
Sensors & Actuators: B. Chemical 325 (2020) 128789

Available online 21 August 2020
0925-4005/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peptide decorated gold nanoparticle/carbon nanotube electrochemical 
sensor for ultrasensitive detection of matrix metalloproteinase-7 

Quentin Palomar a, XingXing Xu a, Robert Selegård b, Daniel Aili b,*, Zhen Zhang a,* 
a Division of Solid-State Electronics, Department of Electrical Engineering, The Ångström Laboratory, Uppsala University, P.O. Box 534, SE-751 21, Uppsala, Sweden 
b Laboratory of Molecular Materials, Division of Biophysics and Bioengineering, Department of Physics, Chemistry and Biology (IFM), Linköping University, SE-581 83, 
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A B S T R A C T   

Matrix Metalloproteinase-7 (MMP-7) is a proteolytic enzyme overexpressed in different pathological conditions, 
including cancer, infection, and cardiovascular diseases, and is a relevant diagnostic biomarker and potential 
drug target. Here we demonstrate rapid and selective detection of MMP-7 with a limit-of-detection of 6 pg/mL 
and a dynamic range from 1 × 10− 2 to 1 × 103 ng/mL using a peptide decorated gold nanoparticle/carbon 
nanotube electrochemical sensor. The sensor could be operated in diluted human serum and synthetic urine, with 
high specificity towards MMP-7. Moreover, the integration of nanomaterials in the sensing electrode significantly 
increased the signal-to-background ratio and strongly improved the stability of the sensor when compared to a 
conventional gold electrode. The simple and cost-effective fabrication and the ease of use make this sensor a very 
promising protease detection device for diagnostics and drug development.   

1. Introduction 

Sensitive detection of biological macromolecules is vital for 
biomedical research, drug development, diagnostics and numerous 
other bioanalytical applications. Development of biosensors capable of 
rapid and selective detection of specific biomolecular targets of interest, 
such as DNA, antibodies and other proteins have thus intensified during 
the last decade [1,2]. Because of their central role in both healthy tissues 
and disease, detection of proteases and especially matrix metal-
loproteinases (MMPs) has been one of the focus directions in biosensor 
development. This group of enzymes are involved in a large number of 
different pathological conditions, such as several forms of cancer, 
infection, and cardiovascular diseases [3,4]. During the manifestation of 
such pathologies, MMPs tend to be upregulated and are therefore rele-
vant drug targets and biomarkers. Consequently, there is need for reli-
able and sensitive tools for monitoring concentration and activity of 
MMPs. Different methods have been developed for detection of MMPs, 
such as the commonly used enzyme-linked immunosorbent assay 
(ELISA) [5], electrophoretic techniques [6] and optical methods such as 
enhanced chemiluminescence (ECL) [7]. However, these techniques 
have limitations with respect to availability, operating cost, response 
time, selectivity and sensitivity. In addition, affinity-based techniques, 

such as ELISA, only measure MMP concentration rather than enzyme 
activity [8]. 

Electrochemical transduction strategies are widely used in bio-
sensors [9] and offers many advantages, such as rapid analysis, instru-
ment miniaturization, and low running cost, compared to most 
conventional laboratory techniques. Electrochemical biosensors are also 
very versatile, since the surface of the electrode can be modified with 
different kinds of bioreceptors that are specific to the analytes of in-
terests. Regarding the detection of MMPs, different groups have recently 
developed electrochemical biosensors based on MMP-mediated peptide 
cleavage [10–12]. The change in the electrochemical current intensity 
triggered by the hydrolysis of a peptide substrate by the MMP enables 
rapid label-free detection. In addition to the low cost of peptides 
compared to other types of bioreceptors such as antibodies, they can be 
tailored for specific MMPs and enable site directed immobilization on a 
sensor substrate. Peptides can also be produced in large quantities using 
solid phase peptide synthesis, and have long shelf-life, which not only 
reduces the costs of a sensor but also facilitates sensor handling and 
storage. 

Enzymatic cleavage of peptides immobilized on an electrode surface 
results in release of peptides fragments from the surface. This will 
facilitate the electron transfer between the electrode and the 
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electroactive species in the liquid sample thus increasing the intensity of 
the electrochemical current. However, the small size of the released 
peptide fragments results in a very small change in term of current in-
tensity. The use of an electrochemical signal amplifier is therefore 
essential. Several groups have used enzymatic or metallic catalytic re-
actions to increase the intensity of the signal, such as Zheng et al. [13]. 
Another approach consists of using nanomaterials as signal amplifier 
[14]. Nanomaterials can significantly increase the specific surface area 
due to their large surface-to-volume ratio, resulting in a large and highly 
accessible interface between the electrolyte and the electrode. In addi-
tion, they have very interesting intrinsic properties such as electrical 
conductivity and chemical reactivity that can be exploited in the design 
of biosensors. In the presented work, we have explored a nanocomposite 
of carbon nanotubes (CNTs) and electrogenerated gold nanoparticles 
(GNPs) as the signal amplifier for sensitive detection of protease activity 
using a designed peptide substrate (JR2EC) [15]. CNTs, because of their 
intrinsic properties and more particularly their very good electrical 
conductivity and large surface area, represent a material of choice for 
the design of electrodes [16]. The advantage of carbon compounds also 
lies in the fact that they offer a wide selection of chemical modification 
and can easily be combined with other nanocompounds such as GNPs. 
Recently, several groups have also taken advantage of the properties of 
carbon materials as base frame for producing nanostructured electrodes 
[17,18]. In this work, we show that the combination of these two ma-
terials resulted in a nanocomposite electrode with a substantially 
enhanced sensing signal compared to a conventional gold sensing 
electrode. This enhancement increased the signal-to-background ratio 
(S/B) and lowered the limit-of-detection (LOD) for MMP-7 detection. We 
also found that the nanocomposite electrode had excellent stability 
without any of the electrochemical current drift typically seen in a 

conventional electrode [19,20]. Moreover, this strategy offers a very 
rapid acquisition time (30 min), which makes this sensor an interesting 
alternative to more time-consuming devices presented in the literature 
or to the classic ELISA tests (≥ 90 min). Finally, it requires a very small 
amount of samples from the patient and does not require strong logistics 
or expensive laboratory devices. Ease of use and ease of engineering are 
indeed often the key parameters left out when designing biosensors, 
despite that both simple use and rapid detection are essential for 
effective diagnosis in the field [21]. In summary, we present here a 
versatile system allowing rapid, simple and sensitive detection of bio-
molecules in complex media while addressing the key problems related 
to the electrochemical sensor, namely system stability and selectivity. 
The operating principle of the sensor is schematically illustrated in 
Fig. 1. 

2. Experimental section 

The electrodes were first modified by a thin layer of CNT before 
electrogeneration of GNP by chronoamperometry. The peptide was 
immobilized on the as-modified nanocomposite electrodes using gold- 
thiol chemistry. After careful rinsing of the electrodes, the electrodes 
were incubated in a solution containing 0.01 ng/mL–1 μg/mL MMP-7 
spiked in either phosphate buffered saline (PBS), human serum or syn-
thetic urine. The electrodes were immersed for 30 min in the corre-
sponding solution at room temperature to perform the enzymatic 
reaction. Detection was performed afterward in 3 mM K4[Fe(CN)6]4− / 
K3[Fe(CN)6]3− (1:1) in 1xPBS solution pH = 7.4. A more detailed 
experimental procedure and materials can be found in NOTE S1 in the 
supplementary information (SI). 

Fig. 1. (A) Schematic representation of the structure of the sensor. (B) Schematic representation of the different steps involved in the construction of the biosensor 
with the gold electrode before immobilization of the polypeptide (1), after immobilization of the peptide (2) and after reaction with MMP-7 (3). (C) Schematic 
illustration of the operating principle of the sensor: the immobilized polypeptide blocks the redox probe and inhibits the electrochemical signal, and its cleavage in 
the presence of MMP-7 results in signal activation. The intensity of the corresponding electrochemical signal is also reported on the presence (blue) or absence (red) 
of enzyme. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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3. Results and discussion 

3.1. Sensing electrode evaluation 

The electrochemical response of the nanocomposite sensor was 
investigated by cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) and compared to a conventional planar gold electrode, 
before and after immobilization of JR2EC and subsequent treatment 
with 1 μg/mL of MMP-7 (Fig. 2A and B). 

A large difference in term of current intensity between the 

conventional planar gold electrode and the nanocomposite electrode 
modified by the CNT/GNP nanocomposite was seen. The voltammo-
grams showed well-defined redox peaks for both systems with an in-
tensity of 0.0057 mA for the unmodified gold electrode and 0.345 mA 
for the nanocomposite electrode. The electrochemical current recorded 
was hence increased by a factor > 60 for the nanocomposite electrode 
compared to the conventional planar gold electrode. This difference can 
be explained by the large surface-to-volume ratio of the CNTs and GNPs 
in combination with the highly porous structure of the network of 
interconnected CNTs (see Fig. S1), which results in a larger interface for 

Fig. 2. (A) Cyclic voltammograms and performed on a conventional planar electrode and on a nanocomposite electrode (B) in 3 mM K4[Fe(CN)6]4− /K3[Fe(CN)6]3−

(1:1) in 1xPBS solution pH = 7.4. Scan rate: 100 mV s− 1. (C) Differential pulse voltammograms performed on a conventional planar electrode and on a nanocomposite 
electrode (D). For DPV measurements, a pulse height of 2.5 mV and a width of 100 ms were used along a step height of 5 mV and a step time of 500 ms. (E) 
Normalized DPV current to initial DPV current ratio under repeated measurements in 30 min intervals in 0.1 M PBS solution containing 3 mM [Fe(CN)6] 3− /4− , for a 
planar gold electrode and a nanocomposite electrode after JR2EC immobilization. 

Q. Palomar et al.                                                                                                                                                                                                                                



Sensors and Actuators: B. Chemical 325 (2020) 128789

4

the electron transfer compared to the conventional planar surface. At 
room temperature, an area of 0.0064 cm2 was calculated for the con-
ventional planar gold electrode and 1.348 cm2 for the nanocomposite 
electrode, or an area increased by 210 times after the integration of 
nanomaterials. The detailed calculation can be found in SI (NOTE S2). 

After immobilization of JR2EC, also shown in Fig. 2A and B, sharp 
decreases in the current intensities were observed, from 0.345 mA to 
0.202 mA and from 0.0057 mA to 0.0015 mA for the nanostructured and 
conventional planar gold electrode, respectively. A surface JR2EC 
coverage of 1.49 × 10− 10 mol/cm2 for the conventional planar gold 
electrode and 3.41 × 10− 10 mol/cm2 for the nanocomposite electrode 
were determined using reductive desorption (Fig. S2). The current drop 
observed is due to the electron transfer hindering effect of the peptide. 
The presence of the peptide results in steric hindrance that restricts the 
diffusion of the redox probe through the porous network, decreasing the 
available surface area for the electronic exchange between the electrode 
and the probe. Moreover, the net charge of polypeptide results in elec-
trostatic repulsion of the [Fe(CN)6]3− /4− . The blocking of the planar 
electrode was more efficient, as shown by the relative variation of the 
current intensity, since the peptide covers the entire surface. On the 
conventional electrode, the peptide efficiently blocks the entire surface 
of the electrode. In contrast, on the nanocomposite, the peptide is pri-
marily bound to the GNPs and electron transfer can still occur via the 
structure of CNTs electrode. This effect also results in a larger relative 
increase in the current for the planar electrodes when exposed to 1 μg/ 
mL MMP-7, from 0.0015 to 0.0028 mA (87 % increase), compared to the 
increase from 0.202 to 0.259 mA (28 % increase) on the nanocomposite 
surface. Despite the smaller relative current increase, the much larger 
absolute current increase induced by MMP-7 (sensing signal) in the 
nanocomposite electrode can greatly benefit the S/B of the sensor since 
the background fluctuation of electrochemical measurements is around 
0.05 μA for both electrodes. 

The same general behaviors were observed by DPV. Compared to 
conventional cyclic voltammetry, DPV reduces the impact of capacitive 
current and allows for detection of lower concentrations of the target 
analyte [22]. By DPV, the current intensity recorded is directly related to 
the faradaic contribution and reflects more accurately the phenomena 
occurring between the redox probe and the electrode, i.e. the electron 
transfer. This is hence a more precise technique when it comes to 
detection of low concentrations and small changes at the interface. 

Regarding the intensity of the oxidation peak prior to immobiliza-
tion, Fig. 2C shows a peak at 1.15 μA for the planar gold electrode and 
the Fig. 2D a peak at 36.7 μA for the nanocomposite electrode. Once the 
polypeptide was immobilized, a decrease in the current intensity was 
observed for both systems, 17.6 and 0.096 μA for the nanocomposite and 
planar electrodes, respectively. This confirmed the observations from 
CV. It may be noted that the difference between the current obtained 
before and after peptide immobilization was striking for both sensors 
and clearly shows the influence of JR2EC on slowing the electron 
transfer. The relative current intensity was reduced by 50 % on the 
nanocomposite electrode after the polypeptide immobilization, and by 
90 % on the planar electrode. 

When the electrodes were exposed to MMP-7 (1 μg/mL), an increase 
of the differential current from 17.6 μA to 27.4 μA and from 0.096 μA to 
0.23 μA was observed for the nanocomposite electrode and the planar 
electrode, respectively. The sensing signal (the absolute differential 
current increase ΔIS = ΔIn - ΔI0, where ΔI0 is the reference differential 
current intensity obtained after the polypeptide immobilization and ΔIn 
is the differential current intensity obtained after MMP-7 reaction) 
generated in the nanocomposite electrodes significantly larger. This 
resulted in a significantly improved S/B in the nanocomposite electrodes 
(196) when compared with the planar electrodes (2.68). The improved 
S/B can facilitate discrimination of the redox signal from the back-
ground fluctuations and increase the dynamic range of the sensor, which 
will be demonstrated later. 

Since sensor drift is a common problem in electrochemical sensors 

that can result in false positives [19], the stability of the two types of 
electrodes was tested by incubating the electrodes in a solution of 3 mM 
[Fe(CN)6] 3− /4− in 0.1 M PBS solution for 30 min after peptide immo-
bilization. Subsequently, successive electrochemical measurements 
were performed at 30 min intervals using DPV in presence of the redox 
probe. The electrodes were kept immersed in the measurement solution 
between cycles. The differential current values were normalized to their 
initial value (the first cycle) for both electrode systems to compare their 
stability, since the nanocomposite electrode having much higher current 
intensity than the planar gold electrode. As shown in Fig. 2E, significant 
difference in stability was seen between the two electrode systems. For 
the conventional planar gold electrode, a rapid decrease of the current 
ratio was observed after successive measurements. A 50 % total decrease 
from the initial current was recorded after 5 cycles in a solution of 3 mM 
[Fe(CN)6]3− /4− . In contrast, the nanocomposite electrode remained very 
stable, showing a modest drop of only 0.5 % from the initial current after 
6 cycles. Two reasons can potentially lead to the better stability of the 
nanocomposite electrode. First, as shown by different studies, several 
species can adsorb on the surface of a gold electrode when immersed in a 
[Fe(CN)6]3− /4− solution. Dijksma et al. have shown that the presence of 
CN- ions, released by the redox couple, can lead to the formation of [Au 
(CN)]2− complex and hindered the electronic transfer [23,24]. Other 
studies have reported possible passivation of the gold surface by the 
adsorption of HPO4

2− [25]. This anion can induce a repulsion of the 
redox probe, due to its negative charge, and can explain the current 
decrease. Second, this effect will be more pronounced for the conven-
tional planar electrode than for the nanocomposite electrode. For the 
nanocomposite electrode, the drift is still present but only up to 0.5 % of 
the initial current, since the current is mainly contributed by the charge 
transfer on the CNTs and the possible drift on the GNP surface have 
much smaller impact on the total current. 

Overall, the nanocomposite electrodes can perform better than the 
conventional planar gold electrode in MMP-7 sensing with respect to 
both S/B, stability and reliability. In addition, since DPV more accu-
rately detects the electron transfer and hence is a more precise technique 
for detection of low concentrations and small changes at the interface, 
for the rest of the study, only the nanocomposite electrode and DPV were 
used. 

3.2. Detection of MMP-7 in PBS 

In order to investigate the performance of the proposed biosensor, 
the JR2EC functionalized nanocomposite electrodes were exposed to 
different concentrations of MMP-7 ranging from 0.01 ng/mL to 1 μg/mL. 
For each concentration, the incubation time was kept constant (30 min) 
and the electrodes were rinsed thoroughly using PBS solution between 
each measurement. Different incubation times have been tested and 
30 min was found to be the optimal time to allow a complete reaction of 
the enzyme. The DPV voltammograms for these different concentrations 
and the corresponding calibration plot are presented in Fig. 3A and B 
respectively. The intensity of the differential current increased as a 
function of the enzyme concentration increase (Fig. 3A). A higher con-
centration of enzyme results in a more extensive degradation of the 
peptide in the same time interval (30 min) and therefore higher electron 
transfer. Multiple runs were carried out for each concentration on 3 
different electrodes to ensure the reproducibility of the results. 

Fig. 3B shows the sensor response as a function of the logarithm of 
MMP-7 concentration. In our system, the increase in differential current 
intensity caused by the increased enzyme concentration did not follow 
the classical model for enzymatic reaction described by Langmuir but 
rather the Temkin isotherm [26]. The Temkin model takes into account 
the inhomogeneity of the different adsorption sites and was initially 
used to describe a heterogeneous protein adsorption. With this model, a 
semi-logarithmic dependence between the sensing signal ΔIs and MMP-7 
concentration was observed in the concentration range from 1 × 10− 2 to 
1 × 103 ng/mL (r2 = 0.973). The LOD, defined by 3 x standard deviation 
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of the blank, was 6 pg/mL. As shown in Table 1, several papers report a 
lower LOD for MMP-7. Yun Zheng et al. [13] demonstrated a palladium 
nanoparticle (PdNP) based sensor with an LOD of 0.0031 pg/mL. The 
PdNPs were used as catalytic entities to perform a two-step detection of 
the target analyte. Albeit very sensitive, this strategy required the 
addition of different reagents and a complicated surface chemistry 
involved in the detection but also the operation of the sensor. In com-
parison, the works described in this paper offered a higher LOD but did 
not require any labeling or secondary reaction to perform the detection. 
This facilitates the operation of the biosensor and reduces the acquisi-
tion time, which are important parameters for a point of care applica-
tion. Other works such as Ding Wang et al. [27] and Bei-Bei Kou et al. 
[28] have taken advantage of similar amplification principle. This kind 
of system, however, may be difficult to implement since they require 
multiple steps and the addition of different chemicals in order to 
perform the detection. This type of device is therefore not perfectly 
suited for point of care and portable device type applications. 

The nanocomposite sensor presented in this work offers a very wide 
dynamic range, covering 6 orders of magnitude from 1 × 10− 2 to 1 × 103 

ng/mL. The concentration of MMP-7 in a healthy tissue is typically in the 
interval 0.1–3.5 ng/mL [33,34]. In pathological conditions, the con-
centration can increase up to 10− 15 ng/mL in urine sample [35] and 
serum sample [36] for patient with bladder cancer. The dynamic range 
of our sensor is thus sufficient to cover the relevant concentrations for 
medical diagnostics. Moreover, our system is very user-friendly with a 
one-step detection process and a short acquisition time compared to 
most of the papers found in the literature, which is mandatory for a point 
of care device. Indeed, many works proposed detection systems with 
assay times longer than the commercially available ELISA kits 
(≥90 min), reducing the advantage of using a biosensor. The stability 

and ease of use are determining factors in the design of a biosensor in 
order to meet the criteria of speed and portability of field tests. In 
addition, the electrochemical detection and the materials used here are 
very cheap and therefore allow for a low cost fabrication. 

The specificity of the system was investigated by exposing the 
biosensor to different proteins. Urease, Bovine Serum Albumine (BSA) 
and deactivated MMP-7 were tested, as well as a mixed solution 
comprising urease, BSA and active MMP-7. The different proteins were 
all tested at a concentration of 1 μg/mL in PBS solution. Deactivation of 
MMP-7 was done by exposing the enzyme to an EDTA solution (20 mM), 
which removes the catalytic Zn2+ from the active site. Fig. 4 shows the 
relative response generated by different samples, R= [(ΔIn – ΔI0)/ΔI0] 
*100, where ΔI0 is the reference differential current intensity obtained 
after the polypeptide immobilization and ΔIn is the current obtained 
after incubation with the different protein samples. 

As shown in Fig. 4A, the responses observed after incubation with 
BSA (5 %) and urease (2 %), were significantly lower as compared to the 
response from samples spiked with MMP-7 (71 %). The deactivation of 
MMP-7 using EDTA efficiently inhibited the ability of the enzyme to 
cleave the polypeptide, resulting in a significant drop in the response (5 
%). It may also be noted that the relative response obtained for the mix 
solution containing both urease (1 μg/mL), BSA (1 μg/mL) as well as 
MMP-7 (1 μg/mL) was similar (72 %) to the one obtained for MMP-7 
alone, indicating limited effects caused by any unspecific adsorption 
of these proteins on the sensor surface. 

Moreover, no significant interference (5 %) on the redox peak cur-
rent was observed after exposing the sensor to more complex media, 
such as human serum and synthetic urine. (Fig. 4B). In contrast, addition 
of MMP-7 (1 μg/mL) to the serum and the synthetic urine resulted in a 
significant increase in the relative response of 49 % and 42 % in human 

Fig. 3. A) DPV curves after incubating 
the nanocomposite electrodes with 
various concentrations of MMP-7 in PBS 
solution. From bottom to top: 0, 0.01, 
0.1, 1, 10, 100 and 1 × 103 ng/mL. B) 
Calibration plot for the biosensor cor-
responding to the changes in current 
intensity after incubation with MMP-7 
at different concentrations in buffer so-
lution. Experimental data obtained on 3 
different electrodes (dots) and linear 
regression (line) are presented. Linear 
regression: y = 1.0445 ln(x) + 4.70; 
R2 = 0.9843. For DPV measurements, a 
pulse height of 2.5 mV and a width of 
100 ms were used along a step height of 
5 mV and a step time of 500 ms.   

Table 1 
Comparison of the performances of different nanostructured electrochemical MMP-7 biosensors.   

System used Detection technique Number of 
steps 

Assay time 
/ min 

LOD/ ng/ 
mL 

Linearity/ ng/ 
mL 

Measurement in 
complex media 

This work GE/MWCNTs/GNPs DPV 1 30 6 × 10− 3 0.01− 1000 Yes 
Hongfang Gao 

et al. [29] 
Peptide labelled with two metal 
complexes as luminophores 

ECL 1 60 1 × 10− 2 0.05− 1 Yes 

Zheng Wei et al. 
[30] 

Pd-functionalised carbon 
nanocomposite 

Square Wave 
Voltammetry (SWV) 

2 110 1.7 × 10− 5 0.0001− 100 No 

Ding Wang et al. 
[27] 

Magnetic peptide − DNA probe SWV 3 110 2 × 10− 5 0.0001− 50 No 

Zhen Lei et al. 
[31] 

Au/Ag-SiO2 Field Effect Transistor 1 ≥ 60 2.2 × 10− 4 0.01− 100 Yes 

Bei-Bei Kou et al. 
[28] 

DNA enzyme-decorated DNA 
nanoladders 

DPV 3 105 5 × 10− 5 0.0002-20 No 

Yun Zheng et al. 
[13] 

Au-reduced graphene oxyde + Pd 
nanoparticles 

SWV 3 ≥ 100 3.1 × 10− 6 0.00001− 10 Yes 

Wei Zhuang et al. 
[32] 

Copper nanocluster-labeled 
hybridization chain 

Potentiometric 
immunoassay 

3 ≥ 90 5.3 × 10− 3 0.01− 100 Yes  
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serum and synthetic urine, respectively. The sensor can thus be effi-
ciently operated and detect MMP-7 activity in complex media of rele-
vance for diagnostics. 

The lifetime of the sensor was also investigated. After being stored 
for 5 weeks in PBS, the sensor exhibits a decrease in the response signal 
to MMP-7 of only 10 %. The system therefore allows medium-term 
storage up to one month (Fig. S3). 

3.3. MMP-7 assay in human serum and synthetic urine 

To provide a model close to real sample applications conditions, the 
sensing platform was applied to the detection of MMP-7 in different 
physiological fluids, including human serum and synthetic urine. The 
experimental conditions were optimized to promote the electrochemical 
signal in these different environments. The nanocomposite electrodes 
were conditioned for 20 min in the corresponding medium and the DPV 
parameters were optimized to increase the reading of the signal. The 
human serum, a complex medium with a high viscosity, was also diluted 
1:100 in PBS to facilitate the experiment. 

Both media were spiked with MMP-7 at concentrations ranging from 
0 to 1 × 103 ng/mL. The study was performed on 5 different electrodes. 

As shown in Fig. S4A, as the concentration of MMP-7 increased in 
human serum, an increase in the peak current was observed, similar to 
the results observed in PBS solution. An increase of the differential 
current peak of 16 μA was seen when the MMP-7 concentration was 
raised from 0 to 1 × 103 ng/mL. In addition, the recorded data again 
agree with the Temkin model, exhibiting a correlation factor of 0.983. It 
is important to note that the concentration range observed here is also 
sufficient to cover the diagnostic needs for a MMP-7 sensor since the 
concentration varying from 0.1 ng/mL in a healthy patient to 15 ng/mL 
in serum sample from a patient suffering from bladder cancer [36]. 

MMP-7 detection was also performed in synthetic urine without 
dilution. The redox peak current increased with increasing MMP-7 
concentration (Fig. S4B). The calibration curve of the response of the 
biosensor for MMP-7 is shown in Fig. 5B. The total increase in the dif-
ferential current peak when the MMP-7 concentration was increased 
from 0 to 1 × 103 ng/mL is very similar to the increase obtained from the 
serum sample (14.8 μA). This highlights the reproducibility of the 
biosensor presented in this paper as well as its ability to operate in 
various complex media. In addition, the dynamic range tested covers the 
detection range required for real urine tests [35]. All of these different 
results are promising for the use of this sensor for clinical samples and 
for the development of point of care detection device based on this work. 

4. Conclusion 

A label free biosensor for the detection of MMP-7 was prepared by 
modifying a gold electrode with a nanocomposite based on CNTs and 
GNPs. This nanostructured surface acted as a signal amplifier that 
resulted in a significant improvement in both S/B and stability, 
compared to a conventional planar gold electrode. The nanocomposite 
electrode was further modified with a peptide containing two cleavage 
sites for MMP-7. The hydrolysis of the immobilized peptide was moni-
tored using a sensitive electrochemical technique (DPV). A limit of 
detection of 6 pg/mL was obtained and the sensor could operate over a 
wide concentration range (1 × 10− 2–1 × 103 ng/mL). In addition, this 
biosensor exhibited a very good selectivity towards MMP-7 and a very 
good stability. The detection of MMP-7 was also carried out in the 
presence of human serum and synthetic urine, demonstrating the po-
tential of the biosensor for clinical applications. Due to its ease of use, its 
low production cost and its excellent performances, this system is very 
promising for the development of a point of care device and for early 

Fig. 4. The relative response in the nanocomposite electrodes generated by different biomolecules (A) 1 μg/mL mg/mL urease, 1 μg/mL mg/mL bovine serum al-
bumin (BSA), 1 μg/mL MMP-7 deactivated with EDTA (MMP-7-EDTA), 1 μg/mL active MMP-7 (MMP-7) and a mix solution comprising 1 μg/mL urease, 1 μg/mL BSA 
and 1 μg/mL MMP-7 in PBS solution. (B) The sensor response in complex media (human serum and synthetic urine) with 1 μg/mL of MMP-7 and without MMP-7 is 
also presented. Respective t-test results are shown (3 stars: P ≤ 0.001; 4 stars P ≤ 0.0001). 
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detection of pathologies. 
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