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Abstract 

Menadione sodium bisulfite (MSB), vitamin K3, a non-fluorescent compound, was converted into an intensive fluorescent 

compound (X,,/X,,=340 nm/46.5 nm) on irradiation with ultraviolet radiation in an anaerobic alkaline medium, and acetone 
showed a strong sensitizing effect on this photochemical reaction when the radiation used was absorbed by acetone. The 
reaction rate increased as the concentration of acetone increased, the maxima of the fluorescence spectra, however, remained 
unchanged. The sensitized photochemical reaction was assumed to begin with the absorption of photons by acetone and a 

triplet-triplet energy transfer process was proposed for the sensitizing mechanism, in which acetone acted as an energy donor, 
and MSB as an energy acceptor. A new in situ photochemical fluorimetric method was consequently proposed for the 
determination of MSB. The solutions were pumped through a FTFE mixing-tube and then stopped and kept in an 18 pl flow 
cell where the photochemical reaction took place in situ on irradiation for 120 s (with an excitation wavelength, X,,, 280 nm, 

excitation slit, EX, 7 nm), and then X,, was changed from 280 to 340 nm promptly to measure the fluorescence intensity of the 
photochemical product at 465 nm. NaTSO was used as the deoxygenation reagent. The calibration graph was linear up to 

1.1 pg ml-’ MSB (r=0.999), and the limit of detection (LOD) was 0.76 ng ml-‘. The coefficients of variation were 1.0% 
(n=6) and 0.99% (n=6) for 0.44 and 1.1 pg ml-’ MSB, respectively. Its application to the analyses of vitamin injections and 
urine samples was satisfactory, and the recovery of vitamin K3 in urine was 92-94%. The kinetic behavior of this reaction and 

the effects of some experimental conditions as well as the mechanism for the sensitization by acetone were investigated and 
discussed in detail. 
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1. Introduction 

Menadione sodium bisulfite (MSB) (vitamin K3, 2- 
methyl- 1,6naphthoquinone sodium bisulfite, a water 
soluble form of menadione) is a synthetic vitamin K 
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congener. The interest in this compound has grown 
because of its anticancer activity [l-5]. A more than 

50% decrease in colony formation occurred in 86% of 

human tumors when tested at 1 ~18 ml-’ level [3]. It 
was also suggested that MSB prevented the action of 
certain carcinogens, such as benzo[a]pyrene and qui- 
nazoline in rat liver, and reduced the number of 
benzo[a]pyrene-induced tumors in rats significantly. 
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A number of methods for its determination have 

been reported. Among them are methods such as direct 

gas liquid chromatography (GLC) [6,7], spectropho- 
tometric methods either based on reactions with dif- 

ferent chromophoric reagents [8-l l] or directly based 
on its UV absorbance after separation [12-151, elec- 

trochemical methods [16-191 and fluorimetric assays 

which take advantage of the reduction of MSB to the 

highly fluorescent dihydroquinone [20-241. 

The reduction of MSB may be induced either 

electrically [21], chemically [23,24] or photochemi- 
tally [20]. It has been proved that photochemical 

reactions provide a useful way of converting analytes 

to compounds with enhanced detectability [20,25-281. 
A procedure based on the photoreduction and fluor- 

escence detection of quinones in liquid chromatogra- 

phy (LC) has been proposed [20]. 
This paper presents a quick and precise in situ 

photochemical spectrofluorimetrical method for the 
determination of MSB. It was based on the acetone- 

sensitized photochemical reaction of MSB. With this 
method a high sensitivity and a low limit of detection 

are achieved. The linear range was also wide with 
good accuracy. Because the sensitized photochemical 

reaction was conducted in an 18 ~1 flow cell with UV 

radiation from the light source of the spectrofluori- 
meter, this method could be easily carried out with a 

commercial spectrofluorimeter and did not require an 

extra irradiation source. The mechanism for the sen- 

sitization of acetone in the photochemical reaction of 
MSB is also discussed. 

2. Experimental 

2.1. Apparatus 

All fluorescence measurements were made with a 
Hitachi 650-10s Spectrofluorimeter equipped with a 

125 W xenon lamp, an 18 pl flow cell and a peristaltic 
pump (made by Zhaofa Automatic Analysis Research 
Institute, Shenyang, China). Absorption spectra were 
obtained on a Beckman DU-7 Ultraviolet-Visible 
Spectrophotometer. All pH measurements were made 
with a Lutron pH-206 precision pH meter. Fig. 1 
illustrates schematically the overall configuration of 
the in situ determination. RI merges with R2 via the 
peristaltic pump and then goes into the flow cell. The 
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Fig. 1. Schematic diagram for the in situ sensitized photochemical 

reaction and fluorescence measurement. l=Peristaltic pump; 

2=valve; 3=18 ~1 flow cell; 4=spectrofluorimeter; W=waste 

solution; R=recorder: R,=mixture of MSB and acetone; 

R,=mixture of Na2S03 and NaOH. 

photochemical reaction was carried out in the flow cell 

after the peristaltic pump had been stopped. 

2.2. Reagents 

MSB was obtained as a biochemical-grade reagent. 
All other reagents were of analytical-grade and double 
deionized water was used. Stock solutions of MSB 

(0.50 mg ml-’ in water) were stored in the dark. The 
MSB sample (injection) was obtained from Fuzhou 
Pharmaceutical Plant (Fujian, China) which contained 

4 mg MSB in 1 ml injection. 

A 0.67 mol ll’ acetone solution was prepared by 

diluting pure acetone. Sodium sulfite solution (4%) 
was prepared daily. 

2.3. Procedure 

A portion of sample solution or standard solution 

and 0.50 ml volume of 0.67 mol 1-l acetone solution 
were mixed in a 10 ml flask and diluted to the mark 

with water. The solution served as solution Ri (see 
Fig. 1). A 2.50 ml volume of 4% Na$Os solution and 

2.50 ml of 0.2 mol l-I NaOH solution were placed in a 
25 ml flask and diluted to volume with water. This 

solution was used as solution R2 (see Fig. 1). 
Solution Ri and R2 were mixed and pumped 

through a 40 cm of PTFE tube (0.5 i.d.) with a flow 
rate of 0.9 ml mini’ into the 18 pl flow cell in the 
spectrofluorimeter and halted in the cell. Open the 
light shutter and irradiate the mixed solution for 120 s 
(with the following settings of the Hitachi Spectro- 
fluorimeter: excitation wavelength, &, 280 nm; exci- 
tation slit, EX, 7 nm; emission wavelength, X,,, 
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465 nm; emission slit, EM, 5 nm, unless otherwise 

stated). Then change X,, to 340 nm and measure the 
fluorescence intensity of the sensitized photochemical 
reaction product. 

3. Results and discussion 

3.1. Sensitized photochemical reaction of MSB 

Anaerobic photoreduction of quinones produces 

highly fluorescent dihydroquinones. This reaction 
has been applied by Gandelman et al. [29] to the 

determination of “hydrogen atoms donor” (HAD), 

analytes which typically have an electron-withdraw- 

ing element (0 or N) bound to a carbon with cr- 

hydrogens. Poulsen and Birks [20] reported the anae- 
robic photochemistry of quinones and its optimization 

for the on-line detection of these compounds in LC. In 
their study, the photoreduction reaction was described 

in terms of a simple hydrogen abstraction mechanism. 
After excitation, the quinone analytes rapidly decayed 

to their lowest excited singlet state (S,) by internal 
conversion. A large majority of the S, sensitizer 

molecules underwent intersystem crossing to the tri- 
plet state and subsequent internal conversion to the 

lowest excited triplet state (T,). T, of the quinone 
rapidly abstracted a hydrogen atom from the HAD to 

produce a semiquinone radical and an a-hydroxyl 
alkyl radical. In the final step of this sequence, two 

semiquinone radicals generated by disproportionation 
of a dihydroquinone and the parent quinone. Methanol 

was used as the HAD in their study. The quinone 
analytes were present at extremely low concentra- 
tions, while the hydrogen atom donor (mobile phase) 

was very concentrated. In our research, we found that 

MSB was converted into a highly fluorescent com- 
pound on irradiation with UV radiation of 280 nm 

(bandpass: 7 nm) in an anaerobic alkaline medium, 
and acetone showed a strong sensitizing effect on this 

photochemical reaction. There might be two ways in 
which acetone sensitized the photochemical reaction 

of MSB. The first possibility was that acetone acted 
only as a hydrogen atom donor. The second possibility 
was that acetone also acted as a triplet-triplet sensi- 
tizer. To assess which mechanism occurred, ethanol 

was used as a hydrogen atom donor to replace acetone. 
There was almost no photochemical reaction observed 

when ethanol was used. This phenomenon was dif- 

ferent from that in a simple hydrogen abstraction 
mechanism. In a simple hydrogen abstraction mechan- 
ism, very concentrated hydrogen atom donors were 
used [20,30]. The sensitizing effect of acetone on the 

photochemical reaction of MSB, thus, could not be 

explained by a simple hydrogen abstraction mechan- 

ism in which the photoreaction begins with the radia- 

tion absorption of quinone but not hydrogen atom 
donor. Therefore, the effect of irradiation wavelength 

was investigated. Light bands of different wavelengths 

were used as the source for initiating the photoche- 

mica1 reaction and the fluorescence intensities were 

measured under the same instrumental parameters 

(EX=5 nm, EM=5 nm, A,,=340 nm, A,,=465 nm, 
irradiation time 90 s). The results are shown in Fig. 2 

(not corrected for the effect of energy distribution of 

the xenon lamp). From comparison with the absorp- 

tion spectra (Fig. 3), it can be seen that the radiation 
absorbed by acetone was more effective for the sensi- 

tized photochemical reaction. For the non-sensitized 
system, the influence of the irradiating wavelength on 

3ooh 

220 244 268 292 316 340 

irradiation Wavelength ( nm ) 

Fig. 2. Influence of the irradiation wavelength on the fluorescence 

intensity. MSB at 2.6 pg ml-‘, irradiation time, 90 s, 

(O)=sensitized system; (O)=non-sensitized system. 
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Fig. 3. Absorption spectra of (1) acetone (0.034 mol 1-l) and (2) 

1.5 pg ml-‘) in 0.02 mol 1-l NaOH. 

220 300 380 460 540 

Fig. 4. Fluorescence excitation (a) and emission (b) spectra for the 
photoreduction product of MSB. MSB concentrations are: (l)=O.O; 

(2)=2.6 pg ml-‘. Irradiation time, 60 s. 

fluorescence intensity of the reaction product was not 

remarkable. For this reason, it was concluded that the 

sensitized photochemical reaction of MSB began with 

the radiation absorption of acetone, and acetone acted 

as a triplet state sensitizer in the photochemical reac- 
tion of MSB. The fluorescent compound showed a 

fluorescent spectrum with X,,/X,,=340 nm/465 nm 
(Fig. 4) which was different from that produced in 

a simple hydrogen abstraction mechanism [30]. The 

fluorescence intensity of the products increased 

rapidly (Fig. 5). The reaction rate increased as the 
concentration of acetone increased until it was larger 

than 6.7x lop2 mol 1-l when the fluorescence inten- 

sity and reaction rate decreased again (Fig. 6); the 
maxima of the fluorescence spectra, however, 

remained unchanged 

Acetone is a carbonyl compound with high inter- 
system crossing yield and long lifetime of the triplet 

state. It has been successfully used as an excellent 
triplet state sensitizer [31,32]. It is known that the 
photochemical reaction of MSB occurs via the triplet 

state. The addition of acetone as a triplet state sensi- 

0.00 43.33 86.67 130.00 

Reaction Time ( s ) 

Fig. 5. Kinetic curves for the sensitized photochemical reaction of 

MSB. Acetone at 0.034 mall-‘, MSB at (+)=O.OlO, (~)=0.021, 

(0)=0.042, (=)=0.084, (A)=O.168, (.)=0.252, (0)=0.336, 
(0)=0.420 pg ml-’ (EX, 7 nm; EM, 5 nm). 
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Fig. 6. Kinetic curves for the sensitized photochemical reaction of 

MSB. MSB at 2.6 pg ml-‘, acetone at (A)=O.O, (+)=0.017, 

(A)=O.O34, (0)=0.067, (w)=0.19, (@)=0.38 mol 1-l (EX, 

7 nm; EM, 3 nm). 

OF ’ 

tizer may enlarge the triplet state population of MSB 

through triplet-triplet energy transfer, thus accelerat- 
ing the photochemical reaction of MSB. 

Based on experimental results mentioned above, we 
excluded the possibility of acetone acting only as a 

hydrogen atom donor and supposed that the mechan- 
ism for the acetone-sensitized photochemical reaction 

of MSB was as following. The acetone molecule at the 

ground state, AC (SO), absorbed the energy of photons 

and was first excited to the singlet excited state, AC 

(Si), then converted to the excited triplet state, AC 
(T,), through intersystem crossing. The excitation 

energy was finally transferred from AC (T,) to the 
ground state MSB molecules, MSB (SO), via triplet- 
triplet energy transfer. MSB (SO) was thus excited to 
the triplet state, MSB (T,), where photochemical 
reduction took place and a strongly fluorescent pro- 

duct was formed. 

3.2. Effect of pH 

The effect of pH on the acetone-sensitized 
photochemical reaction of MSB is shown in Fig. 7. 
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Fig. 7. Influence of pH on the fluorescence intensities of the 

sensitized (- . -) and non-sensitized (- 0 -) photochemical 

reaction systems of MSB. Irradiation time, 60 s, MSB at 

2.6 pg ml-‘. 

These results show an overall influence of pH on the 

acetone-sensitized photochemical reaction of MSB, 
including the influence of pH on the irradiation 

absorption of acetone, on the photoreaction of 
MSB, and on the fluorescence quantum yield of the 

photoreaction product. It was difficult for us to inves- 

tigate the individual effects one by one because the 
photochemical reaction occurred in situ in the 18 pl 

flow cell. In acidic medium, the behavior of AC (S,) 

was probably effected as a result of the protonation 

of acetone. In basic medium, the condensation of 
acetone might also affect the sensitizing behavior of 
acetone. 

3.3. Effect of temperature 

When the effect of temperature on the acetone- 

sensitized photochemical reaction was investigated, 

the 18 ~1 flow cell was replaced by a normal cell and 
the holder was surrounded by tube with circulating 
water connected to a thermostat. 

There was no obvious influence observed on either 
the sensitized or the non-sensitized photochemical 
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reaction of MSB when the temperature was changed 

from 20°C to 65°C. 
The effect of temperature on the photochemical 

reaction is complicated. The lifetime of triplet states 

is rather long and can be markedly influenced by 
changing the temperature. When the temperature 

increases, the process of internal transition becomes 

more intensive thus reducing the population of the 

excited states; the possibility of collisional energy 

transfer from donor to acceptor becomes larger. 

Furthermore, the fluorescence quantum yield of the 
photoreaction product is also effected by change of 

temperature. These effects offset each other and, 

therefore, there was no clear influence observed. 

L 
b b’ 

b 
b I b’ 

! 

3.4. The effect of dissolved oxygen 

0 60 120 180 240 300 

t(nm) 

I C 

360 

Molecular oxygen is one of the best known colli- 

sional quenchers of triplet states. This also applies to 

both acetone and MSB. The experimental results 
showed that a photochemical reaction was observed 

only when nitrogen was pumped into or NaTSO was 

added into both the non-sensitized and sensitized 
systems to deoxygenate the solution before irradia- 
tion. The reaction rate of the photochemical reaction 

increased as the concentration of Na$Os increased 

until a maximum was reached. 

Fig. 8. Influence of radiation on inducing the photochemical 

reaction of MSB. (a) Recorded at 465 nm (A,,=280 nm); (b and b’) 

measured at 465 nm (excitation at 340 nm); (c) with light shutter 

closed. 

for 60 s with different band passes of UV radiation 

(A,,=280 nm, EX changed from 2 to 20 nm). 

3.5. Effect of irradiation intensity 

The irradiation intensity can be adjusted by chan- 

ging the excitation slit. To investigate the effect of the 
irradiation intensity, two experiments were done. 

In the first experiment, the solution was irradiated 
for 30 s (signal a in Fig. 8) with parameters 
A,,=280 nm, A,,=465 nm, EX=2 nm, EM=5 nm. 

Thereafter X,, was immediately switched to 

340 nm, and the fluorescence intensity of the photo- 
chemical reaction product was measured (b). Then the 

light shutter was closed and kept closed for 30 s (c). 
Subsequently the light shutter was opened again and 
the fluorescence intensity was measured (b’). Finally, 
X,, was changed from 340 to 280 nm for irradiating 
the solution again. By repeating these steps several 
times, the result shown in Fig. 8 was obtained. 

Results of the first experiment showed that on 
irradiating the solution with UV radiation, the photo- 
chemical reaction took place at once and reaction 

stopped immediately when the light shutter was 
closed. The reaction occurred in the central region 

of the cell where the solution was irradiated. During 

shutting off the light the reaction stopped and the 
concentration of the product in the central part 

decreased because of diffusion. Hence, signal b’ is 

smaller than b. Results of the second experiment 
showed that larger the EX slit (i.e. greater the irradia- 

tion intensity), the faster the photochemical reaction 
was. Thus adopting a larger EX was an effective way 
to speed up the reaction. However, a too fast reaction 

was hard to control and fluorescence detection was 
hard to perform. Since the same light source was also 

used as the excitation light, a too large slit width might 
lead to poor resolution of the spectra. As a compro- 
mise, an excitation slit width of 7 nm was adopted. 

3.6. Effect of irradiation time 

The second experiment was done by measuring the The time required for the photochemical reaction to 
fluorescence intensities at 465 nm (with A,,=340 nm, reach the maximum fluorescence intensity of product 
EX=7 nm, EM=5 nm) after irradiating the solution varied with concentration of MSB. Irradiating the 
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0.00 146.67 293.33 440.00 

Concentration of MSB b-g/ml) 

Fig. 9. Calibration curves for MSB. Irradiation time (&=lO, 

(&=30, (C))=60, (.)=120s. 

solution for a fixed time would get a good linear 
correlation of MSB. As the irradiation time increased, 

the sensitivity of the determination was improved 

(Fig. 9). 

3.7. Limit of detection, linear concentration range 

and precision 

The fluorescence intensity showed a linear relation- 

ship with the concentration of MSB over a wide range 

up to 1.1 ug ml-‘. The limit of detection (LOD)was 
given by the equation LOD=KSJS, where K was a 

numerical factor chosen according to the confidence 
level desired, St, was the standard deviation of the 

blank measurements (n= 11) and S was the sensitivity 
of the calibration graph. Here a value of 3 for K was 

used, and the LOD was 0.76 ng ml-’ MSB. The 

relative standard deviations were 1.0% (n=6) and 

0.99% (n=6) for 0.44 and 1.1 ug ml-’ MSB, respec- 
tively. Both LOD and relative standard deviation were 

improved compared with those in a simple hydrogen 
abstraction mechanism [30]. The reaction time was 

shortened as a result of the addition of sensitizer and 

the use of a flow cell with a small volume. Therefore, 

there was no need for even larger EX to accelerate the 
reaction and thus favoring the improvement of the 

resolution of spectra. 

3.8. Effect of,foreign substances 

Interferences from substances were tested by ana- 
lyzing a standard solution of MSB (0.21 ug ml-‘) to 
which increasing amounts of interfering species were 

added, using an error less then 5% as a criterion. The 
results showed that butanone also can be used as a 

sensitizer with a similar effect of the irradiation 

wavelength. About 30 times of pyridoxine showed 
no obvious interference. A similar acetone-sensitized 
photochemical reaction took place for thiamin under 

the same experimental conditions, but its products 
degraded as time went by. When thiamin is present. 

its interference can be easily avoided by extending the 
irradiation time. lo-fold amounts of thiamin showed 

Table I 
Determination of MSB in injections 

Sample 

I 

2 

Amount in 

sample (pg ml-‘) 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

0.60 

Standard added 

(pg ml-‘) 

0.288 

0.288 

0.432 

0.432 

Amount found 

(pg ml--‘) 

0.578 

0.583 

0.578 

0.868 

0.865 

0.606 

0.601 

0.604 

1.037 

1.034 

Found labeled 

(8) 

96.3 

91.2 

96.3 

101.0 

100.2 

100.7 

Recovery 

(%) 

100.0 

99.0 

100.5 

99.8 
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Table 2 

Recovery tests of MSB in urine 

Sample Amount Amount found Recovery 

added (pg ml-‘) (ug ml-‘) (%) 

1 0.576 0.542 92 

2 0.576 0.553 94 

3 0.432 0.411 92 

4 0.432 0.415 93 

no interference at the stated experimental condition. 
Larger than lOOO-fold amounts of nicotinamide 

showed no interference. More than 1% (v/v) of ethanol 

and 0.1 mol 1-l ascorbic slowed down the acetone- 

sensitized photochemical reaction of MSB to some 

extent. 

4. Applications 

4.1. Determination of MSB in injection samples 

Injection samples, each with a nominal content of 

4 mg of MSB in 1 ml, were diluted to 100 ml with 
doubly deionized water and then used for analysis. 

Recovery standard addition tests were carried out 
giving the results shown in Table 1. 

4.2. Determination of MSB in urine 

Two 1 .OO ml samples of fresh urine were diluted to 

100 ml with water and analyzed as such. Different 
amounts of standard solution of MSB were added. The 

results are given in Table 2. 
The preliminary data show that sensitized photo- 

chemical fluorimetry might be suitable for the deter- 

mination of MSB in biological materials. 
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