Journal of Analytical Science and Technology© The Author(s) 2022
https://doi.org/10.1186/s40543-022-00333-6

Research article

Designing of robust and sensitive assay via encapsulation of highly emissive and stable blue copper nanocluster into zeolitic imidazole framework (ZIF-8) with quantitative detection of tetracycline

Shano M. Pirot1   and Khalid M. Omer1  
(1)Center for Biomedical Analysis, Department of Chemistry, College of Science, University of Sulaimani, Qliasan St, 46002 Sulaimani City, Kurdistan Region, Iraq

 

 
Shano M. Pirot
Email: Shanopirot@univsuul.eedu.iq

 
Khalid M. Omer (Corresponding author)
Email: khalid.omer@univsul.edu.iq



Received: 9 April 2022Accepted: 20 June 2022Published online: 27 June 2022
Abstract
Metal–organic frameworks (MOFs) with high stability and porosity have gained great attention in bioanalysis due to their potential in improving sensitivity and robustness of assays. Herein, to improve both the stability and the emission intensity of Cu nanoclusters (CuNCs), in situ entrapment strategy of CuNCs into zeolitic imidazolate framework-8 (ZIF-8) is described. Blue emissive and stable CuNCs was prepared, for the first time, using thiamine hydrochloride as capping agents, and showed strong and stable emission at 440 nm when excited at 375 nm with fluorescence quantum yields 12%. Encapsulation of CuNC into ZIF-8 showed dramatic enhancement of the fluorescence intensity up to 53% fluorescence quantum yield. Furthermore, the CuNCs@ZIF-8 possesses better stability (more than three months) due to protective and confinement effect of MOFs. Upon the addition of tetracycline to CuNCs@ZIF-8 solution, the blue emission intensity was significantly decreased. The fluorescence ratio (Fo/F) against the concentration of tetracycline exhibited a satisfactory linear relationship from 1.0 to 10.0 µM with a detection limit (LOD) of 0.30 µM. The current probe was applied for quantification of tetracycline in drug sample with satisfactory accuracy and precision.
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Introduction
Robustness and sensitivity are two important criteria in figures of merits of a particular bioassay. Based on the common definition, robustness is a capacity of an analytical procedure to produce unbiased results in the presence of small changes in the test conditions. Hence, one should think about methods and approaches to improve robustness of a bioanalytical method.
Metal–organic frameworks (MOFs) gain more interests for a decade in biochemical sensing applications. MOFs are crystalline porous compounds contain a metal ion or cluster connected by organic ligands to form one, two, or three-dimensional infinite networks (Yaghi et al. 1995; Bågenholm et al. 1996; Sutrisna et al. 2020; Troyano et al. 2019; Doonan et al. 2017; Kreno et al. 2012; Li et al. 1999). MOFs have many unique properties including high thermal stability, variable pore sizes, high surface area, structural diversity, and tunable shapes (Jalili et al. 2019; Han et al. 2015; Bazargan et al. 2021). Thus, MOFs are employed in various fields such as catalysis (Li et al. 2018a; Bin et al. 2020; Zhang et al. 2013; Wei et al. 2020), sensing (Online et al. 2014; Wu et al. 2017; Shahat et al. 2013; Kumar et al. 2015), adsorbent (Qu et al. 2017; Liu et al. 2014; Rowsell et al. 2005; Düren and Snurr 2004; Li et al. 2009), drug transportation (Sun et al. 2017a; Wan et al. 2019; Liu et al. 2016,) and energy (Sun et al. 2017b; So et al. 2015; Wang et al. 2017a; Baumann et al. 2019).
In recent years, a number of reports have been published on the investigating and using of MOFs in biochemical sensing via preparation and functionalization of various types of MOFs (Cui et al. 2016; Koo et al. 2019). One of the classes that is used in biochemical sensing is luminescent MOFs (LMOFs). The MOFs might have own intrinsic luminescence property or might be functionalized to show luminescence (Müller-Buschbaum et al. 2015; Allendorf et al. 2009; Zhang et al. 2018; Cui et al. 2012). In other words, one can add luminescent materials into the non-luminescent MOFs to produce functionalized LMOFs. For instance, Buso et al. (Buso et al. 2012) synthesized LMOFs by insertion fluorescent quantum dots (QDs) after appropriate surface functionalization within MOF-5 crystals. MOF-5 (also known as IRMOF-1) is one of the most typical representatives of the MOFs family. It is a three-dimensional framework structure composed of terephthalic acid and metal cluster Zn4O, firstly synthesized by Yaghi et al. (Li et al.1999) The QDs are solubilized within MOF-5 growth media; hence, it permits the incorporation of the QDs within the evolving framework during the reaction. Hao et al. (2017) synthesized a nanocomposite form fluorescent carbon dots (CDs) in Eu-2,6-pyridinedicarboxylic acid metal organic frameworks (Eu-DPA-MOFs) for the detection of Cu2+. The CDs@Eu-DPA MOFs exhibited the uniform ball-flower-like nanostructures and were very stable in aqueous solution due to their nanoscale size and the ball-flower-like nanostructures. The porous nanostructures could also provide a large specific surface to increase the contact area between the probe and Cu2+, which improved the sensitivity of the sensor.
In 2002, Yaghi et al (2003) discovered a new class of the MOF family which they introduced as zeolitic imidazolate frameworks (ZIFs). Compared to other MOFs, ZIFs displayed excellent photochemical, thermal, and chemical stability (Park et al. 2006). The repeating unit of Si–O–Si in zeolites is represented in ZIFs, with imidazolates in place of the bridging O atoms and transition metals (M) in place of the Si atoms. The angle made by M-IM-O is 145°, the same as that of Si–O–Si (Gao et al. 2009; Lewis et al. 2009; Ghaee et al. 2019; Shah et al. 2012).
In literature, a number of ZIFs have been prepared and coded as well-form ZIF-1 to ZIF-100, such as ZIF-8, ZIF-11, ZIF 67, and ZIF-69 (Shah et al. 2012; Noh et al. 2018). ZIF-8, which is one of the common ones, prepared from Zn2+ ions and 2-methylimidazole. ZIF-8 is a famous ZIF amongst nano/microporous MOFs due to its large surface area (about 1700 m2/g), easy preparation, high thermal stability (400 °C), highly porous structure, and low density (Kolmykov et al. 2017; Taheri et al. 2021; Wang et al. 2017b; Hoseinpour and Shariatinia 2021; Lee et al. 2015). The topology of ZIF-8 corresponds to the zeolite sodalite, which can be described as a space-filling packing of truncated octahedrons (Hoseinpour and Shariatinia 2021; Hu et al. 2011; Lai 2018).
Up to now, different nanoparticles and fluorophores, such as fluorescent dyes (Chin et al. 2018; Liu et al. 2019; Han et al. 2016; Wang et al. 2018; Jing et al. 2014; Chandra and Nath 2020; Hu et al. 2018a), carbon nanomaterials (Wang et al. 2019; Li et al. 2018b; Wei et al. 2019; Wang et al. 2021), and quantum dots, have been used for biochemical sensing. (Omer and Hassan 2017; Omer and Sartin 2019; Omer et al. 2020; Mohammed and Omer 2020; Omer et al. 2020) However, due to aggregation-induced quenching, they suffer from diminishing their luminescence efficiency. MOFs give this porous platform to spread and stabilize those luminescent materials. The aforementioned luminescent materials were encapsulated successfully into MOF moieties (Chen et al. 2018a; Majewski et al. 2017; Chen et al. 2017a).
For example, Jalili prepared a dual-emissive metal–organic frameworks by encapsulating yellow-emitting and blue-emitting carbon dots into the zeolitic imidazolate framework (BYCDs@ZIF-8) which acted as a ratiometric probe for glutathione (Li et al. 2018b). Metal nanoclusters AuNCs, AgNCs, and CuNCs are widely prepared and used in various applications because of having excellent features including high fluorescence, excellent resistance to photobleaching, and biocompatibility compared with organic dyes and toxic quantum dots, large stokes shifts, low toxicity, and unique size-dependent fluorescence properties (Wang et al. 2017c). The most important reasons for using CuNCs are because of their good optical properties, low cost, abundance, and readily available element (Lin et al. 2021). Yang et al. prepared a highly fluorescent Cu nanocluster using L-cysteine as the stabilizer and then using the clusters for detection Hg2+ in a urine sample (Chen et al. 2017b). Most of the current approaches for increasing the fluorescence intensity of metal NCs are depend on strategies such as aggregation-induced emission (AIE) (Hu et al. 2018b), restriction of intramolecular motion (RIM) (Tian et al. 2015), and crystallization (Chen et al. 2017b).
Tetracycline (TC) displays antimicrobial activity against a wide range of gram-positive and gram-negative bacteria that was discovered in the mid-1900s (Conzuelo et al. 2012; Fahelelbom 2008). The low-cost antibacterials are among the most often used antibiotics, both in human medicine for the treatment of infectious illnesses and in the livestock sector as preventative and curative medications. They are also used as animal feed additives to stimulate quick animal development and weight increase (Spisso et al. 2007). On the other hand, TC is difficult for organisms to totally breakdown, and long-term exposure to it can promote drug resistance genes, lower the body's immunity to numerous illnesses, and even cause endocrine disorder in organism (Chopra and Roberts 2001; Sarmah et al. 2006).
Several analytical methods were used for determination of TC in pharmaceutical formulations including chemiluminescence ( Han and He 1999), high-performance liquid chromatography (HPLC) (Wang et al. 2008), surface plasmon resonance spectroscopy (Ben-Amram et al. 2010), electrochemical immunosensors (Conzuelo et al. 2012), liquid chromatography (Aga et al. 2005), enzyme-linked immunoassay (Jeon et al. 2008), and voltammetric analysis (Ni et al. 2011). Shen et al. determined tetracycline using colorimetric assay utilizing the formation of gold nanoparticles in fluidic sample (Shen et al. 2014). The abovementioned methods, some of them, suffer from costly instrumentations and personnel skill, and some suffer from high LOD and instability of the probe. Thus, sensitive, selective, and stable probe is highly desirable for detection of TC in various matrices.
In this work, a nanocomposite is prepared via encapsulating of CuNCs into ZIF-8 nanostructure which is selective and sensitive for the trace level detection of TC in pharmaceutical formulations. CuNCs were prepared using thiamine hydrochloride as a stabilizing agent, for the first time, and NaBH4 as a reducing agent to produce stable and highly emissive blue emission peak at 440 nm. Interestingly, compared with the CuNCs, the CuNCs@ZIF-8 composites display stronger stability and more sensitivity for detecting TC. This makes CuNCs@ZIF-8 a unique and desirable probe to detect TC content in drug samples. Figure 1 shows the scheme for preparation of the nanocomposite and detection of tetracycline.[image: ]
Fig. 1Schematic presentation of preparation CuNCs@zif-8 for detection of tetracycline


Experimental
Chemicals and reagents
All the reagents used were of analytical grade purchased from commercial suppliers (Merck and Sigma-Aldrich) and were used without further purification. Thiamine hydrochloride, sodium borohydride (NaBH4), sodium hydroxide (NaOH), copper sulfate pentahydrate (CuSO4·5H2O), zinc nitrate hexahydrate (Zn (NO3)2·6H2O), 2-methylimidazole (HMIM), tetracycline (TC), tetracycline drug samples, methanol, and ultra-pure water were produced in our laboratory, and all metal salts were purchased from Merck (Darmstadt, Germany).
Instrumentation
A Cary 60 Spectrophotometer (Agilent Technologies, USA) was used to obtain the UV–Vis absorption spectra. Fluorescence spectra were recorded via Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, USA); both the emission and excitations slits were set at 5.0 nm. FTIR spectra were taken using Varian 640 FTIR spectrophotometer (Palo Alto, CA, USA). For the X-ray diffraction patterns (XRD spectra), Empyrean X-ray diffractometer was used to collect the X-ray diffraction patterns (PANalytical, Netherland). The scanning electron microscope (SEM) and transmission electron microscope (TEM) images are used to investigate the size of particles and to probe the extent of agglomeration of particles and their dispersion.
Synthesis of blue CuNCs
CuNCs were papered based on reports published in literature with modifications (Yang et al. 2014; Chattopadhyay 2014; Rajamanikandan and Ilanchelian 2018; Xiaoqing et al. 2015a). In a typical experiment, 25 mg of thiamine hydrochloride was dissolved in 20 mL ultrapure deionized water and then 4 mL of CuSO4.5H2O (20 µM) added to the above solution. After the solution was stirred at room temperature for 5 min, the acidity of the solution was adjusted to pH 12 using 1.0 M NaOH until the color of solution changes from white hydrogel to purple. The mixture was reduced by quickly adding 3.0 mL of 1.0 M NaBH4, and then the solution was stirred for 1 h at 55 °C. Finally, a brown solution was produced and shows blue emission under UV irradiation.
Synthesis of CuNCs@ZiF-8
Nanocomposite of CuNCs@ZiF-8 was prepared according to the previous work with some modification (Son et al. 2020). In brief, imidazole-CuNCs solution was prepared by dissolving 0.6 gm of 2-methylimidazole in 15 mL methanol. Then 2.5 mL CuNCs solution was added. Zinc ions solution was prepared by dissolving 0.2 gm of Zn(NO3)2.6H2O in 15 mL methanol. Then both imidazole-CuNCs and zinc ions solution were mixed and stirred for 6 h. The resultant CuNCs@ZIF-8 was separated and washed with methanol three times and finally dispersed in 40 ml methanol. The CuNCs@ZiF-8 is stable at least for 3 months.
Fluorescence assay of TC
In a typical assay, 20 µL of CuNCs@ZiF-8 dispersed in 5 mL of methanol, and then different concentrations of tetracycline were added to the mixture. After equilibrium for 5 min at room temperature, the fluorescence spectra were recorded at 440 nm with an excitation wavelength of 375 nm.
Drug sample preparation
Drug samples of tetracycline capsules were purchased from drug store. A 2.0 mL aliquot of each drug sample was spiked by adding appropriate amounts of standard tetracycline solution. The mixture was diluted to 3 times using methanol and analyzed by CuNCs@ZIF-8 probe.
Results and discussion
Synthesis and characterization of CuNCs@ZIF-8
Blue-emitting CuNCs were synthesized via a fast reduction process using thiamine hydrochloride as a template and stabilizing agent. To the best of our knowledge, it is the first-time thiamine hydrochloride is used in the preparation of nanoclusters. At the excitation wavelength of 375 nm, the as prepared CuNCs display blue fluorescence at 440 nm (Fig. 2A). It is known that ZIF-8 alone does not show any distinct fluorescence peak. Based on these results, it can be concluded that the fluorescence emission of CuNCs is well maintained after encapsulating in ZIF-8. The synthesized CuNCS@ZIF-8 was characterized by FTIR, TEM, SEM, and XRD.[image: ]
Fig. 2A Fluorescence emission spectra of (a) CuNCs@ZIF-8, (b) CuNCs alone. The inset image shows the digital photographs of (right) pure CuNCs@ZIF-8, (left) CuNCs@ZIF-8 under ultraviolet light of 365 nm. B Absorption spectra of (a) CuNCs@ZIF-8, (b) CuNCs both of them the absorption spectrum at 364 nm


In order to verify the reason of the fluorescence enhancement of CuNCs after encapsulation within the ZIF-8 structure and to investigate the contribution of the host–guest effects, we measured the fluorescence intensities of CuNCs@ZIF-8 nanostructure and CuNCs alone. As in Fig. 2A when CuNCs encapsulated in ZIF-8, the fluorescence intensity increases dramatically. The relative photoluminescence quantum yields (QYs) of CuNCs and CuNCs@ZIF-8 were determined to be 12.5% and 53.23%, respectively. The QY enhancement (about 5 times) in the CuNCs@ZIF-8 is attributed to the framework confinement and protection of MOF towards decreasing aggregation of CuNCs. Additionally, to confirm the enhancement is due to the confinement in the ZIF pores rather than to be from the effect of precursors, we mixed CuNCs with both 2-methylimidazole (ligand) and Zn2+ (metal) separately and together. Both solutions showed no effect in the enhancement of intensity CuNCs which rules out to be the enhancement due to the precursors, in opposite, it is exclusively due to the insertion of the clusters in the ZIF-8 pores. Figure 2B shows UV–Vis spectra of CuNCs and CuNCs@ZIF-8, the absorption peak of CuNCs and CuNCs@ZIF-8 at 364 nm.
The morphology and size of CuNCs, ZIF-8, and CuNCs@ZIF-8 were characterized by TEM and FE-SEM. As shown in Fig. 3a, the CuNCs display a spherical and road-like shape with average diameter were about 8–10 nm. TEM image (Fig. 3b) illustrates that the ZIF-8 nanostructure has the spherical shape and the average diameter was about 35–45 nm. Figure 3c, d shows that the particle sizes of CuNCs@ZIF-8 are in the range of 200–300 nm. FE-SEM image as shown in Fig. 3e confirms that ZIF-8 nanostructures have monodisperse size distribution and the particle sizes are in the range of 30 and 50 nm.[image: ]
Fig. 3a TEM image of CuNCs, b TEM image of ZIF-8, c–d TEM image of CuNCs@ZIF-8, e FE-SEM image of ZIF-8


The crystal structures of pure ZIF-8 and CuNCs@ZIF-8 were characterized by XRD. As shown in XRD patterns in Fig. 4A, pure ZIF-8 and CuNCs@ZIF-8 were conducted to verify that CuNCs encapsulation didn’t influence the structure of ZIF-8. The reflection located in 2θ of 7.3 is attributed to a 1 peak, which was in accordance with the rhombic dodecahedron of the nanocrystals of ZIF-8 (Chen et al. 2018b), and the similar diffraction peaks in XRD of pure ZIF-8 and CuNCs@ZIF-8 were observed, which might due to the fact that there was no real interaction among CuNCs and ZIF-8 rather than just confinement of CuNCsiInto the ZIF-8 pores. The results indicated that the crystalline integrity of ZIF-8 was not affected after encapsulating CuNCs. Also, in the XRD spectra of CuNCs@ZIF-8 show that a reflection located 2θ of 60. Therefore, the diffraction peak of CuNCs not clearly observed due to the small size of CuNCs, the reflection located in 2θ of 42 and 50 crystals of Cu0 based on (JCPDS 89–2838). (Wang et al. 2021a; Said et al. 2018)[image: ]
Fig. 4A XRD patterns of the prepared ZIF-8 and CuNCs@ZIF-8; B (a) FTIR spectrum of ZIF-8 (black line) and (b) CuNCs@ZIF-8 (red line)


FTIR spectra were also recorded for more structural characterization of ZIF-8, and CuNCsZIF-8. As exhibited in Fig. 4B, the spectrum of CuNCs@ZIF-8 was nearly same as that of ZIF-8. The FTIR spectra of ZIF-8 peaks between 2923 and 3170 cm−1 show the stretching mode of aliphatic and aromatic C–H of imidazole ring, respectively. FTIR absorption peaks for in-plane and out-of-plane bending of imidazole ring are at 692–758 and 952–1178 cm−1, respectively. FTIR absorption peak at 421 cm−1 shows the stretching of Zn–N bond. (Malkar and Yadav 2018) Also, sharp peaks around 1307–1422 cm−1 exhibit the absorption band of C–N bond. The FTIR spectra of CuNCs@ZIF-8 cause to broad a peak at 3137–2653 cm−1 and disappearance peak Zn-N at 421 cm−1 (Hu, et al. 2020).
Analytical performance
The fluorescence emission of nanocomposite of CuNCs@ZIF-8 was quenched after addition of TC. Then, one can design a fluorescence probe for detection of TC in pharmaceutical formulations. To increase the sensitivity and selectivity for TC detection, pH was optimized. The effect of pH value on the intensity CuNCs@ZIF-8 was investigated in the pH range of 2.0–10.0. As shown in Fig. 5A, maximum fluorescence intensity was between pH 4 and 10. Therefore, pH 7.5, same as physiological pH, was selected for further measurements. Decreasing pH values induces the aggregation of CuNCs, leading to a color change and fluorescence quenching of the CuNCs (Xiaoqing et al. 2015b).[image: ]
Fig. 5A Fluorescence spectra of CuNCs@ZIF-8 probe in various pHs. B Fluorescence spectra of CuNCs@ZIF-8 probe upon the exposure of various concentrations of TC, C selectivity test for CuNCs@ZIF-8. D Calibration regression curve (The experimental conditions were λex = 375 nm, pH = 7 and incubation times = 5 min)


As show in Fig. 5B, the fluorescence intensity of the CuNCs@ZIF-8 at 440 nm gradually decreased upon the addition of TC. The fluorescence intensities are proportional to concentration of TC. Figure 5C shows the selectivity study, as CuNCs@ZIF-8 is highly selective for detection tetracycline among common pharmaceutical ingredients. The fluorescence intensity ratio (Fo/F) is linear as a function of the TC concentration in the range of 1–10 µM (Fig. 5D). The obtained linear equation (y = 0.0399x + 1.0916, R2 = 0.997) was used for the quantification of TC. The LOD was calculated to be 0.30 µM (3S/N) and the relative standard deviation (RSD) for 10 measurements was 0.01%.
Determination of TC in drug samples
To investigate the applicability of the proposed method, our CuNCs encapsulating into ZIF-8 was used to detect TC concentration in pharmaceutical formulations. to calculate the spike recoveries and accuracy of our probe, a sample solution was spiked with different concentrations of 2, 3, and 4 µM of standard TC solutions. As shown in Table 1, the obtained results showed satisfactory recovery (recoveries ranging from 81.02% to 101.65%). Based on the data, the proposed CuNCs@ZIF-8 probe can be used in drug sample analysis.Table 1Results for the determination of TC in drug tablet


	Sample
	TC detection (µM)
	Added (µM)
	Found (µM)
	Recovery %
	RSD %

	Tablet
	3.29
	2
	5.301
	101.65
	3.283

	3
	6.143
	95.83
	3.185

	4
	6.508
	81.03
	2.677




Table 2 shows a comparison for the reported methods in literature with our proposed probe. As shown in the table, our nanocomposite has reliable LOD and linearity range.Table 2Comparison of different fluorescent methods for TC sensing


	Probe
	Real sample
	LOD
	Linear range
	Ref.

	AuCuNCs@ZIF-8
	Milk
	4.8 nM
	20–600 nM
	Khataee et al. (2020)

	Zr-MOF
	Water
	30 nM
	–
	Zhou et al. (2018)

	MIL-53(Fe)\GCE
	Water
	0.026 μM
	0.0643–1.53 μM
	Chen et al. 2021)]

	CuNCs
	Milk and urine
	40 nM
	200 nM to 50 μM
	Wang et al. (2021b)

	AuNPs
	Water
	0.071 μM
	0.10 to 5.00 μM
	Qi et al. (2018)

	AgNCs
	Milk
	0.47 μM
	1.12 to 230 μM
	Zhang et al. 2021)

	CdTe-MIP
	Drug
	8.8 μM
	70 μM–2.2 mM
	Chen (2017)

	CuNCs@ZIF-8
	Drug
	0.3 μM
	1.0–10.0 μM
	The present work




Conclusions
In brief, we prepared stable and highly fluorescent CuNCs using thiamine hydrochloride as a template and stabilizing agent. To the best of our knowledge, it is for the first-time thiamine hydrochloride is used in the synthesis of CuNCs. The fluorescent emission was further enhanced (about five times) after in situ encapsulation of CuNCs into the framework of ZIF-8. The blue emission of CuNCs@ZIF-8 was quenched after addition of tetracycline. Chemical sensor based on CuNCs@ZIF-8 showed wide linearity and LOD as small as 0.97 µM for TC detection. The probe was used successfully for detecting TC in drug. Satisfactory accuracy and precision were calculated in addition to stability of the probe and easy operations. This approach is promising for real application as it has some advantages including simple, rapid, stable, and easy operation, thus holding a great potential for broad applications.
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