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LIST OF ABBREVIATIONS 

AA 
ECD 
FID 
GC 
HPLC 
2-ME 
MS 
RAD 
RGC 
RHPLC 
RT 
SARD 
S/N 
TCD 
TCSF 
TLC 

Arachldomc acid 
Electron-capture detectlon 
Flame lomzatlon detection 
Gas chromatography 
High-performance hquld chromatography 
2-Methoxyethanol 
Mass spectrometry 
Radloactlvlty detection 
Radio-gas chromatography 
Radio-high-performance liquid chromatography 
Residence time 
Synchronized accumulatmg radlolsotope detection 
Signal-to-noise rat10 
Thermal conductlvlty detection 
Total counts of successive fractions 
Thm-layer chromatography 

1 INTRODUCTION 

Radio-gas chromatography (RGC) has been an important analytical tool 
for many years, the mam developments being actively carried out between the 
early 1960s and mid-1970s However, few papers have been published during 
the last decade The history and performance of RGC and a dlscusslon of the 
choice of methods m RGC were well summarized by Roberts [ 1 ] Matucha and 
Smolkov6 [ 21 surveyed comprehensively original papers published on RGC up 
to 1976. However, after 1976, only one review [3] has been published In the 
annual fundamental reviews pubhshed m Analytical Chemistry, RGC was dealt 
with m the subtitle of ‘Radlochemlcal Detectors’, which has been mlssmg smce 
1982 The main reason for this may be attributable to the tendency smce the 
mid-1970s for high-performance hquld chromatography (HPLC) to be used 
instead of gas chromatography (GC) 

In this paper, recent developments m RGC are described, and a method based 
on a new detector assembly, named synchronized accumulatmg radlolsotope 
detector (SARD ), IS presented with emphasis on the analysis of weak p- 
emitters m organic and blochemlcal apphcatlons 

2 RADIO-GAS CHROMATOGRAPHY 

2 1 Descr~ptmn of the method 

RGC consists of three processes, separation of radloactlve components by a 
GC column, mass detectlon and radloactlvlty detectlon Although RGC was 
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mitlally carried out on packed columns, systems equipped with capillary col- 
umns have been developed recently. 

Mass detection is usually performed by thermal conductivity detection 
(TCD ) or flame lomzation detection (FID ) , electron-capture detection (ECD ) 
and mass spectrometry (MS) can also be exploited because of their higher 
sensitivities. The instruments for mass detection and radioactivity detection 
(RAD ) are usually arranged in parallel. The effluents from a GC column are 
spht in a suitable ratio, the mmor portion passes through the mass detector, 
and the major is transferred for RAD. However, with tritiated compounds with 
a high specific radioactivity, the splitting ratio should be reversed 

Methods for the detection of radioactivity in the effluents from a GC column 
fall mto two categories, namely ‘continuous methods’, in which the radioactiv- 
ity is momtored continuously, and ‘discontinuous methods’, in which the com- 
ponents m the effluents are trapped as they emerge from the column for sep- 
arate radioassay Continuous methods have the advantage that the RAD trace 
is produced simultaneously with the mass detector trace The maJor criticism 
of continuous methods is that they are inherently less sensitive than discon- 
tinuous methods because of the relatively short counting time. Although the 
discontinuous methods are laborious and time-consuming, they have higher 
sensitivity Moreover, trapping techniques can be simple and mexpenslve, and 
a liquid scintillation counter can be used for the radioactivity determination 
In most situations, however, continuous methods for RGC are used and hence 
trapping techniques are less frequently utihzed. 

In the early stages of development of RGC, all techniques for radioactivity 
detection, mcludmg Geiger-Muller counters, gas flow proportional counters, 
ionization chambers and scintillation counters, were used Most RGC systems 
reported in the current literature use gas flow proportional counters for RAD, 
although a few systems use an anthracene flow cell 

Based on the chemical form in which the effluents from a GC column are 
radioassayed, RGC can be classified into two types, those with and those wlth- 
out decomposition of the effluent The techniques in which the effluents are 
directly transferred for RAD have not been generally accepted, however, be- 
cause the radioactive components often condense on the inside wall of the 
transfer line and detector, resulting in high background counts In addition, 
RAD is particularly sensitive to high temperature The decomposition step is 
now almost invariably carried out by a combustion technique although hydro- 
cracking [4] was examined in the early days 

Fig 1 illustrates the typical arrangement of an RGC system which is most 
commonly used today 

The oxidation-reduction (or combustion ) tube IS a quartz tube packed with 
copper oxide and iron fillmgs, placed in an electric furnace The inner volumes 
of most combustion tubes used in RGC are several milhhtres The temperature 
of the inside of the furnace is between 700 and 800°C The extent of deterio- 
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Fig 1 Schematic diagram of RGC system of the most common type 

ration of the copper oxide can be followed by its colour change (from black to 
red) A tube packed with 10 g of copper oxide retains a sufficient capability for 
combustion until the volume of the inJection solvent amounts to 200 ~1 [5] 
Labelled compounds m the effluents are oxidized to carbon dloxlde and water 
If 3H 1s present, the trltlated water produced 1s then reduced to 3H, The ef- 
fluent containing 14C0, and/or 3H, 1s mixed with counting gas (methane, pro- 
pane or carbon dioxide) and then passed through a gas flow proportional 
counter 

The counter tube 1s a metal tube with an inner volume usually between 10 
and 30 ml The optimum voltage applied to the counter tube can be found by 
use of external radiation sources 

The flow-rates of the carrier and counting gases should be strictly regulated, 
because the detection sensltlvlty 1s severely influenced by the composltlon and 
flow-rate of gas passing through RAD 

The radloactlvlty m RGC can be recorded by two methods analogue record- 
mg by means of a rate meter or digital recordmg of the radloactlvlty per certain 
time period (sampling time) as resultmg m a histogram The latter 1s more 
convenient for the quantltatlon of radloactlvlty and 1s more accurate How- 
ever, almost all the RGC systems use analogue recording, with a few exceptions 
[ 6,7], because digital recording suffers from severe statlstlcal fluctuations of 
counts owing to a limited counting time, especially with samples of low radlo- 
actlvlty The time constant of the rate meter 1s set usually between several and 
ten seconds 

The volume of the counter tube, the composltlon of gas passing through the 
counter tube and its total gas flow-rate vary widely Table 1 summarizes RGC 
systems of the gas flow proportional counter type 

2 2 Performance 

In designing or operating a gas flow proportional counter for RGC, one of 
the most important problems to consider 1s the relationship between the chro- 
matographlc resolution and detection sensltlvlty This problem ~111 be dls- 
cussed briefly using the case of a gas flow proportional counter as an example 
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TABLE 1 

SURVEY OF RADIO-GAS CHROMATOGRAPHIC SYSTEMS (COMBUSTION AND GAS 
FLOW PROPORTIONAL COUNTER TYPE) 

Counter tube Gas flow-rates m the 
volume counter tube 
(ml) (ml/mm) 

Countmg efficiency (% ) 

JH l4C 

Background Ref 
counts 
(cpm) 

10 
10 
10 
5X30” 
12 
20 
lob 

18b 
-5h 
7XlO”h 

H, 30,CH, 20 
H, 22 5, CH, 22 0 
N2 23 8, CH, 17 6 
He 60, CH, 240 
Ar 95, CO, 5 
He 54, 6 propane 
He 80, H2 10, 
propane 10 
Ar 27, H2 3, CO2 2 
He 59,0,1, CO, 6 
He 50, CH4 variable 
( 100-550) 

30 88 
98 4 102 4 

-80 
56 92 
64 94 5 

70 
-65 95 

35 4 
8 
9 

75 10 
10 11 

12 
13 

14 
3-5 6 

38 7 

“See Section 4 1 
‘For capillary RGC 

The volume of a mass detector 1s negligibly small compared with the peak 
volume occupied by a radloactlve component emerging from a GC column On 
the other hand, for radloactlvlty measurement a counter tube having a much 
larger volume must be used to obtain a high sensltlvlty The mtenslty of a 
radloactlve peak recorded on a radlochromatogram 1s a function of residence 
time (RT) multlphed by the amount of radloactlvlty present m the counter 
tube Here, RT 1s defined as the time required for a speclfled pomt In the sam- 
ple to pass through the counter tube and can be calculated by dividing the 
volume of the counter tube by the total flow-rate of gas passing through the 
tube 

Fig 2 shows the radlochromatograms of [ 14C] hexadecane obtamed under 
various RT (for RT in this instance, see Section 4 1) [ 71 

Although the RT should be as small as possible to malntaln the chromato- 
graphic resolution, any reduction in RT 1s accompanied by a corresponding 
reduction m the sensltlvlty, as illustrated In Fig 2 Therefore, when monltor- 
lng radloactlvlty, a compromise between the chromatographlc resolution and 
detection sensltlvlty must be made, Its exact nature dependmg on the analyt- 
ical requirements Snyder and Klrkland [ 151 dlscussed the slmllar states of 
matters for radio-HPLC (RHPLC) Where the maxlmum resolution of GC IS 
required, for example, m the analysis of a complex mixture, peak broadening 
arising from the counter tube cannot be tolerated, and this can only be avoided 
by sacrlflclng the detectlon sensltlvlty Alternatively, in order to enhance the 
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Fig 2 Relationship between the mamtenance of chromatographlc resolution and the lmprove- 
ment of detection sensltlvlty [ 71 Sample [ 14C ] hexadecane, ca 56 Bq Figures m parentheses are 
residence times 1 mx 3 mm I D glass column packed with OV-1 on Shlmahte W (So-100 mesh), 
250°C 

overall sensltlvrty, the RT must be made larger This can be achieved by usmg 
a counter tube of larger volume and/or decreasing the total gas flow-rate Reeve 
and Crazier [ 161 recommended utlhzmg a cell for RHPLC with a volume one 
third of the peak volume of the narrowest chromatographlc peak of interest 
They also mentioned that under these crrcumstances high sensltivitles are ob- 
tamed with no more than a 10% mcrease in peak width Sleswerda et al [ 171, 
Reich et al [ 181 and Klem and Hunt [ 191 treated this problem more mathe- 
matically Slmllar considerations seem to be true for RGC RT values in most 
RGC systems are between 10 and 20 s, with few being beyond this range (see 
Table 1) 

Another important problem m RGC 1s peak distortion or increased tailmg, 
which is caused by various factors The first factor may be the back-diffusion 
occurring in the gas passing through the splitter, oxidation-reduction tube and 
counter tube As will be mentioned later, however, the peak broadenmg that 
arrses on passing through one counter tube of inner volume 10 ml was clarified 
as being not so large (less than 2% m half-width, see Section 4 3) With 
[“Cl hexadecane, dlstmgmshable tailmgs m the RAD trace were not observed 
m comparison with the FID trace under any conditions (see Fig 15) These 
experimental results suggest that back-diffusion 1s not the main cause of tail- 
ing, unless the gas flow-rate is extremely low The other factors are the ad- 
sorption and/or condensation of radioactive components on the mslde wall of 
the transfer lme and the deterioration of the catalyst m the oxldatlon-reduc- 
tlon tube Therefore, the transfer lure must be maintained at a temperature 
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higher than that of the GC oven Recent experience m our laboratory has dem- 
onstrated that even a slight deterioration of the catalyst m the oxldatlon-re- 
ductlon tube results m appreciable tailing of the RAD trace with a capillary 
column Therefore, it 1s advisable to renew the catalyst before the total amount 
of injected solvent reaches a certam level, e g ,50 ,~l m our case 

Many authors compare ambiguously the chromatographlc resolution of an 
RAD trace with that of an FID trace To make the matter simple, suppose the 
factors causing peak dlstortlon are excluded and the radlochromatograms are 
being recorded with a reasonably short time constant To the first approxl- 
matlon, the radioactive peak may be consldered to suffer from peak broadening 
with time correspondmg to twice the RT (or twice the sampling time with 
dlgltal recordmg) at the most, independent of the peak width of the FID trace 
[ 191 The validity of this conclusion 1s evident by exammatlon of the radlo- 
chromatograms shown later m Figs 3-5,15 and 17, where FID traces are pre- 
sented together with RAD traces 

Many workers calculate the counting efficiency (E) from the followmg 
equation* 

E (%)= 
observed counts. 100 

applied radloactlvlty (Bq) *RT (s) 

Klrlcsl et al [ 91 mentioned that the counting efficiency 1s slgmficantly af- 
fected by the composltlon of gas passing through the counter tube but not by 
the width of the chromatographlc peak 

The reported counting efficlencles of gas flow proportional counters for 14C 
are around 90%, whereas those for 3H vary widely, as shown m Table 1 In the 
apphcatlon of this equation, however, we must consider seriously the fact that 
not all the applied radloactlvlty may reach the RAD system even when the 
effluents are led to the detector without sphttmg One reason 1s the loss due to 
the adsorption, condensation and thermal decomposltlon of radloactlve com- 
ponents on the column and the inside wall of the mJectlon port and transfer 
line, the other 1s incomplete combustion The actual counting efficiency (1 e , 
counts/radloactlve dlsmtegratlons) can be considered to be nearly constant, 
independent of the chemical forms bemg radloassayed Although the oxldatlve 
decomposltlon process itself proceeds almost quantltatlvely [ 51, the conver- 
sion ratio of ‘Hz0 to ‘H, may vary, depending on the reducing condltlons This 
seems to be the mam reason why the reported counting efflclencles for 3H vary 
so much Therefore, It 1s advisable to correct for the loss mentioned above and 
the conversion ratlo (for 3H ) by using [ 14C ] - or [ 3H] hexadecane as standards, 
which can be considered not to suffer from the loss to a slgmflcant extent 

The background counts depend on both the type of RAD and the extent of 
shielding In radiotracer experiments, the detection limit 1s usually defined as 
the amount of radloactlve substance giving radio signals three times the stan- 
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dard devratlon of the background counts. Therefore, the background counts 
have to be lowered as far as possible. The background counts of gas flow pro- 
portional counters of 10 ml volume are usually around 30 cpm. Simpson [ 111 
decreased the background counts considerably by use of y-ray shleldmg and an 
anti-comcidence circuit between a gas flow proportional counter (for GC ef- 
fluents) and a plastic phosphor guard counter. 

The detection sensitivity m RGC is influenced by the chromatographic char- 
acterrstics of the peak of interest (peak shape and GC peak yield [5] ), the 
sphttmg ratio (RAD/mass detector), the countmg characteristics (countmg 
efficiency and background counts ) and RT (for contmuous methods) or the 
fractionation interval and countmg time (for dlscontmuous methods). There- 
fore, it is meaningless to discuss the detection limit without takmg all these 
factors into consideration. Roughly, the detection limit m RGC is several be- 
querels per peak without sphttmg to the mass detector, and radioactivity ten 
times this value is needed for quantitatlon 

3 RECENT PROGRESS IN RADIO-GAS CHROMATOGRAPHY 

3 1 Introducthon of captllary columns 

The mcorporation of fused-sihca capillary columns mto GC analyses (m 
1979) rapidly extended the apphcatrons of GC owmg to the mcreased theoret- 
ical plate counts and the mertness of the mner surface of the columns. Several 
papers [6, 12-14, 20-221 were published on RGC systems with capillary col- 
umns It is a matter of great concern how far RAD can follow the chromato- 
graphic resolution of an FID trace. In order to mamtam the high chromato- 
graphic resolvmg power of caprllary columns, the RAD and/or the detecting 
conditions should be improved. However, the same detectors and condrtrons 
as apphed with RGC system with packed columns are usually transferred to 
those with capillary columns. Consequently, the improvements m radroactlve 
peak resolution are attributable only to the column resolvmg power In thus 
Instance, the compromise between the chromatographic resolution and detec- 
tion sensitivity should be shifted to the former, and the experiments should be 
so designed as to make the RT a few seconds 

Herkner [ 131 developed an RGC system with fused-srhca capillary columns 
The system is based on a dual-column gas chromatograph equipped with a 
column-swltchmg faclhty and a variable splitter at the column outlet combmed 
with a dead-volume-free adapter for RAD The first column works as a sepa- 
ration column and the second is used as a feed to the mass detector The ad- 
justment of the sphttmg ratio is regulated by the inlet pressures of the carrier 
gas supplymg both columns. The radroactlvity m the GC effluents is monitored 
by a gas flow proportronal counter after decomposition Three flow modes can 
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be selected* (a) all the column effluents to the mass detector or (b) to the RAD 
and (c ) simultaneous flow to the mass detector and RAD. Fig 3 shows a si- 
multaneous mass and radiochromatogram, m which a test mixture consistmg 
of eleven steroids was separated as methyloxime-trimethylsilyl (MO-TMS) 
derivatives The radioactivity of the components IS between 53 and 80 Bq each 
and the amount of unlabelled steroids 50 ng per component The mass detec- 
tor/RAD sphttrng ratio is 3 1. The RT was calculated to be 6 s. The detection 
hmlt under these conditions was reported to be 13 Bq It was mentioned that 
the peaks in the RAD trace showed nearly the same shapes as those m the 
mass detector trace. 

Ernst et al [ 121 constructed a capillary RGC system equipped with a com- 
mercial gas flow proportional counter, and compared the performance of packed 
and capillary columns with a sample of ‘ene-ol standard’. They mentioned that 
the increased resolution mherent in the capillary column was reahzed and the 
detection limit was 1 7 Bq with their system The RT calculated from the data 
given m the experimental section is 20 s 

Rodriguez et al. [6] described an improved gas flow proportional counter 
tube of inner volume ca 5 ml for fused-silica capillary columns, in which the 

n 

i 
i 

51 

i 

I 

Fig 3 Radio-gas chromatogram of test mixture conslstmg of eleven [‘HI steroids (as MO-TMS 
denvatlves) [13 ] Top, RAD trace, bottom, FID trace 25 mx0 2 mm ID fused-s&a column 
coated with CP-SIL 5 (0 12 pm), column temperature, programmed from 200 to 263°C at 15”C/ 
mm (Reproduced with permlsslon ) 
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radioactivity per 6 s is recorded as a histogram They pointed out that deterl- 
oration of the catalyst m the combustion tube causes a back-pressure and re- 
sidual radioactivity, the former results m severe fluctuation of the splitting 
ratio and the latter m tallmg of the radioactive peaks They recommended 
copper oxide wire mixed with quartz particles as the tube packing and contm- 
uous mtroductlon of a minute amount of oxygen into the tube The chroma- 
tographic performance of their system is illustrated m Figs 4 and 5. In this 
system the radioactive peaks are 12 s wide (1 e , correspondmg to two sampling 
times) and the detection limit for 14C is 7.4 Bq (RT z 4 s) 

Gross et al [ 201 reported a capillary GC system coupled with an anthracene 
flow cell. They muumized the dead volumes of the splitter (10 ~1) and com- 
bustion tube (100 41) as far as possible to mamtam the resolvmg power of the 
capillary columns. The combustion tube is open to the atmosphere along the 
inlet capillary A suction pump connected to the flow ceil furrushes a negative 
pressure Pressure waves generated by combustion m the furnace are pre- 
vented from being transferred back into the GC system by these two devices. 
The peak resolution of their i4C detection system under practical conditions 
was about half that of FID and the detection limit for 14C was 7 Bq 

I 
FID 

RAD 

1 

FID 

‘b’---T! 
A 

Fig 4 Chromatogram of n- ‘T,, (elutes first) and n-C,, hydrocarbons [6] Column, 30 mx 0 32 
mm I D Durabond 5J&W column, temperature programme, 110 ’ C, held 4 mm, increased at 4 o C/ 
mm to 120°C and held 100 counts full-scale RAD/FID sphttmg ratio, 46 54 Mass injected ca 
70 ng per compound (Reproduced with permlsslon ) 

Fig 5 Chromatogram of ‘%-labelled standard mater& and cold TZ-C,~ [ 61 Mass (radloactlvlty) 
inJected A, n-‘%,,, 63 ng (89 Bq), B, [14C]naphthalene, 25 ng (33 Bq), C, n-C12, 110 ng, D, n- 
“C100H, 38 ng (56 Bq) GC condltlons as m Fig 4 (Reproduced with pernusslon ) 
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3 2 Dwontlnuous methods 

Wels [ 231 reported a dlscontmuous method which involves combustion of 
components by use of FID and trappmg the 14C02 and/or ‘H20 m an absorp- 
tion fluid which, after addition of a scmtlllatlon fluid, 1s collected m fractions 
and counted m a hquld scmtlllatlon counter The absorption cell, as shown m 
Fig 6, 1s constructed entirely from glass It consists of four concentric tubes 
The innermost tube (A) carries the gases from the flame lonlzatlon detector 
mto the cell It has a Jacket tube (B) and the space between the tubes A and B 
1s heated by a resistance wire to prevent condensation of 3H20 inside tube A 
The outermost tube (D) acts as a condensation-absorption surface for 3Hz0 
and 14C02, and during operation the inner surface of this tube 1s constantly 
flushed by an even film of absorption fluid 2-Methoxyethanol (2-ME) or 2- 
ME contammg 10% of 2-phenylethylamme was used as the absorption fluid 

(A) (a) 

G 
ABSORPTION 
FLUID OUTLET1 

I 5cm 

Fig 6 Descendmg film absorption cell [23] (A) Front view (B) view from right-hand side 
Dimensions tube A, 4 mm 0 D ,2 3 mm I D , tube B, 6 5 mm I D , tube C, 13 mm 0 D , tube D, 
14 mm I D (Reproduced with permlsslon ) 
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for 3Hz0 or 14C02, respectively A typxal radio-gas chromatogram 1s shown m 
Fig 7, m which ammo acids were separated m 20-s fractions as then N-tn- 
fluoroacetyl [3H-methyl]methyl ester derlvatlves There 1s little loss of reso- 
lution apart from that mvolved m the taking of fractions The latter point 
mainly accounts for the lack of resolution of the glycme and alanme peaks 
The overall collectlon efficiency for a chromatographlc run (1 e , from collec- 
tlon to qectlon) was 92% It was suspected that the major loss of radloactlvlty 
might be due to adsorption on the GC column, and it was mentioned that d the 

I! 

Fig 7 Radio-gas chromatogram of ammo acids as their N-trlfluoroacetyl [“H-methyllmethyl 
esters (5 pg, 350 Bq) [23] Column, 274 cmX0 2 cm I D glass column packed with 5% OV-1, 
temperature programmed from 75 to 130°C at G”C/mm (Reproduced with permlsslon ) 
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radioactivity from a single peak was collected m two or three fractions, then 
radroactrvrty as low as 1 7 Bq m that peak could be detected (lo-mm countmg 
time per fraction) Regarding dual-label RGC, chemical separation was found 
to be preferable to differentiatron usmg a liquid scmtrllatron counter because 
of the dlfficultres assocrated with dual-label countmg. 

In dlscontmuous methods, the resolvmg capablhty 1s strictly limited by the 
time interval of fractlonatron To mamtam the peak resolution, this interval 
should be set to a suitable period Hamnett and Pratt [ 211 used caprllary col- 
umn RGC m combmatlon with a dlscontmuous method srmllar to that of Wels 
[ 231 for the rdentlficatlon of blosynthesrzed insect hormones One example of 
their radio-gas chromatograms is shown m Fig 8 Here, the blosynthesrzed 
[ 3H-methyl] methyl (2E,6E) farnesoate is clearly separated from its geometric 
isomer. They collected automatically fractions of effluent from the absorption 
cell every 12 s This is the reason why the peak resolution in the radrochro- 
matogram is much improved in comparrson with that shown m Fig 7 Lee et 
al [ 241 reported a simple method for trapping 3H,0 usmg a disposable glass 
pipette (Corning, 13 cm x 0 5 mm I D ) 

Derks et al [25] developed another drscontmuous method, m which a gas 
chromatograph is fitted with a sphtter leading the column effluents to a heated 
all-glass outlet The outer end of the glass outlet is bent downwards and posl- 

2E,6E 

50 25 

Fraction Number 

9 

7 

6 

5 3ti 

dpy 

x10 
4 

Fig 8 Radio-gas chromatogram of the methyl farnesoate (MF) zone from TLC of the products 
of Per&aneta amerzcana CA, stimulated with farnesemc acid and cultured with [‘H-methyl] - 
methlomne [ 2 1 ] Non-radloactlve geometric isomer of MF was added Column, 20-m Ucon HB5100 
capillary column, 170 c C (Reproduced with permlsslon ) 
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tloned as close as possible to the adsorbent layer of a thin-layer chromato- 
graphic (TLC) plate, which can be moved horizontally By moving the plate 
slowly during a GC run, the elutmg radioactive components are trapped on the 
TLC plate separately. The adsorbent m the zones on the plate correspondmg 
to the posltlons of radioactive components are scraped off and counted m a 
liquid scmtlllatlon counter 

3 3 Others 

Salto et al [26] proposed a long-path gas flow proportional counter as a 
high-sensltlvlty detector for RGC The counter tube for general use 1s made of 
brass or copper (100 cm x 1 cm diameter), with a mirror finish on all the m- 
ternal surface, and the centre electrode 1s a tungsten wire 0 05 mm m diameter 
For actual use, several of these counter tubes are connected m series to hold 
the total volume of a gas sample in the countmg system over a desired counting 
period The radloactlvlty 1s recorded as integral counts with good retention of 
chromatographlc resolution, as the counter tube has a sufficiently long passage 
m comparison with the diameter The counting efficlencles, which were deter- 
mmed by direct inJection of a known amount of [3H] - and [ 14C] toluene, were 
93 and 89%, respectively 

High-temperature apphcatlons of RGC exist that require non-destructive 
contmuous analyses of GC effluents because the effluents must be trapped for 
further study Gordon et al [ 271 developed a gas flow proportional counter for 
contmuous operation at 300°C The problem of loss of the proportional count- 
ing plateau at higher temperatures was solved by carefully homng and electro- 
pohshmg the flow counter barrel and using a centre wire free of defects. In this 
system, the background counts are low (ca 75 cpm) and the counter 1s decon- 
taminated in situ by treatment with oxygen at 325-350 *C This system can be 
used for the reactions of accelerated carbon ions impinging on various targets, 
primarily benzene Netting and Barr [ 281 also designed a gas flow proportional 
counter at elevated temperatures for RGC, m which the methyl esters of higher 
fatty acids could be collected from the effluents with an efficiency of about 
40% relative to the amount inJected. 

Two papers on isotope effects on GC retention times were pubhshed Berger 
et al [ 291 described a method for separatmg the simple radloactlve precursor 
‘lCH, from its natural carrier WH, by capillary GC at very low temperatures 
on hydrated, soft-glass columns, using hehum-mtrogen mixtures as the eluent 
They obtamed “CH, with an extremely high specific radloactlvlty (0 74-11.1 
TBq/pmol) by this method Gordon et al [30] reported a small reduction in 
the GC retention times of a number of trltlated compounds compared with 
their unlabelled analogues. The shift appears to be proportional to the number 
of trltlum atoms in a molecule 
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RADIO-GAS 

In a smgle 

a smgle a 
simultaneous m both 

m Section 2 
a SARD 

4 1 Operutmgprrnclple 

It should be possible to obtain a high detection sensitivity without sacrlficmg 
chromatographlc resolution, when n small counter tubes of equal volume are 
connected longnudmally and the radloactrvlty signals detected by each counter 
tube are accumulated m synchromzatron with the travellmg speed of the ra- 
dioactive components On the basis of this fundamental prmciple, we devel- 
oped SARD, whmh 1s applicable to various radiochromatographs. Fig. 9 illus- 
trates the prmclple of SARD for n = 3 Suppose a sample travelhng through 
the counter tubes C1, C, and C, at a flow-rate u ml/s, and the volume of each 
counter tube being u ml Here, a s 1s defined as the samplmg time, given by u/ 
u RT m SARD is defined as the time required for a specified point m the 
sample to pass through the whole detector assembly, the value being grven by 
na. The idea 1s to accumulate the radioactivity signals toward the direction 
mdlcated by the bold arrows mto an accumulation counter 

A block diagram of a SARD composed of three counter tubes is shown m 
Fig 10 It consrsts of three parts, I e , a radlodetector assembly, switchmg umts 
(B ) and accumulation counters (A). The radiodetector assembly consists of a 
serves of small counter tubes (C) of equal volume whrch are connected longl- 
tudmally Each switching umt has one output and three mput terminals A 
contact arm connects the output terminal with one of the mput termmals The 
ra&oactlvity signals of a point m the effluent are accumulated m the specified 

Fig 9 Elapsed time and posltlons of radloactwe components m the SARD detector assembly 
composed of three gas flow proportional counter tubes C,-C,, counter tubes, a, sampling time 
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ml c3 C? Cl t Itl~'lolsotope 

Fig 10 Mechanism of synchronized accumulation of radloactlvlty signals m the SARD composed 
of three counter tubes C,-C,=counter tubes, B,-B,=swltchmg umts, A,-A,=accumulatlon 
counters, 0, output terminals, 0, mput termmals 

accumulation counter (or one of the specified two adjacent accumulation 
counters, see Fig 11) at any time by means of the switchmg unit When their 
detection by the third counter tube is completed, the accumulated signals are 
sent to a recorder, and the counting cycle is reset to the nutial state It is not 
necessary to ensure uniformity of the background counts and counting effi- 
ciencies in each counter tube, as all portions are treated equally by all the 
counter tubes 

The movement of the contact arm in each switching unit can be synchro- 
nized with the travelhng speed of the radioactive components The raloactiv- 
ity signals of the first portion, which are detected by C1, C, and C, during the 
time intervals O-u, a-2a and 2a-3a, respectively, are sent to the accumulation 
counter, A,, through the input terminals 1, 2 and 3 of B1 The accumulated 
signals are then sent to a recorder and recorded as the radioactivity of fraction 
1 The same procedures are followed for the next portion entering the detector 
assembly, the radioactivity signals being accumulated in AS, and recorded as 
the radioactivity of fraction 2 

The counting conditions in SARD are shown schematically in Fig. 11 The 
dots indicate the time point for a switchover of the contact arm in each swltch- 
mg unit The radioactivity signals at the points marked with the dots are ac- 
cumulated at any time in the specified accumulation counter and recorded as 
the radioactivity of the corresponding fraction. For example, the radioactivity 
signals at point X in the effluent, which enters the detector assembly at Just 
one sampling time after the begunnng of detection of the seventh portion by 
Ci, are fully accumulated in Al and recorded as the radioactivity of fraction 7 
On the other hand, the radioactivity signals at the other points are split be- 
tween the specified two adlacent accumulation counters. For example, the ra- 
dioactivity signals at point Y, which enters the detector assembly at a time 1 6d 
after the begnnnng of detection of the third portion by C1, are split between AZ 
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Fig 11 Counting condltlons of the SARD composed of three counter tubes A,-A,=accumulatlon 
counters 

and Al, and 40% are recorded as the raloactlvlty of fraction 3 and 60% as that 
of fraction 4 

4 2 Instrument and opera&g condhons 

The feaslblhty of SARD was first verified for detection m TLC [ 311 and 
then m HPLC [32,33] In 1980, we published the first report on an RGC sys- 
tem equipped with SARD , composed of five gas flow proportional counter 
tubes of inner volume 30 ml [lo] Six years later, we developed an improved 
SARD for RGC, m which the five counter tubes are connected by a mutual 
anti-comcldence clrcult [34] With this improvement the background counts 
were approximately halved. The detection hmlt of the improved SARD for 
[‘“Cl hexadecane was approximately 0.74 Bq as amount inJected. Recently, we 
designed a new SARD system composed of seven gas flow proportional counter 
tubes of mner volume 10 ml that can be apphed to both capillary and packed 
columns [ 7,35 ] The data given below are those obtained with the new SARD, 
unless stated otherwlse 

Fig. 12 shows a block hagram of an RGC equipped with the new SARD [ 351, 
which was manufactured by Aloka (Murel, Mltaka, Tokyo, Japan) The seven 
gas flow proportional counter tubes (I D , 10 mm; effective length of anode 
wire, 128 mm) are arranged m the closest packed structure, and placed m a 30- 
mm-thick cylmdrlcal lead housing The counter tubes are electrically con- 
nected by a mutual anti-comcldence clrcult 

The SARD system can be connected to either packed glass columns or wlde- 



154 

Fig 12 Schematlc diagram of RGC system on wide-bore capillary column [ 351 1= Iqectlon port 
(direct qectlon), 2,4 =addltlon of make-up gas, 3 = column effluent splitter, F =constant-flow 
regulator, P =constant-pressure regulator 

TABLE 2 

COUNTING CONDITIONS 

Counting Flow-rate (ml/mm ) Sampling time High voltage Peak broadeninga 
condltlon (s) (kV) 

Hehum Methane 

A 50 100 4 2 78 129&0064 
B 50 150 3 2 95 113*0037 
C 50 250 2 3 06 110+0040 
D 50 550 1 3 20 115iOO76 

‘Ratlo of the half-width values (seventh counter tube/first counter tube) 

bore fused-silica capillary columns The most dlstmctlve feature 1s that the RT 
1s variable between 7 x 1 and 7 x 4 s by regulatmg the flow-rate of the counting 
gas (methane) Because the plateau characterlstlcs of gas flow proportional 
counters vary with the gas composltlon, the high voltage of the radlodetector 
assembly 1s set at the optimum value Table 2 summarizes the measurement 
condltlons Neither the background counts nor the countmg efficiency are af- 
fected by the gas composltlon to a slgmficant extent 

In the RGC-SARD system, the fraction number, the counts per fraction and 
the integral counts are printed simultaneously with the recordmg of the radlo- 
chromatogram The radloactlve peak intensity can be easily calculated by sub- 
tracting the integral counts of the fraction correspondmg to the beginning of 
the peak from those to the end of the peak 
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4 3 Performance 

4 3 1 Feasrbrbty 
The usefulness of SARD for RGC 1s largely dependent on how much peak 

broadenmg occurs owing to the prolonged RT of the radioactive components 
in the multiple counter tubes This was examined by mJectmg 150 Bq of 
[ 14C]hexadecane and momtormg the radioactivity simultaneously with the 
first and seventh counter tubes of SARD under the conditions A-D m Table 
2 The peak broademngs Judged from the increase m half-width values were 
relatively small and approximately constant (1 10-l 15) when the total gas 
flow-rate was more than 200 ml/mm (under conditions B, C and D ) In con- 
trast, the value was slightly larger at a total gas flow-rate of 150 ml/mm (under 
condition A) However, the peak broadening observed under this condition 
does not seem to impede the applicability of SARD, as will be discussed later 
(see Figs 14 and 15) An mterestmg findmg was that the peak broadening 
accompanied by passing through one counter tube, for example at a total gas 
flow-rate of 200 ml/mm, could be estimated to be 18%, as follows: when the 
peak broademng 1s set at X, then (1 +x)~= 1.13 and x=O 018 

[ 14C] Hexadecane was inJected into the RGC-SARD system and the radlo- 
activity was measured simultaneously by both the conventional methods and 
SARD under condltlon C m Table 2. An example of the chromatograms and 
reproduclblhty data are shown m Fig 13 The chromatogram m I is the output 
signal from the first of the seven counter tubes constituting the SARD system 
The chromatogram m II is the sum of output signals from all seven counter 
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Fig 13 Companson of chromatogram obtamed with SARD with those from conventional detec- 
tion methods [ 71 Sample [“Cl hexadecane, ca 150 Bq * = Counts (mean k S D ), * * =detector 
volume (ml) GC column as m Fig 2, 180’ C Countmg condltlon, C m Table 2 



156 

tubes, and may be considered to result from a single counter tube of volume 70 
ml The chromatogram in III 1s the SARD output slgnal The advantages of 
SARD are evident by comparison of the three chromatograms The resolution 
1s sacrificed m II to give extreme peak broadenmg. However, the peak width in 
III 1s almost identical with that in I As IS shown from the reproduclblhty data, 
the Integral Intensity In III 1s comparable to that in II and about seven times 
that m I Although the coefficient of variation m II 1s improved by l/J? times 
that in I, that m III obviously improved even more Whereas the peak lnten- 
sltles m I and II are calculated from the areas which are measured by cutting 
and welghmg the radloactlve peaks, those m III are obtained directly from the 
chromatograms and the corresponding improvement m preclslon 1s achieved 
The above results show that both the maintenance of chromatographlc reso- 
lution as in I and the enhancement of detectlon sensltlvlty as in II are reahzed 
simultaneously in SARD, whereas choice must be made In the conventional 
method 

4 3 2 Background counts 
Reduction of the background counts also contributes to the precise detection 

of peaks of low radloactlvlty An effective low-background detector was de- 
signed by Simpson [ 111, as stated above An attempt was made to develop a 
low-background SARD by a mutual anti-comcldence method [ 341 In the usual 
anti-comcldence method, the main counter tube 1s surrounded by the guard 
counter tubes, and pulses from the main counter tube (mam pulse) are con- 
trolled by those from the guard counter tubes (gate pulse), that IS, the gate 
pulse determines whether the maln pulse 1s counted or not In the mutual antl- 
colncldence method, pulses from each counter tube serve as both main and 
gate pulses The background counts In the new SARD were approximately 40 
cpm, 1 e , 6 cpm per counter tube This value 1s considered to be fairly low 
compared with those m usual gas flow counter tubes having the same volume 
[ 3H] Hexadecane In an amount from 20 to 180 Bq was Injected into the RGC- 
SARD system to examine the lmearlty between the 1nJectlon radloactlvlty and 
the radloactlve peak Intensity An excellent linear relatlonshlp was found The 
amount of radloactlvlty injected into the RGC 1s normally less than 180 Bq per 
component m blochemlcal studies Therefore, the countmg loss due to an ac- 
cidental colncldence of the radioactive dlsmtegratlons in the detector assembly 
was proved to be neghglble in practical samples 

4 3 3 Detectzon llrnlt and accuracy of quantrtataon 
In order to examme the detection hmlt, a series of samples contalnmg 

[5,6,8,9,11,12,14,15(n)-3H] arachldonlc acid ( [‘H ] AA, 7 1 TBq/mmol) of rel- 
atively low radloactlvlty were measured as the methyl ester under condltlon A 
in Table 2 The results are given in Fig 14 [36] 

Although the detection hmlt of the conventional method 1s determined more 
or less subjectively, that of the present method may be calculated more objet- 
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Fig 16 Radio-gas chromatograms produced by capillary RGC-SARD (left) and packed RGC- 
SARD (right) [35] Sample 190 Bq of dl-[ Wlsuprofen-(S)-( - )-l-(1-naphthyl)ethylamme 
Countmg condltlon, C In Table 2 GC column as m Fig 14 Peaks I = d-suprofen, II= I-suprofen 

chromatographlc characterrstlcs as the FID trace Therefore, when high reso- 
lutlon 1s required, condition C should be chosen 

An example in which the advantages of the new RGC-SARD system on a 
capillary column are well realized 1s shown m Fig 16 The sample 1s dl- 
[ 14C ] suprofen- (S )- ( - ) -l- ( 1-naphthyl)ethylamme The oven temperatures 
were identical m both runs shown It can be assumed that the superiorrty of 
the GC peak yields and the precrslon in the capillary column are due to the 
suppressron of column adsorption and thermal decomposition of the sub- 
stances due to the mertness of the column and the short trme required for 
analyses [ 351 

5 APPLICATIONS 

RGC 1s a mature technique, on whrch many chromatographers formerly 
placed high hopes However, today RGC seems to play a subordmate role m 
chromatography Only a few papers have been published m which the term 
‘radio-gas chromatography’ 1s mentioned Therefore, it 1s impossible to write 
a comprehensive review about Its applications In the following, representatrve 
studies m which RGC was used efficiently are mentioned 

5 1 Metabolsc studies 

RGC 1s a useful tool for searching for metabohtes orrgmatmg from a radro- 
rsotoprcally labelled compound m a complex matrix Recently, stable isotope 
tracer techniques have been enJoymg a broad apphcatlon m drug metabolic 
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studies in combination with the development of GC-MS [37,38] One of the 
weak points of the tracer techniques is that stable isotopes are ‘silent’ isotopes. 
Hence RGC is expected to become a technique complementary to these newly 
developed tracer techniques 

2 [4- (2-Thienyl)phenyl]proplonlc acid (suprofen) is a non-steroidal antl- 
inflammatory drug Its metabolic pathway was studied by RGC in combmatlon 
with isotope ion cluster techniques [ 391. TLC of the intact urine of rats given 
10 mg/kg [ 2-14C] suprofen revealed two groups of metabohtes: a polar group 
(RF 0 0 ) and a less polar group (RF 0 4-O 8) A typical radio-gas chromatogram 
of the less polar group is shown m Fig. 17 Three radioactive metabohtes with 
retention times of 15 (peak I), 3 3 (peak II) and 4 4 mm (peak III) marked 
with asterisks were observed The less polar group of metabohtes obtained 
from rat urme after oral dosing with 20 mg/kg of an equlmolar mixture of 
suprofen and [phenyl-2H4] suprofen were analysed by GC-MS under the same 
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Fig 17 Radio-gas chromatogram of metabohtes of [ “C]~uprofen (rat urine, as trlmethylsllyl 
denvatlves) [39] Column, 2 mx3 mm I D Glass column packed with 15% OV-17,225”C (Re- 
produced with permlsslon ) 
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conditions as the RGC analysis Mass spectra of peaks correspondmg to peaks 
I, II and III showed the expected doublet peaks 4 atomic mass units apart RGC 
was helpful m dlstmgulshmg metabohtes separately from the solvent, deriva- 
tlzmg reagents and biological impurities, and the results were readily apphca- 
ble to GC-MS techniques. 

Another example of a metabolic study using RGC IS shown m Fig 18 A 5- 
ng amount of [3H]6-ketoprostaglandm F,, (5 8 TBq/mmol) was admu-us- 
tered mtravenously to a rat The urine collection from 0 to 8 h was treated with 
Sep-Pak C,* and Sep-Pak silica and, after derlvatlzatlon, the eluate was m- 
Jetted into the RGC-SARD system without any further purification [ 361 The 
RAD trace gave the well defined seven radioactive peaks, whereas the FID 
trace did not give any mformatlon, as predicted The radioactivity of each peak 
was calculated from peak counts, RT (7 x 4 s) and counting efficiency (65% ), 
and expressed as a ratio to the radioactivity injected The mass spectra of the 
correspondmg peaks of the urine of rat admnustered a large amount of 6-keto- 
dmor-7,9,13-prostaglandm F1, (1 0 mg) suggested that peaks 1, 2 and 3 are 
dmor-4-keto-7,9,13-trihydroxyprosta-ll,l2-enoic acid, 6,15-diketo-13,14-dl- 
hydroprostaglandm F,, and 6-ketoprostaglandm Fla, respectively 

These results demonstrate the three advantages of the RGC-SARD system 
The first is that the RAD trace does not suffer from any interference from 
endogenous components, which means that RGC analysis requires fewer pre- 
purification procedures and that there is less decomposition accompanymg the 
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Fig 18 Radio-gas chromatogram of urmary [‘HI 6-ketoprostaglandm F,, and its metabohtes (as 
methyl ester-methylox~me-d~methyl~sopropyls~lylder~vat~ve) Sample ca 310 Bq Countmgcon- 
dltlon, A m Table 2 GC column as m Fig 14 Temperature programme 24O”C, held 4 mm, m- 
creased to 290 3 C at 3 “C/mm The broken line indicates the elevated background level 
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purlficatlon procedures The second IS its extremely high sensltlvlty, which 
makes it possible to perform a metabohc study m VIVO with nanogram dosages 
The third 1s that the data obtamed by this system are much more easily acces- 
sible to quantitative analysis A ‘balance sheet’ can be made between the 
amounts of each metabohte recorded on the radlochromatogram and amounts 
inJected, as mentioned above 

A few reports m which RGC was used methodologically for metabohc studies 
of steroids have been published Llsboa et al [ 401 mvestlgated the metabohsm 
of [“Cl testosterone m the mtact rat kidney, usmg a model m which the ana- 
tomical and physlologlcal unmJured kidney was perfused SIX labelled metab- 
ohtes were isolated and ldentlfled by over-run TLC and RGC Weber et al 
[ 141 used RGC on capillary columns to detect trace amounts of estrogens and 
identified 7cr-hydroxyestradlol-17p as a new metabohte of [‘“Cl estradlol-17/? 
after perfusion of isolated rat brain 

5 2 Clmcal applrcatmns 

Derks et al [25] d escrlbed an RGC method for the determmatlon of the rate 
of production of cortlsol by measuring the isotope dilution of urinary cortlsol 
metabohtes Urine samples from eight adult patients who had received 37 kBq 
[ 3H] cortlsol orally were processed and InJected Into the GC system Butylox- 
lme-trlmethylsllyl derlvatlves of tetrahydrocortlsol (THCL), aEZo-THCL and 
tetrahydrocortlsone (THCE) were trapped separately on a TLC plate and 
counted m a liquid scmtlllatlon counter, as mentioned m Sectlon 3 2 The 
method was calibrated by determmmg [ 3H] THCL and [‘HI THCE of known 
specific actlvltles The results were reasonably reproducible, the coefflclents 
of varlatlon ranging from 8 to 15% for allo-THCL and THCL and from 9 to 
16% for THCE The correlation coefficients were excellent when the method 
was compared with a method mvolvmg TLC and spectrophotometry The most 
important advantage of RGC over TLC methods 1s that the cortlsol metabo- 
htes are easily purlfled and measured m only one chromatographlc step Fur- 
ther, the gas chromatogram shows the pattern of urinary steroid metabohtes, 
therefore yielding additional mformatlon on adrenal cortical function 

Herkner et al [41] proposed a umque method for the measurement of an- 
drogen 5a-reductase by RGC on capillary columns [ 3H]Testosterone was m- 
cubated with foreskm tissue homogenates The specific radloactlvltles of 5cu- 
dlhydrotestosterone, 5m-androstane-3cr,l7P_dlol and 5a-androstane-3/I,17/I- 
dlol were determined by the simultaneous mass and radloactlvlty analysis of 
the steroidal fraction extracted from the mcubatlon mixture Reaction rates 
were calculated from the specific radloactlvltles of these metabohtes and the 
precursor 

Loh et al [42] developed a novel method for the determination of nortrlp- 
tylme m plasma After the nortrlptylme had been extracted, it was acetylated 
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with [ 3H]acetlc anhydride and the amount of [ 3H] acetylnortrlptylme m the 
extract was determined by RGC. A linear cahbratlon graph resulted from plot- 
ting peak areas against human plasma concentrations of nortrlptylme rangmg 
from 3 125 to 50.0 ng/ml. The method IS more sensitive than TLC and GC 
methods that do not employ radloactlvlty and 1s capable of assaying 5 ng/ml 
nortrlptylme m plasma The sensltlvlty of this raloacetylatlon method can 
probably be increased by using acetic anhydride of higher specific ra&oactlvlty. 

5 3 Studres of bmynthesrs 

Moller [43] skllfully applied RGC for the identification of possible mter- 
mediates m the blosynthesls of cyanogemc glucosldes L- [ U-'"C ] tyrosme was 
incubated with sorghum ‘high-speed’ pellet suspension m an NADPH regen- 
erating system Ahquots of mcubatlon mixture were lyophlhzed to dryness and 
then sllylated. A sllylated standard mixture contaming approximately 8 ,ug of 
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Fig 19 Radio-gas chromatogram obtained from an enzymatic experiment with sorghum mlcro- 
somes fed L- [ U-‘“Cl tyrosme [43 ] Top, RAD trace, bottom, FID trace Column, 168 cmx 4 mm 
I D glass column packed with 3% SP-2250 Temperature programme, 155”C, held 6 mm, m- 
creased at 30” C/mm to 175’ C, held 15 mm (Reproduced with permlsslon ) 
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