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Abstract: In this paper, the interaction of cupferron (Cup) and its lead(l1) com-
plex [Cup—Pb(I1)] with chondroitin sulfate (CS) was investigated by the linear
sweep voltammetric method. In the selected medium of pH 5.5 (acetic acid—
—hexamine buffer solution), Cup can interact with Pb(ll) to form a stable com-
plex of [Cup—Pb(ll)], which has a sensitive second order derivative polaro-
graphic reductive peak at —0.64 V vs. SCE. After the addition of CS into a
solution of the Cup-Pb(ll) complex, the reductive peak current decreased
without any shift of the peak potential and no new peak appeared, which indi-
cated that a non-electroactive supramolecular complex of CS with [Cup—Pb(I1)]
was formed. The binding reaction conditions were carefully investigated. The
interaction mechanism under the optimal conditions was discussed. The
decrease of reductive peak current, 1,”, was directly proportional to the CS
concentration, thus a new quantitative determination method for CS was estab-
lished with the linear regression equation as Al,” / nA =36.97(c / mg L1 +
+ 12.45 (n = 10, y = 0.995). The effects of other substances on the determi-
nation were carefully investigated and three synthetic samples were determined
with satisfactory results. The binding constant (55) and the binding number (m)
of CS with [Cup—Pb(ll)] complex were calculated from the voltammetric data
with the results S = 1.89x10%0 and m~ 2.5.

Keywords. cupferron; lead(l1); chondroitin sulfate; linear sweep voltammetry;
interaction.
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INTRODUCTION

Chondroitin sulfate (CS) is a glycosaminoglycan with a disaccharide unit of
p-D-galactosamine and S-D-glucuronic acid.1 CS was first extracted from cartel-
age in 1984 and it was reported to have many important biological and pharma-
cologica activities, such as anticoagulant and anticancer properties, anti-inflam-
matory activity, lipid metabolism promotion, osteoporosis treatment, etc.2:3 Thus,
in clinical therapy CS has been used as an effective medicine for the treatment of
chronic diseases such as rheumatism, degenerative arthritis, lumbago, gastric
ulcer, cirrhosis and chronic photo damage.# Recently, more biomedical activities,
including drug delivery, tissue engineering, regenerative medicine and surgery,
have been reported.>—7

The determination of the content of polysaccharide is the most efficient way
to inspect the effective components of a product in the quality control of poly-
saccharide drug, as well as the best stable basis for a study of drug stability.
Therefore, it is significant to establish a sensitive method for the determination of
CS. Nowadays, many different kinds of analytical methods have been proposed
for CS determination, such as the Elson-Morgan method,8° spectrophoto-
metry,1011 HPLC12-14 and electrophoretic methods.1>-17 However, these
methods often suffer from some disadvantages, such as low sensitivity, poor
selectivity or a complicated procedure. Owing to the advantages of higher sen-
sitivity, wider liner range, faster response and cheaper instrumentation, electro-
chemical methods have drawn much attention and have been used to determine
successfully different kinds of biomolecules, such as DNA,1819 RNA,20 pro-
tein, 2122 heparin2324 and chondroitin sulfate.?> However, most of the papers
were based on the interaction of the biomolecules with electroactive substances.
To the best of our knowledge, they are seldom based on the interaction of bio-
molecules with metal complexes.

As a commonly used organic compound, cupferron (Cup) can form stable
complexes with many metals, which has been widely applied for the determi-
nation of trace metal elements, such as Cr, Al, Pb, Zn, etc., by spectrophotometry
and electrochemical methods.26-2° The metal complexes can also form a polaro-
graphic adsorption wave on a mercury working electrode, which can be used for
the sensitive detection of metal ions.30 Sun et al. studied the interaction between
Cup and Cd(Il) and a new €electrochemical method for determining proteins was
established by using the complex of [Cup—Cd(I1)] as a voltammetric probe.31

In thiswork, Pb(I1) was selected to interact with Cup and a stable electroche-
mically active complex of [Cup—Pb(Il)] was formed, which showed a sensitive
and stable voltammetric reductive peak at —0.64 V (vs. SCE) on a dropping mer-
cury working electrode. The polarographic behaviors of the [Cup—Pb(I1)] com-
plex was carefully investigated on a dropping mercury electrode.32 Thus, the
[Cup—Pb(I1)] complex was selected as an electrochemical probe to study the
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binding reaction with CS and its further use to determine CS. The addition of CS
into a solution of the [Cup—Pb(11)] complex resulted in a decrease in the concen-
tration of the free [Cup—Pb(I1)] complex in solution and consequently a decrease
in the electrochemical response without any change of the peak potential, which
indicated that the [Cup—Pb(I1)] complex could interact with CS to form a supra-
molecular complex. The decrease in the electrochemical response was directly
proportional to the CS concentration; thus, a new sensitive anaytica method for
CS determination was established.

EXPERIMENTAL
Apparatus

The second order derivative linear sweep voltammetric measurements were performed
on a model JP-303 polarographic analyzer (Changed Apparatus Factory, China) with a
conventional three-electrode system, composed of a dropping mercury electrode as the work-
ing electrode (DME), saturated calomel as the reference electrode (SCE) and a platinum wire
as the auxiliary electrode. A pHS-25 acidimeter (Shanghai Leici Instrument Factory, China)
was used for the pH measurement. All the experiments were performed at 25+1 °C. All
potentialsin the paper are expressed against SCE.

Reagents

Chondroitin sulfate (CS, 99 %, Shandong Linyitianli Biochemical Company, China) was
used as received without further purification. A 1.0 mg mL-1 stock solution of CS was pre-
pared by directly dissolving 0.1000 g of CS in water, then diluting to the mark in a 100-mL
volumetric flask and stored at 4 °C. The working solutions were obtained by directly diluting
the stock solution with water. A 1.0x103 mol L1 solution of cupferron (Cup, Shanghai Far
Navigation Chemical Reagent Factory, China) was prepared by dissolving 0.0155 g Cup in
water and diluting to 100 mL. A 1.0x10"3 mol L-1 solution of lead nitrate (Shanghai Jinshan
Chemical Plant, China) was prepared by dissolving 0.0333 g of the substance in water and
diluting to 200 mL. A 1.0 mol L1 acetic acid-hexamine buffer solution was used to control
the acidity of reaction solutions. The buffer solution was prepared by mixing 34.05 g of
hexamine diluted to 250 mL and adjusting the pH to 5.5 by diluting with 1.0 mol L1 acetic
acid (HAc). All of other employed reagents were of analytical reagent grade and doubly dis-
tilled water was used throughout.

Procedure

Into a dry 10 mL calibrated tube, the following reaction solutions were added in the
following order: 1.5 mL of pH 5.5 HAc-hexamine buffer, 0.5 mL of 1.0x103 mol L1 Cup,
0.25 mL 1.0x10°3 mol L1 Pb (I1) and an appropriate amount of CS or sample solution. The
mixtures were diluted to the mark with water, mixed thoroughly and allowed to stand for 20
min at 25 °C. A blank solution was aso prepared by the same procedure but without the
addition of CS. Then the solution was transferred to a 10 mL electrochemical cell and the
second order derivative linear sweep polarographic curve was recorded over the potential
range from —0.3 to -0.8 V vs. SCE. The vaues of peak current of the [Cup—Pb(I1)] complex in
the presence (1,") and absence (I, 0" of CS at —0.64 V were measured, and the difference in the
peak currents (Al," = 1,0"-1,") was used for CS determination.
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RESULTS AND DISCUSSION
Second order derivative linear sweep polarogram

The second order derivative linear sweep polarograms of HAc—hexamine,
Cup, Pb(l1) and their mixture with CS are shown in Fig. 1. Curve 1 is the pola-
rogram of the HAc-hexamine buffer solution and no polarographic peak
appeared, which indicated that no electroactive substances existed in the HAc—
—hexamine buffer. Curve 2 is the polarogram of the Cup solution; a reductive
peak at —0.54 V was obtained, resulting from the reduction of Cup on the mer-
cury electrode. Curve 3 is the polarogram of Pb(Il); no peak appeared in the
scanned potential range. Curve 4 is the polarogram of the Cup-Pb(Il) solution; a
new well-defined polarographic reductive peak at —0.64 V was obtained, which
was due to the interaction between Cup and Pb(l1) and the deoxidization of the
newly formed complex [Cup—Pb(l1)] on the mercury electrode. Curve 5 and 6 are
the polarograms of the mixture of different amount of CS with [Cup—Pb(11)].
Owing to the interaction of CS with [Cup—Pb(Il)], the concentration of free
[Cup—Pb(11)] in solution decreased, resulting in decreases in the reductive peak
current. The decrease in the peak current was proportional to the concentration of
CS, which could be further utilized for the determination of CS.

3200
2800+ P
2400+

03 04 05 06 07 08 09
E/V

Fig. 1. Second order derivative linear sweep voltammograms of the Cup—Pb(I1)-CS
interaction system. 1. pH 5.5, HAc-hexaming; 2. 1 + 5.0x10° mol L1 Cup; 3. 1 + 2.5x10®
mol L-1 Po(11); 4. 1 + 5.0x10-°> mol L1 Cup + 2.5x10°°> mol L1 Pb(I1); 5. 4+ 10.0mg L"1 CS;
6. 4+20.0 mg L1 CS. The potentials are expressed vs. SCE.

Optimal reaction conditions

The influence of the reaction conditions, such as the acidity of the buffer
solution, the ratio of Cup and Pb(Il) concentrations, reaction time, reaction tem-
perature, the instrumental conditions, the ion strength, etc., were carefully inves-
tigated.

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




ELECTROCHEMICAL DETERMINATION OF CHONDROITIN SULFATE 203

The effect of buffer acidity on the difference of peak current (Alp") was
investigated by keeping the Cup, Pb(ll1) and CS concentration constant and
changing the buffer pH in the range from 3.5 to 6.5. The results are shown in Fig.
2, from which, it can be seen that the value of Alp" reached its maximum at pH
5.5; hence, pH 5.5 was selected for this assay. The volume of HAc—hexamine
buffer solution added into the solution was investigated in the volume range of
1.0-5.0 mL and 1.5 mL was found suitable for the following procedures.

The effect of the ratio of Cup and P(I1) on the value of Al,"” was studied by
keeping CS concentration at 20.0 mg L1, the Cup concentration at 5.0x10~° mol
L-1 and changing the Pb(ll) concentration. The results showed that the value of
Alp" reached its maximum when the Pb(l1) concentration was 2.5x10~° mol L—L.
Hence, the ratio of Cup to Pb(Il) was kept constant at 2:1 in the following expe-
riments.

35 40 45 50 55 60 65
pH
Fig. 2. Theinfluence of pH on the binding interaction; 5.0x10° mol L1 Cup + 2.5x10°> mol L-
1Pb(I1) +15.0 mg L-1 CSiin different pH (HAc-hexamine buffer) solutions.

After mixing Cup, Pb(Il) with CS, the value of Aly” reached the maximum
within 20 min and remained constant for about 2 h. Thus, the system gave suffi-
cient time for routine experiments.

The influence of adding order of Cup, Pb(Il), CS and buffer on the value of
Alp" was also studied. The order Cup, Pb(l1), buffer and CS was selected as the
optimal adding order, which indicated that the formation of the [Cup—Pb(ll)]
complex was the key for the binding reaction.

The effect of the reaction temperature on the interaction was also tested in
the range of 10-40 °C. The results showed that there were no obvioudly diffe-
rences on Alp" in the selected temperature range. Therefore, the reaction tempe-
rature had little influence on the interaction and 25 °C was used throughout.

The effect of instrumental conditions, such as the scan rate and the dropping
mercury standing time (the lifetime of the mercury drop) were tested. As shown
in Fig. 3, the results indicated that the value of Aly” increased with increasing
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potential scan rate in the range of 300 to 1000 mV s-1 and mercury drop time.
However, the mercury drop would fall down naturally when the dropping mer-
cury standing time exceeded 24 s. Hence, the scan rate and the standing time
were selected as 1000 mV s1 and 22 s, respectively.

The effect of NaCl concentration on this assay was also examined and the
results are shown in Fig. 4, from which it could be seen that the presence of NaCl
had a significant influence on the interaction. The value of Al," decreased with
increasing salt concentration in the range 0.01-0.2 mol L-1, which proved that
the interaction of [Cup—Pb(l1)] with CS was mainly caused by electrostatic
attraction. The electrostatic shielding effect of the charges on binding reaction
with the increasing Na* concentration was detrimental to the formation of the
CS—Cup—Phb(Il) complex.
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Fig. 3. Theinfluence of scan rate on the binding interaction. 5.0x10° mol L-1 Cup +
2.5x10° mol L-1 Po(I1) + 15.0 mg L-1 CSin pH 5.5 HAc-hexamine buffer.

6504

600

Alp" [ nA

550+

500 —

.

450 T T T T T
0.00 0.05 0.10 0.15 020

y
Chn /mol L

Fig. 4. The effect of NaCl concentration on the binding interaction. 5.0x10" mol L1 Cup +
2.5x10° mol L1 Pb(I1) + 15.0 mg L1 CS and different amount of NaCl in pH 5.5
HAc—hexamine buffer.
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Influences of co-existing substances

The influences of co-existing substances on the determination of 15.0 mg
mL—1 CS were also tested and the results are listed in Table |. They show that the
commonly present substances such as metal ions, amino acids and glucose, had
little effects on the determination.

TABLE I. Influence of co-existing substances on the determination of 15.0 mg L1 CS

Co-existing Concentration  Relative | Co-existing Concentration  Relative
substance mg L1 error, % | substance mg L1 error, %
Ni2* 2.0x106 mol L1 0.62 L-Glutamate 1.0 -1.55
Zn%* 2.0x108mol L1  —7.57 L-Glutamine 1.0 3.40
SDS 1.0 10.51 L-Valine 1.0 4.02
B-CD 1.0 -10.05 L-Arginine 1.0 1.22
RNA 1.0 -8.04 L-Cysteine 1.0 4.82
HSA 1.0 2.94 L-Leucine 1.0 0.93
DNA 1.0 4.79 Glycin 1.0 —2.78
Glucose 1.0 124 L-Tyrosine 1.0 4,50

Calibration curve

Under the optimal conditions, a calibration curve for CS determination, Fig. 5,
was obtained in the concentration range of 1.0-25.0 mg L—1 with the linear regres-
sion equation: Alp” / nA = 36.97(c / mg L-1) + 12.45 (n = 10, y = 0.995). The
relative standard deviation (RSD) for eleven parallel determinations of 15.0 mg
L-1 CSwas 2.59 % and the detection limit was calculated as 0.69 mg L1 (30).

]

0 5 10 15 20 25
C./mgL

Fig. 5. Relationship between the difference in the peak current and the concentration of CS.
5.0x10°5 mol L1 Cup + 2.5%105 mol L1 Pb(I1) and different amount of CSin pH 5.5
HAc-hexamine buffer.
Sample determinations

Three synthetic samples containing CS, metal ions, amino acids, etc. were
analyzed by the proposed method with the results listed in Table I1. It can be seen

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




206 NIV etal.

that this new method was practical and reliable in the determination of CS in
synthetic samples with arecovery in the range of 94.3-105.8 %.

Stoichiometry of CS-Cup—Pb (1) complex

According to a method given in the literature,33 the binding number and the
equilibrium constant of the supramolecular complex were determined. It was
presumed that Cup—Pb(I1) interacting with CS formed only a single complex of
CS-mCup—Pb(I1). The binding number (m) and the equilibrium constant (85) of
the binding reaction could be calculated from the following equations:

CS+mCup—Pb(ll) — CS-mCup—Pb(ll) Q)
The equilibrium constant was deduced as follows:
_ [CS-rnCup-Pbr]n B
[CS][Cup-Pb]
Since:
A Imax = kecs (©)
A 7 =K CS-mCup—Pb(11)] 4
[CS] + [CS-MCup—-Pb(ID] = ccs (5)
Therefore:
A Imax—A 1 = k(ccs{ CS-mCup-Pb(I1)]) = [CY (6)
Combination of Egs. (2), (4) and (6) gives.
log [A 7] (A lmax —A)] =log B+ mlog [Cup—Pb(l1)] @)

where Al is the difference of the peak current in the presence and absence of CS
and Almax corresponds to the obtained value when the concentration of [Cup—
—Pb(11)] is much higher than that of CS. CCS, [CS], [CS-mCup—Pb(Il)] corres-
pond to the total, free and bound concentration of CS in the solution, respecti-
vely.

TABLE Il. Determination results of CS in synthetic samples (n = 5); conditions: L-glutamine,
L-leucine, glucose, L-arginine and glutamic acid, 1.0 mg L-%; Ni2*, Mg?* and Ni2*, 2.0x10°®
mol L-1

Sample Foreign co-existing substances Added Found - Recovery  RD

mgLl mgL1 % %
1 L-Glutamine, L-leucine, glucose, Mg2* 10.0 9.43 94.3 3.84
2 L-Arginine, glutamic acid, Mg?*, Ni2* 10.0 9.68 96.8 0.51
3 L-Arginine, glutamic acid, Mg?*, Ni2* 20.0 21.16 105.8 112

The relationships between 15", Alp” (151" —152") and the concentration of CS
are shown in Fig. 6. The relationship of log [Al / (Almax — Al)] with log [Cup—
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—Pb(I1)] is shown in Fig. 7. From the intercept and the slope m ~2.5 and fs =
= 1.89x1010, respectively, were deduced. The results indicate that a 2:5 complex
of 2CS-5Cup—Pb(I1) was formed under the selected conditions.

2500 L 2500

2000 / F20005;
2 =
1500+ // L15005

Ip"/nA

10004 X L1000
/ \l l\.
5004 A _ = 500
e
0 T T T T T T O
0 2 4 6 8 10 12
Ce/ 107 mol L

Fig. 6. Relationship between I," and Ceompiex (1 and 2) and Al," and Ceomplex (3)- 1) ccs =0, 2)
Ccs=15mg L, 3) Al =1" — 1"

1.04

50 48 46 44 42
logcCup/mol L

Fig. 7. A plot of log (Al/(Alyax — Al)) against log [Pb(11)].

CONCLUSIONS

This paper described a new el ectroanalytical method for the determination of
CS by using Cup—Pb(Il) as an electrochemical probe. The interaction of Cup with
Pb(Il) in the solution formed a stable complex, which had a sensitive linear
sweep voltammetric peak at —0.64 V vs. SCE. The addition of CS into the Cup—
—Pb(I1) solution caused a decrease of the reductive peak current of Cup—Pb(ll)
without a change in the peak potential, indicating a new supramolecular complex
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had been formed. The binding interaction of CS with [Cup—Pb(I1)] could be further
applied to the determination of micro-amounts of CS with satisfactory results.
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n3BOJ

HOBA EJIEKPOXEMHUJCKA METOJA 3A OOPEBHMBAILE XOHOPUTHUH-CYJIPATA
BA3SUPAHA HA CYIIPAMOJIEKYJIAPHOJ UHTEPAKLIMJH CA [KYII®EPOH—- Pb(II)]
KOMIUVIEKCOM

XUELIANG NIU"*, PINGPING ZHANG'? WEILI ZHANG'* 1 WEI SUN?

IDepartment of Pharmacy, Shangdong Wanjie Medical College, Zibo,255213, China, 2Key Laboratory of
Biomedical Engineering and Technology in Universities of Shandong (Shangdong Wanjie Medical College),
255213, China u 3'College of Chemistry and Molecular Engineering, Qingdao University of Science and
Technology, Qingdao,266042, China

HcnuruBaHa je uHTepakuuja kyndepona (Cup) u Pb (II) xommiexkca [Cup—Pb(II)] ca
XOHApUTHH-Cyndarom (CS) nomohy BosTameTpHje ca TMHEapHOM IIPOMEHOM IOoTeHIHjana. Y
menujymy pH 5,5 (nmydep cupheTtHa kucennHa—xexcamuH), Cup pearyje ca Pb(II) dopmu-
pajyhu cradunan xommiexc [Cup—Pb(1I)], xoju maje ocetssuB momaporpadcku pemyKIHOHU
nuk gpyror pega Ha —0.64 V npema 3KE. Ilocne mopatka CS y pactBop kommiekca [Cup—
—Pb(I1)], cTpyja pemyKUHOHOT MHUKA Ce CMamyje He3 moMepamwa U He3 1ojaBe HOBOT MHKA, IITO
yKasyje Ha GOpMHUpame eleKTPOXeMHjCKH HEaKTUBHOT CynpaMoJsieKynapHor komiiekca CS ca
[Cup—Pb(II)]. YcimoBu oBe peakuuje Cy [eTa/bHO MCHUTHBAaHU. [JUCKYTOBAaH je MeXaHHM3am
HMHTEpaKUyje MojJ ONTHMATHUM ycloBUMa. CMameme CTpyje PeOyKLHOHOT MHKa je JTUPEKTHO
NPONOPLUOHANHO KOHLeHTpanuju CS, ma je mocraB/beHa HOBa KBaHTHTAaTHBHA MeToja 3a
onpehusame CS, ca THHEApHOM PErpecloHoM jenHaunHoM Alp” / nA = 36,97(c / mg L71) +
+ 12,45 (n =10, y = 0,995). UcnutrBaH je edexat yTuliaja APYTUX CyTNCTaHIM Ha ofpehuBame
U aHaIM3MpaHa Cy TPU CHUHTETHYKa y30pKa ca 3aloBo/baBajyhum pesynrtatuma. M3 BolTameT-
PHjCKMX ITofaTaka U3padyyHaTH Cy KOHCTaHTa popmupama (fs) u dpoj Besanux CS (m) ca kom-
nnexcom [Cup—Pb(11)] u usHoce S, = 1,89x1010 u m = 2,5.

(ITpumiseno 19. pedpyapa, pesuaupano 25. anpuna 2013)
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