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Abstract

In this study, we have shown with the use of UV–vis spectrophotometry and the constant wavelength synchronous fluorescence spectroscopy
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CW-SFS) techniques that the pharmaceutical drug, chlorpromazine hydrochloride (CPZ), intercalates into the deoxyribonucleic a
ouble helix by partial exchange with the Neutral Red (NR) molecular probe.
We have also demonstrated that with the use of three-way data plots, it is clear that it is important to have well-defined methodol

election of the important CW-SFS method parameter,�λ. Ad hoc selection of this parameter, or even that based on experience, can
ead to serious errors, which subsequently can be transferred to the interpretation of results. The said three-way plots provide a stra
iagrammatic method, which improves the selection process of a satisfactory value for�λ.
Finally, we used PARAFAC modeling to resolve the complex three-way CW-SFS data, which provided simultaneously the con

nformation for the three reaction components, NR, CPZ and NR-DNA, for the system at equilibrium. This PARAFAC analysis i
hat the intercalation of the CPZ molecule into the DNA proceeds by exchanging with the NR probe, and can be attributed to tw
eactions.

2004 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that deoxyribonucleic acid (DNA) plays
n important role in living systems[1], and in recent years,

here has been a growing interest in the study of small
olecules interacting with calf thymus DNA. The focus has
een on the reactions of drugs with DNA, and the investiga-

ion of new and effective DNA probes[2–4].
Chlorpromazine hydrochloride (CPZ) (Fig. 1) and related

henothiazines of the neuroleptic group, such as promet-
azine hydrochloride, propionylpromazine and trifluoper-

∗ Corresponding author. Tel.: +86 7918304414; fax: +86 7918305826.
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azine, have been used predominantly as psychotropic a
in human and veterinary medication for more than 50 ye
Chlorpromazine hydrochloride, the most widely sold dru
this group[5,6], is used as: (i) a peripheral vasodilator, (i
tranquilizer, e.g. to reduce preoperative anxiety, (iii) a p
operative anti-emetic, and (iv) a medicine for hiccups, as
as (v) in cancer therapy, and (vi) for control of psychose[7]
such as schizophrenia.

In general, in an organism, the pharmacodynamic m
anism of drugs is always connected with a drug-bind
process, which commonly involves the interaction of sm
amount of a drug with large biomolecules. The biolog
activity of CPZ also results from its binding interaction w
DNA [8,9]. Consequently, binding studies of drugs with D

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of chlorpromazine hydrochloride (CPZ) and Neutral Red
(NR).

are useful for the understanding of the reaction mechanism as
well as for providing guidance for the application and design
of new drugs.

Many small molecules are already proven sensitive probes
of the DNA structure[10]. Recently, Neutral Red (NR)
(Fig. 1) was used as a probe to investigate interactions with
calf thymus DNA with the use of spectrophotometry[11]
and differential pulse voltammetry[12]. The interaction of
NR with DNA involves a two-step mechanism. If the mo-
lar ratio of NR to DNA is higher than 1.33, the binding
process is characterized by a binding constant of about 106

with the binding number close to 1. With lower molar ra-
tios of the interacting components, both the binding num-
ber and the constant are lower as well. If there is a large
excess of the double-stranded DNA in the interacting sys-
tem, the binding constant can reach values down to about
104 [11]. Also, it has been shown that the binding mode
of NR molecules changes from one involving intercalation
into the DNA base pairs to one with aggregation along the
DNA double helix. Orientation of the NR chromophore in
the DNA double helix also changes with temperature[12].
Compared with the classical DNA probes, such as ethidium
bromide (EB)[13], Acridine Orange[14], Oxazide Yellow
homodimers[15], Nile Blue [16], diphenylamine Blue[17]
and indole[18], NR offers lower toxicity, higher stability and
c sive
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ences. In such cases, the synchronous mode of the technique
can be applied to eliminate these interferences and increase
the resolution capability[27].

In this work, we apply UV–vis spectrophtometry and
constant wavelength synchronous fluorescence spectroscopy
(CW-SFS) to investigate the interaction of the pharmaceuti-
cal drug, CPZ, and DNA with the aid of NR as a molecular
probe.

In the case of CW-SFS, a constant wavelength difference,
�λ, must be maintained between the excitation and emission
wavelengths. In conventional practice of this technique, it
is often difficult to decide the value of this parameter. We
investigate the application of three-way modeling with the
aim of extracting the preferred value of�λ, and use this
value to obtain the fluorescence results, which provide the
necessary information for the interpretation of the interaction
of CPZ with DNA.

In addition, we also explore the reaction system consisting
of NR, CPZ and NR-DNA complex at equilibrium at pH 7.4
with the use PARAFAC modeling.

2. Theory

2.1. Three-way synchronous fluorescence spectroscopy
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The binding properties of drugs with biological molecu
ave been investigated with the use of UV spectrophotom

20], X-ray diffraction[21], voltammetry[22], fluorescenc
pectroscopy[23] and circular dichroism spectroscopy[24].
ith the development of computerized image-proces

echniques, high-order analytical instruments and chemo
ics algorithms, it is possible to describe objects using
ivariate images, and obtain and resolve multi-dimensi
ata from complex systems. Xie et al.[25,26]investigated th
ompetitive interaction of adriamycin and fluorescence p
B with DNA, as well as the antitumor drug, daunorubi
nd EB with DNA, by resolving trilinear normal fluorescen
ata by applying the PARAFAC method. Satisfactory res
ere obtained. However, the information contained in a
entional excitation-emission matrix (EEM) is insufficie
or analysis of a complex system, because there are g
lly complicated spectral and serious light scattering inte
Synchronous fluorescence spectroscopy (SFS) wa
cribed by Lloyd in 1971[28,29]and was further develope
ith the aid of the Vo-Dinh theory[30]. This technique in
olves the scanning of both the excitation (Ex) and e
ion (Em) spectra. SFS has become a particularly active
31,32] because of its apparent advantages, e.g., spect
imple; there is an improvement in selectivity, and an
rovement in spectral resolution because of the gene
arrow spectral peaks. There is also a decrease in the in
nce due to light scattering. There are three variants of

33]: (i) constant wavelength difference (CW), (ii) const
nergy difference and (iii) variable-angle or variable-of

echniques, depending on the scanning mode for the
ra. CW-SFS (or simply SFS) is the basic method, an
idely used. It maintains a constant wavelength differe

�λ) between the excitation and the emission monochro
ors during the scan.

For CW-SFS, the fluorescence intensity can be expre
s

= klc Ex(λEm − �λ)Em(λEm) (1)

r

= klc Ex(λEx)Em(λEx + �λ) (2)

here�λ = λEm − λEx = constant,c is the concentration o
nalyte,l the path length andkan experimental constant. F
given set of experimental conditions, fluorescence inte
F) is proportional to the concentration (c) of the analyte



Y. Ni et al. / Talanta 65 (2005) 1295–1302 1297

In this study, three-dimensional plots of synchronous spec-
tra (F versus Ex wavelength and�λ) were obtained, and
then the chemometrics method, PARAFAC, was applied to
decompose this three-way data array.

2.2. PARAFAC algorithm

Parallel factor analysis (PARAFAC) is a chemometrics
decomposition method, and is a generalization of principal
component analysis (PCA) to higher-order arrays[34,35].
However, some of the characteristics of the method are
quite different from the common two-way cases. For bilin-
ear methods, there is the well-known problem of rotational
freedom, in that the loading vectors obtained from spec-
tral bilinear decomposition can only reflect the pure spec-
tra of analytes measured, but it is not possible to actually
find the pure spectra without additional external informa-
tion. This is not the case for PARAFAC, and an advan-
tage of the PARAFAC model is the resulting unique solu-
tion. If the multivariate data are indeed trilinear with an ac-
ceptable signal-to-noise ratio, and the appropriate number
of components is selected for the model, the true underly-
ing spectra will be found, and the concentrations of analytes
can be estimated with the aid of the loadings of the sample
profile.
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where the symbol⊗ denotes a tensor product, and vectorsah,
bh andch are thehth columns of the loading matricesAI×H ,
BJ×H andCK×H, respectively.

The solution for PARAFAC model can be found by the
alternating least-squares (ALS) algorithm[37] by assuming
the loadings in two of the modes are known, and then esti-
mating the unknown set of parameters of the last mode. In
other words, if estimates ofb andc are given, it is now easily
seen thata can be determined by the least-squares solution
to the modelX = a(b⊗ c). If the vector (b⊗ c) is calledZ in
case of more than one component, the model definingA is

X = AZ (5)

The conditional least-squares estimate ofA is

A = XZT(ZZT)
−1

(6)

A typical iterative procedure is as follows:

• Step 1: Estimate the number of chemical components,H.
• Step 2: Initialize matrices ofB andC, and estimateA from

X, B andC by least-squares regression.
• Step 3: Estimate matrices ofB andC in the same way as

in step (2).
• Step 4: Continue the iteration from (2) until convergence.

The ALS algorithm is similar to the above descrip-
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PARAFAC is based on the trilinear theory[36]. A graphi-
al representation (Fig. 2) is presented, and includes a t
omponent PARAFAC model for the three-way data arraX,
ith dimensionsI× J×K,AI×H ,BJ×H andCK×H containing
lementsaih,bjh andckh.These are the three loading matri
f X, in whichI indicates the number of�λ increments in th
xperimental wavelength range,J is the wavelength numb
f Ex (or Em),K indicates the number of samples andH is

he number of fluorescing species.
The aim is to resolve the three-way array so as to ob

he three loading matrices. The matrix form of the trilin
odel can be expressed as follows:

ijk =
H∑

h=1

aihbjhckh + eijk (3)

hereeijk represents residuals of the three-way array,E, and
ts sum of squares is minimized. The PARAFAC model
lso be written as

=
H∑

h=1

ah ⊗ bh ⊗ ch + E (4)

Fig. 2. Graphical representation of a tw
ion, namely initializeB and C and estimateA, then sim
larly estimateB, from C and A, and do the same forC
ith the use ofA and B. Repeat steps (2) and (3) u

il convergence is achieved. The important difference
ween PCA and PARAFAC is that in PARAFAC there
o need for orthogonality between the three loading m
es (A,B andC) to describe the model, and the solutio
nique.

. Experimental

.1. Apparatus

Molecular absorption spectra were measured on a
adzu UV-2501 Spectrophotometer using 1.0 cm qu

ells. Synchronous fluorescence spectra measure
ere performed on a Hitachi F-3010 spectrofluoro

er equipped with a 150 W xenon lamp, and with
se of a 1.0 cm× 1.0 cm quartz cell. The excitation a
mission slits were set at 10 nm. The synchronous

ponent PARAFAC model of the data arrayX.
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orescence signal was recorded by scanning both excita-
tion and emission wavelengths simultaneously at a rate of
600 nm min−1.

3.2. Chemical reagents

The stock solution of calf thymus DNA (ct-DNA) (Beitai
Biochemical Co., Chinese Academy of Sciences, Beijing)
was prepared by dissolving the solid DNA in doubly distilled
water and stored at 4◦C. The concentration of the DNA was
determined at 260 nm taking the value of molar absorptivity
as 6600 l mol−1 cm−1 [11]. This was carried out after estab-
lishing that the absorbance ratioA260/A280 was in the range
1.8–1.9[38]. The solution used in this experiment was not
purified further.

Chlorpromazine hydrochloride (Hefeng Co., Shanghai)
was in the form of a solution used for clinical injections,
and contained 50 mg of CPZ per phial. This solution was
diluted with doubly distilled water[39] so as to produce a
7.02× 10−3 mol l−1 stock solution.

A 1.00× 10−4 mol l−1 stock solution of Neutral Red
(The Third Reagent Factory, Shanghai) was prepared by di-
rectly dissolving its crystals in water, and diluting to the
required volume. Subsequently, all solutions were adjusted
with the Tris–HCl buffer (Tris–(hydroxy methyl)amino
m ents
w ater
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4. Results and discussion

4.1. Investigation of the binding of NR to DNA

4.1.1. UV–vis spectrophotometry
In general, if a small molecule interacts with DNA,

changes in absorbance (hypochromism) and in the position of
the band (red shift) should occur. When they do, they indicate
that the small molecule has intercalated between DNA base
pairs, and is involved in a strong interaction in the molec-
ular stack between the aromatic chromophore and the base
pairs. The spectral effects have been rationalized as follows
[40–42]: the empty�* -orbital of the small molecule couples
with the �-orbital of the DNA base pairs, which causes an
energy decrease, and a decrease of the� → �* transition en-
ergy. Therefore, the absorption of the small molecule should
exhibit a red shift. At the same time, the empty�* -orbital is
partially filled by electrons, reducing the transition probabil-
ity, and this leads to hypochromism.

In our work, UV–vis spectra were recorded from solutions
of the NR at fixed concentration mixed with different concen-
trations of the DNA (Fig. 3). In general, there is a maximum
absorption at about 454 nm in the spectrum of an NR solution
when DNA is present. It was found that the band absorbance
at 454 nm decreased with an observed hypochromicity of
2 the
i ap-
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i nm.
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7

ethane–hydrogen chloride) to a pH of 7.4. Other reag
ere of analytical-reagent grade, and doubly distilled w
as used throughout.

.3. Procedure

One milliliter of 1.00× 10−4 mol l−1 NR, 2.0 ml of
ris–HCl buffer and the appropriate amount of DNA so

ion were added to a 10 ml volumetric flask, diluted to 10
ith doubly distilled water, and mixed thoroughly. This

ution was allowed to stand for 5 min, and then spectroph
etric and spectrofluorimetric NR data were collected f

olutions of different DNA concentrations.
Different amounts of CPZ were added to a series of 1

olumetric flasks containing 1.0 ml of 1.00× 10−4 mol l−1

R, 0.4 ml of 1.935× 10−3 mol l−1 DNA and 4.0 ml o
ris–HCl buffer. These solutions were diluted to the m
ith doubly distilled water. The concentration range of C
as 2.34× 10−5 to 1.64× 10−4 mol l−1, and the binding re
ction was carried out at 25± 1◦C. Spectrofluorimetric me
urements of seven such samples were carried out ov
xcitation wavelength range 220–700 nm at 10 nm inte
total 49 wavelengths), and�λ was changed in the ran
0–120 nm at 10 nm intervals (total number of�λ increments

s 10). Thus, the three-way data,X, to be decomposed has
imensions of 10× 49× 7 corresponding to theI, J andK in
ection2.2, respectively.A,B andC loadings matrices are e

racted by application of the PARAFAC, and of theseB andC
re the estimated excitation spectra, Ex, and the equilib
oncentrations of the reaction components, respectively
4.7%, and a small red shift (11 nm) was evident with
ncreasing concentration of DNA. A band developed at
roximately 500 nm with increasing DNA concentration,
as been assigned to the NR-DNA complex. It increas

ntensity with DNA, and has a bathochromic shift to 540
n isosbestic point is present at 498 nm. These spectr
ults indicate that NR is an intercalator whose chromop
nserts partially into the base pairs.

.1.2. Synchronous fluorimetry
The experiments for the selection of an appropriate v

f the parameter,�λ (Section3.3), for solutions with or with
ut DNA gave the preferred result of 60 nm. The synchron
uorescence excitation spectrum of NR (Fig. 4) exhibit

ig. 3. Adsorption spectra of NR in the presence of DNA with diffe
oncentrations:cNR = 1.00× 10−5 mol l−1 andcDNA = 0, 0.645, 1.29, 1.94
.58, 3.23 and 3.87× 10−5 mol l−1, corresponding to the curves from 1
, respectively.
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Fig. 4. Synchronous fluorescence spectra of NR in the presence of DNA
with different concentrations:�λ = 60 nm,cNR = 1.00× 10−5 mol l−1 and
cDNA = 0, 0.645, 1.29, 1.94, 2.58, 3.23 and 3.87× 10−5 mol l−1, correspond-
ing to the curves from 1 to 7, respectively.

excitation maximum at 545 nm in the wavelength range from
500 to 650 nm. Generally, the fluorescence band intensity at-
tributed to NR is relatively weak, but in common with UV–vis
spectra described above, the fluorescence intensity at 545 nm
increased and shifted to 560 nm with the increasing concen-
tration of DNA. Such spectral effects are similar to those
observed in the interaction of ethidium bromide (EB) and
DNA [41]. This molecule is well known as a typical interca-
lator, and it has a weak fluorescence, which in the presence
of DNA is significantly enhanced. This is attributed to strong
intercalation of EB between the adjacent DNA base pairs.
Thus, on this basis, the enhancement of fluorescence inten-
sity of the NR excitation band with concentration of DNA in-
dicates that NR intercalates into the DNA double helix. This
observation supports the results obtained from the UV–vis
spectra.

4.2. Effect of CPZ on the absorption spectra of NR-DNA

As shown inFig. 5, with increasing concentration of CPZ,
the maximum absorption at 540 nm of the NR-DNA spectrum
decreases but a slight intensity increase is observed in the de-
veloping band at 454 nm. When this observation is compared
to the behaviour of the free NR absorption band at 454 nm
(Fig. 3) in the presence of increasing concentration of DNA,
i

the
b NA
c ules,

Fig. 5. Effect of CPZ on absorption spectra of NR-DNA:
cDNA = 7.74× 10−5 mol l−1, cNR = 1.00× 10−5 mol l−1, and cCPZ= 2.34,
4.68, 7.02, 9.36, 11.7, 14.0 and 16. 4× 10−5 mol l−1, corresponding to the
curves from 1 to 7, respectively.

which were intercalated into the DNA base pairs, were ex-
changed by CPZ. This is consistent with the view that pla-
narity of a molecule is one of the necessary conditions for
efficient intercalation into the double helix[43]. An aromatic
ring stacking between nucleobase pairs is regarded as a major
driving force for binding of an intercalator into the double he-
lix. Since the CPZ molecule contains a planar aromatic ring
(Fig. 1), which can stack between DNA bases, CPZ should
be able to intercalate into the double helix. Thus, considering
the above results, it is evident that with the use of NR as an
indicator, and UV–vis spectrophotometry to probe the inter-
action between CPZ and DNA under neutral pH conditions,
the drug, CPZ, binds to DNA by intercalating between the
base pairs.

4.3. Three-way synchronous fluorescence data of NR,
CPZ and NR-DNA

In most synchronous spectrofluorimetric studies of chem-
ical systems, the selection of�λ is very important with the
classical two-dimensional SF. The influence of�λ can be
substantial on the shape, location and signal intensity of a
fluorescence peak, as well as on interferences attributed to
light scattering. In general, the selection of the value for
�λ is based on experience. In this work, in order to get the
b cal
s . The
t –8)
s s
a he
fl ent
v g
6 ave-
l in-
c st
v
E as-
i Z
( uo-
t is noted that its intensity increases.
The observed changes in intensity and position of

ands with increasing amounts of CPZ added to the NR-D
omplex solution suggest that some of the NR molec
est value of�λ and to investigate thoroughly the chemi
ystem, three-way SF data were sampled and studied
hree-way data plots for NR-DNA, NR and CPZ (Figs. 6
how that the preferred values of�λ for the three system
re quite different. InFig. 6, it can be clearly seen that t
uorescence intensity of NR-DNA varied with the differ
alues of�λ, and with the optimal value for NR-DNA bein
0 nm (see arrow). On the other hand, the excitation w

ength, Ex, shows a blue shift from 580 to 500 nm with
reasing value of�λ from 20 to 110 nm. Similarly, the be
alue of�λ for NR (130 nm) can be found fromFig. 7, and
x wavelength changed from 560 to 430 nm with incre

ng value of�λ from 30 to 210 nm. The behaviour of CP
Fig. 8) is quite different from the other two cases. The fl
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Fig. 6. Synchronous fluorescent spectra of NR-DNA.

rescence peak varies significantly with different�λ values.
The most intense peak of CPZ appears at a�λ value of about
140 nm. Thus, the advantage of the three-way approach now
becomes apparent. With the conventional two-way SF ap-
proach where�λ is fixed at one value, errors will clearly
arise in any simultaneous investigation of the NR, CPZ and
NR-DNA complex system. These errors may be avoided with
the use of the three-way SF methodology for the selection of
�λ values.

4.4. Decomposition of the three-way synchronous
fluorescence spectrum by PARAFAC

The three-component PARAFAC algorithm was applied to
investigate the competitive binding interactions of the com-
plex system consisting of CPZ, NR and DNA, and to under-
stand their states at equilibrium.

NR was adopted as the fluorescence probe to study the
interaction of the pharmaceutical drug, CPZ, with DNA, and

s fluor
Fig. 7. Synchronou
 escent spectra of NR.
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Fig. 8. Synchronous fluorescent spectra of CPZ.

Fig. 9. Comparison of the true excitation spectra, Ex, for CPZ, NR and NR-
DNA with those obtained from PARAFAC analysis. Dashed line: resolved
spectra from PARAFAC; solid line: recorded true spectra.

all solutions were prepared with concentrations as described
in Section3.3.

Excitation loadings (matrixB) obtained from NR-DNA,
NR and CPZ solutions with the use of PARAFAC algorithm
modeling (dashed lines,Fig. 9), indicate that the estimated
excitation spectra are quite similar to the measured ones (solid
lines). This suggests that the results are unique, reliable and
the correct number of factors has been chosen. Generally,
when applying the PARAFAC method, one or two extra fac-
tors than the real number of chemical components are cho-
sen to account for the influence of interferents[44]. In this
study, only three factors were selected because the system is
free of any interferents. Furthermore, the extracted loadings
from the spectra were used to estimate the state of equilib-
rium. The relative equilibrium concentrations of NR-DNA,
NR and CPZ resolved by the PARAFAC model (the rows in
the loading matrixC, Fig. 10) can be considered to reflect
the real reacting fluorescing species studied in the system
because PARAFAC only gives unique solutions.

Fig. 10. Equilibrium concentrations of CPZ, NR and NR-DNA resolved by
the PARAFAC model. CPZ was present at CPZ at different concentrations.

FromFig. 10, it can be seen that the concentration of the
complex NR-DNA decreased and the one for free NR in-
creased gradually with increasing concentration of the added
CPZ. The replacement of NR in the NR-DNA complex by
free CPZ can be visualized clearly, and the results indicated
that CPZ intercalates into the same base sites of DNA releas-
ing the bound NR. The binding reactions are a pair of parallel
competitive reactions, and the interaction of CPZ with DNA
is also assumed to belong to the intercalation model, with
the CPZ molecules intercalating between the base pairs of
double-stranded DNA.

5. Conclusion

In this study, we have shown that with the use of UV–vis
spectrophotometry and the CW-SFS techniques the pharma-
ceutical drug, CPZ, intercalates into the DNA double helix by
partial exchange with the NR molecular probe in the presence
of the Tris–HCl buffer at pH 7.4.



1302 Y. Ni et al. / Talanta 65 (2005) 1295–1302

We have also demonstrated with the use of the three-way
data plots, that it is important to have well-defined method-
ology for the selection of the important CW-SFS method pa-
rameter,�λ. Ad hoc selection, or even that based on ex-
perience, can readily lead to serious errors, which subse-
quently can be transferred to the interpretation of results. The
said three-way plots provide a straightforward diagrammatic
method, which improves the selection process of�λ values.

Finally, we used PARAFAC modeling to resolve the com-
plex three-way CW-SFS data, which provided simultane-
ously the concentration information for the three reaction
components, NR, CPZ and NR-DNA, in the system at equi-
librium. This indicated that the intercalation of the CPZ
molecule into the DNA proceeds by exchanging with the NR
probe, and can be thought of as progressing by two parallel
reactions.
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