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Abstract

A novel heterogeneous architecture has been constructed integrating two-dimensional (2D) bimetallic CoCu—zeolite imidazole
framework (CoCu-ZIF) and zero-dimensional (0D) Tiz;C,Ty MXene-derived carbon dots (CDs) (represented by CoCu-
ZIF@CDs). The prepared CoCu-ZIF @ CDs were further explored as sensitive layer for anchoring B16-F10 cell-targeted aptamer
strands and detecting B16-F10 cells from the biological environment. Basic characterization showed that CDs were homoge-
neously embedded within CoCu-ZIF NSs owing to their 7t-7t stacking interaction, leading to outstanding fluorescence perfor-
mance of the 0D/2D CoCu-ZIF@CD nanohybrid. As such, the CoCu-ZIF @CD-based cytosensor was applied to detect living
B16-F10 cells through electrochemical techniques and cell imaging. Compared with CoCu-ZIF- and CD-based cytosensors, the
constructed CoCu-ZIF @ CD-based one showed superior sensing performance, with an extremely low limit of detection (LOD) of
33 cellsmL ™" and a wide range of suspension concentration of 1x 10°~1 x 10> cellsmL ™" B16-F10 cells. The developed
cytosensor also demonstrated excellent detection performance, including cell imaging properties, good selectivity, high stability,
and good reproducibility. By anchoring other probe molecules, the constructed CoCu-ZIF @ CD-based biosensor can be exten-
sively explored for early diagnosis of other analytes, thereby widening the applications of porous organic frameworks in
biosensing and biomedical fields.

Keywords Bimetallic metal-organic frameworks - Ti3C, Ty MXene - Carbon dots - Electrochemical cytosensor - Detection of
living cancer cells - Early diagnosis of B16-F10 cells

Introduction of cancer is of great importance to treatment of cancer patients

[1]. Aberrantly expressed tumor markers, namely, special
Cancer has become one of the most widespread diseases, and ~ RNA/DNA or living cancer cells, in biological samples are
early diagnosis of cancer is a key to decreasing death rate and  the main analytes for cancer diagnosis, and analysis of living
improving survival rate. In this regard, developing credible,  cancer cells is the most direct method for cancer determination
sensitive, rapid, and effective approaches for early diagnosis  [2]. However, traditional techniques, such as X-ray, computed
tomography (CT), transrectal ultrasonography, positron emis-
sion tomography (PET), magnetic resonance imaging (MRI),
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colorimetric assay, electrochemical assay, fluorescence
methods, and immunohistochemical assays [8]. Among them,
owing to simple operation, high selectivity, and fast response,
electrochemical sensing is regarded as an ideal tool for cancer
diagnosis and is applied to analyze diverse biomarkers and
living cancer cells [9—-11].

Aptamers are popular for biosensors due to their tempera-
ture stability, pH resistance, and simple production [12].
Combining the advantages of aptasensors with those of elec-
trochemical techniques, electrochemical biosensors have
aroused increasing attention due to their high sensitivity and
superior specificity for detecting various biomarkers or living
tumor cells [13, 14]. The signal transducer of electrochemical
sensors is usually based on chemical modification of an elec-
trode; thereby, nanomaterial plays a crucial role in enhancing
sensitivity and selectivity toward specific target compounds
[15]. Diverse nanomaterials, including conducting polymers,
carbon-related nanomaterials, electrochemically active sub-
stances, quantum dots (QDs), and porous organic frameworks
[16], have been employed to construct electrochemical bio-
sensors. A program with reliable, accurate, and intuitive de-
tection, such as combining electrochemical detection with cell
imaging, has high feasibility for investigation of living tumor
cells.

Metal-organic frameworks (MOFs), which are composed
of'metal ions linked by organic bridging ligands with ultrahigh
porosity and large internal surface area, have been widely used
in different fields, such as gas storage, adsorption, contami-
nant sorption, separation, catalysis, drug delivery, cancer ther-
apy, and chemo/biosensing [17]. MOFs contain organic
linkers and thus can strongly adsorb abundant negatively
charged aptamer strands via possible 7t-7t stacking, hydrogen
bond, and electrostatic interactions. Furthermore, MOF-based
derivatives or MOF-based composites have been developed as
a promising platform for anchoring probe molecules for con-
structing different types of biosensors [18]. For instance, a
series of bimetallic MOFs or MOF-derivatives have been uti-
lized as bifunctional electrochemical aptasensors for simulta-
neous detection of biomarkers and overexpressed tumor cells.
Bimetallic TbFe-MOFs have been designed by MOF-on-
MOF strategy and utilized as a platform for anchoring carbo-
hydrate antigen 125 (CA125) aptamer to detect CA125 and
living Michigan cancer foundation-7 (MCF-7) cells; the sen-
sor showed low LOD of 58 pU-mL ™" and 19 cellsmL " to-
ward CA125 and MCF-7 cells, respectively [14]. ZtHf-MOF
has been applied as a sensitive layer for constructing electro-
chemical biosensors to detect human epidermal growth factor
receptor-2 (HER2) and living HER2-overexpressed MCF-7
cells [13]. Nevertheless, most MOFs have poor electrical con-
ductivity, hindering their applications in the biosensing field.
Thus, different approaches have been explored to enhance the
electrochemical activity of MOFs; such approaches include
combination with other nanomaterials that have high
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electrochemically activity [11, 19], addition of other electro-
chemical indicators [20], or calcination of MOFs at high tem-
peratures [20, 21]. However, the fussy preparation procedures
or high energy consumption hinders the application of MOF-
based sensors in practical diagnosis. Thus, pristine MOFs that
could be directly used as platforms for electrochemical bio-
sensors should be prepared.

At present, 2D MOF nanosheets (NSs), which combine the
advantages of ultrathin 2D nanomaterials with MOFs, are
emerging as promising candidate materials for electrochemi-
cal biosensors due to their mechanical flexibility, optical trans-
parency, electrocatalytic performance, and compelling elec-
trochemical properties [22]. Especially, 2D zeolitic
imidazolate frameworks (ZIFs) have attracted significant in-
terest. Owing to excellent thermal and chemical stability, large
surface area, low cost, and tailorable structures [23], ZIFs
show promising applications in biosensing fields. However,
most MOFs lack fluorescence performance, leading to diffi-
culty in detecting living cancer cells by using imaging.
Entrapping quantum dots into the MOF skeleton networks
can provide a potential approach to solve this problem [24].
Most reported quantum dots for MOF modification are noble
metal-based nanoclusters or inorganic nanomaterial-based
quantum dots, which have high cost or low biocompatibility.
Ti;C,T, MXenes have been widely applied in different fields
[25, 26] owing to their excellent properties such as good elec-
trical conductivity, hydrophilicity, large surface, and easy film
formation. Reducing the lateral sizes of MXene to several
nanometers produces photoluminescent MXene carbon dots
(CDs) that have large surface area, better solvent-free solubil-
ity, and easy hybridization/blending with other nanomaterials
to obtain tunable fluorescence and biocompatibility. CDs have
been considered an emerging active material in biosensing
[27], cell imaging, and cancer therapy [28].

Considering the individual features of 2D MOFs NSs and
CDs and the synergistic effect of 0D/2D heterojunction
nanostructures, scholars should develop composites of 2D
MOF NSs and 0D CDs. In this study, we aim to construct a
novel bifunctional platform for the detection of living can-
cer cells and cell imaging. B16-F10 melanoma cells were
used as model cells. DNA aptamer sgc-8 exhibited specific
binding and high affinity toward PTK7 receptor that was
overexpressed in B16-F10 melanoma cells [29]. For the first
time, we designed and synthesized a novel 0D/2D hetero-
geneous architecture of MXene-derived CDs embedded
with bimetallic CoCu-ZIF NSs (represented by CoCu-
ZIF@CDs). The obtained CoCu-ZIF@CDs
heteroarchitecture demonstrated superior electrochemical
properties, mixed metal valence states of coordinated cen-
ters, good fluorescent performance, and remarkable bio-
compatibility owing to efficient integration of 2D CoCu-
ZIF NSs and 0D CDs. The porous nanostructure composed
of nanosheets and embedded with large amounts of CDs
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endowed the constructed cytosensor with outstanding elec-
trochemical activity and strong fluorescence performance;
the porous nanostructure also provided exposed active sites,
which can impel the aptamer strands to strongly anchor
owing to 7t-7t stacking interaction, electrostactic force be-
tween nitrogen-related groups and aptamer strands, and Van
der Waal force [30]. The synergism among these factors
results in superior sensing performance for detection of liv-
ing cancer cells through electrochemical techniques and cell
imaging. As such, the fabricated CoCu-ZIF @ CD-based
cytosensor displayed an extremely low LOD of 33
cells'mL " within the wide range of the suspension concen-
tration of 1 x 10°~1 x 10° cellssmL"" B16-F10 cells and
good selectivity toward normal mouse cells L929. The pres-
ent work not only presents a potential application of MOF-
related complexes in sensing fields but also provides a
promising way for early diagnosis of cancer biomarkers.

Experimental section

The parts of chemicals and reagents, synthesis of the CoCu-
ZIF NSs and CDs, pretreatment of the bare Au electrode (AE),
preparation of all solutions, preparation of the suspensions of
living cells, and basic characterizations are provided in the S1
(see Supplementary information).

Sensor design

As illustrated in Scheme 1, the construction of cytosensors
based on CoCu-ZIF@CD nanohybrid includes four steps:
preparation of CoCu-ZIF@CD nanohybrid, modification of
AE with CoCu-ZIF@CD nanohybrid, aptamer immobiliza-
tion, and detection of B16-F10 cells. Once the CoCu-

ZIF @CD nanohybrid is prepared, its homogeneous suspen-
sion is deposited onto the AE surface. Owing to the nanoscale
size of the CoCu-ZIF @CD nanohybrid and the specific skel-
eton of the MOF framework [20], the contact and close adhe-
sion force between the nanohybrid and AE occur, resulting in
the stabilized nanohybrid layer over the electrode. The
aptamer, which is targeted with B16-F10 cancer cells with
the sequence of 5'-ATC TAA CTG CTG CGC CGC CGG
GAA AAT ACT GAT CGG TTA GA-3, 1s anchored onto the
CoCu-ZIF @CDs nanohybrid due to 7t-7t stacking interaction,
electrostatic interaction between positively charged nitrogen-
related groups and negatively charged phosphate groups of
aptamer strands, and Van der Waals force [31]. The immobi-
lization of a large amount of aptamer strands can efficiently
reduce non-specific adsorption between living cells and the
nanohybrid due to the porous network, large specific surface
area, and exposed anchoring sites. In the presence of B16-F10
cancer cells, the aptamer strands must change its conformation
to binding to the living cancer cells owing to the specific
recognition between them [32]. Furthermore, the porous and
intrinsic skeleton network of CoCu-ZIF produces sufficient
space for aptamer strands to adjust its conformation.
Modification of AE, immobilization of aptamer strands, and
detection of living cells alter the electrochemical performance
of the electrode. The excellent electrochemical activity of the
CoCu-ZIF@CD nanohybrid can effectively transduce slight
changes and ensure outstanding sensing performance.

Preparation of the CoCu-ZIF@CD nanohybrid

The preparation of CoCu-ZIF NSs was referred to the reported
literature with a slight modification [33, 34]. Furthermore, the
CDs were prepared according to the reference [35]; details are
supplied in the S1.2 section (see Supplementary information).

Scheme 1 Schematic diagram of
the CoCu-ZIF @CD-based
cytosensor for the detection of / “le o ermal
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For the synthesis of CoCu-ZIF@CDs, 0.55 g of Co (NOs),-
6H,0 and 0.55 g of Cu(NOs),'6H,0O were dissolved in 30 mL
of methanol to form solution I. A total of 1.32 g of 2-methyl
imidazole was dissolved in 30 mL of methanol to form solu-
tion II. Then, solution I was quickly added into solution II
followed by sonication for 15 min. The mixture was washed
with methanol and separated by centrifugation to obtain
CoCu-ZIF powder. Subsequently, the CoCu-ZIF powder
and the suspension of CDs (2 mg~mL71, 10 mL) were dis-
persed in methanol (30 mL) and mixed with another copy of
solution I. Afterward, the mixture was moved into a Teflon-
lined stainless-steel autoclave (100 mL) and heated at 120 °C
for 1 h. Finally, the resultant product was rinsed by methanol
several times and separated by centrifugation, followed by
drying at 60 °C overnight. As such, CoCu-ZIF@CDs were
obtained.

Fabrication of the electrochemical cytosensors

Here, the cytosensor based on CoCu-ZIF @CDs nanohybrid
was developed to detect the living B16-F10 cells. Firstly, the
CoCu-ZIF @CDs nanohybrid with different dosages (1, 2, 5,
10, and 20 mg) was separately dispersed in 10 mL Milli-Q
water and stayed by ultrasound for 30 min to form a homoge-
neous aqueous suspension with different concentrations of
0.1, 0.2, 0.5, 1.0, and 2.0 mg-mLfl. Then, 5.0 puL of the
CoCu-ZIF @CDs suspension was dropped onto the pretreated
AE surface (represented by CoCu-ZIF@CDs/AE), followed
by drying under nitrogen. Subsequently, the CoCu-
ZIF @CDs/AE was immersed in 0.1 M phosphate buffer (pH
7.4) to remove the weakly bonded nanomaterial. Afterward,
the CoCu-ZIF @CDs/AE was incubated in the sgc-8 aptamer
solution (denoted as Apt/CoCu-ZIF@CDs/AE) for 2 h,
followed by rinsing with phosphate buffer sufficiently to re-
move the excess aptamer strands and drying under nitrogen.
Then, the developed Apt/CoCu-ZIF@CDs/AE cytosensor
was obtained and stored at 4 °C in a refrigerator prior to the
detection of B16-F10 cells (denoted by B126-F10/Apt/CoCu-
ZIF@CDs/AE). For comparison, the suspensions of CoCu-
ZIF NSs and CDs were also prepared and used to construct
cytosensors. The CoCu-ZIF- and CDs-based cytosensors were
developed by a similar procedure. Accordingly, each step for
the construction of the CoCu-ZIF-based cytosensor was rep-
resented by CoCu-ZIF/AE, Apt/CoCu-ZIF/AE, and B126-
F10/Apt/CoCu-ZIF/AE, while these steps of the CD-based
cytosensor were denoted as CDs/AE, Apt/CDs/AE, and
B126-F10/Apt/CDs/AE, respectively.

Electrochemical measurements

The full description about the electrochemical measure-
ments was provided in the S1.7 section and Fig. SI.
The modified AE, Ag/AgCl (saturated KCI) electrode,
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and platinum wire were used as the working electrode,
reference electrode, and counter electrode, respectively.
Diverse electrochemical techniques such as electrochem-
ical impedance spectroscopy (EIS) and cyclic voltamm-
etry (CV) were performed to probe the cytosensor fab-
rication and detection of living cells in the mixture of
5.0 mM K;[Fe(CN)gl/K4[Fe(CN)g] (1:1) as a redox
probe dissolved in 0.1 M phosphate buffer. CV curves
were measured at potential ranging from —0.2 to 0.8 V
vs. Ag/AgCl at the scan rate of 100 mV s ', while the
EIS Nyquist plots were recorded within the frequency
range of 0.01 Hz-100 kHz with amplitude of 5 mV
under open circuit potential.

To obtain the superior sensing performance for the detec-
tion of B16-F10 cells, different measurement parameters were
optimized, including the dosages of the CoCu-ZIF@CD sus-
pension (0.1, 0.2, 0.5, 1.0, and 2.0 mg mLfl), the concentra-
tion of aptamer solution (10, 20, 50, 100, 200, and 500 nM),
and the binding time of the B16-F10 cells.

The LOD of the developed CoCu-ZIF @CD-based
cytosensor for detecting B16-F10 cells was investigated under
optimal measurement conditions. In this regard, the Apt/
CoCu-ZIF@CDs/AE was separately incubated with the
B16-F10 cells suspensions with different concentrations
(1x10% 5%10% 1x10% 5x10% 1x10* and 1 x 10° cells-
mL"). The calibration plot was obtained by plotting EIS
responses (charge-transfer resistance, R.) and logarithm
of the B16-F10 cell concentrations. The LOD of the de-
veloped cytosensor was calculated according to the crite-
rion of IUPAC recommendation. To determine the selec-
tivity of the developed cytosensor, the normal mice cells
(L929 cells) were applied as the interferent. The EIS re-
sponse (R.,) caused by detecting L929 cells was compared
with that of B16-F10 cells. Furthermore, other kinds of
cancer cells, such as MCF-7, 4T1, K7M2, and CT26 (1 x
10%), were also utilized as the targeted cells for evaluating
the selectivity of the developed cytosensor. Different can-
cer markers and protein, including prostate specific anti-
gen (PSA), epidermal growth factor receptor (EGFR), al-
pha fetoprotein (AFP), vascular endothelial growth factor
(VEGF), myoglobin (Mb), troponin (Tn), and immuno-
globulin G (IgG) (10 pgrmL™"), which could be coexisted
with PTK7, were also used for investigating the selectiv-
ity of the proposed cytosensor, as well as the detection of
PTK7 (0.1 pgrmL™").

The reproducibility of the CoCu-ZIF@CD-based
cytosensor was determined by measuring five independent
Apt/CoCu-ZIF@CDs/AEs toward B16-F10 cells with three
concentrations of 5 x 102, 1x10°, and 5% 10° cells mL ™"
and compared their electrochemical responses. The stability
of the constructed cytosensor was assessed by storing Apt/
CoCu-ZIF@CDs/AE in a refrigerator (4 °C) for 15 days and
continuously detecting B16-F10 each day by EIS technique.
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Results and discussion

Basic characterizations of the CoCu-ZIF@CDs
nanohybrid

Surface morphology and nanostructure were identified by
SEM and TEM images. As illustrated in Fig. S2a-b, the as-
prepared CoCu-ZIFs are composed of loose nanospheres,
which are assembled with large amounts of NSs. TEM image
(Fig. S2c¢) of the CoCu-ZIF shows the hollow vesicle structure
comprising ultrathin NSs. The unique structure improves the
specific surface area of CoCu-ZIF NSs, thereby promoting
electron transfer and enhancing the electrochemical activity
of CoCu-ZIF NSs [36]. The high-resolution HR-TEM (HR-
TEM) image of CoCu-ZIF NSs (Fig. S2e) shows no clear
lattice fringe, suggesting its low crystallinity. The TEM and
HR-TEM images of CDs are illustrated in Fig. S3. CDs show
clear nanodots with size of 2—5 nm. The lattice fringes with
interlayer distances of 0.23 and 0.26 nm are observed in the
HR-TEM image (Fig. S3c¢), corresponding to the (103) and
(110) planes of TizC,T, [37]. The interlayer distance of
0.29 nm is assigned with graphite [38]. This finding suggests
that CDs derived from Ti;C, Ty exhibit the features of MXene
and carbon quantum dots. As demonstrated in Fig. 1a and b,
the SEM images of the synthesized CoCu-ZIF @CDs
nanohybrid show a globular and worm-like structure. Owing
to the existence of CDs, the regularly hollow vesicle of CoCu-
ZIF NSs is replaced by the disordered accumulated nano-
sheets. This finding is further confirmed by the TEM images
(Fig. 1c and d), where large amounts of nanodots are embed-
ded within the nanosheets. The clear lattice fringes of 0.23,
0.26, and 0.29 nm are observed in the HR-TEM image of
CoCu-ZIF @CDs nanohybrid, which originate from CDs.
This result confirms the successful combination of CoCu-
ZIF NSs and CDs. As shown in Fig. 1f, the corresponding
elemental mapping analysis demonstrates the uniform distri-
bution of Co, Cu, C, and N throughout the CoCu-ZIF@CD
nanohybrid.

The crystalline and chemical structures of CoCu-ZIF NSs,
CDs, and CoCu-ZIF @CDs nanohybrid were characterized by
X-ray diffraction (XRD) spectroscopy, Fourier transform in-
frared spectroscopy (FT-IR), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) analyses. As shown in Fig.
S4a, four distinctive diffraction peaks located at 9.9°, 19.7°,
33.8°, and 60.1° in CoCu-ZIF NSs (curve i) are assigned with
the diffraction peaks of ZIF and consistent with literature [36].
After doping with large amounts of CDs, the peaks ascribed to
CoCu-ZIF NSs disappear. The 20 peaks at 16.2°, 32.09°, and
39.3° are observed in CoCu-ZIF @CDs nanohybrid (curve i7)
corresponding to (104) of Ti3AlC, [39]. Moreover, the FT-IR
spectrum of CoCu-ZIF NSs (curve i) (Fig. S4b) shows the
peak at 3454 cm_l, which is attributed to —OH stretching
vibration, and the peak at 2925 cmﬁl, which is related to C—

H vibration from the alkyl chain. The peaks at 1630 and
1365 cm ™" are attributed to C=0 and in-plane rocking of O-
H, respectively. Meanwhile, the peak at 1045 cm ™' is assigned
to the C-O stretching vibration [40]. The FT-IR spectrum of
the CoCu-ZIF @CDs nanohybrid (curve ii) (Fig. S4b) indi-
cates new peaks at 1136 and 870 cm ', which are ascribed
to C-O/C-N and aromatic (C—H), respectively. The peak lo-
cated at 636 cm ! is due to Ti-O bending [27].

The Raman spectra of CoCu-ZIF NSs and CoCu-
ZIF @CDs nanohybrid are displayed in Fig. S4c. The CoCu-
ZIF NSs (curve /) show bands centered at ~462 and 518 cm ',
which are related to the vibrational modes of £, and F 2g2 of
metal-O vibrations in CoCu-ZIF NSs; the weak band at
1056 cm ™! is ascribed to the deformation mode of hydroxyl
[25, 41]. The CoCu-ZIF @CDs nanohybrid exhibits the simi-
lar bands with CoCu-ZIF NSs. Moreover, the photo-induced
luminescent spectrum of CDs is obtained using a fluorescence
spectrophotometer at room temperature (Fig. S4d). A narrow
and strong emission band centered at 640 nm and a small peak
at 743 nm with an excitation wavelength of 428 nm. The PL
emission spectrum of CoCu-ZIF @ CD nanohybrid shows sim-
ilar characteristics of CDs (Fig. S4e). These results manifest
that the fluorescent CoCu-ZIF@CD nanohybrid can be
employed for cell imaging.

The chemical structure and components of CoCu-
ZIF @CDs nanohybrid are determined by XPS characteriza-
tion. As displayed in Fig. 1g, the Cu 2p;,, peak can be split
into four parts, in which the binding energy (BE) levels at
934.6 and 935.7 eV are attributed to Cu* and Cu**, along with
their satellite peaks at BE 0f 940.6 and 943.5 eV, respectively.
The Co 2p3,, XPS peak (Fig. 1h) is deconvoluted into four
components at BE levels of 781, 783, 786.4, and 789.3 eV,
which are assigned to Co>*, Co®*, and their corresponding
satellite peaks, respectively. The mixed metal valence states
of Cu*/Cu® and Co**/Co’" exist in the CoCu-ZIF@CDs
nanohybrid. These mixed metal valences of Co and Cu can
greatly enhance the electron transfer in aqueous solution and
amplify the sensing signal [42]. The C 1s XPS spectrum in
Fig. li indicates four main components including C—C, C-O,
C=0, and COO groups, which originate from the ligand linker
of CoCu-ZIF NSs and CDs. XPS characterization of CoCu-
ZIF NSs is also probed (Fig. S5). Similar deconvoluted peaks
of Cu 2p and Co 2p are observed for CoCu-ZIF NSs, but no
C=0 peak appears in the C 1s XPS spectrum. Furthermore,
the high-resolution C 1s XPS spectrum of CDs is fitted, show-
ing the peaks at the BE levels of 284, 284.6, 286, 288.3, and
291 eV, which are attributed to C=C, C-C, C-O, COO, and
7-10 species (Fig. S6). Compared with CoCu-ZIF and CoCu-
ZIF@CDs, the C=C group is dominant in the C 1s XPS peak
of CDs, which is due to the conjugated nanostructure of CDs
and -7t binding. Moreover, no clear Ti 2p signal of CDs is
observed, suggesting the formation of pure carbon dots. The
XPS results reveal that the CoCu-ZIF@CD nanohybrid
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Fig. 1 (a, b) Low- and high-magnification SEM and (¢, d, ¢) TEM and
HR-TEM images of CoCu-ZIF@CDs nanohybrid. (f) Elemental map-
ping of homogenously distributed Co (blue), Cu (green), C (red), and N

contains mixed metal valence states and multiple functional
groups, which can facilitate the electrochemical activity and
binding affinity toward aptamers.

Cell imaging of the CoCu-ZIF@CDs nanohybrid

The biocompatibility or cytotoxicity of the CoCu-ZIF@CDs
nanohybrid was investigated (see S3 and Fig. S7 in the
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(brown) containing in CoCu-ZIF @CDs nanohybrid. High-resolution

XPS spectra of (g) Cu 2p, (h) Co 2p, and (i) C s of CoCu-ZIF@CDs
nanohybrid

Supplementary Material). The cellular uptake behavior of
the CoCu-ZIF@CDs nanohybrid against normal L929 cell
line and cancerous B16-F10 cell line was examined by con-
focal laser scanning microscopy (CLSM). As shown in Fig. 2,
weak green fluorescence signals were observed both in L.929
cells and B16-F10 cells. Compared with the blue fluorescence
of Hoechst 33342 stained in the nuclei, the green fluorescence
of the CoCu-ZIF @CDs nanohybrid is mainly located in the
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Bright field Hoechst 33342

Fig. 2 Cellular uptake behaviors of CoCu-ZIF@CDs nanohybrid
incubated with (a) 1929 cells and (b) B16-F10 cells for 1 h. Nucleus-
staining Hoechst 33342 showed blue fluorescence, and CoCu-ZIF @CDs

cytoplasm. The results indicate that a small amount of the
CoCu-ZIF @CDs nanohybrid can be absorbed on the surface
of B16-F10 cells and 1929 cells through non-specific interac-
tion. After immobilizing with the DNA aptamer sgc-8, the
cellular uptake behavior of Cy3-Apt/CoCu-ZIF@CDs incu-
bated with the suspensions of 1.929 and B16-F10 cells was
further investigated by CLSM (Fig. 3). Cy3-Apt/CoCu-

Bright field Hoechst 33342

Ll I .
| A ..
\
..

Material Merge

showed green fluorescence. Colocalization staining in merged picture
showed the intracellular distribution of CoCu-ZIF@CDs in L929 and
B16-F10 cells

ZIF@CDs display strong yellow and green fluorescence in-
tensity against B16-F10 cells, while weak yellow and green
fluorescence signals were observed in L929 cells. The results
indicate that Cy3-Apt/CoCu-ZIF@CDs can be accumulated
within the cytoplasm by endocytosis after the specific recog-
nition between the aptamer and receptor of cancer cells. The
specific cell uptake results of Cy3-Apt/CoCu-ZIF@CDs

Material Merge

| ...
| ...

Fig. 3 Cellular uptake behaviors of Apt/CoCu-ZIF@CDs nanohybrid
incubated with (a) 1929 cells and (b) B16-F10 cells for 1 h. Nucleus-
staining Hoechst 33342 showed blue fluorescence, and Cy3-Apt/CoCu-
ZIF@CDs showed yellow fluorescence from Cy3 and green

fluorescence from CDs. Colocalization staining in merged picture
showed the intracellular distribution of Cy3-Apt/CoCu-ZIF@CDs in
L1929 and B16-F10 cells
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against L.929 cells and B16-F10 cells reveal that it can be
applied as a cytosensor to sensing living cancer cells.

Electrochemical performance of CoCu-ZIF@CD-based
cytosensor for detecting living B16-F10 cells

Three kinds of cytosensors were fabricated based on CoCu-
ZIF NSs, CDs, and CoCu-ZIF @CDs nanohybrid for sensing
living B16-F10 cells. Each step of the cytosensor fabrication
and detection of B16-F10 cells was investigated by EIS and
CV (Figs. 4a and S8). The results of the three cytosensors for
detecting B16-F10 cells are similar to the electrochemical re-
sults. The R values for each step during the cytosensor fab-
rication and detection of cells for all cytosensors were deduced
from EIS plots and simulated from the equivalent circuit
(Table S1). For CoCu-ZIF @CDs-based cytosensors, the EIS
Nyquist plots (Fig. 4a) indicate that the pretreated bare AE
demonstrates a small R value (144.2 (), indicating the good
electrochemical activity of AE and fast electron transfer be-
tween the AE surface and liquid interface. After treating the
bare AE with the CoCu-ZIF @CDs nanohybrid, the R value
of CoCu-ZIF@CDs/AE increases to 365.3 (2, which may be
attributed to the interface formed by the physical adsorption of
the CoCu-ZIF @CDs nanohybrid on the bare AE hindering the
electron transfer. A higher R value of Apt/CoCu-ZIF @CDs/
AE (445.3 Q) is obtained because of the repulsion interaction
between the negatively charged phosphate groups and the
redox couple of [Fe(CN)6]37/ + leading to the slow electron
transfer at the solid and liquid interface [43]. When incubated
with the suspension of B16-F10 cells, the R value of B16-
F10/Apt/CoCu-ZIF @CDs/AE increases to 630.3 €2, which is
attributed to the complex formation between B16-F10 cells
and aptamer. For the CoCu-ZIF-based cytosensor, the R val-
ue of CoCu-ZIF/AE is 275 2, which is smaller than that of
CoCu-ZIF@CDs/AE, indicating its outstanding electrochem-
ical activity. After the aptamer immobilization and detection
of B16-F10 cells, Apt/CoCu-ZIF/AE and B16-F10/Apt/
CoCu-ZIF/AE exhibit large R, values of 319 and 392 (),

N
s

-Z" / kohm
o
‘:’

0.0

1.0 1.5
Z' /| kohm
Fig. 4 a EIS Nyquist plots of the B16-F10 cells detection procedures
using the electrochemical cytosensor based on CoCu-ZIF@CDs

nanohybrid in 0.1 M phosphate buffer (pH 7.4) containing 5 mM
[Fe(CN)¢]* ", including (i) AE, (ii) CoCu-ZIF@CDs/AE, (iii) Apt/

@ Springer
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respectively. In general, the change in R values of each step
can be utilized to represent the amount of analyte on the elec-
trode surface [44]. Hence, the variation in R, values (AR =
Ret i+1 - Ret ;) of each step was calculated (Fig. 4b) to com-
pare the detection sensitivity of different sensitive layers.
Among these samples, CoCu-ZIF/AE shows the smallest
AR (130.2 ) owing to its superior electrochemical activity.
The presence of CoCu-ZIF NSs can greatly enhance the elec-
trochemical performance, thereby improving the electrochem-
ical biosensing ability. After binding the aptamer strands, the
AR value of Apt/CoCu-ZIF@CDs/AE is 80 €2, which is
higher than that of Apt/CoCu-ZIF/AE (44 (), suggesting its
higher aptamer binding ability. The amount of aptamer immo-
bilization can affect the sensitivity of biosensor. The AR
values caused by the detection of B16-F10 cells by using
CoCu-ZIF- and CoCu-ZIF@CD-based cytosensors are 73
and 185 (, respectively. The CoCu-ZIF@CD-based
cytosensor exhibits the outstanding sensing performance for
the detection of B16-F10 cells due to the excellent electro-
chemical activity of CoCu-ZIF NSs and excellent biocompat-
ibility. Thus, CoCu-ZIF @CDs is used as a biological platform
for the present cytosensor.

The following experimental parameters for the detection of
B16-F10 cells were optimized by EIS measurements: (a) the
dosage of the CoCu-ZIF @CDs on the cytosensor fabrication;
(b) concentration of the aptamer solution; (c) binding time
with B16-F10 cells. In short, the following experimental con-
ditions were found to give best results: (a) dosage of CoCu-
ZIF@CDs of 1 mg~mL71; (b) aptamer concentration of
100 nM; (c) and binding time with B16-F10 cells for 1 h
(see S5 and Fig. S9 in the Supplementary information).

Sensitivity of the proposed cytosensor

Under the optimal conditions, the sensing performance of the
CoCu-ZIF @CDs-based cytosensor was tested. As demon-
strated in Fig. 5a, the constructed cytosensor was separately
incubated with the suspensions of B16-F10 cells with

0.3

Apt.

et
ERR, ook

CoCu-ZIF CDs CoCu-ZIF@CDs

CoCu-ZIF@CDs/AE, and (iv) B16-F10/Apt/CoCu-ZIF @CDs/AE. b
Variations in R for each stage in the fabrication procedure of different

cytosensors for detection of B16-F10, for which the AR, represents the
difference of R, caused by each step (AR = Reiv1 — Rei)
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different concentrations ranging from 1x 10% to 1x 10°
cellsmL™" and investigated by EIS technique. The caused
EIS responses increase with increasing the B16-F10 cell con-
centrations, verifying the increased combination between
aptamer strands and cancer cells. When B16-F10 cell concen-
tration is larger than 1 x 10% cellssmL ™, the rising trend for
detecting B16-F10 is slowly up to a level-off, suggesting the
saturated combination between aptamer and cancer cells. The
obtained AR, values for detecting B16-F10 cells are also
calculated (Fig. 5b). Taking the caused AR, values as the
function of the logarithm of the suspension concentration for
B16-F10 cells (inset of Fig. 5b), a good linear relationship is
observed within the suspension concentration of B16-F10
cells ranging from 1 x 10% to 1 x 10> cellsmL™". According
to the ITUPAC method, the LOD is deduced to be 33
cellssmL ™' within the B16-F10 concentration range from
1x 107 cellsmL ™" to 1 x 10° cell'mL ™" on the basis of:

LOD = 3S,/m

in which S, represents the standard deviation, and m rep-
resents the slope in reference to the gradient of calibration
graph. Compared with other nanomaterial-based electro-
chemical or electrochemiluminescent biosensors
(Table 1), the as-fabricated CoCu-ZIF @ CD-based
cytosensor presents superior sensing performance toward
living cancer cells with a broad linear range and low LOD.
The extremely low LOD of the present sensing system for
detecting living cancer cells is mainly attributed to the
specific features of the used electrode nanomaterial of
CoCu-ZIF@CDs nanohybrid. The four apparent advan-
tages are as follows: (i) the integration of different metal
valence states of Co>*/Co’* and Cu®*/Cu™ boosts the elec-
trochemical activity and facilitate the aptamer immobiliza-
tion, further stabilizing the combination of cancer cells and
aptamer strands; (ii) the ultrathin CoCu-ZIF NSs structure
not only endows the nanohybrid with excellent

electrochemical activity but also provide a robust scaffold
for loading large amounts of CDs; (iii) the CDs derived
from Ti3C, T, nanosheets exhibit good biocompatibility
and strong binding affinity toward aptamer strands; and
(iv) the synergistic effect among these factors can tremen-
dously enlarge the electrochemical signal and enhance the
sensing performance. Moreover, the fluorescence of
CoCu-ZIF @CDs nanohybrid can make the possibility for
detecting cancer cells by the fluorescence spectroscopy
besides electrochemical techniques.

The selectivity of the cytosensor is an essential factor for
practical application. Here, the developed CoCu-ZIF@CDs-
based cytosensor was used to detect normal 1L.929 cells to test
its selectivity. As shown in Fig. 5¢ and d, the EIS Nyquist
plots for the detection procedure of L929 cells were recorded,
in which no clear variation in EIS responses is observed before
and after detection. No specific combinations were observed
between the aptamer strands and 1929 cells, suggesting good
selectivity of the present sensor. When the present sensing
strategy was used to detect other kinds of cancer cells, such
as MCF-7, 4T1, K7M2, and CT26, substantial EIS and CV
responses are observed (Fig. S10), as well as large AR values
(Table S2). The explored aptamer strands can combine with
some cancer biomarkers that are overexpressed in these cancer
cells. Since PTK7 are overexpressed with B16-F10 cells,
PTK7 was adopted as a cancer biomarker to investigate the
sensing performances of CoCu-ZIF@CDs as biosensor. As
expected, Fig. S11 indicates that the remarkable change in
the EIS signals for detecting PTK7, along with a large AR
value (326 (2). Also, the good selectivity of the present CoCu-
ZIF @CDs-based cytosensor was obtained when detecting
PTK7. As seen from Fig. S12, other interferents, including
PSA, EGFR, AFP, VEGF 45, Mb, Tn, and IgG, did not cause
the substantial R change. This finding indicates that the as-
proposed cytosensor not only can detect some cancer cells but
also can determine cancer biomarkers. The shortcoming of

Table 1 An overview on the recently reported nanomaterial-based electrochemical methods for determination of living cancer cells

Materials used Method applied Analyte Detection range LOD Refs.
(cells) (cellsmL™) (cellsmL™)

Cu,Ni;_(HHTP), MOF EIS Co 50-1x10° 21 [45]

Polypyrrole-GCE EIS MCF-7 1x10-1x10° 100 [46]

Polyacrylonitrile/polypyrrole EIS A549 5x10°-1x10° 12x10° [47]

nanofibers

CdS-coated-ZnO nanorod Electrochemiluminescence (ECL)  HepG2 300-1x10* 256 [48]

TU-MoS, EIS HepG2 50-1x10° 50 [49]

GQD-ConA@Fe;04 Differential pulse voltammetry Hela 5x10%-1x10° 273 [50]

(DPV)

DNA bridge-AgNCs DPV HepG2 50-2x10° 15 [51]

AuNCs EIS MCE-7 1x10%1x10° 80 [52]

CoCu-ZIF@CDs EIS B16-F10 1x10%-1x10° 33 This

work

@ Springer
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Fig. 5 (a) EIS responses of a

b

CoCu-ZIF @CDs-based 1.2
cytosensor at different B16-F10
cell concentrations (0, 1 x 10%,
5x10%1x10% 5x10%, 1 x10*
and 1 x 10° cellsmL™"). (b)
Dependence of AR, on the con-
centration of B16-F10 cells (inset:
the linear parts of calibration
plots, n=3) (EIS measurement
parameters: potential, 0.22 V;
frequency range, 0.01 Hz—
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this cytosensor is that it only exhibits good selectivity toward
normal cells and other cancer biomarkers.

The reproducibility of the CoCu-ZIF@CD-based electro-
chemical cytosensor was probed using five independently
Apt/CoCu-ZIF @CDs/AE for detecting B16-F10 cells with
different concentrations (5 X 10%, 1 x10°, and 5% 10°
cellsmL™"). As displayed Fig. Se, the obtained AR, values
show the relative stable values, giving the relative standard
derivation (RSD) of current responses of 2.31% for detecting
B16-F10 cells with the concentration of 5 x 107 ce11s~mL_1,
1.89% for 1x10° cellssmL™", and 1.43% for 5x 10°
cellsmL ™", This finding demonstrates good reproducibility
of the cytosensor. Additionally, the stability of the cytosensor
was investigated (Fig. 5f). The proposed cytosensor after

@ Springer

Days

detecting B16-F10 cancer cells with the concentrations of
5x10%,1x10% and 5 x 10 cells'mL ™" was stored in a refrig-
erator at 4 °C for 15 days and tested every day. It gives the low
relative standard derivations (RSDs) of the cytosensor after
detecting B16-F10 cells, 0.54% for 5 x 10 cellsmL ™", 0.4%
for 1 x 10° cellsmL !, and 0.4% for 5 x 10> cells'mL". Thus,
the stability of the cytosensor was satisfactory for detecting
the cancer cells with different levels.

Conclusion

A novel electrochemical aptasensing strategy for detecting
living B16-F10 cancer cells was constructed using 0D/2D
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nanostructure of bimetallic CoCu-ZIF NSs and MXene-
derived carbon quantum dots in this study. The efficient com-
bination of CoCu-ZIF NSs and CDs endowed the CoCu-
ZIF @CDs nanohybrid with some characteristic performances,
such as better electrochemical activity, good fluorescence per-
formance, stronger binding interaction toward aptamer
strands, and higher stability of the formed complex of aptamer
and B16-F10 cells. Compared with other MOF-based biosen-
sors, the present CoCu-ZIF @CD-based one clearly illustrated
three advantages: (i) the preparation feasibility of the 0D/2D
CoCu-ZIF@CDs nanohybrid provides a new approach for
developing novel electrode nanomaterial; (i) good synergistic
effect among different components of CoCu-ZIF@CDs
nanohybrid makes the proposed cytosensor with some fea-
tures of label-free, good biocompatibility, and excellent endo-
cytosis; and (iii) electrochemical techniques and fluorescence
imaging methods can determine the detection procedure of the
proposed biosensor. Nevertheless, due to the weak specific
recognition between aptamer strands and B16-F10 cancer
cells, the CoCu-ZIF@CDs-based cytosensor shows poor se-
lectivity in the presence of other cancer cells, but giving a high
selectivity for normal cells or other biomarkers.
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