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) [Reprinted from CLINICAL CHEMISTRY, 22,1593 (1976).)
Copyright 1976 by the American Association of Clinical Chemists and reprinted by permission of the copyright owner.

Determination of Serum Retinol (Vitamin A)
by High-Speed Liquid Chromatography

M. G. M. De Ruyter and A. P. De Leciilicer

We report a fast and sirnple high-speed liquid-chromato-
graphic assay for serum retinol. Only 100 ul of serum is
required. The lower detection limit is 50 ug/liter; linearity
was demonstrated up to 1.50 mg/liter. On analyzing a
serum pool eight times, a CV of 2.5% was obtained.
Values by this meihod are compared with results obtained
by a fluorometric method | Clin. Chem. 16, 766 (1970)].

In the past 10 vears most determinations for retinol
in serum or plasma were based on molecular fluores-
cence properties of the retinol structure. However,
presence of fluorescent components other than retinol
raised problems of nonspecificity with serum samples,
To overcome this problem Garry et al. ¢7) and Pollack
et al. (2) introduced a chromatographic step hefore
fluorometry. Other authors (35, 1) used correction for-
mulas to compensate nonspecific fluorescent interfer-
ences. Recently Futterman et al. (3) proposed a direct
fluorometrie procedure (no extraction step required),
taking advantage of the enhancement of the fluores.
cence of the retinol binding protein retinol complex.
Asin the latter procedure the serum saraple is diluted
100-fold and nonspecific fluorescence is suecessfully
minimized. However, variation in the enhancement
factor (mean value is 16,5 but varies from 13.6 to 20.4)
with different serum samples may present a draw-
hack.

Here, we deseribe a method that is secifie, owing to
the chromatographic step, and sensitive and fast, owing
to the on-line ultraviolet detection at 328 nm and the
omission of concentration steps. It can he casily per-
formed if an isocratic liguid chromatograph is avail-
able,

Shalvse,
Akademisch

Laboratoria voor Medische Biochemie en voor Klinische
Fakulteit van de Farmaceutische Wetenschappen,
Ziekenhuis, 135, De Pintelaan. B-9000 Gent, Belgium,

Received April 20, 1976; accepted June 18, 1476,
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Materials and Methods
Apparatus

A Varian 4100 liquid chromatograph equipped with
astop-flow injection svstem and a Variscan multiple
wavelength detector are used. The column is filled with
a 10-gm irregular microparticulate silica (15 em X 0.2
cm i) All this s from Varian Benelux, Brussels.

Reagents

Petroleum ether (bp 40-60 °C), methanol, [Sopro-
panol, and dichloromethane were all analytical-grade
reagents from Merek (Darmstadt, Germany) and were
used without further purification,

Retinol (vitamin A alcohol) was of crystalline purity,
from Fluka AG (Switzerland).

The internal standard InlI-[runs-f)-H~methnx_\'-
23.6-trimethylphenyD)-3,7-dimethvl-2,4,6,8-tet raenol]
was synthesized by reduction of ethyl-all-trans-
H-H-m(*!hux_\'-i,.'i.(i-trim(’lhylphvnyl)»J%.T-(limethyl-
268 -tetracnoate (a gift from Hoffmann-La Rocr o,
Basel, Switzerland) with LiAIH,. The final solution of
the internal standard in methanol used had an ab-
sorbance of 0.895 at 327 nm (Nax) Ina LOO-cm quartz
cell,

The extraction solvent and the mobile phase have the
same composition, Le., petroleum ether/dichloro-
methane/isopropanol (80/19.3/0.7 by vol).

Procedure

Transfer 100 gl of serum (or plasma), 15 ul of internal
standard solut“on and 100 gl of methanol to a conical
centrifuge tube (7.6 X (0.9 em). Mix the contents of the
tube with a vortex-type miser. Add 200 ul of extraction
solvent and cap the tube (polvethvlene cap). Extract by
interrupted mixing on the vortex-type mixer for 60 s,
After centrifugation (3000 rpm. 2 min) inject 100 ul of
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Table 1. Chromatographic Conditions
Column: 15 X 0.2 cm i.d. MicroPak Si-10
Mobile phase: petroleum ether/dichlioromethane/

isopropanol (80/19.3/0.7 by vol)

Flow rate: 0.5 mi/min

Pressure: 10 kg/cm®

Detector 328 nm
wavelength:

Detection 0.04 AUFS on recorder
sensitivity:

Temperature: ambient

the supernate on top of the column by use of a Hamilton
T syvringe, 100-gl capacity,

Results and Discussion

Chromatographic conditions are given in T'able 1, and
atvpical chromatogram obtained for aseruns extract to
which a known amount of internal standard has heen
added i« shown in Figure 1.

The procedure is standardized by addine different
volumes of o methanohie retinol standard solution to
water and analvzing these aqueous samples by the above
procedure. A linear refationship between peak height
ratios (peak height retinol/peak height internal stan-
dard) and retinol coneentration was found over the
range of O 1O0 mehter (Fieure 2. By using the same
calibration curve (v = 0.0182y — 0.0067) the concen-
tration of retinol in a serum sample is easily determined
after calculation ol its peak height ratio,

Within-run precision of the method was obtained
from eight replicate determinations of a serum pool. The
mean value was H8Y ja/liter (5D 1A pe/liter; OV 2.50%),

The analvtical recovery of retinol from serum was
determined by adding known quantities of retinol to
serum and analvzing, Results ¢Table 2) ranged hetween
91 and Lo, quite aceeptable for o trace analvsis,

Backeround absorption ot aretinol-free serum sam-
ple was estimated by irradiating an aliquot of a serum
sample with Ton,cwave ultraviolet Hight (>320 nm) for
A h this treatment shoudd destrov sl retinol present.
The irradiated serum was taken through the entire
analysiz procednre, and vo residual absorption could be
detected in the chromatogram at the elution time of
retinod,

Identification ol tl ¢ serum retinol peak is made on
the hasis of retention time. 'Fo itlustrate the specificity
of the method, we performed an on-line recording of the
absorption maximum of the eluted compound. There-
tore the tlow at the apex of the peak was interrupted aned
deontinuous spectrum from 100 1o 300 nm recorded, A
maxinum was found at 327 nm. which agrees elosely
with values reported in the literature (60, In addition
to this, we determined the capacity ratios of several
compounds with structures closely related to retinol.
Datia are given in Table 3. The only compound that
might interfere with the analvsis is retinoie acid., which

1594 CLINICAL CHEMISTRY, Vol. 22, No. 10, 1976
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Fig. 2. Calibration curve for serum retinol (peak height ratios vs.
retino! concentrations)

Table 2. Analytical Recovery of Relinol from
Serum

Initial concn Added Measured Recovered® Recovery, %
ng/liter
603 627 1201 598 95
603 502 1075 472 94
603 376 978 375 100
603 627 1171 568 91
603 502 1103 500 100

603 376 975 372 99



http:liei:,.ht

Table 3. Capacity Ratios (K') of Compounds
Related to Retinol

i3-Carotene 0
Retinyl palmitate 0
Retiny! acetate 0
All-trans retinal 0.75
All-trans retinol 5.0
Internal standard 6.2

All-trans retinoic acid 5.2

has a K" = 5.2, However serum concentrations of reti-
noic acid. if' present, are so low it would not be deteetod.
Phytofluene, the nonspecific fluorescent compound that
interferes with the fluorometric assay in sera, has ah-
sorption maxima at 331, 349, and 266 nm (3. As an
apolar molecule it will elute together with J-carotene,
which does not interfere with our ASSAV,

We compared our high-speed liquid-chromatographic
method with the fluorometric method of € arrv et al (),
which includes silicic acid chromatography as a clean-up
stepoanalyzing 22 sera for retinol by hoth methods, The
fuorometric method vielded a4 memn value of 820 iy
iter, whereas 600 ge/liter was found with our methaod.
The correlation coefficient between the two methods
was 0779, The higher values obtained by the fluoro-
metric method and the rather poor correlation hetween
the two methods may be due to the teehnical difficultios
we encountered in performing the fluorometric NSV
and (or) the presumpive higher spectficity of our
method.

In summary, high-spead liquid chromatography for
serum retinol offers several advantages over the asSays

currently in use. The column chromatography provides
high specificity, and on-line Wtraviolet detection at 328
nm makes the assay quite sensitive: only 100 ul of serum
is needed to obtain a detection limit of 50 pg of retinol
per liter. Sample preparation and chromatographic run
demand an overall analvsis time of less than 12 min, fast
compared to other methods, Because few manipulations
are needed the possibility of sample deterioration is
minimized. Furthermore, the addition of an internal
standard hefore the extraction improves the precision
and compensates for possible losses caused hy evapa-
ratton or spilling. The internal standard has heen chosen
on basis of its retention characeteristios and s structural
analogy to retinol. 1t elutes very close to the retinol peak
and has the same A, as retinol, which malkes it well
suited for our purposes. The assay could also be per-
sormed without addition of internal standard. However
atixed-volume injection loop would be required to get
reproducible injections, and the advantage of an assay
where an internal standard is used would be lost,
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Simultaneous determination of a-tocopherol and
retinol in plasma or red cells by high
pressure liquid chromatography' ?

John G Bieri, PR, Teresa d. Tolliver. B.S., and George L. Catignani,” Ph.D.

ABSTRAC This paper desenbes o rapid, microprocedure for the simultaneous determination
of a-tocopherol (vitamin £ and retinol (vitamin Ay in plasma, and of a-tocopherol alone in red
cells since cells do not contan retinol A total fipid extract from 0.1 mi plasma or L1235 ml red cells
and contning internal standads of a-tocopheny ] acetate and retinylacetate 1s imjected onto a high
pressure higuid chromatograph with i reverse phase column developed with methanol-water. An
ultraviolet detector st 230-nm filter s used The chromatogram s complete in § nun and the a-
tovepheroland retnob are quantitated by the peitk height ratio method. Companson of results with

hoth plsan and red cells pave excellent agreement with conventional methods for these vitamins.

The procedure shoald be particalards usetu! for Simical studies and autntion survess

Clrne Nugr 32 2143 2149197y

The recent application of high' pressure
liquid chromatography (HPLC) 10 analvses
of brefogical material has nrovided the nutn-
tional biochenust with a highly usetul tech-
nique tor @ wide vanety of apphcations, Ad-
vintages of HPLC over spectrophotometry,
Muorometry. or gas chromatography include
its rapidiy. relative freedom from intertering
impurities. nondestructive conditons, and
simplificd methodology applicable 1o very
sl samiples. The teasibility of HPLC for
analvzany blood plasma sepatately for vi-
tanun A (retunoly and vitamin B {a-tocoph-
crol) have been deseribed (I 5). In this report,
we describe arapid. microprocedure for the
simultancous determination of retinol and
a-tocopherel e plasma or serum and com-
pare the resuits with other estabiished meth-
ods used i nutritonal studies. Apphcation
of the HPLC procedure o the analysis of a-
tocopherol i red cells s also desertbed (red
cetls do not continn retnol),

Materials

he HPTC imscnmmentation was from Waters Asso-
aates, Tne COMlord. Massy and consisted o o model
oot A sohvent delivers svstem, a o model U6K universal
ligqund chromatopraphaniecton and o maodel 440 absorb-
I he firted 280 am
mterlerence hilter and was connected oo Tracor Wese
tomes chort Waorth, Texvasy maode! 8D 1o dual pen. 10
m L anch recorder tunat bamsann The column was

ance detedton Latter was with o

Am J

Y om0 em canless steel packed with micro
Bondupak €18\ zuarg column (precolumn) 3 x 22
mm packed wath Bondapak C-1y Corasd was attached
to the primary column Fhe solvent was reagent grade
methanolwater, 3 5 filered through a 050 filler. Sam-
ples were mjected with s 100-ad gas syoinge (Precision
Samphing. Ine Baton Rouge. Lay For spectrophoto-
metnie determinations of reunol and a-tocopherol, the
Giltord Stasar 1E (Oberhing Oluey and Beckman DU
tivme, Cality spectrophotometers, respectively, were
used Hexane auanograde)r. heptane tanalvueal reagenty,
and anhvdiows eths Fether canalyteal reagenty were trom
Mallmkrodt, St Lo, Mo Reagent grade absolute
methanob was from JOT Baker, Phullipsburg, NI and
prrogaliol was obtaned trom Fastman Orgame Chenn-
cals, Rochester, NUY

Standar i

Standard compounds were all-trans retinyl acetate
and da-tocopheral (Bastman Orgamie Chenucals, Roch-
estet. N YO and dea-tocophenyl acetate (General Bio-
chenueals, Cleveland, Ohio) The retunyl acetate was
ponficd by jecting 100 10 130 ue into the HPLC and
collecuny the nuddle portion of the peak. The solvent
wis evaporated under mirogen and the reunyl acetate
disseived in cthanol The a-tocopheral and a-tovophery)
deetate dud not requrare punticaton Reanol was pre-

"From the Nuintional Brochemistry Section, Labo-
ratory of Mutnmon and Eandocrmolops, National Insti-
wite of Anthnts, Metaholsm and Digestive Diseiases,
Bethesda, Manland

“Addiess H.‘.plllll requests oo Do John Gl Brerrs Room
SNCID2 Building 100 Nanonal Tnstitates of Health, Be-
thesdas Marsvland 20208

Presentaddress Department of Food Seience. North
Caroling State Umiversits, Ralergh, North Carolina,
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pared from retiny | acetate hy saponttying with aleoholie
KO the presence of 3, pyrogallol exvracung nto
hevane, and puritying by chrunmlugr.lph\ onafs %3}
em o column of wlumina weakened with 104 witer The
column was developed with 2 ml 1 aeetone hevane
followed by s ml 230 diethal ether m hexane to clute
the reunol. Standard stock solutions of these compounds
were prepared an redisulled absolute ethuno! and the
concentrations checked spectiophotometnically - Dile-
tons of these stock standatrds, the sworkimg stundards,
were made recularly as indicated below Fyanction coet-
ficients used were (b rretimal, 1780 a2, retiny |
dceittes THID 30 s aetacephierol, 75 8 g 00 nm.
and a-tocophent acetae 43 6 a0 2ve nne The dilute -
tocophenbacetate working iternat sandard ws stable
for several months when stored at o ¢ . but the ety
acetate workmy imternal standard <how ed shewnp of the
HELC peak atter 1 week Th satubion was prepared
weekts from the stock retinad aeetute soltitn whieh wis
satble tor o month when heplat ¢ o the durk The
retnoband o tocepherol standirds were heptfor only o
tew divs when dc(cnmnmgz the pealk herent ranos (be-
low)

Stundard curves

For quantttation, miernal standards of retiny] acetate
and a-tocophen ] acetate were used o prepare astan-
dard cunve tor the peak herght tanos (6). 4 constam
amount ot the wias combined with varble
amounts of the tree aleobiol torm of he VLA o vive
solubions wath g 3-t0ld werght ratn Fhese solutions of
reunol and et aeetate. o a-tocopherol and a-toco-
pherylacetate, were myected mto the HPY Canstiument
and the peak et ht tatos measured Roatros were the
same whether the compounds were myected o ethanol
vt methanol

doelite

faalises of plasma jor a1 wpherol and rennol

Blood samples were from normal donors at the Na-
tonal Instiautes of Health blood bunk For the analvss
olblood plasma cor setum . Sl o the mternal standard
ol reimybacetate solution i ethanol (08 o | Zugoml)
and 30l of the internal standard a-tocophend acetate
solution in ethanol (40 50 ugmbyare prpeted into a6
FO i disposahle plass test tube using & Lang-Levs
prpet. Phasma, 100 41 18 added and the contents mived
vigoroushv on a vortes miver for 10 see For ericton
ot the hpid. 100 41 spectro prade hevane or heptane are
added and the contenis nuved vizatoushv nternuttently
tor 4% sec ona vortey miver. maktny sure that the
contents at the bottom ot the tube are thotoughly ex-
tracted. The tubes sre centiiused o separate the nhases
and s mudh of the solvens o Poesbleas caretuihy drawn
el wiih a Tl Laie-devs prictand transterred to o 3-
o Semlconcal centntuge tube The solvent s eviaporated
under astreant of mitrogen with the tube g 60 ¢ Water
bath. T ot mgection into the chromatostaph. the hpid in
the centnibuge tube s dissolved 1 2+ ul diethvt ether
followed by 7S wl methianol. with gentle mivig by hinger
tappmg. About 40wl of the soluton v ingected, using g
H0-b Aush of methanol in the svige. A How rate of 2.3
mbamn was used with the detector set ot 010] atlenua-
tion.

BIERT ET AL

Analvsy of red cells for oo opherol

Red cells are washed three times wath (.94 saline and
4 50T suspension s prepared msaisne continming 0.5
pyrogadlol The hematoent s determined mimediatedy
tor use n caleulattons. OF (he suspension 0.5 ml g
prpeted mito a 12 % 1R serew cap or glass soppered
test tube dollowed by 15 ml cold methanol (cooled in g
divace-acetone bathy added dropwise while slowly i
bratmg the tbe on a vortes mrxer, Tlhis precipitates the
proteins i a hine suspension without clumping. To the

tube are added 20 pl a-tocopheny ] acetate standand (30

o M mby and 2o hepane” The tubes are shaken

vireroshor meed onwvortes miver for 45 sec. then
cenintuged to separate the pliases Ahout | m) heptane
> tnansterred toa Saml centntupe tbe, bemg caretal not
to Lihe up any protein The solvent i evaporated and
the fiprd mjected as deseribed above for plasniz. The
detector i operated at masimum SERStVILY, Le L BO0S
sttenwabion with a fow rate of 3.5 ml mm.

Results

The reverse phase column with methanol:
water as solvent gave good separation of the
compounds generally considered to be of vri-
mary interest in the nutritional assessment of
vitamins A and IF (Ig. 1), Reunol emerged
very shortly adter the solvent peak and was
well separated from its internal standard. re-
tinvlacetate. Retinyl palmitate, & minor com-
ponent of total plasma vitamin A, emerged
after about 20 min but with thix long retention
tme the small amount normally present in
plasma was not detectable, a-Tocopheraand
a-tocopherylacetate were dislinclly separated
but f-tocopherol was not separated from -
tocopherol. This combined peak s considered
to be predominantly y-tocopherol in human
plasma (7). A peak presumed to be a-toco-
pheryl quinone was found only m red cel
extracts when pyrogatiol was not included as
an antoxidant,

There were nointerfering peaks in plasma
at the focations of the two ntein.g standards.
retinvl acetate and a-tocopheryl acetate e
2)0A chmm.uugrum of the same normai
plasma with added standards iy shown in
Pigare 50 As can be seen. under the given
conditions the chromatogram was completed

“ow ot salvent by crvaporation s tess with heptane,
hemevers with the use of interngl stanidards this probiem
s adfeviated

Stee ml ol the solvent must be evaporated. any
contaninants will be wmphified on the HPLC recording,
We tound hexane o have cansiderably more interfening
materey! than heptane
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FIGo | HPLC chromatogram of compounds of in-

terest e the anadsss of plasma and red cells tor o-
tocopheral and retmol Peak Loactimol 20 retinv acetate,
Soastecophenlguimoene. 4o+ etocopherol: 3,
copheral el a-tocophend acetate: Condimons. methanol:
water, 50 tlow rate 4 mloman. detector with 280-nm
fiter and attendation at 01 gbsorpion units tull seale
(RN Y

a-lo-

i about N o, Faster flow rates often did
not gnve sutficrent separation ot retinel from
thesolvent peak.

Evidence siggesting that no other com-
pound m human plasma has the same reten-
ton tme as a-tocopherol wis obtained with
blood from a padent with a-f-lipoproteine-
o who had been taking a pnml\' uthized
prepuaration of a- (uwphuul Fig. ). Onlv a
Barcly detectable peak. llLllLl(ul to be 60
ny. dl. was found. In contrast. the retinol
vadues 21 e AdL was i the low normal range.
Simubar evidence tor the absence of an inter-
ferimg peak at the reunol postion wis not
[\(M\lhk with human blood. since patients
who madabsorb are routtnely treated with
vitamm A and generally attain normal blood
vilues. Analssis of plasma from a chroncadly
retinol deficient rat maintained oo retinoi
acid, however, pave no peak at the retention
tne of retino

The 0.1t sample of plama with the
HPLC conditions siven i Figuie | gave peak
heights tfor reunol and n-tocopherol that
ranged from 0.2 to 0.6 of the full recorder
seale Tor normal plismas, 11 necessary, a 50-
b plasma sample size could be used with the
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detector atits highest attenuation, but work-
ing with these smuadler volumes is consider-
ablv more difticult.

Standard curves for peak height ratios for
the pairs, a-tocophierolie -tocopheryl acetate
and retnokbretinyl acetate are shown in Fig-
ure 3. The much greater extinetion coefticient
for retinol than for a-tocopherol made the
analysis about 20 to 25 times more sensitive
for retinol. Thus. o 6 cm high peak was given
by 0.024 jig vetinol and by 0.6 j1e a-tocopherol

. A v vt D T L
under the conditions given in Disures | to 3.

A comparison of analvses of 14 human
plasmas for retinol by FHPLC and by the
trifluoroacetic actd (TFA) method of Neeld
and Pearson (8). and tor a-tocopherol by
HPLC and by the Emmerie-Engel color re-
actior after thin laver separation (9) is given
in Table 1. For both retinol and a-tocopherol
the HPLC method gave results that were not
significardy  different by linear regression
analysis from the macrocolorimerric proce-
dures. The correlation coefticient (r) was
slightly higher for tocopheral than for retinol.
It may have been anticipated that the HPLC

BIERL ET AL.

metitod would give slightly lower values for
retinol than the TFA method, since the latter
deternmuines retinyl esters in addition (o re-
tinul. Probubly the correction for carotenoid
pigments wis too farge, thus piving low values
tor tetal vitamin AL The cerrection factor for
carotenoids 1y made with f-carotene, whereas
this s a minor component of human plasma
carotenonds and the different carotenoids zive
varying color intensity with TEA (10).

The precision of the method for the same
plasna determined on 1O consecutive days s
given in Table 2. A stightly lower coefticient
of vartation was obtained tor a-tocopherol
than for retinol but both were relatively low.
Precision for the same day analysis of 10
aliguots of a second plasma gave for retinel
amean of 457 pp/dl SD = 1.9, coefficient of
variaion = 4.1%. and for a-tocopherol a
mean of 5% pe/dl SD = 32, coeflicient of
anation = 5077 (data not shown), Recov-
cries of a-tocopherol und retinol added in
amounts about the same as those present in

FABLE |

Companson of the determmanen of plasma
retmol and a-tocopherol by HPLC

and colonmetry

Retinal a- Lucapherol
Nampic - i T o

Pl PEAS HPL( ELC

ue. dl T
1 70 S5 882 942
2 63 hE] 710 703
3 b 67 1682 1835
4 S0 27 684 6490
S [0 46 926 996
6 48 bR Sy 839
7 78 71 1212 1320
N 70 84 i217 1328
9 37 i2 612 513
10 RS 249 570 569
1l 36 31 836 896
12 41 KK S06 SI3
I3 Ju 35 077 681
14 25 24 422 461

X BRI a6.3" DRERTS G77 60

Sk R 44 Rl 1042

r 0.833 (996

“Samples 1w 8 were drawn with EDTA tubes,
Samples 9 10 14 had an unspecitied volume of acid:
atnitedextrose added that diluted the plasma and re-
sulted 1in peneraly lower values. All samples were done
in - dupheate, "Trtluoroacete acid  method (8).
“Lmmene-Fogel color reacton atter one dumensional
thin-taver chromatography () "Means are not sig-
milicanty dafterent (F > 0.3, “Meuans are not stenifi-
cantly dfferent (£ - 08y
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TABLE 2

Frecision of the HPLC procedure for
determining plasma retinol and

a-t. opherol”

Dy

hoBe D —

6

7

8

9

10

BN

SD

Coetficient of virpa-

tion {0)

Name plasma run o duplicite on 10 consecutive

davs

Rl‘;;lh‘l
34
34
kY|
32
30
3t
2
30

" inx.\pl!c.’nl

nedl

447
438
440
447
440
440
467
454
445
430
4457
160
2.0

plasma were. respectively, 100.7% 2: 3.0 and
1034 2 5.2 (means = SE for five trials).
The analysis of red blood cells for a-to-
copherol required a shghtly larger volume
than for plasma because red cells contain
about one-fifth as much of the vitamin as
does plasma (110 12). A tvpical chromato-
gram of i red cell extract (Fig. 6) with added
a-tocopheryl acetate shows that only a-to-
copherol gave a significant peakh. Analyses of
mue human blood samples (Table 3) gave
values ina range similar to that found pre-
viously by gas chromatographic (11), or spec-
trophotomctric methods (12). Recovery of
added n-tacopherol was 103.57% % 5.2 (mean
£ SE) when an amount equal to that present
in the sample was added. A hmiting factor on
sample size was the amount of lipid that
could be dissolved in etherrmethanol. The
deseribed  procedure permitted a clear or

10
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and attenuaton at 0o0S AUES Simple mjected was
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TABLE 3
a-Tocopherol concentration of normal red
cells and plisma”

Reed broasd ceits ptastna

Nanpic Red ceiis Plasine
‘ A V o omi T

! 1ok a3 0 169
2 184 Ox3 0,157
3 146 RRN TRE0
4 164 686 0.239
N 139 717 0,194
6 290 1515 0191
7 219 N 0203
8 199 N 0.245
9 238 1024 0230
X 190 CAT 0.203
SE 17 vl (.06

“ Bloods from normal donors. drawn with EDTA and
run i duphicate

shightly cloudy solution for injection S sreer
samples caused lipid, presumably cholesterol,
to precipitate out of solution. Extracion of
the red cell hemolysate without pyrogatlol
present imvariably gave rise to a significant
amount of an a-tocopherol oxidation product
with a retention time the same as that for a-
tocopherylquinone.  Inclusion  of  sodium
ascorbate or butylated hydroay toluene in the
red cell suspension did not prevent the oxi-
dation.

11
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Discussion

The rapid simultaneous determination of
retinol and a-tocopherol in plasma should be
of considerable usefulness in many chinical
sitwations as well as in the nutrinonal assess-
ment of normal subjects. We have used the
method to determine the response to oral
vitamin A and | supplements of patients with
fat malabsorption as found in cvstie fibrosis
and a-f-lipoproteinemia. In the latter discase,
the method has been used in current studies
to monitor the response to several different
aqueons vitamin preparations. In nutritional
assessment. very few surveys have deter-
mined vitamin L because of difficulies in its
analysis, even though it is well-documented
that poor vitamin E status is prevalent in
many poorlv-nourished populations (13, 14),
The long-known sparing effect of vitamin E
0N USSUC VI A in animals (15) has re-
cently been shown to operate in children (16).
Application of the described simultaneous
anabysis of vitamins A and E should permit
more detailed studies of their relationship in
children.

The HPLC procedure has several advan-
tages over other currently used methods for
these vitamins, A simultaneous fluorometric
procedure (17) determines total retinol and
total tocopherols whereas HPLC separates
retinol from its esters and also distinguishes
between a-tocopherol and the 3, y-tocopherol
j-ir. Fluorometric analyses are often plagued
by spurious results from contamination (18).
With HPLC. contamination is infrequent and
if present is usually recognizable from the
recording. Other procedures for analyzing a-
tocopherol in plasma are usually time-con-
suming and involve inherent losses. In the
HPLC method for plasma. no oxidative con-
ditions or separation steps are included that
would lead to losses.

The use of internal stundards. another ad-
vantiage of our procedure, eliminates errors
from pipeting or the evaporation of solvents.
Care must be taken. however, to see that the
composition of the dilute working standards
does not chunge from cither decomposition
Or evaporation. As noted in “Materials,”
change in the retinyl acetate standard was
usually noted after 1 week by a shoulder on
the HPLC peak. The a-tocopheryl acetate
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standard appeared to be stable for at least
several weeks, but evaporation after 2 weeks
resulted inincreased concentration. For these
reasons, we recommend that the working re-
tinvl acetate standard be prepared from the
stoek solution week v, and the werking a-
tocopheryl acetate standard be prepared bi-
weekly.

The usual oxidative loss of a-tocopherol
during the preparation ot red cells tor analvsis
has been noted previousiv and various mea-
sures used to preventit (1, 12). Even though
we did notsaponity the cells, significant for-
mation of an oxidation product of a-tocoph-
erol oceurred durig hemolysis and extrac-
tion. Only the inclusion of .37 pyrogallol in
the saline sotution used to dilute the cells was
found adeyguate to prevent oxidative loss. The
much smaller sample size and shortened anal-
vaiy tme make the procedure a marked im-
provement over prestous methods tor red cell
a-tocopherol (11, 12). An HPLC method for
red cell tocopherols that appeared while this
study was an progress (19). 15 sinnlar o ours
but includes saponification. ¥

The wuthors thank Misy "“Vanda S, Chappell of the
Natonal Institutes of Health Blood Bank for hindly
supplsing blood samples
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For purposes of nutritional surveys and experimental studies, it was
found neeessary to have a method for measuring vitamin A and carotene
on 0.1 ml or less of serum in order that finger blood might be utilized or
that undue amounts of blood need not be withdmwn from small experi-
mental animals.  Fxisting methods require at least 1 ml. of serum (1--1)
and therefore necessitatoe venipuneture, which is time-consuming and for
which consent ix often difficult to obtain from subjects, particularly ehil-
dren, of 1 nutritional survey. 1t was also felt necessary to establish a pro-
cedure wierehy large numbers of analyses could be performed without the
expenditure of undue analvtical time,

The usual Carr-Price (5) (antimony trichloride) reaction for vitamin A
presents great diftficulties when attempts are made to adapt it to smail seale
work.  “The volatility of the solvents used, petroleum ether and ehloroform,
makes the necessary nuamipulations very ditficult and even slight evapora-
tion of the chloroform results in condensation of moisture, with resultant
turbidity from the antimony  trichloride reagent.  Ifurthermore,  the
evaneseent nature of the blue color ohtained rendoers colorimetry very
difticult on o small seale. Therefore, attention was directed to the m WRUre-
ment of vitumin A by its absorption in the ulgmviolet (328 my) in spite
of the fact that the color intensity is only about one-third us great as with
the antimony trichloride reagent. The direct ultraviolet absorption of
vitamin A has been preatly limited in analvtical usefulness except for
measurements of high poteney oils, owing to its non-specificity, sinee other
compounds likely to be present contribute to the ahsorption at 328 mpy
(6, 7). However, Little (8) hus partially eircumvented this difficulty by
measuring the absorption nefore and after irradiation with ultraviolet light,
of wave-lengths 310 to 100 mpu, which destroyed chiefly vitamin A in the
oils and tissues tested.  Little's paper (8) gives references to those who
previously made use of this prineiple on o limited scale and in a variety of
ways for the analysis of foodstuffs.  Chovallior elal. (1) have used an
irradiztion method in measurement of vitamin A in larger volumes of serun.
However, the possibilities of this technique have never been fully explored,
particularly in reference to blood analysis,
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178 MICRKODETERMINATION OF VIUAMIN A

By utilizing a destruetive irradiation teehnique it has heen possible to
develop a satisfactory method for meastring vitumin .\ and carotene in
GO c.mm. (0,06 mL) of <erum. Feen smaller volumes of serom (35 c.mnmis)
can be used, i greater attention is paid to technical detail=. With this
procedure, one analyst can meazure the vitamin A and cavatene inoat lewst
S50 =cra in o working dav.

The proposed method depends on (1 saponifieation and extraction of the
vitamin A\ and earotene from scrum on aomiero seale with solvents of low
volatility: (29 meastrenment of the light absorption of the amall volumes ud
328 and 160 me; G5 destruetion of the vitomin A absorption ot 328 mu
without affecting the abzorption of ather componnds at thiz wave-length:
and (D remeasurement of the absorption at 328 mp.

Reagents avd A pparatus

Eobx NOH o 90 per cent ethyl wleohol (1 volwme of 11~ IKOTT plis
10 volumes of abzohite adenholy, The reagent should he prepared the day
it is used. I color develops mapidly or if the reagent gives o blank, the
ateohal <hould he refluxed swith O aned vedistilled belore usce.

20 Nerosene-xylene misture (11D, NXvleneo e, and odorless (water-
white) rengent kerasene tobtainable from Eimer and Amend, New York).

3. Test-tubes 10 enn 303 mme: 20 emy Tengths of tubing, 3.0 (o 3.5 mm.
internal diimeter, are eleaned by hoiling in half concentrated nitrie aeid,
rinsed, dried, and divided in the middie with a hot, narrow, blast lnmp
flame to yield two tuhies ready For nse. Perex tubes have been used hut
presumahly =ert gl would e satisfactory awd casier to sead in the flame?

4oSoft glass tabes simitar to those deseribed above Tat only 1 e, long
and 2.5 to 3.0 mm. internal dimmeter. These are made and eleaned in e
same fa=hion !

Ao Lane-Levy constriction pipettes, S0 coum, (10, T, Te iz desirable
to have the npper constrietion quite sl to permit the pipetting of the
organie =olvents with fow <iwrfuee tension. 15 the tip i slender and the
bend in the end very shore, it will faeilivge the measurement of =amples
into the long naerow Gihes,

t. General Fleetrie B-1H mieveury disehiaree inp with purple envelope
and with its special transformer,

7o Arrangement for irdisting somples inothe <oft gliss tubes (Fig. 1.
When the racks are in position sreound the o, the hrightest part of the
light =ource shoubd be opposite the Tower half of the tubes <o that this por-
tion of the tubes receives Talb illnmination. The shadow of the eleetrode
support mu=t not fall on any rabes v moderite afe etrrent from o fun
must be used to keep the tubes cool,

U has been found casier to nudhe new tabes than to elean old ones, sinee after one
emd is sealed, cleaning is somewhat lnborious owing to the narrow bore,

14
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8. A Beckman speetophotometer fitted with a micro attachment and
2 mm. quartz cuvettes (12). (The wero attachment and cells are ohtain-
able from the Pyrocell Manufacturing Company, 207 Iast S4th Street,
New York 28.)

9. Racks about 5 X 5 X 2 inches to hold 100 long tabes.  These may
be made from wire sereen (two picees of & ineh mesh and one picce of % inch
mesh) or from sheet metal,

b

T1a. 1. Arrangement for ultraviolet irradiation, The mereury lamp (a) is held
vertieally in a clamp, base up, with the other and extending3ordem.in oa hole 8 em.,
in diameter, b-h, in o large block of wood, ¢, which serves as a base,  Semicircular
racks (d, d’) are provided for holding the glass tubes in a cirele equidistant from the
lamp (6 em. from the center of the lamp).  These racks may be made from pieces of
{incl plywood hield about 2 e, apurt, with the upper piece dvitled to hold the tubes.
Twenty or thirty holes may be drilled in each rack along a semicireular line,

10. The head of an cightpenny nail is cut off, and the nail is slightly
flattened for a distance of 10 or 15 mn and inserted in o small high speed
hand deill (e.g., Handee grinder, Chicago Wheel Manufaeturing Company,
Chieago) with the end projecting about 20 mm.

Procedure

Into the long slender tubes are put 60 c.mm. of serum and 60 e.mm. of
aleoholic KO, 1 the solutions do 1ot run to the bottom, they are sent

15
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down by a whipping motion.  Mixing is accomplished by tonching the side
of the tube near the bottom to the whirling nail in the motor drill which
has been mounted in a elamp with the nail up.  The tube is immersed
(along with others in o rack) in a water bath at 60° for 20 minutes, cooled,
and 60 c.mm. of the kerosene-xylene mixture are added.  Extraction is
accomplished by holding the tubes at about a 45° angle against the whirling
nail in such 2 manner that the contents are violently agitated for 10 or 15
scconds.  They are then centrifuged 10 minutes at 3000 wr.a. The tubes
should be at room temperature or a little helow hefore they are centrifuged.
Each tube is cut with a file just above the kerosene-xylene laver and this
layver is pipetted into the speeial narrow Beelman euvette (12); all the
solution possible is used, but with great care to avoid any of the agueous
layer which would canse turbidity.  The pipetting is Dest accomplished
with a fine tipped constriction pipette of about 50 or 60 c.anm. volume.
However, this pipette need not he ealibrated.  The constriction aets
merely as a brake to prevent the sample from being aceidentally drawn up
too far in the pipette.

Readings are made at 160 and 328 my.  The sample is then removed
to a short =oft plass tube (item (1) above) and irradiated along with the
other samples with the B-H4 lamp. The lnmp must have been turned on
at least 10 minutes prior to the beginning of the irradiation.  The necessary
irradiation time (30 to 60 minutes) <hould be determined by trial with
known vitamin A solutions, Treadiation is applied for 6 or 8 times as long
as 1s found to he necessary to destroy 30 per eent of the vitamin A in pure
solutions.  After irrodiztion, asceond reading at 328 myis taken,  Tnoorder
to eliminate the danger of a turbidity of unestablished origin which some-
times develops and which may be so slight as to be unnoticeable and yvet
serious enough to cause real error, the pipette used to transfer the sample
back into the cuvette after the rradiation is rinzed before cach sample
with anhydrous propionie aeid for one-third to one-half of its length bhelow
the constriction.  This procedure neither adds significantly to the an-
alytical time nor changes the volume enough to eause ervor.  If necessary
or desired, the propionic acid niiy be added prior to the first reading, sinee
its ineorporation does not affeet the course of irradiation 2

Caleulation—Fwey X 180 = micrograms per cent of earotene.  (Fps — I
irradiated 328) X 637 = micrograms per cent of vitamin A, K = optical
density with a cell having a 1 em. light path = 2 minus log ver cent trans-

2 A substitute for propionic acid, woieh may possibly be more satisfactory, is a
Il mixture of xylene and 2-methyl-2, fpentanediol. The addition of a great excess
of propionic neid muy in some cases itseli induce turbidity, whereas pentanediol ap-
pears to be miseible with serum extracts in all proportions.  The xylene is added to
reduce viscosity,
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mission with such a cell.  Optieal density is given directly on the Beckman
spectrophotometer.  Tf the volumes of serum and kerosene-xylene are not
equal, these must be multiplied by (volume of kerosene) — (xylene)/(vol-
ume of serum).

The factor of 637 for vitamin A is based on an EVE, for vitamin A
palmitate in aleohol of 1720 at 328 my, caleulated as free aleohol (13).
Sinee vitamin A ester has only 96 per cent ax much absorption in kerosene-
xylene and still has 3 per cent of its initial absorption after irradiation,
and since furthermore the absorption is reduced 2 per cent owing to the
necessity of using 2 wide speetral band (8 my), the net Ej%, = 1720 X
0.96 X 0.97 X 0.98 = 1570. 1,000,000/1570 = 637. The extinetion co-
efficient of the vitamin A ester was used rathor than that of the frec aleohol,
sinee most of the vitamin A in serum is esterified and seponification is quite
incomplete.  The factor of 480 for carotene was obtained hy measuring the
absorption of g-carofene (Smaco) in kerosene-xylene ()%, = 2080).

If desired, the volume of serum and reagents may be inereased or de-
creased proportionately.  The ratio of serum to aleohol must be kept con-
stant, but the amount of kerosene-xylene may be varied independently.

DISCUSSION

Saponification and extraction are conveniently carried out in the long
slender tubes which prevent undue evaporiation during saponification and
whieh give sufficient fluid depth to facilitate subsequent removal of the
organic solvent layver.  Saponifieation presents no problem and it searcely
prolongs the analytical time, sinee it is o easy to add aleoholic KO as it is
to add aleohol alone, which must he added in any event, and as many as
100 samiples may be saponified at once in g single water bath.  The sapon-
ificution is not complete, ghveerides are only partially hydrolyzed, and the
same is probably true for vitamin A estors. However, the alkaline treat-
ment accomplishes its purpose; viz., facilitation of vitamin A extraction
and the removal of interfering materials,

If a motor stirrer such s is deseribed above is not available, mixing and
extracting may he accomplished by adding w1 e Tength of 0.041 ineh
diameter stainless steel wire (from the Newark Wire Cloth Company,
Newark, New Jersev) and shuking.  Mild agitation suffices to mix the
aleohol with the serum. and after adding the kerosenc-xylene, the tubes
are sealed at the upper end in o flame and shaken vigorously.  Up to 50
tubes may be shaken together by hand (200 or 300 times).  For a large
series of analyses this teehnique is s rapid as the one given above; however,
it s necessry to take grest eare to prevent any serum from wetting the
top of the tube, whieh would vesult in charring when the tubes are sealed
off and thereby jeopardize the analysis,
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A major problem was to find o solvent which would completely extract
vitamin A and earotene from serum and which would permit manipulation
of small volimes without undue evaparation.  Petroleum ether was com-
pletely unsuited owing to ity volatility; toluene was an improvement;
xvlene wus still better; and kerosene showed praetically no evaporation
but failed to extraet vitamin .\ or carotene quantitatively. A 1:1 mixture
of kerozene und xylene was found to have suel o low volatility that evapo-
ration could he ignored, and recovery experiments from serum demons=trated
the quantitutive extiaetion of hoth pigments.

Measwienoend of Light absorption in small volumes with the Beekman
spectrophotoimeter hus heen deseribed (123, Sinee the samples are trans-
ferved, after the fhrst readings, from the absorption cuvettes to small tubes
for irradiation and trunsferred haek to the eavettes for the second readings,
there is danzer that =o muceh of the sample might be lost during the manipn-
lations s to leave i insuflicient volume for the sceond readings. Such loss
ean be prevented by using <lender tipped transfer pipettes and making
sure that no more than w teaee of Tiguid s left in either cuvette, rradiation
tuhe, or transier pipetie,

Destraction of Vitamin 4 When vitamin A or vitumin A ester in kero-
sene-xylene is irradinted with nltiviolet Tieht, abzoiption at 328 my ra-
pidly decrewses deaving avesiduad abszorption of approximately 3 per cent.
However, when an unsaponificd <erun extract is ireadisted in o quartz or
Pyrex tube with an unfiltersd mercury vapor lunp, the absorption at 328
g fadl< and then rises higher than i indtiad value, Evidently while vita-
min .\ s heing destroved. other substances e being converted into more
highly ab=orptive materiads. Thi< phenomenon was deliaved but not com-
pletely prevented by restricting the ireandintion to the wave-leneths hetween
A0 and 400 g as recommended by Lictle o2y, Little nszed a C‘orning
No. 986 filter and an aqueons potas<siim aeid phthalate solution in front
of the light =ouvee to accomplish this purpose. Tt has been found more
convenient to utilize w light souree eneased inoa purple envelope (General
Fleettie B0 winich essentially cuts out weve-lengths Tonges than 100 my,
and to place the canples in ordinary sodac ime (20ft”) glass tubes which
eut off wave-lenoths shorter than 310 mg. I, in addition to filtering the
light, the serim is soponitied betore extraetion, the absorption at 328 mu
falls tozplatean which remains unehanged with further iradiation.  Sapon-
tication hee also heen found neceszary inorder to effeet complete extraction
of vitamin A With saponification. the Tight filters are perhaps unneces-
sary, hut it has heen felt desivable to retain them as a precantionary meas-
ure. However i the soft eliss uzed 1= of <uch o composition ax to make
prolonged irradiation necessary to destroy vitamin AL Pyrex tubes may be
suhstituted.

18
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Fig. 2 furnishes evidence that under the preseribed conditions it is only
vitamin A which is destroved by the ieradiation and that new absorbing
materials are not forred. A serum extret was irradiated for 0, 9, and 60
minutes, and the abzorption curves were mestsured hetween 305 and 100
mu. The readings at 9 and 60 minutes were then subtracted from the

990 Serum extracts
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Frao 20 Effert of frradistion on sheorption of serum extraets, Absorption eurves
of serum extracts hetore wnd after ireadiston with altraviolet Tt <310 10 120 Ny,
and difference curves for serum extenets ad pure vitamin A solution, ohtained by
subtracting the values for the shsorption carves hefore and after ivedintion.

readings at zoro e to obGon difference cqrves representing the change in
abzorption induced by dreadintion. These difference curves have heen
compared with Jdifferenee curmves caleulatod from the change in the absorp-
Hon of pare vitimin A solntions indueed by prolonged freadiation, Tt will
be seen that the curves Tor pie vitmin A and serim extraet difference
nearly coineide, Thi< is strong evidenee that the absorption changes are
attributable to vitwmin A destruetion only.
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Comparison with Antimony Trichloride (Carr-Priec) Method-—When com-
parisons were made between the micromethod deseribed above and the
antimony trichloride method ax usually applied to serum (i-4), it was
found that a number of the sera gave mach higher values by the miero-
method. At least part of the diserepaney was traeed to eertain inadequa-
cies of the Carr-Price method as usually applied to serum. The sources of
error in the antimony trichloride method proved to be (a) incomplete ex-
traction of vitamin A from un=aponified serum (odded vitamin A can, how-
ever, be completely extracted without saponification) and (b) the presence
of unknown materials in some extracts which inhibited the color formation

Tanre |
Effect of Saponification on Carotene and Vitamin A Values (Antimony
Trickloride Mecthod)

The resuits are given in micrograms per eent.

Serum § | Scrum 6

. . | . .
Serum treatment | Serum 1| Serum 2 ‘ Serum 3 ! Serum 4

Vitamin A

AL Saponiftied; exlenlated from in- : ; ’

ternal standard T I R TR L 6o | tn
B, Suponitied; ealeulated from puare i ’ I !

standard R I TR A\ 65 02
C. Not saponified: ealeuled from ' : ‘

pure standard A 7 EE I I R 5l ™
DoCyas Gof v sos N ! S8 70

(Carotene

F. Saponitied S FL¥ S LS V-1 S bl N D VI PO B
I Not saponified . I PIURR B 135 1 166 1 1ot 1ae

with antimony trichloride.  Comparison of the figures in Lines A and B
of Table T elearly shows the importance of the use of internal standards in
serum vitamin .\ analysis; otherwise an error is introduced owing to the
inhibitory effeets of materials in serum extraets on the development of the
color.  In Line A the vitumin A content of the serum was caleulated on the
basiz of the inerement of color produced by adding pure vitamin A to an
aliquot of the serum extract mmediately hefore color development.  In
Line B the vitamin A values were ealenlated from the eolor intensity pro-
dueed in pure solution. .\ comparison of the figures in Lines B and C illus-
trutes the effeets of previons saponification on the extractability of the
vitamin A from the serum3 T will be noted from Line 1) that the com-
bined errors due to the above eauses amount to from 12 to 30 per cent.

3 The lower values in Line Care in part due to incomplete extraction and in part
due to a greater inhibition of eolor development. without saponification.
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‘The presence of inhibitory materials in natural products which influence
the rate and extent of color develoment resulting from the antimony
trichloride reaction has long been known (I4-16).  Oser, Melnick, and
Pader (17) have recently emphasized the value of the use of an internal
standard to deercase the ervor resulting from this effect in analysis of oils
and foodstuffs.  Likewise, the importanee of saponification as & means of
celiminating these inhibitory materiais and in aiding extraction has been
previously pointed out in connection with food analysis,  Analogous in-
formation in relation to serum analvsis has not heen satisfactory,

Yudkin (18) reported that =aponification is unnecessary for the deter-
mination of vitamin A in serum, whereas others have found it to be neces-
sary (19, 20). Tt is possible that the saponitication emploved by Yudkin
resulted in the destruction of tocopherol.  Tf this were (he case, part of the
vitamin A would be destroved during the evaporation of the petroleum
cther extraets and any benefits of saponitication would be obseured.  Pott
and LePage (20) observed that vitamin A values inereased with mild
saponification and decreased with more drastic alkaline treatment, and in
this laboratory it has been found that after prolonged saponification higher
results are obtained by the Carr-Price method if t eopherol s incorporated
in the petroleum ether used for extraction.  With milder suponification,
or none at all, the presence of tocopherol is without effeet on the results.
In the majority of methods in current usage for the determination of vita-
min A in serumy, saponification is omitted.

In order to obviate these difficulties, & modified antimony trichloride
procedure was used for making comparizons with the proposed micro-
method. 7 ml of serum were saponitied with 1~ KOT in 90 per cent
ethyl aleohol for 20 minutes at 607, Extracts were then made by shaking
with 7 mb of petroleum ether (hop. 30-600) confaining 1 mg. per cent of
a-tocopherol (1o prevent danger of loss of vitamin A during evaporation
of the extracts).  Triplicate determinations were made with 1 ml. aliquots
of the petroleun ether extract.  The carotene was mensured hy absorption
at 60 mg in the Coleman model 6 speetrophotometer.  The petroleum
ether was then evaporated, the residue taken up in 0.1 ml. of ehloroform
plus 0.01 ml. of acetic anhydride, and 1 ml. of 25 per cent antimony tri-
chloride in chloroform was added.  Measurements were made at 15 seconds
at 620 mu with the same instrument.  Corrections were made for the con-
tribution of carotene to the color, assuming that all of the 160 my absorp-
tion was due to g-carotenc.  In addition, internal standards were ineluded
in triplicate by substituting 0.1 ml. of standard vitamin A solution in
CHCly for the pure CHClz. These values were utilized in computing the
results. The microdeterminations were made ns previously deseribed with
60 e.mum. of serum. Eleven sera were analyzed by hoth the macro- {anti-
mony trichloride) and microprocedures for vitamin A and earotene.  The

21
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averages of all the determinations were in good agreement (Table 1) by
the two methods. The standard deviation hetween individual values
measured both ways was 5 g per cent for vitamin A and 7 ¥ per cent for
carotene (one carotene value omitted in caleulating the standard deviation).
This is additional proof of the reliability of the proposed micromethod for
the meazurement of vitamin A i gerum.

Use of Diflerent Serum Volumes and  Reproducibility— Athough it is
recommended that 60 to 100 canm. of serum be used for anadysis, it is
possible to obtain valid data with as little as 35 c.mm. if somewhat more

Tawre 11
Comparison between Micro- and Maeromcthods for Vitamin A and Carolene

The results are given in micrograms per cent.,

| Vitamin A ! Carotene
Serum No, l‘-_., e e e - .
| Micro® I Macrot (Carr-Price) | Micro® I Macrof
S ;
1 ‘ 106 1l ‘ 183 | 176
2 T4 ; 68 : 183 ! 171
3 66 i 69 i 110 104
4 56 H2 91 §7
5 Hd 62 159 159
6 52 51 | 179 171
7 3l Hl 131 §22
8 S0 5 108 232
9 46 43 KO 83
10 43 40 160 a7
! 30 40 123 ! 124
A, Ot o mn = e v e s < amms | et e e e & e o PR |
Average . ... } AN a9 | 141 | 139

* Proposed method with (.06 ml, of serum,
T Modified antimany trichloride procedure with 1 ml. of serum.
1 Petroleum ether extract of 1l of serum.

attention is given o analytical details. A number of ser. were analyzed
in replicate by the proposed procedure with 33, 60, and 100 ¢.mm. samples.
The =amples were treated with volumes of aleoholic KO equal to the
serum volumes and were then extracted with 40, 60, and 100 c.mm., respee-
tively, of kerosene-xylene. Nine to twentyv-cight samples were measured
at euch volume level, The standard deviations were 1, 1, and 2 4 per cent,
respectively, for vitamin A and 1, 1, and 1 for earotene.

Tuble T shows that eszentially the same abzolute values are obtained
when different amounts of =erum are used for analysis. Three sera were
analyzed in triplicate at eaeh volume level.

Eficet of Storage-- In making analy=es for nutritional surveys it is most
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convenient if samples ean be collected in the field, transported to a eentral
laboratory, and analyzed at o later date.  Tn this ease one must he assured
of the keeping quality of samples and of the storage conditions compatible
with the stability of the substanees to be messured.  To obtain the nee es-
sary information, two serum samples were stored at various 1('mpm.1tm(a
in a number of sealed tubes and analvzed after 1 and after 1.5 months for
vitamin A and earotene by the proposed micromethod. er(- Wis no
detectanle eliange after T month at either 17 or =20 in cither vitamin A or
carotene. At room temperature, however, the vitamin A had fallen to
about 15 per cent of itx initial value and the eartene o 10 per cent or less,
After -5 months at. =207 there waz no significant change in vitamin A
and the earotene had only fallen by about 6 per eent. At 1° the carofene

Tavrr 1

Vitanidn A and Carotene Values with fferent 1'0/:::/:1.\' of Serum

i Serum ! Serum 2 ' Serum o
Volume of =erum, comm.. e | Ji;’)! ('.ll% 100 34 1 60 o' 3h 'H! 100
Vitamin A, 5 €000 | Tl; H TI! 449 : 17 ' ;’)H" S0 520 50
Carotene, 5 . |[ BSE s s BUNESNED

A measurements mande in npln"lt(‘

wax almost gone in both samples, one vitamin A value was unchanged,
and the other had fallen 10 per cent. It scems permissible to conelude
that in =erum carotene is more unstable than is vitamin A, and that sers
may be stored for =evernl weeks at 47 or several months at —20° without
prejudice to the vesults,

SUMMARY

LA method is deseribed for measuring the vitamin A and earotene in
00 c.mm. of serum, an amount easily obtainable from the f inger. Since,
in «1(1(1111011 one analyst can perform at least 50 determinations in a working
day, it appears to fulfil the requirements for o nutritional survey method
or f(n' studies on small anhnals,

2. The method has heen compared with a modified Carr-Price {antimony
trichloride) maeroprocedure which gave essonti ally the same carotene and
vitamin A values as the mieromethod,

3. Low values for vitamin A were ulmlin('(l with the Carr-Price method
as usually performed on serum.  Several factors which appear to be re-
spunslhlu for these low results are discussed.

- Dataare given on the keeping qualities of vitamin A and earotene in
stom(l NOVIN
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Macro- and Micromethods for the Determination of
Serum Vitamin A using Trifluoroacetic Acid’

JOHN B. NEELD, JR. anpo WILLIAM N. PEARSON
Division of | :+rition, Departments of Biochemistry and Medicine,

Vauderbilt Ui

The main problems encountered in the
use of the Crr-Price (antimony trichloride)
method for -ue determination of vitamin
A have been well known since its original
description (Carr and Price, 2G). The
antimony  trichloride-chloroform reagent
develops turbidity in the presence of trace
amounts of moisture and the characteristic
blue color formed by this reagent with
vitamin A is subject to rapid fading. De-
spite these drawbacks, the Carr-Price re-
action remains the methiod of choice for
serum vitamin A determinations when suf-
ficient blood can be obtained. On the
micro-scale, however, the turbidity  prob-
lem becomes unmanagzcable and for this
reasont Bessey et al. (16) devised a micro-
spectrophotometric method that has heen
widely employed.  Dugan and  Frigerio?
have recently investigated the reactions
of various Lewis acids with vitamin A and
its derivatives. They found that trifluoro-
acetie acid (TFA)Y retained the sensitivity
and specificity of the ShCl reaction but
did not exhibit the turbidity and film-
forming properties of the latter reagent in
the presence of moisture. This property
suggested to us that TFA mught not only
be used to replace SHCL in the conven-
tional macro-determination of serum vita-
min A but migh: aso serve as the basis for
a new simple micro technique. This paper
reports the details of new macro- and
micro- vitamin A procedures  developed
with the use of TFA as the chromogenic
agent that offer certain advautages over
methods now used.

MATERIALS AND METHODS

Reagents

Etl:ancl, 95¢: . TReagent grade was used
without {urther purification.

Petroleum ether.  Bottled, reagent grade
benzine, boiling over a range of 38 to

~

454

rsity, School of Medicine, Nashville, Tennessee

56.9°C, was used without further purifi-
cation for the micro- procedure. A special
reagent grade petroleum ether,? boiling
over arange of 30 to 40°C, was used with-
out further purification for the macro-
procedure.

Carr-Price (SUCL) reagent. A 20% so-
lution of SbCls in reagent grade chioro-
form was filtered repeatedly through n-
hydrous Nu.SO, until clear and was then
stored in a brown bottle over anhydrous
N;l-:SO..

Trifluoroacctic acid (TFA) reagent. One
volume of trifluoroacetic acid* was mixed
with 2 volumes of reagent grade chiloro-
form just prior to use. This solution is
stable for 4 hours.

Acetic anhydride.
uscd.

Saponification  mixture. Ninety per
ceut ethanol was made 1.0 N in KOII by
the addition of an appropriate weight of
KOH pelles,

E-Carotene  standard solution.  p-Cavo-
tene stored under nitrogen was used as
a standard.® A 50-mg sample of this vwos
dissolved in a few milliliters of ehloroform
and brought to a {final volume of 100 mij
with petroleum cther. One milliliter of
this solution was then diluted to 100 1l
with petroleum ether to form an interme Ji-
ate standard.  This solution is siable for
only a few hours and should be made up
just prior to use.

Vitamin A standard solution.  The USP
relerence standard solution of vitamin A

Reagent grade was

Reccived for publication November 8, 1962,

tSupported in part by Contract no. Nonr-21{ i )
(Ofiice ol Nav.a, Research) and by rescarch ur.ont
AM-023G3-05 from the National Institute of Arthritis
and Metabolic Lascases, U.S, P'ublic Health Service.

*Luean, R, K., and N. A. Frigerio 1961 A.C.S.
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4 Lizroine, Buaker Chemical Company, Phillipsburg,
New Jersey.

P Bastman Organic Chemicals no. 6287,

» Nutritional Biochemicals Corporation, Cleveland.
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acetate in cottonsced oil® was used. This
standard contains 34.4 mg of all trans
vitamin A acctate/gm of solution. A 100-
mg sample of this standard (containing
3.44 mg of vitamin A acctate) was dis-
solved in chloroform and diluted to 50 ml
in a volumetric flask. This solution is
stable for at least two days when refriger-
ated and kept protected from light.

Apparatus

A Coleman Jr.  Spectrophotometer
equipped with 10 =% 75 mm cuvelies was
used for the macro- analyses. The micro-
analyses were carried out in a Beckman
model DU spectrophotometer equipped
with the micro- attachments described by
Lowry and Bessey (M16). Microcuvettes
measuring 2.5 % 10 % 253 mm were used.?
For the wicromethod extractions a spe-
cial mixer was used. The high-speed drill
mixing device described by Bessey et al.
(46) also proved to he satisfactorv, Lung-
Levy constriction pipettes of 0.01-, 0.05-,
0.075-, and 0.100-ml capacitics were used
in the micromethod. Two-tenths-milliliter
serological pipettes were drawn out o
slender tips for use in pipetting petroleum
cther in the micro- procedure.

Material for analvsis

Human plasma for analvsis was ob-
tained from the Vanderbilt elinical labora-
tory or blood bank. Tt was usually neces-
sary o poel plasma samples from  the
clinical Taboratory to obtain enouch for
replicate analvsis. Heparinized rat blood
wis obtained by heart puncture. Porcine
and bovine blood was taken from individ-
ual animals at a local abbatoir. In this in-
stance, serum was used, Al samples were
kept frozen until analyzed.

Macro- procedure

‘this procedure is basicallv a modifica-
tion of the methods of Kimble ('39) and
Kaser and Stekol (413 ) except that TEFA iy
substituted fer ShCl.,

Transter in duplicate © mi of seram into
16 > 125 mun glass stoppered test Gihes.
Add, with mixing, 9 ml of Y5 cthanol
followed by 3.0 ml of petroleum ether
(hoiling range 30 to 10°C). Stopper and
shake vigorouslv for two minutes to in-
sure complete extraction of carotene and
vitamin A, Centrifuee the tubes slowly

<
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for thrce minutes. Carefully pipette off
2.0 ml of the petroleum ether (upper)
layer and place it in a Coleman 75 X 100
mm cuvette. Stopper immediately with a
cork and read the carotenc at 450 my
against a petroleum ether blank in the
Coleman Jr. spectrophotometer. Remove
the cuvette and evaporate the petroleum
ether to dryaess in a 35 to 40°C water
bath.  An impinging strecam of nitrogen
may be used to increase the rate of evapor-
ation bt this is not necessary. Take up
the residue immediately in 0.1 ml of
chloroformi and add 0.1 ml] of acetic an-
hydride. Set the Coleman spectrophotom-
cter at 620 my to zero optical density
with a blasik consisting of 0.1 ml of chlove-
form and 1.0 ml of TFA reagent, Place
the sampic cuvette in the spectrophotom-
eter, add 1.0 ml of TFA reagent and
recovd the reading at the pause point or
alternately, exactly 30 secends after addi-
tion of the reagent. The former may be
defined as the maximal “hesitation” read-
ine that oceurs after the galvanometer has
recovered from its initial swing,  The
thimed reading is o be preferred.

Standard curves and calculations

The d-carotene intermediate standard is
diluted with pecoleum ether to give solu-
tions containing 0.5, 1.0, 1.5, and 2.0 ng
of Z-caroiene. ml, respectively, The optical
densities of these solutions are read at
450 mu agcainst a petroleum ether blank
and a standard curve plotted. It should
be mentioned that g-carotene is a netori-
ously labile compound even when extrenie
care is taken in its storage. Under our
laboratory conditions, ¥ =2 6.8 in the fol-
lowing equation:

_uir carotene ‘ml

T optical density
Although it might bhe expected that this
factor would vary slichtly from labora-
tory to laboratory, any gross deviation
should be cause to suspect the purity of
the standard,

Since gcarotene also reacts with the
TFA reagent 1o give a blue color, it is
necessary to run o TFA — carotene stand-
_;-'Tlrf;—;‘)::’ln:u‘n[ﬂN'i.ll Conveadion, 46 I'ark Avenue,
New York 1o, New York.

T Pyrocell Manufacturing Company, New York 28,
New York,

Yn"rl(\"yvlu-.‘\li\cr, Clav-Aduams, Inc., New York 10, New
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ard curve to permit calculation of a cor-
rection factor. Make up carotene stand-
ards in chloroform for this determination
to contain 4.0, 8.0, and 10.0 ug. ml. Place
0.1-ml aliquots in Coleman cuvettes, and
carry out the TFA reaction as previously
described.  Under our laboratory condi-
tions:
ODyzp > 0.300 == ODge

Vitamin A standards are prepared from
the stock standard solution to give solu-
tions containing 6.8, 13.7, 20.6 and 3:.4
ng/ml. respectively.  For preparation of
the standard curve, pipette 0.1-ml aliquots
of these standards into Coleman cuvettes
for reaction with the TIA reagent. Under
our laboratory conditions F = 1,19 in the
following cquation:

#e vitamin

F o A ‘tube

aptical density

From the foregomg calculations and the
volimes of reagents used. the amounts of
B-carotene and vitamin A in the sample
are caleulated as
(1) carotene

ODue > 1020 == ug carotene '100 ml se-
rum
(2) vitamin A

ODeizo — (0D > 0.300) > 337 == neg vi-
tamin A 100 ml serum.
The factors shown in the above cquations
should be derived by ecach operator, par-
ticularly in view of the fact that a new and
relatively  untested chromogen has been
introduced. We have, however, found no
differences in TFA — vitamin A color
vields with 1 separate bottles of this rea-
gent purchased at different times.

it
aic

Micro- procedure

The micromethod is essentially  the
same as the macromethod except that it
has been adapted o a much smaller seale.
Pipette cither 0.1 or 0.05 ml of serum into
a 6 X 50 mm test tube, Add an cqual vol-
ume of 95¢% cthanol (Lang-Levy pipette)
and 0.15 m! of petroleum cther (38 to
56.9°C). Stopper the tube immediately
with a cork and extract the vitamin A and
carotenc by agitation with the special
mixer® for 45 scconds. Centrifuee the
tube for 10 minutes at 3,000 X g and
transfer 0.10 ml of the petroleuni cther
layer to a micro-cuvette by means of a

JOIIN B, NEELD JR. AND WILLIAM N.
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Lang-Levy fine-tipped constriction pipette.
Read the carotene optical density immedi-
ately at 450 mu against a petroleum ether
blank. Transfer as much of the sample as
possible to a clean 6 X 50 mm test tube
and rinse the cuvette once with 0.05 ml
of petroleum cther. Add the rinsing to
the sample in the test tube. Evaporate to
dryness in a 40 to 50°C water bath (5
minutes), Take up the residue in 0.01 ml
of chloroform and add 0.10 m! of the TFA
reagent with vigorous shaking. Transfer
rapidly as much of the solution as pos-
sible to the micro-cuvette by means of a
0.10-ml Lang-Levy pipette. Take the vita-
min A reading at 620 myp against a1 TFA
reagent blank exactly 30 scconds after
the addition of the TFA reagent. It is cs-
sential that this step be carried out with
great care, particularly with respect to the
timing because the color fades.

Carotene and vitamin A standard curves
are prepared using smaller aliquots of the
same standards used in the macro- proce-
dure.

RESULTS

Trifluoroaceiic acid — chloroform mix-
tures were tested for vitmnin A color
vields in the proportions of 1:1, 1:9, 1:5,
I:10 and 1:20. The 1:2 and 1:5 mix-
tures gave about the same color yields but
the other mixtures gave considerably less.
The 1:2 mixture was uscd throughout this
study.

The blue species produced by the in-
teraction of TFA, and vitamin A in chloro-
form was found to exhibit maximal ab-
sorption of G616 myt in accordance with
the observations of Dugan.® After stand-
ing for about two hours the original blue
color decayed to a pink with a maximal
absorption at about 340 mp but of greatly
reduced  sensitivity.  No attempts were
made to use this color analytically. Vari-
ous fat-soluble substances (cholesterol,
caleiferol, vitamin E, vitamin K) gave no
color with TFA when tested at concentra-
tions greater than these normally found in
scra. - An impure sample of xanthophyl
gave virtually no color at concentrations
deemed to lie within the physiological
range.

¢ See footnote 8.
W Dugan, R, L., 1962, personal communication.
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&—— SbCly

TFA —>

1.0

T
2.0 3.0

VITAMIN A ACETATE(/ug./TUBE)

Fig. 1

Comparison of vitamin A standard curves obtained with antimony trichloride and

trifluoroacetic acid. Readings were made in 75 X 100-mm cuvettes with a Coleman Jr.

spectrophotometer at 620 mg.

Typical vitamin A acetate dose-response
curves measured at 620 mp in the Cole-
man Jr. spectrophotometer with TFA or
SbClL are shown in figure 1. The color
vield with TFA was also slightly greater
than that with SbCl: with vitamin A alco-
hol and vitamin A acid. The vicld of
colored complex formed with vitamin A
acid was Jess than half that with vitamin
A acctate. This vitamin A acid — TFA
complex fermed slowly and was a deep
purple rather than a typical Carr-Price
blue. g-Carotene gave less than one-tenth
the color yicld of vitamin A at 620 mp
with both reagents. The carotene color
yield with TFA was slightly less than that
with ShCl,.

The stability of the colored species
formed with TFA varied depending upon
the type of cuvelte used. Representative
time-decay curves with vitamin A acetate
and scrum extracts are shown in figure 2.

28

In a micro-cuvette the color formed with a
vitamin A acectate standard faded about
129 Dy 1 to 1.5 minutes after the initial
reading, wher as the same reaction in a
Coleman cuvette faued by approximately
20%% . Under the same conditions the
colored species fo.med with a serum ex-
tract faded 10%% in a micro-cuvette as
opposed to 25% in a Coleman cuvette.

The TFA method was compared with
the classie ShCly technique using human,
rat, bovine and porcine sera (table 1).
The two methods agreed quite well when
human, rat, or porcine sera were analyzed.
Generally TFA values were slightly higher.
When  bovine  sera  containing large
amounts of carotene were analyzed, how-
ever, the vitamin A values obtained with
TIFA were markedly higher than those ob-
tained with SbCl.. When the carotene
values were Jow (bovine samples 8 and
9), good agreement was obtained. This
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.50
R VITAMIN A ACETATE l.3/J.g/ML.
T~ i~ MICRO CUVETTE
40 —
> ~~ o VITAMIN A ACETATE l.3/.Lg/ML.
E =~ \/ COLEMAN CUVETTE
(7] .30 4
2
w
[a]
=
O 20 - SERUM EXTRACT-COLEMAN CUVETTE
- —~— T~
a ~§~~§ /
(@] xﬁ
/ =
10 SERUM EXTRACT MICRO CLUVETTE
T T T ]
0] 0.5 1.0 15 2.0
TIME IN MINUTES
Fig, 2 ‘Trifluoroacetic acid — vitamin A fading curves. Initial rcadings were taken

exactly 30 seconds after addition of the TFA and the

instrumnent specified.

implics that the two chromogens react dif-
ferently with the carotenoids or the other
pigments normally present in bovine sera,
or with both. Since serum carotenc levels
of 300 ug 100 ml are but rarely cn-
countered in the human, this does not
militate against the routine use of TFA
for the analysis of human sera.

Reproducibility studics were carried out
with SbCL and TFA by analvzing the
same  scrum sample repeatedly both on
the same day and on different davs (table
2). In Dboth situations TFA performed
slightly better than did SbCL. This may
be a function of the SHClL moisture prob-
lem since amounts of turbidity. sufficient
to affect the optical den<ity readings. often
cecape the analyst’s eye and might there-
fore result in greater variability.
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n at the time intervals and in the

Table 3 presents a comparison of vita-
min A values determined by the usual
procedure or after a preliminary saponifi-
cation of the serum. The vitamin A values
obtained after saponification were slightly
higher than those obtained without s:i-

ponification, but carotene levels after
saponification were distinetly lower in
several  samples.  Our results suguest,

therefore. that there is some advantage w0
be gained by saponification, which is in
accordance with the report of Bessey and
Lowry (°46).

Recovery experiments were performed
on a series of human sera using hoth the
ShCh and TFA methods. These were de-
termined in triplicate by comparing the
increase in Carr-Price color resulting from
the addition of vitamin A acetate to sun-
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TABLE 1

A comparison of Sb Cly and trifluoroacetic acid
(TFA) plasma vitamin A values in
various specie.

Vitamin A

> TFA
Sample Cuarovtene 5b Cly
naq, J(Kn-:i_ uy, 100 ml
Bovine!
1 8-18.6 40.9 55.2
2 823.4 38.9 56.1
3 476.3 21.6 35.2
4 36.9 d49.¢
S 27.3 41.1
6 A 31.9 36.8
7 1116.8 118.5 129.1
8 93.3 19.9 21.5
9 479 20 6 on g
Mcan SR 39.6 19.5
sp? 2361 30.6 32.5
Rt
1 5.6 303 31.5
2 0.0 18.6 RIS
3 1.8 23.9 2.4.9
4 12.5 38.6 13.0
Mean 4.9 358 36.1
sD 3.5 9.9 99
Humuan
1 115.0 38.1 39.2
2 G5.5 25.8 32.2
3 106.3 20.6 28.0
4 136.4 12.0 47.5
S 71.6 39.7 39.3
6 63.5 37.2 349.1
7 116.5 49.7 0.3
8 180.6 33.1 36.3
9 144.6 36.5 40.3
10 718 39.2 17.8
Mean 107.8 37.0 40.2
sD 39.5 7.0 e
Porcinet
1 q.1 26.6 30.2
2 2.5 29.3 31.2
3 6.9 39.6 38.6
4 1.8 19.9 21.8
5 0.0 25.9 26.8
[§] 0.0 2.1.6 271
7 0.0 29.6 31.6
8 3.7 21.9 23.0
9 1.2 13.3 16.2
Mean 2.4 25.6 Q7.7
sh 2.3 7.3 6.8
! Serum. o T T
? Standard deviation.
ples of known vitamin A content. The

data in table 4 show that both methods
gave good recoveries of the adided vitamin
A acetate.

In table 5 representative results ob-
tained with the TFA macro- and micro-
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methods are compared. The agreement of
values was relatively good except in samn-
ple 24 which contained an unusually large
amount of caretene.

Essentially the same values were ob-
tained when 0.05 and 0.10 m! of serum
were analyzed by the micromethod (table
6). In these analyses cach serum was
analyzed in triplicate at the two volume
levels. The amount of alcohol added was
equal to that of the serum but the same
amount of petroleun: ether (0.15 ml) was
used for extraction,

DISCUSSION

the coiur reaction of TFA with vitamin
A appears to be suitable for the measure-
ment of vitamin A in serum since the
values obtained in human, rat, and por-
cine sera are similar to those found with
the Carr-Price reaction. The dircet meas-
urement of vitamin A with TFA in bovine
sera without the prior removal of carotene
requires further study before its validity
can he assessed,

The nse of TFA eliminates entirelv the
moisture problem encountered with SHCl,
The TTFA is also less toxic than ShCl and
unlike the latter does not form a tenacious
film on the cuvette.

The main drawbacks of the TFA mcthod
are the evanescent nature of the blue color
and the extreme volatility of the solvents
used. The former has been satisfuctorily
controlled by reading exactly 30 seconds
after the addition of TFA to the serum
extract. The low boiling range petroleum
ether used in the macromethod was en-
tirely too volatile for the micromethod
but the higher boiling petroleum ether
product (10 to 60°C) proved to be accept-
able if the various manipulations were
performed rapidly.  Ambient temperature
in our Inboratory averared 21 to 23°C dur-
ing these studies. Hexane was also found
to be a suitable extractant and possessed
the advantage of being considerably less
velatile than petroleum ether. It would
undoubtedly be a more desirable solvent
for use at ambient temperatures higher
than ours. EFvaporation of a hexane cx-
tract in a 40°C water bath took an unduly
long peried of time, but an impinging
stream of nitrogen from a hypodcimic
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TABLE 2

Reproducibility of §h Cly and triftuoroucetic acid (TFA) values for human scrum vitumin A!

Experiment A Experiment B
Sample 5bCl, THEA Sample ShCl; TFA
ug, 10O m} w100 ml
47.6 51.9 11 18.6 43.2
o 48.6 Sl 12 18.9 53.9
3 50.9 18.3 13 19.6 51.1
B! 18.9 19.6 14 45.2 51.7
S5 ol 49.2 15 16.6 49.6
6 802 50.2 16 50.2 H2.1
7 50.6 18.9 17 11.6 50.5
8 8.2 19,9 18 13.9 52.1
9 410 I148.6 19 10.9 53.6
10 51.2 48.6 20 42.6 01.7
Mean 499 19.8 Mean 15.8 51.1
sn? 2.0 1.9 SD 3.1 2.4

c3 1.00 3.8 C 74 1.6%
Vin experiment A, 10 aliquots of o pooled serum sample were analyrzed simultancously. In experi-
ment B, an aliguot of the wame pooled sample was analyzed daily for 10 consecutive days,
2 Standuard deviation,
3 Coetlicient of variation,

TABLE 3

Effect of saponification upon vitamin A values of human scrum!

Saponified

Unsaponified

Sample Vitamin A Vitiimin A
Corntene — o L Carotene ——me o
Sh Cla TEA Sh ), TEA
kg 100 Ml Ly 100 i a 1OO il wg 10O mi
11 T6.7 H3.9 51.5 89.9 56.1 502
12 T35 39.6 371 63.5 372 39.1
13 1517 37.3 150.6 36,5
11 125.3 19.3 118.6 0.3
15 i3.6 500 71.8 7.8

! Saponification was carried out at GO for 20 minutes with 1 ~ aleobolje KOH.

TABLE 4

Vitumin A recovery from serum samples

Vitimin A Vitamin A

; . o N Expected Actual P
Sample Cn;‘l‘(;ll,‘,luuf "‘:(l,:l'(',:; vitamin A \‘il.:n:lnll A Recovery
ud, 100 ml w100 ml _“;/“ J‘V(VlV(W)T:;l‘W_ uy l()a_ml Ly
SI) CIJ
16 19.5 51.6 101.1 93.7 92.6
17 25.8 51.6 774 72.7 92.9
18 49.1 51.6 101.0 98.7 97.7
19 26.6 1.2 67.8 72.0 106.1
20 42.0 41.2 53.2 81.3 101.3
Trifluoroacetic acid (TFA)
16 50.4 51.6 102.0 99.6 97.6
17 32.2 51.6 83.8 82,1 97.9
18 55.5 51.6 107.1 099.9 93.2
19 28.0 18.6 76.6 731 95.4
20 47.5 18.6 96.1 92,7 96.4
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TABLE 5

Compuarison of macro- and micromethods for vitamin A analysis
using trifluorvacetic acid (TFA)

Macromethod Micromethod
Sample

Carotene Vitamin A Carotene Vitamin A

uy,/ 100 ml ny/ 100 ml uy/ 100 mli uy/ 100 ml
21 109.3 44.0 112.3 42.1
29, 138.7 24.4 140.8 28.3
23 116.2 40.7 113.0 41.1
249 283.0 28.2 264 .41 36.9
25 2024 35.7 191.7 41.3

TABLE 6

Compuarison of vitumin A levels obtained with different amounts of serumn

0.050 ml serum

0.100 ml serum

Sample — s - - —_
Carutene Vitamin A Carotene Vitamin A
uy/ 100 ml wuy, 100 ml Yy, 100 mli ny/ 100 ml
26 79.9 39.1 107.8 41.1
27 129.3 50.2 129.0 416.1
28 107.2 43.7 1185.1 42.1
29 145.1 38.2 171.1 32.1

needle took it to dryness in about one
minute. Heptane, benzene, and xylene
were suitable extractants, but their higher
boiling points made them not useful. Al-
though much has been made of the possi-
bility ol oxidative loss of vitamin A during
the evaporation step, we have been unable
to demonstrate such a loss at 40°C even
by the use of an impinging stream of air,

In our laboratory. saponification re-
sulted in a slightly higher vitamin A value
although not of the nmiagnitude reported
by Bessey et al. ('46) and Sobel and Snow
C47). It would therefore appear to be
appropriate to carry out a saponification
prior to extraction. Oser et al. ("43) rec-
ommend the use of an internal vitamin A
standard to reduce the error introduced
by the effeet of inhibitory substances on
color development.  Bessey et al. (46)
found that vitamin A values were from
5 to 1076 higher when caleulated by this
procedure than those taken from a con-
ventional standard curve. Accordingly the
use of an internal standard would increase
somewhat the accuracy of the method, but
in practice this approach would depend
largely upon the availability of seram be
cause duplicate samples are required. In
nutrition surveys the usual quantity of
blood available from finger-tip puncture

32

normally would not be sufficient for this
purpose.

Attempts to make the method more
rapid by the direct addition of undiluted
TEFA to serum extracts were not success-
ful. Although the TFA—-vitamin A color
formed readily with vitamin A standards
in both hexane and benzene, some serum
extracts gave no color with TI'A and, for
unknown reasons, TFA was insoluble in
hexane extracts of sera. Whereas CHCl,,
CClL, and GiLCl: gave full color yields
with vitamin A and TFA, they failed to
extract quantitatively vitamin A and car-
otene from the serum.

The TFA method offers its greatest ad-
vantage over existing methods at the
micro- level. The only micromethod in
common usc is that of Bessev et al. (’46),
which depends upon the measurement of
the ultraviolet absorption of seram ex-
tracts at 328 mu before and after irradia-
tion with ultraviolet light. The main
source of difliculty with this technique is
that ultraviolet light not only destroys vita-
min A but changes other substances that
absorh at 328 myu as well. This may intro-
duce a serious crror, especially when low
vitamin A levels are being measured
(Caster and Mickelsen, ’55). The obser-
vations of Bieri and Schultze ('51) and
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Sobel and Snow (47) that hemolysis re-
sults in consistently high values for vita-
min A and carotcne when measured by
this method were confirmed by Utley et al.
(’58). These juvestigators reported that a
rigid purification of the kerosene-xylene
extraction mixture was necessary to in-
sure reliable results and concluded that
the Carr-Price method was the method of
choice when suflicient serum was avail-
able. In addition to these shortcomings,
the Bessey method is tedious and time corn.
suming and requires an uliraviolet spee-
trophotometer and a special irradiation
device. The TFA micromethod described
here is about three times more scnsitive
than the spectrophotometric procedure,
does not require eluborate purificution or
drying of solvents, is not affected by he-
molysis and does not require  the use
of an ultraviolet spectrophotometer.  Al-
though an ultraviolet spectrophotometer
was used in this study, a few trials with
the Beckman Spinco Model 151 micro-
spectrophotome.er' suggest that this in-
strument could also be used. The TFA
riethod is considerably more rapid than
the Bessey procedure.” One operator can
casily analyze 20 samples in duplicate in
three hours. It is. moreover, even more
rapid than the macro- procedure because
the solvent evaporation time is reduced
from = 30 minutes (macro- ) to = 5
minutes (micro- ).

SUMMARY

A new method for the determination of
plasma or serum vitamin A levels which
uses trifluoroacetic acid (TFA) as the
chromogen is described. This reagent pro-
duces a typical Carr-Price color but docs
not exhibit the turbidity or film-forming
properties of ShChL in the presence of
moisture. The new procedure gives values
that agree well with those obtained hy the
Carr-Price method when rat, porcine, or
human sera are analyzed. Significantly

JOIIN B. NEELD JR. AND WILLIAM N. PEARSON

higher values are obtained with TFA, how-
ever, when bovine sera were analyzed. A\
micro- modification of the mcthod pernut-
ting the analysis of 50 ul of serum is de-
scribed and its advantages over existing
methods are discussed.
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SUMMARY

Colorimetric and fluorometric measurement approaches are evaluated
for the determination of Yitamin A in blood plasma with and without
fractionation by alumina column chromatography. Results for forty-one
human plasma samples indicate that the two measurement approaches
applied without the alumina separation step can be adequate for broad
population surveys when properly controlled, but that the separation
step is necessary to avoid interferences when relijable results are
required for individual samples, especially for Vitamin A levels below

0.2 ug m~1, Both measurement approaches give highiy reliable results

when preceded by alumina column chromatography.

INTRODUCTICN

The quantitative determination of vitamin A in efther human plasma
or serum is important for the evaluation of vitamin A status of indivi-
duals and populations. Although it is usually assumed that all of the
major methods availahle [1-8] are reasonably reliable when used with
care, there are few studies that systematically compare the different
methodologies to determine which gives the most acceptable results, par-
ticularly in the near-deficiency range for humans ( < 0,20 ug mi-1

calculated 1n retinol equivalent).
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This paper presents the results of a critical evaluatfon of two
commonly used approaches, namely, a coloriuetric method described by
Carr and Price [4) as modified by Neeld and Pearson [1] and a fluoro-
metric method described by Thompson et al. [2,3]. The colorimetric
method is based on the development of a blue color when Vitamin A {is
treated with trifluoroacetic acid (TFA) and the fluorescence method is
based on fluorescence emission of Vitamin A with excitation and emission
wavelengths at 330 and 480 nm respectively. Both methods were evaluated
with and without alumina column chromatography [3] of plasma extracts as
an independent basis for evaluating and comparing the accuracies of the

colorimetric and fluorescence measurement methods,

EXPERIMENTAL

Reagents

Except as noted, all reagents were "analytical grade" and were used
as purchased. Trifluoroacetic acid was obtained from two suppliers in
five separate Jots with no obsarvable variations in blue color develoon-
ment or stabilitv. Hexane (or its petroleum ether substitute) usually
recuired special treatment [9] to reduce background fluorescence con-
tamination before being used in the fluorometric procedure. Ethyl alco-
hol (efither 95 or 100%) for plasma extractions and chloroform for the
colorimetric procedure were distilled and stored [9]. Ethyl ether was

treated with aqueous ferrous sulfate and distilled to remove peroxides
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and antioxidant stabilizers, respectively [9]. The purified ether was
stored in the dark over steel wool which had previously been washed with
solvent until free of fluorescent contaminants.

Activated neutral alumina (A1203)‘1n fine granular form and desig-
nated "suitable for chromatography" was used for column fractionations
after being checked for contamination by the colorimetric and fluoro-
metric procedures and partially deactivated with water as described in
the section on column chromatography.

Equipment

Time-dependent ahsorbance readings were determined with a recording
Beckman Acta III spectrophotometer. Carotene values were determined
from absorbance readings at 450 nm with a Beckman Spinco colorimeter
using matched test-tube style cuvettes covered with aluminum foil to
prevent evaporation of the volatile hexane and chloroform. The colori-
meter was periodically checked by comparison with the spectrophotometer.

Fluorometric measurements were performed with a Hitachi Perkin Elmer
MPF 2A spectrofluorometer with 10 mm x 10 mm square Cuvettes used for
column eluates and microcuvettes with a minimum usable volume of 0.35 m
used for unfractionated extracts. Care was taken throughout to prevent
contact of samples, extracts, reagents, or column eluates with rubber,
Tubricants, and certain types of plastic to avoid fluorescent contami-

nation. Concentrated samples of vitamin A standards required special
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handling to avoid contamination of apparatus and glassware with the
resulting possibility of spurious errors in later determinations.
Samples

Human blood samples were drawn by syringe with heparin used as
anticoagulant. Rat blood was obtained from stock white rats by cardiac
puncture or decapitation with sodium citrate used as anticoagulant. Al
blood was centrifuged 5-10 min and the plasma transferred to glass
screw-top vials with Teflon seals for freezing and storage in the dark.
For the analysis of methodological variables, plasma was pooled and then
subdivided into smaller identical fractions for multiple determinations
on each sample. No changes in results were observed as a result of
sample storage.
Standards

Vitamin A standard was freshly prepared each day by partial hydroly-
sis of a retinyl acetate (ROAc) solution in oil obtained from USP
Yitamin A Reference Standard capsules (USP, Inc., Rockville, MD). To
about 0.15 ml of oil containing about 5 mg of ROAc in a conical glass
"stoppered centrifuge tube, 1 ml of water and 5 pellets (about 0.5 g) of
potassium hydroxide were added. Cortents of the tube were vortexed and
placed in a boiling water bath, with occasional swirling, for 20 min.
The hydrolyzed mixture was cooled, 1 ml of water and 5 m1 of hexane
added and the tube again vortexed for 2 min and centrifuged 5-10 min.
The hexane (upper) layer, containing a mixture of ROH, ROAc, and a

yellow residue from the oil, was used both as a source of ROH or ROAc
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and as the concentrated mixture needed to determine the correct amount
of water to be used for deactivation of alumina.

To produce a vitamin A standard, a solution of purified ROH (or
ROAc) was obtained by applying about 0.5 ml of the hexane extract
directly to a column containing 1 g of deactivated alumina. Chromato-
graphy was performed by eluting the column sequentially with 10 m1 each
of hexane containing 0, 2, 10, and 50% (v/v) of ethyl ether. Purified
RUAC appears in the 2% ethyl ether fraction and ROH in the 50% ethyl
ether fraction. The desired fraction was evaporated nearly to dryness
at 40°C under a stream of N, in dim light, then rediluted with hexane to
give a solution having ar. absorbance reading between 0.20 and 0.30 at
325 nm (A325) with a 1 cm 1ight path, (ROH equivalent to about 1.0-1.5
ug m1-1). The absorbance reading and an absorptivity of 5.464 ml

ug=1 em~1 were used to compute the vitamin A concentration. For fluoro-

metric standardization, three 1.0 ml portions of this standard solution

were diluted to 25 ml with pure hexane and with 2 and 50% ethyl ether

in hexane.
Pure crystalline all-trans-g-carotene was carefully weighed from a
previously unopened ampule, dissolved in hexane, and diluted to about

5 ug m-1, Concentrations were calculated either from dilution factors

or from absorbance measurements at 450 nm (Auso) measured with a Beckman

spectrophotometer and an absorptivity in hexane of 3.971 m ug~1 em~1,
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Colorimetric procedures

The procedure used in this study was a modified version of that of
Neeld and Pearson [1]. Duplicate plasma samples (usually 0.5 ml) were
extracted in glass-stoppered centrifuge tubes by addition of ethyl alco-
hol (either 95 or 100%) and hexane in the proportions 1:1:2 (v/v/v),
respectively, followed by vigorous vortexing for 2 min and centrifuga-
tion for 5-10 min.

Carotene in the hexane extracts was estimated from the absorbance
at 450 nm (Auso)' Hexane extracts and standards were then evaporated just
to dryness at 40°C under a gentle stream of N, in dim light. A 0.1 ml
volume of a mixture of chloroform and acetic anhydride (1:1, v/v) was
added immediately to dissolve and dehydrate the residue and thc tubes
were recapped immediately and taken to a darkened spectrophotometer room
for subsequent processing. A 0.5 ml volume of a 1:1 (v/v) mixture of
TFA and chloroform (prepared within 1 h of use) was added to 0.1 m
sample with a Pasteur pipet. The reaction mixture was immediately
redrawn into the Pasteur pipet anq transferred rapidly,;o a preposi-
tioned microcuvette, in which Agoo values were recorded either con-
tinuously or at 15 s (t;s) and 30 s (t, ) after the start of the
reaction. Blank values were obtained for samples, standards, and

reagents.
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Fluorometric procedure

Fluorescence values from plasma extracts when measured at wave-
lengths suitable for vitamin A determinations must be corrected for the
non-specific contribution of other blood components [2,3,6,7,11]. 1In
the procedure of Thompson et al. [2], a correction is made assuming that
the carotenoid phytofluene is the only significant fluorometrically
active contaminant and phytofluene extracted from tomatoes is used as a
standard for determining the correction factor. 1In this study the pure
hexane fractions obtained from alumina column chromatography of human
plasma extracts were measured directly as an approximate phytofluene
standard. No differences were observed in the fluorometric charac-
teristics of standards prepared from multiple human or rat plasma
samples in preliminary studies at the wavelengths used for the fluoro-
metric procedure. The human plasma samples, however, contained much
larger quantities of the fluorescent contaminant.

In a1l fluorescence measurements the emission wavelength used was
480 nm, Epe excitation wavelength 330 nm or 365 nm, and the emission and
excitation bandwidths 8 nm each. A freshly prepared standard solution
of ROH in hexane was used to adjust full-scale to be equivalent to a
blank-corrected ROH concentration of 100 ng m-1 (in hexane) at 330 nm.
The fluorescence reading for the standard ROH (designated F330) was re-
corded, the excitation wavelength readjusted to 365 nm without changing
any other controls and the Fig5 value recorded. The corresponding

Fig5 value for a hexane blank was obtained. After verifying the origi-
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nal Fj5, scale expansion with the ROH standard, the Fi3p and Fy.o values
for the phytofluene solutions obtained by column fractfonation of human
plasma extracts, were similarly obtafned. Blank values were determined
by using the pure hexane fraction from alumina columns eluted without
sample. Because the ROH standard is unstable, a secondary standard of
quinine sulfate (formula weight 782.96) of 10 ng ml-} {n 0.1 N H, S0, was
standardized against standard ROH solutions and routinely used to cali-
brate the fluorometer at both 330 nm and 365 nm [2). The observed ratio
of F365/F330 values for the quinine sulfate under these conditions was
1.23.

Appropriate equations relate the F3gs and F,40 values of samples,
corrected for blanks, with those obtained for the ROH and phytofluene
standards [2]. As determined in our laboratory, the Figs/F33, ratios
for ROH and phytofluene, (desianated A and P, respectively) were A =
0.33 and P = 1.97, with the corresponding constants P/(P-A) and 1/(P-A)
equal to 1.20 and 0.61, respectively. Considering dilution factors in
the_extraction orocedure, vitamin A concentration can be calculated for

a plasma sampie as:
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Vitamin A (ug m171) = (0.0120 x Fy30 - G.0061 x Fy) Where the
F33g and Fy. values are from the unfractionated plasma extract
after correction for sample blanks.

For vitamin A quantitation by the fluorescence procedure, unfrac-
tionated plasma extracts and blanks were obtained in duplicate as 1in the
previous procedure except that the proportions of plasma (either 0.05 or
0.5 ml), ethyl alcohol, and hexane were 1:1:10 (v/v/v), respectively.
The larger pronaction of hexane was necessary due to the Tower detection
Timit of the fluorescence procedure as compared with the colorimetric
procedure. Additional dilution of the extracts of some samples with
very high vitamin A or phytofluene levels was required. Extractions
were complete under these conditions as shown in preliminary studies by
second extractions.

Alumina column chromatography procedure

The procedure was essentially that described by Thompson et al.
[3]. Alumina columns with a bed diameter of about 5 mm and a height of
about 4.3 cm were prepared.hy adding 1 g of partially deactivated alu-
mina to columns nartially filled with hexane to prevent formation of air
bubbles.

The amount of water necessary for appropriate deactivation of alu-
mina from different batches varied from 0.04-0.06 m g~!. To charac-
terize each new batch, a precise quantity (usually 20 g) was weighed
into each of six tightly stoppered tubes and increments (0.04-0.065 m

g71) of water were added to give a graded serifes. The tubes were sha-
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ken, equilibrated for at least 24 h, again shaken, and finally made into
columns as described above. About 0.5 ml of the ROH-ROAc mixture in
hexane from hydrolysis of the ROAc standard capsule was applied to each
column and the columns were fractionated with hexane containing 0, 2,
10, and 50% (v/v) ethyl ether as described earlier. Each fraction from
a column was viewed under ultraviolet 1ight. The partially deactivated
column that produced the milky-green fluorescence of vitamin A exclusi-
vely in the 2 and 50% ethyl ether fractions contained the proper amount
of water.

Excess hexane was drained from columns before sample extracts were
applied but at no time was the unper surface permitted to qo dry.
Duplicate hexane extracts of samples were obtained as described for the
colorimetric procedure except that 0.5 ml of ethyl alcohol and 1.5 ml of
hexane were used. Extractions were complete under these conditions.
One milliliter of the extract was evaporated just to dryness (Nz’
40°C), the residue immediately redissolved in about 1 ml of hexane and
applied to the column with a small following rinse. Four hexane frac-
tions of 10 ml each, containing 0, 2, 10 and 50% ethyl ether
respectively, were collected in 10-m1 volumetric flasks. Evaporation
losses were replaced to volume with the appropriate solvent. The 0O and
10% ethyl ether fractions were regularly examined for vitamin A as a

control of column operation.
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Interfering contaminants either to the colorimetric or fluorescence
measurements were found exclusively in the pure hexane fraction of
plasma extracts. However, these hexane fractions did not account in
efther procedure for all of the contamination observed in unfractionated
extracts, some apparently being retained permanently on the alumina.

Vitamin A in fractions obtained from column chromatography was most
conveniently quantitated by fluorometry, a method which allows column
fractions to be measured directly without further preparation. For
these measurements the fluorometer conditions were as described earlier.
A freshly prepared solution of vitamin A of known concentration (between
40-60 ng m171) in 2 and 50% ethyl ether was used to standardize the
fluorometer for the corresponding column fractions. Blank values were
obtained for each column fraction. The fluorescence yield of ROH was
1.09 and 1.28 times greater in a 2 and 50% ethyl ether, respectively,
compared to ROH in pure hexane. No correction for fluorescent con-
taminants was required because spectral characteristics of 2 and 50%
column fractions were indistinguishable from pure ROH in the respective
solven: at wavelengths used in the fluorescence procedure.

The colorimetric procedure described earlier is an alternative to
the fluorometric quantitation of fractionated plasma extracts. No cor-
rection for B-carotene was required because A, 5o values for concentrated
solutions in hexane were zero, and time-dependent losses of Agoq values
were identical to pure vitamin A of the same concentration. However,

though vitamin A values were fidentical by either the fluorometric or
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colorimetric procedures, evaporation of the two 10-ml fractions required
for the latter was time-consuming and only the fluorometric procedure

was used for the data reported in this paper.
RESULTS AND DISCUSSION

Preliminary results of an early exoeriment designed to select the
most suitable TFA concentration for use in the colorimetric procedure
are shown in Table 1 for a nooled sample of human plasma and for a stan-
dard. It 1s clear from the data that results for the pooled plasma and
standard have different dependencies on TFA concentration, and experi-
ments were designed to determine the origin of these differences.

It was observed in all of these studies that A.,, values decreased
Tinearly with time from the earliest measurement observed unti]l at least
30 s after the reaction was initiated. Thus, initial Ag,o Values were
readily estimated for each reaction by extrapolation of A vs t data to
t =0.

Figure 1 shows that the greatest initial values for Agop USing a
retiny]l acetate standard were deve1oﬁéd in reaction mixtures containing
the lowest concentration of TFA. However, A;,, values developed by
vitamin A become increasingly more stable at higher TFA concentrations.
With g-carotene, A;,, values increase hoth with increasing TFA concen-
tration and with increasing time of color development. Sets of studies
{dentical to those represented in Fig. 1 were performed with.three addi-

tional (lower) concentrations of vitamin A and 8-carotene. From these
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studies 1t was seen, frr any fixed interval of color development and any
TFA concentration sele:ted, that Ag,o Yalues were directly proportional
to the concentration of vitamin A or g-carotene. Thus, standard curves
of Ac,, values for both standards, would always be linear for any com-
bination of TFA concentration and measurement interval selected, leading
to the impression (shown below to be false) that almost any set of con-
ditions selected should function satisfactorily when applied to plasma
extracts.

A similar set of studies was made using unfractionated plasma
extracts. Results were completely reproducible for any one sample but
highly divergent amonq different samples. A1l plasma samples, however,
exhibited certain characteristics in common. Changes in Ag oo values
were linear with time at least to (t;,) for all but the Yowest TFA con-
centration used, thereby allowing ready extrapolation of the Rg,o values
to (to). The Aezo values were directly proportional to the quantity of
vitamin A in the sample regardless of the time of blue color development
or TFA concentration used, as long as both the time interval and reagent
concentration were constant. Mevertheless, wide variations in stability
and even direction of change of Agoo values with time were found for
different plasma extracts. The most common observation was that Rg20
values faded faster than that of standard vitamin A although Agyq values
of some samples increased with time in a manner similar to those of the
B-carotene standard. After subtracting the changing B-carotene correc-

tion point by point over the 1ife of the reaction, the residual Ag oo
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values, usually fell far more rapidly, and never less rapidly, than
values of pure vitamin A standards at the same TFA concentrations. The
outcome in almost all cases was a large and unanticipated bias toward
Tow quantitative estimations, with the bias being reduced proportionately
as the time of development of Agoo Values was shortened toward (to).

When vitamin A values for unfractionated human plasma extracts
determined using (to) values in the colorimetric procedure were compared
with values obtained for the same extracts after alumina column frac-
tionation, a marked improvement was noted over values determined using
(ty5) or (t;,) for all TFA concentrations. The values determined
colorimetrically now clustered about the column values. However there
was some residual dependence on TFA conceniration, and there was always
a large residual scatter, apparently sample-dependent, of up to + 0.10
ug m~1 compared to the column value.

We find that rat plasma contains essentially no carotenoids that
absorb at A 5,- Rat plasma extract, therefore, offered a means of eva-
luating the degree to which 1nédequac1és of the g-carotene correction
might be contributing to the discrepancies noted. Three pooled samples
of unfractionated rat plasma extracts were analyzed by the colorimetric
and fluorometric procedures and compared with vitamin A values obtained
after fractionation on alumina columns. Consistent results were
obtained for all three pools, the principal difference being the total
vitamin A present. For the three, colorimetric values for vitamin A
under conditions of 42% TFA and (t,) were 0.220, 0.275 and 0.345 g
mi~l, and the corresponding column values were 0.225, 0.290 and 0.345 ug

mi-l
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Results of the detafled colarimetric procedure and the alumina
column fractionation for one such pool of rat plasma are presented in
Fig. 2. These data reveal the same relative instability of Agoo values
in unfractionated rat plasma extracts as was seen in human plasma (Table
1). However in all three rat plasma samples, values for vitamin A in
the colorimetric procedure with TFA concentrations above 40% were similar
to values obtained after column fractionation. This finding has since
been confirmed in many routine studies of rat plasma in our laboratory
using (to) colorimetric values and 40% TFA. The fluorometric procedure
consistently qave slightly higher values for vitamin A than were obtained
after column fractionation, a consistency which may be the result of a
dietary or genetic factor affecting the phytofiuene correction in this
highly controlled population.

Figure 3 presents the results for 41 human plasma samples in which
vitamin A levels determined by the colorimetric procedure are compared
with values obtained after the column chromatographic procedure.

Similar results were obtained when the fluoromeiric and column proce-
dures were compared. Both the colorimetric and fluorometric procedures
have roughly comparable characteristics for the quantitation of vitamin
A in unfractionated extracts of human plasma samples, as long as the
necessary precautions are taken in the colorimetric procedure. The
regression equation relating vitamin A values (in ug m=1) obtained by

the colorimetric procedure to corresponding values obtained after chro-
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matographic separation for these samples gave a slope = 0.86D + 0.064
and y-intercept = 0.059 + 0.026 while the equivalent values for the
fluorometric procedure, for the same samples, were slope = 1.05 + 0.042
and y-intercept = 0.015 + 0.018. The 95% confidence 1imits of both
slopes and intercepts overlap. Standard error of estimates for these
data sets were 0.047 and 0.043 respectively.

A s'ightly higher slope was seen in the fluorometric values from
human samples compared to the values found after fractionation. This
was consistent with the results observed for the rat plasma samples.

A similar bias, of approximately the same magnitude, is seen in the data
of Thompscn et al. (ref. 2), providing a leveil of assurance that our use
of the pure hexane fraction of human plasma extracts was equivalent to
the use of tomato phytofluene in the original procedure of those
authors. Certainly the procedure for obtaining the ptre hexane fraction
is more directly applicable and appears more appropriate. The slight
observed upward bias in the fluorescence procedure would be relatively
inconsequential in population surveys.

Of greater consequence for the use of either of these procedures
is the scatter of both the colorimetric and fluorescent values, presum-
a1y introduced primarily by incdequacies of the g-carotene and phyto-
fluene corrections, and which seems to be relatively independent of the
vitamin A content of “he plasma sample. The four samples having colori-
metric values for vitamin A of between 0.170-0.185 ug m1-! had column

values of 0.130, 0.135, 0.175 and 0.250 ug m1-1 (Fig. 3), and
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fluorescence vitamin A values between 0.145-0.200 ug m=l, A similar
conclusion may be drawn with regard to the fluorometric procedure by
reference to Fig. 4 of Thompscn et al. [2]. This scatter may well be
unacceptable, where the analyses are to be used as an indicator of vita-
min A deficiency in individuals. A reasonahle solution in larger stu-
dies to the apparently inherent inability of either method to give
sufficiently accurate vitamin A determinations on individual unfrac-
tionated plasma extracts at low levels of vitamin A (below about 0.25 ug
mI"1) is to subject the expected small number of plasma samples exhi-
biting these Tow levels to the more extensiva column fractionation pro-
cedure. Awdeh [12] also reported a bias toward low values for vitamin A
determined colorimetrically on unfractionated plasma extracts which was

corrected by preliminary column fractionation to remove carotenoids.

CONCLUSIONS

The results presented indicate that the colorimetric procedure
using TFA to determine vitamin A should contain a TFA reagent concen-
tration of 40% to develop the full Agoo Values in the presence of
natural plasma contaminants. This concentration is higher than that
described in the original procedure [1]. In addition, A,, readings
other than those obtained at the first moment of the reaction (t,) pro-
duce lTower than expected values in unfractionated plasma extracts after

correcting for 8-carotene, because the color decay rate typically is
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much more rapid than that of pure vitamin A standards.

To solve this problem Ag,o readings for all samples and standards
are taken exactly 15 s and 30 s after the TFA reagent is added, (At=15
and A¢=39, respectively) instead of the usual single reading {either at
a pause point [10] or after 30 s). These values are extrapolated to the
start of the reaction (At=0) in some appropriate manner, such as by the
equation Ap=g = Ag=ys * [Ag=ys - Ap=3o]. A1l standard curves are con-
structed using A¢=y values also, and calculations of vitamin A content
of samples are based solely on At=¢g vaiues. Otherwise no changes of
procedure or calculation are required from those previously suggested
[1].

The problem of the inadequacy of the carotene corrections for
unfractionated samples remains, even after taking the preceding pre-
cautions. In practice it is 1ikely to be critical only for vitamin A
determinations which fall below 0.20-0.25 ug mi-1,

The fluorometric nrocedure exhibited, in this and other studies and
in that of the original authors [2], a s1ight systematic bias toward
higher vitamin A values in unfractionated plasma extracts than was seen
1n the same extracts fractionated on alumina columns or determined
colorimetrically. A fluorimetrically active fraction obtained from
human plasma extracts after alumina column chromatography (the pure
hexane fraction) used in these studies as the phytofluene standard
simplified the original procedure and gave results indistinguishable

from those obtained by Thompson et al. using a phytofluene standard
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isolated from tomatoes. Deviations on unfractionated plasma extracts
from those obtained after alumina column fractionation were similar to
those observed for the colorimetric procedure.

In general, the alumina culumn fracticnation procedure was lengthy,
expensive and time-consuming for general use in surveys with large num-
bers of samples. Its use appears necessary, however, for those studies
in which apparently Tow plasma vitamin A levels obtained from colori-
metry or fluorometric determinations are to be correlated with the
clinical vitamin A status of individuals, or where plasma retinol levels

must be distinguished from plasma levels of retinyl esters.
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TABLE 1

Effect of TFA concentration on Ag2o at 30 s for a pooled plasma sample.

TFA 1in Absorbance (620 nm)
TFA: reaction Sample R-carotene ODifference Vitamin A Apparent
CHC1 mixture extract standard standard vitamin A
(v/v3 (%) content
(ug mi-1)
1:5 14 0.065 0.033 0.032 0.161 0.17
1.3 21 0.089 0.040 0.049 0.190 0.22
1:2 28 0.110 0.045 0.065 0.219 0.25
1:1 4?2 0.132 0.053 0.079 0.223 0.30
3:1 63 0.138 0.060 0.078 0.191 0.35

1:0 83 0.142 0.065 0.077 0.121 0.54
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FIGURE LEGENDS

Fig. 1. Effects of TFA concentration on Ag,p response. Curves a and b:
Retinyl acetate (0.5 ug m1-1) at t=o0 (a) and t=30 s (b). Curves c and

d: g-carotene (1 pg m1~1) at t=0 (c) and t=30 s (d).

Fig. 2. Effects of TFA concentration on the apparent vitamin A content
of a single pooled sample of rat plasma. Curve a: values from Ag 20
response at t;. Curve b: values from Ag,p response at tipe (-e---- ) =

vitamin A determined after fractionation on alumina columns.

Fig. 3. Comparison of vitamin A values obtained for 41 samples of human
plasma by the colorimetric procedure (b) with values for the same samples
after alumina column chromatography (a) of their extracts. TFA concen-
tration was 42%, A,y values used in the colorimetric procedure.

(0) = a single plasma sample analyzed in duplicate by both procedures.

(

) = {deal line; (- - -) = least-squares line.
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Vitamin A (retinol) and its esters fluoresee in ultriniolet light, and
analytical methods based on this property e heen claimed o be simple,
specific, and sensitive (1-61, Although the Huorometric assavs seem to
be ideally suited to Taree-seale clinical projects, such as survevs of vita-
min A levels in haman blood. they have not been widely nsed for these
purposes up to the present time, Probably prospective users have dis-
covered. as we did. that the published  Huorometric procedures vield
vitamin A values which are often overth incorreet and sometimes more
than double the true Tevels,

The fluorescence of hunun blood and Tiver Tipids was therefore in-
vestigated and womajor souree of interference inthe analvtical niethods
was identified. Modified procedures for vitamin A analvsis in Dlood and
liver, which were accurate and vet still retained the speed and simplicity
of previous llnorometric methods. were then devised and tested,

It is common knowledue, although poorly docnmented. that iy
derivatives and breakdown products of vitumin A fluoreseence. The fluo-
rescence spectra of several substances stractirally related to vitamin A
have been investigated to- establish whether fluorometric methods for
vitamin A are trulv mere specifie than other procednres.

MATERIALS AND MESTHODS

Reagents. Tlexane  (tosieraphic wrade, Anacheniia Chemicals) and
petroleam ether (pesticide guality, Matheson, Coleman & Bell) were
distilled before use. Tithanol (954 was distilled from KOIT pellets, and
dicthyl ether (anlivdrons. Mallinekrodt ) was distilled over reduced iron.
Alunminmn oxide used for column elironatography (neutral AG7, BioRad)
was washed with distilled cthanol followed Dy distilled ether and dried
overnight at 120 . Silicic acid (silicAR CC-7, Mallinckrodt) was used
as obtained.
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Centrifuge Tubes and Containers for Solvents, Organic solvents were
fornd to extract Hlnorescent substances from plastic caps, tubes, and
bottles. Although the excitation maximum of this material was 315 nm
and the emission maxinin was near 360 o, there was cnough fluores-
cenee o canse serious errors in the estination of vitunin A when plastic
vessels were enploved during an wnalysis. Apparatus made entirely of
ahiss was therefore used during ol the anals tical mavipulations,

Spectroplotofluorometers. NMost of the fluorescence measuscnents wer
made with an Amineo-Bowinan: spectrophotofluorometer cquipped with
@ pen recorder and e 1P20 photomultiptior. SEC widths (numbered
I-7) were 3020330203 and 2w respectively, The photomultiplier
microphotometer sensitivity was kept at the maxinnm setting and seale
adjustments swere made with the mcter multiplier. It was found con-
venient oo express noreseence readines in arbitrary wnits, which were
delined ws the meter readinos multiplicd by 1000 times the setting of the
meter multiplicr,

[ some experiments the speetra were measured with o Hitachi Perkin
Elner MPE-2\ cquipp bwith a R1I06 photomultiplier.

Fluorescence Spectra. Spectiac of phivtoftuene and several vitamin A
derivatives were recorded on the Hitachi Perking Elmer instrument. Soln-
tions were prepared i hexane with masimung absorbanee vahies ol 0.5
and then were diluted tenfold for the fluorescencee measurements, The
excitation spectrie were recorded with handwidths of 2 e ( exeitation)
e 20 i Comission s and the emiission: spectra were recorded  with
bandwidths of 20 nm cescitationy and e Cemission s, The spectra
were not corrected for instriment artifacts,

Vitamin A Derivatices. 1t is difficalt to preserve retinol and its esters
in pure form. and sobutions rapidly deteriorate during storage, Conveni-
ent sources for preparing sanples Tor fluoreseence measurements we re
concentrates of retinyl acetate (1 mithon units/am. Nutritional  Bio-
chemicals Corporationy which deposited Lree ervstals of the ester when
stored at 5. When needed, portions of these ervstals were removed with
forceps and rinsed with cold petrolenm ether, Retinol was obtained by
saponification of @ crvstal of the acetate. 10 was purified by chromatog-
raphy on alumina. essentiadlv as deseribed below for the analvsis of
blood.

Retinoie acid was used as obtained (ervstalline. Distillation Products
Industries). and the erystalline methyl ester wis prepared from it ac-
cording to the method of Robeson (7).

Retrovitamin A was obtained by saponification of retrovitamin A
acelate. which was prepared from retinyl acetate (8). Anhyvdrovitamin
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A was prepared from retinol (9). Retrovitamin A and anhvdrovitamin
A were purified by chromatography on colnnns of alumina but were not
ervstadlized,

Retinyl methyl ether was ervstalline (a @ift from Hoffmam-La Roche
and Co., Basel ),

Products of lrradiation of Retingl Esters. \When alcoholic solutions of
retinyl esters were exposed o ulivaviolet light, there was o marked in-
crease in fluoreseence due to the Yormation of o hichlv Huoreseent de-
vivative (10-13 wond unpublished observation . A purificd sample of this
substance was prepared by irradiating o solition of 150 0 retinyl acetate
in 50 ml methanol with ulteaviolet ticht frem o Yaboratory hand lainp
(UVL 220 Ultraviolet Products Tne Calit.r at o distance of 20 cny until
the fluorescence at 340 i excitation and 4755 e ennssion reachied o
maxitum (13), The irradiation Listed 1O minutes and the intensity of
the fluorescence from the solution inereased almost fivefold, Peaks in the
excitation spectrum chaneed to 345 and 363 . The solution was
evaporated under veduced pressure and the residue was taken up in
petroleum: ether and chromatographed on w 10-gim column of alumina
weakened with 50 water, The main fnoreseent bhand was cluted with
10 ml petroleum ether,

Isolation of Plytofluenc, “Fomato jnice and tomato ketehup were ex-
tracted by procedure based on that of Koe and Zechmeister 140, For
example, inone preparation 5 ke tonsto hetchup was adjosted to pHs
and stirred with anequal volume of methanol, After standing overnight
the mizture was filtered throueh several Tavers of cheesecloth and
squeczed drys The agueons methanol extract was discarded. The solid
was stirred with 3 liters of 108 carbon tetrachloride and methanol and
again filtered thronelr chicesecleth, This estraction wis repeated with
another 2 iters of the solvent miture, and the Giltrates were combined
and washed several tioes with water, The resulting clear deep-red solu-
tion was dricd over sodimn sulfate and evaporated under reduced pres-
sure. The oilv residue was dissolved in petrolenm ether and chromato-
araphied on a colimm of 100 e alumina weakened with 27 water, The
colamn was examined periodically with an ultraviolet Tunp, and the
main flnoreseent band was eluted with 29 diethyl ether in petrol. An
aliquot of this material wis hurther parified by chromatography on a
column of silicic acid. Using petroleum ether as chant, phytofluene was
separated from two vellow pigments which were eluted hefore and after
the main colorless, but Hluorescent, band.

Simple Fluorometric: Analysis of Blood. Samples of Hlood plasma (0.2
mh were nalyzed according to fonr published methods (2. 3. 5, 6)
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essentially as recommended in the original papers. However, in the
procedure deseribed by Kalson (20 p. 6530 the plasma was diluted with
5 mlwater to perniit complete extraction of the retinol,!

Fluorometric Analysis of Retinol and Retingl Esters in Blood by
Column Chromatography. Plasina or serum (usually T ml) was shaken
with - cqual volume of cthanol and 3 volinnes petroleum ether, The
petrol extract was eviporated and redissolved in 10 ml petrolewn other
and chromatographed an accolmm, 5 nnnin diameter, of 1 e aluming
weakened with 50 water. The colunm was eluted with 10-ml portions
of petrol. 20 diethyl ether in petrol. 10y diethyl ether in petrol, and
finally 500 dicthyl cther in petrol. Phytofluene was ehtted in the first
fraction, retinyl esters in the second. and retinol in the Last, Fluoreseence
measurements were made direetle on the 10-ml cluates, Standards of
vetinol for this estimation were therefore prepared in 504 diethvl ether
in petrol,

Fluorometric: Analysis of Retinol and Phytofluene Mixtures by Means
of a Correction Formula, Vhvtolluene has hioreseence spectra which
closely overlap those of retinol (see below ). but as the shape of the
excitation speetrion differs substantially from that of retinol. it s pos-
sible to caleulate the proportions of the two substances in @ mivture from
luorescence readings at two excitation waveleneths, The fluoreseence of
O mixture was mcasared al 4T3 o nsine two eseitation wavelengths
(330 and 360 o onr Aminzo-Bowiman 1 and e correction fonnmula
was derived as follows, The flnorescence (o) produced at 330 min was
assumed to equal a < p o Bowhere a was contribited Iy retinol p by
phytofluencand B was o relatively small solvent lank, The Tatter was
found to be constant hetween 320 and 3753 . The fluoreseence (1) at
360 um was shmilarly assmmed o he Aa b Pp o Bowhere A and P oare
constants obtained from measnrements of the vidio of the fing, escence
al 360 and 330 1 in solutions of pure retinol and phytolluene, respec-

"Tn Kalan's published method, vetinol and retiny ] esters are extracted  Trom
S0-987 cthanol into eveloliesane, We have consistently confirmed  that retinol s
imcompletely extracted by this procedre, as it is reladivels soluble in SO ethanol,
In contrast to Rahan's report, wee foind that the arqueons aleohol phase should
contain at Teast 107 water for efliciont extraction of retino into hesane or evelohexane,

“Different wavelenaths niay he preferable with other nstinment as the position
of the peaks depends both an the machine and the il idths, The Tatter shonld
nob necessarily beadjnsted o provide maimmn resolution as this conld niake the
readings inconveniont!y sensitne 1o the wavelenath setting. A suitable resalution
gives an activation spectiam tor plviothene similar to diat in i, 3. For example,
the Hitachi Perkin Elner MPF2A was nsed with hoth the excitation and cmission
slits set for S-nm bandwidths, the exeitation wan elenaths wiere 330 mn and 365 mn
and the emission was measured at 180 .
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tively, Solution of the simultancous cquations gave: fluoreseence at 330
nm due to vitamin A

'] l " ']
1! —-7—)*t_—"°l*(.l -—]t)—'l;>_ |- (_I/——l)) (])

= N — Noy + Ny (2)
where K, K., and K, were constants.

The readings had to be corrected for day-to-day variations in the
sensitivity of the spectrophotofluorometer. Neither phytoflucne nor retinol
was convenient as a standard hecause of instability, Instead, fluorescence
readings (475 nm b at 330 e (Qy) and 360 nm (Q.) excitation were
made on a solution of guinine sulfute in 0.1 8 TLSO, at the same time as
the purificd standiords of retinol and phytofluene were examined in de-
riving the constants for the formula. At subsequent analvses, the readings
on the quinine solution (¢, and ¢.) were repeated.® The vitamin A
Huorescence was then calenlated from

/ ", I <u: > .
" N Y- ) 3
S T <4,. ‘ > I P (5)

Application of the correction formnla to the analysis of blood was as
follows, Phasnic or sermn (0.2 by was homogenized for 30 seconds with
I'ml waters Tt ethanol, and 5wl hesane inoa 23-n] centrifuge tube
using - Vortey miner. Mter centrifugation an aliquot of the hexane
layer was removed and fluorescence at 475 i was measured at 330 and
360 nmeexcitation with the meter v Mtiplier set at 0,001, In practic +,
the formula wat adjusted to cadentate the anount of vitanin A in micro-
grams dircethv, Thas. o solution ol freshly ¢hromatographed rvetinol in
petrol was diluted until o reacing hetween 0.3 and 0.6 was oblained at
325 nm i a spectrophotomcter, The concentration (¢ ne/mby was cal-
culuted from the £ of 18300 This selution s diluted tenfold with
hexame aud fluorescence readings at 475w were taken at 330 nn (d)
and 360 v (e excitation with the meter multiplier set at 0,01, The
vadne of A was caleulated from ¢/ d and a factor for converting fluores-
cence to micrograms of vitamin A per 100l seram was ealeulated from
25 (efd). A vadue for P was obtained similarly usine a freshly chromato-

“Alternatively the instrmnoent oy heoset 1oaewd 0 with the blank and o read
100 with the quinine standard ot 360w, The caleulation then simplifies to

A disadvantage of this method, howeser, is that serions chianges in the performance
of the instrmment wre not always obiions,
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graphed solution of phytofluenc. A valne for B was obtained by measur-
ing the fluorescence of a blank analysis using water in place of serum.
A working formula was then obtained as: vitamin A (#g/100 ml serum
or plasma)

. _/,) (;)l R A R _!__ (t)-' 2 9= ¢
== , o <¢/, & /)) P <'/U iy /)) ’ = 1)

= K= KR, (5)
/i IS
where Ky, K, and K, were constants.

Separation of Retinol and Phytofluene in Blood by Partition Between
Soleents. Retinol s approximately equally soluble in 804 cthanol and
hexane whereas phyvtofluene s almost insoluble in aqueous aleohol, The
difference in solubility was used as the basis for a Huorometric determina-
tion of retinol i himan blood. Plasma or serum (0.2 ml) was homoge-
nized with T ml ethanol and Tl hesane and centriluged, The hesane
laver, which according 1o standards contained all of the phytofluene and
approximately 40 of the vetinol, was removed and discarded, The re-
maiming acueous ethanol phase was homosenized with T ml water and
5wl hexane and centrifuged. Fluorescence due o the remaining retinol
was measured onan aligquot of the separated Texane layver. A correction
for the Toss of vetinol during the first extraction was obtained by passing,
a sample of freshly chromatographed retinol throngh the procedure,

Determination of Retinol in Blood with SHCL.. Plasma or serum: (usu-
ally 3 was shaken with an cqual volume of ethanol and 3 voltnes
of petroleum ether. An aliquot of the petrol was evaporated, the residue
was taken up v Tl ehloroform, and 9 ml 23¢ SHCL in ehloroform was
added. The Dlue color was measured immediately in an Evelvn color-
imeter, using a 620-mm filter. and compared with that of standards, When
@ correction for carotenoids was to he applied, the petrol extract was
first cvaporated to 5 ml and the absorbance at 450 nm was measured in
a spectrophotometer. The correction was caleulated g sugaested by
Moore (15). Some samples were analvzed after saponification as de-
seribed Dy Roels and Mahadevan (16),

Fluorometric: Analysis of Human and Rat Licer. Samples of human
liver (05 @) were saponificd by heating i o boiling water bath for
I5 minutes in 15-ml centrifuge tabes with 0.3 ml 607 aqueous KOIT anl
Pl 1Y ethanolic: pyrogallol, Water (1 1) was then added and the
unsaponifiable Tipid was extracted by homoeenizing the digest twice
with 5 ml hevane, The two extracts were pooled and made up to 25 ml.
This solution was diluted for dircet fluorometric measurements,

In order to test the procedure the ultraviolet absorption spectram of
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the final extract was recorded, Also, an aliquot (10 ml) was evaporated
aud chromatographed on a T-em column of wlumina as in the analysis
of blood, and fluorescence and ultraviolet absorption measurements were
made on the cluates,

The method was also tested by applving it to Jiver tissue obtained
from 12 rats which had been reared on a vitamin A-free diet, These
animals had low plasma levels of retinol (the mean value == SD was
129 7.0 pg/100 mb) but they showed no overt signs of deficiencey
discase. Samples of cach Tiver (05 am) were unalyzed fluorometrically
after saponification as deseribed for human liver,

BESULES

Interfering Fluorescent Lipid in Human Blood, Fluorometric assavs
on human blood serum and plasma, which were carried ont rweording
to the published procedures (20305 6), vave vitamin A values which
were consistently hicher than those obtained with the SHCT method.
suggesting  that hune blood contained  fluorescent lipids other than
vitamin: A, The fluoreseence eniission spectra of evelohexane or hexane
extricts of blood reseimbled that of retinol, hut often the oxcitation speelra
clearly indicated that a second fluorescent componnd was present ( Fig,
1). Pooled specimens of Tnnman: blood plasma were homogenized with
a mixture of cthanol and petrol.and the separated petrol extracts were
chromatographed on colunms of water-weakened ahnniv, Fluoreseence
cmission was measured at 475 nmoand four fractions from the chromatow-
raphy gave significant llnoreseence when ivadiated with Tight between
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Feo 1 Excitation and cmission spectra of o eveloheaane extract of 0.2 ral human
blood serun, which was prepared according to the method of Kahan (2) Spechra
woere measured in the Aminco-Bowman and are uncorrected.
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300 and 400 nm. On columms weakened with 54 water, fluorescence was
obtained from retinyl esters in the 24 cther in petrol fractions and from
retinol in the 20 and 1004 cther fractious. Fluorescence was also obtained
from the petrol fraction, It had an cmission spectrum similar to that of
retinol. but the excitation spectrum had twin maxima at 350 and 370 nm
with a shonlder at 335 nm (Fig 25, The excitation spectrum and chro-
matographic propertios of the petrol fraction were similar to those of
phytofluene (sce below). - carotenoid widely distiibuted in vegetable
foods (14, 17-19), and comparison of the fluorescence speetra with those
of phyvtofluene extracted from tomatoes revealed close agreement (Fig, 3).

Flucrescence of Phytofluene. The samples of phytofluene isolated from
tomatoes were obtained s colorless solutions having ultraviolet absorp-
tion spectra similar to those deseribed by previous investigators (11,
I7-19) with maxima at 331 3149, and 366w, The fluorescence of
phytofluene does not appear to have heen studied hitherto. I the Aminco-
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Fii. 20 Uncorrected  exeitation spectra of the 475-nm fuorescence  sission
(muasured in hesane in the Aminco-Bownen) from chuates from an aloming colummn
chronutagiaphy of an extract ot 25 ml han plsaa, The diflferent seales have
been chosen o show the shuape of the spectizn and the Hnorescenee intensities were
calenlated from the total Huorescence imits esee teaty in each haction. Thus most
ol the fluorescence was o the 1000 petiol Cphistofloene ), 21, retinyl ester, 200 and
10045 cther (retinol V. Snall amounts of other sibstane es, perhaps artifacts, were
detectable in the remaining tractions, Thie solvents weree calenlated to contribute
approxvimately 20 ffuoreseence anits to each fraction,
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Bowmau, with slits set up as described, the excitation spectrum was, as
expected, similar to the ultraviolet absorption spectrum with loss of fine
structure (Fig. 3). The emission specirum had a broad maximum at
470-500 nm with poorly defined peaks at 470 and 487 nim.

In tomatoes. phytofluene is apparently mainly in a ¢i: v which
very readily undergoes isomerization to all trans (14, 17). Tt has heen
reported that this change increases the intensity of the fluorescence (17)
and alters the shape of the absorption spectrum (14). Our preparations
from tomatoes were cousidered to initially contain the eis form hecause
irradiation produced an inercase in fluorescence, but this inerease was
less than 207 and thus probably resulted in part from the increase in
absorption (14).

The fluorescence properties of phvtofluene and changes due 1o isom-
crization were studied primarily because of their relevance 1o the
correction formula for vitamin A determinations. Increases in fluorescence
intensity, however, have no effeet on the constants used i the formula
unless they are accompanied by changes in the relative fluorescence
intensitics at the two excitation wavelengths seleeted for the measure-
ments, The ratio of the fluorescence intensities at 360 and 330 nin exci-
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Fig. 3. Uncorrected excitation (left) and emission (right) spectra of phytoflnene
from tomatoes (solid line) compared with the absorption spectrum (broken line).
The fluoreseence spectra were measured in the Aminco-Bowiman using a solution
diluted to contain 430 flnorescence units/ml. Solvent:hexane.
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76 THOMPSON ET AL.

tation (i.c., P) was therefore determined before and after isomerization
with light. During isomerization the ratio with our instrument changed
from 1.38 to 1.42; As it has not been possible to identify the configuration
of phytofluence in blood, a rounded value (1.40) was used for P in the
correcetion formula.

Fluorescence of Vitamin A and Related Substances, The fluorescence
data for the substances examined are summarized i Table 1.

The excitation speetra were virtually identical to the ultraviolet ab-
sorption spectra except that Tow wavelength “end absorpion”™ was absent,
The only other noteworthy feature was the presence of three congpicuous
peals at 250, 260, 270 nm in the excitation spectrum of anhyvdrovitamin
A which accompanied the hetter known ones at longer wavelengths,
These may have been eis peaks analogous to those known to occur i
carotenoids,

The emission maxima somctimes indicated fine structure (Table 1),
suggesting mirror image relationships with the excitation spectra, al-
Hough the emission peaks were i1 defined.

The relative Huoreseence intensities depend upon the instrument sot-
tings and are thus to a certain degree arbiteary, In Table 1. the intensi-
ties wre reluted to the ultraviolet absorption at the excitation wavelength
and are then compared. This procedure avoids the use of [ e
which sometimes are uncertain or unknown, The most intense fluoreseence
was obtained from phyvtofluene, whereas that from nicthvl retinoate
was barely detectable, In general, the fnorescence wis strong in the
substances with five double honds.

Effect of Irradiation on Retingl Acetate, The fluorescent substance

vadues,

TABLI 1
Freowrserxern oF Vitaony A axp RELAaTnp SUpseaNcns

Chromao- Flnoreseence  Fmission maxi-
Substunee phores Solvent, intensity? mum (nm)

Relinyvl acetate D Hexane 1.0 470
Retinyl methy] ether 5 Hexane 0.94 475
Retrovitamin A N Hexane 0.47 525, Hliae
Trradiation produet b Hexane 3.68 H00, 4807
Phytofluene 5 Hexane 6.4 165, 400, 520¢
Anhydrovitamin A 6 Hexane 0,08 230
Yetinoie aeid 6 Fithanal 0.05 470

Methybvetinonte H Fthannl Trace

*Number canjugated donhle bonds,
" Plaoreseenee reading < absorbanee; expressed relative to relinyl acetate,
< Shoulder.
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produced by irvadiation of retinv] acetate with ultraviolet light had an
identical fluoreseence excitation spectrum o that of the blood lipid in
the Aminco-Bowman, and the ultraviolet absorption specetrum was similar
to that of phytofluene with peaks at 329, 345, and 361 i, However, the
Huorescence emission of the icadiation product hud a peak at 300w,
whereas that from both phyvtofluene and die tissue lipid had a peak at
475 nne O thin Lver chromatography, the fluorescent tisste lipid and
phytofluence had identicad 1 values, whercas the jrradiation prodhict was
more polar. Thus, with silicic acid plites wnd 1% cthior in petrol us de-
veloping solvent, phvtofluene and the lipicd had o Ry of 0.8 and the ir-
radiation product had o B, of 0.2 which was cauad to that ol retinyl
methvl cther,

Analysis of Hwman Blood. 1he Huorescence measirements on the ey
tracts of blooa were casily reproduced. Thus 10 determinations by the
correction formmla method on - sample of paoled blood averased 63.0
ag /106G ml with o standard deviation of 1.8 e and acoetlicient of varia-
tion of 257 Accuraey was more difficnlt to assess as the true Jevels of
vitamin: A i the Dlood samples were not known, Blood samples were
analvzed for vitamin A by the eorrcction fornmla procedure and also by
at Teast one of the alternative methods, These COMPArisons are sui-
marized tocether in Tible 2 and are shown individuallv in IFigs, 4=,
The most accurate alternative method was considered o e that utilizing
alwnina colunm: chromatoaraphy. Comparison of the results obtained by
the correction formula and the columm method revealed oxcollent acree-
ment (Fig-D0 Inosome analyses te onamit of water used in the extrae-
tion steps was reduced wnd as aresalt, Tow Tevels of retinol were oh-

TARBLLE 2
Covpar=on or Bresrers or Correrion Forvena Mernon wirn Taosi, op
Ori e Procinrgy <

No.of Correlation Iiatio

Figure Pracedire compared samples coeflicient HHSWETS
4 Colmn RAY 0.496 106 + 0.2
6 She, 27 0.8 1,10+ 0.2
7 ShCh, carofene correction 27 0.8 0491 -+ 0,26
6 SBLCL, saponitiod o) 040 116 4 0.20
7 ShCly, earatene correction, 20 0.6t 0.77 4+ 0,14
sapaniticed
5 Partition 16 0,095 118 4+ 0,00
8 Partition, correeted with 16 0.4u7 1.02 4+ 0,06

formula

@ Meun value 4 250 of answer from eompared procedure = answer (rom correction
formula.
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Fre. 4. Comparison of the resnlts of vitwmin A estinmations using the correction
formnla with those oblained after chromatography on alumina, Results were ex-
pressed inarbitrary fluorescence units (see test: | pg retinol is equivalent to ap-
prosimately 1610 units). Open divdles were results of the rontine procedure, Filled
circles wore wnalyses on hesane extracts of Llood  obtained using the minimwn
amount of water needed Tor sepanation of the phiases {see teat),

tained with normal amounts of phytoflucne. The prrposce of this procedure
was Lo extend the ranee of the results and to simulate retinol levels which
conceivably might be encountered in samples from vitamin A-deficient
donors.

In these tosts the results were calenlated in arbitrary fluorescence units
at 330 nm excitation, In the column method the fluorescence of the
retinyl ester fraction was added to that of the free retinol fraction as the
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Iie. 5. Comparison of the results of the partition method with those of the cor-
rection formula method.
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correction ‘ormula does not distinguish between them. The contribution
of the ester fraction, however, was small and, for nutritional survey
purposcs, negligible,

The sceparation of phytofluene and retinol by partition between sol-
vents was devised inan attempt to provide a rapid fluorometr'e determi-
nation of blood retinol that could be done with less expensive filter
fluorometers. The metiiod usually save satisfactory results but sometimes
the answers were muaeh higher than those obtained by the correction
formula (Fig. 51, Examination of the fluorescence speetra ol the final
extracts revealed evidenee of phytofluence in the offending samples which
had not been removed during the first hexane extraction,

The SHCIL assays differed fron those by the correetion fornmla method
(Fig. 6) more than had those by the colunm chromatography method.
Saponification or correction for carotenoids (Fig. 7) did not improve the
correlations and. ou the comtrary, examination of individual results re-
vealed that the carotenoid correction often inereased the diserepancies

Analysis of Liver, The ultraviolet absorption spectra of unsaponifiable
lipids from normal hunan liver had peaks near 330 nm but often there
was too much end absorption to permit an accurate estimation of the
retinob content. Thus. it was necessary to chromatograph the unsaponifi-
able lipids in ovder to estimate retinol by absorption spectroscopy.,

In contrast the fluoreseence excitation spectra of the diluted wnsaponifi-
able lipids did not have a low wavelenatly component equivalent to “cil
absorption” and chromatography was unnccessary: the retinol content
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Fie. 6. Comparison of the results of the correction formula method with those
of the antimony trichloride procedure cither with (@) or witheut () saponification.
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could be caleulated dircctly by use of the correetion formula, Column
chromatography of the unsaponifiable lipids confirmed that fluorescence
was due to retinol and relatively small amounts of phytofluene.

No fluoreseent artifacts were obtained from the alkaline pyrogallol in
blank sapouifications.

The excitation spectra of the saponified lipids from livers of rats de-
pleted of vitamin A had maxima near 330 nm, but the peaks were broad
and according o the correction formula approximately one-half of the
fluorescence was due to retinol. The retinol concentrations wore calcu-
lated to he 0.25 - 0.15 pgfum (mean = SD); these values are not
claiimed to be acceurate but they indicate the sensitivity ol the method
using a 0.5-gm sample.

120
PLASMA VITAKMIN A
. g 2100 mp)
I
00
=
(3]
] —
a 8y o o
o
(@] <]
= . .
I 60
= Ce 0%
a 00 oy ®
- ° ¢ W Qe
Z 40 o 0, ® ©
=N [*3 o ¢ e
g 22 %,
= 6o - L]
s, o .
<2 20—
3 o}
! . . | |
20 40 S £o 100 120

CORRECTION FORMULA ME 1HOD
Fic. 7. The results of the correction formula method shown jn IYig. G compared

with those of the antimony trichloride procedure corrected for the presence of
carotenoids cither with (@) or withont () saponification.

DISCUSSION

Fluorometric methods for determining vitamin A are move sensitive
than other procedures, but they can give erroncous answers when ap-
plicd to Inuman blood and liver becanse there is a lipid in these tissues
which fluoresces at the sane wavelength as vitamin A, The interfering
substance was identified as the carotenoid phytofluene (1) by its fluo-
rescence and chromatographic hehavior.

The excitation spectrum of the fluorescent lipid was identical to that
of phytofluenc and it corresponded to an ultraviolet absorption spectrum
with three peaks near 331, 849, and 366 nm. Thus, the cliromophore

73



FLUOROMETRY OF VITAMIN A h

NN N R AN X =

~
IT
X
v

possessed five conjugated douable honds and was not degraded by the
spacial conflicts (20) which are alleged to result ina single waximum
in the spectrac of retinol and its derivatives (1 R HL CH . COCHL
cte.). A similr chiromophore exists in other chiaracterized substances
besides phytofluene (21, hut the blood Hipid conld be distinguished from
all those examples which we Tive considered by its chromatographic
properties and somclives by its Huorescence emission.

For example. y-vitamin A (1) chromatographs simikuly o retinol.
Furthermore, it is very unstable and it has not heen obtained other than
by chemical synthesis. There is no published  iformation revealing
whether or not it is fluorescent (22),

Retrovitwmin A aldehvde, aleohiol, and esters (IV: N 1 R HL
COCHL, cte) are readily produced as artifacts from retinol and its esters
during storage and analytical manipulations. Theyv are strongly fluorescent
and, as expected, have a Huorescence excitation speetrum similar to that
of phytoflucne. These derivatives do not. however. cliromatograph on
alamina colunms with phytofluene but are cluted with 2. 10, and 50%
ether ia petrol.

Rehvirovitamin A is also loorescent (235 and i is thought to he an
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cthoxyalcohol {1V X~ OCLIL: R - I1); however, on chromatography
it also is more polar than the blood lipid and phytollucne.

soanhydrovitamin A is the only substance known to us which has
properties superficially similar to those of the blood lipid. It wus first
produced from retinol by profonged treatment with anhydrous cthanolic
hydrochloric acid (9). Two structures have beeu suggested (21), both
of which are cthers with an alkoxy group on cither the terminal carbon
(IV; X== 11, R CaIL) or the one adjacent. Previous publications do
not mention whether the compound s Huorescent, and unfortunately our
attenipts to prepare it using aleoholic hydrogen chloride, in common with
those of other workers (12). have not been successtul, This substance
was ab oue time thousht to be formed also during irradiation of retinyl
esters with ultraviolet licht, althougl doubts arose after subsequent
investizations (12). \s o relrovitamin A cther would chromatograph
closely to phytofnene on aluming colunms, we reinvesticated the products
of irradiation of retim ] esters with the purpose ol comparing them with
the wnidentified Tipid. Onr experiments confirmed the original sugeestion
(12) that a retrovitamin A cther s produced during irradiation, This
substance was cluted from aluming colimmns i the petrol fraction with
phvtoflucne, but it was casily demonstrated to he more polar than the
blood Tipid and phyvtoffucne by thin-layer chromatography, and it had
the same Ry oas retiml methyl cether, Mthough its excitation spectrum
was similie to that of phvtofluene, the emission was at a longer wave-
'ength (‘Table D). From both mobility on thin-laver clromatography and
the emission spectrum, the lipid in human blood and Tiver was coneluded
to beahyvdrocarbon and not a retrovitamin A cther.

Althonali many hivdrocarhon structures were theoreticallv possible
for the fluorescent tissue lipic, nutritional and biochemical considera.
tions strongly supported the view that this substance was phytofluene.
The Latter ocenrs in foods with colored carotenoids, many of which are
found in human and animal tssies. Fluoromelric analysis of a large num-
ber of samples of haman blood scrum indicated that the interference in
the determination of vitamin A could he explained by phytofluene levels
rarely exceeding 20 2/ 100 ml; this would he compatible with the normal
mean total carotenoids of 140 56/ 100 ml (15).

The possibility: of interference in the analysis for vitamin A from
lnorescent lipids other than phytolmene has also been examined. Retro-
vitimin A derivatives are obvions sources as they accompany retinol and
retinyl esters i lipid extracts of tissnes, although they are probably
entirelyartifacts. Indeed. retro derivatives oceur in commercial synthetic
preparations of retinol and retinel esters, As they flnoresce ahnost as
much, and sometimes more than, the corresponding retinol derivatives
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(Table 1), it is important that staudards of the latter for fluorescence
determinations should be purificd immediately hefore use. This precan-
tion docs not seem to have been taken hitherto, and therefore previoushy
published data concerning the fluorescence of retinol must be viewed
with snspicion. The conversion o retinyl esters to the highly fluoreseent
retro ether, when ircadiated in alcohol, can result in serious crrors: the
reaction can ocenr in the absence of delibevate irrad,ation and s apt o
occur i chloroform-methanol mixtures, This popular - solvent s
therefore unsuituble for the estraction of tissue lipids for fluorescence
determinations.

Other than retinol. retingl esters. phvtotluenc, and vetro derivatives
we have not vet encountered sienificant wmounts of lipids in extracts
from  vat and human tissnes which fluoresee near -£30=300 nn when ex-
cited between 300 and 100w This convenient civcumstance is alimost
to be expected. Althouah the relationships hetween molecular structure
and fluorescence are not completely understood. a0 mininom requirement
for thworeseence is the abrorption ol licht, Lipids absorbing light mayi-
mally at wavelenaths near 330 i can be expected o have four to siy
conjucated  double bhonds. and retinol derivatives and crolenoids are
the onlv examples knowie to ocemr ine vormad animal tissnes, The (no-
rescenee of these polvencs doces not seem to have heen studied systemat-
ically hirtherto, but from published dat and ome own preliminary ob-
servations (Table oo few aonerdizations e possible, Thus al room
temperature strong Huorescence is obtained Trom conjugated pentacnes.
which include retrovitnnin A derivatives snd phytofluene, Similar flao-
rescence s obtained from retinol derivatives. which have a devraded
pentience cliomophore. The addition of carbonyl aroups to the penbiene
cliromophore. as in rctinal and vetinoic acid. almost abolishes fluores-
cence, al least at room temperature 1251, Conjngated hexaenes are only
weaklv fhioreseent: 3 dehvdroretinol (vitunin A0 has a brown fluores-
cence and anhydrovitimin A fluoresees at 530w (Table 1), Conjugated
chains with seven or more double bonds (iue colored carotenoids) have
neeligible thoreseence at room tenperdire (265 and strong {luorescence
has not been reported in conjugated totraenes Cy-vitamin A 35 G-epoxy-
vitimin Ao or tricnes (phivtoene).

Thus amony isoprenoid polyvenes, fluorescence near 175 nm seems. Lo
be confined to the pentaenes, and when it oceurs in conjugated strue-
tures of lonuer or shorter Tenath, the cmission is weak and it has a max-
nnum at adifferent wincelenath, One would expeet that this characteristic
property of conjuated pentacues could he exploited to obtain a highly
specific and sensitive assay for vitamin A, This has heen substantinted by
our experience of the application of spectrophotofluorometry to the

76



84 THONPSON 171 AL,

analyses of a variety of tissnes. We have found the fluorometric assay
to be superior to the autimony trichloride and other procedures in its
convenience, sensitivity, specificity, and accuracy, It is not completely
immunc to interference, however, and the common preliminary purifica-
tion steps, such as chromatography and  saponification, cannot always
be bypassed. In the analvsis of normal tiver, simple extracts with ethanol-
cther mixtures could be used for the direct estimation of vitmin A,
However, the crude estracts contained interfering fluoreseent material
(probably pyridoxine derivatives) which could be removed by washing
with water, This and other interference was o casilv: climinated by
saponification, and chromatography of the unsaponifiable lipids demon-
strated that retinol and a trace of phytotluene accounted for most of the
remaining fluorescence, Saponification is. therefore, vecommended as a
preliminary step in the anadvsis of human liver.,

The climination of the interference dae to phytofluene is necessary in
the analysis of Dlood and it is sometimes desirable in the analysis of Tiver,
It can be achicved by several column chromatography svstems, We have
found polyethylene elveol=celite columns (27) to be the most convenient
as they can be reused and, when comected to a floweell, automated.
Alumina columis were chosen when phvtofluenc, retinol, and retinyl
esters were to he measared separately.

The most rapid method for climinating interference due to phytofluene
made use of a correction formula, In general, caution is necessary with
correction formulas as some exaguerate crrors when they are applied
to spectra contiining unexpected components. This happens, for example,
with the Morton-Stubbs correction (16). However, the construction of our
formula is such that cven when unidentified interference arises, the
formula rarely agaravates the error. Thus the retinol fluorescence s
aleulated from Eq. 20 and when interference s present having fluo-
rescence iy at the first wavelenath and i at the second, the error in the
corrected determination is Kyi, -~ Kuio. The error when the formula is
not used is i, The formala therefore reduces the error whenever

(l\ l/\.’i}‘1> ’.] S l": N (I} ]/\'_‘.‘ I‘> /'l.

which in practice is the most probable relationship.

The generalizations we have made concerning the fluorescence of
isoprenoid polyenes have an important beaving on the fluorometric anal-
ysis for vitamin A hecause they imply that serions interference, if present,
is most likely to arise from pentacnes, Fundamentally, our correction
formula is based on the existence of an atypical pentacne chiromophore
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in retinol devivatives. and one of its virtues is that it corrects, at least
approximately. for the presence of most pentaenes as they have excitation
spectra which differ only slightly from thac ot phytofluene.

It was considered msatisfactory to assess the aceuracey of the correction
formula method by comparing it with established procedures, such as
the SHCT and the Bessie-Towry technique, heeanse these methods are
themselves inacenrate and unrcliable. The ShCL veaction requires carelul
tmine, and. compared with fluorometric methods, it is insensitive.
Furthermore. some. hut ot all, carotenoids and lipids interfere with the
reaction and it is difficult to correct for this error « Rel. 15, pp. 59-62).
Comparison of the results of the Huorometric method with those of the
ShCT test revealed dillerences which probably were mainly due to
errors in the Latters Althoneh acarrection for carotenoids carried out in
the recommended mamer on the She procedure sometimes hronght
the answers closer together, with many sanples it inercased the dis-
crepaney. Saponification was fonnd to have - similarly inconsistent effect.

The Bessic-Lowry methad, i which the ultraviolot absorption of an
extract is measueed before and alter ivradiation with ultraviolet light.
wits not compared divectiy, However, phvtolluenc, which absorbs light
i the same region of the spectram as retinol, was fonnd o he rapidly
destroved durine irvadicdion o thas it wonld be evpected o interfere
in o Bessie-Lowne assave Phivtofliene flaoresces more intensely than
retinol ("Fable D thus interference due o phvtoflnene in the Bessie-
Lowry technigne can he caleulated to he ondy a fraction of that experi-
enced in the fluorometrie method, 1 is evident. iowever, that retinol s
not the only lipid in Blood which is destroved by irradiation, and in
addition to phytoflucne, there mayv be other nonfluoreseent carotenoids
which are vemoved. This possibilite way sngaested carlier hy the resnlts
of tests applicd 1o the Bessie-Lowry procedure by Caster and Mickelsen
(25,

The most satisfactory alternative method for ~itunin A determinations
in blood was o new one involving chromatography of extracts on colamus
of whimina followed by fluorometric measnrements on the eluates. The
mcthod enabled retinol. retinel esters. and phivtoflucene to be measured
separately.and vet it involved only one stages immediately hefore
chromatocraphy. at which i was necessary to evaporate the Tipid ex-
tracts to drvoess. During chromatocraphy some retinal was lost and
fluovescent wrtifacts were taken ap fronm the alinming ad solvends: how-
ever. measurements on standards and bloks indicated that errors arising
from these changes were nealiagible small, The method was probabiv
accurte therefore, as there were no other foresceable sourees of eryor,
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The answers trom the correetion formula correlated well with those
obtained by column chromatography, and this agreement is considered Lo
be convincing evidence of the validity of the former. Thus, in comparisons
with other procedures, it can be assumed that the discrepancies are due
to errors in the compared method, rather than in the correction formula.

The correction formuda was devised Tor use with o spectrophotoflun-
rometer. but a similir procedmne conld probably be devised for o flter
instrument using appropriate interference fillers with narrow pass-hands,
As an altemative, e method involving pactition between solvents was
tested as a potentially rapid procedure Tor blood analysis using a simple
filter instrument. The results correlated reasonably well with those of
the correction formuli and e accirey was judged to be at least as
good as that of the antimony trichlorid. procedure, However, it did not
always climinate all of the iterterence, and with a fow samples the
results were too high: this niy have been die to the presence of retro-
derivatives, Lydrosvlated forms of phy totluene or phvtofluene in the final
extract. Some difficnlty wes expericneed e removing the simall first
hexans extract quantitatively and this could evplain the incomplete
removal of phvtollucne, The fluoreseence data front each of the final
extracts (which shanld have heon dae entively to retinol) was therefore
corrected for the presence of traces o phytofluene using the formula.
Significantly those samples which had aiven hich values were thase which
were altered most by this correction procedure, These adjusted readings
were then corrected for the recovery of retio] during the estractions and
excellent avreement was obtained with the correction formula methad
applied 1o the original plasma saniples (Fig. S). This caleulation, al-
thouch of no practical valne as a method of analysis, provided additional
evidence for the validity of the correcton fornml and confirmed that
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Fi. 8. The data shown i Fig, 5 alter the vesults of the partition method had
been corrected for the incomplete removal of phytofluene (see text),
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the high values obtained by the partition method were due to incomplete
removal of cither phyvtofluene or a substance with a similar spectrun,

Previous workers failed to deteet the interference due to phytolluene
in the fluorometric analysis of vitonin A in han blood because they
neglected to make relevant tests of theie procedures, Tansen and War-
wick (3, ) claimed to have demonstrated specificity: by confirming that
cholesterol, carotene, tocoplierol. and cadeiferol did not interfere in their
assay. The choice of these snbstanees scems arbitrary and it is diflicult
to rationalize: althongh all of these are natvitionally aind hiochemically
important, onlv carotene absorbs sicnificant w..omits of Jight above 310
nm and only tocopherol flnoresces. Hansen and Warwick found human
blood samples had womean valne of 133 0o vitimin AZ7100 ml which is
Far above the aceepted nornad volee of 40 00 1000 mb 120, Presumably
their results were Toreely womcasnre of phivtolluene,

Drujan, Castillan, and Guereero <30 obtadued normal yvalues for human
blood saniples. which suguests that cither their samples had lower than
ustal Teve s ol vitimin A or that interference die to phyvtolluene was ab-
sent. They did not make diveet conp sisons with other aceepted nethods
and thus it is impossible to decide hetween these interpretations.

Koban (29 compared his flnorescence procedure with the antimony
trichloide and ultraviolet acsomtion methods and obtained reasonable
agrecrzent. However o most ol the blood used in these tests swas obtained
fraan donors previousy dosed with Lrae anounts of vitamin A, and as a
result the vitamin A Tevels were considerably higher than those found in
normal individuals, T the normal rnae © 2 anoles liter: Figs 3 Ref.
2) there appewrs o he no correlation hetween the methods, Kahan cited
the absence of interference from hemoulobin, bilirmbin, ¢holesterol, and
other fat-soluble vitamins as evidence Tor specificity. He also claimed
that “carotenoias™ had no appreciable fuorescence. although clearly
without justification. Destruction of vitwnin A in blood extracts by ultra-
violet irradiation Teft Tittde residuad fluorescence: however, many sub-
stimees are removed by irradiation, including phvtolluene,

Selvaraj and Susheely (65 combined fluoreseence measurements with
destructive irradiation and saponification in the analvsis of blood. Their
procedure would certainly be subject to interferenec from phytofluene.
However, exeellent correlation with the Bessie-Lowry method was ob-
tained. Tt is possible perhaps as in the studies in Venezuela (53), that
the phytofluene level in the diet of the donors was low,

SUNMMARY

The fluorescence speetra of vitamin A derivatives and related sub-
stances have been examined and strong {liorescence was found to be

80


http:all',.'.li

88 THOMPSON ET AL

associated with the chromophore containing five conjugated  double
bouds. Simple fluorometric assays for vitamin A in human blood were
found to be inaceurate because of interference from a fluorescent lipid,
identified as the carotenoid phytofluene. A new rapid  fluorometric
method, which corrected for this interference by means of a formula,
has been devised. The answers obtained by the new method correlated
satistactorily with those obtained by use of the antimony trichloride
procedure and correlated even hetter with determinations made after
isolation of the vitamin A by chromatography on columns of alumina. A
fluorometric assay, involving preliminary saponification. has been de-
veloped for the analysis of human liver.,
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NUTRITION REPORTS INTERNATIONAL

A SIMPLE DUAL ASSAY FOR VITAMIN A
AND CAROTENOIDS IN HUMAN LIVER

James Allen Olson

Department of Biochemistry and Biophysics, Iowa State University
Ames, Iowa 50011, U.S.A.

ABSTRACT

Samples of liver (1 g) are gently mashed with anhydrous sodium
sulfaze (2.5 g), covered with a given volume of chloroform (5.0 ml)
and stored for 8-24 hr in tightly closed vials at 4°. Aliquots of
the chloroform solution (0.02-0.3 ml) are analyzed both by a spectro-
photometric procedure, using a correction formula for nonspecific
absorption, and by the Carr-Price reaction using trichloroacetic acid.
The time spent per assay is short, saponification, extraction and
solvent transfer are eliminated, health hazards are minimized, and
sensitivity is high ( 1 ug/g liver). Disparity between the two values
~btained indicates the presence ol extrancous factors in the extract.
In a group of 37 human liver samples taken at autopsy, the median per-
centage difference between the two values was 7.7% over a range of
retinol concentrations from 11 to 395 ng/g. 1In only 2 cases did values
differ by more than 207.

INTRODUCTION

Assays of vitamin A in tissuc extracts are often affected by the
prasence of reactive or inhibitory contaminants (1,2); e.g., phytoflu-
enc in fluorescence assays (3) and p-carotene in the Carr-Price assay
(4). These contaminants cither can be eliminated by chromatographic
purification of vitamin A, or their cffects can be minimized by the use
of suitable correction formulas. In nutritional surveys, however, the
former procedure is time consuming and costly, and the latter is often
not applicable. Thus, in the routine use of any single method for
vitamin A analysis, some values will be significantly In error.

Both to identify aberrant values and to minimize their effects in
surveys of vitamin A concentrations in liver, a simple procedure has
been developed in which two different properties of the vitamin A
molecule, spectrophotometric absorbancy at 330 nm and the Carr-Price
reaction, are measured in every sample. Inasmuch as both assays can be
quickly carried out on the same extract without need for saponification,
filtration, centrifugation or solvent transfer, the described procedure
offers as well the advantages of rapidity, simplicity and high yield.

Journal Paper J-9420 of the lowu Agriculture and Home Economics
Experiment Station, Ames, lowa: Project 2178,

JUNE 1979 VOL. 19 NO.6 807
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METHOD

Sample Storage. Samples of liver (5-10 g) are taken from the
central portion of the right lobe at autopsy, placed in small snap-top
containers, frozen at -20° and stored until analysis. Samples are
usually analyzed within one weck of collection,

Sampic extraction. Approximately 1 g of frozen liver is quickly
weighed on a tared picee of aluminum foil to the nearest 10 mg, placed
in a 9 ml screw-top vial, gently mashed against the side of the vial
together with 2.5 g of anhyvdrous sodium sulfare by wse of a spatula
and covered with 5,0 m1 of chloroform. After gentle mixing, the vial
Is hermetically sealed and placed at 0° overnight; i.e., 8-=24 hr.
During this perfod, the chloroform phase forms a clear 1-2 cm laver
above the caked residue.

(0.30 ml) of the chloroform extract is diluted to total of 3,0 ml
with cthanol, mixed and read in a -co cuvette (G-ml capacitv) in a
Zedss PMO=TUD spectrophotomerer at 280, 230, 380 and 450 aw.  Contamin-
ant absorption in the ultraviolec mooioa, traces of turbidits ja the
sample and c-carotene end=absorption are corrected by the formula:

Atalysis of vitamin A by thsorbance spectrophotometsy.  An aliquot

Corr. A330 = 0,35 (2.27 » A330 4+ 0,17 x A450 -A280 - A380)

(Eq. 1)

Then, ;g retinol/y liver =

330 x dilution facror (e.p., 50 in the cited case)

ample weivht (p)

(Eq. 2
And, g carotenoids/y liver =
A450 "EJLH:UVLJEBT}[V (eve., 50 in the cited case) (Eq. 3)

samp e weipght (x)

Analysis of vitamin A bw the C

i} in A bv - Carr-Price reaction, An aliquot
(0.20 ml. of the sam» chloroform extract is placed ir a l-cm cuvetie,
1.8 ml of treshlv prepared 307 trichloroacetic acid in ani:ydrous chloro-
form is quickly and forceially pipetied into the cuvette, and the
absorbancy at H20 nm is measured at its maximum, usually 10 sec there-
after. 17 the absorbancy is very low ( 0,06) and .oes not decrease
over 20-30 sce, the vitamin & content is taken as zero.  The amount of

N

vitamin A in the test §s deter od from a standard curve run at the
same time with reference rotis acvetate, When appreciable amounts of
carotenolds are present, vitamin A s corrected in the following wav:

Corr. retinol CGog/g) = observed retinol (.p/g) - {?UflU?DlHEim(;ELE)

(Eq. 4)
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Comments on the proceduie

1. The method requires approximately 10 min for the preparation of
each extract and an average of 20 min for conducting both
analyses. Duplicates invariably agree within 1%.

2. When fresh samples of human liver are used, ploves should be worn.
Frozen liver samples should be weighed quickly, and all materials
in contact with the sample should be decontaminated in ethanol
before disposal.

3. Mashing should continue only to a peint at which the sodium sulfate
is reasonably well] mixed with the liver paste. The mixture should
not be ground to a fine powder because: a) some of the fine
powder may escape as an acrosol and thereby pecse a health hazard,
and b) the chloroform layer becomes cloudy with fine particles,
which adversely affect the assav and are difficult to remove.,
Ideally, the liver and sodium sulfaie should eake together in the
bottom of e vial during extraction with a crvstal clear chlovoform
layer above i,

4, Manual pipetters are used for all transters, never suction by mouth.

5. Fresh solutions of trienloroacetic acid are warned to room tempera-
ture betore use inasmuch as Carr-Price readings are about HSUY
higher with the col! rveagent,

Ma fals,  Reagent piade (ALC.S.) chemicals (namely, anhydrous
sodium suifate, chloroform stabilized with 0.757 absolute cthanol,
absolute cthanol and it and dry crystalline trichloroacetic acid)
were alwavs used, Crvstalline all-trans retinyl acetate was obtained
from Distillarion Products, inc. (Eastman), and Arovit, a Hoffmann-
LaRoche formulation of retinyl palmitate in an aqueous micellar solution,
was used as a sccondary standard.  Red palm oil (Tropicana, 0ldesa) was
a commercial Brazilian product., Solvents were not distilled or further
purified. Trichloroacetic acid was stored at 0°, and vitamin A products
were kept under nitrogen at -20°,

Reagents,  Vitami ns retinyl acetate (5.0 mg)
was dissolved in 100 ml absolote ctoaanol. After a further 1:10 dilution
with ethanol, the conccnt{gtinn o7 catamin A dn pg retinol per ml was
calculated by use of an El&m of 1+-5 at 330 am. A first dilution of
retinyl acetate (50 uy/ml), when stored in a refrigerator at +4°C, could
be used as a svandard for about a wee™. Nonetheless, the concentration
of retinol was caleulated nach day frem the absorbancy at 330 nm. The
stock solutions, upon appropriate dilution with chloroform (not cthanol),
were used for defining at least 3 points on the Carr-Price standard
curve,

n A standard  All-tr:

30% Trictloroacetic acid (TCA) in chleroform. ‘Trichloroacetic
acid (6y) was dirsolved in 12 ml chloroform, warmed to room temperature,
and diluted to 20 ml. As noted by others (5), the concentration of TCA
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is not critical; identical color yields were found with 22-35% TCA.
Because TCA solutions deteriorate rapidly in the light (4,6) and lose
10-207 of their chromogenic capahility per day even when stored at 0°
in the dark, fresh TCA solutions were made up daily and were shielded
from light before us

RESULTS

Extraction method. When comparable 1-g samples of frozen bovine
liver were flnel) pround with 5 g anhydrous Na»50, and left urder 10 ml
of a given solvent overnight at 0°, the yields (moan + 5.D.) of vitamin
A in Lg retinol/y were comparable; nuwolv diethyl ether (414 + 25 .p/g),
petroleum cther (429 + 17 ug/g) and chloroform (420 + 15 wple). By
just mashing the sample gently in sodlum sulfate, the color vield was
95% that of grinding; indecd, the color vield was about 807 of maximum
when the liver sample was just covered with NasS0, and a solvent for
18 hr.

In mashed samples, the extraction of vitamin A was -95% complete
in 8 hr, and of carotenoids was nearly 1007 complete in 3 hr.  There-
after, retinol concentrations remained constant for at least 24 hr.
These extraction rates are roughly comparable to those reported for

direct cthyvl cther extraction (7, 8). 1In keeping with these past
studies, a weipght ratio of Ras80, to laver samples of 2 to 5 gave the
best results. Since 1-p samples of liver were normallv used, a small

plass scoop was Fashioned, which contained 2.5 9 HJQSUA when full,

To avoid louss of solvent during the 874 hr extraction period, the
vials must be hermetically sealed.  Glass screw-top vials (1.4 em 1D,
X6 cmor 2 em I.D. x5 cm) cquipped with conventional plastic-coated
cardboard paskets in Bakelite covers proved satisfactory, provided that
chloroform was never in direct contact with the pasket.  Ground-glass
stoppers or poptop containers were leaky, cven when taped.  Essentially
no change in the relative volumes of the phases occurred during equili-
bration.

Standard curves.  The absorbancy in ethanol at 330 nm was linear
with the concentration of vitamin A at least to 1.0 under these condi-
tions of assay. A slight downward curvature occurred in the Carr-Price
assay, however, at retinol concentrations above 1 g /ml, Consequently,
standards of 0.5, 1 and 2 .y retinol/ml were run with cach set of
samples. The Carr- Price color yield variced slightly (+37) from day to
day, with an averaye 11 of 4400 at 620 wn, about 127 below maximal
reported values (2),

Correction lormu]a for spectrophotometric assays.  Inasmuch as
liver extracts contain a variety of compounds that absorb in the ultra-
violet, the absorbancy at 330 nm must beé suitably corrected (9). In
the spectrum of pure vitamin A in c¢thanol, the absorbancy ratio of 280
nm to 330 nm is 0.21 (designated as a) and of 380 nm to 330 nm is 0.06
(designated as b).  With i~carotene or red palm oil, the absorbancy
ratio of 380 nm to 450 nm is 0.17 (denoted as ¢). Retinol does not
absorb at 450 nm, nor does r-carotene absorb appreciably at 330 nm (<5Y%
of 450 nm absorption).
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Sample turbidity (T) is most easily detected at 380 nm, where few
lipid soluble constituents of liver absorb. Since turbidity values were
small, the same corre-tion was made at all four waYglongths. Caroten-
olds were expressed as pg f~carotene by using an Elfm at 450 nm of 2500
in ethanoi. Inasmuch as the absorption of ultruvinicL—ubsorbinx com=
pounds other than vitamin A is assumed to increase Hnearly from zero at
380 nm to 280 nm, the nonspecitic absorption (NSA) at 330 nm would be
0.5 that at 280 nm.

At each of the wavelengths selected, the observed absorbancies
consist of the following components:

A280 = a x corr. A330 + NSA + T (Eq. 5)
Ad30 = corr. A3 + 0,5 NSA + T (Eq. 6)
AJB0 = b x corr. AY30 + ¢ X corr. A4S0 + T (Bq. 7)

A4S0 = corr. ALHO + T (Fq. 8)

Use of the observed absorbancies at 130 nm and 450 nm in equations
5 and 7 in place of the corrected values had onlyv a marginal cffect on
the calculated vatues. Although different assumptions might be made
(e.g., changing the slope of the nonspecific absorption line between
380 and 280 nm), the above formulas have worked best over a wide range
of liver retinol concentrations.

Equations 5-8 with the above-cited simplifications can then be
solved for corrected A330: name v,

2ok ot 330 + ¢ x A450 - A280 -
corr, Avin = CE AT DAL ¢ 5 2050 - A0 - A0 (o

Substitution of the determined values of a, b and ¢ vields Eq. 1.

Correction for carotenoids in the Carr-Price assay. Carotenoids
react rather slowly with Lewis acids to pive a somewhat stable blue
complex with maximal absor.rion at 590 nm (1). Under the described
conditions of assay, 4 mg - mixed carotenoids in a sample of red palm
oil gave an optical densit, . 620 nu, which was equivalent to 0,2 g
retinol. Thus, .itamin A concentrations determined in this assay were
corrected by vquation 4. This correction of 57 is smaller than those
(107 and 127) used by others (1, 4) because vitamin A readings were
taken in the assay at a maximum and before the carotenoid color was
fully developed.

Recovery experiments.  When revinvl acetate (177 L$hoas retinol) in
a tiny volume of chloroform was added to a liver sample containing 5.0
g retinol just before mashing, the recovery of added retinol was
99.6% + 0.5 (n=3),

Compirison with saponification procedures. Essentially equivalent

liver samples containing approximately 120 .pg retinol were either
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extracted dircctly by the described method or were homogenized in water,
saponificd in 97 KOH and 907 cthanol at 60° for 30 min under nitrogen,
extracted thrice with petroleum ether, evaporated under nitrogen and
dissolved in c¢hlovoform. The ratio of rerinel obtained by the direct
extraction method to that obtained by saponification was 1147 + 4,47,

in accordance with the expericnce of others (7, .

Compavison of retinol values obtai ned by the spectr
and Carr-Pr Cassavs.  Inoa proup of 3/ autopsy specimens of human
liver analvzed by the dual assay procedure, the range of values was 11-
395 ng/p. The median pereentage difforeree between the two values,
relative to the largest value, was /.77, The distribution of percentage
differences was: 55, Ay 5107, 115 10-157, 6 and S5, b0 Two of
the samples gave values that ditfered sreatly, 47 and 28 Lge/e in one
case and 6 and 19 Lg/p in the other. 1o both cases, anomalous peaks
were tound that grossly atfected the spectrophotometric value,  The mean
ratios were not demonstrably influenced by the absolute concentration of
retinol in the liver, Exceluding the two anomalous cases, the mean
percentaye ditferences were:  10-20 en/pt 7060 (n=7); 20-50 La/pr 6,47
m=12); ~0-100 L/ (n=10); and 100 el 6,07 (n=6), with an
overall mean ot 7. Amony, the 37 cases, the spectrophotometric value
was higher than the Carr-Price value in 20 cases, Tower in 195 and iden-

tical in 2.

dhotometric

ioaY

Liver concentrations ot retinol below 10 o/ must be considered
separately. In 12 samples analyvezed by this procedure, 9 had no detect-
able vitamin A by cither assay procedure. In othe other 7, the range of
differences between the two assays was U.8=4.1 ¢/, with a mean differ-
ence of 2.5 op/u. Inall but one of these latter cases, howvever, the

Carr=Price value was higher than the spectrophotonetric value,
DESCUSSTON

A novel aspect of the present precedure is that two assavs of
different kinds are run on cach extracet. Inasmuch as any sinple assay
of crude extracts iy plapued by nouspecitic reactions or by inhibitors,
the dual assay pives a good indication of the variability produced by
extrancous factors.  When the apreement between vilues is close, one
feels confident that the value obtained has validitv., On the other
hand, when the values are disparate, other techniques might be used to
obtain more precise intormation.  The only alternative to dual analysis
is careful, hivh-resolution chromatographic procedures, which are both
costlv and tine consuming,

The present procedure was developed as a tool for nutritional
surveys, for which reasonable estimates of retinol concentrations in
Tiver satistfy the needs o7 the studv. The derined spectrophotometric
procedure unquest ionably pives only an cstimate inasmoch as the nature
of ultraviolet-absorbing compounds found in a wide variety of liver
sarples will unquestionably Jdiffer, Sonetheless, the spectrophotometric
estimate penerally apreed very closely with the Carr-Price value over a
wide ranpe of liver retinol voncentrations.  This agreement was partic-
ularly pratifying at very low retinol values where maximal error In the
spectrophotometric reading would be expected.,
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The principle of the method (i.e., simple extraction and dual anal-
ysis) can be readily modified to meet specific needs. Since petroleum
cther, for example, is fully as effective an extractant as ethyl ether
or chloroform under the defined conditions of extraction, a dual assay
involving absorbance spectrophotometry and fluorescence rather than the
Carr-Price assay might also be developed.
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SHOIE CoMMUNTICATIONS

Separation of Vitamin A from Carotenoids
in Micro Samples of Serum

Severe vicwmine A deficieney txerophthadnd:ior is an mportant cause of
Blindeess e voune cluldren nmany prats of (e Near ad . Far Fast,
Repeated deteommations of sevim vitinnn A fevels on these sick ebildren
necessitate niero sanpless The method of Bessey of al. (1), in which
the optical density of vicinn A s neisured oo 328 Hs, ds =ubjeel Lo many
creovs 120\ anore recent method G35 saitahle tar naero saiples, depends
on the Blue color tonnzion with toluoroaectie swend resulting from hoth
cavotenonds and viconme Xowath o ac correetion apphicd Tor the mnonnt of
carotenonds present. As this correetion i derved o o nare f-earotene
stanehrd the ceeraey on the value obtained for vitannn A depends on the
cartotenords beme B-earotene, sinee athier earoleno s v VAPV I ttensl-
Ges ol eolor with the chiromogen, 101> kanown thet bleod eaolenonds e
worelleetion of dlictary carotenoids Ch, Fomdstnirs vioy widely e their
cirotenonl composition. We have eneountered ense shiowing anlv mintmal
climead evndence of vitanin A deficieney with eatramely low ~crinn levels
of the vicunm i the presence of high fevels of eaotenoids. With large
quanities of maternial s possihle to separte Vitoni A from the eiro-
tenords by column cliromatography, but on aniiero ~cude separation hy
paper or thin-layver cliromatography las resalted in fow recoveries, A
stple sond rapid inethod of separation is deseribied here and i0s asefulness
Hhastrated i the stady of iman vitanin A deficreney hemy undertaken
m this Taboraory, the resnbis of which will he preseuted clsewhere,

Mothod, Capilliry plass tubes, 10002 5, of the type used tor melt-
e porn e determinations, were proty closed an one ened by o stntered olass
Pl toraed by Glling caeh capillary tube o 2 depth of 2 mio with gliss
powder e hewting 10 m a0 cool flane for a0 few scenmls Pixeess wliss
powder wis tpped outs Nbhout 10 <ueh capilliries wiere tehtly packed
mto s ehes tubes one end of whiceh was closed with o cork. Tl spree
ahove the cagnlliones was filled with the absorbent and the thbe vibeated
e vernieal positon by hobding it agzonst scrapidly rotatig deill. Com-
plete dithmge with wmtorne paeking was aehioved in about 10 min, The

(K1
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adsorbent fonnd most useful for separating the individual errotenoids wis
alumina €200 el Silicie acid (325 meshy pave better separation of
vitiin A from the carotenoids,

Sernn (0l and 000 mil of 507 adeohiolie potassivm bydroxide were
pipetted mto w50 =5 tube, sand toroughly mised. The tube wis then
placed inwowater bath ab 600 C for 20 1, Avier cooling, 0.15 m] of
petroleum ether thoiling range 650 ) wis lded, The contents were
thoroughly mined by holding the tube agninst o rapidly rotatnge detd for
minealter which the cube was contimuged ; 00 ml of the petraleum layer
wis tewstereed toanother tulie and the volume redueed umder o sOeam
of nitropen ol roonn temperature to abont 000 L When (e stitered gliss
end of the caprllary cobinm waes placed na the soluton e sample was
ahsorbed on e ity colimn Phe wadls were wasbeed with 001 1l of
petrolemn ether sond toe washig <tnmliorhy ahsorbed it the column, Fhe
colnnn wis developed by stoeing i upright inow sl e contionng
petroleune ether: The solvent front rewched the top ol the adeorbent in
about 10 i,

When using siliere aetd €325 meshe, Vit A was coneentiated in a

marow hand near the hottom of the colunim vy 0.054 while p-earotene
traveled o the tap ol the colunie ¢, OXV, Other anidentilied vellow
pigments were regquently Tonnd beween these (o Liands, The scetion of
the capnibioy colonm contammyg the virmin A wis eut off amd exened
with ellaroformn, wnd vt A deterined by resding the intensity of
the Blue color produced with teiilneroneetie weid reagent 131, Recoveries
frome cupilhory eclinms of known quaastitie: of vitemin A under such
conditions i the resenee of vioving amounts of f-earotene were Lietter
than Q070 (e Tahle 11

This provedure was carvied cat on 12 sonples of serum, 6 contuining
high levels o caratenoids and Tow levels of vitamin A and the other 6

TABLE
REcoveaey o VI A rront Cartnivag Cont s (s e Pitkat e
o VA NG Aaton s o

Vitimin A A-Cacatenr
content ol cantent of Vitanan A
i pie, wninple, teeovered,
P P Iy Co Recovery
1 0,042 1} [FERTT] 0l
i 6005 0 0,054 A
4 01 1] (UNY| 104
il 0,023 0.01H v, 02 {on
H 0.0H7 0.077 . 056 X
6 {1, 065H 0.07H 0.063 N
7 0,128 (0,150 0,124 u7
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cottaing low levels of hoth carotenaids and vitimin A as mcasured by
the method of Neeld and Pewrson (30, Phe vadues Tor vitamin A found
by these two miethods ave compared in Table 2.

TRLIE 2
CodraasoN or VIeann:s A s iions Beeois AND AP FER SEEANATION
oN Chaprneaay Contasne

AMethod of Neeld and Pogeson Mothod deseribed
Satnpln Cutetenonde, Vit N, ) Vitwon A,

N [T ' HE ' [T

| nil 0 ]

2 01 0 6

K 70 i 13

4 107 3 4

H] S o ]

6 143 2 b

7 14 { 1

A 17 11 S

) I 1A 16
1] 2 §] b
il H 3 b

12 21 7 7

These results show that the carotenoids present in serum ean cnse
falsely low vadues to he ealealated for vitumin A, This effeet is most
apparent and the crror = more serious when the vitunin A content is low,
The method is al=o being applicd to the separation of miero aquantities of
ather hpids present i serin,
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Simultaneous Determination of Retinoi and Retinyl Esters in Serum
or Plasma by Reversed-Phase High-Performance Liquid

Chromatography

M. G. M. DeRuyter and A. P. De Leenheer?!

We propose a single-run liquid-chromatographic deter-
mination, with ultraviolet detection at 330 nm, for serum
retinol and retinyl esters. The vitamin A derivatives are
extracted according to the Bligh--Dyer procedure. With 200
1t of serum, the lower detection limit is 50 ug/liter for
retinol and about 100 wg/liter for retinyl esters. Within-run
wrecision (CV) was 2.3% for retinol, 4.3% for retinyl
palmitate. Day-to-day precision (CV, n = 20) for retinol was
4.9% during a month. The method can be used for the
assessment of vitamin A absorption tests and for the de-
termination of serum retinol (normai, subnormal, and
above-normal concentrations). Serum retinyl esters can
only be measured in conditions where concentration=
exceed 100 ug/liter.

Additional Keyphrase: vitamin A absorption tests

The importance of the simultameous determination of the
free and esteritied forms of vitamin A aleohol in serun has
been shown by Goodman et al. 17, 2), They demonstrated that
hypervitaminosis A in human beings, as in laberatory animals,
was characterized by increased serum concentrations of retinyt
esters, even in conditions where retinol concentrations were
normal.

The determination of retinol and retinyl esters is usually
performed by column-chromatographic separation followed
by fluorometry (1, 21 or by hateh separation on alumina fol-
lowed by colorimetry with trifluoroacetic acid (3,

We deseribe here o high performance liquid-chromato
graphic method for simultancously determining retinol and
retinvl esters by reversed-phase chromatographyv, with on-line
altraviolet detection at 330 nm. A similar method was recently
reported by Abe et ol 1), using fhuorometry for on-line de-
teetion. We reported s method for the specific deterrination
of serum retinol by adsorption high-performance liguid
chromatography (51,

Materials and Methods
Chromatographic Equipment

Weused a Varian 4100 liquid chiromatograph equipped with
a Narichrom wultiple-wavelength detector (Varian Associates,
Pala Alto, Calit and a Vadeo CV-6- 1 HPa- NGO injection valve

Lithoratoria voor Medische Biochemie en voor Klinische Analvee,
Faculteit. van de Farmaceutische Wetenschappen, Akademisch
Ziekenhuis, 140, e Pintelaan, B-900o Gent, Belennm.
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with a 50-ul loop (Valeo Instr. Co., Houston, Tex.) All analyses
were performed ona 15 X 0.32-cm column packed with 10-um
RS Cis HL (octadeevsilica with 18% bonded orgame ma-
terial). The column tubing (Lichroma SS) and packing ma-
terial were obtained from RS, St. Martens-Latem, Belgium.
he column was packed in our laharatury by a slurry tech-
nigie (6) under the following conditions: slurry liquid, te-
trachleromethane: slurey concentration, 40 g/liter; packing
pressure, 2007 MPa (3000 psid; pump, Varian 8500 pressur-
izing liquid, methanol. The column had an initial efficiency
ol 5750 plates at a flow-rate of 0.1 ml/min (reduced plate
heighi h = 2.6 at reduced velocity v = 3.6) measured for retinol
(k"= 0.97) with methanol as eluent. It was operited at ambi-
ent temperature.

Other equipment included a Rotary Evapo-Mix (Buchler
Instrument Div., Div. Searle Diagnostics Inc., Fort Lee, N. ..
07024}, an ultrasonie bath, a beneh-top centrifuge, a double-
beam ultraviolet spectrophotometer (Pye Unicam S 1800,
Pyve Unicam, Cambridge, UK), and 1.0 X 100 mm Teflon-lined
seiev-capped centrifuge tubes .

Reagents

Methanal and ehloroform were analytical-grade reagents
from Merck, Darmstadt, Germany, and were used without
further purification.

All-trans-retinol and all-trans-retinyl palmitate were of
crystalline purity from Sigma Chemical Co., St. Louis, Mo,
63178, Retinyl propionate, the internal standard, was obtained
from A.CL03600 Commentry, France. Retinyl stearate,
retiny! oleate, retinyl linoleate, retinyl myristate, and retinyl
Eoarate were synthesized by reaction of retinol with the cor-
responding acy! chlorides (7). The reaction products were
purified on a Lobar RP, column (Merck), with methanol as
eluent. The concentration of the Vitamin A solutions used in
this work were determined from their generally aceepted
molar absorptivity values (8, 9).

Procedure

Sample extraction, Transter 200 ul of serum (or plasma)
toacentrifuge tubes add 0.6 mlof water, 2.0 ml of methanolic
solution of internal standard, 1147 w/liter,and 1O ml of CHCJ.,
After thorough mixing for 1 min and standing for 5 min, add
Lomlofweierand 1.0 ml of CHCL, Mix vently and centrifuge
1500 X o5 min). Transfer the CHCL (tower) phase to an
evaparation tuhe and evaporate under reduced pressure.,
Dissolve the residue in 100 4] of CHLOH/CHCL, (4/1 by vol).
After sonication for 10 min, injeet S ul of the solution on top
of the column.

Chromatography. Methanol is used as the mobile phase at
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Fig. 1. Calibration curve for retinol (peak-height ratios vs. mass
ratios)
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Fig. 2. Calibration curves for retinyl palmitate (upper) and for
retinyl stearat> (/lower) (peak height ratios vs. mass ratios)

a flow rate of 1 ml/min, and the effluent is monitored at 330
nm. Variable detection sensitivitios are used in order 1o reg-
iste: the peaks in-scale. The most frequent settings were 0.1
A full-scale for the first 4 min (detection of retine” and retinyl
propionate) and .01 A full-scale to continue the run (detece-
tion of the higher retinv esters).

Quantitation. The procedure is standardized by adding
retinol, retinyl palmitate, and retinyt stearate 1o samples of
a serum pool and taking these through the entire procedure.
Peak heights of retinol and retiny! propionate (internal
standard) are measured and recaleulated to a 0.1 A full-scale
setting, whereas the peak heights of the higher retinyl esters
arc measured and converted to a 0.01 A full-seale setting.
From values obtained, the peak height ratio is caleulated
[analyte/retiny! propionate (internal standard)]. Working
curves (Figures 1 and 2) for cach analyte relate peak height
ratio to mass ratio. The working curve for retinol (Figure 1)
is used after subtraction of the intercept with the v-axis. This
intercept represents the endogencous retinol concentration
of the serum pool used for standardization. No significant
intercept is found for retinyl palmitate or retinyl stearate
(Figure 2) because the normal coincentrations in serum are too
lew to be detected. Serum concentrations in the unknown
samples are easily determined after measurement of the peak
height ratios by use of these working curves.
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Table 1. Analytical Precision

cv
% n X, ug/liter
Within-day
Retino! 2.0 11 720
Retinyl palmitate 4.3 11 6460
Retiny! stearate 6.0 11 4150
Day-to-day
Retinol 4.9 20 650
Table 2. Extraction Recovery
%, SD, Ccv, Range,
Substance % % % n ug/liter
Retinol 97.0 6.1 63 8 160-1300
Retinyl 96.6 70 73 7 160-3200
palmitate

Table 3. Serum Vitamin A Concentrations of
Three Normal Adults 4 h after Ingestion of
200 000 int. units of Vitamin A Palmitate
{with a Meal)

Aetinyl Retinyl
Ret'nol palmitate stearate
Sex ug/liter
4 760 1820 800
4 710 840 500
Q 540 1000 700
Results

Peak height ratio and mass ratio were linearly related over
the range of 0-0.93 for retinol (corresponding (o concentra-
tions of 0-981 ug/liter) and 0-5.8 for retinyl esters \eorre-
sponding to concentrations of 0-5.50 mg/liter) (Figures 1 and
2).

Reproducibility. We determined within-day brecision of
the method by performing 11 replicate analyses on a serum
sample from a subject to whom 300 000 int. units of vitamin
A was administered. Day-to-day precision for retinol was es-
timated by analyzing serum samples from a serum pool (stored
in darkness at =18 °C) during a one-month period (n = 20).
The results are shown in Table 1.

Extraction recovery. 'This was estimated by analyzing
serum samples supplemented with retinol (in amounts giving
concentrations ranging from 160 to 1300 gg/liter) and with
retinyl palmitate (160 1o 3200 gg/liter). The internal standard
was added to the CHCL layer after extraction. Results are
given in Table 2.

Assessment of a vitamin A absorption test. To three
subjects, 200 000 int. units of vitamin A palmitate was orally
administered together with a light meal. Bloud was sampled
4 hlater and the plasma analyzed according to our procedure
(Table 3). A typical chromatogram obtained from such an
experiment is shown in Figure 3.

Identity of the serum peaks. Peaks were identified on the
basis of their retention characteristics. Retention times of the
serum peaks matched those from a standard mixture con-
taining the different vitamin A derivatives. A chromatogram
of such a standard mixture is shown in Figure 4. Capacity
ratios (k") of retinol and retiny] esters are given in Table 4.
Absorption maxima of the serum peaks were also determined
by injecting a fixed amount, with a fixed-volume (10 ul) loop,
of a serum extract at different wavelength settings and re-
cording the peak heights. The absorption maxima (325 £ 5
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Fig. 3. Chromatogram of a serum extract from a subject 4 h after
receiving 300 000 int. units of Vitamin A palmitate

RCH,OH = retinol; C; = retinyl propionate (int std ) Cyy » = retinyl inoleate:;
Cia 1. Cye = retinyl olzate. retinyl palmitate: Ciy = retinyl stearate

time (ang

Fig. 4. Chromatogram of a standard mixture containing retinol
(RCH, OH), retinyl propionate (Cs) retinyl laurate (C2), retinyl
myristate {C\4), retinyl linoleate (Cg..,), retinyl palmitate (Cg),
retinyl oleate (C,, ), and retinyl stearate (Cig)

o Table 4.>VC‘apacity F!Ha‘tids V(k’r) of ﬁetinol and
Retinyl Esters on a 10-um RSIL C;3 HL Column?

K
Retinol 0.07
Retinyl propionate 1.89
Retinyl laurate 7.7
Retinyl myristate 10.13
Retinyl linoleate 11.11
Retinyl palmitate 14.28
Retiny! oleate 14.49
Retinyl stearate 20.27

7 K'is the ratio of the weight of the solute {sample) in the stationary phase to
that in the mobile phase of the column. It is a retention parameter
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nm) were identical for all peaks and agreed with values re-
ported in the literature for retinol and retinyl esters (9).

Discussion

According to previous work on retinyl ester composition
alter vitamin A intake (7), four different esters should be
found in lymph, With our method the chromatogram (Figure
A ol aseram extract, containing retinyl esters formed in Vivo,
showed only four peaks with absorption at 330 nin. The first
peak (RCHLOH) is also present ina serum extract of a fasting
person.and is retinol. Apart from retayl probvionate (Cy) used
as internal standarc three retinyl ester peaks are found. 'The
first ester peak (Cres) is very small and s probably retinvl
linoleate. The cecond (Chp Crap) is g camposite peak con-
taining retinyl palmitate and retinvt oleate. These two esters
cannot Le separated by reversed-phase chromatography on
nctadecey! silica with methanol as eluent. To resolve them, a
more selective system should be used, Reversed-phase chro-
matography with AzNO/CHLOH as mobile phase is heing
investigated inour laboratory and seems quite promising, The
third ester peak (Cy) is retinvt stearate.

The use of heavily loaded silicn (189 organic aterial
bonded) is imperative for the simultancous determination of
retinoland retingl esters. [t allowed 1s ta nee pure metha
as mobile phase. I ower loadings of organic phase are used,
water must be added to the eluent to canse retention of retinol.
However, the increased water content of the mobile phase can
eause precipitation of the esters. Furthermore, the residue of
the serum extract will not dissolve ina CH,0O1 I/H.O mixture,
Even with pure methanol, the residue is not completely dis-
solved and the analytes are not quantitatively brought into
solution, Therefore, we deliherately add 200, CHCILy to the
injection solvent and sonicate for 10 min. "T'his results in
complete dissolution of the residue but decreases the column
efficiency for carly eluting peaks, a decrease that fortunately
does not alter the resolution too much.

nol
aalde

Abe et all (O developed two methods for determining re-
tinol and retinyl palmitate, one based on reversed-phase
chromatography and the other on adsorption chromatogra-
pay. To overcome the problems on reversed-phase systems
mentioned above, they used o mixture of isopropanol/etha-
nol/water as mobile phase and fluorometry for detection. Due
to the specificity of the fluorescence detector, retinol has
probably not to be retained on the column to afford specificity.
Unfortunately, their paper only reports retention times and
not &’-values, and thus this assumption cannot be verified.
The use of the fluoreseence detector also allowed them to use
an adsorption system for determination of low concentrations
of retingl palmitate. Apart from the tact that the palmitate
is probably unretained. thev did not inelude retention times
for phytofluene, a highly fluoreseent compound that interferes
with fluorometric assavs, as reported by Thompson et al.
(100).

We had to use the Bligh Dver (17) extraction to get a high
extraction recovery for retinyl esters. We failed to achieve
reproducible and quantitative extraction with a hexane pro-
cedure as reported by other workers (2 ),

For the assessment of vitamin A absurption tests, this
method bas the advintage that it does not require a blood
sample hefore ingestion of the vitnin. Serum retinol con-
centrations are unaffected whether or not vitamin A has been
ingested. The ingested vitamin A is present in the serum only
inthe esterified form. Tn serim from normal fasting persons,
the concentration of retinvl esters is too low (o he measured,
so the test can be interpreted by the concentration of retinyl
esters present in serum after ingestion. The advaniage of a
single venepuncture and only one analysis over analvsis of two
samples taken at 4-h interval is obvious.



In summary, reversed-phase high-performance liquid
chromatography for determmation of retinol and retiny] esters
offers several advantages over other assavs now in use. The
column chromatography with on-line ultraviolet detection at
330 nm provides speciticity and permits the determination
of both free and esterified vitanin A in serum. The method
is rather sensitive, because only 200 ul of serum is necessary
to obtain detection limits of 50 ug/liter for retinol and 4100
pedliter for retinvi esters. The addition of an internal standard
(retinyl propionate) before the extraction improves the pre-
eision and compensates for possible losses during manipuia-
tion, Use of a fluorescence detector would improve the pro-
cedure, hecause a fivefold increase in sensitivity together with
a betier specificity can be expected. However, fluorescence
detection is more zebjeet to problems than is the usual ab-
sorption detection technique.
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Abstract

- The water soluble fracton of quarl g volk was found to cont

A retmol-binding protein

(RBP) and thyroune-binding preatbumin (TRPA) immunochemeeally similar to therr counterparts in

domestic fow! blood. Yolk KBP
tration was about the same mn both s,

2 Less than 47
about half the (ol RBP

L ACovposition. the volk content o retmol. but not that of holoRBP, w

concentration i blood plasma

INTRODU CTHON

Most of the water-soluble (liveting proteins of avian
ege yolk resemble i immunochemical and electro-
phoretic properties their counterparts i blood
plasma. Of the magor plasma protems, albumin. -lo-
bulin and tansferrin have been Tfound by several
groups (see Mclndoe & Culbert, 1979, for a biblio-

ol volk retmol was attached 1o RBP

graphy) in the livetin of domestic fowl cgg volk. Of

the munor prowin constituents of avian plasma found
more recently i egy volk are the two carrier proteins
mvolved m vitanun A transport i the blood, retinol-
binding protein (RBP) and thyroxme-binding preal-
bumin (TBPA), This was tirst confirmed for domestie
fowl (Heller, 1976) and later for Juck (Srechrshna &
Cama, 1978 The uptake of vitanin A from the
maternal blood circulation by the developimg ooy te
is it process essential for the maintenance of normal
reproduction in the domestic fowl (Thompson o1 al.,
1969) because the embryos of egps aid by vitamin A
defictent-hens fail 1o develop bevond diay 2 unless
vitamin A derivatnves, of which the most potent s
retinol, are injected mto the epps before ieubation
I Japanese quall (Cononix coturniy Taponicai, the
supply of retmol transported e the blood bound 1o
the RBP TBPA compley appears 1o be under hor-
monal control because there 1s a speaitic rise in RBP
concentration (Heal & Glover, 19790 Giiover ¢ ul.
1980V as the birds enter a period o avimal retinol
utilisation durmg the reproductive seasons of spring
and summer. Towards the end of this period. the
plasmar coneentration of holoRBE (RBP with retimol
attached) ddechnes whereas the concentration of 1otal
RBP tthe sum of holoRBP and apoRBP. iv RBP
without retinol attached) remamns high lor a Torthe
2 3 weeks before 1t oo falls 1o a mmmum i the
autumn. This contristing change m the two forms of
RBP in the blood at the end of the reproductine

* Present addiess Department ol Brochemistey, Faculty
ol Science, Univeraty of Alevandig, Alevandri, Iy pt

43y
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cancentration was below hall that of plasma, whereias TBPA coneen-

thatoRBPy and the holoprotem accounted for

as correlated with holoRBP

seison i the guail has been attributed to 4 combima-
tion of maturing cocvtes removing retinol from the
blood leaving the apo farm of the carrier protein in
the arculinion aad o steep fall in holoRBP secretion
from the hver (Heal & Glover, 19791 The effect of
these two processes s to merease the ratio of apoRBP
to holoRBP m the blood. However, i the uptake of
retinob by the gquinl ovoevie s simifar to that of the
domeste fowl which is reported to produce ege-volk
with all the vitamin A attached to the RBP TBPA
comples (Heller, 1976), the accumulation of apoRBP
1 the plasmit of laying quail at tie end of the repro-
ductive seuson must arise by an alternative process.
The work reported here was undertaken in order to
provide o better understanding of the vitamin A
uptithe process m the maturing avien vocvte, Experi-
ments were carrted out to measure retinol, holoRBP,
total immunoreactise RBP and prealbumin in the ey
yolk of Japanese quail and to determine the influence
of the maternal plasniy holoRBP concentration on
the uptakes of both retinol and holoRBP by the yolk.

MATFRIALS AND METHODS

Fgs were obtamed within 24 he of then being laid by
6 12 month old Japanese quatl housed one bird 1o a cage
with free access 1o Turkes Super Starter Crumbs () Bibby
& Coo b Prestonh Where comparsons ol volk and
maternal plasma constituents were made. tndividual (YT
were marked 1o dentfy the donor Selected analyses were
petlormed on single egps collected from cach of 43 quail,

Blood (10041 was collected o hepanmised glass capil-
lary tubes by making o small hole with o svrge needle in
aosuperficl brachial wing e where it passes over the
humeral tadial ulnar jomt Plaseaa, sepatated by centrifu-
ration after seawdmy one end of the capilliny wbe i a fame.
wits assaved immediatedy for holoR BP

Daolatim of volk pracions

[ndivadual yolks were separated Trom the whnte, placed
i proweighed stoppered vl and the weight of the yoll
was determimed A valoe of uny was used for the density
of volk wlich was found by experiment to be 1032, An
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amount of phosphate buffered saline (PBS. 0.1 M NaCy,
0.02 M phosphate, pH 7.5) equal in v:lume to the yolk was
added 1o the vial. the yolk membrane was ruptured with a
spatula and the stoppered vial was shaken vigorously for
L min to disperse the volk contents in the PBS. Approxi-
mately 1wl of this crude volk homogenite was centrifuped
at 100X g for Smin at room temperature inoa micro-
centrifuge (Quickhit Instrumentation. Stone, Stafls). The
supernatant which was slightly cloedy with <ome collordal
material was used immediatels for the deternmunation ol
holoRBP. immunorcactne RBP and prealbumin. The
water contents of native yolh crude volk homogenate and
the supernatant from centrituged volk homogenate were
determumed by diving werghed amounts of the homogenate
and the supernatant o constant werght i an oven
105 €.

Deternsination ot rerin]

To bmlof crude solb extract, swmpled with @ micro-
syringe (Uimmetnies Corporation. Anaherm, Califorma),
wias added Pl ethanol i a S ml glass stoppered test tube.
After shakmg vigorously for 30see 2ml hght petroleum
(b.p. 40 60 C) peroside tree diethyvl ether (700 308 nuxture
contarning 1y butvlated hyvdrovy toluene (BHT, British
Drug Houses Teds Pooles was added The minture wis then
shaken tor 2 and the endsion whieh formed
separated o two distinct basers i the tube by centrifuga-
hon at approy Mg The upper organie laver was trans-
ferred o 0 comaal plass ebe and e avtrachion w.as
repedied av before by adding o second 2 il pottton of
sobvent minture The combined sohvent extiacts weie ovi-
porated to divness at toom temperature e dark under
dstream ot nrrogen 03 ml evelohesane was then added to
dissolve the Dipid exttact wineh was then drawn mto g
clean dry T m) miciosvomge tahing care to wvord drawing
up i After recordimg the volume of the extract 1t wins
stored i astoppered vial surrounded by alumimum toil o
exclude highi, at + €A wtandard solution of retino] wis
prepared by dissolving |myg retmol (Sigma Chenneal Co,
Londaiy m 1eml cvelohevane contaming  arachis o1l
(0 Ly and BHT (03¢ 1) The exaet concentration of
retnol was determined from the s absorbanee of a 1.20
dilution of the standard spectroscopically pure ethanol.
USIE € 320 32480 Standards and evtracts were spotted with
a microsynnge (10 gl Hanulton, Bonaduz, Switzerland)
Jem from one edge of 4 20+ 20em thin-fayer plate couted
with <ihica gel GogMerek, Darmstadn o a depth ol
025 mm. Sivstandard spots i the range 005 025 gp ren-
nol were distributed aeross the plate, alternating with s
Sub appheations of evtracts (duplicate determmations of
three yalk extractst The plate was developed ma sohent
muvture (Kithan, 19670 o hyht petoleam (b P el O
perovide free dicthv ether aeetie acrd (90,101} contiuning
BHE ¢ 1o foi w distance of 14 em from the orm After
dryving the plite the single tow of Buorescent SPOIS Wi
located by briel exposure o 1he plate to uy hght and
marking cither end of the tow The determimation of the
tetimol content of the spots was performed mmmediately on
@ Scanneg T Lanver Refiectance Densttomerer (Carl
Zewss, Germanyy wineh had been prepared ready for use
Spots were eanned i the diection of plate deselopment
with 1 monochtomatar wavelength of 330 um. 4 shit width
of .2mm and a i deneth of T0mm which was shehtly
larper than the duuneter ot the spote The areas of the
recorder peaks tor the spots were determiied Iy tangula-
tion and o calibration cuive was drawn for the standind
spots. The retmol contents of the extiact spots were 1ead
from the calibration curve and ustg the valoes obtaned
for the volumes of the hpid extrect and the crnde volk
homogenate, the retinol content of the volh was caleulated

WS

Determination of TR and RBP

HoloRBP was determied by scanming fuor ietry of the
greenretmel uy fluorescence of holoRBE separited from
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other proteins on polyacrylamide gels (Glover of al., 1974).
S0 of supernatant of yolk homogenate in which was dis-
solved Smg sucrose or S gl plisma mined with the same
amount of a 200 g 1 solution of sucrose in PBS was applied
direetly 1o the gel. The assay was standardised by similar
treatment of 20 gl portions of a human serum pool stored
wsmall aliquots under mitrogen at - 20 C. for which the
haloRBP concentranon was aceurately determimed. The
retinol uoreseence viehd of pure human and qual RBP
have been Tound 1o be denticad.

Plhisma immunorcactive RBP and TBPA were deter
mined by radial-immunodidfusion (Mancmt et al. 196%)
atter dldution of one part of plasma with nine parts of PBS
contammng 30g 1 hovine serum albunm (BSA PBS) for
RBP assay and with 19 parts of BSA PHS for TBPA
assavs - Fhe collond an the solk homogenat, supernatant
rendered this preparatic 1 unsintable for the radial-
mimunoditusion method i protem assay becanse of the
ditficulty experienced i washing matersal other than the
immunoprecimitate from  the Prior to stuming,
Yolk mmunoreactive RBE and TBPA were therelore de-
termuined by immunoclectrophoresis (Laurell, 19061 The
antisera used were prepared as desenibed elewnere (Heal
& Glover, 19790 Fi-Saved o al, 198 One part of volk
homogenate supernatant wias diluted with one part ol
BSA PBS for the assay of RBP and with fow parts of
BSA PBS for the assay of TRPA A sngle set ol standirds
for e m hoth immunoassay s was prepared by difuting
quall serun, m o which the RBE and 1BPA concentiations
had been deternuned usimy the pure protens sobited from
chicken serum (Heal & Glover, 1979 Fl-Saved er all, 198m)
tor reference, with BSA PRS 1o obtain a tange of coneen-
trations from 5 30 gyl

APaToNe

Calculations

Plisma retinol wins not assaved directly but the amoum
meeach sample was calealated assuning that 4l the retinol
meoquanl plasmacis bound m a1 comples with holoR BP
and that the molecutar weight of quadl RBP 16 20,500, For
the purpose of making comparisons between the coneen-
trations o the spectic protems in both voik and plasma it
was convenrent to obtn ther voll concentrations i re-
lation 1o volk water because of the by proportion of
msoluble matenal mosolk Usaing salues found for mdivi-
dual yolk weights, and for the water content of Gie erude
homagenates and homogenate supernatants the amounts
of the speaitic protems present were axpressed as: (1) per
swhole volh (20 per unit werght of whole volkh and (3 per
unit volume ol water s whole yolk. Duning the volk
retmol determination the water contents  were not
meisured. The figure obtamed for retmol m terms of yolk
Sater s caleuiated from a value for the water content of
quab cgg volk of DANT g Cao0lE SD) which s the
mean of all determimmations

ReSULTS AND DISCUSSION

The cgy volk of Japanese quail was found to con-
tain material which cross reacts with specitic antisera
raised aganst RBP and TBPA wsolated from the
blood of domestic fowl These antisera also cross
react with RBP and TBPA in guadl plasma, thus pro-
viding the hasis for their speettic assay i this speties
(Heal & Glover 19790 FLSaved o af. 19801 1n addi-
tton, the polvacrylamide gel electrophoresis of hivetin
fraction of volk vielded a sgle us . Nuorescent band,
dentical in colowr and electrophorene mobility to the
holoRBP band of guail and domestic fowl plasma.
These findings show that Japanese quaii ceg volk, like
that of domestic fow! (Heller, 19761 and duck {Sreek-
rishna & Camia, 19780 continns hoth TR A and RBP
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Table 1. Retinol. retinol-binding prowcin (RBP) and thyroxine-binding prealbumin (TBPA) in the
blood plusma and egg yoik of Japanese quail

Blood
umol/. plasma

nmol;yolk

Ega yolk

ninol.g yolk pumol/l. yolk water

Retinol ‘707 4 1.95(18) 120 + 48(27) 3324+ 212y 69.5 + 251 (23)
HoloRBP 707 + 195(18) 493 + 195250 1.25 £ 0.52(25) 257 4106129
Total RBP 10.5 + 266(9) Y28 £ 493 (10) 235 4 1.0 (10 475 4 234 (10
TBPA 5.26 4 091 (10) 119 + 206(tn 306 + 0.33(10) 6.31 + 0.67(10)

¢ Plasma retinol values were caleulated from corresponding holoRBP values (see teat),
Values are mean -+ SD with the number of quail used shown in brackets.

and that a form of RBP is present with retinol
attached.

The thin-layer chromatography  system used on
yolk lipid extracts to separate retinol from its esters
with fatty acids (Kahan, 1967) showed single spots
which had the characteristic green u.v. fluorescence of
retinol and which migrated the same distanee from
the origin as the pure retinol standards, These obser-
vations provided the basis for the specitic assay of
retinol and it was not possible (o detect retinyl esters
on the tle plates. No attempts were made to inerease
the sensitivity of the system o demonstrate the pres-
ence of retinyl esters in quail eggs because the ree
aleohol comprises about 907, of the total retinol in
avian epps before they are incubated (Neff or af., 1949)
and the esters therefore represent only a minor pro-
partion, as s the case in blood plasma (Hoch &
Hoch, 1946). The retinol content of quail egg volk
(Table 1) was found to be very similar to that of the
domestic fowl (Moore, 1957). Some of this retino!
remains attached to RBP but it can be caleulated
from the holoRBP content of quail volk (Table 1),
assuming the molecular weight of quail RBP 1o be
similar to the value of 20,500 found for domestic fowl
(Abe eral. 1975), that this accounts for only about 47,
of the total retinol present i volk. Furthermore, by
using Triton X-100 i the extraction of holoRBP,
which has been shown to be effective in releasing
membrane bound RBP in liver extracts (Glover of al.,
1974) 4 value of 317 (3.9 SD) g mil was found for
the holoRBP concentration of yolk  homogenate
supernatant compared with o value of 321 (+10.3)
pe ml without Triton. This shows that additional
RBP bound retinol is unlikely to be present in associ-
ation with the globular membranes found in avian
epg volk (Vadehra er al, 19771 1o addition, the total
immunoreactive RBP (Table 1), which was almost
double the value for holoRBP in quail egg volk. indi-
cates that if @’y RBP entered the yolk originally in the
form of holoRBP this would only account for about
8, of the retinol present. Tt therefore appears that
more than 90°,, of the retinol i quail epg volk oceurs
without its plasma carrier protein.

The retinol content of egg yvolk is strongly depen-
dent on the availability of vitamin A in the diet
of the hen (Parrish er al. 1930), and this is most
Lkely to be mediated by the concentration  of
holoRBP in the blood circulation. This hypothesis
was tested by measuring the holoRBP content ot the
maternal plasma on the same day as the eggs were
laid. Figure la shows the highly significant corre-
lation between maternal plasma holoRBP concen-
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tration and retinol content of the egg. However, there
is surprisingly no correlation between the concen-
trations of holoRBP in both plasma and yolk water
(Fig. Ib). This indicates that there is no coupling
between the uptake of retinal and that of its carrier
protein. A comparison of the plasma concentrations
of retinol and RBP with those of yolk water (Table 1)
further supports this view. The plasma concentrations
are close to the corresponding concentrations in
terms of plasma water because plasma contains only
about 5", of dissolved solids, and the values for
plasma can therefore be compared directly with those
for yolk water to determine whether a change in con-
centration has taken place during uptake into the
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Fig. I Relationships between the total ege volk content of
retinol (a) or holoRBP (b and the concentration of
holoRBP 1o the blood plasma sampled from the corre-
sponding hens with 24 hre of the egps having been laid.
Pancel ta) shows hincar regression of volk retinol on plasma
holoRBP for all birds (unbroken hne, r = 08, P < 0.001)
and for all except the bird with abnormally low values for
plasma and volk tbroken e, r = 0635 P < 001,
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yolk. Whereas retinoi was about 10 times more con-
centrated in yolk than in plasma, the concentrations
of holuRBP and total RBP were less than half those
of plasma. These data indicate that either retinol
alone is accumulated, possibly by a process similar to
that found in other tissues such as the retina (Maraini
et al 1977) and serosal surface of the small intestine
(Rask & Peterson. 1976) or following uptake of the
mtact retinol RBP complex, retinol s selectively
retained whereas the carrier protein returns to the
plasma. Whichever is the case, the developing foHicle
must have an aceeptor system with an affinity for
retinol similur to RBP itself. The form of retinol stor-
age within newly formed volk. whether in association
with the lipoproteins or with another specitic binding
protemn. has not been investigated.

In contrust to RBP. the mean coneentration of
TBPA. which compleses with RBE in plasma was
found 1o be approsimately the same concentration in
yolk water s plasma clable 11 Differences in the
relative uptakes of other plasma protems such as
albumm and 5 globulin have been reported previous)y
for the domestic fowl (Patterson e al. 1962), The dif-
ference i relative uptake indicating a partial en-
clusion of RBP from volk may result from its mvolve-
ment i the process of retnol uptake possibly by gt
binding o an RBP recepror. Whereas in plasma the
molar ratio of THPA to holoRBP was about 0.7, in
volk 1t was above unity at o value of 2.3 These ratios
indicate that m volk bur not n plasni all the
holoRBP can form a 121 complex with TBPA. In the
plasma of the Taving quasl it is possible that the Lower
afimty binding sies on TBPA may participate i
complexig RBP

Althongh REBP and THPA are present in domestic
fowl volk tHeller, 19760 the uptake of these carrier
protemns in relation to retimol have not been measured
quantitatisely in this species. Tt s therefore not DOSS-
ible at present to say whether quanl and domestic fowl
differ signiticantly 1 respect of the retinol tiansport
system from blood to yolk. However, such a difter-
ence 15 unhkely in view of their close relationship in
evolution.

The normal frequency of epg laying of guail kept
under the conditions deseribed m Materials and
Methods s one egg per day. This therefore means
that these guail showed a daily loss of retinol from
the body of aboot M e This amount of retmol s
about 2 3 times that present at any one tme in the
blood circulation, and when added to the retinol util-
isation by other tissues of the body dicates that the
hall ite of holoRBE seercted by tiwe liver is somewha
fess i the Javing guail than the vadue of about 7 hi
reported for the cynomolgus monkey and rat (Vahl-
quist, 1972 Mulnfal & Glover, 1974), We have sug-
pested elsewhere (Heaf & Glover, 1979) that it 1s the
uptabe of retiol fromats compley with RBP by volk
that s the prmary canse o the relatively high
AapoRBE concentration present m the prama of the
laving quatl. The  clearance and
apoRBP by the kidney presumably has a secondary
role in that the process is adequate 1o heep the pro-
portion of apoRBP in plasma produced out of the
breeding season at 10 157, of the total RBP. but s
unable to deal more rapidly with the additional
amount formed during laving,

maerabolism of

D. J. HEAF er al.

SUMMARY AND CONCLUSIONS

The Japanese quail egg yolk, like that of domestic
fowl and duck. was found to contain the two proteins,
RBP and TBPA, which arc involved in the transport
of vitamin A. Although they are present in all three
avian species studied so far and arc likely to be
present in the yolk of all avian species. their role may
be of lesser importance in yolk than in plasma for
several reasons: (1) mest, if not all, livetin proteins
have been shown to originate from r'asma and in
quil volk there was no evidence for a specific concen-
tration of RBP or TBPA; (2) all the retinol in plasma
is attached to RBP whereas in quail volk less than 4°
was present as the complex: (3) the total yolk retinol,
but not RBP. was found 1o be correlated with the
plasma RBP concentration. thus indicating that the
specificity of the uptake process is for retinol and not
for its carrier protein.

A possible function for the small amount of RBP
and TBPA present in yolk may be to prime the
retinol transport system in the carly stages of embryo-
genesis until a supply of the proteins from  the
embryonic liver becomes available,
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Summiary

1. Holo retinol-hinding protein wae assayed by irrediating the pherogram
of the plasma with ultraviolet light and measuring its yvellow green fluorescence
in the as -globulin zone.

2. The level of holo retinol-hinding protein in normal adults was found to
be A7.5 (¢ 1.3 S0 e ml.

3. The mean level of total retinol-binding protein in one group of normal
puatients wis 1823 garml compared to 12,50 ga/ml for the holo protein indicating
that some apoprotem is usually present in human plasma.

Introduction

A micro-method for the determination of retinol-binding protein (RBP) in
human plasma by radioimmunoassay has been deseribed previously by Smith et
al 1] This uses specific rabbit antiserum to RBP and "' labelled RBP. The
method s more sensitive than the elassical extraction and colorimetric proce-
dures but th reagents take some time to prepare and do not keep indefinitely,
The wntiserum also reacts with apo- as well as holoRBP, henee in cases of
retinol deficiency where some apoprotein: may be present, the amount of
retinol bound 1o the protein would still have 1o he determined separitely.
Although the carly procedures (2] for determining retinol in the lipid extract
from serum by antimony trichloride | 3] or trifluoroacetic acid [-1]. have been
considerably improved in sensitivity through the use of micro-cells in modern
rapid recording spectrophotometers, these are inherently subject to appreciable
error on account of the mstability of the chromogens formed and the lack of
specificity of the reagents wnd are, therefore, not reliable on a micro-scale
(requiring less than 50 ul plasma. These difficultios are overcome 1o a consider-
able extent by using the more sensitive fluorimetric procedure for retinol
devised by Thompson et al. [ 5], but this assay is affected by some interference
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from the fluorescence of variable amounts of other substances such as phyto-
fluene and from colour quenching by other carotenoids which may be present
in the lipid extracts from the serum so that corrections have to be applied,

The new procedure deseribed helew is specific for the physiologically -
active form of retinol attached to RBP. In devising it, advantage is taken of
three main features of holoRBEP: (1) the fluorescence of retinol attached to its
specific carvier protein is move thuan 10 times greater than that of free retinol in
hydrocarbon solvent [6.71, (i) the Tow molecular weisht of RBP wlows it to be
separated electrophoretically in gels free from other large molecular welght
lipoproteins which would interfere with the [luorescence emitted by it and, (iii)
retinol bound to its carrier protein is mueh more stable than free material [7].

Consequently, by first separating RBP from other serum proteins by disc-
gel electrophoresis on tramsparent poivacrvliamide. itis possible to assay fluori-
metrically the retinol attached to its earrier protein with considerable accuracy',
Only very smuall amounts of seram or plasma are required comparable with
those used i colorineteie methods,

Fixperimental

Disc-gel electrophoresis

Thix is carried out at 1 in standard dise-gel tubes 6 mm internal diamet er
which are Tilled to within 2 em of the top with 5% w/v polvacrylamide resolv-
g gel contaming 0.75 M Tris HCD buftor, pH 8.9, and 57 (w/v) sucrose. A
further T em ol 39 (w v) concentrating-gol containing 0,25 M Tris— HCL at the
same pll s placed on top. A known volume of serum or plasma samples
(20- 50 1l previously prepared to contain 107 (w v) sucrose is then subjected
to clectrophoresis on these gels in the Shandon apparatus, with constant cur-
rent at b mA tube for 90 min in the dark. The gels are subsequently removed
and placed motarncin the 10 em - 1 em quartz cell of the Chromosean instru-
ment for scannimg with U Light (300 100 nm). The gel is covered with
distilled water. Tt is important to transfer the gels only immediately befove
assay in order that the RBP may not be lost by diffusion.

Fstimation of fliuorescence

The optical arrangement of the standard instrument in the fluorescence
mode of operation is not sufficiently sood to differentiate the low level of
fluorescence due to RBP above the background fluctuations of the photomulti-
plier and recording system “elecetronic notse™. The collection of the fluores-
cence from resolved components in the gel was improved by inserting an addi-
tional lens and creen THter (165 nm) adapter between the cell holder and the
photomultiplier compartment as indicated in Fig. 1. This modification ensured
amore efficient collection of the fluorescence by the PAY tube so that the level
ol current generated was brought into the capacity range of the electronic
amplification system. Insertion of the lens adapter in the sample beam also
means that the horizontally moving cell carriage has to he set at a fixed height.,
It was arranged that the gel immersed in distilled water within the quartz cell
(8 mm wide) was irvadiated optimally as it traverses the centre of the fixed
narrow beam of UV light collimated by the slit (1 em long » 1 mm wide). The
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Fig, 1. Dugram of optical svstem in Chromoscan madified for measurement of fluorescence. The filter 4

and lens 3 are combined in one adapter for fittinyg to the standard instrument. P, Photomultiplier tube;
UV, Ultraviolet lamp: AL 3 mm diam, apertare: Foo Wouad's glass filter; Wi, Baseline control wedge: Fa
Filter passing 1606 nm: Wi, Balancing wedge: Ly, Ly Ly, lenses: Bo Beam splitter; S. 0.5 mm slity D,
Dise-gel in quirts eell,

weak background fluorescence of the polvacrylamide gel and quartz cell is so
balanced against the refererce heam using the manually adjustable wedge and
collimating discx in the latter so that the recordoer trace for a blank ¢l runs
about 5 em from the richt-hand cdue of the paper {the polarity switeh within
the instrument is left in “Normal™ position). The most suitable cam for use in
the automatic syvstem driven by the motor balancing the reference and sample
beams was found to be 5-0771).

Some quartz cells give background traces with one or two undulations in
them. For case of measurement of recorded peaks, it 1 better to select those
cells with o linear background over the region opposite that corresponding to
the RBP zone unaer assay isee Fig. 2\). The peak area for RBP fluorescence is
measured by triangulation and double peak arcas obtained by multiplving
heights times widths of bases (converted 1o double area/100 ul fluid applied to
gel) are plotted against the quantity of RBP in the gel (expressed as the coneen-
triion of RBP in the serum or test fluid in HEg/ml or as the amount of retinal
pg/ 100 mh. The relative molecular weights of human RBP: retinol are 77:1
approximately. In order to elimiate any errors due to possible uneven running
of the protein in the gel it was found convenient to scan the gel a second time
after rotating it through 180 and then taking a mean value of the peak arcas
obtained,

Colorimetric detection of retinol in gel fractions

Excised fluorescent zones from gel pherograms were extracted with a
small volume of ethanol by kncading the small segment of gel between the
fingers covered with a polythene glove. The alcohol extract was diluted to 50%
with water and the lipid taken into light petroleum. The latter was evaporated
off and the residual lipid dissolved in 2 ml chloroform and aliquots taken for
retinol colour test using trifluoroacetic avid reagent [-}].

Isolation of RBP

RBP for preparing the rabbit antiserum and for use as a reference standard
in the immunoassay was isolated by procedures outlined previously by Kirby et
al. [8]. The final RBP preparation in 0.1 M Tris buffer, pIT 8.0, runs as a single
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zone, corresponding Lo a protein with 22009 molecular weight, (a) in the
ultracentrifuge, (b) in dise-gel eloetrophoresis when complexed with sodium
dodeeyl sulphate and (¢) on a standardised Sephadex G100 eolumn. The degree
ol saturation of the protein with rotinol was variably greater than 85% and
qualitatively the nreparation contained both fast and slow moving holoprotein
components |9}, The RBP was stored in baffer at pH 8.0 and —20",

Preparation of anti-serum to human RBP

RBP dissolved in ! ml buffer at pH 8 (concentration 0.5-1.0 mg/ml) was
added to an equal volume of Freuad's adjuvant with stirring and the premix
enaulsified before mjection into rabbits at five sites (1 ml/site) at monthly
intervals as deseribed by Kirby [10]. A reasonable specific antibody titre was
observed about 2 weeks after the fivst dose and small amounts of hlood could
be drawn ax required from the animals at suitable intervals after hooster doses.
The blood was allowed to clot and the serum separated off for isolation of the
Y-globulin fraction. This antiserum was kept at 1 and used for the various
tests. The antiserum to prealbumin wes obtained from Bochringwerke (Hoechst
Pharmacedticals), This, too, was raised in the rabbit.

Immunotogical methods

Immunodiffusion was carried out according to the procedure of Ouchter-
lony 11} in 177 agarose gel containing 0.05 M Tris—11C1 huffer, pH 7.1, Quan-
titative estimation of RBP in serum, chromatographic fractions ote. was detor-
mined usmy the proeedure of Maneini ot al, [12]. Assays were carried out in
dupdicate. The  basic standard - RBP solutions  contained approximately
A0 pgiml Whole serum was used without dilution.

Immunoclectrophoresis

I order to obtain greater sensitivity and more intense precipitation lines,
the following procedure was adopted for qualitatively detecting RBP and PA in
clectrophoretogroms. An electrophoretogram of 10 gl serum was prepared in a
stindard disc-gob of polvacrvtnude. The gel (6 mm diameter) was then laid
across wan agarose plate hetween two paratlel slots cut about 12 15 mum apart,
One slot was filled with a solution of rabbit antiserum to RBP and the other
with that to P Diffusion was allowed to take place overnight as before. The
zones of precipitation were clearly visible in the agarose el 21 h later.

Results

A typical fluorescence scan of adult human serum is presented in Fig, 2B
alongside a similar trace for a blank gel (Fig. 2.0) and a photograph (Fig. 2C) to
the samie scate of the gel stuined for proteins. Four peaks are preseint, one of
which at the origin arses from fluorescence of components (including possibly
retinyl esters and phytofluene) m high molecular weight s-lipoproteins and
chylomicra which do not penctrate easily inte the small pores of the gel, This
Muorescence usually has a bluish tint. The second peak from the origin is due to
yellow-green fluorescence typical of RBP which runs in that position. This zone
has an - electrophoretic mobility corvesponding to oy -globulin, The third poak
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Fig. 2. Fluore e nee scans of disesjpel pherograms: (A) Control blank and (By human serum shown along-
side the latter gel stined for protein ().

arises from materials associated with albumin zone. This also has a pale green
tint but does not contain retinol. The fourth peak fluoresces bright blue and
has the highest mobility running close to the buffer front. It has not been
investigated yet but the fluorescence derives from an impurity in the gel and
not the serum. It serves as a useful marker for prealbumin whose mobility
corresponds closely to it. Retinol is alsy absent from this zone. The identifica-
tion of the second fluorescence peak with RBP was made by examining qualita-
tively the material extracted from the above zones in a set of 16 gels, The
az -globulin zones were cut out of the wels, kneaded and homogenised in @ small
volume of physiological salme, zllowed to stand for an hour and the mixture
centrifuged to precipitate small gel-fragments. The fluorescence of the super-
natant extract was examined in an MPF2A Hitachi-Perkin Elmer fluorospectro-
photometer using the sensitive micro-cell assembly. The NAmax. of excitation
and emission spectra were found to be 332 nm and 456 nm as shown in Fig, 3.
and identical with these obtained for pure RBP. In order to have more material

Excitation spectium Emussion spectrum

emission at 456 nm excitation at 332 nimn
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Fig. 3. Excitation and cmission speetra of retinolbinding protein extracted from aj-globulin zone of
pherogram of human plasma protemns, FExcitation A max = 330 nm with shoulder at 293 nm. Emission A
max = 456 nm,
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for this type of analysis, 2 ml of human serum were first chromatographed on a
small column (5 em ¥ 8 mm) of the dipolar ion-exchange support arginine—
Sepharose 6B (Porath and Fornstedt [13]). The RBP containing fraction was
cluted from the columa and concentrated to approximately 0.25 to 0.2 volume
ol the original serum. Electrophoresis of this concentrate enabled 2 larger
amount of the material in o, -globulin zone containing the vellow green fluo-
rescence to be separated and extracted for qualitative examination in the fluo-
rospectrophotometer. The excitation and emission spectra obtained are those
shown in Fig, 3. Again a separate set of 8 gel-cloctrophoretograms ol serum
were runt and the excised fluorescent zones examined for retinol as previously
deseribed. Only this lipid extract from the o zone save a positive green colour
with trifluoroacetic acid reagent indicative of retinol. No colour was given by
simibar portions of the gel from either the albumin or prealbumin regions.
Again, the o -fluoreseent material is absent from pherograms of plasma from
retinol-deficient childrven sulTering frrom kwashiorkor,

Farther confirmation that the protein portion of RBP was present in this
ax-zone was obtamed throueh the use of its specific antiserum. Two disc-gol
electrophoretograims of the same serum were prepared, One was stained  for
proteins wnd the other was placed on top of an avar plate into which the
resolved protem components could diffuse aviinst the specific antisera to RBP
and PAL respectively, phwed in adjacent ots, The mmuno-precipiting formed
in the agar are shown (alonuside the stained proteins) i Figs LI is elear that
there is only one RBP zone and one PA zone in the electrophoretogram and
that the former has the same relative mobility to the latter as the vellow green

[}

o ®

Fig, L Fluorescence sean ta)y of dise-gel pheropram of human plasma set alongside precipitin zones
formed in agarose plate (b) when the separated protemns as shown in the similar stivined gel () were
allowed to diffuse into the agarose against the speeifie antisera to RBP (upper slot-AR) and PA (lower
slot-AP),
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TABLE T

IDENTIFICATION OF RBP WITH GREEN-FLUORFSCENT BAND IN Qa-GLOBULIN RIEGION OF
DISC-GEL ELECTROPHORETOGRAM ON 5% POLYACRY LAMIDE
Relative

Test Sample Distance from origin (em)

mobilities
Green-fluorescent Pre-albumin
7N
Serum 1 205 4.7 0.641
2 2.68 4.4 0.65
REBP/PA concentrate 1 2.85° n.1 0.506
2 28D a.1 .56
Specifie tmmunoprecipitation by
Ant-RBP Anti-PA
Serum 3 43 H.8 0.57

[, . . e
Fluoreseence X mas 456 nme Excitation \ mas 332 nmm.

Muorescent zone to PAL The values obtained with 3 different samples of serum
are given alongside two results for concentrates of RBP with PA in Table I.In
the quantitative work, all assavs were carvied out in duplicate and the amount
of the RBP present m individual samples determined from the mean area of the
RBI" fluorescence peaks obtained in the two seans as deseribed above, The
mean difference between the latter vidues for a larae number of samples was
found to he 577 (0 0.8 S0 The Tinearity of the assay procedure was checked
for nereasing volumes (10 to 60 gl) of human plasma resolved in the electro-
phorctogram. The values obtained for peak arcas were plotted against volume
of plasma used as shown i Fig, 5. The fluoreseence recorded in the C'hro-
‘moscan is clearly linearly related to volume of plasma up to 50 ul: bevond that
the vield of Tuorescence is proportionately less due cithey to self absorption
effects on account of the thickness of the gel or to less efficient penetration of

1l = A

A00F o ~

2001+ .

Fluorescence peck areg (mm?2)

Q

20

1
a0

50

Plasma volurme (1)
Fig. d. Graph of relationsdup between the quantity of RBP i pliasma as measured by arca of fluorescence

peiak i the scan of the pherogram against the volume of sample subjected to electrophoresis on polyacryl-
amide gel,
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TABLE 1
REPRODUCIBILITY OF FLUORESCENCE ASSAY OF FREE RETINOL IM SERUM

Sample Vaol, No. of Fluorescence Peak Area (A) Retinol

No, wl) pels N oo . : oo (up/100 ml)
A (mm: X 2) .-\/
(Mean 4 8.10)) 100 ui

1 20 8 278 4 LD 1390 ol

2 40 A} 370 1 10.6 92h 34

3 40 6 454 1 14.8 1135 44

LR . . . . . .
This sample was dituted TO-fold before analvsis. The arcea obtained is approximately 107% Jower
N
than the value (1270 min= ) found for the undiluted siample,

the UV dight into the increasing amount of nrotein within the narrow band
about 2 to 3 mm wide.

The reproducibility of the tochnique was tested by determining the
amount of RBI" in the same phisma eight successive times using 20-ul portions
for one sample and 10-4l portions for another. The rosults are presented in
Table Thand show that the technique is reproducible to within 2-3% Sk,

A series of results ohtained using 20-pl portions of human plasma were
plotted against the concentrations of free retinol present in the plasma samples
as determined on lipid extracts from much larger amounts (20 mD) chromato-
araphec on wenkened aluming according to the procedure of Huang and Good-
man [ 1], The retinol-contaming fraction from the column was assayed using
trifluoroacetate, The standard curve shown in Fiz. 6 was obtained. The slope of
this holds for the particular fixed ceomctry of the light source and cell carriage
and sensitivity seiting (9) of the mstrument, all of which have {o be main-
tuned. Any modification of these or of thickness of gel used would give a curve
with slightly different slope. Some of the lower values on the standard graph
were obtained by assaving diluted plasma. The average value of rotinol for 20

~
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Fig, 6. Standard curve showing the direet relationship between the area of fluorescence peak and the
amount of RBP in plasma,
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TABLE 111
THE CONCENTRATIONS OF TOTAL RBP AND HOLO-RBP IN NORMAL ADULT HUMAN PLASMA

Sample Total RBP (a) Holo-RBP (b) Apo-RBP
No, by by (a--b)
Immunoassay Fluorimetry
(upiml) (up/mi) (up/ml)
1 49 49 0
2 50 46 Bl
3 47 37 10
4 04 52 2
5 47 31 16
6 42 43 0
7 51 36 15
8 16 44 2

Mean 48,3 42,3 6.0

samples which included plasma from both sexes but mostly male, wus found to
be 7.7 pg/100ml The values for RBP obtained in the above fluorescence assay
are compared with the values obtained for the protein moiety by the imn:uno-
assay. method of Maneini et al. [12] in Table HI. It can be seen that there is
usually a small amount of the apoprotein present in normal adult plasma.

Discussion

For colorimeric procedures 3-ml samples of plasma are usually taken in
order to obtain sufficient lipid extract for chromatography and to provide
reasonably accepteble optical density readings with standard T-em cuvettoes.
Some semi-micro procedures have heen developed in recent yvears to enable the
total retinol in 0.5 ml of serum to he assayed colorimetrically nd a fluorescent
procedure [5] has recently been described which requires only 0.2 ml. Al
these methods, however, are subject to considerable error in view of the lability
of free retinol on exposure to air or light during the extraction and assay
process. Thus, for deficiency cases where the levels of vitamin A in plasma are
often Tower than one-fifth the normal adult level, the above micro-procedures
are appreciably Timited in their useful application especially if chromatography
of the lipid extract is also done. Yet in many nutritional investigations, the
colorimetric procedures have <till had to he used.,

In thix new procedure the retinol remains attached 1o its carrier protein
throughout the analyis where it is known to be more stable and less subject to
uncontrolled oxidation. Again during the separation stage of the analysis, it is
keptin the dark at 1 reducing further the chanee of spurions losses and in the
final assay is ondy momentarily exposed 1o licht af room temperature,

The seasitivity of the procedure is such that a 10 gl sample of plasma
containing as little as 1 1o 2 ny retinol, i, equivalent to 2.5 to -1 ug retinol/
100 ml plasma (e.e. from an extremely deficient subjecth can be assayed with
fess than 1077 crror as can be seen from the series of results obtained with
10-fold diluted seram (Table 1), This is of the same order of sensitivity as that
of the radioimmunoassay deseribed by Smith and colleagues [1] and for the
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direet immunoassay of RBP by the simpler diffusion procedure of Mancini e
al. [12].

Inspection of many fluorescence traces of the RBP zone in the disc-ge
electrophoretogram and the UV-irradiated gel itself shows that the RBP is :
single normally distributed hand and not a doublet such as one finds in similar
Iy prepared traces of purificd RBP which contains a mixture of Tast and slowel
moving components. It would seem that mainly one type of holoprotein i
present in the original serum and that the faster moving components detectec
in the purified RBP are artifacts of the isolation procedure as has been sug.
gested by Raz et al, [9]. Oceasionally, however, small shoulders can he seen or
some of the fluorescence peaks nd in these cases perhaps a small pereentage of
the RBP may have been present ina form with higher clectrophoretic mobility.
but equally well these could possibly be caused hy some uneveness in the
application of the plasma sample to the gel or in the electrophoresis run.,

The results in ‘Fable HI show that there s usually some apoRBP present.
However. when 10 such samples were shaken with a 5-fold excess of retinol
dispersed on Celite, there was no inerease in their amounts of holoRBP indi-
cating that the apo-component was unable to bind retinol. On the other hand,
in other control experiments to be reported fully later plasmia was extracted
with heptime to remove retinol almost completely from the RBP, When the
plasma was shaken with retinol the holoprotein was readily regenerated. Clearly
most ol the apoprotein circulating in normal plasma must be denatured or
partially metabolised rendering it incapable of carrying the vitamin.

The above rapid assay procedure which is specific for holoretinol-hinding
protein should prove useful clinically. This protein has a rapid turnover rate
[15] and disorders of the liver and kidney affect the normal steady state level
markedly [16].
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Retinol-binding protein in serum of
xerophthalmic, malnourishied children before
and after treatment at a nutrition center!
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alter. The guestions set iitially were: what
are the levels of RBP and PA in such
children and does injection of retinol pal-
mitate raise the level of RBP to normal
within 24 hras it might be expected 1o do it
there were no limiting factor(s) other than
retinol deficieney. Furthermore. does the
cheap. Jocally available and colturally ac-
ceptable veectariaa dict supplied at the
NRC alow synthesis of RBP to proceed.
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Determination of statistical sigmitseance was miade
ustne the nonparametne Wilcoson test (135 The re-
sults are expressed as Mean = SEM

Results

Young children have less RBP in their
blood than adults (14). Three well-nour-
shed Indian children. who howeyer showed
Bitot spors. had RBP Tevels in their serum
of 33,200 3% germl and PA o 145,180,
40 gosml “Phese are similar 1o those of
well-nourished English children,

The children we examined ot Madurai
were all malnonrished. Thirteen were Jess
than halt their expected weightage on the
Cromes seale (13).0 14 were between Stto
Ol nd seven were between o 1o 7577
Nearly all were cases of marasmus or of
marasmic kwashiorhor, Their averave ape
was Iovears and 3 months, CTwentv-one
showed N2Ucorneal serosis or N 3. corneal
serosis plus uleeration. Nine showed N1B.
conjunctnval aeross and Bitor spot (10,
and four had no eve festons,

Fhe medin salue of RBE v the scrum
of 28 childien on admission (1) was 13
peml The 1) value of RBP in v children
with conjunctival xerophthalmia (N 1) was
2200 235 e mbaad in DO ehildren with
N2ON3 comeal xeropinithadmiy was 13,5 =
ONT e mb serum. Po- 00080 Fieure |
records the imdividual data.
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The rise in RBP that accompanied trea-
ment at the NRC s shown an Fieure 2.
Each subsectuon compares the RBP o1 the
same childreny at the st and aler e
specificd tmes the chrldren m cach subsec-
tion overlap but are notidentical becanse it
wits not alwiavs posable 1o obtain o bload
sample tronm cach child durmye cach parneu-
lar penod.

There s obviony no guick retim o
normai tevel of RBP g mechion  of
FIO000 TU o vt A but ranher asteady
procress tooreach normahits between 4 1o
E3 davs of treatment with some overshoot
toowithin o hieh normad tanee for well-
noutshed childien The ditterence between
REBEP on admisaon (1) and Fapne WS
statsteallv semticant, [ 005 and be-
tween |, Y & ool The
fovel ot REP tell somewhat after 1o 2
monthsat home butaot oo deticient Tevel,

Atew serum samples were tihen back 1o
Britam noace tor coimanion of holo-RBP
(1) s well o ol REBP (Table 1
Laboratony resic on the stability of RBP
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the

detectable

anied

otal

mostentde viadss sucl s were used ap
trinsport of

losses oF retined bonnd 1o RBE occutied n

e camples No

\QIH]I‘IL'\ STUTSING T oy Gpto Tiwechs
and at O ror e

losses (3o e

2wechss Some sl
Yot bound retimol oecurred

atter b ro owecks ar - Samples siored
moice o the <hort tiansit tme between
India and Focing should not theretore
have fostany holo-Rki3p,
o t
¥ . . t
! |
! " e t
40 i * —— f
£
o ¢ t
- | H !
e i A ‘ o
- . RN . -t
Py o ;
W dfes tr o . . I
ES I S i RS -3 i
R TR . : : ;
[ !

.
[! L '~,_!1 :.‘.1‘[' j
S . [P - ———— b 1
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andd atrer tollow-uy \iues e snen lor chuldren on
admisston (1} and tor the wame duldren atter the
spuediiva e mterves L Median
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Total RBP. whether estimanted ot Maduy-
ranor after transport o Eopland was i 1,
apreement at all tme mrenvals (1), Ty,
and T g ) HOo-RBE mcreised mn
e with the ot The ane normal chilid
mvestgated had normal holo-RBP both oy
Tooand T, These cotrespondences g
reasonable conbdence tha tansport hind
not matcradly aliered the values of eithe
totd RBEWe Bave hequenily
chcountered Jow total RPB and zero haleo.
REP values insaomples of plsma from s
verch vimin A and protein-deficient el
dren moother countries. Total serum reting!
levels were not measured on the sample.
from Indn.

Wo estimated preatbumin as an indican -
of malhutiion and speciticalis of pros,
deticieney (6). The concentration of P
was low ar the tme of admission (Fip, 3
Fheve was o signiticant dilference betweos
the P coneentration in the serum of chil
dren admitied with XU (10l 7.0 40
mbyand those with N2UN3 (700 ¢ 4 I3t
mb. 7 001 The Tevels of PA and RBY
were correlated withy cach other throughou:
the range seen betore and daring treatmen:

A children were weehed on admisaor.
and ar weekly intervalss Onlv 13 stinved
mote than two weeks at the NRCO. Nine
tiveraee dee 3 vears and 2 months) whee
staved at least one month showed o median
gatm ot 12 kein the bis month, This rate
ob vian slowed down on vcturn home, Two
cinfdien. treated as ont-patients because
then parents refused admission. showed lit-
tle or o g in weight during 2 10 3
months (Fig. ),

Assessment of the final effect of 1reat-
menton vision was difficult as many of the
children staved onlfv o short tme. Of the
children P2 who were admitted with corneal
serophthalmin (N20 N3y in one or bhoth
cves had reasonshhv camplete and long-
term notes lable 2 shows the eftect ol
treatment on their eves. No child became
blind but anc has senously impaned vision
and one other s bhind in one eve.

holo- or

Discussion

It hus been sugeested (1. 20 5y that
functional dencienes of vitimin A may be
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mduced or exacerbated by failure to svn-
thesise RBP owing to fack of protein in the
tood. 11 the Tiver is not supplicd with the
neeessiry ammo acids 1t unable oo make
RBE and.evenat vitannn A is supplicd by
lnu\WHIHIUIM\ Cwill ot be released
(1. 205 Sivieen JLu(hmhvn\wHIP(\l
and chimeal vitmun A detiaena

Ao change inserum RBE values twenty-foun
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pected from experiments on rats deficient
solelyin vitamin AL En the doubly deficient
child good food s necessary and some time
must clapse betore the biosy nthesis of REBP
can be rused 1o level capable of support-
my areasonabh steady state supply of RBP
to the plisma. Tt has been previoushy no-
teed morelatively shor-renm experiments
oI protem-deticient rats that at least 24 hr
Was required tor the Tver (o recover sulfi-
cient protem synthetic CHPUCITY 1O sustain o
normal plasina RBE level (17,

Fhe concentranon of RBE and of PA in
the serum ot childien at the Madurai NRC
rose 1o normad atter about o week., During
the st twenny four hours of teeding the
holo-REP revponded proportionally more
than total RBP prosumably because the in-
levted sinnn A dminared the relense of
natne holo-RBY trom the Tiver into the
blood, whereas the apo-RBP alrcady in
crealation became gradually: metabolized.

Phe docatly avarlable. cheap. veeetarion
tood given the childien produced o satisfie-
tory rise i oweight of 100 ke i the firs

monthe T s aimos the same as that
reparted i Thar children ted ¢ oprotemn
trom tull cream itk powder and 175 Reals

heopor din (IS A Sl ey catch-up
growth his been acineved by feeding a dict
bised on milk protem ad libitum o Jamai-
cin childrenan hospuat (19,

Foo few chnidien with severe comeal ve-
rophthalinia remaned Tong cnough for o
complete dasessment 1o be made of what
the NRC treaiment achieved saving thei
sighto Many problems reman betore cornead
serophthalmey can be adeqguately treaed.
There are orgamzational problems of fol-
low-up and the contmuation of the diet at
home. Rescarch problems fe in determining
the benetits or danvers of Lirge doses of
Vit A by injection or orally o e crely
malnourished children and. stlariv. the
benetits o daneers of tecdime o hieh pro-
teine high encrey diet ad livitum from the
srt. Demonstration o the parerts of ben-
clit 1o tacir chld s the aunastn of ny
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DETERMINATION OF THE CAROTENOID PHYTOENE IN BLOOD BY
HIGH-PRESSURE LIQUID CAROMATOGRAPHY
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SUMMARY

A sensitive and specific high-pressure liquid chromatographic assay was de-
veloped for the determination of pivwtoene in blood with an overall recovery of 86 -
6.0, and a limit of detection of S0 100 ng per ml of blood. This method provides
lor raprd and simple quantitation of phytoene using 1 m! or less of blood.

The assay was used in the determination of phytoene blood levels in the dog
following intravenous and oral adminiswration of 10-mg/kg doses.

INTRODUCTION

Phytoene, a naturally occurring carotenoid!, is an endogenous precursor in
the biosynthesis of jJ-carotene?, and is reported to be under investigation as an oral
sunscreen”. i-Carotene has been used suceessfully in patients with erythropoietic pro-
toporphyria to reduce the photosensitivity associated with this disease®S. Studies
with gi-carotene to determine its effects on a normal individual's response to sunburn
radiation (UV-B. 280 313 nm) mdicate it s somewhat effective against sunburn
radiation. These firdings prompted the investigation of’ phytoene as an oral sun-
sereen®,

The major structural differences between phytoene and p-carotene are the
presence of three conjugated double bonds in phytoene compared to the nine conju-
gated double bonds of ji-carotene and the eyclization of the terminal ends of phytoene
ta form the g-ionone rings in j-carotene (Fig. 1). The biosynthesis of Vitamin A
from jl-carotene is known to take place mainly in the intestinal mucosa during ab-
SOTpLion” in an in vive reaction sequence involving (a) cleavage of fi-carotenc into re-
tinal (aldehyde), followed by (b) reduction of retinal to retinol (alcohol). Retinoic
acid is formed by oxidation of the aldehyde (IFig. 1). These conversions can be ef-
fected cither by symmetric or asymmetric hission or by terminal oxidation®,

In order to assess the pharmacokinetics and oral absorption characteristics of
phytoene. it was necessary to develop an assay capable of determining phytoenc in the
presence of ji-carotene in blood. The classical column chromatographic-spectro-
photometric assays for the determination of carotenoids are time-consuming’, while
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Fig. 1. Biosynthetic pathway for the conversion of phytoene to retinol (Vitamin A).

RETINAL

the spectrofluorometric methods are non-specific and prone 10 errors due to endogen-
ous interferences’™ . Gas chromatographic analysis has been used following deriv-
atization with silylating reagents, but this method is prone to error due to thermal in-
stability of the derivatives**3, High-pressure liquid chromatography (HPLC) ap-
peared to be the method of choice, since these conipounds can be analyzed at ambient
temperatures without chemical derivatization and exploiting their differential spec-
trophotometric properties for quantitation. This technique has been successfully
used in the analysis of vitamin A in bulk chemical products and pharmaceutica!
formulations',

The metbod presented here quantitates phytoene using its ultraviolet (UV) ab-
sorbance at 280 nm to advantage, since neither f-carotene (4,,,. = 445 nm) nor vita-
min A (4,.,. == 325nm) absorb significantly at 280 nm. Furthermore, they are all
chromatographically resolved, thus imparting further specificity to the assay.

EXPERIMENTAL

HPLC analysis of phytoene in blood

Column. The column used was a 0.5m = 2 mm I.D. stainless-steel column
containing 19, ODS Permaphase chemically bonded on Zipax (DuPont, Wilmington,
Del., U.S.A)).

Instrumental parameters. A DuPont Model 830 high-pressure liquid chromato-
graph cquipped with a Model 836 multi-wavelength UV and fluorescence detector
foperated in the UV maode at 280 nm) was used. The isocratic mobile phase used was
a mixture of water-nethanol (5:95) at a head pressure of 500 p.s.i. and a flow-rate
cf CEmlwin, The column was cperated at ambient temperature. Under these con-
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HPLC OF PHYTOENE 459

ditions the retention time of phytocne was 2.5 min and that of p-carotene was 4.9
min. Typical chromatograms are shown in Fig, 2. The detector seasitivity was 4 .
1077 aoudis., and the chart speed on the 1.0-mV Honeywell recorder (Model No. 194)
was 30 in.che Under these conditions 100 ng of phytoene per 10 sl injected gives
nearly full-scale pen response. The minimum detectable amount of phytoene is 50-
100 ng;/ml of blood.

100 ng PHYTOENE

125 ng B-CAROYENE

DETECTOR RESPONSE - 4x10°2 A.U.

10 i
inject
-

-
(
!/
|
i
i

l—2 5 min——m
49 mn ——a

Fig. 2. Relative sensitiviiy of phytoeae and j-carotene at 280 nm.

Calibration of phyroene by HPLC. A calibration (external standard) curve of
the peak arca of phytoene versus concentration i the range of 25100 ng per 10 4l
of standard solution is prepared. The lincar range of quantitation is from 10-1000 ng
of compound. A fresh calibration curve of the external standards and of the recovered
internal standards are prepared for each day of analysis to establish the reproducibility
of the HPLC system.

Assay in blood

Preparation of standurd solutions. Weigh out 10 mg of phytoene and dissolve
i 10 ml of isopropanol 1o yield a stock solution (A) containing | mg/ml. Make serial
dilutions of solution A 1o yield working solutions B, B, containing the following
concentrations of phytoene (per 0.1 ml of isopropanol): By, 250 ng: By, 500 ng: B,.
750 ng and By, 1000 ng. Aliquots (10 1) of these solutions are injected as external
standards for estabhishing the liquid chromatographic parameters. Aliquots (0.1 ml)
of the same solutions are added 1o blood as the internal standard calibration curve
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460 C. V. PUGLISI, J. A. T, de SILVA

for the determination of the concentration in the unknowns and for the determination
of percent recovery.

Reagents. All reagents must be of analytical reagent grade (- 999, purity).
Normal saline is prepared by dissolving 0.9 g of NaCl in 100 ml of deionized distilled
water (0.9°, solution). Absolute cthanol is used to deproteinize the blood, and a mix-
ture of n-hexane (Fisher, H-301) and isopropanol (ACS grade) (95:5) is used as the
solvent for extraction. A water- methanol (5:95) mixture is used as the mobile phase
for HPLC analysis.

Procedure. The flow dizgram of the extraction procedure is shown in Fig. 3.

Into a 50-ml centrifuge tube (PTIFE No. 16, stappered), place 1.0 ml of whole
blood, 2.0 ml of normal saline, and mix well on 4 vortex mixer. Add 2.5 ml of ab-
solute cthanol, mix occasionally, and wait for complete deproteinization (approx.
5 min). Extract the entire mixturs with 10 ml of n-hexane-isopropanol (95:5) by
shaking for 10 min on a reciprocating shaker (Eberbach, Ann Arbor, Mich,, U.S.A)

i eees ]

I ml Blood
+
2ml Normal Salins
MiX

l
|

Add 2.5mt ETOH
Mix 8 Wait 5 min.
For Complete
Deproteinization

Extract Entire

Mixture With

I0mi 95.5%
Hexone:2- Propanc!

| _|

9515 Aqueous -
hexone : 2~ Proponol Discord

|

Wosh With Im!
H,0

I

B8 mi Ahquot
Residue

l

Dissolve Residue
In 100 ul ot 2-~Propanol

]5-ICu.I
HPLC ]

Fig. 3. Flow diagram of extraction procedure,
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HPLC OF PHYTOENE 461

at 80-100 strokes/min. Along with the samples run a specimen of control blood and
four 1.0-ml specimens containing 0.1 ml of standard solutions B,, B,, B,, or B,.
Centrifuge the samples at 2500 rpm (1500 ¢) in a refrigerated centrifuge (Model
PR-I, rotor No. 2533: Damon 1EC, Needham, Mass., U.S.A) at 5 and transfer a
9.0-ml ahiquotinto a 13-ml conical centrifuge tube. Wash this aliquot with 1.0 ml of
deionized, distilled water by shaking on a reciprocating shaker for 5 min and centri-
fuging at 2300 rpm (1500 ) in a refrigerated centrifuge (3) for 5 min. Remove and
discard the fower aqueous fuyer with a hypodermic syringe fitted with a 20-gange
O-in. cannula (Becton Dickinson, Rutherford, NI U.S AL I a heavy liped Tayer
remains at the interphase, a second 1.0-ml water wash is necessary. Transfer an 8.0-
ml aliquot inte w 13-ml conical centrifuge tube and evaporate to drvness at 60 in a

a.u.

DETECTOR RESPONSE: 4x1072

107100 ui ™ ”'];
inject |

Fig. 4. Chromatograms of HPLC analysis of doy; blood hexane-2-propanol (95:5) extracts of (A)
control blood, (B) control blood containing added authentic standard, (C) dog blood post 10-mg/kg
oral dose of phytoene, and (D) authentic standard,
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462 C. V. PUGLISL J. A, F. de SILVA

N-EVAP evaporator (Organomation Assoc., Worcester, Mass., U.S.A.) under a
stream of clean, dry nitrogen. Dissolve the residues in 100 pl ol isopropanol and in-
ject a 5-10-ul aliquot. Typical chromatograms of blood extracts are shown in Fig. 4.

Calculations. The concentration of phytoene in the unknowns is determined
by interpolation from the calibration curve of the internal standards processed along
with the unknowns, using the direct calibration (peak area versus concentration)
technique. The percent recovery of the internal standards is determined by comparing
the slope value (em? peak area per ng of compound) of the internal standard curye
to that of the external standard curve,

RESULTS AND DISCUSSION
A sensitive and specific HPLC assay was developed for the determination of
phytoene in blood using the principle of reverse-phase partition chromatography.

The extraction procedure used is a modification of a previously published assay for
phytofluene and retinot determined by spectrofluorometry®, and provides for rapid

IOO[_—

50

T
i3

30~ T~

| BRI

T

CONCENTRATION ug/ml OF BLOOD
w
I
o

05

0.3+

~== Sensitivity Limit { {00 ng/ml}

[y

/l | | 1 | 1 I | 1 I }
5 10 20 30 40 50 60 70 80 90 100

TIME IN HOURS

Fig. 5. Blood Ievels of phytoenc in a dog following 10-mg/kg doses by intravenous (/) and oral
(O, encapsulation; @, suspended) routes,
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and simple quantitation of phytoene using 1 ml or less of blood. A typical chromato-
gram of phytoene in dog blood after a 10-mg/kg oral dose is shown in Fig. 4 and a
typical chromatogram of authentic phytoene and g-carotene (Fig. 2) shows baseline
resolution between the two compounds. The difference in sensitivity at 280 nm be-
tween the two is approximately 20:1. Therefore, j-carotene will not interfere in the
quantitation of phytoene, even if present in very large amounts. Under these condi-
tions Vitamin A (4,,,, 325 nm) will not be detected at all, thus imparting further
specificity to the assay. Studies are in progress to investigate the use of mult-wave-
length detection systems and diflerential extraction procedures for the selective
determination of ji-carotene and retinol produced endogenously following the ad-
ministration of phytoene as a biosynthetic precursor™. No endogenous phytoene is
measurable i control blood (Fig. 4A).

Recovery and sensitivity limits of HP1E gyyay

The overali recovery of phytaene is of the order of 86 ¢ 0.0", (5.D.) from
blood. The sensitiviiy limits of detection are 30100 ng per ml of blood. These limits
can be increased by either extracting larger volumes of blood or by increasing the
detector sensitivity. 1t greater sensitivity s required, extra solvent washes must be
carried out in order to eflect a better cleanup of the sample so that biological impuri-
ties are minimized.

100
8.0

100 mg at Arrows

RN

60% //\/\//
40}

z.or \\.

TT T

T

o8l
o6

oal

CONCENTRATION IN ug/ml OF BLOGOD

01 é { 1 1 1 1 | 1 i 1 1 1 1 | 1 i 1 ! 1 1 ]
0 ! 2 3 4 5 6 7 b 9 0 12 13 14 15 6 17 18 9 20

TIME IN DAYS

Fig. 6. Blood levels in dogs following multiple oral administration of 100-mg doses (at arrows) of an
experimental formulation of phytoene. -, Dog No. | @, dog No. 2.
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464 C. V. PUGLISI, J. A. F. de SILVA

Application of the method to biological specimens _

Blood levels of phytoene were determined in a pilot study in a single dog fol-
lowing the administration of 10-mg/kg doses by both intravenous and oral routes.
Following the intravenous dose, a biphasic blood level curve was observed over the
96-h sampling interval (Fig. 5). The blood level measured at the 96-h time point (6
pg/mb) was about 2 orders of magnitude over the sensitivity limit of the assay, indi-
cating suflicient assay sensitivity to measure blood levels over another 100-h interval,
Following two difierent oral doses, the blood level curves indicated slow and prolong-
cd absorption.

Studies following chronic oral dosing were carried out in which two dogs re-
ceived 100 mg orally per day for 14 days of an experimental formulation. Blood
samples were collected daily for 20 days. The resultant blood level curves (Fig. 6)
suggest that the drug appears to have reached a plateau ranging between 2 and 4
pg/mi These studies contirm oral absoiption of phytoene and allow for the investiga-
tion for its intended clinical application as an oral sunscreen®,
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SUNMMARY

The usual methods for provitamin A evaluation of foods convert the total
pigment amount. determined spectrophotometrically. into vitamin A units. Since the
totaly inactive lycopene is the major carotenoid in the tomato, such readings result
in erroncously high provitamin A values.

I view ol the recent deselopment of chemically bonded. reversed-phase,
microparticulate packings and their use in high-performance liquid chromatography
which combines highly accurate smnd veproducible resolution with the speed and case
ol operation. a new method using such a system was deseloped to isolate carotenoid
pigments from tomato samples. A 13-min column separation was thus achieved,
dramatically decrcasing the analysis time ol the classical open column chromato-
graphic procedures. which often result in unresolved and altered fractions due to
long-term exposure to oxygen, light, solvents and sometimes adsorbent.

p-Carotene and Iyveopene were determined and quantitited in six tomato
samples. j-Carotene, 100Y, vitamin A-active, Wi expressed in International Units of
vitamin A, The newly developed method gives a more reliable evaluation of the fruit
potency in vitamin A than the methods of the Asseciation of Ofticial Analytical
Chemists currently used for food composition tables.

INTRODUCTION

Differences in the biopotency of carotenoids as vitamin A precursors result
from their individual structures. The fi-ring present in retinol is essential for their

* R Agriculturai Experiment Station Contribution No. 183Y.
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activity. p-Carotenc, having two such rings, is considered 100¢; vitamin A-active.
«-Carotene is only one half" as potent while acyleic carotenes such 1s lycopene, also
naturally present in foods, are totally inactive (Fig. 1). The determination of pro-
vitamin A levels in foods hence requires the isolation and accurate quantitation of
those carotenes with biological significance. Few of the analytical methods available
are suitable for this purpose: open-column chromatography. besides being time-
consuming and allowing long-term exposure of carotenoids to oxyeen, light, adsorb-
enis and solvents, often fails in resolving the most potent vitamin A precursor, all-
trans-ji-carotene, from its less active geometrical isomer. «-carotene (1): both this
method and thin-layer chromatography lack in reproducibility and accurate quaniita-
ton': pas chromatography provides the latter advantages but cannot be used with
the thermally labile carotenoids®,

-
R WMCHZOH
A-RiNg L/A\ RETINOL
B - CAROTENE

. AnAaa, W\iQ

@~ CAROTENE

|

\\'\\\\\\\/<

LYCOPENE

Fig. I. Importance of p-ring in carotenoid activitv as vitamin A precursors,

The advent of high-performance liquid chromatography (HPLC), which made
available rapid, reproducible, quantitative and accurate analyses, opened up new pos-
sibilities for the study of carotenoids. The use of this technique together with the
recently developed microparticle packings has resulted in faster solute distributions
between the mobile and stationary phases, hence sherper elution profiles for individual
compounds and the increased resolution capacity for a given separation®.

Although some carotenes could not be separated by HPLC on silica *7, a
sarotenoid mixture was resolved on both magnesium oxide! and alumina coliimns® by
gradient clution: however, long re-cquilibration periods at initial conditions were
necessary for subsequent analysis®. The isolation of some isoprenoids and polyprenols
was also successful on chemically-bonded, reversed-phase packings®'°, These non-
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HPLC OF PROVITAMIN A CAROTENES 11

polar stationary phases present several advantages over the normal-mode polar ad-
bents: they are neutral to the sample and unafiected by the presence of water or changes
in the mobile phase ' This inherent stability renders them most suitable for routine
simple analysis. The separation of carotenes was thus attempted by the use of organic
cluting solvents i reversed-phase. and the resolutjon of pi-carotene from other caro-
tenoids was sought for estimation of provitamin A values in tomato saumples.

MATERIALS AND METHODS

Standard solutions

All standards were purchased from Sigma {St. Louis, Mo., U.S.A.). Crystal-
fine w-carotene was dissolved in petroleum ether: the resulting solution contained
JATS e ml(OS210 mmoles D, Crystalline p-earotene was dissolved in petroleum
cther (hop. 4060 1 the resulting solution contained 154 e, ml(0.2869 mmoles/l). The
concentration of Ivcopene dissolved in dichloromethane was 16666 neml (03104
mmoles Losolution T: T ml ol this selution in 25 n! dichloromethane constituted
solution T (0.0124 mmoles ).

The retention times of hveopene. - and ji-carotene averaged 7.82, 12,4 and
13.2 min, respectively. Fhe peak arcas were measured for quantitation,

Liquid chromatosrapl;

A Waters Model 6000A Solvent delivery system (Waters Assoc., Milford,
Mass. US.AD was used. This s reciprocating plunger pump which permits digital
selection of i constant low-rate. Waters UK injector system atlowed loading of the
sample at atmospheric pressure and assured accurite Jajections (no sample loss due to
ock pressure on the system). A Waters Model 450 Variable Wavelength Detector was
setat470nm. This wanelength was found most suitabie for the simultaneous detection
ol «w-carotene, ji-carotene and Iycopene,

ACSE 770 Spectroffow Monitor vartable-wavelength detector equipped with
SEA 339 Wanelength drive and MM 700 Memory Module, all from Kratos Inc.,
Schocellel instrument Division (Westwood, N.J. U.S.AL), was used for obtaining
stopped-flow visible spectra,

Chromatographic peaks were recorded on a Houston Omniscribe recorder.
The following chromatographic columns were used in the course of this study: stain-
less-steel (30cm 3.9 mm LD p-Porasil (Waters): stainless-steel (25 em - 4.6
mnt L1 packed with 1iChrosorh RP-S (Brownlee, Santa Clara, Calif, US.A);
stainless-steel (30em 32 mm LD, uBondapak Ci (Waters): stainless-steel (25
em - omm LD Partisil-PNS-10-250DS-2 (Whatman, Cliften, N.J., U.S.A)):
stamnless-steel (25 em - 4.6 mm LD Partisil-PXS-5:0DS (Whatman).

Solventy

[sooctiane, chlorolorm and acetonitrile (Burdick & Jackson Labs., Muskegon,
Mich., ULS.AL) dicthy] ether (Mallinckrodt, St. Louis, Mo., U.S.A.) and methanol
(Matheson, Coldeman & Bell, Norwood, Ohio, U.S.A) were all residuc-free and suit-
able for chromatography and spectrophatometry. Solvents were filtered through a
0.5-pm glasstiber filter (Gelman, Ann Arbor, Mich., U.S.A)) and degassed under
vacuum prior (o use.
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Preparation of food samples

Extraction procedure. Six tomato samples (red-ripe Massachusetts areen-
house tomatoes), each weighing cq. 160 ¢, were individually cut into small pieces and
homogenized under a stream of nitrogen in acetone for 12 min in o blender. The
nitial homogenate was filiered through @ sintered glass funnel. pore size 20 30 1m
(Whatman), under veduced pressure and the residue recovered for extraction, The
procedure was repeated unti! complete extraction of all pigments was achieved. The
acetone extract was then added to an equal volume of freshly distilled. peroside-free.
petroleum ether (PEY in a separatory funnel. mined and dituted with water. Upon
formation of two Tayers. the lower aqueous phise was re-estracted once with P1:and
the bulked PF solutions swashed three times with water 1o remove scetone,

Saponification

Saponification is generally necessary in carotenoid analysis to remove unwanted
Iipid material which could interfere with the chromatography of compounds of in-
terest,

Eatracts were evaporated to dryness using a rotary cvaporator, and a solution
of 157 KO i methanol was added to the round bottom fask. The alkaline mistures
were left i the dark for 14D at room temperature, 1 hey were afteswards eradually
added to freshly distilied petrofeum ether in o separatory funnel. Water was slowly
poured into the funnel o as not to form an enmudsion. When two phitses appeared, the
lower agueons phase was diawn ol and extracted three times with fresh yolumes of
PE. The ethereal solutions were then buthed in a separatory Tunnel and washed free
from alkali by repeated additions ol water, followed by discarding the resultant
aqueous layers. Each saponificd extiact was then concentrated to 100 ml in a rotary
evaporator and stored under nitrogen in a voluietric sk ',

Removal of sterols
The different samples were hept i the freeszer overnight. at 10 . and the
sterols precipitated 1o the bottom of the containers®*,

Aliquors for 11P1.C

Ten ml trom cach lask were filiered through a 0.5-pm glass-fiber filter before
injection. Care was always taken not (o cxpose any of the samples to light, All samples
were stored under nitrogen in the freezer. Both 30-¢1 and 10-ul samples in petroleum
cther were injected, the former to determine mainly j-carotene aniounts and the fatter,
Ivcopene. Concentrations of cuch compeund were determined from the stope of the
calibration plots in which peak area was plotted against amount injected (nmoles -
carotene or Iyecopene). The detector tesponses were Tound 1o be linear over the entire
working range,

Identification of peaks in 1HPLC cluents

Initial peak identification was based on retention times and comparison with
the standards as well as co-chromatography with the standards. Since retention times
atone are not suflicient for positive identification. stopped-flow visible spectra of the
chromatographic peaks were also obtained. The Schoeflel varjable wavelength detector
is equipped with a memory module which automatically stores the spectral background
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caused by changes in the optical properties of solvents, flow-cell light path and mono-
chromator, and later subtracts it from the scans of the compounds. In order to obtain
a stopped-flow scan, the How is arrosted at the wop of each peak and the corrected
spectrum scanned over the desired wavelength range.

RESUTTS AND DISCUSSION

Optimization of clromatographic conditions

A Waters pPorasil (10-m silica particles) was first tried. Pure isooctane, used
as @ mobile phase. resulted in long retention timies (large &' values) and did not
resolve «-and gi-carotene (/. relt 7): with addition of chloroform 1o isooctane both
prearotene and Iveopene were cluted with the same retention time. Gradients were
found 1o be impractical sinee the column re-equilibration necessitated more than 3 h
under any set of conditions.

All other columns used had non-polar packings and were operated under
reversed-phise conditions. The Brownlee column packed with LiChrosorb RP-8 (Cy
chemically bonded to silica, 10-0m particle size) resulted in (oo rapid elutions,

The mercased “thickness™ of the stationary phase i the Cue- over the -
coated packings is expected to increase the A values™ . Fhis was indeed found to be
true with Waters rBondapak €0 (10-zm particle size) and Whatman Partisil-PXS-
0 250DS-2 also 10-um particle size). The Tatter column and a mixture of 8.3°
chloroforn m acetonitrile as a mobile phise gave the best separation for a mixture of
- and -carotene standards, although resolution (£, 0.63) was still inadequate

0

TARBLLE |

PNIECTIONS  OF  SCAROTENE, «-CAROTENE AND LYCOPENE STANDARDS ON
PARTISI-10 ODS-2 AND PARTISH -3 ODS

Partisi-10) OODS-2 Partisil-5 ODS
Chleroforn: in acetonitrile Chlorofurn in acetonitrile
{11.6°, N5, 116", N5, N7,
ol ol mini tF ml min) (2 ml ming (2l inin (2 mlimin)
Iy
p-Carotene 6.0 8.8 5.84 7.90 8.8
w-Carotene 587 7.62 5.56 7.43 792
i veopene RIAR! 4.0} 321 431 4.84
7
A.,/l At
, - 1.017 LI 1.0 1.06 1.11
/\u-( at
/‘lll-t' "
LT 1.72 1.64 1.73 1.72 1.63
kl.y v
A’,‘I-l'.-(
, 1.85 1.83 .82 1.83 1.82
AL\ v
2(‘:’-('.|' - Vll-l'.u)
N 0.63 1.0 1.2 = 1.5

( ””l'-( ar ! “/"l-( a)
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Increasing the efliciency of the column by using S-pm particles' in Whatman
Partisil-PXS-5/0DS improved the resolution of the «- and p-carotene standards to a
value of 1.2 (Table ). Samples were then chromatographed using this column and a
mobile phase containing 8°, chloroform in acctonitrile, Fig. 2 shows a chromatogram
resulting from injecting the three standards simultancously: the geometric isomers, -
and p-carotene. were resolved.

2
€
(=
o]
~ 7]
g W
w =] 3
s a
< —
©
@ o
2l |
»
©
< A-J ;_J —

TIME (min)
Fig. 2. Separation of standards: 1 Ivcopene: 2 -carotene: 3 fl-carotene (R, for peaks no. 2
and 3, 146} Chromatographic conditions: column, Partisil-5/0DS, 5 pm; cluent, 8.0%, chloroform
in acetonitrile: fow-rate, 2.0 mlmin: temperature, ambient: detection, 470 nm; sensitivity, 0.1

AUF.S.

Peak identijication and quantitation

Under the chromatographic conditions ased, the lower detection limits for
Iycopene, ¢ -carotene and g-carotene standards were found to be 0.00395, 0.0372 and
0.0285 nmoles, respectively.

Chromatograms of tomato extracts run under the conditions described in the
experiment are shown in Fig, 3. In reversed-phase chromatography, more polar
compounds clute first™. This, together with classical literature on tomato pigmentsi>'7,
indicates that the carly cluted peak. Xois probably a xanthophyll whereas peak Y,
which elutes between lycopene and ji-carotene. might be y-carotene. «-Carotene is not
prominent in any sample. As expected™, the major components of tomato extracts,
lycopene and -carotene, were found to be in a ca. 9:1 ratio. Identification of these was
done by comparing both the retention times and the visible spectra (380-600 nm) of the
pcaks from the extracts and the standard solutions. Close agreement between
electronic absorption spectra (stopped-flow scanning method) confirms this identifi-
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,' |
I
i
SAMPLE Ne SAMPLE No 2
1
3
N 3
5: t
b (
A | Sl
a0 I v o i
S > | > Sl <
N P h ° | Bl
ol ﬂ Lj'\ [! : : :
coh 1 ‘ c;
' :UL/ ) _JK_A\ i L
“w‘ ) b -
|
“ |
[} H o n'o 5} o Y :o [} 'o 5 10 %5 (3 ] 10 ﬁns
TIME (mn) TIME (min)
(o) ™ (1) (a) (b)

Fig, 3. Chromatograms of two tomato extracts: {a) 30 sl injected : (hy 10yl injected. Chromatographic
conditions as m g, 20 Peaks | oand 3 are Ivcopene and ji-carotene, respectively,

cattion since the absorbance is a function of the chromophore?, thus a characteristic
of cach carotenoid (Fig. 4).

The chromatographic peaks of -carotene and lycopene were quantitated using
the external catibration method: the values obtained for the tomato samples studied
wire shown in Table 11,

A report from the National Academy of Scienees estimates that only one sixth
of the gi-carotene from a dict is actually converted to retinol in humans®. The average
-carotene value of five samples. excluding sample No. S.amounted to 1.218 yig/g or
L2IS:6 0 0.2030 0p ¢ retinol cquisalents. Sinee 0.3 g retinol s by definition equiv-
alent to 1T International Unit (LU). of vitamin A, the tomatoes studicd contained
0.2031.0.3  0.6771 LU, ¢

The actual poteacy of the sample may be a little underestimated since 3-CUro-
tene, alsosa vitamin A precursor'™, was not accounted for, The resulting differences,
however, should not be too important since y-carotene is known to oceur only in
very smali quantities in tomatoes' and has only one half the bioactivity of f-caro-
tene'®,

On the other hand, including inactive pigments such as lycopene, which is
present in large amounts in the tomato fruit, would overrate the provitamin A content
of the sample. The method of the Association of Oflicial Analytical Chemi:ts (AOAC)
which includes this carotenoid as well as others®, results in crioneously high values
(Table 1),
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fi-CARCTINE

SAMPLE No 1
"PLAK No 3

I
f

<400 450 500 550
WAVELEMNGTH (nm)

Fig. 4. Comparison of visible absorption spectra of fi-carotene standard and peak no. 3 in sample no,
1. Scanning rate, 100 gm/min; sensitivity, 0.02 A.U.F.S.

TABLE 1]

QUANTITATION OF LYCOPENE AND #-CAROTENE IN TOMATO SAMPLLES

Sample Lycopene H-Carotene
No. (rgle sample) {pgly sample)
1 3.840 1.196

2 9.926 1.209

1. 8.981 1.270

4 9.985 1.205

5 9.295 0.805

6 10.72 1212
TABLE I11

MEASUREMENT OF PROVITAMIN A VALUES IN TOMATOES: COMPARISON OF THE
HPLC AND AOAC METHODS
In cach case it is assumed that one sixth of the measured pigment(s) is converted to rotinol.

Methodology Avovalue (pgfg)  Retinol equivalent (pgfy)  1.U.Jg
fB-Carotene as obtained by HPLC 1.218 0.203 0.677
f-Carotene and lycopene obtained by HPLC 11.00] 1.833 6.111

AOAC method 18.063 3.010 10.035
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[tis therefore of interest to quantitate vitamin A precursors only and to im-
prove hterature values which were obtained by using classical chromatographic and
spectrophotometric technigues.

In summary, a new HPLC reversed-phase method was developed for the sep-
aration of carotenoids using a S particle column. The analysis of the saponified
ana washed extract is performed isocratically in less than 15 min. With the mobile
phase of 8¢ chloroform in acctonitrile, the column pressure was found to be 2000
p.s.Lit however, inereased beyond usable range over period of time. The newly
developed S-um packings, although more eflicient than the regular 10-0m particles,
have @ shorter column life.

Repeated injections of standards and sample No. 1 were used to demonstrate
the reproducibility of peak arcas and retention times. The reversed-phase packings
possess great stability and the ability to separate isocratically compounds of a wide
polarity range (the acyelic lycopene being different from the bicyelic double-bond
positional isomers «- and -carotene).

In addition. napogram quantities of compounds under study can be detected
and since the analysis time is short the pigment decomposition and formation of
arttacts are nunimnized®. Al this makes the deseribed HPLC system suitable for
routine assays of provitamin A content in natural products. This is only a preliminary
study and more work is necessary o insure the significance of quantitative data. This
method can casily be applied to the analyses of various other vegetables and fruits, in
order to determine the hest natural sources of provitamin A, encourage their growth
and promote their daily consumption.
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ANALYTICAL METHODS - CAROTENOIDS by B.H. Davies

In T.W. Goodwin (ed.)
Volume 2, Second Edition, Academic Press,

"Chemistry and Biochemistr

TABLE XXVII

< \ .
E 78, vaiues for carotenoids

y of Plant Pigments,"
London (1976), pp. 150-153.

Carotenoid E}(‘ﬁm A (nm) Solvent Reference
Aleuriaxanthin 2600 160 Ligzht petroleum Lizaen-Jensen (1965h)
Aleuriaxanthin 2410 463 Acctone Arpin et al. (1973)
Anhvdroeschscholtzxanthin 30138 199 Hexane Zechmeister and Wallcave (1953)
B-Apo-2-carotenal 2730 198 Light petroleum Ritegg et al. (1959)
B-Apo-8-carotenal 2640 457 Light petroleam Rilegy et al. (1959)
B-Apv-10"-carotenal 2190 435 Light petroleum Ritegg et al. (1959)
B-Apo-12'-carotenal 21060 414 Light petroleum Rileyg et al. (1959)
Astacene 1690 198 Pyridine Isler and Schudel (1963)
Aurochrome 2012 409 Benzene Barber et al. (1960)
Auroxanthin 1850 102 Ethanol Karrer and Rutschmann (1942)
Azafrin 2200 109 Light petroleum Davies (1965)
Bisdehydro-f-carotene 2100 471 Light petroleum Isler et al. (1956b)

Bixin 4200 156 Light petroleun Davies (1965)
Canthaxanthin 2200 466 Light petroleum Isler and Schudel (1963)
Canthaxanthin’ 2200 469 Cyulohexance Surmatis et al. (1970)
Canthaxanthin 2092 180 Benzene Warren and Weedon (1958b)
Cuapsanthin 2072 183 Benzene Warren and Weedon (19584)
Capsorubin 2200 189 Benzene Warren and Weedon (19584)
a-Cuarotene 2800 i Light petrolenm Schwicter et al. (1965)
a-Carotene 2180 177 Carbon disulphide Goodwin (1Y55)

B Carotene 2592 153 Light petroleum Schwicter et al. (1965)
B-Curotenc 2592 153 Hexane Isler et al. (1956u)
B-Carotene 2620 453 Ethanol Isler et al. (195G6u4)
B-Carotene 2505 157 Cyclohiexane Isler ¢t al. (1956a)
B-Carotene 2337 165 Benzene Isler et al. (1956a)
B-Carotenc 2396 465 Chloroforin Isler ct al. (1956a)
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TABLE XXV -continued

Carotenoid Ii}r’f," A (nm) Solvent Reference
B-Cuarotene 2008 1841 Carbon disulphide Isler et al. (19564)
B-Carotene-5,6,5 .6 diepoxide 2394 151 Benzene Barber et ai. {1960)
¥-Carotene 2760 462 Hexane Bindl et al. (1970)
Y-Ciarotene 3100 462 Ligsht petroleum Schwicter et al. (1965)
A-Carotene 3290 126 Light petrolcum Schwicter ¢t al. (1965)
€-Carotene 3120 410 Light petroleum Schwicter ¢f al. (1965)
¢-Carotene 2890 RS Cyclohexane Isler und Schudel (1963)
¢ Curotene 2555 H00 Hexane Davis #2 al. (1966)
g-Carotenone 1626 490 Chloroform Yokovama and White (1968)
Chrysanthemaxanthin 2100 421 Fthanol Rarrer and Jucker (1943)
Citranaxanthin 2145 463 Light petrolenm Yokoyama and White (1965a)
Crocetin 4320 150 Light petroleum Isler and Schudel (1963)
Crocetindial 3970 415 Benzene Fugster et al. (1969)
Cryptocapsin 1972 186 Benzene Cholnoky et al. (1963)
a-Cryptoxanthin 2636 416 Ilexane Cholnoky et al. (1958)
a-Cryptoxanthin 2355 457 Benzene Cholnoky ¢t al. (1958)
B-Cryproxanthin 2386 452 light petroleum Isler et al. (1957)
Deepoxyneoxanthin 2350 445 t.thanol Rrinsky and Levine (1964)
3.1-Dehydro-g-carotene 2330 461 Light petroleum Isler and Schudel (1963)
3.4-Dehydrolycopene 3000 492 Light petroleuin Liauen-Jensen (1965b)

2,2 Dihydroxy-B-carotene 2060 452 Acctone Kjgsen et al. (1972)
Echinenone 2158 458 Light petroleum Davies (1965)

Fchinenone 2110 461 Cyclohexane Surmatis et al. (1970)
Echinenone 2091 472 Benzene Warren and Weedon (1958b)
Eschscholtzxanthin 3269 172 llexane Entschel and Karrer {1957)
Flavoxanthin 2550 432 Benzene Kuhn and Brockmann (1932)
Fucoxanthire 2036 478 Carbon disulphide Bonnett et al. (1969)
Fucoxanthinol 1453 452 Ethanol Bonnctt et al. (1969)
Gazaniaxanthin 2580 462 Acctone Arpin end Liaaen-Jensen (1969)
Ielenien 1394 445 Hexane Cholnoky et al. (1958)
Helenien 1254 457 Benzene Cholnoky et al. {1958)
2-llydroxy-a-carotene 2330 447 Acctone Kj¢sen et al. (1972)
2-Hydroxv-B-carotene 2290 452 Acetone Kidsen et al. (1972)
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4'-Hydroxyechinenone
2-Hydroxyplectaniaxanthin
Isofucoxanthin
Isozeaxanthin

Lutcin

Lutein

Lutein

Lycopence

Lycopene

Lycophyll
Lycoxunthin

Mcthyl apo-6"lycopenoate
Mutatochrome
Mutatochrome
Myxoxanthophyll
Neochrome
Neoxanthin
Ncurosporaxanthin
Neurosporaxanthin
Neurosporene
Oscillaxanthin
Philosamiaxanthin
Physalicn
Physoxanthin
Phytoene (15-cis)
Phytoene (all-trans)
Phytofluene
Plectuniaxanthin

2250
2445
1600
2400
2550
2236
2160
3450
3370
3240
3080
2600
2260
1989
2160

10 = 12 12
(2™
-~.
<

2
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454
176
153
451
445
158
175
472
187
508
174
471
128
457
178
424
439
177
486
1410
190
+16
452
445
286
286
347
474

Light petroleum
Acetone

Ligitt petrolcum
Light petroleum
Fthanol
Beneene
Carbon disulphide
Light pctroleun
Benzen::
Acctoae
Acctone

Light petroleunn
Dicthyl ether
Benzene
Acetone
Ethanol
Ethanol

Iaght petroleum
Benzene
Hexune

1076 Pyridine /MOl

Ethanol
Light petroleurn
Hexane
Hexane
Iexane
Iexane
Acetone

Liaaen-Jensen (1965a)

Liu et al. (1973)

Jensen (1966)

Isler and Schudel (1963)

Strain (1938)

Cholnoky et al. (1967)

Kuhn and Smakula (1931)

Schwicter et al. (1965)

Surmatis and Ofner (1963)

Markham and Liaaen-Jensen (1968)
Kjg¢sen und Liaaen-Jensen (1972)
Kj¢sen und Liaaen-Jensen (1969)
Hertzberg and Lizaen-Jensen (1967a)
Barber et al. (1960)

Hertzberg and Liaaen-Jensen (1969a)
Cholnoky et al. (1966)

Cholnoky ¢t al. (1966)

Aasen and Liasen-Jensen {1965)
Zalokar (1957)

Davis et ul. (1966)

Hertzberg and Lisacen-Jensen (1969b)
Chino et al. (1969)

Isler et al. (19564d)

Bodea and Nicoard (1957)

Davis ¢t al. (1966)

Davis ¢t al. (1966)

Davis ¢t al. (1966)

Liu et al. (1373)
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TABLE XXVIl-continued

Curotenoid E}”Em A (nm) Solvent Reference
Prolycopene 1920 ERE Light petroleum Goodwin (1955)
Pyvrenoxanthin 1763 451 Chloroform Yamamoto ¢t al. {1969)
Retrodehydro-f-carotene 3205 472 Light petroleum Isler and Schudel (1963)
Retrodehydro-f-carotence 3130 473 Cyclohexane Surmatis ¢t al. (1970)
Rhodoxanthin 2500 190 Hexane Isler and Schudel (1963)
Rhodoxanthin 2380 491 Cyvclohexane Surmatis et al. {1970)
Rubixanthin 2909 462 Acctone Arpin and Lixien-Jensen (1969)
Scmi-a-carotenone I131 500 Chloroforin Yokoyama and Guerrero (1970)
Semi-fi-carotenone 1850 167 Hexane Yokoyamu and White (1968)
Sintaxanthin 2588 462 Benzene Yokoyama and White (1965b)
Tarachirome 2015 432 Benzene Fugster and Karrer (1957)
Taraxanthin 2800 112 Ethunol Ruhn and Lederer (1931b)
Taraxanthin 2373 455 Benzene Eugster and Karrer (1957)
TR Tetrahydro-y-carotene 1800 378 Light petroleum Davies and Rees (1973)

LR L 2-Tetrahydrolycopene 2519 395 Hexane Davis et al. (1966)
Torularliodin 2010 507 Light petroleum Isier and Schudel (1963)
Toruiarhodin 1932 515 Chloroform Simpson et al. (1964b)
Torularhodinaldehyde 2840 511 Livht petroleum Schwicter et ol. (1966)
Toralarhodin methyl ester 2050 197 Light petroleum Isler et al. (1959)
Torulene 3240 480 Light petroleum Ruegg ef al. (1961)
Triphasiaxanthin 16511 480 Chloroform Yokoyama et al. (1970)
Violaxanthin 2550 443 Lthanol Karrer and Jucker (19-3)
Violaxanthin 2240 451 Benzene Fugster and Karrer (1957)
a-Zcacarotene 1850 421 Iexane Petzold et al. (1959)

- Zeacarotene 2450 421 Light petroleum Davies (1965)
B-Zcacarotene 1910 427 Hexane Petzold et al. (1959)
§-Zcacarotence 2520 428 Light petroleum Ritegg et al. (1961)
Z.caxanthin 2550 152 Lizht petroleum Isler and Schudel (1963)
Z.caxanthin 2340 152 Acctone Aasen and Liaacn-Jensen (1966)
Zeaxanthin 25410 450 F.thanol Strain (1938)




VI.
Factors Influencing Analytical Results



ch'rimcd from

Clinica Chimica Acta
Ebevier Publishing Comipany, Amsterdam - Printed in The Netherlands

CCA 5050
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SUMMARY

A number of factors influencing the accuracy of human serum and foetal liver
vitamin A and carotenoid analyses have been investigated.

Serum vitamin A, when estimated by the Carr-Price antimony trichloride re-
action, apparently increases after frozen storage and the serum carotenoids decrease.
At 4°serum vitamin A and carotenoids were stable for 6 days and at room temperature
for 3 days. Liver vitamin A was found to be stable during storage at —20° for at least
24 weeks.

Exposure of serum to artificial light did not decrease vitamin A levels ¢ as
great an extent as sunlight.

Neither haemolysis nor heparinisation of blood appreciably affected the vitamin
A levels. Carotenoid levels were decreased in the presence of haemolysis.

Precautions are suggested in order to obtain reproducible results with the anti-
mony trichloride estinmation procedure.

INTRODUCTIO.®

In experiniental and industrial research involving analysis of vitamin A in
tissues or foodstuffs, it is relatively easy to keep specimens under optimal conditions.
In clinical research cireumstances are not always so favourable, since blood samples
often have to be transported or stored before investigation and thus interfering factors,
such as small volume, haemolysis, exposure to light, various storage temperatures,
etc., are frequently encountered. Valuable or irreplaceable samples are often discarded
because it is not known whether there has been any vitamin A deterioration in them.

The effects of some of these factors have been investigated in various studies!-*,
in which differing methods of vitamin A estimation have been used or compared, but
the quantitative evaluation of some important factors has been overlooked.

The Carr-Price antimony trichtoride method of vitamin A estimation is still
widely used in research laboratories in this country and is also the recommended
method for the determination of vitamin A in foodstuffs®. It has been found com-
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paranie with other procedures®=%8" and is therefore used by many laboratories with
no ac ess to expensive spectrophotometric equipment.

This study was undertaken to evaluate the conditions possibly affecting human
serum and foetal liver vitamin A results when estimated by the antimony trichloride
method.

METHODS

All chemicals used were of A.R. quality or spectroscopic grade. Only freshly
made reagex{ts, kept in amber glass containers, were used since optical transmission
of solvents used for vitamin .\ analysis can vary with age and purity®?. Crystalline
vitamin A acetate and g carotene (Roche Products Limited) were used for the calibra-
tion curves whics were calenlated in gz 'ml. Optical transmission was measured with
a Unicam SP. 1300 colorimeter.

Estimation procedure

The serum procedure nsed was based on Yudkin's? medification of Kimble'st
method. The standard procedure now generally adopted is that described by Moore!!
and Sharman'? which we further modified by the addition of a reagent blank sample
to the extraction and by measuring the blue colour rroduced when extracted vitamin
A aliquots are added to antimony trichloride at a standardised time interval of 10 sec. *

The method used for hiver was boesed on that of Tosic and Moore!® with the
addition of using a reagent blank.

The experimental error encountered in the serum estimation covers a wide
range®*. i this study, variations greater than - 109, have been considered to be
due to factors other than experimental error for both serum and liver estimations.
All extimations were carried ont in duplicate.

Description of the experimental methods will be included together with the re-
sults for each of the factors studied.

Storage of serum al diflerent tem peratures
Pooled human serum was stored in the dark at various temperatures and the
vitamin A and carotenoids estimated after different intervals.

IOOF
Yitamin A
%/
Increase  SOF
o
%% Carotenoids
decreare  5O[
! 1 1 1 I J
100 2 4 [ 8, 10 12
Duration of storage {Days)
Fig. 1.

* Precise details of the estimation and calculation procedures are available on request.
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At room temperature (24°-28°) signs of deterioration were observed after only
4 days storage (Fig. 1).

With chilled samples (at 4°) a decrease in both vitamin A and carotenoids was
noticeable after 8-9 days (Fig. 2).

Decp frozen samples (at —20°) were estimated after 1, 2, 8, 12, 24 and 36 weeks
of storage. Increases in the vitamin A content and decreases in the carotenoids were
observed after only one week (Fig. 3). Variations in vitamin A and carotenoids in
Figs 1-3 are expressed as percentages of the initial readings.

Different lighting conditions and exposure to air

Pooled human serum samples were exposed to sunlight, artificial light (plus
normal daylight) or kept in total darkness for periods of 2 and 4 h, and changes in
vitamin A and carotenoid concentrations recorded. The effect of air on the same
samples was additionally ascertained (Table I).

Clin. Chim. Acta, 40 (1972) 83—g0
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TABLE I

CHANGES OCCURRING IN SERUM VITAMIN A AND CAROTENOIDS ON EXPOSURE TO VARIOUS LIGHTING
CONDITIONS AND TO THE AIR

Lightin Vitamin A Carotenouds

6 Ly g e s — ———— —
condition and Covered Exposed to arr Covered LExposed to arr
length of exposure
Sunlight
2h 1819, decrease 24.3", decrease oY, 3.0"; increase
4 h 535.5%, decrease 72.0%, decrease 5%, increase 13.29 increase
Artiticial light
2h v, 2.0v ) decrease 0%, 2.4, decrease
4+ h 0.5Y, decrease 12.0Y, decrease 1 29, increase 1.0%, mcrease
Total darkness
2h 3.0%, increase 4.7, decrease 5.2, ncrease 3.0°, decrease
4h 1.59, decrease S 9%, Increase 1. 7 ", merease 1.7Y, mcrease

Haemolvsis

Blood from one source was divided into 2 equal samples, one was shaken to
cause haemolysis, whilst the other was separated immediatelv, The vitamin A and
carotenoid concentrations of both serum samples were determined and ¢ ompared, and
there was found to be no difierence in vitamin A content between hae molvsed and
non-haemolysed serum, but wn %70, decrease in caroter oids in the presence of
haemoly sis,

Anti-cougulants

Weinvestigated the effects of treatment with lHthicm hieparin on vitamin A and
carotenoid levels since the possibility exists that plasma and serum vitamin A and
carotenoids might need to be compared. There was no significant difference between
them.

Volume of serum

In order to test whether different volumes of serum give interchangeable re-
sults, the vitamin A and carotenoid levels of 1, 2, 3, 4, 5 and 6 ml of pooled serum
were analysed,

As shown in Table I1, volumes of between 4 and 6 ml gave reproducible results
and 3 ml was of bor®rline accurac v. [ the absence of a reagent blank the excessiv ely
hight values obtained with 1 and 2 1.l samples were even more exaggerated.

We also tried to modify the procedure toa micro-seale by reducing the volume of

TABLE 11

VARIATIONS IN VITAMIN A AND CAROTENOID VALUES OBTAINED WITH CHANGES IN SERUM VOLUME

Volume nj sertem Vitaman Carotenods

6 ml Standard Standard

5 ml 1.5", decrease 1.0°, decrease
4 i 1.19, decrease 7.0Y, decrease
3ml 11.6", increase 5.0, decrease
2 ml 38.07%, increase 30.3", decrease
'ml 38.39, increase 33-17, decrease

Clin, Chint, Jcta, 40 (1972) 83-90
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antimony- trichloride to 0.5 ml and using a micro-cell, but the results were not satis-
factory.

Dilution of seriom

Some workers dilute small serum samples with distilled water in order to achieve
the recommended volume of 6 ml. In a similar series of experiments to the previous
one the vitamin A and carotenoid contents were analysed in 1, 2, 3, 4, 5 and 6 ml
samples of pooled serum diluted to give starting volumes of 6 ml i each case.

TABLE 111

EFFECTS OF THE DILUTION OF SERUM ON THE VITAMIN A AND CAROTENQID VALULES
Veolume Fotamn A4 Carotenonds
(decyeuse) (decrease )

5 m} serum 1 ml water 1.3°. RIS
4 ml serum ¢ 2 ml water 19 8¢, Lyt
3 miserum - 3 ml water [ShEEEN Bo o,
2 ml serum < 4 ml water oRoN a7 R,
1 5 ml water 7NN, oo ol

mi serum

This was found to affect both the vitamin A and carctenoid values with serum
volumes of 4 mland less (Table 1), In the presence of additional water, the serum
protein would not completely precipitate on addition of ethanol. [t would appear,
therefore, that the vitamin A remained prioten bound and was thus net completely
extracted.

Storage of {ivers at different temperatures

Homogenised humen foetal livers were stored in the Jdark, in steriie containers,
at 4 and - 207 Those stored at o were either freshiy obtamed or had been previousiy
stored at 20 After a week's storage at 47, there was a mean decreise of .00 i the
vitamin A content of fresh livers and a mean decrease of tp.0' g In vitamin A content
of the livers previously stored at 207 At - 207 there were 1o siguificant changes in
vitamin A content even after 25 weeks storave (Fig. g).

|OOF
%o
tncrease  3Or
0'———0\0/[)\0,/0_'——0
e
decreare SO
100 1 ! 1 ) ! ,
4 8 12 16 20 24
Durulivn of storuge (weais)
Fig. 4.

Sampling technique for foctal livers

The vitamin A concentration inethe human foetal liver is reported to have a
considerable lobar variation which is closely related to gestational ages,

The vitamin A concentration was therefore compared betwean vight and left

Citn. Chum. Acta, 4o (1972) 83-go0
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liver lobes of 13 human foetal livers between 18 and 28 weeks of gestation, and 26
livers of over 28 weeks. There was no significant lobar variation between 18 and 28
weeks but the concentration was significantly higher (p < 0.01) in the right lobe
after 28 weeks of ~ostation. This factor could affect results if a standardised sampling
technique is not usad.

DISCUSSION

Reports on the stability of serum vitamin A on storage have been based mainly
on other methods of estimation of the vitamin. With fluoronietric® and spectrophoto-
metric® techniques, it is apparently stable for up to 4} months at —20°, During our
own investigations at —20° there was a progressive increase in apparent vitamin A
content of the serum with length of storage, accompanied by a decrease in carotenoids.
Sera showing large increases in vitamin A content gave a slate blue colouration in the
antimony trichloride reaction,

The degradation products, isoanhvdrovitamin A and retroanhydrovitamin A,
which are formed by dehydration of vitamin A, both give a violet colour in the
antimony trichloride reaction, Hickman'? described these isomers as being ““formed
whenever the vitamin is mistreated’”. It would seem that the most probable explana-
tion for the erruneously high vitamin A values observed by us after storage is that
these products are interfering in the antimony trichloride reaction?®,

Of the temperatures tested, chilled storage can be recommended as being the
most suitable, as serum vitamin A and carotenoids were found to be stable at 4° for
at least a week. At room temperature, we found the vitamin to be stable for only
3 days and the carotenoids for 6 days.

It has been suggested®® s that compounds chemically or otherwise related to
vitaniin A may either inhibit or potentiate the blue colour produced in the antimony
trichloride reaction. We have found that synthetic cholesterol, ethinyloestradiol and
norethisterone acetate when added to serurn, did not affect the reaction?.

It has been known for many vears that vitamin A is sensitive to light2®.21 and
is readily oxidised. In our experiments, the destruction of serumi vitamin A when ex-
posed to bright sunlight was as expected, as was its potentiation when additionally
exposed to air. The effects of artificial light were, however, minimal (Table I).

Haenolysis of serum samples has been reported not to affect the vitamin A
level when estimated by the antiinony trichloride methodt”. The ultra-violet absorp-
tion method is reported to give erroncously high vitamin A7 and carotenoid®* values
in the presence of hacmolysis. We found that haemolysed serum can be used when
estimating vitamin A by the antimony trichloride method, provided that one is not
using the carotenoid value for anvthing other than correction of the vitamin A
reading. It is a consistent finding of our laboratory that the greater the degree of
haemolysis, the lower is the carotenoid value.

One of the main disadvantages of the antimony trichloride method is that com-
paratively large volumes of serum are required for extraction. Kimble! recommniends
the use of 3.5-5 ml plasma; Yudkin? used 3 ml; Moore!® 1 ml to 6 ml and Sharman!?
suggests 3 ml to b ml. As large samples of blood are not always obtainable, valuable
specimens have been discarded because they are not of the stipulated volume.

Since we have found the method employed applicable for volumes of 3mlor

Clin. Ckim. Acta, 30 (1972) 33—g0
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more we use, in practice, a standard volume of 4 ml for all serum analyses and avoid
any dilution of the samples.

Since the effects of saponification of serum samples before extraction of vitamin
A have already been thoroughly investigated®3,4.8,10,15,53-3¢ this factor was not in-
cluded as part of our study.

There seems to be no problem as regards the storage of liver specimens, 20
being the temperature of choice. Qur results also indicate that sample. taken from
the deep freeze should be thawed and estimated immediately as those placed first at
4° showed considerable loss of vitamin A,

As our findings regarding the distribution of vitamin A in the foetal liver further
confirm those previously reported we wish to stress the importance of standardising
the sampling method or utilising whole liver homogenates in human foetal liver studies
and also suggest that the pattern of vitamin A distribution in the adult liver, and that
of other species, is also clarified.

In view of our findings it would be advisable to pay attention to the factors
discussed when using the antimony trichloride method f3r analvsis of human tissues
or serum. We would particularly stress the need to standardise the storage period, or
if this is not possible, to consider applyving correction factors. In addition, amber, or
silverfoil covered bottles should be provided for the collection of specimens. During
clinical trials, involving the determination of serum vitamin A, it is essential that
control and index samples be kept under the same conditions and a standardised
procedure used for all analyses.

o
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HEMOLYSIS AND REAGENT PURITY AS FACTORS
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INTRODUCTION

The micro-method of Bessey et al. (*46) for the determina-
tion of vitwmin .\ and carotene in small quantities of hlood
serum hax heen extensively used in nutritional surveyvs, Labor-
atories using this method have Frequently experienced errvatie
results, vet its convenienee has resulted in wide adoption for
such studies.

Several reportsare concerned with the veproducibility of ve-
sults ohtained with this method amd sone have recommended
precantions necessary to obtain valid data (Sobel and Snow,
YT Bieri and Schulize, 'a1: Caster and Mickelsen, 305
Clayton et al, "5 Karmarkar and Rajagopal, *52). The
effect of hemolysis has been mentioned by two groups of
workers (Sobel awd Snow, 47 Biert and Schulize, D1),
although no detailed study of it appears to have heen made.
Sobel and Snow (47) stated that **hemolyzed blood has heen
found to give higher carotene values, and due to the high hlanks
after irvadiation, the vesults tend to he unrelinble.”” In the
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206 UTLEY, BRODOVSKY AND IEARSON

presence of hemolysis they noted an inerease in earotene
values ranging from 23 to 117%. Although the inerease in
vitamin A caused by hemolysis was not mentioned, as much
as 02% incerease was recorded in their tabulated data.

Bieri and Schultze ("51) reported that the observation of
certain precantions led to valid results. Fach serum was
examined against a white hackeronnd and discarded it there
was evidence of hemolysis. Necording to them “hemolyzed
serums gave consistently high valnes for vitamin A, <ince the
products of hemolysis are partially destroyed by nltraviolet
irradiation,”’

The conditions of colleeting, transporting and storing speei-
mens in nutrition surveys often favor hemolvsis; henee
detailed wnderstanding of the influenee of hemolyvsis on this
procedure is desirable.

In this Ilaboratory, data obtained in untrition SUrveys
appeared to indicate that vitnin \ levels of hemolyzed sera
were consistently higher than those of non-hemolyzed sera.
The present study confirms this observation, defines some
factors responsible, aud leads to the recommendation of pre-
cautions which avoid this sonrcee of error,

EXPERIMENTAL PROCEDURE

From each ol 5 laboratory personnel, approximately 30 ml
of blood were obtained and allowed 10 clot. After centrifu-
gation, an aliquot (approximately 3 ml) of serun was renmoved,
The vemaining blood wax vigorously stireed for several min-
utes and recentrifuged, so that slightly hemolyzed serum was
obtained. More vigorous stirring for longer periods vielded
further hemolysis; and freezing for several minnfes was used
to obtain extreme hemolysis, Varving degrees of hemolysis
were thus obtained in the same serum sample and were coded
17 for the non-hemolyzed sample and 207 <3 gnd o4
for the samples with different degrees of hemolysis, The
seriv were analyzed fer hemoglobin using the Bing and Baker
method as modified by Tam (350, Vitamin A and carotene
determinations were performed on all serun aliquots by the
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Carr-Price (antimony trichloride) method (Carr and Price,
265 Dann and Isvelyn, "38) as well as by the micro-method
of Bessey et al. (46). The data, summarized in table 1, indi-
ate anon-linear inerease in apparent serun vitamin A cor-
responding fo the inercase in serun hemoglobin when the
Bessey-Lowry method was used. Hemolysix did not have a
consistent intluence on the vitamin A levels as measured by

TABLE 1

FFitamin 4 and carotene values of sera walibiting varying degrees of hemolysis

LEVELS OF HEMOLYRIN OF EACI

DONOR e e JPVNORCS BLOO
1 2 3 4

Serum hemoglobin? 0,00 0.0z 0.08 0.28

Vitiwmin A\, micro? 216 277 312 3606

M Vitamin A, Care-Prices 145 154 153 140
Carotene, micro? 100 190 140 188

Carotene, Carr-Prieet 169 181 188 178

Serum hemoglobin 0,00 0.07 0.24 0.43

Vitamin A, wmicro 310 420 4004 441

I Vitamin A, Carr-Price 164 229 187 190
Carotene, micro 110 108 111 114

Carotene, Cuarre-Price it 10N i HA!

Serum hemoglohin (.o — 0.22 0.59

Vitamin A, micro 203 - 368 450

T Vitamin A, Carr-Price 218 — 217 217
Citrotene, micero Q0 — 209 204

Carotene, Carr-Price 188 — 206 204

Serum hemoglobin —_— 0.01 0,22 0.78

Vitamin A, niero — 263 343 502

K Vitamin A, Carr-Price —_ 102 174 168
Carotene, micro —_— 163 150 186

Carotene, Carp-Priee - 151 164 145

Serum hemaogiobin 0.00 0,03 0,10 ¢.27

Vitamin A, miero 256 310 366 418

H Vitamin A, Carr-Price 149 -— 158 142
Carotene, miero 303 303 308 268

Carotene, Carr-Prico 255 271 286 308

PSerum hemoglobin, gm 100 ml serum,
*Vitamin A, LU./100 ml scrum,
> Carotene, up/100 ml serum.
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the Carv-Price reaction. Fven in the absence of hemolysis,
the vitamin .\ values obtained by the miero-method were
higher in cacli instanee than were those found by use of the
Carr-Price procedure. Carotene values were nnaffeeted hy
hemolysis, and the two methods of analysis were in relatively
cood agreement,

Washed erythroeytes were alzo analyzed by hoth the Carr-
Price method aud the micro-method. Blood saanples from two
laboratory workers were allowed to elot, and the ser Sepil-
rated by centrifngation. The red cells were then waslhiod by
centrifmueing several thnes with 0.9 <aline, Distilled water
was added inan amount extinated to replace the serum and
the mixture was stirred vigorously, Niquots of this ved eell
hemoly=ate, ax well as the colleeted sera, were analyzed by the
two methods previously indicated, The results are recordod
in table 20 The valnes obtained by the Care-Price method were
neir zero for hoth vitamin .\ and carotene, hnt the miero pro-
cedure indieated very hich apparent vitamin .\ and earotone
level=c The Care-Price and micro vitamin .\ and earotene
analyses on =ernm agreed well when there was no hemolysis,
bt in the presence of slight hemolvsis the vitmmin .\ by miero-
analyx=ix was nearly three thmes ereater, and the correspond-
ing carotene was hall that obtained by the macro-analysis,

In order to establish tivmly that hemoelobin was the mate-
rial responsible for the higher values obtained by the miero
method, =olutions o purificd hemnin and hemoglobin were
studied, Fquimola solutions (approximately 0.0001 wolar)
of hemin = and hemeglobin ® were used, Hemoglohin went into
solution veadily: the hemin was diz<olved by the addition of
dilnte ammonia, This 0.0001 molar hemoglohin is equivalent to
0.67 v per 100 ml which ix a level that might he found in
hiemolyzed <evmm, 11 i~ obvious from table 3 that dilute =olu-
tions of both hemin and hemoglohin give vitamin A values
that ave falsely high when analyzed by the miero-method,

* Reerystallized, Eastman Organie Chemieals,

*Pure seales, Pfunstichl,
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Values obtained by the Carr-Price method are consistently
low.

TABLE 2

Pitamin A and carotene values of washed red eclls and seram

\IA\\|1\ N

SAMPLE

Curr- l’rn " \Iu ro Carr- l rice Micro

T e - i I l IU" IH' [U]/ 1““ "ll
I Red cell hemolysate 15 e 3 252
Serum? 137 380 &8 42
11T Red ecil hemolysate 18 1658 0 318
Seram HUY 104 161 161

bllghll\ lu mul\ zed,

TARLYE 3

Fitamin o4 and carotene valucs of o001 M solutions of hemin and hemoglobin

VIPAMIN 3 CAROTENE
NAMPLE Tt N
Carr. lrnn Micra Care-Price  Micro
- 1.U.j100 m[ wy/ 100 ml
0LOB0T M Hemin Y 88 1 b
0.0001 M Hemoglobin 13 110 ] 8

(mnmpmnl(-nw \\1th I)r. Guiltermao \nn\ 1\(-‘ revealed
that hemolyzed samples analyvzod by the Bessev-Lowry method
at INCAP gave no indication of inereased vitamin A value.
Thevefore, the possibility was examined that reagent differ-
ences might explain the diserepancey,

The reagents used in the micro-method are absolufe ethyl
alecohol (redistilled, stored ju a ground-glass stoppered re-
agent hottle), 11 N KOTI (kum i cither a glass hottle with a
rabber stopper orina polvethylene hottle), and a 1: 1 misture
oft keroxene ™ and xylene stored in o reagent hottle with
gronnd-glass stopper and not protected from light, When this

tInstitute of Nutrition of Centeal Ameriea and Panama (INCAT)Y, Guatemala
City, Guatemaln, ', A,

* Fisher odorless,
" Merek reagent,
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study was undertaken, KOII and kerosene-xylene mixtures 6
months old were available; aleohol which had heen redistilled
10%% months previously was also available. Tn addition to
these “aged” solutions, fresh reagents were prepared. Kero-
sene and xyvlene were nsed without special purifieation and
newly opened reagent grade aleohol was used without redistil-
ling. M1 possible combinations of these {hree reagents (8
combinations, coded 1 to S, dexserthed in table 4) wore employed
in the analyses of hemolyzed and non-hemolyzed aliquots of

TABLE 4

The effeet of aged reagents on vitamin A and carotene valurs of serum
before and aftor hemolysis

REAGENT PR LR D R e LMBOTENE

COMBINATION No bemolysis - Hemaolyeis No hemaolysis Hemolysis

Aleohol Kol I\':'r[uwm'- LU twowd 12U Ton il pa/ 100l wy/ 100 mi

alene
L aged aged aged 156 D86 120 6
2, fresh fresh fresh 174 230 122 120
3. aged fresh aged 164 455 119 6
f. aged fresh fresh 186 REE) 124 120
5, aged agred fresh 202 28 a4 120
6. fresh aged agred 21 T 124 4
7. fresh agred frevh 197 270 125 124
8 RE

fresh fresh aged 178 762 122 6

one serum sample with the vesults which appear in table 4.
Bven with all freshly prepared reagents (comhination 2), the
vitamin A value of sorum from hemolyzed blood was sceme-
what higher than the corresponding non-hemolyzed sample,
However, in 4 casoes (reagent combinations 1, 3, 6 and 8)
vitamin A values were three to 3 {imes higher when the sernm
was hemolyzed s the earotene was redneed nearly to zero. This
marked reduetion in carotene is in contrast to the agreement,
on hemolyzed and non-hemolyzed samples shown in table 1.
This diserepancey in eavotene vadues is due to djfferences in the
kerosene-xylene mixtures; the aged mixture deseribed above
was not the same bateh as was used in obtaining the data in
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table 1. Tt is evident that the high vitamin A and low earotene
values on hemolyzed samples ave due to the aged kerosene-
xylene mixture, hut that aged KOH (eombinations 5 and 7)
also gives a high vitaunin A value,

To obtain further information concerning the effeet of the
ageing of kerosene-xylene mixtures on values for hemolvzed
seruny, dotac were obtained on herolyzed and non-hemolyzed
aliguots ol the siune serum nsing ditferent kerosene-xylene
mixtures which varied in age from treshly prepared to 38
weeks old. No purification of reagents was employved, The
results are presented in table 5. b the presence of hemolysis

TARLE 5

The cffcet of the aueing of Lorosenc-oylene on vitawin A and carolene ralues
of secum beforc amd after hiemolysis

AGE OF ) CVITAMIN A . _L UwkoTENE
KERONENEXVLENE No hemolysis Hemolysis No liemolysis Hemolysis
weeks LU toowl U Toe ml ) ;u/,v"lrm ml ;131; 100 mt

a8 115 826 140 92

on 110 S48 142 47

2a 197 sio 143 0.4

RY 138 K12 144 144

4 146 274 146 178

(] 171 240 148 170

the older (23 to 35 weeks) kerosene-xvlene mixtures eaused a
striking increase in apparent vitmin A content and in three
ol -+ cases an apparent reduction in carotene, A\ -week-old
mixture gave similar results as did a freshly prepared one in
non-hemolyzed blood, bt both led to a nearly two-fold inerease
i apparent vitamin A content and slightly clevated earotene
levels in hemolyzed samples. Sinee even a freshly prepared
kevosene-xylene misture proved nnsuitable for nse in the pres-
enee of hemolysis, purification of these reagents was studied.
Changes in the speetral absorption characteristies of this
reagent have heen recorded by Bieri ot al. ('51) who stated
that the absorption of kerosene-xylene in the region of 310 1o
00 mp gradually inereases after standing for about fwo
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months in a glass-<toppered bottle unproteeted from light,
They suggest that errors due to changes in this solven{ ean
be avoided by storing the kerosene-xvlene mixture in the dark
and by frequent checks of its absorption in the region of
310 to 400 mp. Karmarkar et al. (752) advise that the kerosene-
xylene be refluxed over metallie sodium for several hours,
followed by distillation of the xylene at 1387 C and the kerosene
at 180 to 195 (' to eliminate impurities which interfore with
the accuracy of the method. Arroyvave 7 (*06) purifies the
kerosene by shaking with activated charcoal and filtering
through a fine sintered glass ilter, The absorption spectrum of
xylene ax compared with water is tested when a new hottle s
opened and it is vedistilled when necessary,

A study of the influence of purification of xyvlene-kerosene
on the phenomenon following hemolvsis was made as follows :
(1) Nylene was redistilled in an all glass< <t and the 134 1o
1377C Traction collected : (2) Kerosene was shaken with o 0%
solution of =odium hicarhonate, washed with distillod water,
and stored overnight over Janesh ealeium ehlorvide, The kero-
sene (100 anl) was then <haker with approxinately 3 gm of
activated charcoal > and filtered through Whatiman #1 filter
paper: (3) The kevosene and xylene were mixed just hefore
using and stored inacdark place, The vavified kerosene and
xyvlene were not stored for any length of time hetfore nmixing.

A venous blood sample was divided into two portions; one
was allowed to elot hefore centritugatiom and the serum
removed and the second placed immediately in a freezer
at =20 for three hours, The hemoglobin concentration of the
latter was determined and aliquots were added {o known
volumes of the non-hemolyzed serum o obtain ineroasing con-
centrations of hemoglobin up to 1.0 @m per 100 ml. These
samples, along with a completely ™ hemolyzed sample, were
analyzed for vitawmin A, nsing three hatehes of kerosene-xyvlene
reagent as defailed in table 6. Thix experiment was repeated

FArroyave, i, private communieation,

*Dareo (=00, aetivated charcoal obtained from Atlas Powder Company, Wil-
mington, Delaware,
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TARLE 6

The effeet of purification of I rosenc-rylene on the reliability of data obtained on non-he molyzed and liemolyzed aliquols of serum

TRIALS

1
Reagents Hemoglobin® o000 011 — (13 R— - 14.2

A
Kerosene-xylene,  Vitamin A ¢ 2 o [ S -— 432
freshily prepared
and expecinlly Carotene s 38— H4y — — 208
puritied

B
Nerosene-xylene,  Vitumin A 228 S0 280 — —_— S
T months obd,
nat purritied Curotene 40 142 15t — -— 202

¢
Kerosene-xylene,  Vitamin A 4200 468 486 —  lokn
20 months ol
not puritied Carotene 140 260 - 22— -— 182

Reagents Hemaoglobin = 000 0% b2 G2 o7s L2 12.0 o032 2y

A
Kerosene-xylene,  Vitamin A3 112 140 16N IS8 208 268 442 125 153
t'rvshl_\' ]vrv[s:ll'wl
ad especinlly Carotene * 115 116 123 122 136 159 204 118 118
purificd

D
Keroseneexylene,  Vitamin A 182 206 s34 250 IR 54 7o 168 188
Tmonths ohl,
not purified Carotene 124 128 TS 123 126 126 NEIH 124

o
Kerosene-xylene,  Vitmmin A a9 635 S0 320 0T EIATTI 49 B i !
2o months old,
not puritied Carotene 121 N 12 14 17 12 168 121 s

131 151
118 1IN
144 188
125 152
138 4TS
120 7

', II; T and TV r«-ﬂnsvnt replicate experinents on serum .~:mxpl«-n< r'r;n‘n”thrn'

analyvzed at Jdifferent  times, Increasing  degrees of hemolysis

* Hemoglobin, gne per 100 ml serum,
FVitamin A, LU per 100 ml serum,
* Carotene, g per 100 ml serun.

of cach s indicated by the
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4 times on serum obtained from the same donor on different
days. The kerosene used in reagent A was again treated with
activated charcoal just prior to trial 1V (this had not heen
done since approximately a week prior to tvial 1) but this
apparently did not alter the vesults, The data simnmarized in
table 6 show the varied resualts which may be ebiained nnless
extreme cave is taken in the purification of reagents. Consider-
ing trial 1V, one may conelude that it the kerosene-xylone is
especially purified and freshly prepared, the cavotene value
will not he affected hy moderate hemolysis, FEven the use of
speeially purified and freshly prepared kerosene-xylene mix-
ture does not prevent a small inerease in apparent vitamin A
content in slightly hemolyzed samples, In the presence of
a very old, unpurified kerosene-xylene mixture, the false
merease in vitinin A content resulting from hemolysis is
striking, and the earotene is reduced to a level approximating
zevo. It is also evident that unreliable data will result from
non-hemolyzed samples it old or unpurified reagents are used.

The practical implications of this study are obvious sinee
nutrition surveys whicl employ the micro-method of Bessey
ad Lowry are numerous. Under survey conditions, the
samples must often be teansported from Geld to lahoratory as
whole blood, and some hemolysis is not unecommon, 11 such
hemolyzed simples are analyzed without the precaution of
using a cavefully purified kerosence-xylene mixture, false
results will he obtained. The kerosene and xylene should he
mixed immediately prior (o using, waa if it is necessary to
keep this solvent for short periods of time, it must be pro-
{eeted from light,

SUMMARY

Hemolysis eauses a false inerease in sertm vitamin A values
when the miero-method of Bessey and Lowry is used. An
especially purified and ireshly prepared kerosene-xylene mix-
fure minimizes the false inerease in vitamin A caused hy
hemolysis and avoids errors in the carotene measurements.
An unpurified kerosene-xylene mixture permitied to stand at
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room temperature unplotcoted from light may eause as muech
as a 10-fold incerease in the apparent vitamin A content of a
hemolyzed blood sample and a definite diminution in the
apparent content of carotene. In the absence of liemolysis,
an aged, nnpurified kevosenc-xylene mixture resulted in a 4.
Fold inerease in apparent vitamin A content but no ch: imgee in
the carotene level, Only Creshly purified and mixed kerosene-
xylene should he used in the Bessev-Lowry procedure foy
determining sermm carotene and vitamin A, Serum samples
showing evidence of more than a trace of hemolvsis should be
discarded. The Care-Price reaction is n'l.m\(l\ unaffeeted
by hemolysis and is therefore the method of choice in cir-
cumstances where suflicient blood can he obtained,
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IMMUNOCHEMICAL QUANTITATION OF ANTIGENS
BY SINGLE RADIAL INMMUNODIFFUSION*

G. MaxciNt, AL O. Carsonara and ], I HEReEMANS

Rescearch Department of Internal Pathology, Clinigues Universitaires St Picrre,
Louvain, Belgium

(Recerved 20 Fanuary 1963)

Abstract-—\When an unknown amount of antigen is allowed to diffuse radially from a well
in a uniformly thin layer of antibody-containing agar for a sufficient time o allow all antigen
to combine, the final area reached by the precipitate is directly proportional to the amount
of antigen emploved, and inversely proportional to the concentration o antihody. It is also
shown that the temperature at which the plates are incubated has no pereeptible influcnce
upon the results, By standardizing the technical conditions of the experiment it is possible
® use this principle for the immunochemical determination of antigens., In the experimental
albumin-antialbumin system here described, the Tower imit of the method was found to
correspond to 0025 e of antigen, and toan antigen concentration of 1-23 per mi.
The standard deviation of the antizen determinations was less than 2 per cent of the mean.

INTRODUCTION

AMONG the various immunochemical precipitin methods emploving ditfusion in
in agar gels, the technique of single radial immunoditflusion has been the least
studied. By definition the single-ditfusion type of precipitin reaction is performed
by incorporating one of the two partners of the reaction, ustually the antibody, into
the agar gel, at a uniform concentration, whereas the other reactant, usually the
antigen, is introduced into a well from which it is allowed to diffuse into the gel
where it will react with the ‘internal reactant’. The svstem is termed ‘lincar” if such
diffusion takes place in one dimension, as is the case in the technigtie of Oudin, ™ in
which narrow glass tubes are emploved. The term ‘radial’ immunoditfusion is
applied to systems in which the gel is spread out on a surface, with ditfusion taking
place radially, starting from a circular well.

Single radial immunoditfusion has apparently first been emploved by Petrie®
in his studies on the growth of bacterial colonics on gclified media containing
specific antisera. He observed that such cultures became surrounded by one or more
ving-shaped precipitates, which might eventually coalesee with similar precipitates
formed around neighbouring cultures of the same strain of Organisnis,

Ouchterlony® was the first to exploit single radial immunodiffusion for semi-
quantitative purposes, in his studies on the toxin-producing ability of ditferent
strains of Corvuchacterium diphtheriae. 1is method was based on the observation
that there existed a relationship between the width of the precipitate and the
amount of antigen produced by the cultures, and an inverse relationship between
the size of the precipitate and the concentration of the antiserum emploved. Un-
fortunately these studies were not further pursued. Feinberg®, Hayvward and

* This work was supported by Grant No, 461 from the Fonds de la Recherche Scientitique
Médicale, Brussels, Belgivm; and by PULS. Grant No. Am 04263-04 from the U.s.
Department of Health, Education and Welfare.
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Augustin,® and Crowle® have deseribed a semi-quantitative modification of the
single radial immunodiffusion method, in which use was made of the end-point
principle. Scrial dilutions of the same antigen solution were tested in the same
antiscrum plate, and the highest dilution still aiving rise to a visible ring of pre-
cipitate around the antigen well was taken as the end-point. ‘The Jatter technique
has also been carried out on cellulose acetate foil soaked in antiserum, .

Ina preliminary report from this laboratory® it was shown that a lincar relation
existed between the arca of the precipitate and the concentration of the antigen,
provided that ditfusion was allowed to proceed until all antigen had been combined,
The single radial diffusion method is therefore suitable for very aceurate quantita-
tive determinations, without any resort to end-point methods and the interpolations
they require,

The present paper is concerned with the technique as well the quantitative
aspeets of single radial immumoditfusion.

MNTERINL AND METHODS

L Preparation of the agar

To 100 ml of harbiturate butfer of pHES-6 and fonic strength 041 (made by dis-
solving Y ¢ of sodium dicthvibarbitarate, 63 mlof 1 10 x 11O and, asa preservative,
05 ¢ of sodim azide, in distilled water, and adjusting the volume to 1 1) is added
3 g of Special Agar-Noble (Difeo). Fhis suspension is placed in a boiling water-
bath and stivred until all the agar has dissolved. Distilled water is added to replace
losses due to evaporation. The stock solution of agar is distributed over a number of
wellstoppered test-tubes and stored at - 4 €

2. Preparation of the agar-antiserum mixture

The required ametof soliditicd 3 per cent agar-gel is melted on a boiling
water-hath and allowed to cool down to 60 C. 'T'he antiserum, or a suitable dilution
ot it made in barbiturate butfer, is brought 1o 35 C, after which cqual volumes of
both solutions are nuxed, s thoroughly as possible but avoiding bubbling, with the
aid of a pipette pre-heated to 60 C in the water-bath. ‘I'he antiserum agar mixture
is pourcd, without dekay, mto the mold hereafter deseribed, using the same heated
pipette,

3. Preparation of the antiserum-asar plates

In order to obtain antiseram-agar favers of strictly uniform thickness, use is
made of w mold. "The base plate which will have to support the gel consists of a
carcfully cleancd photographic glass plate, T mm thick, measuring 10 -7 cm. Upon
this is placed a U-shaped frame (Fig, 1) made of 1 mm thick brass, whose three
branches measure S mnin width, their lengths corresponding to the dimensions of
the base plate. The frame is covered by another glass plate of similar dimensions,
whose Tower surface is siliconized. 'The Dase plate should not be siliconized. "Ihe
three picees of the mold are tight!y held together by means of clamps (g, 1).

The frame is now held in a shightly slanting position and the tip of the heated
pipette containing the antiscrume-ugar mixture is applied to the lower corner of the
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slit. Filling the mold in this way prevents the inclusion of air bubbles. After solidi-
fication (10-15 min), the clamps are removed and the siliconized top plate is care-
fully slid off from the gel, after which the brass frame is in turn removed. The
bottom plate is left to support the gel.

4. Application of the antigen samples

Circular wells are punched out in the gel, using a needle of 2 mm bore. The

small cylinders of gel cut out by the needle are removed by suction. Each of the

10ut

Imm

Fic. 1. Preparation of an immunodiffusion plate.

wells receives 2l of antigen solution, which is delivered by means of a needle
mounted on a microsyringe (Microliter Syringe + 701-N, Hamilton Co., Whittier,
Calit.). The plate is now kept, in a strictly horizontal position, in a moist box, until
the antigen solutions have been soaked up by the gel (10-30 min). T'o prevent
drying, the antiserum-agar plates are stored under a 2 em thick layer of parafin oil.
A few crystals of thymol are dissolved in the oil to prevent the growth of anacrobic
micro-organisms. It has been found practical, though not indispensable, 1o incubate
the oil-covered plates at 37 C.
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an

Measurement of the size of the precipitates

As will be deseribed ander Results, the ring-shaped precipitates which form
around the antigen wells grow in size during a few davs, after which no further
increase in dimensions is observed. A tvpical plate with seven antigen wells is
illustrated in Fig. 2. Final records are made whea the precipitates may he assumed
to have reached their final size. After removing the oil by a short rinse in petroleum
cther, the magnificd silhoucttes of the precipitate rings are projected on strong
paper and their contours are procilled out. "I'he corresponding antigen wells are
similarly recorded. The cireles are cut out and weighed. This method of recording
surfaces has been found advantageous hecause the form of the precipitates may
occasionzlly depart from the ideal eircular shape. Merely recording the diameters
may give crroncous results.

Weak precipitates of insutficient contrast can be brought out by staining. This is
also advantageous when it is desired to store the preparations for later study. For
this purpose the plates are washed with normal saline, in Petri dishes, for two to
three days, with several dailv changes of the washing fluid. The preparations are
then soaked for one dav i distilled water {renewed 3 times), in order to remove the
salt. Mter drving at room temperature or at 37 C, the plates are immersed for 30
min in an aqueons solution containing 1 g of Amido Black, 4-1 g of sodium accetate
and 30 mbof acetic acid per Titer, ‘The background color is removed by three sue-
cessive baths of an aqueous solution containing 50 ml of acetic acid and 5 ml of
glveerine per liter.

RESUL'TS
Al values for precipitate arcas mentioned in the present article include the areas
of the corresponding antigen wells, They are expressed in mg of paper weight, as
obtained by cutting out and weighing the disks drawn in pencil on cardboard paper
after projection of the magnitied sithoueties of the original precipitates.

Ao Fundamental quantitatice relations

Vo Grozeth of the precipitates as a function of time. "T'he arca of the precipitate,
including the antigen well, produced by the diffusion of 10, of human serum
albumin in an agar plate containing a twelve-fold dilution of rabbit antiserum?*,
was measured repeatedly during incubation at 37 C (Fig. 3). The size of the pre-
cipitate ceased to increase after an initial period of rapid growth. As with the lincar
single ditfusion of Oudin, the increase of the precipitate was roughly proportional
to the square root of time during the carliest period of ditfusion (Fig. +).

This type of growth curve was found with all antigen-antibody svstems tested,
but marked variation was found as to the time required by the precipitates to
reach their tinal size, as will be discussed in the following sections,

2. Relation betzeeen the antigen concentration and the Jial sise of the precipitates.
Serial dilutions of a solution containing 18 mg ml of human albumin were allowed
to diffuse in a plate containing a twelve-fold dilution of rabbit antiserum. The areas

* This antiserum precipitated all the antigen from wn cqual volume of an 0:1 per cent
solution of human serum alburnin,
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of the different precipitates were measured repeatedly and the values were plotted
as a function of the antigen concentration (Fig. 5). Tt was thus found that there
existed a direct relation between the time required for the attainment of the final
size of a precipitate and the corresponding concentration of antigen. The most
striking finding, however, was that of a lincar relation between the antigen con-

AREA
1001 -
N
'/
J
50';
sz TIME
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Fia. 3. Growth of the arca of a precipitate as a function of time.

AREA

o e § ——

50r

'

F1G. 4. Growth of the area of a precipitate as a function of the square root of
time,

centration and the area of the p ceipitate at the end of the diffusion. In the case
illustrated in Fig. 5 this relation was explored over a concentration range of antigen
extending from 1-125 to 18-00 mg /ml., but larger concentrations of antigen were
found to order themselves on the straight line if longer times of incubation were
cemploved,
Statistical analysis confirmed the absence of any significant non-linear terms in
B
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the regression line relating the terminal size of the precipitates (S) to the amount
of antigen (Qux)

S == 80+ K.Quay (1)
The significance of the intereept So obtained by extrapolating the curve back to
zero concentration, and of the slope, A, of the line, will be examined later,

3. Relation heteween the concentration of the antiserum, the sise of the antigen well,
and the final size of the precipitate. Rabbit antiscrum* against human serum-
albumin was diluted resp. to 49, 35 and 16 per cent of its original concentration,
and each of these dilutions was emploved to coat three diffusion plates. In cach of
these nine plates, twelve antigen wells were punched out. IZach set of twelve holes

AREA
48"
1501
100
501
i
SwI S0
] LI " " " 1
225 450 90 18:0
ANTIGEN
mg/ml

Fic. 5. Relation between area of precipitate and amount of antigen after
different times of diffusion,

was composed of three series of four, whose respective diameters were 145, 2-2 and
3-8 mm. Lach series of four wells received respectively 18:00, 9-00, 4-50 and 2:25ug
of human albumin dissolved in a standard volume of 2 el Toosummary, each set of
antigen dilutions was tested in three types of wells, against three concentrations of
antiserum, all tests being carried out in triplicate.

"The nine regression lines caleulated from the data charted in “able 1 are shown
in Fig. 6. "T'he origin of the variation of the regression coefficient A in these nine
2xperiments is analyzed in ‘Table 2, whereas Table 3 is concerned with a similar
analysis of the intercepts S.

Statistical analysis of the variance of the slope value A demonstrates that this
parameter is independent of the diameter of the antigen well (‘T'able 2).

* This antiscrum precipitated all the antigen from an equal volume of an 0:1 per cent
solution of buman serum-albumin,
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In fact, aside from the small experimental error, the entire variation of K js
ascribable to the effieet of the antiserum concentration, Cyuy. "The data indicate that
the slope A varies inversely with the concentration of antibody, and this relation-
ship is well brought out by plotting A against the reciprocal of Cu, as shown in

Tane 1. INFLUENCE OF ANTIBODY CONCENTRATION AND S1ZE OF ANTIGEN WELL
UPON THE SIZE OF THE PRECIPITATE AREAS AT TERMINATION OF DIFFUSION

Anti- Diameter of Antigen conecentration (myg ml) Lancar regression
serum antigen well
cone. (mm) Y +:3 225 1-123 S S KN Ca
"W
210 112 60 33 S 1012 - 2540 Cy
-5 213 108 62 36
211 10 01 R
217 113 I 42
16 2:2 214 115 60 42 S 17:09 - 2490 (',
216 120 06 42
233 137 84 38
3-8 24 133 86 61 S0 3458 2331 Cuy
234 135 hi{{) o0
87 43 29 20
15 H) 30 il 21 S 1117 951 Cup
85 49 31 21
90 RE: 36 26
35 2:2 93 50 35 27 S 17:67 - 928 Cup
92 54 37 27
108 71 5 43
3 S “)() 7; ;‘ 44 S 33()() . 95() C;u.z
112 74 52 +4
63 37 24 18
15 62 37 23 17 S TO-82 - 047 Cu
63 30 23 16
70 42 30 23
49 2.2 71 43 3 24 S 1625 - 6:04 Cue
08 44 29 n
89 63 40 +1
3-8 39 61 47 42 S 34533677 Cug

Fig, 7. "The effeet of the antibody concentration on the slope of the straight line
relating the size of the precipitate to the concentration of the antigen may therefore
be written as:
. 1
AR ISy N— (2)
Cuh

Statistical analysis of the variance of the intereept, So, demonstrates that this

parameter is independent of the antibody concentration, Can, and that its viariation
is entirely ascribable to the effect of the cross-sectional area of the antigen well, Sy
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(Table 3). The linear character of the latter relation is demonstrated by Fig. 8, in
which Sp is plotted as a function of Sy. Therefore:

So = p-+-q. Sy ()

B. Reproducibility of the method

L Yariation due to the use of different plates and different positions within a single
plate (Experimental error). A volume of 5-2 ml of rabbit antiserum against human
scrum-albumin* was mixed with 3-8 ml of barbiturate buffer. "T'his solution was
heated to 55 C in a water-bath, and thoroughly mixed with 110 ml of a 3 per cent
molten agar solution made with the same buffer. Four immunodiffusion plates, each

U6 Cyp

200~ ~ =~ IBmm

$22mm

- =~ 1-5mm

100

ANTIGEN
mg/mi

F1i. 6. Influence of concentration of antibody and size of the antigen well
upon the final size of the precipitate,

1 mm thick, were prepared from this agar-antibody solution. A different brass
frame was employed for each plate, so as to provide a test on the reproducibility in
function of possible variations in the thickness of the gel layers,

Sixteen antigen wells of 2.2 mm diameter were punched out in cach plate, using
the same instrument. The pattern of arrangement of the wells was the same for all
plates. Each antigen well received 2 pd of a 09911 per cent solution? of crystalline
human serum-albumin. After 6 davs of ditfusion, i.c. at a time well after termina-
tion of the diffusion for this particular antigen antibody system, the arcas of the
precipitates were recorded from the unstained preparations.

* This antiserum precipitated all the antigen from an equal volume of an 01 per cent

solution of human scrum-albumin.
1 Determined by the biuret method.
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TABLE 2. ANALYSIS OF THE SLOPE VALUE N A5 A FUNCTION OF THE ANTIBODY
CONCENTRNTION AND THE SIZ1 OF THE ANTIGEN WELL

Concentration Diameter of antigen well (mm)

of antiserum 1-3 2.2 3-8
) N
16 2540 24-90 25-31 7561
35 9-31 938 9-50 28-39
40 647 6-04 677 19-88
T'otal 41-38 4112 +1-38 124-08
Analysis of variance
Item Sum of Degrees of  Variance Vartance

squares freedom ratio (I7)
Antiserum concentration 399.1752 2 299-3870 77014807
Diameter of antigen well 001334 2 00177 0:4550
Error ()-1558 4 0-0389
Total 399-3604 S

In this randomized-block experiment the slope value, K, proves to be independent
from the diameter of the antigen well (F non-significant), whereas the term corres-
ponding to the antibody concentration is highly signiticant at the 0-1 per cent level

TABLE 3. ANALYSIS OF THE INTERCEPT VALUE Su A% A FUNCTION OF THE ANTIBODY
CONCENTRATION AND THE SIZE OF THE ANTIGEN WELL

Concentration Diameter of antigen well (mm)

of antiscrum -3 2.2 3-8
(”u) So
16 1012 17-:09 3438 6179
35 1117 17-67 3390 6274
49 10-82 16-23 34533 01-60
I'otal 32-11 31-01 103:01 186-13
Analvsis of variance
Item Sum of Degrees of  Variance Variance
squares freedom ratio ()
Antiserum concentration 02480 2 01243 0-3051
Diameter of antigen well 8US-6088 2 449-3344 1102:9307
Error 16299 +4 04074
Total Q003473 h

The term corresponding o the antibody concentration is non-significant, whereas
the one corresponding to the diameter of the antigen well is highly significant at the

01 per cent level,

]
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The results are presented in “Table 4. For cach plate the data are grouped in
blocks of four, corresponding to the four quadrants of the immunoditfusion plates
(Fig. 9). "This method of presentation was intended to provide a test on the influ-
ence of the position of the wells within the plates.

K
201
’0- L a4 d
Kzmen !
Cus
2 4 6 1
Con

Fi6. 7. Change of the slope of the regression line as a function of the antibody
concentration,

The statistical analysis of the data is presented in ‘I'able 3. The results indicate
that: (1) there was a pereeptible variation of the results from one plate to another,
obviously becanse of small ditferences in the thickness of the frames emploved ;
(2) the amount of variation due to the position occupicd by the antigen wells in the

So

3ot / '
-

\

10 20 Sw
Fii. 8. Change of the intereept of the regression line as a function of the size
of the antigzen well.

plates (quadrants and interaction between plates and quadrants) was insignificant;
(3) the residual variation, which may be termed the experimental error, amounted
to 17 per cent, when expressed as the standard deviation in per cent of the mean.
If the total variance of all 64 observations was used to calculate the standard
deviation, the latter became 240 per cent of the mean,
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Fre. 20 Unsuuned immunoditfusion plate. The agar contained rabbit anti-

serumomnunst human serum-albumin, ‘The antigen wells were filled with

serial dilutions of a1 per cent albumin solution, as indicated on the photo-

araph. “The plate was photographed on o dark background, using indirect

Iirht. This picture was tiken on the 3th day of the experiment, when diffusion
had ceased.

Fia. 9, Block-wise arringement of sixteen antipen wells ina diffusion plate.
Photograph ol a plate stained after termination of the diffusion,.

(Fucing p. 244)
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Fia. 13, Relation between the area of the precipitates and the logarithm of
the antigen concentration. ‘This figure represents a rearrangement of the data
from Fig. 3.
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TABLE 4. [NTER-PLATE AND INTRA-PLATF VARIATION

Plates
Quadrants 1 11 111 v
1357 1370 1366 1393
A 141-0 137-0 1390 140-5
1334 1338 1385 1390
1342 1352 1383 140-5
5443 543-0 5524 5593 21990
141-8 1357 137-4 1414
B 137-8 142-0 135:7 136-0
1430 139-0 1384 1405
136:7 136-0 1375 139-5
5593 5527 3490 5374 22184
1385 1344 1385 1410
C 1374 1324 1425 1320
1340 1350 137:0 137:6
135-3 1345 1390 1384
5452 536-3 5576 549:0 21881
137-0 1323 136-1 1373
D 1323 1379 1374 1392
1364 1320 1378 1405
1344 139-0 1383 1424
5401 5412 549:6 5394 2190-3
21889 21732 220806 222541 87958
TABLE 5. STATISTICAL ANALYSIS OF THE DATA FROM TABLE 4
Degrees Sum of Variance Ratio P
Ttem of freedom  squares variance
(\) (r)
Plates 3 90-3131 321044 57489 0-01-0-001
Quadrants 3 35-6781 11-8927 2:1296 0-10
Interaction between plates
and quadrants 9 SLa182 9-1020 1-6298 0:20-0-10
Error 48 268-0350 55844
Total 63 4819044 76502+
* Standard deviation : \f/S-SS-H - 2:363 (i.e. 1:7194 per cent of the mean),
t Standard deviation: V' 7-6502 2:765 (i.e. 2:0112 per cent of the nmean),
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2. Vartation due to differences in colume of a solution containing constunt anounts
of antigen. \ volume of 06 ml of rabbit antiseruny against human serum-albumin®
was mixed with 19 ml of Luiter, and after heating, with 223 mlof a 3 per cent agar
solution. One diffusion plate, T mim thick, was set up with the mixture, and sixteen
antigen wells of +5 mm dizmeter were punched out after solidification of the gel.
The wells were arranged in rows of four, with cach row receiving respectively
S5-800, 2900, 1457 and U725 4o of envstalline serum albumin, These amounts of
antigen were apphicd ina volume of 2y of barbiturate butler for the 4 wells of the
first row, in-+ pd for the second row, 8d Tor the tird row, and 16 d for the fourth
FOW.
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1. 10, Effeet of increasing volumes of solvent upon the acea of the precipi-
tiaies given by constant amounts of antigen,

The purpose of this experiment was to test whether the amount of laid intro-
duced together with the antigen would atfect the area of the precipitate,

The results and their statistical analvsis are indicated i Table 60 1t is obvions
that: (1) the data from cach experiment align themselves on a linear regression,
as expected s 02y the slopes ot the four regression lines may be reearded @ s wdentical;
(3) the four regression lines are not congruent but ran at some distance alongside
cach other. There is adistinet tendeney for larger volumies of solvent 1o produce
farger arcas of precipitate with identical amounts of antigen. The latter conclusion
is also apparent fromean inspection of Fig, 10,

S The influence of changes in temperature upon the fival arcas of the precipitates.
Three immunoditfusion plates were set up with one and the same antibody - agar
mixture, and incubated at ditferent temperatures, .\ volume of 0-30 ml of rabbit

* Same antiseram as in the preceding experiment,
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antiserum against human serum-albumin®* was mixed with 7-2 m! of buffer and
7:5 mlof hot 3 per cent agar. Three diffusion plates, 1 mm thick, were poured, and
in cach plate five antigen wells of 2-2 mm diameter were punched out. The five
antigen wells in each plate received respectively 0-625, 1-250, 2:500, 5-000, and
10-000 pg of crystalline human albumin, all samples being applied in 2 il of solvent
bufter. "The first plate was incubated at 37 C, the second plate at 21°C and the
third plate at & C.

The sizes of the precipitates were estimated repeatedly during the incubation,
It was obscrved that the precipitate corresponding to the largest amount of antigen

TABLE 6. INFLUENCE OF THE VOLUME OF SOLVENT UPON THE
AREA OF THE PRECIPITATE

Amount of Volume of solvent
antigen* 2y 4+ d hiA| 16 pl
1 S+ St S49 96
2 119 Lis 136 135
4 193 199 21 219
S 332 363 369 509

Individual regression lines
For2 s 4287 3843 Oue,
Ford pxl S 3832 40446 (g,
For 8 ul S 4796 - 3988 Ou,
[For 16 pl S 38:30 0 3903 (as.

Comparison of the fowr individual vegressions
Mean square of ditferences

between regression coctlicients
: ' 18408 P 2020

Lrror mean square

Mean square of differences
bhetween means

200092 > L)
Error mean square 200926 P -0-001

* For the purpose of simplifying the statistical compura-
tions, the smaldlest amount of antigen (0723 ) is given
the arbitrary value 1.

attained its final size after approximately 8 days in the 37 plate, 10 days in the 21
plate, and I+ days in the 4 plate. M results were recorded together on the 15th
day, and these data are listed in ‘Table 7,

The results clearly indicate that the three regression lines may be regarded as
indistinguishable, both with respect to their slopes and to their positions, In other
words differences in temperature had absolutely no pereeptible cifeet on the final
size of the precipitates. This conclusion is also illustrated by Fig, 11,

C. Sensttivity of the methad

The following experiment was undertaken in order to assess the lower limit of
the amount of human serum albumin which can accurately be estimated by the
single radial immunodiffusion method.

* Same antiserum as in the preceding experiments,
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Rabbit antiserum against human serum-albumin* was diluted respectively 5, 25,
and 50 times, by means of barbiturate buffer, and from each dilution 2-5 ml were
mixed with 2:5 ml of hot 3 per cent agar. Each dilution was used to prepare one
immunodiffusion plate. ‘"he final antiserum concentrations in the three plates thus
corresponded respectively to 110, 1,50 and 17100 times the strength of the un-
diluted antiserum. Eight antigen wells were punched out in cach plate, and filled
with respectively 0-01, 002, 0-04, 0:08, 0-16, 0-32, -6+ and 1-28ug of human
serum-albumin (in 2 4d of butler) for the first plate, with 0-005, 0-01, 0-02, 0-04,
0-08, 0-16, 0-32 and 0-6+ pg for the seeond plate, and with 0-0025, 0-005, 601,
0-02, 0-04, 0:08, 0-16 and 0-32 1g of antigen for the third plate.

1 A
100} x
7’
2147
,/
75
50
25
Qug
Sw L
TS 230 500 1000 pgq

Fre. 11, Effect of temperature on the size of the precipitates given by constant
amounts of antigen,

It was observed that the precipitates in the plate containing the highest dilution
of the antiserum were so faint as to be unreadable, even after staining with Amido
Black. Since previous experience had indicated that an appreciable fraction of
the precipitate obtained in this method consisted of non-specifically co-precipit-
ated proteins from the antiserum, it was attempted to increase the strength of the
weakest precipitates by incorporating sevum from a non-immune rabbit into the
agar-antibody mixture. Practically, the barbiturate buffer emploved to dilute the
anti-serum was replaced by non-immune rabbit serum which had been shown, by
a previous test, not to react with human serum-albumin, By using this artifice the
preetpitin areas of the third plate now hecame perfectly recordable after staining
with Amido Black.

* Sume antiserum as in the peeceding experiments.
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The results obtained by this modified method are indicated in Table 8 and the
corresponding regression lines are illustrated in Fig. 12,

Cousidering first the plate with the strongest antibody mixture (1 :10), it was
observed that the precipitates given by the lowest amounts of antigen (0-01 and
0-02 pg) hardly extended beyond the rim of the antigen well. Since it was felt that
their areas could not be estimated with the desired acecuracy, it was thought pre-
ferable to exclude them from the computation of the corresponding regression line,
However, after this line had been caleulated from the remaining six points, it was
found that the value obtzined for 0-02 g did not significantly depart (P: 0-10-
0-20) from the theoretical figure, which was 23-36 mg of paper weight, The value

TABLE 7. INFLUENCE OF THE TEMPERATURE UPON THE AREA
OF THE PRECIPITATE

Amount of T'emperatire
antigen* ——— - -
37 C 1 +C
(Plate 1) (Plate 11) (Plate 111)
1 16 17 17
2 24 23 73
+ 34 32 34
8 54 52 52
16 90 90 92

Individual regression lines
For37 C S 1338 - 484 O,
For21'C 8 1279 - 484 Ou,

For 4 C S 1290 - 494 Q..

Comparison of the three individual regressions

Mean square of differences
between regression coeflicients

= 0:3033 P>0-20

Error mean square

Mean square of differences
between means

= 08315 P>0-20

lirror mean square

* For the purpose of simplifying the statistical computa-
tions, the smallest amount of antigen (0-625 ng) is given
the arbitrary value 1.

for 0-01 g, in contrast, was significantly different (P : 0-01-0-02) from the ex-
pected value of 2449, Judging from this set of data it would appear that the lowest
amount of antigen which can accurately be estimated by this method would lie
between 0-01 and 0-02 g,

However, this limit can be lowered by using a more dilnted preparation of anti-
serum, since it was shown before that for a given amount of antigen the size of the
precipitate increased in function of the reciprocal of the antibody concentration.
Indeed, the 0-01 g point, which was not readable with the 12 10 diluted antiserum,
perfectly fell on the regression line when the antiserum was diluted 1: 50 and 1 : 100,
With the latter dilution, the point corresponding to 0003 g fell exactly on the
corresponding regression line, but the 00025 g point scemed to be somewhat
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erratic and was therefore discarded from the computation. However, statistical
analysis proved that even this experimental figure could have heen trusted, since
its departure from the expected value (24-11) was not significant (f 0-10-0-20).

The lower hmit of sensitivity, as inferred from the results with the 1 @ 100 anti-
serum dilution, should therefore lie at about 0-0025 ng of antigen,
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Fro 120 imerease i sensinvity obtained by dilutine the antiserum, S.: area
of the wnticen well (of 22 many diamcter),

Lonver Timit: eritieal size of precipitate below which accurate measurements
are impossible.

Regression Tines were calealited by the method ot the et SOUETES s
explained in the st The points correspondme 1o 12285 and 0464 w0 for the
It dilution, and the point corresponding to O-16 jar for the T2 100 dilution,
were included in the computanon but have not been feans ed on the graph.

DISCUSSION
N Principle of the method

Oudin® discovered that when an antigen was allowed to ditfuse along one dimen-
ston in a column of agar mined with antiserum, the migration rate of the ‘leading
edge’ of the precipitate throngh the el was (1) proportional to the square root of
tiiie for any antigen antibody svstem tested ; (2) proportional to the logarithm of
the concentration of antigen: and (3) proportional to the logarithm of the re-
ciprocal of the antibody coneentration,

I the two-dimensional svstem here studied, the rate of growth of the precipitate
arca fatled 1o display any of the three relations deseribed by Oudin, except during
the very first stages of the diffusion. For the antigen antibody svstem illustrated in
Fig. 4 the lincarity of the growth of S as a function of #12 was abandoned after
2 hr. Similarly, when the data from the cxperiment shown in Fig, 5 were re-
arranged on semi-lovarithmic graph paper (Fig, 13), the pomts of the curve
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obtained at T hr fell on a straight line, except the one corresponding to the highest
antigen concentration. At later times this relation was progressively abandoned
until at the termination of ditfusion the straight-line relation illustrated in Fig. 3
was obtained.,

Itis significant that cach precipitate ceased 1o grow as soon as it had reached the
size which was directly proportional to the corresponding amount of antigen. "This
end-point of growth was not attained stmultancously for the different precipitates
given by sertal dilution of the same antigen. In faet, the time required for cach
precipitate to complete its growth increased as a function of the final size to he
achieved (Lig. 3). In one particular experiment a plate was stored at 37 C for 4
months: at the end of this time the precipitates had retained the size which they
displayed at the mement when the straight-line relation had been reached.

It would also scem that the time required for a precipitate to achieve its final size
increases as a function of the moleeular weight of the antigen. "T'his aspect of the
question was not studied in detail, but it was noted that disk sizes of about 1 em in
diameter were achieved in less than 24 hr by Benee-Jones proteins, in 3 days by
albumin, | week by yG-immunoglobulins, and in 14 days by pM-immuno-
globulins.

The hinear character of the relation between the amount of antigen and the final
precipitate size on one hand, and the temperature-independence of the svstem on
the other hand, indicate that the tinal precipitate size in single radial immuno-
diffusion is not primarily determined by the diffusion rate of the antigen. In this
respect the method here deseribed sharply contrasts with that of Oudin, in which
the concentiation of the antiger, 15 evaluated from the rate of migration of the
leading edge of the precipitate. 7he fact that diffusion should rapidly come to a
stop i the radial method is of eourse due to the great disproportion hetween the
small amount of antigen used and the practicaliy unlimited antibody space available
to it It would seem that the single radial diftusion method, msofar as it is based on
the micasurement of final precipitate arcas, is more related to the classical immuno-
logical precipitin methods in which the amount of precipitate formed by the com-
bination of an unknown quantity of antigen and a limitless supply of antibody is
measured. What is cvaluated in the immunodiffusion method here deseribed s
essentially the volume of antibodv-containing agar gel which is engaged in com-
bination with the sample of antigen, after all antigen has been consumed. The
moment at which the latter situation is achicved is heralded by the cessation of the
growth of the precipitin arca. At this moment the svstem has reached the state in
which no freely ditfusible antigen, or possibly small antigen- antibody complexes,
are left available to engage additional antibody. One niay assume thae at such time
the composition of the precipitate resembles that of an antibody-antigen pre-
cipitate formed at equivalence.

I agreement with the explanation given above, it is found that the area of the
precipitate at termination of growth is not so much related to the amount of antigen
per se as to the ratio of the amount of antigen to the concentration of antibady
imbibing the plate. Indeed, by combining equations (1) and (2) one obtuins:

Q:u:
Cuh

S o= Sy mQagion “4)
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B. Applicability and reproducibility

The applicability of the single radial immunodiffusion system here described to
the quantitation of proteins in mixtures such as serum, has been verified for a large
number of serum proteins, viz. prealbumin, albumin, aj-antitrypsin, aj-acid-
glycoprotein (orosomucoid), haptoglobin, az-macroglobulin, transferrin, Bia-
globulin, and the three immunoglobulins, yG, yA and v\, as well as to Bence-
Jones proteins and isolated light chains from immunoglobulins, Other speeies of
serum proteins have been determined with this method by Storiko and Augener,ab
whereas Riimke ™ has applied it to the quantitation of a prealbumin component in
the serum and urines of mice and rats. A more or less similar procedure has also
been used by Tomasi and Zigelbaum4 for the quantitation of yA-immuno-
globulins in various human sceeretions,

It should be stressed that in order to obtain strict linear dependency upon the
amount of antigen, readings should be postponed until there is no further growth
of the precipitate arcas. Of course, if only semi-quantitative results are desired, the
precipitate sizes can be recorded at any time after the ditfusion has started, pro-
vided use is made of a sutficient number of standards in order to allow for the non-
lincarity of the S vs. Que curve, It must also be pointed out that, even if readings
are made from the final straight line, a mere application of the slide rule for the
purposc of interpolation is not justified. Indeed, only i rare cases will the curve,
when extrapolated to zero concentration of antigen, intersect the S axis at the value
Se. Inother words, the curve does not usually start fron: the point corresponding
to the rim of the antigen well, but from some point situated cutside this rim. The
value of the intercept will in fact depend upon & number of variables, among which
the size of the antigen wells (equation 3) and the volume of fluid introduced into
the well (Table o).

When the 64 data from the experiment described in Table 4+ were summarized
over four different immunoditfusion plates made with the same antigen-antibody
mixture, the total standard deviation barely exceeded 2 per cent of the mean.
Naturally, the error due to the use of different plates will depend upon the care
with which the different frames are constructed and adjusted to uniform thickness.
When targe series of determinations impose the simultancous use of different
frames, it is advisable to carry out a test for homogencity in the manner here
described.

When comparisons are restricted to the data obtained in a single immuno-
diffusion plate, the experimental error of the method is decreased to 17 per cent,
when expressed as the standard deviation in per cent of the mean. This accuracy
is of the order expected from reliable chemical quantitation methods, and is
certainly one of the attractive features of this technique,

As to the influence of the position of the antigen wells within a given plate, this
item did not significantly contribute to the variation observed in the present series
of experiments. Of course, a test such as the quadrant analysis here employed,
would be uscful if doubt existed as to the regularity of the thickness of the frames.

It is further shown that the results are not influenced by the temperature at
which the incubation is carried out. This feature completely distinguishes the
method here described from the single linear immunodiffusion of Oudin® One of
the advantages of this independence from temperature | that the diffusion plates
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nced not necessarily be incubated at a constant temperature. For instance, there
is no inconvenience in storing the plates, without any special thermal insulation, at
room temperature, ceven if the latter varies markedly during the day. The only
restriction to be made is that sudden important changes in temperature are liable
to cause the formation of concentric striac in the precipitin disks. This was ob-
served more frequently with proteins of small molecular weight, i.c. high diffusion
coefhicient. If pronounced, the phcivmenon may give the erroncous impression
that more than one antigen-antibody system is involved, but this difficulty is rather
theoretical when nionospecific antisera are employed.

TaBLE 8. LOWER LINIT OF THE METHOD

Size of precipitates (= 8)

Amount of
antigen Qae 1:10 1:350 f:100

(in pyr) Dilution of  Dilution of  Dilution of

anuserum®*  antiserum®*  antiserum®*

1-28 136 not rested not tested
0-6+4 77 indistinct not tested
0-32 52 185 indistinct
016 37 100 260
0-08 32 63 139
0-04 27 39 80
0-02 24 30 49
0-01 21 27 38
0-005 not tested not visible 27
0-0025 not tested not tested 26

Size of antigen
well 19 19 19

* Final dilution in the antibody-agar gel

Regression lines
1:10 Plate St :23-62: 3701 Qag,
1:50 Plate 83 = 20419 - 5124 (e,
12100 Plate S+ - 20-38 - 149439 Que.

T Compnted from the six “ighest figures.
* Computed from the six figures indicated in this table.

C. Sensitivity

As shown in the present paper, the lower limit of the amount of antigen which
can accurately be measured with this method approaches 0-0025 pg if highly
diluted antiserum is employed. Sinee this amount was contained in 2 nl of solvent,
the lowest measurable concentr:.tion of antigen would be 125 pgjml. Although
this conclusion was reached from experiments with human serum-albumin, there
is no reason why it should not apply to other antigens as well. Indeed, the principle
which determines the lower limit of sensitivity is a quite general one: (1) a pre-
cipitin disk ceases to be accurately readable cither when it becomes too faint to
be observed or (2) when its dimensions do 1ot sufheiently extend beyond the rim
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of the antigen well. 'The lower limit of dimension which can safelv be accepted
has been indicated in Fig. 12, and should theoretically he the same for any antigen--
antibody system. As to the density of the precipitate, this parameter depends on
the concentration of active antibody incorporated in the gel, i.e. on a parameter
which can be changed at will, irrespective of the nature of the antigen against which
this antibody is directed.

The critical dimension of the precipitate is not liable to improvement by artific-
ial means, but the density of the precipitin disk can be enhanced, both by staining
md by the addition to the system of some non-specific co-precipitating agent
such as non-immune serum. Both artifices were emploved in the present study and
helped to bring down the lower limit of sensitivity to as little as 0-0025 oz of antigen.

Further improvements upon the sensitivity can probably be obtained by in-
creasing the volume of antigen solution introduced into the wells, If the use of
larger antigen wells and or a more complete filling of such wells as a means of
increasing the sensitivity of the method are contemplated, two important precau-
tions should be keptin mind. Oneis that all the samnples to be compared to a given
reference solution of antigen, as well as the standard solution itself, must be
applied in identical volumes of solvent (Fig. 10),

The other restriction is that all samples, including the reference solutions, should
also be applied in antigen wells of identical dimensions,
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