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ABSTRACT 

Imidazole-based metal-organic frameworks (MOFs) are easy to prepare as well-dispersed 

nanoparticles, which have attracted a lot of interest in cation/anion sensing. Metal substitution 

is an effective way to regulate the composition and performance of MOFs. Herein, by tuning 

the contents of Co and Zn, a series of homobimetallic CoxZn100-x-ZIF (x=0-100) were 

synthesized. Using a fluorescently-labeled DNA oligonucleotide probe, guanosine triphosphate 

(GTP) can readily displace the adsorbed DNA from Co50Zn50-ZIF, resulting in over 30-fold 

fluorescence enhancement with 1 mM GTP. Co80Zn20-ZIF could specifically recognize 

adenosine triphosphate (ATP), whereas Co65Zn35-ZIF and Co20Zn80-ZIF responded to both. For 

comparison, Co50Ni50-ZIF and Co50Cu50-ZIF were also prepared, but none of them were 

selective for any of the molecules, indicating a synergetic effect of cobalt and zinc in Co50Zn50-

ZIF for the selective recognition of GTP. This system can sensitively detect GTP with a 

detection limit of 0.13 μM. Moreover, based on the varying binding affinities of these CoZn-

ZIFs towards different nucleoside triphosphates (NTPs), a ZIF fluorescent sensor array was 

also designed for the discrimination of the four types of NTPs. 
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1. Introduction 

Guanosine triphosphate (GTP) is a vital nucleotide that regulates numerous cellular 

processes [1], [2], [3]. It is also a substrate for the synthesis of RNA [4], and serves as an energy 

source for some metabolic reactions and protein synthesis [5,6]. The concentration of GTP is 

closely related to pathological states and is a chemical indicator of a variety of human diseases 

[7,8]. Consequently, selective detection of GTP is of analytical importance. To date, 

considerable efforts have been devoted for GTP detection including using high performance 

liquid chromatography (HPLC) [9,10], mass spectrometry [11], electrochemistry [12], 

colorimetry and fluorescence [13,14]. However, some of them suffer from expensive 

equipment and multistep and time-consuming procedures. Assays based on organic GTP 

probes usually require sophisticated synthesis and purification [15], [16], [17]. Furthermore, 

many GTP biosensors are not selective enough and can also respond to other phosphate-

containing species, such as orthophosphate, pyrophosphate and other nucleoside triphosphates 

due to their similar structures and binding modes [18], [19], [20]. Accordingly, it is essential to 

develop a simple, selective, and sensitive biosensor for GTP detection. 

Instead of using biomolecules for sensing GTP, molecular recognition by nanomaterials 

provides an alternative way for sensing [21]. For example, metal-organic frameworks (MOFs) 

have attracted great interest in sensing due to their adjustable structures and functions [22,23]. 

The detected analytes include ammonia [24], metal ions [25,26], and toxic gases [27], [28], 

[29]. We recently discovered that a classic Co-based MOF material, ZIF-67 (zeolite imidazole 

framework-67) exhibited ultrahigh selectivity for the detection of adenosine triphosphate 

(ATP), and its specificity was even better than the ATP aptamer [30,31]. When replacing Co2+ 

by Zn2+ to form ZIF-8, the selectivity for ATP was lost, and ZIF-8 responded nonspecifically 

to all phosphate containing molecules. 

Metal substitution is an efficient way to modulate the composition of ZIFs [32,33]. By 

partially replacing Zn2+ with other transition metals in ZIF-8 to form various bimetallic M/Zn-

ZIFs (M=Ni, Mn, Cu), we found that Cu/ZIF-8 showed an excellent selectivity for 

pyrophosphate (PPi) [34]. However, the doping efficiency of most secondary metal ions was 

quite low [35,36]. When 50% Cu2+ was doped, the ZIF-8 framework completely collapsed [37]. 

The ionic radii of Co2+ (0.72 Å) and Zn2+ (0.74 Å) are comparable [38]. In addition, zeolitic 

ZIF-67 (Co2+ based) and ZIF-8 (Zn2+ based) are isostructural, which may allow more flexibility 

in metal mixing. CoZn-ZIFs were used in gas adsorption, catalysis [39,40], and templated 

synthesis [[41], [42], [43]]. 
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Herein, we synthesized a series of homobimetallic CoxZn100-x-ZIF (x=0-100) with varying 

Co contents. Using a fluorescently labeled single-stranded DNA (ssDNA) as a signaling probe, 

DNA adsorption on these CoZn-ZIFs and desorption induced by GTP and other nucleotides 

was further performed. DNA was used since it is a polymer of nucleotides and can be a good 

competitor for the detection of GTP. Interestingly, Co50Zn50-ZIF exhibited excellent selectivity 

for GTP, Co80Zn20-ZIF could specifically recognize ATP, whereas Co65Zn35-ZIF and Co20Zn80-

ZIF responded to both. Based on the varying binding affinities of these CoZn-ZIFs towards 

different nucleoside triphosphates (NTPs), a highly sensitive ZIF fluorescent sensor array was 

designed for the discrimination of NTPs. 

 

2. Experimental section 

2.1. Chemicals 

Zinc nitrate (Zn(NO3)2), cobalt(II) nitrate (Co(NO3)2), 2-methylimidazole (2-MI), copper 

chloride (CuCl2), nickel chloride (NiCl2), sodium pyrophosphate (PPi), adenosine 

monophosphate (AMP), guanosine monophosphate (GMP), cytidine monophosphate (CMP), 

adenosine triphosphate (ATP), guanosine triphosphate (GTP), cytidine triphosphate (CTP), 

uridine triphosphate (UTP), sodium triphosphate (STPP), bovine serum albumin (BSA) and 

fetal bovine serum (FBS) were purchased from Sigma-Aldrich. (St. Louis, USA), and all of the 

chemical reagents are analytical reagent (A.R.) grade. 4-(2-Hydroxyethyl) piperazine-1-ethane 

sulfonate (HEPES) and the four ribonucleosides were purchased from Mandel Scientific 

(Guelph, Ontario, Canada). Milli-Q water was used for preparing the buffers and solutions. All 

the DNA samples were purchased from Integrated DNA Technologies (IDT, Coralville, IA, 

USA), and their sequences are: 

FAM-12mer: 5-FAM-AGAGAACCTGGG-3 

Random DNA (rDNA): 5-TCACAGATGCGT-3 

2.2. Instrumentation and characterization 

Zeta-potential was measured using dynamic light scattering (DLS, Zetasizer Nano 90, 

Malvern) in HEPES buffer (10 mM, pH 7.6). The morphologies and structural analysis of 

different ZIFs were carried out by scanning electron microscopy (SEM, Carl Zeiss), 

transmission electron microscopy (TEM, Talos-F200X) and powder X-ray diffraction (PXRD, 

Bruker D8). The amount of the actual metal ions (Co, Zn, Ni and Cu) in different ZIF samples 

was measured using inductively-coupled plasma mass spectrometry (ICP-MS, Agilent 7900). 

The fluorescent intensity was recorded on a microplate reader (Infinite F200 Pro, Tecan) with 
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485 nm excitation and 535 nm emission. 

2.3. Synthesis of bimetallic CoM-ZIFs (M = Zn, Ni, Cu) 

A series of bimetallic CoZn-ZIFs labeled as CoxZn100-x-ZIF (x= 0-100) were prepared 

following the previous literature with slight modification [44]. In brief, Co(NO3)2 and/or 

Zn(NO3)2 were first dissolved in 7 mL methanol, and the total molar amount of Zn and Co was 

fixed at 0.5 mmol. Then 4 mmol 2-MI dissolved in 7 mL methanol was rapidly added into the 

above solution and kept static for 24 h at room temperature. The molar percentages of Co(NO3)2 

used was 100%, 80%, 65%, 50%, 20% and 0% to obtain ZIF-67 (Co), Co80Zn20-ZIF, Co65Zn35-

ZIF, Co50Zn50-ZIF, Co20Zn80-ZIF, and ZIF-8 (Zn), respectively. Finally, the products were 

separated by centrifugation, washed with methanol and then dried overnight at 60 °C. Co50Ni50-

ZIF and Co50Cu50-ZIF were also prepared using the method similar to Co50Zn50-ZIF, except 

that Zn2+ was replaced by Ni2+ or Cu2+. 

2.4. DNA adsorption on bimetallic CoZn-ZIFs 

Typically, different CoZn-ZIFs (100 μg/mL) were respectively incubated with FAM-

12mer (10 nM) in HEPES buffer (10 mM, pH 7.6) for 40 min. After centrifugation, the 

microplate reader was used to record the fluorescence intensity of the unadsorbed DNA in the 

supernatant.  

2.5. DNA desorption 

To study DNA desorption, pre-adsorbed FAM-12mer/CoZn-ZIF complexes were first 

dispersed in HEPES buffer (10 mM, pH 7.6) with quenched fluorescence. After the addition of 

different competing molecules and incubation for another 55 min, the samples were centrifuged 

and the fluorescence recovery of the supernatant indicating the amount of desorbed DNA was 

measured. 

2.6. Determination of GTP 

To detect GTP, 10 nM FAM-12mer was first adsorbed on 100 μg/mL Co50Zn50-ZIF in 

HEPES buffer (10 mM, pH 7.6). Afterwards, GTP of different concentrations was added into 

the FAM-12mer/Co50Zn50-ZIF dispersion. DNA desorption was followed by monitoring the 

kinetics of fluorescence increase. Then the fold of fluorescence enhancement (F/F0-1) was 

calculated to compare the fluorescence recovery, where F0 and F represent the fluorescence 

intensity of the sample in the absence and presence of GTP, respectively.  

2.7. Discrimination of different NTPs by a CoZn-ZIF sensor array 
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To evaluate the discrimination capability of the CoZn-ZIF sensor array toward the four 

types of NTPs, FAM-12mer (10 nM) was first respectively adsorbed on 100 μg/mL Co80Zn20-

ZIF, Co65Zn35-ZIF, Co50Zn50-ZIF and Co20Zn80-ZIF in HEPES buffer (10 mM, pH 7.6). Then 

the DNA fluorescence recovery induced by ATP, GTP, CTP and UTP were respectively 

recorded, and fluorescence enhancement (F/F0-1) was calculated. The experiment was repeated 

six times. Finally, the OriginLab software was used to perform principal component analysis 

(PCA) and hierarchical cluster analysis (HCA) on the basis of fluorescence pattern of the 

training matrix (4 ZIFs × 4 NTPs × 6 replicates). 

2.8. GTP assay in diluted serum 

To further test the practicality of the proposed GTP biosensor, 1% fetal bovine serum (FBS) 

diluted with 10 mM HEPES (pH 7.6) was used. The pre-adsorbed FAM-12mer/Co50Zn50-ZIF 

complex was first dispersed in FBS. Then different concentrations of GTP were added and the 

fluorescence enhancements were monitored. 

 

3. Results and discussion 

3.1 Synthesis and characterization of bimetallic CoZn-ZIFs 

A series of bimetallic CoxZn100-x-ZIFs (x=0-100) were synthesized via a simple co-

precipitation method (Figure 1A) by mixing 2-methylimidazole (2-MI) and metal sources (Co2+ 

and Zn2+) with varying molar percentages of Co2+ (x=100, 80, 65, 50, 20 and 0) in methanol. 

The mixtures became cloudy and finally precipitated, and the samples were named ZIF-67 (Co), 

Co80Zn20-ZIF, Co65Zn35-ZIF, Co50Zn50-ZIF, Co20Zn80-ZIF, and ZIF-8 (Zn), respectively. 

Incorporation of Zn2+ in the ZIF-67 (Co) framework can be observed by a visible color 

change from violet to white upon increasing the Zn content (the insets in Figure 1, Figure S1). 

Because the ionic radii of Co2+ (0.72 Å) and Zn2+ (0.74 Å) are comparable, bimetallic CoZn-

ZIFs are expected to be feasible due to the isostructural feature of ZIF-8 (Zn(Hmim)2) and ZIF-

67 (Co(Hmim)2). In addition, SEM images from Figure 1B to Figure 1G showed that they were 

all regular hexagonal nanoparticles with a size distribution in the range of 50 nm to 200 nm. 

Moreover, with increasing Zn content, nucleation centers increased and the average diameter 

of the CoZn-ZIFs gradually decreased, which indicated a kinetically controlled growth of the 

ZIFs [45]. 
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Figure 1. (A) Schematic illustration of co-precipitation synthesis of CoxZn100-x-ZIF. SEM images of (B) ZIF-
67 (Co), (C) Co80Zn20-ZIF, (D) Co65Zn35-ZIF, (E) Co50Zn50-ZIF, (F) Co20Zn80-ZIF, and (G) ZIF-8 (Zn). Inset: 
photographs of the synthesized ZIF samples (the size of these pictures is 1 cm × 1 cm). 

 

Using Co50Zn50-ZIF as an example, the TEM image in Figure 2A indicated its regular 

morphology and size distribution. The high-angle annular dark field scanning TEM (HAADF-

STEM) and energy dispersive spectrometry (EDS) elemental mapping in Figure 2B further 

revealed a homogenously distribution of Co and Zn in Co50Zn50-ZIF. ICP-MS was then used 

to determine the final contents of cobalt and zinc in these bimetallic ZIFs. The actual 

percentages of Co were within 7% of the initially added content (Table 1), indicating effective 

co-precipitation of all of the metal ions with 2-MI. 

The structures of these CoZn-ZIFs were then verified by powder X-ray diffraction (PXRD) 

(Figure 2C). They were all in good agreement with the theoretically simulated ZIF structure, 

especially the very sharp peaks below 10° (with 2θ of 7.3) and above 12° (with 2θ of 12.6°) 

indicated high crystallinity [46]. Therefore, we have successfully synthesized the six ZIFs. 

Finally, they were all positively charged in water as judged from the zeta-potentials (Figure 

2D), and thus they were expected to adsorb negatively charged DNA [47,48]. 
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Figure 2. (A) TEM image and (B) HAADF-STEM elemental mapping of Co50Zn50-ZIF. (C) PXRD patterns 

and (D) zeta-potentials measured in HEPES buffer (10 mM, pH 7.6) of the six CoZn-ZIFs. Each 

measurement was run in triplicate. 

 

Table 1 ICP-MS data for measuring the Co content in different CoZn-ZIF samples in comparison to the 

initial molar percent during the synthesis. 

Sample 
2-MI  

(mmol) 
Co(NO3)2  
(mmol) 

Zn(NO3)2 
(mmol) 

Initial Co 
content (mol%)  

Co content (mol%) 
from ICP-MS 

ZIF-67(Co) 4 0.5 0 100 99.6 

Co80Zn20-ZIF 4 0.4 0.1 80 84.1 

Co65Zn35-ZIF 4 0.33 0.17 65 66.8 

Co50Zn50-ZIF 4 0.25 0.25 50 55.7 

Co20Zn80-ZIF 4 0.1 0.4 20 26.3 

ZIF-8(Zn) 4 0 0.5 0 0.03 
 

3.2 Co50Zn50-ZIF is highly selective for GTP 

Based on our previous studies [30], both ZIF-67 (Co) and ZIF-8 (Zn) can strongly adsorb 

fluorophore-labeled DNA and quench the fluorescence emission. Since ZIF-8 (Zn) is stable in 
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neutral pH but quickly decomposes when suspended in acidic solutions, the optimal pH for our 

experiments is neutral physiological conditions (HEPES buffer, pH 7.6). In this work, using a 

FAM (6-carboxyfluorescein)-labeled 12-mer DNA oligonucleotide (named FAM-12mer) as a 

fluorescence indicator, the interaction between DNA and the four CoZn-ZIFs were investigated. 

Here, DNA was used only as a signaling probe, and the sequence of DNA is not important as 

long as the ZIFs can adsorb the DNA. Since DNA has nucleosides and phosphate as building 

blocks, we used them as competitive molecules to displace the adsorbed DNA, and DNA 

desorption was accompanied with fluorescence enhancement (Figure 3A) [48,49]. 

The negatively charged FAM-12mer was first pre-adsorbed on the four positively charged 

CoxZn100-x-ZIFs (x= 80, 65, 50 and 20). Then different competing molecules including four 

kinds of nucleosides (adenosine, thymidine, cytidine, and guanosine) and different phosphate 

containing competitors such as orthophosphate, pyrophosphate (PPi), triphosphate (STPP), 

nucleoside mono- and triphosphates were used to desorb the FAM-12mer. 

For Co80Zn20-ZIF (Figure 3B), ATP gave the highest fluorescence signal and thus the most 

DNA desorption, GTP showed about 26% DNA desorption, while the other species induced 

much lower responses. This pattern of response was similar to that from ZIF-67 (Co), and thus 

doping only 20% Zn2+ did not change the property of the ZIF much. With an increase of zinc 

doping in Co65Zn35-ZIF (Figure 3C), although ATP still caused 56% fluorescence recovery, its 

response to GTP (approximately 83%) was higher. 

Interestingly, when the content of cobalt and zinc was equal, Co50Zn50-ZIF exhibited a high 

fluorescence signal only in the presence of GTP (Figure 3D). Even though ATP, CTP and UTP 

have the same triphosphate unit as GTP, less than 20% of the DNA was desorbed with them. 

Figure 3A shows a fluorescence image of the free FAM-12mer. After Co50Zn50-ZIF was added, 

the fluorescence was completely quenched. The fluorescence was fully recovered after adding 

2 mM GTP. Since guanosine and STPP alone induced nearly no DNA desorption at all, 

Co50Zn50-ZIF specifically recognized GTP due to its nucleobase and triphosphate being in the 

same molecule. The kinetics of fluorescence increase from Co50Zn50-ZIF further confirmed its 

excellent selectivity for GTP (Figure 3E). 

When the content of zinc was further increased to 80%, the selectivity to GTP was decreased, 

and FAM-12mer/Co20Zn80-ZIF showed obvious signal to all the four nucleoside triphosphates 

(Figure 3F), which behaved similar to ZIF-8 (Zn) [30]. More DNA desorbed from Co20Zn80-

ZIF with longer phosphate chains, indicating the critical role of the phosphate backbone in 

DNA for the adsorption. The kinetics of fluorescence increase supportive of DNA desorption 
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from Co80Zn20-ZIF, Co65Zn35-ZIF and Co20Zn80-ZIF are shown in Figure S2, and most systems 

reached saturated signal in 20 min. Overall, Co50Zn50-ZIF exhibited excellent selectivity for 

GTP. 

Finally, we employed bovine serum albumin (BSA) and 12-mer random DNA (rDNA) as 

competitors to test the stability of the adsorbed DNA (Figure 3). Neither of them could detach 

the FAM-12mer from the surface of the four CoZn-ZIFs, suggesting that these CoZn-ZIFs can 

resist interference from biopolymers and are potentially useful in biological sample matrix. 

  

 
Figure 3. (A) DNA displacement by competing molecules, and fluorescence photographs of free FAM-

12mer (100 nM), after adding Co50Zn50-ZIF (200 μg/mL), and after adding GTP (2 mM). Desorption 

percentages of FAM-12mer (10 nM) from 100 μg/mL of (B) Co80Zn20-ZIF, (C) Co65Zn35-ZIF, (D) Co50Zn50-

ZIF and (F) Co20Zn80-ZIF induced by 1 mM different competing agents after 55 min of incubation. (E) The 

corresponding desorption kinetics of FAM-12mer from Co50Zn50-ZIF upon adding 1 mM competing 

molecules, 100 μg/mL BSA or 100 nM rDNA. Each measurement was repeated three times in HEPES buffer 

(10 mM, pH 7.6). 

 

3.3 Both Co2+ and Zn2+ in Co50Zn50-ZIF are important for recognizing GTP 

To further understand the mechanism of the specific GTP recognition by Co50Zn50-ZIF, 

other Co-based bimetallic ZIFs were also compared. We tried to prepare Co50Ni50-ZIF and 

Co50Cu50-ZIF using the same synthesis protocol as Figure 1A. However, ICP-MS analysis 

showed that the actual molar ratios of Ni and Cu were only 1.2% and 8.3% for Co50Ni50-ZIF 

and Co50Cu50-ZIF, respectively, much lower than the initial percentage added during the 

synthesis (50%). Although the morphologies of Co50Ni50-ZIF and Co50Cu50-ZIF were similar 
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to that of Co50Zn50-ZIF (Figure S3A and Figure S3B), they were very different in particle size, 

especially Co50Cu50-ZIF exhibited a very large size of ~4 μm. The ZIF structures of Co50Ni50-

ZIF and Co50Cu50-ZIF were confirmed by PXRD (Figure S3C). Both materials had a positive 

surface charge as well (Figure S3D). 

We then adsorbed the FAM-12mer to these two new ZIFs and added the competing 

molecules (Figure S4). FAM-12mer desorption from Co50Ni50-ZIF occurred most with GTP 

and CTP (80%), followed by UTP (65%) and ATP (53%). For Co50Cu50-ZIF, the NTPs showed 

a similar desorption efficiency at 70%, except that ATP was slightly lower (60%). Therefore, 

neither Co50Ni50-ZIF nor Co50Cu50-ZIF was selective to any of the molecules. Therefore, a 

synergetic effect of cobalt and zinc in Co50Zn50-ZIF was important for the excellent recognition 

of GTP. It is likely that the triphosphate and the guanine base were interacting with these two 

types of metals in a cooperative manner to yield such a highly specific recognition. 

3.4 Highly sensitive detection of GTP 

Inspired by the selective recognition of GTP by Co50Zn50-ZIF, we constructed a 

fluorescent assay for GTP detection (Figure 4A). The sensitivity of the sensor was tested by 

adding different concentrations of GTP, and more GTP induced a faster increase of the 

fluorescence (Figure 4B). The fluorescence enhancement (F/F0-1) at 55 min was plotted as a 

function of GTP concentration (Figure 4C), and a linear response was observed with a detection 

limit of 0.13 μM GTP based on 3σ/slope (σ is the standard deviation of the background 

fluorescence in the absence of GTP), demonstrating a high sensitivity of the as-fabricated 

fluorescent biosensor. This sensitivity compared favorably with other biosensors for the 

detection of GTP (Table S1). 

Moreover, the practicality of the proposed GTP biosensor was further evaluated in 1% fetal 

bovine serum (FBS). As shown in Figure 4D and Figure 4E, the fluorescence enhancement of 

FAM-12mer increased gradually with increasing GTP concentration. In addition, as shown in 

Table S2, the recovery rates are in the range of 81.8-111.2%, while the RSD is from 1.9% to 

4.2%, indicating the potential of this assay for GTP determination in complex sample matrix. 
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Figure 4. (A) Schematic illustration of fluorescence sensing of GTP on the basis of DNA desorption from 

Co50Zn50-ZIF. (B) Kinetics of sensor fluorescent recovery and (C) relative fluorescence enhancement of 

FAM-12mer DNA (10 nM) from 100 μg/mL Co50Zn50-ZIF induced by different concentrations of GTP. Inset: 

a linearity fitted relationship in the low concentration range. (D) Kinetics of fluorescent recovery and (E) 

relative fluorescence enhancement of FAM-12mer desorbed from Co50Zn50-ZIF induced by varying 

concentrations of GTP in 1% FBS. Each measurement was run in triplicate. 

 

3.5 Discrimination of NTPs by a CoZn-ZIF sensor array 

Since different NTPs have distinct responses in terms of fluorescence recovery from the 

four DNA/CoZn-ZIFs, we reason a fluorescent sensor array incorporating all these ZIFs might 

be useful for the discrimination of all the four NTPs (Figure 5A) [50]. To evaluate the 

discrimination capability of the sensor array, FAM-12mer was first respectively adsorbed on 

Co80Zn20-ZIF, Co65Zn35-ZIF, Co50Zn50-ZIF and Co20Zn80-ZIF, and then the DNA fluorescence 

recovery induced by ATP, GTP, CTP and UTP was respectively recorded. As shown in Figure 

5B, 50 μM NTPs exhibited differential patterns on the fluorescence responses. 

Principal component analysis (PCA) was then performed based on the fluorescence patterns 

of the training matrix (4 ZIFs × 4 NTPs × 6 replicates) to obtain a 2D canonical plot [51]. As 

can be seen in Figure 5C, the canonical patterns were divided into four groups, in which all 

four NTPs were well separated from each other without misclassification. The first two most 

significant discrimination factors PC1 and PC2 accounts for 68.3% and 30.9% of the total 

variability in the data respectively. From the hierarchical cluster analysis (HCA) mode (Figure 

5D), the four different NTPs could also be clearly separated without being cross-affected by 

the ZIF sensor array. 
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In addition, to evaluate the quantitative ability of the ZIF sensor array, discrimination assays 

were performed for different concentrations of GTP as a model analyte, which could be clearly 

distinguished in the PCA (Figure 5E). 

 
 

Figure 5. (A) Structures of various nucleobases and NTPs. (B) Relative fluorescence enhancement of FAM-

12mer (10 nM) from the four CoZn-ZIFs induced by different NTPs (50 μM). (C) PCA and (D) HCA plot 

for the discrimination of the four NTPs. (E) PCA of the CoZn-ZIF sensor array for the identification of 

different concentrations of GTP. Each error bar was calculated from six independent measurements, and the 

ellipses indicate 95% confidence level. 

 

4. Conclusions 

In summary, we synthesized a series of homobimetallic CoxZn100-x-ZIF (x=0, 20, 50, 65, 

80, 100) by tuning the contents of Co and Zn, and the actual molar percentages of Co were 

0.03, 26.3, 55.7, 66.8, 84.1 and 99.6, respectively. In addition, the interaction between the 

CoZn-ZIFs and various phosphate-containing molecules was investigated using a 

fluorescently-labeled DNA as a probe. We discovered that GTP can readily displace adsorbed 

DNA from Co50Zn50-ZIF, and showed up to 30-fold fluorescence enhancement with 1 mM GTP. 

Co80Zn20-ZIF could specifically recognize ATP, whereas Co65Zn35-ZIF and Co20Zn80-ZIF 

responded to both. Based on the varying binding affinities of these CoZn-ZIFs towards 

different phosphate-containing analytes, we not only developed a highly sensitive sensor for 

GTP with a detection limit of 0.13 μM, but also designed a ZIF fluorescent sensor array for the 

discrimination of four types of NTPs. This system was also performed in a biological sample 

matrix and showed excellent practicality. 
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