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Malonaldehyde,   a very reactive member of the homologous 

series of dialdehydes,   is associated with the autoxidative deteriora- 

tion of lipids.    Its measurement, in autoxidized lipid systems is an 

expression of the extent of oxidation, in lipids.     Malonaldehyde lends 

itself well to such determinations because of the sensitivity and 

specificity of its quantification in complex lipid systems.     Complete 

knowledge of the formation of malonaldehyde in autoxidized lipids. is 

lacking.     Such knowledge would undoubtedly promote a better under- 

standing of lipid autoxidation mechanisms. 

In this investigation,   a method for detecting malonaldehyde 

through the use of its reaction with p-aminobenzoic acid was devel- 

oped.     This was adapted for use in measuring malonaldehyde in 

lipids and in tissue samples.     The reaction between p-aminobenzoic 

acid and malonaldehyde was partially characterized,   and a mechanism 

for the formation of the reaction product was postulated. 



The quantification of malonaldehyde in lipid systems by the use 

of p-aminobenzoic acid involves the use of a mild reducing agent such 

as stannous chloride to prevent interference from hyd roper oxides 

present in the system.     The p-aminobenzoic acid reaction is highly 

specific for malonaldehyde and proceeds smoothly and rapidly at 

room temperature in a non-aqueous chloroform-methanol solvent 

system to yield a highly colored compound having a maximum 

absorbance at 406 m|j. and with a molar absorptivity of 73, 500.     The 

absorbance value may be converted directly to parts-per-million 

malonaldehyde through the use of a conversion factor in a simple 

equation.    The limits of detectability of themethod are on the order 

of one ppm malonaldehyde.    The measurement of malonaldehyde in ■'■ 

the lipid fraction of tissue samples involves the prior extraction of 

the lipid with a non-aqueous chloroform-methanol solvent,, by an 

extraction method which was developed for this purpose. 

The reaction of malonaldehyde with p-aminobenzoic acid 

involves the condensation of two molecules of p-aminobenzoic acid 

with one molecule of malonaldehyde.     The reaction exhibits a rate 

maximum at a hydrogen ion concentrations of about 0. 1 molar,   and 

also exhibits  rate dependencies upon the concentrations of both 

malonaldehyde and p-aminobenzoic acid.     This strongly suggests that 

the reaction proceeds according to an S   2 mechanism.     A postulated 

mechanism involves nucleophilic  1,4-addition of the amino nitrogen 



of p-aminobenzoic acid to the enol of malonaldehyde followed by-loss 

of water to form the enamine.     The reaction with a second molecule 

of p-aminobenzoic acid involves nucleophilic substitution of the 

amino nitrogen at the carbonyl function of malonaldehyde followed 

by loss of water to form an imine linkage. 
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THE QUANTIFICATION OF MALONALDEHYDE IN MARINE LIPIDS 
WITH PARA-AMINOBENZOIC ACID 

INTRODUCTION 

Malonaldehyde has been shown to be present in a wide variety 

of foodstuffs and biological materials in which the lipid fraction has 

undergone oxidative deterioration.    The origin of malonaldehyde in 

oxidized lipids is still largely unknown.    Firm chemical evidence of 

its origin in lipid systems would answer basic questions about the 

mechanism of lipid oxidation. 

Unlike other carbonyl compounds formed during lipid oxidation, 

malonaldehyde lends itself well to measurement as a means of deter- 

mining the extent of lipid autoxidation because of the relative ease, 

sensitivity and specificity of its quantification in complex systems. 

As a means of qualitative and quantitative determination of malonalde- 

hyde in lipid systems,  the thiobarbituric acid test has been the most 

widely, used method since its inception little more than a decade ago. 

Malonaldehyde reacts with thiobarbituric acid to form a red chromq- 

gen having an extremely high molar absorptivity,   and as such forms 

the basis for a highly sensitive spectrophotometric method of assay 

for malonaldehyde. 

In recent years,  however,  the thiobarbituric acid (TBA) test 

has been subjected to critical examination because of reported 



interference by aldehydes,   sugars and other materials such as ferric 

ions,  nitrites and nitrates and hemin.    The conditions of heat and 

acid under which the TBA test is commonly performed are unquestion- 

ably harsh.    Under the conditions of the test,  the highly labile 

unsaturated fatty-acids present in lipids of marine origin are 

extremely, susceptible to further autoxidation.    In addition such treat- 

ment undoubtedly promotes breakdown of malonaldehyde precursors, 

and thus prevents the making of a quantitative assessment of malon- 

aldehyde actually formed at various stages during the autoxidative 

process.    Such an assessment could shed light on the problem of 

malonaldehyde formation,   and how malonaldehyde exists in oxidized 

lipid systems. 

It was the purpose of this research to investigate the reaction 

between malonaldehyde and p-aminobenzoic acid,   and to develop a 

quantitative procedure for detection of malonaldehyde in autoxidized 

lipid systems which would be highly specific for malonaldehyde; which 

would allow detection of malonaldehyde without also detecting malon- 

aldehyde formed from various precursors under the conditions of the 

TBA test,   and which could be run rapidly at room temperatures,  thus 

largely avoiding the possibility of further lipid autoxidation. 



LITERATURE REVIEW 

The Occurrence of Malonaldehyde in Autoxidized Lipids 

The detection of malonaldehyde has been used for over sixty 

years as the basis for an.index of oxidative rancidity,  but only within 

the last two decades has the compound detected been identified as 

malonaldehyde.    The condensation of phloroglucinol with compounds 

present in oxidized lipids to form a red chromogen (Kreis test) has 

been used since 1902 as a measure of oxidative rancidity.    Powick 

(1923) concluded that epihydrin aldehyde (glycidaldehyde) or its 

acetal was responsible for a positive test.    However,   Patton,   Keeney, 

and Kurtz (1951) showed that malonaldehyde or its acetals also would 

produce a positive Kreis test and Patton (I960) demonstrated that 

pure epihydrin aldehyde would not react to produce the red chromo- 

gen. 

The use of thiobarbituric acid (TBA) as a reagent for measure- 

ment of oxidative rancidity dates from 1944 wh^n Kohn and Liversedge 

first reported that a red color resulted when tissue was aerobically 

incubated with TBA.    Bernheim,   Bernheim and Wilbur (1948) first 

recognized that the compound reacting with TBA to form the red 

chromogen was derived from oxidized lipids.    They suggested that a 

three-carbon fragment containing an aldehyde or ketone function was 



responsible.    Patton and Kurtz (1951) reacted a number of com- 

pounds with TBA and concluded that malonaldehyde was responsible 

for the formation of the red chromogen.    Sinnhuber,   Yu and Yu 

(1958) then demonstrated conclusively that the pigments formed by 

reaction of TBA with oxidized salmon oil and malonaldehyde were 

identical. 

The TBA Test:   A Critique 

The TBA test as an highly empirical assay for the presence of 

malonaldehyde in oxidized lipids has been widely used as an index of 

oxidative rancidity in foodstuffs and biological materials.    The test 

provides a way to measure the peroxide content of autoxidized lipids 

which is many times more sensitive than iodometric methods.    It is 

most useful in the measurement of oxidative rancidity in lipids con- 

taining relatively high percentages of polyunsaturated fatty acids. 

The method has one great advantage over all others in the measure- 

ment of oxidative rancidity of lipids in intact tissue samples.    With 

tissue samples,  the test may be run on the sample itself, thus can- 

celling the need for prior lipid extraction.    Finally,   it has been 

established that the results of the TBA test correlate well with taste 

panel scores of oxidative rancidity and overall quality of fishery 

products  and other foods which contain polyunsaturated fatty-acids. 

Limiting Factors:   A lack of knowledge about the mechanism 



of formation of malonaldehyde in oxidized lipids has stifled any- 

theoretical considerations concerning the TBA test,   and this often 

has led to the use of the TBA test without due consideration for its 

limitations.    There is strong evidence to indicate that fatty-acids 

must have at least a triene-unsaturated system to form malonalde- 

hyde in the early stages of oxidation.    Bernheim,   Bernheim and 

Wilbur (1948) reported that oxidized oleic acid did not react with TBA, 

that oxidized linoleic acid gave only a slight reaction,   while oxidized 

linolenic acid gave a strong reaction.    Dahle,  Hill and Holman (1962) 

confirmed this observation with fatty-acid esters oxidized up to a 

peroxide level of 2000.    This indicates that at comparable levels of 

autoxidation, the TBA index of naturally-occurring lipid materials 

varies with their fatty-acid profiles.    This fact restricts the use of 

the TBA assay method to a comparison of levels of autoxidation of a 

single material at various experimental stages.    Dahle et al.  have 

also pointed out that "without knowing the profile of unsaturates in a 

test sample,   and without knowing something of the stoichiometry of 

malonaldehyde formation from individual unsaturates,   one cannot 

ascribe to the TBA value an absolute index of autoxidation comparable 

to that offered by the peroxide value. " 

Some recent investigators have raised serious questions con- 

cerning the applicability of the TBA assay under certain conditions. 

Cowlishaw (1961) in an investigation into the role of tocopherols in 



the erythrocyte used the TBA test for measuring the extent of lipid 

oxidation and found that a red interfering pigment absorbing at 553 

m|ji was formed by reaction of TBA with hemin.    There have also 

been numerous  reports about marked increases in the TBA value of 

oxidized lipid systems and in tissue homogenates in the presence of 

ferric ion.    Wills  (1964) reported that this increase was not accom- 

panied by additional oxygen uptake,   and concluded that ferric ion 

acted by a mechanism which did not involve iron-catalyzed oxidation 

of the unsaturated lipid.    However,   McKnight and Hunter (1965) found 

that under strict anaerobic conditions in pure lipid systems ferric ion 

had no effect on TBA values,  but that in the presence of oxygen there 

occurred a 2- to 20-fold increase in the amount of color formed. 

This effect was not noted with^tissue homogenates.    They urged 

extreme caution in the interpretation of TBA values obtained under 

aerobic conditions,   since very rapid lipid peroxidation can occur in 

the presence of traces of ferric ion and at the elevated temperatures 

of the reaction.    The accelerating effect of ferric ion was also noted 

by Jacobsen,   Kirkpatrick,   and Goff (1964) who reported that sunlight 

and temperature could also affect £he reaction. 

The elevated temperature and the acid conditions under which 

the reaction is usually performed may cause undesirable side reac- 

tions such as peroxide breakdown and decomposition of the TBA. 

There have been numerous studies concerning the possible side 
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reactions.    Tarladgis,  Pearson,   and Dugan (1962) presented evidence 

to show that TBA itself was degraded upon acid-heat treatment to 

produce colored products.    They (1964) proposed that the reaction be 

run at ambient temperatures,   and without acid to minimize these 

undesirable effects.    Other investigators (Jacobsen,   Kirkpatrick and 

Goff,   1964; Taufel and Zimmermann,   1961) have suggested the use of 

moderate reaction temperatures to minimize further autoxidation and 

breakdown of the TBA. 

The evidence presented by Tarladgis et _al.   (1962) concerning 

degradation of TBA was later refuted by Yu and Sinnhuber (1964),   who 

showed that the use of purified reagents prevented formation of any 

interfering colors in the test even in the presence of peroxides,   and 

that decomposition of the TBA itself to produce interfering colors did 

not occur. 

Interfering Reactions:   The reaction of TBA to produce a red 

chromogen absorbing at 532 mfji seems to be specific for malonalde- 

hyde.    Malonaldehyde does however react with numerous other 

aldehydes or aldehydic materials to yield colors whose absorption 

spectra often overlap that of the malonaldehyde chromogen.    It was 

noted early by Wilbur,   Bernheim and Shapiro (1949) that certain 

aliphatic aldehydes and sugars react with the TBA to give colors,   and 

that the absorption spectrum of the reaction product of TBA with 

glyoxylic acid closely approximates that given by autoxidized 
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linolenic acid.    This observation was confirmed by Tarladgis et al. 

(I960) and by Smith,   Tinsley and Bubl (I960) with glyoxal.   Both of 

these latter groups also reported interference from a yellow pigment 

absorbing at 450 m|x when the TBA assay was performed on naeat or meat 

extracts.    Lauducci,   Pouradier,   and Durant^* (1955) stated that the 

TBA reaction was not specific enough when applied to animal tissues 

and that glycolaldehyde,   glyceraldehyde and dihydroxyacetone all 

gave interfering yellow colors with TBA.    Patton (I960) reported 

similar results and added glycidaldehyde to the list of interfering 

materials.    By far the most exhaustive work done on the nature of 

the TBA reaction was that of Schmidt (1959) and that of Taufel and 

Zimmermann (1961).    Schmidt reacted TBA with a large number of 

compounds to form chromogens having visible absorptions over the 

range from 452 m|JL to 549 m\±.    He concluded that TBA can react 

with any compound having the empirical formula,   HO-(CR=CH)   -CHO, 

where x = 0, 1,2 and R is any substituent,  to form a chromogen whose 

absorption maximum is dependent solely upon x and R.    Yu and 

Sinnhuber (1962) were able to show that interfering yellow reaction 

products could be separated from the pink chromogen by two alterna- 

tive methods.    A correction factor could then be calculated to give 

corrected TBA values for future determinations on similar materials, 

thus eliminating the need for purifying each sample. 

Chemical Disposition in Lipids:    The actual presence of 



malonaldehyde in autoxidized lipids in quantities as determined by 

reaction with TBA has been questioned by many investigators.     The 

few quantitative studies which have been conducted show that only a 

small part of the malonaldehyde,   as determined by direct TBA reac- 

tion,   exists in the free state.    Extraction of autoxidized lipids by 

water,   aqueous acid,   aqueous base,   and buffer solutions yielded up 

to a maximum of 30% of the malonaldehyde present (Yu,   1965) while 

vacuum steam-distillation gave only 10% (Day,   I960).    This seems to 

indicate that malonaldehyde is bound in some way to the lipid,   or that 

it is not present,  but formed during the course of the TBA reaction 

from a precursor or precursors unknown,   or that a compound or 

compounds unextractable by these methods also reacts with T BA to 

form the red chromogen absorbing a.t 532 m|jL.    Franz and Cole (1962) 

lent credence to the last possibility by separating four distinct TBA- 

reactive substances from autoxidized linolenate by gas-liquid 

chromatography.    All of these substances reacted to form a pink 

color with an absorption maximum at 532 m\x.    Taufel and 

Zimmermann (1961) earlier had noted that 2, 4-hexadienal and 2,4- 

heptadienal reacted with TBA to produce a pink coloration with 

absorption maximum at 532 m|jL.    The same observation was made by 

Jacobsen,  Kirkpatrick and Goff (1964) who produced the pink colora- 

tion with dienals purified by gas-liquid chromatography.    At about 

the same time,  however,   Lillard (1964) and Lillard and Day (1964) 
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investigated the controlled autoxidation of some of the secondary 

products of lipid oxidation.    They found that malonaldehyde,  as 

measured by the TBA reaction,  was produced by the further oxidation 

of 2,4-heptadienal,  2-nonenal,  and l-octen-3-one.    In each case, the 

amount of malonaldehyde produced depended upon the degree of 

autoxidation of the compound,  with 2, 4-heptadienal producing about 

10 times the quantity of malonaldehyde as the others at comparable 

levels of autoxidation. 

Saslaw and Waravdekar (1963) isolated "several" unidentified 

TBA-reactive substances,  which were not identical with authentic 

samples of malonaldehyde,  by thin-layer and countercurrent- 

distribution techniques from irradiated fatty-acid methyl esters.    In 

an expansion of their investigation,  Saslaw and Waravdekar (1966) 

obtained several TBA-reactive substances from linolenic and 

arachidonic acids which had been oxidized by various procedures. 

They showed that these materials were carbonyl in nature and not 

peroxides.    In-vitro oxidation of brain and liver homogenates pro- 

duced similar TBA-reactive substances which were distinguishable 

from malonaldehyde by thin-layer chromatography. 

The foregoing considerations have prompted some investigators 

to look for other methods of detection and quantification of malonalde- 

hyde in autoxidized lipid systems.    Kwon and Watts (1963) proposed 

a spectrophotometric procedure utilizing the difference in ultraviolet 
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absorption of malonaldehyde in basic systems at 267 m|j. and in 

acidic systems at 245 m|j..    This method eliminated interference from 

other compounds whose spectra would not be expected to exhibit such 

a pH dependency. 

Sawicki,   Thomas,   and Johnson (1963) have condensed malon- 

aldehyde with several aromatic compounds and developed quantitative 

methods for malonaldehyde assay by utilizing these reactions. 

Malonaldehyde Assay with p-Aminobenzoic Acid 

A reaction with high potential sensitivity and specificity for 

quantitative estimation of malonaldehyde was discovered early by 

Kohn and Liversedge (1944) in their work with brain homogenates. 

The incubated homogenates produced a substance which condensed 

with p-aminobenzoic acid (PABA) to form a chromogen absorbing a.t 

390 m|jL.    Later,   Bernheim,  Wilbur and Fitzgerald (1947) found that 

oxygen uptake accompanied production of this substance in brain 

homogenates which had been previously boiled.    The substance 

reacting with PABA was thought to be a three-carbon fragment pro- 

duced by autoxidation of unsaturated fatty-acids  (Bernheim,   Bernheim 

and Wilbur,   1948).    Mayer et al.   (1953) reported that the yellow pig- 

ment of mycobacteria was produced by PABA,  and that this same 

yellow pigment was formed when PABA was reacted with lipids of 

animal or vegetable origin.    Lipid oxidation increased the amount of 
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yellow pigment formed.    They ascertained that the formation of the 

pigment was due to secondary oxidation products and not to peroxides. 

The Malonaldehyde-PABA Reaction 

Malonaldehyde is a difunctional aldehyde which exists almost 

entirely in the enol form as 3-hydroxyacrolein (Claisen,   1903).    It 

may theoretically react with a given nucleophile on either the carbonyl 

function or on the enol function.    Addition to the enol followed by,loss 

of the elements of water is usually the preferred reaction due to 

resonance stabilization of the intermediates.    Nucleophilic attack 

upon the carbonyl may take place after enol addition-elimination to 

form dicondensation products,  but it is clear nevertheless that the 

first reaction would occur much more readily than the second. 

Ulbricht and Price (1957) reported that PABA condenses with malon- 

aldehyde to form the monanil,  which was,  however,  contaminated by 

a small amount of the dicondensation product.    Similar behavior is 

exhibited by most substituted malonaldehydes in their reactions with 

aromatic amines.    Hydroxymalonaldehyde (reductone),  however, 

readily forms the dianil with PABA (Euler and Hasselquist,   1950), 

as well as with aniline (Eistert and Hasselquist,   1962).    Under the 

proper reaction conditions,   either the monocondensation product or 

the dicondensation product may be obtained.    Bromo- and chloro- 

malonaldehyde,  nitromalonaldehyde and phenylmalonaldehyde all 
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appear to yield only monanils (Ulbricht and Price,   1957),  whereas 

ethyl and methyl malonaldehyde react to give only dicondensation 

products (Klimko and Skoldinov,   1959).    It is more probable, how- 

ever,  that under the proper reaction conditions,  malonaldehyde or 

substituted malonaldehydes,  with the exception of those having very 

large or electronically unfavorable substituents,  do form either 

mono- or dicondensation products in their acid-catalyzed reactions 

with aromatic amines. 
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EXPERIMENTAL 

Reagents and Apparatus 

Para-aminobenzoic acid (PABA) was obtained from Nutritional 

Biochemical Corporation,   and was used without further purification. 

1,1,3,3, -tetraethoxypropane (TEP) was obtained from Kay-Fries 

Chemical Company,  and was distilled through a short column under 

reduced pressure.    The middle fraction was drawn and stored under 

nitrogen at -220C.    2-Thiobarbituric acid (TBA) was obtained from 

Eastman,   and was used without further purification. 

Salmon oil, tuna oil,  menhaden oil,   and other similar raw 

materials were obtained from T.   C.  Yu of the departmental staff. 

Spectrophotometric measurements were made on a Beckman,  Model 

DU spectrophotometer.    Spectra were obtained,   and kinetic studies 

performed on a Beckman,   Model DK-1  recording spectrophotometer 

equipped with a constant-temperature cell holder. 

Infrared analyses were made using KBr micropellets in a 

Beckman,   Model IR-5A infrared spectrophotometer. 

Tissue samples were homogenized in a Waring Blendor or in a 

Virtis  Jr.  homogenizer. 
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Preliminary Investigations 

Reactions Conditions:   An attempt was made to establish the 

optimum reaction concentrations of PABA and HCl for the chloroform- 

methanol solvent system.    A reaction volume of 10 ml was arbitrarily 

chosen,   and appropriate volumes of 5 percent PABA,   10 percent HCl, 

and 5 \±g/ml malonaldehyde in methanol were pipetted into test tubes. 

The volume was brought to 10 ml with chloroform and methanol, then 

the solutions were allowed to stand at room temperature for 20 min- 

utes for color development.    The absorbances were determined at 

40 6'm|ji. 

Interfering Compounds 

Diluted samples (0. 5 xxig/ml) of a large number of simple 

aldehydes,  aromatic aldehydes,  dialdehydes, a, P-unsaturated alde- 

hydes,  ketones and lactones were reacted with PABA under the con- 

ditions of the reaction of PABA with malonaldehyde.    Color develop- 

ment,   if any,  was allowed to proceed for 30 minutes,   and the spectra 

of the resulting compounds were determined with a Beckman,  Model 

DK-1  recording spectrophotometer. 

Preparation of Malonaldehyde Standards 

Tetraethoxypropane (TEP) was redistilled at reduced pressure 
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with the middle fraction boiling at 96. 5° (18 mm) taken and stored 

under nitrogen at -22°.    A solution of TEP in water was made by 

accurately weighing out 153 mg of TEP and dissolving it in 2 liters of 

water.    This amount of TEP is equivalent to 50 mg of malonaldehyde 

or 25 mg/liter.    Dilutions of this solution were made to give TEP 

concentrations corresponding to malonaldehyde concentrations of 0.5, 

1.0,   1.5,  2.0,   2. 5,   3.0,  4.0,   5.0,   6.0 and 8.0 mg/liter.    To use 

these standards,  20 ml of each were pipetted into 25 ml culture tubes, 

one ml of N HC1 was added, the tubes capped securely and immersed 

for 30 minutes in a hot (70°-80°) water bath.    They were cooled 

immediately under the tap,   shaken,   and then used immediately. 

These could be stored for very short periods of time in the refrigera- 

tor if tightly capped.    Fresh solutions were prepared daily or as 

required. 

A standard curve was prepared from the above standard solu- 

tions by pipetting 2 ml of each standard into a 25 ml volumetric flask. 

To this was added 10 ml of chloroform,  0. 5 ml of a 10% solution of 

HC1 and 3 ml of a 5% solution of PABA.    The volume was brought to 

25 ml with methanol, the solutions were mixed, then allowed to stand 

for 20 minutes for color development.    The absorbances were deter- 

mined at 406 m(j. in a Beckman,   Model DU spectrophotometer.    Each 

determination was done in triplicate. 
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Determination of Malonaldehyde in Autoxidized Marine Oils 
and Tissue Samples 

A quantity of fresh frozen salmon oil was placed in a large open 

petri dish and allowed to oxidize over a period of days.    At 0,  24,   50, 

90,   120,   and 144 hours,   samples were taken for determination of the 

peroxide value (A. O. C S.   Official Method Cd 8-53) and malonaldehyde 

content by both the TBA method of Yu and Sinnhuber (1967) and by the 

PABA method.    The sample taken for PABA analysis was dissolved in 

20 ml chloroform,   1 ml of a 50 mg/ml methanolic solution of stannous 

chloride was added,  and the volume brought to 25 ml with chloroform. 

After standing for 15 minutes,  this mixture was sampled in 1 or 2 ml 

aliquots which were transferred to 25 ml volumetric flasks.    Three ml 

of a 5% solution of PABA in methanol,  0. 5 ml of a 10% solution of HCl 

in methanol and 10 ml of chloroform were added.    The volume was 

brought to 25ml with methanol, the solutions were mixed, then 

allowed to stand for 20 minutes for color development.    The absorb- 

ance of the solution was determined at 406 mjj,.    The oxidative indices 

or the malonaldehyde content of tuna oil and menhaden oil were 

similarly determined in separate experiments. 

Three different methods of lipid extraction were tried with 

tissue samples.    In the first method,  the lipid was extracted by the 

method of Bligh and Dyer (1959).    The second method consisted of 

grinding up the sample with an excess of sodium sulfate in a mortar, 
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and then extracting the lipid material with chloroform.    The third 

method,  which was subsequently adopted,  consisted of homogenizing 

the sample in a Waring Blendor or Virtis homogenizer for 10minutes 

in a 2:1 mixture of chloroform-methanol,  followed by filtration. 

Twenty ml of solvent were used per gram of tissue.    The filter cake 

was rehomogenized in chloroform-methanol using 10 ml per gram of 

tissue,   and the filtrates were combined.    The volume was reduced by 

two-thirds on a rotary evaporator, then 2 ml aliquots were taken for 

analysis. 

Characterization of the Reaction Product 

In a study of combining ratios between PABA and malonaldehyde, 

0.025 mole of PABA was dissolved in 50 ml of methanol to which was 

added 2 ml of 10% HC1 in methanol.    To 0. 025 moles of TEP in 

another flask was added 750 ml of water and 75 ml of N HC1.    This 

mixture was heated with stirring in a water bath at 70° until miscible, 

then removed from the water bath and allowed to stir for another 30 

minutes.    This yellow solution was then added dropwise,  with stirring, 

to the PABA solution over a period of 4 hours.    The product was fil- 

tered off,  washed thoroughly with warm water and dried in a vacuum 

oven at 60°.    After cooling in a dessicator over P  O   , the product was 

weighed.    The procedure was repeated with 2:1 and 3:1 molar ratios 

of PABA to malonaldehyde with corresponding increases in the solvent 
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volumes used. 

A small portion of the crude material thus obtained was dis- 

solved in boiling 0.01 N HCl (1 gram/SOO ml) filtered hot,   and allowed 

to cool slowly to yield bright yellow-orange,   cottony crystals of the 

dianil hydrochloride.    This recrystallization was repeated twice more 

to yield a material having a sharp melting point. 

To titrate the free carboxyl groups on the molecule, 200 mg of 

the purified dianil was dissolved in 0. 1008 N NaOH and back-titrated 

with 0. 0986 N HCl to a bromphenol blue endpoint. 

The infrared spectrum of the compound was made from a KBr 

micropellet with a Beckman,  Model IR-5A infrared spectrophotometer.. 

Reaction Mechanism 

The rate of formation of the yellow chromogen was followed 

spectrophotometrically using a Beckman,  Model DK-1 recording 

spectrophotometer equipped with a constant-temperature cell holder. 

The reactions were carried out at 25° in a one cm stoppered silica 

cell with a reagent blank as reference.    Both the PABA and HCl con- 

centrations were varied and the initial reaction rates were calculated 

from the resultant curves.    The PABA concentrations employed 

ranged from 50 mM down to 1. 25 mM while the HCl concentrations 

ranged from 0. 5 M down to 0. 001 M. 

The concentration of PABA was held constant at 0.035 M while 
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varying the concentration of HCl, and HCl concentration was constant 

at 0.02 M while PABA concentration was varied. 
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RESULTS AND DISCUSSION 

Preliminary Investigations 

Reaction Conditions:    Previous preliminary work done in this 

laboratory by Dr.   David L.   Crawford (1964) on the reaction between 

PABA and malonaldehyde in a non-aqueous solvent system had shown 

that there were correlations between PABA and HCl concentrations 

and absorbance values.    During the course of repeating this work 

using chloroform-methanol solvent systems as the reaction medium, 

it was discovered that with a range of PABA concentrations between 

0. 1 and 1. 0% and that with a range of HCl concentrations between 0. 1 

and 5. 0% in the reaction medium there was little or no variation either 

in absorbance values obtained or in time required for full color devel- 

opment.     The reaction concentrations of PABA and of HCl in sub- 

sequent experiments were accordingly adjusted to 0. 5%.    In addition, 

to reduce pipetting and mixing errors due to partial molal volume 

effects with the chloroform-methanol mixture,   25 ml volumetric 

flasks were substituted for test tubes in later work. 

Preparation of Standard Malonaldehyde Solutions 

The sodium salt of malonaldehyde,   sodium betaoxyacrolein,  had 

been prepared in this laboratory by the method of Protopopova and 
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Skoldinov (1958),  with modifications (Crawford,   1965).    Because of 

the stability,  ease of handling and usage of this form of malonaldehyde, 

it was selected as a source of malonaldehyde for preparation of 

standard solutions.    Accordingly,  several batches of the sodium salt 

of malonaldehyde were synthesized and purified.    When samples of 

each batch were checked for purity by malonaldehyde assays in which 

the results of the TBA test and the PABA test were compared,  it was 

found that there was little or no correlation between TBA values and 

PABA values on this material.    These assays were repeated,  and 

similar results were again obtained.    In each case, the TBA test 

showed quantitative or nearly quantitative amounts of malonaldehyde 

present while the PABA test gave lower,   and somewhat variable 

values.    It appeared that the sodium salt was not satisfactory as a 

standard,   and it was not used. 

The standardization method of Kwon and Watts (1963) was tested 

for stability and reproducibility.    In this method,   a low aqueous con- 

_3 
centration (10     M) of TEP is hydrolyzed in a flask and then stored at 

refrigerator temperatures.    Dilutions may be made from this stock 

solution.    Severe losses of malonaldehyde from the solutions during 

overnight storage were encountered,   and this method was not inves- 

tigated further.    The TEP hydrolysis method,   as described earlier 

was developed and adopted on the basis of its simplicity, and quantita- 

tive reproducibility. 
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The standard curve (Figure 1),  absorbance vs.  malonaldehyde 

concentration,  was prepared from absorbances obtained from stand^- 

ard solutions prepared as previously described.    Each point was 

determined in triplicate.    As a check on the actual malonaldehyde con- 

centration of each standard,   2 ml aliquots of the unhydrolyzed TEP 

solutions were subjected to the TBA test (Yu and Sinnhuber,   1967). 

During the course of the cross-check procedure,  it was discovered 

that the TBA values obtained would be as much as 25% lower than 

expected,  with a large sample-to-sample variation unless the liquid 

volume within the screwcap culture tubes used in the procedure was 

within one-half inch of the top.    It was suspected that the cause of this 

variance was loss of malonaldehyde into the air space of the tube after 

its release by hydrolysis,  and before it could react with the TBA 

reagent.    This variation was eliminated by simply filling the TBA 

reaction tubes to within one-half inch of the top with the aqueous acid 

mixture used for TBA tests.    When this was done,   TBA values 

agreed with the theoretical values for malonaldehyde present. 

A factor for converting absorbance values directly to parts- 

pef-million (mg/kg) malonaldehyde in a given sample was calculated 

from the slope of the standard curve.    The calculated factor is 24. 5. 

It is used to calculate malonaldehyde concentration in a given sample, 

based on the absorbance produced in a 25 ml reaction volume,   as 

follow s: 



0.7 

4 6 8 10 12 14 
JJ. grains Malonaldehyde 

Figure 1.    Absorbance of the reaction product of PABA and malonaldehyde 
vs.   malonaldehyde concentration 
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Absorbance x ; ——: x 24. 5 = ppm malonaldehyde. 
sample weight in grams 

Interfering Compounds 

Table 1 shows the results of testing a number of aldehydes, 

ketones,   and lactones under the conditions of the PABA reaction 

with malonaldehyde.    Nearly all the compounds tested gave negative 

results.    The a, (3-unsaturated aldehydes,   acrolein and crotonalde- 

hyde yielded slight yellow to yellow-orange colors upon standing for 

more than 30 minutes.    Cinnamaldehyde was the only compound 

tested which yielded a significant interfering absorption.    The 

cinnamaldehyde-PABA reaction product had a \ at 380 ma with 
' max 

an € of approximately 28, 000.    Triose reductbne,  or hydroxy 

malonaldehyde, has been reported by numerous workers (Euler 

and Hasselquist,   1948;  Hasselquist and Glaser,   1950;   Cocker et al. , 

1950;   Forest and Walker,   1949;  Eistert and Hasselquist,   1952) to 

form yellow dianils with both aniline and PABA.    However,   inter- 

ference from either cinnamaldehyde or reductone would not be 

expected in an autoxidizing lipid system,   since neither of these com- 

pounds would be present. 

Determination of Malonaldehyde in Autoxidized Marine Oils 

The results of the time study of salmon oil autoxidation are 

shown in Table 2 and in Figure 2.    The oil was allowed to oxidize over 

a period of 144 hours,   and during this period the TBA number and 



Table 1.     Compounds tested for possible interference under the conditions of the PABA method. 

Compound Color Produced by Reaction 
\ (mu.) € max max 

acetaldehyde 
f o r maldehyde 
propionaldehyde 
butyr aldehyde 
benzaldehyde 
cinnamaldehyde 
vanillin 
glyoxal 
succinaldehyde 
pyruvaldehyde 
glutar aldehyde 
c r otonaldehyde 
acrolein 
glycidaldehyde 
6-caprolactone 
6-valerolactone 
6-butyrolactone 
maltol 
methyl vinyl ketone 
Z, 3-butanedione (diacetyl) 
acetophenone 

none 
none 
none 
none 
none 

yellow 
none 
none 
none 
none 
none 

faint orange-yellow after 1 hour 
faint orange-yellow after 1 hour 
faint yellow after 1 hour 

none 
none 
none 
none 
none 
none 
none 

380 ca.   28,000 
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Figure 2.     Relationship between TBA,   PABA and peroxide 
values and hours of oxidation 
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peroxide value (POV) increased steadily in a parallel fashion.    Both 

Kenaston (1955) and Dahle,  Hill and Holman (1962) have reported that 

TBA values closely parallel peroxide values during early stages of 

autoxidation of linolenate.    Yu and Sinnhuber (1967) have confirmed 

Kenaston's findings by demonstrating the linear relationship.between 

TBA and POV in an autoxidizingmenhaden oil system. 

Table 2.    Comparisons among the peroxide value,   TBA value,   and 
PABA value of autoxidizing salmon oil. 

Hours of Oxidation      Peroxide Value TBA Value PABA Value 

0 
24 
50 
90 

120 
144 

Expressed as milliequivalents of peroxides per Kg of oil. 

Expressed as millimoles of malonaldehyde per Kg of oil. 
Values given are averages of triplicate determinations. 

The linearity of the relationship between peroxide values and the 

PABA values as seen in Figure 2 was to be expected in view of the 

demonstrated linearity which exists between TBA values and peroxide 

values in an autoxidizing system.    The constant difference seen here 

between PABA and TBA values during the early stages of autoxidation 

is probably due to the quantitative difference at any given time during 

this period between malonaldehyde and its immediate precursors,   as 

4. 1 0. 72 0. 39 
11.2 1. 13 0. 61 
14. 3 1.48 0. 81 
26.2 2.36 1. 35 
94. 1 9.03 3. 67 

201.0 17.21 6.51 
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detected by the PABA method,   and malonaldehyde plus the hydro- 

peroxides and secondary oxidation products,   as detected by the TBA 

test.    The increasing difference seen here between TBA values and 

PABA values after about 90 hours of oxidationmay be taken as 

presumptive evidence for an increase in the rate of formation of 

hydroperoxides over the rate of formation of malonaldehyde or its 

direct precursors as the overall rate of lipid oxidation increases. 

The implication inherent in this is that the PABA test detects only the 

malonaldehyde or its immediate precursors which are present in the 

system.     The TBA test detects not only these,  but by acting to decom- 

pose more remote precursors,   such as the hydroperoxides,   it also 

determines these quantitatively as nlatent" malonaldehyde,  as well as 

the "free" malonaldehyde that is detected by the PABA reaction. 

Therefore,  when peroxide formation proceeds at a much higher rate 

than malonaldehyde formation,   TBA values increase at a greater rate 

than do PABA values.    Jacobsen,  Kirkpatrick and Goff (1964) have 

shown tha.t peroxides in an autoxidizing soybean oil system are 

destroyed by heating in the presence of TBA.    This is accompanied 

by a corresponding increase in TBA value and implies that peroxide 

decomposition makes a substantial contribution to the total TBA values 

obtained. 

In the PABA method as originally devised,  the absorbance 

value obtained from a given sample of autoxidized oil steadily 
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increased in a linear fashion with time.    The absorbance of the 

reaction mixture never stabilized at one value regardless of how long 

the reaction was allowed to proceed.    The rate of increase was such 

as to rule out the occurrence of further oxidation,  and it was believed 

that malonaldehyde was being liberated by the slow decomposition of 

certain malonaldehyde precursors, probably hydroperoxides, present 

in the autoxidized oil.    Mizuno and Ghipault (1965) had shown that 

hydroperoxide decomposition interferes with the determination of 

total carbonyls in autoxidized lipids.    They found that treatment with 

stannous chloride effectively prevented peroxide interference by 

reducing the hydroperoxidemoiety,  thus preventing decomposition 

of the hydroperoxy fatty-acids to carbonyl compounds.    This proce- 

dure was adapted for use in the PABA method,   and was found to pre- 

vent the constant linear increase in value that had been experienced 

previously.    The optimum period of treatment with the stannous 

chloride was found to be 15 minutes.    Shorter treatment periods did 

not always prevent interference.     Treatment periods extending beyond 

30 minutes may result in substantial losses of malonaldehyde, 

especially in highly oxidized lipid samples. 

The loss of malonaldehyde through reduction by the stannous 

chloride treatment was found to be insignificant in experiments where 

various concentrations of malonaldehyde as obtained from hydrolyzed 

TEP were substituted for oxidized lipid in the reduction procedure. 
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The procedure was the same as for lipid sampleSi  with the duration 

of treatment being limited to 15 to 20 minutes. 

Autoxidized menhaden and tuna oils were analyzed for malon- 

aldehyde by the same procedure as the salmon oil.    This was done 

as a means of comparing the results of the PABA and TBA tests on a 

number of different oils.    The results are shown in Table 3. 

Table 3.    Analysis of replicate samples of salmon, tuna and menhaden 
oils for comparison of TBA and PABA methods,  with stand- 
ard deviations. 

^■i TiAnA tr i     a     rnr, * -ir  i     k    PABA Value Expressed as a Oil PABA Value       TBA Value _ .     J_. , „,    *- .  ..  . 
Fraction of the TBA Value 

Tuna 63. 9 ± 3. 3 102. 3 0. 625 
Menhaden        206. 3 ± 5. 4 341.6 0-604 
Salmon 97. 2 ± 2. 6 169.6 0.573 

3. 
Expressed in ppm malonaldehyde,  as an average of 9 determinations 
with standard deviation. 

Expressed in mg malonaldehyde per kg,   as an average of 3 deter- 
minations. 

Determination of Malonaldehyde in Tissues 

Tissue samples were analyzed by first extracting the lipid from 

the sample and then subjecting the extracted material to PABA 

analysis.     The TBA analyses which were performed for comparison, 

were carried out on intact samples.     Various extraction procedures 

were tried in order to extract the maximum amount of reactive 
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material from the tissues.     The Bligh and Dyer (1959) extraction 

procedure was found to be unsuitable.    Malonaldehyde is quite soluble 

in aqueous solvents and a significant fraction of it would be lost 

through partition into the aqueous phase of the Bligh and Dyer solvent 

system.    A direct extraction procedure using sodium sulfate as a 

drying agent was tried but was also unsatisfactory.    Zipser,   Dupont 

and Watts (1962) had shown that only one-tenth of the TBA reactive 

materials were extracted when chloroform was used to extract lipids 

from ground fish.    In addition, this procedure was found to have poor 

reproducibility.     A direct extraction method was then developed.    In 

this procedure,  tissue was first homogenized in 2:1 chloroform- 

methanol and filtered.    The filter cake was rehomogenized in 2:1 

chloroform-methanol,   and again filtered.    The filtrates were then 

combined for analysis.    This method gave uniform results which com- 

pared favorably with those obtained by TBA analysis of similar 

tissue samples (Table 4). 

Table 4.     Comparison of results of tissue analysis by TBA and 
PABA methods. 

Sample TBA Value PABA Value 

Halibut 2.9 1.5 
Horsemeat 28. 9 18. 5 
Rockfish 3. 2 1.7 
Salmon 86. 6 50. 2 

a 
Expressed as averages of triplicate determinations, in ppm malon- 
aldehyde (mg/kg). 
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Characterization of the Reaction Product 

When the reaction between malonaldehyde and PABA was per- 

formed a preparative scale with relatively dilute reagents, the 

characteristic,  normal yellow chromogen was recovered as a solid 

crystalline product.    However,   a much different product was re- 

covered when the concentration of either malonaldehyde or PABA 

exceeded certain values.    This occurred regardless of molar ratios 

of the two reagents,  or the order of addition.    The product recovered 

was a dark orange-brown in color and attempts to convert this 

material into the usual yellow chromogen were uniformly unsuccess- 

ful.    It was not characterized.    Ulbricht and Price (1957) reported 

the preparation of an orange-brown condensation product from the 

reaction of PABA with hydrolyzed tetramethoxypropane.    This was 

characterized as a monocondensation product of malonaldehyde with 

PABA.    A small amount of a higher melting material was also 

isolated,  but was not characterized.    They surmised that this was 

the dianil. 

The present studies involving molar ratios of combination 

between malonaldehyde and PABA have shown that in suitably dilute 

acidic solutions malonaldehyde and PABA combine in a molar ratio 

of 1:2 respectively to form the yellow dianil hydrochloride.     Titra- 

tion studies confirmed this finding by revealing the presence of 2. 007 
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free carboxyl groups per theoretical molecular weight of the com- 

pound. 

The dianil was recrystallized from 0. 01 N HC1 several times 

to yield yellow,   cottony crystals having a melting point of 2880-2890 

with decomposition,   after insertion at 270°. 

The visible absorption spectrum (Figure 3) showed a single 

maximum in chloroform-methanol (1:1) at 406 mjj. (e   = 73, 500).    An 

infrared spectrum in a KBr pellet revealed the presence of a strong 

C=N stretch absorption at 1650 cm     ,   and a single sharp N-H stretch 

absorption at 3400 cm      (Figure 4).    An analysis (Galbraith 

Laboratories,  Inc.,   P.   O.   Box 4187,  Knoxville,   Tenn. ) calculated 

for C,   H,   O N.HC1:   C,   53. 34; H,   5. 01; N,   7. 32; Cl,  9.26.    Found: 17    14   4   2 

C, 53. 32 ; H, 5. 41; N, 7. 30 ; Cl, 9. 20 .    Chemical and spectral 

evidence indicate that malonaldehyde and PABA react to form a 

dianil under suitable conditions of dilution.     The presence of two 

titratable carboxyl functions and combining ratios indicate a condensa- 

tion in 2:1 molar ratio.    The strong absorption (log e   = 5. 86) in the 

visible region at 406 m|i reveals the presence of a long conjugated 

system in the molecule,   and the presence of both C=N and N-H 

absorptions in the infrared spectrum verified a 2:1 condensation. 

Elemental analysis confirmed the above findings made on the basis of 

chemical and spectral evidence. 
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Figure 3.    Visible absorption spectrum of PABA-malonaldehyde 
reaction product in chloroform-methanol (1:1) 
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Figure 4.     Infrared absorption spectrum of PABA-malonaldehyde 
reaction product from a KBr pellet 
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Reaction Mechanism 

The reaction of malonaldehyde with PABA under acidic condi- 

tions to form the yellow chromogen,  p-[ S-fp' -carboxyphenyl-)- 

iminoprop-1-eneamino-] benzoic acid is believed to follow an S   2 

mechanism.     Though this hypothesis was not proved by kinetic cal- 

culations,  strong evidence for this pathway was obtained through the 

mechanism studies performed.    It had been previously established by 

Crawford (1964) that the reaction rate was dependent upon malonalde- 

hyde concentration,   and the studies involving PABA and HC1 concen- 

trations have shown that the rate is also dependent upon these.    How- 

ever,   Table 5 shows that a rate maximum exists at HC1 concentra- 

tions of approximately 0. 1 M.     The rate decreased markedly at HC1 

concentrations exceeding this value.    This not only illustrates the 

catalytic effect of hydrogen ions upon the reaction but also indicated 

that at hydrogen ion concentrations of greater than 0. 1 _M,  the concen- 

tration of the attacking nucleophilic amino species is greatly reduced 

by protonation. 

The proposed mechanism of the reaction of malonaldehyde and 

PABA involves first the nucleophilic 1,4 addition of the amino nitro- 

gen of PABA to the a, |3-unsaturated enol form of malonaldehyde, 

followed by loss of water to form the enamine: 



Table 5.    Reaction rate vs.   PABA concentration and HCl concentration. 

PABA Concentration,  mM Reaction Rate HCl Concentration,   M Reaction Rate 

50 1. 70 0. 5 2.44 

25 1.53 0.25 5.32 

12.5 1.38 0.1 6.62 

5 0.91 0.05 4.91 

2.5 0.58 0.025 2.99 

1.25 0.33 0.01 1.21 

0.005 0.55 

0.0025 0-36 

0.001 0.20 

a 
Reaction rates are expressed as a rate-of-change of absorbance per unit time. 

oo 
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HOOC -// /-NHo +      CH=CH-CH  »- HCXDC- //   \--m.°L CH=CH 

-H20 
HOOC-//       ^ -NH-CH=CH-CH 

Cromwell (1946) postulated a similar mechanism for the reaction of 

1, 3-diketones with a nucleophilic amino nitrogen, and Layer (1962) has 

stated that in cases where both structures are possible, the enamine 

is favored where there are possibilities for conjugation resulting in 

resonance stabilization of the molecule. 

The second step of the reaction involves a nucleophilic substitu- 

tion whereby the amino group of a second molecule of PABA attacks 

the remaining carbonyl,  followed by loss of water to form the imine: 

HOOC- -NH   +    'CH-OfcCH-NH-O^ V-OOOH 
© 

HOOC- (' vS-NH„-CH-CH=CH-NH-</ ^ ■COOH 

HOOC- //   VN- 

■H20. 

HOOC-/'     ^V: 
OH 

NH-CH-CH=CH-NH- (/        NV-COOH 

CH-CH=CH-NH- //   \\ 

HOOC-/' \\-N=CH«CH*CHsNH- 1/   \ 

-COOH 

■ COOH 

The innine is strongly stabilized by conjugation with the 

aromatic ring and unsaturated chain.    The strong absorption 

(log e   = 5. 86) in the visible region at 406 m|jL reveals the strong 
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■n—n* electronic transitions of a long conjugated system in the 

molecule.    This precludes the existence of more than one imine link- 

age between malonaldehyde and PABA. 
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SUMMARY AND CONCLUSIONS 

The reaction between malonaldehyde and PABA in a non-aqueous 

chloroform-methanol solvent system has been partially characterized, 

and has been shown to be applicable to the quantitative analysis of 

malonaldehyde in autoxidized lipids as ameasure of oxidative ran- 

cidity.     The reaction is quantitative and proceeds: smoothly, and 

rapidly to completion at room temperature.     The analysis of malon- 

aldehyde in autoxidized lipids involves prior treatment with a mild 

reducing agent such as stannous chloride to inhibit interference from 

hydroperoxides.    To analyze malonaldehyde present in tissue samples 

in which the lipid fraction has undergone autoxidation,   a lipid extrac- 

tion procedure was developed which extracts malonaldehyde along 

with the lipid fraction of the sample.     The reaction between malon- 

aldehyde and PABA involves two molecules of PABA to each molecule 

of malonaldehyde.    It proceeds by nucleophilic addition of the amino 

function of one molecule of PABA to the enol function of malonalde- 

hyde followed by loss of the elements of water to form the enamine. 

The nucleophilic amino function of the second molecule of PABA 

attacks, the carbonyl function of the malonaldehyde followed by loss of 

the elements of water to form an imine linkage. 

The detection and quantification of malonaldehyde by' reaction 

with PABA avoids, some of the undesirable aspects of the TBA assay 
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method.     Further lipid oxidation is substantially avoided by having 

the reaction run at room temperature.    The PABA reaction is. very 

specific, with only a very small number of other compounds; that 

react to form interfering colors.    Finally, the PABA method avoids 

breakdown of hydroperoxides and other remote malonaldehyde pre- 

cursors,   and provides a means of following malonaldehyde production 

in autoxidizing systems.    Such information may help.to provide 

answers about the origin of malonaldehyde in oxidized lipids,  and 

ultimately lead to a better understanding of the mechanisms of lipid 

oxidation. 
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