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ABSTRACT: Glioblastoma (GBM) is one of the most fatal tumors in the brain, and its
early diagnosis remains technically challenging due to the complex repertoires of
oncogenic alterations and blood-brain barrier (BBB). GBM-derived specific exosomes
can cross the BBB and circulate in body fluids, so they can be noninvasive biomarkers
for the early diagnosis of GBM. Herein, we propose a sensitive and label-free
electrochemical biosensor designed by using Zr-based metal−organic frameworks (Zr-
MOFs) for the detection of GBM-derived exosomes with practical application. In the
design, a peptide ligand can specifically bind with human epidermal growth factor
receptor (EGFR) and EGFR variant (v) III mutation (EGFRvIII), which are
overexpressed on the GBM-derived exosomes. Meanwhile, Zr-MOFs encapsulated
with methylene blue can absorb on the surface of the exosomes due to the interaction
between Zr4+ and the intrinsic phosphate groups outside of exosomes. Consequently,
the concentration of exosomes can be directly quantified by monitoring the
electroactive molecules inside MOFs, ranging from 9.5 × 103 to 1.9 × 107 particles/μL with the detection of limit of 7.83 × 103

particles/μL. Furthermore, this proposed biosensor can distinguish GBM patients from healthy groups, demonstrating the great
prospect for early clinical diagnosis.

Glioblastoma (GBM) is known to be one of the most
common and fatal malignant intracranial tumors in the

brain, with widespread invasiveness, rapid cell proliferation,
extensive angiogenesis, and poor prognosis.1−3 The median
survival of GBM patients remains 15−18 months, with the
recurrence rate of 7 months, although the maximum treatment
efforts including aggressive surgical resection and conventional
therapy have been performed.4−6 This dismal outcome is
partly due to delayed diagnosis, thus early diagnosis of GBM
plays an important role in improving the extremely poor
prognosis and survival.7,8 Currently, the general techniques
such as magnetic resonance imaging (MRI) and computed
tomography (CT) are employed for the diagnosis and
prognosis of GBM.9−11 However, those techniques are
uneconomical; require sophisticated equipment and profes-
sional technicians, restricting the universal application in the
early detection. Until now, no significant improvements have
been achieved, since GBM contains various oncogenic
alterations and it has blood-brain barrier (BBB), limiting the
communications between brain cells and others.8,12

Exosomes are 40−150 nm extracellular vesicles released
from cells and widely circulated in body fluids, such as blood,
urine, and cerebrospinal fluid.13,14 These membrane-enclosed
vesicles containing abundant bioactive molecules can cross the
BBB and mediate intercellular communication.15−17 Growing

evidence has revealed that the GBM-derived specific exosomes
have great potential as noninvasive candidates for early
diagnosis of GBM.18−20 Noteworthy, exosomes from the
GBM cells are characterized by highly expressed human
epidermal growth factor receptor (EGFR), and the most
common variant (v) III mutation (EGFRvIII).21,22 Over-
expression and mutation of EGFR as biomarkers occur in
virtually all of the classical subtype GBMs, and the expression
of EGFRvIII is correlated with its poor prognosis.23,24 Thus,
analysis of exosomes characterized with both EGFR and
EGFRvIII will be advantageous in early diagnosis and pre- and
postsurgical of GBM.25 Nevertheless, conventional quantitative
methods for exosomes detection, such as enzyme-linked
immunosorbent assay (ELISA) and flow cytometry, require
complicated sample pretreatment and specialized analytical
instruments.26−28 Although some new methods, particularly by
using electrochemical technique, have been proposed with
more convenience and sensitivity,29−32 they have some
limitations, for instance, uneconomical, and lack of specificity
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by using antibodies to detect common transmembrane
proteins (e.g., CD 63, CD 9).33,34 Therefore, it is very thrilling
to design a novel method for detecting GBMs-derived
exosomes rapidly, simply, and specifically.
Recently, metal−organic frameworks (MOFs) have emerged

as a type of new material and widely explored for sensor design
owing to their high surface areas, flexible porosity, chemical
tenability, and durable sensing features.35−38 The high porosity
of MOFs offers an ability to accommodate a large number of
electroactive molecules, and enhances their conductivity and
analysis sensibility.39,40 Particularly, Zr-MOFs have a high
affinity to phosphate groups and have been used to selectively
enrich phosphates biomolecules via the formation of Zr−O−P
bonds.41−44 As we know, exosomes are composed of
phospholipid bilayers whose outer surface is surrounded with
hydrophilic phosphate head. Inspired by these, we have
proposed a label-free and enzyme-free electrochemical
biosensor in this work for the analysis of GBM-derived
exosomes relied on the interaction between the Zr−O clusters
and intrinsic phospholipid bilayer of exosomes. In the design, a
peptide ligand is modified on Au electrode that can specifically
capture GBMs exosomes by selectively binding to EGFR and
EGFRvIII.25,45 Then, Zr-MOFs loaded with large numbers of
electroactive methylene blue molecules (MB@UiO-66)
approach to the electrode surface to generate a high
electrochemical signal based on the combination between
Zr4+ and the exosomes surface. Therefore, the concentration of
exosomes can be directly quantified by monitoring the
electrochemical signal inside Zr-MOF without extra recog-
nition and amplification elements. Further study has shown
that this method can distinguish GBM patients from healthy

groups, and provide a simple, rapid, and universal platform for
the early diagnosis of GBMs patients.

■ EXPERIMENTAL SECTION
Synthesis of UiO-66-NH2 and MB@UiO-66. UiO-66-

NH2 was prepared according to our reported method.38 For
MB@UiO-66 preparation, 1 mg of MB mixed with 10 mg
UiO-66-NH2, and stirred in ultrapure water for 24 h at room
temperature. The generated MB@UiO-66 precipitate was
collected by centrifugation and washed with deionized water.

Elecrtode Treatment. The bare gold electrode was treated
according to our pervious works.46 First, the gold electrode was
cleaned with piranha solution (sulfuric acid: H2O2 = 7:3) for 5
min followed by rinsing with ultrapure water. Then, the
electrode was polished with alumina slurry (1 μm, 0.3 μm, and
0.05 μm) and sonicated in ethanol and distilled water for 5
min, respectively. Finally, the electrode was soaked in nitric
acid (50%) for 30 min, and electrochemically cleaned in 0.5 M
H2SO4 by scanning the potential between the oxidation and
reduction of gold (−0.35 and 1.5 V). The modified electrodes
were then rinsed with double-distilled water and dried with
nitrogen.

Detection of Exosomes. The prepared gold electrode was
incubated with 5 μM designed peptide containing 5 mM
TCEP for 16 h at 4 °C, followed by blocking with 1 mM MCH
solution at room temperature for 2 h. TCEP was used as a
reducing agent to prevent the formation of disulfide bond of
cysteine terminal.47 MCH is used to block the blank sites of
electrode surface and replace the nonspecific adsorption.48

After rinsing with ultrapure water and drying with nitrogen, the
electrodes were interacted with different concentrations (10
μL) exosomes in Tris-HCl (50 mM Tris and 150 mM NaCl,

Scheme 1. Schematic Diagram of (A) the Fabrication Process of MB@UiO-66-Based Nanoprobe and (B) the Principle of the
Electrochemical Biosensor for the Detection of GBM-Derived Exosomes
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PH 7.4) for 2 h at room temperature. Afterward, the electrode
was rinsed and dipped in 5% Tween-20 for 20 min to exclude
unspecific adsorption. Then, 5 μL of the prepared MB@ Zr-
MOF solution was dropped on the electrode surface and
incubated for 30 min at room temperature. Finally, the
modified electrode was thoroughly washed for electrochemical
measurements.
Electrochemical Measurements. Electrochemical meas-

urements were carried out on a CHI660D Potentiostat (CH
Instruments) with a conventional three-electrode system. The
gold electrode modified with peptides as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a platinum wire as the counter electrode. The
electrochemical impedance spectra (EIS) measurements was
recorded in 5 mM [Fe(CN)6]

3‑/4− electrolyte containing 1 M
KCl, and the detailed experimental parameters were as follows:
bias potential, 0.175 V; frequency range, 0.1−10 kHz;
amplitude, 5 mV. Square wave voltammograms (SWVs) was
scanned from −0.4 to −0.1 V in Tris-HCl solution and the
detailed experimental parameters were as follows: step
potential, 4 mV; frequency, 15 Hz; amplitude, 25 mV.
Other experimental details are described in Supporting

Information (SI).

■ RESULTS AND DISCUSSION
The Principle of the Biosensor. In this study, a label-free

electrochemical biosensor for the detection of GBM derived
exosomes has been proposed and the principle of the design is
depicted in Scheme 1. First, UiO-66-NH2, a typical Zr-MOF, is
chosen and synthesized through a reported method with slight
modification.38 Then, the MB@UiO-66-based nanoprobe is

generated by stirring MB and UiO-66-NH2 at room temper-
ature. As well-known, MB is an electroactive redox indicator
which is widely used to produce electrochemical signals on the
electrode surface.49,50 The high porosity of MOFs can load
large numbers of MB, thus resulting in a high signal and
improving the sensitivity of the biosensor. In the meantime, a
designed peptide (H−C-acp-acp-FALGEA-NH2) containing a
protein binding motif is assembled as the sensing layer on the
electrode surface by formation of Au−S bond through the
cysteine and gold electrode.25,45 The peptide is elongated at N-
terminal with 6-aminocaproic acid to increase its flexibility, and
amination is designed at C-terminal to reduce the electrostatic
adsorption. Consequently, the peptide can selectively recog-
nize EGFR/EGFRvIII and capture GBM-derived exosomes
through the specific molecular recognition. After that, the
functional MB@Zr-MOFs will combine with GBM-derived
exosomes and produce a highly amplified electrochemical
signal by the interaction between Zr4+ and the phosphate head
of exosomes. As a result, the biosensor can be employed for the
quantitative analysis of exosomes, sensitively, quickly, and
simply.

Characterization of MOFs. The morphology and
structure of UiO-66-NH2 is characterized by scanning electron
microscope (SEM) and X-ray diffraction (XRD). As illustrated
in Figure 1A,C, the size of MOF is about 100 nm with uniform
shape, and the sharp diffraction peaks of XRD are consistent
with the simulated, which reveal the successful synthesis of the
MOF. After electrochemical dyes are loaded into UiO-66-NH2,
the SEM results are basically the same except for the color
change (Figure 1B). The XRD data preserve all diffraction
peaks, suggesting that loading of dyes makes little influence on

Figure 1. (A) SEM images of the UiO-66-NH2 and (B) MB@UiO-66 (insets are the photographs). (C) Powder XRD patterns of simulated UiO-
66-NH2, as-synthesized UiO-66-NH2, and MB@UiO-66. (D) Nitrogen adsorption−desorption isotherm of UiO-66-NH2 and MB@UiO-66.
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the crystalline structure. In order to further verify the
successful fabrication of the nanoprobe, adsorption−desorp-
tion isotherm is performed at 77 K (Figure 1D). It can be
calculated that the Brunauer−Emmett−Teller surface area of
UiO-66 is 643 m2/g, whereas the MB@UiO-66 is 227 m2/g,
which confirms that MBs are effectively encapsulated. In

addition, Fourier transform infrared spectroscopy (FT-IR) has
been conducted to investigate the variation (SI Figure S1).
The characteristic peak at 1593 cm−1 originating from the
vibrations of CC in the benzene ring is enhanced, indicating
the increase of the aromatic compounds. Besides, new
characteristic peaks at 1343 cm−1, 948 cm−1, and 886 cm−1

Figure 2. (A) EIS corresponding to the stepwise treatment of the electrode. Curves (a−d) represent separately the cases of the bare gold electrode,
the electrode after modification with peptide, incubation with the exosomes, and labeled with MB@UiO-66. (B) SWV responses obtained on the
cases with bare electrode (a), exosomes-free (b), and 1.9 × 107 particles/μL exosomes.

Figure 3. (A) SWV recorded with different incubation time of MB@UiO-66. (B) Relationship between the values of peak current and the
incubation time. Inset is the linear range. Error bars represent the standard derivation of three independent experiments. (C) SWV recorded with
different concentrations of MB@UiO-66. (D) Relationship between the values of peak current and the concentrations. Error bars represent the
standard derivation of three independent experiments.
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appear in the MB@UiO-66, which prove that MB is
encapsulated in UiO-66-NH2.

51 Moreover, the amount of
MB in the MOF has been determined by UV/vis spectroscopy
and the loading rate is 65.35% (SI Figure S9).52

Characterization of Exosomes. Exosomes pellets are
isolated from the U87 GBM cells supernatant based on the
differential centrifugation method. The physical characteristics
are measured by NanoSight, revealing that the concentration is
∼1.9 × 107 particles/μL with a size of about 80 nm (SI Figure
S2A). Transmission electron microscope (TEM) image has
also been performed to examine the morphology, showing a
typical membrane-bound vesicle with the diameters consistent
with the size of NanoSight (SI Figure S2B). These results
corroborate with previously reported evidence, suggesting that
the isolated exosomes can be used for the biosensor
construction.
Feasibility Validation of the Biosensor. The electro-

chemical biosensor has been first investigated by electro-
chemical impedance spectroscopy (EIS) with Fe(CN)6

3−/4−

redox couple. As shown in Figure 2A, the bare gold electrode
exhibits similar to a straight line (curve a), implying little
electron transfer resistance. However, after the electrode is
modified step-by-step with peptide, exosomes, and MB@UiO-
66, the diameter of semicircles increase gradually (curve b,d).
As the diameter of the semicircle represents the electron
transfer resistance at the electrode interface, it is clearly
confirmed the process of electrode modification and the
binding of exosomes with peptide, as well MB@UiO-66.
Second, the square wave voltammograms (SWV) are measured
in the Tris-HCl buffer to verify the feasibility and specificity of
this biosensor. As shown in Figure 2B, only small current
signals are observed when applying SWV scan to the bare
electrode (curve a) or exosomes-free electrode (curve b),
indicating that there is no electron communication at the
electrode surface. While a significant peak can be detected in
the present of exosomes under the same condition (curve c),
which confirm the viability of this biosensor for detection of
exosomes.
Optimization of Experimental Conditions. In order to

achieve the best performance of the biosensor for exosomes
detection, the effects of corresponding experimental conditions
on the biosensor have been optimized by conducting the
following experiments. First, the concentration and incubation

time of peptide have been optimized, since they are the
important consideration in the modification of electrode
surface. The results demonstrate that the highest electro-
chemical signal can be detected by using 5 μM peptide after
incubation for 16 h (SI Figures S3 and S4). The peptide-
functionalized electrode is then used to capture exosomes and
the optimized time is shown to be 2 h (SI Figure S5). Under
the optimum conditions of the modification of electrode
surface, we investigate the reaction time and the amounts of
MB@UiO-66 by detecting 1.9 × 107 particles/μL exosomes
using the biosensor. With the prolonging of incubation time of
MB@UiO-66, the current intensity increases continuously and
almost reaches a plateau at 30 min (Figure 3A,B). So, 30 min is
chosen as the optimal incubation time. Then, the concen-
tration of MB@UiO-66 is optimized by binding with exosomes
or exosomes-free electrode for 30 min. The SWV results
indicate that 0.5 mg/mL of MB@UiO-66 can provide high
signal readout with low background (Figure 3C,D). Therefore,
0.5 mg/mL is chosen as the optimal concentration of MB@
UiO-66 for the following experiments.

Performance of the Biosensor. Under the optimized
experimental conditions, the fabricated biosensor has been
employed for the quantitative analysis of GBMs-derived
exosomes. SWV measurement is carried out and the results
of exosomes analysis at different concentrations are displayed
in Figure 4A. With the amounts of exosomes increasing, the
electrochemical currents enhance gradually. A linear relation-
ship can be established between the peak currents and the
logarithm of exosomes concentrations ranging from 9.5 × 103

to 1.9 × 107 particles/μL, with a linear equation of y = −5.32 +
1.36 x (Figure 4B). It can be estimated that the 7.83 × 103

particles/μL is the lowest detected concentration, which equal
to the sum of background signal and three standard deviations
(y = 0.892 μA + 3 × 0.045 μA = 1.027 μA). Meanwhile, the
limit of detection (LOD) of our proposed biosensor has been
compared with other previous reports, indicating its high
sensitivity and large linear range for exosomes detection (SI
Table S1). The selectivity of this method is further
demonstrated by detecting same numbers of exosomes derived
from different cells (SI Figure S7). The reproducibility of
electrochemical biosensor is conducted by detecting exosomes
at the concentration of 9.5 × 105 particles/μL (SI Figure S8),
and the value of the relative standard deviation is 2.34% (n =

Figure 4. (A) SWV recorded with the different concentrations of exosomes, a−k (particles/μL): 0, 9.5 × 103, 1.9 × 104, 3.8 × 104, 7.6 × 104, 1.9 ×
105, 9.5 × 105, 1.9 × 106, 9.5 × 106, 1.9 × 107, 9.5 × 107. (B) Relationship between the values of peak current and the concentrations. Inset is the
linear range. Error bars represent the standard derivation of three independent experiments.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.9b05241
Anal. Chem. 2020, 92, 3819−3826

3823

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05241/suppl_file/ac9b05241_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b05241?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.9b05241?ref=pdf


6). Moreover, exosomes spiked in human serum are also
challenged. As shown in SI Figure S6, under the same
experimental conditions, the signal responses of exosomes
diluted into serum are almost consistent with that in buffer,
indicating that the biological matrix environment has little
effect on the sensor. These results suggest that the biosensor
can work well in the complex biological samples. Significantly,
the GBM-derived exosomes in human serum can be detected
by our sensor, as demonstrated in the following study.
Clinical Sample Analysis. To test the clinically diagnosis

application of our biosensor, human serum are collected from
24 clinical samples of eight healthy individuals (HS), eight
patients with GBM (GBM), and eight patients after surgery
(GBM-AS). As shown in Figure 5A, current signals of
exosomes from healthy serum are significantly lower than
GBMs patients and postoperative, consistent with the
published report that a higher expression of EGFR/EGFRvIII
in GBM-derived exosomes than normal cells.53 The statistical
analysis of these results is also conducted and the scattered dot
plots clearly show that there is a significant difference between
the healthy group and GBM patients (Figure 5B). Notably, the
measured SWV currents of exosomes in GBM-AS are less than
those before surgery, indicating the capacity of our sensor for
preand postsurgical monitoring of GBM patients. These results
not only verify that the EGFR/EGFRvIII positive exosomes in
serum can be used as biomarkers but also demonstrate the
capacity of our sensor for early diagnosis, preand postsurgical
monitoring of GBM patients.

■ CONCLUSIONS

In conclusion, we have successfully developed a label-free
electrochemical biosensor for the detection of GBM-derived
exosomes by using the Zr-based metal−organic frameworks. In
the design of the biosensor, a peptide can selectively capture
GBMs-derived exosomes through the highly expressed EGFR
and EGFRvIII proteins. Meanwhile, based on the combination
between Zr4+ and the exosomes surface, Zr-MOFs loaded with
methylene blue may approach to the electrode surface to
generate a high electrochemical signal. Therefore, the
concentration of exosomes can be directly quantified without
extra recognition and amplification elements, while the sensor
can show very high selectivity and sensitivity. Moreover, this
biosensor has been employed to analyze GBM-derived
exosomes in human serum and distinguish GBM patients
from healthy groups, which has demonstrated the feasibility for

early diagnosis and monitoring in GBM therapy. Furthermore,
the strategy of the design can be to detect other disease
biomarkers by simply replacing the capture sequences, showing
the great prospective values to fabricate other clinical sensing
platform.
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