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Numerous techniques have focused on the ability of p-sulfonated calix[4]arene to form complexes with 
tyrosine. Scanning electron microscopy and Fourier transform infrared spectroscopy and ultraviolet 
spectroscopy were utilized to study the organization and molecular structure of different layers of the 
electrode surface. A novel and ultrasensitive electrochemical sensor based on p-sulfonated 
calix[4]arene modified gold electrode for determination of tyrosine in some high tyrosine foods 
including cheese, eggs and yogurt was reported. P-sulfonated calix[4]arene not only increased the 
specific surface area of the modified electrode, but also improved the enrichment ability of tyrosine. 
The modifications were characterized by electrochemical impedance spectroscopy, cyclic voltammetry 
and molecular modeling calculation. Under optimal conditions, the sensor detected tyrosine with a 
limit of detection of 1.5×10−9 mol L−1. The sensor was able to selective determination of tyrosine even 
in the presence of common interference. The tyrosine guest molecule had a stronger π…π interaction with p-sulfonated calix[4]arene, 
which accelerated the electron transfer rate of tyrosine on the electrode surface, and increased the electrochemical activity. Therefore, 
the biosensor was highly selective. The sensor also showed good operational stability, sensitivity, repeatability and reproducibility. 

 
 
 

INTRODUCTION* 

As the third major class of host molecules, 
calixarenes,1 which are synthesized by the 
condensation between p-alkylphenol and 
formaldehyde under basic condition, have attracted 
much attention due to their outstanding molecular 
recognition properties.2, 3 Calixarenes, as a 
macrocyclic platform, have a particular cavity 
conformation.4 It can adjust the cavity dimension 
and form inclusion compounds with various guest 
molecules. P-sulfonated calix[n]arenes,5 as the 
water-soluble hosts, are of particular recognition 
interest towards native amino acids,6, 7 quaternary 
ammonium ions,8, 9 dyes,10, 11 trimethylammonium 
cations,12–14 and a lot of small molecules.15 
Therefore, the use of p-sulfonated calix[4]arene in 
pharmaceutical and biological aspects has aroused 
extensive interest.7, 16, 17 
                                                        
* Corresponding author: ptt801203@126.com 

Tyrosine18 is an important amino acid in the 
human body and is an important material for the 
synthesis of catecholamines. A deficiency or 
imbalance of tyrosine leads to slow growth and 
mental retardation. Therefore, the accurate and 
sensitive determination of tyrosine in human tissues 
and body fluids is of great significance. The 
properties of amino acids have been studied by 
various methods such as spectrofluorometric,19 1H 
NMR spectroscopy,20 microcalorimetry,21 reverse-
phase high-performance liquid chromatography,22 
voltammetric23 and other electrochemical methods.24–

27 Tyrosine, as one of most basis amino acid, plays an 
important role in the growth, development, and 
metabolism of humans and animals, has been 
attracting much attention in medicine. 

We used several techniques to study the 
interaction of tyrosine with p-sulfonated 
calix[4]arene (SC4A) (Figure 1). The coverage of 
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the gold electrode with the different p-sulfonated 
calix[4]arene layers was characterized by scanning 
electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR), Ultraviolet 
spectroscopy (UV), cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS). 
The effects of the tyrosine concentration, applied 
potential and pH value of phosphate buffer solution 
(PBS) were also discussed through Nyquist plot. 
Molecular modeling calculation confirmed that 
SC4A has high tyrosine sensitivity. 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical reagent grade, and 
double–distilled water was used throughout the procedures. 
The tyrosine (content > 98.0%) used in the experiment was 
obtained from Tokyo Chemical industry (Tokyo, Japan). 
SC4A was prepared according to literature28 and identified by 
IR, 1H NMR and element analysis. SC4A（n = 4, 6, 8) and 
tyrosine stock solutions (1.0×10−3 mol L−1 ) were prepared in a 
100 ml volumetric flask. Working solutions were obtained by 
dilution of the stock solution. All the stock standard solutions 
were stable for several weeks in the refrigerator. 

Apparatus 

The nanostructures and morphology of sample were 
studied by JSM-7500F scanning electron microscope (SEM). 

FTIR spectra obtained from Agilent 600 spectrometer 
equipped with a Middle Infrared (MIR) source, a DTGS 
detector and a KBr separating mirror. Spectra were measured 
at a resolution of 4 cm−1, and 32 scans per sample were 
recorded. Ultraviolet spectra measurements were obtained 
using an Agilent technologies cary 300.  

Electrochemical measurements were performed on a 
LK2005A Electrochemical Workstation (Tianjin, China). A 
classical three-electrode system was used throughout the 
experiments. The working electrode was a modified gold 
electrode; the auxiliary electrode was a platinum wire and a 
saturated calomel electrode (SCE) was used as the 
reference. All potentials in this paper refer to this reference 
electrode.  

Molecular modeling calculations were optimized at the 
B3LYP/6-31G (d) level of density functional theory with the 
Gaussian 03 program. 

RESULTS AND DISCUSSION 

Scanning electron microscopy 

The morphologies and microstructures of 
SC4A, tyrosine, and SC4A-tyrosine complex were 
studied by scanning electron microscopy (Fig. 2). 
Fig 2a displayed the SEM of SC4A with the 
irregular quadrate shaped molecular islands. As 
shown in Fig. 2b, tyrosine grows in irregularly 
rectangular structure. It was obvious from the 
image that in the complex formation tyrosine was 
enclosed in SC4A and became mass due to the 
presence of tyrosine molecules in them (Fig. 2c).  

FTIR spectroscopy 

Figures 3a-c showed the FTIR spectrum of 
SC4A , tyrosine, and SC4A-tyrosine complex 
between 400 and 4000 cm−1. Figure 3a showed 
peaks at 1670 cm−1 to 1300 cm−1 which 
corresponded to aromatic ring stretching. The peak 
at 1200 cm−1 and 1050 cm−1 was assigned to S=O 
stretching. The strong peaks at 3400 cm−1 region 
was assigned to O–H stretching. Figure 3b showed 
peaks at 1600 cm−1 to 1300 cm−1 which 
corresponded to aromatic ring stretching. The 
peaks at 3000 cm−1 to 2500 cm−1 were assigned to –
COOH stretching. The peak at 3200 cm−1 was 
assigned to N–H stretching. The strong peak at 
3400 cm−1 region was assigned to O–H stretching. 
The identified chemical groups of SC4A were all 
shown in Figures 3c, and only the N–H and O–H 
absorption peaks of tyrosine appeared which 
indicated that the complexes were formed. 

 

 
Fig. 1 – The structure of (a) p-sulfonated calix[4]arene and (b) the tyrosine. 
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Fig. 2 – SEM image of (a) SC4A; (b) tyrosine;  
(c) SC4A-tyrosine complex. 

 
     
 

              

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 3 – Infrared spectra of (a) SC4A; (b) tyrosine; (c) SC4A-tyrosine complex. 

 
Ultraviolet spectrum analysis 

Tyrosine has UV absorption, thus the UV 
spectrum analysis was used to study the inclusion 
behavior of tyrosine and SC4A. Figure 4 showed 
the absorption spectra of tyrosine changed with 
addition of different amounts of SC4A. As 
 

different amounts of SC4A were added, the 
absorption peak intensity significantly increased. 
The absorption wavelength generated an obvious 
blue shift from 280 nm to 265 nm, and red shift 
from 330 nm to 340 nm. Significant peak intensity 
increasing and the peak position shift indicated that 
the complexes were formed. 
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Fig. 4 – The UV adsorption spectra of tyrosine in different concentrations of SC4A in pH=7.2 PBS at 298K; The concentrations of 

SC4A (×10−5 mol L−1): (1) 0; (2) 0.1; (3) 0.3; (4) 0.5; (5) 0.6; (6) 0.8; (7) 1; (8) 1.5; (9) 2.  C (tyrosine) = 10−5 mol L−1. 
 

Cyclic voltammetry 

Cyclic voltammetry measurement was 
performed in a 5 m mol L−1 solution of redox 
couple (Fe(CN)6)4−/3− prepared in PBS buffer. 
Scanning potential was conducted between −800 
and 800 mV. Figure 5 showed the electrochemical 
behavior of tyrosine with the bare gold electrode 
and SC4A-modified electrode. Two peaks, which 
indicated the oxidation–reduction potential of the 
redox couple, were clearly observed on the cyclic 
voltammogram of tyrosine determined on the bare 
gold electrode. However, the oxidation peak value 
and reduction peak value were not the same and 
their peak shape was asymmetric, which indicated 
an irreversible redox reaction of tyrosine on the 
bare gold electrode. The peak current response 
value of tyrosine on the SC4A electrode, was 
higher than that obtained on the bare gold 
electrode, thus, tyrosine had a better 
electrochemical response on the modified 
electrode. The reason for this is that SC4A has 
good electrochemical activity, and as modified 
electrodes, SC4A has a large surface area, which 
led to a significant increase on the electrode 
surface area and electron transfer occurred more 
easily on the electrode surface. 

Electrochemical Impedance Spectroscopy 

Figure 6a showed the Nyquist plot of the bare 
gold electrode, gold electrode functionalized by 

SC4A in PBS solution. The EIS of the bare gold 
electrode exhibited an almost straight line, which 
implied the diffusion-limiting step of the 
electrochemical process. The diameter of 
semicircle corresponded to R1 = 6.59 kΩ cm2. As 
shown in Fig. 6b, a Randles circuit presented the 
impedance spectra. SC4A not only increased the 
specific surface area of the modified electrode, but 
also improved the enrichment ability of tyrosine. 

Optimization for the experimental conditions 

EIS was used to monitor the preparation process 
of modified electrodes, which could provide 
significant information and probe the impedance 
changes of the electrode surface during modifica-
tion.29–31 The experimental impedance spectra were 
fitted by computer simulation using an equivalent 
electronic circuit based on the Randles–Ershler 
theoretical model.32,33 The impedance analysis was 
performed with a Voltalab 80 impedance analyser in 
the frequency range between 100 mHz and 100 kHz. 

Applied potential and solution pH are known to 
be important factors affecting the stability and 
performance of the modified electrode. SC4A 
modified gold electrode was analyzed by impedance 
spectroscopy at different applied potentials (Figure 7) 
and different pH (Figure 8). Different concentrations 
of tyrosine were injected in the PBS buffer solution 
to study SC4A–tyrosine interactions. 
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Fig. 5 – Cyclic voltammograms of L-tyrosine on the different modified electrodes (a) bare gold (b) SC4A/gold. 

 
 
 
 
 
 
 
 
 
 
 
 

 
a b 

Fig. 6 – (a) Nyquist plot of the bare gold electrode, SC4A modified gold electrode in PBS solution. (b) Randles circuit. 
 

Figure 7 showed the Nyquist plot of SC4A 
modified gold electrode at different applied 
potentials. Impedance analysis was carried out at a 
potential of − 400 mV versus SCE because the best 
semicircle shape showed at − 400 mV. Figure 8 
showed the optimum condition was at pH 7.3 for 
tyrosine detection in 0.1 mol L−1 PBS. Therefore, 
pH 7.3 was selected for all experiments. 

Tyrosine -p-sulfonated calix[4]arene interaction 

Figure 9-1 showed the oxidation peak current of 
tyrosine decreased and the oxidation peak potential 
appeared a negaitive shift with addition of different 

SC4A concentration. A plot of △I versus CSC4A 
was linear within experiment error, which was 
showed in Figure 9-2. The linear response range of 
SC4A concentration was from 1×10−8 mol L−1 to 
1×10−6 mol L−1, and the linear regression equation 
and correlation coefficient was as follows:  

ΔI (A) =—5.1365C —6.7259×10-7    (r2= 0.9996) 

Where ΔI is the oxidation peak current 
difference of tyrosine and C is the concentration of 
SC4A. The detection limit was 1.5×10−9 mol L−1. 
These values were determined by dividing the 
intercept by the slope of the corresponding lines. 
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Fig. 7 – Nyquist plot of the gold electrode modified by SC4A at different applied potentials in PBS buffer. 

 

 
Fig. 8 – Nyquist plot of the gold electrode modified by SC4A in different pH varying from 6.1 to 7.8 in 0.1 mol L−1 PBS. 

 

  
a b 

Fig. 9 – Nyquist plot of different tyrosine concentration detected by SC4A in PBS buffer at pH 7.3. 
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Assuming that SCnA and colchicine forms 
SC4A-nTyr complex, the following expression can 
be written as:  

 –SCnA nTyr SCnA nTyr+  (1) 

The formation constant of the complex (β) and 
binding number (n) are given according to the 
literature: 34 

 [ ]
[ ] [ ]

.n

SCnA nTyr
Tyr SCnA

β
−

=  (2) 

 [ ] [ ] [ ]o
SCnA SCnA SCnA nTyr= − −  (3)  

 [ ] [ ] [ ]o
Tyr Tyr n SCnA nTyr= − −  (4) 

According to Randles-Ševcik formula: 

 [ ]pi K Tyr=   (5) 

 ( ) ( )pa o pai i Tyr i TyrΔ = −    (6) 

 [ ] [ ] [ ]( )
o

I K Tyr Tyr K n SCnA nTyrΔ = − = ⋅ − (7) 

In which, [Tyr]0 is the original concentration of 
the tyrosine; [Tyr], [SCnA] and [SCnA-nTyr] is the 
equilibrium concentration of the tyrosine, SCnA 
and SCnA-Tyr; ipa(Tyr)0 and ipa(Tyr) is the 
oxidation peak current of tyrosine before and after 
SCnA addition; K is a fixed value, the product of 
all parameters in the Randles-Ševcik formula. 

 

When [SCnA-nTyr]= [SCnA]0, △I=△Imax,  

 [ ]max o
I K n SCnAΔ = ⋅  (8) 

 
[ ]max max

1 1 1
nI I I Tyrβ

= +
Δ Δ Δ

 (9) 

 [ ]
max

log log logI n Tyr
I I

βΔ
= +

Δ −Δ
 (10) 

In which, ΔI is the oxidation peak current 
difference of tyrosine before and after SCnA 
addition; ΔImax is the biggest oxidation peak current 
difference of tyrosine after SCnA addition; n is the 
binding number.  

The excellent linear relationship was obtained 

when 
max

log I
I I
Δ

Δ −Δ
was plotted against 

[ ]log Try (Figure 4-1, 4-2). The liner equation was 

max

log I
I I
Δ

Δ −Δ
= 5.7 + 1.02 [ ]log Try ，r2 = 0 

.9996. n = 1.02≈1, β = 5.59×107, which indicated 
the formation of a 1:1 complex.  

In order to make a distinct comparison with 
previous literature reported methods, the 
characteristics of different electrochemical sensors 
for tyrosine were shown in Table 1.35-49 It indicated 
SC4A modified gold electrode was appropriate 
platforms for the electrochemical determination of 
tyrosine and had higher sensitivity to tyrosine 
(Table 1). 

Table 1 

Comparison of different electrochemical sensors used in the determination of tyrosine 

Electrochemical sensors Linear range  
(10−6 mol L−1) 

Detection 
Limit  

(10−6 mol L−1) 

References 

MWCNT/4-amino benzene sulfonic acid/GCE 0.1–50 0.08 [35] 
MWCNT, GCE 0.9–350 0.35 [36] 

MWCNT, ionic liquid, copper (II)/GCE 0.01–5 0.008 [37] 
Cu(II), HMDE a 0.1–50 0.05 [38] 

Zeolite/carbon paste 1.26–90 0.32 [39] 
Boron-doped diamond electrode 20–1000 1 [40] 

MWCNT/GCE 2–500 0.4 [41] 
Gold nanoparticles/GCE 0.1–300 0.04 [42] 
Copper (II), MICP, MIP 0.01–1 0.004 [43] 

Fe-hydroxyapatite/tyrosinase 
β-CD b modified gold electrode  

 EuHCF cmodified graphite electrode  
GCE/SWCNT   

Au NPs/poly (trisamine)/GCE  
fMWCNT-Au-HP β-CD/GCE                           

0.1–11 
36–240 
10–600 
5–20 

3.9–61.8 
220–870 

0.245 
12 
8 

0.09 
0.9 
300 

[44] 
[45] 
[46] 
[47] 
[48] 
[49] 

SC4A modified gold electrode – 0.0015 This work 

HMDEa: Hanging mercury drop electrode β-CDb: Cyclodextrin  
EuHCF c: Europium hexacyanoferrate film 
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Fig. 10 – Lowest energy structure of tyrosine and SC4A complex using ball  

and stick model determined by molecular dynamics simulation with direct minimization. 
 

Table 2 

Effect of potential interfering species on the determination of tyrosine at level of 5×10−5 mol L−1 

Interference Interference 
concentration 
(10−5 mol L−1) 

Found a  

(10−5 mol L−1) 
Relative error 

(%) 
Recovery 

(%) 

Mg 2+ 0.1 5.20 +4.00 104 
Ca 2+ 0.1 5.10 +2.00 102 
Na+ 0.1 5.05 +1.00 101 
K + 0.1 4.95 –1.00 99 

L-lysine 0.01 4.80 –4.00 96 
L-asparagines 0.01 5.12 +2.40 102.4 
Ascorbic acid 0.01 5.22 +4.40 104.4 

Glycine 0.01 4.85 –3.00 97 
Phenylalanine 

L-cysteine 
Urea 

Sucrose 
Lactase 

Galactose 
Boric acid 
Oxalic acid 
Glutathione 

0.01 
0.01 

0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 

5.15 
5.18 
4.86 
4.88 
5.25 
5.24 
5.03 
4.75 
5.00 

+3.00 
+3.60 
–2.80 
–2.40 
+5.00 
+4.80 
+0.60 
–5.00 

0 

103 
103.6 
97.2 
97.6 
105 

104.8 
100.6 

95 
100 

 
Table 3 

Determination of tyrosine in real samples using the proposed sensor and HPLC as reference method 

Sample    Method Detected 
(10−6 mol L−1) 

Added 
(10−6 mol L−1) 

Found 
(10−6 mol L−1) 

Recovery 
(%) 

Egg  
Egg 
Cheese 
Cheese 
Yogurt 
Yogurt 

Sensor 
HPLC 
Sensor 
HPLC 
Sensor 
HPLC 

3.56 
4.21 
3.88 
6.22 
5.12 
4.65 

2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

5.57 
6.24 
5.89 
8.19 
7.12 
6.64 

100.5 
101.5 
100.5 
98.5 
100 
99.5 

 
Tyrosine produced more reactive sites on the  

p-sulfonated calix[4]arene-modified electrode, 
which increased electron transfer. This led to a 

significant increase in peak current, and improved 
the sensitivity of tyrosine determination on the 
SC4A modified electrode. 
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It may be attributed to the interaction between 
the –NH2

+ of tyrosine and the –SO3
− of calixarene, 

and the cavity size of SC4A may be appropriate to 
tyrosine. This finding was consistent with the trend 
observed in molecular modeling calculation 
results,50 as shown in Figure 10.  

Therefore the structural matching effect and the 
electrostatic interaction were the dominant 
stabilizing factors for the host–guest complex of 
the tyrosine and SC4A. The presence of this effect 
increased tyrosine sensitivity by increasing the 
SC4A- tyrosine interaction due to increased 
polarisability interactions.  

Interference study 

To evaluate the selectivity of the constructed 
tyrosine sensor, the influence of several interfering 
agents such as urea, sucrose, galactose, boric acid, 
oxalic acid, L-lysine, L-asparagines, glycine, 
phenylalanine, glutathione, L-cysteine, ascorbic 
acid, Mg2+, Ca2+, Na+, K+ and lactase on the 
determination of 5×10−5 mol L−1 tyrosine under the 
optimal experimental conditions was investigated. 
The results are listed in Table 2. The tolerance 
limit was computed as the maximum concentration 
of the interfering agent which caused an 
approximately ± 5% relative error in the 
determination of tyrosine concentration. The data 
showed that the current SC4A modified electrode 
is highly selective for the detection of tyrosine. 

Reproducibility  
and stability of SC4A modified gold electrode 

The reproducibility of SC4A gold modified 
electrode was respectively estimated using eight 
modified electrodes which were prepared under the 
same condition and used to detect the current 
response of 1×10−6 mol L−1 tyrosine. The results 
showed that these electrodes had satisfying 
reproducibility with relative standard deviations 
(RSD) of 1.24% for SC4A for 50 successive 
measurements. The storage stability of each 
electrode was studied by storing them at 4 ºC in a 
refrigerator when not in use and was intermittently 
measured.51 Five days later, the response of the 
SC4A gold modified electrode still retained 97.5%. 
After 30 days, the response current of the modified 
electrode retained at around 90%. 

Application  
of the modified sensor to real samples  

Generally, after developing a new analytical 
method and validating its performance for the 
analysis of synthetic samples, its performance is 
compared with a reference method to verify its 
capability for the analysis of real samples. 52 Then, 
the newly developed analytical method could be 
suggested as a reliable method for routine analyses. 
Regarding this important step, we have also 
applied HPLC analysis of the cheese, egg and 
yogurt as real samples towards tyrosine 
determination and its results are presented in  
Table 3. As it can be seen, good recoveries 
confirmed that there was an acceptable agreement 
between its results and those obtained by the 
sensor fabricated in this study.  

CONCLUSIONS 

In this report we studied the potential complex 
formation between SC4A and tyrosine using 
electrochemical impedance spectroscopy. Tyrosine 
is one of the amino acids which is necessary for 
maintenance of nutritional balance and its level in 
the body is correlated to the healthy state of the 
person. Therefore, in this work, a novel and 
ultrasensitive electrochemical sensor based on 
SC4A modified gold electrode for determination of 
tyrosine in some high tyrosine foods including. 

The sensor could be easily modified which 
showed high sensitivity, selectivity, fast response 
time and good reproducibility and repeatability 
towards tyrosine determination in both synthetic 
and real samples. Molecular modeling calculation 
reconfirmed EIS results and indicated that the 
electrostatic interaction and the structural matching 
effect were the dominant stabilizing factors for the 
host-guest complexes of the tyrosine and SC4A. 
The sensor modified in this study could be applied 
for a wide range of applications in routine analyses 
of tyrosine. 
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