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A B S T R A C T   

The development of sensitive and rapid inhibition-based biosensors for monitoring trace levels of heavy metals 
such as lead and copper ions in environmental samples is of high interest. In this work, we describe the fabri-
cation of HRP sensitive peroxide biosensors based on ferrocenyl thiolated DAB dendrimers as bonding-layer 
between electrodeposited and colloidal gold nanoparticles and compare their electrocatalytic properties with 
those of thiolated DAB homologues. The complete electrochemical, kinetic and analytical characterization of 
these new heavy metals’ inhibition-biosensors are investigated.   

1. Introduction 

The industrialization and technological improvement activities can 
release considerable amounts of heavy metals to the environment, 
particularly to the aquatic ecosystem. The presence of heavy metals in 
the freshwater systems could be seriously hazardous to the biological 
systems due to their toxicity by the recalcitrance, biosorption and/or 
bioaccumulation, that can cause several life-threatening complications 
[1,2]. This work focuses on lead and copper ions because they may reach 
the environment due to conscious or unconscious human activities. Lead 
common sources are the PVC pipes in sanitation, agriculture, recycled 
PVC lead paints, jewellery, lunch boxes, etc. as well as the lead batteries. 
The common sources of copper are the fertilizers, tanning, and photo-
voltaic cells [3]. Both ions are related with adverse effects on the human 
metabolic process [4–6]. Lead binds to several enzymes causing their 
inhibition and is a risk factor for Alzheimer’s disease, senile dementia, 
and is related with neuro-degenerative disease [3] because it penetrates 
through protective blood brain barrier. However, copper is an essential 
trace element in biological systems and living organisms because it is 
cofactor of at least 30 important enzymes. Copper is at the same time 
vital and toxic to biological systems, depending on their concentration. 

The deficiency of copper causes ischaemic heart disease, anaemia and 
bone disorders [7]. The copper excess causes DNA damage and interacts 
with lipid hydroxyperoxides to form malondialdehyde and 4-hydroxy-
nonenal, which are considered to be carcinogens. Adreno-corticol hy-
peractivity, allergies, anaemia, arthritis, diabetes, kidney disorders and 
other diseases are related with the Cu2+ [3]. Therefore, the development 
of simple sensitive and rapid analytical methods for monitoring trace 
level of Pb2+ and Cu2+ in environmental samples is highly desirable. 
Several methods have been developed for the determination of these and 
others heavy metals, such as spectrophotometric [6,8,9], electro-
chemical [3,7,10–14], photo-electrochemical [15], atomic absorption 
spectrometric [4,16] and coupled plasma mass spectrometric [17] 
techniques. 

In the last years, the enzyme inhibition caused by heavy metals has 
provided a new way to develop inhibition-based biosensors [18–20]. 
These devices are very attractive for environmental monitoring of heavy 
metals because of their advantages such as rapidity, effectiveness, 
simplicity, low detection limit, and selectivity. They offer the capability 
to detect single elements at low concentrations, enabling in situ analysis 
and low-cost screening procedures. Enzymes such as urease, [2], [4], 
horseradish peroxidase [5], [6], alcohol oxidase [7] and choline oxidase 
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[8], have been utilized, with mercury, copper, cadmium, and lead being 
the most frequently determined metals [5–7], [9], [10]. The develop-
ment of sensitive and rapid inhibition-based biosensors for heavy metal 
detection promises to have a significant impact on environmental 
monitoring. However, several challenges remain in the detection of 
these heavy metals, requiring ongoing research and technological 
progress. Horseradish peroxidase (HRP) is one of more used enzymes 
due to their low cost, availability and easy immobilization. HRP has 
been widely used for the fabrication of hydrogen peroxide amperometric 
biosensors of second [21–24] and more recently, of third [25–27] gen-
erations due to the possibility of stablishing direct electrochemistry with 
the electrode material. Some heavy metal ions inhibit the ability of HRP 
to reduce H2O2 and therefore, an HRP peroxide sensor can be turned into 
an inhibition-based biosensor for the determination of these heavy 
metals. At present, several devices based on the HRP inhibition by heavy 
metal ions have been described [20,28–31]. 

Recently, we have reported a new HRP biosensor with a thiolated 
DiAminoButane based poly(propileneimine) dendrimer (DAB16-SH) as 
bonding-layer between electrodeposited and colloidal gold nano-
particles (Auc) of 16 nm, which form an electrocatalytic self-assembled 
layer (SAM) to the covalent immobilization and direct electrochemistry 
of HRP (HRP/Auc16/-DAB16-SH/AuNPs/GCE) [32]. This biosensor al-
lows determining hydrogen peroxide at − 0.3 V vs. SCE with a fast 

response, in two linear ranges of 0–200 and 200–950 μM with sensi-
tivities of 591.6 and 440.8 μA mM− 1 cm− 2 respectively, and detection 
limit of 0.11 μM. 

On the other hand, it is known that ferrocene and its derivatives are 
excellent mediators and electrocatalysts in peroxidase-modified elec-
trodes [33–35] and whose properties are enhanced for their synergy 
with AuNPs [27]. For this reason, we have considered interesting to 
study the effect of the substitution of some ferrocenyl groups for thiol 
ones on the improvement of the sensing properties of electrode surface. 
First generation of dendrimers with poly(propyleneimine) backbones 
and four peripheral ferrocenyl-urea [36] or thiol [37] units have been 
previously synthesized in our group. 

In this work, we compare the catalytic properties of two generations 
of ferrocenyl thiolated DAB dendrimers with those of the thiolated DAB 
homologue, and demonstrate that these HRP sensitive peroxide bio-
sensors can work as inhibition-based amperometric or impedimetric 
biosensors for Pb2+ and Cu2+. The report includes the complete elec-
trochemical, kinetic and analytical characterization of these new heavy 
metals’ inhibition-biosensors. 

Fig. 1. Schematic representation of the dendrimer’s structures.  
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2. Experimental section 

2.1. Materials 

In this work we have used the thiolated dendrimers of first and third 
generation with four (DAB4-SH) and sixteen (DAB16-SH) thiol terminal 
units respectively, synthesized as previously described [36,38], and 
ferrocenyl-thiolated dendrimers of first and third generation (Fig. 1) 
synthesized for the first time. All the synthesis reactions were performed 
under an inert atmosphere (N2 or Ar) using standard Schlenk techniques. 
Solvents were dried by standard procedures over the appropriate drying 
agents and distilled immediately prior to use. The starting materials 
ferrocenyl isocyanate [39], and 3-mercaptopropanyl-N-hydroxysuccini-
mide ester [40], were prepared as previously described. The starting 
materials were used as received (Aldrich, Narchem) without any further 
purification. The dendritic polyamines DAB4-NH2 and DAB16-NH2 were 
purchased from Aldrich and were stripped three times with toluene in 
order to remove water prior to use. All the other chemicals were 
analytical grade and were used without further purification. Horse-
radish peroxidase (HRP, 222 units mg− 1), HAuCl4.3 H2O, colloidal gold 
nanoparticles (5 nm), Pb(NO3)2 and Cu(NO3)2 were purchased from 
Sigma-Aldrich. The hydrogen peroxide solutions were previously 
normalized by the permanganate titration method. Ultrapure water was 

used for preparation of the buffers and standards, and for 
electrochemistry. 

2.2. Instruments 

All electrochemical measurements were carried out using an Eco-
chemie BV Autolab PGSTAT 12. The experiments were performed in a 
conventional three-electrode cell at 20–21 ◦C with a GC disk of 3 mm 
diameter as working electrode, a Pt wire as auxiliary electrode and a 
saturated Calomel (SCE) as reference electrode. In the steady-state 
measurements, an Autolab rotating-disc electrode was used. The 
amperometric measurements were performed in 0.1 M NaClO4/0.01 M 
phosphate buffer pH 7.0 (PBS) as supporting electrolyte. All solutions 
were deoxygenated by bubbling high-purity nitrogen for at least 15 min. 
The electrochemical impedance spectroscopy (EIS) studies were carried 
out on at 0.2 V vs. Ag/AgCl electrode, into the frequency range of 
0.1–10,000 Hz, with 10 mV AC perturbation, in a 0.1 M KCl solution 
containing 10 mM of K3Fe(CN)6/K4Fe(CN)6 (1:1). The NMR spectra 
were recorded on a Bruker AMx-300 spectrometer. Chemical shifts are 
reported in parts per million (δ) with reference to residual solvent res-
onances. The MALDI-TOF mass spectrum were obtained using a Reflex 
III (Bruker) mass spectrometer equipped with a nitrogen laser emitting 
at 337 nm. The matrix was ditranol. The scanning electron microscopy 
(SEM) images were obtained with a JEOL JSM 6400. 

2.3. Synthesis and characterization of ferrocenyl dendrimers 

Ferrocenyl thiolated dendrimers have been prepared by following 
the same procedure. The synthesis of DAB4-SHFc is shown in Scheme 1 
as a representative example. 

A highly diluted dichloromethane solution of ferrocenyl isocyanate 
was added dropwise to a vigorously stirred solution of 2 equiv. of DAB- 
NH2 dendrimer in a large volume of dichloromethane and stirred for 
20 h. Then, triethylamine was added, followed by a solution containing 
N-hidroxysuccinimide-3-mercaptopropanyl in dichloromethane. The 
mixture was stirred for three days (DAB4-SHFc) or six days (DAB16- 
SHFc) at room temperature. After removal of the solvent under reduced 
pressure and the appropriate workup (the resulting brawn residue was 
washed several times with hexane, then dissolved in dichloromethane 
and precipitated in hexane), the final products, were isolated as orange 
solids. The 1H NMR spectra (300 MHz, DMSO-d6) show the pattern of 
resonances in the range 4.5–3.8 ppm characteristic of the unsubstituted 
and substituted cyclopentadienyl ligands in the ferrocenyl moieties. The 
protons of the amide and urea groups appear at 8.0, 7.7 and 6.1 ppm 
respectively, and the resonance of the thiol group is observed at 
1.2 ppm. As expected, the isolated metallodendritic species consist of 
mixtures of dendrimers with different ratios of the organometallic/thiol 
end groups on the surface (Fig. 2), which was corroborated by mass 
spectrometry. 

Scheme 1. Synthesis of DAB4-SHFc.  

Fig. 2. Mixture of dendritic molecules, DAB4-SHFc.  
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Scheme 2. Sensor fabrication steps: electrodeposition of AuNPs on the GCE surface, covalent anchorage of dendrimer, modification by colloidal AuNPs and covalent 
bonding of HRP. 

Fig. 3. SEM micrographs of a Pt wire covered with (a) electrodeposited AuNPs (9 cycles), (b) DAB16-SH and (c) DAB4-SH anchored to AuNPs (9 cycles). (d) Idem of 
electrodeposited AuNPs (3 cycles), (e) DAB16-SHFc and (f) DAB4-SHFc anchored to AuNPs (3 cycles) layer. 

Fig. 4. Cyclic voltammograms of GCE modified in the two first steps of the SAMs preparation: AuNPs/GCE (blue line), DAB4-SHFc/AuNPs/GCE (red line) and DAB16- 
SHFc/AuNPs/GCE (black line). Inset: Bare gold disk electrode and the same modified with DAB4-SHFc (black and red lines, respectively). All measured in PBS at scan 
rate 50 mV s− 1. 
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2.4. Preparation of modified electrodes 

The GC disk electrodes were previously polished using 0.1 µm of 
alumina powder and rinsed in ultrapure water in an ultrasonic bath. The 
DAB-SH modified electrodes were prepared in the same way as previ-
ously described [32]. Briefly, the first layer was formed by electro-
deposited AuNPs (nine cycles of potential between 0.2 and − 0.4 V vs 
SCE in a 10 mM HAuCl4 deaerated solution at 20 mV s− 1 scan rate). 
Next, DAB-SH dendrimers were linked to the first layer maintaining 
0.8 μL of a dendrimer aqueous solution (10− 4 mM approx.) onto the 
AuNPs-electrode surfaces during 3 h at room temperature. As these 
dendrimers are not soluble in water, to prepare the DAB-SHFc modified 
electrodes the AuNPs-electrode was dipped in a DAB-SHFc 10− 4 mM 
dichloromethane solution for 48 h to form the Au-S covalent bonds. In 
relation with the AuNPs coverage, in this case, the best results were 
obtained with a thinner coverage of AuNPs of three potential cycles 
measured in the same conditions of potential and scan rate than those 
used by the DAB-SH electrodes. Finally, all the modified electrodes thus 
prepared were dipped in the corresponding colloidal gold NPs, Auc, 
suspension for 15 h. The Auc16 (16 nm) and Auc41 (41 nm) were syn-
thesized according to the Turkevich method [41–43], with citrate as 
reductor. For the enzyme immobilization, the modified electrodes, 
washed with deionized water, were dipped in a phosphate buffer pH 7.0 
solution containing 1.0 mg mL− 1 of HRP at room temperature for 4 h. 
After this period, the biosensors were rinsed with the phosphate buffer 
and stored in the buffer solution at 4 ºC when not in use. The preparation 
procedure is described in Scheme 2. 

3. Results and discussion 

3.1. Morphological, electrochemical and kinetic characterization of 
electrodes 

Fig. 3 shows the SEM micrographs of the surfaces obtained 
throughout the two first preparation steps where the uniform coatings 
on the gold deposits are appreciable in b, c, d and e micrographs. Un-
fortunately, it has not been possible to achieve clear and sharp images of 
the colloidal nanoparticles incorporation due to the poor stability of the 
dendrimers under the SEM measurement conditions (Fig. 3f). However, 
we have included two micrographs of this stage in the supplementary 
material, in which some 16 nm AuNPs can be observed on the DAB16-SH 
dendrimer (Fig. S1a) and those of 5 nm on the DAB4-SHFc dendrimer 
(Fig S1b) could be intuited but are not evident. 

The electrochemical characterization of DAB-SH modified electrodes 
was carried out in a previous work [32]. As expected, the voltammetric 
profile of the electrodeposited AuNPs (3-cycles) is similar to the 9-cycles 
coverage, but shows some differences due to the less amount of gold 
deposited. Fig. S2 shows an anodic broad wave at 0.880 V, corre-
sponding to overlap of the peaks at 0.829 V and 0.986 V, and a cathodic 
peak at 0.450 V corresponding to the formation and reduction of the 
gold oxides at pH 7.0 [44,45]. With this coverage, the characteristic 
system of AuNPs is also visible at around 0.20 V [46–48]. The obtained 
average AuNPs surface, estimated from the coulombic integration of the 
cathodic waves of gold oxide and the widely accepted conversion factor 
of 390 μC/cm2 [2,49,50] was 0.211 cm2. 

Fig. 4 shows the CVs of a GCE modified with AuNPs and DAB4-SHFc 
and DAB16-SHFc, compared with a gold electrode bare and modified 
with DAB4-SHFc. As it can be seen, the AuNPs coverage shows the 
typical quasi-reversible system attributed to the oxide formation and 
reduction on the gold surface, with Ea = 0.253 V and Ec= 0.198 V. The 
presence of ferrocene could change the chemical and electrochemical 
properties in comparison with those of the DAB-SH dendrimers and their 
incorporation to the SAMs must show the ferrocene electrochemical 
system. Indeed, the Fc system is visible on the Fc-modified gold disk 
electrode but remains coupled with the AuNPs system at the same po-
tential, showing a catalytic reduction wave, at least for the DAB4-SHFc 

dendrimer. DAB16-SHFc contains many more ferrocenyl units and not all 
of them are in contact with the AuNPs, so it also shows an oxidation 
peak, probably because the coupled reduction does not reach all the 
ferrocenyl units, and some electron transfers occur through the den-
drimers to the electrode. In fact, the anodic peak area is 25% lower than 
the cathodic one, indicating that the coupled oxidation reaction partially 
occurs Table 1. 

Next, in order to determine the effect of the colloidal AuNPs on the 
electrode surface, we studied the dependence of peak potential and 
current on the scan rate. Fig. 5 shows the cyclic voltammograms of all 
types of modified electrodes, with and without colloidal gold nano-
particles of different sizes at several scan rates (v). All the modified 
electrodes present cathodic and anodic shifts as the scan rate increases, 
following the Laviron’s model [51]. According to this model, when the 
scan rate tends to infinity, the peaks tend to irreversibility and the 
cathodic width at mid-height, W1/2 becomes equal to 62.5/αn mV, while 
the anodic one is 62.5/(1-α)n mV, being α the electron-transfer coeffi-
cient and n the number of electrons exchanged. This relation allows us to 
estimate α and n. The Laviron’s model also allows estimating the 
apparent homogeneous rate constant, ks. In our case, all the modified 
electrodes showed a difference between the anodic and cathodic peak 
potentials, ΔEp, less than 200/n mV. In these cases, the model let to 
calculate ks from the supplied data for α = 0.5 (with a relative error at 
the most of about 6% when 0.3 < α < 0.7), which polynomial fit (R2 =

0.9992) is:  

Fnv/RT ks = 0⋅0003ΔEp2 + 0⋅0047ΔEp + 0⋅491                                       

Where F is the Faraday constant, n is the number of electrons involved, T 
is the absolute temperature, and R is the gas constant. Table I shows the 
electrochemical and kinetic parameters obtained for the DAB-SHFc 
modified electrodes. 

As can be seen, the obtained values for n and α are close to 1 and 0.5 
respectively for all the prepared electrodes and the ks values have 
experimented a very considerable increase compared to dendrimers 
without ferrocene [32]. This fact confirms the synergy that occurs be-
tween ferrocenyl groups and AuNPs. Likewise, we can affirm that the 
best composition is Auc5/DAB4-SHFc/AuNPs/GCE, with higher ks, 
indicating that this electrode provides the faster electron transfer. The 
small differences in E0 can be attributed to the inhomogeneity of the 
electrode surfaces due to differences in the Auc orientation in the 
different configurations. The linear relationship of the anodic and 
cathodic peak currents with the scan rate is typical for 
surface-immobilized couples (insets in Fig. 5). 

Electrochemical impedance spectroscopy (EIS) closes the electro-
chemical analysis, allowing us to study the interface electrode- 
electrolyte properties. An equivalent circuit models the electrode- 
electrolyte interfaces. The equivalent circuit consists of at least the el-
ements: the charge-transfer resistance, RCT, the double layer capaci-
tance, Cdl, the Warburg impedance, ZW, resulting from the ion diffusion 
from the bulk electrolyte to the electrode interface and the resistance of 
the electrolyte Rs [52]. In the case of rough electrode surfaces, the sys-
tem turns away from the ideal capacitive behaviour and Cdl does not 

Table 1 
Electrochemical and kinetic results.  

Electrode E0 (V) n α ks (s− 1) 

DAB4-SHFc/AuNPs/GCE 
Auc5/DAB4-SHFc/AuNPs/GCE 
Auc16/DAB4-SHFc/AuNPs/GCE 
Auc41/DAB4-SHFc/AuNPs/GCE 
DAB16-SHFc/AuNPs/GCE 
Auc5/DAB16-SHFc/AuNPs/GCE 
Auc16/DAB16-SHFc/AuNPs/GCE 
Auc41/DAB16-SHFc/AuNPs/GCE  

0.206 
0.198 
0.184 
0.182 
0.207 
0.188 
0.200 
0.183  

1.10 
1.03 
1.00 
0.96 
1.03 
1.07 
0.99 
1.00  

0.451 
0.489 
0.489 
0.505 
0.494 
0.491 
0.526 
0.490  

688 
1709 
1374 
1062 
735 
1359 
1299 
1229 

The α and n values were estimated from W1/2 measured at 700 mVs− 1 

The results are the mean of 5 electrodes 
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correctly describe the electronic properties of the interface. In these 
cases, a constant phase element, CPE, is more adequate because reflects 
the electrode inhomogeneity. The element CPE is defined as CPE = A− 1( 
jw)− N, where N indicates the deviation from the Randles model and 
takes values between 0.5 and 1. If N tends to 1, the coefficient A tends to 
Cdl. 

In order to calculate RCT and Cdl, the impedance imaginary part vs. 
the impedance real part plot (Nyquist plot) is widely used. This plot 
consists of a semi-circular part at high frequencies, whose diameter 

represents RCT, and a linear part at low frequencies characteristic of 
systems with diffusion-controlled current. Fig. 6 displays the Nyquist 
plots obtained for the three main stages of preparation of the best 
electrodes of each type. Table 2 collects the results from the fit and 
simulation by the corresponding equivalent circuits (The whole results 
are showed in Figs. S3 and S4) for the DAB-SHFc electrodes. These data 
can be compared with the previously published corresponding to the 
DAB-SH electrodes [32]. 

The results indicate, firstly, that the conductivity is high in all the 

Fig. 5. Dependence of the peak current on the scan rate (50, 100, 200, 300, 500, 700, 1000 and 1500 mV s− 1) for all the modified electrodes in PBS. Insets: cor-
responding dependence of ip on v in the same conditions. 
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layers of the biosensors. However, they allow us to ensure that the 
conductivity improves when the ferrocenyl dendrimer is used, as ex-
pected, due to the lower conductivity of the thiolated-dendrimer layer in 
comparison with the ferrocenyl dendrimer. The low conductivity of the 
HRP [53,54] is responsible for the decrease in the biosensor conduc-
tivity, which indicates that the enzyme has been successfully assembled 
as last layer. The appearance of a second semi-circle at low frequencies 

for the DAB-SH biosensor indicates that the electrochemical reaction 
occurs under the HRP layer and therefore, the electroactive material 
must reach the surface through different ways. This effect does not occur 
at the DAB-SHFc biosensor, indicating that the biosensor surface is more 
permeable. On the other hand, we can obtain the electron transfer 
constant k0 from the equations: RCT = RT/nFi0, and i0 = nFAk0C [55], 
where A is the electrode area (the area of 0.07 cm2 has been used as 
reference for all the electrodes) and C is the bulk concentration of the 
redox probe in mol cm− 3. The electron transfer constants k0 (Table 2) 
obtained for the DAB-SHFc electrodes are higher than those of DAB-SH 
devices, demonstrating the improvement of the charge transfer process 
of the probe redox system. 

3.2. Hydrogen peroxide biosensors 

The behaviour of DAB-SH electrodes as peroxide biosensors was 
previously studied in detail [32], obtaining the best results with 
HRP/Auc16/DAB16-SH/AuNPs/GCE (DAB-SH biosensor), showing a 
sensitivity of 590.0 μA mM− 1 cm− 2, into a dynamic range of 0.4 – 
200 μM at − 0.3 V working potential, and with limit of determination 
(LOD) of 20 nM. However, to corroborate the results of the kinetic and 
electrochemical studies, in Fig. 7 we show the results of current intensity 
obtained with the four types of modified electrodes, each with the three 
different sizes of colloidal gold nanoparticles. As it can be seen, the 
configuration HRP/Auc5/DAB4-SHFc/AuNPs/GCE (DAB-SHFc 
biosensor) shows the best results, followed by DAB-SH biosensor. For 
this reason, from now on, we will only report the results of these 
biosensors. 

Next, the kinetic and analytical characterization of the DAB-SHFc 
biosensor was studied by amperometry at applied potential − 0.3 V, 
selected as optimum to carry out the direct electrochemistry of HRP. 
Fig. S5 shows both the calibration plot and the corresponding double 
reciprocal Lineweaver–Burk plot, which allow us to know the analytical 
and kinetic parameters. In addition, the inset in Fig. S5a demonstrates 
that the amperometric response of the biosensor to hydrogen peroxide is 

Fig. 6. Nyquist plots of (a) the DAB16-SH/AuNPs/GCE and DAB4-SHFc/AuNPs/ 
GCE electrodes, (b) Auc16/DAB16-SH/AuNPs/GCE and Auc5/DAB4-SHFc/ 
AuNPs/GCE electrodes, and (c) HRP/Auc16/DAB16-SH/AuNPs/GCE and HRP/ 
Auc5/DAB4-SHFc/AuNPs/GCE, all of them obtained in K4[Fe(CN)6]/K3[Fe 
(CN)6] 10 mM solution. 

Table 2 
Electrochemical impedance spectrometry results.  

Electrode RCT 

(Ω) 
CPE (μF) N k0 (cm s− 1) 

DAB4-SHFc/AuNPs/GCE 
Auc5/DAB4-SHFc/AuNPs/GCE 
HRP/Auc5/ DAB4-SHFc/AuNPs/ 
GCE  

51 
49 
253  

16.71 
110.71 
5.11  

0.751 
0.341 
0.893 

7.46 × 10− 3 

7.80 × 10− 3 

1.50 × 10− 3  

Fig. 7. Cathodic current obtained with the four types of biosensors as a func-
tion of the Au colloidal nanoparticles size in presence of hydrogen peroxide 
100 μM in deaerated PBS at applied potential of − 0.3 V vs. SCE. 
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very fast, reaching the stationary value in a period of 2–3 s. In the same 
way as the DAB-SH biosensors [32], the DAB-SHFc biosensor shows 
three linear ranges (at least until 5 mM) between 0 and 200 μM; 200 – 
1000 μM and 1000 – 5000, with sensitivities of 675.0; 596.8 and 489.8 
μA mM− 1 cm− 2, respectively. The LOD, calculated as three times the 
standard deviation was 11 nM. 

The Lineweaver–Burk plots allow us to obtain the apparent overall 
rate constant, kapp, and the apparent Michaelis constant, K′M, whose 

values obtained for the DAB-SHFc biosensor were 0.050 A M− 1 and 
4.46 mM respectively. These values are higher than those obtained for 
the DAB-SH biosensor (0.047 A M− 1 and 1.16 mM respectively), indi-
cating that the presence of ferrocene in the dendrimer provides a faster 
overall reaction rate. The higher K′M value could be related with a lower 
effective enzymatic catalysis, however, the little increase relative to the 
intrinsic value (3.70 mM) [56] indicates that the biosensor shows an 
effective enzyme catalysis and that their structure in relation to the 
DAB-SH biosensor is a little different. Note that K′M is an apparent 
constant and their values can change with the structure of each 
biosensor, and so cannot be strictly compared. Savinell et al. [57] 
developed a Lineweaver-Burk-based model that allows identifying the 
rate-limiting step of the overall enzyme-catalysed reaction at the 
modified electrodes. The obtained double reciprocal plot is a straight 
line, in the same way as the DAB-SH biosensors. According to Savinell’s 
model, in this case, the overall reaction rate is limited by a combination 
of the enzyme catalysis and the electron mediation steps. Consequently, 
the diffusion and electrolysis are fast enough, confirming that the 
applied potential of − 0.3 V is adequate. 

All these results are certainly promising for the development of new 
biosensors based on the inhibition of the enzyme due to the presence of 
heavy metals. 

3.3. HRP inhibition 

The bioelectrocatalytic mechanism of immobilized HRP is usually 
expressed by the scheme [58,59]:  

HRP-Fe(III) + H2O2 → Compound I (Fe(IV) = O) + H2O                           

Compound I (Fe(IV) = O) + 2e- + 2 H+ → HRP[Fe(III)] + H2O                 

If an inhibitor is present in the medium, it can interact with the active 

Fig. 8. Percent inhibition of DAB-SH and of DAB-SHFc biosensors exposed at 
0.05 mM of Pb2+ or Cu2+ during several incubation times. All measured at 
− 0.3 V in PBS pH 7.0 with H2O2 0.1 mM. The error bars show the 
± SD (n = 3). 

Fig. 9. Calibration curves for HRP inhibition by Pb2+ at DAB-SH (A) and DAB-SHFc (B), and Cu2+ at DAB-SH (C) and DAB-SHFc (D) biosensors. All measured at 
− 0.3 V in PBS pH 7.0, incubation time of 10 min at several H2O2 concentrations. 
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site or other of HRP, resulting in a loss of activity that causes the sub-
sequent decrease in the electrochemical signal. This decrease is directly 
related with the inhibitor concentration and with the time of exposure to 
it, therefore, its measurement can be used as sensing tool. 

3.3.1. Effect of incubation time 
Usually, the interaction enzyme-inhibitor is slower than that 

enzyme-substrate, and so the study of the incubation time is essential to 
develop a new device based on inhibition. For this purpose, different 
essays were carried out by measuring the amperometric response after 
several incubation times in solutions containing 0.05 mg/L of Pb2+ or 
Cu2+ respectively. Usually, the concentration of metals in the incubation 
studies for sensing applications are in a 0.5 – 1 mg/L range [58,60]. We 
have selected a significantly lower concentration to prove that our 
biosensors allow us to detect earlier inhibitions than previous de-
velopments. The measurements were made in PBS 0.1 M pH 7 solution 
containing 0.1 mM of substrate H2O2. The HRP percentage of inhibitions 
(% IHRP) were calculated by the equation [58]: % IHRP = 100 x (Ii – If)/Ii, 
being Ii the biosensor response obtained in absence of inhibitor and If the 
response obtained after each incubation period. Fig. 8 shows the results 
obtained with both biosensors in presence of Pb2+ or Cu2+ at incubation 
times between 0 and 35 min. As expected, the increase in the incubation 
time also increases the inhibition percentages and no significant dif-
ferences were observed at both type of biosensors. The LOD decreases 
and the inhibition grade increases with the increasing incubation time 
[60] and so, an inhibition time that allows achieving a % IHRP > 10% is 
usually selected to obtain low LOD. In our case, %IHRP > 10% is reached 
in all the cases after an incubation time of 5 min (11.3% for Cu2+ and 
13% for Pb2+ with the DAB-SH biosensor and 10.8% for Cu2+ and 10.3% 
for Pb2+ with the DAB-SHFc one). Consequently, we selected an incu-
bation time of 10 min in order to obtain low LOD, higher %IHRP, and 
short analysis time. 

3.3.2. Effect of H2O2 concentration 
The amount of substrate H2O2 can substantially influence percent 

inhibition. On the one hand, a high concentration of substrate can 
decrease the inhibition by displacement of the inhibitor that competes 
with it. On the other hand, if the substrate concentration is low, the 
response current decreasing could not be observed due to the substrate 
easy catalytic reduction. Fig. 9 shows the responses to several concen-
trations of Pb2+ and Cu2+ of the DAB-SH and DAB-SHFc biosensors with 
H2O2 substrate concentrations of 0.05, 0.1 and 0.2 mM. As it can be 
seen, the Pb2+ determination shows a linear relation to 0.1 mg/L with 
both biosensors and the best sensitivity is obtained in 0.1 mM of sub-
strate. Nevertheless, the Cu2+ presents different linear ranges as a 
function of the peroxide concentration and the type of biosensor. The 
limits of detection (LOD), obtained with both types of biosensors in 
presence of peroxide 0.1 mM, were 1.9 μg/L and 0.8 μg/L for the 
determination of Pb2+ with DAB-SH and DAB-SHFc, respectively, and 
8.2 μg/L and 0.3 μg/L for Cu2+ respectively. The presence of ferrocene 
in the biosensor does not seem significant or determinant for the inhi-
bition of the enzyme, however, the Fc-biosensors showed noticeable 
decrease in the LOD. 

3.3.3. Study on the HRP inhibition type 
The mode of how the enzyme is inhibited depends on the inhibitor, 

and the inhibition could be competitive, non-competitive, uncompeti-
tive, or mixed [58]. The study of the type of inhibition was carried out 
through amperometric measurements with both biosensors in the pres-
ence of 0.05, 0.1 and 0.2 mM of H2O2, with increasing concentrations of 
metal ions. The type of inhibition was characterized by using Dixon 
(current− 1 vs. metal concentration) and the Cornish-Bowden 
([H2O2]/current vs. metal concentration) plots [61,62] (Figs. S6 and 
S7) obtained with both biosensor types. In all the cases, the Dixon plots 
showed the intersection of the lines in a point included in the second 
quadrant, while the Cornish-Bowden plot showed three parallel lines, 
indicative of competitive inhibition. In these cases, the value of the 
apparent inhibition constant Ki can be calculated from the intercept of 
lines in the Dixon plot. The results were very similar in all the cases, 
obtaining Ki values of 0.21 and 0.22 mg/L for the inhibition by Pb2+ at 

Fig. 10. Impedance spectra of DAB-SH and DAB-SHFc biosensors in PBS, and in presence of H2O2 1 mM without and with several quantities of Pb2+ (a and b) or Cu2+

(c and d), after 10 min of incubation time. 
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DAB-SH and DAB-SHFc biosensors respectively; and 0.21 and 0.20 for 
the inhibition by Cu2+ at the same biosensores, respectively. 

3.3.4. Impedimetric biosensor 
In recent years, EIS has demonstrated to be also useful to develop 

inhibition biosensors [60]. The incorporation of inhibitors to the 
enzyme structure causes changes in the charge transfer resistance, RCT, 
which can be measured and related to the inhibitor concentration. Both 
selected biosensors have been studied in PBS at − 0.3 V vs SCE, with 
incubation time of 10 min and after addition of H2O2. Fig. 10 show the 
obtained spectra and Fig. 11 shows the linear dependence of RCT with 
the metal ion concentration in the linear ranges. 

Curiously, in this case, an increase in the sensitivity (slopes) of the 
biosensors that contain ferrocene is observed with respect to the DAB-SH 
one. In addition, the dependence of EIS measurements (RCT) on the 
metal ion concentration showed wider linear intervals than the amper-
ometric ones, and higher slopes, indicating a higher sensitivity. Conse-
quently, the impedimetric biosensors were more useful than the classic 
amperometric devices at the same applied potential, and the DAB-SHFc 
dendrimer provides an interesting improvement compared to DAB-SH. 

4. Conclusions 

In this work, we have compared two ferrocenyl thiolated DAB den-
drimers with their thiolated DAB homologues as bonding-layer between 
electrodeposited and colloidal gold nanoparticles. We have compared 
their electrocatalytic properties and carried out the complete electro-
chemical, kinetic and analytical characterization of modified electrodes 
to be used as biosensors for the determination of Pb2+ and Cu2+ based on 
their inhibitor effect of HRP. Both ions showed a competitive inhibition 
characterized by Dixon and Cornish-Bowden plots. The inhibition con-
stants obtained from the Dixon plot were 0.21 mg/L and 0.22 mg/L for 
the Pb2+ inhibition with the DAB-SH and DAB-SHFc biosensors respec-
tively; and 0.21 mg/L and 0.20 mg/L for the inhibition by Cu2+

respectively. The best results were obtained with the biosensors with 
configurations HRP/Auc5/DAB4-SHFc/AuNPs/GCE (DAB-SH biosensor) 
and HRP/Auc16/DAB16-SH/AuNPs/GCE (DAB-SHFc biosensor) and they 
were studied to develop both amperometric and impedimetric bio-
sensors based on the inhibition of HRP. The best of the characterized 
biosensor was the impedimetric DAB-SHFc biosensor, that allows to 
determine Pb2+ and Cu2+ with low detection limits of 0.8 μg/L and 
0.3 μg/L respectively in a wide linear range. 
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