Fluorescence Assay of Hydroxynaphthoquinones
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Abstract 0 Three procedures for fluorescence assay of hydroxy-
naphthoquinones are reported. The first procedure, based on prior so-
dium dithionite reduction and determination of the fluorophore in butyl
acetate, is applicable to all of the hydroxynaphthoquinones investigated
(detection limit: £ 0.020 ug of quinone/g of butyl acetate). The second
method, specific for 5-hydroxy-1,4-naphthoquinones (juglone series),
involves warm reduction with stannous chloride in an acid medium and
determination of the fluorophore in chloroform (detection limit: +0.020
ug of quinone/g of chloroform). The third method, based on the reaction
of Guilbault and Kramer, is applicable to 5-hydroxy- and 5,8-dihy-
droxy-1,4-naphthoquinones having both free quinonoid positions (de-
tection limit: £0.020 ug of juglone/g of dimethyl sulfoxide and 0.070 ug
of p-naphthazarin/g of dimethyl sulfoxide). The nature of the fluoro-
phores also was investigated.

Keyphrases 0 Hydroxynaphthoquinones, various—fluorometric
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Hydroxynaphthoquinones of considerable interest (1)
include the perihydroxy-1,4-naphthoquinones, juglone
[occurring in the green parts of Juglans regia L. (Jug-
landaceae)], and plumbagin [in the roots and leaves of
Plumbaginaceae and in Drosera rotundifolia L. (Droser-
aceae)], as well as lawsone [in Lawsonia inermis L.
(Lythracaea)], lapachol (in the heartwood of several genera
of the Bignoniaceae, especially the tribe Tecomeae), and
phthiocol (isolated from Mycobacterium tuberculosis).

Dried plants, crude extracts, tinctures, or the pure
quinones are still in use. In Belgium and France, tincture
of Drosera is reputed te be of value in chronic bronchitis;
but, since the drug deteriorates even when carefully stored,
it is often inert (2). Henna (powder of dried leaves of
Lawsaonia) has been used in intestinal amoebiasis (3) and
is perhaps one of the oldest cosmetics still in use. The
fungicidal and bactericidal properties of pure plumbagin
and juglone also have found medicinal use (4), and the
antitumor properties of lapachol are presently of interest
(5).

The chemistry of the hydroxynaphthoquinones has been
studied extensively, especially lapachol (6) and juglone (1).
However, the usual colorimetric and spectrophotometric
methods for quantitative analysis of these compounds
suffer from a lack of sensitivity and specificity. Fluoro-
metric methods have not been reported until now and have
to be based on chemical conversion because hydroxy-
naphthoquinones are nonfluorescent.

This paper describes simple fluorometric procedures for
the pure compounds, permitting determinations at the
submicrogram level. The most general method involves
biphasic reduction with sodium dithionite solutions and
determination of the fluorophore in butyl acetate. Since
the procedure is also applicable to naphthoquinones with
alkyl or prenyl (3-methyl-2-butenyl) groups (7), the
method is not specific but is highly sensitive. Another
procedure is based on warm reduction with stannous
chloride followed by determination of the fluorophore

18 / Journal of Pharmaceutical Sciences
Vol. 68, No. 1, January 1979

Accepted for publication April 5, 1978. *Present address: S. A,

formed in chloroform. The method is specific for 5-hy-
droxy-1,4-naphthoquinones (juglone and plumbagin) and
is sensitive. A third procedure uses the reaction of Guil-
bault and Kramer (8) (nucleophilic addition of potassium
cyanide) and appears to be specific for 5-hydroxy- and
5,8-dihydroxy-1,4-naphthoquinones with both quinonoid
positions free.

EXPERIMENTAL

Instrumentation—The fluorescence spectrometer, equipped with a
xenon arc! fed by a dc current supply?, had a magnetic stabilizer3, two
quartz prism monochromators* with continuously adjustable slit widths,
fluorescence attachment5, a potted photomultiplier$, and a microam-
meter’ coupled to a transmission concentration converter® with four-digit
display. The coarse gain of the instrument was variable in steps up to
15,000%, and the instrumental sensitivity in terms of quinine sulfate units
is 1 pyg/ml of 0.1 N H5S0;, obtaining full-scale deviation (100 in arbitrary
units) by a gain of 3000X, an excitation maximum of 355 nm (slit width
10 nm), and an emission maximum of 460 nm (slit width 10 nm). The
blank under these circumstances was 0.1 in arbitrary units.

For recording (uncorrected) spectra, the monochromators were
equipped with wavelength drives and the transmission concentration
converter was coupled to a one-axis recorder® with a wavelength mark-
er.

Absorption spectra were obtained on a recording spectrophotome-
tert0.

Materials—Lawsone!!, lapachol!2, and juglone!? were used without
further purification, and p-naphthazarin!3 was purified by recrystalli-
zation in benzene. Plumbagin was prepared and purified by the method
of de Buruaga (9) (mp'4 75°). Phthiocol also was prepared (10) and pu-
rified by preparative TLC5 (mp 172°).

All reagents were analytical or reagent grade purity. The assay solu-
tions, prepared in double-distilled water, were 15% sodium dithionite,
1% potassium cyanide in phosphate buffer (pH 7.5), and 5% stannous
chloride in 4 M HCL

Chloroform!€ and dimethyl sulfoxide!® were fluorescent grade, and
butyl acetate!® was analytical grade. )

All glassware was treated with chromic acid (24 hr) and, after rinsing
with distilled water, oven dried. To avoid adsorption losses, the inner
surfaces were deactivated by soaking for 10 min in a 1% solution of a sil-
iconizing agent!”. The glassware was then rinsed thoroughly and oven
dried (105°, 30 min).

Quartz cells were treated with fuming nitric acid (11).

Procedure A—The appropriate quantity of quinone was dissolved
in 5 m} of buty! acetate in a screw-capped tube. Then 5 ml of sodium di-
thionite reagent was added, and the mixture was shaken for 15 min at 200

[ Type Osram X B O 450 W mounted in a housing LX 501, C. Zeiss.

2 Type V X 501 1, C. Zeiss.

3 Type BV X 200 K, C. Zeiss.

4 Type M4 QIII, C. Zeiss.

5Type ZF M4 C, C. Zeiss.

§RCA1P28.

TPMQII C. Zeiss.

8 TKR, C. Zeiss.

9 Servogor S Type RE 541, Goerz-Austria.

10 Perkin-Elmer model 124.

1 Fluka AG, Switzerland.

12 Aldrich Chemical Co.

13 Bayer A. G., West Germany.

14 Uncorrected on a Tottoli apparatus, Buchi.

150n 20 X 20-cm precoated silica gel plates with 2-mm layers (E. Merck,
Darmstadt, West Germany . The eluent was heptane-butyl acetate (1:9); the Ry
of lphthiocol was (.55,

6 E. Merck, Darmstadt, West Germany.

17 Siticlad, Clay-Adams, New York, N.Y.
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Figure 1—UV spectra in butyl acetate. Key: a, reduced lawsone, 7.0
X 10~5 M; b, reduced juglone, 6.5 X 10=5 M; and c, reduced p-
naphthazarin, 6.0 X 1075 M.

movements/min on a horizontal shaker. In a nitrogen atmosphere, about
3 ml of the butyl acetate phase was transferred to a 1-cm path quartz
cell.

Procedure B—The appropriate quantity of quinone was dissolved
in 1 ml of ethanol in a screw-capped tube. Then 5 ml of stannous chloride
reagent was added; the mixture was covered with a small funnel and left
for 1 hr over a boiling water bath (evaporation of the ethanol). After
cooling, 5 ml of chloroform was added, and the mixture was shaken for
5 min at 200 movements/min. Following a brief centrifugation (5 min at
3000xg), about 3 ml of the organic phase was transferred to a 1-cm path
quartz cell.

Procedure C—The appropriate quantity of quinone was dissolved
in 5 m} of dimethy] sulfoxide, 0.5 ml of the potassium cyanide reagent was
added, and the mixture was left to stand for 10 min. About 3 ml was
transferred to a 1-cm path quartz cell prior to measurement.

Assay—For the determination of linearity, two concentration regions
were chosen. In each region, seven samples and one reagent blank were
tested. The samples were: Procedure A, 0.5-2 and 1-10 ug of quinone/g
of butyl acetate; Procedure B, 1-10 and 5-25 ug of quinone; and Proce-
dure C, 0.4-4 and 2-10 ug of quinone/g of dimethyl sulfoxide,

To determine the precision of the method, 12 blanks and 12 1-xg qui-
none standards were analyzed, starting with the weight operation, and
the standard deviation was calculated.

The detection and determination limits as defined by Currie (12) were
determined for each procedure.

RESULTS AND DISCUSSION

Nature of the Fluorophores—Procedure A—By applying the bi-
phasic dithionite procedure to alkyl- and phenylmaphthoquinones, it was
shown that the fluorophores formed were the corresponding hydroqui-
nones; furthermore, the conversion of the quinone into the hydroquinone
was nearly complete (7).

Although formation of hydroquinones should logically be involved for
hydroxynaphthoquinones, the problem is more complex because of in-
terferences due to phenol-keto tautomerism. Indeed, in contrast to the
alkylnaphthohydroquinones where the phenolic form predominates in
solution and only one form exists in the solid state (13), different tauto-
meric forms with perihydroxynaphthohydroquinones have been obtained
in the solid state. In this case, the term “isomerism” instead of tautom-
erism must be used (14).

According to Fieser and Gates (10), dithionite reduction of phthiocol
yields 3-methyl-1,2,4-trihydroxynaphthalene, and the phenolic tautomer
predominates in solution. )

Absorptiometric analysis, showing the similarity of the spectra of re-
duced lawsone and phthiocol, indicates that lawsone also yielded
1,2,4-trihydroxynaphthalene upon dithionite reduction (Fig. 1).

The reaction product with juglone was isolated by performing the
procedure with ethyl acetate instead of butyl acetate and evaporating
the sclvent at room temperature in a nitrogen atmosphere. The melting
point {170°) and chemical properties (15) of the compound indicate the
presence of an a-hydrajuglone (1,4,5-trihydroxynaphthalene). The ab-
sorption spectrum (Fig. 1} of «-hydrojuglone in butyl acetate is very
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Figure 2-—Uncorrected excitation and emission spectra in butyl ace-

tate. Key: a, reduced lawsone, 1.4 X 104 M; b, reduced juglone, 1.3 X

10-4M; and c, reduced p-naphthazarin, 1.2 X 10~4 M.

characteristic with three maxima: 317, 334, and 349 nm. Dithionite-
reduced plumbagin yielded a similar spectrum, showing the formation
of a-hydroplumbagin.

The reaction product of p-naphthazarin was obtained in a similar
manner; physical and chemical properties (16) (e.g., violet fluorescence
in ethanol, mp 140°) suggest the presence of 1,4,5,8-tetrahydroxy-
naphthalene. As shown by the absorption spectrum (Fig. 1), the phenolic
tautomer must also predominate in solution.

In contrast to the biphasic dithionite reduction, other reduction pro-
cedures (stannous and titanous chloride and zinc powder plus hydro-
chloric acid) did not always give the phenolic tautomers. With p-
naphthazarin, cold stannous chloride reduction did not yield a fluoro-
phore upon extraction in butyl acetate; on the other hand, addition of
alcoholic hydrochloric acid to a-hydronaphthazarin solution in butyl
acetate yielded fluorescence quenching. The formation of 8-hydro-
naphthazarin (see Procedure B) is also unlikely, so another tautomer is
probably involved.

From fluorescence analysis, it appears that one can distinguish between
2-hydroxynaphthoquinones (lawsone, lapachol, and phthiocol) and 5-
hydroxynaphthoquinones (juglone and plumbagin), the spectra being
identical within the same group (Fig. 2).

Procedure B— According to Thomson (17), warm stannous chloride
reduction of juglone gives a mixture of a- and 8-hydrojuglone in a 35:65
ratio, the latter being extractable with chloroform. Zahn and Ochwat (18)
showed that the probable structure of -hydrojuglone is 5-hydroxy-
1,4-dioxo-1,2,3,4-tetrahydronaphthalene.

The fluorescent species obtained with juglone by application of Pro-
cedure B is thus probably 8-hydrojuglone and is, as shown by its excita-
tion and emission spectra, completely different from a-hydrojuglone (Fig.
3). With plumbagin, a fluorophore also was obtained, which is different
from a-hydroplumbagin. Since the absorption spectrum of the compound
in chloroform is similar to the spectrum of 3-hydrojuglone (with respect
to a bathochromic shift of approximately 40 nm), the fluorescent species
is presumably a 1,4-dioxo-1,2,3,4-tetrahydronaphthalene compound
(8-hydroplumbagin). -

In contrast, warm stannous chloride reduction of p-naphthazarin did
not yield fluorophores upon extraction either in chloroform or in butyl
acetate, which illustrates that the formation of either a- or 8-hydro-
naphthazarin is not probable.

Procedure C—Thiele and Meisenheimer (19) observed that hydrogen
cyanide yields a diaddition product with 1,4-benzoquinone: 2,3-dicy-
ano-1,4-dihydroxybenzene. The fluorescent properties of this compound
were reported by Guilbault and Kramer (8), who demonstrated that the
same compound is obtained upon reaction with potassium cyanide in
dimethyl sulfoxide and that the green fluorescence must be assigned to
a tautomeric ionic form.

Reynolds and Van Allen (20) showed that 2,3-dicyano-1,4-naphtha-
lenediol is obtained with 2,3-dichloro-1,4-naphthoquinone and sodium
cyanide. 1,4-Naphthoquinone should react much more slowly and pre-
sumably yield the same compound.

Performance of the Guilbault-Kramer procedure on 2,3-dichloro-
1,4-naphthoquinone yielded a yellow fluorescent solution, and no ap-
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Table I—-Quantitative Determinations (Procedure A)

2-Hydroxy-1,4-naphthoquinones

5-Hydroxy-1,4-naphthoquinones

Parameter Lawsone Phthiocol Lapachol Juglone Plumbagin Naphthazarin
Excitation (slit width?) 355 (3.6) 343 (3.6) 345 (6) 350 (9) 350 (6) 360 (6)
Emission (slit width?) 429 (22) 432 (23) 430 (24) 370 (14) 375 (14) 440 (24)
Gain 9500% 12,000X 12,000X 12,000X 15,000% 12,000X
Blank® 0.5+0.1¢ 1.5 +£0.2¢ 2.5+ 0.2 0.5 £ 0.2¢ 0.2 £ 0.2°¢ 2.2 +£0.2¢
1-ug standard® 49.0 £ 0.2¢ 62.5 + 0.3¢ 57.0 + 0.3¢ 52.0 £ 0.3¢ 53.5 £ 0.3¢ 61.6 + 0.3¢
Detection limit? 0.015 0.020 0.022 0.023 0.022 0.020
Lower determination limit¢ 0.045 0.060 0.066 0.071 0.066 0.061

4 In nanometers. ® In arbitrary units. © Standard deviation. ¢ In micrograms of quinone per gram of solvent (buty! acetate).

preciable fluorescence was noted with 1,4-naphthoquinone after a reac-
tion time of 10 min. Application of the same procedure on perihydroxy-
naphthoquinones with both quinonoid positions free (juglone and
naphthazarin) yielded highly fluorescent species, and no fluorescence
upon reaction with plumbagin was detectable. From fluorescence spectra,
it appears that only one fluorophore (Fig. 4) was involved with juglone
and that several fluorophores were formed with p-naphthazarin (Fig. 5).
In the last case, the presence of more than one fluorescent component
was suspected because the shape of the emission spectrum changed when
the wavelength of the exciting light was varied (21).

Since no monoaddition product could be isolated (8, 19, 20) with ju-
glone upon reaction with p-benzoquinone, p-naphthoquinone, and
2,3-dichloro-1,4-naphthoquinone, formation of a diaddition compound
again was presumed.

Choice of Solvent—Procedure A—Biphasic reduction with butyl
acetate is preferred, although the procedure yields similar results with
amyl alcohol and ether. The use of an ester such as butyl acetate is indi-
cated, because the solubility of this solvent for the dithionite reagent is
extremely low. On standing, dithionite solutions become turbid through
sulfur precipitation.

The aprotic character of the solvent is of interest since interferences
due to electrolytic excited-state dissociation, as found with naphthols
(22) and naphthalenediols (23), are aveided. Furthermore, ahsorption,
excitation, and emission spectra in butyl acetate are bathochromically
shifted compared to the spectra in cyclohexane (24), illustrating hydrogen
bonding. Bathochromic shifts may be important, because the energy
output of the light source is higher in the near UV region of the spectrum,
resulting in a higher instrumental sensitivity.

Procedure B—Although 8-hydroquinones are fluorescent in solvents
such as ether, butyl acetate, and amyl alcohol, they are also fluorescent
in chloroform, in contrast to the «-hydroquinones which produce non-
fluorescent chloroform solutions because of an external heavy atom effect
(25). Interferences of other quinones due to simultaneous reduction to
hydroquinones are avoided, and the selectivity of the method is greatly
enhanced. The absence of an external heavy atom effect (spin orbit

FLUORESCENCE INTENSITY,
arbitrary units
H
o

n
[=]

I

L M
400 350
A, nm

550 560‘

Figure 3—Uncorrected excitation and emission spectra in chloroform.
Key: a, B-hydrojuglone, 3.3 X 1075 M; and b, 3-hydroplumbagin, 3.7 X
1075 M.
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coupling) in g-hydroquinones can be explained by intramolecular hy-
drogen bonding.

Procedure C—Guilbault and Kramer (8) observed that the maximum
rates of reaction and fluorescence were obtained with benzoquinone in
a solvent with a high dielectric constant such as dimethyl sulfoxide. This
finding illustrates that the fluorescent species in an ionic molecule and
solvents favoring the ionic form should be best. The effect of water and
pH of the added reagent also was reported (8). With benzoquinone, the
total water content should not exceed 9% (v/v) to avoid a deleterious effect
on the reaction rate, and the pH should be held at 6.5-7.5 for the reaction
to proceed smoothly.

With juglone, similar results were obtained. The maximum fluores-
cence intensity and reaction rate were obtained in dimethyl sulfoxide with
a total water content not exceeding 2% (v/v). The potassium cyanide
reagent should also be made up in a pH 7.5 phosphate buffer.

Quantitative Results—Procedure A—As indicated in Table I, the
precision of the method is high, mainly due to the high photochemical
stability of the fluorophores formed and the stoichiometric progress of
the reduction. Moreover, working in a nitrogen atmosphere is not required
for reliable results.

The luminescence blank is low, and the main factors contributing to
the blank are the luminescence of the cell, the surroundings, and scattered
light. Insertion of properly chosen stray light filters at the exits of exci-
tation and emission monochromators is recommended. The dithionite
reagent itself does not contribute to the blank.

From excitation and emission maxima or spectra, it appears that 2-
hydroxy- and 5-hydroxy-1,4-naphthoquinones can be determined sep-
arately in mixtures. Separate determinations of 5-hydroxy- and 5,8-
dihydroxy-1,4-naphthoquinones seem rather difficult to perform. The
(lower) determination limit, defined as the concentration for which the
relative standard deviation is 10%, is caleulated as indieated by Currie
(12). The obtained values (£0.020 ug/g of solvent) show the high sensi-
tivity of the method.

To determine the linearity, the upper determination limit was defined
as the concentration for which a 10% deviation of the regression line is
obtained, calculated from the first seven points. A value of 4 ug/g of sol-
vent was obtained, showing the deviation from linearity due to concen-
tration quenching.
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Figure 4—Uncorrected excitation and emission spectra of the fluoro-
phores of 1.2 X 10~*M juglone (Procedure C).



Table II—Quantitative Determinations (Procedure B)

Table III—Quantitative Determinations (Procedure C)

Parameter Juglone Plumbagin Parameter Juglone Naphthazarin
Excitation (slit width9) 363 (13) 397 (18) Excitation (slit width®) 444 (24) 337(12)
Emission (slit widthe) 510 (38) 474 (30) Emission (slit widtho) 525 (45) 375 (14)
Gain 1500% 750% Gain 1500 9000X
Blank? 294 0.1°¢ 2.0+ 0.1¢ Blank® 0.5+ 0.1¢ 1.4 £0.1°¢
1-ug standard® 31.3+0.1° 275+ 0.1¢ 1-ug standard® 21.0 £ 0.1¢ 12 4 0.2¢
Detection limit¢ 0.016 0.018 Detection limit? 0.023 0.070
Lower determination limit? 0.050 0.054 Lower determination limit? 0.070 0.210

e In nanometers. ® In arbitrary units. ¢ Standard deviation. ¢ In micrograms of
quinone per gram of solvent (chloroform).

Correlation coefficients were calculated from the first seven points (the
first concentration region) and were not less than 0.998.

Procedure B—Quantitative results are summarized in Table II. The
fluorophores formed do not suffer from either photodecomposition or
reoxidation by air. Furthermore, as indicated by the precision of the
method, the isomerization ratio of «a- to 3-hydrojuglones is independent
of the concentration involved.

The luminescence blank is sufficiently low. In contrast to Procedure
A, the reagents contribute to the blank, as shown by insertion of a spec-
trograde labeled chloroform blank.

From excitation and emission maxima, it appears that juglone and
plumbagin can be determined separately in mixtures. The lower and
upper determination limits in both cases were 0.020 and 4 ug/g of chlo-
roform, respectively, which indicates a sufficiently large linearity.

Correlation coefficients calculated for the first seven points (first
concentration region) were not less than 0.999.

The method is highly specific for 5-hydroxy-1,4-naphthoquinones;
other quinones do not interfere when chloroform is the solvent.

Procedure C— Although more fluorophores are involved with p-
naphthazarin, reliable quantitative results were obtained of a sufficiently
high precision at a 375-nm emission maximum (Table III). The detection
and lower determination limits of p-naphthazarin were three times higher
than the juglone limits, and the upper determination limits were 5 and
7 ug/g of dimethyl sulfoxide with juglone and naphthazarin, respective-
ly.

Fluorescent grade labeled dimethyl sulfoxide is recommended as the
solvent since analytical grade solvents yield high blanks, probably due
to impurities.
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Figure 5—Uncorrected excitation and emission spectra of the fluoro-
phores of 1.2 X 104 M p-naphthazarin. Key: a, emission spectrum
(excitation = 330 nm); b, emission spectrum (excitation = 335 nm); and
¢, emission spectrum (excitation = 340 nm}.

@ In nanometers. ® In arbitrary units. < Standard deviation. ¢ In micrograms of
quinone per gram of solvent (dimethyl sulfoxide).

p-Benzogquinone and 2,3-dichloro-1,4-naphthoquinone also yield a
positive reaction.
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