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SPECTROPHOTOMETRY

Photometry means "measurement of light." A camera light meter is an example of a photometer
that quantifies the total light intensity striking the photocell. Many determinations made in the
clinical laboratory are based on the measurements of light (also known as radiant energy)
absorbed or transmitted under controlled conditions. The instrument used to measure this
absorbed or transmitted light energy is the spectrophotometer. A review of some ofthe basic

characteristics of light may make this section more understandable.

Light is a type ofelectromagnetic radiation that travels in the form ofa wave. There are two
ways of describing a light wave. A light wave can be described by its wavelength or by its

frequency. The wavelength (1,) is the distance between the peaks ofa light wave. The
wavelength is a function ofthe energy ofthe light wave. The shorter the wavelength, the greater

the energy associated with the wave oflight. The frequency (v) is the number ofwaves that pass

an observation point in a unit oftime. The wavelength is inversely related to frequency and

energy, that is, the shorter the wavelength, the higher the frequency and energy, and, vice versa.

The relationship between energy and frequency of light is given by the equation:

E=iv

where E refers to the energy (in ergs), ft is Planck's constant (6.62 x 10 27 erg ' second), and v is

the frequency (Hertz). The frequency of light is related to the wavelength by:

v = cl)"

where c is the speed of light in a vacuum (3 x 10'0 cm/sec) and l, is the wavelength (cm). Ifone
substitutes the expression of v from this equation into the previous equation, the following is

obtained:

E = hcl)'

This equation shovr's that energy is inversely proportional to the wavelength of light. Of the two
ways of describing light (wavelength and frequency), wavelength is most commonly used in
climcal laboratory applications. The table below shows the relationship between the types of
electromagnetic radiation and wavelength.



I The wavelength where the lowest type ofrespective radiant energy occurs

In the clinical laboratory, the wavelengths of primary interest in spectrophotometric measurement

fall between 180 and 2500 nm. This corresponds to the UV, the visible, and the near infrared (lR)

regions. The visible region can be further subdivided into various color regions as illustrated

below.

The wavelengths are approximate. The colors ofthe light absorbed

to the next with no clear line ofdemarcation. The sum ofthe colors
and reflected change gradually from one color

ofthe reflected light forms the apparent color

ofthe object to the viewer

Light tom the sun or tom incandescent light bulbs contains the entire visible spectrum. This

continuum of light typically appears white at the source and colorless as the continuum moves

away from the source. Objects that appear colored, absorb light tom the continuum at particular

Electromagnetic Radiation Spectrum

Radiant Enerqv Wavelength (nm)*

Gamma Rays 0.1

1

Ultraviolet (UV) 180

Visible Light 380

Infrared Light 780

Microwave 400,000

Colors and Complementary Colors of the Visible Spectrum

Wavelength (nm) Color Absorbed Com lementa Color

350 - 430 Violet Yellow-green

430 - 47s Blue Yellow

475 - 495 Green-blue Orange

495 - 50s Red

s05 - 555 Green Purple

55s - 575 Yellow-green Violet

575 - 600 Yellow B lue

600 - 650 Orange Green-blue

650 - 700 Red Blue-green

X-rays

Blue-green



wavelengths and reflect the other parts ofthe continuum. For example, a substance that absorbs

violet light at 400 nm reflects all other light and appears yellow-green. Also, a substance that

absorbs yellow light at 590 nm is seen as blue, which is the sum ofthe reflected light. These

absorbed and reflected colors are shown in the table above.

NOTtr: plcase &r not lltelllorizc inlontiation in the lwo tables abovc'. This inlbrmation is given 1br

illustrat ivc purposes only.

Spectrophotometry takes advantage ofthe property where a colored solution results from

absorption ofa specifrc wavelength of light. To measure the concentration ofa blue solution,

light is passed through the solution at 590 nm. The amount ofyellow light absorbed at 590 nm

varies in direct proportion to the concentration ofthe blue substances in the solution

Note that when we move outside ofthe visible range, humans cannot see color. Therefore, any

laboratory analysis of a solution using a wavelength outside ofthe visible range will appear

colorless.

Beer's Law
As we begin to consider the quantitative aspects of spectrophotometry,

briefreview ofthe schematic ofa spectrophotometer may be helpful. T

in this schematic will be discussed in detail in a later section

defned by Beer's Law, a
he components illustrated
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Suppose we intend to use this spectrophotometer to measure the absorbance ofa blue solution

ii.e., the compound we are inteiested in measuring absorbs yellow light). The monochromator in

ihe instrument will isolate the 590 nm wavelength of light from the continuum. This 590 nm light

will next pass to the cuvet that hold the sample ofinterest as illustrated below'
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When light ofan appropriate wavelength strikes a cuvet that contains a solution ofan absorbing

material (e.g., glucose, cholesterol, etc.), some ofthe light is absorbed by the material ofinterest

The remamder ofthe tight is transmitted though the solution and passes to the detector. The

proportion ofthe light that reaches the detector is known as transmittance (T). Percent

transmittance (%T), transmittance multiplied by 100, can be represented by the following

equation.

I
- x100
Io

= o/dT

In this equation 1, is the intensity of light striking the sample and l is the intensity of l-rght

transmitted through the sample. In actual practice, the light transmitted by a blank (perhaps

abbreviated as 1, instead of1,) is measured first. The blank may be water or the entile reagent

mixture except ior the sample to be measured. Use of a blank tells the system the maxlmum

amount of ligit that can be transmitted through the solution when no absorbing compound is

present.

Once the blank is set, the blank cuvet is removed from the spectrophotometer and a cuvet

containing the sample of interest is placed in the light path. As the concentration ofthe absorbing

materiat iI increased, the I will decrease along with the o/oT. As can be seen in part A of the

diagram below, as concentration increases, o/oT decreases This relationship between

con'centration and 7oT is not lurear; it is curvilinear, i.e., a curve. If, however, the logarithm of

%Tisplottedagainstconcentration,aStraightlinewillbeobtained.Ifweweretogoonestep
furthe; and coniider the negative logarithm of %T, not only would we obtain a straight line, the

slofe ofthe straight line wo-uld chanle producing a direct relationship between negative logarithm

ofozT and concentration. The nega-tive logarithm of %T is known as absorbance. This type of

direct relationship between absorb;nce (A) and concentration where absorbance increases as

concentration grcreases is desirable because ofease of interpretation. This is illustrated in part B

ofthe diagram below.
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Basedontheabovediscussion,absorbanceandtransmittancecanberelatedasfollows:

A= -tolr= '*(l = ,*(#) = 2 -toso/or



Abso is not a directly measurable quantity; only transmittance can be directly measured by

spectrophotometers. Absorbance can only be obta ined by mathematical calculation from
transmittance data. It is desirable to work with absorbance, however, because ofthe ease ofthe
relationship between absorbance and concentration, as illustrated in the graphs above. All modern

spectrophotometers carry out this mathematical calculation and display absorbance urformation
automatically.

Beer's Law states that the concentration ofa material is directly proportional to the amount of
light absorbed or inversely proportional to the logarithm oftransmitted light. This law can be

expressed by the following equation

/ roo\
A= abc = losl 

-l" \o/oT )
where

I = absorbance

a = absorptivity ofthe compound (a constant as long as the same compound is being measured)

D = fight path ofthe solution (a constant as long as the same spectrophotometer is being used)

c = conc€ntration ofthe compound
%,T - percent transmittance

ln its most common application, Beer's Law is expressed as A = abc. When using this equation,

a and b are constant in a given spectrophotometric procedure. Thus, absorbance (l) is directly

proportional to concentration (c), as illustrated in graph B above.

This law is an ideal mathematical relationship that has some limitations in practice. Essentially,

this law wilt be followed only if (l) the light striking the sample (1,) is monochromatic (i.e., a

single wavelength of light), (2) the solvent absorbance is insignificant compared with the solute

absorbance (blanks are important here), (3) the solute concentration is within linearity limits, (4)

no stray light is present in the system, and (5) no chemical reaction occurs between the

compound ofinterest and other solute or solvent molecules.

Two of these limitations require further discussion. Ftst, stray light (also known as stray

radiation) is radiant energy that reaches the detector at wavelengths other than those isolated by

the monochromator. AII radiant energy that reaches the detector, with or without hav[rg passed

through the sample in the cuvet, will be detected by the detector. The graph below shows the

effects ofstray light on Beer's Law. As the amount of stray light increases (or monochromicity

decreases - i.e., no longer a single wavelength oflight), deviation fiom Beer's Law increases (i.e.,

the range where there is a linear relationship between concentration and absorbance decreases).
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The second limitation requiring further discussion is the solute concentration must be within
linearity limits. For each assay that uses spectrophotometry as its method ofquantitation, the
solute concentration range over which there will be a linear relationship between concentration
and absorbance must be proven. One reason for this is, with all chemical reactions, we will
eventually reach a point where we run out ofreagent. A second reason for this is we may reach a
point where we exceed the spectrophotometers limits for measuring absorbance. Whichever the
problem, we need to know what solute concentration causes us to lose the linear relationship
between concentration and absorbance, i.e., deviate from Beer's Law.

In order to determine this linear range, we analyze a series ofstandards ofknown concentration
by the same exact method used to analyze unknown samples. Once the absorbance readings are

taken for the known standards, a Beer's Law plot is prepared on linear graph paper where
concentration ofthe standards is plotted on the x-axis and measured absorbance is plotted on the
y-axis. The concentration range over which we have a straight line is the linear range for that
assay using that spectrophotometer. This is illustrated in the diagram below.

P
C,rrve no longer obe/s
Becfs law n lhrs reqro.

r00 2CX 300 L0
Gluclse (mg dL
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Notice ur the above diagram the phrase "standard curve" is used instead ofthe more correct
plrase "standard plot." Based on the above discussion, you know that we desfue to work with a

straight and linear Beer's Law plot. Yet, you will fiequently hear the word "curve" when reading
about or discussing this linear relationship. The reason for this is many years back,
spectrophotometers were not capable of mathematically converting transmittance data into
absorbance readings. Therefore, during this time, transmittance (or percent transmittance) had to
be related to concentration. Recalling the appearance ofgraph A above, the relationship between
transmjttance and concentration is a curve. When spectrophotmeters made the transition to
reading in terms of absorbance allowing the development of linear Beer's Law plots, for some



reason, terminology did not make the appropriate transition. Therefore, today, even though we

are working alrnost exclusively with linear relationships, you will very liequently hear and see the

word "curve" to describe the straight and linear relationship between concentration and

absorbance.

As illustrated by the graph above, deviations from linearity at the upper end ofthe standard plot

are easily detected. By running standards ofhigher concentrations, a point is reached where the

relation;hip between absorbance and concentration is no longer linear. In most situations, the

absorbance does not rise as rapidly as the concentration increases, so the actual level is under-

estimated. The graph above illustrates a situation in which the standard plot is not linear above

approximately 3b0 mg/dl (Note: on a properly developed Beer's Law plot using graph paper'

you can get much moie exact than with the graph illustrated above.) The situation illustrated here

may occur when the absorbance ofthe solution is too strong for the instrument to measure

accurately. In other cases, there may be more analyte present than detecting reagent' Not all the

anat,,te r;acts with the assay system, and the concentration appears to be less than it actually is'

The upper limit ofdetection must be established so that high levels ofan analyte are not under

reported.

Twoapproachesmaybetakentodealwithapatient,ssamplethatproducesanabsorbancethat

"*.""i, 
th" linear range. The report may be sent out as "greater than" whatever the upper limit

oiiir. f.ou"n tir,"ar ra:nge might ie. Thii option is taken in cases where the value is obviously so

elevated that no further useful clinical urformation would be obtained by further re-analysis ofthe

'"-pr".rr'i,approachmayalsobeusefulinemergencysituationswhenthemedicalstaffneedstoknow simply that an analye is very elevated so that appropriate treatment can be uritiated'

Alott 
". 

opiion i, dilution of the o.igir"l ,urnple followed-by re-assay The value obtained on the

diluted sa.ple is multiplied by th" iriu".r" ofihe dilution for the final result. For this second

oftion, yor.st outd noi simply dilute the final assay mixture because the ana$e may be present in

excess ofthe assay reagent.

When preparing standard plots, our natural tendency is to extend the line tkough the origin' i e 
'

through zero. This is true even though we did not analyze a z€ro concentration standard' When

wedothis,ourunconsciousassumpti-onofte,iSthatwecanthendetectanyconcentrationonthe
lme all the way down to a zero level. In practice, this assumption is never valid For maximum

Jability, theiower end of the Beer,s Law plot should stop at the lowest standard concentration.

it *, u.'lttru.u,"d in the graphs above, the linear range proven by a set a standards ne:"t:1:""d'

ti"?.g" oi ttrraards ,rse;d. iq in assaying patient sampies' we obtain an absorbance that falls

below that of our lowest standard, *" 'ft*fa 
simply report "less than" whatever the lower limit

for the standard Plot might be.

Once we have established our linear range, the unknown samples can be analyzed and the

resulting absorbance readings that fall within the linear range can be used to determine

concentlration by extrapolation using this graph This is illustrated below'
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As an altemative to extrapolation, once the linear range ofthe assay is known, we can perform

an assay using one standard within the linear range to compare with our unknown patient sample.

Ths approach is typically refened to as a "ratio ofstandard to unknown." Here we determine the

absorbance values for a known concentration ofthe compound ofinterest (standard) and the

compound ofinterest in the patient sample (unknown). If we let,4, and ,4, indicate the

absorbance values ofthe standard and unklown respectively, and q and c, indicate the

concentrations ofthe standard and unknown, we can write the following equations:

A' = abc'

These two equations can be stated as a ratio

A, abc'

A. abc"

200 300 400 s00

Glucose (mg/dLi

co^aealral on

and

A' Cs

A" Cu

This equation can be rearranged to determine the concentration ofthe unknown sample

Thus, extrapolation from a standard Beer's Law plot is one method of determining concentration
followrng a chemical reaction. This method is most frequently used when the standard plot will be

stable over an extended period oftime. In this situation, a new standard plot will need to be

prepared at some predetermined interval (e.g., once a month, every time a new lot ofreagents is

used, etc.).

A, = abc"

Since we are measuring the same material (e.g., glucose) in both the standard and unkown, the

absorptivity term (a) will be the same for both. Therefore, a will divide out. Also, since the

standard and the unknown are measured in the same spectrophotometer, the light path (D) will be

the same and divide out as well. This will leave the following ratio:



A,c'
A"

The following example illustrates the principte. We wish to determine the bilirubin concentration
in a patient sample. The absorbance of our patient sample (un}<nown) is 0.428 and the absorbance

ofthe 5.0 mgldl standard is 0.372. Ifwe put these numbers into the equation above, we get the

following:

0.428 x 5.0 mg / dL
o.372

c" : 5.75 mg / dL bilirubin

Another way to determine concentration from absorbance measurements involves the use of
molar absorptivity. The use of molar absorptivity requires a specific knowledge for the

absorptivity term a which is specific for a given compound under defmed conditions, e.9.,

wavelength. When we know the specific absorptivity in terms of molar units, the absorptivity

term a is then known as the molar absorptivity (€). In the clinical laboratory, the main material

commonly measured utilizing the molar absorptivity is the reduced form of nicotinamide adenine

dinucleotide (NADH). This is a coenz)nne that is associated with many enzl, natic reactions.

The reason NADH is so useful in cLinical laboratory measurements is that the oxidized form of
nicotmamide adenine dinucleotide (NAD) does not absorb light at 340 nm while the reduced

fornL NADH, absorbs light strongly at 340 nm. Many of the chemical reactions that are run in

the chemistry section ofthe laboratory are oxidation-reduction reactions Every oxidation
reaction must be coupled with a reduction reaction. Hence, as the material ofinterest is oxidized,

NAD is reduced to NADH. Thus, as the concentration of material ofinterest increases, there is

increased oxidation ofthat material. This is coupled with an increased reduction ofNAD to
NADH, resulting in an increased absorbance at 340 nm. ln other words, as the concentration of
material of interest increases, the measured absorbance increases.

L nnlAhttitless): - ucmx ----=-
,tttLxcm L

Returning to Beer's Law, a direct calculation ofconcentration can be made using absorbance data

for NADH. This is because the molar absorptivity for NADH is known ro 6e 6.22'101 L/mol-cm.

The units for molar absorptivity may seem quite unusual, but they serve the purpose ofcanceling

out the other units on the right hand side ofthe Beer's Law equation (i.e., light path 6 which is in

cm and concentration c which is in moVL). Ths is necessary because absorbance (A) is a unitless

term.



This concept is illustrated with the assay that is used to measure ethanol in body fluids by an

enzlmatic reaction. The reaction used to quantitate ethanol ur blood involves the en4matic
oxidation of ethanol to acetaldehyde with the simultaneous reduction of NAD to NADH.

Our assay produces the following data:
Blank absorbance: 0.000
Absorbance (A) at lhe end ofthe reaction: 0.421

Path length (6): I cm
Absorptivity (4)/Molar absorptivity ( e): 6.22x103 L/molxcm
Concentration ofethanol (c): ?

Usurg Beer's Law:

A= abc

/

o.421c=@

c= 677x 10-s mol/L

From this point you could use the molecular weight ofethanol and your vast knowledge ofthe
metric system to convert to mg/dl-.

ComDonents of a SDectroDhotometer
Basic components ofa spectrophotometer consist ofthe light source, the entrance slit, the

dispersion element, the exit slit, the analyical cell or cuvet, and the detector. The entrance slit,

dispersion element and exit slit make up the monockomator. A schematic of a basic

spectrophotometer is illustrated on the next page. The light source provides electromagnetic
radiation as ultraviolet (UV), visible, or infrared light that will pass though the monockomator
to be separated into discrete wavelengths. Light of a selected wavelength is made incident on the

cuvet containing the solution ofwhich the absorption is to be measured.

ethanol + 1.I4p 
-+9b-lgga:E5- 

acetaldehy& + NADH

For every molecule of ethanol oxidized, one molecule of NAD is reduced to form NADH. If we

measure the molar concentration of NADH, we can then determine the molar concentration of
ethanol originally present since this reaction occurs in a one-to-one ratio. Recall that NADH
absorbs light strongly at 340 nm while NAD does not absorb light at this wavelength.
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The lrst component is the light source. The light source must be a stable lamp that provides the

desired wavelength and provides enough light to penetrate the solution being measured. No

single tlpe of light source can provide all the wavelengths that might be needed for all

applications. For spectrophotometric work in the visible and near-infrared ranges, tungsten and

halogen quartz lamps are good sources ofradiant energy. Several tlpes ofvapor lamps are

available for ultraviol€t range. The deuterium lamp is more widely used than the hydrogen lamp

because the deuterium lamp emits a greater amount ofultraviolet light. A mercury lamp is Iess

desirable owing to its uneven emission spectrum. A xenon lamp gives a brilliant light that is ideal

for applications requiring a narrow slit, but it is not suited for routine application owing to

probiems resulting tom stray light. Collimating lenses are often inserted between the exciter lamp

and the entrance slit ofthe monochromator to focus the light into a beam ofparallel light rays.

The next component is the monochromator. The monockomator consists ofthree components:

the entrance slit, the dispersion element, and the exit slit. The goal of the monocfuomator is to

isolate a single wavelength of light from the continuum provided by the light source

.rrrfn?ffrr,
I

Monochromator
wavelength

selector

The first component ofthe monochromator is the entrance slit. The function of the entrance slit is

to reduce stray light and prevent scattered light from entering the monochlomator. If stray light

were allowed to pass through the analytical cell, this would cause a deviation from Beer's Law.

The result would cause a significant error in the measurement, as discussed above'

The dispersion element is a device that produces light ofspecific wavelengths from a light source.

Types of dispersion elements urclude urterference filters, prisms, and difhaction gratings. As we

consider these different types ofdispersion elements, the term bandpass needs to be introduced.

with the exception oflaser optical devices, the light isolated by a dispersion element in a

spectrophotometer is not truly monochromatic (i.e., it is not ofa single wavelength). Instead, a

,ru.ro*iurg" of wavelengths will be isolated. The actual range ofwavelengths isolated by the

dispersion ilement is called the bandpass. The bandpass is def[red as the range ofwavelengths

between pourts at which the light transmitted is equal to one-half(or 50%) the peak light

intensity, or greater. considering the diagram below, the wavelength at which the maxunum light

is transmitted (known as the nominal wavelength) is 450 nm. The wavelength range at which we

lLnd 50% or more ofthe peak light intensity extends from 445 nm to 455 nrq a 10 nm range'

Thus we say that this particular spectrophotometer has a 10 nm bandpass. The more nanow the

bandpass, the more specific the measurement. This will be considered in more detail below,

following the discussion of double beam spectrophotometers.
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The hrst type of dispersion element is the lrterference filter. Interference filters are made by
placing semitransparent silver filrns on both sides ofa dielectric such as magnesium fluoride
(illustrated below). When light perpendicular to the silvered surface enters the filter, is passes

through the dielectric and is reflected from the second silvered surface back to the first surface.
This process repeats itselfuntil the light is finally transmitted through the filter and through the
exit sl.it. Constructive and destructive interferences occur as the light is reflected between the
silver filrns. Constructive interference refers to a process where light waves ofthe same amplitude
combure and reinforce each other, developing enough energy to exit the filter. Destructive
interference refers to light wave that are out ofphase and are thus destroyed. Interference filters
allow transmissio n of 40oh to 60% of the incident light, with a bandpass between l0 and 20 nm.
The dielectric thickness may be varied to produce filters ofdifferent bandpasses.

P rO. 6l iisl,t w.r il.&sh on inr.rL.sa i, b,
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The second dispersion
element is the prism. Prisms are wedge-shaped pieces of glass, quartz, or fused silica.
Polychromatic light that enters a prism is refracted at the air-prism interface. The shorter, more
energetic wavelengths are refracted more than the longer wavelengths. This results in light being
dispersed into a continuous spectrum. Glass prisms are suitable for work in the visible range, but
quartz or fused silica is essential for the UV range because glass does not transmit light efficiently
at wavelengths shorter than 320 nm. The main problem with the use ofprisms as dispersion
elements is that dispersion is not Linear. Above 550 nrq hnearity suffers significantly requiring the
use ofvariable exit slits (referred to below).

The third dispersion element is the gratng. Diftaction gratings are made by cutting tiny grooves
or slits into an aluminized surface ofa flat piece ofcrown glass. These grooves are cut at a
precise angle and at an equal distance from each other. There are usually 1,000 to 50,000
groovesper inch. Each ofthese grooves produces an individual spectrum. As the spectrum
moves away from the grating surface, it interacts with other spectra. Some light waves undergo

t:



constructive interference while others undergo destructive inference. The final result is a single

spectrum where each wavelength is well resolved. Usually, gratings are capable ofbetter
resolution than prisms or filters. Gmtings also have the additional advantage of covering all

essential wavelengths, in contrast to the glass prisms, which cannot be used in the ultraviolet
region. Because high-quality gratings can now be produced economically, most

spectrophotometers incorporate diftaction gratings as their dispersion elements.

The final component of the monochromator is the exit slit. The exit slit determines the bandwidth

of the light that will be selected from the dispersed spectrum. By u:rcreasing the width of the exit

stit, the band width ofthe emerging light is broadened, with a resultant increase in energy intensity

but a decrease in spectral purity. In diffraction grating monochromators, the exit slit may be a

fixed width, resulting in a constant bandpass. In contrast, prism monochromators have variable

exit slits. The purpose ofboth entrance and exit slits ur filter photometers is to make the light

parallel and reduce stray light.

The cuvet holds the solution for which the absorbance is to be measured. Glass cuvets are

satisfactory for use above 320 nrn For measurements below 320 nm, quartz or fused silica cuvets

are required. As noted with glass prisms, glass does not transmit light efficiently at wavelengths

shorter than 320 nm. Both round and rectangular cuvets are available. A rectangular cuvet,

which presents a flat surface to the incident light, has less radiant energy loss fiom reflection than

does a round cuvet. For routine work, this loss is usually not significant, accounting for about 4olo

ofthe incident energy for most round cuvets. Rectangular and round cuvets typically have a

standard I cm inside diameter (i.e., path length or 6 in Beer's Law calculations). Finally, room

light entering the cuvet will cause measurement errors. A light shield should be placed over the

cuvet well when a spectrophotometric reading is being made.

The final component ofthe basic spectrophotometer is the detector. Types ofdetectors include

banier-layer cilt, phototube, photomultiplier tube, and a variety ofsemiconductor detectors. AIL

detectors use photosensitive materials in their cathodes that release electrons when they are

emitted from the cathode. When a closed electrical cfcuit is provided, the free electrons produce

a current. Thus, the purpose ofthe detector is to convert light energy lrrto eleclrical energy.

Perhaps the most common type ofdetector is the photomultiplier tube. An example ofa
photomultiplier tube is illustrated below. Photomultiplier tubes consist of a photoemissive

tathode, an anode, and an internal etectron-multiplying series ofdynodes. Many photomultipLier

tubes have 9 to l6 photosensitive dynodes. A dynode is an electrode used to generate secondary

emissions ofelectrons. All ofthese components are encased in a glass evacuated tube. Wlen
radiant energy strikes the cathode, the emitted electrons are attracted to the frst adjacent dynode

On striking the dynode, each electron causes the emission ofseveral other electrons. The

electrons emitted from the frst dynode are subsequently attracted to the second dlnode, where

the same emission cycle is repeated. This process continues through the entire series ofdynodes,

resulting in a multiplication ofthe number ofelectrons, until the anode is reached. The

amplification factor achieved by a photomultiplier tube may be as high as 10. Because oftheir

"*"i["nt 
sensitivity and rapid response, all stray light and room light must be carefully shielded

from the photomultiplier tube to prevent burn out.



Double-Beam SpectroDhotometers
Up to this point, we have primarily considered what is known as a single-beam

spectrophotometer. In double-beam spectrophotometers, monochromatic light is split into two

segments. One segment of light is directed through a reference cuvet and one segment of light is
dtected through the sample cuvet. The intensity ofthese two light segments is then measured

alternately by one detector. The sample beam intensity is compared with the reference beam

intensity as a ratio. An illustration of a double-beam schematic is shown below.
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ln this syster\ the light beam is split with a rotating chopper that altemately presents a mirror and

an opening. During the time the light passes through the opening, the segment oflight continues

through the sample cuvet. During the time the light is reflected offof the mirrored surface, the

segment of light is directed through the reference cuvet. After each segment, consisting ofa pulse

of electromagnetic radiation separated in time by a dark interval, passes though the appropriate

cuvet, it is directed onto the detector. The detector measures all ofthe light that hits it and the

electronics ofthe spectrophotometer distinguishes between the segments that passed tkough the

sample cuvet and the reference cuvet. This is possible because the amplifier ofthe instrument is

tuned with the rotating chopper. Therefore, the amplifier knows which segment of light is being

processed at any given point lr tme.
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This concept is illustrated with the assay that is used to measure ethanol in body fluids by an
enzymatic reaction. The reaction used to quantitate ethanol in blood involves the enzymatic
oxidation of ethanol to acetaldehyde with the simultaneous reduction of NAD to NADH.

ethanol + N,qp -+3.hllta:e=- acetaldehyde + NADH

Our assay produces the following data:
Blank absorbance: 0.000
Absorbance (,4) at the end ofthe reaction: 0.421
Path length (6): 1 cm
Absorptivity (a)/Molar absorptivity (e): 6.22x103 L/molxcm
Concentration ofethanol (c): ?

Using Beer's Law:

A=abc

A
^LUU

0.421
' (6.2 tOr L/ molxcm)(lcm)

Components of a SDectroDhotometer
Basic components ofa spectrophotometer consist ofthe light source, the entrance slit, the
dispersion element, the exit slit, the analytical cell or cuvet, and the detector. The entrance slit,
dispersion element and exit slit make up the monochromator. A schematic of a basic
spectrophotometer is illustrated on the next page. The light source provides electromagnetic
radiation as ultraviolet (UV), visible, or infrared light that will pass through the monochromator
to be separated rnto discrete wavelengths. Light ofa selected wavelength is made urcident on the
cuvet containing the solution ofwhich the absorption is to be measured.

For every molecule of ethanol oxidized, one molecule of NAD is reduced to form NADH. If we
measure the molar concentration of NADH, we can then determine the molar concentration of
ethanol origrrally present since this reaction occurs in a one-to-one ratio. Recall that NADH
absorbs light strongly at 340 nm while NAD does not absorb light at this wavelength.

c = 617x 10-5 mol /L
From this point you could use the molecular weight ofethanol and your vast knowledge ofthe
metric system to convert to mg/dl.



Another advantage ofthe double-beam system is seen when the reaction system we are

monitoring by spectrophotometry changes color during the reaction. As our reagents sit exposed

to air, certain reagents (or components ofreagent systems) may become oxidized and show a

slight color change. Since this color change would occur in both the sample and reference cuvets,

the double-beam spectrophotometer would be able to correct for this while a single-beam system

would not.

The abiiity to perform a spectral scan is an important function ofa spectrophotometer' A
spectral scan is developed by readurg the absorbance produced by the compound ofinterest at

eich wavelength in the UV and visible region. This capability is very important in determining

which wavelength to use when we perform our quantitative analysis of that compound. We

would obviously want to use the wavelength where the instrument is the most sensitive, and, this

is what we can determine from a spectral scan. Consider the spectral scan below.

A common abbreviation for wavelength is )'. The wavelength that produces the greatest

absorbance is known as ),.",. Considering the diagram above, i,, produces the greatest

absorbance and is known as ),."_. This would be the wavelength ofchoice to perform our

quantitative analysis.

Double-beam spectrophotmeters are ideally suited for making spectral scans because the

instrument automatically corrects for the change in light transmission through the reference cuvet

as the wavelength is changed. If a single-beam instrument were used, each change in wavelength

would require an adjustment ofthe rnstrument to zero absorbance with a blank before reading the

absorbance of the sample.
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The frst step in the use ofa double-beam spectrophotometer involves placing the blank solution
in both the sample cuvet and reference cuvet. The absorbance reading for the spectrophotometer
is then adjusted to zero. By making this adjustment, we are essentially telling the instrument that
the two light segments are equal. We leave the blank solution in the reference cuvet and replace

the blank solution in the sample cuvet with the solution to be measured. Thus, with this double-

beam system, there is a constant comparison with the blank solution allowing immediate

compensation for any variation intensity that aflects both cuvets simultaneously. One cause for a

variation in light intensity in both cuvets originates from the light source. Variations in intensity

of light from the light source can be corrected by this double-beam system. These same variations

in intensity from the light source canrot be corrected by a single beam-system resulting in errant

results.



Spectral scans require adequate resolution for interpretation. To resolve absorbance peaks, the

bandpass must be narrow. Often, a very sharp, narrow peak may be completely missed if a wide

bandpass were selected. This is illustrated in the diagram below for the chemical toluene.

Toluene was analyzed in tkee different spectrophotometers with different bandpasses.
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Blanki the SDectroDhoto meter
Throughout this
Blanking refers
to the desred co

discussion reference has been made to blanking the spectrophotometer.

to reading the absorbance ofa solution that includes all light absorption not due

mpound of interest. Possible sources ofextraneous absorption include

absorption or reflectance of light by the cuvet, absorption or scattering of light by the solvent or

the reagents, and absorption or scattering of light by color oI turbidity in the sample. The two

most common type ofblank solutions that are utilized in the clinical laboratory are reagent blanks

and specimen blanks. A reagent blank contains all the components ofthe reaction except the

sampie to be analyzed. The absorbance ofthe reagent blank includes absorbances due to the

cuvit and all reagents. This type ofblank is utilized when some component ofthe reagent may

contribute unwanted absorption to the hnal product to be read by the spectrophotometer'

Altematively, a specimen blank contains the sample and all components ofthe reagent except the

one component that is required for the reaction to occur. The absorbance ofthe specimen blank

includes absorbances due to the cuvet, the Sample's color and turbidity, and most ofthe reagents'

absorbances.

As we have discussed above, both single-beam and double-beam spectrophotometers utilize

blanks. In single-beam systems, the instrument is blanked frst, then the blank solution is replaced

with the sampie of interest. In the double-beam system, the instrument is blanked with blank

solution initially placed in both light paths, followed by replacing the blank solution with sample

of interest in only the sample beam.

To produce a spectral scan, a computer is attached to a spectrophotometer. A drive motor is

geared to the difftaction grating. It is tumed slowly in the light path so that light of various
wavelengths sequentially passes through the exit slit of the monochromator. The light is passed

through the cuvet compartment in succession. The computer records the absorbance at each

wavelength and prepares the plot shown above.



Bichromatic Analysis
Many laboratory analyzers in the clinical chemistry section that utilize spectrophotometry also

employ bichromatic analysis. In these analyzers, the sample ofinterest is measured at two
wavelengths. The first wavelength is ),."-. The second wavelength is close to 1,..*, but at a
wavelength that the compound ofinterest does not absorb light. For a given compound of
interest, this second wavelength may be set at a wavelength where common interfenng substances

are krown to have absorption. The problem is that the interfering compound may also absorb at

1,."^ for the compound ofinterest. Thus, when we measure at 1,."*, we would get absorbance

from the compound ofinterest plus the interfering compound. Inthiscase, bichromatic analysis

will allow the calculation oftrue absorption due to the compound ofinterest alone by takmg the

difference in absorbance at the two wavelengths.

A very common application of bichromatic analysis is in laboratory analyzers that have flow cells

for spectrophotometric measurement. The problem is that protein buildup within the flow cell

may begin to block light producing abnormally high absorbance readings. Here the absorbance

measured at ;,.", would be a composite ofthe absorbance due to the desired compound plus

absorbance due to the light blocked by the protein buildup. With bichromatic analysis, the light

blocked (read as absorbance) at the second wavelength would be subtracted from the absorbance

at 1."- with the difference berrg the true absorbance ofthe compound ofinterest.

Oualitv Control Check of Wavelength Accuracy
It is sound laboratory practice to certify that spectrophotometers are functioning within

specifications. One such check is for wavelength accuracy. A common method ofchecking
wavelength accuracy involves the use ofrare-earth glass hlters such as hoknium oxide and

didymium. Holmium oxide has strong and sharp lines ofabsorption and is best suited for the

calibration of narrow bandpass instruments. DidymiunL on the other hand, has much broader

absorption bands and is best suited for the calibration ofbroad bandpass spectrophotometers.


