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A zwitterionic 1D/2D polymer co-crystal and its 

polymorphic sub-components: a highly selective sensing 

platform for HIV ds-DNA sequences 
 

Hai-Qing Zhao,‡a Shui-Ping Yang,‡a Ni-Ni Ding,bc
 Liang Qin,a Gui-Hua Qiu,a Jin-Xiang Chen,*a 

Wen-Hua Zhang,*bc Wen-Hua Chen*a and T. S. Andy Hor*cd 

 

Polymorphic compounds {[Cu(dcbb)2(H2O)2]·10H2O}n (2, 1D chain), [Cu(dcbb)2]n (3, 2D layer) and their co-crystal 
{[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4) have been prepared from the coordination reaction of a 2D polymer [Na(dcbb)(H2O)]n 
(1, H2dcbbBr = 1-(3,5-dicarboxybenzyl)-4,4’-bipyridinium bromide) with Cu(NO3)2·3H2O at different temperatures in water. 
Compounds 2−4 have identical metal-to-ligand stoichiometric ratio of 1:2, but absolutely differ in structure. Compound 3 
features a 2D layer structure with aromatic rings, positively charged pyridinium and free carboxylates on its surface, 
promoting electrostatic, π-stacking and/or hydrogen-bonding interactions with the carboxyfluorescein (FAM) labeled probe 
single-stranded DNA (probe ss-DNA, delineates as P-DNA). The resultant P-DNA@3 system facilitated fluorescence 
quenching of FAM via a photoinduced electron transfer process. The P-DNA@3 system functions as an efficient fluorescent 
sensor selective for HIV double-stranded DNA (HIV ds-DNA) due to the formation of rigid triplex structure with the 
recovery of FAM fluorescence. The system reported herein also distinguishes complementary HIV ds-DNA from 
mismatched target DNA sequences with the detection limit of 1.42 nM.

Introduction 

Developing materials for assaying biomolecules has recently 
received increasing attention due to the merits of high sensitivity, 
selectivity, operational convenience, as well as their potential 
applications in clinical diagnosis and therapeutic advances.1 To date, 
numerous materials have been adopted as sensors for biomolecules, 
including macroporous silica, carbon nanomaterials (CNMs) and 
porous organic frameworks.2 Metal–organic frameworks (MOFs) 
have also been recently used as sensing platforms for biomolecules.3 
In 2013, Chen et al. reported the first example of a 2D MOF, 
Cu(H2dtoa) (H2dtoa = N,N’-bis(2- hydroxyethyl)dithiooxamide) 
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for the detection of proteins and nucleic acids.4 To date, a limited 
number of MOFs, such as MIL-101,3e UiO-66,3h and UiO-66-NH2

3f, 

3g have been evaluated for DNA/RNA detection. A common 
challenge is the inherent poor stability of most reported MOFs, 
which have restricted their activities in biological media, for 
example, biomedia of tris-HCl buffer solution in the presence of 
NaCl and MgCl2.

5 
In recent years, we have been keenly interested in coordination 

compounds based on quaternized-carboxylate ligands (Chart 1). We 
have shown that a diverse framework materials assembled from 
these ligands exhibited high moisture and water stability, as well as 
potent DNA binding activity and sensing for ebolavirus RNA 
sequences.6 We herein report the evaluation of a unique polymorphic 
system containing three MOFs, namely 
{[Cu(dcbb)2(H2O)2]·10H2O}n (2, 1D chain), [Cu(dcbb)2]n (3, 2D 
layer) and their co-crystal {[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4). 
Compounds 2–4 are prepared from the coordination reactions of a 
2D polymer precursor [Na(dcbb)(H2O)]n (1, H2dcbbBr = 1-(3,5-
dicarboxybenzyl)-4,4’-bipyridinium bromide, Chart 1) with 
Cu(NO3)2 at different temperatures in water. They have the same 
ligand-to-metal stoichiometric ratio but differ in structure. Their 
compositional similarity enables us to focus on the net structural 
contributions to their biological performances. Of the three Cu(II) 
materials, 3 effectively binds probe DNA (P-DNA) and further 
distinguishes its complementary counterparts HIV ds-DNA over 
mismatched target DNA with the detection limit of 1.42 nM. 
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Chart 1. Structures of quaternized-carboxylate ligands H3CmdcpBr, 

H3CbdcpBr, H2CcbBr, and H2dcbbBr. 

Experimental 

General procedures 

1H spectra (CD3OD solvents) were recorded on Varian Mercury 
400 spectrometer. IR spectra were recorded on a Nicolet MagNa-
IR 550 infrared spectrometer. Elemental analyses for C, H and N 
were performed on an EA1112 CHNS elemental analyzer. 
Thermogravimetric analyses (TGA) were performed on a TA 
instruments Q500 thermogravimetric analyzer at a heating rate of 
10 °C/min under a nitrogen gas flow in an Al2O3 pan. The 
fluorescence spectra and fluorescence anisotropy was measured on 
LS55 fluorescence spectrophotometer. Zeta potential measurement 
was carried out on Nano ZS90 zetasizer. Powder X-ray diffraction 
(PXRD) was recorded on a Rigaku D/max-2200/PC. The X-ray 
generated from a sealed Cu tube was mono-chromated by a 
graphite crystal and collimated by a 0.5 mm MONOCAP (λ Cu-Kα 
= 1.54178 Å). The tube voltage and current were 40 kV and 40 
mA, respectively. Samples for PXRD were prepared by placing 
thin layers of samples on zero-background silicon (510) crystal 
plates. 

All the reagents and solvents were obtained from commercial 
sources and used without further purification. The DNA sequences 
were purchased from Sangon Inc. (Shanghai, China) and are shown 
as follows:  
Probe DNA: 5’-FAM-TTCTTCTTTTTTCT-3’ 
Complementary target HIV ds-DNA T0 (ds-DNA-1,2): 
5'-CGAGTTAAGAAGAAAAAAGATTGAGC-3'/5'-
GCTCAATCTTTTTTCTTCTTAACTCG-3' 
One base pair mutated T1 (ds-DNA-3,4): 
5'-CGAGTTAAGAAAAAAAAAGATTGAGC-3'/5'-
GCTCAATCTTTTTTTTTCTTAACTCG-3'  
Complementary ss-DNA T2: 5’-AGAAAAAAGAAGAA-3’ 
One base pair mutated for complementary ss-DNA T3:  
5’-AGAACAAAGAAGAA-3’ 
Non-specific ss-DNA T4:  
5’-GCTAGAGATTTTCCACACTGACT-3’ 
Duplex DNAs were prepared according to the previous reports.5a, 7 

All the DNA samples were dissolved in 100 nM Tris-HCl buffer 
solution (pH 7.4, 100 mM NaCl, 5 mM MgCl2) and stored at 4 °C 
for use. 

Synthesis of ligand H2dcbbBr and compounds 1–4 

Synthesis of H2dcbbBr 

A solution of 5-(bromomethyl)-isophthatic acid (5.18 g, 20 mmol) 
in DMF (25 mL) was added dropwise to a solution of 4,4’- 
bipyridine (3.74 g, 24 mmol) in DMF (10 mL). The resulting 
mixture was stirred at 70 ºC for 12 h and the white precipitates 
formed were collected by filtration and washed with DMF (30 mL) 
and acetone (15 mL) to afford H2dcbbBr (7.64 g, 92%). Anal. 
Calcd. for C19H15N2O4Br: C 54.96, H 3.64, N 6.75. Found: C 
54.68, H 3.57, N 6.92. IR (KBr disc, cm–1) ν 3424 (s), 3063 (s), 
2503 (m), 1955 (m), 1702 (s), 1645 (s), 1604 (s), 1548 (m), 1412 
(s), 1331 (m), 1278 (s), 1261 (s), 1166 (m), 1071 (s), 1002 (s), 817 
(s), 751 (s), 631 (s). 

 

Synthesis of [Na(dcbb)(H2O)]n (1) 

H2dcbbBr (4 mmol, 1.66 g) was suspended in MeOH (50 mL) 
and the pH adjusted to 7.0 with 0.1 M NaOH solution to give a 
clear green solution. For the H2O is very small component with 
MeOH and can be ignored, diethyl ether (100 mL) was allowed to 
diffuse into the MeOH/H2O solution to provide light green crystals 
of 1, which were collected by filtration and dried in vacuo. Yield: 
2.87 g (75%). 1H-NMR (400 MHz, CD3OD) δ 9.23 (d, J = 7.2 Hz, 
2H), 8.83 (dd, J = 1.6 and 1.6 Hz, 2H), 8.64 (s, 1H), 8.54 (d, J = 
6.8 Hz, 2H), 8.06 (d, J = 0.8 Hz, 2H), 8.00 (dd, J = 1.6 and 1.6 Hz, 
2H), 5.98 (s, 2H). Anal. Calcd. for C19H15NaN2O5: C 60.96, H 
4.04, N 7.48. Found: C 60.58, H 3.98, N 7.37. IR (KBr disc, cm−1) 
ν 3410 (s), 1662 (s), 1625 (s), 1608 (s), 1546 (s), 1390 (s), 1357 (s), 
1226 (m), 1167 (w), 1103 (w), 1020 (w), 912 (w), 852 (w), 817 
(w), 770 (m), 726 (m), 707 (s), 642 (m), 507 (m), 462 (m). 
Synthesis of compounds 2−4 

A solution of compound 1 (74.8 mg, 0.2 mmol) in H2O (70 mL) 
was added to Cu(NO3)2·3H2O (24.0 mg, 0.1 mmol) in H2O (40 
mL). The resulting mixture was stirred for 0.5 h at room 
temperature to provide a clear light green solution 1. 
{[Cu(dcbb)2]·10H2O}n (2). The abovementioned solution 1 was 
placed in DURAN laboratory bottle and sealed with blue PP screw 
cap and pouring ring. The bottle was transferred into a 
programmable oven. The sample temperature of the oven was 
increased smoothly from 25 ºC to 100 ºC in 4 h, kept at 100 ºC for 
72 h and then cooled to room temperature within 48 h. The blue 
needle crystals was formed and washed with MeOH to give 
compound 2 (161 mg, 85%). Anal. Calcd. for 
C38H50CuN4O20·4.5H2O: C 44.42, H 5.79, N 5.45. Found: C 44.58, 
H 5.60, N 5.06. IR (KBr disc, cm–1) ν 3412 (s), 3053 (s), 1617 (s), 
1570 (s), 1495 (w), 1416 (m), 1385 (s), 1362 (s), 1221 (w), 1158 
(w), 1075 (w), 822 (m), 780 (m), 723 (m), 644 (w). 

[Cu(dcbb)2]n (3). The abovementioned solution 1 was placed in 
DURAN laboratory bottle and sealed with blue PP screw cap and 
pouring ring. The bottle was transferred into a programmable oven. 
The sample temperature of the oven was increased smoothly from 
25 ºC to 85 ºC in 4 h, kept at 85 ºC for 72 h and then cooled to 
room temperature within 48 h. The blue needle crystals was formed 
and washed with MeOH to give compound 3 (120 mg, 82%). Anal. 
Calcd. for C38H26CuN4O8·15H2O: C 45.62, H 5.64, N 5.60. Found: 
C 45.22, H 5.67, N 5.88. IR (KBr disc, cm–1) ν 3399 (s), 3056 (s), 
1641 (s), 1615 (s), 1567 (s), 1454 (w), 1407 (m), 1363 (s), 1224 
(w), 1164 (m), 1079 (w), 823 (s), 783 (m), 721 (s), 640 (w).  

{[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4). The abovementioned 
solution 1 was allowed to stand for two weeks at room temperature 
to give green block crystals. The crystals were collected and 
washed with MeOH to give compound 4 (189 mg, 92%). Anal. 
Calcd. for C114H78Cu3N12O25·14.5H2O: C 55.48, H 4.37, N 6.81. 
Found: C 55.09, H 3.90, N 6.51. IR (KBr disc, cm–1) ν 3402 (s), 
3116 (s), 1636 (s), 1618 (s), 1570 (s), 1458 (m), 1412 (s), 1362 (s), 
1220 (m), 1161 (m), 1076 (w), 821 (s), 781 (s), 720 (s), 640 (w). 

X-ray crystal structure determinations 

Crystallographic measurements were made on a Bruker APEX II 
diffractometer by using graphite-monochromated Mo Kα (λ = 
0.71073 Å) irradiation for 1–4. The data were corrected for Lorentz 
and polarization effects with the SMART program and for 
absorption effects with SADABS.8 All crystal structures were 
solved by direct methods and refined on F2 by full-matrix least-
squares techniques with SHELXTL–97 program.9 In 1 and 2, the 
location of the hydrogen atoms on the coordinated water were 
suggested by Calc-OH program in WinGX suite,10 their O–H 
distances were further restrained to O–H = 0.85 Å and thermal 
parameters constrained to Uiso(H) = 1.2Ueq(O). In 2, one of the free 
water (O6W) lies on a special position of higher symmetry than the 
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molecule can possess. They are treated as spatial disorder but 
applying PART –1 and PART 0 in the .ins file with the site 
occupation factors changed to 0.50 for the molecule. The 
occupancy factor for O7W was fixed at 0.5 to obtain reasonable 
thermal factors. In 3, one of the carboxylates (C27, O7 and O8) 
adopts positional disorder with the relative ratio of 0.78/0.22 
refined for the two components. A large amount of electron density 
in the lattice was found for ordered and disordered water 
molecules. The solvent contribution was then modeled using 
SQUEEZE in the Platon program suite.11 In 4, the whole Cu2 
based moiety adopts a symmetry disorder and the symmetry 
suppressed by applying PART –1 instruction in the .ins file 
followed by changing the occupancy factor for each atom to 0.50. 
Significant restraints/constraints were applied for the Cu2-based 
moiety, which include the fixation of all aromatic rings to ideal 
hexagonal. The thermal parameters of some atoms are averaged 
using EADP constraint where necessary. A large amount of 
spatially delocalized electron density in the lattice was found but 
acceptable refinement results could not be obtained for this 
electron density. The solvent contribution was then modeled using 
SQUEEZE in the Platon program suite. A summary of the key 
crystallographic information for 1–4 was summarized tabulated in 
Table 1. Selected bond distances (Å) and angles (º) for compounds 
1–4 are listed in Table S1. 

HIV DNA detection experiments 

The emission spectra were collected from 500 to 650 nm under 
excitation at 480 nm. The excitation slit width was 3.0 nm and 

emission slit width 5.0 nm. The fluorescence intensity at 518 nm 
was used for quantitative analysis. 

Firstly, fluorescence quenching experiments of P-DNA by 
compounds 2−4, H2dcbbBr and Cu(NO3)2 were performed by 
keeping the concentrations of P-DNA constant, while gradually 
increasing the concentration of each compound. Specifically, to a 
solution of P-DNA (70 nM) in 100 nM Tris-HCl (pH 7.4, 100 mM 
NaCl, 5 mM MgCl2) were added aliquots of a solution of each 
compound containing P-DNA (70 nM) in the same buffer and 
oscillated to form P-DNA@compound complex. The 
corresponding fluorescence spectra were measured until saturation 
was observed. The quenching efficiency (QE, %) was calculated 
according to Eq. (1).5a 

QE% = (1 − FM/F0)×100%     (1) 
Wherein FM

 
and F0

 
are fluorescent intensities at 518 nm in the 

presence and the absence of each compound, respectively. 
Secondly, fluorescence recovery experiments were conducted by 

adding target DNA of varying concentrations to the above 
saturated P-DNA@compound solution, at room temperature and 
the oscillation time was 90 min for each concentration until 
saturation of fluorescence recovery was observed. Fluorescence 
recovery efficiency was calculated according to Eq. (2).5a 

RE = FT/FM − 1         (2) 
Wherein FT and FM are fluorescence intensities at 518 nm in the 

presence and the absence of target DNA, respectively.

Table 1. Crystallographic data for compounds 1–4. 
_______________________________________________________________________________________________________________ 
Compound 1 2 3 4 
_______________________________________________________________________________________________________________ 
Molecular formula  C19H15N2NaO5 C38H50CuN4O20 C38H26CuN4O8 C114H78Cu3N12 O2 

Formula weight 374.32 946.36 730.17 2206.50 
Crystal system orthorhombic triclinic monoclinic  triclinic 
Space group  P212121 P–1 P21/c  P–1 

a (Å) 8.1815(16) 9.4670(9)  9.038(3) 9.0094(10) 
b (Å) 10.460(2) 11.0827(11)  38.492(14)  13.6583(13) 
c (Å) 19.705(4) 12.4243(12) 13.702(5)  29.581(3) 
α (°)  90.00 72.103(2)  90.00 82.577(2) 
β (°) 90.00 82.451(2) 95.882(8)  86.380(2) 
γ (°)  90.00 66.433(2) 90.00 82.999(2) 
V (Å3) 1686.3(6) 1136.96(19) 4742(3)  3578.5(6) 
Z 4 1 4 1 
T/K 293(2) 296(2) 153(2)  123(2) 
Dcalc (g cm–3) 1.474 1.382 1.023 1.024 
λ (Mo-Kα) (Å) 0.71073 0.71073 0.71073  0.71073 
µ (cm–1) 0.129 0.561 0.504  0.502 
Total reflections 16015 9994 44317  15720 
Unique reflections 3445 5616  11037  15720 
No. observations     2989 4424 6179  11319 
No. parameters 241 274 488  682 
Flack parameters 0.2(4) N.A. N.A.  N.A. 
Ra 0.0492 0.0585 0.0893  0.0790 
wRb 0.1004 0.1757 0.2193  0.2119 
GOFc 1.089 1.089 0.957  1.128 
∆ρmax (e Å–3) 0.178 1.356 0.825  2.757 
∆ρmin (e Å–3) −0.179 −0.579 −0.971  −1.306 
_______________________________________________________________________________________________________________ 
a R1 = Σ||Fo|-|Fc||/Σ|Fo|. 

b wR2 = {Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]}1/2. c GOF = {Σ[w(Fo

2-Fc
2)2]/(n-p)}1/2, where n is the number of reflections and p 

is total number of parameters refined 
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Results and discussion 

Synthesis and characterizations of 1–4 

The precursor compound [Na(dcbb)(H2O)]n (1) was obtained from 
the diffusion of Et2O into a mixture of H2dcbbBr with NaOH in 
MeOH. Subsequent coordination reaction of 1 with 
Cu(NO3)2·3H2O in water provided a 1D chain compound 
{[Cu(dcbb)2(H2O)2]·10H2O}n (2) at 100 ºC, a 2D layer compound 
[Cu(dcbb)2]n (3) at 85 ºC and their co-crystal form 
{[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4) at room temperature. The 
coordination reaction is driven by complexation of Cu(II) and 
carboxylates.6i, 12 

Powder X-ray diffraction (PXRD, Figure S1) analysis revealed 
that the experimental diffraction pattern is in agreement with that 
of the simulated from single-crystal diffraction data for compound 
1. While for 2−4, PXRD pattern of fresh powder immersed in H2O 
for 12 h are in agreement with those of the simulated, indicating 
their bulky phase purity and water stability. The bulk phase purity 
for 1−4 was further confirmed by elemental analysis. 

Crystal structure of [Na(dcbb)(H2O)]n (1) 

In 1, the Na atom is coordinated by three carboxylate groups from 
three dcbb ligands, all in monodentate mode and its tetrahedral 
coordination geometry is completed by further association of one 
water solvate (Figure 1a). The Na centers are consecutively linked 
by one µ–COO along the b axis and the other monodentate 
carboxylate along the a axis to give an overall 2D (6,3) network 
within the ab plane (Figures 1b and Figure S2). 
 
(a) (b) 

 

Figure 1. (a) Ball-and-stick model of [Na(dcbb)(H2O)]n (1) showing the complete 
coordination sphere of Na. Color codes: Na (violet), O (red), N (blue), C (black). (b) 
2D network of 1 extended in the ab plane with all the ligands and Na represented by 
red and violet spheres. 

Crystal structure of {[Cu(dcbb)2(H2O)2]∙10H2O}n (2) 

Compound 2 features a 1D zwitterionic chain with corner-sharing 
grid propagates along the [−1 0 1] direction and has 1:2 Cu-to-dcbb 
stoichiometry (Figure 2a). Each Cu center is 6-coordinate, 
associated by a pair of trans located N and a pair of trans located O 
atoms from four dcbb ligands which also define the equatorial 
plane of an octahedron. Each Cu center is further associated by two 
aqua molecules at the axial positions to complete its octahedral 
coordination. Adjacent Cu atoms are bridged by a pair of dcbb 
ligands in a head-to-tail arrangement. Notably, one of the 
carboxylates in each ligand is anionic and uncoordinated to 
neutralize the positive charge generated either by the positive 
Cu(II) or the pyridinium center, and the chain is thus zwitterionic. 
The 1D chains of 1 are packed within the cell to generate small 
channels along the b direction (Figure 2b), and these channels are 
occupied by water molecules. 

(a)

 

(b)

 

Figure 2. (a) The 1D grid structure of {[Cu(dcbb)2(H2O)2]·10H2O}n (2) looking down 
the b axis. (b) The packing diagram of 2 with the color for the adjacent chains set to 
golden-yellow and green to enhance clarity. All the dissociated water solvates and 
hydrogen atoms are omitted. Color codes for (a): Cu (dark magenta), O (red), N 
(blue), C (black). 

Crystal structure of [Cu(dcbb)2]n (3)  

Compound 3 features a 2D layer structure and also has a Cu-to-
dcbb ratio of 1:2 in the crystal. As shown in Figure 3a, there are 
two types of dcbb ligands (delineated as type I and type II). Type I 
dcbb ligand serves as the tritopic ligand, juxtaposing two Cu 
centers along a direction via two carboxylates and an additional Cu 
center in the c direction via the pyridyl function. Type II dcbb 
functions as a ditopic ligand that bridges Cu atoms in c direction 
via one carboxylate and one pyridyl groups, leaving the other 
carboxylate anionic and uncoordinated to neutralize the positive 
charge. Each Cu is five-coordinate and has a square pyramidal 
geometry, associated by two trans located O atoms from a pair of 
monodentate carboxylates and two trans located N atoms from a 
pair of pyridyls to define the square of the pyramidal. The apical 
position of the pyramidal is occupied by one additional O atom 
from the third monodentate carboxylate. The Cu centers in the a 
direction are connected through dicarboxylate single bridges from 
type I dcbb ligands. All the pyridyls and one carboxylate from the 
type II ligand are responsible for chain propagation in the c 
direction. A 2D layer structure is thus formed within the ac plane. 

One notable feature of 3 is that type I and type II dcbb ligands 
are located at the two sides of the plane (Figure 3a). Analysis of the 
cell packing of 3 revealed that these layers exist as pairs in the cell. 
Type I dcbb ligands pairwise in a face-to-face arrangement (middle 
two layers in Figure 3b), imposing the type II dcbb ligands to be in 
face-to-face. 

(a) (b)

 
Figure 3. (a) The 2D structure of [Cu(dcbb)2]n (3) looking down the b axis. (b) The 
packing diagram of 3 looking down a axis, showing the double layer pairs and the 
face-to-face arrangement of the free uncoordinated carboxylates. All disordered 
domains and hydrogen atoms are omitted. Color codes: Cu (dark magenta), O (red), N 
(blue), C (black). 
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Crystal structure of {[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4) 

1D chain of 2 and 2D layer of 3 have the same Cu-to-dcbb 
stoichiometry also form a co-crystal of 4. Within 4, the pairwise 
nature of the 2D layers are retained and separated by the 1D grids. 
The overall molecule therefore has a 2D:1D ratio of 2:1 (based on 
the number of Cu atoms, Figure 4). The 1D grids also display 
disorder to form a satisfying packing with the 2D layers. 

 

Figure 4. The packing diagram {[Cu(dcbb)2(H2O)][Cu(dcbb)2]2}n (4) looking down a 
axis showing the alternative arrangement of the 1D chains (green) and 2D double layer 
pairs (golden-yellow). The disordered domains within the 1D chains are maintained 
and hydrogen atoms omitted. 

Polymorphs, co-crystals and salts have been attracting substantial 
interest in pharmaceutical sciences with inherent connections.13 
Pharmaceutical molecules are often subjected to form salt and/or 
co-crystals with other ingredients to achieve enhanced solubility, 
dissolution rate, stability and/or hygroscopicity.14 However, the 
integration of polymorphs, co-crystals and salts in one system in 
MOFs, viz, a single salt co-crystal that is composed of two 
distinctive types of polymorphic sub-components, is rare.15 The 
challenge arises from the difficulty in packing two types of 
polymorphic sub-components in one crystal, particularly when 
these sub-components are also polymeric. Compound 4 thus 
represents a rare case that integrates polymorphism (to 2 and 3), 
co-crystal (of 2 and 3) and salt (considering zwitterionic complex 
as inner salt). 

Sensing properties of compounds 2−4 toward HIV ds-DNA 

Compounds 1–4 are obtained in good yields and are water stable at 
room temperature. As discussed above, 2−4 contain aromatic rings 
and positively charged pyridinium cation centers. The positively 
charged skeleton is known to promote electrostatic interactions 
with the DNA backbone. Such electrostatic interactions is further 
strengthened by the presence of cationic metal centers.16 Thus, 
compounds 2−4 may form electrostatic and π-stacking interactions 
with ss-DNA chains, as the latter is composed of aromatic entities 
laced up by an anionic phosphate-based chain.17 Such interaction 
may quench the fluorescence of the dye-tagged ss-DNA.4 To test 
this hypothesis, we chose fluorophore FAM-labeled ss-DNA 5’-
FAM-TTCTTCTTTTTTCT-3’ as a P-DNA (FAM = 
carboxyfluorescein), which is the complementary sequence for 
HIV ds-DNA fragment. As shown in Figure 5a, the fluorescence 

intensity of the P-DNA decreases upon addition of 2−4 with the 
quenching efficiency (QE%) being 4.2% for 2, 61.8% for 3, and 
22.8% for 4, and with saturation concentrations of 33.6 µM (2), 
24.7 µM (3) and 30.0 µM (4), respectively. Thus, 3 efficiently 
quenches the photoluminescence of the P-DNA (Figure 5b) due to 
the formation of P-DNA@3 system.3g For P-DNA is only attached 
on the surface of compound 3, the loosely attached P-DNA will fall 
off during the following sensing assay and largely affect the 
results. Therefore, we washed the P-DNA@3 system many times 
until the fluorescence was not unaltered with the quenching 
efficiency stabilized at 62%. This is also an optimized condition. 
With the less amount of 3, the P-DNA@3 system will suffer from 
high background fluorescence of P-DNA. With the excessive 3, the 
fluorescence of P-DNA@3 system could not be recovered. 

For comparison, we measured the quenching efficiency of the P-
DNA by H2dcbbBr and Cu(NO3)2 (Figure 5a and Figure S3). The 
quenching efficiency (QE%) is 17.8% for H2dcbbBr and 68.8% for 
Cu(NO3)2 with the saturation concentrations of 28.3 µM and 43.8 
µM. It can be seen that to reach a similar QE% to 3, the Cu(NO3)2 
concentration needs to be nearly doubled. This confirms that the 
2D plane structure of 3 is essential to the fluorescence quenching, 
wherein the interactions between Cu2+ and P-DNA may play a 
major role. This is because the intercalation of Cu2+ ions into the P-
DNA base pairs and its subsequent electrostatic binding with the 
phosphate backbone triggers a photoinduced electron transfer 
(PET) from FAM to Cu2+.4b-4f For 2, the 1D chains of 1 are packed 
within the cell to generate small channels (Figure 2b), while for 4, 
the 1D chains and 2D networks are also packed closely (Figure 4). 
All these structure characteristics make the P-DNA difficult to 
form efficient contacts with 2 and 4. 

In the P-DNA@3 system, addition of the relevant target HIV 
ds-DNA could lead to the formation of a rigid triplex structure via 
reverse Hoogsteen base pairing in the major groove with the P-
DNA.18 Such triplex DNA formation drives the detachment of the 
P-DNA from the surface of 3, leading to the fluorescence 
regeneration. Thus, the suitability of P-DNA@3 system as sensing 
platform for HIV ds-DNA can be evaluated via the fluorescence 
recovery profile upon addition of the complementary duplex HIV 
ds-DNA. The results indicate that the fluorescence intensity could 
recover in the presence of target DNA in the P-DNA@3 system 
(Figure 5c), but otherwise for P-DNA@Cu(NO3)2 (Figure S4). 
This is likely due to the strong interactions between Cu2+ and P-
DNA in the P-DNA@Cu(NO3)2 case.4 For P-DNA@3 system, we 
further found that the fluorescence recovery efficiency was time-
dependent. The fluorescence intensity increased with incubation 
time and remained unaltered after 90 min (Figure S5). This time-
dependence is indicative of a thermodynamically controlled 
process. Thus, 90 min incubation time was chosen as one of the 
operational conditions. Upon addition of target DNA, the 
fluorescence intensity increases gradually until saturation was 
observed at the concentration of 120 nM. 
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(a)

 

(b) (c)

 
Figure 5. (a) Fluorescence quenching efficiency of the probe DNA (70 nM) by compounds 2−4, H2dcbbBr and Cu(NO3)2 of varying concentrations in 100 nM Tris-HCl buffer 
(pH 7.4) at room temperature. (b) Fluorescence intensity quenching of the probe DNA (70 nM) incubated with compound 3 of varying concentrations at room temperature. Inset: 
Plot of fluorescence intensity versus the concentration of compound 3. (c) Fluorescent intensity recovery of P-DNA@3 system after incubation with varying concentrations of 
target HIV ds-DNA at room temperature. Inset: Plot of fluorescence intensity versus target HIV ds-DNA concentration. 

Under this condition, the fluorescence intensity shows a good 
linear relationship with the concentration of target DNA in the 
range of 1−120 nM (inset of Figure 5(c)). This gave the detection 
limit of 1.42 nM (S/N = 3), which is comparable to the reported 
MOF Cu(H2dtoa) (3.0 nM).4 

Sequence selectivity assay 

The specificity of the sensing platform was investigated by 
introducing various targets. We chose four types DNA targets, 
including one base pair mutated ds-DNA T1, the complementary 
ss-DNA T2, one base pair mutated for complementary ss-DNA T3 
and non-specific ss-DNA T4 to hybridize with the probe DNA in P-
DNA@3 system. Upon addition of the complementary target HIV 
ds-DNA, T0, it forms a rigid triplex structure with the probe DNA 

via reverse Hoogsteen base pairing in the major groove.18 
Therefore, the introduction of T0 results in significant fluorescence 
enhancement with larger RE of 0.52, while the use of 
complementary ss-DNA T2 provided the RE of 0.27. At the same 
concentration, in the presence of one base pair mutated ds-DNA T1 
(one GC base pair was replaced with AT), one base pair mutated 
for complementary ss-DNA T3 and non-specific ss-DNA T4, the RE 
are 0.11, 0.19 and 0.09, respectively (Figure 6a). It can be seen 
from Figure 6b that target ds-DNA T0 showed much higher 
fluorescence recovery than the complementary ss-DNA T2 in a 
concentration dependent fashion. However, T1, T3 and T4 showed 
no obvious concentration-dependence. These results indicate that 
the sensing platform of P-DNA@3 performs favorably with good 
specificity for the detection of HIV ds-DNA in vitro. 

(a) (b) (c)

 
Figure 6. (a) Fluorescence intensity efficiency recovery of the P-DNA@3 system toward targets DNA T0 to T4 at fixed concentration of 120 nM. (b) Fluorescence intensity 
recovery of the P-DNA@3 system toward targets DNA T0 to T4 with varying concentrations. (c) Fluorescence anisotropy changes of P-DNA (P, 70 nM) incubated for 90 min 
with compound 3 (24.7 µM), target HIV DNA T0 (120 nM), a mixture of compound 3 (24.7 µM) and target HIV DNA T0 (120 nM). 

The above results may be rationalized from the unique structure 
of 3. Firstly, 3 features a 2D layer structure with large surface area 
and aromatic rings, positively charged pyridinium and free 
carboxylates on its surface. Its zeta potential of +8.0 mV indicates 
that it is positively charged.3f Thus, it is reasonable to deduce that 3 
can absorb P-DNA through electrostatic, π-stacking and/or 
hydrogen-bonding interactions to form P-DNA@3 complex,19 and 
thus quench the fluorescence of FAM via a PET process (Scheme 
1).20 

Secondly, 3 may have less affinity toward rigid triplex DNA 
because of the absence of unpaired bases and the rigid 
conformation of the latter.17b The probe ss-DNA is 
conformationally flexible and should interact with the surface of 
compound 3 more strongly than rigid triplex DNA. Therefore, the 
hybridization of T0 with absorbed probe ss-DNA would lead to the 
release of labeled dye with the formed triplex DNA into the 
solution, thus resulting in the recovery of fluorescence (Scheme 1). 

This assumption is supported by the changes of the fluorescence 
anisotropy of the P-DNA, P-DNA@target HIV DNA (rigid triplex) 
before and after the addition of 3. It is known that fluorescence 
anisotropy can be a measure for the rotational motion-related 
factors of fluorophore-labeled DNA,21 and thus provide a means to 
judge whether P-DNA and P-DNA@target HIV ds-DNA are 
attached to the surface of compound 3. As shown in Figure 6c, the 
addition of compound 3 into P-DNA leads to an increase in the 
fluorescence anisotropy by factors of 5.2 for probe DNA whereas a 
negligible influence on the P-DNA@HIV DNA. This result reveals 
the strong interaction of compound 3 with P-DNA rather than with 
rigid triplex DNA. 
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Scheme 1. Mechanism for the detection of target HIV ds-DNA sequences based on a 
fluorescent biosensor formed from compound 3 and fluorophore-labeled probe DNA. 

Conclusions 

We described herein a unique polymorphic system containing three 
compounds 2, 3 and 4, wherein 4 is a co-crystal of 2 and 3. It 
turned out that the 2D network structure of 3 is more effective in 
HIV DNA sensing than those of the 1D chain of 1 and the 1D/2D 
co-crystal of 4. Such drastic difference can be traced back to their 
structural characteristic wherein the 2D layer has a higher exposure 
surface with functional groups to form interactions with probe ss-
DNA. This work provides a clue for our future rational design of 
performer materials. We are currently exploring other 2D systems 
based on pyridinium carboxylate ligands and their potential in 
DNA sensing, including HIV DNA and Ebola RNA. These results 
will be reported in due course. 
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