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Figure 3-Concentration of nofedone in human serum after oral ad- 
ministration of 50 (--), 100 (--), and I50 (-) mg in one subject. 

extract had the same chromatographic behavior as the authentic com- 
pound. The minimum detectable quantity was 100 pg, and the linearity 
of the 63Ni-electron-capture detection response was observed from 0.5 
to 2 ng in the organic phase injected (attenuation 4 X 2.5 X 10-lo). 

The theoretical sensitivity initially was 10 ng/ml, but it improved 
during use. The sensitivity limit for the quantitative determination of 
I in serum by electron-capture detection was 5 ng/ml of serum after a 2-ml 
sample extraction. We observed, as did Leitch et al. (3), that  the sensi- 
tivity increased with the number of plasma extracts injected. At the be- 
ginning of the GLC analysis, plasma extracts were injected to obtain the 
plateau of best sensitivity. This plateau was maintained by alternating 
injections of serum extracts and reference samples. The apparent re- 
covery of I compared with that of the internal standard and the accuracy 
of the results obtained are shown in Table I. The determinations were 
repeated seven times for each quantity. The last column in Table I shows 
the validity of the method. A plot of added drug versus found drug had 
a slope of unity. According to the data provided, a single determination 
is expected to be within about 12% of the true value, and multiple de- 

terminations should vary by f12% (reproducibility). 
The chromatographic analysis of the serum blanks showed that no 

compound extracted under the conditions described interfered with I 
or the internal standard (11) (Fig. 1). TLC of derivatized extracts from 
serum taken from patients treated with nofedone showed that there was 
no interfering substance with a close R, value. In the urine of treated 
patients that  contained metabolites, the concentrations of nofedone in 
the form of bis-derivatives were the same as those measured after elution 
of a silica plate and GLC analysis. 

The sensitivity of this technique allowed determination of serum levels 
in humans for -9 hr after an intravenous bolus injection (1 mg/kg in 2 
min) and for 12 hr after a single oral dose (50-150 mg in a capsule or 
tablet). Figures 2 and 3 show the concentrations of nofedone in human 
serum after an intravenous bolus injection of 1 mg/kg and after an oral 
dose of 50,100, and 150 mg in a capsule in another subject. Pharmaco- 
kinetic data can be derived from these distribution values. The selectivity 
of this method allows determination of the compound in saliva, urine, 
and feces. 

Isopentyl alcohol was used because it prevents the molecule from ad- 
hering to the glass walls during extraction, derivatization, and GLC 
analysis. It also prevents tailing peaks and thus increases sensitivity. For 
serum concentrations below 50 ng/ml, optimal stability of the chroma- 
tograph is required to minimize background noise. For higher concen- 
trations, the method provided good reproducibility and allowed calcu- 
lation of pharmacokinetic parameters up to 9 hr following an intravenous 
bolus injection (1 mg/kg) and up to 12 and 24 hr after oral doses of 50,100, 
and 150 mg. 
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Abstract Fluorescence spectroscopy was applied to the development 
of sensitive analytical methods for the determination of thiazole and 
several congeners that contain substituted thiazole rings. Treatment to 
yield thionine, previously used spectrophotometrically to measure thi- 
azole and fluorometrically only for sulfur determinations in inorganic 
systems, is further characterized and illustrated with the determination 
of the antibiotic thiopeptin. This method is selective for submicrogram 
quantities of thiazole rings in the presence of fused-ring derivatives and 

reduced analogs. It has a precision of f2% RSD (n = 11) a t  the 15-ng/ml 
thiazole concentration level with a signal-to-noise ratio of 3:l. For thio- 
peptin, this method has an accuracy of 5% mean relative error (n = 8 )  over 
the 5-20-ppm range in medicated feed. 

Keyphrases 0 Thiazole-thiazole-containing compounds, fluorometry 
Fluorometry-analysis, thiazole-containing compounds 0 Spectros- 

copy, fluorescence-thiazole-containing compounds 

The thiazole ring is a common structural element found 
in many compounds exhibiting biological and therapeutic 
activity and in several molecules used in agricultural 
products as well as in pharmaceutical formulations (1,2). 

Because of these properties, sensitive analytical methods 
for thiazole-containing compounds are of interest for ap- 
plication in low concentration level formulations, bio- 
availability studies, and environmental samples. 
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Figure 1-UV ( A )  and N M R  ( E )  spectra of thiazole oh reduction with 
zinc in 0.15 N HC1. I n  B, the absorbances a t  9.8, 8.1, and 8.0 6 are as- 
signed to H ( 2 ) ,  H ( 4 ) ,  and H ( 5 ) ,  respectively (20). This reaction was run 
with deuterium chloride in deuterium oxide. 

The condensation reactions of sulfides with p -  phenyl- 
enediamine or its N,N-dimethyl derivative to yield thio- 
nine or methylene blue, respectively, have been known for 
many years. Most previous analytical applications of this 
reaction sequence primarily have been for spectrophoto- 
metric determinations of hydrogen sulfide (3,4) and other 
sulfides (5 ,6)  and for sulfur in inorganic systems such as 
sulfate after reduction to sulfide (7). A prior inorganic 
application by luminescence measurement involved the 
determination of traces of sulfate and sulfite in semicon- 
ductors (8,9). 

This inorganic reaction sequence has had only one 
previous analytical application to the thiazole ring. In work 
in these laboratories, thiabendazole [2-(4-thiazolyl)- 
1H- benzimidazole] was determined spectrophotometri- 
cally by the generation of sulfide oia pretreatment with 
zinc in acidic solution (10). The present report describes 
the extension of this technique to the development of a 
sensitive general analytical method for the determination 
of thiazole, substituted thiazoles, and other thiazole-con- 
taining compounds. The reaction is characterized further 
through the examination of model compounds, and its 
sensitivity is enhanced with the first application of fluo- 
rometric measurement instead of absorptiometric analysis 
for the organic system. Included is the determination of 
thiopeptin (an antibiotic that contains four thiazole rings) 
at  the low parts-per-million concentration level. 

EXPERIMENTAL 

Apparatus-A spectrofluorometer' equipped with a xenon lamp and 
a 1P21 photomultiplier tube was used for all fluorescence measurements. 
The excitation and emission slit widths a t  the cell were both 1.0 mm, and 
a 0.2-mm slit was used a t  the entrance beam to the photomultiplier tube. 
The sample container was a fused quartz fluorescence cell, 10.5 mm i.d. 
square X 46 mm high. 

All emission intensities were read on the microphotometer' and 
standardized relative to the fluorescence intensity (450 nm) of 1.0-ppm 

Aminco-Bowman SPF. American Instrument Co 

A, nm 
Figure 2-Spectral properties of the thionine fluorophore in n-butyl 
alcohol. Key: 1, absorption spectrum of thionine, M, 2, absorption 
spectrum obtainedfrom treatment of thiazole according to the text (Q 

solution containing 6 X M thiazole was treated; the absorbance 
of this thionine reaction product represents a chemical yield of 26% ); 
3, uncorrected emission spectrum, &it, = 595 nm; and 4, uncorrected 
excitation spectrum, A,,,, = 620 nm. 

quinine sulfate in 0.1 N HzS04 (350-nm excitation). Excitation and 
emission spectra were recorded on an x-y recorder2 and are uncorrected 
for frequency dependence of source excitation intensity, photomultiplier 
output, or monochromators. Absorption spectra were recorded on a 
spectroph~tometer~. 

Reagents and Solutions-Ferric ammonium sulfate4, n-butyl alco- 
ho14, sodium sulfate4, pyridine4, p-~henylenediamine~, zinc dust6, thia- 
zole7, thiophenes, thionine5, thiabenda~ole~,  cambenda~ole~, and the 
remaining substituted thiazoles7 were used as received. Other chemicals 
were reagent grade. 

Procedure-The fluotophore was developed according to the proce- 
dure described previously (10). To a 15-ml sample of thiopeptin in 0.15 
N HCI were added 5.0 ml of 0.5-mg/ml aqueous p-phenylenediamine and 
150 f 5 mg of zinc dust, and the sample was mixed. After 7 min, 5.0 ml 
of 4 . 6 5  M aqueous ferric ammonium sulfate was added, and the solution 
was mixed and allowed to remain a t  room temperature for 15 min. 

The reaction vessel was placed in a water bath a t  90 f 3 O  for 20 min 
and then cooled in an ice bath for 5 min. An additional 2.0 ml of ferric 
ammonium sulfate solution was added, and the mixture was mixed again. 
After 30 min, -5 g of sodium sulfate (anhydrous) and 5.0 ml of n- butyl 
alcohol were added, the phases were equilibrated for 2 min, and the flu- 
orescence intensity of the n-butyl alcohol phase was measured a t  620 nm 
under 475-nm excitation. 

RESULTS AND DISCUSSION 

In the present reaction sequence, thiazole was treated with zinc in 
acidic solution to yield an intermediate that might have been the result 
of two consecutive reactions, i .e . ,  zinc reduction of the ring followed by 
hydrolysis to sulfide. This unidentified product added 2 moles of p- 
phenylenediamine; in a ring-closing reaction with ferric ion as the oxi- 
dizing agent, the central ring was closed to yield thionine according to 
standard techniques. A boiling water bath was used for heating the re- 
action mixture. (When N,N-dimethyl-p-phenylenediamine was used, 
the product for colorimetric measurement was methylene blue.) 

* Arninco 54-8976, American Instrument Co. 

4 J. T. Baker. 
5 Eastman. 
6 Matheson. Coleman and Bell. 

Cary model 15, Varian Associates. 

Aldrich. 

Merck Sharp & Dohme 
8 Pfaltz & Bauer. 
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Figure 3-Analytical calibration line of fluorescence intensity as a 
function of the amount of thiazole reacted. The solvent was n-butyl 
alcohol; Xercite = 475 nm, hernit = 620 nm. Key: 0, direct measurement; 
and A, dilutions of a more concentrated reaction product solution. For 
reaction conditions, see text. 

0 200 400 600 aoo 
THIAZOLE, ng/ml 

The identity of the thiazole reaction product was confirmed by chro- 
matographic comparison with authentic thionine in three systems. The 
Rj values of the reaction product, neutral thionine, and the conjugate acid 
thionine hydrochloride on silica gel TLC plates1° were 0.93,0.91, and 0.17, 
respectively, with a mobile phase of p-dioxane-water (5:l); on silica gel 
RP-2 with a mobile phase of acetic acid-methanol ( l O O l ) ,  thionine ap- 
peared at Rf 0.70, and the reaction product obtained from thiazole ap- 
peared at Rf 0.72. This product also eluted with the same retention time 
as thionine from a silica gel high-pressure liquid chromatographic 
(HPLC) columnll with acetic acid-methanol (0.1:200) as the mobile 
phase. 

The first step of this reaction was monitored without the organic 
coupling reagent and the ferric oxidizing agent by treating thiazole with 
zinc in acidic solution (Fig. 1). As the reaction proceeded, the single-band, 
Xmax 236-nm electronic absorption spectrum of thiazole decreased in 
intensity, with no band shifts or new absorption transitions appearing. 
Eventually, the solution became transparent a t  X greater than 210 nm, 
demonstrating a loss of aromatic *-character. Simultaneously, the in- 
tensity of the NMR12 signals assigned to the three protons of thiazole also 
diminished and were ultimately lost, with no new NMR signals ap- 
parent. 

Although proton exchange could have contributed to these lessening 
NMR signals with time, these results nevertheless were in accord with 
the UV absorbance spectral changes, confirming that this extremely 
stable heteroaromatic molecule was broken down by this treatment to 
furnish the sulfur for the succeeding condensation. This reaction wm run 
with deuterium chloride in deuterium oxide13. The ratio of reducing agent 
to thiazole substrate can be regulated to govern the reaction rate; when 
microgram quantities of thiazole were treated with milligram quantities 
of zinc, the reaction proceeded too rapidly to record the UV and/or NMR 
spectra. 

The absorption spectrum of the thionine reaction product is ihcluded 
in Fig. 2. The Beer's law deviation (metachromatic effect) exhibited by 
this fluorophore has been attributed to self-association to form dimers 
(or higher polymers) in a stacking, sandwich equilibrium (11-13) that 
can occur a t  concentrations as low as lO-7M (12). The observed 600-nm 
A,, in Fig. 2 has been assigned to the monomer, with the dimer evident 
as the shoulder a t  560 nm (12-14). 

lo Whstman LK5DF. 
l1 S 

l2 Perkin-Elmer R24B. 

ctra-Physics model 7408 pump, 74OC controller, 714 pressure monitor, 
and Sfp,400 UV detector (254 nm) with Spherisorb silica 5 - ~ m  column. 

Merck Sharp & Dohme Canada Ltd. 

0 2 . 0 1  /o 0 0- w 
cn 

d 1 1  
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II: 1.0 

PYRIDINE, 46 (vlv) 
Figure 4-Effect of pyridine on the fluorescence intensity of the thio- 
nine reaction product. The solvent was n-butyl alcohol; hexcite = 475 nm, 
Xemit = 620 nm. The product was obtained from a solution containing 
-0.5wg of thiazolelml. For reaction conditions, see text. 

The fluorescence spectrum of thionine in n- butyl alcohol (Fig. 2) has 
an emission maximum (uncorrected) at 620 nm, similar to the fluores- 
cence in aqueous and in methanolic solution (13,15). At least three fea- 
tures of these spectral properties attenuate the analytical signal: 

1. The very small Stokes shift and overlap of the absorption and 
emission spectra cause self-absorption of emitted radiation. 

2. Because of the high absorptivity of thionine in butyl alcohol (t - 
6.3 X lo4 liters/mole-cm at 605 nm), the sample is excited at  475 nm so 
that absorbance at  the excitation wavelength is low (Fig. 2) to reduce 
excitation energy loss near the entrance surface of the cell. 

3. Dimerization causes a Beer's law deviation. 
Figure 3 presents the fluorescence intensity calibration line as a 

function of the amount of thiazole treated. This line exhibits the usual 
attenuation at  high concentrations predicted from these spectroscopic 
properties, although it does furnish a convenient linear range for dilute 
solutions. Included in Fig. 3 are fluorescence measurements of solutions 
obtained from dilutions of a more concentrated solution of the reaction 
product, as in the similar characterization of the Beer's law calibration 
line by Gustafsson (7). In accordance with the absorbance results, the 
fluorescence intensity from these solutions near the calibration line 
confirms that the attenuation results from optical and equilibrium effects 
and is not the result of decreased reaction yield with larger amounts of 
thiazole. 

Because thionine is not fluorescent in its associated state (12,13), this 
dimerization, which also would attenuate the analytical signal, should 
be avoided over the range of analytical calibration concentrations. To 
investigate the aggregation of thionine, pyridine was added to the solution 
to perturb the dimerization equilibrium; similar studies with methylene 
blue demonstrated that pyridine eliminates the self-association (16). 
Because of the structural similarity of pyridine to these thiazines, this 
nitrogen heterocycle can associate with the thionine molecules and thus 
dissociate the sandwich dimers. 

Figure 4 illustrates the small effect pyridine exerts on this system. The 
increase in fluorescence intensity is only -1570, suggesting that there is 
no significant dimerization in this solvent. (Most reports of dimerization 
have been for aqueous, not alcoholic, solutions.) Moreover, these data 
also demonstrate that the analytical signal cannot be significantly en- 
hanced by this technique. 

Structural Effects-Table I lists a series of model compounds that 
were examined by this fluorometric procedure using the same reaction 
conditions. The first column lists single-ring substrates with the fluo- 
rescence intensity obtained from thiazole. Thiazole per se is not fluo- 
rescent (17). Saturation of the aromatic ring inhibits the reaction, as 
demonstrated by the negative response from thiazolidine. In this aromatic 
system, the nitrogen heteroatom is necessary for the reaction to proceed; 
thiophene does not yield the sulfide under these conditions. 

The second column of Table I demonstrates that fusing thiazole with 
a benzene nucleus also inhibits the reaction; neither benzothiazole nor 
its indicated derivative produced any fluorescence at 620 nm. Each mo- 
nosubstituted and disubstituted thiazole in Table I gave approximately 
equimolar (*25%) fluorescence intensity with the parent compound. 
These compounds are each substituted only in the 2- and/or 4-posi- 
tions. 

Analytical Application-The last disubstituted entry in Table I 
provides an example of a thiazole-containing compound that was de- 
termined by the present method. Thiopeptin is an antibiotic administered 
to swine and chickens at 10-20 g of drug/ton of feed. The structure of this 
fermentation product recently was elucidated (18). Thiopeptin has seven 
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Table I-Relative Fluorescence Intensity f rom Some Model Compounds a 

Single Rings Fused Rings Monosubstituted Disubstituted 

0.0 

0.89 Thiopeptin 0.76hhiazole 

0.84 

Reaction conditions optimized for thiopeptin; see text. 

ring systems, including a partially reduced quinoxaline moiety, one pi- 
peridine ring, and five five-membered nitrogen-sulfur heterocyclic rings, 
one of which is a thiazoline nucleus. The remaining four heterocyclic rings 
are thiazole rings, each bound to the carbon-nitrogen-oxygen skeleton 
at the 2- and 4-positions. 

Because the present reaction sequence is not stoichiometric, it must 
be optimized (7). Figure 5 presents the effects of four factors on the yield 
of thionine from thiopeptin, monitored by the absorbance of the fluo- 
rophore. Optimal levels for each factor were selected from these data: 2.5 
mg of p-phenylenediamine was used to minimize the signal from the 
reagent blank, the amount of zinc and the reaction time were selected at 
points on the plateaus of each function, and the reaction medium was 
selected a t  the peak response for the effect of pH (i.e., 0.15 M HCI). The 
residuals of the linear least-squares calibration line of Am5 ,,,,,obtained 

ZINC, rnn [H'I, M 
0 50 100 150 200 0.4 0.8 1.2 1.6 

I I I I I I I I I  1 ' 1 ' 1 '  o,5 
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t /* 4 0.2 

3 0.0 

M!NUTES p-PHENY LENEDIAMINE, rng 
Figure 5-Optimization of the analytical reaction for thiopeptin B,; 
absorbance of the thionine fluorophore at 605 nm. T h e  effects of zinc 
( A ) ,  [ H + ]  ( B ) ,  time (C), and reagent ( D )  are shown. Each sample con- 
tained -30 pg of thiopeptin B, i n  15 ml of hydrochloric acid. Zinc, 150 
mg, was used in  B, C, and D; the reaction mixture was heated 15 min in  
A, B. and D; 2.5 mg of p-phenyknediamine was used in  A, B, and C; 0.1 
N HC1 was used in A; and 0.1.5 N HC1 toas used i n  C and D. In  D, line 1 
presents the data from thiopeptin and line 2 is the reagent blank re- 
sponse. Each point in this figure is the mean of two, three, or four rep-  
licate measurements. 

Table 11-Representative Analytical Results fo r  the 
Determination of Thiopeptin B, in Feed 

Thiopeptin 
Added, Fluorescence Thiopeptin Found 

ppm Intensity ppm Relative 70 

5.0 

10.0 

15.0 

4.35 5.0 100 
4.30 4.8 96 
5.50 10 100 
4.95 7.6 76 
7.10 17.0 113 
6.45 14.1 94 -..- 

20.0 7.70 
7.10 

Mean 
Reagent blank 3.20 
Unmedicated feed 3.45 

3.70 
Analytical standard 5.90 

5.70 
5.70 
5.70" 
5.30° 

19.6 98 
17.0 85 

95 
- - 

- 1 
2 - 
_. - 

a Processed through the separation scheme 

from seven samples covering the range of 2-15 pg of thiopeptin B,14 
treated by this procedure averaged 2.9% relative to the line, demon- 
strating the precision possible with this method. 

In the animal feed sample analyzed, thiopeptin was only a trace in- 
gredient in a poorly defined complex matrix. An efficient isolation scheme 
was required to separate the drug from any other thiazole rings. Fur- 
thermore, in addition to thiazole-containing extraneous materials, protein 
that contains sulfur can also be a significant interference. For instance, 
these same reactions were used previously for cysteine determinations 
(19). In the present study, the drug was extracted from the feed into ethyl 
acetate in the presence of a pH 7 aqueous buffer; the aqueous phase was 
discarded, and the ethyl acetate extract was charged to the top of a 
magnesia-silica ge115 adsorption column. After interfering substances 
were removed using successive elutions of increasing polarity with pe- 
troleum ether, ether, and acetone, the drug was eluted with 5% acetic acid 
in methanol. The sample was evaporated to dryness under nitrogen and 
taken up in the 0.15 N HCI reaction medium for the fluorogenic reaction, 
and the thionine fluorophore was partitioned into n-butyl alcohol for 
measurement. 

Table I1 presents some representative analytical results obtained with 
this procedure. The range of fluorescence intensities from the five ana- 
lytical reference standards illustrates the precision of replicate mea- 
surements. Furthermore, the comparison between the reaction of a pure 
thiopeptin solution with the same pure solution processed through the 
analytical isolation demonstrates that there is no loss of thiazole through 

' I  Thiopeptin consists of several componentk, each containing four thiazole rings 

l5 Florisil. 100-200 mesh, Floridan Co. 
(18). 
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this treatment. The unmedicated feed samples produced fluorescence 
representing 1-2 ppm of thiopeptin, furnishing sufficient selectivity to 
determine this drug a t  the 5-ppm level with an intensity 33% greater than 
the reagent blank. The mean of the eight analyses covering the 5-20-ppm 
range in the feed was 95% of the known thiopeptin concentration that 
was added to the feed. These results demonstrate the use of this treat- 
ment for the determination of one thiazole-containing analyte and suggest 
that this method also should be applicable to other analogous thiazole- 
containing compounds of pharmaceutical and biological interest. 
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Abstract n The biological activity of proteins bound to controlled-pore 
glass surfaces was studied as a model of denaturation of biologicals upon 
storage in glass containers. After adsorption onto the glass for 1 week, 
the activities of alkaline phosphatase, catalase, and horse-radish perox- 
idase recovered from the glass column were 88,63, and 97%, respectively. 
However, the phosphatase activity recovered after adsorption for 3 
months was 14% of the total activity loaded onto the column, and the 
activities recovered of peroxidase and catalase were 48 and 2%, respec- 
tively. Insulin had almost full activity after adsorption for 3 months, but 
calcitonin activity was absent. The scission of peptide bonds of proteins 
eluted after adsorption for 3 months was not observed, but dissociation 
to the subunits was found. The proteins were active in the state adsorbed 
onto glass surfaces. 

Keyphrases Adsorption-proteins, glass surfaces, activity decrease 
0 Proteins-adsorption onto glass surfaces, activity decrease 0 Activ- 
ity-proteins, decrease after adsorption onto glass surfaces 

The reaction of biological materials on glass is well 
known (1-4). By use of controlled-pore glass (5) with a 
large surface area (97 m2/g), it was shown that 5 pmoles of 
basic drugs and materials was adsorbed onto 97 m2 of glass 
surface and that adsorption of proteins onto the surfaces 
was caused by amine-silanol bonding and a cooperative 
aggregative factor between silica and. proteins (6-10). 
Proteins also were adsorbed in detergent solutions such 
as urea and guanidine hydrochloride (11). From the value 
of the maximum amount of protein adsorbed (233 mg/97 

m2), the amount of protein adsorbed onto the surfaces of 
a glass container (50 cm2, 20 ml) and a glass injector was 
estimated to be >12 pg. The 12-pg/20 ml concentration 
must be a marginal point not affected by adsorption, and 
the biologicals used at lower concentrations would be af- 
fected by adsorption to glass surfaces (10). 

Some biologicals composed of proteins are stored or 
maintained in pharmaceutical glass containers in a water 
medium (12). However, denaturation of proteins by their 
adsorptive aggregation on surfaces of glass containers upon 
storage for long periods is not clear. The purpose of this 
investigation was to show changes in the biological activity 
and the structure of proteins adsorbed onto glass surfaces 
upon storage as a model of denaturation of protein bio- 
logicals in glass containers. Enzymes and hormones were 
studied, and controlled-pore glass was used as a reference 
standard. 

EXPERIMENTAL 

Materials and Column Operation-The controlled-pore glass’ was 
96% silica and had a surface area of 97 m2/g and a particle size of 100 pm. 
After being washed with water, 0.1% sodium dodecylsulfate, water, 
chromic acid mixture, and water, the glass was packed in columns (0.6 
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