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ABSTRACT: A Cu'—Tb™ heterometallic MOF, namely 1-DMF, was obtained via a coordination assembly process of isonicotinic
acid with Cu' and Tb™. 1-DMF can be switched to 1-MeOH in methanol with a luminescent emission response. Meanwhile, 1-
MeOH exhibits a reversible single-crystal transformation to 1-DMF after immersion in DMF. Both MOFs have superior

physicochemical stability. The 1-DMF-based biosensor has a remarkable sensing performance toward penicillin.

B INTRODUCTION

Antibiotics as drugs and additives have been used in the
treatment of multifarious bacterial infections.' > Antibiotics
also cause problems in terms of health and the environment
due to the increasing antibiotic resistance of bacteria.* Up to
now, some developed countries have taken measures to restrict
the use of antibiotics in many fields. Particularly, penicillin
triggers anaphylaxis for a specific population at only 1 ppb
(~2.8 X 10™° M).” Detection technologies have been
developed to monitor antibiotics, including fluorescence,
mass spectrometry, and so on,° '’ but some deficiencies
significantly restrict their applications in the detection of
antibiotics, such as time consumption, operational complexity,
and high operating cost.

Aptamers are commonly used single-stranded RNA
molecules with unique features, such as lack of immunoge-
nicity, small size, good stability, and easy postmodification.''
Also, they have three-dimensional (3D) constructions to
recognize analytes.'” By virtue of these outstanding features,
aptamers can be used to build aptasensors to monitor
analytes.'»'* Significantly, electrochemical biosensors are of
concern in food safety and environmental monitoring for the
reasons of low operation cost, available portability, remarkable
sensitivity, and exceptional selectivity.'">'® In addition,
diversified materials have been developed to amplify detection
signals.n_19 Metal—organic frameworks (MOFs) have been
designed and used in many applications,”~>" but their
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instability directly restricts the actual use of MOFs. Notably,
heterometallic MOFs have attracted increasing interest in
recent years, because such MOFs have plentiful structures,
high stability, and fine photoelectric properties.”* > As we
know, only a few reported MOFs have been developed to
prepare aptasensors for electrochemical detection.”* " How-
ever, no heterometallic MOFs have been reported as
electrochemical aptasensors to monitor penicillin.

Herein, we synthesized a Cu'=Tb™ heterometallic MOF,
namely 1-DMF (DMF = N,N-dimethylformamide), based on
isonicotinic acid (HINA) with a pyridine ring and a —COOH
group. A reversible structural transformation of 1-DMF occurs
once it encounters MeOH to generate a different MOF,
{[Tb,(Cugls) (INA)s(MeOH),]-6MeOH}, (namely 1-
MeOH), with a luminescent emission variation. Meanwhile,
1-MeOH can quickly transform to 1-DMF after immersion in
DME. The fabricated 1-DMF-based biosensor can detect
penicillin even in raw milk samples by an electrochemical
impedance technique.
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B EXPERIMENTAL SECTION

Materials and Methods. Chemicals were purchased and directly
used in this work. The penicillin aptamer is 5'-NH,-CTGAATTGG-
ATCTCTCTTCTTGAGCGATCTCCACA-3’ from Shanghai San-
gon Biotechnology.40 Thermogravimetric analysis (TGA) was
measured on a Shimadzu DTG-60A instrument. Fourier-transform
infrared (FT-IR) spectra were obtained on a Bruker ALPHA-T FT-IR
spectrometer. All experimental powder X-ray diffraction (PXRD)
patterns were measured on a Rigaku D/max-2500 diffractometer. X-
ray photoelectron spectroscopy (XPS) was carried out with an AXIS
Ultra DLD X-ray photoelectron spectrometer. A Cary Eclipse
fluorescence spectrophotometer was used to measure fluorescent
spectra. Scanning electron microscope (SEM) images were obtained
with a Nova Nano SEM 230 instrument. Elemental analyses were
carried out with a PerkinElmer 240 instrument.

Preparation of {[(Cu,ly);Tb3(INA)o(DMF),]:3DMF}, (1-DMF).
Cul (50 mg), Tb(NO;);-6H,0 (40 mg), 2-fluorobenzoic acid (80
mg), and HINA (40 mg) were ultrasonically dissolved in DMF (3
mL) and water (2 mL). The autoclave was sealed and heated at 100
°C for 24 h to obtain well-shaped crystals in a yield of 61%. Anal.
Found: N, 5.14; H, 2.03; C, 20.51. FT-IR (cm™!, Figure S1): 3426
(br), 3057 (br), 2934 (s), 2367 (s), 1656 (s), 1552 (s), 1498 (s),
1409 (s), 1238 (s), 1109 (s), 1061 (s), 1027 (s), 862 (s), 780 (s), 698
(s), 561(s), 439 (s).

Preparation of {[(Cuglg)Tb,(INA);(MeOH),]-6MeOH}, (1-
MeOH). Crystals of 1:DMF were immersed in fresh MeOH for 2
days. Then well-shaped crystals were obtained in a yield of ~100%.
Anal. Found: N, 3.01; H, 1.92; C, 18.59. FT-IR (cm™!, Figure S2):
3857 (m), 3754 (s), 2373 (s), 2339 (s), 1635 (s), 1587 (s), 1539 (s),
1402 (s), 1218 (s), 1061 (s), 1006 (s), 862 (s), 766 (s), 684 (s), 555
(s), 432 (s).

Single-Crystal X-ray Diffraction Determination and Refine-
ment. 1-DMF and 1-MeOH measurements were both carried out on
a SMARTAPEX II diffractometer (Mo Ka radiation). Absorption
corrections were applied through a multiscan absorption correction.
The absorption effects were implemented by using the SADABS
program.*" Their structures were accurately confirmed by a direct
approach. All atoms except hydrogen were further processed through
anisotropic refinement by SHELXL-2015 and OLEX2.”™* In
addition, H atoms were added in the skeletons through a theoretical
method. The deposited CCDC files are 1918830 for 1-DMF and
1918831 for 1-MeOH.

B RESULTS AND DISCUSSION

Crystal Structure Analysis. 1-DMF crystallizes in the
monoclinic system and P2,/n space group. The asymmetrical
unit of 1-DMF contains 12 Cul, 3 Tb™, 12 I7, 9 INA™, 4
coordinated DMF, and 1 free guest DMF (Figure S3). As
shown in Figure la,b, two coordination modes of INA™ can be
found in 1:-DMF: py-n':n' and pp-n'in®. The Cu,l, cluster is
coordinated by the pyridine ring and two crystallographic Tb™
cations via —COO™. As illustrated in Figure 1c, Cu,l, clusters
can generate one-dimensional (1D) chains. Three Cu' ions in a
Cu,l, cluster coordinate with one N-donor in pyridine ring and
three I7; meanwhile, another Cu' is coordinated with four I~
and served as a bridging site to connect different Cu,l, clusters.
Three crystallographic Tb™ cations exist in 1-DMF, including
Tbl, Tb2, and Tb3, which are linked together via —COO™ to
form 1D chains (Figure 1d). Tb1 is coordinated with seven O
atoms from six —COO~ and a coordinated DMEF. The
coordination environment of Tb2 has eight O donors from
six —COO™ and two coordinated DMF molecules; meanwhile,
Tb3 is connected with eight O-donors from six —COO™ and
one DMF. As shown in Figure le, Cuyl,- and Tb-based chains
are linked together by INA™ linkers to form a 3D construction.

1-MeOH crystallizes in the monoclinic system with the P2,/
n space group. It has one Tb", four Cu', four I7, three fully

() (b)

Figure 1. (a, b) Coordination modes of INA™, (¢, d) 1D Cu,l,;- and
Tb-based chains, and (e) the 3D porous structure after removal of
coordinated and free guest molecules.

deprotonated INA™ ligands, and one coordinated MeOH
molecule (Figure S4). INA™ ligands show two coordination
modes in 1-MeOH. Pyridine groups can coordinate with Cu,l,
clusters, but —COQO~ groups are able to connect with two
crystallographic Tb™ cations by using the coordination modes
Han' " and py-n'in* (Figures 2a,b). As displayed in Figure 2c,
it exhibits a 1D Cu,l, chain, which is similar to that in 1-DMF.
However, the 1D Tb"-based inorganic chain is significantly
different from 1-DMF. As shown in Figure 2d, it is clearly
found that all Tb™ cations adopt the coordination mode by
connecting with seven O-donors from six —COO™ and one
coordinated MeOH. All Tb- and Cu,l,-based chains can be
connected with each other by INA™ organic ligands to generate
a 3D architecture, which is significantly different from that of
1-DMF (Figure 2e¢). Table 1 summarizes the crystal data.
PXRD and Stability Analysis of 1:-DMF. The purity of 1-
DMF was determined by a PXRD profile (Figure SS). More
importantly, PXRD patterns of as-synthesized 1-DMF in air
and water for different days at room temperature match very
well with that of the as-synthesized 1-DMF (Figure S6),
illustrating that 1-DMF has excellent stability under such
conditions. In addition, the TGA curve of freshly as-
synthesized 1-DMF shows a weight loss of about 4.96% at
170 °C due to the loss of guest DMF (calculated 5.02%)
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(a)

Figure 2. (a, b) Coordination modes of INA™, (¢, d) 1D Cu,l,- and
Tb-based chains, and (e) the 3D porous construction after removal of
coordinated and free guest molecules.

Table 1. Crystal Data of Both Samples

1-DMF 1-MeOH
empirical formula CeoH71023N,1;,Cu;, Thy C;3,H,,0,,NyI;CugTh,
formula wt 4226.43 2621.00
cryst syst monoclinic monoclinic
space group P2,/n P2,/n
a (A) 15.1510(8) 12.516(2)
b (A) 25.2699(12) 8.3324(16)
¢ (A) 28.9865(15) 31.140(6)
a (deg) 90 90
B (deg) 102.533(5) 94.673(3)
7 (deg) 90 90
v (A% 10833.5(10) 3236.6(11)
VA 4 2
Peac (g em™) 2.591 2.689
F(000); Ry, 7784; 0.0553 2378; 0.0676
Ny 19086 5683
u (mm™) 7.716 8.595
GOF 0.943 1.096
R1 (reflections) 0.0429 0.0525
wR2 (reflections) 0.0757 0.1158

(Figure S7). The second weight loss is 6.87% at 320 °C,
belonging to the coordinated DMF molecules (calculated

6.68%). The framework further decomposes with increasing
temperature.

Structural Transformation. The as-synthesized 1-DMF
was immersed in many organic solvents, including methanol,
acetone, dichloromethane, toluene, petroleum ether, ether,
ethanol, ethyl acetate, and acetonitrile, which were kept at
room temperature for 2 days. The PXRD patterns of 1-DMF
can be maintained in most organic solvents due to its high
stability (Figure 3a). Nevertheless, the PXRD pattern of 1-
DMEF is obviously different in methanol, illustrating a single-
crystal transformation can be caused by methanol to generate a
new MOF (1:-MeOH). As shown in Figure 3b, 1-MeOH and 1-
DMEF have evidently disparate channel shapes with different
crystal colors becaise of the different coordination environ-
ments of Tb'™. Furthermore, we tried to directly prepare 1-
MeOH by a solvothermal synthesis; nevertheless, 1-MeOH is
not found under any synthetic conditions. Hence, 1-MeOH
can only be generated by a methanol-induced structural
transformation from 1-DMF.

The reversibility and conversion speed were investigated in
detail. As shown in Figure 4a, some new diffraction peaks are
found after immersing as-synthesized 1-DMF in MeOH for 30
min, which belongs to the diffraction peaks of 1-MeOH. The
structural transformation from 1-DMF to 1-MeOH can
proceed with increasing time in methanol, and the trans-
formation is complete after 2 days. More importantly, 1-
MeOH can rapidly transform to 1-DMF after immersion in
DMF for only 30 s (Figure 4b). The transformation can be
mainly attributed to solvent-induced Tb—O chain dissolution
and reconstruction. As illustrated in Figure 4c, 1-DMF and 1
MeOH can convert to each other for at least 8 cycles, proving
the excellent reversibility. No evident structural change was
found in 1-DMF after it was soaked in DMF/MeOH ( 1/9 v/
v) for 2 days. Simultaneously, 1:MeOH can maintain its
skeleton structure in MeOH/DMF (1/9 v/v) for 30 s (Figure
S8). The luminescent spectra of the transformation from 1-
DMEF to 1-MeOH at different immersion times were measured
under an excitation at 330 nm. The maximum emission peak
produces an obvious blue-shift phenomenon from 1-DMF to
1-MeOH (Figure 4d), which may be attributed to the more
rigid structure in 1-MeOH in comparison to that in 1-DMF
that4§igniﬁcantly reduces the skeleton vibration and energy
loss.

Stability Analysis of 1-MeOH. To investigate the stability
of 1-MeOH, it was immersed in frequently used organic
solvents, such as acetone, dichloromethane, petroleum ether,
toluene, ethanol, ethyl acetate, and acetonitrile, at room
temperature for 2 days. As seen in Figure S9a, PXRD profiles
are consistent with those of the matrix materials to prove a
high stability in such solvents. More importantly, the water
stability of MOFs is a vitally important factor in practical
applications. The PXRD peaks of 1-MeOH in water for 2 days
at room temperature are still consistent with the original
pattern due to the excellent water stability (Figure S9b). PXRD
patterns prove that 1-MeOH also has remarkable stability in air
for 30 days.

Electrochemical Biosensing Performance. Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used to study the electrochemical aptasensor at
different stages in [Fe(CN),]*~*~ (0.5 mM) and KCI (0.1 M).
As seen in Figure Sa, it is found that the bare Au electrode
(AE) possesses remarkable redox peaks. 1-DMF-modified AE
(1-DMF/AE) appreciably changes the redox peaks because of
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Figure 3. (a) PXRD data of 1-DMF in organic solvents for 2 days at room temperature and (b) different shapes of channels and optical photos of

1-DMF and 1-MeOH.
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Figure 4. Switching speed of the structure transformation (a) from 1-DMF to 1-MeOH and (b) from 1-MeOH to 1-DMF, (c) the continuous
reversibility between 1-DMF and 1-MeOH, and (d) the luminescent spectra of 1-DMF in MeOH at different time intervals.

the relatively poor electrochemical property of INA™ ligands in
1-DMF. This indicates that 1-DMF is successfully coated on
the bare AE. The apt/1-DMF/AE can be obtained after
immersing 1-DMF/AE in aptamer for 2 h with totally different
CV curves. The fabricated penicillin/apt/1-DMF/AE also
exhibits an obvious variation, illustrating the strong interaction
between penicillin and the aptamer.

EIS measurements of different electrodes were performed to
investigate the surface conditions at different modified stages.

11084

All Nyquist results were measured at open-circuit potential
from 100 to 0.1 kHz. Figure Sb shows EIS plots at different
stages. The equivalent circuit of simulated Nyquist curves is
shown in Figure S10. There is a very small R, value of 0.18 k€2
for AE. The R, value of 1-DMF/AE is 0.422 k€, which is
significantly higher than that of AE to illustrate that 1-DMF is
on the surface of AE. Furthermore, the corresponding R, value
of apt/1-DMF/AE rapidly soars to 0.567 k€ because of the
additional aptamer on the surface of 1-DMF/AE to greatly
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Figure 5. (a) CV curves and (b) EIS plots of AE, 1-DMF/AE, atp/1-DMF/AE, and penicillin/atp/1-DMF/AE, respectively.
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Figure 6. (a) EIS results and (b) the dependence of AR, on the penicillin concentration.

Table 2. Comparison of Penicillin Determinations

material
Fe;O, NPs and PEDOT-AuNPs composite
methylene blue grafted polyurethane foam

hydroxylamine silver nanoparticle

method
electrochemical aptasensor
flow injection analysis—solid-phase extraction
surface-enhanced Raman spectroscopy

enzyme-linked immunosorbent assay

biohybrid magnetic particle
polymeric frit nanoliquid chromatography
PenG-GInBP-CF647

1-DMF electrochemical aptasensor

fluorescence polarization assay

linear range (ng mL™')  LOD (ng mL™") ref
0.1-200 0.057 49
41-1200 12 S0
100—600 29 51
100 S
500 52
0.356 S3
0.001-0.5 0.00084 this work

limit the electron transfer between AE and the electrode.””
Meanwhile, the R value of penicillin/apt/1-DMF/AE sharply
increases to 0.79 kQ in a penicillin solution (0.001 ng'-mL™")
due to the formation of penicillin/aptamer.”® The PXRD
pattern proves the integrated skeleton of 1'DMF in penicillin/
apt/1'DMF/AE (Figure S11). Additionally, the SEM image
exhibits that deposited MOFs with small size can expose a
large number of functional sites to immobilize aptamers
(Figure S12).

Furthermore, a 1-MeOH-based aptasensor was fabricated to
detect penicillin under the same conditions. A similar
electrochemical performance was observed (Figures S13 and
S14). The R, value evidently increases after enhancing the
modified layers on the surface of the AE. The immobilization
efficiency and binding amount can be estimated by the R
variation value (AR,) calculated by the R, value before and
after fabricating a new adsorbed layer. Figure S15 shows
different AR, values of both MOF-based aptasensors. The 1-
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DMF-based aptasensor has higher AR values in comparison
to those the of 1-MeOH-based aptasensor, which exhibits that
the higher binding amount of aptamers on the 1-DMF-based
aptasensor has a more sensitive detection performance. This
encouraged us to investigate the sensing ability toward
penicillin by using the 1-DMF-based aptasensor.
apt/1-DMF/AE was incubated at different penicillin
concentrations for 2 h to analyze the sensing ability. All
Nyquist results of apt/1:-DMF/AE are displayed in Figure 6.
The R value increases gradually in penicillin solutions from
0.001 to 0.5 ng mL™". The sensing performance may be
ascribed to more penicillin on the surface of the electrode at a
higher concentration. All AR values at different penicillin
concentrations are proportionally enhanced with the logarithm
values of the penicillin concentration with the linear regression
equation AR, = 4.4314 + 1.4398 log C,eniciin- The
corresponding correlation coefficient (R?) is 0.9923. The
limit of detection (LOD) of the 1-DMF-based aptasensor is
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Figure 7. (a) Selectivity, (b) reproducibility, and (c) long-term stability of the developed 1-DMF-based aptasensor.

0.84 pg mL™". As summarized in Table 2, the fabricated 1-
DMF-based aptasensor is superior to many reported sensors.

The selectivity of the fabricated 1-DMF-based aptasensor
can be investigated by comparing the AR, value in penicillin
or other interfering antibiotics, including chloramphenicol,
sulfamethazine, kanamycin sulfate, ornidazole, and neomycin
sulfate. As displayed in Figure 7a, the fabricated 1-DMF-based
aptasensor shows a significant change after immersion in a
penicillin solution at 0.01 ng mL™}, but faint variations are
found in interfering antibiotic solutions even at a 100-fold
higher concentration (1 ng mL™") in comparison to that of
penicillin. The result confirms that the obtained 1-DMF-based
aptasensor has exceptional selectivity to penicillin. Then the 1-
DMF-based aptasensor was measured in parallel by five
different modified electrodes to detect penicillin at 0.001 ng
mL™". The relative standard deviation (RSD) of these test
electrodes is 3.51%, manifesting a remarkable producibility
(Figure 7b). In addition, the same 1-DMF-based biosensor was
used continuously to detect penicillin (0.001 ng mL™") for 10
days. The AR, value is preserved very well in a refrigerator at
—20 °C for 10 days to further illustrate the biosensor’s
operating stability and long-term storage (Figure 7c). In
addition, —SH-modified aptamers were directly immobilized
on AE (apt/AE). The preparation and sensing processes were
virtually the same as those for the 1-DMF-based electro-
chemical aptasensor without MOFs. Figure S16 shows that
apt/AE has the same EIS Nyquist plots in the penicillin
solution (0.001 ng mL™"); meanwhile, EIS Nyquist plots of
apt/AE only slightly increase in a penicillin solution at 0.0S ng
mL™". Hence, the MOF is necessary for fabricating a highly
sensitive electrochemical aptasensor.
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The aptasensor based on 1-DMF can monitor penicillin in
real milk samples to estimate its practical capability, because
penicillin, as a food additive, is broadly used to treat and feed
cows, leading to penicillin residues in raw milk. It thus is
remarkably meaningful to have a highly efficient detection of
penicillin in real raw milk. The raw milk samples with different
penicillin concentrations were investigated to confirm the
accuracy by applying the standard addition approach. The test
milk samples with penicillin concentrations at 0.001, 0.05, 0.1,
and 0.5 ng mL ™" were manufactured by adding penicillin to the
raw milk, respectively. Subsequently, EIS measurements were
conducted for all of the above milk samples. The AR value
can be obtained to calculate the penicillin concentration
(Table 3). The recovery of penicillin is in the range from

Table 3. Penicillin Determination in Raw Milk

spiked amount found amount apparent RSD
(ng mL™") AR, (Q) (ng mL™") recovery (%) (%)
0.001 190.4 0.001134 113.4 4.1
0.05 2593.2 0.05288 105.8 3.9

0.1 3038.0 0.1077 107.7 4.5

0.5 3999.8 0.501S8 100.3 2.9

100.3% to 113.4%. In addition, all RSD values are significantly
lower than 4.5%. Therefore, the 1-DMF-based biosensor has
an available practicality.

To understand the binding sites of aptamers on MOFs, the
C Is, Cu 2p, and Tb 4d high-resolution XPS spectra of MOF
and apt/MOF were measured and analyzed in detail. As
illustrated in Figure 8a, the C 1s signals of 1-DMF and apt/1-
DMF show an obvious difference in the range of 285.0—288.5
eV due to the adsorbed aptamers on the surface of 1-DMF;
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Figure 8. XPS spectra of C 1s (a), Cu 2p (b), and Tb 4d (c) of 1-DMF (black) and apt/1-DMF (red).

meanwhile, a new weak XPS peak was observed at 290.5 eV via
the 77 interaction between MOFs and aptamers.”* In
addition, the changes in the coordination environment of Cu
and Tb in the MOF are shown in Figure 8b,c. In comparison
with pure 1-DMF, the Cu 2p core-level spectrum of apt/1-
DMEF exhibits two increasing peaks of 931.9—935.1 eV of Cu
2p; and 951.8—954.8 eV of Cu 2p,, respectively. Similar to the
Cu 2p XPS result, the high resolution Tb 4d XPS spectrum of
apt/1-DMF displays two slightly enhanced parts around
143.3—146.4 and 152.3—157 eV ascribed to Tb—O and Tb
4d;, respectively. The apparent variation of C 1s, Cu 2p, and
Tb 4d XPS spectra can confirm that aptamers are covered on
the MOF via the 7---7 force between the organic ligands and
the bases in aptamers and the coordination interaction of
aptamers and metal sites (Cu or Tb) in MOFs.

B CONCLUSION

In summary, we successfully exploited and prepared Cu'—Tb™
heterometallic MOFs, which can fabricate portable and useful
electrochemical biosensors for detecting penicillin with
splendid selectivity and excellent sensitivity. The LOD is
0.84 pg mL™'; meanwhile, the 1-DMF-based aptasensor can
accurately monitor penicillin in raw milk. Interestingly, a
reversible solvent-induced structural transformation can be
found between 1-DMF and 1-MeOH after immersion in
MeOH or DMF.
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