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Abstract- The use of mesoporous nanomaterials as hosts for polymers production is a field of 
great interest, especially in the case of conducting polymers. Free-radical polymerization 
inside mesoporous silica has been investigated in order to open a route to functional polymer-
silica composite materials with well-defined mesoporosity. In this report, proline monomers 
integrated with beta cyclodextrin were electropolymerized into amino functionalized 
mesoporous silica. The fabrication of poly-proline-amino functionalized magnetic 
mesoporous silica-beta cyclodextrin nanohybridon glassy carbon electrode was performed 
using one step electrodeposition regime. Field emission scanning electron microscopy was 
confirmed produced nano-hybrid material containing poly-proline into the pores of amino 
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functionalized mesoporous silica which leads to increase of surface coverage of poly-proline. 
The results indicate that Poly-proline was successfully generated inside the pores of the 
amino functionalized MCM-41 and that the amine group was capable of protonating the 
polymer, producing poly-proline, the most conductive one, without the addition of another 
acid source during the polymerization step. The grafted amine groups also promoted a 
stronger interaction between inorganic matrix and proline than the observed in nano-
encapsulated poly-proline, which resulted in high conductively. Therefore, it was evaluated 
some electrochemical aspects of the prepared nano-hybrid using cyclic voltammetry, 
differential pulse voltammetry and linear sweep voltammetry. Finally, the electroactivity of 
poly-proline-amino functionalized magnetic mesoporous silica-beta cyclodextrin nano-hybrid 
modified glassy carbon electrode towards detection and determination of some 
physiologically-relevant electroactive small molecules, was studied. Furthermore, it is 
demonstrated that the nano-coatings of polymers deposited on the mesopore walls have 
remarkably enhanced sensitivity and selectivity, as compared to that of bulk polymer resins. 
We believe that, due to facile functionalization and attractive textural properties, the 
mesoporous polymer-silica composite materials are very useful for biomedical applications. 

Keywords- Mesoporous silica, Magnetic nanoparticle, Nanotechnology, 
Electropolymerization, Proline, Beta cyclodextrin  
 

1. INTRODUCTION  

Silica based mesoporous materials, with well-ordered structures and unique properties, is 
an excellent electrode modified material, and has been widely used in electro-analysis[1]. To 
obtain silica based mesoporous materials modified electrode, several methods have been 
developed [2]. Our group, considerable efforts have been devoted toward the goal of finding 
the new silica based mesoporous materials for electrode modification to effectively reduce 
the over-potential and increase the electron transfer of some analytes [3-6]. Mainly, all of 
previously reported methods for preparation of electrodes modified by mesoporous silica 
based on directly casting these nano-materials dispersion onto the electrode surface [7-10].  
However, in this way, the thickness of the resulting film is not easy to be controlled, and the 
poor surface coverage of mesoporous silica on the substrate electrode often leads to large 
interfacial capacitance [11,12]. 

The use of mesoporous materials as hosts for polymers production in a confined 
environment is a field of great interest, especially in the case of conducting 
polymers. Inorganic solids with uniform porous architecture in the nanoscopic range are 
considered good hosts for conducting polymer encapsulation since the empty channels can 
act as a template for the polymer formation, providing size and morphological control, 
resulting in polymeric chains with good linearity and less defects, characteristics that are 
important to enhance the electrical conductivity. In this sense, there are some research works 
comprising inorganic hosts with different pore dimensionalities and conducting polymers 
such as poly-aniline and poly-pyrrole that have already been produced inside the one-
dimensional pores of MCM-41 [13,14] and SBA-15 [15].  
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It is worth to note that the electrical conductivity of the most of these hybrid materials is 
always low due to the presence of the inorganic insulating framework and to the existence of 
non-interconnected pores, which hinder their application as conductive materials. On the 
other hand doping of the metal nanoparticles inside structure of mesoporous silica is a useful 
strategy to obtain conducting polymers that can have technological relevance as components 
for electro-analysis [16]. 

Studies involving the preparation and characterization of hybrid materials containing 
poly-proline, one of the semiconducting polymer, and ordered mesoporous have already been 
reported [17] and although the reported low electrical conductivity values of these materials, 
they are attractive materials due to their good electroactivity [17]. Another issue in this area is 
low hydrophilia of above nanocomposite. Cyclodextrin (CD) with their largely hydrophobic 
cavities of variable size and numerous ways of chemical modification are the subject of 
intensive electrochemical research including both their behavior in homogeneous solutions 
and in thin films attached to the electrode surfaces [18-20]. On the other hand, literature 
review show that, integration of CDs to the structure of electroactive materials such as 
graphene based materials can be enhancing their electrical conductivity [21]. 

Taking into account such aspects, the main goal of this work is to obtain a hybrid 
nanomaterial containing poly-proline inside the pores of amino functionalized mobile 
crystalline material 41 (MCM-41) doped with iron oxide magnetic nanoparticles. The 
presence of the –NH2 groups covalently bounded to the surfaces of the silica pores might be 
able to promote the polymer self-doping during the electrochemical preparation does not 
requiring the use of a strong mineral amine during the polymerization step. In addition, the 
electrostatic interaction between the NH2

+ terminal groups and carboxylic group of poly-
proline (CO2

-), due to the protonation, can be an important feature to afford improved 
properties to this hybrid nano-material to be used in the electroanalytical chemistry. 

In this work, we investigated the electropolymerization of a biocompatible polymer (poly-
proline (PPR-Fe2O3-MCM-41-nPrNH2-β-CD) as a novel strategy for surface modification of 
glassy carbon surface. We tried to prepare a novel nano-hybrid film of PPR-Fe2O3-MCM-41-
nPrNH2-β-CDby one-step cyclic voltammetry technique directly in a mixed dispersion 
containing L-proline,Fe2O3-MCM-41-nPrNH2, and B-CD. The obtained nanocomposite 
modified GCE exhibited strong electroactivity toward the oxidation of some small molecules, 
making it a promising electrochemical sensing platform for sensitive detection of clinically 
relevant agents. 

In summary, we investigate the electropolymerization of a biocompatible polymer (poly-
proline-Fe2O3-MCM-41-nPrNH2-B-CD) as a novel strategy for surface modification of 
glassy carbon surface. The formation of poly-proline-Fe2O3-MCM-41-nPrNH2-β-CD was 
monitored by cyclic voltammetry. The latent morphology of nano-hybrid was studied by field 
emission scanning electron microscopy (SEM). Then, electroactivity of poly-proline-Fe2O3-
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MCM-41-nPrNH2-β-CD coating towards detection and determination of some clinically 
relevant small molecules was studied. The inner cavities of β-CD could restrain some 
clinically relevant molecules to form stable host-guest inclusion complexes, and the amino 
group of L-proline could enable L-proline to be related with negatively charged groups of 
selected clinically relevant small molecules through electrostatic interaction. Also, 
mesoporous silica with excellent surface area, prepare a good substrate for 
electropolymerization of L-proline in the presence of β-CD. When β-CD and L-proline were 
electro-polymerized inside mesoporous silica, the response current for selected analytes was 
greatly enhanced. 
 

2. EXPERIMENTAL DETAILS 

2.1. Chemicals and solutions 

All chemicals used were of analytical grade from Merck (Darmstadt, Germany) and were 
used without further purification. Buffer solution (0.1 M) was prepared from phosphoric acid 
(H3PO4) and disodium hydrogen phosphate (Na2HPO4). Dipotassium phosphate and mono-
potassium phosphate were obtained from Scharlau. Deionized water was purchased from 
Ghazi Pharmaceutical Company (Tabriz, Iran). The solutions were deserted by bubbling high 
purity (99.99%) argon gas through them prior to the experiments. Stock standard solution of 
selected clinically relevant small molecules was prepared by dissolving 0.02 gr mass of in 5 
mL PBS buffer (pH 7.4), and the daily standard working solutions of different concentrations 
were prepared by diluting the stock solution with buffer and were freshly used. 
 
2.2. Instrument 

Electrochemical experiments were performed with a computer-controlled AUTOLAB 
system with PGSTAT302N (Eco Chemie, Utrecht, The Netherlands), driven with NOVA 1.7 
software. A conventional three-electrode cell was used with an Ag/AgCl (Methrom, The 
Netherlands) as a reference electrode, and a Pt wire was used as a counter-electrode. The 
working electrode was GCE (d=2 mm) (from Azar electrode Co., Iran). For DPV 
measurements, a pulse width of 25 mV, a pulse time of 50 ms, and a scan rate of 10 mVs-1 
were employed. The surface morphology of the modified electrodes was evaluated with a 
MIRA3 FEG-SEM (SEM, Hitachi Ltd., Czech,). 
 
2.3. Electropolymerization of L-proline on the surface of GCE 

Prior to the electrode modification, the glassy carbon electrodes were polished with 0.3 
and 0.05 μm alumina (Beuhler, USA) slurries, and then ultrasonically cleaned by water, 
ethanol, and water for 3 min, respectively. The electrode was allowed to dry in air. CV was 
used to form the preparation thin film of PPR on the surface of GCE. Fig. 1 shows the 

http://www.sciencedirect.com/science/article/pii/S0167732211001127?np=y%23f0005


Anal. Bioanal. Electrochem., Vol. 10, No. 1, 2018, 77-97                                                       81 
 

continuous cyclic voltammograms of electrochemical polymerization of L-proline on the 
surface of GCE. PPR film-modified GCE was fabricated by electrochemical polymerization 
of L-proline at the GCE by cyclic voltammetric method in 0.1 M phosphate buffer solution 
(PBS) containing 0.5 mM proline at pH=7.4. Electropolymerization was achieved between 
the potential -1.5 to 2 V vs. Ag/AgCl at the scan rate of 100 mVs-1 in 10 cycles. During the 
polymerization process, indiscernible peaks started to appear after the 2th cycle. An anodic 
peak (I) at 1.52 V and a reduction peak (II) at - 0.52 V were observed due to the formation of 
PPR. The peak current increased with increase in the number of cyclic voltammetric scans 
indicating that an electro-conductive polymer film was formed on the electrode surface. 
Finally, the oxidation peak disappeared after complete formation of PPR film. It has been 
confirmed that monomer containing NH can be electropolymerized at the surface of electrode 
to form a conducting film via covalent bond (C–N) between electrode and NH. Proline has 
one NH groups and that can easily be oxidized to produce NH· Covalent bond (C–N) is then 
formed by the free radical reaction of NH. with GCE surface with excellent stability. 
Therefore, the covalent bond (C–N) might be formed between carbon electrode and the 
amino group of proline. In is important to point out that, during the high potential scan rate, 
the amino free radical will easily form and the polymerization of the poly amino acid film 
could be formed on the surface of GCE. 

  
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 1.  Over-layered electropolymerization of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE, 
PPR-β-CD-GCE and PPR-GCE 
 
2.4. Electropolymerization of L-proline supported β-CD on the surface of GCE 

For the preparation thin film of PPR-β-CD on the surface of GCE, homogenous proline 
(0.005g) and ß-CD (0.005g) was added to 7 mL PBS (pH=7.4) and transferred to 
electrochemical cell. Then PPR-β-CD, films were electrodeposited on the surface of GCE by 
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cyclic voltammetry (CV) in the potential range from -1.0 to 2.5 V vs. Ag/AgCl at a scan rate 
of 100 mV s-1 for 10 cycles (Fig. 1). The first positive scan, an oxidation peak at +1.53 V was 
observed, which is attributed to the oxidation of the proline. In the subsequent reversal scan, 
one reduction peaks were observed at -0.7 V vs. Ag/AgCl, which may be attributed to the 
reduction of proline. As can be seen, in the case of PPR-β-CD, anodic peak was appeared at 
positive potentials which are related to oxidation of β-CD and proline. In addition, it's found 
that, oxidation peak current was increase which compare with PPR, and reflecting the 
continuous growth of the PPR-β-CD on the surface of GCE. These facts indicate that PPR-β-
CD was successfully polymerized on the surface of GCE by one pot synthesized method. It is 
important to point out that, when the cyclic potential scan reached 10 cycles, the peak 
currents hardly changed. These facts indicate that PPR-β-CD was successfully polymerized 
on the surface of GCE by the electropolymerization method.  
 
2.5. Electropolymerization of proline supported beta cyclodextrin inside amino 
functionalized magnetic mesoporous silica 

At first, Mobile crystalline material 41 having NH2 group and doped with magnetic 
(Fe2O3) nanoparticles [Fe2O3-MCM-41-nPrNH2] was synthesized and characterized by 
methodology developed by our group earlier [7]. Characterization of the synthesized 
mesoporous silica was indicated in supplementary information. 

CV was used to form the preparation thin film of poly-proline (PPR) inside Fe2O3-MCM-
41-nPrNH2-β-CD. Fig. 1 shows the continuous CVs of electrochemical polymerization of L-
proline inside Fe2O3-MCM-41-nPrNH2-β-CD on the surface of GCE. For this purpose, 
homogenous L- proline (0.005 g)+ß-CD(0.004 g)+Fe2O3-MCM-41-nPrNH2 (0.001 g) was 
added to 5ccPBS (pH=7.4) and transferred to other solution which 0.005 g of Fe2O3-MCM-
41-nPrNH2 was dispersed on PBS and the mixture was transferred to electrochemical 
cell.Electropolymerization was achieved between the potential -1.5 to 2 V vs Ag/AgCl at the 
scan rate of 100 mVs-1 in 10 cycles. During the polymerization process, indiscernible peaks 
started to appear after the 2th cycle. An anodic peak at 1.52 V and a reduction peak at - 0.52 V 
were observed due to the formation of poly-proline-Fe2O3-MCM-41-nPrNH2-B-CD. The 
peak current increased with increase in the number of cyclic voltammetric scans indicating 
that an electro-conductive polymer film was formed on the electrode surface. Finally, the 
oxidation peak disappeared after complete formation of poly-proline-Fe2O3-MCM-41-
nPrNH2-β-CD film. It has been confirmed that monomer containing NH can be 
electropolymerized at the surface of electrode to form a conducting film via covalent bond 
(C–N) between electrode and NH [14] and [15]. Proline has one NH groups and that can 
easily be oxidized to produce NH· Covalent bond (C–N) is then formed by the free radical 
reaction of NH. with GCE surface with excellent stability. Therefore, the covalent bond (C–
N) might be formed between carbon electrode and the amino group of proline. In is important 

http://www.sciencedirect.com/science/article/pii/S0003269715004303%23bib14
http://www.sciencedirect.com/science/article/pii/S0003269715004303%23bib15
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to point out that, during the high potential scan rate, the amino free radical will easily form 
and the polymerization of the poly amino acid film could be formed on the surface of GCE. 
For comparison of the electropolymerization steps, Fig. 1 was confirmed this phenomenon. In 
addition, the reaction mechanism may be described as scheme 1. 

 

 
 

Scheme 1. Schematic representation of PPR supported β-CD inside MMSN 
 

2.6. Characterization of prepared electrodes surface 

To investigate the surface morphology of the PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE, 
PPR-β-CD-GCE and PPR-GCE, it was examined by field emission scanning electron 
microscopy (FE-SEM). FEG-SEM images of GCE, PPR-GCE, PPR-Fe2O3-MCM-41-
nPrNH2-GCE, and PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE are shown in Fig. 2 in similar 
magnitude. The GCE surface has a smooth morphology. But, PPR electropolymerized 
directly on GCE in the absence of other materials (PPR-Fe2O3-MCM-41-nPrNH2 andβ-CD) 
shows a regular and patterned structure. Importantly, PPR-Fe2O3-MCM-41-nPrNH2-β-CD 
modified GCE shows a compact film with distribution of β-CD cavities on the surface of 
PPR-Fe2O3-MCM-41-nPrNH2 which can be helpful in the entrapment of analytes especially 
selected analytes. Finally, these results confirmed that the GCE was coated by PPR-Fe2O3-
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MCM-41-nPrNH2-β-CD film, leading to the change in the surface activity of the electrode. 
Also, these results confirm that dispersion of β-CD on the surface of mesoporous silica was 
performed successfully. For more information, Fig. 3 shows the FE-SEM images of PPR-
Fe2O3-MCM-41-nPrNH2-β-CD-GCE in different magnitude. 

 

 

 
 
Fig. 2. FEG-SEM images of bare GCE, PPR-GCE, PPR- Fe2O3-MCM-41-nPrNH2-GCE, 
PPR-Fe2O3-MCM-41-nPrNH2-B-CD-GCE in similar magnitude 

GCE 

Poly-Proline-β-CD modified GCE 

-41-MCM-3O2Fe -Proline-Poly
modified GCE  -2NHnPr 

-41-MCM-3O2Fe -Proline-Poly
modified GCE-CD-B– 2NHnPr 

B-CD 
Cavity 
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Fig. 3. FEG-SEM images of PPR-Fe2O3-MCM-41-nPrNH2-B-CD-GCEin different magnitude 
 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical behavior of the PPR-GCE, PPR-β-CD-GCE and PPR-Fe2O3-
MCM-41-nPrNH2-β-CD film 

Electrochemical behavior of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE, PPR-β-CD GCE, 
and PPR-GCE was investigated in further detail. At first surface coverage of different 
modified electrodes was obtained using CVs of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE, 
PPR-β-CD GCE, and PPR-GCE in different scan rates. The typical CV of a PPR-Fe2O3-

B-CD 
Cavity 

30.1 nm 

78.5 nm 
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MCM-41-nPrNH2-β-CD-GCE, PPR-β-CD GCE, and PPR-GCE in different potential scan 
rates from 2-500 mV s-1 were recorded (Fig. 4). The peak’s currents are relative to sweep 
rates in the range of 2-500 mVs-1, pointing to the electrochemical activity of the surface redox 
couple. From the slope of this lines and using [22]: 

*
22

4
Γ








= A

RT
FnI p ν                                                                                                            (1) 

where Г* is the surface coverage of the redox species and ν being the potential sweep rate 
and taking average of both cathodic and anodic results, Г* values of around 0.236×10-9 mol 
cm-2 have been derived for PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE. In addition Г* values 
of PPR-β-CD-GCE and PPR-GCE were 0.171×10-9 and 0.10×10-9 mol cm-2, respectively. 
These results show that, PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE has higher surface 
coverage than PPR-β-CD GCE, and PPR-GCE which related to high surface area of MMSN 
(362 m2g-1). 

The response of the PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE with PPR-B-CD-
GCE, and PPR-GCE in the presence of physiologically-relevant electroactive small 
molecules were compare by CV (Fig. 5). The PPR-Fe2O3-MCM-41-nPrNH2-β-CD-
GCE display well fined oxidation peaks for all selected analytes ((Dopamine (DA), 
Uric Acid (UA), Ascorbic Acid (AA), L-Tyrosine (Tyr), L-Cysteine (Cys), L-
Phenylalanine (Phe), L-Proline (Pro), L-tryptophan (L-Trp), and L- Methionine (L-
Met)) than PPR-GCE. 

The CVs of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE with PPR-B-CD-GCE, and PPR-
GCE were recorded between -1.0 to 1.0 V using the scan rate of 100 mVs-1 in the 0.1 M PBS 
(pH=7.4) in the presence of DA, UA, AA, Tyr, Cys, Phe, Pro, Trp, and Met. According to the 
results, using bare GCE electrode no redox behavior was observed. On the other hand, PPR-
GCE, PPR-β-CD-GCE, and PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE one pair redox peaks 
was appeared at 0.16, 0.4, 0.02, 0.652, 0.432, 0.235, 0.11, 0.779, and 0.0619 vs. Ag/AgCl for 
DA, UA, AA, Tyr, Cys, Phe, Pro, Trp, and Met, respectively, which attribute to the anodic 
oxidation of clinically-relevant electroactive small molecules using three modified electrode. 
This observation is also attributed to the high conductivity and inherent ability of modifiers. 
These results show the anodic peak current at the surface of PPR-Fe2O3-MCM-41-nPrNH2-β-
CD-GCE is significantly enhanced than PPR-GCE, PPR-β-CD-GCE while the cathodic peak 
current was decreased considerably. These results indicate that PPR-Fe2O3-MCM-41-
nPrNH2-β-CD film could accelerate the rate of electron transfer of selected analytes and have 
good electroactive/electrocatalytic behavior for redox reaction of DA, UA, AA, Tyr, Cys, 
Phe, Pro, L-Trp, and L-Met, which demonstrated that the nano-coatings of polymers 
deposited on the mesopore walls lead to remarkably enhance in oxidation rate of selected 
analytes. It is important to point out that, the inner cavities of β-CD could restrain some 
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clinically relevant molecules to form stable host-guest inclusion complexes, and the amino 
group of L-proline could enable PPR to be related with negatively charged groups of selected 
clinically relevant small molecules through electrostatic interaction. Also, mesoporous silica 
with excellent surface area, prepare a suitable substrate for dense loading of L-proline in the 
presence of β-CD. It is no doubt that when β-CD and L-proline were electro-polymerized 
inside mesoporous silica, the response current for selected analytes was greatly enhanced. In 
addition, the increasing oxidation peak of and decreasing overvoltage of selected analytes 
confirm that PPR-Fe2O3-MCM-41-nPrNH2-β-CD film have a high catalytic ability for these 
analytes oxidation. Therefore, PPR-Fe2O3-MCM-41-nPrNH2-β-CD is suitable as mediators to 
transfer electron between selected analytes and working electrode and make easy the 
electrochemical regeneration following electron exchange with these analytes. Finally, as a 
decisive electrical component in the biopolymer film, PPR-Fe2O3-MCM-41-nPrNH2-β-CD 
provides an enhancement for sensitive detection of DA, UA, AA, L-Tyr, L-Cys, L-Phe, L-
Pro, L-Trp, and L-Met, meanwhile, PPR can amplify the electrochemical signals produced 
during the electrochemical sensing process. In one word, the synergetic effect of Fe2O3-
MCM-41-nPrNH2, PPR, and β-CDleads to a successful and effective detection of DA, UA, 
AA, L-Tyr, L-Cys, L-Phe, L-Pro, L-Trp, and L-Met. 

It is important to point out that, L-Pro and L-Phe has different oxidation process while 
compare with other selected analytes. In the case of L-Pro and L-Phe, electrocatalytical 
behaviour was observed. It is found that, PPR and PPR-Fe2O3-MCM-41-nPrNH2-β-CD have 
similar electrochemical behavior towards electrooxidation of L-Pro and L-Phe. According to 
the results, oxidation potential of L-Pro and L-Phe are 0.14 V and 0.19 V using PPR-B-CD-
GCE, respectively. But, one important difference was observed using PPR-Fe2O3-MCM-41-
nPrNH2-β-CD-GCE. This difference is lowering oxidation potential of L-Pro and L-Phe 
when compare with PPR-β-CD-GCE. The significant enhancement of the L-Pro and L-Phe 
electrooxidation peak currents at PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE can be explained 
according to the catalysis mechanism. Because the PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE 
had a high geometric surface area, it boosted the faradic currents of the sluggish reaction as 
well as increased the amount of chemisorbed layer of the L-Pro and L-Phe. This behavior 
catalyzed the electron transfer of L-Pro and L-Phe in the solution. The more active functional 
groups on the surface of the PPR-Fe2O3-MCM-41-nPrNH2-β-CD film can easily form 
hydrogen bonds with the amine groups of the L-Pro and L-Phe, which weaken the -NR bond 
energies; the electrons would be transferred through OH· · ·N-H. In addition, the density of 
the electron follows as L-Pro or L-Phe >intermediate>product and therefore, intermediate and 
product electroactivity decreased and they were difficultly oxidized which is in accordance 
with the experimental results. The electrocatalytic effect of PPR-Fe2O3-MCM-41-nPrNH2-β-
CD-GCE can be ascribed to the combination of the electron-acceptor ability of PPR 
confinement effects due to the attachment to the β-CD. On the basis of the previous 
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considerations, the electrocatalytic effect of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE must 
result from the superposition of the effect associated with more external NH units and that 
due to boundary-associated ones. On the other hand, since the catalytic effect associated with 
PPR-Fe2O3-MCM-41-nPrNH2-β-CD consists essentially of an enhancement of the anodic 
peak for L-Pro and L-Phe oxidation, the catalytic effect can tentatively be associated with a 
redox reaction in solution phase between NH units and any intermediate species resulting 
from the initial electron transfer of L-Pro and L-Phe. In addition, the higher peak current of 
L-Phe using PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE is expected because of existence of 
accessible alkyl groups. Therefore, the reason of this phenomenon is difference of two group 
alkyl and carboxylic and OH functional groups of L-Phe. More importantly, the small 
lowering of the overvoltage (ΔEp=0.05 V) observed in the presence of PPR-Fe2O3-MCM-41-
nPrNH2-β-CD-GCE clearly point to its essential synergetic role of PPR, MMSN, and β-CD in 
the observed electroactivity behaviour. In general, introduction of β-CD to structure of PPR 
and its electropolymerization inside to MMSN can increase electroactivity of GCE surface. 
Similar results were obtained by LSV (The figure is not shown). 

The results show that, in the case of other amino acids (L-Lys, L-Gly, L-Asp, L-Ala, L-
Arg, L-His, and L-Ser), PPR-B-CD has higher peak current and the electrochemical process 
was done in high overvoltage. Also, all of oxidation peak potentials were appeared after 1 V 
which hydrogen evolution has great interfering in the detection of these analytes. On the 
other hand, MMSN has no important effect in the rate of oxidation reactions. Therefore, these 
mesoporous material is not suitable case for selective and sensitive detection of L-Lys, L-
Gly, L-Asp, L-Ala, L-Arg, L-His, and L-Ser. 

The CVs of DA, UA, AA, L-Tyr, L-Cys, L-Phe, L-Pro, L-Trp, and L-Met using the PPR-
Fe2O3-MCM-41-nPrNH2-β-CD-GCE were recorded at different potential sweep rates. 
According to the results (The figure is not shown) the anodic peak currents increased linearly 
with the square root of the potential sweep rate (70-450 mVs-1), which indicates a mass 
transfer-controlling process of oxidation via diffusion. On the basis of the slopes of the linear 
dependency of the anodic peak currents on the square root of the potential sweep rates, and 
the Randles-Sevcik equation [21]:  

                                                                  (1) 

Where Ip is the peak current, A is the electrode surface area, D is the diffusion coefficient, 
and C* is the bulk concentration of selected analytes, the diffusion coefficient (D) for DA, 
UA, AA, L-Tyr, L-Cys, L-Phe, L-Pro, L-Trp, and L-Met was calculated and the results were 
summarized on Table 1. These results indicated that PPR-Fe2O3-MCM-41-nPrNH2-β-CD-
GCE film could accelerate the rate of electron transfer of selected analytes and have good 
electroactivity for redox reaction of selected analytes. 

2/12/1*2/32/15 )1099.2( vDACnI α×=
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In addition the value of the electron-transfer coefficient for the reaction can be obtained 
from the following equation [21]: 

                                                                              (2)  

This is valid for a totally irreversible diffusion-controlled process. Using the dependency 
of anodic peak potential on the Neperian logarithm of the potential sweep rate, the value of 
the electron-transfer coefficient was obtained and the results were summarized on Table 1.  

 

     
 
Fig. 4. A) CVs of PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE in different scan rate (2, 5, 
10, 25, 50, 75, 100, 150, 200, 300, 400, and 500 mV/s) in the presence of 0.1 M PBS (pH 
7.4); B) Variations of oxidation peak currents versus scan rate 
 
 

 
 
 
 
 
 
 

tconsv
F

RTEp tanln
2

+





=
α



Anal. Bioanal. Electrochem., Vol. 10, No. 1, 2018, 77-97                                                       90 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. CVs of GCE, PPR-GCE, PPR-B-CD-GCE, and PPR-Fe2O3-MCM-41-nPrNH2-β-CD-
GCE in the presence of {5 ml PBS (0.1M, pH=7.4)+(0.004 g/ml) selected analytes} 
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Table 1. Kinetic and Analytical figure of merit 
 
Type of 
analyte 

Type of sensor electron-transfer 
coefficient (α) 

diffusion coefficient 
(D)/ cm2 s-1 

LLOQ 

L-Trp PPR-Fe2O3-
MCM-41-

nPrNH2-β-CD-
GCE 

0.514 4.70×10-6 8.6 nM (n=5, SD=2.1) 
L-Tyr 0.450 6.57×10-6 10 nM (n=5, SD=3.3) 
L-Phe 0.190 1.24×10-6 1.4 µM (n=5, SD=1.56) 
L-Met 0.198 1.01×10-6 1.6 nM (n=5, SD=1.78) 
L-Pro 0.060 1.00×10-6 32 nM (n=5, SD=2.00) 
L-Cys 0.453 7.44×10-6 110 nM (n=5, SD=2.35) 

AA 0.225 8.03×10-6 1.2 nM (n=5, SD=3.01) 
UA 0.345 4.14×10-6 3.6 nM (n=5, SD=2.44) 
DA 0.301 3.75×10-6 1.0 nM (n=5, SD=1.97) 

 
 

         
            
                
           
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. LSVs obtained for determination of selected clinically-relevant small molecules in 0.1 
M PBS using PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE 
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Table 2. Analytical parameters for detection of selected amino acids at previously reported 
methods 
 

Analyte Sensor LLOQ/nM LOD Linear range Ref. 
L-Trp 

 
Cobalt hydroxide/GC 

Fe (III)-Schiff base complexes 
modified CN/GC 

MWCN-ionic liquid composite/GC 
/GC2NH-41-MCM 

3O2Fe-41-MCM 
Magnetic Mesoporous 

Silica/Chitosan/ Polyproline 
Magnetic Mesoporous Silica/beta 

cyclodextrin / Polyproline 
Poly-dopamine-Beta-

Cyclodextrin/GCE 

 
 
 
 
 
 

5.6 μM 
8.6 nM 

0.08 μM 

1.10 nM 
1.10 nM 

4 nM 
17.10 nM 
120 nM 

 

12500 nM–3 

20–1200 nM 
up to 4nM 

200–820 nM 
235–339 nM 

5.6 µM-3.2 mM 
 
 
 

0.08-150 μM 

[23] 
[24] 
[25] 
[10] 
[3] 

[26] 
 

This work 
 [27] 

L-Tyr 
 

Cobalt hydroxide/GC 
Fe (III)-Schiff base complexes 

modified CN/GC 
Gold nanoparticle/cystamine/GC 

/GC2NH-41-MCM 
Mixed covalent/GC 

Acetylene black paste electrode 
modified with a Schiff's base 

derivative of chitosan 
3O2Fe-41-MCM 

Magnetic Mesoporous 
Silica/Chitosan/ Polyproline 

Magnetic Mesoporous Silica/beta 
cyclodextrin / Polyproline 

 
 
 
 
 
 
 
 
 

2.2 μM 
 

10 nM 

5.21 nM 
10.03 nM 
0.04 nM 

56.03 nM 
22 μM 
2.0 nM 

 
125 nM 

 

13–6000 nM 
8–1308 nM 
0.1–300 nM 

405-1015 nM 
1 μM-1 mM 

60 nM-2.0 μM 
 

200-560 nM 
2.2-9.1 µM 

[23] 
[24] 
[28] 
[10] 
[29] 
[30] 

 
[3] 

[26] 
 

This work 

L-Phe 
 

Cobalt hydroxide/GC 
Fe (III)-Schiff base complexes 

modified CN/GC 
/GC2NH-41-MCM 

Sol–gel sensor 
Sol-gel sensor 

3O2Fe-41-MCM 
Magnetic Mesoporous 

Silica/Chitosan/ Polyproline 
Magnetic Mesoporous Silica/beta 

cyclodextrin / Polyproline 
graphene oxide-)4O3(Fe 

 
 
 
 
 
 

1.0 μM 
 

1.4 nM 

13.70 nM 
13.70 nM 
13.70 nM 
6.7 μM 
3.9 nM 
126 nM 

 
 
 
 

14.5 nM 

30–2000 nM 
9–5000 nM 
98–500 nM 

60 μM–1.6 mM 
20 μM–50 nM 
320–510 nM 

3.8-1 µM 
 
 
 

100–1000 nM 

[23] 
[24] 
[10] 
[31] 
[31] 
[3] 

[26] 
 

This work 
 

[32] 

L-Met 
 

Magnetic Mesoporous Silica/beta 
cyclodextrin / Polyproline 
Bio-dots assembly-induced 

aggregation of gold nanoparticles 

1.6 nM  
 

3.2 nM 

 This work 
 

[33] 
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L-Pro 
 

Magnetic Mesoporous 
Silica/Chitosan/ Polyproline 

-2nPrNH-41-MCM-4O3Fe-PRODH
PCys-CS-GCE 

Magnetic Mesoporous Silica/beta 
cyclodextrin / Polyproline 

2.5 μM 
 

0.006 μM 
 

32 nM 

 2.5-60 µM 
 

0.01-0.15 μM 

[26] 
 

[34] 
 

This work 

L-Cys 
 

Cobalt hydroxide/GC 
Fe (III)-Schiff base complexes 

modified CN/GC 
/GC2NH-41-MCM 

3O2Fe-41-MCM 
Magnetic Mesoporous 

Silica/Chitosan/ Polyproline 
Magnetic Mesoporous Silica/beta 

cyclodextrin / Polyproline 

 
 
 
 
 

0.84 μM 
 

110 nM 

4.34 nM 
3.21 nM 

11.21 nM 
25 nM 

 

10–15000 nM 
1–55000 nM 
100–470 nM 
55–330 nM 
0.84-2.6 µM 

 

[23] 
[24] 
[10] 
[3] 

[26] 
 

This work 

AA 
 

Magnetic Mesoporous 
Silica/Chitosan/ Polyproline 

Magnetic Mesoporous Silica/beta 
cyclodextrin / Polyproline 

GQD-ß-CD-GCE 
Chitosan-graphene/GCE 

Electrochemically reduced 
graphene oxide/GCE 

Pt nanoparticle-decorated 
graphene and carbon 

nanotube/GCE 
Graphene/carbon paste electrode 

85 μM 
 

1.2 nM 

 
 
 
 

0.49 μM 
50 μM 

250 μM 
 

200-900 μM 
 
 

0.1-106 μM 

85 µM-20 mM 
 
 
 

0.01-170 μM 
50-1200 μM 

500-2000 μM 
 

50 μM 
 
 

0.07 μM 

[26] 
 

This work 
 

[35] 
[36] 
[37] 

 
[38] 

 
 

[39] 
UA 
 

Magnetic Mesoporous 
Silica/Chitosan/ Polyproline 

Magnetic Mesoporous Silica/beta 
cyclodextrin / Polyproline 

Multi-walled carbon nanotube-
gold nanoparticle 

Uricase Immobilized in 
Polyaniline-Polypyrrole Film 

sol–gel 
uricase-immobilized eggshell 

membrane 

22 μM 
 

3.6 nM 

 
 
 
 

0.01 mM 
 

1 μM  
20 nM 
2.0 μM 

22 µM-60 mM 
 
 
 

0.01–0.8 mM 
 

2.5-85 μM 
 

1 μM 
4.0–640 μM 

[26] 
 

This work 
 

[40] 
 

[41] 
 

[42] 
[43] 

DA Magnetic Mesoporous Silica/beta 
cyclodextrin /Poly-proline 

Nano-Au/PPyox/GCE 
ACh/GCE 

5-HTP/GCE 
/GCE2NH-41-MCM 

/MWNTs/GCE2Nafion/Ni(OH) 
MWNT-DHP/GCE 
Met-AuNC/GCE 

1.0 nM 
 
 

 
 

0.15 μM 
0.3 μM 

0.31 μM 
0.1 nM 

0.0151 μM 
0.011 μM 

32 nM 

 
 

0.75–20 μM 
0.7–5 μM 

0.5–35 μM 
0.2–103 nM 
0.05–25 μM 
0.05–5 μM 
0.1 to 4 μM 

This work 
 

[44] 
[45] 
[46] 
[47] 
[48] 
[49] 
[50] 
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3.2. Analytical application  

The calibration curve for selected physiologically-relevant electroactive small molecules 
in 0.1 M PBS (pH=7.4) was obtained by LSV. Fig. 6 shows typical LSV curves for different 
concentrations of selected analytes using PPR-Fe2O3-MCM-41-nPrNH2-β-CD-GCE. In 
addition, the dependency between peak current and selected analytes concentration was 
shown in Fig. 6 within the various range which the lower limits of quantitation (LLOQ) were 
summarized in Table 1. Also, the results exhibited that this method performed with a higher 
sensitivity when it was compared to other conventional detection approaches [28-32]. Table 2 
compares the main features of the developed sensor with other electrochemical sensors 
described so far for the determination of selected analytes. 

Electrode stability related to the number of cycles was also checked. The results show 
that with increase of the number of cycles to 100, the peak currents decrease very smoothly. 
Results confirmed that the electrode is stable at least 100 replicate analysis. 

 

4. CONCLUSION 

We report for the first time the synthesis of a hybrid magnetic mesoporous silica 
nanoparticle (MMSN) where the poly amino acid (PPR in this case) electro-polymerized 
inside MMSN using cyclic voltammetry technique. The PPR grafted MMSN were used 
effectively to electrooxidation and determination of some physiologically-relevant 
electroactive small molecules leading to increase the sensitivity. In contrast, bare PPR were 
unable to electrooxidation of selected small biomolecules. While, the interaction between 
PPR-β-CD and MMSN matrix combined with electropolymerization technique provides an 
excellent biocompatible microenvironment for electrooxidation of some important 
physiologically-relevant small molecules. More importantly, the proposed nano-sensor was 
used for determination of physiologically-relevant electroactive small molecules at 
physiological pH, without the necessity for sample pretreatment or any time-consuming 
extraction or evaporation steps prior to the analysis, with satisfactory analytical results. It is 
expected that this biocompatible nanocomposite based sensor will provide a fast, 
inexpensive, eco-friendly sensitive and reliable sensing method for applications in different 
areas of clinical medicine. Finally, the results indicate β-CD and MMSN have essential role 
in the signal amplification of PPR which is important in electroanalytical chemistry. 
Therefore, the attachment of β-CD to structure of PPR provides new opportunities within the 
personal healthcare, fitness, forensics, homeland security, and environmental monitoring 
domains. 
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