are . xllusj;rated
in: ph‘ysxoiogical terms, including integratjon, differentiation, -
exponentxal rate: phenomena and frequency analysis. The fea-*
tures of measurﬂmmts and instrumentation, the pramckl means
of obtamvng quaniities, are included, with stress on the limita -
tions, unposed by biological material. The c‘nap*er on statistics
‘semmarizes many of the basic meayw"nc‘l roust be undﬁrsgood in

order to:quantitate and assess the significance of magmtudes '

which arg subject 0 the variabilities o characteristic of bxology
Chapters 510 are concerned with creating an integrated-pic-

ture, of '(he forces and energies associated with masses, electric

.- charges, and electromagnetism. The illustrations stress the
.- broader aspect of these concepts, with the thought that. dceper
meaning will be obtained by the student.in courses that are inte-
gp'ated with respect to orgamsma rather than with respect to
physlcﬁ.l .\deas. o L RS
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The nucleax' radiations are utilized by thls generauon of scien-
tists and’ clinicians as v1tal research tools and as modalities for

' applying energy; and so, in the balanceé of the ‘book, the important

aspects of nuclear energy are deﬁned and illustrated for the

- biologist. —
© - In a text whxch is pnmarlly concerned wn_h the presentauon

and organization of basic concepts, as this book is, it is difficult
for the author to give proper credit to the source of much of the
material, for, in reality, the book is a reflection of his entire edu- -
cation process. I would therefore like to acknowledge the anony-

. mous educators and authors who have contributed to thxs text by .
their skill in teachmg At the same. ume, I'wish to assume fhe

responsibility for: any errors which may be contained herein.
Fortunately, there are a number of persons: whose contributions

Ican acknowledg° in a dess vague fashion. Professor B. A. West-

fall was most encouragmg in the manner in which he supplied the

» - facilities and the time of his department. Professor Dallas K.
 Meyer was very helptul ddring. the' time in which. the local bio-
- physies course was being organized, I am, indéebted. to Professor

Sir Ronald ‘A. Fisher, of Cambridge, to Dr. Frank Yates, of
Rothamisted, and to Messts. Oliver & Boyd, Ltd., of Edinburgh,

. for permission to reprint Tables 4.2, 4.3, and 4.7 from Statistical

Tables for Biological, Agricultural, end Medical Research (1949).

" The manuscript typing hag been. capably -handled, at ‘varicus

phases of the project, by Loretta Petrich, Lelores Koftan, and

 3 Delores Crockett. Edward Jackson and Ernest Miles have pre-

pared the ﬂlustranons, with obvious skxl! Alsg, the author’s wife,

' Barbara, has been of great asslstance in the preparaﬁon of the

manusmpt
. jmxs E RANDALL
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CHAPTER 1

. -

“Quantitation

;. K INDAMENTAL PHYSICAL QUANTITIES

ONE OF THE BASIC FENETS of scientific endeavor is that of Placxng
the observatiors, the laws, and the theories upon an exact and an
ob;ecmm basis. In- the past an individu 4] area of science has
initially gone through a descriptive phase; and then, as the science
prpgressed infermation regarding it be¢anie more quantxtame
Physics is an outstanding example with such a history. It is be.

'he\ed by many that biclogy *has passed through its deqcnpuvh

era and that the era of quantitative biology'is beginning.
 The process of quantitation may consist of simply counting a
number of individuals or umts An outstanding e;xample of the

success of such a simple quantxtatmn in biology. is the classxp ‘

Mendelian genetus, in which the -essential quantitation is the
counting of phenotypes A formal sc1encc has been derived from

_such quanutauon, and it provides us with laws and ‘theories by -
* which we can predict the hereditary transmission of phenotypes.

Much material which is to be quantitated must .be handled by

* comparison with some accepted standard, Tn biology this accepted

standard is often a rather arbitrary and desuipuve one, such as

.the dose of an agent needed to produce a given bialogical effect.
-Tins pxocess kuown as bio-assay, is the only known means by

which many. pharmaceutical agents can be qu'mtxtatwely deter- -
mined. For example, each manufactured batch of digitalis,

ouabam, msulm, acﬂylcholme, and of many other drugs must
. 13 : ’
A - :

T
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. terms of the amount of the substance which will, upon injection, -
kill 50%, of the cats into which it is injected. Of coyrse such pro-

14 .~ FLEMENTS OF 'BICPHYSICS

n

dilution into sore particular animal species and then observing

the effects on blood sugar or blood pressure, or even on survwal‘

of the animal. In the case of digitalis, the dosage is calculated in

cedures- are inherently inaccurate; - but until a more sensitive

physical or chemical procedure has been determined, these meth-.
-ods will have to suffice. :

. In the case of physics the basic quantitative concepts have
more ngorous definitions. It is not the purpose here to define

 these in the rigorous form used by professional physicists, butit
A should be pointed out how arbitrary the 'standards are and also
" how [-undamental the three physxcal quantitxes Qf mass, Iéngth R
‘and time are. These three quantmes are fundamental because §0° '

many other ‘quantities are defined in‘ terms of mass, length and

.be assayed in regard to its concentration by/ injecting a given

-

time. In reality, the bulk of all material in this text, and in all -

or another be defined in terms of these quantities.
" The standard of length has been arbitrarily chosén as the dis-

" sciences whith have material things as their basis.-can in one form,

tance between two lines on a metal bar in: Paris. Quantitation of

" distances is nothing: mdre than a process of com,parmg the dis-
‘tances with the 1 meter dlstance on this standard. In a similar
'manner, the standard of mass is the mass/of a metal cylmder in
‘Parxs. Quantitation of masses is a process of” cOmparmg these ~
masses with the-standard 1 kilogram mass: The standard of time .
has been tdken from our solar system, and the second a2 gwen‘ :
fraction of a meaii solar day.

It is the function of the Natxonal Bureau of Standards to main-

tain an accurate replica of these standards. Naturally; these funda:
'mental standards are used only for'the most important arnd pre-

cise calibration purposes. It is possible to send laboratory stand-

“ards to the National Bureau of Standards in .Washington for

calibrationi against the Bureau’s more exact standacds.

- In summary the process of quanmatmn mvolves a magmtude

3
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. which is simply ‘the number of times some standard must be

unhzed ) /

-

‘ ;o DERIVED QUANTITIES

~ “Of the great mulutude of physxcal quantities which are derlved
from these fundamental mass, length, and time quantities, only
a few of the ones which are more commonly used will be men-
tioned: velocity, acceleration, force, and pressure. While their
actual mechamcal nature will be left to later sections on me-
chanics, these derived quantities: are ‘introduced at this point to
. allow the student to appremate how really unified our scientific
- coficepts are when expressed in terms of the fundamental physical
-quantities.’ The:apprecxauon of this unification’ and integration
_of concepts is a large step toward the understandmg of all phy31-
cal scientifi¢ endeavor.

1. Velocity is a derived quantity involving dxstance per unit of

timhe, or by definition it is the rate of change of position. For our -

| purposes the cm/sec is a convenient unit of velocity.

2. Acceleration is a derived quantity mvolvmg rate of- change
of velocity, by. deﬁnmon The cm/sec' is a convenient unit for
this quantuy -

' 8] Force is a derived quantity which is deﬂned 4s ani agent

capable of accelerating a mass. Quantitatively the conivenient unit -

for force is the dyne, which is the force required to give a mass of
1 gram an acceleranon of 1 cm/sec®. The gravitational attracuve
-force of the earth-upon a 1 gm mass is such as to cayse it'to
- accelerate at about 980 <:m/sec2 Thus the attracuve force *upon'
the I gm mass xs about 980 dynes. S

4. Pressure is 4 derived quantity whlch is deﬁned as the forM ‘

per unit area. The unit may be expressed as dynes/cm’ In biol- .
~ogy and medicine the more common unit of pressure is the height -

" of a column of mercury wh:ch the pressure will support agains:

the earth’s attractive ‘force upon the mass of the mercury. Since -

pressure is-such a common clinical quantity, it is of interesi to
clanfy this partzcular uult of- pressure quanutauon

. [ L

.
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In the 'ercury.manuzrcae; ‘3 pressure-mcasuriry dcnu} thpz
pressu-re' to be measuréd cxerts a force upon 2 tube of I‘lwt«ll‘)

“Fhe tube of m emuxy s mass - ﬁtq volum-. times its dens'ty)

- which is responsibie for 2 grax;tu .cmal attractive force be‘ween 3
it and the earth! "The column of . rm.rcurv in the tube will adjust

. its Keight until the atzactive foice, due to. jts mass just equalﬂ the -
fm:cr* duc to the pressure bewnr measurea

Acceierauon mass would show

S , G}rat{ﬁ,tatgonm ' ’_ _Masu of i P
rattrzction 7. - Hg . due to gtavuatxonal force
“ ! . PN ¢ i [
~ ' " Tibe ) F—Ig Hz
S ' LT é'tx'ea it hewh* X dénsitv - X g% cm/ sec' .
‘ 4

U por .«ransposmg thc, tu"be cross- aect}onal atea term. to 5 the Ieft
side of lhﬂ equatior,

<y o - Tae

l’ressurc- ' R C

o bo‘rm upnn Hg Hg Hg .
‘bg"lg‘ 4 1ub}“§;§g‘“ = height- X density X - 980 cm/scc’
, measurg R T * (Variesd with : (Con ctaﬂt) .
oo . ) ) “ . ) pxebstue) v ; e

ly 33mp0mona1 to the height of, the mercury. column i the
. Wnanometer, the. densuy of the mercury, and the gmvnauonal
aceeleration’ ‘of 98Q cm/sec2 It should be emphasued ‘that the’
Qressu,rg is independent of the uross-Secuonal aréa of the. manom—»
~eter tube. This fact'is sometimes - bard to appreciate ‘when one

- geés a small e.xpeumental animal, such as ar L, havmg the same -
: jblood ‘pregsure. as a.large man. Since mercurv has an unusuall.y
hlgh denspty, it is the manomeéter flyid of ehoice for’ high pres’.
aurcs, such as are encountened An. the arterial side of the. circula-

tory sysrem In’the case of lower prees&res as’ m the venous sys-_

A

tem ot the rerebral spmal fluid, it i5 sometimes more ronvement
to exprcss ptessure in units of centimeters of water,, .

I0 should be rczvemphasxﬁd that the foregoing: physzcal quantz-
tles -and essentially all other classic physical guantities can be -

RS

dr.nvc:a from the, fL.nddmeptal mass, lengt aad time quantities.
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