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Abstract: In this study, we design an electrochemical aptasensor with an enzyme-free amplification 

method to detect tryptophan (Trp). For the amplified electrochemical signal, the screen-printed 

electrode was modified with dendritic gold nanostructures (DGNs)/magnetic double-charged 

diazoniabicyclo [2.2.2] octane dichloride silica hybrid (Fe3O4@SiO2/DABCO) to increase the surface 

area as well as electrical conductivity, and the hemin/G-quadruplex aptamer was immobilized. The 

presence of Trp improved the catalytic characteristic of hemin/G-quadruplex structure, which 

resulted in the efficient catalysis of the H2O2 reduction. As the concentration of Trp increased, the 

intensity of H2O2 reduction signal increased, and Trp was measured in the range of 0.007–200 nM 

with a detection limit of 0.002 nM. Compared with previous models, our sensor displayed higher 

detection sensitivity and specificity for Trp. Furthermore, we demonstrated that the proposed 

aptasensor successfully determined Trp in human serum samples, thereby proving its practical 

applicability. 

Keywords: magnetic nanocomposite; aptamer; tryptophan; G-quadruplex; electrochemical sensor; 

dendritic gold nanostructures 

 

1. Introduction 

Tryptophan (Trp), an essential amino acid for humans, serves as a precursor for some biological 

molecules and structural component in proteins [1,2]. So far, different methods have been reported 

for measuring Trp, such as high-performance liquid chromatography (HPLC) [3], spectroscopy [4,5], 

and chemiluminescence [6]. As alternatives, many innovative approaches have been developed. For 

example, Eser et al. used ultra-HPLC coupled to electrospray ionization triple−quadrupole mass 

spectrometry to detect Trp [7]. In another study, Hazra et al. used resonance energy transfer between 

Ce3+ and Tb3+ ions in Ce3+/Tb3+-doped CaMoO4 nanocrystals to detect Trp [8]. However, these methods 

have the limitations such as complicated sample preparation, long periods of time to acquire 

measurements, and the need for advanced and costly laboratory tools. Therefore, electrochemical 

methods are highly regarded as the simple and low-cost alternative that provides sensitive 

measurements of Trp in samples [9–13].  

Recently, aptamers along with antibodies have been used to probe and selectively measure 

many biological and pharmaceutical compounds [14–18]. Aptamers have many advantages over 

antibodies. Namely, aptamers have high stability in the presence of different parameters such as 

pressure, temperature, pH, in vitro synthesis, and labeling with different groups during synthesis 

[19]. It has been shown that some aptamers catalyze reactions similar to peroxidases [20–23]. For 
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example, the guanine-rich aptamer that forms a G-quadruplex structure in the presence of hemin 

catalyzes the reduction of H2O2, which has been used in a wide range of applications [24]. 

When generating new electrochemical sensors, great attention has been paid to using various 

nanomaterials to immobilize the aptamer on the electrode surface, which subsequently alters the 

effective surface area, the electron transfer kinetics, and the sensitivity of the sensor [25–27]. Notably, 

magnetic nanoparticles have been favorably considered in many studies because of their high surface 

area, super paramagnetic properties, biocompatibility, and low toxicity [28–31]. However, magnetic 

nanoparticles have a strong tendency to oxidize and aggregate when exposed to air, which requires 

them to be coated with other materials. Covering the magnetic nanoparticles with a silica layer 

increases the stability of the nanoparticles and facilitates surface modification with different 

functional groups [32–35].  

In this study, we first prepared the magnetic nanocomposite as an ionic liquid core-shell 

structure by sol-gel method in order to improve its conductivity and make it a suitable modifier for 

the preparation of electrochemical biosensors [31]. Next, dendritic gold nanostructures (DGNs) were 

electrochemically synthesized on the magnetic double-charged diazoniabicyclo [2.2.2] octane 

dichloride silica hybrid (Fe3O4@SiO2/DABCO)-modified screen-printed electrode (SPE) to not only 

increase the effective surface area and electrical conductivity, but also immobilize guanine-rich Trp 

aptamer. The presence of Trp allowed Trp aptamer to form hemin/G-quadruplex structure, enabling 

the efficient catalysis of the H2O2 reduction. Because of the dual amplification strategy based on 

DGNs/Fe3O4@SiO2/DABCO and Trp aptamer-hemin-mediated catalysis of H2O2 reduction, our sensor 

showed higher sensitivity than other electrochemical sensors for determining Trp levels. Notably, we 

discovered that the Trp aptamer-hemin has significantly improved the peroxidase-mimicking 

activity after binding to Trp, which is successfully utilized for the detection of Trp levels even in 

human serum. 

2. Materials and Methods 

2.1. Reagents and Instruments 

Hexaammineruthenium (III) ([Ru(NH3)6]3+), 1,4-diazabicyclo[2.2.2]octane, FeCl3·6H2O, and 

FeCl2·4H2O, Tetraethyl orthosilicate, tryptophan, tyrosine, histidine, arginine, lysine, valine, and 

methionine were purchased from Sigma Aldrich (Seoul, Korea). All other chemicals were of 

analytical grade and supplied from Sigma Aldrich Company. Trp aptamer sequences (5-SH-(CH2)6-

AGCACGTTGGTTAGGTCAGGTTTGGGTTTCGTGC-3) were purchased from Bioneer Corp., 

Daejeon, Korea. The stock solution of Trp aptamer (0.1 mM) was prepared in Tris-EDTA buffer 

solution (5 mM tris(2-carboxyethyl) phosphine (TCEP), 50 mM Tris–HCl, 1.0 mM EDTA, pH 8.0) and 

kept at room temperature for 1 h to reduce the disulfide bonds of Trp aptamer. The Trp aptamer was 

diluted in Tris-HCl buffer solution (50 mM Tris-HCl and 10 mM KCl, pH 7.2). All the electrochemical 

evaluations were performed at room temperature. The auto-lab PGSTAT 30 electrochemical analysis 

system was controlled using GPES 4.9 and FRA 4.9 software packages (EcoChemie, Utrecht, The 

Netherlands) was used for electrochemical measurements. Graphite screen-printed electrodes (SPEs) 

were purchased from Ecobioservices & Researches (Florence, Italy). Electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) were recorded in 50 mM Tris-HCl buffer solutions 

(pH 7.4), containing 0.01 M [Fe(CN)6]3−/4− and 100 mM KCl, at a scan rate of 100 mV/s and the 

frequency ranged from 100 kHz to 0.05 Hz at open circuit potential (0.23 V). Field emission scanning 

electron microscopy (FE-SEM) images of modified electrode surface at each step were recorded using 

Mira 3-XMU FE-SEM (TESCAN, Brno, Czech Republic). 

2.2. Synthesis of the Fe3O4@SiO2/DABCO 

The Fe3O4@SiO2/DABCO nanocomposite was synthesized in three steps according to the method 

described by Bagheri et al. [36]. In the first step, magnetic nanoparticles (MNPs) were prepared by a 

co-precipitation method from the reaction of FeCl3·6H2O and FeCl2∙4H2O, which were then dried 

under vacuum at 60 °C. In the second step, bis(n-propyl trimethoxysilane)-1,4-diazoniabicycle [2.2.2] 
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octane chloride (BPTDABCOCl) was prepared by the reaction of 1,4-diazabicycle [2.2.2] octane 

(DABCO) and 3-chloropropyl trimethoxysilane (CPTMS) in DMF and the resulting product was 

dried in an electrical oven. Finally, Fe3O4@SiO2/DABCO nanocomposite was synthesized using 

MNPs, BPTDABCOCl, and tetraethyl orthosilicate (TEOS) by sol-gel method. 

2.3. Preparation of Trp Aptasensor 

Figure 1 shows a schematic of the different steps for constructing the Trp aptasensor. First, we 

synthesized Fe3O4@SiO2/DABCO as a biocompatible nanocomposite to modify the electrode surface 

as described in Section 2.2. Next, the dendritic gold nanostructures (DGNs) were prepared through 

the electrodeposition of gold solution (HAuCl4; 0.5 mM) on Fe3O4@SiO2/DABCO/SPE under the 

potential of −0.23 V for a duration of 300 s, and Trp aptamer (3.0 × 10−6 M) was then immobilized on 

the electrode surface overnight at room temperature. Finally, the hemin solution (20 μM) was 

dropped onto the electrode, which was incubated for 15 min. The state was then ready for analysis 

of the samples containing Trp. After each step, the modified electrode was thoroughly washed using 

distilled water. The differential pulse voltammetry (DPV) was performed with the potential range 

from 0 to −0.6 V in HEPES buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, and 50 mM KCl), and H2O2 

(20 µM). The error bars in all of the figures indicate the standard deviation among three replicates. 

 

Figure 1. Schematic illustration for the construction of electrochemical Trp aptasensor. 

2.4. Determination of Trp in Human Serum 

To prevent protein adsorption on the electrode surface and the related interference with the 

measurement, the human serum was first de-proteinized using trichloroacetic acid and subjected to 

the centrifugation. After removing the precipitates, the supernatant was then diluted three-fold using 

0.1 M PBS (pH 7.0) and different concentrations of Trp was spiked into diluted human serum. These 

samples were finally analyzed using the same procedures described in Section 2.3. 

3. Results 

3.1. Characterization of Sensing Interface  

The surface morphologies of the bare SPE, Fe3O4@SiO2/DABCO/SPE, and DGNs 

/Fe3O4@SiO2/DABCO/SPE were first characterized using FE-SEM (Figure 2). As shown in Figure 2B, 

Fe3O4@SiO2/DABCO/SPE displayed a uniform spherical structure with an average size of 23 nm, 

which is different from the SPE (Figure 2A). In addition to the benefits of the ionic liquid framework, 

the presence of functional groups on magnetic nanocomposites leads to greater deposition of gold 

nanostructures and prevents the agglomeration of nanoparticles on the magnetic nanocomposite 

surface [36]. Furthermore, AuNPs with an average size of 13.5 nm were successfully deposited on the 
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Fe3O4@SiO2/DABCO/SPE surface as demonstrated by a dendritic structure, which was achieved by 

the specific interaction with the functional groups of the magnetic nanocomposite (Figure 2C). To 

prove that the dendritic structure is only formed with the help of magnetic nanocomposites, we 

obtained the SEM image of gold nanoparticles (AuNPs) electrodeposited on the surface of bare SPE 

without magnetic nanocomposites (Figure S1). We assumed that the deposition of AuNPs with a 

dendritic structure enabled the signal amplification as well as the immobilization of thiolated Trp 

aptamer on the electrode surface. 

 

Figure 2. Characterization of sensing interface. FE-SEM images of (A) bare SPE,  

(B) Fe3O4@SiO2/DABCO/SPE, and (C) DGNs/Fe3O4@SiO2/DABCO/SPE. The measured particle size is 

indicated in yellow color. The scale bars in the high (inset) and low magnification are 200 nm and  

1 µm, respectively. 

Next, EIS and CV were recorded to investigate the fabrication process of the Trp aptasensor. 

Recently, there has been an escalating interest in using EIS for biological measurements since this 

technique can be performed within a narrow range of small potentials and have no detrimental effects 

on biological interactions [37]. Figure 3A shows Nyquist plots of different electrode surfaces in the 

presence of [Fe(CN)6]3−/4− redox couples. The bare SPE (a) exhibited a semicircle in the high frequency 

region with charge transfer resistance (Rct) of 1375 Ω, but the Rct decreased to 556 Ω for 

Fe3O4@SiO2/DABCO/SPE (b), which indicates an improvement in the electron transfer ability of 

electrode surface. Furthermore, the deposition of AuNPs on the Fe3O4@SiO2/DABCO/SPE led to a 

significant decrease of Rct down to 190 Ω (c). These data imply that DGNs have excellent 

electrochemical conductivity and facilitate the electron transfer between the modified electrode 

surface and the redox couple. However, after the immobilization of the Trp aptamer on the surface 

of DGNs/Fe3O4@SiO2/DABCO/SPE, the negative charge of the aptamer repelled the [Fe(CN)6]3−/4− 

redox couple, which resulted in increased Rct of 14100 Ω (d). Finally, the addition of Trp (0.9 nM) and 

hemin further increased Rct up to 38,455 Ω (e), which indicated that the diffusion rate between the 

[Fe(CN)6]3−/4− redox couple and the electrode surface was reduced by non-effective electron transfer. 

These results confirmed the formation of the Trp-aptamer complex at the electrode surface. The EIS 

results were also supported using the CV measurements. As shown in Figure 3B, the changes in CVs 

of the [Fe(CN)6]3-/4- redox couple confirmed that each preparation step was successfully carried out 

on the electrodes surface, and the results are in good agreement with EIS experiments. 
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Figure 3. Characterization of different modification steps by (A) EIS and (B) CV in 0.01 M [Fe(CN)6]3− 

and 0.1 KCl solution at a scan rate of 100 mV s−1: bare SPE (a), Fe3O4@SiO2/DABCO/SPE (b), 

DGNs/Fe3O4@SiO2/DABCO/SPE (c), Apt/DGNs/Fe3O4@SiO2/DABCO/SPE (d), and 

Trp/hemin/Apt/DGNs/Fe3O4@SiO2/DABCO/SPE (e). The concentration of Trp was 0.9 nM. 

3.2. Aptamer Surface Density and Detection Feasibility of Trp Aptasensor 

The aptamer surface density on the modified electrode surface was investigated using the Tarlov 

equation (Equation (1)) [38]: 

Γapt = Γо (Z/M) (NA) (1) 

where Γapt is the aptamer surface density (molecules/cm2), Γ0 is the quantity of adsorbed redox marker 

[Ru(NH3)6]3+, M is the number of aptamer bases, and Z is the charge of [Ru(NH3)6]3+. After 

immobilizing the Trp aptamer on the modified electrode surface, chronocoulometric curves were 

recorded in the presence or absence of 200 μM [Ru(NH3)6]3+ with 0.05 M KCl solution at a potential 

of −0.3 V. As shown in Figure 4A, the Γapt was calculated to be 2.6 × 1018 (±1.2%) molecules/cm2 using 

the Tarlov equation. 

Next, to demonstrate the detection feasibility of Trp aptasensor, the CV method was used to 

measure reduction signals of H2O2 in the absence of Trp (a) and presence of Trp at 3 nM (b) and  

100 nM (c) (Figure 4B). The Trp aptamer with hemin was not strong enough to form an active  

G-quadruplex structure for the effective catalysis of H2O2 reduction as indicated by the weak H2O2 

current intensity (Figure 4B, a). On the other hand, the presence of Trp at 3 nM (b) and 100 nM (c) 

significantly increased the reduction signal of H2O2. These data confirm that the Trp aptamer forms 

a stable G-quadruplex structure only in the presence of Trp, and serves as an effective catalyst for the 

amplified electrochemical signal. 

 

Figure 4. Aptamer surface density and detection feasibility of Trp aptasensor (A) Chronocoloumetric 

curves at Apt/DGNs/Fe3O4@SiO2/DABCO/SPE in a solution of composed of 200 µM [Ru(NH3)6]3+ and 

0.05 M KCl (a), and containing 0.05 M KCl only (b). (B) CV signals of 
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hemin/Apt/DGNs/Fe3O4@SiO2/DABCO/SPE in the absence of Trp (a), and in the presence of 3 nM  

Trp (b), and 100 nM Trp (c). 

3.3. Optimization of the Proposed Aptasensor 

To obtain the optimal condition for the proposed aptasensor, different concentrations of the 

aptamer (1.0–6.0 µM) were applied onto the surface of the modified electrode and the EIS spectra 

were recorded. As the concentration of the aptamer increased up to 3 µM, the Rct increased, whereas 

the aptamer concentration beyond 4 µM led to a decrease in the Rct (Figure S2A). At higher aptamer 

concentrations, the intermolecular hybridization of the complementary regions may lead to a 

decrease in the immobilization of the aptamer on the modified electrode surface. Additionally, we 

investigated the effect of Trp incubation time on the prepared sensor. EIS spectra results showed that 

the optimal time for trapping Trp molecules on the sensor surface is 40 min and incubating for longer 

did not have a significant effect (Figure S2B).  

3.4. Sensitivity of the Prepared Aptasensor 

As the Trp aptamer is rich in guanine, we assumed that in the presence of Trp, a stable  

G-quadruplex structure could form to effectively catalyze H2O2 reduction [39] (QGRS Mapper 

software, Table S1) [40,41]. By measuring the reduction signals of H2O2 using DPV technique, the 

performance of the designed sensor to detect different concentrations of Trp was evaluated.  

Figure 5A shows the DPV signals of H2O2 in the absence or presence of different concentrations of 

Trp. Figure 5B shows the calibration plots of H2O2 reduction signals versus Trp concentrations in 

three linear ranges. We observed that with increasing Trp concentrations, H2O2 reduction was more 

efficiently catalyzed because of the formation of stable G-quadruplex structure on the electrode 

surface. It is assumed that Trp induces the conformational change of aptamer, mediating the 

formation of stable G-quadruplex, and accordingly improves the peroxidase-like activity of hemin/G-

quadruplex structure. As seen in the calibration plot (Figure 5B), the intensity of the current is 

proportional to the Trp concentration in the three ranges (0.007–0.1 nM, 0.1–10 nM, and 10–200 nM). 

The detection limit was estimated to be 0.002 nM (LOD = 3Sb/m, where Sb is the standard deviation 

of the blank signal (n = 7), and m is slope of the linear calibration range) [42,43], which is superior to 

that of other electrochemical detection methods (Table 1).  

 

Figure 5. Sensitivity of the prepared aptasensor. (A) DPV signals of hemin/Apt/DGNs 

/Fe3O4@SiO2/DABCO/SPE with different Trp concentrations: (a) 0, (b) 0.007, (c) 0.01, (d) 0.04, (e) 0.08, 

(f) 0.1, (g) 0.3, (h) 0.9, (i) 3, (j) 7, (k) 10, (l) 30, (m) 70, (n) 100, (o) 130, (p) 170, and (q) 200 nM. (B) The 

calibration plots of I vs. Trp concentration. 
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Table 1. Comparison of the analytical performance between the proposed aptasensor and other 

detection methods for Trp. 

Sensing Surface Electrochemical Method Linear Range Limit of Detection Ref. 

GNP/CILE SWV 5 × 10−3–9 × 10−1 M 4 × 10–3 M [44] 

poly(p-ABSA) 

film/GCE 
LSV 1 × 10−7–10−5 M 7 × 10−8 M [45] 

SiO2 

nanoparticles/CPE 
LSV 1 × 10–7–5 × 10–5 M 3.6 × 10–8 M [46] 

CuCoHCF/graphite 

electrode 
Amperometry 1 × 10–5–9 × 10–4 M 6 × 10–6 M [47] 

SWNT/GCE DPV 4 × 10−8–1 × 10−5 M 1 ×10−8 M [48] 

PGE/GND CV 1 × 10−8–4 × 10−6 M 3 × 10−9 M [49] 

MWCNTs/SGE DPV 2 × 10−7–15 × 10−6 M 14 × 10−8 M [50] 

OPPy/CPE ASV 1 × 10−2–1 × 10−1 M 1 × 10−2 M [51] 

MIP-MWCNTs/GCE CV 2 × 10−6–1 × 10−4 M 1 × 10−9 M [9] 

PVP-GR/GCE LSV 6 × 10−8–1 × 10−4 M 1 × 10−8 M [11] 

BiF/BDDE DPV 1 × 10−7–75 × 10−6 M 3 × 10−8 M [52] 

AuNPs/FSN/SPE DPV 0.06–250 × 10−9 M 1 × 10−11 M  [12] 

DGNs/Fe3O4@SiO2-

DABCO/SPE 
DPV 

0.007–0.1, 0.1–10,  

and 10–200 × 10−9 M 
2 × 10−12 M This study 

Carbon ionic liquid electrode (CILE) modified with gold nanoparticle (GNP), poly(p-aminobenzene 

sulfonic acid) [Poly(p-ABSA)] modified glassy carbon electrode (GCE), carbon paste electrode (CPE), 

mixed metal (copper and cobalt) hexacyanoferrate (CuCoHCF), single-wall carbon nanotubes 

(SWNT), pyrolytic graphite electrode (PGE) modified with graphite/nanodiamond film (GND), multi-

walled carbon nanotubes modified sol-gel electrode (MWCNTs/SGE), overoxidized polypyrrole film 

modified carbon paste electrode (OPPy/CPE), molecularly imprinted polymers (MIP), 

Polyvinylpyrrolidone functionalized graphene (PVP-GR), boron-doped diamond electrode modified 

in situ with bismuth film (BiF/ BDDE). 

3.5. Selectivity, Real Sample, Reproducibility, and Stability 

Finally, the selectivity of this sensor was examined by measuring the reduction signals of H2O2 

using DPV technique in the presence of 7 nM of Trp (a), and 20 nM of either tyrosine (b), histidine 

(c), arginine (d), lysine (e), valine (f), or methionine (g), and a blank control (h) (Figure 6). The H2O2 

reduction signal in the presence of Trp was higher than other amino acids that showed negligible 

responses comparable to the blank control. To demonstrate the potential clinical application for this 

sensor, three concentrations of Trp were spiked in diluted human blood serum (33%), which were 

analyzed using our proposed method. The results in Table S2 showed that the prepared aptasensor 

analyzes Trp in the human blood serum samples with excellent reproducibility and precision as 

evidenced by the coefficient of variation (<2%) and accuracy (<10%). Regarding the reproducibility 

between samples, we prepared the five different aptasensors and measured the signal in the presence 

of Trp (7 nM). The new results show that the relative standard deviation is 2.8%, indicating that the 

fabricated sensor has an excellent reproducibility. Furthermore, the prepared aptasensors were 

stored at 4 °C in wet chamber for 3 weeks to investigate the stability of the developed aptasensor. As 

shown in Figure S3, 94% of the initial electrochemical signal in the presence of Trp (7 nM) was 

maintained at 21 days after the preparation of sensors, proving the high stability of the prepared 

aptasensor.  
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Figure 6. DPV responses in the presence of different amino acids (a) Trp and (b) tyrosine, (c) histidine, 

(d) arginine, (e) lysine, (f) valine, (g) methionine, and (h) blank. The concentration of Trp was 7 nM 

and other amino acids were 20 nM. 

4. Conclusions 

We have developed a sensitive and selective electrochemical aptasensor for the detection of Trp 

using a hemin/G-quadruplex structure to amplify the H2O2 reduction signal. The fabricated 

aptasensor showed a low detection limit, wide linear range, and excellent reproducibility to measure 

Trp levels. The high sensitivity and reliable performance of this aptasensor are attributed to the dual 

approach for signal amplification. First, the modified electrode with DGNs/Fe3O4@SiO2/DABCO/SPE 

led to an increase in the effective surface area, electron transfer, and electrochemical signal. Second, 

the hemin/G-quadruplex structure served as a catalyst to enhance the H2O2 reduction signal. 

Furthermore, the prepared aptasensor exhibited high selectivity toward Trp and detected Trp in 

human blood serum with high levels of accuracy, which suggests the potential application of this 

sensor for clinical use. 

Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/8/4/100/s1, Figure 

S1: FE-SEM images of AuNPs/SPE, Figure S2: Optimization of the prepared aptasensor 

(Apt/DGNs/Fe3O4@SiO2/DABCO/SPE). (A) Optimization of aptamer concentration for preparation of 

aptasensor: 1 µM (a), 2 µM (b), 3 µM (c), 4 µM (d), 5 µM (e), and 6 µM (f). (B) Optimization of incubation time 

for the interaction of aptamer (3 µM) with Trp (0.9 nM), Figure S3: Stability of the prepared aptasensor,  

Table S1: Analysis of Trp aptamer sequence by QGRS Mapper software, Table S2: Analysis of human serum 

samples with Trp at different concentrations. 
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