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Abstract: The interaction of acridine orange (AO) with double-stranded (ds) DNA
in aqueous solution was investigated by linear sweep polarography (LSP) on a
dropping mercury working electrode (DME). In pH 2.5 Britton-Robinson (B-R)
buffer solution, AO had a sensitive linear sweep polarographic reductive peak at
—0.89 V (vs. SCE), which could be greatly inhibited by the addition of dSDNA, with
a positive shift of the peak potential. Based on the decrease of the reductive peak
current, a new quantitative electrochemical determination method for dsSDNA was
developed with a linear range of 2.0—20.0 mg I"* and the linear regression equation:
Aly” (nA) =111.90 C (mg I'1)+125.32 (n=9, y=0.997). The influences of com-
monly co-existing substances, such as metal ions, amino acid, etc., on the determi-
nation were also investigated. The method is sensitive, rapid and simple with good
selectivity. The new proposed method was further applied to the detection of RNA
and three synthetic samples containing dsDNA with satisfactory results. The bin-
ding number and the equilibrium constant between dsDNA and AO were calculated
by an electrochemical method.
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INTRODUCTION

The electrochemistry of DNA was first discovered by Palecek et al. in the
1960s. DNA can produce redox signals at a mercury electrode and other solid
electrodes, such as a metals, carbon and carbon nanotube modified electrodes.1-3
Some reviews have reported recent progress in the electrochemistry of DNA,
electrochemical DNA biosensors, etc.4~7 The signals obtained from the working
electrode were related to structural or conformational changes, hybridization and
damage of DNA. The interaction of DNA with small molecules can result in the
formation of DNA-molecule biocomplexes and have a large influence on the
properties of DNA.8 Many analytical methods, such as spectrophotometry,® fluo-
rometry,10 light scattering,1! etc., were also proposed for the detection of nucleic
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acids based on the interaction of DNA with organic dyes. Compared with these
methods, electrochemical methods have some advantages, such as cheaper and
smaller devices, a wider linear range and lower detection limit.12 The explanation
of the mechanism of the interaction of DNA with small molecules can further
approach action mechanisms in cells or elucidate the binding process of drugs
with DNA. Recently, the interaction of toxic chemicals and drugs with DNA was
widely studied by an electrochemical method. Wang et al.13 established an
electrochemical equation for examining the interaction of irreversible redox com-
pounds with DNA. The electrochemical behavior of Hoechst 33258 and its inter-
action with DNA was investigated using cyclic voltammetry and other electro-
chemical techniques. The results showed that Hoechst 33258 binds tightly to the
minor groove of DNA and covers four base pairs. Jiao et al. used some organic dyes,
such as Toluidine Bluel4 and Malachite Greenl> for the detection of dsDNA based
on the formation of electroinactive complexes after the mixture of dsDNA with
dye in solution. Bard et al. reported the interaction of metal chelates of tris(1,10-
-phenanthroline)cobalt(l11) with DNA in an aqueous medium by cyclic voltam-
metry and established a redox current equation for the intercalator—-DNA com-
plex. The result showed that after the addition of DNA, the change of the voltam-
metric responses of the reaction solution were caused by changes of the diffusion
coefficient of the DNA complex.16-17 Palecek et al. studied the interaction bet-
ween the anti-cancer drug mitomycin C and DNA by cyclic voltammetry on a
hanging mercury drop electrode, which resulted in a decrease of the voltammetric
current of the nucleic acid activated mitomycin C and a guanine oxidation signal .18

The interactions of the cationic dye acridine orange (AO, molecular structure
shown in Fig. 1) with nucleic acids, such as dsDNA and RNA, have been care-
fully investigated by different methods.19-21 For example, AO has been used as a
sensitive fluorescence probe for DNA. Bi et al.22 studied the interaction of fla-
vonoids, such as quercetin, kaempferide and luteolin, with fish sperm dsDNA
using AO as a fluorescence probe to distinguish the variation of spectroscopic
characteristics. Cao et al.23 applied the fluorescence energy transfer between AO
and safranine T for the determination of DNA. Gherghi et al.24 studied the inter-
action of AO and ethidium bromide (EB) with DNA in solution by alternating
current voltammetry on a hanging mercury drop electrode based on the changes
of the direct electrochemical responses of DNA at —1.20 V.

In this study, the linear sweep polarographic method was employed to inves-
tigate the interaction of AO with dsDNA. It was found that the addition of dSDNA
into AO solution greatly decreased the reductive peak current of AO with a posi-
tive shift of the peak potential, which are typical characteristic of the intercala-
tion model of small molecules with DNA. By monitoring the electrochemical be-
havior of AO before and after the addition of dsDNA, the electrochemical pa-
rameters were calculated and compared. The decrease of reductive peak current
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was further used to establish a sensitive detection method for microamounts of
nucleic acids.

(HsC),N N/ ‘ N(CHs), Fig.1. The molecular structure of acri-

HCl dine orange (AO).

EXPERIMENTAL
Instruments

A JP-303 polarographic analyzer (Chengdu Instrumental Factory, China) was used for pola-
rographic detection with a drop mercury electrode (DME) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode and a platinum wire as the auxiliary electrode. A
DS model 2004 electrochemical analyzer (Shandong Dongsheng Electronic Instrument, China) was
used for the cyclic voltammetric experiments with a DS-991 hanging mercury drop electrode (HMDE)
as the working electrode, a saturated calomel reference electrode (SCE) and a platinum wire auxi-
liary electrode. All the measurements were carried out at a temperature of 25+1 °C, except when
otherwise stated. The UV-Vis absorption spectra were recorded on a Cary 50 probe spectrophoto-
meter (Varian, Australia). A pHs-3C pH meter (Shanghai Leici Instrumental Factory, China) was
used for pH measurements.

Chemicals

Double-stranded (ds) calf thymus DNA was obtained from Beijing Jinke Biochemical Com-
pany and used without further purification. A 1.0 g I'! stock solution of dsDNA was prepared by
dissolving the DNA in doubly distilled water and stored at 4 °C. The purity of the dsSDNA was
determined by the absorbance value of A,g0/A,g9 = 1.85, which indicated that it was free of protein.
The concentration of dSDNA was determined by measuring the absorbance at 260 nm. RNA was
obtained from Sinopharm Chemical Reagent Co. Ltd, and the preparation procedure was the same
as that of ds DNA. 1.0x1073 mol I'! acridine orange (AO, Shanghai Chemical Reagent Company)
was prepared by directly dissolving 0.04380 g AO in water and diluting to 100 ml. A series of
0.2 mol I'1 Britton-Robinson (B-R) buffer solution was used to control the acidity of the inter-
action solution and also used as the supporting electrolyte for the electrochemical measurements.
All the employed chemicals were of analytical reagents grade and doubly distilled water was used
throughout the experiments.

Procedure

In a 10 ml flask, the interaction solutions were prepared with 2.0 ml pH 2.5 B-R buffer
solution, 4.0 ml of 1.0x10* mol I'Y AO solution and different amounts of dsDNA solution. The
mixture was shaken homogeneously, stood at 25 °C for 20 min and then subjected to the electro-
chemical studies. The potential range was selected in the range from —0.7 to —1.0 V and the peak
current of AO at —0.89 V (vs. SCE) was recorded.

RESULTS AND DISCUSSION
UV-Vis absorption spectra

The UV-Vis absorption spectra of AO and its mixture with dSDNA are shown
in Fig. 2, from which it can be seen that AO exhibits an absorption maximum at
495 nm with a shoulder at 488 nm (curve 1). When dsDNA was added into the
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AO solution, the absorbance maximum decreased and was red-shifted by about
4 nm (curve 2 and 3). According to Barton,25 the hypochromism and red shift of
the wavelength are typical characteristics of intercalation of small molecules with
dsDNA. Hence, the changes of the UV-Vis absorption spectrum of AO in the
presence of dsDNA indicate that intercalation had occurred in the mixed solution.

1.5

1.0
é
0.5 Fig. 2. The UV-Vis absorption
spectra of AO and dsDNA in
B-R buffer pH 2.5: 1) 4,010
\ mol I'1 AO; 2) 4.0x10° mol I
0.0+ = AO + 10.0 mg I'! dsDNA and
300 400 500 600 700 goo 3) 4.0x10° mol I AO + 20.0
Wavelength {nm) mg I"1 dsDNA.

Cyclic voltammogram of AO and its mixture with dSDNA

The cyclic voltammograms of AO and its mixture with dsDNA are shown in
Fig. 3. AO had a reduction peak at —0.89 V (vs. SCE) (curve 1) and did not have
any oxidation peak in the potential range from —0.7 to —1.0 V. These results in-
dicated that AO participated in an irreversible electrode process on the mercury
electrode. After the addition of dsDNA into the AO solution, the peak current de-
creesed and the peak potential moved positively (curve 2), which are typical
characteristics of intercalation of small molecules with dsDNA.12
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i 5 L ; Fig. 3. Cyclic voltammogram of AO

o ; é - in B-R buffer pH 2.5: 1) 4.0x10°®

o 0w om e o 0 mol It AO and 2) 4.0x10° mol I'2
E/V AO +10.0 mg I'1 dsDNA.

The peak current increased with increasing scan rate and the relationship of

peak current and scan rate is shown in Fig. 4. Irrespective of the presence of
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DNA, a good linear relationship of the peak current vs. the square root of scan
rate (v1/2) was obtained, indicating that the electrode process was completely
controlled by the diffusion of the electroactive substances to the surface of the
mercury electrode.
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Fig. 4. The dependence of the peak current
15 2 25 20 35 on the square root of the scan rate. Data ta-
V12 | mv1/2 g-112 ken from Fig. 3.

0

The electrochemical parameters of the reaction solution before and after the
addition of dsDNA were calculated by the following equation for an irreversible
electrode process:12

Int, = —%(Ep _Ey)+1n0.227nFAKC
where « is the electron transfer coefficient, kg the standard rate constant of the
surface reaction, Eq the formal potential, n the electron transfer number, A the
surface area of a mercury drop and cg the concentration of AO.

According to the above equation, an and ks can be determined from the slope
and the intercept of the linear equation of In I, against (Ep—Ep). Eg can be deter-
mined from the intercept of Ep vs. v plot by extrapolating the line to v=0. By
this method, the electrochemical parameters were calculated and the results are
shown in Table I.

TABLE I. The electrochemical parameters of AO in the absence and in the presence of dsSDNA

Parameter AO AO-dsDNA
Eq/V -0.975 -0.955
on 0.504 0.253
ke /s 0.357 0.220

Comparing the two groups of the parameters, the values of an and ks in the
absence and presence of dsDNA show distinct differences; hence the formed
AO-dsDNA supramolecular complex was electroactive. In the mixed reaction
solution, the diffusion coefficient of AO-dsDNA complex was decreased, which
resulted in the decrease of the reduction peak currents.
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Measurement of stoichiometry of dsSDNA-mAO supramolecular complex

After the method proposed by Li,26 it was assumed that AO and dsDNA
produced a single complex of dSDNA-mAOQO. The binding number (m) and the
equilibrium constant (fs) between dsDNA and AO could be determined by the
following method:

dsDNA + mAO — dsDNA-mAO @

The equilibrium constant of the reaction, fs is:
_ [dsDNA —mAQ]

= 2
b [dsSDNA]J[AO]™ @)
The following equations can be deduced:
Almax = KCgspna (3)
Al = k[dsDNA-mAOQ] 4)
[dsDNA] + [dsSDNA-mMAO] = Cgspna (5)
Therefore:
Alax—Al = k(Cgspna—[dSDNA-mMAQ]) = k[dsDNA] (6)
Introducing Egs. (1), (3) and (5) gives:
log [Al/(Almax—Al)] = log s + mlog [AO] @)

where Al is the difference between the peak current of the sample and blank,
Almax corresponds to the maximum value of the difference of the peak currents,
Casonas, [ASDNA-mAQ], [dsDNA] corresponds to the total, bound and free con-
centration of dsDNA in the solution, respectively.

From Eq. (7), the relation of log [Al/(Almax—Al] with log [AO] was calcu-
lated and plotted with the linear regression equation as log [Al/(Almax—Al)] =
= 1.113log [AO]+4.963 (n =7, y = 0.995). From the intercept and the slope, a va-
lue of m=1 and ps= 9.183x10% were deduced, which indicates that a stable 1:1
complex of dsSDNA-AO was formed under the selected conditions.

Second-order derivative linear sweep voltammogram

In order to improve the detection sensitivity, second-order derivative linear
sweep polarography was used for nucleic acids and their determination. A typical
linear sweep voltammogram of the AO—-dsDNA reaction system is shown in Fig. 5.
Curve 1 is the voltammogram of B-R buffer, for which no redox response appea-
red. Curve 2 is the voltammogram of AO in B-R buffer solution and a sensitive
linear sweep reduction peak at —0.89 V (vs. SCE) appeared, which was due to the
electrode reduction of the pyridine group. After the addition of dsDNA into the
AO solution, the peak current decreased greatly with a positive shift of the peak
potential (curve 3 and 4), which indicates that dsSDNA intercalation with AO
could lead to decrease in the electrochemical response. With increasing amount
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of added dsDNA, the greater was the decrease in the peak current, a fact which
could be employed for the determination of dsDNA.
8000

7000

6000

"/ nA

5000
4000

Fig.5. Second order derivative linear
sweep voltammogram of 1) B-R buf-
fer pH 2.5; 2) B-R buffer pH 2.5 +
+4.0x10° mol I AO; 3) B-R buffer
pH 2.5 + 4.0x10% mol I'* AO + 10.0

3000

2000

1000

0 1 : : : . . ' mg It dsDNA and 4) B-R buffer
0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 pH 2'5 + 4'0><10_5 m0| |_1 Ao + 15'0
—E/V mg I'1 dsDNA.

Optimal of reaction conditions

The influence of pH on the binding reaction was investigated and the results are
shown in Fig. 6. The highest value of the difference of peak current was observed
at pH 2.5, hence this pH was chosen for the assay. The amount of 0.2 mol I-1 B-R
was varied and in the volume range 1.0 to 3.0 ml, the peak current remained
constant, hence 2.0 ml of B-R buffer solution was selected.

2000 [
1800 [
1600 [
E 1400 [
¥ 1200 |
1000 [
800 [
600 [

400 1 Fig.6. Influence of the pH of the

200 1 . . . . ‘ . - B-R buffer solution on the binding

0 reaction. The solution contained

0 1 2 3 4 5 6 7 3.0x10° mol It AO + 10.0 mg It

pH dsDNA.

The concentration of AO on the binding reaction was examined by fixing the
dsDNA concentration at 10.0 mg I-1. As shown in Fig. 7, the peak current increa-
sed with increasing AO concentration and reached maximum at 4.0x10~° mol I-1
AO. Hence, an AO concentration of 4.0x10° mol I-1 was used in this experiment.

The binding reaction occurred rapidly at 25 °C and reached equilibrium in about
20 min. The peak current remained constant for about 2 h and showed good stability.
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Optimal of detection conditions

The experimental conditions, such as dropping mercury standing time and
the scan rate, on the peak currents were varied. With increasing the mercury drop
standing time and the scan rate, the peak current increased correspondingly. The
results were recorded at a standing time of 10 s and at a scan rate of 700 mV s-1,

Calibration curves

Under the selected condition, the proposed electrochemical method was ap-
plied to the determination of dsSDNA and RNA. The decrease of the peak current
was proportional to the concentration of the nucleic acids and the analytical
results are shown in Table II. It can be seen that this method had good sensitivity
and a wide linear range.

TABLE Il. Analytical parameters for different nucleic acids

Nuc_leic Standard regression equation Linear range Detection limits Reg_re_ssion
acid mg I mg I coefficient (y)
DNA  Al,” (nA) =111.90c (mg I')+125.32 2.0-20.0 0.051 0.997
RNA Al,” (nA)= 131.84c (mg I'1)+88.46 1.0-20.0 0.020 0.998

Influence of interferences

The influence of metal ions, amino acids, detergents, etc., on the determi-
nation of 10.0 mg I-1 dsDNA was investigated and the results are shown in Table I11.
It can be seen that some metal ions and amino acids interfered with this assay.
However, the detergents had a great influence on the determination, which was
due to the adsorption of the detergent on the surface of the mercury electrode.

Sample determinations

Three synthetic samples containing dsDNA and different coexisting substan-
ces were determined by the proposed method and the results are shown in Table IV.
It can be seen that the results are satisfactory with the recovery in the range of
101.5-105.6 %.



POLAROGRAPHIC DETERMINATION OF NUCLEIC ACIDS 1093

TABLE I11. Effect of co-existing substances on the determination of 10.0 mg 1" DNA

Concentration Relative error Co-existing Concentration Relative error

Co-existing substance

mg I'1 % substances mol pl-t %
L-Arginine 2.0 -151 Mg?2* 2.0 3.43
L-Leucine 2.0 1.87 Ni2* 2.0 0.72
L-Glutamine 2.0 -4.15 Pb2* 2.0 -0.53
L-Cysteine 2.0 0.74 Cu%t 2.0 1.81
L-Glycine 2.0 -1.87 CATB? 2.0 20.23
L-Threonine 2.0 3.00 SDsP 2.0 19.26
Citric acid 2.0 -1.70 B-CDS 2.0 11.11

Cetyltrimethylammonium bromide; bsodiumdodecylsulfate; Cp-cyclodextrin.

TABLE IV. Analytical results of dsDNA in synthetic samples (n = 5)

Sample  Foreign co-existing substances Added Found Recovery RSD
mg I mg I % %

1. L-Arginine, L-Tyrosine, Ni2*, Zn2* 10.0 10.15 101.5 5.46

2. L-Arginine, L-Tyrosine, Fe3*, Zn2* 10.0 10.56 105.6 5.02

3, L-Arginine, Urea, Ni2*, Zn2* 10.0 10.52 105.2 511

CONCLUSIONS

In this work the interaction of AO with dsSDNA was studied by linear sweep
polarography and the electrochemical parameters were calculated and compared.
The results indicate that an electroactive complex was formed, which resulted in
a decrease of the diffusion coefficient of the complex and a decrease of the re-
duction peak current. The positive movement of the reduction peak potential of
the reaction system indicated that AO can intercalate with dsSDNA. Based on the
decrease of the peak current, a sensitive electrochemical method was developed
for the determination of nucleic acids, such as dsDNA and RNA. The proposed
method is sensitive, practicable, reproducible and applicable to the determination
of synthetic samples.
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OJIPEBUBAE HYKJIEMHCKUX KMCEJIMHA IIOMORY AKPUJIMH-OPAHX
BUO-TIPOBE TIOJIAPOTPA®UIOM CA JIMHEAPHO ITPOMEHJBMBUM
IIOTEHIIUJAJIOM

WEI SUN, NA ZHAO, XIANLONG YUAN u KUI JIAO

College of Chemistry and Molecular Engineering, Qingdao University of Science and Technology,
Qingdao 266042, P. R. China

VcntuBana je uHTepakuuja akpunuH—opatxa (AO) u mymekc-JTHK y BoseHOM pacTBopy,
kopunrhemeM nosaporpaguje ca JIMHeapHO IPOMEHIJFMBHM IOTSHIMjAJIOM M Kaljbyhe >KHBHHE elle-
ktpoze. Y Britton-Robinson mydepckom pactsopy, pH 2,5, AO nokasyje peAyKIHOHH CTPYjHH
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Bpx Ha —0,89 V (mpema 3KE) koju ce gomarkom ayruiekc-JIHK 3HauajHo mHXMOMpa U mioMepa Ka
MO3UTHBHHjUM MOTeHIKjanuMa. Ha OCHOBY cMamema PefLyKIMOHOT CTPYjHOT BpXa pa3BujeHa je HoBa
KBaHTUTATHBHA CJICKTPOXEMHUjcKa Metoza ojapehuBama aymiekc-JIHK ca omncerom nuHEapHOCTH
2,0-20,0 mg I'! u jennaunsom nuHeapre perpecuje: Alp” (nA) = 111,90C (mg I'1)+125,32 (n = 9,
y = 0,997). Takole je UCIUTHUBAH YTHI[aj CYIICTAHLH KOje Cy yoOu4ajeHu mpatuouu (joHH Meraa,
aMHHO-KHCEJIMHE) Ha TaYHOCT MeToe. MeTozia je oceT/brBa, Op3a, jeIHOCTaBHA M OJUIHKYje ce 0~
6pom cenextuBHohy. Takolhe je mpumemena Ha nerekunjy PHK u Ha Tpu cuHTeTHYKa y30pKa
koju cy cagpxanu aymiekc-JIHK u y cBum ciyuajeBuMa cy pesyiratu Ouim 3a10BoJbaBajyhu.
EnexrpoxeMujckoM METOJIOM je m3padyHaT u Opoj Moiekyna AO Besanux 3a maymiekc-JIHK kao n
oarosapajyha KOHCTaHTa paBHOTEXKE.

(TIpumibeno 7. HoBembpa 2006, peuaupano 2. anpua 2007)
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