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DEVELOPMENT OF A LASER-BASED INFRARED DETECTOR FOR HIGH
PRESSURE LIQUID CHROMATOGRAPHY. THE ANALYSIS OF
CHOLESTEROL, CHOLESTRYL ESTERS AND TRIGLYCERIDES IN SERUM.

An infrared detector is constructed for use 1n High Pressure Liquid Chromatography. The detector
uses a hehium-ncon laser which emuts at 3.39 microns in the infrared as the source and a commercial lead
selenide semiconductor as the detector The detector when used 1n the flow-1njection analysis mode can
detect all classes of hipid. futty acids, tniglycendes, phospholipids, cholesterols and cholestryl esters.
Chromatography using a nomal phase column with separation nto the hipid classes of cholesterol,

cholestryl esters and triglycerides 1s performed. A purchased serum sample has been prepared and

separation and quantitation of the 3 hpid classes 1s performed.




DEVELOPPEMENT D’UN DETECTEUR LASER INFRAROUGE POUR
- CHROMATOGRAPHIE A HAUTE PERFORMANCE; PERMETTANT
L’ANALYSE DU CHOLESTEROL, D‘ESTERS CHOLESTERYL ET DES
TRIGLYCERIDES PRESENT DANS LE SERUM

Un détecteur 1nfrarouge a é1é construit pour utilisauon en chromatographie & haute performance.
Un laser héhium-néon qui émet 3 3.39 mucrons dans la région des infrarouges a é1é unhsé en tant que source
et un semiconducteur commercial plomb sélenture en tant que détecteur. Le détecteur utthisé en analyse
injection en conunu (flow-in)cction analysis) peut détecter ditférentes classes hiprdiques, tels que les acides
gras, les triglycéndes, les phospholipides, les cholestérols et les esters cholesiryl. La chromatographie avee
séparation des classes hipidiques du cholésterol, des esters cholestryl et des tniglycéndes sur colonne d
phase normale a de méme é1¢ uihisée Un échanullon de serum commercial a é1é préparé et la séparation et

quantificauon des 3 classcs ipidiques a é1é réahisées.
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CHAPTER1

STRUCTURE AND ANALYSIS OF LIPIDS

Lipids encompass a vast number of different types of molecules with such differing structures and
functions that the only characterisuc that they have in common 1s that they are not soluble 1n water. They

are, however, soluble 1n orgamic solvents such as chloroform, methanol, hexane and benzene o name a few

).

L FUNCTIONS (2)

Lipids have numerous brological funcuons in all cells. Lipids are present in cell membranes, and

along with proteins, make up the structure of membranes.

Lipids are important in the storage and transport of metabolic fuel. Lipids, or fats as they are often
referred to when speaking of dictary lipids, are important in the diet as energy sources, vitamins (e.g. A,D)
and also 1n their contribution 1o the patatability of food (3). Fats provide more energy than protein or
carbohydrate and are particularly 1mportant since the glycogen store (storage mode of carbohydrate in the
hiver) cannot eapand, but the adipose ussue (or storage depot of lipids) can expand enormously. Many
years ago 1t was thought that fats were only unportant to the diet as an energy source; however, 1t was soon
discovered that a deficiency state could be produced on a fat free diet. It was then determined that the
deticiency state could be eliminated by the addition of certun “essential fatty acids”, in particular linoleic

acid (3).

Some hpids are important as a protective coatng on the surfaces of some organisms, Waxes are

one type of hpid which provide this water repellant barner to the environment.




Cell surface components which arc important in recogniuon, species specificity and tssue
immunity are other functions of lipids These are not all of the functions of lipids, but merely some of the

more important oncs.

0. CLASSIFICATION

Lipid classification is most often donc on the basis of backbone structure; however, the way that
this is done can differ shightly from one teatbook 10 the next. Lehminger (2) broadly divides lipids into 2
classes: complex (saponifiable yielding salts of fatty acids (soaps) on alkaline hydrolysis) and sumple
(nonsaponifiable and therefore they have no fatty acids) They can also be divided wto neutral and polar
lipids. Regardless of the system of classification, hprds can all be broken down and classified by their

funcuonal groups.

III. SAPONIFIABLE LIPIDS
1. FATTY ACIDS

Fatty acids are the building blocks of saponifiable ipids They are fong chain hydrocarbons with a
terminal carboxylic acid group. They can be saturated or unsaturated, with the double bond most often
being cis as opposed 1o trans. The 16-carbon and 18-carbon (Fig. 1) fatty acids predominate and the
shorthand notation consists of the number of carbons tn the fatty acid followed by a colon followed by the
number of double bonds followed by a superscript of the position of the double bonds (see Table 1) (2) All
fatty acids arc cis unless otherwise indicated Hence, 18.17 (vleic acid) 1s an 18-carbon fatty ucid with onc
carbon- carbon double bond at the carbon number 9 position. As can be seen from Table 1, most fatty acids
do not have conjugated double bonds, usually there 1s a methylene group between subsequent double

bonds.
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TABLE 1

symbol
16:0
18:0
20:0
18:1°

18:29:12

18:39'12'15

SHORTHAND NOTATION OF SOME COMMON FATTY ACIDS

structure common name
CH,(CH,), ,COOH patmitic acid
CH,4(CH,),,COOH stcaric acid
CH3(CH2)18COOH arachidic acid
CH,(CH,),CH=CH(CH,),COOH oleic acid

CHa(CHz) 4CH=CHCH2CH=CH(CH2)7COOH
linoleic acid
CH3CH2CH=CHCI-12CH=CHCH2CH=CH(CHZ)7COOH

linolenic acid
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Since fatty acids are water msolubie and blood is an agqueous solution, fatty acids i human blood
arc not free, but are usually bound to albumin, a protein. Therefore, albumin-bound fatty acid (ABFA) 1s
the same as free fatty acid (FFA) which is the same as non-esterified fatty acid (NEFA) (the carboxyl group

of the fauty acad can be estenfied to a hydrocarbon group) (3).
2. TRIACYLGLYCEROLS

Triacylglycerols have a backbone of glycerol and 1o each of the hydroxyl groups of glycerol 1s
estenified a fatty acid  Alternate names are ncutral fais and triglycenides. The International Union of Pure
and Applied Chemistry (IUPAC) and the International Umon of Biochemustry (IUB) Commussion on
Biochemucal Nomenclature (4) have recrommended the name triacylglycerols as well as mono- and di-
acylglycerols for the mono- and di- substituted molecules (Fig  2). However, triglycendes 1s the name

found throughout the Inerature and will be used here.

The fauy acids which are esterified to the triglyceride can be all different, all the same, saturated
or unsaturated The triglycendes are the most abundant family of lipids and are the major storage form of

lipids i adipose ussue. Triglycerides are insoluble 1 water and form soaps and glycerol on alkaiine

hydrolysis.
3. PHOSPHOGLYCERIDES (2)

Phosphoglycendes, also called glycerol phosphaudes or phosphohipids, have the same glycerol
buackbone that the tnglycendes do. They ditfer in that one of the primary hydroxyl groups of the glycerol is
esterified to a phosphonic acud The other primary hydroxyl group and the secondary hydroxyl group are
estenhied 1o tauy acids i the same manner as i tniglycendes (Fig. 3) The X group in Fig. 3 can be any of

a number of ditferent groups giving a wide variety of phospholipids (see Table 2).

As can be seen from their structure, phosphohpids are amphipathic The polar end of the molecule

18 the phosphorus contuntg portion and the nonpolar portion 1s the 2 long hydrocarbon chains contributed
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TABLE 2 SOME COMMON PHOSPHOGLYCERIDES

X group

-H
CH,CHNH,"
CH,CH,N(CHy);

“CH,CHC00
3

phosphoglyceride name

phosphaudic acid
phosphatidylethanolamine

phosphatudylcholine
(lecithin)

phosphatidylscrine




by the 2 fatty acids. This amphapathic property 1s important since 1t means that phospholipids form micelles
in water, Micelles are charged aggregates which form with the nonpolar portion of the molecule hidden
away from the aqucous environment and the polar end exposed to the aqueous environment. Phospholipids
can form similar monolayers (nonpolar tail 1n air) at air-water iterfaces as weil as bilayer structures with
an nternal aqueous component (Fig 4). These bilayers {(called liposomes) have heen used to study cell
membranes since the basic structure of the membrane is believed to be a phospholipid bilayer (although 1t

1s certainly more complex than a liposome since there arc also proteins in membranes) (2).
4, SPHINGOLIPIDS

Splungohipids are present in bramn and nerve ussue and their name is derived from the presence of
sphingosine or arelated base (¢ g sphinganine) (Fig. 5) All sphingolipids have 3 components: a fatty acid,
a sphingosine or related base and a polar head group When the sphingosine base 1s amude linked to a fauy
auid, a ceramide 1s the new molecule formed (Fig 6) This is the parent structure of all sphingolipids and
various polar head groups are attached to the hydroxy! group at the 1-position of the sphingosine base. The
most abundant sphingolipid 1s sphingomyehin and 1s shown 1n Fig. 7 with a phosphorylcholine as its polar

head group (24
5. GLYCOSPHINGOLIPIDS (2)

Neutral glycosphingolipds contain 1 or more neutral sugars as the polar head group n the
sphingohipad structure 1t there 15 only one sugar present (s monosaccharide) the lipid 1s known as a
cerebrossde 11 the monosacchande s D-galactose, it 1s g galactocerebroside and if it 1s D-glucose then it is

aglucoverebroside A sultate esterified 1o position 3 of D-galactose produces a ipid called a sulfaude.

Aadic glycosplungohipids or ganghosides have a sialic acid (usually N-acetylneuraminic acid,
NANA) as one o the restdues 1n the ohgosaccharide (2-10 residues) chain. This gives the polar head group

a net negative charge at pH 7 0, hence the name "acidic glycosphingohpid”.
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Glycosphingolipids are present in red blood cells giving blood group specificity and also organ
and tissue specificity. They are important in ussue immunity and cell-cell recognition sites; cancer cells

have different glycosphingolipids than normal cells.
6. WAXES (2)

Waxes have a fatty acid esterified to a long chain alcohol. They are important in providing a
barrier to the environment such as on skin and protective coatings on leaves and fruits. Beeswax and

lanolin (wool-fat) are examples.

IV. NONSAPONIFIABLE LIPIDS

Up unuil this point, all the lipids which were discussed were sapomifiable, that is, produced soaps

on alkaline hydrolysis. Thercfore, saponifiable lipids contain faity acids as building blocks.

The nonsaponifiable lipids contain no fatty acids and hence de not produce soaps on alkaline

hydrolysis.
1. TERPENES (2)

Terpenes have a backbone of the 5 carbon group called 1soprene (Fig. 8). Terpenes are formed
using numerous 1soprenc units joined in a hinear or cyclic fashion. Terpenes are particularly important in
plants but also in animals. Squalene (Fig. 9), 1s a precursor of cholesterol and the carotenoids are also
terpenes. B-carotene (Fig. 10) 15 a precursor of vitamin A which s important in sight Vitamuns E and K are

also important terpenes.

-14.-
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2. STEROIDS (2)

Steroids have as their backbone the tetracyclichydrocarbon, perhydrocyclopentanophenanthrene
(Fig. 11). Steroids differ in number and posiion of double bonds, the type, location and number of
substituent groups and the configuration (o or B) of the bonds of the substituent groups and the ring
structure and also mn the ring structure itselt (since it has a number of different centers of asymmetry). The

most prevalent steroid 1n animal tssues 1s cholesterol (Fig, 12).

Cholesterol 1s the precursor of many other biologically important molecules including: the bile
acids which play an important role tn the absorption of lipids from the 1ntestine, the male sex hormones, the
androgens; the female sex hormones, the estrogens; the hormone progesterone; and also the adrenocortical

hormones such as corucosterone and aldosterone.
3. PROSTAGLANDINS (2)

Prostaglandins are fatty acid derivatves which have hormonal and regulatory roles. They are
formed by cyclization of the 20 carbon unsaturated fatty acids, such as arachidonic acid (which is derived
from hinoleic acid, one of the essenual latty acids). Carbons 8 through 12 of the fatty acid form the 5
member ning giving the parent compound, prostanoic acid (Fig. 13). There arc a wide vanety of
prostaglandins with a vanety of biological activities which include lowering blood pressure, and induction

of smooth muscle conuaction.

V. STEREOISOMERISM

The IUPAC-1UB Commission on Biochemical Nomenclature (4) faced a complex problem when
rying to agree on a system of distingwmshing stercoisomers of hipids. In the literature there are many
different systeins of designating glycerol alone, all with their respective advantages and disadvantages. The

decision was made to use a system of stercospectfic numbering The prvotal point of this system states that

-17-




FIG 11 Perhydrocyclopentanophenanthrene structure
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FiG 12 Cholesterol
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FIG 13 Prostanoic acid
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for the secondary hydroxyl of glycerol shown to the left in a Fischer projection, the carbon abave the
sccondary hydroxy! 1s carbon number 1 and the carbon below is number 3. The prefix sn is used before the

compound name. Hence glycerol-3-phosphate becomes sn glycerol-3- phosphate.

There 1s onc nherent disadvantage to this system and that 1s that chirality is not shown in the
usual manner by a prefix such as R/S or D/L system. However, the fact that carbon number 1 and carbon
number 3 lic across a planc of symmetry is enough to show that sn giycero-1-phosphoric acid (Fig.14-A) is

the optical enanuomer of sn glycero-3-phosphoric acid (Fig. 14-B).

VL. LIPIDOSES (3)

Lipidoses are diseases of an enzyme deficiency. The enzyme, which 1s missing, causes breakdown
of a parucular glycosphingolipid and thercfore because it 1s deficient there 1s accumulation of that
partcular hpid, Since the hpid very often accumulates n the brain and nervous ussue, there is very often

mental retardation and nervous dysfunction (2). Hence, the lipidoses are lipid storage diseases.
1. SPHINGOMYELINOSIS

Thus is also called Niemann-Pick disease and there is deposition of sphingomyelin in every organ

and ussue. The missing ensyme is sphingomyelinase.
2. GANGLIOSIDOSES

There are 2 different ganghosidoses, each caused by the accumulatuon of different ganghosides.
Tay-Sachs 1s the most common wiath accumulation of the ganglioside i ganghon cells and demyelination.
This causes mental dysfunction and impairment of vision. The nussing enzyme 1s a specific N-acetyl
galactosidase  In neurovisceral gangliosidoses, the ganglioside accumulates because the specific -

galactosidase 1s absent,
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FIG 14 Enantiomers of glycero-3-phosphoric acid
A) sn-glycero-1-phosphoric acid
B) sn-glycero-3-phosphonc acid
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3. CEREBROSIDOSES

Gaucher's discase 1s one of the most common hipid storage diseases with accumulation of the
cercbroside 1n the spleen, liver and bone marrow. The missing enzyme 1s a glucocerebrosidase. Fabry’s
discase 15 caused by accumulation of a cercbrostde due to the missing specific galactosidase ceramide

trihexosidase. Metachromatc leucodystrophy is caused by the accumulauon of sulphatide due to absence

of sulphatasc,

VIIL. LIPOPROTEINS (5)

Since lipids, by their defimition, are not soluble in water, they cannot be transported 1n blood as
such, but form complexes with proteins. These hpoprotein complexes have hydrophobic bonds but few
covalent bonds. The complexes are strong enough to resist dissociation during isolation yet allow cxchange

between the complex itself and body ussuces.

All lipds in plasma circulate complexed to protein. Free fatty acids arc unesterified fatty acids
which arc complexed to albumin Al other hipids are also complexed to protein and this complex 1s called a
Iipoprotern, There are 4 kinds of hpoprotein complexes which are usually separated by either of 2 methods:
ulicacentrifugation (this method separates hipoproteins by flotation charactenstics which are based on thewr
size and density) or electrophoresis. (An electric field 1s applied to a medium and molecules are separated
depending on their mobility and charge A number of different media are used for the separation: paper,

starch, ¢1¢ )

All 4 lipoprotein complexes have a density less than 121 g/ml, whereas other plasma proteing
(albunun and globuhins) have a density of 1.33-1.35 g/ml. The 4 types of lipoproteins can be particles
(which scatter hght and are large enough to be seen n a light microscope) or soluble lipoprotein complexes

(which are soluble 1n plasma) and can be named by 2 different methods. When classified by their density in
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the ultracentrifuge, they are chylomicrons, very low density lipoproteins (VLDL), low density hpoprotems
(LDL), and high density Ihpoproteins (HDL), in order of increasing density,. When named by their
electrophoretc mobility, they are (in the same order as above) chylomicrons, pre-B (or o), B and o

lipoproteins (Table 3)

The lipoproteins have various amounts of hipid and protein (as can be seen from Table 3) and have
various functions. As the amount of protein increases, the density mcreases, hence HDL with the largest

percentage of protein has the highest density.
1. THE LIPOPROTEIN APOPROTEINS

The proteins which are present in the lipoprotein complexes are called apohipoproteins or simply
apoproteins. Fredrickson et al (5) in 1967 described an A and a B protein with the possibility of a C
protein. Keyser (6) in 1979 noted the presence of 2 non-identical pepudes A-1and A-I1, as well as B, C-I,
C.11, C-111, D and E. Scanu et al. (7) name the same ones as Keyser in addstson 10 4 C-111-0, C-111-1, C-111-2
and an arginine-rich peptide. This situation was made cven more complex by the differing nomenclature
used by different authors, The classification was done vy alphabet (as above), carboxy lerminal amino
acids or an apo-suffix with the hipoprotein that the protein s associated such as apoVLDL. Certain proteins

are associated only with certain hipoproteins (sce Table 4) (6).
2. FUNCTIONS AND ORIGINS OF THE LIPOPROTEINS

Chylomicrons carry exogenous fat in the plasma. (Exogencous fat 1s fat of dictary ongin, whercas
endogenous fat 1s synthesized 1n the body 1n the liver.) Chylomicrons appear in the plasma carly after fat
ingestion. When fat 15 consumed dunng a meal, there 15 dispersion and some digestion by bile salts The
glycerols, monoglycerides, diglycendes and free faty acids are formed mto micelles, then become
chylomicrons and travel 1o the venous blood through the lymphauc system  Endogenous glycendes which

are synthesized 1n the hiver (mostly from carbohydrate) and are the source of free fatty acid, are carned on
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TABLE 3 THE TRANSPORT LIPOPROTEINS

electrophoretic mobility

density (g/ml)

protein (%)
tnglyceride (%)
phosphohipid (%)
free cholesterol (%)

esterified cholesterol (%)

chylomicrons

origin

<0.94

1-2
80-95
3-6
1-3

2-4

YLDL

pref(c,)
0.94-
1.006

10
55-65
15-20

10

LDL

1.006-
1.063
25

10

22

37

1.063

1.21

45-55

30

15




TABLE 4 THE APOPROTEINS

lipoprolein class apoprotemn(s) found

chylomicrons all

VLDL apo B,C-LILHILE

LDL apo B

HDL apo A-LILC-LILII
D.E
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the pre-B hipoproteins (VLDL). The o (HDL) and 8 (LDL) lipoproteins between them carry most of the

phospholipid and cholesterol in the plasma (see Table 3), fulfilling their function as transport lipoproteins.

VIII, ABNORMAL LIPOPROTEINS (8)

There are some abnormal lipoproteins which have been found, mostly occurring in disease states.
A floating B or broad B or a VLDL of B mobility has been seen in uncontrolled diabetes, Tangier’s disease
and Type 111 hyperlipoproteinemia (discussed later). The lipoprotein-X (Lp-X), which has phospholipid,
cholesterol and VLDL apoproteins, has been seen in obstructive liver disease. HDL or o lipoprotein has

been seen in small amounts in Tangier's discase.

IX. HYPOLIPOPROTEINEMIA

The hypolipoproteinemias are rare and are all due 1o a decrease or absence of a particular class of

lipoprotein,
1. ABETALIPOPROTEINEMIA (9)

Abetahipoproleinemia, as the name suggests, 1s the absence of B lipoproteins (LDL). There are no
chylomicrons produced after fat feeding and the plasma values of cholesterol (20-90 mg/100 ml),
phosphohipid (95 mg/100 ml) and glycende (less than 10-20 mg/100 mi) ca': all be seen 10 be less than

"normal hnuts" when compared to the normal himits values in Table 5.
2. HYPOBETALIPOPROTEINEMIA (Y)

This 18 a deficiency of the  hipoproteins (LDL) as opposed 1o an absence as in the previously
mentoned discase There 1s 10-50% of the normal amount of [ lipoprotein. There 1s a decrease i the

plasma cholesterol, phospholipad, glyceride and probably also essential fatty acid. This is a different
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TABLE 5 LIPID CONCENTRATION IN BLOOD PLASMA

lipids (total)
triglycerides
phospholipids
cholesterol & esters

free fatty acids

.28 .

400-700

100-250

150-250

150-250

8-20
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disease when compared w that of the abetahpoproteinemia, caused by a different geneuc mutation. The

hypobetalipoproteinemia can occur secondary to other diseases such as acute infections.
3. FAMILIAL ALPHALIPOPROTEIN DEFICIENCY (9)

Ttus deficiency disease 1s also known as Tangeer’s diseasc. The plasma cholesterol is reduced as is
the plasma phospholipid There 1s a shight elevauon of glycende 1n the postabsorpuve state. There is no a
lipoprotein scen on paper electrophoresis but some can be found when immunochemical studies are
performed, however 1t 1s abnormal. There 1s gross deposition of cholesterol esters 1n the body and it 1s this

deposttion which causes the clhinical features of the disease, such as enlarged tonsils, liver and spleen.

X. HYPERLIPOPROTEINEMIAS (10)

The hyperlipoproteinemias ortginally were known as hyperlipemias (hypercholesterolemia,
hyperglycendemia, ete.), unt:l the landmark arucles by Fredrickson, Levy and Lees 1n the New England
Journal of Medicine 1n 1967 (5, 9-12) The ongns of these diseases can be two-fold. Either primary which
18 a famulial or inherited discase or secondary in which case the hyperlipoproteinemia 1s due to another
discasc A sccondary hyperlipoprotemnemia 1s generally 1gnored with the assumpton that if one
successfully treats the primary discase, the symptoms of the hyperlipoproteinemia will disappear. There are
muany discases caustng a secondary hyperhpoprotememia  Some examples are hypothyroidism and
nephrotic syndrome. The hyperlipoproteinemias are numbered Type I'to V starung with the onigin on paper
electrophorests Hence, since chylomicrons are generally at the origin, Type 1 1s a chylomicronemia, and so
on The diagnosts of the discase is done using a number of tests: usually total hpid concentration (ofien
plasma cholesterol and glyceride as well), serum or plasma turbidity and electrophoresis (Electrophoresis
1s done more often smcee 1t 1s more convenient and economucal than ultracentrifugation which is more

expensive and ime-consuming.)
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1. TYPE 1 HYPERLIPOPROTEINEMIA (10)

This 15 a chylomicronemia with an increased concentration of chylomicrons up to 14 hours
following the last meal (Normally the chylomicrons are cleared very quickly after a meal and therciore
there should be none after fasung.) There 15 an increascd plasma cholesterol and inglycerides with a milhy
serum with a cream layer on top due to the chylomicrons. This 1s a rare disease though 1t has been seen

secondary to other diseascs such as uncontrolled diabetes, pancreatitis and acute alcohotism

2. TYPE Ii HYPERLIPOPROTEINEMIA (11)

This very common hyperlipoproteinema 1s diagnosed by the presence of clear serum, 1ncrease i
cholesterol levels, normal or increased triglycerides and an increase 1n the B nugraung hpoproteins (there
may be a modest increase in the pre- lipoproteins) (Beaumont et al, (8) differentiated Type 11 into an a
and b. Type lla has increased  Iipoproteins (LDL) wiath a normal pre- (VLDL) and ncreased cholesierol
and normal triglycenides. Type IIb has imncreased LDL and VLDL with mcreased cholesterol and
triglycerides.) There is deposition of fat 1n arteries with the mvolvement of the coronary artery and Type I
has been seen sporadically 1n some patients, presumed to be due to the relatively hugh fat diet winch 1s an
American way of life. The therapy includes reducing weight and dictary cholesterol, using polyunsaturated
fats as opposed to saturated and with the use of some drugs which are thought 1o increase the catabolisni of
cholesterol or decrease the absorpuon of cholesterol 1n the stomach and intesune. Type 11 is also present
secondary to other diseases such as hypothyroidism, obstructive hepauc discases, myelomas, and

hypoproteinemas.

3. TYPE 111 HYPERLIPOPROTEINEMIA (11)

Type 111 1s a vanant of Type 1] but 18 clearly a different disease since 1t 1s caused by o differem
mutation. The serum is turbid, the cholesterol and tnglycende are increased, there 1s an excess of 8

lipoproteins, however they are at an abnormally low density (floating 8 or broad B pattern). There 1
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deposition of hpid 1n the palms of the hands which 1s charactenstic of this disease. The therapy 1s similar Lo
Type 1 maintain 1deal weight, lower cholesterol and eat polyunsaturates, Drugs may be used, however

therr cffectivencss appears uncertain.
4, TYPE IV HYPERLIPOPROTEINEMIA (12)

Along with Type 11, Type 1V is the most common of the hyperlipoproteinemias. It is diagnosed by
the turbid serum, the increase in cholesterol and glycendes and the large increase n pre-f (VLDL)
lipoproteins, with no chylomicrons present. The endogenous glycerides are excreted nto the liver at such
high rates that they cannot be successfully removed. This 1s accompanied by an increase in body weight,
glucose intolerance, and a correlaton with coronary artery disease. Type 1V 1s present secondary to 1nsulin
dependent diabetes mellitus (youth onset), pancreauts and alcoholism, etc. Control of the disease is

performed by managing body weight and avoiding excess carbohydrate.
5. TYPE V HYPERLIPOPROTEINEMIA (12)

Type Vs very rare and 18 diagnosed by wrbid or milky serum (with a cream layer), increased
cholesterol and tnglycenides Chylomicrons are present with an increase in the pre f§ lipoproteins This s an
exogenous and endogenous hyperlipoproteinenmuia with abnormal glucose tolerance. There 1s no evidence
for accelerated atherosclerouc heart disease There is some evidence that Type IV and V may be the same

disease, homo- and heterosygous, respectively.
6. ATHEROSCLEROSIS (6)

The hyperlipoprotememias have relauvely rare occurrence, however they are important ior the
mformaton they bring on atherosclerotic heart disease (ASHD) or arteriosclerosss, as it is more commonly
known (7) Atherosclerosis 1s seen as an accumulation of hpids n the artenial wall, in parucular of
cholesterol esters Some work indicates that the concentration of HDL 15 inversely proportional to the nisk

of ASHD or coronary heart disease The size of the body pool of cholesterol increases with a decrease in
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plasma HDL. Since HDL (with LDL) carmies most of the cholesterc! in the body, #us was termed a good
form of cholesterol by the popular press. There 1s some evidence that the HDL competes with cholesterol

for receptors on the arterial wall and therefore reduces the deposition of cholesterol.

XI. ANALYSIS OF LIPIDS

Lipids have been separated and analyzed by a number of methods. Initially, they were analyzed by
wet chemical means and then as analytical techniques developed by thin-layer chromatography (TLC), gas

chromatography (GC), and then high pressure iquid chromatography (HPLC).
1. DIRECT METHODS FOR DETERMINATION OF SERUM TRIGLYCERIDES {13)

In order to determine serum tniglycenides, the hipids are extracted (using petroleum cther,
chloroform or diethyl ether or most commonly using the Folch method: chloroform-methanol 2:1 (v/v)),
then the prospholipids are removed (usually using an adsorbent such as Zeohte) and the hipids are
saponified using for example, 0.2 - 0.IM ethanolic potassium hydroxide at 60-7¢ °C for 20-60 munutes.
The saponification yiclds salts of fatty acids and glycerol. The glycerol is most often analyzed. Glycerol
can be oxidized by periodic acid to formaldehyde. Two moles of formaldehyde are produced per mole of
glycerol. The penodic acid (H10,) oxidizes molecules with twe adjacent hydroxyl groups or a molecule
with a hydroxyl and amino group adjacent. Hence possible interferents include glucose, serine, sphingosine

and glycerol phosphate from phospholipids.

The formaldehyde produced by penodic oxidation can then be detcinuiict by a number of
different reagents. Reaction of chromotropic acid (4,5-dihydroxy-2,7-naphthalencdisulfonic acid) 1n 9-10M
suifuric acid with formaldehyde at 100°C for 30 mmnutes produces a violet-pink compound which can be

measured at 570 nm.
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Formaildehyde can be determined by addition of 0.03M phenylhydrazine hydrochloride. After ten
minutes 0.005M ferricyanide is added. The solution is chilled for 4-§ minutes at 0°C. Concentrated
hydrochloric acid is added and after 10-12 minutes, the absorbance of what is presumecd to be 1,5-

diphenylformazan can be taken at 540 nm,

Formaldehyde can be reacted with 1M ammonium acetate and 0.01M acetylacetone at a pH of
5.5-6.5 for 40 minutes at 37°C. A yellow compound, 3,5-diacetyl-1,4-dihydrolutidine, can be measured at

412 nm or the fluorescence can be taken.

Reaction of formaldehyde with 3-methylbenzothiozolin-2-one and ferric chloride yields a

chromagen which absorbs at 620 nm.

Other methods rely on the reaction of glycerol rather than formaldehyde in the determination of
triglycerides. Glycero! in the presence of o-aminophenol, sulfuric acid and arsenic acid (oxidizing agent) at

170°C produces 8-hydroxyquinoline, which when chelated with magnesium fluoresces.

Glycerol can also be determined enzymatcally. In the presence of glycerokinase (and magnesium
and cysteine 1in hydrazine buffer, pH 94), glycerol and adenosine triphosphate (ATP) yield a-
glycerolphosphate (and adenosinc diphosphate (ADP)). The a-glycerolphosphate is then converted by
glycerolphosphate dehydrogenase o dihydroxyacetone phosphate (DHAP). This enzyme requires NAD*
(mcounamide adenine dinucleoude) which 1s converted to NADH. The change in absorbance at 340 nm
before and after addiuon of a-glycerolphosphate dehydrogenase is proportional 1o the amount of glycerol

which was present.

Another method starts out in a similar way by conversion of glycerol to a-glycerolphosphate by
glycerokinase. However, in this method, further reactions take place with the ADP produced by the
glycerokinase. The ADP is converted to ATP while phosphoenolpyruvate (PEP) is converted to pyruvate in

the presence of pyruvate kinase. The pyruvate is converted to lactate by lactic dehydrogenase in the
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presence of NADH (converted to NAD*). The glycerol 1s determined by the change in absorbance at 340 or
366 nm. This is specific for glycerol since any possible interferents of the glycerokinase (such as

dihydroxyacetone phosphate or glyceraldechyde) are not present in serum,

There are many other methods for the determination of triglycerides in serum and many of these

methods have been automated.

2. COLUMIN CHROMATOGRAPHY (13)

Before HPLC was widespread, column chromatography was used to separate the lipids. Large-
bore columns were used and the solvent was fed by gravity. Silicic acid, lipophilic sephadex, TEAE-
(triethylaminoethyl-) and DEAE- (dicthylaminocthyl-) cellulose were among the packings used to separate
the lipids (13). The different lipids were then separated and collected 1n subsequent fractions by using a

number of different mobile phases to elute each lipid

Neutral hpds could be separated on sihicic acid columns, Typically 3-18 mm i d columns could
separate 0.5-20 mg of wtal hipid nto major hpid classes such as neutral hpids, phospholipids and

glycosphingolipids.

Phospholipids could be separated by 1on-cxchange chromatography using TEAE-cellulose and
DEAE-cellulose. These 10n-exchange columns separated 1onic Irpids mto 5 different groups Eluung first
were the neutral phospholipids phosphatidylcholine (PC), lysoPC (a phosphoglycende which has had one
of the fatty acids lysed off), and sphingomyelin, then very weakly acidic phospholipids including
phosphatdylethanolamine (PE), lysoPE, and N-methyl phospholipid derivauves, weakly acidic free faty
acids; more polar weakly acidic fatty acids including phosphatndylsenine (PS) and lysoPS; and strongly

acidic compounds such as phosphatidic acid

A typical separation of lipids on TEAE-cellulose starts with applicauon of a 100-200 mg sample

in 5-10 ml of chloroform. The eluuon ncludes 7 steps: 1. five column volumes of chloroform elutes
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sterols, sterol esters, triglycerides, and ceramides; 2. eight column volumes of 9:1 (v/v) chloroform-
methanol elutes chohine phospholipids (phosphatidylcholine (PC), lysoPC and sphingomyelin); 3. eight
column volumes of 2:1 (v/v) chloroform- methanol elutes ceramides polyhexosides; 4. eight column
volumes of 2:1 (v/v) chloroform-methanol contamning 1% glacial acetic acid elutes
phosphaudylethanolamine (PE), lysoPE, free fatty acids and dimethylPE; 5. eight column volumes of
glacial acetic acid elutes phosphatidylsenne; 6. eight column volumes of methanol removes all excess
aceuc acid; 7. ten column volumes of 4:1 (v/v) chloroform-methano! made with 0.1M potassium acetate

and 20 ml/1 28% aquecous ammoma added followed by six column volumes of methanol elutes acidic

phospholipids.
3. THIN-LAYER CHROMATOGRAPHY (13)

In thin-layer chromatography a glass plate is covered with an aqueous slurry of an adsorbent
matenal. The adsorbent could be silica or cellulose, often with the addition of silver nitrate. (The silver ions
form a charge-transfer complex with unsaturated lipids, allowing separation of saturated and unsaturated
hpids.) The plate 1s dried and baked and then the sample to be analyzed is spotted onto the bottom of the
plate. The lower edge is dipped into the solvent and the solvent nses by capillary action similar 1o
ascending paper chromatography Once the solvent front reaches the top, the plate 1s dried and the
separated ipids can be visuahized by spraying with a number of different indicators (2). TLC has been
furthered by the development of two-dimenstonal TLC. One solvent 1s used and then a second solvent is

run at right angles to the first This allows a more complete separation.

Silica gel 1s most often used for separauion of lipids by TLC. The sample is generally in a solution

of 19:1 (v/v) chloroform- methanol at a concentration on the order of 25 mg/l.

Neutral ipids can be separated by the developing solvent hexane-diethyl ether-aceuc acid 85:15:2
(v/v/v) mto cholesterol esters, tnglycenides, free fatty acids and cholesterol. To separate phospholipids and

glycosphinglipids, a number of different solvents have been used, the first dimension solvent was
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chloroform-methanol-aqueous ammonia 65:35:5 (v/v/v) with the second dimension of chloroform-acetone-
methanol-acetic acid-water 5:2:1:1:0.5 (by volume) among others. Ceramides and weakly polar lipids have
been separated with chloroform-methanol-ammonia 95:5:0 5 (v/v/v) in the first dimension and chloroform-

acetone-methanol-acetic acid-water 8:1.5:0.5:0.5:0.5 (by volume).

Detection reagents for visualizing all lipids on TLC plates are numerous. The most common is the
char reagent in which the basic ingredient is usuvally sulfuric acid as the oxidizing agent. Fifty percent
sulfuric acid has been used but this does not char saturated hipids umiformly. A 0.6% potassivm dichromate
solution in 50% sulfuric acid and 37% formaldehyde-98% sulfunic acid 3:97 (v/v) both char all hpids

uniformly.

The char reagent is sprayed onto the TLC plate in a fine mist. The plate is baked for 20 minutes at
175-180 °C. The disadvantage of the char reagent is that it is destructive, aence no further analysis can be

done with the lipids.

There are several non-destructive sprays for all ipids including water (the least sensitive), 0.001%
rhodamine 6G 1n water and 0.03% 2'7’-dichlorofluoroscein in 0.01N sodium hydroxide. In the casc of the

latter two, the lipids can be visuahized under an ultraviolet lamp.,

There are also spray reagents for specific ipids, such as ninhydrin for amino phospholipids.

Quantitation of samples after separation by TLC can be done using a number of ditferent reagents.

The spots are removed from the TLC plate by scraping with a razor blade or aspiration,

Phosphorus determination after charring 1s done by oxidizing the sample with a solution of 85%
sulfuric acid-72% perchloric acid 2.1 (v/v). The sample 1s heated at 260°C. for at least 3 hours. The
reducing agent 1-amino-2-naphthol-4-sulfonic acid (ANSA 1s prepared by dissoluuon of 2.72 gm sodium
bisulfite, 0.5 gm socdium sulfate, and 0.1 gm ANSA diluted i a 100-ml volumetnc flask) 1s added w the

tube and then a 2 5% solution of ammonium molybdate 15 added. The color of the phosphomolybdate
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solution is developed at 100°C. for 10-15 minutes. The absorbance is read at 820 or 795 nm against a

reagent blank.

Glycosphingliptds can be determined with trinitrobenzene sulfonic acid (TNBS). A 1.0-ml aliquot
of 14% boron trifluonide 1n methanol 1s added and heated at 110°C. for 1.5 hours. The tube is cooled and
1.5 ml water added and then extracted 3 umes with 2-ml portions of chloroform. Nitrogen is used to
evaporate the solvent and redissolution 1s done in methanol. A 1-ml aliquot of 4% sodium bicarbonate and
1 ml 0.1% agucous TNBS are added with heating for 1 hr at 40°C. A 1-ml aliquot of IN hydrochloric acid
in methanol 1s added with 3 extracuons nto 2-ml of n-hexane. The solvent is again evaporated with

nitrogen and redissolurion 1n 4 ml of 95% ethanol. The absorbance 1s read at 340 nm.

Cholesterol can be determined with the zinc chloride-acetyl chloride reagent. The spots to be
analyzed are scraped nto tubes and dned over potassium hydroxide pellets in a dessicator. The sample is
then dissolved 1n 2 ml of chloroform and 1 ml of the zinc chloride-acetic acid reagent (The zinc chloride-
acetic acid reagent 1s prepared by heatng 40 g of anhydrous zinc chloride i 150 ml of glacial acetic acid at
80°C for two and a half hours) followed by 1 ml of acetyl chloride. The mixture is warmed at 65°C for 15
minutes and then placed n an ice bath for 15 minutes. The solution is diluted with 5 ml chloroform and the
samples are centrifuged to remove the TLC adsorbent. The absorbance of the supernatant 1s read at 528 nm

against a rcagent blank.

Free fatty acids, sterol esters and tnglycendes are converted to fatty acid methyl esters and
determined by addition of 1.5 ml of 14% boron mfluoride in methanol. This solution 1s heated at 110°C for
5 min The solution 1s cooled, 1.5 ml of water added and the fatty acid methyl esters are extracted into
hexanc 3 umes using 2 ml each ume. The hexane 1s evaporated with nitrogen and 3 m! of absolute ether,
and 0.1 ml of alkaline hydroxylamine 1s added (3% ethanolic hydroxylamine solution in 95% ethanol).
This solution 1s then evaporated to dryness in a warm water bath at 65°C. One sample is taken to

compleuon at a time The sample 15 evaporated at reduced pressure to remove the ethanol. A 6-mli ferric

«-37 -




“ "

perchlorate aliguot is added and after 30 minutes, the absorbance is read at 530 nm against a blank of 95%

ethanol.

Densitometry of the TLC spots can also be done and this technique has the advantage of being

simple and fast.

4. GAS CHROMATOGRAPHY (13)

Lipids have been determined by gas chromatography. GC has been particularly useful for the
separation of fatty acid esters. Fatty acid methyl esters have been analyzed in concentrations of 10-20

mg/ml in a solutic . of pentane or hexane.

The determination of faity acids of neutral ipids can be done 1n either of 2 ways: after removal of
all interfering phospholipid or after saponification of the lipid (with 0.02-0.1M alkali, 60-70 °C, 20-60
minutes) but having omitted the removal of the phospholipid. The phospholipid is often adsorbed onto a
suitable adsorbent such as Zeolite. In addiuon, tnglycerides can be determined after conversion into fatty

acitd methyl esters. Triglycerides cannot be determined directly since they arc not volaule (14)

5. INFRARED SPECTROMETRY (13)

Infrared spectrophotometers as well as Fourier Transform Infrared Spectrophotometers (FTIR)
have been extensively used to determine hipids. The useful features include the carbon-hydrogen stretching

at 310 4 pt (3300-2500 cm™!) and the carbonyl (C=0) at 5.85 p (1710 cm™?),

Lehmann et al. (15) used a Perkin Elmer model 735B infrared spectrophotomeler to measure
phosphatidylcholine-sphiigomyelin ratios. The measurement of phospholipids 1n ammiouc fluid 1s useful in
determining fetal lung maturity. (Phosphaudylcholine 1s one of the major lung surfactants in the alveolus
(the small air sacs in the lungs where oxygen and carbon dioxide exchange with the blood take place) and

play a major role in the decrease n surface tension there. Hence a decrease in phospholipids may lead 1o
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respiratory distress syndrome (RDS). The concentration of sphingomyelin is constant and greater than the
concentration of phosphaudylcholine until the 26th week of pregnancy and after this time the concentration
of phosphatidylcholine increases.) Measuring the phosphatidylcholine-sphingomyelin ratio is often done

during premature labor, and if a diagnosis of immature lungs 1s made, efforts can be taken to stop the labor

unu! the lungs have matured

Lehmann et al.(15) analyzed commercial standards of sphingomyelin and phosphatidylcholine and
also a ssmulated ammotic fluid sample containing various ratios of the two phospholipids. An infrared
spectral scan from 4000 to 400 cm! was taken using 0.1 mm pathlength sodium chloride cells against a

reference blank of chloroform. Peaks were observed at 1720 cm ™! .

Teramae and Tanaka (16) use a Digilab FTS-15 FTIR spectrophotometer; however, they couple
the FTIR to a micro (0.5 mm) LC column. The column 1s packed with the porous polymer styrene-
divinylbenzene. The flow cells (either 0.025 mm pathlength sodium chloride with 0.5 m! volume or 0.2
mm pathlength potassium bromide flow cell with 1.2 ml volume) were placed dwrectly into the sample
compartment of the FTTR, Teramae and Tanaka use, among others, samples of diethy!lphthalate (detected at
1740 cm™!y and p-nitrotoluene (detected at 1520 cm™?). In addition, Taylor (17) coupled an FTIR with a
hquid chromatograph for the separation of aliphatic end aromatic hydrocarbons. Combellos et al. (18)

coupled a HPLC with a Nicolet FTIR for the detection of aromaucs. The FTIR could, therefore, be

extended to analyze hipads.
6. LIPOPROTEIN SEPARATION

Lipoproteins have been separated by electrophoresis and the ultracentnfuge as was mentioned in

the sectson on lipoproteins
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7. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

As HPLC became popular, it was not long before lipids were being analyzed by this techmque.
HPLC is a much simpler and faster technique for analysis of mixtures as can be seen when compared with
column chromatography (Section XI-2) and the many different solvents used as well as the large volumes
required 1n comparison to HPLC. In addition, HPLC analysis of the separated componentc i3 xonerally
done on-line, not the case in column chromatography where fractions are collected and analy2ed lster, a

lengthier procedure.

A number of different types of detectors were used for HPLC analysis of lipids, some more
successful than others. Transport icnization detectors were successful in conjunction with gas
chromatography and also to some extent in HPLC. In FID (flame ionization detection), there 1s deposition
of a portion of the ¢luate from the column onto a moving chain, wire or a number of other media Aflter
evaporation of the solvent, the solute is transported 1nto a flame of an FID (or argon 1omzation) (19, 20)
There are numerous problems with this method of detecuon. The size of the detector signal depends on the
flow rate, the speed of the moving carricr, the wetting properties of the solvent or affinity of the solute for
the carrier surface (20). The detector can be used with gradient elution, however, this may be difficult since
some detectors take all of the eluate, while others take only a reproducible portion of the eluate, causing
difficulues in quantitauon. An additional disadvantage 1s that the detector 1s totally destructive These
detectors have been available commercially, however, their reliability, reproducibility and quanutauve
performance are not well established (19). FID detectors have been used to detect skin and blood hpds,

cholesterol esters, tnglycerides, waxes and brain cerebrosides (19).

Refracuve index detectors are considered universal detectors. They momitor the refractuve index
between the reference mobile phase and the column effluent. Hence all solutes can be detected 1f the proper
mobile phase 1s used so that there 15 a difference in refractive index between the solute and solvent They

are emperature and flow sensiuve and are not considered very uscful with gradients because of the
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refractive index change (21), Refractive index detectors have been used to detect triglycerides (22) and also

cholesterol and cholesterol esters (22).

Uliraviolet-visible photometers and spectrophotometers have a high sensitivity for many solutes
that absorb 1n the ultraviolet or visible region of the spectrum. The sample concentration in the flow cell is
ideally determined by Beer's Law. These detectors are useful with gradients and many solvents are
available. The problem with this detector is that the solute must have a high extinction coefficient in the
ultraviolet or visible region of the spectrum. Lipids generally do not have a very high absorpuvity in the
ultraviolet or visible region. Some work has been done in the low end of the ultraviolet region of the
spectrum (approximately 200 nm) Phosphaudylcholine and sphingomyelin have been detected at 203 nm
(24) and also at 206 nm (25), as have triglycerides at 210 nm (26) The lipids that have been detected 1n this

region generally have at least one carbon-carbon double bond.

Lipoproteins have been separated using aqueous gel permeation columns. In particular, the
column matcnat TSK gel type PW which 1s made of microspheres of hydrophilic polymer and the column
material TSK gel type SW which 1s made of a chemically modified silica gel based aqueous support, have
been used by a group of Japancse researchers (27, 28) to separate lipoproteins. The solvent used is a Tns-
HC! buffer with a pH of 7.4 or a 0.15M sodium chlonde solution. The detector used was an absorbance
detector at 280 nm, It was nouced n the first paper (27) by these researchers that when using a single
column (any one of the following G3000SW, G4000SW, GS000SW, G6000SW) of 600 mm length, 7.5
mm 1.d., and scparaing a mixture of VLDL, LDL, HDL and albumin; separation was incomplete. It was
further noted that the G3000 SW column scparated the low molecular weight fracuons (HDL,, HDL.; and
albunun) (HDL, and HDL, arc 2 subclasses of the high density lipoproteins with densities of 1.063-1.125
and 1 125-1 210 g/ml, respectively ) and the GS000PW or G6000PW columns separated the high molecular
weight fracuons (VLDL and LDL). Therefore 1n order 1o attan a good overall separation of the mixture, 2
or 3 columns were used 1n senies (GS000PW and G3000SW or G5000PW and two G3000SW or G6OOOPW

and G3000SW or G60OOPW and two G3000SW) (27). Any of these combinaticas of columns separaied the
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mixture into VLDL, LDL, HDL, and HDL,. This was used on normal and pathological blood samples
where the subject had been fasting for 12-16 hours. Differences in the chromatograms (i.c. the amounts of
each lipoprotein) could be seen between males and females, and normal and pathological blood (e.g.

coronary heart disease, cirrhosis, hyperlipidemia).

Since the UV absorbance detector is a very sensitive detector it is the detector of chowe 1f the
compound of interest has an absorbance n this region. However, often the absorpuvity 1s too low, hence
denivatives are formed to increasc the detector response for a parucular compound or class of compounds
in the sample (21). This has been done for ipids as well. Benzyl, p-nitrobenzyl, 2-naphthacyl esters are
useful derivauves for fatty acids, benzyloxime, 2,4-dinttrophenyl-hydrazones for carbonyl-containing
steroids and p-nitrobenzoate esters for hydroxyl compounds such as ceramides and other glycolipids (19).
These denvatives can be formed before or after the chromatography and very often this derivatizanon step

can be automated

A particular case 1s the automation of the Nash reacton (d in Section XI-1) where 24-
pentanedione (acetylacetone) m 2M ammonmum acetate reacts with aldehydes (of particular nterest 1s
formaldehyde) to give 3,5-diacetyl-2,6-dihydrolutidine.  Triglycerides have been separaled on an
octadecylsilane column with a post-column reaction to produce the 3,5-duacetyl-2,6-dihydroluudine

product with detection at 410 nm (29).

Compton and Purdy (30), 1n order to improve the rcaction, observed that the reacion of ammoma
and 2,4-pentanedione produces a stable and casily 1solated product 4-amino-3-penten-2- one, called Flural-
P. The Flural-P 1s then used in the conunuous flow analysis of formaldehyde This reagent 1s a very uscful
one for conttnuous flow analysis since the reaction product can then be analyzed by absorpuon (410 nm) or

fluorescence (excitation wavelength 410 nm and emission wavelength 510 nm)

Since infrared spectrometry had been performed on lipids, the use of wfrared detectors with

HPLC seemed logical. The real problem with infrared detectors is the lack of sustable solvents which have
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an optical transmission which is sufficiently high to enable detection of eluants from the column (31). The
halocarbons have been useful, :n parucular chloroform and methylene chloride, and depending on the
wavelength of mterest, methanol, acetonitrile and tetrahydrofuran, The deuterated solvents would be useful
if it were not for the cost and the presence of the protio-1somer in small amounts (32). Water and methanol
have large absorbances in certain portions of the infrared spectrum, the costly deuterated solvents do not
have these large absorbances. Chen and Kou (33) use deuterated water and methanol to separate

phospholipids and sphingomyelin in plasma using a commercial infrared detector.

DuPont has an nfrared LC detector on the market and this particular instrument has been used for
detecuon of lipids. Payne-Wahl et al. (34) used the DuPont detector to detect methyl palmitate, mono-, di-,
and tnipalmitin, Parms (31) used the DuPont detector for detection of tributyrin. In addition, the DuPont
detector has been used with gradient elution for the determination of triglycendes in citrus leaves (35).
Parns and Paync-Wah! both used the variable wavelength infrared detector at 5.72 p which 1s the
wavelength for detection of the carbonyl group In addition to carbony! detecuon, Chen and Kou (33) use

the DuPont detector at 6.15 u for detection of the amide group of sphingomyelin.

A helium-ncon laser which emats at 3 39 p (1n the region of the C-H streiching of the CH,, group)
i the infrared has been used as the source 1n a novel infrared detector (32). This detector produced a linear

calibrauon curve for tripalmiun using trichloroethylene as the solvent.
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CHAPTER 2

THE LIQUID CHROMATOGRAPHIC DETECTOR

A high pressure liquid chromatographic detector was needed for lipids. As mentioned in the
previous chapter, all lipids absorb in the infrared in the 3-4 1 region. It was decided to use a helium-neon
laser, which emits in the infrared at 3.39 |, as the source for the detector, Each component of the detector
will be descnibed: the laser, the flow cell, and the detector. The considerations used for the choice of each
particular component will also be discussed. A schematic of the detector 1s shown in Fig. 1 with arrows for

the direction of the light paths which are followed.

I. THE LASER

LASER 15 an acronym for Light Amplification by Sumulated Emission of Radiation, Lasers can
be classified by a number of different means, for example by the lasing medium: solid, hquid, gas or
semiconductor. The classification can be by the state of the lasing matenal, that 1s, neutral atom, 10n or
molecular laser or 1t can be classified by the type of laser output produced, that 1s, continuous wave (CW)

or pulsed laser.

1, History

Schawlow and Townes (1) predicted operation of the laser 1n 1958. In 1960, this prediction came
true with the production of the ruby laser by Maiman (2) The ruby matenal is aluminium oxide (Al,0,)
doped with chromium(III) 10ns. The chromium 10ns produce the laser hight The ends are silvered parallel
faces wradiated with a high power flash lamp at 5500 angstroms In 1961, Javan et al (3), produced the
first gas laser (a helum-neon laser) which lased i the infrared at a number of different wavelengths the

strongest of which was at 11530 angstroms. The laser tube was 80 cm long with a 1.5 cm internal diarneter,
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filled with 0.1 mm Hg neon, 1 mm Hg helium and excited with an RF discharge. White and Rigden (4)

produced the first red helium-neon laser (6328 angstroms) in 1962,

There are three components which all lasers have in common, though these components can differ
widely from laser o laser: a medium that exhibits gain, a system that produces feedback and a pump. In the
case of a gas laser, they are a tube filled with the gas that will lase, two mirrors facing each other to
produce feedback and the pump is a DC or RF power supply (Fig. 2). Usually one of the mirrors 1s totally
transmitting (M1) and the other 1s partially transmutting (M2), hence the laser light exits through the

partially transmitting mirror (M2).
2. Mechanism of operation

In order to undersiand a laser one must understand the processes that go on in the atom, molecule
or ion. There are many energy levels present in, for example, an atom. Absorpton occurs when incoming
light of the correct wavelength excites an electron from a lower energy level to that of a higher encrgy
level. The wavelength 1s equal to he/E-E, (where h is Planck’s constant, ¢ 1s the speed of light, E 1s the

energy mitially and E, the energy after the absorpuion) (Fig. 3). Spontaneous emission cccurs when the

electron drops from any of its higher energy levels down to one of the lower energy levels wath light being
emitted (Fig. 4). Spontaneous emussion 1s a random process and hence yields incoherent radiation.

Stimulated cmisston, which 1s the process which occurs in a laser, occurs when incoming photons of a

precise wavelength and energy collide with excited elecirons causing these excited electrons o relax to a
lower energy level and at the same time emit a photon which has the same wavelength and energy as that
of the incoming photon (Fig. 5). This emitted photon 1s in phase with the photon that sumulated the event

and hence the two photons arc coherent (5) All these processes occur in the molecule or ion.

In order to have a laser, one needs stimulated emission and 1n order to have stimulated emission,
most lasers need a population inversion. Normally, n atoms and molecules the lower energy states have a

higher population distribution than the higher energy states. Hence, a population inversion, as the words

-48 -




sy

FIG 2

N

I—~~—— —power ———‘

supply

Schematic of a gas laser

.49 -

2

—
JMm
)

Qv u

M2



/"’\ i
l1ght —> l
h c —6— — E

— 1

E.-E

FIG3 Absorption

.80.




y
oy

FIG 4 Spontaneous emission

e

.51.




1ncoming
. radiation

FIG 5

/N

0]

Stimulated emussion

-.52.

coherent
119ht




imply, is a condition 1 which for a given pair of energy levels the higher energy state is more popuicted

than the lower energy state.

At equilibrium the Boltzmann distribution applies.

Nupper = Niower €XP ~hv/kT (2.1)

where N N are the number of atoms in the upper and lower energy states respectively, h is

upper’ ° Tlower

Planck’s constant, v the frequency of light, k Boltzmann constant, T the temperature in °K. Under normal
equilibrium condiuons and positive temperature, N | pper is always less than N, (the populauon of the
upper energy level is always less than the population of the lower energy level). However, in a laser, a
population inversion is required which implies that the population in the upper level is greater than that in
the lower level. Under these conditions, solving the Boltzmann distribution gives a negative temperature,
non-cquilibrium condition (6). The role of the pump or power supply is to produce this non-equilibrium
state so that lasing can occur. When a population nversion is produced, incident radiation stimulates the
clectrons (o emtt therr radiation giving stimulated emission (7). A requirement for the upper level state is
that the hifeume be longer than that of the lower level state. Hence the upper level 1s often a metastable
state and conscquently lasing rarely occurs with an emission to the ground state since intuitively, one
realizes that the ground state would have the largest population distribution and hence it would be very

difficult 1o obtain a populauion mversion over the ground state (7).

In gas lasers there are a number of different mechanisms by which the population inversion is

produced. The two more common mechanmisms will be explained,

A+ e o A* +e (2.2)

The first 15 direct electron excitation (7), collision of the first kind (8) or exciauon by electron
impact (9) depending upon which reference 1s consulted. The excitation 1s of the atom (A) to a higher leves

(A*) upon collision with an energetc electron (e)(equation 2.2). Examples are the noble gas lasers,

A* + B > A + B (2.3)
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The second mechanism is a resonant process where an excited atom (A*)close in energy 10 an
excited state of the lasing atom (B)can transfer its energy (o the lasing atom (7). That is, the two atoms each
have an energy level which are very close together in energy (equation 2.3). This is the process which
occurs 1n the helium-neon laser where the excited atom is hehum and the atom which will become excited

and lase is neon,

Lascrs can also be categorized as three or four level systems. In the three level laser, the atoms are
pumped from the same level as the lower laser level (6). That is, they are excited from a parucular level
and after stimulated emission drop to the same laser level. The ruby laser is an example of a three level
laser (Fag. 6). In the four level laser, none of the laser levels are involved 1n the pamping process (6) The

helium-neon laser is a four level laser.

The pump that 1s present in a parucular laser is either an optical pump or a power supply (DC or
RF) The ruby laser and the helium-neon laser are examples of the different types of pumps possible. The
ruby laser uses a Xenon flashlamp (often helically wound around the ruby rod) to excite the electrons up to
the energy level called 4F2 (Fig. 6). The electron then drops down to the E level and lases back down to
vhe 4A.2 where 1t started (a three level laser). (The optical pump can also be another laser as 15 the case for
dye lasers.) The helium-ncon laser uses a power supply, either DC or RF. (The first hehumn- neon laser
produced by Javan et al (3) used an RF discharge.) The electrons of the helium atom are excited up to
either the 2'S or 23S level and then through a collision transfer their energy to the 3s, level or 2s, energy
levels of neon. As can be seen from Fig. 7, the 2'S of helium and the 3s, Ievel of Neon are very close in
energy as are the 23S of helum and the 25, of neon The laser 1s then produced by neon clectrons dropping
to any of a number of levels producing a number of different wavelengths (Fig. 7) (a four level laser)
(Direct electron excitauon of the neon 1s also possible and a neon laser without the helium has been

produced.)
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FIG 6

The ruby laser
A three level laser
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3. Brewster angle (7)

Most lasers, in particular gas lasers, will have external mirrors, that is the mirrors are not attached
directly 1 the laser tube, but are mounted separately on the opucal bench. Hence windows are attached to
the tube between the mirrors and the gaseous or lasing medium. These windows are generally angled at the
Brewster angle. The Brewster angle 1s the angle of the window to the perpendicular of the laser light or

laser tube 1self (Fig. 8). The Brewster angle (8) 1s calculated from equation 2.4 in with the tan of the
tan 8 = n (2.4)

angle being cqual to the refractive index (n) of the window matenal. The Brewster window polarizes the
laser light and more important, the laser light 15 totally transmatted, hence the losses at the windows are less

than the losses at the murors

4, Resonator Configuration (7)

A number of different types of mairrors and combinauons of mirrors can be used to obtain lasing.
The different mirrors and combinations are illustrated in Table 1 and produce various beam characlerisucs.
The more commonly used oncs are the hemispherical and long-radius configurations. Javan et al. (3) in the
first gas laser used the plane parallel configuration which 1s also called a Fabry-Perot configuraton, This
resonator 1s not often used anymore since 1t 15 very sensitive to angular misadjustments and shght
deviations from parallehism cause large losses In addiuon, the diffraction losses in the plane parallel

resonator are larger than n any of the other resonators using spherical murrors (7).

§. Losses

The losses which occur in a laser cavity are due to transmission losses since the murors have less
than 100% reflecuvity and since the murrors have a finte area. There may be scatiering losses due to

imperfect Brewster windows The efficiency of operation of most lasers (calculated by using the input of
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TABLE 1 RESONATOR CONFIGURATIONS

mirror type radius of curvatures
plane parallel byby=o0
large radius murrors b,>>d, b,>>d
confocal b, =b, =d
spherical b,=b,=d/2
concave-convex b l>d, b2 =-(b l-d)
hemispherical b,=d,b, =0

b, b2 = radui of curvature of the murrors

d = distance between mirrors
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electrical energy and output power) is on the order of 0.03% (7). The exception is the carbon dioxide laser

with attainable efficiencies on the order of 20%.

II. CONSTRUCTION OF THE LASER

1. The Helium-Neon laser

The helium-neon laser used was built at the University of Toronto in the Laser Physics laboratory
of Dr. A.D. May. Hehum-neon lasers are regularly buslt there and all design considerations of the tube
were decided upon by Dr. May Thatis, Dr. May was asked 1o construct a hehum-neon laser upon being
given the following information: the wavelength of emission (3.39 ), the radius of curvature of the murrors

(since these had already been purchased) and the power which was thought to be required (1 mW),

The tube, made of medium wall pyrex, was approximately 68.6 cm long with an internal diameler
(I.D.) of 0.6 cm. The actual discharge length was approximately 75 cm measuring from electrode w

electrode (F1g. 9).

The 1st electrode is 0.0254 cm wall 2024 aluminum with a 5.1 cm outer diameter (O.D.) and 7.6
cm long (Fig 10). The electrode 1s actually a sheet of aluminum made into a cylinder of the above
dimensions. A 0.0254 cm nickel stnp connects the aluminum to a 032 cm micke! length which 15 then
connected to the power supply. The entire electrode 1s enclosed in 0.6 cm 1.D. pyrex of dunensions 15.5 ¢cm

long witha 1 cm O.D. tube connecting the electrode o the laser tube.

The nickel electrode 1s a 2.5 cm length of nickel tubing with a wall of 0.16 cm. It 1s connected W
an 0.013 cm thick utamum wire which 1s wrapped on a 4 5 cm length of Chromel-A wire of 25 gauge with
a resistance of 2.05 ohms/ft. (Fig. 11) The enure electrode 15 enclosed 1n 0 6 ¢cm 1.D. pyrex of dimensions

12 cm long and 5 cm in diameter with a 1 cm O.D. tube connection to the laser tube.
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FIG 10

Schematic of aluminum electrode
1. Electrode compartment

2. Aluminum electrode

3. Laser tube connection

4. Connection to power supply
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Schemauc of nickel electrode
1. Electrode compartment

2. Nickel electrode

3. Laser tube connection

4. Connecuon to power supply
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2. Cleaning the tube

All the glassware used in the laser (the laser tube and the glass electrode compartments) were very
carefully cleansed. The glassware is washed with detergent and then rinsed for 5-10 minutes with warm
running tap water. It 15 then soaked for 15-30 minutes in a boiling mixture of sulfuric acid and hydrogen

peroxide and then rinsed well with distilled water. The glassware 1s then dried in the drying oven.

Before placing the electrodes into their respective compartments, they are cleaned separately. The
aluminum electrodc has been prepared by mechanically polishing 1t on a lathe and then degreasing it with
acetone. The aluminum is eiched with sodium hydroxide for approximately 1 minute and then soaked in
solution (sulfuric acid:nitric acid:hydrochloric acid 1:1:1 (v/v/v) with a few drops of hydrogen fluoride) for
a few minutes unul the aluminum is bnght. The aluminum cathode is then rinsed and inserted into the
pyrex compartment The nickel 1s electropolished and inserted 1nto the anode compartment. The electrode

compartments ar¢ then attached by the glassblower to the laser tube.

The Brewster angle windows can then be attached once they have been cleaned. The windows arc
made of quartz and they are also cleansed tn detergent and then rinsed well with distilled water. They are
then cleansed 1n a degreasing bath The windows are hung on metal wires from a large (e.g. 1 litre) beaker
into which 1s placed methanol. The methanol s gently botled for 30- 60 minutes and the vapor hits the
window and condenses. The windows are carefully attached to the laser tube n a clean air (dust-free)
environment using an epoxy glue (e.g Torr seal). All of the above cleaming procedures are performed so as

to minimize touching the glassware or windows and disposable gloves are used.
3. Filling the tube

The laser tube 1s then attached to an oil diffusion pump and pumped to 1 torr. A current of 50-100
milliamps (mA) 1s run through the tube for about 10 minutes to oxidize the aluminum cathode. The pump

is then taken down to 10 torr. Heater tapes are wound around the laser tube, cathode and anode The
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temperature is held at about 180°C. and the pressure held constant for at least 24 hours. This outgasses the
glass removing any impurities. The tube is then filled with Helium at 0.85 torr and Neon at 0.15 torr. The

laser tube can then be disconnected from the diffusion pump bty the glassblower.
4, The mirrors

Concave mirrors were chosen because of the greater ease of alignment. The mirrors were 1 inch in
diameter, made of the material BK7 with a radius of curvature of 1.47 m. (Perkin-Elmer, Electro-Optics
Div., Danbury, CT.). The mirrors were dielectrically coated for operation at 3.39 |, One mirror was coated
for maximum reflection (99.5 £ 0.5%) with the back of the mirror anti-reflection coated. The other mirror
is the partal transmitter with a 2% transmission (reflection of 98 + 0.5%). The 1 inch diameter mirrors are
screw mounted 1n mirror mounts to fit the 6 inch wide optical bench (Figs. 12A,B, and C) constructed in
the machine shop at McGill University (the design for the mirror mount originated at the University of
Toronto, Laser Physics group). The mirror mounts are useful when aligning the mirrors for lasing since
they allow movement in 2 different axes. Movement in each axis is independent of the other. (Essentially

one axis moves the mirror nght and left and the other axis moves the mirror up and down.)
5. Aligning the laser

The laser tube is mounted on a 0.75 inch thick aluminum optical bench (constructed in the
machine shop at McGill University). The mirror mounts are also placed on the optical bench and have been

constructed to fit onto it.

The murors and laser tube are aligned using a visible helium-neon laser (Spectra-Physics Inc.,
Mountain View, CA.). Small cutout cardboard circles are placed in the laser mounts where the mirrors
normally are placed. These cutcuts have a pinhole through them and the red helium-neon laser is aligned so
that the beam gocs straight through the center of both of the pinholes. The mirror furthest from the laser is

then put in the mount. The laser light is reflected back onto the cardboard pinhole and the mirror is adjusted
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FIG 12A
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Front view of mirror mount

1. Where the mirror is mounted
2. First axis movement

3. Second ax1s movement

4, Platform to fit optical bench
5. Holds mount to optical bench
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FIG 12B

FIG 12C
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Side view of the muror mount
Top view of the mirror mount
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until the light is reflected back onto the center of the pinhole. The other mirror is then mounted and that
mirror is adjusted until the reflected spot is exactly on the output of the laser. The laser tube is then
mounted on the optical bench using 2 clamps and adjusted so that the red laser light goes straight through

the tube with no reflections in the tube. This 1s the most difficult step because the laser tube is very narrow.
6. The power supply

The nickel electrode is then connected 10 a high voltage DC power supply (Bet Electric, New
York, N.Y.) through a 50 kiloohm ballast resistor. The alumunum electrode 1s grounded to the optical bench
and the ground of the power supply is also grounded to the optical bench. The power supply is turned on
and the discharge started with a tesla coil (Electro-technic Products, Chicago, 111.). The power supply is
adjusted to provide 10-15 mA, with approximately 2500 volts DC. At this point with a properly aligned

laser, the laser should be lasing.

III. THE INFRARED REGION OF THE SPECTRUM (10)

The infrared region of the spectrum s broadly divided into three arcas: the ncar infrared from
14,300 to 5000 cm™! (0.7 - 2.0 ), the infrared from 5000 10 400 cm’! (2.0 - 25 ), and the far infrared from

400-20 cm! (25 - 500 p).

The near infrared region contains the photographic region (14,300 - 7,700 cm ™ or 0.7 - 1.3 ) and
the overtone region (7,700 - 5000cm™® or 1.3 - 2.0 ). The infrared region is the fundamental vibration

region and the far infrared is the rotation region.
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1IY.FLOW CELLS

There are numerous ma‘erals which can be used in the construction of infrared flow cells such as
sadium chlonde, potassium bromide, calcium fluoride, barium fluoride, cesium bromide, silver bromide,
Irian-2, polyethylene, KRS-S, silver chlonde. All of these materials transmit hight at 3.39 u, however, some
are inappropriate since they are very hygroscopic (sodium chloride and potassium bromide) and fog easily
(cestum bromide). Others darken n ultraviolet light (silver chloride). Some are not useful for high pressure

work (calcium fluonide 1s useful at high pressures).

In additron to selection of cell matenal, pathlength and cell volume should also be considered. The
pathlength should be maximized and the cell volume minimized so that maximum peak height is attained

while mimimum band broadening of peaks 1s produced during chromatography.

The cell decided upon was one made of Suprasil Quartz (Hellma Cells, Toronto, Ontario). The
quartz transmits (80%) at 3.39 pu and 1s not hygroscopic. The cell has a pathlength of 10 mm and a cell
volume of § ul and 1s sunable for high pressure liquid chromatography. The flow cell has an aperture of 1
mm diameter. The flow cell of dimensions 1.27 cm x 1.27 ¢m x 3.50 cm (the 1 mm aperture is 1.27 cm
from the bottom of the flow cell) was placed in a mount which was built in the machine shop at McGill

University and fitted onto the opucal bench (Figs. 13A, B, C.).

V.INFRARED DETECTORS

Infrared detectors can be broadly divided 1nto two different classes. Imaging detectors are infrared
film, the vidicon and the sinage convertor and as 1s derived from thewr name, they provide a total image of
the signal. Elemental detectors are point detectors and respond to the average irradiance presented to them.
The elemental detectors would have to be scanned sequentially to get the same image provided in the

imaging detectors. Hence both types of detectors can ultimately give you the same information, the only
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FIG 13A Front view of flow cell mount
1. Holder for flow cell
2. Aperture for laser hight
3. Screw
4 Up, down adjustment
S Platform to fit optical bench
6. Holds mount to opucal bench

7. Screw Lo hold mount to optical bench
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difference is that the imaging detector gives you the information immediately and the elemental detector
must make a number of operauons to supply the same data. Only the elemental detectors were considered
as possible detectors for the infrared detector since 1maging detectors are very expensive and not necessary

in a liquid chromatographic detector.

The infrared detectors can be further broken down nto 2 groups. thermal detectors (which
respond to the heat of the incident radiation causing a change in some physical or electrical property ol the
detector), and photon or quantum detectors (which respond to the mcident photon by an interaction
between the photon itself and electron of the detector matenal). Hence the response of the thermal detector
is dnc 1o the energy absorbed and the responsz of a photon detector 1s due 10 the number of photons

absorbed.

1. Thermal Detectors

The thermal detectors include the thermocouple, thermopile, bolometer, pneumatc or golay
detector and the calonmetric detector. These detectors were discovered before photon detectors and

respond to all wavelengths. They have time constants on the order of milliscconds.

2. Photon or Quantum Detectors

Photon detectors have the advantage of being one 10 two orders of magnitude more sensitive than
thermal detectors, however, many of them have the added disadvantage that they must be cooled 10
cryogenic temperatures Time constants arc on the order of microseconds since the incident photon and the

electrons of the detector interact directly.

If the electron acquires sufficient encrgy 1o escape the detector matenial entirely thes 1s called the
photoelectric or photoemissive effect If the photon causes an electron to move from a non-conducting
state to a conducting state, the result 15 a photoconductive effect Photoconducuve detectors are generally

semiconductors. Photons can produce an electron-hole pawr near a p-n junction and the electric field across
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the juncuion separates the electron-hole pair into two carriers producing a photovoltage or photovoltaic
effect. Electron-hole pairs produced at the surface of a semiconductor can diffuse decper into the
semiconductor to reestabhish clectrical neutrality. The electron-hole pair can be separated by a magnetic

field 1o give a voliage called a photoelectromagnetic effzct. (This technique is rarely used.)

VI.NOMENCLATURE FOR DETECTOR TERMINOLOGY (11)

The responsivity (R) 1s the detector output per unit input. Since most detectors use an ac or
chopped signal, the value used to calculate the responsivity are rms values. Equation 2.5 1s the equation

used to calculate this value.

R = VB/HAd (volt/Watt) (2.5)

where V, = rms of the signal voltage, volts.
A, = area of the detector, cm?,

H = rms of irradiance on detector, walt/cm2

Responsivity 1s dependent on a number of conditions including the bias apphed to the detector.
The response tme or tuime constant 1s the ume it takes for the detector to reach 63% of its final value.

Responsivity gives no 1dea of the minimum amount of radhation which the detector can sense.

The amount of noise that 1s present 1n the output of the detector 1s calculatied 1n the term, Noise
equivalent power, NEP, which 1s the amount of radiant flux necessary to produce a signal equal to the nosse
of the detector. Measurements are done at higher signal levels since 1t 1s difficult 1o measure a signal when

the signal-to-noise rauo 1s equal to 1 The NEP 15 then calculated from Equation 2.6.

NEP = HAd/(S/N) = HAdN/S (watts) (2.6)

where N = rms noise voltage

S = rms signal voliage
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This equation assumes that the relationship between the input and output is linear.

When comparing detectors, the one with the best responsivity 1s the one with the highest output
for a given input. However, when comparing detection abuility, 1.e. in terms of minimum radiant flux that is
detectable, the detector with the lowest NEP 1s the best. This has been incorporated into another term, the

detecuvity, in Equation 2.7.
D = 1/NEP (wattsT) (2.7

Detectivity 1s a function of wavelength, temperature, chopping frequency, bias applied, detector
area, and bandwidth of the electrical circuat. There is no simple relationship between the detecuvity and
most of these variables except for the area and the electrical bandwidth. Hence they are sumply reported
with the proviso that the chopping frequency 1s selected to be low enough so that there 1s no hmitation by

the ume constant of the detector and the applied bias 1s chosen 1o be the bias that maximizes the detectivity

There 15 a relationship between the detectivity and the detector area and the electrical bandwidth

as shown in Equation 2.8.
D* =D (Ag D £)2/2 (cm n2l/Z/w) (2.8)

The "D-star" or D* term allows one to compare detectors since the area has been normalized to 1

cm2 and the electrical bandwidth to 1 Hz.

The significance of D* is that it is the signal-to-noisc ratio with 1 watt of inctdent radiation on the

detector with a sensitive area of 1 cm? and the nose 1s measured with an electrical bandwidth of 1 Hz

D* 1s most often seen with two numbers in parentheses, the wavelength of incident light followed
by the chopping frequency. It 1s understood that the electnical bandwadth 1s 1 Hz since this i3 present in the

definition of D*.
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VII. THE LEAD SELENIDE DETECTOR (12, 13)

The lead sall detectors (lead sulfide and lead selenide) are mexpensive to purchase, easy to
construct and are versatle in use The detectors are chemically deposited films on an appropriate substrate.

Photolithography defines the active arca

The film 15 connected o gold electrodes which minimize the noise at the contacts between lead
out gold wires and the film 1tself, By changing the degree of oxidauon, temperature of deposition and the
number of coatngs 1n the manufacturing process, one can change the resistance, sensiuvity (responsivity),

time constant, spectral distribution of response, noise, and signal-to-noise raug of the detector.

The lead sclenide detector can be considered 1o be a hght sensiuve vanable resistor when
connected o a bias power supply The photons nduce a change in conductivity and this changes the
current through the detector (as described in the secuon on photoconductive detectors) which can then be

amplificd and used 1n the analysis

The lead selemde film s scaled between a coverplate and the substrate by an epoxy cement The

coverplate matenial s often quarts or sapphire depending on the wavelengths o be analyzed.

The detector can be cooled, by any of a number of means, stnce the performance has a negative
temperature coefficient. That s, the performance decreases as the temperature increases. Hence this

detector 1s more sensitive at dry 1ce and hiquid nitrogen temperatures.

The lead selemde detector which was purchased was the model 5055 PbSe detector (Infrared
Industnies, Inc., Orlando, Florida). The detector ts expensive. The specfications are listed 1n Table 2. The

detector requires a bias voltage or current The simplest case 1s to match a load resistor to the dark

resistance of the detector (Fig 14).
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TABLE 2 SPECIFICATIONS OF THE LEAD SELENIDE DETECTOR

D* (500°K, 750 Hz, 1Hz) 28x10°
D* (A 750 Hz, 1 Hz) 25X 10°
wavelength of maximum response 3840
dark resistance 0.5 M ohms
Responsivity (Apk, 750 Hz) 3000
opumum detector bias 100V dc

Note: All specifications quoied arc from the Infrared Industries catalog and are typical performance

charactenistics of a 2 X 2 mm PbSe detector.
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FIG 14

e, (iSR L X Rf/Ri)

Detector with matched load resistor

RL - load resistor
R 4 detector
A - amplifier
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The detector mount (to fit the 0.375 in diameter detector) (Figs. 15A, B, C) was also built in the

machine shop in McGill University io fit the optical bench.

VIII, LOW LIGHT LEVEL MEASUREMENT (14)

Numerous different methods enable onc to perform low level light measurements. Some of these
techniques are useful for dc signals and some for ac signals. The techniques which will be discussed are

photon counting, the electrometer, the lock-1n amplifier, and the waveform averager.

1. Photon counting

The photon counting method consists of the photon striking a detector usually a photomultiplier
tube, though other detectors could be used. The pulse is amplified and sent to a discriminator, which is set
so that it 1gnores all signals below a certain pre-set bmit. In this way, noise 1s disregarded. The
discriminator output 15 a pulse of a certain amphtude and duration, This output can be fed into a counter
and the output can be displayed on a digital meter or converted to an analog signal by a digital-to-analog
(D/A) convertor and displayed on a strip-chart recorder. The entire system must be well shiclded since
photon counung 1s very sensitive to inlerference. It 15 the most sensitive detection system, since 1t can, In

effect, detect one photon.

2. Electrometers

Use of an electrometer or digital voltmeter (DVM) 1s a very simple means of signal measurcment.
The output of the detector 1s connected to the DVM, usually through some sort of current-10-voltage
convertor since the output of the detector 1s current The DVM 15 a sero frequency or dc measurcment
technique. Hence 1t is very susceptible to many different sources of noise. 1/f nowse, stray light, etc. The

DVM has the advantage of being tnexpensive and sumple o use.
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FIG 15A Front view of detector mount
1. Mount for PbSe detector
2. Aperture for laser light
3. Screw
4. Up, down adjustment
5. Platform 1o fit optical bench
6. Holds mount to optical bench
7. Screw to hold mount to optical bench
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FIG 15B

FIG 15C
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Side view of detector mount

Top view of detector mount
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When examining a noise power scan as a function of frequency the noise levels are highest at low
frequencies. This is the reason that the DVM, which is a zero frequency system 1s very susceptible o noise.
The problem can be solved, in the case of the DVM, by use of a low pass filter which would filter out some
of the low frequency noise. Another alternative 1s to simply move the signal 1o another frequency where the

noise is reduced and use the next low light level measurement technique, the lock-in amplificr.

3. The lock-in amplifier

The lock-in amplifier is used to detect low level modulated signals. The signal is modulated by a
chopping mechanism and hence is moved from a relatively noisy frequency at zero Hz or a dc signal to a
less noisy frequency, f_. The lock-in amplifier or phase sensitive detector requires a reference signal which
is the same frequency as the signal frequency and both the reference and sample signal should be in phase.
The sample signal is sent in paralle! to an inverting and a non-inverting unity-gamn amphfier. The inverting
and non-inverting outputs are switch-selectable and determmed by the polarity of the reference signal.
When the reference and sample signal are in phase, the amplifier output will be a maximum. An RC filter

smooths the signal and a dc voltage 1s outputted.

Since the signal and reference may be offset, the output voltage 1s actually equal to the input
voltage multiplied by the phase shift between the reference and sample signal. Harmonic frequencies are

eliminated by using tuned amphfiers or heterodyning systems.

The lock-in amplifier needs a chopper or some means of modulaung the signal and since the
signal is turned on and off some of it is lost. This is more than compensated for by the ability of the lock-in

amplifier to recover the signal even when buried in noise.

4, The waveform averager

Waveform averagers are most often used for pulsed signals where the information that is necded is

in the shape or length of the light signal or the amplitude of the pulse with a poor duty facior. The
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waveform averager has been used for fluorescent decay measurement, optical time domain reflectometry

and time resolved spectroscopy.

The input signal is amplified and sent to an RC exponential averager through a switch. An
exciting source is usualiy the trigger and this determines when the switch is closed. Intemal delay and gate
closing duraiions are selected so that the amount of time that the switch is closed is short with respect to the
time constant of the low pass RC filter. As the switch is opened and closed with each succeeding input, the
stored capacitor signal moves closer and closer to the average value of the input signal. The noise is
aticnuated by the low pass filter. (The duty factor must be taken into consideration when calculating the

actual time constant) A single channel averager has been described but multiple channels are also

available.

For all the detcction systems mentioned, the electrometer is usually used for continuous light
sources, the lock-in amplifier for chopped light sources and the boxcar or waveform averager for pulsed

light sources. Photon counting can be used for all of the above-mentioned light sources.

IX. THE CHOPPER

Since a bias voltage is applied to the lead selenide detector, a means of removing this bias voltage
must be found. Any of a number of means may be used. It was convenient to use a lock-in amplifier since
it was available. The lock-in amplifier requires an ac signal, hence a chopper was constructed to modulate
the output of the infrared heliwum-neon laser. The chopper was built in the machine shop at McGill
Unwversity and constructed to fit onio the optical bench. The chopper uses a number of inexpensive
elecinical components including an LED (the source) and a phototransistor (the detector) and the
accompanying clectronics to power the components and provides a reference wave of the characteristics
required for the reference input of the PAR Model 5101 Lock-In Amplifier (Princeton Applied Research,

Princeton, New Jersey).
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The lock-in amplifier requires a noise-free reference wave against which it compares the input
signal (in this case the luser signal). In addition, the reference signal must be coherent with the input laser
signal, that is be the same frequency and must have a stable phase relationship with the input laser signal
(15). Therefore, a wave generator is not an adequate reference signal since it will never be coherent with

the signal wave.

The chopper is run off a variable power transformer (Variac). The chopper includes a mount for a
red LED and a phototransistor. The chopper blade simultaneously chops the light from the LED and the
laser producing square waves which are coherent. Choppers can be purchased which will accomplish all

that this one does, but at a considerably higher cost.

The chopper system is shown in Figs. 16A and B. A breadboarded circuit which was constructed
(Fig. 17) with the help of the Electronics Workshop, was powered by a low noise (+ 1 mV ripple) £15 V
power supply (Hammond HPCD 015 001). The electronics power the LED and the phototransistor and
consist of a current-to-voltage convertor (since the phototransistor produces a current) followed by an
operational amplifier configured as a divider to produce a reference wave of the characteristics suitable to
the specifications of the lock-in amplifier. The reference wave must be of particular characteristics
depending on the model of lock-in amplifier used. In the case of the PAR model 5101, for the best phase
accuracy, a 1 volt sine wave is recommended. However, squarc waves and triangle waves are all
acceptable, the minimum requiremen: being that the reference wave swing 100 mV with respect to its
mean. The square wave is the easiest to produce with a chopper system of this sort. The Zener diode limits

the voltage output of the electronics to 1.8 volts.

The mount and motor of the chopper are from an old cooling fan, but the fan blades have becn

replaced by the chopper blade.
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FIG 16A

- - -

Top view of chopper
A - chopper blade

B - bracket

C - motor and housing
D - base

E - screw

F-rod

G - teflon spacer

H - eflon screws

J - light emitting diode
K - phototransistor
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FIG 16B Front view of chopper
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FIG 17 Schematic of electronics to produce reference wave

al - ammeter

11 - light emitting diode (mv 5020)

t1 - phototransistor (iil 81)
ul -1/vconvertor (Im 741 cn)
21 - zener diode (m22361)
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1. Description of Chopper (16)

Figures 16A and B show a schematic drawing of the front and top view, respectively, of the
chopper. (A) is the 4.25 in chopper blade itself which is attached to a motor housing (C). There is a brack1
(B) which holds the LED (J) and the phototransistor (K). The phototransistor has a rod (F) attached 10
minimize its deection of exterior light, minimizing the noise. The bracket is attached to the frame of the
chopper with Teflon screws (H) and a Teflon spacer separates the bracket from the frame. The Teflon
isolates the aluminum chopper from the grounded aluminum optical bench thereby ridding the system of
"ground-loops”. The base (D) 1s made of dimensions compatible to the optical bench and the screw (E)
merely secures the chopper to the optical bench. The whole chopper is spray painted flat blac: to minimize

the hazardous reflections from the laser.

X. OTHER CHROMATOGRAPHIC INFRARED DETECTORS

The construction of the infrared detector discussed here 1s similar to that discussed tn Freeman ct
al. (17). An infrared laser of the same wavelength is used and the dimensions (volume and pathlength) and
material of the cell are the same. Since the cell was purchased in both cases and there are not many flow
cell manufacturers, 1t 1s no surprise that the dimensions and maternal are the same in both cases. Freeman ct
al. use polytetrafluoroethylene windows to condense the light beam which are not used in the detector
described here. The lead selenide detector, chosen for simplicity, case of use and cost is the same 1 both
detectors. The choice 1s limited and the only detector with a better D* 1s indium antimonide (11) with a
much higher price and the added complication of cooling. Freeman et al. us~ glass plates as attenuators in
front of the PbSe detector. Attenuators are not necessary here. A Thermocouple amplifier with pre-
amplifier is used by Freeman et al. with a homemade chopper (not described) instead of the chopper and

lock-in amplifier system used here.
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Both tripalmitin and cholestryl palmitate are detected by the Freeman detector, however a
calibration curve is only shown for tripalmitin. The only information given about the "separation” is that
trichloroethylenc is the solvent and that a pellicular silica column is used for cholestryl palmitate. The
chromatography of these two compounds has not been studied by Freeman et aland the chromatography
will be studied with the infrared detector described here. A single solvent mobile phase such as
trichloroethylene will likely not separate tripalmitin and cholestryl palmitate and they were probably

analyzed in a flow-injection mode.

The DuPont infrared detector for hiquid chromatography used by Parris (18) and Payne-Wahl et al.
(19) for the determination of lipids was produced by Foxboro-Wilks (South Norwalk, CT) for DuPont.
DuPont no longer markets it, however Foxboro still does. The infrared detector is a MIRAN 1A-CVF
detector with a price of $5900 U.S. The source is a Nichrome wire with a pyroelectric detecior which can
be scanned from 2.5 to 14.5 . It 1s a single beam instrument which can be used 1n the absorbance or
transmittance mode. It has a response time of 1, 4, 10 or 40 second with a wide variety of cells available

depending on the apphicauon,

The advantage of the infrared detector described here is cost since constructing it from available
parts and the purchase of some new parts were considerably less than $5900 U.S. An additional advantage
is in the helium-neon laser since a michrome wire has an output on the order of uW and the helium-neon
laser has an output on the order of mW, an increase of 3 orders of magnitude. In addition this cutput
wavelength of the helrum-neon laser is in one narrow band since this is a monochromatic laser. The
MIRAN detector can scan wavelengths, however this 1s not necessary here since we ate only interested in
one wavelength and one application. The response time of the PbSe detector is faster (microseconds) and
thus will be useful for very fast pcaks. The DuPont detector used by Parris (13) and Payne-Wahl et al. (19)
was used at 5 72 g which 1s the region of the carbonyl stretch. Therefore, thare are different constraints for
solvents in both cases. At 5.72 p, solvents with carbonyl groups would not be useful (large background

absorbance) whereas at 3.39 p solvents with methylene groups (CH,) are not very useful. It is easier to find
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organic solvents (needed to dissolve lipid) with no carbonyl group than to find solvents with no methylene
group (see Chapter 4 for discussion of solvent considerations). One would expect the detection at 3,39 p to
be more sersitive since the lipids have many more CH, groups than carbonyl groups. However this cannot
be proven unless the absorptivity of each group could be determined. These data have not been found in the
literature. However, intuitively 1t seems 10 be a good assumption since there are many more CH, groups

than carbony! groups.

The MIRAN detector has been proven useful for lip«ds (18,19); the next step is to prove the
usefulness of the detector built in this study. In addition, chromatography should be performed since

chromatography was not described in the experiment by Freeman et al.
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CHAPTER 3

CHARACTERIZATION OF THE INFRARED DETECTOR

1. EMISSION SPECTRUM OF THE HELIUM-NEON LASER

It is useful to be able to record an emission spectrum of the helium-neon laser being used in order to see if

more than one laser line 1s present and to determine the shape of the actual laser line.

To do this a Pye Unicam SP1000 infrared spectrophotometer (Pye Unicam Lid., Cambridge, England) was
used. The infrared source of this spectrophotometer is a nichrome wire. The radiation from the nichrome wire is
reflected by two mirrors through a reference and a sample path on its way into the pneumauc detector of the
spectrophotometer. The mirror which sends the radiation through the sample path is removed (Fig. 1). This murror is
removed, mirror mount and ali, since this will make reassembling the spectrophotometer much simpler since no

alignment of the mirror will need to be done.

The laser and the spectrophotometer must then be aligned so that the laser radiauon is sent directly usto the
spectrophotomeler. This 1s not trivial since the laser radiation is not visible. The procedure used was simplified with

the help of a second person.

The detector normally used to detect the helium-neon laser, the lead sclemide (PbSe) detector, was partially
dismantled from its mount (described in Chapter 2) and held in front of the entrance to the spectrophotometer. The
laser was then moved around until the laser hght was detected on the PbSe detector. The PbSe detector 1s then
removed and an emission spectrum could then be taken of the laser using the infrared spectrophotometer A blank

spectrum was done with the laser blocked to ensure that the peaks seen are actually due to the laser (Fig. 2).

As can be seen in Fig. 2, the emission spectrum shows only one emission line at 2950 cm™(3.39 p) which
is the line expected. As predicted, there are no other peaks present because the laser mirrors were dielectncally

coated to produce reflection only at 3.39 p. (The peak in the vicimty of 1000 cm™ is due 10 a sht change 1n the
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spectrophotometer and is present in both the blank and laser spectrum.) The laser line is approximately 20 cm !

wide.

The system, as described, was scanned as a double beam system. That is, the laser line was compared to the
reference (nichrome wire) radiation. This causes no problem since all that interests one is which lines were present.

The system could probably be altered to run single-beam if the instrument being used were able to perform single

beam scans.

II. LASER BEAM DIAMETER

The laser beam diameter can very crudely be determined by taking a piece of cardboard and drilling holes
of varying diameter in 1 mm. incremcnts, The hole is placed in front of the detector increasing the hole size until

there is no drop 1n laser power to the detector. Using this method, the diameter of the laser beam was approximately

4 mm,

A more precise method was used with the help of a computer program available from Apollo Lasers, Inc.
(1) entitled Laser Beam Characteristics. The following parameters were entered in response to the prompts in the
program- rads of curvature of mirrors (R,,R,), cavity length L (895 mm), and wavelength of the laser A (.00339
mm) and distance {rom the beam waist at which the beam radius is to be calculated Z (842 mm). The beam waist is
also calculated by the same program and is midway between the 2 mirrors for a confocal resonator, that is 447 mm

and the beam radius at the waist s WO.
W2 = w2l 1+ Mz /omwy2l? (3.1)

The calculated beam radius, W.,, is 1.36 mm or a diameter of 2.72 mm not far off the crude manipulation carried out

above.
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HII. DETERMINATION OF OPTIMUM OPERATING POINT OF THE DETECTOR

Since the lead selenide detector requires an extermal biss to be applied to it (see Chapter 2), it would be
advantageous to determine what the optimum bias would be. In Fig, 3, the circuit in which the lead selenide detector
is located is shown. The detector is 1n series with a load resistor. The dc voltage across the load resistor is calculated
by the following equation where V| is the voliage across R, the load resistor, V is the bias voltage, and R | is the

dark resistance of the detector.

When light is incident on the detector, a change in the detector conductivity occurs with a change in
voltage across the load resistor, that is the signal voltage. Hence a high bias voltage implics a high signal voltage.
However, one cannot increase the bias voltage to infinty, since there is only a maximum amount of power which

the detector can dissipate. The maximum bias voltage, V can be calculated by the following equation

b max

Vy max = [0-1Ag (Ry + RpZ/R41/2 (3.3)

where Ad is the detector area, RL and R, as mentionned above.

Hence in the case of the lead selenide detector being used, the maximum bias voltage calculated is 56 volts
(or rounded to 60 volts) using an area of 0.04 cm? with a dark resistance of 220 k ohms and a load resistor of 200 k

ohms.

Since the maximum signal voltage occurs when the load resistor and detector are matched, this condition
was chosen. In order to determine the optimum bias voltage, the signal and noise are measured as a function of
applied bias. Hudson (2) defines optimum bias as the bias voltage that has the maximum signal-to-noisc (S/N) rauo
and hence detectvity. The resulting plot is a curve that increases to a maximum and then drops off again, since
signal voltage increases linearly; however the noise voltage increases less rapidly except at high buas voltages where

it increases more rapidly than the signal.

An experiment was performed to determine the optimum bias. The signal 15 determined with a digital

voltmeter, taking readings at 10 sec. intervals. The noise is determined with the laser light blocked and taking
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readings off the DVM at 10 sec. intervals. All other S/N calculations are performed in this manner throughout the

4

< chapter. The data are listed in Table 1 and the curve obtained is plotted in Fig. 4.

The optimum voltage under the conditions used is 40 volts, Since the PbSe detector will have this bias
voltage applied (o it, any changes in light detected will result in a current or voltage (as is the case here, since a
resistor has been placed in series). If the bias voltage is 40 volts, it is no simple task 1o observe changes in light level
and therefore changes in voltage, since one would generally use a recorder and most recorders have at best a 10 volt
full scale span. Modulating and later demodulating the signal in the end still produces a dc signal but without the

very large bias voltage.

IV. REFERENCE WAVE OPTIMIZATION

As previously mentioned in Chapter 2, the lock-in amplifier requires a reference signal to which 1t
compares the input signal and then produces a dc signal which can be read off the panel meter or sent to a recorder.
The reference signal must be of particular characteristics depending on the mode! of lock-in amplifier used. In the
case of the Princeton Applied Research (PAR) model 5101, for the best phase accuracy, a 1-volt sine wave is

recommended. However, square waves and triangle waves are all acceptable, the minimum requircment being that

the reference wave swing 100 mV with respect to its mean (see Chapter 2).

By adjusting the SK-ohm potentionmeter which powers the LED, one can vary the intensity of the LED
and hence the intensity of the reference wave. In Table 2, the SK-ohm potentionmeter 1s varied to produce reference
waves of 200 mV, 300 mV and 400 mV, peak-to-peak. A< can be seen from the data, the 400 mV reference signal
would be preferred because of the increased signal-to-noise ratio. The intensity of the LED was not raised higher

than this for fear of breakdown of the LED.

-5*
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TABLE 1 DATA USED IN DETERMINATION OF OPTIMUM BIAS

signal voltage

(volis)

282
339
408
482
591

noise

(mV)

1.60
1.29
1.00
2.03
293
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TABLE 2 OPTIMIZATION OF REFERENCE WAVE

reference wave (mV) SN
200 74

300 207
400 287

- 100 -




}

-

V. DETERMINATION OF THE QUANTUM EFFICIENCY OF THE PBSE DETECTOR

For a background-limited photoconductive detector, such as is used here, (the detector is said 1o be
background limited, if the major source of noisc is the photons associated with the background (1)), the maximum

threoretical value of the detectivity, D* at a given wavelength is given by the following equation
p* = A m 2/2/(2ne) o, 12 (3.4)

where h is Planck’s constant, ¢ the speed of light, A the wavelength impingent on the detector, n the quantum

efficiency and Q, the photon flux.

Substituting for h and c, one gets the following equation
p* = 2,52 x 10283 (n1/2/g, 1/2)2 (3.5)

Rearranging the above equation gives the following equation
n = Ipx 0,1/21%/12.52 x 10 18 A)? (3.6)

At 3.39 it which 1s the wavelength of the helium-ncon laser being used, the backgroun< flux Qpis4x
10" photons/sec-cm? (3) at 23 °C. or 300 °K (since Q, is temperature dependent) Using a D* of 1.17 x 10° cm-

Hz!2/W (4), one gets a quantum efficiency of 8 x 10 or 8 x 10™%.

The quantum efficiency can be used to determine the precision of the experiment 1f it were shot noise
limited, i.e. limited by the amount of laser light. For a 100 mV laser (from a peak-to-peak oscilloscope reading off
of the PbSe detector, amV reading) and using a dark resistance of 200 K ohms and Ohms law, the current obtained
is 5 X 107 A. Since there are 1.6 X 10"'° C/photon, this gives onc 3 X 10'% photons. The quantum efficiency
calculated above can then be muluplied by the number of photons to give 2 5 X 107 photons which are actually seen
by the detector. The precision which is the inverse of the signal-to-noise or N/S, is calculated by the inverse of the

square root of the number of photons which in this case 15 0.02% precision 1if shot noise limited

This 1s the case without the flow cell in the light path When the flow cell 1s placed into the hght path, the
power drops aporoximately 2 orders of magnitude. This power drop 1s due to the fact that the cell material absorbs

some of the hight and also because of the small aperture of the cell (1 mm) which 1s much smaller that the actual
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diameter of the laser beam. The power drop is due to the fact that Suprasil Quartz transmits approximately 80% at
3.39 u and due to the fact that the cell aperture is 16% of the total laser beam diameter (4 mm to 1 mm). In using
these numbers one calculates the power with the flow cell mn place to be approximately 10 mV (on oscilloscope).
There may be other sources of power drop such as incorrect alignment of flow cell and error associated with reading

the mV of power off an oscilloscope display. These errors are difficult to quantitate,

If the laser is now 1 mV from a peak-to-peak oscilloscope reading, the current will be 5 X 10 A, which
gives 3 X 101 photons. Muluplying by the quantum efficiency, gives 2.5 X 10° photons seen by the detector, which
gives a precision of 0.2% if shot noise imited. This implies that 1f the laser is the largest source of noise in the

whole infrared delector, the precision would be 0.2%. This is acceptable.

VL. LONG TERM POWER

An examinauon of the long term laser power can give some insight into the charactenstics of the laser. Fig.
5 shows a peniod of approximately 2 months where the signal of the laser (without the flow cell) is plotted versus

time. Day 1 is the first day of the study, Day 71 the last.

As can be seen the power fluctuates from day to day showing what an unstable source the laser is. After
Day 13 when the power dropped dramaucally, the mirrors were realigned with a much better power output on Day
15. From this point on, the laser power gradually dropped off. This 1s as 1s expected since the laser 1s open tc the
atmosphere and hence sensitive 10 dust accumulauon on all surfaces. In addition the laser is not in a sealed cavity

and therefore prone to vibrations etc. which will tend to slowly decrease the power.

After one to one-and-a-half years continuous use, the laser power drops off irreversibly because of leakage

in the lascr tube The laser then needs to be refilled.

One would hope to see a much better response from a laser which was not homemade. For comparison

purposes, a study of the red helium-neon laser which was used to alignment of the laser mirrors (Spectra-Physics,
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Mountain View, CA), we can see that it is not so (Fig. 6). This is perhaps due to the age of the laser, since the red

helium-neon laser is quite old and one would hope for better performance from a new laser.

Using a beamsplitter and designing a double beam detector would reduce the effect that these overall
fluctuations in the laser and also be of benefit since many solvents useful for chromatography absorb in the infrared.
Some thought was given to the idea of double-beaming the instrument, however beam splitters coated for 3.39 p
cost on the order of $1000 U.S. Before such an expensive and time-consuming step was taken, it should be

determined whether the infrared detector works as it was designed,; that is can lipids be detected.
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CHAPTER FOUR

FLOW-INJECTION ANALYSIS OF LIPIDS

It can be seen from Chapter 3 that the laser and, in fact, the infrared detector were working. The

next step was to plice the flow cell in its mount and determine whether lipids can be determined.

L EXPERIMENTAL

The chromatographic equipment used was a Waters M-6000A chromatographic pump (Waters
Associates, Inc., Milford, MA) with a Rheodyne model 7125 sample injector (Rheodyne, Inc., Cotati, CA)
with a 500-ul loop (Waters Associates, Inc.). It was decided not to use a column in the initial stages of

analyzing lipids.
All lipids were purchased from Sigma Chemical Co., St. Louis, MO.
1. Solvent Considerations

Since lipids, by their definition, are not soluble in water, only organic solvents need be considered

as possibilities for use in this system.

Infrared spectra are available from reference books; therefore, one is saved the trouble of
determining whether they are transparent in the infrared region of interest (2950 cm’Y) (1). Alkanes, by
their chemical structure, are not useful. Sincs we are observing the absorbance of the carbon-hydrogen
stretch in methylene groups, alkanes would absorb in this region as well. Normal, branched, and cyclo-
alkanes such as n-hexane, isooctane and cyclohexane would not be useful. In addition, ether, p-dioxane,

acetic acid, acetone and tetrahydrofuran would be unsuitable. Some of the solvents which were useful were
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the halogen substituted alkanes such as chloroform, methylene chloride, methylene bromide, carbon

tetrachloride, 1,2,3-trichlorobenzene, bromochloromethane, as well as benzene and carbon disulfide.

In addiuon to the infrared transparent consideration, there is the problem of whether these solvents
are readily available, available at reasonable prices and whether the solvents are available highly purified
for High Pressure Liquid Chromatography (HPL.C). Some of the less common solvents (in terms of HPLC)
are either not available in a highly punified form or are available at enormous cost. (An extreme example is
that of deuterated chloroform, which is less infrared absorbing than chloroform (at 3.39 w); however, it
would not be practical to use because of the high cost.) Because of cost and availability considerations,
acetonitrile and methanol were considered despite the fact that they exhibit considerable infrared

absorbance, though not to such an extent as the alkanes.

The final consideration was that of safety. Information on many hazardous materials is readily
available in References 2 and 3. Poienual hazards of the possible solvents include flammability of carbon
disulfide; mcthanol can cause blindness, narcosis, headache, nausea, giddiness and loss of consciousness;
methylene chloride causes dermatitis; carbon tetrachloride, chloroform and trichloroethylene are all
suspected carcinogens. All of the above compounds require the use of gloves, protective clothing and

adequate ventilation.

The choice of gloves (4) depends on the compound used. For the following solvents: chloroform,
carbon terrachloride, methylene chloride and trichloroethylene, nitrile or high grade PVC gloves are
rccommended over natural rubber, neoprene or normal PVC gloves. Nitrile gloves were purchased from

Safety Supply, Inc. (Montreal, Que.).

In additon, there is an explosion potential if the following come into contact: 1) acetone and
chloroform in the presence of base; 2) carbon disulfide and sodium azide; 3) chloroform or carbon

tetrachloride and powdcred aluminum or magnesium. Incompatible chemicals can cause violent reactions,
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heat production or toxic products if brought into contact. Organic halogen compounds are incompatible

with groups IA and IIA metals and aluminum,

In summary, if possible one should substitute a less hazardous chemical. (The classic example is
the substitution of toluene or xylene for carcinogenic benzene.) One should adequately protect oneself with

protective eyewear, and hand and clothing protection.

In addition, since the vapor of the organic solvents to be used was harmful, solvent reservoirs left
open to the atmosphere were not acceptable. Because of the high vapor pressure of these solvents, one
could not merely stopper the reservoir. An inline filter was developed which consisted of a 4-5 inch length
of plastic tubing. Glass wool, alumina, charcoal, alumina, glass wool was the sequence to fill the plastic

tube. This abscrbed the vapor. The filters were changed once a day.

Chloroform was chosen as the solvent to begin analysis of lipids. It was infrared transparent and
dissolved most lipids. It is relatively toxic though less so than carbon tetrachloride. The chloroform used
was distilled in glass, Accusolv grade (Anachemia, Montreal, Que.). The solvent was degassed with helium

gas for a minimum of 10 minutes prior to use.

All solutions were prepared by dissolving the lipid in chloroform, Subsequent dilutions were
prepared from this solution. All lipids were weighed into volumetric flasks. Lipid solutions were not stored

but prepared fresh every morning,

II. FLOW INJE.CTION ANALYSIS OF LIPIDS

Flow injection analysis of representatives of the four classes of lipids were performed. A flow rate
of 1.0 m}/min was used for all experiments in this chapter as well as the subscquent chapters. The flow rate
precision according to the specifications of the Waters M-6000A high pressure pump is + 0.1% with an

accuracy of + 1.0% (or + 0.005 mi/min). However this was never actually tested and one would expect it to
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be lce than this since the pump was relatively old. Fatty acids (saturated and unsaturated), triglycerides,

cholesterol and esters and phospholipids were detected.

Peak heights were used and absorbance calculations performed. The absorbance was calculated

fro'n Equations 1 and 2.

s . S (4.1)

A = -log T (4.2)

Equation 1 is used for the calculation of the transmittance (T) where E_ is the voliage due to the sample
injection, E_ is the baseline voltage (reference voltage) and E g . the voltage when the laser is blocked

(zero transmittance). Equation 2 is used for the calculation of Absorbance (A).

In order to minimize the crror involved in the injections, it was decided to perform full loop
injections. All of the experiments were done in this manner. The model 7125 Rheodyne sample injector is a
rotary valve, a six port sample injection valve with injection of the sample through a needle port into the
valve shaft. The ncedle port (in the rotor seal) is used to fill the sample loop (load) and in the inject position
the loop is switched into the solvent stream. There are two methods of loading the sample: the complete
and partial filling methed. The complete loop filling method was used. An excess of sample is injected to
insure that the sample loop is completely filled. The actual volume injected is determined by the aciual
volume of the loop. The highest precision is obtamed by this method since there can be no operator error

since the injection volume is determined by the sample loop, which does not change.

Processing of data was done by measuring peak heights and determining the absorbance using
Equations 4.1 and 4.2. Two injections were made for each concentration and the average absorbance was
then plotted vs. concentration to give a calibration curve. However, calibration curves were only linear for
a very small portion and then levelled off. The reason for this was the very small volume of the flow cell.

Peak heights ncreased up (o a certain point and then levelled off, the peaks becoming wider instead of
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higher as concentrations increased. Peak areas normally would be used, however cannot be used here, since
this is a transmittance detector. Peak areas can only be easily used for true absorbance detectors, where

absarbance is plotted on the recorder.

1. Fatty acids

The fatty acids determined were palmitic acid (Fig. 1), a 16 carbon saturated fatty acid, stearic
acid (Fig. 2), an 18 carbon saturated fatty acid, and oleic acid (Fig. 3), an 18 carbon fatty acid with one
double bond at carbon 9. (In addition, arachidonic acid was detected though no calibration curve was

made.)

2. Triglycerides

The representative triglycerides determined were tristearin (Fig. 4), and triolein (Fig. 5).

3. Phospholipids

Only one phospholipid was analysed (due to the excessive cost of phospholipids).

Phosphatidylcholine (PC) was analysed (Fig. 6), one of the more common phospholipids.

As can be seen from the calibration curve of PC, % dilution is the label on the concentration (x)
axis. The sample was purchased 1n a vial. Since most of the lipids which are hquids at room temperature
are fairly viscous, it was decided to weigh the sample. However, since the sample was present 1n a
chloroform solution (100 mg/ml), the concentration could not be calculated, because the producer of the
PC did not know the density of the PC in chloroform. Further analysis of PC was not done, since at this
point the object was only to determine whether phospholipids were detected in the infrared detector and

that had been accomplished.
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4. Cholestryl esters

Cholesterol (Fig. 7) was determined as well as the following cholestryl esters: cholestryl palmitate

(Fig. 8), cholestryl stearate (Fig. 9), and cholestryl oleate (Fig. 10).
5. Detection limits

Plots of signal-to-noise versus concentration were performed for representatives of the four
classes of the lipids analyzed. The signal was the maximum sample voltage subtracted from the average
baseline voltage. The noise was due to the background. that 1s, 10 readings at 10 second intervals were
determined (with solvent flowing) and the standard deviation was determined. The curve was plotted using
Lotus 123 and an equation for the best curve was determined using the Omicron PLOTRAX program
(Engineering- Science, Inc., Atlanta, Georgia). The detection limit can be obtained from the equation of the
curve and calculating the concentration for which the S/N is equal to 2 (by definition). This was done for a
representauve of each class of hpid: oleic acid (Fig. 11, correlation 0.98), triolein (Fig. 12, correlation

0.99), and cholestryl oleate (Fig. 13, correlation 0.99).

Table 1 shows a table of detection limits for some of the lipids determined. The infrared detector
would be able to analyze blood or serum samples for lipids since normal amounts of lipid are well above
the detection limit (Chapter 1). More likely is the possibility that the lipid sample would need to be diluted

to be 1n the range of the calibration curve,

III. BEER'S LAW

Beer's law states (Equation 4.3) that the absorbance is proportional to the concentration. Hence
for a calibrauon curve where absorbance versus concentration is plotted, one would ideally get a straight

line,
A = abc (4.3)
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TABLE 1 DETECTION LIMITS OF SOME LIPIDS
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where A is the absorbance (no units), a is the absorptivity or molar absorptivity (/mol-cm), b is the

pathlength in cm, and c is the concentration.

As can be seen in most of the calibrations curves illustrated in this chapter, Beer's law does not
apply throughout the concentration range. That is, deviations are observed. This is, in fact, fairly common

and is frequently encountered.

The limitation that most often is present is simply due to the limitation in the law itself. Beer's law
only applies to dilute solutions (<=0.01M usually) (7). At higher concentrations, there is an interaction
between the molecules which are absorbing since the molecules come close enough together so that they
can alter the charge distribution of the neighboring species. This can alter their abihity to absorb a given
wavelength of light. Since this effect will be dependent on concentration, there is a deviation from lincanty
in the calibration curve. It should be noted that the 0.01M concentration is not absolute, that 1s exceptions

occur particularly with large organic 1ons or molecules.

There are numerous other reasons for deviations of Beer's law from lincarity. The absorpivity 18
dependent on the refractive index of the solution, Concentration changes may alter the refractive index of
the solution. However, a correction factor can be substituted into the Beer's law equation (7). Chemical
deviations are due to associauons and dissociations (example dimer formaton, the d:mer would absorb at a

different wavelength). This 1s probably not significant 1n the case of lipids.

Beer’s law is linear for monochromatic radiation only. This would not cause a deviation in this
experiment, since mn Chapter 3 it was illustrated that the laser was monochromatic. Scattered or stray
radiation rcaching the detector can cause deviations from hineanty of Beer's law (7). The nonlincarity may
also be due 1o a saturation of the PbSe detector. The detector specifications state that the PbSc 1s sensitive
to and may saturate 1n fluorescent hight, if left continuously 1n fluorescent hight. Hence when not in use the
detector was stored in the dark. In addition, when turning out the room hights no change in the output was

observed. However this was done very crudely, that 1s the lights were tumed off and no change was noticed
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in the voltage output of the PbSe nor any significant change in the noise on the recorder tracing. This was

never pursued since it was not convenient to work in the dark for extended periods of time.

The infrared detector studied here does not give a linear calibration curve as can be seen from all
the calibration curves shown, therefore Beer’s law does not apply. Beer’s law is the ideal case, however, if
one does not have a lincar cahbration curve, the solution 1s to plot many more points (than would be
necded if the calibration curve were linear). Using many points in a calibration curve would define it

exactly and enable one to use the detector for the study of real samples.
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CHAPTER 5

HIGH PRESSURE LIQUID CHROMATOGRAPHY OF LIPIDS

It had been determined that all the different classes of lipids could be detected by the laser based
infrared detector (Chapter 4). The next step was to insert a column in the chromatographic stream and

change from a simple flow-injection sysiem to a chromatographic system.

L THE STATIONARY PHASE

A number of different methods have been employed to separate lipids. Many different detectors
(as is mentioned 1n Chapter 1) as well as many different columns have been used. Four different types of
columns may be considered when chromatography on lipids is to be performed. Gel permeation and ion
exchange columns will not be considered since they would not be useful for the separation of lipids. (For
the sake of completeness it should be mentioned that cholesterol in human serum lipoproteins was
determned by separation of the lipoproteins using aqueous gel permeation columns (TSK Gel type PW and
type SW). This 1s not separauon of free lipids as will be done here, but separation of lipoproteins (1).)
What remans is normal phase and reverse phase separations. These 2 designations may be considered to be
arbitrary since the designations are due to relative polarities of the stationary and mobile phase. Normal
phase chromatography is when the stationary phase is more polar than the mobile phase. Reverse phase
chromatography 1s the opposite of normal phase and therefore the stationary phase is less polar than the
mobile phase Reverse phase chromatography has been very widely used due to the fact that an aqueous
mobilc phase is most often used. Since water 1s a major component of the mobile phase, this keeps the cost

of the mobile phase ar a minimum,
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Since lipids, by definition, are insoluble in water, aqueous reverse phase chromatography is not an
option. However, non-aqueous reverse phase chromatography has been performed by Parris (2) using a
Zorbax octadecylsilane (ODS) column. Detection of glycerides was done with a commercially available

infrared detector set at a wavelength of 5.72 .

Separations of lipids have been performed repeatedly by reverse phase columns. HPLC of
cholesterol and esters has been done using an ODS 5 p Supelcosil column (3). Triglycerides have also been
separated using reverse phase columns usually with columns based on the ODS system but often produced
by different companies. Examples are Zorbax ODS, mentioned above, and pBondapak (4), both ODS

columns.

Normal phase columns can be classed according to the functional group on the base maicnal
giving weak (example diol), medium (mtrile) and high (amino or aminopropyl) poiarty groups.
Information from manufacturers reveals that the base matenal 1s silica but with hittle other data available
(5). Payne-Wahl et al. (6) use a Partisil PXS 10/25 PAC column 1o scparate classes of methyl ester, mono-,
di-, and triglycendes. Infrared detection at 5.72 p and gradient clution 1s done. Partisil 10 PAC 1s a silica

based material (called Parusil) with a nitrile functtonal group.

Since reverse phase columns gencrally separate within a class of lipids (that is separation of
cholesterol and its esters or separation of triglycendes), it was decided to use a normal phase column in
order to separate classes of lipids. In the separation of classes of lipids, all the different triglycerides in a
sample would elute at the same place on a chromatogram. The column which was purchased was a Parusil

S PAC (5 ) 25 cm long, 4.6 mm i.d. (PM Instruments, Inc., Toronto, Ontario).
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II. THE MOBILE PHASE

Since the column is the same Partisil column as in Ref, 6, the first attempt was (o try the same
mobile phase. Payne-Wahl et al. (6) use a gradient from hexane-chloroform (60:65) to hexane-chloroform-
acetonitrile (25:65:35). The latter solvent was attempted without any success because of the large infrared
absorbance (at 3.39 ) of the solvent. Infrared detection at 5.72 i was the means employed by Payne-Wahl
et al. for detection of hipids which is the carbony! absorption, hence this is a logical choice for a mobile
phase since none of the solvents have carbonyl groups. However at 3.39 y, hexane, 1n particular has a very
large absorption due to the C-H streich in the methylene group. (Acetonitrile also has some absorbance at

3.39 p) Therefore another solvent system had to be used with this column for detection at 3.39 p.

Freeman et al. (7) use trichloroethylene as a solvent for the detection of tripalmitin at 3.39 p.
Therefore, trichlorocthylene can be considered, however when attempted in the chromatographic setup, no
separation of lipids was produced (that is all lipids eluted at the void velume), Mixtures of chloroform-
trichlorocthylene and also dichloromethane-trichloroethylene enabled one to detect the lipid but did not
give adequate scparabion. It was decided to attempt a 3 solvent system and after tnal and error, a mobile
phase of the mixture chloroform-trichlorocthylene-dichloromethane (1:1:0.05) (v/v/v) was used with

separation of triglycerides, cholesterol and cholestryl esters (Fig. 1).

III. THE SEPARATION

Figure 1 shows a typical separation of cholestryl stearate, tristearin, and cholesterol (in order of
appearance from the ume of injection). (The y-axis is 1V full scale recorder setting and 0.5 cm/min and the
recorder tracing is to scale.) A calculation of the resolution, R , (a quantitative measure of the relative

separation) using equation 1 1s performed for tnsteanin and cholestryl stearate,
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R = eweecccccccccce=a- (5-1)

where L, is the retentin time of the second band (tristearin), t, is the retention time of the first band
(cholestryl stearate), and t_, and t, the width of the bands. From Fig. 1, the retention times of cholestryl
stearate (3.05 minutes) and tristearin (4.05 minutes) and peak width (1.0 and 1.05 minutes respectively) can

be used to determine an R, of 0.91, which implies a separation of 95-98% of cholestryl stearate from

tristearin.

1V. CHROMATOGRAPHY OF LIPIDS

All experimental conditions were the same as those mentioned in Chapter 4 except for the

inclusion of the column. All solutions and solvents were prepared as in Chapter 4. The recorder speed was

0.5 cm/min.

Figure 1 shows the separation of a mixture of cholestryl stearate, tristearin and cholesterol.
Calibration curves for these three compounds were mads for cholestryl stearate, tristearin, and cholesterol
(sce Appendix B). Similar separations were performed and plotted for a mixture of cholestryl oleate,
triolein, and cholesterol (see Appendix B) and also for a mixture of cholestry! palmitate, tripalmitin, and
cholesterol (sce Appendix B). In each case Absorbances were determined as in Chapter 4 and in all cases
full loop (500-ptl) mjections were performed. In each case a cholesterol calibration curve was made;

however, rather than display all of them only one is included.

In all cases, the chromatography was the same for cholestryl esters and for the triglycerides. That
is cholestryl stearate, cholestryl palmitate and cholestryl oleaie all eluted with the same retention time and
tristearin, tripalmitin and triolein all eluted at the same place. In addition, cholesterol in each case also had

the same retention time for each separation. These particular cholestryl esters and triglycerides were used

-134-




s

o

-

because of their availability and also because they would make up a major portion of the lipids found in

serum.

The coelution of cholestryl esters and also of triglycerides can be shown by preparing a solution of
cholestryl esters (a mixture of cholestryl palmitate, cholestryl stearate, and cholestryl oleate) and upon
chromatography, the mixture gave one peak at exactly the same retention time as a single cholestryl ester.
In addition, a similar solution of triglycerides only was chromatographed. The solution was made of
tripalmitin, tristearin and triolein. This solution also gave one peak and at the same retention time as any

one triglyceride alone.

Another mixture was chromatographed. The sofution was made up of cholestryl esters (a mixture
of cholestryl palmitate, stearate and oleate) and triglyceride (a mixture of tripalmiun, tristeann and
triolein). As was expected there was one peak only for cholestryl esters and one peak only for the

triglyceride at exactly the cxpected retention times.

In summary it has been shown that the triglycerides all elute with the same retention time on the
chromatogram and mixtures perform the same way that single components do. This has also been shown

for cholestryl esters.

V. SENSITIVITY STUDIES

In this determination, the absorption of the methylene groups in a hydrocarbon chain was being
done, one would expect that as the length of the hydrocarbon chain is increased there would be an increase
in the sensitivity of the detector to that compound. In applying this concept to the situation at hand, as the
length of the hydrocarbon chain attached to the lipid backbone is increased, an increase n the senstivity of
the detector to that lipid is expected. One would expect to see this for cholestryl esters as well as

triglycerides.
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The sensitivity of the detector is an abstract term. In reality, when Beer's law is used, the
absorptivity can be used as a measure of sensitivity. When reported in this manner, higher absorptivities
imply greater sensitivity of the detector to this compound in comparison to another compound with a lower

absorptivity.

In order 1o calculate the absorptivity, a plot of absorbance (A) versus concentration (c) is made. A
Iinear regression 1s performed on the data and from the slope of the line and the pathicngth one can

calculate the absorptivity from Beer's law (A = abc).

Table 1 shows the data for cholesterol, cholestryl esters and triglycerides. The absorptivity has
been calculated in terms of molar concentration since that is the value most often reported in the literature.

Concentrations have been illustrated in terms of mg/ml and conversion is done using the molecular weight

of each hpid.

As can be seen from Table 1 for both the cholesterol-cholestryl ester series and the tnglyceride
serics, the absorpuvity increases with hydrocarbon chain length. In the case of lipids with double bonds, it
is expected that the sensitivity would drop off since the carbon-hydrogen absorption is shifted when there is
a double bond present. (An olefinic hydrogen (C=C-Hj stretching is observed at a slightly higher frequency
at 3.25-3.35 u (3100-3000 cm ']) (9).) Also as can be seen from Table 1, the absorptivities of the
tnglycerides with the same chain length are higher than those of the corresponding cholestryl esters. This is
expected swince the tniglycerides would have more methylene groups than the cholestryl esters. Appendix B
shows the calibrauon curves used for the calculation of the absorptivities in Table 1. The linear regression

line used 1n the determination of the absorptivites is plotted.

It would be of interest to compare the absorptivities calculated for this infrared detector to any
values present in the literatre. Unfortunately these data do not seem to be available. Sunie data were found
in Nelson (9) i the form of infrared spectra and from these spectra absorptivities were valculated using

Beer's law. Table 2 shows the values calculated.
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cholesterol
cholestryl laurate
cholestryl myristate
cholestryl palmitale
cholestryl stearate
cholestryl oleate
cholestryl linoleate
cholestryl linolenate

trilaurin
trimyristin
tripalmitin
tristearin
triolein
trilinolein
trilinolenin

TABLE 2 LITERATURE VALUES OF ABSORPTIVITIES

cholesterol
cholesiryl palmitate
tripalmitin
cholestryl oleate

TABLE 1 ABSORPTIVITIES OF THE LIPIDS

absorptivity
(Y/mol-cm)

101
172
214
226
278
280
197
170

192
225
355
514
465
441
255

solvent

ccl,
ccl,
ccl,

CSs,

- 137 -

chain legnth:
#double bonds

0:0

12:0
14:0
16:0
18:0
18:1
18:2
18:3

12:0
14:.0
16:0
18:0
18:1
18:2
18:3

absorptivity
(l/mol-cm)

530
938
1920
120
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The data in Table 2 show higher absorptivities in all cases than found for the chromatographic
detector. However in ail cases the solvent used was different so no meaningful comparison can be made.
Carbon tetrachloride and carbon disulfide will have a smaller absorbance than the mobile phase used here,
Also different solvents will have different interactions with the compound of interest. Carbon tetrachloride
and carbon disulfide could be used (though it isn’t known if a separation would occur); however they

weren't because of the safety considerations discussed in Chapter 4.

VI. DETECTION LIMITS

A calculation of the detection limits for each of the lipids used in the sensitivity study was done.
The detection hmut is calculaled for signal-to-noise equal to 2 (by definition). The equation of a plot of the
signal-to-noise ratio versus concentration 1s used. Appendix C shows the curves plotted (S/N vs.

concentration and Table 3 the detection limits of the various lipids.

As was menuoned before, the detection limits for lipids are well below the concentrations needed

for determinauon of lipids 1n blood.

VII. CONCLUSIONS

Only three classes of lipids were able to be determined using the chromatographic system
described That 1s, cholesterol, triglycerides and cholestryl esters were determined. Fatty acids and
phosphohipids were not able 10 be determined using the present column and mobile phase. These
compounds cither appeared in the void volume or did not have sufficient absorbance in this paruicular
mobslz phase It was decided not to pursue the separaion of these compounds since they are not normally
determined i serum 1n hospital laboratones. The next step is to use a serum sample and determine the

lipids in this sample using this system.
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TABLE 3 DETECTION LIMITS OF THE LIPIDS

mg/ml

cholesterol 01

cholestryl laurate 0.03
cholestryl myristate 0.02
cholestry! palmitate 0.02
cholestryl stearate 0.02
cholestryl oleate 0.01
cholestryl linoleate 0.1

cholestry! linolenate 0.1

trilaunn 0.02
trimyristin 0.02
tripalmitin 0.02
tristearin 0.02
triolein 0.03
trilinolein 0.01
trilinolenin 0.02
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CHAPTER SIX

SERUM ANALYSIS

Blood is made up of cells (red blood cells, white blood cells and platelets) which are suspended in
a fluid called plasma. Plasma is a mixture of inorganic and organic materials dissolved in water. Generally,
an anticoagulant such as oxalate, citrate, ethylenediaminetetraacetic acid (EDTA) or hepann is added 1o the
blood specimen for preparation of plasma. However, if no anticoagulant 1s added to the blood collected,
and the sample 1s allowed to clot, the fluid separated 1s serum. Serum, therefore, lucks the protein
fibrinogen, since the fibnnogen 15 transformed to fibrin n the formation of the clot (3-6% of the towal
plasma protein 1s fibrinogen). Approximately 93% of the plasma or serum is water. The remaiming 7% are

the solutes, mostly protens (1).

I. THE SERUM SAMPLES

A serum sample, Lipid-Unitrol (Bio-Merieux, Syntex, Kanata, Ont), was purchased. Lipid-
Unitrol 1s a Lipid control which has been assayed for use in the determination of cholesterol, total lipids,
phospholipids and tnglycendes. It 1s a bovine, elevated lipoprotein control serum and conuuns free
cholesterol and estenfied cholesterol in the normal range of human serum. Tnglycendes arc present at an
elevated level. The sample 1s purchased as a powder (lyophilized) 1n a vial and 1s reconsututed with 3 ml of
disulled water and 1s to be treated as a serum sample The hipids are dissolved wath a swirbng mouon until

all are dissolved. The serum sample 1s stable for 4 days at 2-8 °C.

A triglycenide control 1s also analyzed It 1s produced by the Societe quebecoise de biochemie

clinique (Emitrol-1, normal tglyceride, and Emitrol-2, elevated tnglyceride) and 1s used 1n the mnterlab
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quality control program. It is a liquid bovine control and is treated in the same manner as serum. It was

obtained at the Royal Victoria Hospital (Montreal, Quebec).

A third sample is analyzed. The Lipid-Trol sample, which is manufactured by the American Dade
Co. (Canlab, Pomnte Claire, Que), is also a lyophilized product. It is prepared from human blood with the
addiuon of animal plasma lipoproteins to elevate the vanous lipid fractions. The sample is reconstituted
with the addition of 3 ml of distilled water and is o be treated as a patient serum. The Lipid-Trol sample is

found 1o have elevated triglycerides.

II. SAMPLE PREPARATION

Upon reconstitution of the serum sample (the same procedure is followed for the triglyceride
control except there 1s no reconstitution), the sample 1s centrifuged for approximately 30 minutes in a
bench top centnfuge (Intemanonal Equipment Company, Boston, Mass.). Typically a ), Z-, or 3-ml
prpetted aliquot 1s then rernoved and the lipids are extracted according to the method descnbed 1n Nelson
(2). The hpid extracted using 2:1 chloroform-methanol (v/v). (This solution also precipitates the protein
present.) Twenty- five volumes of solvent arc used per ml of serum. The exact procedure for a 1-ml aliquot
is to dehiver 8 ml of methanel into a beaker The serum 1s then added dropwise. Half the chloroform ts then
added (that 1s, 8 ml) and the solution 1s sterred for S minutes. The remaining 8 ml of chloroferm is added
and the solution left 1o stand for a further S minutes. The solution is then filtered using a Whatman No. 41
filter paper The above procedure is done 1n ice in order to decrease breakdown of the lipids. Initially the
filtrate was collected 1n a volumetric flask and diluted to the mark with 2:1 chloroform-methanol.
Separation was possible, however quantitauon was nol possible due to the large background absorbance of

methanol

A number of other methods have been used for the extraction of lipids in plasma and serum

samples. The Sperry and Brand method (3) described by Nelson (2) 1s certainly the most popular. However,

- 142 -



other solvent mixiures have been used. Examples are acetone (4), absoluie alcohol and ethyl ether (1:1) (5),
boiling alcohol-ether mix (3:1) (6), and acetone-absolute ethanol (1:1) (7). All of these solvents were

injected onto the column, however, all had large absorbances. Therefore these were unsuitable.

Since some of the authors had used vacuum or steam evaporation, it was decided to rotary
evaporate at room temperature in order to not cause lipid loss. The filtrate is collected in a 250 ml round
bottom flask and the solution rotary evaporated at room temperaturc untl there 1s no solvent remaining,

The product is then redissolved in the chromatographic solvent.

. THE SEPARATION

The serum sample can then be injected onto the column. The concentration of the lipids are

determined by the standard addition method.

In the standard addition method, one measures a signal for the sample and then after addition of a
known amount of standard to the sample, the signal 1s measured again This should be done at least twice
in order to assure lineanty. A calibration curve is prepared and an extrapolaiion 1o the horizontal axis is
done which gives the concentration of the unknown. This method assumes a Iinear calibration curve and a
good blank. This method also compensates for variations caused by physical and chemical interferences in

the sample since the standard 1s subjected to the same matnix as the sample (8).

A number of aliquots of the serum sample are transferred to volumetric flasks One 1s diluted 10
volume (generally 5 ml) and in the others a known aliquot of a hipid standard 1s added. The absorbance 15
measured afier scparauon on the chromatographic column A calibration curve 1s prepared and the
unknown concentranion 1n the serum sample can be determined by extrapolauon of the hne to the

concentration axis, All the standard solutions are prepared 1n the same manner as previously described All
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Sigma standards are listed as 99% pure and this purity is taken into account in the concentration

calculations. The entire extraction procedure with rotary evaporation takes approximately 1-1 1/2 hrs.

1V. RESULTS

The Lipid-Unitrol sample was treated as described above. Cholesterol, cholestryl esters and
triglycerides were separated on the chromatographic column as expected from analysis of purchased lipids.
The standard addiion method was applied and calculation of the serum concentration was done,
Cholesterol concentration was calculated to be 2 99 g/t (Fig. 1) after taking into account the fact that the
extracuon method yield was 95% The correct cholesterol concentration listed in the Lipid-Unitrol

specifications 1s 2 77-3 25 g/1 Hence the analysis yields results which are correct for cholesterol

However, afier simtlar calculations for triglycerides (using tripalmitin as the standard in the

standard addiion method), the results were ronsistently too low when compared to the results listed in the

specifications.

Upon consideration, 1t was realized that the triglyceride present i serum 1s not one triglyceride
alone but made up of a mixture of many triglycerides If the concentration of tnglyceride was .002 molar
(which 1s the approximate molar concentration of triglycende in Lipid-Unitrol), then knowing the
absorpuivity (Chapter 5) and the pathlength, one can calculate the absorbance of the soluuon using Beer’s
law. If the tnglyceride 15 assumed to be only tripalmitin, the absorbance would be 0.71. However, we know
that the tniglycende 1n serum 1s not only tnpalmitn. If we assume that the triglyceride was a 50-50 mixture
of tnpalmin and trolein, the absorbance 1s calculaied to be 0.824, an increase in absorbance of
approximately 16t Therefore the actual fatty acid compositon of the triglycendes present in scrum is
important in this determination. That 1s, we cannot simplify and use any one mglycende as a standard. This

argument would also apply to cholestryl esters.
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This conclusion was confirmed upon a review of the literature. Numerous studies have been
performed in order to determine the fatty acid composition of cholestry! esters, triglycerides, phospholipids
and free fatty acids (9,10). It is believed that the fatty acid composition of the various ipids vary due to diet
as well as medical health conditons such as heart disease and the hyperlipidemias. The fatty acids present
in plasma vary depending on whether the diet is high in saturated or unsaturated fats (11) and therefore it
could be assumed that the fatty acid compositon of the other lipids will vary to some extent depending on
dict as weli. To further complicate matters, there appears to be some difference in fatty acid composition of

the lipids as well as overall lipid levels depending on age (9).

All this notwithstanding, an approximation of the mixture of triglycerides and cholestryl esters
present in serum was made to be used 1n the standard addition. A mixture of the 6 major triglycerides was
used (despite the fact that there arc many more than that present in serum, though in very small
proportion): 7.5% trimynstin, 31.3% tripalmitin, 5.3% tnstearin, 32.7% triolemn, 6.1% tnlinolewn, 17.1%
trlinolenin. The 6 major cholestryl csters were also used in the following proportions: 10.4% myristate,

7.8% palmutate, 6.2% stearate, 21.5% oleate, 49.0% linoleate, and 5.2% linolenate.

Using these mixtures, mglyceride was calculated 1o be 2.38 g/1 (Fig. 2) within the range quoted
for Lipid-Unutrol (2.34-2.86 g/1) Cholestryl esters were calculated, in spite of the fact that no values are
given other than the information that cholestryl esters are within the normal range for human serum.
Cholestryl esters were evaluated to be 3.47 g/l (Fig. 3). The cholestryl ester values given in Schrade et al.

(9) for healthy persons was 2.0-2.4 g/t and in Guidry (12) the range was 2.13-2.36 g/l.

The Royal Victoria tnglycende control is analyzed and the Emitrol-1 (normal tnglyceride level)
was determined to be 1.06 g/l (Fig. 4). The correct range for this sample was 0.9-1.01 g/l as determined by
the hospital. The Emitrol-2 (elevated triglyceride level) sample is determined to be 2.07 g/ (Fig. 5). The

hospital has determined 1t to be 1.78-1.93 g/.
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The Emitrol-1 and -2 samples are analyzed by individual laboratories and then the results are sent
to the Societe quebecoise de biochemie clinique and the results analyzed throughout the province. The
average values for the triglyceride controls for over 80 hospitals are compiled. Hence the hospital results
are only correct for their individual system. The correct range determined for Emitrol-1 was 0.89 -1.09 g/l
and for Emitrol-2 was 1.75 to 1.97 g/l. Hence there is a difference between the hospital range and the
overall range. Serum samples were analyzed for cholesterol and triglycerides by a minimum of 2 different

methods and as many as 4 different methods.

A third sample, the Dade serum sample Lipid-Trol, was analyzed. The triglyceride was
determined to be 3.25 g/l (Fig. 6) which is in the correct range listed in the specifications. The extry
analyses of triglycenide in the control and the Dade sample was done since it was the triglycende (and also
the cholestryl ester) which had caused some problems initially. Further analyses were done for

confirmation.

V. COEFFICIENT OF DETERMINATION (1)

In order to compare different sets of data or methods, one uses the cocfficient of determimnauon
(also called the coefficient of vanation). The coefficient of vanation 1s the standard deviauon divided by
the mean times 100. This allows one to compare the results of two different experiments or methods since
means cannot be compared directly because all expennments and struments have different standard
deviations Means and standard deviations cannot be compared directly since they may be expressed
differcntly. Table 1 (expanded from the product literature) shows the coefficient of vanation for the
different methods used to analyze the serum samples The specifications provided by the companes that

produced the serum samples included the means and the standard deviauons so that the coefficient of
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TABLE 1 COEFFICIENTS OF DETERMINATION FOR TRIGLYCERIDES IN THE

SERUM SAMPLES
mean standard coefficient of

Lipid-Unitrol

1. Hantzsch 223 0.14 6.28
2. enzyme-UV 246 0.13 5.28
3. enzyme-PAP 2.60 0.13 5.00
Lipid-Trol mg/dl

1. colorimetric 291 6.0 2.06
2. enzymatic (Abbott) 322 8.1 2.52
3. Boehninger-Mann 286 9.8 343
4. DuPont 286 6.2 217
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variation can be determined and then compared to that for the infrared detector used here. All of the
methods used by Syntex and American Dade Co. are absorption determinations (colorimetric or ultraviolet
absorption reacuions). The Hantzsch reaction involves the extraction of the lipids followed by hydrolysis of
the tnglycende to formaldehyde using sodium metaperiodate. Reaction of the formaldehyde with
ammonium acetate and acetylacetone (Chapter 1) 1s followed by determination at 412 nm. The enzyme-UV
and enzyme-PAP method used by Syntex in the determination of triglyceride in Lipid-Unitrol is not
described, however 1t 1s likely simular to the enzymatic method described by Tietz (1). This reaction
involves the alkaline hydrolysis of tnglycenide using ethanolic potassium hydroxide. A solution of enzyme,
NADH and ATP 15 added with the absorbance measured at 340 nm. The colorimetnc method used by Dade
1s the same Hantsch reacuon used by Syntex. The Abbott and Boehninger-Mannheim systems are simply
described as ensymatic quanttative determinauons of tnglycende (very likely a variation on the enzymatic
determinauon described above or one of the many descnbed 1n Chapter 1). The DuPont system is described
as an ensymatic procedure with the formauon of NADH measured at 340 nm. Hospital laboratories use

automaled systems siular 1o those descnibed here depending upon which instrument is actually used.

The coefficient of vanauon 1s 12.6% for the infrared detector. Six determinations of the same
sample are done on the same day. The coefficient of vanation on a day-to-day basis 1s determined to be

18.2%. It 1s expected that there 15 less precision on a day-to-day basis.

The 12 6% determined for this detector is 2-6 times worse than the methods quoted in the

specifications. This 1s expected since these are well known tried and true teckniques.
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VI. CONCLUSION

The serum samples are analyzed using the HPLC infrared detector. The mglycende and
cholesterol values are within the range quoted as correct. Any differences are due to the differences n
standard deviations and technique which is the reason all the purchased serum samples give a number of

different "correct” values using a number of different techniques.

The infrared detector 1s not as sensitive as any of the well-known commercial HPLC detectors.
Despite this it has the advantage that it can detect all classes of lipids. (One would expect the DuPont or

Foxboro LC detector to be able 10 detect all classes of lipid since it 18 also an infrared detector.)

This detector also has the advantage of being non-destructive, which all of the auiomated methods
(usually involving alkaline hydrolysis or periodic oxidation) are not This is important since the ongmal
conception of the detector was to build a detector which could detect all classes of lipids and then if
necessary these classes could be shunted 1o a second column and separation within the class could be done

using a reverse phase column.

Future work would include double-beaming the instrument to compensate for the laser wander and
the absorption of the mobile phase. (A commercial infrared helum-neon laser would also be purchased
since commercial lasers have longer lifeimes and hopefully more stable output.) This would certanly

improve the cocfficient of variaton.

In addiuon, a cl.romatographic system would be developed so that all classes of lipid could be
separated including the fatty acid and phospholipids This could involve the use of a gradient Gradient
elution hqud chromalography using an infrared detector has been done by Parris (13) The infrared
detector has a clear advantage over the refractive index detector since gradient elution 15 not casily done

with refractive index detectors.
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Also a recent survey of the product literature involved the discovery of a flow cell constructed of

%

A Infrasil Quarwz (Hellma Cells, Toronto, Ontario) which is expected to give less absorption of ight at 3.39
W. It has the same dimensions as the Suprasil Quartz cell used; however, it should absorb less of the laser
radiation before the laser hight reaches the chromatographic effluent.

A
¥
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APPENDIX A. LASER SAFETY (1)

The first step 1n laser safety is to establish into which class the laser falls. This 1s determined by
the wavelength, power output and length of pulse (for pulsed lasers). In the case of continuous wave (CW)
lasers such as very common 6328 angstrom helium-neon laser- a Class I laser has a power output of less
than or equal to 1 microwatt; a Class 1I laser has power greater than or equal to Class I but less than or
equal to 1 miiliwa; Class II laser’s power is greater than that of Class II, but has power of less than or
cqual w 0 5 watts; and a Class IV laser’s power 1s greater then 0.5 watts. Depending upon the class of the
laser (any laser safety book will explain how to classify a laser), an appropnate sign is placed on the door
10 the laser arca Class 1 lasers are considered to be low-power lasers and require only a CAUTION sign
with the proviso "Do not stare directly 1o the beam". Class 1I lasers (only visible lasers can be Class II)
are considered medium-power lasers and also require a CAUTION sign with the proviso: “Do not stare into
beam Never view through optical instruments.” Class IIT jasers are medium-poy, . lasers and require a
DANGER sign with the proviso "Avoid dircct exposure to beam " Class 1V lasers ar high-power lasers

requinng a DANGER sign and the proviso: "Avoid eye or skin exposure to direct or scattered radration.”

It can be scen that as the laser's power output increases, the precautions to be taken become
increasingly stringenti, for example, for the Class 1V laser, eye and skin exposure 1s dangerous even after
diffuse scaticring of the hght, The American National Standards Institute (ANSI) Z 136.1 (1980) (2) states:
eyewcar SHOULD (the word should 1s to be understood as advisory) be used for Class III lasers and
protective cyewear SHALL (the word shall 1s undersiood 1o mean mandatory) be used for Class IV lasers.

Parucular caution should be taken with invisible lasers.

The necessary safety considerations can be broken down into three different categories: personnel,

engineenng, and electrical.
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1. PERSONNEL SAFETY

Personnel safety involves ensuring that the laser user and all other laboratory workers are also
safe. Personal safety concerns eye, skin, and inhalation precautions. Eye protection can take the form of
wearing glasses or goggles that offer adequate protection for the type of laser being used, ie., the
wavelength of output and the power output. Laser goggles should be labeled for the wavelength and the
laser for which they are o be used and should not be used for any other wavelength or laser. Many people
erroncously think that using any pair of laser goggles 15 better than using nothing at all In most cascs
indiscnminate use of goggles affords no protection since goggles generally have a very narrow band of
proiection and offer no protecuon at all at wavelengths other than those for which they were designed A
real danger results when a person weanng the wrong pair of goggles thinks he or she 1s adequately

protected and then looks at the beam.

Eyewear should be nspected peniodically for cracking, and discoloration. The frame should be
inspected for mechanical integrity and the eyewear should be examined for light leaks that would permit
hazardous intrabeam viewing. (Intrabeam viewing is the condition resulting from loss of integnty whereby

the eye 1s exposed to all or part of a laser beam )

Particular care should be taken when using a laser to ahign opucs. For this task, eyewear 1s usually
not practcal since the laser beam must be seen. It 1s usually recommended that laser work be done 1n a
well-lit room so that pupil size 1s its smallest; therefore, 1f a beam does hit the eye, there 1s minimal chance

for damage. Since ahignment of optics 1s ofien done 1n the dark, this task requires particular care,

Few accidents have occurred as a result of eye exposure o a laser, but most of the exposures that
did take place did so because personnel were not wearing protective eyewear Of seven acaident cases
surveyed (3), six vicums were not wearing eyewear and one was, but 1t had shpped The importance of
protective eyewear cannot be overstressed. Glasses or goggles must fit properly and comtortably so that

they will do the job for which they were designed. (Prescnipuon safety glasses or goggles are available.
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Laser workers requiring co.re uve lenses should purchase these, or make sure that regular goggles fit

comfortably over prescription glasses.)

The American National Standards Institute (ANSI) and Air Force Occupational Safety and Health
(AFOSH), as do most of the safety manuals and books, suggest an eye examination before starting laser
work, at periodic intervals during work, and upon completion of laser work. AFOSH (4) suggests taking an
ocular history, a best corrected distant visual acuity (ncluding cycloplegic refraction, if indicated), an
Amsler gnd cxaminauon, and funduscopic and shit lamp examinations. ANSI has shghtly different
requirements, but ANSIand AFOSH tend to agree on most points. Most ophthalmalogists include most of
the points histed above 1n any thorough eye examination, so there should be no difficulty getting a proper

examination.

In addition to eyc precautions, skin protection must be used for high-power lasers and some
ultraviolet lasers. Care should be taken 1if the laser worker is using prescription medication that causes
sensitivity to hight, since the worker may be especially suscepuble 10 eye or skin damage. Also, the

worker’s medical and ocular history should be examined for anything that would cause abnormal

sensitivity (o laser hght.

Some lascrs produce noxious products; thus ventilation must be adequate. Also, very large

capacuors on high voltage power supplies can produce a very loud noise upon discharge, necessitating the

usc of ear protection.

With some solid-state lasers, such as a ruby laser, the method of producing the population
wversion 1o obtain lasing 1s a flashlamp, which can produce a very bright flash that can be dangerous. In

such cases the laser goggles may not be useful since the flashlamp 1s usually at a different wavelength than

the laser output
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One last precaution is to remove all jewelry - watches, rings, elc. - to eliminate any chance of
hazardous reflections. (It is also advised that workers not wear any metal when working with high vollages,
which is invariably the case with lasers.) It is a good idea to make a habit of removing all jewelry in the

morning before starting work and then putting 1t on again before leaving for the day.

To guarantee everyone’s safety, other precautions that should be taken include the installation of
curtains, protective housing and warning hghts. Warning hights are advised for all lasers and these should
be turned on when the laser is on. Red lights are standard and can be connected to the power supply so that
the warning lights come on when the power supply 1s wrmed on. Most safety manuals suggest using
curtains on windows to prevent radiation from escaping. The CRC Handbook of Laboratory Safety (S)
suggest heavy black felt drapes as a possible matenal for the curtains. As long as the curtains are fireproof
and opaque, they will be effective n contauning radiauon. Depending on the wavelength of laser output,
other materials may work, such as plastic garbage bags, which are convenient and cheap and are useful,

particularly if the laser 1s only being used for a short period of ume.

The laser should not be at eye level for personnel who are situng or standing, and therefore should

be higher than six feet or lower than three feet to mimimize the nsk of eye exposure.

Specular scattering (scattering off murror-like surfaces) can be dangerous, so it 1s advisable o
paint all metal surfaces flat black to reduce dangerous reflections. In addition, there can be hazardous

reflecuons off the paint on the walls depending on the wavelength of laser output (6)

A protecuve housing made of a matenal that will absorb the laser output 1s useful since 1t reduces
the danger to the user as well as to other workers. Permanent protective housing will reduce the class of the

laser because of the reduction in power output.
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2. ENGINEERING SAFETY

Engineering controls can include protective housing and waming lights, safety interlocks and
locked doors, and fire extinguishers. Most laser laboratories should be kept locked so that no one can
wander in and be inadvertently exposed to laser light. Locking up is a good idea if there is more than one
person working 1n the laboratory. However, anyone working alone faces a problem. Either the door is
locked, kecping everyone out for their safety, or the doors are left unlocked so that the person working

alone can call for help, or at least not be locked 1n if help is needed.

Safety interlocks (keys etc.) are suggested so that no unauthorized personnel can turn on the laser.
Most commercial lasers usually have some sont of safety interlock. Since some high-power lasers can,
because of thewr high energy, cause 1gnition, a fire extinguisher should be handy, and all flammable objects

should be removed from the beam’s path. In chemistry laboratories in particular, all flammable chemicals

should be removed.

3. ELECTRICAL SAFETY

Electnical safety is the last category of laser safety, Safety precautions in this category include
making sure that the laser user 1s properly insulated through use of an insulating mat (since all floors are
considered conducuve), and making sure one’s hands are dry and not perspiring (using insulating or
lineman’s gloves). The electric company branch in most towns would have information on where to
purchase these gloves. Best’s Safety Directory (7) has a great deal of useful information on where safety

p:oducts can be purchased

As menuoned previously, no jewelry or metal should be wormn when working with the laser. As in
all high voltage situauons, the "one-hand" rule applies: that is, use one hand only and make sure the other

hand is not touching anything that 1s conductive which could make a complete current path through you;
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putting one hand in a pocket is a good idea. An electrical shock causes the muscles to contract. Using the
palm to grab something may cause an electric shock that causes the hand to clench, and if the power is high
enough, one cannot let go. Using the back of the hand reduces the possibility of being left clenching a live

wire,

If someone is found unconscious near a laser, assume the worst and call for help immediately.
Always check to make sure that the person is disconnected from the power supply; if he or she is not, make
sure the power supply is OFF. Once the p:rson has been disconnected from the high voltge, begin
standard first aid procedures. Check for breathing and start artificial respiration if necessary. Then check
for a pulse, and, if necessary, begin cardio-pulmonary rescusitation {CPR). Someone 1n the laboratory
should be trained 1n first aid and in CPR, since cardiac arrest is the most drastic consequence of high
voltage accidents. In addition, every worker should know the number to call for help, both within and
outside of the nstitution. It 1s important to neither work alone with a laser and high voltages, nor to work

when overly fatigued, since this is when accidents are most likely to occur.

Several accidents have occurred involving laser workers. Of those accidents involving eyec
damage, all victims have recovered with either some or no permanent damage. High voltage has permanent

effects - it can kill.

4, SUMMARY

Lasers should be treated with respect since they can, when carelessly used, be very dangerous.

Safety is important, bui it need not be taken to extremes to be effective.

The safety steps taken into consideration with the use of the infrared helium-ncon described above
were; determination of the class of the laser. The laser was a class 111 laser and hence the appropriate

DANGER sign was placed on the doors leading into the room where the laser would be used. Laser safety
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goggles appropriate for the particular wavelength and expected power output of the laser where purchased

(Opukon Corp., Waterloo, Oniari0). An eye examination was performied by an ophthmalogist. Curtains in a

fireproof and opaque matenal were purchased (Draperies Suzanne Yournel Enr., St. Vincent de Paul,

Quebcec). Warning lights were placed over the 2 doors leading into the room. Everything placed on the

opuical bench was panted flat black (if this was feasible). The 2 doors to the room were left unlocked and a

fire extinguwisher was placed in the immediate vicinity of the laser. An insulating rubber mat for the floor

was purchased {Umon Electric, Montreal, Quebec) as were lineman’s gloves (Safety Supply Co., Montreal,

Qucbec). The opuical bench was grounded and one of my collegues learned cardio-pulmonary rescusitation

(CPR) I made sure never to work alone in the lab.
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APPENDIX B

The calibration curves (Absorbance vs. concentration) for all the lipids which were used for the calculauon
of absorptivities in Table 1 in Chapter 5.

correlation intercept absorptivity

coefficient (mg/ml) Ymol-cm
cholesterol 0.920 0230 101+20.9
cholestryl laurate 0.967 027 1724223
cholestryl myristate 0.980 0371 2141178
cholestryl palmitate 0.959 0517 2261330
cholestryl stearate 0.965 0342 278+30.7
cholestryl oleate 0.998 .0392 2801173
cholestryl inoleate 0.981 0375 1971159
cholestryl inolenate 0.980 0979 1701123
tnlaurin 0.961 .0306 1921224
trimyristin 0.985 .0801 225116.1
tripalmitin 0.989 .0381 355+18.6
tristearin 0.997 .0350 5141164
triolein 0.970 0267 465147.1
tnlinolein 0.983 L0481 4411292
trilinolenin 0.974 .0435 255+17.0
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APPENDIX C

Included are the signal-to-noise versus concentration curves for all the lipids which are used in the determination of
the detection limits given in Table 2 in Chapter 5.

correlation coefficient

cholesterol 0.98
cholestryl laurate 0.99
cholestryl myristate 0.99
cholestryl palmitate 0.99
cholestryl stearate 0.99
cholestry! oleate 0.99
cholestryl linolcate 0.99
cholestryl linolenate 0.99
trilaurin, 0.99
trimyristin 0.99
tripalmitin 0.99
tristearin 0.99
triolein 0.99
trilinolein 0.99
trilinolenin 0.96

e

iy
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

1. The construction of an infrared detector for High Pressure Liquid Chromatography based on a previously
published design.

2. The evaluation and characterization of this detector.

3. The demonstration of the detector as a means of detecting all classes of lipid in the flow-injection
analysis mode.

4. The use of the detector in High Pressure Liquid Chromatography for detection of the three most
commonly analyzed for classes of lipid: cholestryl esters, triglycerides and cholesterol.

S. The use of a normal phase High Pressure Liquid Chromatography column for the separation of 3 classes
of lipds.

6. The use of normal phase chromatography for the determination of the absorptivity and detection limits
for cholesterol, cholestryl esters and triglycerides.
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