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In the present study, the fabrication of a new modified electrode for electrocatalytic

oxidation of noradrenalin, based on the delphinidin immobilized on silver nanoparticles

modified glassy carbon electrode. Cyclic voltammetry was used to investigate the redox

properties of this modified electrode. The surface charge transfer rate constant (ks) and the

charge transfer coefficient (a) for the electron transfer between the glassy carbon electrode

and the immobilized delphinidin were calculated. The differential pulse voltammetry

exhibited two linear dynamic ranges and a detection limit of 0.40mM for noradrenalin

determination. Moreover, the present electrode could separate the oxidation peak poten-

tials of ascorbic acid, noradrenalin, uric acid, and tryptophan in a mixture. The usefulness

of this nanosensor was also investigated for the determination of ascorbic acid,

noradrenalin, and uric acid in pharmaceutical and biological fluid samples with satisfac-

tory results.

Copyright © 2016, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Noradrenalin (NA) is one of the most important catechol-

amines secreted in the adrenal medulla and has important

physiological roles in the central nervous system [1]. Its role is

already proven in increasing the heart rate and blood
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pressure, dilating the pupils, dilating the air passages in the

lungs, and narrowing the blood vessels. Therefore, the quan-

tification of NA in the biological system provides essential

information about its adverse physiological effects such as

anxiety, diabetes, pain, heart disease, and other neurological

disorders such as Parkinson and Alzheimer diseases [2].
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Figure 1 e The molecular structure of delphinidin.

Figure 2 e Fabrication steps of DSNPs-GCE. AgNO3 ¼ silver

nitrate; GCE ¼ glassy carbon electrode; DSNPs-

GCE ¼ delphinidin silver nanoparticles modified glassy

carbon electrode; SNP ¼ silver nanoparticle.
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Ascorbic acid (AA; also called vitamin C) is widely used in

the food industry as an antioxidant to prevent undesirable

changes in color, taste, and odor [3]. This compound exists

widely in food, plants, and animal tissues, and has an

important role in preventing infectious diseases; however, it

cannot be synthesized by the human body [4].

Uric acid (UA) is a very important biomolecule; it is a major

nitrogenous compound in urine, a primary product of purine

metabolism in the human body, and is of biomedical signifi-

cance [5]. This compound has important roles in human

metabolism, the central nervous and renal systems, and its

high quantities in serum and urine can provide information

about some important diseases such as gout, leukemia, kid-

ney damage, and infectious disease [6].

Tryptophan (Trp) is an essential amino acid with

numerous physiological roles; it functions independently or

by incorporation into the structure of larger molecules or

polymers such as proteins [7]. In addition, this compound has

a significant role in the mechanism of brain functions [8].

Tryptophan is commonly added to dietary food products as a

food fortifier and in pharmaceutical products because of its

scarce presence in vegetables and lack of ability of the body to

produce it [9]. Toxic products can accumulate in the brain as a

result of the improper metabolism of Trp, which can then

cause problems such as hallucinations, delusions, and

schizophrenia [10].

Ascorbic acid has several functions in the brain and neu-

rons and has been verified to enhance the synthesis of

neuronal catecholamine [11] and noradrenalin [12]. By

contrast, UA and AA coexist in biological fluids such as blood

and urine. Human studies have reported a reverse association

between plasma AA or vitamin C intake and serum UA

quantities [13]. In the presence of AA, Trp can also be con-

verted into 5-hydroxytryptophan, which forms serotonin, an

important brain chemical in animals. Therefore, the deter-

mination of Trp and AA concentration in animal blood could

aid in the control of the production of serotonin in the body

[14].

The aforementioned topics demonstrate that the simulta-

neous determination of AA, NA, UA, and Trp is of critical

importance in the field of biochemistry and neurochemistry,

and in diagnostic and medical investigations. However, with

conventional bare electrodes, the simultaneous determina-

tion of these compounds is very difficult because of the

overlap of their oxidation potentials; therefore, modification

of the electrode is necessary and many modifiers have been

used for the same purpose [15e18]. Metal nanoparticles such

as silver nanoparticles have been widely used in modified

electrodes. They are small and have good conductivity and

excellent catalytic activity, which make them a decent

candidate in the preparation of electrochemical nanosensors

and nanobiosensors [19e21]. Moreover, quinones are funda-

mentally important in the modification of electrodes [22e24].

Their fundamental role in biological electron transport and in

industrial processes as redox catalysts is proven. Delphinidin

has an o-quinone ring (Figure 1), which makes it a good ma-

terial for modifying electrodes. It is an anthocyanidin, a pri-

mary plant pigment, and an antioxidant [25].

In this work, we report for the first time that the delphi-

nidin silver nanoparticles modified glassy carbon electrode
(DSNPs-GCE) exhibited a strong catalytic activity for the

oxidation of NA, and resolved the voltammetric responses of

AA, NA, UA, and Trp compounds into individual signals. The

DSNPs-GCE has several advantages such as wide linear con-

centration ranges, excellent stability, technical simplicity,

good reproducibility, and good detection limit for NA. This

nanosensor was successfully used for the simultaneous de-

terminations of AA and NA in commercial pharmaceutical

samples and UA in a urine sample.
2. Methods

2.1. Materials and instruments

Noradrenalin and delphinidin chloride were purchased from

SigmaeAldrich (St Louis, MO, USA). Silver nitrate, nitric acid,

AA, UA, tryptophan (Trp) and other reagents, obtained from

Merck (Darmstadt, Germany), were of analytical grade and

were used as received. Noradrenalin injection solution (1 mg/

mL; from Bio and Pharma Companies, Brussels, Belgium) and

vitamin C tablet (500 mg, from Pharma Chemie, Tehran, Iran)

were purchased from approved local companies at the drug-

store. A phosphate buffer solution (0.10M) was prepared with
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Figure 3 e The scanning electron microscope (SEM) images of (A) the silver nanoparticle modified glassy carbon electrode

(GCE) and (B) delphinidin immobilized on silver nanoparticles on the GCE.
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phosphoric acid, and the pH was adjusted using 2.0M sodium

hydroxide solution. All solutions were prepared with double-

distilled water. Before the experiments, all solutions tested

were deserted by passing highly pure nitrogen (99.99%).
Figure 4 e Cyclic voltammograms of the DSNPs-GCE in 0.10M ph

numbers 1e34 correspond to 10e175 mV/s. (A) The plots of ano

variation in the peak potentials versus the logarithm of the sca

modified glassy carbon electrode.
An autolab potentiostate-galvanostate PGSTAT 30 (Eco

Chemie, Ultrecht, The Netherlands) equipped with GPES 4.9

software (Eco Chemie), was connected to a conventional three

electrode system that was used for electrochemical
osphate buffer solution (pH 7.0) at different scan rates. The

dic and cathodic peak currents versus the scan rate. (B) The

n rate. DSNPs-GCE ¼ delphinidin silver nanoparticles
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measurements. A platinum electrode (Azar Electrode Co.,

Urmia, Iran) and a silver/silver chloride/potassium chloride

(Ag/AgCl/KCl; 3.0 mol/L) electrode were the counter and

reference electrodes, respectively. All potentials in the

framework are in reference to this reference electrode.
2.2. Preparation of the electrodes

At the beginning, a bare glassy carbon electrode (BGCE) was

polished with 0.05 mm aluminum oxide slurry on a cloth and

then rinsed with double-distilled water. The electrode was

then consecutively inserted in 1:1 nitric acid, absolute

ethanol, and double-distilled water in an ultrasonic bath for

2 minutes.

A silver nanoparticles modified GCE (SNPs-GCE) was pre-

pared by immersing a BGCE in a solution containing 100mM

nitric acid and 1mM silver nitrate; a continuous cyclic poten-

tial from �0.7 V to 1.9 V at a sweep rate of 80 mV/s for eight

cycles was also applied [19]. As the final point, the modified

electrode was rinsed with double-distilled water and dried in

air.

A delphinidin silver nanoparticles modified GCE (DSNPs-

GCE) was prepared by immersing a SNPs�GCE in a 0.10mM

solution of delphinidin in a 0.10M phosphate buffer (pH 7.0)

and modified by 16 cycles of a potential scan in the range of
Figure 5 e Cyclic voltammograms of DSNPs-GCE (at 100 mV/s) i

(range, 2.0 e12.0). The inset shows the plot of the formal poten

nanoparticles modified glassy carbon electrode.
�0.25 V to 0.7 V at 20 mV/s (Figure 2), in which the delphinidin

modified glassy carbon electrode (DGCE) was based on placing

the BGCE in a 0.10mM solution of delphinidin in a 0.10M

phosphate buffer (pH 7.0), andmodified in the same procedure

as described for the DSNPs-GCE.

In addition, to ensure the electrode modification steps,

scanning electron microscope (SEM) imaging was performed

using the MIRA3 Tescan SEM (Tescan, Brno-Kohoutovice,

Czech Republic) for the silver nanoparticle modified elec-

trode and for delphinidin immobilized on the silver nano-

particles on the GCE.
2.3. Electrochemical measurements

Cyclic voltammetrymeasurements weremade in an unstirred

0.10M phosphate buffer (pH 7.0). All potentials weremeasured

and reported versus Ag/AgCl. After the preparation of the

modified electrode (i.e., DSNPs-GCE), it was rinsed with

double-distilled water and placed in 0.10M phosphate buffer

(pH 7.0). Cyclic voltammograms and linear sweep voltamme-

try were performed. Differential pulse voltammetry (DPV) was

measured in 10.0 mL 0.10M phosphate buffer (pH 7.0) con-

taining different concentrations of NA. The current of the

voltammograms versus the NA concentrations were then

depicted, and the linear ranges were determined. The DPV
R2

n a phosphate buffer solution (0.10M) at different pH level

tial, E0′, versus the pH. DSNPs-GCE ¼ delphinidin silver
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measurements were taken with a 5-mV step potential, 25-mV

amplitude, and a potential ranging from �0.1 V to 0.25 V for

NA and from �0.1 V to 0.8 V for AA, NA, UA, and Trp.
2.4. Procedure for the real sample preparations

One AA tablet (4.01 g) was dissolved in 500 mL of double-

distilled water, and then diluted 12 times with a 0.10M phos-

phate buffer solution before the measurements. The NA in-

jection solution and urine sample were diluted 100 times and

40 times with 0.10M phosphate buffer solution, respectively.

The diluted sample solutions were placed in an electro-

chemical cell to determine their concentrations using the DPV

method.
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3. Results and discussion

3.1. Scanning electron microscope imaging analysis

The SEM images of the modified electrodes are shown in

Figure 3. Figure 3A shows the silver nanoparticles deposited

on the GCE electrode surface. The silver nanoparticles have a

relatively uniform shape and dispersal. In addition, Figure 3A

denotes the delphinidin immobilized on the silver nano-

particles that are deposited on the GCE surface, which proves

the immobilization of delphinidin on the silver nanoparticles.
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Figure 6 e Cyclic voltammograms of the DSNPs-GCE in a

0.10M phosphate buffer (pH 7.0) solution in (a) the absence

and (b) the presence of 0.25mM NA. (c) As (a) and (d) as (b)

for a DGCE and (e, f) as (b) for SNPs-GCE and BGCE. For all

the voltammograms, the scan rate was 20 mV/s. BGCE,

bare glassy carbon electrode; DGCE, delphinidin modified

glassy carbon electrode; DSNPs-GCE, delphinidin silver

nanoparticles modified glassy carbon electrode; NA,

noradrenaline; SNPs-GCE, silver nanoparticles modified

glassy carbon electrode.
3.2. Electrochemical behavior of the DSNPs-GCE

The electrochemical behavior of the DSNPs-GCE was studied

by cyclic voltammetry. Figure 4A indicates the cyclic voltam-

mograms of a DSNPs-GCE in a 0.10M phosphate buffer solu-

tion (pH 7.0) at various scan rates. When the potential was

scanned between�100mV and 400mV, a surface immobilized

redox couple with a formal potential (E0
0
) value of 143 mV was

observed. In addition, the formal potential, E00, was virtually

independent of the potential scan rate for sweep rates ranging

5e500 mV/s, symptomatic of facile charge transfer kinetics

over this range of scan rate. The peak-to-peak potential sep-

aration (DEp) was small, and approximately 45 mV for scan

rates below 700 mV/s, resulting a quasi-reversible system. In
E/V

-0.3

1.8

3.9

6

-0.12 0.22 0.56 0.9

E/V

I/μ
A

-0.6

-0.35

-0.1

0.01 0.035 0.06

E/V

lo
g(

I/μ
A

)

1

4

1

4B

Figure 7 e (A) Cyclic voltamograms of DSNPs-GCE in 0.1M

phosphate buffer (pH 7.0) containing 0.40mM NA at

different scan rates. The numbers 1e8 correspond to the

scan rates of 2 mV/s, 6 mV/s, 10 mV/s, 14 mV/s, 18 mV/s,

22 mV/s, 26 mV/s, and 30 mV/s. The inset shows the

variation of the electrocatalytic peak current (Ip) versus the

square root of sweep rate. (B) Linear sweep voltammogram

of DSNPs-GCE in 0.l0M phosphate buffer solution (pH 7.0)

containing 0.40mM NA at different scan rates: 10 mV/s,

14 mV/s, 18 mV/s, 22 mV/s, and 26 mV/s. The inset shows

the Tafel plots derived from the linear sweep

voltammograms. DSNPs-GCE ¼ delphinidin silver

nanoparticles modified glassy carbon electrode;

NA ¼ noradrenaline.
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addition, the electrochemical responses of the nanosensor

were those anticipated for a surface-confined redox couple

because the anodic and cathodic peak currents (Ipa and Ipc,

respectively) were directly proportional to the scan rate

(Figure 4B), as predicted for the deposited chemical species at

the electrode surface. The electron transfer coefficient be-

tween the electrode and the surface-confined redox couple

can be evaluated in cyclic voltammetry from the variation of

the anodic peak potentials (Epa) and cathodic peak potentials

(Epc) with the logarithm of scan rates (Figure 4C) [26]. The

Laviron theory predicts a linear dependence of Ep on log v for

high scan rates, which can be used to extract the kinetic

parameter of from the slope of such plots. We found that for

the scan rates 2500e4500 mV/s, the value of Epa and Epc were

proportional to the log v (Figure 4C). Bymeans of these plots at

a pH of 7.0, the values of 0.49 and 42.5 ± 0.56/s were obtained

for the transfer coefficient, a, and the heterogeneous charge

transfer rate constant, ks, for electron transfer between the

electrode and the electrodeposited delphinidin. The transfer

coefficient, a, can range from 0 to 1, which is as an indicator of
0
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Figure 8 e Chronoamperometric responses of DSNPs-GCE in a 0

200mV for different concentrations of NA. The numbers 1e8 corr

I versus t�1/2 obtained from chronoamperograms, and (B) the pl

concentrations. DSNPs-GCE ¼ delphinidin silver nanoparticles
the symmetry of the barrier to reaction [27]. The ks is the

transfer coefficient between SNPs-GCE and the immobilized

delphinidin on the surface of this modified electrode. Del-

phinidin mediates the electron transfer between GCE and

noradrenalin and decreases the overpotential of noradrena-

line oxidation on the GCE surface. The SNPs accelerate the

kinetic of electron transfer between delphinidin and the GCE

surface. Therefore, a large value of ks indicates that the charge

transfer rate on the surface of SNPs-GCE is high.

Because delphinidin has o-hydroquinone moiety, it was

expected that the redox response of the delphinidin film

would be pH-dependent. Therefore, the cyclic voltammetric

responses of a DSNPs-GCEwere obtained in buffered solutions

of various pH levels of 2.0e12.0 (Figure 5). As shown in the

inset of Figure 5, the conditional formal potential (E00) of the
surface redox couple is pH-dependent with a slope of

�57.9 mV per unit, which is close to the Nernstian slope

(�59.2 mV/pH unit at 25�C). Because the E00 relative to the pH

has one linear segment, the pKa of delphinidin is higher than

12.0.
3322
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ot of the slope of straight lines against the NA

modified glassy carbon electrode; NA ¼ noradrenaline.

http://dx.doi.org/10.1016/j.jfda.2015.11.011
http://dx.doi.org/10.1016/j.jfda.2015.11.011


j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 4 ( 2 0 1 6 ) 4 0 6e4 1 6412
3.3. Electrocatalytic oxidation of NA at the DSNPs-GCE

To appraise the electrocatalytic behavior ofmodified electrode

towards hydrazine oxidation, the cyclic voltammetric re-

sponses of the DSNPs-GCE, SNPs-GCE, DGCE, and BGCE in a

0.10M phosphate buffer (pH 7.0) in the presence and absence

of 0.40mM NA are presented in Figure 6. There is a drastic

increase in the anodic peak current in the presence of 0.40mM

NA (curve b), which can be attributed to the strong electro-

catalytic effect of the DSNPs-GCE in the face of this com-

pound. These results show that the electro-oxidation of NA at

the surface of the DSNPs-GCE follows an EC0 mechanism.

Figure 6 indicates that the anodic peak potential for the

oxidation of NA is approximately 135 mV at the DSNPs-GCE
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Figure 9 e (A) Differential pulse voltammograms of DSNPs-GCE

different concentrations of NA. The numbers 1e59 correspond t

the electrocatalytic peak current as a function of the NA concen

26.4e1.4mM, respectively. DSNPs-GCE ¼ delphinidin silver nano

NA ¼ noradrenaline.
(Figure 6, curve b) and the DGCE (Figure 6, curve d); by

contrast, at the SNPs-GCE (Figure 6, curve e) and the BGCE

(Figure 6, curve f), it is approximately 170 mV and 325 mV,

respectively. The results suggested that the peak potential of

NA oxidation at the DSNPs-GCE (Figure 6, curve b) shifts by

approximately 35 mV and 190 mV towards the negative

values, compared to that at the SNPs-GCE (Figure 6, curve e)

and the BGCE (Figure 6, curve f), respectively. Moreover, at the

surface of the DSNPs-GCE and SNPs-GCE, the peak current

increased, which indicated that the SNPs promoted electron

transfer between delphinidin and the GCE surface and

improved the sensitivity of NA determination. Therefore, for

NA, the overpotential and the enhancement peak current at

the DSNPs-GCE decreased.
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in 0.10 M phosphate buffer solution (pH 7.0) containing

o 1.4e833.3 mM of NA. Insets A, B, and C show the plots of

tration in the ranges of 833.3e166.7mM, 166.7e26.4mM, and

particles modified glassy carbon electrode;
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The cyclic voltammograms of the DSNPs-GCE at various

scan rates (2e30 mV/s) in a 0.10M phosphate buffer solution

(pH 7.0) containing 0.60mM NA were recorded (Figure 7). The

inset in Figure 7A shows the oxidation currents increase lin-

early with the square root of the scan rate, which suggests

that, at a sufficient overpotential, the reaction is mass

transport-controlled. From the slope of this curve, the total

number of electrons involved in the anodic oxidation of NA is

obtained (n ¼ 2.1 y 2).

To obtain information about the rate-determining step of

electrocatalytic reaction, linear sweep voltammograms were

drawn (Figure 7B). Using the points of the Tafel region of the

linear sweep voltammograms of NA solution at the DSNPs-

GCE surface (inset in Figure 7B), the average value of the ki-

netic parameters of the electron transfer coefficient, a, is

calculated as 0.64 ± 0.02, assuming one electron (na¼1) in the

rate-determining step of the electron transfer process be-

tween NA and the modified electrode. In addition, the ex-

change current density, j0, for electrocatalytic oxidation of NA

at the DSNPs-GCE surface is 6.4 mA/cm, using the intercept of

the Tafel plots.

For the EC0 mechanism, Andrieux and Saveant [28]

developed a theoretical model that can be used to calcu-

late the catalytic reaction rate constant (k0). Using this

theoretical paper, the average value of k0 ¼
(2.0 ± 0.05) � 10�3 cm/s was obtained for NA. Because k0 is
the catalytic rate constant between DSNPs-GCE and NA, this

value is a good catalytic feature for the oxidation of NA at

the DSNPs-GCE.

The catalytic oxidation of NA with a DSNPs-GCE was also

studied by chronoamperometry and the diffusion coefficient

of NA was determined. Diffusion coefficient is an indicative

mass transfer of species from bulk to surface of electrode

based diffusion which depended to kind of species. The

chronoamperograms of different concentrations of NA, were

at the potential step of 200 mV (Figure 8). Using the Cottrell

equation [27], the diffusion coefficient was calculated as

8.8 � 10�6 cm2/s for NA.
Table 1 e Comparison of the analytical parameters of several m

Electrode modification Method Linear range (mM)

Hematoxylin DPV 0.5e65.4

65.4e274.2

Graphene modified Pd DPV 0.5e500.0

Lt/fMWCNT/MGCE DPV 0.7e100.0

GrapheneeGCE CV 0.6e120.0

C-Ni/GCE DPV 0.2e80

Poly-CCA-GCE DPV 0.63e62.5

Poly(glutamic acid) CV 51.0e344

Tetrakis-(2-aminopheny)porphyrin CV 1.0e7.0

7.0e50.0

Poly(1,5-diaminonaphthalene) DPV 9.90e90.9

DSNPs-GCE DPV 1.4e26.4

26.4e166.7

166.7e833.3

AC ¼ acetaminophen; AD ¼ adrenaline; CF ¼ caffeine; C-Ni/GCE ¼ carbo

trode; CV ¼ cyclic voltammetry; DPV ¼ differential pulse voltammetry; D

electrode; Lt/fMWCNT/MGCE¼ luteolin on a functionalizedmultiwall carb

Pd ¼ palladium; poly-CCA-GCE ¼ polycalconcarboxylic acid modified glas
3.4. Calibration plots and detection limit

The DPV method was used to estimate the limit of detection

and the linear range of NA because the background current

(i.e., limiting factor in the analytical determination) is lower

in the DPV mode. The effects of increasing the concentration

of NA on the voltammograms are presented in Figure 9

(range, 1.4e833.3mM). Insets AeC in Figure 9 clearly indicate

that the plot of the peak current versus the NA concentration

is formed of three linear segments (i.e., 833.3e166.7mM,

166.7e26.4mM, and 26.4e1.4mM) with different slopes. Ac-

cording to a reported method [27], the lower limit of detection

(LOD) was 0.40mM by using the equation LOD ¼ 3sbl/m, in

which sbl is the standard deviation of the blank response and

m is the slope of the calibration plot (0.0458 mA/mM). The

average voltammetric peak current and the precision esti-

mated in terms of the coefficient of variation for 12 repeated

measurements (n ¼ 12) of 10.0mM NA at the DSNPs-GCE were

0.65 ± 0.015 mA and 2.3%, respectively. The coefficient of

variation value indicates that the nanosensor is stable and

does not undergo surface fouling during the voltammetric

measurements. This also demonstrates that the results ob-

tained at this modified electrode are reproducible in analyt-

ical applications.

In Table 1, some of the response characteristics obtained in

this work were compared to those previously reported by

other investigators [1,2,29e32]. These data showed that the

responses of the suggested nanosensor were comparable with

other sensors and nanosensors. Moreover, the long-term

stability of the modified electrode towards NA determination

was investigated by measuring the current response at a

constant concentration of NA (0.1mM) in phosphate buffer (pH

7.0). The nanosensor was tested up to 7 consecutive days,

which was stored in air. The results showed that a minimal

decrease in current values occurred with a relative standard

deviation of 3.1%, which suggested excellent stability of the

nanosensor for the determination of NA. These results may

lead to the conclusion that the proposed nanosensor is
odified electrodes for noradrenaline determination.

Detection limit (mM) Concomitant compound Ref

0.14 AC [1]

0.067 UA [2]

0.53 AC, XN, CF [29]

0.40 AD, UA, AA [30]

0.06 e [31]

0.1 AA, UA [32]

0.43 AA, UA [33]

d AA [34]

1.82 d [35]

0.4 AA, UA, Trp This work

n-coated nickel magnetic nanoparticles modified glassy carbon elec-

SNPs-GCE ¼ delphinidin silver nanoparticles modified glassy carbon

on nanotube immobilized on the surface of a glassy carbon electrode;

sy carbon electrode; XN ¼ xanthine.
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valuable for the determination of NA owing to its good

reproducibility and stability.
3.5. Simultaneous determination of AA, NA, UA, and
Try

The main purpose of this work was to develop a nanosensor

capable of the electrocatalytic oxidation of NA and simulta-

neous detection of AA, NA, UA, and Try. Figure 10 shows the

DPVs obtained from the oxidation of different concentrations

of AA, NA, UA, and Trp at the DSNPs-GCE. At the DSNPs-GCE,

three well-distinguished anodic peaks at the potentials of

40 mV, 115 mV, 240 mV, and 600 mV existed, which corre-

sponded to the oxidation of AA, NA, UA, and Trp,
0
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E

I/μ
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1

13

-0.5

1.25

3

-0.16 0.32 0.8

E/V
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NA

UA

Trp

a

Figure 10 e Differential pulse voltammograms of DSNPs-GCE in

different concentrations of AA, NA, UA, and Trp. Numbers 1e13

51.9e132.0mM of UA, and 129.7e330.0mM of Trp. The inset indic

130mM UA, and 300mM Trp at the unmodified GCE. Insets AeD

function of the AA, NA, UA, and Trp concentrations, respectivel

DSNPs-GCE ¼ delphinidin silver nanoparticles modified glassy

NA ¼ noradrenaline; Trp ¼ tryptophan; UA ¼ uric acid.
respectively. In addition, substantial increases in the peak

currents were detected because of increased concentration of

AA, NA, UA, and Trp. The inset in Figure 10 indicates the DPV

of a mixed solution of 900mM AA, 130mM NA, 130mM UA, and

300mM Trp at the BGCE. The BGCE could not separate the

voltammetric signals of AA, NA, UA, and Trp. Figures

10Ae10D show that the calibration curves for AA, NA, UA,

and Trp were linear for the concentration ranges of

389e990mM of AA, 51.9e132mM of NA, 51.9e132mM of UA, and

129e330mM of Trp. It is interesting that the sensitivities of the

modified electrode to NA in the absence and presence of AA,

UA, and Trp were virtually the same, which indicates that the

oxidation processes of AA, NA, UA, and Trp at the DSNPs-GCE

are independent of each another.
65.199.0
/V

y = 0.004x + 0.5041
R2 = 0.997

1.4

3.2

5

300 675 1050

[AA]/μM

Ip/
μA

y = 0.029x + 0.5687
R2 = 0.9969

1.5

3.25

5

45 90 135

[NA]/μM

Ip/
μA

y = 0.044x - 0.1623
R2 = 0.9955

1.3

3.7

6.1

45 90 135
[UA]/μM

Ip/
μA

y = 0.0202x + 1.1428
R2 = 0.9973

3.1

5.6

8.1

120 232 344
[Trp] / μM

Ip/
μA

A

B

C

D

a 0.10M phosphate buffer solution (pH 7.0) containing

correspond to 389.1e990.1mM of AA, 51.9e132.0mM of NA,

ates the DPV of a mixed solution of 900mM AA, 130mM NA,

show the plots of the electrocatalytic peak current as a

y. AA ¼ ascorbic acid; DPV, differential pulse voltammetry;

carbon electrode; GCE ¼ glassy carbon electrode;
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Table 2 e Determination and recovery results of ascorbic acid, noradrenaline, uric acid, and tryptophan in a vitamin C
tablet, an injection solution of NA, and human urine at DSNPs-GCE.

Sample Added (mM) Found (mM)a RSD (%) Recovery (%)

Vitamin C tablet AA d 100 200 300 465.3 561.5 670.0 759.9 2.5 2.2 2.9 2.0 d 96.2 102.3 98.2

NA d 60 80 100 d 61.2 78.5 101.5 d 2.9 2.2 2.6 d 102.0 98.1 101.5

UA d 70 90 110 d 68.2 89.1 112.5 d 2.9 2.5 3.0 d 97.4 99.0 102.3

Trp d 150 200 250 d 146.4 203.5 244.8 d 2.9 2.5 3.0 d 97.6 101.8 97.9

Injection solution of NA AA d 500 700 900 505.0 710.1 887.5 d 2.0 2.5 1.9 101.0 101.4 98.6

NA d 10 20 30 59.8 69.5 80.2 90.6 2.1 3.0 1.9 2.8 97.0 102.0 102.6

UA d 60 85 110 d 60.4 83.9 111.1 d 2.6 3.1 2.1 100.7 98.7 110.0

Trp d 150 225 300 d 152.6 222.9 296.5 d 2.0 2.4 2.7 101.7 99.1 98.8

Urine (human) AA d 500 650 800 d 495.3 658.2 807.9 d 2.7 2.4 3.0 99.1 101.3 100.9

NA d 70 90 110 d 71.4 93.0 108.4 d 2.8 2.3 1.8 102.0 103.3 98.5

UA d 15 30 45 71.2 86.6 100.8 115.1 2.8 3.1 2.2 2.6 102.7 98.7 97.6

Trp d 160 240 320 d 158.5 237.0 324.1 d 2.9 2.2 2.8 99.1 98.8 101.3

AA ¼ ascorbic acid; DSNPs-GCE ¼ delphinidin silver nanoparticles modified glassy carbon electrode; NA ¼ noradrenaline; RSD ¼ relative

standard deviation; Trp ¼ tryptophan; UA ¼ uric acid.
a The same sample underwent three replicate measurements.
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3.6. Application of the DSNPs-GCE for the determination
of AA, NA, UA, and Try in the real samples

The usefulness of the nanosensor for determination of AA,

NA, and UA in real samples was tested by measuring the AA

concentration in the tablet, the NA concentration in an in-

jection solution (1 mg/mL), and the UA concentration in urine

samples. The analytical results were then compared to those

obtained by using the standardmethods. The results are listed

in Table 2. To verify the reliability of the results, the samples

were spiked with certain amounts of AA, NA, UA, and Trp at

levels similar to those of the samples themselves. The results

in Table 2 demonstrate that the relative standard deviation

percentage and recovery rates of the spiked samples were

acceptable.

The reliability of the proposed nanosensor was also eval-

uated by comparing the results with those declared in the

label of the AA and NA pharmaceutical products and

photometry standard method for UA [33] to quantify AA, NA

and UA in the same real sample. The DPV technique was used

in these experiments. The total concentration of AA, NA, and

UA in the tablet of AA, injection solution of NA and urine were

122.6 ± 2.5mg/g, 1.01 ± 0.03mg/mL, and 0.479 ± 0.01mg/mL by

the present voltammetric method, which is in close agree-

ment with the values of 124.9 mg/g, 1.00 mg/mL, and

0.47 ± 0.01 mg/mL obtained by the standard method for UA or

declared in the label of the vitamin C tablet and NA injection

solution. Based on the t test, there was no evidence of a sys-

tematic difference between the results obtained by the two

methods. This finding suggests that the detection procedures

were free from any interference on the part of the sample

matrix.
4. Conclusions

The results of the present work indicated that the DSNPs-GCE

presents stable and excellent electrocatalytic activity for NA

determination. TheNA peak potential shifted to a less positive

potential towards the SNPs-GCE and BGCE. The standard

heterogeneous rate constant (k0) and the transfer coefficient
(a) between the deposited DSNPs-GCE and NA were

(2.0 ± 0.05) � 10�3 cm/s and 0.64 ± 0.02, respectively. Based on

the chronoamperometric results, the diffusion coefficient of

NAwas 8.8� 10�6 cm2/s under the experimental conditions. In

the DPV studies, the calibration curves for NA were linear in

three ranges: 833.3e166.7mM, 166.7e26.4mM, and 26.4e1.4mM.

The detection limit of NA was estimated at 0.40mM. Simul-

taneous electrochemical determinations of AA, NA, UA, and

Trp were possible without electrochemical interference from

each other. This method was used for the determination of

AA, NA, and UA in real samples of urine.
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