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ABSTRACT: The rational design and preparation of available
fullerene@metal—organic matrix hybrid materials are of profound
significance in electrochemical biosensing applications due to their
unique photoelectric properties. In this work, C4,@UiO-66-NH,
nanocomposites serve as greatly promising materials to modify
electrodes and fix aptamers, resulting in a remarkable electro-
chemical aptasensor for impedimetric sensing of tobramycin

(TOB). Nanoscale composites have preferable electroactivity and ‘

AT Ny

12050
L 9,4 )
>

¢

aptamer

+

small particle size with more exposed functional sites, such as
Zr(IV) and —NH,, to immobilize aptamers for enhanced detection
performance. As we know, most of the electrochemical impedance
aptasensors require a long time to complete the detection process, but this prepared biosensor shows the rapid quantitative
identification of target TOB within 4 min. This work expands the synthesis of functional fullerene@metal—organic matrix hybrid
materials in electrochemical biosensing applications.

KEYWORDS: fullerene, metal—organic framework, hybrid material, electrochemical aptasensor, tobramycin

B INTRODUCTION polymers,**** and carbon nanomaterials.*>* Especially, Zr-
based MOFs have been utilized as functional materials to
prepare electrochemical aptasensors due to the superior affinity
between Zr(IV) chelating sites and phosphate groups of
aptamers.”’ ~** Meanwhile, nanoscale particles can explore
more functional sites in the outer surface to increase the
interaction between MOFs and aptamers for fabricating highly
sensitive aptasensors. On the other hand, several Cg
nanohybrid-based electrochemical aptasensors have been
reported to detect analytes on account of their excellent
stability and electrochemical activity.**~*® Although no
electrochemical aptasensor based on Cy4@Zr-MOF hybrid
materials has been reported, previous studies indicate that such
hybrid materials have great applicability in electrochemical
aptasensing applications.

According to the above considerations, we first develop an
available strategy to construct Cg@UiO-66-NH, nano-
composites by incorporating isolated C4y molecules into the
internal pores of nanoscale MOFs (Scheme 1). Tobramycin
(TOB) is a widely used antibiotic for treating bacterial
infections, and thus, detection and analysis of TOB have

In terms of achieving functional materials with task-specific
functionality, the development of composite materials has
drawn attention via assembling various constituents at atomic
and molecular levels. Metal—organic frameworks (MOFs) have
well-developed porosity, ordered structures, and various
morpholo§ies,l resulting in their extensive utilization in
sorption,” sensor,"™® and heterogeneous catalysis.”~° Un-
fortunately, the poor electrochemical activity and stability of
MOFs significantly limit their use in electrochemical analysis.
Hence, various materials have been implemented to combine
with MOFs for enhanced electrochemical activity, such as
metal nanoparticles,'’ graphene,''” and carbon nanotubes.'”’
Notably, Cy is a promising candidate to assemble with MOFs
for achieving available fullerene@metal—organic matrix hybrid
materials. To date, only a few examples have been reported to
prepare such hybrid materials,’"~*° but no Cg@MOF
composite has been used in electrochemical detection.
Therefore, it is urgently needed to develop and explore novel
fullerene@metal—organic matrix species for electrochemical
sensing analytes in food safety and environmental protection.
Electrochemical biosensors based on aptamers are the most
extensive and useful detection method due to the sensitive and Received:  December 2, 2021
quick response of electrochemical signals and the highly Accepted:  January 17, 2022
specific recognition of aptamers.”'~>® Recently, many Published: January 25, 2022
advanced materials have been developed for enhanced
electrochemical detection performance, such as carbon
quantum dots,””*° metal nanoparticles,”"** porous organic
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Scheme 1. Preparation and Biosensing Process of C4@UiO-66-NH, and Its Aptasensor

aptamer

immediate practical significance.””** MOF nanoparticles
provide more Zr(IV) sites to coordinate with phosphate
groups for increased immobilization of aptamers and amplified
detection signals. Meanwhile, electroactive Cg4, with small size
can be incorporated into porous skeletons to obtain nanoscale
hybrid materials for improving the electrical activity of pristine
MOFs. Exhilaratingly, this prepared aptasensor shows the
ultrasensitive impedimetric detection of TOB. This work
expands the preparation of novel hybrid materials for available
electrochemical aptasensors.

B EXPERIMENTAL SECTION

Synthetic Processes. Similar to previously reported nanoscale
Zr-MOFs,* ZrOClL,-8H,0 (21 mg) and the organic ligand 2-
aminoterephthalic acid (43 mg) were severally dissolved in 3 mL and
1 mL of N, N-dimethylformamide. Both solutions were mixed and
further added 500 uL of acetic acid (6 mol-L™"). Nanoscale UiO-66-
NH, samples were generated after heating at 90 °C for 19 h.
Nanoparticles were centrifugally collected at 12 000 rpm for 20 min
and purified by washing with S mL of fresh N,N-dimethylformamide,
methanol, and water, successively. Similar to nanoscale UiO-66-NH,
except adding Cg (3 mg), Ce@UiO-66-NH, was acquired after
washing with toluene as the eluent. Toluene can dissolve and remove
the freely dispersed Cg until the eluent is colorless.

Electrochemical Aptasensors. Aluminum powder with a particle
size of 0.3 um was used to clean the Au electrode (AE) surface, which
was drenched in a mixed solution of H,0, (14 mL) and H,SO, (6
mL). Bare AEs were obtained after rinsing with distilled water (10
mL) and ethanol (10 mL). Material/AE was obtained by adding the
ethanol dispersion (2.0 yL, 0.5 mg'mL™") on AE. After that, the apt/
material/AE aptasensor was acquired after immersing material/AE in
a 0.001 ng'-mL™" aptamer solution for 4 min, which can detect TOB
via soaking in the corresponding solution for 4 min at room
temperature to collect electrochemical response signals.

B RESULTS AND DISCUSSION

Co@UiO-66-NH, was synthesized via the in situ synthetic
method in the presence of Cg,. Toluene was used to wash the
obtained solid materials for removing the individual Cg,
outside composites. The target sample was obtained as dark
red powders until the eluent is colorless (Figures S1). Powder
X-ray diffraction (PXRD) shows that they have similar main
peaks and crystal planes at 7.3° (111), 8.5° (200), and 25.7°
(600) (Figure 1la). Nevertheless, the absence of novel
diffraction peaks in C4@UiO-66-NH, proves that the
encapsulated Cg4, has no obvious effect on the crystal texture
of MOF matrixes. Meanwhile, the broader diffraction peaks of
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the as-synthesized samples are mainly caused by the nanosized
crystal particles. Fourier transform infrared (FT-IR) spectra
exhibit that this composite not only has the characteristic
bands of UiO-66-NH, at 658, 767, 965, 1253, 1384, 1440,
1571, 1658, 3365, and 3474 cm™! but also possesses three
characteristic peaks at 527, 576, and 1183 cm™, which are
ascribed to the Cg, molecule incorporated in MOFs (Figure
1b).°”*" Ui0-66-NH, nanoparticles have Brunauer—Emmett—
Teller (BET) and Langmuir surface areas of 430 and 604 m*
g~!, respectively, but the C4@UiO-66-NH, nanocomposite
material exhibits relatively lower BET and Langmuir surface
areas of 277 and 384 m*g ™', respectively, with a smaller pore
volume because of nonporous Cg, molecules encapsulated in
porous MOFs (Figures 1c, S2, and S3 and Table S1). Also,
Figure 1d demonstrates that the pore size of the pristine MOF
is evidently larger than the composite because the MOF
skeleton has larger pore sizes at ~7.3 and ~12.7 A than the
molecular size of Cg (7.1 A) to capture Cg molecules.’”
Nevertheless, the preservation of N, sorption capacity and
pore size distribution exhibit that only a part of pores is filled
with C4, molecules. Due to the randomness of Cq, molecules
embedded in UiO-66-NH,, it is difficult to accurately
determine the number of C4y molecules in one single pore
of the MOF. A pore size of ~7.3 A can constraint one Cg,
molecule and the other large pore (~12.7 A) may incorporate
1-2 C4 molecules. Moreover, the encapsulation amount of
Ceo in C4o@UiO-66-NH, is calculated to be ~7% via elemental
analysis, which is similar to the result of thermogravimetric
analysis (TGA) in air (Figures S4 and S5). A methanol
suspension of the Cy,@UiO-66-NH, composite (1 mg‘mL_l)
was used to prepare test samples before scanning and
transmission electron microscopies (SEM and TEM). As
shown in Figures le—f and S6, this composite consists of
nanoscale particles with grain diameters from 15 to 30 nm.
The Randles equivalent circuit is used to analyze electro-
chemical impedance spectroscopy (EIS) data (Figure S7). To
obtain the most effective detectability, the optimal exper-
imental conditions of aptasensors were explored through
analyzing the test R, value, such as the addition amount of the
composite and the incubation time in an aptamer solution. As
shown in Figure 2a, the variation of the R, value (AR, =
Ry, coo@uio-ss-Nm2/aE — R ap) enhances gradually with the
increase of the addition quantity of Cq@UiO-66-NH,. The
most appropriate amount is 2 g of the hybrid material. The
AR, value increases with the extension of the incubation time

https://doi.org/10.1021/acsami.1c23320
ACS Appl. Mater. Interfaces 2022, 14, 7350—-7357


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23320/suppl_file/am1c23320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23320/suppl_file/am1c23320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23320/suppl_file/am1c23320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23320/suppl_file/am1c23320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23320/suppl_file/am1c23320_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23320?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23320?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23320?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(@) (b) —Ui0-66-NH,
(111) —C,,@Ui0-66-NH,
—cC
©0) C,@Ui0-66-NH,| N
— g
5 &
s ]
) =
_g UiO-66-NH, | &
g g
| 3
St
=
—J u simulated
T T T T T T T T
10 20 30 40 4000 3000 2000 1000
20 (d Wavenumber (cm’
© (degree) (d)o.03 (cm’)

—o—Ui0-66-NH,

400 )
—0—C, @Ui0-66-NH,

g

™

S

S
1

200

3
N, uptake (cm

—

=3

=]
1

T v T T T
0.0 0.2 0.4 0.6
(e) Relative pressure (P/P)

0.02

=

=

—_
1

3 -1
Incremental pore volume (cm™ g')

S

I
S
|

—0— Ui0-66-NH,
—o—C, @Ui0-66-NH,

1.0

0 30 0 50

Figure 1. Structural characterization: (a) PXRD, (b) FT-IR, (c) N, curve, and (d) inner porosity distribution. The morphology of Cs,@UiO-66-

NH, observed by (e) SEM and (f) TEM.
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Figure 2. Optimal preparation conditions: (a) Ce@UiO-66-NH, amount and (b) incubation time in an aptamer solution.
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Figure 3. (a—c) EIS data of these aptasensors and (d) comparison of different material-modified AEs at each stage.
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Figure 4. (a) EIS data of this aptasensor after soaking in TOB solutions at different concentrations. (b) The nonlinear relationship of AR, and
TOB concentration (inset: the linearity of AR and the logarithm of the TOB concentration).

in a 0.001 ngmL™" aptamer solution. It confirms that the
optimal soaking time is 4 min to immobilize aptamers to create
an aptasensor (Figure 2b), which is obviously shorter than
most reported aptasensors.l1’21‘33‘34‘37

The EIS Nyquist plots of these prepared aptasensors based
on various materials have similar electrochemical impedimetric
behaviors during the fabricating process. As displayed in Figure
3a—c, the semicircles of the EIS Nyquist plots evidently enlarge
with additive layers on AEs, including the functional material,
aptamer, and TOB, because these organic layers have relatively
poor electroconductibility to obstruct the electron transport.>®
Notably, C4@UiO-66-NH, can fabricate a more efficient
electrochemical aptasensor due to electroactive Cg4, and
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nanoscale MOFs with high surface areas, abound Zr(IV)
sites, large conjugated 7 system, and excellent stability (Figure
3d). The EIS Nyquist plots of AE have the smallest semicircle
with an R, value of 0.159 kohm because of fine electrical
conductivity and a clean electrode surface. The R, value
increases to 0.195 kohm after adding Cs@UiO-66-NH, on
AEs (denoted Cg,@UiO-66-NH,/AE), which further enhances
as high as 0.524 kohm after immersing in an aptamer solution
(0.001 ng'mL™") for acquiring the aptasensor (denoted apt/
Cso@UiO-66-NH,/AE). The fabricated aptasensor exhibits a
significantly higher R, value after soaking in the TOB aqueous
solution for 4 min at 0.001 ng'mL™" (denoted TOB/Cq@
UiO-66-NH,/AE), which clearly indicates that this biosensor
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Table 1. Sensing Performance of Different Test Methods and Functional Materials

material test method
Au NPs UV—vis spectroscopy
Au NPs resonance scattering spectroscopy
SnO,/Bi,S; photoelectrochemistry
molecular-imprinted polypyrrole  square wave voltammetry
Au NPs UV—vis spectroscopy

MoS,@ZnO core—shell nanorod
Cso@UiO-66-NH,

photoelectrochemistry

electrochemical impedance spectroscopy

time linear concentration range LOD

(min) (nmol-L~") (nmol-L~") ref

15 40—-200 23.3 54

15 0.5—-17 0.19 5§

120 5-50 4.28 56

0.5—-10 0.14 57

43—-380 1.2 58

60 2.1 X 10°"—106.9 0.012 59

4 2.1 X 10°°—106.9 0.377 pmolL™"  this work

0.8 0.8
a b)"
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Figure S. Sensing performance of aptasensor: (a) selectivity, (b) reproducibility, and (c) stability.

can sensitively detect ultratrace TOB via EIS Nyquist plots.
Additionally, simple mixed materials of UiO-66-NH, (93 wt
%) and different carbon materials (7 wt %), including Cg,
carbon nanotubes, and graphene, were prepared to construct
different electrochemical aptasensors. As shown in Figures S8—
S11, these material-modified AEs have obviously different AR,
values (ARct = Rct, apt/material/AE Rct, material/AE) in a 0.001 ng:
mL™" aptamer solution, which are all smaller than that of the
hybrid material-based aptasensor. C4@UiO-66-NH, is con-
structed via C4y as a guest molecule embedded in UiO-66-
NH,, which has no effect on the interaction between the
Zr(IV) site and the aptamer. Compared with physically mixed
hybrid materials, the high immobilization of the aptamer on
Cg@UiO-66-NH, is mainly caused by more Zr(IV) sites of
Ceo@UiO-66-NH, than those of Cg4, carbon nanotubes, or
graphene/UiO-66-NH,. Hence, the composite material
exhibits the highest AR value (AR = Ry 10B/apt/material/AE —
R, apt/material/AE) among these fabricated aptasensors for
detecting TOB (0.001 ng:mL™'), confirming that this
composite is a good functional material for constructing a
sensitive electrochemical aptasensor.
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In addition, the electrochemical biosensor was separately
soaked in TOB solutions at 0.001, 0.00S, 0.01, 0.0S, 0.1, 0.5,
1.0, 5.0, 10.0, 25.0, and 50.0 ng~mL_1 for 4 min to measure EIS
Nyquist plots. As the TOB concentration increases, the R
value gradually enhances because of the generation of more
TOB/aptamer complexes to effectively hinder electron transfer
(Figure 4a). The AR value is calculated to analyze the sensing
ability of this aptasensor toward TOB. As shown in Figure 4b,
AR, value and TOB concentration show an obvious nonlinear
relation, but the AR, value shows a linear relation with the
logarithm of the TOB concentration (0.001—50.0 ng'mL™") as
AR = 0.3487 X 1gCrop + 1.309 with a correlation coefficient
of 0.9993. The aptasensor shows a remarkable detection
performance toward TOB with a limit of detection (LOD) of
~0.176 pgmL™' (~0.377 pmol-L™") by comparing it with
some previously reported materials and test methods (Table
1).>*7% By referring to earlier literature studies,”’~**°° the
prepared UiO-66-NH, nanoparticles not only have abound
Zr(IV) sites to immobilize aptamers via the coordination
interaction but also possess various functional sites, such as
—NH, and conjugate skeleton, to interact with the biological
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base of aptamers. Subsequently, the fixed aptamers have a
specific affinity force toward the target TOB molecule,
resulting in the highly selective and sensitive sensing
performance. The accurate detection mechanism, however, is
still uncertain, which requires many advanced equipment to
further investigate the authentic structure—response relation-
ship.

Other aptasensing properties were evaluated in detail via the
AR, value. First, this electrochemical aptasensor was soaked in
TOB or other interferences at 10 pgrmL~" such as doxycycline
(DOX), glucose (GLU), kanamycin (KAN), streptomycin
sulfate (ST), and oxytetracycline (OTC). The AR, value was
collected to compare with each other for evaluating the
selectivity of this aptasensor. As displayed in Figure Sa, the
AR, values are negligible after soaking in these interferences,
but a significantly increased AR value is observed in a TOB
solution because of the high specificity of the aptamer. Then,
five aptasensors were parallelly prepared to monitor TOB at 10
pg'mL™". These prepared aptasensors have similar AR, values
with relative standard deviation (RSD) under 4.29% (Figure
Sb). Moreover, this fabricated electrochemical aptasensor can
retain the sensing performance toward TOB (10 pgmL™") for
15 days in a refrigerator at —20 °C with similar AR, values
(Figure Sc). Hence, these results demonstrate the excellent
superior sensing performance of this aptasensor toward TOB.
The quantitative analysis of TOB in various real samples was
performed using this aptasensor. EIS Nyquist plots were
acquired after immersing in these samples at 0.1, 1.0, and 10.0
ng'mL~', which were separately analyzed via the linear
regression equation. The detectable TOB concentrations are
matched well with those of really added amounts (Table 2).

Table 2. Detection of TOB in Human Serum, Urine, and
Saliva

added amount detected amount recovery  RSD

samples (ngmL™") (ng'mL™") (%) (%)
human 0.1 0.0981 98.1 3.07
serum 1.0 1.027 102.7 3.51
10.0 10.41 104.1 3.92

urine 0.1 0.0987 98.7 2.94
1.0 1.033 103.3 3.77

10.0 10.37 103.7 3.81

saliva 0.1 0.1039 103.9 298
1.0 1.048 104.8 4.07

10.0 9.86 98.6 3.01

Furthermore, the recoveries of this aptasensor toward TOB are
in the range of 98.1—104.8% with RSD values under 4.07%.
The sensing performance illustrates the available detectability
of this aptasensor in real samples.

B CONCLUSIONS

Herein, C¢,@UiO-66-NH, hybrid materials with particle sizes
from 15 to 30 nm are first prepared to fabricate electro-
chemical aptasensors. The impedance aptasensor not only
exhibits more sensitive sensing performance toward TOB than
other physically mixed carbon material/UiO-66-NH, nano-
hybrids but also realizes the fast quantitative detection of trace
TOB even in real samples within 4 min. This work shows a
feasible approach for the design and synthesis of functional
composites and their electrochemical aptasnesors.
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