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Spiny metal-phenolic coordination crystals are synthesized using a
nontoxic plant polyphenol as a ligand. Due to the abundance of
metal species and spz-hybridized carbon atoms on their spiny
surface, such coordination crystals can adsorb DNA probes and
quench the fluorescence, resulting in a high efficiency for nucleic
acid assay.

Metal-organic coordination polymers (such as metal-organic
frameworks), assembled from metal species and organic
ligands, have attracted increasing attention due to their high
surface area, tailorable compositions and various applications
in adsorption, separation, catalysis, sensors and
biomedicine."  Metal-phenolic  coordination  polymers
(MPCPs), as a subclass of metal-organic coordination
polymers, are usually synthesized using a plant polyphenol as
an organic ligand based on the coordination interactions
between catechol groups and metal species.”> Plant
polyphenols, as naturally abundant compounds, are widely
present in fruits, vegetables and other plants. Most
importantly, plant polyphenols can be directly extracted on an
industrial scale.® Due to the low cost, nontoxicity,
sustainability and good adhesive properties of the organic
ligand, MPCPs have been widely used for surface engineering,
drug delivery, imaging, catalysis and sensors.* The synthesis
of MPCPs with tunable compositions and architectures can
further tailor the physiochemical properties and improve the
performance for various applications. Till now, MPCP
capsules and colloidal spheres have been synthesized.
However, the synthesis of MPCPs with intricate architectures
and crystalline frameworks is still a great challenge.

Recently, metal-organic coordination polymers have been
regarded as a versatile fluorescent probe for the detection of
various biomolecules, and can potentially be used in clini-
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cal diagnosis.> For example, coordination polymers can ad-
sorb fluorescently labeled probe DNA and the fluorescence
of the probe can be quenched. However, when the target
DNA is present, it can trigger a hybridization reaction with
the probe DNA. The formation of double-stranded struc-
tures can weaken the interactions between the materials
and DNA. Consequently, the double-stranded structure of
the DNA will detach from the coordination polymers, lead-
ing to the recovery of fluorescence. Based on this feature,
the restoration of fluorescence can be applied to the quanti-
tative analysis of the target DNA.

The particle size, surface groups and charges, and metal
species of coordination polymers can affect their interactions
with dye-labeled biomolecule probes.* As a result, coordina-
tion polymers with different morphologies, compositions and
surface modifications have been synthesized and used to re-
alize the detection of the target DNA with high sensitivity and
selectivity.” Most coordination polymers used for the detec-
tion of nucleic acids have nanoporous structures with small
pore size (<2 nm), which limits the encapsulation of DNA
molecules. As a result, probe DNA molecules are usually
adsorbed on the surface of coordination polymers. Such coor-
dination polymers usually have crystalline frameworks with a
smooth surface, which can only provide limited interaction
sites for DNA molecules. The design of coordination poly-
mers with a rough surface would be beneficial for loading
DNA probes. Inspired by the structure of a virus with a spiny
surface, particles with a virus-like surface would promote the
interactions with guest molecules.® It is believed that coordina-
tion polymers with a spiny surface will provide more sites to
interact with DNA probes, quench the fluorescence and en-
hance the sensing performance. However, to the best of our
knowledge, there are very few reports on using coordination
polymers with a spiny surface for the sensing of nucleic acids.

Herein we report a metal-ligand coordination-driven self-
assembly process for the synthesis of metal-phenolic coordi-
nation polymers with urchin-like structures and crystalline
frameworks. As far as we know, this is the first report on the
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synthesis of urchin-like metal-phenolic coordination poly-
mers. Due to their spiny architectures and plenty of metal
species (i.e. Cu) and sp>hybridized carbon atoms on their
surface, such coordination materials can be used to fabricate
a fluorescence sensing platform, which can detect nucleic
acid molecules in a good linear range (5-60 nM) and can
even efficiently distinguish the target DNA from single-,
double- and triple-base mismatched DNA.

Urchin-like MPCPs were synthesized via the metal-ligand
coordination-driven self-assembly process (Fig. 1a). Tannic
acid (TA for short) was used as a typical organic ligand. Gen-
erally, block copolymers (i.e. F127) and TA molecules were
firstly dissolved in the alkaline water/alcohol solvents. The
metal ions (e.g. Cu®" and Zn**) were then used to crosslink
TA followed by hydrothermal treatment at 100 °C for 12
hours. The metal-TA coordination crystals were obtained and
denoted as Cu-TA and Zn-TA, respectively.

As the pH value can influence the coordination interac-
tions between metal ions and catechol groups from TA, the
amount of ammonia was changed to tailor the self-assembly
process of metal ions and TA. In our experiments, Cu®>" was
chosen to be a typical metal ion to form Cu-TA coordination
crystals. As the amount of ammonia was increased, the coor-
dination polymers (Cu-TA) with different structures were syn-
thesized (Fig. 2 and S17). The scanning electron microscopy
(SEM) images showed that shuttle-like coordination polymers
were obtained when the volume of ammonia was 0.4 mL. The
length of the coordination polymers was around 4 um, while
the maximal diameter was around 400 nm. As the volume of
ammonia was increased to 0.6 mL, the length of the shuttle-
like coordination polymers decreased to 1 um. Interestingly,
such shuttle-like coordination polymers tend to aggregate to-
gether to form superstructures. When the volume of ammo-
nia was further increased to 0.8 mL, more of the shuttle-like
coordination polymers aggregated together to form the
urchin-like superstructures. The diameter of the urchin-like
particles was around 2.5 um. The X-ray diffraction (XRD) pat-
terns revealed that both the shuttle- and urchin-like coordi-
nation polymers showed crystalline frameworks, indicating
the formation of the coordination crystals (Fig. 1b). As the
amount of ammonia was increased, the crystalline structure
remained constant.
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Fig. 1 (a) Schematic synthesis of metal-phenolic coordination crystals
(i.e. M-TA). (b) XRD patterns of shuttle-like and urchin-like Cu-TA
crystals.
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Fig. 2 SEM images of the Cu-TA crystals synthesized with different
amounts of ammonia: (a) 0.4 mL, (b) 0.6 mL and (c and d) 0.8 mL.

To further demonstrate the versatility of this synthesis
strategy, zinc nitrate was also used as a metal precursor. The
SEM images and XRD results confirmed the formation of
shuttle- and wurchin-like Zn-TA coordination crystals by
adjusting the amount of ammonia (Fig. S2t). Similar to the
Cu-TA coordination crystals, the shuttle-like Zn-TA coordina-
tion polymers were obtained with a low amount of ammonia
(i.e. 0.5 mL), while the urchin-like Zn-TA coordination crys-
tals were prepared with a high content of ammonia (i.e. 0.8
mL). The thermogravimetry (TG) results revealed that the
urchin-like Cu-TA had a larger content of metal species (22.3
wt% of Cu) than the shuttle-like Cu-TA (18.1 wt% of Cu) (Fig.
S3at). The urchin-like Zn-TA coordination polymers (22.8
wt%) also showed a higher content of Zn than the shuttle-
like Zn-TA coordination polymers (19.1 wt%) (Fig. S3bt).
During the synthesis process, the amount of the metal pre-
cursor remained constant. The increase of the metal contents
in the coordination polymers is ascribed to the increase of
ammonia in the synthesis. When the amount of ammonia
was increased, more protons are dissociated from the
phenolic hydroxyl groups of TA, resulting in much stronger
chelating ability and more coordination sites to interact with
metal ions.>® The X-ray photoelectron spectroscopy (XPS)
spectra further confirmed the presence of metal species in
the surface of the coordination crystals, which may interact
with nucleic acid molecules via metal-ligand coordination
binding (Fig. S3c and df). The contents of C, N, O and Cu (or
Zn) are shown in Fig. S3e and f;} The coordination polymers
show high contents of carbon atoms (77.52 at% for Cu-TA
and 74.96 at% for Zn-TA). The high-resolution C 1s spectra
were fitted with three peaks at about 284.6, 285.6 and 288.4
eV, corresponding to C=C, C-C and C-O (or C=0), respec-
tively (Fig. S41).” Their relative contents were 51%, 35% and
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14%, respectively. The high content of sp>-hybridized carbon
atoms would be beneficial to enhance the n-n interactions
between Cu-TA and nucleic acids. Additionally, some N spe-
cies were also observed due to the reaction between TA and
ammonia, which is similar to our previous reports.*

As the wurchin-like Cu-TA coordination polymers have
metal species and sp>-hybridized carbon atoms on their sur-
face, they would show strong interactions with nucleic acids
via metal-ligand coordination interactions and n-n stacking.
More importantly, as the Cu-TA coordination polymers with a
spiny structure were used, biomolecules with large volume
could be located within the coordination polymers, which
can provide more interaction sites compared with the coordi-
nation polymers with a smooth surface. MicroRNAs (miRNAs)
are a series of non-coding RNAs, which play important roles
in human diseases like chronic lymphocytic leukemia and
various cancers. Among the miRNAs, miRNA-21 is expressed
at high levels in almost all solid tumors and has potential to
be a biomarker for early diagnosis.® In this study, the DNA
analogue of miRNA-21 was used as a target. The
6-carboxyfluorescein (FAM)-labeled probe DNA was designed
to fabricate a MPCP-based sensing platform. As shown in
Fig. 3a, the fluorescent DNA probe can be adsorbed on the
urchin-like Cu-TA coordination crystals via metal-ligand co-
ordination interactions and n-n stacking, resulting in fluores-
cence quenching.” When the target DNA is present, it can
trigger a hybridization reaction with the probe DNA, resulting
in its detachment from the Cu-TA coordination crystals and
the recovery of fluorescence.

The fluorescence quenching and recovery abilities of the
urchin-like Cu-TA coordination polymers were first evaluated.
The FAM-labeled probe DNA (20 nM) showed strong fluores-
cence (Fig. 3b, black curve). After mixing with the urchin-like
Cu-TA (500 pg mL™), the fluorescence intensity decreased ob-
viously (P + Cu-TA, cyan curve). The fluorescence quenching
ratio was 75.8%, indicating strong interactions between the
urchin-like Cu-TA and probe DNA. When the target DNA (50
nM) was added, fluorescence were recovered with a rate of
0.892 due to the hybridization between the target and probe
DNA (P + T + Cu-TA, blue curve). Note that the quenching ra-
tio of the probe DNA/target duplex in the absence of the
urchin-like Cu-TA was at 37.2% (P + T, red curve), indicating
that the interaction between the urchin-like Cu-TA and
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Fig. 3 (a) Schematic illustrations of the urchin-like Cu-TA crystals
based on fluorescent DNA detection. (b) Fluorescence spectra of the
probe DNA (P) under different conditions: P (black curve); P + target
(T) (red curve); P + T + Cu-TA (blue curve); P + Cu-TA (cyan curve).
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dsDNA was much weaker than that between the Cu-TA and
probe DNA. The formation of double-stranded structures can
seal phosphate groups and nucleobases in the double helix
structure, which can weaken the interactions between Cu-TA
and nucleic acids. These results prove the feasibility for
detecting nucleic acids using the Cu-TA based sensing
platform.

The fluorescence quenching ability of the urchin-like Cu-
TA coordination polymers was further investigated (Fig. 4a).
When the concentrations of Cu-TA were increased from 25 to
2000 ug mL™, the fluorescence intensity decreased gradually
from 80.6 to 3.5%, suggesting a high fluorescence quenching
ability of the urchin-like Cu-TA coordination crystals. The
fluorescence recovery performance was then investigated by
adding different amounts of the target DNA. The fluorescence
increased gradually as the concentrations of the target DNA
was increased from 5 to 80 nM (Fig. 4b). The fluorescence re-
covery efficiency (Rg) was calculated using the formula Ry =
F/F, — 1, wherein F and F, are the fluorescence intensities at
520 nm in the presence and the absence of the target DNA,
respectively. The fluorescence recovery is as high as 1.223
when the concentration of the target DNA is 80 nM. Specifi-
cally, a linear relationship between the fluorescence intensity
and the concentrations of the target DNA is calculated with
the concentrations ranging from 5 to 60 nM (Fig. 4c).

The specificity of the urchin-like Cu-TA coordination crys-
tals against mismatched nucleic acid sequences is also evalu-
ated. We used the target DNA and single-, double-, and
triple-base mismatched DNA (sm-, dm- and tm-DNA) at the
same concentration (ie. 50 nM) to test the selectivity
(Fig. 4d). Their fluorescence recovery (F/F, — 1) is 1.02, 0.38,
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Fig. 4 (a) Fluorescence intensities of the probe DNA at 520 nm versus
different concentrations of the urchin-like Cu-TA crystals. (b) Fluores-
cence recovery in different concentrations of the target DNA solution
(0-80.0 nM). (c) Fluorescence intensities versus different concentra-
tions of the target DNA (5-80 nM). Inset shows the corresponding cali-
bration curve for DNA detection. (d) Selectivity for the detection of the
DNA.
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0.29, and 0.21, respectively. As the number of mismatched
bases increases, the recovery ratio decreases, indicating the
excellent selectivity of the urchin-like Cu-TA coordination
crystals for the detection of nucleic acids and the ability to
effectively identify single-base discrimination. The shuttle-like
Cu-TA coordination polymers were also used as a sensing
platform to detect nucleic acids, which also showed excellent
fluorescence quenching and recovery ability (Fig. S5 and Ta-
ble S1 and S2f). The sensing performance for Cu-TA coordi-
nation is comparable to that of other MOF materials (Table
S371). Such results further confirm the advantages of the Cu-
TA coordination crystals when used for nucleic acid
detection.

In summary, metal-phenolic coordination polymers with
shuttle- and urchin-like structures and crystalline frameworks
are synthesized via a metal-ligand coordination-driven self-
assembly process. Such coordination polymers possess good
fluorescence quenching and recovery abilities and can be
used as a highly efficient, sensitive and selective fluorescent
sensor for nucleic acid detection. The urchin-like metal-phe-
nolic coordination polymers are further used to detect the
DNA analogue of miRNA-21 with high sensitivity. This sens-
ing platform can even efficiently distinguish the target DNA
from single-, double- and triple-base mismatched DNA. It is
believed that the synthesis of coordination polymers with in-
tricate structures will provide more possibilities to tailor their
physiochemical properties and extend their applications in
sensors, biomedicine and energy science.
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