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ARTICLE INFO ABSTRACT

We report here a new bimetallic ZrHf metal-organic framework (ZrHf-MOF) embedded with abundant carbon
dots (CDs) (denoted as CDs@ZrHf-MOF), which exhibits strong fluorescence and rich-amino-functionalization.
The CDs@ZrHf-MOF can be applied as the scaffold for anchoring aptamer strands to determine human epidermal
growth factor receptor-2 (HER2) and living HER2-overexpressed MCF-7 cells. The basic characterizations reveal
that the CDs are embedded within the interior cavities of ZrHf-MOF without varying the nanostructure, leading
to good biocompatibility, strong fluorescence, and high electrochemical activity of CDs@ZrHf-MOF. As com-
pared with the pristine ZrHf-MOF, the CDs@ZrHf-MOF-based electrochemical aptasensor displays better sensing
performances toward both HER-2 and MCF-7 cells, giving an extremely low detection limit of 19 fgmL™ (HER2
concentration range: 0.001-10 ng mL™) and 23 cell mL ™" (cell concentration range: 1 x 10>~1 x 10° cellmL™),
with good selectivity, stability, reproducibility, and acceptable applicability. The proposed strategy for devel-
oping CDs@ZrHf-MOF-based aptasensor is promising for the early and sensitive detection of cancer markers and
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living cancer cells.

1. Introduction

Nowadays, the increase of diseases, especially cancers, is a major
global concern. Among different cancers, breast cancer is one of the
most common malignancies and diagnosed cancers in women (DeSantis
et al., 2015). More than 90% of these deaths are related to metastatic
growth. Therefore, early stage detection of cancer is crucial to increase
the chances of survival. Human epidermal growth factor receptor 2
(HER2) protein, a transmembrane tyrosine kinase receptor and a
member of the epidermal growth factor receptors (EGFR or ErbB) fa-
mily, is overexpressed in breast, ovarian, lung, gastric, and oral cancers
(Ilkhani et al., 2015; Vivek et al., 2014). Breast cancer patients possess
high HER2 concentrations in their blood (14-75 ng mL~ ') compared to
normal individuals (4-14 ng mL™Y) and can be utilized for diagnosis
and active surveillance of patients at risk or in treatment (Arya et al.,
2018). Currently, various HER2 detection techniques have been re-
ported, including immunohistochemical assays (Arkan et al., 2015;
Bethune et al., 2015), enzyme-linked immunosorbent assay (Furrer
et al.,, 2015), surface enhanced Raman scattering (Téllez-Plancarte
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et al, 2018), fluorescence (Chinen et al., 2015), electro-
chemiluminescence (Emami et al., 2014; Ravalli et al., 2016), and
electrochemical techniques (Ilkhani et al., 2016). However, most of
these techniques require sophisticated instrumentation, special training
and are labor-intensive and time-consuming. In this context, the elec-
trochemical detection technique has attracted great attention for its
simple equipment and high sensitivity (Ju and Chen, 2015).
Aptamers, single strand oligonucleotides (DNAs or RNAs) that are
designed and developed synthetically in the laboratory, display highly
specificity to bind with various targets, such as proteins (Toh et al.,
2015), circulating tumor cells (CTCs) (Shan et al., 2018), circulating
tumor DNA (ctDNA) (Ilkhani and Farhad, 2018; Li et al., 2018a), and
exosomes (Dong et al., 2018). Their prominent properties including
good thermal and chemical stability, low cost, high reusability, and
easy modification enable them to become a perfect tool in biosensor
applications and disease diagnosis (Bala et al., 2016). Thereby, com-
bining electrochemical techniques with the overwhelming aptamers,
the electrochemical aptasensors are particularly suitable for con-
structing rapid, sensitive, miniaturized, and on-site testing platforms.
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Scheme 1. Schematic diagram of the fabrication procedure of CDs@ZrHf-MOF-based aptasensor for detecting HER2: (i) the preparation of the series of CDs@ZrHf-
MOF composites, (ii) the immobilization of the aptamer strands, and (iii) the HER2 detection using the proposed CDs@ZrHf-MOF-based aptasensor.

Various electrochemical biosensors for detecting HER2 have been de-
veloped based on different nanomaterials, such as the rGO-chit com-
posite (Tabasi et al., 2017), thiol terminated DNA aptamer (Arya et al.,
2018), and bimetallic MnFe Prussian blue analogue (Zhou et al., 2019).
Additionally, aside from the sensitive determination of cancer markers
by electrochemical techniques, the living cancer cells also can be de-
tected using electrochemical aptasensors (Zhang et al., 2018). Since the
density of cancer cells in peripheral bloodies is relatively lower, early
stage determination still remains a major challenge and it is urgently
desired to develop a fast, cost effective, specific and ultrasensitive
method for monitoring cancer (Ye et al., 2015). Also, the simultaneous
detection of cancer markers and living cells by electrochemical tech-
niques has been seldom reported, because the sensitive layer therein
needs to meet the requirements of both electrochemical activity and
fluorescence performance. Very recently, a porphyrin-based cova-
lent-organic framework has been exploited as a bifunctional sensing
layer for detecting trace EGFR and living michigan cancer foundation-7
(MCF-7) (Yan et al., 2019). Nevertheless, it is still necessary to develop
feasible biosensors with the comprehensive properties for detecting
biomarkers and cancer cells.

Metal-organic frameworks (MOFs) have emerged over the past two
decades with the potentials to act as promising materials in gas storage,
chemical separation, catalyst, magnetism, sensing, and drug delivery
etc (Du et al., 2013; Zhou and Kitagawa, 2014). Additionally, the sec-
ondary interactions, such as m-m stacking, hydrogen bonding, and
electrostatic force, can be formed between special functional groups on
MOFs linkers and negatively charged nucleic acid sequences (Liu et al.,
2017b; Zhang et al., 2017a). Thus, a series of MOFs-based biosensors
have been designed to detect various targeted analytes, such as MOF/
Au/G-quadruplex (Shao et al., 2018), zinc-methylimidazolate frame-
work-8 (Pan et al., 2018), and NH,-Ni-MOF (Wang et al., 2018b). Al-
though several kinds of MOFs have been explored to determine H,O,
released from living cells by electrochemical methods (Li et al., 2018a),
the direct detection of living cancer cells has not been achieved. Con-
sequently, it would be highly desirable to explore MOFs-based scaffolds
for simultaneously detection of HER2 and living cancer cells. In the
previous work, bimetallic MnFe Prussian blue analogue coupled to gold
nanoparticles has been developed for the determination of HER2 and
living MCF-7 cells, only giving a limitation of detection of
0.247 pgmL~" and 36 cellmL~' toward HER2 and MCF-7 cells, re-
spectively (Zhou et al., 2019). Lately, many synthetic efforts toward
MOFs have focused on those with group IV transition metal ions,
especially zirconium and hafnium (Takata et al., 2015). Zr and Hf MOFs

with linear dicarboxylate ligands generally adopt the well documented
UiO-66 topology, where MgO4(OH), clusters (M = Zr or Hf) are linked
in three dimensions by bridging organic ligands (Morris et al., 2017). In
virtue of the excellent biocompatibility, chemical stability, strong
bioaffinity, and high binding interactions of Zr-O-P between MOF
frameworks and DNA strands (Chen et al., 2016), some Zr-MOF-based
aptasensors have been fabricated to sensitively determine different
analytes (Guo et al., 2017; Liu et al., 2018), and UiO-66-Nj to create the
first MOF nanoparticle-nucleic acid conjugates (Morris et al., 2014).
Nevertheless, most Zr-MOFs suffer from their poor electrochemical
activity (Vermoortele et al., 2013), thus limiting the applications in
electrochemical biosensors.

Owing to their high surface areas, tunable pore sizes, and excellent
adsorbability, MOFs could be served as effective solid multifunctional
matrixes for other components, such as metal nanoparticles (Duan
et al., 2018), metal oxide NPs (Falcaro et al., 2016), and quantum dots
(Zhao et al., 2014). Among them, carbon dots (CDs), as carbon-based
photoluminescent nanomaterials (< 10nm in size), may show great
potentials in developing sensitive, stable, and cost-effective aptasensor
(Zhang et al., 2017b). Further, CDs can be applied to enhance the im-
mobilization of aptamer probes, with the exception of their hydro-
phobicity, chemical stability, electro-conductivity, biocompatibility,
cost efficiency, and easy synthesis (Tuteja et al., 2016). Based on the
above analysis, aiming at developing a novel bifunctional electro-
chemical aptasensor for simultaneously detecting HER2 and living
cancer cells (MCF-7), we have prepared a bimetallic ZrHf-MOF coupling
with CDs (represented by CDs@ZrHf-MOF) and explored it as the
scaffold for anchoring HER2 aptamer (Scheme 1). Combining the ad-
vantages of large specific area, high stability, strong bioaffinity toward
biomolecules, and excellent biocompatibility of ZrHf-MOF and good
fluorescence, high electrochemical activity, and outstanding biosensing
performance of CDs (Wang et al., 2015), the fabricated CDs@ZrHf-
MOF-based electrochemical aptasensor not only can be applied to
sensitively detect the trace HER2 in human serum sample, but also can
determine the living cancer cells. The electrochemical CDs@ZrHf-MOF-
based aptasensor displays extremely low limitation of detections (LODs)
of 19 fgmL ™! toward HER2 and 23 cell mL ™! for MCF-7 cells, also with
good selectivity, stability, reproducibility, and acceptable applicability.
This work could supply a promising approach for early diagnosis of
both cancer marker and living cancer cells.



C. Gu, et al. Biosensors and Bioelectronics 134 (2019) 8-15
(a) Hf 4f (b) Zr 3d
Hf 4f, , HE4f Zr3d,,
9 Ir SIIM
=
<
My T
z 2 20 18 16 14 188 186| 184 182 180
Zl©C1s (e)O1s
s SRt C=0/0=C-N
=1
= -COOH (N Zr-0
. HI-0
0-C/0-H
294 291 288 285 282 408 404 400 396 392 537 534 531 28
Binding energy / eV

Fig. 1. (a) Hf 4f, (b) Zr 3d, (c) C 1s, (d) N 1s, and (e) O 1s core-level XPS spectra of CDs@ZrHf-MOF.

2. Experimental section

The parts of chemicals and regents, preparation of solutions, pre-
treatment of the bare Au electrode, cell culture, cytotoxicity in vitro,
cell imaging, characterizations, and electrochemical measurements are
supplied in the S1 (See the Supplementary Information). The prepara-
tion procedures of H-MOF, Zr-MOF, ZrHf-MOF, and CDs are supplied in
S1.2 and 1.3.

2.1. Preparation of CDs@ZrHf-MOF

The CDs solution (4 mL) was added into a mixed solution of HfCl,
(147 mg, 0.46 mmol) and ZrCl,; (107 mg, 0.46 mmol). After homo-
geneous mixing, 2-aminoterephthalic acid (84 mg, 0.46 mmol), formic
acid (1.5mL), and dimethylformamide (38.5mL) were added to the
above suspension. Then, the mixture was moved into an autoclave
vessel and heated at 120 °C for 48 h. Subsequently, the product was
filtered and washed with an excess of DMF and ethanol.

2.2. Fabrication of the electrochemical aptasensors

In the present work, four kinds of aptasensors based on Hf-MOF, Zr-
MOF, ZrHf-MOF, and CDs@ZrHf-MOF were developed. Taking the
CDs@ZrHf-MOF-based aptasensor as an example, 1.0 mg CDs@ZrHf-
MOF powder was dispersed in 1.0 mL of Milli-Q water, followed by
ultrasonically agitating for 30 min to form a homogeneous suspension.
Afterward, 5.0 pL of aqueous CDs@ZrHf-MOF suspension (1.0 mg mL™)
was dropped onto the pre-treated Au electrode (AE) surface, followed
by being dried with ultrapure N,. Subsequently, CDs@ZrHf-MOF/AE
was incubated with the HER2 aptamer solution to anchor the aptamer
strands (denoted as Apt/CDs@ZrHf-MOF/AE). As such, the developed
Apt/CDs@ZrHf-MOF/AE aptasensor was obtained and used for further
electrochemical measurements. For comparison, aptasensors based on
Hf-MOF, Zr-MOF, and ZrHf-MOF were similarly developed. All apta-
sensors were stored at 4 °C in a refrigerator when not in use.

3. Results and discussion

3.1. Working mechanism of the CDs@ZrHf-MOF-based aptasensor toward
HER2 and MCF-7 cells

Because the HER2 aptamer strand, 5’-GGG CCG TCG AAC ACG AGC
ATG GTG CGT GGA CCT AGG ATG ACC TGA GTA CTG TCC-3’ (Niazi
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et al., 2015), is composed of 54 mer bases, it is hard to stably adsorb
over the MOF surface, further leading to release of the formed G-
quadruplex coordination. Thus, it is crucial to optimize the sensitive
layer for biosensors to immobilize the aptamer strand and stabilize the
formed G-quadruplex. Given the strong bioaffinity and intrinsic por-
osity of CDs@ZrHf-MOF (Wang et al., 2015), it may serve as a good
scaffold for immobilizing HER2 aptamer strands, followed by the re-
cognition toward HER2 via forming G-quadruplex between aptamer
strands and HER2 (Tabasi et al., 2017). Furthermore, living MCF-7 cells
can release the HER2 marker, and a clear electrochemical signal can
also be obtained when the CDs@ZrHf-MOF-based aptasensor is in
contact with MCF-7 cells. Electrochemical techniques were applied to
estimate each step during the detection procedure of HER2 and living
MCF-7 cells by aptasensor based on CDs@ZrHf-MOF.

3.2. Basic characterizations of CDs, MOFs, and CDs@ZrHf-MOF

The as-synthesized CDs were characterized via TEM, UV-vis ab-
sorption spectroscopy, fluorescent spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS) (Figs. S1 and S2). All results hint the successful
preparation of CDs (See S2 in the Supplementary Information).

Surface morphologies of Zr-MOF, Hf-MOF, ZrHf-MOF, and CDs@
ZrHf-MOF were investigated by TEM (See S3 in the Supplementary
Information). The HR-TEM image of CDs@ZrHf-MOF illustrates a lat-
tice of 0.213 nm, which is corresponded to the (100) diffraction plane of
sp> graphitic carbon, implying the presence of CDs. The chemical
structure and component were revealed by Fourier transform infrared
(FT-IR) and XPS spectra, whereas the crystal nanostructure was eval-
uated by XRD pattern (See S4 in the Supplementary Information). The
high-resolution XPS of each element of CDs@ZrHf-MOF and ZrHf-MOF
indicates the similar results of Hf 4f, Zr 3d, C 1s, and O 1s (Fig. 1 and
58). Two peaks of Zr 3d3,, and Zr 3ds,, are found for the two samples,
along with Hf 4f5,, and Hf 4f,,,, hinting the coexistence of Zr and Hf
elements. Also, the Hf-O and Zr-O groups are found in the high-re-
solution O 1s spectrum. Compared with the ZrHf-MOF, an additional
peak at 401 eV is deconvoluted for the high-resolution N 1s XPS spec-
trum of CDs@ZrHf-MOF, which is corresponded to the —N* — group
formed by protonation of —NH,. This feature would facilitate the ap-
tamer strand immobilization via the electrostatic interactions between
the —N™ — groups and the phosphates of aptamer strands (Zhang et al.,
2015).
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3.3. Electrochemical performances of MOFs and CDs@ZrHf-MOF

EIS technique is effective and convenient to investigate the variation
for each step during the fabrication of electrochemical biosensor (Guo
et al.,, 2017). The correlation parameters for EIS Nyquist plots were
obtained by using the Randles equivalent circuit to calculate the ex-
perimental data. As shown in Fig. 2a inset, a modified Randles
equivalent circuit is composed of a resistance of the electrolyte solution

11

6 9 12
Cycle numbers

T

15

(Ry), Warburg diffusion impedance (W,) (Bagheri et al., 2016), double-
layer capacitance (Feng et al., 2010) (CPE), and the electron-transfer
resistance (R.). Notably, R, is important to control the electron transfer
kinetics of the redox probe at the electrode interface. The CDs@ZrHf-
MOF was explored as the sensitive layer for the aptamer immobilization
to detect HER2 (Fig. 2a). The bare AE shows a small semicircle at the
high frequency with a small R, value, 0.092 kohm, suggesting a fast
electron-transfer process (Guo et al., 2017). When the AE was modified
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by CDs@ZrHf-MOF (denoted as CDs@ZrHf-MOF/AE), the R, value
would increase to 0.159 kohm, indicating a slower electron-transfer.
However, in comparison with other monometallic or bimetallic MOFs
[e.g. Zr-MOF R, = 1.23 kohm (Guo et al., 2017), AI-MOF R, = 1.80
kohm (Liu et al., 2017a), Ce/Cu-MOF R, = 0.53 kohm (Wang et al.,
2019), CuFe PBA R, = 0.28 kohm (Zhou et al., 2018)], the R, value of
the CDs@ZrHf-MOF-modified electrode is much smaller, hinting the
relative higher electrochemical activity due to the incorporation of CDs.
When the aptamer strands are immobilized on the surface of CDs@
ZrHf-MOF/AE, the R, value slightly increases to 0.261 kohm. In the
water solution, the phosphate groups in aptamer strands would ionized
into abundant negative charges, which can inhibit the electron transfer
at the electrode surface owing to the strong electrostatic repulsion with
[Fe(CN)e1® ™74 redox couple (Wang et al., 2018a). As such, it results in
a large R, for the EIS response. When the CDs@ZrHf-MOF-based ap-
tasensor was used to detect HER2, the interactions between aptamer
strands and HER2 would lead to the formation of aptamer/HER2
complex via opening the hairpin of the long HER2 aptamer (Tabasi
et al., 2017), further leading to the increase of R, value (0.480 kohm).
Simultaneously, CV and DPV measurements were also taken to in-
vestigate the fabrication procedure of the CDs@ZrHf-MOF-based apta-
sensor (Fig. S10), in which similar results are observed (See S6 in the
Supplementary Information).

For comparison, Hf-MOF, Zr-MOF, and ZrHf-MOF were also applied
respectively for the construction of aptasensors (Fig. S11). Similar
trends were obtained, including the modification with different MOFs,
the aptamer immobilization, and the HER2 detection. In order to
minimize the variability among these aptasensors, the relative variation
in R, (AR./R.) was used to evaluate their sensing performances
(Golabi et al., 2017). The AR./R.; value was calculated as follows:

R.,:i1—R..:
ARC[/RC[ — ( ct,i+1 ct,z)
Rct,i

where R.;+1 and R.; are the electron transfer resistance before and
after incubation with aptamer or HER2 (Bellagambi et al., 2017). The
(Reti+1 — Rerid)/Rei values for different aptasensors based on Hf-MOF,
Zr-MOF, ZrHf-MOF, and CDs@ZrHf-MOF for detecting HER2 are illu-
strated in Fig. 2b. Although the Zr-MOF-based aptasensor exhibits a
slightly higher aptamer immobilization ability (AR./R.; = 0.252) than
that of Hf-MOF (AR./R.; = 0.202), the HER2 detection efficiency of Zr-
MOF (AR./R. = 0.181) seems more inferior. Since phosphoric groups
in aptamer strands can be covalently bound with Zr(IV) centers of Zr-
MOF by forming Zr-O-P bonds (Chen et al., 2016), the resulting con-
formation changes for aptamer strands become much difficult in the
presence of this type of chemical bonds. It further results in the diffi-
culty for HER2 to specifically bind with the aptamer strands, leading to
the relatively lower detection sensitivity. Moreover, in comparison with
Zr-MOF, Hf-MOF is more stable in aqueous solution since the bond
dissociation energy of Hf-O (802kJ mol~?) is greater than that of Zr-O
(776 kJ mol™1) (SK et al., 2018), thus enhancing stability of the formed
aptamer/HER2 complex. With respect to the bimetallic ZrHf-MOF, it
displays a superior immobilization performance for aptamer strands but
not a remarkable detection sensitivity for HER2. In case of the CDs@
ZrHf-MOF-based aptasensor, the obvious improvements of both ap-
tamer immobilization and HER2 detection is obtained. As aforemen-
tioned, the CDs was doped by the amino groups, thus enhancing the
binding force of aptamers and improving the detection capability for
HER2. Additionally, the existence of CDs can decline the crystallinity
degree of ZrHf-MOF, as deduced by the XRD results. The increase of
amorphous phase in the framework also can facilitate the biomolecule
adsorption (Orellana-Tavra et al., 2015). In addition, the supramole-
cular interactions between MOFs and negatively charged nucleic acid
sequences, including ni-it stacking, hydrogen bonding and electrostatic
force, can strengthen the anchor of aptamer strands (Su et al., 2017;
Zhang et al., 2017a). Considering these comprehensive effect, including
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the interactions between aptamer strands and CDs@ZrHf-MOF (supra-
molecular interactions, Zr-O-P bonds, and electrostatic interactions
between CDs and aptamers) and good electrochemical activity of CDs,
the CDs@ZrHf-MOF-based biosensor shows the superior sensing per-
formance to other ones. Thus, the CDs@ZrHf-MOF-based aptasensor
was selected for the further sensitivity, selectivity, stability, reprodu-
cibility, and applicability measurements.

To obtain the optimal conditions for HER2 detection using the
CDs@ZrHf-MOF-based aptasensor, the effect of binding time of HER2
and concentration for CDs@ZrHf-MOF suspension and aptamer solu-
tion, on the sensing performance was explored (See S7 in the
Supplementary Information for details). The results reveal that the
optimal conditions of the developed aptasensor are 5.0 mgmL~"' for
CDs@ZrHf-MOF, 100 nM for aptamer solution, and 30 min for binding
time of HER.

3.4. Detection limit of CDs@ZrHf-MOF-based aptasensor toward HER2

To evaluate the LOD of CDs@ZrHf-MOF-based aptasensor towards
HER2, EIS measurements were carried out with different concentrations
(0.1pgmL~%, 1pgmL~?, 0.01ngmL™!, 0.1ngmL™}, 1ngmL™?, 5 and
10ng mL™ %) of HER2 in PBS (pH = 7.4) containing 5 mM K3[Fe(CN)gl/
K4[Fe(CN)e] (1:1) (Fig. 2¢). It can be found that the R, values increase with
increasing the HER2 concentration within the range of 0.1 pgmL~! ~
5ngmL~ 1. When the HER2 concentration is upto10ngmL™ 1 the R, value
reaches to a level off, indicating the achievement of equilibrium for the
binding of aptamer and HER2. A good linearity can be calculated between
the AR, value (Ry, priz — Ret material) and the logarithm of HER2 con-
centration within a range of 0.1 pgmL ™! ~ 10ngmL ™! (Fig. 2d), giving a
regression equation AR, (kohm) = 1.303 + 0.99710gCro (ng mL ™) with
a correlation coefficient (R%) of 0.997, where Cyyro is the concentration of
HER2. The LOD of HER2 is calculated to be 30 fgmL ™!, of which LOD
= 3o/slope, where o is the standard deviation of the blank measurement
(Zhang et al., 2017b). Similarly, DPV was also used to evaluate the LOD of
CDs@ZrHf-MOF-based aptasensor toward HER2 to reveal its performance
(Figs. Sl4a and 14b), in which the regression equation of AI (pA)
= 22.071 + 4.523 logCuprz (ngmL™") (R? = 0.993) was obtained,
showing a LOD of 19 fgmL ™. Therefore, the consistent results of various
electrochemical techniques confirm the sensing stability of the developed
CDs@ZrHf-MOF-based aptasensor. All measurements were repeated for five
times with relative standard deviations (RSD) less than 5%. Compared with
other reported aptasensors for HER2 detection (Table 1), the CDs@ZrHf-
MOF-based aptasensor shows excellent analytical performance with wider
linear range and lower LOD. The excellent sensing performances of CDs@
ZrHf-MOF-based aptasensor is mainly attributed to the following factors: (i)
the phosphoric groups in aptamer strands are easily conjugated to the CDs@
ZrHf-MOF via the strong Zr—O —P bonds (Chen et al., 2016); (ii) the high
stability of the bimetallic MOF in aqueous solution can facilitate to enhance
the stability of aptamer/HER2 complex (SK et al., 2018); (iii) the addition of
amino-functionalized CDs can not only enhance the binding ability of ap-
tamer strands but also boost the electrochemical activity of electrode (Wang
et al., 2015).

3.5. Selectivity, stability, reproducibility and regenerability of CDs@ZrHf-
MOF-based aptasensor toward HER2

The selectivity of the fabricated aptasensor was also investigated, in
which HER2 was replaced by the possibly coexisting interfering proteins,
such as vascular endothelial growth factor (VEGF), epidermal growth factor
receptor (EGFR), prostate specific antigen (PSA), mouse immunoglobulin G
(IgG), protein tyrosine kinase-7 (PTK7), carcino embryonic antigen (CEA),
mucins 1 (MUC1) and their mixed solution at the same concentration of
0.01ng mL~! (100-fold concentration of HER2). It shows that the EIS re-
sponse signal of interferences proteins is neglectable, while significant AR,
responses are observed for the detection of HER2 and the mixed solution
containing HER2 (Fig. 2e). This suggests the high selectivity of the
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Table 1

Comparison of the proposed approach with other biosensors for HER2 detection.
Materials Technique Linear range (ngmL ™) LOD References
gold nanoparticle-based rolling circle amplification Square wave voltammetry (SWV) 0.001-0.2 80 fgmL ™! (Shen et al., 2018)
Ferrocene-labeled DNA/Au nanosphere DPV 10-150 49ngmL~! (Yang et al., 2018)
CuO nanoparticles ELISA 0.025-5 0.956 pgmL ™! (Tian et al., 2017)
Polycytosine DNA SWV 0.001-1 0.5pg mL~?! (Li et al., 2018b)
Aptamer-based interdigitated electrode EIS 0.1-10* 0.1ngmL~* (Arya et al., 2018)
Gold nanostructured screen-printed graphite SPR 0-0.04 6.0pgmL~! (Ravalli et al., 2015)
AntiHER2/APTMS-Fe30,4 DPV 0.0005-50 0.02pgmL~ 1 (Shamsipur et al., 2018)
CDs@ZrHf-MOF EIS 0.0001-10 30 fgmL™ 1 This work

DPV 0.0001-10 19fg mL~!

fabricated aptasensor for HER2 detection, which can be principally attrib-
uted to the specific binding between the targeting HER2 and aptamer
(Qureshi et al., 2015).

In order to estimate the reproducibility of the aptasensor, the EIS re-
sponses of five aptasensors at a HER2 concentration of 0.1 pgmL ™" were
measured independently (Fig. 2f). The RSD of 3.4% reveals a satisfactory
reproducibility. Additionally, the long-term stability of the aptasensor is
important in practical application. As shown in Fig. 2g, no obvious signal
change is observed after 15 days, of which the signal remains ca. 108.5% of
the original signal, also revealing the good stability of CDs@ZrHf-MOF-
based aptasensor. The regenerability of the aptasensor was evaluated by
immersing the HER2-bound electrode into 1.0 M NaOH at 4 °C for 10 min,
which was washed with ultrapure water, and then used to detect HER2
again (0.1 pgmL~1). Fig. 2h shows the R, values of the aptasensor during
fifteen regeneration runs, where only a slight decrease for R, value is found,
indicating that the aptasensor can be facilely regenerated. Consequently, the
CDs@ZrHf-MOF-based aptasensor not only shows extremely low LOD for
detecting HER2, but also illustrates high selectivity, good stability, excellent
reproducibility, and well regenerability.

3.6. Application to human serum samples

To validate the potential applications of the developed aptasensor,
the experiments were carried out by spiking HER2 of different con-
centrations (0.0001, 0.001, 0.01, 0.1, 1 and 5 ng mL ™) into the human
serum samples, which were detected directly without any pretreat-
ments except for dilution with PBS (0.01 M). The results of HER2 de-
termination in the human serum samples using the as-prepared apta-
sensor are summarized in Table S2. It is clear that the recoveries of
serum samples are from 95.7% up to 108.3%, with a RSD lower than
3.7%. It hints that the CDs@ZrHf-MOF-based aptasensor can be used for
HER2 detection in a complicated sample with the satisfied results.

3.7. Sensing performance of CDs@ZrHf-MOF-based aptasensor toward
living MCF-7 cells

Based on the excellent biocompatibility of the as-prepared CDs@
ZrHf-MOF and cell images (See S5 in the Supplementary Information),
the fabricated aptasensor was also used for detecting the living MCF-7
cells by EIS (Fig. 3a). Obviously, the R, value was increased

(a) (b) Fig. 3. (a) EIS Nyquist plots and (b) CV

0.8 s Au electrode curves of CDs@ZrHf-MOF modified
o CDs@ZrHf-MOF/AE 100 Au electrode AEs for detection of MCF-7 cells in
Apt/CDs@ZrHf-MOF/AE CDs@ZrHf-MOF/AE 0.1 M PBS (pH 7.4) containing 5.0 mM
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dramatically from 0.457 to 1.019 kohm when Apt/CDs@ZrHf-MOF/AE
was used to detect living MCF-7 cells. It demonstrates that specific
binding occurs between aptamer strands and the MCF-7 cells surfaces
(Yan et al., 2019). Simultaneously, the CV results also show a good
consistence with those of EIS (Fig. 3b). To assess the LOD of the fab-
ricated aptasensors, MCF-7 cells with different concentrations (1 X 102,
5% 10%1 x 1035 x 10% 1 x 10%, 5 x 10%, and 1 x 10° cells mL™")
were prepared for subsequent measurements. The R, values are in-
creased with increasing the concentration of MCF-7 cells (Fig. 3c),
giving a regression equation of AR, (kohm) = —2.755 + 1.658 10gC,.py
(cellmL™Y) (R? = 0.993) and a LOD as low as 23 cellsmL™!. As illu-
strated in Table S3, the sensing performance toward living MCF-7 cells
of the aptasensor based on CDs@ZrHf-MOF outperforms those with
other nanomaterials. This result is mainly originated from its excellent
biocompatibility, high stability in aqueous solution, strong bioaffinity
toward aptamer strands, and well intracellular endocytosis.

The selectivity of electrochemical biosensor was investigated by
different interfering cells, such as L929 cells, and C6 cells. It demon-
strates that L929 and C6 cells only show a relatively smaller R, value
change (Fig. S15a), while EIS response of the MCF-7 cells exhibits
substantial change. Additionally, to assess the reproducibility of bio-
sensor, five electrodes were prepared for detecting the MCF-7 cells,
giving a RSD of 4.6% (Fig. S15b). All these results demonstrate that the
CDs@ZrHf-MOF-based aptasensor is highly selective with outstanding
stability for the direct detection of the MCF-7 cells, hence showing a
considerable potential for clinical applications.

4. Conclusion

In summary, a novel nanocomposite CDs@ZrHf-MOF was designed
and synthesized by embedding the amino-functionalized CDs into bi-
metallic ZrHf-MOF, leading to good electrochemical activity, excellent
biocompatibility and defective nanostructure. The strong binding of
aptamer strands endows the CDs@ZrHf-MOF-based aptasensor with
high detecting sensitivity toward HER2 and MCF-7 cells. Notably, the
synergistic effect of CDs, Zr-MOF, and Hf-MOF can not only facilitate
the enhancement of electrochemical activity but also improve the sta-
bility of the formed G-quadruplex between the aptamer strands and
HER2. As such, the CDs@ZrHf-MOF-based aptasensor shows an ex-
tremely LOD of 19 fgmL ™! and 23 cell mL ™' toward HER2 and MCF-7
cells, respectively, along with good selectivity, stability, reproduci-
bility, and acceptable applicability. Though the validation of this ap-
tasensor can be revealed using human serum samples, its application
needs to be further evaluated in future using the real time clinical
specimens.
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