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Abstract

:

The monitoring of intracellular pH is of great importance for understanding intracellular trafficking and functions. It has various limitations for biosensing based on the fluorescence intensity or spectra study. In this research, pH-sensitive carbon dots (CDs) were employed for intracellular pH sensing with fluorescence lifetime imaging microscopy (FLIM) for the first time. FLIM is a highly sensitive method that is used to detect a microenvironment and it can overcome the limitations of biosensing methods based on fluorescence intensity. The different groups on the CDs surfaces changing with pH environments led to different fluorescence lifetime values. The CDs aqueous solution had a gradual change from 1.6 ns to 3.7 ns in the fluorescence lifetime with a pH range of 2.6–8.6. Similar fluorescence lifetime changes were found in pH buffer-treated living cells. The detection of lysosomes, cytoplasm, and nuclei in living cells was achieved by measuring the fluorescence lifetime of CDs. In particular, a phasor FLIM analysis was used to improve the pH imaging. Moreover, the effects of the coenzymes, amino acids, and proteins on the fluorescence lifetime of CDs were examined in order to mimic the complex microenvironment inside the cells.
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1. Introduction


Intracellular pH is of great importance for maintaining a normal cell activity [1], which plays a crucial role in biological functions such as cell proliferation [2], apoptosis [3], ion transport [4], endocytosis [5], and tumor growth [6]. Abnormal pH can lead to a variety of diseases such as cancer [7] and Alzheimer’s disease [8]. The real-time monitoring of the intracellular pH may aid understanding of the pathogenesis of these diseases and aid with treatment. Therefore, monitoring intracellular pH in real time is of great significance. Among the traditional approaches for measuring intracellular pH, fluorescence technologies show important advantages due to non-invasiveness, high sensitivity and low cost [9].Organic dyes [10,11], fluorescent proteins [12], and fluorescent nanomaterials [13] including quantum dots (QDs) have been applied to measure intracellular pH. However, there are various challenges for them. Organic dyes usually a have high susceptibility to photobleaching and relatively narrow absorption [14]. Fluorescent proteins often show poor permeability [15]. QDs are the most familiar fluorescent nanomaterials with high brightness and good photostability, but most of the QDs containing heavy metal components such as cadmium, mercury or lead, are highly toxic [16]. Polyethylenimine-coated upconversion of nanoprobes was reported with large particle size and not conductive to cell imaging though its ratiometric sensing in solutions can be achieved [17].



Carbon dots (CDs) have received extensive attention in recent years due to their stable optical properties [18], good biocompatibility [19], and low toxicity [20]. CDs have shown great potential in the study of bioimaging [21,22], photodynamic therapy [23], biosensing [24,25], drug carriers [26,27], and disease treatment [28]. In recent years, various CD-based nanoprobe strategies for intracellular pH sensing have emerged. Most of the strategies can be divided into two types: One type is based on the increase or decrease of fluorescence intensity [21,29,30]. Wu et al. reported nitrogen-doped graphene quantum dots as a quantitative pH sensor, and the increase of the fluorescence intensity was observed with the increase of the pH values [31]. Chandra et al. synthesized pH-sensitive CDs, the fluorescence intensity of which increased as the pH was changed from 7.4 to 5.0 [21]. Recently, Wang et al. reported that the fluorescence intensity of CDs depends on the pH value in the range from 6.0 to 10.0 and showed excellent stability against the influence of metal ions and amino acids [32]. Yao et al. reported a CDs@UiO-66(OH)2 composite that can be effective for the detection of temperature, pH, and Fe3+ [33]. Zhang et al. found a linear relationship between the fluorescent intensity and pH (1.0–3.0) and the reversible pH-response of the fluorescence behavior of N,S-CDs between pH 1.0 and 13.0 [34]. However, fluorescence intensity-based measurements suffer effects such as excitation laser stability, concentration of fluorescent probes, scattering and absorption of biological complex systems, and fluorescence quenching. Therefore, in the first type of strategies, it is hard to obtain the pH values in the cells quantitatively. The other type of strategies involve using probes with two separate wavelength emissions whose ratio of two emission intensities corresponds to ratiometric pH values [14,35,36], or with a red or blue shift [37,38,39,40]. For example, Yuan et al. observed the absorption redshift from 292 to 316 nm and 525 to 560 nm when pH was increased from 1 to 11 and 12 to 14, respectively [40]. Zhang et al. reported that the fluorescence intensity decayed from pH = 2 to 12. However, the peak location was almost unchanged from pH = 2 to 6, and the peak location from pH 7 to 12 redshift from 458 to 491 nm under excitation at 350 nm [39]. This type of strategy can overcome some of the aforementioned impacts, but the emission properties may be altered in a complex biological system such as in certain compartments of cells [41]. A report of N-doped CDs in 2015 by Zheng et al. demonstrated that the pH value influenced the absorbance, the emission peaks, as well as the fluorescence lifetime [42]. However, the excitation and emission wavelengths in this report were mainly in UV range, which would limit the application in biological research.



Fluorescence lifetime imaging microscopy (FLIM) is a highly sensitive method used to detect the microenvironment of fluorescent probes. Furthermore, it is independent of the concentration of fluorescent probe or excitation power. There are various types of materials reported as tools for pH sensing, including dyes [43], fluorescent proteins [44,45], quantum dots [41]. Considering the low cytotoxicity and high photostability of CDs, we propose pH-sensitive CDs for intracellular pH sensing by FLIM (Scheme 1). As we reported previously, the CDs were prepared via a solvothermal route from citric acid and urea, with abundant carboxyl, hydroxyl, and amide groups on the surface [46]. The carboxyl and phenolic hydroxyl groups were neutralized when adding an alkali solution and the surface functionalized metal cations could be further taken off in acidic solution [46]. The different groups on the CDs surface that changed with the pH environments led to different fluorescence lifetime values. The cytotoxicity of CDs is quite low and negligible (see Supplementary Figure S1). In addition, our previous toxicity evaluation work for CDs found no to low toxic effect on a wide range of cell lines [47] and mice [48]. Thus, our low-toxic and pH-sensitive CDs can be safely employed for intracellular pH sensing, instead of cadmium-containing quantum dots [41].



In this research, we demonstrated that CDs had a gradual change in fluorescence lifetime in the pH range of 2.6–8.6. Three-dimensional (3D) FLIM imaging was achieved for CD-labeled living cells. CDs in lysosomes, cytoplasm, and nucleus were further studied. A phasor FLIM analysis was used to improve the pH imaging. By studying the effects of the different components of cells (such as coenzymes, amino acids, and proteins) on the CDs fluorescence, the changes of the CDs fluorescence lifetime in the complex microenvironment inside cells were partially explained.




2. Materials and Methods


2.1. Synthesis and Solution Preparation of CDs


The CDs were synthesized according to our previous report [46]. Briefly, the CDs were synthesized using the solvothermal method with urea and citric acid as the carbon source in dimethylformamide (DMF) at 160 °C for 6 h. After cooling to room temperature, the obtained solution was mixed with alkali (NaOH or KOH) aqueous solution to obtain the precipitate. After lyophilization, the solution was dissolved in dilute HCl aqueous and then it was centrifuged and lyophilized to obtain the powder of the CDs. The CDs were dissolved in dimethyl sulfoxide (DMSO) solution at a concentration of 4 mg mL−1. The CDs solution was diluted with deionized water (DH2O) at a final concentration of 0.05 mg mL−1 whose absorbance and fluorescence spectra were shown in Supplementary Figure S2.



In order to measure the CDs solutions with different pH values, the CDs solutions were added 1M HCl or NaOH aqueous solution dropwise, to obtain the CDs solutions with a variety of pH values ranging from 2.0 to 8.6.




2.2. Buffer Solutions for Cells with Different pH Values


The reagent materials involved in the preparation of the pH buffer include nigericin, NaOH, MgSO4, KOH, KCL, K2HPO4, and CaCl2. The pH buffer was prepared by mixing appropriate proportions of the solutions of 135 mM KCl, 2 mM K2HPO4, 20 mM HEPES, 1.2 mM CaCl2, 0.8 mM MgSO4, and 20 μM nigericin [49]. After that, the pH of the buffer solution was adjusted to between 3.0 and 9.0 with HCl and KOH.




2.3. Cell Culture and Processing


To observe the fluorescence of CDs in cells, human cervical cancer (HeLa) cells were cultured in Petri dishes. HeLa cells were grown in a DMEM medium (Dulbecco’s modified Eagle’s medium, Gibco, New York, USA) supplemented with 10% (v/v) fetal calf serum (FBS, Gibco, New York, USA) at 37 °C in a humidified incubator with 5% CO2 until the growth density of the viable cells reached 80% in the culture dish. Then HeLa cells were incubated with CDs (0.2 mg mL−1 in DMEM) for 2 h at 37 °C. The cells were washed three times with PBS before observation.



To compare the CDs with a pH commercial probe, HeLa cells were incubated with Oregon GreenTM 488 Carboxylic Acid, Succinimidyl Ester, 5-isomer (Oregon Green, Thermo Fisher Scientific, Waltham, MA, USA). When the HeLa cells were seeded in dishes and they reached a density of 80%, Oregon Green (10 μg mL−1 in DMEM) was added to the dishes at 37 °C for 1 h and the cells were washed three times with PBS before observation.



For the above methods of treating cells, if it was necessary to adjust the intracellular pH environment, the above-mentioned treated cell dishes needed to have further pH buffer added for 10 min.



For lysosomal staining, the cells were incubated with the lysosomal specific probe, LysoTrackerTM Blue DND-22 (300 nM, ThermoFisher Scientific, Waltham, MA, USA) for 30 min.



When the cells with more permeability of the cell membranes and nuclear envelopes needed to be studied, the cells were treated with digitonin. The import buffer was prepared by mixing solutions of 20 mM HEPES, 110 nM KOAc, 5 mM NaOAc, 2 mM MgOAc, and 1 mM EGTA at a pH value of 7.3. After incubating the HeLa cells for 2 h with CDs (0.2 mg mL−1 in DMEM), the cells were washed three times with PBS and washed twice with import buffer. Then the cells were treated with digitonin (40 μg mL−1 in import buffer) for 2 min and washed with polyvinylpyrrolidon (PVP, 1.5% in import buffer).



For the cytotoxicity study, cells grown in 96-well plates (1 × 105 cells per well), were incubated with 20 or 50 μg·mL−1 CDs dispersed in DMEM-H medium for 2 h in the dark. Then, the medium was removed and replaced by fresh culture medium, and the cells were incubated for 24 h. The cell viability assays were conducted by a modified MTT method using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt, Beyotime, Jiangsu, China). WST-8 produces a highly water soluble formazan upon cellular reduction and has found increasing applications for use in cell viability assays, while MTT suffers from the disadvantage of the insoluble formazan [50]. An amount of 10 μL of WST-8 was added in each well containing 100 μL culture medium. The cells were incubated at 37 °C with 5% CO2 for 2 h and the absorbance was measured at 450 nm using a microplate reader (Bio-Tek SynergyTM HT, Bio-Tek Instruments Inc., Winooski, VT, USA). Cells incubated in DMEM-H medium without any treatment were used as the control group. Each experiment was conducted and measured independently for at least three times.




2.4. Fluorescence Spectra and Fluorescence Lifetime Imaging


The fluorescence spectra of the CDs solutions and the Oregon Green solutions under different pH values were measured by a fluorescence spectrometer F-2500 (Hitachi, Tokyo, Japan). All conditions were repeated at least five times. The reagents involved in the CDs solution measurement included bovine serum albumin (BSA, Sigma, St. Louis, MO, USA), histone (Sangon Biotech, Shanghai, China), glutamic acid and arginine (BBI Life Sciences), and phosphate buffered saline (PBS, Multicell, Wisent Inc., Quebec, Canada).



Fluorescence lifetime images were recorded with a time-correlated single photon counting (TCSPC) system (SPC-150, Becker & Hickl, Berlin, Germany) based on a confocal laser scanning microscope (Olympus, FV300/IX 71, Tokyo, Japan). The CDs or Oregon Green solutions at different pH values were excited by a 488 nm picosecond pulsed laser (BDL-488-SMN, Becker & Hickl, Berlin, Germany) with a repetition rate of 50 MHz using a 60×/N.A.1.2 water immersion objective lens. The fluorescence was collected by a photomultiplier tube (PMC-100-1, Becker & Hickl, Berlin, Germany) with a 496 nm longpass filter. For the solution experiments, all of the data were measured independently at least five times and then averaged. For the FLIM imaging of the cells, each condition was repeated at least three times, and 60–120 cells were collected for each condition for subsequent data analysis. No photobleaching effect was observed during the CDs-treated cells FLIM imaging within 15 min.



The cells labeled with Oregon Green were imaged by confocal fluorescence microscopy with a 488 nm continuous excitation laser. The fluorescence signal was collected by a photomultiplier tube with a 505–550 nm bandpass filter and a differential interference contrast (DIC) image of the transmission channel was simultaneously recorded for observation of the cell morphology.




2.5. FLIM Data Analysis


A multi-exponential fitting analysis was performed on the collected fluorescence lifetime data using SPCImage software (Becker & Hickl, Berlin, Germany). The average fluorescence lifetime was obtained from the weighted average of the fluorescence lifetimes of the different components, calculated using Equation (1):


   τ m  =   ∑   i = 1  N   a i   τ i  /   ∑   i = 1  N   a i   



(1)




where τμ is the mean lifetime. N is the number of components. τi and ai are the fluorescence lifetime and the proportion of the i-th component of the model, respectively. The multi-exponential fitting analysis of the fluorescence lifetime of the CDs showed that the triple-exponential fitting was better than single-exponential or double-exponential decay (Supplementary Figure S3 and Table S1). Thus, triple-exponential fitting for the fluorescence lifetime of the CDs was used in this research. The τμ distribution curve of all pixels in each FLIM image can be obtained by the SPCImage software. The peak of the lifetime distribution curve was analysed for each FLIM image and more than five cell images were studied for each condition (Supplementary Figure S4).




2.6. Phasor FLIM Analysis


The analysis of Phasor FLIM was done by SimFCS software. Every pixel of the FLIM image was converted to one pixel of the phasor plot. The s and g coordinates within the phasor plot for the fluorescence decay curve I(t) were defined by the following expression [51]:


   g  i , j    ω  =     ∫  0 ∞   I  i , j    t  cos   ω t   d t     ∫  0 ∞   I  i , j    t  d t   ,  



(2)






   s  i , j    ω  =     ∫  0 ∞   I  i , j    t  sin   ω t   d t     ∫  0 ∞   I  i , j    t  d t   ,  



(3)




where ω = 2πφ and f is the laser repetition frequency. i and j define the pixels within the image.



In a system where the multi-component fluorescence lifetimes are mixed, the coordinates can be expressed as [51]:


   g  i , j    ω  =   ∑  k     h k    1 +     ω  τ k     2    ,  



(4)






   s  i , j    ω  =   ∑  k     h k  ω  τ k    1 +     ω  τ k     2    ,  



(5)




where    h k    is the weighting factor of the component of a certain lifetime    τ k   .



The FLIM images were processed by simFCS software to obtain the scatter distribution of the corresponding phasor plots.





3. Results and Discussion


3.1. Fluorescence Characteristics of CDs in Different pH Solutions


The fluorescence spectra of CDs solutions in different pH environments are shown in Figure 1a(i). The fluorescence intensity decreased in an acidic environment. When the pH value was lower than 3.5, the fluorescence spectrum was difficult to measure. The fluorescence intensity gradually increased with the increasing pH values, while the fluorescence intensity decreased a little when the pH exceeded 8.0. As reported by Yang et al., the fluorescence of CDs enhanced along with pH value increasing from 1.48 to 7.56, then slowed down when the pH reaches the values more than 8 [52]. This may be due to the deprotonation of surface groups of CDs at high pH values, and might form a new surface state [52]. As shown in Figure 1a(ii), the fluorescence lifetime of the CDs solutions with different pH values (pH = 2.6–8.6) increased linearly with the increase of the pH in the range of 1.6–3.7 ns. Based on the fitted linear line, the pH value of the solutions could be obtained from the fluorescence lifetime value of the CDs in the solutions. As shown in Figure 1a(iii), we performed a phasor analysis of the FLIM images of the CDs solutions. One of the major advantages of the phasor approach is that it is a fit-free method, and it has better universality than FLIM fitting analysis [51]. It can also be seen that as the pH increased, the phasor data gradually moved to the upper left, corresponding to a gradual increase in the fluorescence lifetime. A possible mechanism for the pH indicators of the CDs is illustrated in Scheme 1a. There are abundant carboxyl, hydroxyl, and amide groups on the surface of CDs. When in alkaline solution, carboxyl and phenolic hydroxyl groups are neutralized, while in acidic solution, the surface functionalized metal cations can be further taken off [46]. Surface metal cation functionalization could cause increased carboxylate ions on the inner surface of CDs in alkaline solution, leading to electron-rich property of the inner surface. The rich electrons could occupy the energy levels of the surface states and lift the Fermi level, leading to smaller self-absorption and enhancing the output emission of CDs in alkaline solution [46]. The mechanism of CDs fluorescence is still in debate, but there are a number of reports that agree that the protonation or deprotonation level of the surface functional groups of CDs may be different at variable pH environments, which could result in the change of fluorescence [31,53,54].



For comparison, a commercial pH probe, Oregon GreenTM 488 Carboxylic Acid, Succinimidyl Ester, 5-isomer (Oregon Green) was also studied in solutions with pH values in the range of 3.4–8.4. The fluorescence intensity of the Oregon Green increased with the increasing pH (Figure 1b(i)), and its fluorescence lifetime was essentially unchanged, about 3.4–3.5 ns in Figure 1b(ii). The corresponding phasor analysis map was also overlapped by multiple data (Figure 1b(iii)).



CDs can be used to determine pH based on not only the fluorescence intensity/spectrum but also the fluorescence lifetime, while Oregon Green can be used as a pH sensor based only on the fluorescence intensity measurements. Furthermore, various CDs were reported to be pH-sensitive by the fluorescence spectrum measurements in a wide pH range, but lacked intracellular quantification [32,34,55,56]. It is well known that the pH value is 4.0–5.5 in lysosomes, and around 7.4 in cytoplasma. Most of them cannot investigate the living cells in an appropriate pH range (from 4 to 8). Semiconducting QDs have been proven to determine intracellular pH by fluorescence lifetime [41,57]. CDs benefits over QDs for their easy synthesis, low cytotoxicity and good optical properties [58]. Therefore, for pH detection in complex biological environments, the present CDs have an advantage over the commercial pH probe Oregon Green and some other reported CDs.




3.2. CDs pH Response in Living Cells


Before observing the fluorescence of CDs in cells, the autofluorescence of control cells were compared with CDs-treated cells (Supplementary Figure S5). It was found that the autofluorescence intensity of cells was 8.5 times lower than the CDs fluorescence. The autofluorescence lifetime is around 0.98 ns. Thus, the autofluorescence signal does not affect the FLIM measurement of CDs-treated cells.



The intracellular pH microenvironment could be changed by incubating cells with buffers of different pH values [41]. As shown in Figure 2a, when the HeLa cells were treated with different pH buffers, the intracellular pH was changed, but there were differences between the different regions of the cells. Therefore, different regions have different colors in the FLIM images of the CDs in the living cells. The overall fluorescence lifetime of the cells increased with the increasing buffer pH (Figure 2b). When the pH of the buffer was between 3.2 and 8.3, the average fluorescence lifetime of the CDs in the corresponding cells gradually increased from 2.1 ns to 2.4 ns. Compared with the linear increase in Figure 1a(ii), the curve is sigmoidal-like. This could be due to the intracellular pH being not the same as the pH value of buffer solutions, especially for the cells in alkaline and acidic environments. As reported in previous studies, the intracellular pH in mammalian cells is maintained within an optimal narrow range through the combined operation of transmembrane transporters and the intracellular buffering capacity [59,60]. The alkaline or acidic buffer solutions changed the intracellular pH, but the intracellular buffering and acid extrusion/loading systems trend to maintain intracellular pH neutral. Thus, it can be found that the changes of fluorescence lifetime become smaller in higher or lower pH values of buffers. Moreover, it should be noted that the fluorescence lifetime distribution of the intracellular CDs was quite different, and the difference between cells was large, so some error bars were fairly large in the statistics. A large error bar for the intensity ratio of intracellular pH sensing has also been observed for Boron-doped CDs in pH buffer treated HeLa cells [36].



In the phasor FLIM analysis (Figure 2c), the data of intracellular CDs shifted to the left as the pH increased. This trend is consistent with the trend of the phasor FLIM of the CDs solution in Figure 1a(iii). This demonstrates that the pH response of the CDs in the living cells was similar to that in the solutions.



In contrast, HeLa cells labelled with Oregon Green were also studied with confocal fluorescence imaging (Supplementary Figure S4), and the fluorescence intensity of the intracellular Oregon Green increased with the increasing buffer pH. However, it was difficult to distinguish the distribution of pH in different regions of the cell. Therefore, this method was not reliable and accurate in detecting the intracellular pH with fluorescence intensity measurements.



After changing the intracellular pH environment with a pH buffer, the permeability of the cell membrane was also affected [61]. To further study the pH response of CDs in the normal environment of living cells, HeLa cells were first incubated with CDs in PBS (Ph = 7.13) and then, the lysosomes of the cells were labeled with a lysotracker probe. The lysotracker probe was excited with a 405 nm laser and the CDs were excited by a 488 nm laser. As shown in Figure 3a, the lysotracker fluorescence (red) and the CDs fluorescence (green) partially overlapped (yellow) in the lysosomal region. It can be seen that since the lysosomes were acidic organelles, the fluorescence lifetime of the CDs was relatively shorter when they were distributed in this region (Figure 3b,c), and the fluorescence lifetime distribution from the CDs could be well distinguished. The pH value is 4.0–5.5 in the lysosomes and 7.2–7.4 in the cytoplasm [62]. It should be noted that in Figure 3c, the peaks of the CDs’ fluorescence lifetime in the lysosomes and outside the lysosomes were 1.6 ± 0.5 ns and 2.3 ± 0.3 ns, respectively. Correspondingly, in Figure 1a(ii), the fluorescence lifetime values corresponding to the CDs solution of pH = 5.0 and pH = 7.3 were 2.5 ± 0.1 ns and 3.3 ± 0.1 ns. As can be seen from Figure 2, if the cells were in the pH buffer of pH = 5.0 and pH = 7.3, the average fluorescence lifetime values of the CDs were approximately 2.1 ± 0.1 ns and 2.4 ± 0.2 ns. Compared with the three sets of fluorescence lifetime values (see Table 1), the fluorescence lifetime was relatively close when the CDs were in the neutral environment of the cells (in the neutral buffer treated cells or outside the lysosomes of untreated cells). Both the 2.4 ± 0.2 ns and 2.3 ± 0.3 ns values are lower than the fluorescence lifetime in a neutral aqueous solution (3.3 ± 0.1 ns). When the CDs were in cells in an acidic environment, their fluorescence lifetime (2.1 ± 0.1 ns) was also slightly lower than that of the aqueous solutions at the same pH (2.5 ± 0.1 ns). This may have been caused by the complex micro-environment in the cells. In addition to the pH value, the cells were also rich in various coenzymes, amino acids, proteins, etc., which may have affected the fluorescence properties of the CDs. This will be discussed in detail in the following sections.



As seen in Figure 3d and Supplemental Video S1, the fluorescence lifetime distribution of the CDs in HeLa living cells could be observed from a three-dimensional perspective, where the low fluorescence lifetime corresponded to a region of low pH within the cells. The fluorescence lifetime of the CDs was not uniform in the cells, which further confirms that CDs could respond to complex microenvironments in the cells.




3.3. Fluorescence Lifetime of the CDs in the Nucleus


CDs are mainly distributed in the cytoplasm in living cells, but a small amount can enter the nucleus. For example, the fluorescence intensity in nuclei was about 8% of the whole cells in Figure 3. Since HeLa cell is a rapidly dividing type cell line, the cytoplasm to nucleus ratio would be less where the nuclear size would be relatively larger than normal cells. Hence, the probability of any foreign material getting into the nucleus upon disruption of the cell membrane is high. This might result in the CDs distribution in nuclei. Furthermore, as shown in Figure 2a, it can be found that the pH buffer affected cell membrane permeability, as reported in a number of previous studies [63,64,65] allowing more CDs to enter the cells, as well as the nuclei. The change of cell membrane permeability may partially attribute to the pH-sensitive membrane proteins [65]. The fluorescence lifetime of the CDs in the nuclei was longer than that in the cytoplasm.



To further observe the fluorescence lifetime of the CDs in the nuclei, digitonin was used to increase the permeability of the cell membrane and nuclear envelope. Figure 4 compares the FLIM images of CDs in living cells, which were not treated with digitonin or treated with digitonin. In Figure 4a, the CDs rarely entered the nucleus when the cell membrane was intact, and the fluorescence lifetime was about 1.6–2.3 ns. When the permeability of the cell membrane and nuclear envelope changed, the CDs could enter the nuclei, and the fluorescence lifetime was longer than that in the cytoplasm, about 2.5–2.8 ns (Figure 4b). Figure 4c,d shows the different fluorescence lifetimes of CDs in the lysosomes (red), cytoplasm (green), and nucleus (blue) of the cell in discrete colors.



Figure 4e presents the FLIM image of CDs in a HeLa cell treated with digitonin, and Figure 4f shows the corresponding phasor image analysis. It can be seen from the Figure 4f that there are three regions representing different distributions, acidic lysosomes, neutral cytoplasm, and the nucleus. There are three circles in Figure 4f corresponding to red, green and blue, respectively, which correspond to the three images below. It is noticed that most of carbon-based dots or semiconductor quantum dots can barely enter the nucleus [34,36,66]. However, the CDs in this work can cross the nuclear envelope, which provides an approach for monitoring the microenvironment in the nucleus.




3.4. Effects of Coenzymes, Amino Acids and Proteins on the Fluorescence of the CDs


The cells had a complex microenvironment, including a large number of coenzymes, amino acids, and proteins. We selected a representative coenzyme NADH, two amino acids, and two proteins in order to study their effects on the fluorescence of the CDs. Among them, NADH is an important coenzyme molecule involved in energy metabolism [67]. The acidic amino acids and basic amino acids were represented by glutamic acid and arginine, respectively [68]. The isoelectric points (pI) of histone and bovine serum albumin (BSA) are approximately 10 and 4.7–4.9, respectively. In the pH = 7.0 solution, the histone is positively charged and the BSA is negatively charged. The histone is active in the nucleus of the eukaryotic cells and it participates in cell cycle regulation.



As shown in Figure 5, the effect of different substances on the fluorescence lifetime of the CDs solution was compared at pH = 7.0. The coenzyme NADH of 25–75 μM caused a decrease in the CDs fluorescence lifetime of about 12–14%, which might partly explain why the fluorescence lifetime of the CDs in the aqueous solution was slightly longer than that in cells at the same pH. Two amino acids, glutamate and arginine, as well as two proteins, histone and BSA, increased the fluorescence lifetime of the CDs. The effect of histone was the greatest among them. When the histone concentration was 150 μg mL−1, the fluorescence lifetime of the CDs increased by 78%. Therefore, it could be considered that the histone in the nucleus contributed greatly to the increase of the fluorescence lifetime of the CDs. When the CDs entered the nucleus and reacted with histone, a higher fluorescence lifetime of the CDs in the nucleus could be observed, as shown in Figure 4. The interaction between CDs and proteins, amino acids or coenzymes may be affected by various factors, including the isoelectric point, the molecular weight, and Zeta potential [69]. In this regard, histone on CDs may be highly selective among them. CDs might be wrapped in the molecules, thereby inhibiting the non-radiative transitions or affecting the type of electronic transitions, then lead to the change of fluorescence lifetime.





4. Conclusions


This work demonstrated the pH-sensitive CDs for intracellular pH sensing with FLIM for the first time. The different groups on the CDs surface that changed with the microenvironment led to changes of the fluorescence lifetime. Thus, the fluorescence lifetime of the CDs solutions with different pH values (pH = 2.6–8.6) increased linearly with the increase of pH. The fluorescence decay time also increased against the pH values of the buffer from 3.2 to 8.3 in the pH buffer-treated cells. FLIM imaging and phasor FLIM analysis were applied to observe the CDs in the lysosomes, cytoplasm, and nucleus of living cells. It was shown that the CDs in the lysosomes had a short lifetime of 1.6 ns. It was also shown that the CDs could enter the nuclei, and the fluorescence lifetime was much longer than that in the cytoplasm. In addition, the effects of coenzymes, amino acids, and proteins on the fluorescence lifetime of the CDs were examined. It was found that histone in the nucleus contributed greatly to the increase of the fluorescence lifetime of the CDs. This study provides a useful method of combining pH-sensitive CDs with FLIM technology for intracellular pH sensing in complex biological environments.
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The following are available online at https://www.mdpi.com/2079-4991/10/4/604/s1. Figure S1 The cytotoxicity of CDs with the incubation concentrations of 20–50 μg mL−1 on HeLa cells. Figure S2 (a) Absorbance and (b) fluorescence spectra of the CDs aqueous solution (0.05 mg mL−1). Figure S3 A typical FLIM image of CDs-treated cells (a) and its analysis. (b) The example fitting curves of one pixel in image (a) by single, double, or triple-exponential fitting. (c) The fluorescence average lifetime (tm) distribution curve of image (a), in which the peak of the lifetime distribution curve was 2.25 ns. Figure S4 The comparison of (a) autofluorescence in control cells and (b) CDs fluorescence in CDs-treated HeLa cells. (c) The statistical analysis of (a) and (b). Figure S5 (a) Confocal fluorescence images of Oregon Green-labeled HeLa cells in different pH buffers, scale bar: 20 μm. (b) Plot of intensity versus varying pH in pH buffer treated HeLa cells. Table S1 A typical multi-exponential fitting result of fluorescence lifetime data from one pixel in Figure S2. Video S1 Three-dimensional FLIM imaging for CDs-treated living HeLa cells.
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Scheme 1. (a) FLIM measurement of CDs aqueous solutions under different pH conditions showing different fluorescence lifetimes, and a possible mechanism schematic diagram for CDs under different pH conditions. (b) Schematic illustration of the intracellular delivery of carbon dots and the FLIM 3D remodeling image of CDs in cells. The CDs had different fluorescence lifetimes in different regions such as cytoplasm, endosomes, and lysosomes, showing different colors. Scale bar: 20 μm. 
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Figure 1. Comparison of the fluorescence characteristics of (a) CDs and (b) commercial pH sensor Oregon Green in different pH environments. (i) Fluorescence intensity changes with pH values (the error bar is very small in this case and the inset is the fluorescence spectra), (ii) fluorescence lifetime changes with pH values, and (iii) phasor analysis of FLIM images. 
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Figure 2. pH response of CDs in HeLa living cells. (a) Fluorescence lifetime images of cells labeled with CDs at different pH buffers, scale bar: 20 μm. (b) The relationship between the average fluorescence lifetime and the pH values of the FLIM images in (a). (c) A phasor diagram obtained using the phasor analysis of the FLIM images in (a), in which the enlarged part of the phasor diagram gives the maximum density of the corresponding phasor plot for each pH value. 
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Figure 3. HeLa living cells incubated with CDs and a lysotracker. (a) Confocal microscopy of HeLa cells, left to right, lysosomes (red), CDs (green), and an overlay image, in which yellow indicates the co-localization of the CDs and lysosomes. (b) FLIM image of CDs in HeLa cells. (c) Statistical distribution of the fluorescence lifetimes of CDs inside lysosomes and outside lysosomes in HeLa cells. (d) Three-dimensional reconstruction of the FLIM images with 10 frames, 2.45 μm per step. The colors represent the average lifetime of the CDs, from red to blue, corresponding to 1.7–3.0 ns. Scale bar: 20 μm. 
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Figure 4. The FLIM images of the CDs in the HeLa cells were compared. (a) Cells incubated with CDs for 2 h. (b) Cells incubated with CDs for 2 h, and then cultured with digitonin for 3 min for cell permeabilization (scale bar: 20 μm). (c) The different fluorescence lifetimes of CDs in the lysosomes, cytoplasm, and nucleus of the cell in discrete colors. (d) Statistical curves of the CDs fluorescence lifetime distribution in different regions of the cell (lysosomes, cytoplasm, and nucleus). (e) FLIM images of a permeabilized cell and (f) the corresponding phasor FLIM distribution, where 1, 2, and 3 correspond to the three regions of the nucleus, cytoplasm, and lysosomes, respectively. 
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Figure 5. The effects of different concentrations of coenzyme NADH, amino acids, proteins on the fluorescence lifetime of the CDs (t0 and t are the CD fluorescence lifetime in the DH2O and other solutions, respectively). Coenzyme NADH reduced the fluorescence lifetime of the CDs. Amino acid Arg and bovine serum albumin (BSA) did not affect the fluorescence lifetime of the CDs. Glutamic acid slightly increased the fluorescence lifetime of the CDs, and 150 μg mL−1 histone greatly increased the fluorescence lifetime of the CDs. 
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Table 1. Comparison of fluorescence lifetimes of the CDs under different conditions.
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	Fluorescence Lifetimes (ns)
	
	Fluorescence Lifetimes (ns)





	Solutions
	Ph = 5.0
	2.5 ± 0.1
	pH = 7.3
	3.3 ± 0.1



	pH buffer-treated cells
	pH = 5.0 (buffer)
	2.1 ± 0.1
	pH = 7.3 (buffer)
	2.4 ± 0.2



	Untreated cells
	in lysosomes
	1.6 ± 0.5
	outside lysosomes
	2.3 ± 0.3
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