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PECULIARITIES OF ABSORPTTION SPECTROPUOTOMETRY OF BIOLOGICAL ORJECTS., 1II

(Fbllowing is the translation of an article by L. N, Bell,
published in the Russian-language periodical Bilofizika
(Biophysics), Vol X, No 3, 1965, pages 543-553, Translation
performed by Sp/7 Charles T. Ostertag Jr.7

1, Spectrophotometry of Dispersing Objects.,

Until now it has been assumed that light, in passing through an absorp-
tive medium, does not change the direction of its dissemination, that is,
it is not scattered, However, practically all colored biological objects
(leaves, tissues, retina of the eye, blood serum, etc.) diffuse light. This
is connected with their heterogeneity in an optical respect -- with sharp

changes in the refractive index, caused by the presence of vericus inter- :
faces, minute particles, etc,

As was already said, scattering, first of all, influences the type
of absorption spectrum and the absolute magnitude of the absorption coeffic-
ient, and, secondly, leads to certain peculiarities of a methodical nature,

First of all we will examine the methodical aspect of the problem,

A. Measuring the absorption spectrum with the help of a plane detector, i
First of all we will assume that a parallel pencil of light falls on the '
object, and beyond the object there is a stationary plane detector, just as
in the majority of spectrophotometers which are usually employed. Deter-
mination of the absorption coefficient, just as earlier, should be re-
duced to a determination of the stream of light falling onto the object,

and the stream of light coming out of the object, that ig, not abscrbed by

ig, SOTUES
it.

Measuring the flow of a parallel pencil of incoming light is no dif-
ferent from a similar measuring in the casc of a scattering object and can
be easily carried out with the help of a plane detector.

Something essentially new comes up when measuring the flow of outgoing
(nonabsorbed) light. Due to scattering only part of the rays coming out of

the object reach the detector (figure 1, a'), As was already noted the

apparent absorption coefficient determined by this method is overestimated,

since the true intensity of the outcoming light is greater than the measured
In an extreme case the cocnditions for measuring may be such that

the detector records only rays which pass through the object without

changing the direction of dissemination (for example, when the detectoY is

located at a great distance from the object).
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When a parallel pencil of vays falls on a thin absorbing and sgcatter-
ing layer of substance, a weakening in the flow of light which reaches the
detoctor is caused not only by the actual absorption, but also by scattering,
and may be described by the formula

AL =« (xtoyl oL

where X, just as before, designates ths absorption index: O~ is called the
scattering index and £ w A + (¥ -- the reduction coefficient (sometimes
extinction), This formula may be used for determining the flow of ouly
those rays which pass through the object without essentially changing their
divection, but it cannot be used for calculating the flow of all the rays
coming out of the object, that 1s, for determining the overall passage coef-
ficient (and, consequently, also the abesorption coefficiant).

As pointed out above, the main error in the method of measuring with
the help of a stationary plane detector i{s that not all the nonabsorbed rays
are captured by the detector, With such an errconeous method, it 19 possible
to obtain large values of the apparent absorptiocn coefficient for scattering
objects which do not contain pigmenta at all and therefore, in actuality,
do not absorb light, For example, in albino leaves of plants the true ab-
sorption coefficient 1s usually less than 10%, while at the same time when
measuring in parvallel rays the apparent coefficlent may reach 90% and
higher, depending on the geometric conditions of the test,

Prom what has been said it is clear that with the help of ordinary
spectrophotomaiere, for example the Bekman S$F4 or SFS spectrophotometers,
it is imposisle to obtain correct absolute values of the absorption coef-
ficients of scatteriung objuctn,

From figure 1 it 1is alsa eusy to understand why the value of the apparent
(that is, measured) absorption coefficient depends on the geometric conditions
of the test., The moat important of these conditions is the distance between
the oblect and the detector, The closer the detector is to the object then
the greater will be the number of rays which are captured by it, and then
the closer to true value will be the current of outcoming light (compare
positions a' and b* in figure 1),

In exactly the same manner, the greater the cross section dimensi{on
(diameter) of the detector then the closer tov true value will be the measured
absorption.coefficient.

Nevertheless, even in the event the object is flat and is moved close
to a plane detector which has as great a diameter as desired, all the same
only those rays will be recorded which come out from one side of the object;
rays coming out from the side of the object which is turned toward the
source of the rays (reflected rays) will not be recorded even in this case,
I[n this manner, by means of moving the object closer to the detector it
is poseible to obtain apparent values for the absorption coefficlent which _
come closer to the true value, but all the same a great deal of this Lyalug?




if lefc out, It can be said that the greater the solid angle at which the
. detector is seen from the object, the closer to the correct value will be
' the measured abgorption coefficient obtained, Apparently a correct value
i3 obtained when the detector completely surrounds the object, that is,

Noncalculation of all the rays comilng out of the object sometimes
leads to very instructive phenomena,

We will examine several particularly interesting cages,

The spactrum of absorption of a solution of oxyhemoglobin has a very
stroug band (gamma band) in the vielet band of the spectrum (410 milli-

ﬁij. 1t was demonstrated /2/ that thls disappearance is observed when pri-
matrily rays are being recorded which have passed through the suspension
without scattering, 1If the geometry of the measurements is such that the
scatterad rays are also recorded, for example if the detector is moved right
up to the cuvette with the suspension, then the gamma band makes its appear-
ance, In this manner the apparent value of rhe absorption band essentially
depends on the method of recording the scattered rays. Possible explana-
tions of this phanomenon are given 1in the worlks ii/ and LE?.

Here 18 another example. Measurcments with suspensions of the green
algae Chlorella showed that the position of the absoxption band changes
depending on the geometric conditions of measuring, Thus when recording
mainly nondeflected rays the maximum of the ahsorption band turns out to be
shifted to the long -wave side in comparison with the position of the maxi-
mum when recording scatcered vays /5/ (Eigure 1), A probable explanation
of thig effect 1s that light with a wave length corresponding to the long-
wave slope of the absorption band scatters more strongly than light with a
shorter wave length (phenomenon of selecrive scattering) /16/. As a result,
when recording nondeflected (passing) rays the absorption of strongly scat-
tering, that is, long-wave, rays will turn out to be great, and the maximum
of absorption shifts to thelr side. If the detector catches the scattered
rays also, then the apparent absorption coefficiunt of these more strongly
scattering, that is iong-wave, rays will be less.

Zhidkovala tests with coloved powders LZT have a close relationship
to the effect under discussion, 1t was shown that the spectral curve of
the coefflcient of veflection of a strongly scattering, but relatively weakly
colored object in general has the ssme form as the spectrum of transmission
through absorbing substance in mass (in a homogeneous condition), Hovever,
in some cases the curves of reflection and transmission differed strongly
and, in particular, a significant shift of the maximum took place. This
shift (Just as the coincidence of the maximums in the event of a strongly
digpersed but weakly absorbing substance) is easily explained by the theorvy
which allows for the depeudency of the relative index of refraction of the
colored substance and the medium on the wavelength £§7. The theory shows
that the shifting of the maximum should take place when the dispersion

3

when the stated solid angle equale 4 T and all the outcoming rays are captured,

microns) which disappears during measurements with & suspension of erythrocytes

Iy

Mt w gyt o

‘“mwmwwLﬁﬁ




I s TR i

1 et 90 Dt

curves of the absorbing substance and the dispersion curve of the medium

are strotgly oblique to each other (they lntersect at a large angle)., Such
an lntersection takes place in particular within the limits of the absorption
band of a strongly absorbing substauce,

An absolutely paradoxical result may be obtained if the object has
great length and the detector primarily records light which is running along
a specific divection, but corresponding with the direction of the incident
light, As an example we will take the case which 1is depicted in figure 2,
on account of the scattering the distribution of light based on direction
changes sharply in the object and the intensity of light reaching the detec-
tor, which 18 recording light at a certain angle to the initial direction
of light, at first will increase with the thickness of the absorbing layer,
it 1s formally arrvived at that the "coefficient of transmission" is greater
than unity or the coefficient of absorption is negative, Actually, of
course, the total amount of light, passaing through any plane in an object,
perpendicularly to the initial dirvection of the rays, decreases with dapth
but the intensity of the scattered light may increase according to the degree
of penetration into the depth of the medium. With sufficiently large depths
the intensity will decrease also along this direction, This will cake place
when absorption preveils over the effect of the directional redistribution
of light,

In thig manner a curve, depicting the dependency of the intensity of
pasaing light on the thickness of the layer, may show a maximum, Figure 2
shows the curves which are obtained when the detector is immersed at a
various depth in a medium made up of diluted milk; the detector was sensitive
to rays at 6s-20° to the direction of the incident rays /9/,

Similar effects of "focusing' are not specific for light rays, and are
also observed for gamma rays 1197 and electrons LILT. This is explained by
the fact that in spite of the existing differences in the mechanisms of
scattering and absorption of various types of rays, the laws of their pro-
pagation through scattering and absorbing media remain the same,

It is clear from what has been sald that to measure the absorption
coefficient of a scattering medium with the help of a directional detector
would imply an even greater worsening of that error which is obtained when
working with a plane detector, which is directional to a lesser degree and
thevefore records a large share of nonabsorbed rays.,

It 19 necessary to agaiu note that the majority of plane receivers
(photocells, thermopiles, pyranometers) are selectively sensitive for direc-
tion, that is, do not have the same liklihood to rvecord rays coming in at’
various angles (do not possess a cosine nature), and to a certain degree
this effect may also influence the measurement.

Distortion of the absorption spectrum may be eliminated to a known
degree with the heip of the opal glass method, first proposed by Pokrovskiy
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/12/, 1f diffuse scattering glass is placed batween the scattoring object

and the detector, then those vays which are scattered at various angles will
enter the detector (but at no greater an angle than 90°), Gonsequantly, the
effect of the uneven scattering of rays of variocus wavelengths in the cbject

18 eliminated to a significant degree by this method and a shift of the abe
sorption maximum cannot be observed, Besides this, more likely absolute values
of the absorptilon coefficient are obtained, since the measuring of the Incoming
light ia also carried out with glass and consaquently the waakening of the
light due to scattering in the object is partially taken iunto account, How-
aver this method does not yleld either a correct absolute value of the ab-
sorption coefficient or the correct form of tha absorption spectrum /137,

but it possesses the quality that the position of the absorption band, as was
already sald, may be obtaluned correctly £§7.

If the mission 1is to determine the optical properties of the absotbing
substance as guch, then when working with suspensions of cells it is possible
to eliminate the influence of scattering with the help of the above mentioned
method of clarification, based on the selection of a medium with a refraction
index close to the refraction index of tha cells 4157.

In summing up, it can be said that for measuring the absorption coef-
ficient of a nonacattering object onto which a parallel beam of light is
falling, it ia sufficient to make two readings with the help of a plane
detector; to measure the incidemt and tvanamitted beams (just as everywhere,
we consider introducing, by the appropriate method, the amall corraction for
reflected light), To determine the true ahsorption coafficilent of a scat-
tering object, based on whut was presented above, is impoasible by the stated
mathod, In the next section methods will be oxamined for detevmining the
tYue absoprtion coafficient,

B. Methods for measuring the absolute value of the absorption coeffice
ient of a scattering object, A detector which records only part of the oute
coming lLight (plane detector) may be uaed all the same in principle for dater-
mining the total atream of outcoming light., For this it is eufficient to aum
up the atreams, measured at all possible angles, by moving the detector aleong
the surface of a gphere, in the centar of which the object under investigation
is found (figure 3, a),

A aimllar goniometric unilt was used, as an example, for measuring the
coafficlenta of reflection and passage of the akin of man 4137 and the leaves
of planta /167,

The main deficlency of the goniometric method 1a the amount of labor
required for the measurements, Determination of the coefficiont of passage
uysually requives many minutes and sometimea even hours, The measuring is
esgentially aimplified L{f the intenaity of light is symmetrically distributed
velative to the divection of the incoming light, then for meaautring the
absorption coefficlent it {e enough to measure the distyibution of the outs
coming light in any one plane, passing thyough the direction of antering
("indicatrix of scattering''), and from here to calculste ths total inteneity
of light coming out of the object being investigated.
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A merit of the gounlometric moethod ls tha faasiblility of obtuining a plc«
ture of the distribution of intensity of scatterad light along various angles,
which may prove to be desirable in certain inveetigations,

The variety in the gonlomaetric method is that a large number of similar
datactora are distributed on the inner suxrface of & ephere whichk is surrounding
the object (figure 3,b), By this method it 1s poasible to obtain the valua
of the stream of outcoming (scattered) light by moans of summing up the readings
of all the detectors, Here it 1s necessary to introduce a correction for
light which does not reach the datectors, Dased on the readings of each of
the detectore separataly, itis possible to make an approximate determination of
the apatial dietridution of the etream of scattered light. The light, reaching
the detectors and the nongensitive surfaca of the sphere, should be completely
absorbed, otherwise the deflectad light may distort tha true picture of scat-
taring, Io practice it ia possidble to dispose the detectors on the facets of
a polyhedron, for exampla, a dodecahedron (20 facaets) /177.

The condition for using the described 'detector polyhedron' is the
absence of a sharp dependency of the intounsity of the scattered light on the
angle, since it turna out that at certain angles of a particularly intense
scattering the light does not reach a detector and the stream of scattered
light turns out to be too low, This comment Lls also in regards to the above
described goniometric mathod, 1f the angles are changed discretely.

Instead of determining the total flux of light by integrating it based
on all the angles with the halp of one detactor (goniometric method) or with
the help of many detactors (polyhadron method), 1t is possibla to determine
the total flux of light, scattered at all angles, with the help of the so-
called method of integrating spheras. At the present time this method has
been used extensively., The objeact is placed in the center of a sphere of
sufficiently large dimensions, In the sphere a small opening is made through
which the incoming light paseses, (figure 3, ¢) and a second opening over which
the light deteactor is attached, The inner surface of the aphere is covered
with a layer of aneasily scattering but weakly absorbing substance, for
example Mg0 or BaS0,. The idea of the method 1s that the light coming out
of the object, being scattered numerous times, creates a certain aversge illum-
ination within the ephere, and this {l1lunination fs proportional to the total
stream of light which 13 not absorbed by the object /189 In this manner it
is as Lf the sphere sums up (“integrates') and more precisely averages out the
light going along all directions from the object. The reading of the detector
will be proportional to the average illumination uunder the condition that
light does not reach the detector which is coming directly from the object,
but only the rays which have been reflected numerous times, For ensuring this
condition etched or opal glass is placed within the sphere between the detector
and tho sample, This glass scatters the light coming directly from the object
to the detector, DBesaldes this the object jtself should absorb the rvays which
have been reflected numerous times to the minimum degree, and therefore the
dimensions of the sphere should be great in comparilson with the size of the
object, 1In practice it is sufficient that the diameter be ten times greater
than the croas-sectional dimension of the object. In exactly the same way

6




the ares of the incoming and outgoing (at the detactor) openings should
make up an insignificant share of the entire arca of the sphere, Several
problems of working with the integrating sphere arae presented in 1197,

Two readings are made for determiuning the absorption coefficient: The
firot {n the absence of the object, or, if the sample is a liquid, in the
presence of a cuvette with a nonabsorbing liguid, The reading of the device
in this case corresponds to the stream of incoming lightJT It would be
begt of all to make a control (nonabsorbing) sample from material which scatters
light approximately the same as the object under investigation, since in prac-
tice the average illumination may nevertheless depend somewhat on the angular
distribution of light initially reaching the inner wall of the spheve,

The se¢cond reading in the presence of the objact baing investigated
corresponds to the stream of light coming out of the investigated objlect in
all directions ( T¢ ). The stream of absorbed light will be e~ Zy , and
consequently the abaoxpt:ion coefficient A2 (1;-1} ﬂ B » /ro
An example of the application of this method is the meaauremenr of the apectra
of absorption of plant leaves /207,

If the investigated object is a thin membrane (for examplie, a leaf),
then the apparatus can be simplified, Instead of introducing the object inte
the sphere it 1s possible to determine s ately the stream of passing lizht
(i'p ) aad the stream of raflacted ligbgpqﬁf ). PFor determining Zp.
it 18 naecessary to place the sample before th ingoming opening of the aphere
(poeition 1 on figure 3, ¢); for determining the 1r the object in placad
behind the opening, cut out on the opposite end of the diametaer, passing
through the inlet (front) opening (position 2), When measuring [, the second
(rear) aperture 1is closed with a plate which is covered with thg Bame raflecting
material ag tha inner surface of the sphere, The absorption coefficient will
equal Az [Tow (Lo +Lp) /Lo . The advantage of this method is
that 1t is possible to determine individually the "“passage coefficient" 7}1;,./];

and the "reflecting coefficient™ R.—I# /ra + Obviously gy 2. (TfR)

As already stated we use this variation of the method of the integrating
anhere only for thin objects; besides this, the walls of the sphere should be
sufficiently thin, If the stated conditions are not fulfilled, then part of
the passing or reflected light will be absorbed by the walls of the sphere,
This variety of the_integrating sphere method has found wide application in
spectrophotometry /21/ and differential spectrophotometry of plant leaves /22/.

In the vecording spectrophotometers of the SF 10 type and the so-called
spherical photometer (ShF), spheras with two apertures are used accordiug.
to the method described,

C. The iufluence of scattering on the true absorption spectrum, In
the previous sections the methedical peculiarities of measuring the absorption
coefficient of scatterivg objects were reviewed, Mainly these peculiarities
are conditioned by the necessity to take into consideration rays which are
coming out of an object in various divrections,

7
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Now we will raise the following two problems; 1) how does scattering
influence the true (that is, correctly measured) value of the absorption
coefficient, and 2) how does the form of the true absorption spectrum depend
on ecattering,

1. Due to scattering the length of the path and the direction of a
light ray in a turbid object will be different in a similar but nonscattering
object. As s result of scattering, the path length of individual light rays
may be either increased (for example, rays 2 and 3, figure 4) or decreased
(rays 1 and 4),

If the change of the path length increases the probability of an en-
countexr between the light rays and the molecules of the absorbing substance,
then absorption, apparently, is increased. However, scattering may decrease
this probability (for example, due to reverse scattering) and, consequently,
lead to a decrease of absorption. Therefore the presence of scattering does
not always lead to an increase in the absorption coefficient.

Which of these two cases takes place depends on a quite complex inter-
weaving of various factors, and mainly on the relationship between the absorp-
tive and scattering capability of the substance of the object, on the mutual
distribution of the absorbing and nonabsorbing substances, and the nature of
light incidence.

115 AN 80 BN b v

For an illustration of this we will examine an object in which the pig-
ment is disposed {in the form of a thin concentrated layer, and the remaining
g part consists of & colorless (that is, nonabsorbing) substance, We will
: assume initially that the colorless layer does not scatter light and permits
it to hit perpendicularly on the object (figure 4, b), 1t is evident in this
case that the absorpticn coefficient of the cbject being examined will not
depend on how the light is moving -- from top to bottom or bttom to top.

If the nonabsorbing substance scatters light strongly, then the absorption
coefficient may not differ essentially from the absorption coefficient of the
nonscatitering object, if the rays hit below, that is, directly on the pigment
layer; but it may be less if the rays pass initially through the colorless
scattering layer (figure 4, a), since part of the rays will leave the object
without encountering the pigments. In the last case we have an example of
when scattering leads to a decrease of the absorption coefficient, in spite
of the fact that the average path length of the light rays in the sample was
increased.

Not only does the distribution of pigment have significant meaning, but
also its absorption index and concentration, Actually we will visualize that
the pigment is uniformly distributed in the sample. If the optical density
is such that in the absence of scattering practically all the light would be
absorbed, then scattering will lead only to a certain decrease in the absorption
coefficient, due to the reverse scattering ("reflection') of rays, 1If a
pigment with a small optical density is uniformly distributed in the object,
then the absorption coefficient may be increased significatnly due to scattering.

8
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The increase of absorption in a turbid medium as a result of the elonga-~
tion of the optical path of light may be used for the idemntification of pig-
ments in highly diluted solutions. Thus the addition of the powder of CaC0
or Aly03 led to a strong (by many times) increase of absorption and thereby

made it possible to detect the characteristic, but weak, absorption bands of
phytochrome /237,

The sum conclusion, which can be made on the bagis of the above cited
examples, is that, depending on the size of the sample, concentration, absorp-
tion capability (absorption index) and distribution of pigment, and also the
direction of light incidence, scattering may lead to either a decrease or
an increase in the absorption coefficient.

2, It is not difficult to understand that scattering should also
change the appearance of the absorption spectrum, that is, lead to a non-
proportional alteration of the absorption coefficlent at various wavelengths,
For example, let the conditions be such that the scattering leads to an
: increase of the absorption coefficient (that is, there is an increase in
: the path of the light ray in the absorbing area within the sample) and let
: light with a wavelength of X, be absorbed very strongly and light with 2,
. be absorbed weakly, Then an increase of the effective path of the rays within .
- the sample has little influence on the absorption coefficient at , and ’
may strongly change the absorption coefficient at 11. As a result the
absorption spectrum will "wear smooth,”™ For an illustration of this phenom-
enon, figure 5 presents the absorption spectrum of a leaf, infiltrated with
: water (the water creates optically more uniform conditions within the leaf
_ and therefore decreases scattering), and the absorption spectrum of the
same leaf in a normal condition (curve a) /24/, This example again shows
the nonjustification of introducing the concept "effective leaf."

Theoretically these problems were examined by Rozenberg, who was able
to obtain simple formulae for calculating the influence of scattering on the
form of th- absorption curve /25/.

g

T

It could have been thought that in spite of the change in the appearance
(leveling) of the absorption spectrum, caused by scattering, the appgarance
of the spectrum of optical density (that is, curve D(?l) = = /n (1-A
remains as before, But actually, during the leveling of the absorption
spectrum a nonproportional change takes place in the ordinates of the spectrum
of optical density.

The Lambert-Buger Law, strictly speaking, loses its significance in
the case of non-uniform media, The esseunce of this law is that a layer of
the same thickness absorbs the same share of fraction of light reaching it
In the case of a non-uniform medium, when layers of the same thickness may
differ strongly physically and chemically, it is very apparent that the
intensity of light may decrease irregularly, What has been said does not
exclude the possibility that in some cases (for example, a suspension of
uniformly distributed minute pigmented objects) a decrease in the transmitted

9
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beam will lessen exponentially with thickness, in any case in a certain
interval of a change in thickness,

2, Differential (Difference) Spectrophotometry

With the help of spectrophotometry it is possible to study the kinetics
of various processes in which colored components take part, For example,
information concerning the participation of cytochromes in the transmission
clrcuit of electrons during respiration was obtained by means of tracing the
change of cytochromes through their absorption spectrum /26/ However,
stained components under investigation are ysually found in a modified con-
dition for a very small interval of time, and therefore, the accompanying
spectral changes turn out to be small, on the order of or less than one
percent, It is not posgsible to waasure such small changes with the help of
ordinary spectrophotometers., Based on this reason, instead of measuring the
absorpti;.n spectrum before the process and during its course, and comparing
these specira, it 18 expedient to directly measure the difference between
both spectra. Then knowing the spectrum of the initial pigment, it is
possible on the basis of the difference or 'differential" spectrum to deter-
mine the form of the spectrum of the modified substance and, consequently,
to makke a judgement concerning the nature of change of the original pigment
during the process being investigated.

Methodically, measuring of the difference spectrum amounts to the
following: The transmission coefficient of the initial pigment at a given
wavelength is conditionally taken as zero, that is, the passage coefficient
of the modified pigment 1is reckoned based on the relationship to the stated
coefficient,

Por a photoelectric spectrophotometer this can be done by compensating
the current from the passing light by the current of the opposite direction.
Various methods of compensation exist /277, but we will not examine them here.
1f at the present time the pigment in the object being investigated is changing
under the influence of this or that factor, then the device will indicate
the change in the passage coefficient in relaticn tc the {nitis! oune. Curve 1
in figure 6 depicts the spectrum of reduced cytochrome ¢, FPollowing oxida-
tion the spectrum takes on the form depicted by curve 2, The differential
spectrum is determined by the difference between curves 2 and 1, and is
depicted by curve 3, The spectral transition of cytochrome ¢ from a reduced
to an oxidized condition is manifested in the emergence in the difference
spectrum of a strong minimum at 420 millimicrons and maximum at 400 millimi-
crons, and also two small minimums at 520 and 550 millimicrons, Consequently,
the simultaneous emergence of similar characteristic peaks in a living object
may be viewed as an indication of the oxidation of cytochrome c.

The expediency of the direct measurement of the difference spectrum
is seen from the following example. We will assume that the passage coef-
ficient T = 50% and following recording of the passing light the device
showed, as an example, 50 units, If the passage coefficient of the modified
pigment i8 T = 50,2%, that is, the passage coefficient has changed by 0.2%,

10
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then the difference in the readings on the indicator will be all told 0.2
units, In the differential method of measuring, when the initial current

has been compensated for, it i3 possible to strongly increase the sensitivity
of the device so that in place of 0,2 the device would show, as an example,
20 units. Without compensation of the initial current, apparently, it is
impossible to achieve a point where a change of “J° by 0,2% would produce

a deflection by 20 units, since in place of 50 units the device would inie
tially indicate 5,000 units. From this example it is apparent that the
differential method of measurement makes it possible to significantly

increase the sensitivity of the device to small changes in the passage coef-
ficient,

At the present time, with the help of differential spectrophotometers
it is possible to measure relative_changes of the passage coefficients, AT'/I',
all told of 0,01 and even 0,001% /28/

It must be kept in mind that in optically non-uniform objects, such as
biological objects, the nature of spectral changes may be determined not only
by the chemical changes of the pigment, but also by changes in its physical
state and in the state of the medium, Since in differential spectrophotometry .
very small changes of the absorption coefficient are recorded, then the role ’
of purely physical factors may be important and the interxpretation of the
results may be made much more difficult,

We will examine the following examples. Figure 7 (I) depicts the
absorption spectrum of leaf a and the absorption spectrum of a suspension of
crushed chloroplasts isolated from it, b, that is, after its homoginization
/24/. The difference spectrum a--b is depicted by the curve (II). As can
be seen, the change of the geometrical distribution of the pigments (increase
of non-uniformity) led to the appearance of a cemplex differential spectrum
of a leaf or a suspension of green algae, emerging following irradiation of
the plant with light /29/ (figure 7, III1). Thus is it completely possible L
that the differential spectrum of plant leaves, emerging following the irrad- F
igtion of the latter with ldight is conditioned, in auny case partially, by a 7
certain change in the distribution of pigments in the leaf under the influence ;
of exciting light,

In certain cases the emergence of the characteristic differential spectrum
may be partially conditioned alsoc by the pecullarities of the apparatus used,
This may be illustrated by the following example, As was already pointed out,
due to the selective scattering the apparent absorption speetrum of the scat-
tering object, measured with the help of a plane or in general a directional
detector, depends on the angle of scattering of the recorded rays. 1In all
the differential spectrophotometers used at the wresent, passing rays are
recorded, that is, rays constituting an angle < 90°% with the direction of
the incident rays. Consequently, if the influence on the object changes its
scattering ability, for example, increasing the degree of dispersion of the
protoplasm, then the detector will record the weakly deflected rays to a
greater extent, The spectrum of these rvays, due to the phenomenon of selec-
tive scattering which we spoke about previcusly, differs from the spectrum of
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the strongly deflected rays. Thus under the influence of the stated effect,
the form of the apparent absorption spectrum is changed, that is, a differ-
ential spectrum appears, 1If, for example, the irradiation of a suspension
of Chlorella increases its scattering ability, then on the basi: of curves

a and b in figure 1, it is possible to expect the appearance of a differ-
ential spectrum of .the optical density shown in figure 7, IV, Attention
should be paid to the general similarity of curxves III and IV in figure 7.

BEverything that has been presented shows that the interpretation of
the differential spectra of biological objects 18 a complex problem and can
hardly be achieved by means of a simple comparison with the differential
spectra of known colored substances in homogeneous media, It seems that a
preliminary condition for the successful interpretation of differential spectra
is a comprehensive investigation of the influence of various factors on the
physical state of an optical medium and the appearance of possible spectral
effects ae a result of these physical changes of the medium,

3. Derivative Spectrophotometry

In recent years in biology they have started to apply the so-called
derivative spectrophotometry. The idea of this method is that the determination
is made not of the spectrum of absorption ]Q (A), but of the curve of depen-
dency on A of the derivative of the absorption coefficient (or optical demnsity)
with respect to wavelength ( that is ). 1In principle such a curve
can be obtained if the absorption spectrum based on the wavelength is differ-
entlated, However, it 1s more accurate to directly measure such spectra,
and for this purpose special spectrophotometers have already been produced,
which at once trace out the differentiated (do not confuse this with differ-
ential, that 1is, difference, spectrum) spectrum of absorption based on A [ﬁg?i

The advantages of derivative spectrophotometry are that with its help,
first of all, it is possible to more accurately determine the position of the
absorption maximums, and secondly, it makes it possible to reveal the presence
of sbsorption méximume which in the ordinary spectrum of absorption are com-
pletely hidden. The value of similar measurements is determined by the fact
that based on the position of the maximums it is often possible to judge the
condition of the pigments (degree of aggregation, bond with other compounds,
ete,).

Since the derivative at the maximum equals zero, then the position of
the maximum in the derived (differentiated) spectrum is established as the
point of intersection of this curve with the x-axis, that is, axis A. .

As an example, in figure 8 we present a sector of the spectrum of optical
density and the differentiated {derived) spectrum of chlorophyll 2 in ether.
For an illustration of the possibilities of derived spectrophotometry in
relation to the exposure of maximums which do not appear in the ordinary
absorption spectrum, we will take a hypothetical case when the absorption
band consists actually of two bands with a similar pos.tion of peaks, but
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having a different width and height (figure 9,a). Based on the resulting
spectrum of passage (curve b) it is difficult to guess of the presence of

two peaks, The complex structure of the differentiated spectrum of pussage
(¢urve ¢) clearly indicates the existence of several absorbing components /317,

For our presentation it is important to note the following, Errors
when working with scattering objects which zre camsed by an incorrect calcu-
lation of the scattered rays, are not decreased when using derived spectro=
photometers ia place of ordinary devices., In other wozds, when determining
the position of the absorption maximums of scaitering objects with the kelp
of derived spectrophotometyry, it i8 necesssry to observe the same precautions
which were reviewed above. This is also true in regards to difference
spectrophetonetry,

It can be said that for an accurate determination of the absolute value

of the absorption coefficient, and also the paition and uumber of absoxption

bands, the most important condition is that a ccrrect calculation of all the

rays not absorbed by the object be made, regardless of which method of spec-

trophotometry is used -- the ordinery, the difference, or decived varieties

of it, /
s v
Conciusions

In an optical respect blological objects are distinguishad by their
heterogeneity,

An uneven distribution of absorbing substance in an object always leads
to a decrease of the absorption ccefficient iu cowmparison with the coefficient
of the corresponding hemogeneous cobject. The abaorption coufficient decreases
most noticeably in the area of strong absorption, As a result a "leveling" i
of the absorption spectrum takes places Besides this, thexe occurs (in any
case for a suspension of colered patticlea) also a leveling of the spectrum
of optical density, formally determined as i) = ”ik( ol R

[

The influence of light scattering on the sbrorption spectrum depends
on the scattering and absorbing capabilities of the substance of the object,
on their diatribution in the object, and on the divection of incideat light,

If the scattering and absorption are not very grear (so that a signif-
icant part of the rays penetrates inte the depth of the object), then scatter-
ing most rapidly of all will lead to an increass of the absorption coefficient,
With a very strong scattering, when a noticeable part of the rays scatter
reversely and therefore do not cover a significant path in the object, and
alsc during a strong absorption when the lengthening of the opticsl path of
the ray within the object hardly influences the absorption coefficilent,
scattering may lead to a certain lowering of the abscorption coefficient, Thus,
under the influence of scattering a leveling of the absorption spectrum may
also take place,\ ,

tN

A methodically correct measurement of the absorption coefficient of a

scattering object amounts to the correct calculation of all the nonabsorbed
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("outcoming") rays., T': most suitable method for obtaining correct abaolute
values for coefficient: »f absorption is the method of the integrating sphere.
In the case of an abasence of isolated directions of scattering the detector
polyhydron method {° su.tuole. For determining the position of the maximums
on the absorption curve it certain cases it ia possible to use ordinary spectro=
photometers which utili » plane detectors. In the common case, however, the
form of the absorption ..rve, and in particular the position of the maximums,
may be distirguiehed frow thtose which are obtained when calculating all the
outcoming rayas, Therefove, if changes are belng studied in the position of
the maximums of abs.:ption, couditioned by these or those factors, then when
using the stated metho: Lt must be ascertained that the observed ghifts are
caused mainly by a chang. in the absorption spectrum of the pigment and not
by a c¢hange of scattering.

Somewhat more reli:le results may be obtained when using ordinary
spectrophotometers by weans of using diffusely scattering (opal) glass,
However, even when applying »his method the position of tha bands is not
always obtained correctly, If small distortions ia the form of the absorp-
tion curve do not have any sigunificance in a specific investigation, then
any of the mentioned metlods may be recommended,

This article did not exaumine the problem of determining the absorption
index of the substance of an object based ou.. th.: measured absorption spectrum
of the object. Esgsentially only a resolution of this mission will make it
possible to obtain accurate data concerning the nature of substances in an
object, their state, theilr changes, etc., The theoretical sspect of this
problem, though it has been developed quite intensively in recent years,
is apparently still far from completion /32,. Nevertheless, it ig without

a doubt that already at the present time the theory is cepable of vendering
greac assistance to blological investigations, 4 necessary conditlion for this
is the closer tie between physicists working in the area of optics of scat-
tering media and biologists,
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Figure 1, DNependency of the position of the maximum and the apparent value
of the optica’l density of a suspension of Chlorella algae on the geometric
conditions of the measurings,

Anele of abscissa «w length of wave, millimicrons; angle of ordinate aw
optical density,
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Figurc 2, Dependency of the form of the light intensity curve in a turbid
medium on the angle of distribution of the measured light.

X ~= dupth of detector in the medium; T P - intensity of light, running at

the angle ¥ to the falling light, Upper diagram -=- arrangement for measuring,
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Figure 5, a -~ spectrum of absorption of a leaf; b ~« absorption spectrum of

the same leaf following infiltration with water,

Angle of abscissae w= wavelength millimicrons; angle of ordinates == absorption
coefl'icient,

Figurc 6, 1 =~ spectrum of the absorption index of rec}uced cytochrome ¢}
2 w- spectrum of oxidized cytochrome ¢; 3 =« differential spectrum, obtained
during the oxidation of cytochrome c,
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Diagram Iz a == absorption spectrum of a leaf; b ~= absorption
spectrum of a crushed and homogenized leaf,

Diagram II: difference spectium (a-«b),

Diagram I1J: ditferential spectrum of the optical density of a
leaf or a suspension of grecn algae [ollowing irradiation of
the plant with light,

Diagram IV: difforential spectrum of the optical densily of a
leaf or suspension, anticipated as a result of a change of the
scattering ability of the suspension of algae,
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Figurc 8 (a=~b), a -= scctor of the optical density speetrum of chlorophyll a
in ether; b -= derived (differentiatcd)spectrum,
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Figure 9 (a«=c), a w=~ hypotheti~al spectrum of optical density, consisting
of two bands with coinciding positions of' macimus. buc the width is differents
b == total spectrm of passace, cxleulated on the tosis off lhe summary curverag
¢ -~ derived (differentialed) spoctrum of passavc,
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