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Two new 2D Zn(i1) metal—organic frameworks (MOFs) {[Zn,(L),(n,-O)-
(H20)31-3DMA},, (Zn-1) and [Zny(L),(2,2'-bipy)(p2-O)(H20).l, (Zn-2)
(HoL = 2,5-thiophene dicarboxylic acid, bipy = 2,2’-dipyridyl) were
designed and synthesized. Through the strategy of introducing bipy
as a “lock”, Zn-1 was transferred to Zn-2 via a crystal-to-crystal
process, which showed significantly enhanced solvent and air stability
compared to that of Zn-1. Without post modification, Zn-2 was
used as an electrode modified material to construct sensors for the
electrochemical recognition and distinction of S-containing amino
acids, including L-cysteine, L-methionine and L-cystine.

Metal-organic frameworks (MOFs), known as crystalline materials
with multi-dimensional frameworks constructed upon joining
metal centers with organic linkers, have developed rapidly due
to their fascinating structures, unique properties, and applica-
tions in many fields." ® Most recently, MOFs have started to attract
increasing attention in the area of electrochemical sensors.” ">
The electrochemical reaction mechanism between MOFs and
guest molecules occurs via two approaches: one is target mole-
cules diffuse into the pores/channels of MOFs with corresponding
shape- and size-selectivity over the incorporated guests; another
approach originates from the chemically specific interactions
between the frameworks and guest molecules such as hydrogen
bonding, n-r interactions, bare metal sites, and van der Waals
interactions."

Despite the excellent properties of MOFs that suggest them
as candidates for electrode modified materials, it is a great
challenge to design and synthesize MOF sensors, because it is
quite difficult to guarantee MOFs’ electrochemical activities
and good stabilities at the same time, and MOFs directly used
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as electrochemical sensors without further modification have
been reported quite rarely at present.”**"*” As a result, improve-
ment of the stability of the electro-active MOFs is one of the
essential challenges for MOF sensors. Herein, we report a new
method to design and synthesise a MOF sensor via introducing a
‘lock’ ligand into the frame of MOFs. Two 2D Zn-MOFs, namely
{[Zn,(L),(p2-O)(H20)3]-3DMA}, (Zn-1) and [Zn,(L),(2,2'-bipy)(pe-
O)(H,0),]» (Zn-2) (H,L = 2,5-thiophene dicarboxylic acid, bipy =
2,2'-dipyridyl) were obtained. Through the introduction of
bipy as a “lock”, Zn-1 was successfully transferred to Zn-2,
whose conductivity and stability were significantly improved in
comparison to that of Zn-1, which was used as a promising
electrochemical biosensor for recognizing and distinguishing
all the three common S-containing amino acids.

A thiophene derivative, 2,5-thiophene dicarboxylic acid (H,L)
was selected as a ligand to synthesize the Zn-MOFs, because
thiophene and its derivatives are widely used as modified electrode
materials for excellent electrochemical performance.’*** Upon
reacting only H,L with Zn>" ions, colourless sheet crystals of Zn-1
were obtained from the hydrothermal process (Fig. S1 and S2,
ESIT). Single crystal X-ray diffraction reveals that Zn-1 crystallizes in
the monoclinic space group P2/m. The asymmetric unit consists
of a penta-coordinated Zn>" ion and a hexa-coordinated Zn*" ion,
two L™ ligands, one ,-O bridge and three H,O molecules. Zn1 is
penta-coordinated by O atoms from two L~ ligands, two water
molecules and a 1,-O atom. Zn2 is hexa-coordinated by O atoms
from four L™ ligands, one water molecule and a j,-O atom. And a
{Zn,C,0g} cluster is formed. This binuclear cluster is further
extended along the b and c¢ axes by the ligands L™ to afford a
2D plane (Fig. 1). However, during the electrochemical test, the
cyclic voltammetry of Zn-1 is unstable and unreproducible, and
the powder X-ray diffraction (PXRD) measurements show that
Zn-1 is decomposed during the test.

When examining the structure of Zn-1, we proposed that the
unstable Zn-1 originated due to two reasons: (i) the insufficient
coordination of the Zn*" ion, which had the vacant coordination
position and could be easily attacked by the solvent molecules
and (ii) the parallelogram conformation of the framework in
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Fig.1 Coordination environments, 2D structures and the conversion
process of Zn-1 and Zn-2.

Zn-1, which was variable and might be collapsed due to the
solvent and/or electric current. Based on the above considera-
tions, we introduced an auxiliary ligand, 2,2’-dipyridyl (bipy), as
a ‘lock’, to improve the electrochemical stability of the Zn-L
framework, as shown in Fig. 1. We chose several single crystals of
Zn-1 to react with the auxiliary ligand bipy in a glass bottle at
90 °C for 2 days, and a new 2D Zn-MOF (Zn-2) with the formula
of [Zn,(L),(bipy)(p,-O)(H,0),],, was obtained as block colorless
crystals (Fig. S3, ESIt). Zn-2 could also be obtained directly by a
hydrothermal method from a mixture of Zn(NOj3),-6H,0, H,L
and bipy. The conversion of Zn-1 to Zn-2 was confirmed by the
PXRD method (Fig. S4, ESIt).

Crystals of Zn-2 obtained from either the conversion of Zn-1
or from the direct synthesis were suitable for single crystal X-ray
diffraction study, which reveals that Zn-2 crystallizes in the
triclinic space group P1. The asymmetric unit consists of two
hexa-coordinated Zn** ions, two L™ ligands, one p,-O bridge, one
bipy molecule and two H,O molecules. Zn1 is hexa-coordinated
by four O atoms and two N atoms from two L~ ligands, one water
molecule, a 1,-O atom and one bipy molecule. Zn2 is hexa-
coordinated by O atoms from four L™ ligands, one water molecule
and a p,-O atom. And a {Zn,C,N,Og} cluster is formed. This
binuclear cluster is further extended along the b and ¢ axes by the
ligands L™ to afford a 2D plane (Fig. 1). Zn-2 shows quite similar
conformation to that of Zn-1, while bipy substitutes one of the
coordination water molecules in Zn-1, and configures as a “lock”
to clamp the Zn1 ion and replenish the coordination sites of Zn1
ions in Zn-2. On the other hand, the bipy ligands also act as a
bridge that strut each parallelogram unit of the framework and
restrains its deformation due to the steric hindrance. Benefiting
from the introduction of the ligand lock, Zn-2 exhibits extreme
solvent stability in common organic solvents for at least two
weeks, as proved by PXRD (Fig. S5, ESIT).

The electrochemical behavior of Zn-2 was characterized by
cyclic voltammetry (CV) measurements after coating unmodified
Zn-2 on the surface of a clean Au electrode (AuE, @ = 1 mm). The
CV curves of the MOF coated electrode, named as Zn-2/AuE, in
DMF-BMIMBEF, solution are shown in Fig. 2. As can be seen, a pair
of quasi-reversible peaks were observed with E,, = —1.23 V and
E,. = —1.06 V versus Ag/AgCl, which were attributed to the
Zn®'/Zn" redox process.””*” The peak to peak separations (AEp)
were 0.17 V, and the half-wave potential was —1.15 V. The CVs on
Zn-2/AuE were carried out for further thirty circles. The peak
current density almost did not decrease, and this indicated good
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Fig. 2 (a) Cyclic voltammetry in DMF-BMIMBF4 solution of Zn-2/AuE for

30 circles and (b) cyclic voltammograms of Zn-2/AuE in DMF-BMIMBF4 at

different scan rates from 0.02 Vst t0 0.2 V s~

reproducibility that originated from the high stability of Zn-2.
The influence of scan rates () was investigated too. The CVs
of Zn-2/AuE in DMF-BMIMBEF, solution with a scan rate from
0.02 Vs 'to 0.2 Vs " are shown in Fig. 2b. The peak current
densities of both the oxidation and reduction processes increase
gradually with the increasing scan rates. The anodic (ip,) and
cathodic (7,c) peak current densities are directly proportional to
"' (see ESIt), which indicates a surface controlled process.>
Subsequently, Zn-2/AuE was used for discriminating three
S-containing amino acids, r-cysteine (1-Cys), .-methionine (1-Met)
and r-cystine (1-Cys-Cys). In an organism, S-containing amino
acids used as mediate to attend most the effects of reactive oxygen
species (ROS) on proteins. 1-Cys is a non-essential amino acid and
thus is one of the building blocks required for the synthesis of
proteins.”® .-Met and 1-Cys-Cys in combination with other bio-
molecules have changed the serum or plasma cholesterol
concentration to avoid the hepatoma-induced hyperlipidemia.>”
Thus, exploring convenient detection methods for S-containing
amino acids is of great significance in food chemistry and
medicine fields.”®° Many technologies have been exploited for
detecting S-containing amino acids including fluorometry,*'** high
performance liquid chromatography (HPLC) spectrophotometry,****
capillary electrophoresis,**® chemoluminescence methods,*”
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Fig. 3 Nyquist plots of Zn-2/AuE in DMF-BMIMBF4 solution or containing

0.5 mM L-Cys, L-Met and L-Cys—Cys, respectively. Inset: An equivalent
circuit and a detailed graph.

and nuclear magnetic resonance spectroscopy (NMR),*® and
these require expensive instruments and/or complex operation
steps. In our work, Zn-2 was used as electrode materials for
recognizing and distinguishing three S-containing amino acids
without any post-modification. To the best of our knowledge,
this is the first observation of an electrochemical biosensor
based on MOF materials for the recognition and distinction of
all the three S-containing amino acids.****

The interaction between the three S-containing amino acids
and Zn-2 was further investigated by electrochemical impedance
spectroscopy (EIS) and CV measurement. First, to characterize
the proton conductivity of the Zn-2/AuE electrode, EIS analysis
was performed on Zn-2/AuE in blank DMF-BMIMBF4 solution
or containing 1-Cys, .-Met and 1-Cys-Cys, respectively (Fig. 3).
The diameter of the semicircle represents the charge transfer
resistance (R.), the values of which correspond to blank, 0.5 mM
1-Cys, 0.5 mM 1-Cys-Cys, 0.5 mM r-Met and were 0.01, 2.78, 15.55
and 18.98 Q cm? respectively. This shows that the electron
conducting ability at the Zn-2/AuE interface descends following
the sequence 1-Cys, 1-Cys-Cys and r-Met, which could be due to
different chemically specific interactions between the frame-
works and the different positions of the S atom in the corres-
ponding S-containing amino acid guest molecules, which is
further confirmed by the CV measurements (Fig. 4).

Fig. 4 shows the CV responses of Zn-2/AuE in DMF-BMIMBF,
solution/suspension with 0.5 mM r-Cys, L-Met and 1-Cys-Cys,
respectively. The same reduction peak I at E,. = 0.901 V is
exhibited by all the three complexes, while the corresponding
current density increases following the sequence of L-Cys (ip 11 =
2.5 x 10 ° Aem %) > vMet (jpp = 1.8 x 10 > Acem™ %) > 1-Cys-Cys
(fp;3 = 1.3 x 10> A cm ). In contrast, another reduction peak II
for the three S-containing amino acids appeared at different
potential positions (1-Cys at 0.35 V, .-Cys-Cys at 0.29 V and -Met
at 0.16 V with the highest current density of 1.25 x 10> A cm ?)
which can thus be used for distinguishing them easily. The
EIS data and the CV responses confirm that the electron
conducting abilities of the three S-containing amino acids at
the Zn-2/AuE electrode are different from each other, which
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Fig. 4 Cyclic voltammograms of Zn-2/AuE in DMF-BMIMBF4 solution
obtained in the presence of 0.5 mM of L-Cys, L-Met and L-Cys—Cys,
respectively.

should be attributed to the different positions of the S atom in
these three amino acids.

The impedance data of the three kinds of amino acids, -Cys,
1-Cys-Cys and 1-Met, are 2.78, 15.55 and 18.98 Q cm?, respec-
tively, which indicate that the mass transfer difficulty of these
three substances on Zn-2 follows the order of L-Cys > 1-Cys—Cys
> 1-Met. As per the CV graphs, the potentials of reduction peak II
are 0.35, 0.29 and 0.16 V for 1-Cys, 1-Cys—Cys and r-Met, respec-
tively, which suggests that in a CV loop, the reduction degree of
the three kinds of amino acids on Zn-2 is in the order of L-Cys >
1-Cys-Cys > r-Met, which corresponds well with the performance of
the impedance test. This sequential change could be attributed to
the different locations and configurations of the S atoms in these
three kinds of amino acids. 1-Cys has a terminal -SH group, which
interacts easily with Zn-2; and 1-Cys-Cys has an S-S bond, which
tends to fracture. During the electrochemical process, some of L-Cys-
Cys can decompose into t-Cys, as confirmed by further experiments
(see the figures and explanations given in the ESIt), which also
makes 1-Cys-Cys interact with Zn-2 easily. In contrast, when the
-S-CH; group is present in 1-Met, the steric hindrance of -CHj; is
much greater than that of -H, and thus the reduction reaction
between 1-Met and Zn-2 is limited, although -CH; is an electron-
donating group and is helpful for increasing the reactivity of S atoms.

Upon increasing the concentration of 1-Cys, 1-Met and
1-Cys—Cys in the range from 0.2 mM to 0.6 mM, the current densities
of peak II increase gradually for the three S-containing amino acids.
The iy, exhibits a nearly linear variation as the concentration of
L-Cys, 1-Met and 1-Cys—Cys following the equations:

Ipe = —3.992 x 107 ¢,.cys —4.085 x 10°, R* = 0.997
fpe = —3.258 X 107° Ciprer —1.188 x 10°, R* = 0.992

Ipe = —2.302 X 10° Cicys-cys —6.900 x 107, R* = 0.996

where i, is the cathodic peak current of peak II; ¢,.cys, Cimet and
Cicys-cys are the concentrations of -Cys, L-Met and 1-Cys-Cys
(A em™?); and R is the correlation coefficient. The sensitivity
of 1-Cys, 1-Met and 1-Cys-Cys are 39.92 pA M, 32.58 pA M~ *
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and 23.02 pA M7, and the detection limits of them are 3.12 pM,
1.93 uM and 2.05 pM, respectively, which are calculated according
to the method mentioned in previous reports.** This result
confirms that Zn-2/AuE can distinguish the three S-containing
amino acids from both potential and current.

In summary, we have successfully synthesized new 2D Zn-MOFs.
Through a method to introduce a ligand lock via a crystal-to-crystal
process, the stability of the 2D framework was significantly
improved, which was used as an electrochemical biosensor for
recognizing and distinguishing three S-containing amino acids
with excellent electrochemical performance. This is the first
attempt to directly apply MOFs as electrochemical biosensors
to recognize S-containing amino acids. We provide a promising
method for the design of MOF sensors and the modification of
electrochemical properties in electrochemistry and biochemistry.
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