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ABSTRACT: Metal—organic framework (MOF) thin films with flexible nature and -

prominent qualities have opened doors to new technological applications in different ]

fields. Herein, we propose an electrochemical biosensor for the dual detection of Ehcrosguiion ? &
Staphylococcus aureus based on the electrodeposition of Cu metal—organic O sl dacipo “ﬁ%“

framework (Cu-MOF) thin films. The promising sensing layer with features of good

electronic conductivity and enhanced electron-transfer property can not only atnifiii

identify S. aureus through specific micrococcal nucleases in the supernatant but also " )

detect the pathogen directly via aptamer recognition. The dual analysis design U

ensures the accuracy of this method for S. aureus detection in the range of 7—7 X B 27 ;
10° cfu/mL with the limits of detection of 1.9 and 5.2 cfu/mL. Moreover, the - S hnes P
analytical method validation confirmed that the biosensor could efficiently work in e\ 3.3:

complex biological samples, showing good selectivity and specificity and great &‘E}%:

potential for clinical diagnosis. More importantly, the current proposed strategy is
simple and easy to implement without the need for extra signaling elements, which is
convenient for timely clinical detection.

D 1 etal—organic frameworks (MOFs) have emerged as a designed in this work for the fabrication of an electrochemical

unique kind of inorganic—organic hybrid nanomaterial, biosensor, which can be applied for the dual analysis of
which has been widely used in many fields due to the pathogens.
characteristics of uniform structure, chemical tenability, and Pathogenic infections have become an increasingly serious
good biocompatibility.' " Recently, MOF thin films with large problem worldwide, especially the diseases caused by drug-
surface areas, flexible nature, and prominent qualities have resistant bacteria, as a result of indiscriminate and excessive use
opened doors to new technological applications in various of antibiotics in medical and agricultural fields.”>~>” For
fields.”~"" Nevertheless, the application of MOF films in the example, methicillin-resistant Staphylococcus aureus (MRSA),
development of electrochemical biosensors remains a challenge which was observed first in 1960 and has been spreading
due to their poor electrical conductivi‘cy.“’12 Earlier studies rapidly in the globe since the 1990s, has become one of the
have reported that their electrical conductivity can be main causes of hospital infections now.”* > It is reported that
improved by introducing redox-active metal ions or electro- drug-resistant bacterial infections have led to severe deaths
active conjugated organic Iigands,B such as Cu* and Ni** annually, and the mortality is predicted to be 10 million by
metal salts as well as 11'§ands of terephthalate and 1,3,5- 2050 if immediate action is not taken.”** Additionally, owing

benzenetricarboxylate,'*~'® which may greatly expand the
utilization of MOF films. Moreover, with the increase in
demand, the formation techniques of MOF films have been
developed rapidly, such as seeded growth, dip- or spin-coating,
Langmuir—Blodgett layer-by-layer deposition, and chemical
vapor deposition.'”~** However, most of them are of multi-
steps, complex, time-consuming, and highly demanding with
low practicability and reproducibility. Electrochemical deposi-
tion can be used as an alternative and efficient approach for the
MOF-film preparation, which can be formed in situ on the
electrode surface under mild conditions. More importantly, the
electrochemical deposition procedure is rapid, efficient, easy,
and can be precisely controlled.””** Inspired by these salient
characteristics, MOF films prepared by electrodeposition are

to the delay in the detection and treatment of pathogens, the
conditions of patients will deteriorate rapidly after the onset of
symptoms.”” The treatment usually involves systemic injection
of large amounts of antibiotics, which damage the innate
immune system and maybe result in the evolution of drug-
resistant bacteria.*®*” Therefore, it is indispensable to develop
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Scheme 1. (I) Fabrication of the DNA/AuNPs/MOFs-Based Sensing Platform; (II) Schematic Diagrams of the
Electrochemical Biosensor for the Detection of S. aureus via Supernatants; and (III) Pathogen Cells
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rapid and efficient methods to detect pathogens of infectious
diseases for the timely and appropriate guidance for antibiotic
usage and treatment of patients. Compared with conventional
methods such as culturing,’® DNA-based polymerase chain
reaction (PCR),” and immunosorbent assays,” electro-
chemical techniques have attracted more and more interest
because of their rapid response, sensitivity, convenience, and
simplicity.*’

Taking the above considerations into account, we have
developed an electrochemical biosensor based on the electro-
deposition of Cu-MOF films for the dual quantitative analysis
of S. aureus. S. aureus is selected for this work because it is a
major pathogen in human diseases and is an example of
methicillin-resistant pathogens. As depicted in Scheme 1,
under a negative potential, conductive Cu-MOFs are directly
self-assembled and deposited onto the electrode surface in the
presence of copper ions and the conjugated ligands, enhancing
the rate of redox-active molecules reaching the electrode
surface.””** Then, gold nanoparticles (AuNPs) are reduced in
situ on the MOF surfaces to form a composite material, which
can further enhance the electron transfer and bind to aptamers
via the Au—S bonds. Hence, the composition films of AuNPs/
MOFs conjugated with a DNA aptamer (DNA/AuNPs/
MOFs) may offer a promising platform for the fabrication of
an electrochemical biosensor. When the S. aureus exists, the
pathogen can specifically secrete a micrococcal nuclease
(MNase) in the supernatant, which can digest single- or
double-stranded, round or linear nucleic acids by cleaving the
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phosphodiester bonds.*”** After incubating with the super-
natant solution, the DNA aptamer on the surface of the
electrode will be cut down and then the electrochemical signals
of [Fe(CN)¢]*>~/* in the test solution will increase. Therefore,
the strategy can identify the S. aureus through the supernatant
of bacterial culture. Meanwhile, MNase is conserved in
different strains, which can be used as a biomarker for the
evaluation of the pathogenicity of S. aureus.*>~*" Additionally,
the DNA/AuNPs/MOF-sensing interface can also detect the
pathogen directly through specific molecular recognition. The
aptamer can selectively recognize S. aureus cells and pull them
to the electrode surfaces, leading to higher interfacial
impedance and preventing the redox-active molecules in the
solution from reaching the electrode surface due to the high
insulation and negative charge of the pathogen surface.***’ As
a result, the electrochemical signals of [Fe(CN)¢]>/* in
solution will reduce in the presence of S. aureus.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Details are given in the
Supporting Information section.

Microbial Culture. Escherichia coli, S. aureus, and Listeria
monocytogenes were cultured in lysogeny broth (LB) medium,
shaking at 200 rpm at 37 °C for 12 h; afterward, the bacterial
culture was diluted with PBS or urine. The microbial cells or
supernatants were harvested by using centrifugation at 12,000
rpm and 4 °C, and the microbial cells were washed twice with
PBS. The microbial content was calculated by the plate

https://doi.org/10.1021/acs.analchem.1c01763
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Figure 1. SEM images of the (A) Cu-MOFs and (B) AuNPs/Cu-MOFs on the electrode surface. (C) Crystalline structures of Cu-MOFs. (D)

Powder XRD patterns of both simulated and synthesized Cu-MOFs.

counting method. The bacterial culture was diluted 1000 times
by LB medium and then 10 yL was taken out for culture at 37
°C for 12 h, and the number of single colonies was.

For urine sample analysis, the microbial cells or supernatants
were first harvested or collected and diluted with human urine.
Then, the fabricated biosensor was used to detect the samples.

Treatment and Modification of the Electrode. The
bare glassy carbon electrode (GCE, 3 mm in diameter) was
first polished with 1, 0.3, and 0.05 ym alumina slurry in
sequence similar to our previous work.>® After ultrasonic
treatment in ethanol and distilled water for 5 min, the
electrode was rinsed and dried with high-purity nitrogen.

For the electrodeposition of Cu-MOF films, the cleaned
electrode was immersed in the precursor solution, containing a
cationic source (Cu(NO;),-3H,0, 10 mM), an organic linker
(H,BTC, 15 mM), and a probase source (Et;NHCI, 10 mM)
in DMF at a potential of —1.30 V for 5 min. The resulting
electrode was swiftly taken out and dried at 50 °C to achieve a
Cu-MOF film-modified electrode. Then, the modified
electrode was immersed in 5 mM HAuCl, solution for the
AuNP reduction on the Cu-MOF surfaces at —0.5 V for 30 s,
forming a composite film of AuNPs/MOF on the electrode.

Biosensor Fabrication. The prepared AuNPs/MOFs/
GCE was incubated with a 0.5 yM designed aptamer (SH-
DNA), which was reduced by 1 mM tris(2-carboxyethyl)
phosphine in advance for 30 min at 37 °C. After rinsing and
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drying with nitrogen, the electrode was incubated with 1 mM
6-mercapto-1-hexanol for 30 min to block the blank sites and
exclude unspecific adsorption. After rinsing, the DNA/AuNPs/
MOFs-based electrode was incubated with different concen-
trations of bacteria or supernatant at 37 °C for the target
reaction. Finally, the electrode after target recognition was
carefully cleaned and is ready for electrochemical measure-
ments.

Electrochemical Measurements. A CHI660D potentio-
stat with a conventional three-electrode system was used to
perform electrochemical measurements, for which the working
electrode was the AuNPs/MOFs/GCE modified with
aptamers, the reference electrode was a saturated calomel
electrode, and the counter electrode was a platinum wire. The
electrochemical impedance spectroscopy (EIS) measurements
were recorded in [Fe(CN)¢]>™/* (5 mM) electrolyte
containing KCI (1 M). The detailed experimental parameters
were an amplitude of 5 mV, a bias potential of 0.224 V, and a
frequency range of 0.1—10 kHz. Cyclic voltammetry (CV) scan
was performed from —0.2 to 0.6 V in KCl (0.1 M) solution
with a 0.1 V/s scan rate. Differential pulse voltammetry (DPV)
measurements were carried out, for which 50 mV/s sweeping
rate, 50 ms pulse width, 0.2 s pulse period, and voltage range
from —0.2 to —0.6 V were used as experimental parameters.

https://doi.org/10.1021/acs.analchem.1c01763
Anal. Chem. 2021, 93, 8994—-9001
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Figure 2. (A) EIS spectra and (B) DPV curves corresponding to different treatments of the electrodes. Curves (a—c) represent, respectively, the

cases of the bare GCE, MOFs/GCE, and AuNPs/MOFs/GCE electrodes.
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Figure 3. (A) EIS spectra and (B) DPV curves corresponding to the DNA/AuNPs/MOFs electrode incubated with or without S. aureus. Inset is
agarose gel electrophoresis. (M: marker, 1: DNA aptamer, 2: DNA aptamer incubated with the S. aureus supernatant.)

Bl RESULTS AND DISCUSSION

Characterization of MOF Films. The morphologies and
structures of the synthesized Cu-MOF films on the electrode
surface have been characterized by scanning electron
microscopy (SEM). From Figure 1A, the morphology of
cube crystals and the structure of layer upon layer can be
clearly seen, indicating the gradual growth of Cu-MOFs on the
electrode surface. After AuNPs are assembled further, the
surfaces of MOFs become rough and surrounded by many
nanoparticles, illustrating the successful synthesis on the
external surface of Cu-MOFs (Figure 1B). Furthermore, the
crystal structure of Cu-MOFs is shown in Figure 1C, where its
3D unit cells represent metal corners with are paddle-wheel-
shaped connected by linkers. In order to validate that the Cu-
MOFs deposited on the GCE electrode keep their structural
integrity, powder X-ray diffraction (XRD) has also been
performed, and the result is consistent with that obtained from
simulation (Figure 1D).

Feasibility of the Biosensor. To investigate the feasibility
of biosensor fabrication, the electrochemical properties of
MOF films are first analyzed through EIS with a [Fe-
(CN)s]** redox couple. As shown in Figure 2A, the bare
GC electrode presents a semicircle diameter with an
impedance value of almost 180 Q (curve a). After the
deposition of MOF films, the value of impedance decreased to
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50 Q (curve b) because of the high conductivity and positive
metal ions of MOFs. With the assembly of AuNPs on the
surface, the impedance spectrum is similar to a straight line
(curve c), indicating that the composite nanomaterial may
further improve the electron-transfer capability. Meanwhile,
DPV is applied to observe the signal of [Fe(CN)4]*>~/*~ more
intuitively. From Figure 2B, it can be seen that the signals
increased gradually after the bare electrode is modified with
MOF films and AuNPs. These results confirm that the AuNPs/
MOFs composite films have high electrical conductivity and
can promote the electron transfer, which can be used as
modified materials for the electrode to construct the
electrochemical biosensor. The comparison of performance
between AuNPs/MOF and AuNPs has also been performed
and the experimental result is shown in Figure S1. MOFs used
here not only improve the electron-transfer capability but also
enable the electrode surface to load more AuNPs because of
the larger surface area, which allow them to bind with more
DNA aptamers to increase the biosensor sensitivity.

Then, EIS and DPV are employed to analyze the target
bacteria supernatant and cells. As shown in Figure 3A, the
electrode modified with DNA/AuNPs/MOFs exhibits an
electron-transfer resistance of 560 €. However, after
incubation with the supernatant of bacterial culture, the
diameter of the semicircle obviously decreases compared to the

https://doi.org/10.1021/acs.analchem.1c01763
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Figure 5. Corresponding DPV curves obtained by incubating with
bacterial cells or supernatant in PBS or urine. Error bars represent the
standard derivation of three independent experiments.

control, indicating that the interface impedance had decreased
(Figure 3A). Due to the digestion of DNA aptamers by
MNase, the amount of DNA on the electrode lessens; thus, the
signal of [Fe(CN)¢]>~/*" obtained by DPV measurements in
the solution increases (Figure 3B), which is consistent with our
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assumption. In addition, the feasibility of this biosensor was
further verified by agarose gel electrophoresis analysis (Figure
3B, inset). Lines 1 and 2 are the DNA aptamer before and after
incubation with the supernatant of S. aureus, respectively. It
can be seen that line 1 exhibits an obvious band, while the
band is not observed in line 2, which further proves that the
degradation of DNA is triggered by MNase in the supernatant.
On the other hand, when the target pathogen cells are
employed by the DNA/AuNPs/MOFs sensing layer, the value
of impedance significantly increased and almost reached 1500
Q, suggesting the successful capture of the pathogen. The
viability has been further verified by the DPV method. From
Figure 3B, it can be seen that a much smaller signal is obtained
in the presence of the target pathogen compared with the
negative control. These results are attributed to the high
insulating character and the negative charge of the pathogen,
showing that the reaction is target-responsive.

Optimization of Experimental Conditions. To obtain
the best performance of the biosensor, several relevant
experimental conditions have been optimized. First, we
optimized the deposition conditions of MOF films on the
electrode surface by using CV according to relevant previous
studies.””"* As shown in Figure S2A, when the electrode
modified with MOF films is scanned by CV in 0.1 M KCI

https://doi.org/10.1021/acs.analchem.1c01763
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Table 1. Detection of the S. aureus Supernatant and Cells in Urine (n = 3)

added (cfu/mL) detected (cfu/mL) RSD (%) recovery (%)
7 % 10 6.81 + 0.24 X 10/7.21 + 0.27 X 10 3.52/3.74 97.2/103
7 x 10° 7.16 + 0.33 X 103/7.45 + 0.36 X 10° 4.60/4.83 102/106
7 x 10° 6.85 + 0.32 X 10°/6.77 + 0.31 X 10° 4.67/4.57 97.8/96.7

solution, two pairs of redox waves are observed. These
voltammetry behaviors are caused by the rapid redox-active
sites of copper sites inside Cu-MOF films on the electrode
surface, where the waves result from Cu**/Cu* and Cu'/
Cu’*'™* From the cyclic voltammogram, it is revealed that
the current increases gradually with the higher applied
potential. When the potential reaches —1.3 V, the current is
almost stable, so we choose —1.3 V for the deposition and
synthesis of the MOF film on the electrode. After that, the
deposition time of the Cu-MOF films is optimized by using the
same method. As shown in Figure S2B, at prolonged times, the
MOF crystal particles formed on the electrode surface grow
more, and the current increases and almost reaches a plateau at
the deposition time of 5 min. Therefore, 5 min is likely
sufficient for the synthesis of MOF films.

After optimizing the deposition conditions of MOF films,
the concentration of the DNA aptamer is optimized. First,
AuNPs/MOFs/GCE is incubated with different concentra-
tions of DNA aptamers at 37 °C for 30 min. As shown in
Figure S3A, it is noticed that the currents decreased with the
addition of the DNA aptamers and reached a stable level at 1
UM. Therefore, 1 uM is chosen as the optimal concentration
for the detection of the S. aureus supernatant. Because the
signal for the detection of S. aureus cells decreases with
pathogen cells, the suitable concentration is chosen based on
the difference before and after incubating with the pathogen.
The modified electrode is incubated with the same amount of
S. aureus and detected by DPV. As shown in Figure S4A, when
the concentration of the DNA aptamer is 0.25 uM, the change
is the highest, so 0.25 uM is selected as the optimal
concentration. Then, we continue to optimize the incubation
time of the target by detecting the [Fe(CN)¢]*~/*~ signal in
the solution. 10 uL of the supernatant of S. aureus is added
onto the modified electrode to optimize the incubation time
and 15 min is selected as the optimal incubation time (Figure
S3B). Meanwhile, it can be seen that 30 min is sufficient to
reduce the signal to a stable level by the S. aureus cells, so the
reaction time is 30 min (Figure S4B).

Performance of the Biosensor. Under the optimized
conditions, the performance of this biosensor is investigated by
DPV measurements to detect the target pathogen. The content
of S. aureus has been calculated by the plate counting method
and diluting to different concentrations. First, 10 yL of the
supernatant of S. aureus is used to investigate the performance
of this biosensor. As shown in Figure 4A, as the concentration
of S. aureus increases, more amount of MNase is secreted,
more DNA sequences on the electrode surface get digested,
and thus the electrochemical currents enhance gradually.
According to the relationship between peak currents and the
logarithmic values of S. aureus concentrations, a linear equation
can be established ranging from 7 to 7 X 10° cfu/mL with y=
9.22 + 5.95x (r* = 0.995) (Figure 4B), where y is the current of
the DPV signal and x is the logarithm of the S. aureus
concentration. The limit of detection (LOD) is calculated to
be 1.9 cfu/mL on the basis of the lowest detected
concentration being equal to the sum of the background
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signal plus three standard deviations. Then, the biosensor is
further employed to directly analyze S. aureus by detecting
bacterial cells. As shown in Figure 4C, the peak currents
decrease with increasing the amount of microbial cells, and a
linear relationship can be set up between the peak currents and
the logarithmic values of S. aureus concentrations (Figure 4D).
The LOD is calculated to be 5.2 cfu/mL according to the
linear equation: y = 47.135 — 4.99x (r* = 0.996). Although the
LOD of this strategy is higher than that of the above method,
the biosensor of this design can be used to detect other
pathogens by simply replacing the DNA aptamer sequences,
showing great universality for clinic diagnosis. The proposed
method has also been compared with other reported methods,
so our method shows a broader linear range and a lower LOD,
indicating that this method can detect pathogens with
satisfactory sensitivity (Table S1). Moreover, the designed
platform not only supports a common method to detect
pathogens through molecular recognition but also can
continue to evaluate the pathogenicity by analyzing the
MNase secreted by S. aureus.

Next, the selectivity of this platform is verified by detecting
the supernatant and bacterial cells of E. coli (Gram-negative
bacteria) as well as L. monocytogenes (Gram-positive bacteria),
respectively (7 X 10% cfu/mL). As shown in Figure SS, since
MNase is specifically secreted by S. aureus, the signal is
enhanced only by incubating with the supernatant of S. aureus.
Additionally, the signal is reduced just in the presence of S.
aureus cells because of the specificity of the DNA aptamer. The
currents of E. coli and L. monocytogenes showed almost no
change, confirming the good selectivity during the detection of
S. aureus. Additionally, due to the extreme heat stability of
MNase,”* the experiment of specificity has also been proved
after incubating different samples at 100 °C for 20 min (Figure
S6).

Real-Sample Analysis. In order to evaluate the sensor
performance and the method validation in real samples, the
supernatant and bacterial cells diluted with urine are
challenged. From Figure §, it can be seen that the currents
of bacteria or supernatant diluted with PBS buffer or urine are
almost the same, indicating the good anti-interference ability of
the sensor. The different concentrations of S. aureus spiked in
urine are also analyzed by the two approaches of our proposed
method. The recovery rates range from 97.2 to 102, with
admissible relative standard deviations (RSDs) of and 96.7 to
106%, respectively (Table 1). These results suggest that the
currently developed biosensor works efficiently in complex
biological samples, showing good selectivity, accuracy, and
great potential application in clinical diagnosis.

B CONCLUSIONS

In summary, an electrochemical biosensor designed by Cu-
MOF thin films prepared by using electrochemical deposition
has been successfully proposed. The newly developed
biosensor could detect S. aureus by dual identification—
analyze the S. aureus specifically secreted MNase in the
supernatant as well as directly detect the bacterial cells through
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the aptamer recognition—with good accuracy. Moreover,
analysis of a noninvasive fluid spiked with the pathogen
demonstrates that this platform has high selectivity and anti-
interference ability in complex biological samples, proving its
potential in clinical applications. In addition, this method can
directly quantify the target bacteria without extra signal
elements and thus is suitable for the timely and simple clinical
detection. Since MNase is one of the pathogenic factors of S.
aureus, this work may also be of great help to analyze the
pathogenicity and mechanism of drug resistance of pathogenic
bacteria.
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