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A reliable and sensitive strategy which can assess nucleic acid levels in living cells would be essential
for fundamental research of biomedical applications. Some nanomaterial-based fluorescence biosensors
recently developed for detecting nucleic acids, however, are often with expensive, complicated and time-
consuming preparation process. Here, by using a facile bottom-up synthesis method, a two-dimensional
(2D) coordination polymer (CP) nanosheet, [Cu(tz)] (Htz = 1,2,4-triazole), was successfully prepared af-

Keywords: ter optimizing reaction conditions. These ultrathin CP nanosheets with thickness of 4.7 + 1.1 nm could
Coordination polymers readily form nanosensors by assembly with DNA probes, which exhibited a low limit of detection (LOD)
Nanosheets for p53 DNA fragment as 144 pmol/L. Furthermore, by integrating [Cu(tz)] nanosheets with hybridiza-

Fluorescence biosensor
Nucleic acids detection
Living cells

tion chain reaction (HCR) probes, miR-21, one kind of microRNA upregulated in many cancer cells, can
be sensitively detected with a LOD of 100 pmol/L and monitored in living cells, giving consistent results
with those obtained by quantitative reverse-transcription polymerase chain reaction (qQRT-PCR) analysis.
Thus [Cu(tz)] nanosheets, which not only possess much better nucleic acids sensing performance than
bulk cystals, but also exhibit nucleic acid delivery functions, could be used as a novel nanoplatform in

biomedical imaging and sensing applications.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nucleic acids, including DNA and RNA, play vital roles in many
life activities, like cell division, development, apoptosis, etc. [1].
Reliable assessment of nucleic acids expression levels in living
cells, although vastly important for providing an insight into dis-
ease progression and various cellular processes, is still a challenge
[2]. Among all of the sensing methods, fluorescence method pro-
vides powerful tools to accurately detect and monitor nucleic acids
in real time due to its high sensitivity and imaging resolution
[3]. However, the majority of techniques require lysis or fixing of
cells, and the exogenous bioprobes are not efficiently internalized
by living cells. Thus, the development of intracellular sensor that
possesses efficient cellular uptake and outstanding sensing perfor-
mance is highly desired [4]. Recently, nanomaterial-based fluores-
cence nanosensors for the sensing of nucleic acids have attracted
great attentions, which usually rely on fluorescence resonance en-
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ergy transfer (FRET) via strong interaction between fluorophore
and quencher [5,6]. Moreover, the good biocompatibility and cellu-
lar uptake of nanomaterials ensure the efficient and live-cell anal-
ysis of nucleic acids by these strategies [7].

With unique structures and large surface areas, two-
dimensional (2D) nanomaterials, which involve graphene, graphitic
carbon nitride, transition metal dichalcogenides (TMD), etc., have
been intensively studied [8] and used as nanoplatforms for
biomedical applications [9,10], including drug/gene delivery, pho-
tothermal/photodynamic therapy, and biosensing both in vitro and
in vivo [11]. Although these 2D nanomaterials are able to detect
nucleic acids by adsorbing fluorophore-labeled single-stranded
DNA (ssDNA) probes to construct fluorescence nanosensors, their
preparation procedures are usually complex and time-consuming,
inspiring the investigation on other alternative and novel 2D
nanomaterials for the same purpose.

Coordination polymers (CPs) are periodic structures of metal
ions and ligands connected through coordination bonds, which
possess a lot of promising features, such as diverse functions, tun-
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Fig. 1. (a) The top-down synthesis (top) and bottom-up synthesis (down) of CP. The flower-like [Cu(tz)] characterized by (b) SEM, (c) TEM and (d) AFM. The [Cu(tz)]
nanosheets characterized by (e) SEM, (f) TEM, (g) AFM and (h) DLS. Inset in (e): Photograph of the Tyndall effect of the [Cu(tz)] nanosheet suspension in water. (i) The plot

of thickness distribution of [Cu(tz)] nanosheets measured by AFM.

able structures, high surface area, good biocompatibility, and high
loading capacity [12]. As a newly emerging class of 2D nanomate-
rials, 2D CP nanosheets have been successfully exfoliated from lay-
ered CP crystals [13]. The dramatically increased active sites and
exposed surfaces of CP nanosheets comparing to their bulk forms
make them superior candidates for catalysis, gas separation, and
chemical sensing [14,15]. Compared with other 2D nanomateri-
als, the CP nanosheets have some advantages as a promising plat-
form for biosensing including: (1) Higher level of structural tai-
lorability by properly selecting metal ions and bridging ligands;
(2) easy modification with different functional groups to specif-
ically recognize target analytes; (3) intrinsic biodegradability af-
ter completing the task. Thus, the CP nanosheets have great po-
tential to be used as a new kind of biosensing platform. How-
ever, the relatively strong interlayer interaction between the 2D co-
ordination networks hinders the successful preparation of 2D CP
nanosheets by exfoliation [16]. In comparison to the exfoliation
(top-down) method, the bottom-up method, which is usually as-
sisted with surfactant, is superior for preparing uniform and high-
yield CP nanosheets [17].

Very recently, we proposed a bottom-up synthesis method of
2D CP nanosheets, [Cu(tz)] (Htz = 1,2,4-triazole), for cancer ther-
apy [18]. In this paper, the synthesis method is further investi-
gated to precisely control the size and morphology of the [Cu(tz)]
nanosheets, which are applied for the study of DNA and microRNA
(miRNA) sensing. Firstly, the widely reported top-down method,
i.e., sonication exfoliation method [19], was applied to prepare
[Cu(tz)] nanosheets (Fig. 1a, top). The bulk crystals of [Cu(tz)] with
millimeter sizes (d ~ 1 mm) were adopted as the raw material
for sonication exfoliation, which were synthesized by the con-
ventional solvothermal reaction using Cu(NOs3),-3H,0 and Htz as
reactants and aqueous ammonia as solvent [20]. Though multi-
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ple combinations of sonication conditions and solvents were ex-
plored, the obtained samples possessed uneven size and large
thickness (Fig. S1 in Supporting information). Therefore, bottom-
up synthesis method was used to obtain the target ultrathin
nanosheets of [Cu(tz)] (Fig. 1a, down). We found Cu,0 nanopar-
ticle as an ideal and eco-friendly reactant for synthesizing Cu(I)-
based CPs [21], which not only precluded the use of environment-
hazardous solvents, but also reduced the particle size. By mixing
Cu,0 nanoparticle (d ~ 30—-50 nm) and Htz in aqueous phase
containing polyvinylpyrrolidone (PVP, used as surfactant), and
L-ascorbic acid (AA, used as deoxidant), under different conditions,
different shaped [Cu(tz)] were obtained, which were then charac-
terized by scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and atomic force microscopy (AFM). When
the reaction temperature and metal concentration were relatively
high (T > 25 °C, Ccyyo > 0.1 mg/mL), the obtained samples were
flower-like with size around 1 pm and thickness around 10 nm
(Figs. 1b-d). At lower reaction temperature of 10 °C and concen-
tration of Ccy,0 = 0.1 mg/mL, well-dispersed [Cu(tz)] nanosheets
with less tendency for intercross growth were obtained (Figs. 1e-
g). The SEM image showed a lateral size of 0.58 + 0.15 pm for
[Cu(tz)] nanosheets (Fig. 1e and Fig. S2 in Supporting information),
which was in agreement with the dynamic light scattering (DLS)
result of 0.51 + 0.07 um (Fig. 1h). The Tyndall effect observed
in the aqueous solution of [Cu(tz)] nanosheets (inset in Fig. 1e)
confirmed their aqueous dispersity. The low contrast in TEM im-
age (Fig. 1f) and the thickness measured as 4.7 + 1.1 nm by AFM
(Figs. 1g and i) revealed the ultrathin nature of the nanosheets.
Powder X-ray diffraction (PXRD) peaks of nanosheets were greatly
broadened comparing to the flower-like and bulk [Cu(tz)] crystals
(Fig. S3 in Supporting information), which can be ascribed to the
thinner thickness [22]. The luminescence of [Cu(tz)] nanosheets
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Fig. 2. (a) Schematic illustration of the fluorescence nanosensor for DNA detection based on [Cu(tz)] nanosheets. (b) Fluorescence spectra measured under various conditions:
(I) 50 nmol/L of P1; (1I) 50 nmol/L of P1 + 250 nmol/L of T1 + 100 pg/mL of nanosheet; (IlI) 50 nmol/L of P1 + 100 pg/mL of nanosheet; and (IV) 100 pg/mL of nanosheet.
Inset: Kinetic change of fluorescence intensity at different conditions. (c) The quenching efficiency and ratio (Fpy/ri/Fp1) of nanosheets and bulk crystals of [Cu(tz)]. (d)
Fluorescence spectra of P1 added with various concentrations of T1 and 100 pg/mL of nanosheet.

changed little after incubation in PBS for 8 h, suggesting a good
stability of the nanosheets (Fig. S4 in Supporting information). The
results confirmed that by controlling the conditions, ultrathin 2D
[Cu(tz)] nanosheets with uniform size and good dispersity could
be successfully obtained.

[Cu(tz)] nanosheets were used as a DNA sensing nanoplatform
as a proof-of-concept demonstration (Fig. 2a). The conjugated -
electron system of triazolate ligand in [Cu(tz)] nanosheets allows
for the binding of ssDNA probe via - stacking between the aro-
matic nucleobases of ssDNA and nanosheets, which caused the flu-
orescence quenching of the tagged fluorophore through FRET. After
hybridization of probe and complementary DNA target, the formed
double-stranded DNA (dsDNA) weakly interacts with nanosheets
due to the shielded nucleobases within the phosphate backbone
of dsDNA, which resulted in the low fluorescence quenching of the
dye in the presence of nanosheets and provided quantitative detec-
tion of target DNA. The quenching property of [Cu(tz)] nanosheets
for fluorophore-tagged probe was investigated. Two target ssDNAs
(denoted as T1 and T2) were derived from the segment of hu-
man P53 tumor suppressor gene. Their fully complementary ssD-
NAs (denoted as P1 and P2) were respectively labeled with cya-
nine5 (Cy5) and tetramethylrhodamine (TAMRA), and used as the
probes. By adding [Cu(tz)] nanosheets into Cy5-tagged P1 solu-
tion, fluorescence of Cy5 was quenched accordingly, and quench-
ing efficiency gradually increased from 35.9% to 96.2% with the in-
creasing concentration of nanosheets from 20 pg/mL to 100 pg/mL
(Fig. S5a in Supporting information). Under the optimum concen-
tration (100 pg/mL), the nanosheet possessed fast quenching ki-
netics, with a high quenching efficiency above 96% after [Cu(tz)]
nanosheets were mixed with P1 for 7 min (Fig. 2b), indicating
that the P1-adsorbed [Cu(tz)] nanosensor (denoted as P1/[Cu(tz)])
can be constructed fast and facilely. When P1 was hybridized with
T1 and formed dsDNA (P1/T1), its fluorescence was largely re-
tained in the presence of [Cu(tz)] nanosheets (Fig. 2b). The large
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fluorescence intensity ratio of P1 and P1/T1 (Fpyrq/Fp1 = 24) af-
ter adding [Cu(tz)] nanosheets indicated that the nanosheets have
much stronger affinity toward ssDNA than dsDNA, which is benefi-
cial for improving the sensitivity to the target (Fig. 2c). In compar-
ison, with addition of 100 pg/mL of [Cu(tz)] crystals, fluorescence
intensities of P1 and P1/T1 were only quenched by 23.3% and 9.1%,
respectively, corresponding to Fpyrq/Fp; = 1.2 (Fig. 2c¢ and Fig. S5b
in Supporting information). The Fpyrq/Fpy increased 19-fold from
bulk materials to nanosheets, indicating an enhancement in the
fluorescence quenching ability for nanosheets. The quenching abil-
ities of possible components in nanosheets were measured by the
same assay, and the results indicated that the superior quenching
efficiency of the ultrathin CP nanosheet mostly comes from its ex-
posed Cu(l) active sites and 2D morphology (see Fig. S6 in Sup-
porting information for detailed analysis).

According to the above intriguing results, the detection bio-
assay for DNA sensing was established relied on the ultrathin
[Cu(tz)] nanosheets. With the increasing concentration of T1, the
Cy5 fluorescence intensity of P1 increased accordingly with ad-
dition of 100 pg/mL of [Cu(tz)] nanosheets (Fig. 2d). The linear
range of the 2D [Cu(tz)] nanosheet-based nanosensor for T1 was
from 0.5 nmol/L to 50 nmol/L, with a limit of detection (LOD) of
144 pmol/L (S/N = 3) (Fig. S7 in Supporting information), which is
close to those of other well-performed 2D nanosheets [23-26]. Be-
sides high sensitivity, the assay has high selectivity. Replacing tar-
gets with a random or single-base mismatched DNA cannot cause
distinct increase of fluorescence signal of probes (Fig. S8 in Sup-
porting information). Furthermore, the [Cu(tz)] nanosheet-based
sensor can simultaneously detect two target ssDNAs and achieve
multiplex analysis (Fig. S9 in Supporting information).

The above in vitro results inspired us to further investi-
gate the potential DNA delivery and intracellular sensing prop-
erties of [Cu(tz)] nanosheets. Firstly, the cytotoxicity of [Cu(tz)]
nanosheets for human lung cancer cell line (A549) was measured
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Fig. 3. (a) Schematic illustration of the fluorescence nanosensor based on [Cu(tz)]
nanosheet for miR-21 detection with HCR assistance. (b) PAGE image for HCR as-
say. (c) Fluorescence spectra of HCR/[Cu(tz)] system with different concentrations
of miR-21 target after normalized to Fp. (d) The plot of Fy/Fp vs. target concentra-
tions.

by standard 3-(4,5-dimethylthiazole)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Fig. S10 in Supporting information). After 24 h
of incubation of A549 cells with the nanosheets (0—1500 pg/mL),
more than 95% of cells survived with nanosheet concentration up
to 150 pg/mL, and the ICsq value was 352 pg/mlL, indicating the
low cytotoxicity of the nanosheets. After confirming the low cy-
totoxicity, the intracellular delivery capacity of [Cu(tz)] nanosheets
for ssDNA was then verified by comparing the cellular uptake of
P1/[Cu(tz)] and that of free P1 in A549 cells (Fig. S11 in Support-
ing information). The cells incubated with P1/[Cu(tz)] presented
stronger P1 fluorescence comparing to that of free P1, confirming
that the nanosheets can deliver ssDNAs into cells. Furthermore, af-
ter incubated with T1/[Cu(tz)] for 2 h, the cell imaging of P1 was
carried out, of which fluorescence intensity was 60% higher than
that of alone P1/[Cu(tz)]-cultured cells. The result suggested that
the exogenous ssDNA in living cells can be detected and imaged by
the [Cu(tz)]-based nanosensors. Flow cytometry showed that the
cell viabilities after each incubation remained above 95% (Fig. S12
in Supporting information), which further demonstrated the low
cytotoxity and promising prospect of [Cu(tz)] nanosheets.

As promising diagnostic biomarkers for cancer cells, miRNAs are
short (19-22 nucleotides) noncoding RNA. Direct visualization as-
say of miRNAs in living cells is significant and beneficial for avoid-
ing RNA loss or degradation during RNA extraction [27]. Currently,
hybridization chain reaction (HCR)-based FRET strategies have be-
come appealing tools for live-cell miRNA analysis, which usually
require nanomaterials to work as nanoquenchers and carriers [28].
Inspired by the appealing DNA delivery and sensing performance,
[Cu(tz)] nanosheets were further applied in live-cell miRNA sens-
ing as novel 2D nanocarriers. For proof-of-concept demonstration,
miR-21, which is upregulated in many cancer cell lines as an onco-
gene, was chosen as target. The mechanism of analysis was shown
in Fig. 3a. Two hairpin probes (H1 labeled with two FAMs as
donors, H2 labeled with one TAMRA as acceptor) [29] are loaded
on [Cu(tz)] nanosheets. With addition of miR-21, H1 and H2 will
be opened and assembled with each other into dsDNA polymers
that left from the nanosheet surface and brought two FAM (donor)
groups and one TAMRA (acceptor) group close enough to produce
greatly amplified FRET signal.
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Fig. 4. (a) Schematic illustration of the intracellular delivery of H1 and H2 by
[Cu(tz)] nanosheets and intracellular miR-21 sensing. (b) Fluorescence imaging of
miR-21 levels by HCR/[Cu(tz)] system in cells including MCF-10A, MCF-7 and Biu-
87. Scale bar: 20 pum. (c) The relative F/Fp obtained by this method (left panel) and
the qRT-PCR analysis of miR-21 (right panel).

We testified the self-assembly of the HCR from H1 to H2. The
consecutive bands in polyacrylamide gel electrophoresis (PAGE)
analysis (Fig. 3b) and the FRET signal in fluorescence spectrum
(Fig. S13 in Supporting information) revealed the successful trigger
of HCR by the synthetic target miR-21. The efficient quenching of
hairpin probes by nanosheets proved the successful construction
of hairpin-adsorbed [Cu(tz)] nanosensor (see Fig. S14 in Support-
ing information for details). To test the in vitro sensing feasibility
of the HCR/[Cu(tz)] system (H1 + H2 + [Cu(tz)]) toward the target,
the kinetics of fluorescence intensity ratio of acceptor and donor
(Fao/Fp) was monitored, which gradually increased with prolonged
time until 120 min (Fig. S15 in Supporting information). To sensi-
tively detect the low-abundance miRNA, the HCR reaction was pro-
longed to 4 h, in which the Fa/Fp value enhanced with the increase
in target concentration (Figs. 3c and d). The linear range for the de-
tection of miR-21 was from 0.2 nmol/L to 10 nmol/L, with a LOD of
100 pmol/L (S/N = 3). Compared with other widely existed miRNA
(let-7a, miR-27a and miR-373), only the target miR-21 can trigger
FRET signal (Fig. S16 in Supporting information), demonstrating a
high specificity of the HCR/[Cu(tz)] system.

The [Cu(tz)] nanosheet was then utilized to deliver H1/H2 to
human breast cancer cell line (MCF-7) for live-cell miRNA sens-
ing (Fig. 4a). Without [Cu(tz)] nanosheets, no fluorescence intensity
can be observed after the incubation of MCF-7 cells with free H1
and H2, because of the insufficient cellular uptake of H1 and H2
without carrier (Fig. S17 in Supporting information). Furthermore,
negligible red (acceptor) fluorescence signal was observed when
H1/[Cu(tz)] or H2/[Cu(tz)] was used to treat the cells separately.
Only the cells that were treated with (H1 + H2)/[Cu(tz)] showed
obvious green (donor) and red fluorescence signals, suggesting a
successful internalization of H1 and H2 by [Cu(tz)] nanosheets and
an efficient HCR triggered by the intracellular target miR-21. At
the optimized incubation time of 4 h (Fig. S18 in Supporting in-
formation), the target sensing of miR-21 in normal and cancer
cells was performed (Fig. 4b). Compared to the Fa/Fp of normal
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human mammary epithelial cell line (MCF-10A), those for MCF-
7 and human bladder cancer cell line (Biu-87) were 1.6-fold and
3.7-fold higher, respectively, which showed the consistent trend
with the quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR) results (Fig. 4c). These results depict a bright fu-
ture of [Cu(tz)] nanosheets for reliable sensing and imaging of
biomolecules in living cells.

In summary, by using a facile surfactant-assisted bottom-up
synthesis method, we obtained ultrathin nanosheets (thickness
< 5 nm) based on a layered [Cu(tz)] CP. Benefiting from the ex-
posed active sites on 2D planar surface, the obtained [Cu(tz)]
nanosheets exhibit drastically improved sensing performances for
in vitro DNA detection than the bulk form materials. More impor-
tantly, owning to the low cytotoxicity and good cellular uptake,
the nanosheets can efficiently deliver exogenous DNA probes into
living cells. By using an enzyme-free HCR strategy assisted with
[Cu(tz)] nanosheets, the reliable detection of miRNA in living cells
was realized. These results will facilitate the [Cu(tz)] nanosheet as
a novel and promising nanoplatform for biomedical sensing appli-
cations. As we evidenced before, the [Cu(tz)] nanosheets can be
used as efficient nanocarriers for in vivo gene silencing and photo-
dynamic therapy, which encourages us to further explore the pos-
sibility of the nanosensor for in vivo miRNA detection in the future.
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