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Abstract

:

Determination of pH values has a vital influence in many chemical and biological processes. To accurately determine pH values, we fabricated a highly photostable ratiometric fluorescent pH−sensitive nanosensor by staining the core of mesoporous silica nanoparticle with a rhodol dye and chemically labelling its outer shell with a rhodamine derivative dye. The two dyes possess opposite pH−responding directions, which increases the band of the signal change. There is a nine−fold change in fluorescence intensity ratios when the solution pH changes from 3.0 and 9.0. Meanwhile, the nanosensors displayed yellowish emission in low pH value, orange emission in mid pH value, and reddish emission in high pH value, which can be readily inspected by bare eyes. Last but not least, excellent photostability and reversibility features make the nanosensors useful for the continuous measuring of pH with high accuracy.
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1. Introduction


The pH value is one of the most measured chemical parameters in industry, agriculture, environmental science, and even in daily life. Efforts have been devoted since the very beginning of modern science to establishing methods for measuring pH, including pH test strips via visual inspection, pH glass electrode and other electrical methods, optical methods, and magnetic methods [1]. Among these approaches, pH sensing based on changes in fluorescence properties of fluorophores attracts most attention, due to its excellent robustness in contactless sensing, high sensitivity, high selectivity, and non−invasiveness as well as easy miniaturization [2].



The fluorophores have two photophysical properties that can be explored for sensing changes in pH, the fluorescence intensity and lifetime. The former can be measured via simple instrumentation, and a device can be designed that is as small as a USB stick [2]. However, fluorescence intensity varies widely according to instrumentation, probe concentration, dye photobleaching, and light variations [3]. In contrast, fluorescence lifetime is immune to the above−mentioned interferences. Unfortunately, lifetime measurement requires more sophisticated devices [2], which is expensive and not easy to be miniaturized into portable devices.



In order to overcome these limitations, a dual−wavelength referencing approach is developed, which shows obvious advantages in accuracy, simplicity of device, and low cost. Probes for dual wavelength referencing can be categorized into two major groups: (1) single fluorophore which possesses dual excitation or emission bands; (2) two fluorophores used as ratiometric pairs. For the former, influences of dye concentration and photobleaching can be eliminated since both fluorescence emissions are emitted from the same fluorophore. Trisodium salt of 8−hydroxyl−1,3,6−pyrene trisulfonic acid (HPTS) [4], seminaphtorhodafluor (SNARF) [5], and pHluorin [6] have been reported for ratiometric pH measurement. However, this kind of fluorophores are rare and most of them have limited measurement range. Although it is possible to covalently link two fluorophores into one molecule, difficulties and complication in synthesis and purification hinder their development. Hence, it is no surprise to witness that only limited examples were reported to date, involving phenanthro[9,10−d]imidazole with vinylpyridine [7], phenothiazine with hydrazine [8], fluorescein isothiocyanate (FITC) with cyanine [9], fluorescein with rhodamine [10], and iminocoumarin with salicylic aldehyde [11].



As a result, immobilization of two fluorophores into one matrix becomes the main stream in developing ratiometric pH sensors. Generally, there are three different combinations: (1) sensors with one pH−sensitive probe and one pH−insensitive probe; (2) sensors with two pH−sensitive probes that have the same pH−responding direction; and (3) sensors with two pH−sensitive probes that have opposite pH−responding directions. Obviously, the third combination will have the most substantial signal change. The more substantial the signal change is, the higher the sensitivity will be, and the more accurate the measurement will be. Until now, many ratiometric pH sensors have been reported. However, sensors of the third combination are limited, and those with single wavelength excitation mode are even fewer. The reason is that single wavelength excitation mode could undoubtedly simplify the operation and avoid systematic error caused by switching excitation wavelengths, but it brings difficulty in the design and selection of the fluorophore pairs. On the other hand, it should be noted that there should be no significant difference in the photostability of the fluorophore pairs for the reason that different photobleaching rate will bring the drift of fluorescence ratio over time and error in long−time measurement. A certain amount of literature uses FITC as one of the ratiometric pairs [9,10,12]. However, Peng et al. have reported that FITC has poor photostability and its photostability is different from ruthenium (II) complexes [13]. Moreover, data on the photostability of ratiometric pH sensors were frequently lacking in the previous studies. Therefore, pH−sensitive nanosensors with better properties (high photostability and accuracy) are strongly preferred.



In this study, we have constructed a highly photostable pH−sensitive nanosensors based on two probes−pHD and pHI. Mesoporous silica nanoparticles are applied as the nanosensors to carry the probes. Opposite pH−responding directions and single wavelength excitation mode make the nanosensors superior in accuracy and simplicity of measurement. The nanosensors are able to reversibly measure pH in the range of 3.0–9.0 with high sensitivity and excellent stability.




2. Materials and Methods


2.1. Reagents and Instruments


N,N′−dicyclohexylcarbodiimide (DCC), N−hydroxysuccinimide (NHS), aminopropyltriethoxysilane (APTES), and triethylamine (TEA) were purchased from TCI (www.tcichemicals.com (accessed on 15 July 2022)). (1−Hexadecyl)trimethylammonium bromide was bought from Alfa Aesa (www.thermofisher.com (accessed on 15 July 2022)). Dimethylsulfoxide (DMSO) were obtained from Tansoole (www.tansoole.com (accessed on 15 July 2022)). Tetraethyl orthosilicate (TEOS) were purchased from Sigma−Aldrich (www.sigmaaldrich.com (accessed on 15 July 2022)). The dyes pHD and pHI were synthesized according to literature [14,15]. Britton−Robinson (BR) buffer solution (100 mM) was prepared from boric acid, phosphoric acid, acetic acid, and sodium hydroxide, and the pH of buffer solution was adjusted using 12.0 M hydrochloric acid and 2.0 M sodium hydroxide solution. All chemicals were of analytical grade and used as received without further purification. Deionized (DI) water was used throughout all experiments.



Transmission electron microscopic images of samples were obtained using a field emission transmission electron microscope (FEI Tecnai G2 F20 S−Twin, maximum voltage of 200 kV) and a transmission electron microscope (Hitachi HT7700 Exalens, operating at 120 kV). Fluorescence spectra was recorded using a fluorescence spectrophotometer (Hitachi F−7000). The excitation and emission slit width of the spectrometer were both set at 10 nm. The pH values of BR buffers were measured using a digital pH electrode (Ohaus STARTER 3100), the electrode was calibrated using certificated pH standards (4.00, 7.00 and 10.00) at room temperature before use.




2.2. Preparation of the Ratiometric pH Nanosensors


2.2.1. Preparation of pHI−Silane


DCC (0.95 mg, 4.5 μmol), NHS (0.53 mg, 4.5 μmol) and pHI (0.73 mg, 1.5 μmol) were dissolved in 270 μL DMSO and stirred for 12 h. Then APTES (7.5 μmol, 1.8 μL) was introduced into the mixture and reacted for 12 h. All solutions were protected in dried Argon atmosphere and temperature was controlled at 30 °C in the thermotank.




2.2.2. Preparation of pHD−Silane


The stock solution of pHD was prepared by dissolving the dye in dried DMSO at a concentration of 10.0 mM. Firstly, DCC (0.63 mg, 3 μmol) and NHS (0.71 mg, 6 μmol) were dissolved in 320 μL DMSO. Then 30 μL pHD stock solution (10 mM, 0.3 μmol) was added and kept stirring for 3 h. Finally, 36 μL absolute ethanol containing 1.0% v/v APTES (1.5 μmol) was added, and the solution was continuously stirred for 12 h. All solutions were also protected in dried Argon atmosphere and temperature was controlled at 30 °C in the thermotank.




2.2.3. Immobilizing pHI Inside Mesoporous Silica Nanoparticles (mSiNPs)


Synthesis of pHI−doped mesoporous silica nanoparticles was adapted from the literature [16]. CTAB (140 mg) and ddH2O (3.7 mL) was added into a 25 mL flask and the formed mixture was stirred for 10 min. Subsequently, 525 μL ethanol was added to the mixture and kept stirring for 10 min. Then, TEA (206 μL) was added and the flask was immersed into an oil bath which was preheated to 60 °C. After stirring for 10 min, TEOS (300 μL) and pHI−silane (272 μL) was added dropwise into the mixture and kept under stirring for 2 h. Next, TEOS (50 μL) was added and kept under stirring for 1 h. Finally, the flask was immersed in an oil bath at 30 °C for 12 h. The mixture was centrifuged at 17,000× g for 10 min and washed with 95% ethanol for five times. The obtained nanoparticles (denoted as pHI@mSiO2) was redispersed in 95% ethanol at a concentration of 10.0 mg·mL−1.




2.2.4. Immobilizing pHD on the Surface of mSiNPs


pHD−silane (386 μL) was added to pHI@mSiO2 solution (1.0 mL, 10.0 mg·mL−1) and kept under stirring at 30 °C for 24 h. The mixture was centrifuged at 17,000× g for 10 min, and washed with 95% ethanol for three times. The ratiometric pH nanosensors were redispersed in 1.0 mL 95% ethanol.




2.2.5. In Vitro Fluorescence Measurement


The dyes pHD and pHI were respectively dispersed in 100 mM Britton−Robinson buffer at a concentration of 1 μM and 10 μM. The ratiometric pH−sensitive nanosensors were dispersed in 100 mM Britton−Robinson buffer at a concentration of 1.0 mg·mL−1. The excitation wavelength was at 545 nm. The slit widths of excitation and the emission on the spectrometer were set at 10 nm.




2.2.6. Analysis of the pH Response


For a fluorescence pH probe, the pH value of the solution can be calculated by Equation (1) according to Henderson−Hasselbalch equation


  pH = p  K a  + lg    [   A −   ]     [  HA  ]     



(1)







Equation (1) can be rewritten in the form of Equation (2) when fluorescence intensity is used. [17] In Equation (2),    I  m a x     and    I  m i n     are the fluorescence intensity I at the highest and lowest pH values, respectively.


  pH = p  K a  + lg    I  m a x   − I   I −  I  m i n      



(2)







For ratiometric fluorescent indicators, the dependence of fluorescence intensity ratio on pH can be described by the two−state model of fluorophore protonation according to Equation (3) [18,19]


  R =  R 0   (     R f  +   10   p K a − pH     1 +   10   p K a − pH      )   



(3)










3. Results


In order to create a highly photostable pH−sensitive nanosensor, the selection of pH probes is essential. We designed two pH−sensitive probes with analogous conjugation system xanthene (Figure 1), which contributes to the overlap of their absorption spectra (Figure 2a). Hence, the two probes could be simultaneously excited at a single wavelength (545 nm) or a 532 nm commercial laser, conducing to more simple operation and more accurate measurement results as mentioned above. When excited at 545 nm, the emission of pHD and pHI maximized at 575 nm and 650 nm, respectively (Figure 2b), which separated distinctly from each other.



As shown in Figure 3a,b, the two probes presented opposite pH−responding directions. When solution pH increases from 3.0 to 9.0, a decrease in emission intensity of pHD and an increase in emission intensity of pHI were observed. The pH−dependent fluorescence intensities of the two probes are modulated via the mechanisms of intramolecular charge transfer and the conjugation disruption/restoration (Figure 1). As for pHD, the phenolic hydroxyl group is tethered to the meso methine carbon of a rhodamine scaffold via an ether bridge while in pHI molecule, the phenolic hydroxyl group is part of the electronic push−pull system of the rhodol fluorochrome. Under the acidic condition, pHD undergoes a protonation−induced ring−opening and restoration of the push–pull electronic backbone and exhibits a fluorescence turn−on. Under the same condition, pHI predominantly adopts the non−fluorescent ring−closed lactone, and the fluorescence is weak. Under the basic condition, deprotonation of the phenolic hydroxyl group of pHD induces the ring−closing leading to the conjugation disruption and the weak fluorescence. Under the same condition, deprotonation of the phenolic hydroxyl group of pHI induces the ring−opening of the lactone and the formation of the bright rhodol fluorophore. The relationship between fluorescence intensity and pH was shown in Figure 3c, indicating the calculated pKa of pHD and pHI was 4.3 and 6.8, respectively.



In order to create highly photostable pH−sensitive nanosensors, mesoporous silica nanoparticles (mSiNPs) were selected as the carrier for the two probes. mSiNPs have highly porous structure and large specific surface area, and their surface can be easily functionalized with well−established silane technique, contributing to large amount of dyes immobilized at desired locations and high brightness. In addition, mSiNPs are not only easy to prepare, but are also optically transparent and they have excellent mechanical stability. The synthesis of nanosensors have been optimized using different methods (Supporting Information, Figures S1 and S2). Both pHD and pHI were modified with free carboxyl group, so that they could be chemically linked on the inner and outer surface of mSiNPs at an optimized molar ratio (Table S1 and Figure S3 in the Supporting Information).



Figure 4a showed the structure of constructed nanosensors, whose core was stained with pHI (red), and its outer shell was chemically labelled with pHD (yellow). TEM analysis revealed the nanosensors had a mesoporous structure (Figure 4b) and the average diameter of the nanosensors was 47.5 ± 4.8 nm (Figure 4c). The mesoporous structure is beneficial to proton diffusion and interaction with both pH−sensitive probes.



Figure 5a showed the fluorescence spectra of nanosensors in the media at pH 3.0–9.0 upon excitation at 545 nm. The nanosensors emitted two characteristic emission bands centered at 570 nm and 630 nm, corresponding to the emission of pHD and pHI, respectively. Both probes retained their pH responding characters after immobilization. The emission at 570 nm decreased and that at 630 nm increased as pH elevated, with apparent color changed from yellowish red to dense red (the insert of Figure 5a). By plotting the ratio of intensities at 570 nm and 630 nm (I570 nm/I630 nm) with pH (Figure 5b), there is a nearly nine−fold signal variation (from 5.05 to 0.57), which is beneficial to distinguishing small pH changes during practical applications. The curve was well fitted according to equation 3 using the two−state model, and the apparent pKa of the nanosensors was determined to be 4.5. The use of Equation (2) cannot fit the curve as it only suits the case of single probe (Figure S4 in the Supporting Information).



The densely immobilized probes have excellent photostability. The suspension of nanosensors was subjected to continuously illuminating at 545 nm for 1 h. Results shown in Figure 6a illustrated that the fluorescence intensity at 570 nm decreased by 6% and that at 630 nm decreased by 5%. I570 nm/I630 nm kept at almost a constant value (from 5.08 decline to 5.02) during the whole experiment, which ensured that error caused by the difference in probe photobleaching rate could be ignored in long−time measurement. The nanosensors maintained good photostability in solutions with varies ionic strengths (Supporting Information, Figure S5), which further extends its applications. The nanosensors showed reversible response to pH. Concentrated HCl and NaOH solution was used to switch solution pH. I570 nm/I630 nm reached the initial values in 3 cycles, indicating the good reversibility of the nanosensors (Figure 6b and Figure S6 in the Supporting Information).



Table 1 shows the comparison of our nanosensors with reported ratiometric nanosensors, they are arranged in ascending order of maximum signal intensity ratio in the fifth column.



Obviously, the excitation wavelength of our nanosensors is the longest among the nanosensors, accompanied by the longest emission wavelengths. In addition, the designed nanosensors has merits in terms of signal intensity ratio and pH measurement range. The reported ratiometric nanosensors have small signal intensity ratio or limited measurement range. Last but not the least, the nanosensors possessed advantageous photostability compared to others. Take entry 5−9 for example whose signal intensity ratio are close to each other. As for entry 5 and 8, signal intensity ratio declined by 90% and 60% after 30 min of continuous illumination, respectively [26]. As for entry 6, poor photostability of FITC hinders its application for long−term pH sensing as mentioned above [2,12,13]. As for entry 7, the pH−sensing capability relies on the introduction of pH indicator BTB, so the leakage of BTB brought error in the signal intensity ratio [25]. In conclusion, our ratiometric pH−sensitive nanosensors were superior in sensitivity, accuracy, and stability to the reported ratiometric nanosensors.



Finally, the nanosensors were applied to measure the pH values of colored aqueous samples, including polluted water, tap water, and Coca Cola. The obtained data were verified using pH test stripes and classic pH electrode. As summarized in Figure 7, the measured pH values using the nanosensors correlated well with that of pH electrodes. Considering the possible higher level of heavy metal ions in aqueous samples, we further studied the influences of heavy metal ions on sensor performance. As shown in Figure S7 in the supporting information, the interferences of Ba (II), Co (II), and Zn (II) ions on sensor signal can be ignored. In the case of Cu (II) and Fe (III) ions, the intensity ratio slightly lower compared with control, which is attribute to their intense color [27,28]. The presence of Sn (II) ion caused increases in fluorescence intensity ratio, which was due to the hydrolysis of Sn (II) ion induced pH decreases. It should be mentioned that the concentrations of all tested heavy metal ions (50 mg·L−1) remarkably exceed that allowed by Integrated Wastewater Discharge Standard of China [29]. Therefore, due to superior feature of long wavelength excitation and emission, the nanosensors are able to accurately measure pH values of strong colored samples, such as polluted river water and Coca Cola, which proves the measurement accuracy of the nanosensors in complicate samples.




4. Conclusions


We have constructed highly photostable ratiometric pH−sensitive nanosensors. The opposite pH−responding direction of the two probes was conducive to improving the sensitivity of the nanosensors. The porous structure of mSiNPs made protons easily diffuse inside and interact with both dyes. The obtained nanosensors exhibited near nine−fold signal (I570 nm/I630 nm) change between pH 3.0 and 9.0. The constructed nanosensors showed good photostability and reversibility and were able to measure pH values in complicated samples, which are suitable for long−term monitoring of pH variation.
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Figure 1. Structure and proposed mechanism of (a) pHD and (b) pHI. 
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Figure 2. (a) Normalized absorption spectra of pHD and pHI. (b) Normalized excitation and emission spectra of pHD and pHI. pHD and pHI are separately dispersed in BR buffer solution at pH 3.0 and 9.0. 
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Figure 3. Normalized fluorescence emission spectra of (a) pHD and (b) pHI in BR buffer solution at different pHs. (c) pH−dependent emission intensity of pHD at 575 nm and pHI at 650 nm. 
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Figure 4. (a) The synthetic route, (b) the transmission electron microscopic image, and (c) the size distribution of the ratiometric pH nanosensors. 
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Figure 5. (a) The fluorescence emission spectra of the nanosensors in BR buffer solution at different pH values. the insert: photograph of nanosensors in BR buffer solution at different pHs under 532 nm laser pointer. (b) pH−dependent emission intensity ratio of the nanosensors at 570 nm and 630 nm. 
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Figure 6. The photostability and reversibility of the nanosensors. (a) The nanosensors were in BR buffer (pH = 3). The fluorescence intensity was normalized. (b) The solution of nanosensors in continuous sensing of 1 M HCl/NaOH for three cycles. 
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Figure 7. Determination of pH values in aqueous samples using the pH nanosensors. (a) Top: pictures of the tested samples, from left to right: river water, tap water, and Coca Cola. Bottom: pH determination using pH test stripes. (b) pH values determined using the nanosensors and pH electrode. 
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Table 1. Ratiometric nanosensors based on two probes with opposite pH−responding direction.
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	Entry
	λem 1
	λem 2
	λex
	Intensity Ratio
	pH Range
	Ref





	1
	525 nm (QDs)
	605 nm (QDs)
	400 nm
	1.5
	0.2−1.23
	[20]



	2
	530 nm (SNARF)
	630 nm (CdSe/ZnS QDs)
	365 nm
	3.1
	6−8
	[21]



	3
	421 nm (anthracene)
	580 nm (rhodamine)
	364 nm
	4.1
	3.73−8.11
	[22]



	4
	470 nm (PyMMP)
	630 nm (CdSe/ZnS QDs)
	365 nm
	5.4
	1−5
	[23]



	5
	520 nm (ITK carboxyl QDs)
	560 nm (mOrange)
	400 nm
	8
	6.1−8
	[24]



	6
	518 nm (FITC)
	575 nm (RhBAM)
	488 nm
	8.3
	3−6
	[12]



	7
	500 nm (Coumarin 6)
	620 nm (Nile Red)
	450 nm
	8.75
	5−9
	[25]



	8
	520 nm

(carboxyl−functionalized QDs)
	560 nm

(mOrange/mOrange M163K)
	400 nm
	12
	6−8
	[26]



	9
	570 nm (pHD)
	630 nm (pHI)
	545 nm
	9
	3−9
	this work
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