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SUMMARY 

A methodology involving equilibrium dialysis and gas chromatography has 
been developed to measure concurrently the concentration of the dialyzable (Le., 
free) fractions of thyroxine and 3,5,3’-triiodothyronine in serum. The electron capture 
response of the N,G-dihept&iuorobutyryl methyl ester derivatives of these hormones 
allows their detection and quantitation in the picogram range (detection limit approx. 
0.2 pg). Puriikation of the dialysate is achieved using a cation-exchange column which 
is pretreated with diiodothyronine. Adsorption problems on the glassware are 
eliminated by silanization. The methodology also resolves 3,3’S’-triiodothyronine 
(reverse T& 

INTRODUCIIQN 

At present, two active thyroid hormones have been found in si_@ficant quan- 
tities in human serum., thyroxine (T,) and 3,5,3’-triiodothyronine (Ts). A related sub- 
stance which has attracted recent interest because of its diEerent serum levels invarious 
normal and diseased states is 3,3’,5’-triiodothyronine or reverse T3 (RT,). The major 
fractions (more than 99 %) of each of these substances in serum are reversibly bound 
to proteins such .zs thyroxine-binding globulin, albumin, and thyroxine-binding pre- 
album& However, it is the free (tutbound) forms of T3 and ?C, (FT, and FF,), present 
only in trace amounts (generally l-50 pg/ml), which provide the most indicative index 
of thyroid functiortl. 

The analysis of the trace leveh of the free thyroid hormones in serum presents 
a major arralytical challenge. Not only is the serum sample itself extremely complex 
and limited in supply, but the free hormones are engaged in a facile equilibrium with 
a vastly greater amount of bound hormones. Even a minor perturbation of this equi- 
~librium &uses the reported levels of FT3 and FT4 to change. Father, the large 
mokeular weights of these hormones (near 1ooO), the lability of their iodine atom, 
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their tendency to adsorb onto solid surfaces, md their presence and availability in 
or&y trace counts in serum (in tke free form) impose additional constraints. 

Tke problem of isolating free from protein-bound hormone without sign%- 
atly perturbing the equilibrium involved has been approached most effectively by 
means of equilibrium dialysS, in spite ofcertain shortcomings, which have been sum- 
m&zed3. Ultraiiltration and brief exposure to a binding agent, such as Sephadex, 
have also been used3s4. 

Due to the trace levels of the free hormones in serum, a variety of methods 
based on radiochemical techniques have been selected for estim$ing and monitoring 
FTs and FT, (refs. 24). While these techniques are currently employed, they suffer 
cert.&r disadvantages, among which may be the need for accompanying assays of the 
total amounts of T3 and T,, the necessity to work with radioactive-materials and their 
degradation products, the requirement for short half-lived radioisotopes such Z.S lzsE 
because of tke need for kigk specSc activities, and the extra-work and reagents in- 
volved in assaying for both FT, and FT,. 

Gas chromatographic (CC) analysis with electron capture detection (GC- 
ECD) of volatile derivativesof the thyroid hormones has been reported; however, the 
detection limits to date have only permitted tke analysis of the total amcmnts of Ts 
and T, in I ml of ~&um~-‘~_ Nevertheless, the structure of the hormones, including 
at least three iodine atoms, would lead one to expect that ivitk the approptite 
derivatives and detector noise levels GC-EC+ ought to achieve the required detection 
limits for the analysis of free forms. 



?&is @per rep0d.s the successfuf concurrent analysis of the free thyroid 
hormones in 1 ml of serum using the GC separation of the N,G-diheptafluorobutyryl 
methyl ester derivatives with ECD at the required low noise level. Detection Iimits of 
0.2 pg have been achieved. The method utilizes equilibrium dialysis to remove the 
free thyroid hormone fraction from serum, cation-exchange clean-up of the dialysate, 
derivatization, and GC-ECD. 

Appmtus 
A I-Iewlett-Packard Model 5730A gas chromatograph (Avondale, Pa., U.S.A.) 

equipped with a variable frequency, constant current mode ECD was used. The radio- 
active source was 15 mCi 63Ni plated directly on the interior of the cell. A 6 ft. x 4 
mm I.D. glass column packed with 3 oA SE-30 on SO-LOO mesh Supelcoport (Supelco, 
Bellefonte, Pa., U.S.A.) was used throughout. The injector and column were main- 
tained at 250’ and the detector at 300”, at which the response to the thyroid hormones 
was found to be optimized. A carrier gas of 5 oA methane and 95 O? argon was maintained 
at 50 ml/mm. 

Mass spectra of the thyroid hormone derivatives were obtained using a Nuclide 
12-90-G single focusing magnetic deflection mass spectrometer(Nuclide, State College, 
Pa., U.S.A.). The accelerating potential was 3 kV, the electron energy was 70 eV, and 
the temperature of the ion source was maintained at 250”. 

Reactivials (0.3, 1.0,3.0, and 5.0 ml) from Pierce (Rockford, Ill., U.S.A.) were 
used to form the derivatives and perform the dialyses. Hamilton microliter syringes 
(IO, 50, and 100~1) (Rena, Nev., U.S.A.) were employed for all microtransfers and 
additions_ A Calm 4100 electrobalance (Ventron, Paramount, Calif., U.S.A.) was 
employed to weigh microgram quantities of the derivative standards. 

An IN-V-TRON 2000 (Nuclear Systems, Chicago, Ill., U.S.A.) gamma counter 
was used to count radioactive T, in the experiment dealing with adsorption losses. 

The dialysis membranes were Visking precision Nojax cellulose casing (Union 
Carbide, Chicago, Ill., U.S._4.). Minienert caps equipped with septum injection ports 
(Supelco) were used to seal the vials which contained solutions to be injected into the 
gas chromatograph. Polyethylene chromatographic columns (10 cm x 1 cm I.D.) 
were purchased from Eastman-Kodak (Rochester, N.Y., U.S.A.). 

The esterifying reagent was 25 % (w/w) gaseous HCl (Matheson, Gloucester, 
Mass., U.S.A.) in methanol (Burdick and Jackson, Muskegon, Mich., U.S.A.). The 
methanol was redistiIled and dried over molecular sieve Type 5A. The acetylating agent 
agent was heptafluorobutyric anhydride (K & K, Plainview, N-Y., U.S.A.) in aceto- 

nitrile (Burdick and Jackson). Upon arrival, the heptafluorobutyric anhydride was 
stored over anbydrous calcium sulfate in-a desiccator at -4” and subsequently used 
witho~ut further puriIication. Acetonitrile was redistilled and dried over molecular 
sieve Type 5A. Diiodothyronine (Td, T,, and T+ were obtained as the free acids from 
Sigma (St. Louis, MO., U.S.A.) and stored in a desiccator at -4’. RrJ was kindly 
given to us by Dr. R. I. Meltzer of Warner-Lsmbert Research Laboratories. 

Cation-exchange resin Bio-Rad AG SOW-X2 (II’), 100-200 mesh, was ob- 



tained from Bio-Rad Labs. (Richmond, Calif., U.S.A.) [U5F]T4 was obtained from 
Abbott Labs- (Chicago, Ill., U.S.A.). The sib&zing agent, trimethyh&lorosilane, was 
purchased from Supelco. 

Silanization of glassware 
Glassware was first cleaned by boiling in concentrated nitric acid for I h and 

rinsing to neutrality with distilled water. The glassware was then boiled in distilled 
water for 1 h and dried in an oven (140”) overnight.~Silanization was conducted using 
2 4% (v/v) solution of trimethylchlorosila in dry toiuene for 10 min at room 
temperature. The glassware was returned to -the 140” oven for 4 h, and was subse- 
quently allowed to cool in a desiccator. When at room temperature, the vials were 
sealed with PTFE-coated septa. The silanization procedure was used throughout the 
entire experiment on all glassware, including reaction vials, volumetric flasks, and 
pipets, that were to come in contact with the thyroid hormones. 

Preparation of 25% (saturatedj HCI-meihanol (rvlwj 
A lo-ml volume of dry methanol was pipeted into a dry 25-ml centrifuge tube 

and weighed. The tube was then placed in a dry ice-methanol bath and a stream of 
nitrogen was maintained above the solution while a stream of HCl gas was bubbled 
through the solution for approximately 15 min. After this time, the HCl and nitrogen 
streams were removed, and the tube was withdrawn, dried, and quickly weighed. 
This procedure was continued until a 25 % increase in weight (10.1 g) was observed_ 
Once the proper percentage had been obtained (usually after 15 min), the solution 
was transferred to the esterification samples (e.g., 0.5 ml/serum sample) by decan’ta- 
tion. The HCl-methanol solution was always prepared for immediate use. 

Deri~~atization of T2, T,, RT,, and T4 standards 
T,, T3, or T4 (25.0 mg) was placed in a &ml centrifuge tube and 25 ml of 25 % 

HCl in methanol were added for esterificatioa. The tube was sealed immediately with 
2 septum and agitated for 3 mm on 2 vortex. Esterification was allowed to continue 
for 1 h at 60”; subsequently the solution was evaporated to dryness under a stream 
of dry nitrogen. A freshly prepared solution of 1.5 ml of heptaff uorobutyric anhydride 
in 6 ml of acetonitrile was then added. The tube was kept at 60” for 1 h, cooled to room 
temperature, and the soiution was blown to dryness with dry nitrogen. The resulting 
solids were recrystallized from acetonitriie. 

Since we had only a small quantity of RT,, 1.00 mg was used to form the deriv- 
ative. This was done in a I-ml reaction vial using similar conditions to those men- 
tioned above except that 0.5 ml of HCl-methanol solution and 100 ~1 of heptafluoro- 
butyric anhydride in 490 ~1 of acetonitrile were employed. Recrystallization again was 
from acetonitrile. 

In order to determine the percentage yield, the derivatization scheme was 
conducted on microgram quantities of material, using the appropriate volumes of 
the ester&&ion and acetylating solutions. After completion of the reaction, the 
residue was redissolved in aeetonitrile and injected into the gas cbromatograph. 
Comparison of the ECD responses with those of standard solutions made from the 
pure material revealed a 99 y0 yield in each case. 
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Elemental analyses and melting points of the derivatized thyroid hormone 
standards were as follows: 

Derivatized T, -Found: 30.69%~C; 1.29% II; 28.45% F; 27.24% I; 1.52% 
N; lO.Sl”,/, 0; m-p. 103-105” 
Czlc. for C&I,3F,,I,N06: 30.94% C; 1.41% II; 28.57 % F; 
27.27% I; 1.50% N; 10.3I % 0 

Derivatized T3 - Found: 27.18% C; l.OS% H; 25.10% F; 36.01% I; 1.33% 
N; 1.30% 0; m-p. 118-119” 
Calc. for C&IlZFl+13N06: 27.25 % C; 1.14 oA II; 25.17 ok F; 
36.03 % I; 1.32% N; 9.05 % 0 

Derivatized T% - Found: 24.15% C; 0.86% H; 22.39% F; 42.88% I; 1.20% 
N; 8.52% 0; m-p. 148-150” 
Calc. for C,H,,F,,I;NCI,: 24.35 % C; 0.94 % H; 22.49 % F; 
42.92% I; 1.18% N; 8.11% 0 

Molecular-weight determination was also verified by mass spe-ctrometry. Each 
of the compounds exhibited easily recognizable molecular ion peaks (Mf) of high 
relative intensity. The base peak in each spectrum appeared at mJe values correspond- 
ing to (ha - 213)+. Significant peaks in the spectrum for each compound having 
relative intensities greater than 40 ok occurred at m/e values of (M - 284)+, (M - 
4IO)’ 2nd (M - 538)+. Mechanisms of the fragmentation patterns of these molecules 
are currently being studied by isotopic labeling and high-resolution techniques. 

The thyroid hormone derivatives have proven to possess remarkable stability 
both in solid form and in solution. Although ECD calibrations of the standards were 
made immediately after derivatization, solutions stored up to four months revealed 
no decomposition. The only precaution taken was to store the derivatives in the dark 
at -4”. 

Phxsphate bufler 
The 0.15 M phosphate buffer was composed of 19.70 g dipotassium hydrogen 

phosphate and 4.92 g potassium dihydrogen phosphate in 1 1 of distilled water. 
Phosphoric acid or sodium hydroxide solutions were used to adjust the pH to 7.40. 
The solution was stored at 4” in the dark. Before use, the buffer solution was allowed 
to reach room temperature, and the pH was checked. 

Equilibrium dialysis of sera 
Dialysis membranes were prepared using the method of Sterling13, in which 

membranes were soaked in 0.1 M KNO, for 24 h and in 0.01 M HN03 for three days, 
followed by storage in distilled water at 4”. Before use, the dialysis bags were washed 
repeatedly with distilled water. During handling of the membranes, plastic disposable 
surgical gloves were worn. Using forceps, the moist membrane was doubly knotted 
at one end, filled with 1 ml of phosphate buffer, and inspected visually for pin holes. 
If satisfactory, the buKer was removed and the bag was rinsed again with distilled 
water. The pH of the serum was measured and adjusted to 7.40, if necessary. Serum 
(1.00 ml) was introduced into the bag with a pipet, and the end of the membrane was 
doubly knotted, The membrane was folded in a “V” and pIaced ia 2 S-ml silanized 
microreaction vial. This vial also contained a triangular stirring bar to provide a 
gentle stirring of the solution. A 1.50~ml aliquot of phosphate buffer was pipetted into 



the vial. The vial was sealed with a PTFE septum, wrapped with aluminum foil (in 
order to minimize photooxidation) and placed in a water-bath maintained at37 ‘5 0.5”. 
Dialysis with stirring was assumed to be complete after 18 hZ4, at which time the vials 
were removed and allowed to reach room temperature. 

Cation-exchange chromatography 
The cation-exchange resin (Bio-Rad AG SW-X2 (Hi), 100-200 mesh) was 

washed four times in distilled water and the fmes were decanted. An aqueous slurry 
of the resin was poured into a 10 cm x 1 cm I.D. polyethylene column, which con- 
tained a silanized glass wool ph.,, 1~ and settled to a packed height of 5 cm with 15 ml 
of distilled water. The column was then activated with 5 ml of 2 N HCl and washed 
with 5 ml of distilled water. A solution of 15 pg of TZ in 1.0 ml of phosphate buffer 
{determined by GC) was injected onto the column, and the column was washed 
with 15 ml of 0.15 M ammonium acetate (pH 8.5), 2 ml of methanol, and 4 ml of 
methanol-12 Nammonium hydroxide (97 :3, v/v). The column was treated successively 
as before with 3 ml of water, 5 ml of 2 N HCl, and 5 ml of water. The serum dialysate 
was pipeted onto the top of the column, aad the dialysis vial was rinsed four times 
onto the column with 0.5~ml volumes of phosphate buffer- The intact dialysis bag 
was placed over the column and washed with 1 ml of phosphate buffer. Again, the 
ion-exchange column was washed with 15 ml of 0.15 &f ammonium acetate (pH 8.5) 
and then 2 ml of methanol_ The thyroid hormone fraction was subsequently eluted 
from the column with a 4-ml volume of methanol-12 N ammonium hydroxide solu- 
tion (97 :3, v/v)_ This wash procedure followed essentially that used by Tajuddin and 
Elfoaum’j. The eluate was then collected in a 5-ml microreaction vial and evaporated 
to dryness at 40” under a stream of nitrogen. 

Derhatization of t;ie free thyroid hormones 
The eluent from the cation-exchange column containing the thyroid hormones 

was dried under a stream of nitrogen at 40” for 20 min. To the residue was added 0.5 
ml of the 25 % (w/w) HCl-methanol solution, the vial was sealed with a PTFE septum 
and heated to GO” for 1 h in order to esterify the acids. After this time, the reaction 

mixture was allowed to reach room temperature before removing the septum. The 
ssterifying solution was evaporated to dryness at 40” with a stream of nitrogen for 
15 min. Acetylation was accomplished by adding separately 50~1 of heptafluoro- 
butyric anhydride and 200 ,~l of acetonitrile to the residue, mixing on a vortex for 3 
min and heating to 60” for 30 min. After removing the acetylating solution under a 
stream of nitrogen at 40”, the reaction vial was sealed with a Minienert cap. This cap 
was used so that aiiquots could be added or removed without exposure of the sample 
to the atmosphere. 

The residue in the vial was taken up in 20~1 of acetonitrile and mixed on a 
vortex for 5 min. Injections into the gas chromatograph were made by removal of 
aliquots from the solution via the septum port valve on the Minienert cap. Injection 
volumes were 5~1. 

RESULTS AND DISCUSSION 

As we have already noted, the goal of this research was to develop an 



adyticd methadofogy thaL would petit the simultaneous analysis of the dialyzable 
(Le., free) thyroid hormones in sera. The expected amount of the diaIyzztbEe 
hormones in 1 ml of undiluted sera was at the l-50 pg level’. This level places severe 
demands on detection, and it was clear that beyond incorporation of radioactive 
species, one of the only possible means of detection was GC-ECD. With such a 
procedure, severe demands are also piaced on the sample clean-rrp and derivatization 
steps in order that sample losses are minimized. 

For purposes of reference, the overall anaiytical scheme is shown in Fig. I. As 
noted, equilibrium dialysis has been shown to be a valid method for isolating a 
quantity of urrbound thyroid hormone that correlates with disease state’~13*15-21. We 
have simply followed a standard procedure in this step. Originally, derivatization 
was conducted on a iyopbilized serum d.ialysate. This approach ftied to yield a 
satisfactory sample for GC analysis, and so an additional clean-up step was neces- 
sary_ A modified cation-exchange procedure proved to be adequate. Derivatization of 
the eluted fraction, GC separation, and ECD completed the analysis of the thyroid 

hormones at the picogram level. 

EQUILIBRIUM 
CATIOH- 
EXCHANGE DERIVATIZATION 
CHROMATOGRAPHY 

Fig_ I. Btock diagram of the procedure for the analysis of r’ree thyroid hormones. 

Other workers have noted that the thyroid hormones tend to adsorb to glass- 
wareG*=. At the pico_eram level this could represent a si_&&zar,t problem in terms of 
both the accuracy and reproducibility of the analysis. We have found that a 
satisfactory method for eliminating adsorption on glassware is via siianization with 

trimethyfchlorosila. 
An experiment was performed using [125i]T4 to illustrate the effective elimina- 

tion of adsorption_ Four test tubes each from six sources were selected for study_ Tvo 
of each set were cleaned azd silanized by the previously outlined procedure, and the 
remaining two were used as received. Ia each of the test tubes was placed 1.5 IIIJ of 
phosphate buffer (see Experimental) containing 25,000 cpm of [‘“I]T+ The tubes 
were sealed with PTFE rape and placed in a shaker bath at 37” for 18 h (corresponding 
to the conditions for dialysis). After this time period, the solutions were withdrawn 
by pipet and each tube rinsed four times with 0.5 ml of phosphate buffer. The tubes 
were then dried under a stream of nitrogen, resealed and placed in the gamma counter 
for analysis of the [1’5i]T4 that adhered to the sides of the tubes. Each tube was counted 
three times and averaged. 

The results of this experiment are shown in Table I. Each value of counts per 
minute is the average of the two tubes treated identically. (Deviations were generally 

less than 5 %.) As the background cpm is roughly 200, it can be seen that sifanization 
does completely eliminate the adsorption problem. Note that treatment with silicone 
(tube F) does not reduce adsorption at the iow levels of this experiment. In order to 
standardize the analytical procedure, cleaning and siltization were conducted on all 
glassware that was used in the work. 
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TABLE I .: : 
..- 

COUNTS PER MINUTE (cpmj GF “r, ADSORB= &O-GLASS; X&ES : 
Average background = 203 cpm. Tubes: (A) I6 mm k 150 m& Rtih&te; Sciekti~c No. 7U45; (B) 
16 mm-.x loci mm, Fisher Scientifk No..14-957-L6B; (&I2 km x 75 &I, Be&on-Dickinson 50. 
7813; (D) 2Omm x lSO.mm, Van-Lab No. 6OoP2.5389. (Pyrex); (E) 16 mm x .1oOm1& Curtin- 
Math-n No. 339-3099; 0 16 mm x 100 mm, Yenzject No. L-30 (silicone tre&ed). ‘T, = 
[J2sI] Te (25,OUO cpm)_ 

: 
Tube No trz~rment SilnniIea' 

A 1568 207 
B no4 212 
C 1338 211. 
D 1588 19% 
E 1335 2434 
F 1382 209 

Thyraid honmme Standard.. -separatfoon and calibratiorz 
While N,O-dipivalyl methyl esters znd other derivatives of the thyroid hor- 

mones have heen successftiy chromatographed, the reported detection limits were 
not sufhcient for our purposes. One of the reasons for the poor detection limits was 
in part due to detector iimitations. With the ECD used in this wo& we were routinely 
able to work at very low noise levels (1 x IO-= A). In addition, we employed fiuori- 
nated derivatives .of the thyroid hormones for enhanced volatility and possibly im- 
proved detection knits. For this purpose, we selected the N,O-diheptafiuorobuty- 
ryl methyl ester derivatives of the thyroid hormones. 

After successful derivatization of the standards, a GC separation at 2.50” was 
developed, as shown .in Fig. 2. We have included in this separation reverse T3, which 
recently has been evaluated in a variety of normal and diseased state& -Note that 
roughly 10 pg of each standard has been injected.. 

Calibration plots (peak heights) were found to be identical for each of the 
three standards, -and this calibration is shown in Fig. 2. The standard error in .peak 
height using the data from all three standards was fou&d to be iI %. Although the 
plots were found to have a linear dynamic range of Iti with correlation coefE&nts 
of greater than 0.99, the required linear dynamic range for physiological conccntra- 
tions in 1 ml of serum is only HP. The, detection limits for each of theke derivatives 
were found to be 0.2 pg_ Accefiting the values of free T= and T4 from equihb&m dial- 
ysis by Sterlingx3, our detection knits indicate that we should be readily able to detect 
the dialyzable hormones in l-ml of serum even from hypo’rhyroid individuals (re- 
duced T, and T4 levels), if no losses in sample-handling occur. We shall discuss 
reverse T3 later in the paper. J 

C&on-excknge clcx7~-lcp of &&sate 
As -mentioned previously, it was found. necessary to clean-up the di&sate 

prior to derivatization. We employed the established method ofYxtion-exchange 
c~omafogTaphy5~6~16~z~~zs, but in agreement with others *2 found recoveries yre not 
qilai&ative. : .- -. ‘. 

-In order .to assess recoveries at the pi&gram loveI, a &a&rd~solution .of 9 
pg/ml T3 &d %l pg/ml of T4 in phosphate btier .was-pre@red. The concemration~ 
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Fig. 2. GC-ECD of the N,O-diheptaBuorobutyryl methyl ester derivatives of th_yroid hormones. 
Column, 6 ft. x 4 mm I.D. glass coil packed with 3 % SE-30 on SO-100 mesh Supe!coport; tempera- 
ture, 250”; carrier, methane-argon (5:95); flow-rate, 60 ml/n&; injector temperature, 250”; detector 
temperature, 300”; k@ction voiume, 5 pl; attenuation, xl.1 =Ts;2=reverseT,;3=T4; 1Opg 

eadt 

of fhe thyroid hormones were ascertained by derivatization and GC analysis. One 
rililliliter of this standard solution was pipetted on top of the cation-exchange column 
and the column was washed w4th 0.15 M ammonium acetate and then methanol, as 
outlined in Experimental. The hormones were then collected in zux eluent of 
methancSZ2 N ammonium hydroxide (97:3), derivatized, and injected into the gas 
chrom&ograph. As seen in Table II, recovery of the hormones was found to be only 
54 % for T3 and 65 % for T4. 

It was assumed that the losses were due in part to adsorption on the poly- 
ethylene column, based OQ obsefiatiom made by Lee and Pileggi’“. Following on 
their work, it was believed ti12t the column might be “deactivated” by the addition 
of a reagent to the column prior to sample loading. The de-activating agent selected 
was diiodoth$ronZlle (T& as its properties of adsorption might be expected to be 
relate-d to tkose of T3 and T4. Moreover, any T2 elitting from the resin column with 
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-TAB+EIT ’ -~ 

RECC+ER~ OF T, ,&D TI ti0.M CATKQti-EXVGE -COLti%& P&TREATED- 
WITH DIIODOTIQ’RONIBIE ma 
SGhtiGG, 9 p&d T3 znd 33 pg/d T,. 

-- 

G- G T4 Recovery Recovery 
added rewLered recovered z (Xl T4 i%) 

@La CPzd -(p&d 

0 5 w 55. 55 - 
5 24 55 80 

ii 6 25 67 a3 - 
10 0 27 67 .- !30 
12 8 29 89 97 
15 9 30 100 10 
20 9 30 100 100 
25 9 30 loo 1cM. 

the TS and T, fraction ought to be readily derivatized under the ccE;titions for 
derivatiz&ion of the active hormones. Finally, f&e T,-derivative would elute much 
eariier than the TS derivative so that no’chromatograpbic intetierence would be ex- 
pected. 

Known amounts of Tz ti 1 ml of phosphate buffer were added to the cation- 
exchange column. Each amount of Tz was separately determined by derivatization 
and GC-ECD, using a small-range (f-50 pg) calikation plot for Tz. The c&mm 
was washed in the same mam~er as described above, inclticiing e&ion with methanol- 
ammonium hydroxide. Aft& this elution, the coluti was washed with 3 ml of 
di&Xed water and reactivated with 5 ml of 2 N HCI. The column Was next loaded 
with 1 ml of standard solution (9 pg T,/30 pg T4), washed, and the fraction cokining 
Tj and T., collected. The thyroid hormones were derivatized and detected by GC- 
ECD. 

The results of this experiment tie shown in Table II. As the.quantity of Tz 
added to the column is increased, the recovered amounts of TX and T4 also &crease. 
It is found that after the addition of 15 pg Tz in the manner-described above, the 

TABJXIii .. 
-REZEATED ANALYSIS OF FREE -I?, AND FREE T+ IN SERUM 

- 
Sample No. FT3 (Pgiml) FT, !Paw 

6 32 --- 
.: -4 30 
3 6 31 
4 6 31 
5 6 .~ 29. 
6 5 29 
7 6 31 .- 
8 5 30 
9 .7. ..w 

10 .6 .- . . 30‘ . 

Avenge 5” &;os. 
_. 

30.3 & 1.9 :. _. ._ .- 



reqwery of??; and T4 is maximized. For zdf subsequent experiments, the resin columns 
were f&k-prepared by the addition of-approx. 15 pg of Tz, washed, and reactivated 
before loading of the dialysate. 

Serum dialysatti imdys2k 
Out next study dealt with the question of losses in the analysis of the dialysate 

from an actual serum sample. As described in Experimental, 1 ml of serum was 
dialyzed a,g.t I.50 ml of phosphate buffer, and two 0.50~ml aliquots of dklysate 
were withdrawn. One aliquot was untre&ed while to the other was added a 25,ul 
solutiori of 15 pg of T3 and 70 pg of T4 (as determined from the calibration plot of 
Fig. 3). Both-&quo& were chromatographed by cation exchange, derivatized, and 
analyzed by GCECD. 

For the untreated dialysate fraction, cbromatographic results with S-~1 sample 
injections indicated 0.5 pg of Ts and 2.5 pg of ‘I&. Since the sample had been taken 
from a total of 20~1, the amounts of dialyzed hormones were 2 pg of T, and ?O pg 
of TG. In the same manner the amounts of hormones found in the aliquot containing 
the added standards were 17 pg of T3 and 80 pg of Ta_ Thus, within the limits of the 
analytical procedure, no losses after the serum dkdysafe were observed, indicating 
_quantitative recovery from the dialysate. 

En or&r to determine the overall reproducibility of the method (i.e., dialysis 



and analysis) 22 ml of sera-were poofed and ten L-ml samples from this poo1 were: 
separately dialyzed against IS ml of btier. Each dialysate was cleaned up by the 
previously outlined procedure and analyzed by GC-ECD. 

The results for each milliliter of serum are shown in Table III. The percentage 
standard deviations for FT, and FT, are i- I4 % and i7 %, respectively. Considering 
the various steps in the procedure and the very low amounts of the thyroid hormones 
present, the repeatability is good. 

An: improvement in the reliability’ of the method can be achieved by the addi- 
tion of a suitable internal standard to the sermndialysate before &ion-exchange 
chromatography in order to monitor fosses and variations. We have tested S-chloro- 
3,5,3’-triiodothyronine (Cl-T,) as a potential internal standard, as it elutes between 
Ts and T4 in the GC separation of the derivatives and ought to possess~ similar 
physical and chemical properties as the hormones. Addition of this compound to the 
dialysate and subjection to the same analytical steps as described previously for Ts 
and T4 revealed a repeatability of fl oA for FT, and FT, for the ten sera samples 
shown in Table III. However, the retention time of the iaternal standard was found 
to be identical with that of reverse T3_ We are therefore currently investigating the 
synthesis of other possible internal standards that maintain the same properties as the 
thyroid hormones but can be resolved from T,, T,, and RT,. 

In Fig. 4 we show a chromatogram of (free) thyroid hormones from the serum 
of a presumably normal individual. The results correspond to 5 pg of Ts and 32 pg 
of Tc in 1 ml of serum. (Note that only l/4 of the Enal sample volume was injected 
into the gas chromatograph to achieve the chromatogram shown.) Comparab!e results 
were obtained on a serum from a second normal person. These values are within the 
range of concentrations expected for normal FT, and F& as reported by Sterling’” 
using equilibrium dialysis. As discussed by Lee and Pileg_gP4, -t&e dialyzed quantities 
of T3 and Td are dependent on the conditions of jialysis, e.g., temperature, degree of 
dilution of serum with buffer prior to dialysis, and relative solution volumes inside 
and outside the diaiysis bag. 

. E’relimhry analyses of pathological sera show the method to be completely 
applicable wi*ihout any further modi6cation to such samples. While we have analyzed 
only a limited number of abnormal samples up to this point, the FTs and FT, levels 
were as much as four-fold above and below the levels observed for the two normal 
sera in our study. Reverse T3 was also seen in some of these abnormal samples. This 
was expected, since reverse Ts is known to be elevated in a number of disease states=. 
We did not observe a peak for reverse TJ in the two normal sera which we anaiyzed, 
however, perhaps because we dial*yzed only 1 ml of serum and injected only i/4 of 
the final sample volume in each case. A peak for free reverse T3 might have been seen 
if the pro-&ure had been scaled up. Chopra et al.” report % level of free reverse Ts 
in euthyroid serum by dialyysis-radioimmunoassay to be I pglml. Work with patho- 
logical samples is continuing and will be reported in detail in a future paper. 

CONcuJSION 

A method has been develoued for the analvsis of the concentiations of fry 
(i.e., unbound) thyroid hormones in 1 ml of se&m. After equilibrium__&a&sis, a 
standard procedure, the ciialysate is cleaned-up by~cat;on-exchange chromatography, 
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Fig- 4. GC-ECD of tke N,O-diheptafluorobutyryl methyl ester derivatives of tke dialyzed thyroid 
hormones. Chromtographic conditions, same as &I Fig. 2. 1 = approx. 1 pg Tj; 2 = approx. S pg 
T,; injection vokme, 54; attenuation, x 1. 

derivatized to the N,O-diheptaSuorobutyry~ methyl esters, and subjected to GC-ECD. 
Detection limits of 0.2 pg are achieved. Reasonable values for FT3 and FT, are ob- 
tained from two normal sera, and preliminary work shows free RT, in some of the 
pathological sera examined. Although the repeatability of the method is good and 
the recovery after dialysis is essentially quantitative, it is expected that introduction 
of a suitable internal standard will enhance the routine reliability of the procedure 
based on results with a trial internal standard. 
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